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SYNTHESIS AND CHARACTERIZATION OF POROUS 

MACROMOLECULAR MATERIALS, AND THEIR APPLICATIONS 

SUMMARY 

The contamination of water by metal ions has been a central environmental concern 

throughout the world. Among various other hazardous metals, mercury has received 

a particular attention since mercury and most of its compounds are extremely toxic to 

living organisms. The need for analytical techniques capable of removing mercury 

from environment is crucial. In order to remove aqueous mercury salts, the 

conventional approaches that can be used are adsorption, chemisorption, coagulation, 

precipitation, reduction, ion exchange and membrane separation methods. 

In the first part of the thesis, a reusable macroporous polybenzoxazine resin with 

high specific surface area was prepared as sorbent material for the removal of 

mercury salts. For this purpose, ally functional bisbenzoxazine was cured in dimethyl 

sulfoxide by thermally activated ring opening polymerization at 180 °C for 3 days 

followed by freeze-drying processes. The porous structure of the resin was confirmed 

by SEM analysis and N2 adsorption/desorption studies at 77.3 K. Among various 

metal salts, namely Pb(II), Fe(II), Mn(II), Cu(II), Zn(II), and Cd(II), the porous 

polybenzoxazine resin exhibited a specific sorption behaviour against Hg(II) salt. 

Mainly chemisorption and to some extend adsorption mechanisms were proposed for 

the observed high loading capacity of the resin.  As evidenced by FT-IR spectral 

analysis, the chemisorption is attributed to the coordination system formed between 

free OH and tertiary amine groups present in the polybenzoxazine structure with 

Hg(II) ions. It was also demonstrated that the porous polybenzoxazine can be 

regenerated simply by treatment with acids. The recycling ability of the resin is up to 

7th cycle without any significant loss of activity and proved by the sorption and 

desorption experiments. 

 

Figure 1 : Schematic illustartion of mercury sorption mechanism. 
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An ‘‘ideal’’ HPLC polymeric packing should be mechanically robust, inert, pH 

stable, compatible with both polar and non-polar organic solvents and even water. 

These conditions are best met by the new generation of polymeric adsorbent 

materials. Principally differing from conventional porous packing materials, the 

material was obtained by only using melamine and anthraquinone in the presence of 

dimethyl sulfoxide. 

In the second part of the thesis, the column packing material obtained with the 

inventive method was manually filled in the high performance liquid 

chromatography (HPLC) column under high pressure. The analysis of compounds 

such as polycyclic aromatic hydrocarbons (PAH), pesticides, flavonoids and phenolic 

acids was performed after porous packing material was synthesized by heating at 

180°C for 3 days followed by freeze-drying processes. The resulting rigid and black 

porous polymer network displayed high surface area (215 m2/g) and similar solvent 

uptake in both polar and non-polar media, which explains good compatibility of the 

material with all mobile phases, from acetonitrile to methanol and water. 

 

Figure 2 : Graphical illustration of porous packing material. 

The modification of polymers after the successful achievement of a polymerization 

process represents an important task in macromolecular science. The “click” - type 

reactions provide possibilities for such modifications under various conditions. 

Among them, the metal catalyzed azide/alkyne reaction, which is a variation of the 

Huisgen type click reaction between terminal acetylenes and azides, appears to be the 

most suitable process 

In the third part of the thesis, in order for post-functionalization via click chemistry 

of microporous organic polymer (MOP), the corresponding propargyl containing 

antraquinone was synthesized and reacted with melamine to form clickable MOP. 

The obtained MOP was successfully modified with azido pyrene resulting in 

fluoresans property with high surface area. 
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Figure 3 : Graphical illustration of functional porous clickable material. 
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GÖZENEKLİ MAKROMOLEKÜLER MALZEMELERİN SENTEZİ VE 

KARAKTERİZASYONU VE UYGULAMALARI 

ÖZET 

Günümüzde civa kirliliğinin insan sağlığı üzerindeki olumsuz etkisi bilinmekte ve bu 

kirliliğinin giderilmesi büyük önem taşımaktadır. Sentezlediğimiz malzemenin 

civanın uzaklaştırılması için spesifik olması bu malzemeyi diğer reçinelerden ayrı 

tutar. Organik maddelerle ligand yapan d-bloğu elementlerinden iyonlaşma enerjisi 

en düşük ve kovalent bağ yapma karakteri en fazla olan 12. grup elementleridir. 

Doğadaki davranış durumları incelendiğinde civanın bu elementlere göre daha 

yüksek oranlarda kararlı organik formları halinde bulunduğu bilinmektedir. Bu 

özellik arıtma ve/veya tutulma süreçlerinde civa seçiciliğini açıklayabildiği gibi 

polimerin karışım süresi, fonksiyonel grupların civaya bağlanma açısı da etken 

faktörler arasındadır. 

Çalışmanın ilk bölümünde, cıva tuzlarının çapraz bağlı polibenzoksazin bazlı 

malzeme kullanılarak uzaklaştırılması amaçlanmıştır. Kemisorpsiyon (kimyasal 

tutunma) ilkesine dayanan bu çalışmada, elde edilen gözenekli malzeme civa 

tuzlarını bağlayabilme özelliğine sahiptir. Malzeme, maliyeti düşük olan formaldehit, 

birincil amin ve fenol kullanılarak hazırlanan benzoksazin monomeriyle 

sentezlendiği için önemli bir avantaja sahiptir. Gözenekli ve belirli bir metali kendine 

bağlayan yapıların sentezi için değişik yöntemler geliştirilmiştir. Çeşitli ligand 

moleküllerini barındıran gözenekli yapılar sentezlenebilir. Fakat bu ligandların 

kilolarca hatta tonlarca üretilmesi ekonomik açıdan maliyetlidir. Bu nedenle 

gerçekten endüstriyel olarak çok miktarda üretilen ticari maddeler ile istenen 

kimyasal tutunmayı sağlamak, uygulanabilirlik ve maliyet açısından önemlidir. 

Çalışmamızdaki temel yaklaşım, oldukça düşük maliyeti olan reçinelerin kullanımını 

sağlamaktır. Kullandığımız reçine klasik epoksi veya fenol formaldehit 

reçinelerinden farklı olarak polibenzoksazinlerdir. Civa adsorplama oranı kısa süreli 

adsorpsiyon deneyleri için %98 olarak belirlenmiştir. Suda bulunan civanın sadece 

%2’si tutuklanamamıştır. Zira, günümüzde endüstriyel olarak ton mertebesinde 

üretilen polibenoksazinler istenen maliyet-fayda ilişkisini yüksek oranda 

karşılayabilmektedir. Sentezlenen yeni polibenoksazinlerin başlangıç maddeleri de 

ucuz maliyetli maddelerden oluşmaktadır. Polibenoksazinlerin civa bağlamasından 

sonra seyreltik asit ve ardından baz ile yıkanarak tekrar kullanılabilirliği 

gösterilmiştir.  

 



xxvi 

 

 

Şekil 1 : Cıvanın uzaklaştırılma mekanizmasının şematik gösterimi. 

 

Kromatografi, bir karışımın gözenekli bir ortamda, hareketli bir çözücü etkisiyle, 

karışım bileşenlerinin farklı harkeketleri sonucu birbirinden ayrılması olgusuna 

dayanır. Hareket eden faza hareketli faz, bahsedilen gözenekli ortama ise adsorban 

veya sabit faz denir. Kromatografi olayında adsorpsiyon, dağılma ve değiştirme 

kuvvetleri rol oynar. Bu kuvvetlere göre de farklı kromatografik yöntemler farklı 

gruplarda toplanırlar. 

Çalışmanın ikinci bölümünde, sentezinde düşük maliyetli melamin ve antrakinon 

kullanılarak gözenekli malzemenin elde edilmesi ve bu malzemenin HPLC 

uygulaması incelenmiştir. Ekonomik açıdan yüksek maliyet gerektiren eşdeğerlerine  

göre elde edilen malzeme önemli bir avantaja sahiptir. Bu yeni malzeme, ısısal 

koşullarda gözenekli hale getirilmesi sayesinde yüksek adsorpsiyon kapasitesine 

sahiptir. Sentezlenen bu malzemeyle yapılan kromatografik çalışmalarla, 

poliaromatik hidrokarbonlar, pestisitler, alkoloidler ve flavonoidler için, bu 

malzemenin uygun bir adsorban olduğu ortaya konmuştur. Ayrıca, malzemenin 

sentezinin de sadece iki aşamada gerçekleşmesi, bu yöntemi farklı kılmaktadır. 

 

 

Şekil 2 : Gözenekli kolon malzemesinin şematik gösterimi. 
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“Çıt çıt (Click) Kimyası” kavramı makromoleküllerin modifikasyonunda kullanılan 

etkin bir yöntemdir. Bu bağlamda geliştirilen birçok “Çıt-çıt” kimyası arasında 

Cu(I)’in, azit ve alkinlerin 1,2,3-triazolleri verdiği tepkimenin  en etkin ve seçici bir 

yöntem olduğu ortaya konmuştur. NHC-Cu(I) komplekslerinin bu dönüşümlerde 

yüksek katalitik aktivite gösterdikleri bildirilmiştir. 

Çalışmanın üçüncü bölümünde “Çıt-çıt” kimyası kullanarak piren fonksiyonel gruplu 

floresans özellikli gözenekli malzemenin sentezi gerçekleştirilmiştir. Başlangıçta  

215 m2/g olan gözenekli malzemenin yüzey alanı  “Çıt-çıt” reaksiyonundan sonra  

202 m2/g olarak ölçülmüştür. 

 

Şekil 3 : Fonksiyonel gözenekli malzemenin şematik gösterimi. 
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1. INTRODUCTION 

Porosity can be considered as a profound concept that helps us to understand nature 

and create advanced structures. There are some interesting examples in nature, such 

as hollow bamboo, honeycomb with hexagonal cells, and alveoli in the lungs. Design 

and construction of porous architectures that mimic structures found in nature in 

synthesized materials, down to the micro- and nanoscale range, have long been an 

important science subject. Porous polymers especially have received an increased 

level of research interest because of their potential to merge the properties of both 

porous materials and polymers [1, 2]. First, porous polymers can be designed to show 

the advantages of high surface area and well-defined porosity. Second, the porous 

polymers have easy processability. For example, they can be produced in a molded 

monolithic form or in thin films, which generates significant advantages in many 

practical applications. Moreover, some of them can even be dissolved in a solvent 

and then processed directly using solvent based techniques without destroying the 

porosity, which is almost impossible to imagine for other types of porous materials 

like activated carbons, zeolites, or porous silicas. Third, the diversity of synthetic 

routes for polymers facilitates the design and construction of numerous porous 

polymers capable of incorporating multiple chemical functionalities into the porous 

framework or at the pore surface.  The functional porous polymers can be designed 

to demonstrate stimuli-responsive characteristics capable of reversibly changing the 

pore structure or even switching between the open and closed porous state after 

exposure to environmental stimulation. Such unique characteristics are generally 

unavailable in other porous materials. Last but not least, due to their organic nature, 

the polymeric frameworks are composed of light elements providing a weight 

advantage in many applications [3, 4]. 

Porous polymers can be used as gas storage and separation materials,  encapsulation 

agents for controlled release of drugs,  catalysts,  supports for catalysts and sensors,  

precursors of nanostructured carbon materials,  supports for biomolecular 

immobilization and cell scaffolds,  low-dielectric constant materials,  photonic band 
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gap materials,  filtration/ separation membranes,  proton exchange membranes,  

templates for structure replication,  masks for nanopatterning or lithography,  

packing materials in chromatography,  electrode materials for energy storage,  

antireflection coating, and for many other applications. Therefore, these high value 

applications drive the recent emphasis on development of reliable methods for 

preparation of porous polymers, with designed pore architectures as well as 

customized framework and pore surface functionalities [5-9]. 

The interest in 1,3-benzoxazine chemistry is growing rapidly due to many unique 

properties of benzoxazines and their resins. They have various advantages in 

comparison to other types of thermosets such as phenolic, epoxy, bismaleimide, or 

cyanate ester resins [10-16]. These extraordinary properties of benzoxazines can be 

listed as near zero volumetric change upon curing, no strong acid catalysts or 

additives requirement for curing, high thermal stability, good mechanical 

performance, low water absorption and high char yield of the cured products. 

Additionally, another attractive feature of benzoxazine chemistry is the preparation 

of monomers from inexpensive, commercially available phenols, primary amines, 

and formaldehyde, easily. By varying the starting phenols and amines a wide range 

of molecular design flexibility can also be achieved [17-19]. 

The most common method for preparing imines is the original reaction discovered by 

Schiff. It consists in the reaction of an aldehyde (respectively a ketone) with a 

primary amine and elimination of one water molecule. This reaction can be 

accelerated by acid catalysis and is generally carried out by refluxing a mixture of a 

carbonyl compound and an amine, in a Dean Stark apparatus in order to remove the 

water [8].  

Cu(I)-catalyzed azide-alkyne cycloaddition, commonly known as “Click Chemistry,” 

has proven to be the most influential method for the preparation of complex 

macromolecular structures, polymeric networks, and biomaterials. In our laboratory, 

CuAAC click reactions in particular were successfully used for the preparation of 

functional polymers and networks. Such reactions have also been employed in the 

synthesis of hyperbranched-type complex structures. It can be focused on the use of 

these types of click reactions for the synthesis of various macromolecular 

architectures. It seemed that click chemistry could be an important tool for extending 

possible combinations of conventional polymers with polyconjugated systems [20]. 
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In this thesis, three different strategies were described for the fabrication of porous 

macromolecules to benefit from their adsorption properties in different applications. 

Polybenzoxsazines were used for sorbent porous material in order to remove mercury 

salts. Another strategy was to the synthesis of porous column packing material for 

chromatographic systems. Finally, this strategy was also extended to synthesize 

clickable porous polymer to introduce desired functionality to porous systems. 
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2. THEORETICAL PART 

2.1 Porosity 

Many solid and powder materials both natural (stones, soils, minerals, etc.) and 

manufactured (catalysts, cement, pharmaceuticals, metal oxides, ceramics, carbons, 

zeolites, etc.) contain a certain void volume of empty space. This is distributed 

within the solid mass in the form of pores, cavities, and cracks of various shapes and 

sizes. The total sum of the void volume is called the porosity (Figure 1) [1, 21]. 

 

Figure 2.1 : Illustration of porosity existing in nature and synthesized materials 

with   a decreasing pore size: (a) bamboo; (b) honeycomb; (c) SEM 

image of alveolar tissue in mouse lung [1]. 

Porous polymers are widely applied as adsorbents, ion exchangers, catalysts, and 

permeable materials. The first resins with some of these properties were obtained by 

D’Aleleio in 1944 based on the copolymerization of styrene and divinylbenzene. 

Unfunctionalized polystyrene resins crosslinked with divinylbenzene (Amberlites) 

and other types of polymeric resins are porous materials that are widely applied as 

adsorbents. In addition, functionalized polystyrene–divinylbenzene resins and other 

porous materials are extensively used as cation and anion exchangers in industry and 

science. Cation and anion-exchange resins are also significantly used as catalysts. In 

addition, polymers are the materials that are most extensively applied for membrane 
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preparation. Often, porous polymers are obtained during the crosslinking used to 

form thermoset networks that do not flow during heating. These are materials with a 

permanent porous structure produced during their synthesis and preserved in the 

solid state. These polymers are often synthesized by suspension polymerization, 

where the polymerization mixture includes a crosslinking monomer, a comonomer, 

an initiator, and a porogenic agent. Another method applied to produce porous 

polymers is based on the addition of an inorganic matrix of a known porosity, for 

example, silica gel or aluminum oxide, to the reacting mixture. Subsequent to 

polymerization the inorganic template is eliminated by dissolution without 

destruction of the polymer. Physical, mobile, and immobile adsorption that is in the 

application of adsorption for the characterization of porous materials, interested in 

physical adsorption. For this type of adsorption process there is no need for a 

reaction involving the exchange of electrons between the solid surface and the gas 

molecules and the formation of chemical bonds. Physical adsorption is mobile when 

adsorbed molecules act as a gas in the adsorption space and is immobile when the 

adsorbed molecule is constrained to vibrate around an adsorption site [22-32].  

Porous polymers generally have many pores, but polymers with a single pore, 

commonly called hollow polymers such as hollow polymeric spheres and tubes, can 

also be included. Furthermore, according to the IUPAC recommendation, it can be 

defined microporous polymers as polymeric materials with pore size smaller than 2 

nm in diameter, mesoporous polymers with pore size in the range of 2-50 nm, and 

macroporous polymers with pore size larger than 50 nm. Such a definition is 

necessary because sometimes polymers with pores in the micrometer scale are also 

called microporous polymers. There are several important structural characteristics 

of porous polymers that should be described, including pore geometry, pore size, 

pore surface functionality, and polymeric framework structure including 

composition, topology, and functionality [33-41]. 

Porous polymer particles, especially those spherical in shape, have been utilized in 

numerous applications for decades. They have been classified as macro-, meso- and 

microporous depending on the size of the pores. 

o Materials with different pore sizes (from nanometer to millimeter) 

o Ordered or irregular arrangement of pores 
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o Various chemical compositions (metal, oxides) 

o Different preparative approaches 

The International Union of Pure and Applied Chemistry (IUPAC) classifies the 

different pore widths of porous adsorbents. IUPAC classifies; 

Microporous, smaller than 2 nm, 

Mesoporous, between 2 and 50 nm, 

Macroporous, larger than 50 nm,  

Macropores have larger than standard mean free path length of typical fluid. 

Mesopores exhibit same order or smaller than the mean free path length.  

Micropores, pore size is comparable to the molecules [42-45]. 

Adsorption in porous materials that is the concept of gas adsorption in solids, in a 

very general sense, describes the increase in concentration of gas molecules in an 

adjacent solid surface. The adsorptive, sorptive, or adsorbate is the gas adsorbed by 

the solid adsorbent. Adsorption is an important unit operation in industry and a very 

useful method for the characterization of porous materials. In a general sense, the 

adsorbents applied for practical purposes are normally porous. The pore width Dp is 

defined as the diameter in the case of cylindrical and spherical pores and as the 

distance between opposite walls in the case of slit-shaped pores. 

 

Figure 2.2 : Schematic illustration of size of the pores [1]. 

Pore geometry includes spherical, tubular, and network-type morphologies that can 

be either disordered or assembled into ordered arrays. Surface area is a very 

important parameter that is employed to evaluate the pore structure; generally, pores 

with a smaller size (e.g., micropores) contribute predominantly to the generation of 
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materials with high surface area. In addition to the physical structure of the pores, the 

functionalities of the polymer framework and pore surface are also important. The 

framework and pore surface functionalities can be engineered through the use of 

functional monomers or by postmodification processes. The ability to control the 

structure of pores and incorporate desired functionalities into the material has 

benefited from the great strides being made in the preparation of porous polymers by 

various synthetic methods, from directed at preparing porous polymers, including 

direct templating, block copolymer self-assembly to direct synthesis methodologies.  

 

Figure 2.3 : Illustration of pore geometry, pore surface, pore size, and framework 

structure of porous polymers [1].   

Two main features, their porous nature and higher crosslinking degree, differentiate 

them from gel-type polymer particles. These differences give rise to different 

characteristics such as high surface area, ability to uptake various solvents with 

different polarity and increased brittleness. Size, size dispersity, chemical nature and 

functionality can be mentioned as the other features that porous particles share with 

their nonporous counterparts, the gel-type particles. The variety of applications 

requires different combinations of the mentioned features. For instance, while 

chromatography requires highly monodisperse (uniform in size, low coefficient of 

variation (CV)) sub 5 µm beads, solid phase peptide synthesis (SPPS) is usually 

conducted with 100–200 µm beads and monodispersity is not that crucial. On the 

other hand, functionality is necessary for SPPS but can be undesired for 

chromatography. In general, polymer particles are produced by heterogeneous 

polymerizations using the immiscibility of two or more liquids. Suspension, 

dispersion, precipitation, multistage, membrane/microchannel emulsification and 

microfluidic polymerizations are the main techniques to form porous particles. In all 
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cases, the application should be kept in mind prior to choosing the method of 

production [46, 47].  

2.2 Microporous Polymers 

Microporous materials are defined as solids that contain interconnected pores of less 

than 2 nm in size and consequently, they possess large and accessible surface areas 

typically 300-1500 m2.g-1 as measured by gas adsorption. In the past decades, there 

has been an intense international effort to optimise conventional microporous 

materials, such as zeolites (aluminosilicates) and activated carbons, for specific 

applications in adsorption, separations and heterogeneous catalysis. However, it is 

recognised that there is a pressing requirement to find entirely novel approaches to 

the synthesis of microporous materials to benefit fundamental research and to 

provide new technological opportunities. In recent years, there has been a growing 

emphasis on using organic components for the construction of microporous 

materials. It is anticipated that by careful selection of organic precursors it will be 

possible to exert precise control over the chemical nature of the accessible surface 

and to introduce specific molecular recognition or catalytic sites, thus facilitating 

chemoselective adsorption and the design of highly efficient heterogeneous catalysts. 

Ordered crystalline structures have considerable visual impact, and none are more 

pleasing than those of the zeolites and related microporous solids. Therefore, it is 

understandable that the synthesis of “organic zeolites”, in which rigid organic units 

are assembled into a microporous, crystalline structure by metal–ligand or hydrogen 

bonds, has developed into a major research area in the past decade. Initially, such 

materials were classified as “microporous” simply on the basis of X-ray crystal 

structures, even when the removal of solvent from the void space destroyed the 

crystalline order. Early examples also suffered from interpenetration of one lattice 

within the pores of another, resulting in restricted access to the internal void space. 

However, impressive advances based on coordination chemistry, especially by Yaghi 

and co-workers, have provided highly porous crystalline zeolite-like materials 

termed metal-organic frameworks (MOFs), which demonstrate vast accessible 

surface areas by the reversible adsorption of gas. Recently, this methodology has 

been applied to the assembly of microporous structures by using porphyrin 

derivatives with catalytic potential. It is also apparent that some coordination solids 
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derived from more flexible organic ligands demonstrate dynamic behaviour with 

microvoids that can expand in the presence of an adsorbate [3, 5, 7, 42, 43]. 

 

Figure 2.4 : SEM photos of microporous polymer.  

The preparation of microporous polymers is a great challenge, due to much higher 

surface energies and larger capillary pressures exerted on the micropores, compared 

with meso-/ macroporous counterparts. This places a series of limitations of selection 

of the monomers and their linking chemistries. The predominant synthetic strategies 

have focused on polycondensation of multifunctional monomers. The monomers are 

almost always selected to provide a very robust framework structure, whether it is 

planar or contorted, in order to impart the resultant polymeric frameworks with 

sufficient mechanical stability. When compared with the other porous polymers, 

microporous polymers are unique in that they exhibit permanent porosity with 

extremely high BET surface area up to 6000-6500 m2.g−1 . On the other hand, 

compared with other microporous materials such as zeolites, silicas, and carbons 

prepared for molecular sieving applications, microporous polymers have an 
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advantage in that they could be prepared via diversified chemical synthetic routes. 

This provides a wealth of opportunities to control the porous structures as well as 

framework and surface functionalities to cater to the needs of targeted applications. 

As summarized before, there has been a significant expansion in synthesis methods 

have been developed in the past few years. Control over the micropore structure and 

functionality of a targeted porous material is a major goal in materials science and 

will continue to provide multiple opportunities for a fundamental breakthrough in 

numerous applications because of superior properties that can be incorporated into 

design articles. Many parameters inherent in the selected synthetic route influence 

the final porous structure and targeted site specific functionalities, for example, the 

chemical synthesis routes, monomer structure and reactivity, phase behavior, 

molecular weight, and reaction conditions, including solvent, temperature, catalyst, 

concentration of reactants, and their ratios. Evaluation of all these interacting factors 

is a challenge but is necessary to optimize porous properties and maximize cost-

performance ratio for a given microporous polymer. Particular emphasis is paid to 

those elements that tailor the microporous structure and incorporate organic 

functional groups directly into the framework by designing monomer with targeted 

structures [48]. 

2.2.1 Disordered microporous polymers 

A promising class of disordered microporous polymers consisting of non-network 

polymer chains has been successfully developed; they are soluble and can be 

processed directly using solvent-based techniques. 

2.2.1.1 Microporous network polymers 

A typical example of microporous network polymers is hyper-cross-linked styrenic 

polymers formed via Friedel-Crafts (F-C) alkylation reactions. These materials are 

generally prepared by hyper-cross-linking linear PS, poly(vinylbenzyl chloride), or 

their pre-cross-linked copolymers. The polymer precursors are dissolved in or 

swollen by a solvent and are then quickly cross-linked to lock in place a stable 

network structure that closely resembles their solvated state. The structure of the 

prepolymer, composition, catalyst, solvent, and reaction temperature and time all 

influence the structure of the final microporous polymers. It is found that the F-C 
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reaction is rapid, judging from the fact that stable pores providing a majority of 

surface area are formed in less than 1 h and there is no further increase in surface 

area with longer reaction times. This means that such reactions are relatively hard to 

control and the resultant molecular chemical structure is complex and difficult to 

differentiate. Recently, direct polycondensation via the F-C chemistry has been 

demonstrated with dichloromethyl-containing aromatic monomers or with aromatic 

monomers and an additional cross-linker. The porosity in these polymers is 

controlled not only by the level of cross-linking but also by subtle changes in the 

design of the rigid monomer unit [49-57]. Likewise, atomistic simulation of the 

structure becomes possible in such systems providing further information required 

for deeper understanding the porous structure. Although significant progress has 

been made in the preparation of microporous hyper-cross-linked polymers, they also 

continue to possess some limitations: (1) most of porous polymeric frameworks are 

restricted to styrenic polymers, and (2) control over the pore size is rather difficult, 

and attaining a surface area exceeding 3000 m2.g−1 is a challenge [3, 7].  

Microporous polymers with conjugated frameworks show promise in addressing 

some monomer types. Although the monomers are planar, they can form 3D 

networks due to the easy rotation about the alkyne bonds. The porous structure can 

be manipulated by judicious design of the monomer. This represents an important 

step toward fine control of the structure of the micropores in disordered amorphous 

microporous polymers. These conjugated frameworks can be further functionalized 

by designing monomers bearing pendant functional substituents such as methyl, 

hydroxyl, carboxyl and amine groups. This combination allows control over the 

properties of the network polymers such as micropore structure, hydrophobicity, and 

incorporation of surface functional groups for applications such as CO2 capture, 

molecular separations, and catalysis [58].  

Most of the above synthetic approaches require costly reaction conditions and use 

metal catalysts, which inevitably results in the entrainment of trace amounts of 

metals in the porous polymers. This results in increased research efforts directed at 

metal-free synthesis strategies with facile polymerization conditions and low-cost 

monomers. Some catalyst-free reactions with inexpensive monomers, such as 

Bakelite type chemistry, Schiff-base chemistry and imidization reaction have been 

developed to prepare microporous network polymers. A typical example is the 
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catalyst-free one-pot preparation of melamine based microporous networks, which 

was developed via Schiffbase chemistry with a large industrial-scale monomer, 

melamine, and monomers containing multiple aldehyde functional groups. Polymers 

with high surface area, up to 1500 m2.g−1, can be obtained with tailorable 

microporosity by designing the structure of the multialdehyde monomers. The porous 

framework can possess up to 40 wt % nitrogen, which is very significant for many 

applications [59, 60]. 

2.1.1.2. Microporous non-network polymers 

Generally, this approach is plausible for a large range of monomers, but does 

sometimes fail because of monomer incompatibility with the used MOP synthesis 

reaction. Another drawback, in large quantities, the use of functional monomers 

could be uneconomical. Alternative to functional monomers, the incorporation of 

functional groups by post modification into MOPs has been scarcely been 

investigated, there are only few examples in the literature. For example, chemical 

hydrolysis of the pendant nitrile functionalities in MOP to produce carboxylic acids, 

reaction of MOP with NaN3 to form tetrazole rings for the separation of CO2. 

Reduction of imine bonds in covalent organic framework (COF) followed by 

treatment with acetic anhydride to form amide. Post functionalization of MOPs by 

thiol-yne and thiol-ene chemistry and post metallation of bypridyl-containing MOPs 

to obtain catalytic activity. 

The pores in microporous non-network polymers are derived from the space-

inefficient packing of highly rigid and contorted nonnetwork polymer chains, which 

is also named as their “intrinsic porosity”. Thus these polymers are also called 

polymers with intrinsic microporosity (PIMs). There are two key issues that are 

generally required in order to prepare such porous structures: (1) polymer chains are 

generally aromatic heterocyclic ladder polymers with a non-network structure, and 

(2) polymer chains should be rigid and contorted enough to prevent rotational 

freedom along the polymer backbone otherwise the conformation of the polymer 

chains can rearrange to collapse the porous structure. The primary advantage of this 

type of materials is its solution processability. The polymers can dissolve in a solvent 

and be processed by solvent-casting to form a film without destroying the porosity 

[2, 45, 46, 48]. 
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Microporous polymers with non-network frameworks are particularly attractive 

because of their solution processability. In addition, it is possible to carry out the 

quantitative evaluation of molecular weight and molecular weight distribution. Up to 

now, their surface area has been relatively low compared with microporous network 

polymers, which did not exceed 1000 m2.g−1, and only three classes of chemical 

synthetic routes have been developed. Ongoing researches focus on exploring other 

efficient routes for synthesis of soluble porous polymers and designing new 

monomers to further enhance the surface area, control the porous structure, and 

expand the framework complexity. Particular care should be taken when using gas 

(e.g., nitrogen) adsorption to evaluate the porous structure, because of the activated 

adsorption effect, swelling effects, or limited access of nitrogen molecules to the 

pores. Such phenomena can also be seen in some porous network polymers, e.g., 

hyper-cross-linked styrenic polymers. Consequently, complementary measurements 

are sometimes needed for a more trustworthy examination, such as small-angle X-ray 

scattering, positron annihilation spectroscopy, or computer simulation. Nevertheless, 

very definitive control over pore size appears difficult in most disordered 

microporous polymers, whether based on network or non-network structures, owing 

to the predominantly statistical nature of these amorphous frameworks, complicated 

phase behaviors, and side reactions. These limitations resulted in the development of 

ordered microporous polymers with crystalline frameworks by linking molecular 

building blocks into an extended structure, which paves the way for rational pore size 

engineering at a molecular level and specific control over the topology and 

functionality of a network structure [61, 62]. 

2.1.2 Ordered microporous polymers 

Crystalline microporous polymers with ordered porous structure, also named 

covalent organic frameworks (COFs), were prepared for the first time by Yaghi et 

al., [63-68] based on judicious choice of reaction conditions that proceed under 

thermodynamic control, that is, reversibility of condensation. The crucial point in 

developing ordered crystalline COFs is to ensure that the polycondensation reactions 

are sufficiently reversible to link monomer building blocks under thermodynamic 

control to form an extended, ordered porous structure. The monomers and the 

corresponding ordered polymers with different pore sizes and surface areas. Pore size 

is usually controlled in the micropore range (<2 nm) but in some cases can be 
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extended to small mesopores (2-4.7 nm). BET surface area ranges from about 700 to 

4000 m2.g-1 [33, 34, 42]. 

2.3 Meso- and/or Macroporous Polymers 

Polymers containing meso-/macropores can be prepared using the direct synthesis 

methodology by reaction-induced phase separation. Simply speaking, during the 

course of the polymerization reaction, the polymers progressively segregate from the 

solution to form nano- or microscale cross-linked agglomerate/particles that can be 

considered as network units, followed by covalent cross-linking in various directions 

into a 3D nano- or microscale network. Extracting a porogenic solvent from the 

resulting network leaves numerous meso-/macropores in the 3D network framework. 

It should be noted that, unlike the case of microporous network polymers, the cross-

linked/network polymeric frameworks themselves for these meso-/macroporous 

polymers usually do not demonstrate microporosity. This is probably because they 

exhibit a much lower structural rigidity, judging from the fact that for most polymer 

aerogels, their nanopores cannot be retained without supercritical drying. The pore 

size for the meso-/macropores depends on the size of particulate network units 

themselves and their compact/loose cross-linked aggregation. Attention should be 

paid to two crucial points with regards to the design and fabrication of meso-

/macroporous polymers: (1) exploring an appropriate reaction system, including 

reagent, solvent, catalyst, and initiator, to guarantee the occurrence of phase 

separation; and (2) ensuring the appropriate rigidity of the monomer unit and 

resultant network structure to avoid the collapse of internetwork pores during drying, 

especially in the case of mesoporous networks [69-71]. 

2.3.1 Radical polymerization 

Many meso-/macroporous polymers with pore size up to the micrometer scale have 

been successfully prepared by free radical polymerization. In a typical process, a 

homogeneous single-phase solution including monomer, cross-linker, porogen, and 

initiator is in situ polymerized to induce the phase separation between the cross-

linked polymer chains and the porogenic solvent. Styrene- and (meth)acrylate-based 

divinyl monomers are frequently used. The resultant pore framework has a cross-

linked structure, but the rigidity is less pronounced than that of microporous network 
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polymers. UV irradiation initiated polymerization, γ-radiation initiated 

polymerization, and electron-beam initiated polymerization have been used, as well 

as thermally initiated polymerization. The porogenic solvent employed in the 

reaction should be a relatively good one for the monomers, but a thermodynamically 

poor one for the resulting polymer networks. Conventional free radical 

polymerization often results in the formation of heterogeneous polymer networks 

consisting of tiny micrometer-scaled particulate network units. This is because the 

slow initiation and fast chain propagation and termination results in an abrupt 

increase in the local degree of polymerization and high degree of cross-linking 

density, leading to a fast phase separation for the formed microgel in the local 

regions. Recently, some efforts have been made to overcome such a structural 

inhomogeneity; for example, a more homogeneous 3D bicontinuous macroporous 

structure has been successfully constructed by addition of a socalled phase separator, 

poly(butyl methacrylate-b-glycidyl methacrylate), to delay the phase separation 

process. Controlled/living radical polymerization (CRP) methods have better ability 

to prepare the homogeneous 3D bicontinuous macroporous polymeric monoliths 

compared with conventional free radical polymerization. In the CRP procedures, the 

DP progressively increases with time in a stepwise manner, and then the rapid 

formation and phase separation of highly cross-linked microgel particles can be 

effectively suppressed. A series of wellcontrolled 3D bicontinuous macroporous 

polymers have been prepared by various CRP methods in the presence of proper 

phase separators [72-74]. 

2.3.2 Polycondensation  

Two major steps can usually be distinguished in the preparation of porous polymers 

via polycondensation sol-gel chemistry. The first stage is the sol-gel polymerization 

of the reagents, followed by curing the resulting gel. During the phase separation 

process, the homogeneous single-phase reaction solution is transformed into the 

solid−liquid two-phase monolithic gel. The second stage is the removal of solvent 

from the gel to form the meso-/ macroporous structure. Resorcinol and formaldehyde 

are the most often used monomers for preparation of the framework of phenolic resin 

networks, whose network units are resorcinol-formaldehyde resin-based 

nanoparticles without any micropores because of their low structure rigidity. The 
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covalent aggregation of these particulate network units leads to numerous nanopores 

ranging from mesopores to macropores [75-77]. 

The 3D network structures are largely dependent on variation in the conditions used 

for sol-gel synthesis, which provides considerable opportunities to control the pore 

structure. Conditions selected for the solvent drying step are often crucial to avoid 

pore collapse from the capillary pressure, and generally, supercritical or freeze-

drying techniques are utilized for solvent removal. However, these additional 

procedures undoubtedly raise production costs. Thus, there is continuing effort to 

simplify this preparation process and explore the suitability of cheap phenolic 

monomers or prepolymers to replace relatively expensive resorcinol. 

Recently, a new ambient pressure drying technique was developed for the synthesis 

of polymeric aerogels, which can be carbonized into carbon aerogels, using a 

microemulsion templated sol-gel polymerization method. It should be noted that 

carbonization is an important approach to provide novel structures and properties to 

polymer-based materials, such as achieving conductive and electrochemical 

performances and generating micropores, which greatly extends their applications. 

The particulate network units and interparticle pores of polymeric aerogels and 

related carbon aerogels can be easily controlled from micrometer to nanometer scale 

by increasing the surfactant/ resorcinol molar ratio. Moreover, the respective role of 

gel strength, pore size, and surfactant in decreasing the drying shrinkage at ambient 

pressure has been investigated in detail. Currently, this simple and effective 

technique has been scaled up for the production of polymeric and carbon aerogels, 

and they have found utility in some applications, such as advanced supercapacitor 

electrode materials, catalyst supports for fuel cells, and adsorption of small organic 

molecules from aqueous solution. Additionally, some relatively cheap raw materials 

for polymeric and carbon aerogels, such as phenol-formaldehyde, phenol-furfural, 

and tannin-formaldehyde, have been developed. The polymeric and carbon aerogels 

prepared by various aforementioned procedures have been proved to have extensive 

application prospects in many fields, such as adsorption, energy, catalysis, and 

environment [1, 48]. 

The direct synthesis methodology utilizing the phase separation process can be used 

effectively to produce meso-/macroporous polymers. During the dying step, 

micropores inside the network framework collapse, because the less rigid polymeric 
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chains collapse to pack the space effectively, while the interstitial meso-/macropores 

among the nano- or micronetwork are retained after drying. Therefore, procedures to 

lock in the intraframework micropores while maintaining the interframework meso-

/macropores are an interesting and important research subject. 

2.4 Materials Characterization 

For chromatographic separation materials, parameters like specific surface area and 

pore size distributions, elemental surface and bulk composition, as well as 

morphology are essential. Theese parameters are all determined or assessed on 

materials in their state, in contrast to the chromatographic application were the 

material are wetted by the eluent and then most certainly have quite different 

properties. There is, however, a chromatographic technique, and like in modeling and 

simulaton are still done on silica monoliths. Among other things detection might be a 

problem and this makes the technique difficult to use especially for polymer capillary 

monoliths. Therefore, new sample preparation techniques used for transmission 

electron microscopy (TEM) to asses the macroporous structure of porous polymeric 

monoliths might be necessary. The most commonly used dry state pore 

characterization technique is nitrogen sorptiometry according to the BET. In terms of 

surface elemental composition X-ray photoelectron spectroscopy (XPS) is superior, 

fourier transform infra red spectroscopy (FT-IR) and bulk elemental analysis aera 

important when the bulk material is considered [54]. 

Nitrogen Sorptiometry – BET 

In 1938, Brunauer, Emmett and Teller published a theory of adsorption of gases in 

multimolecular layers, which has later become known as the BET scheme. This was 

an improvement of the Langmuir monolayer theory and considered a multilayer 

formation. However, an over-simplified model of physiosorption like the Langmuir 

theory, assumes that there is no interaction between adsorbed molecules on the 

surface. Thereby a perfect close packing independent on surface morphology of the 

adsorbent is formed. Since no interactions are allowed, the assumption of liquid-like 

properties on the second, third and so on layers is contradictory [63]. 
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2.5 Microporous Materials and Their Applications 

Microporous organic polymers (MOPs) attracted a great deal of attention, because of 

their potential uses in various applications such as catalysis, sensors, batteries, light 

harvesting and photoluminescence, carbon dioxide capture, gas storage and 

separation. MOPs have superior properties over many other microporous materials 

regarding synthesis of various architectures, ultrahigh surface areas and their stability 

against polar solvents especially water, which distorts the structure of many metal 

organic frameworks (MOFs). Syntheses of MOPs are generally non-complicated and 

many functional groups can be incorporated to the structure by predesigned 

monomers. MOPs can contain polar pendant functionalities such as amines, phenols, 

alcohols and carboxylic acids that can prove more difficult in MOFs, since these 

groups can coordinate metals or be incompatible with MOF forming reactions. 

Typically, stable permanent microporosity in MOPs requires the use of highly rigid 

linkages. Thus, most of the MOPs are based on fully aromatic conjugated structures 

or kinked aromatic high-performance polymer systems (e.g. polyimides, 

polyaromatic ethers). Hence, the selection of the monomers and the synthesis 

methods are crucial in MOP synthesis. In general, polycondensation reactions, 

especially metal catalyzed e.g. Sonogashira-Hagihara of aryl halides with aryl 

ethynylenes, or by Suzuki coupling coupling of aryl halides with bisboronic acids are 

used with the selected rigid monomers. Moreover, various chemistries also can be 

used for such purposes, such as imine formation, aromatization, etherification etc. 

Due to the synthetic convenience and vast number of possible monomers, there is an 

increased interest in preparing functional MOPs, in order to utilize benefits of high 

surface area. The classical way to achieve desired functionality on the MOP network 

is to use functional monomers. 

2.5.1 Polybenzoxazines 

Polybenzoxazines are advantageous materials since they provide the benefits of 

phenolic resins and have a wide variety of attractive features such as (I) their curing 

occurs without any need of strong acid catalysts, (II) during curing, they do not or 

limitedly release any by products, (III) low shrinkage upon curing, (IV) uptaking 

water hardly any despite having many hydrophilic groups, (V) for some 

benzoxazines, glass transition temperature is higher than curing temperature and (VI) 
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high char yield. Moreover, they can be easily prepared by commercially available 

and inexpensive phenols, amines and formaldehyde. They can be used for a number 

of applications due to their adjustable molecular architecture. The polymerization 

reaction of benzoxazines is a thermally induced self- polymerization without any 

curative or initiator [1, 48, 78, 79].  

Even though polybenzoxazines have a lot of fascinating features superior to other 

resin materials, they are not adequately processable because of powdery form of their 

monomers and fragility of their networks. Therefore, a number of studies involving 

polymeric precursor developments has been performed. Recently, main-chain, side-

chain and telechelic type precursors are in the centre of polybenzoxazine studies. The 

main aim of these investigations is to improve the processability, solubility and to 

cast thin films from polybenzoxazines without distorting the favorable properties of 

polybenzoxazines such as superior mechanical property [17-19, 80-87]. 

Benzoxazine-based phenolic thermosets have gained an increasing interest in the 

field of polymer research owing to the superior properties that overcome several 

shortcomings of conventional novolac and resole-type phenolic resins. These 

materials offer low water absorption, high char yield, resistance against flame, high 

modulus, high strength, high glass transition temperatures, chemical resistance, long 

shelf life, they have very limited volumetric change upon curing and strong acid 

catalysts are not required for curing. Moreover, the molecular design flexibility of 

benzoxazines is enormous. Basically, the synthesis of a monomer is carried out by 

the reaction of any suitable phenols, formaldehyde, and primary amines (aliphatic or 

aromatic). Synthesis of polybenzoxazine network is a thermally induced ring-

opening polymerization of precursor 1,3-benzoxazines which can be accomplished 

without any initiator or curing agent. Despite their various attractive properties, 

polybenzoxazines have drawbacks and limitations related to their processability, 

brittleness, high curing temperatures (200 oC or more), and low degree of 

polymerization for mono-functional monomers. To overcome these problems, 

various modification strategies have been proposed. To improve the performance of 

polybenzoxazines, additional sites such as allyl-, acetylenyl-, nitrile-, and propargyl 

groups have been introduced into benzoxazine monomers. These groups take part in 

further crosslinking reactions, yielding three-dimensional networks that exhibit high 

thermal and mechanical stability, and high solvent and moisture resistance. Similarly, 
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incorporating some functional groups such as carboxylic and phenolic groups allows 

lowering curing temperature. The side-, main-, and end-chain polymeric benzoxazine 

precursors or blending benzoxazines with a highperformance polymer, filler, and 

fiber have been successfully used to reduce brittleness and improve thoughness [88, 

89]. 

For decades, the contamination of water by metal ions has been a central 

environmental concern throughout the world. Among various other hazardous 

metals, mercury has received a particular attention since mercury and most of its 

compounds are extremely toxic to living organisms [90-92]. Even relatively low 

doses can cause serious kidney, liver, brain and central nervous system disorders for 

human and animals. Therefore, the control of its circulation in society and the 

environment through air, water, sediments and living organisms is a global 

challenge. Despite its highly toxic nature, mercury has many unique properties that 

make it indispensable in various industrial applications, ranging from fungicides and 

bactericides in the agriculture industry to heat transfer agents and catalysts in the 

chemical industry. Thus, the need for analytical techniques capable of removing 

mercury from environment is crucial [93-112]. In order to remove aqueous mercury 

salts, the conventional approaches that can be used are adsorption, chemisorption, 

coagulation, precipitation, reduction, ion-exchange and membrane separation 

methods. Among these approaches, chemisorption reinforced adsorption processes 

have been widely studied due their simple operational conditions. Materials that are 

effective for mercury removal generally carry sulfur, nitrogen and oxygen containing 

functional groups as mercury ion binding sites. Accordingly, many S, O and N atoms 

containing adsorbents were used for mercury removal. For example adsorbents 

having ligands such as xanthate, thiourea, pyridine-based thiols and dithiozone  

iminodiacetamide, dipridylamide and polythiourea on charcoal were successfully 

used for binding Hg(II) ions [113-144].  

Moreover, many other alternative adsorbents for mercury including activated 

carbons, polymers, silicates, bacteria, chitosan clays, iron oxides, natural minerals 

and pyrite have also been extensively studied. In particular, the binding capability of 

Hg(II) to N and O atoms can give rise to design of many alternative materials for 

removal of mercury salts. From this point of view, an important high performance 
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material, polybenzoxazines, which contains both nitrogen (amino) and O (phenolic) 

becomes a cost-effective alternative for mercury removal purposes [145-151].  

Polybenzoxazines are 1,3-benzoxazine based phenolic thermosets that have gained 

an increasing interest in the field of polymer research as alternative to phenolic 

resins.These materials offer low water absorption, high char yield, resistance against 

flame, high modulus, high strength, high glass transition temperatures, chemical 

resistance, long shelf life and they have very limited volumetric change upon curing. 

The synthesis of these materials is performed by non-catalytic thermally activated 

ring opening of corresponding benzoxazine monomers. Depending on the monomer 

structure, their polymerization temperatures vary between ca. 160-250 °C [17, 19, 85, 

89, 152, 153]. 

Even though benzoxazines were first synthesized by Cope and Holly in 1940s, the 

potency of polybenzoxazines has been recognized much later. There has been a 

massive work on new monomers to improve several properties of polybenzoxazines 

to further expand their application fields by taking advantage of design flexibility of 

benzoxazine monomers, coming from simple preparation by using inexpensive and 

commercially available phenols, primary amines, and formaldehyde (Figure 2.5). In 

related studies, a wide range of conventional polymers were combined with 

polybenzoxazines [154-164].     

 

Figure 2.5 : Synthesis of benzoxazine monomers. 

The features of polybenzoxazines are mainly caused by the Mannich base bridges –

CH2–N(R)–CH2– and the hydrogen bonds between nitrogen and phenolic –OH 

groups. Moreover, this structure has a potential of binding mercury salts over 

phenolic oxygen and nitrogen on the structure. As part of our continues interest in 

developing new applications of polybenzoxazines we present a simple route to 

fabricate functional polybenzoxazines for the removal of mercury salts by taking 

advantage of the above mentioned structural features. As will be shown below, the 

surface area of polybenzoxazine material is significantly increased by conducting the 
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polymerization in a high boiling point solvent. Thus, porous polybenzoxazine 

material with a high chemical resistance to both alkaline and acidic conditions is 

obtained [80, 115, 165, 166]. 

2.5.2 General introduction to Schiff base chemistry 

A Schiff base is a nitrogen analog of an aldehyde or ketone in which the C=O group 

is replaced by C=N-R group [167]. It is usually formed by condensation of an 

aldehyde or ketone with a primary amine according to the following figure: 

 

Figure 2.6 : Schematic illustration of condensation of an aldehyde or ketone with a 

primary amine. 

where R, may be an alkyl or an aryl group. Schiff bases that contain aryl substituents 

are substantially more stable and more readily synthesized, while those, which 

contain alkyl substituents, are relatively unstable. Schiff bases of aliphatic aldehydes 

are relatively unstable and readily polymerizable while those of aromatic aldehydes 

having effective conjugation are more stable. The formation of a Schiff base from an 

aldehydes or ketones is a reversible reaction and generally takes place under acid or 

base catalysis, or upon heating [7, 8, 44, 59, 71]. 

 

Figure 2.7 : The formation of a Schiff base from an aldehydes or ketones is a 

reversible reaction. 
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The formation is generally driven to the completion by separation of the product or 

removal of water, or both. Many Schiff bases can be hydrolyzed back to their 

aldehydes or ketones and amines by aqueous acid or base. The mechanism of Schiff 

base formation is another variation on the theme of neucleophilic addition to the 

carbonyl group. In this case, the neucleophile is the amine. In the first part of the 

mechanism, the amine reacts with the aldehyde or ketone to give an unstable addition 

compound called carbinolamine.The carbinolamine loses water by either acid or base 

catalyzed pathways. Since the carbinolamine is an alcohol, it undergoes acid 

catalyzed dehydration [4, 8]. 

 

Figure 2.8 : General mechanism a Schiff base formation. 

Typically the dehydration of the carbinolamine is the rate-determining step of Schiff 

base formation and that is why the reaction is catalyzed by acids. Yet, the acid 

concentration cannot be too high because amines are basic compounds. If the amine 

is protonated and becomes non-neucleophilic, equilibrium is pulled to the left and 

carbinolamine formation cannot occur. Therefore, many Schiff bases synthesis are 

best carried out at mildly acidic pH.  

The dehydration of carbinolamines is also catalyzed by base. This reaction is 

somewhat analogous to the E2 elimination of alkyl halides except that it is not a 

concerted reaction. It proceeds in two steps through an anionic intermediate. 
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Schiff bases have a large number of synthetic uses in organic chemistry. Acylation of 

Schiff bases by acid anhydrides, acid chlorides and acyl cyanides is initiated by 

attack at the nitrogen atom and leads to net addition of the acylating agent to the 

carbon-nitrogen double bond. Reactions of this type have been put to good use in 

natural product synthesis.  

Schiff bases appear to be an important intermediate in a number of enzymatic 

reactions involving interaction of an enzyme with an amino or a carbonyl group of 

the substrate. One of the most important types of catalytic mechanism is the 

biochemical process which involves the condensation of a primary amine in an 

enzyme usually that of a lysine residue, with a carbonyl group of the substrate to 

form an imine, or Schiff base. Stereochemical investigation carried out with the aid 

of molecular model showed that Schiff base formed between methylglyoxal and the 

amino group of the lysine side chains of proteins can bent back in such a way 

towards the N atom of peptide groups that a charge transfer can occur between these 

groups and oxygen atoms of the Schiff bases. In this respect pyridoxal Schiff bases 

derived from pyridoxal and amino acids have been prepared and studied from the 

biological point of view. Transition metal complexes of such ligands are important 

enzyme models. The rapid development of these ligands resulted in an enhance 

research activity in the field of coordination chemistry leading to very interesting 

conclusions.  

The carbon-nitrogen double bond of Schiff bases like the carbon-oxygen double 

bond is readily reduced by complex metal hydrides. Reduction of this type is 

probably the most efficient and convenient method for the conversion of C=N into 

amino compounds. Thus lithium aluminium hydride in THF at room temperature (or 

in difficult cases at elevated temperature) smoothly reduces Schiff bases in high yield 

(> 90 %) to secondary amines. Sodium borohydride is an equally effective reducing 

agent and is preferred to lithium aluminium hydride because of its inertness to a 

wider range of solvent media and because of its greater specificity in that other 

substituents such as nitro or chloro reducible by lithium aluminium hydride are 

unaffected by sodium borohydride. An even more effective reagent of this type is 

sodium cyanoborohydride (NaBH3CN). 
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Figure 2.9 : Applications of Schiff bases in organic synthesis. 

2.5.2.1 Chromatography 

Chromatography is a strong composition and purification method used to separate 

material mixtures. It can be defined as separating a composition to its components on 

a porous stationary phase by means of a solvent as a result of different movements. 

The composition which is wanted to be separated is passed through the stationary 

phase with the help of the mobile phase. Since the compo-nents forming the 

composition keeps in different values by the stationary phase, each component leaves 

the system in different times. Therefore, it is possible to separate the compounds 

from each other, define and collect separately [168-170]. Even though the 

chromatography can be classified in different ways, it essentially operates through 

adsorption and partition mechanisms. The porosity of the material to be used as 

column filling material being high is preferred since it will increase the adsorption. 

Producing a material with high porosity is very costly. Today, the production of 

materials used as filling material in chromatography is realized in different methods 

and requires high costs [171-174]. 

When we consider the role of high-performance liquid chromatography (HPLC) 

column technology, porous packings have a large specific surface area, and this 
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creates a larger retention and a larger loadability, i.e. Fully porous packings are less 

prone to exhibit broad peaks with increased injection [175-179]. A typical specific 

surface area is in the range of 200-300 m2/g. This quite sizeable surface area resides 

in the pores of the packing. The pore size must be sufficiently large to allow access 

of the analytes to the surface of the packing [180-182].  

An important element of column performance is the particle size of the packing. 

However, there is much more to the story than just the particle size. The pore size 

must be sufficiently large to allow access of the analytes to the surface of the 

packing. For the analysis of small molecules (molecular weight 100-500), a pore size 

of 10 nm is about right. Some packings have a slightly smaller pore size (around 8 

nm), some have a bit larger pores (about 13 nm). One needs to be careful with some 

of these designations though, since the methods used for the pore size measurements 

are not consistent from manufacturer to manufacturer, and often only nominal values 

are given. The 10 nm (or 100 A) packings can be used for peptide analysis as well, 

but for larger molecules (proteins) a larger pore size, nominally 30 nm (or 300 A), is 

needed. The larger pore size provides a smaller specific surface area, therefore these 

larger pore packings are less retentive, and they are not commonly used for small 

molecules [183-187]. The most important properties of a porous particle are the 

specific surface area and the specific pore volume. "Specific" means that these values 

are given per gram of packing. This approach is acceptable for a comparison of 

different silica-based packings, but such values can be misleading, if silica-based 

packings are compared to zirconia-based packings or polymer-based packings. 

Chromatographers are usually more interested in which packing would result in more 

retention or less retention. The retentivity of a particle can be estimated quickly by 

looking at the ratio of the specific surface area to the specific pore volume [188-190]. 

The advantage of fully porous packings is clear: they have a much larger surface area 

than non-porous particles [191]. Therefore, their retentivity and loadability is much 

larger. It is important to get a true understanding of the basic properties of different 

particles to obtain a proper assessment of their value in chromatography. It can be 

found that the true phase ratio gives you quite a different impression than the surface 

area alone. One is a silica packing with a specific surface area of 350 m2/g and a 

specific pore volume of 1 mL/g; the other is also a silica packing, but now with a 

specific surface area of 200 m2/g and a specific pore volume of 0.5 mL/g. The 
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strength of a particle depends on its specific pore volume. For normal HPLC 

applications, strength is of no issue, if the specific pore volume is 1 mL/g or less. For 

ultra-high-pressure applications, a slightly lower pore volume is needed [192, 193]. 

2.5.2.2 Surface chemistry 

The most common ligand in chromatography is the C18 ligand, an 18-carbon 

hydrocarbon chain. This chain creates the hydrophobic retention of the reversed-

phase packing. As an alternative, a C8 ligand is sometimes used. Due to the shorter 

chain length, it provides a bit less retention than the C18 ligand, but it is occasionally 

preferred for several reasons. Sometimes, a shorter retention is desired. Some C8 

packings give a slightly improved peak shape compared to a C18 ligand, since the 

smaller ligand can result in a slightly better surface coverage. Or, a slightly different 

selectivity is desired. It should be pointed out that the selectivity differences between 

C18 and C8 packings based on the same substrate and with the same surface coverage 

are rather small, but they still can be useful on occasion. If one is looking for an 

appreciable difference in selectivity, packings with an embedded polar group are 

recommended as the first choice. These packings have a polar group incorporated 

into the long-chain ligand, three carbons away from the silicon group that is used to 

attach the ligand to the surface. In order to be effective, the polar group is best 

selected from the group of amide, carbamate, or urea, which all provide excellent 

hydrogen bonding capability [6, 9, 58, 189, 194-197]. 

2.5.2.3 Selectivity 

The general selectivity properties of commercial columns are of significant interest 

to the applied chromatographer. Several researchers have dedicated large resources 

to attempt to characterize the main features of commercially available columns. 

However, with the exception of the judgement about the hydrophobicity of different 

packings, the agreement between the different methods is rather poor. The reasons 

for these discrepancies are not understood. One possibility is that the mobile phase 

plays a more significant role, and that the dismissal of its influence is the underlying 

cause for the differences between the characterization methods. From the stand- 

point of the practitioner, this simply means that one needs to look at the described 

column features as paintings that have been created with a broad brush, and that one 
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can only extract a general character of a column from the measured values. However, 

this is still of significant value [62, 192]. 

2.5.3 Click Chemistry 

“Click chemistry” is a chemical term introduced by Sharpless in 2001 and describes 

chemistry tailored to generate substances quickly and reliably by joining small units 

together. Click chemistry can be summarized only one sentence: Molecules that are 

easy to make. Sharpless also introduced some criteria in order to fullfill the 

requirements as reactions that: are modular, wide in scope, high yielding, create only 

inoffensive by - products, are stereospecific, simple to perform and that require 

benign or easily removed solvent. Nowadays there are several processes have been 

identified under this term in order to meet these criterias such as nucleophilic ring 

opening reactions; non - aldol carbonyl chemistry; thiol additions to carbon-carbon 

multiple bonds (thiol-ene and thio l-yne); and cycloaddition reactions. Among these 

selected reactions, copper(I)- catalyzed azide- alkyne (CuAAC) and Diels- Alder 

(DA) cycloaddition reactions and thiol-ene reactions have gained much interest 

among the chemists not only the synthetic ones but also the polymer chemists [203-

207]. 

The modification of polymers after the successful achievement of a polymerization 

process represents an important task in macromolecular science. The “click” - type 

reactions, among them the metal catalyzed azide/alkyne “click” reaction (a variation 

of the Huisgen 1,3- dipolar cycloaddition reaction between terminal acetylenes and 

azides) or the Diels- Alder reaction (DA), [4 + 2] system, generally consists of a 

coupling of a diene and a dienophile by intra- or intermolecular reaction represent a n 

important contribution towards this endeavor. This approach brings an enormous 

potential in material science. The key features in “click” chemistry is represented by 

quantitative yields, high tolerans of functional groups, simple product isolations, lack 

of by-product, superior regioselectivity, and mild and simple reaction conditions. 

Since their fast growth, click chemistry strategies have been rapidly integrated into 

the field of macromolecular enginering and extensively been used in the synthesis of 

polymers ranging from linear to complex structures [198-202]. 
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2.5.3.1 Copper(I)-catalyzed azide -alkyne cycloaddition (CuAAC) 

1,3-Dipolar cycloaddition reactions have also been the subject of intensive research, 

most notably by Rolf Huisgen and co-workers in the 1950s to the 1970s., whose 

work led to the formulation of the general concepts of 1,3 - dipolar cycloadditions. 

The process is strongly thermodynamically favored (ΔHo = -45 to -55 kcal/ mol) due 

to the high potential - energy content of the two reaction components, but has a 

relatively high kinetic- energy barrier (ca. 26 kcal/mol for methyl azide and propyne) 

that renders the reaction cycloaddition chemistry h as found widespread applications 

in organic synthesis and has been the subject of several reviews. Cu(I) catalysis of 

the Huisgen 1,3- dipolar cycloaddition reaction of organic azides and alkynes was 

introduced in 2001 by Tornøe and Meldal. The Cu(I) 4 catalysis has transformed this 

cycloaddition into an essentially quantitative and regioselective “click” reaction, as 

realized independently by the Meldal and the Sharpless laboratories. The Cu-

catalyzed azide–alkyne 1,3- dipolar c ycloaddition (CuAAC) dramatically accelerates 

the reaction of azides with terminal alkynes (Figure 2.10) and exhibits several 

features. It is very robust, general, insensitive, and orthogonal to most other 

chemistries used in synthesis of polymers [203]. 

 

Figure 2.10 : General represantation of copper catalyzed cycloaddition. 

The uncatalyzed thermal cycloaddition of azides to alkynes usually requires 

prolonged heating and results in mixtures of the 1,4-and 1,5-disubstituted 

regioisomers. In contrast, CuAAC produces only 1,4-disubstituted- 1,2,3-triazoles at 

room temperature in excellent yields [204-206].  

1. The reaction is not significantly affected by the steric and electronic properties of 

the groups attached to the azide and alkyne reactive centers. For example, azides 

carrying a primary, secondary, or tertiary group; electron- deficient or electron-rich 

group; and aliphatic, aromatic, or heteroaromatic substituent usually react well with 

variously substituted terminal alkynes.  
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2. The reaction is unaffected by water and by most organic and inorganic functional 

groups; thus, all but eliminating the need for protecting - group chemistry.  

3. The rate of the Cu-catalyzed process is approximately 107 times that of the 

uncatalyzed version, making the reaction conveniently fast in the temperature range 

of 0 to 25 °C. Furthermore, ligand-accelerated-catalysis effects are also significant, 

resulting in further increases in the reaction rate.  

4. The 1,2,3-triazole unit that results from the reaction has several advantageous 

properties: 

(i) a high chemical stability (in general, being inert to severe hydrolytic, oxidizing, 

and reducing conditions, even at high temperature), 

(ii) a strong dipole moment (5.2-5.6 D), 

(iii) an aromatic character, and  

(iv) a good hydrogen - bond- accepting ability. 

Thus,  it  can  interact  productively  in  several  ways  with  biological  molecules,  

and serve as a replacement for the amide  linkage in some circumstances [207, 208]. 

2.5.3.2 Mechanistic considerations on the Cu(I) catalysis 

A mechanistic picture of the copper catalyzed reaction was first proposed by Meldal 

and co-workers and Sharpless and co-workers, and has later been verified by 

computational methods.  

The intermediacy of copper(I) acetylides in CuAAC was postulated early on based 

on the lack of reactivity of internal alkynes. Soon thereafter, a computational study of 

the elementary steps of the sequence was performed. The initial computations 

focused on the possible reaction pathways between copper(I) acetylides and organic 

azides (propyne and methyl azide were chosen for simplicity). The key bondmaking 

steps are shown in Figure 2.11. The formation of copper acetylide 2 (Step A) was 

calculated to be exothermic by 11.7 kcal/mol. This is consistent with the well - 

known facility of this step, which probably occurs through the intermediacy of a - 

alkyne–copper complex. The coordination of an alkyne to copper is calculated to 

move the pKa of the alkyne terminal proton down by ca. 10 units, bringing it into the 

proper range to be deprotonated in an aqueous medium. A concerted 1,3-dipolar 
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cycloaddition of the azide to the copper acetylide has a high calculated potential 

energy barrier (23.7 kcal/mol), thus the metal must play an additional role. In the 

proposed sequence, the azide is activated by coordination to copper (Step B), 

forming the intermediate 3. This ligand exchange step is nearly thermoneutral 

computationally (2.0 kcal/mol uphill when L is a water molecule). The key bond 

forming event takes place in the next step (Step C), when 3 is converted to the 

unusual 6 membered copper metallacycle 4. This step is endothermic by 12.6 

kcal/mol with a calculated barrier of 18.7 kcal/mol, which is considerably lower than 

the barrier for the uncatalyzed reaction (approximately 26.0 kcal/mol), thus 

accounting for the enormous rate acceleration accomplished by Cu(I). The CuAAC 

reaction is therefore not a true concerted cycloaddition, and its regiospecif icity is 

explained by the binding of both azide and alkyne to copper prior to the formation of 

the C–C bond. The energy barrier for the ring contraction of 4, which leads to the 

triazolyl–copper derivative 5, is quite low (3.2 kcal/mol). Proteolysis of 5 releases 

the triazole product, thereby completing the catalytic cycle [209, 210]. 

 

Figure 2.11 : Proposed catalytic cycle for CuAAC. 

For post-functionalization of organic materials copper catalyzed Huisgen reaction 

was studied extensively during the last years and called “click” chemistry. 

Accordingly, the use of Huisgen-type click reactions has yielded many research 
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papers within post modification of a wide range of polymers. Moreover, apart from 

post-functionalization, various block, star-shaped, and graft copolymers, and 

telechelics have been successfully constructed using click chemistry. Hence, it is 

clear that the power of this chemistry can be used in synthesis and post modification 

of MOPs. The use of Huisgen-type click reaction in MOPs was first performed by 

Cooper’s group. Multifunctional azide and etynyl containing monomers were reacted 

under mild conditions to yield a porous material having a Brunauer-Emmett-Teller 

(BET) surface area with 1128 m2/g. Despite this study, there are no previous 

examples of the use of click chemistry for post-functionalization of MOPs. It can be 

synthesized the corresponding propargyl containing antraquinone and reacted with 

melamine to form clickable MOP. The obtained MOP was successfully modified 

with azido perylenes resulting in fluoresans property with high surface area [20, 211]. 
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3. EXPERIMENTAL PART 

3.1 Materials and Chemicals 

3.1.1 Solvents 

N,N-Dimethyl formamide (99.0 %, Aldrich)  

It was used as received.  

1,4-dioxane (≥99.0%, Sigma-Aldrich)  

It was used as received.  

Tetrahydrofuran (THF, 99.8%, J.T.Baker)  

(a) It was used as eluent for chromatography as received (High Performance Liquid 

Chromatography Grade).  

(b) For use in the chemical reactions, it was dried and distilled over 

benzophenonesodium.  

Diethyl ether (≥99.0%, J.T. Baker)  

It was used as received.  

Toluene (99.9%, Acros)  

It was used as received.  

Methanol (Technical)  

It was used for the precipitation of polymers without further purification.  

n-Hexane (99.0%, Aldrich)  

It was used as received.  
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Chloroform (≥99%, Aldrich)  

It was used as received. 

1-Pyrenemethanol (98%, Aldrich), 

It was used as received.  

Pyridine (98%, Merck), 

It was used as received.  

Toluene-4-sulfonyl chloride (98%, Aldrich), 

It was used as received.  

Acetone (99%, Aldrich), 

It was used as received. 

N,N,N’,N’’,N’’’-Pentamethyldiethylenetriamine (PMDTA, Aldrich), 

It was used as received. 

Dichloromethane (≥99%, J.T. Baker)  

It was used as received.  

Acetic acid (99-100%, Merck)  

It was used as received.  

Dimethyl sulfoxide (DMSO) (≥99.5%, Sigma)  

It was used as received. 

Ethanol (≥99.5%, Aldrich)  

It was used as received. 

3.1.2 Other chemicals 

Melamine (99%, Aldrich),  
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It was used as received. 

1,5-dihydroxy anthraquinone (98%, Aldrich), 

It was used as received. 

Pb (II), Fe (II), Mn (II), Cu (II), Zn (II), Cd (II) and Hg (II) solutions (Aldrich, 99%) 

It was used as received. 

Sodium azide (NaN3, 98%, Aldrich), 

It was used as received. 

Magnesium sulphate (MgSO4, 99%, Aldrich), 

 It was used as received. 

Potassium carbonate (K2CO3, 99%, Aldrich), 

It was used as received. 

Paraformaldehyde (powder, 95%, Sigma-Aldrich), 

It was used as received.  

Phenol (loose crystals, ≥99.0%, Sigma-Aldrich), 

It was used as received.  

Allylamine (≥99%, Sigma-Aldrich)  

It was used as received.  

Copper(I) bromide (CuBr) (≥98.0%, Sigma-Aldrich)  

It was used as received.  

Sodium hydroxide (Granulated, ≥98%, Merck) 

It was used as received. 
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Sodium sulfate (≥99.0 %, Merck)  

It was used as received.  

Triethylamine (≥99%, Aldrich)  

It was dried with NaOH pellets and distilled.  

Propargyl bromide (~80 volume % in toluene, Fluka)  

It was used as received.  

HCl (37%, Sigma-Aldrich)  

It was used as received.  

Naphthalene: Dr. Ehrenstorfer GmbH (C 20905000),  

Acenaphthylene: Dr. Ehrenstorfer GmbH (C 20510000),  

Acenaphthene: Dr. Ehrenstorfer GmbH (C 20505000),  

Flourene: Dr. Ehrenstorfer GmbH (C 20800000),  

Phenanthrene: Dr. Ehrenstorfer GmbH (C 20920000),  

Anthracene: Dr. Ehrenstorfer GmbH (C 20520100),  

Pyrene: Dr. Ehrenstorfer GmbH (C 20930000),  

Fluoranthene: Dr. Ehrenstorfer GmbH (C 20795000),  

Benzo(a) anthracene: Dr. Eh-renstorfer GmbH (C 20545100),  

Chyresene: Dr. Ehrenstorfer GmbH (C 20670000),  

Beta-hexachlorocyclohexane (HCH): Dr. Ehrenstorfer GmbH (C 14072000),  

Alpha-hexachlorocyclohexane (HCH): Dr. Ehrenstorfer GmbH (C 14071000),  

4,4’-dichlorodiphenyldichloroethane (DDD): Dr. Ehrenstorfer GmbH (C 12031000), 
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4,4’-dichlorodiphenyldichloroethylene (DDE): Dr. Ehrenstorfer GmbH (C 

12041000),  

Dieldirin: Dr. Ehrenstorfer GmbH (C 12590000).  

Cadechin hydrate, rutin hydrate, quercetin, 4-hydroxhy benzoic acid, p-coumaric 

acid, caffeic acid, gallic acid (≥98% (HPLC), powder) 

It was used as received. 

3.2 Characterization 

3.2.1 Nuclear magnetic resonance spectroscopy (NMR) 

All 1H NMR spectra were recorded on an Agilent NMR System VNMRs 500 

spectrometer at room temperature in CDCl3 with -Si(CH3)3 as an internal standard. 

Samples were investigated further by 13C CPMAS NMR using an Inova 500 MHz 

NMR Varian system fitted with a Jacobsen brand CP-MAS probe. 13C CPMAS 

spectra were acquired at 125.654 MHz using Si3N4 rotors set to 6 Hz. Pulses were 

separated by a 1 s delay. Cross polarization contact time (1 ms), 10 ms data 

acquisition time, 32 kHz 1 H decoupling field and a spinning rate of 10 kHz were the 

parameters used during experiments. Two thousand scans were acquired for 

measurements. 

3.2.2 Infrared spectrophotometer (FT-IR)  

FT-IR spectra were recorded on a Perkin Elmer FTIR Spectrum One B spectrometer. 

3.2.3 UV-visible spectrophotometer  

UV-Visible spectra were recordedon a Shimadzu UV-1601 UV-visible 

spectrophotometer. 

3.2.4 Fluoresans spectrophotometer 

The fluorescence measurements were carried out by using a Varian Cary Eclipse 

model spectrometer. The source of spectrophotometer is Xenon flash lamp. The 

samples thus prepared were put in the sample holder of the spectrometer, then they 

were excited at 465 nm light. The fluorescence spectra were monitored starting from 
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excitation wavelength of light. All measurements were performed at a 90° position 

and slit widths were kept at 480 nm. 

3.2.5 Gel-permeation chromatography (GPC)  

a) Gel permeation chromatography analyses were performed with a set up consisting 

of a Waters 410 Differential Refractometer, a Waters 515 HPLC Pump and an 

apparatus equipped with three Waters ultrastyragel columns (HR series 4, 3, 2 

narrow bore), with THF as the eluent at a flow rate of 0.3 mL/min. Molecular 515 

weights were calculated on the basis of a calibration curve recorded with mono 

disperse polystyrene standards.  

b) Gel permeation chromatography analyseswere measured on a Shimadzu system 

equipped with a SCL 10A system controller, a LC-10AD pump, a RID-10A 

refractive index detector, a SPD-10A UV detector and both a PSS Gram30 and a PSS 

Gram1000 column in series, whereby N, N-dimethyl acetamide with 5 mmol LiCl 

was used as eluent at 1mL/min flow rate and the column oven was set to 60°C. The 

molecular weight and the molecular weightdistribution of the prepared polymers 

were calculated by using poly(methylmethacrylate) standards.  

c) Gel permeation chromatography instrument equipped with a Waters 1515 pump 

and Waters styragel column (HT4) utilizing DMF containing 5 mM NH4PF6at a 

flow rate of 0.5 ml/min and the column oven set to 50°C.  

3.2.6 Differential scanning calorimeter (DSC)  

Differential scanning calorimeter was performed on a Perkin Elmer Diamond DSC 

with a heating rate of 10 °C min -1 under nitrogen flow.  

3.2.7 Thermal gravimetric analysis (TGA)  

TGA was carried out on Perkin Elmer Diamond TA/TGA with a heating rate of 10°C 

min-1 under nitrogen flow. 
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3.2.8 Nitrogen sorption analysis 

Nitrogen sorption experiments and micropore analysis were conducted at -195.8 °C 

using an Autosorb-1 from Quantachrome Instruments. Before sorption 

measurements, the samples were degassed in vacuum overnight at 150 °C. 

3.2.9 Scanning electron microscopy (SEM) 

SEM measurements were performed on a LEO 1530 field emission scanning electron 

microscope. 

3.3 Preparation of Polybenzoxazines 

Polybenzoxazines are 1,3-benzoxazine based phenolic thermosets that have gained 

an increasing interest in the field of polymer research as alternative to phenolic 

resins. These materials offer low water absorption, high char yield, resistance against 

flame, high modulus, high strength, high glass transition temperatures, chemical 

resistance, long shelf life and they have very limited volumetric change upon curing. 

The synthesis of these materials is performed by non-catalytic thermally activated 

ring opening of corresponding benzoxazine monomers (Figure 3.1). Depending on 

the monomer structure, their polymerization temperatures vary between ca. 160-250 

°C 

 

Figure 3.1 : Thermally activated ring opening polymerization of a bisbenzoxazine 

monomer. 
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3.3.1 Synthesis of 6,6-(propane-2,2-diyl)bis(3-allyl-3,4- dihydro-2H-benzo[e][1,3] 

oxazine) (B-ala) 

In a 250 mL flask, allyamine (30.8 g, 0.54 mol) was dissolved in 200 mL of 1,4-

dioxane at room temperature. The solution was cooled in an ice bath, followed by 

portion-wise addition of paraformaldehyde (32.5 g, 1.08 mol) during 10 min of 

stirring in an ice bath. Then, bisphenol-A (61.6 g, 0.27 mol) was added to the cooled 

solution. The content was refluxed for 24 h. After the removal of 1,4-dioxane under 

vacuum, the resulting crude product was purified by dissolving in 200 mL of diethyl 

ether and washing various times with 0.1 N sodium hydroxide, and finally two times 

with distilled water. Pale yellowish oily product was obtained after drying with 

Na2SO4, filtering and evaporating diethyl ether. The oily viscous product was 

dissolved in 20 mL of MeOH; water was added to this solution until it became 

turbid, and then the mixture was refrigerated. The precipitated sticky mass was 

obtained after decantation and subsequently washing with water. The mass was dried 

under vacuum at 60 °C for 24 h to afford solid (Yield, 62%) (Figure 3.2). The 1H 

NMR spectrum of B-ala is as follows: δ (CDCl3) 6.94 (dd, J = 8.3 and 2.1 Hz, 2H, 

ArH); 6.79 (dd, J = 2.0 Hz, 2H, ArH); 6.67 (dd, J = 8.3 Hz, 2H, ArH); 5.89 

(multiplet, 2H, CH2 = CH); 5.23 (dd, J = 12.2 and 1.5 Hz, 2H, CH=CH2); 5.17 (dd, J 

= 5.3 and 1.3 Hz, 2H, CH=CH2); 4.82 (s, 4H, N-CH2-O); 3.93 (s, 4H, Ar-CH2-); 3.37 

(d, 4H, CH2=CH-CH2-); 1.58 (s, 6H, -CH3). 

 

Figure 3.2 : Synthesis of B-ala monomer. 
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3.3.2 Preparing of polybenzoxazine sorbent resin 

Benzoxazine (2 g, 5.12 mol) was contained into a 100 mL flask and dissolved in 15 

mL of dimethyl sulfoxide (DMSO) at room temperature. This mixture was heated at 

180 °C for 72 h. At the end of the reaction, the precipitated material was thoroughly 

washed with acetone, tetrahydrofuran and 1,4-dioxane. Finally, the obtained black 

powder insoluble material was swelled in 1,4-dioxane and freeze-dried. 

In the subsequent step, curing of B-ala was performed to obtain polybenzoxazine 

resin as sorbent material (Figure 3.3). Allyl functional bisbenzoxazine was 

deliberately selected as difunctional monomer so as to provide additional curable 

sites for the network formation. For the applications of polybenzoxazines in high 

performance needs, such as those requiring high mechanical strength, thermal 

stability etc., solventless curing of benzoxazines is usually preferred. 

Polybenzoxazine obtained by this way is a very stiff material, and meets the 

abovementioned requirements. 

 

Figure 3.3 : Synthesis of B-ala derived polybenzoxazine resin. 

3.3.3 Analytical method for mercury analysis 

In order to determine the capacity of metal adsorptions, one ppm Pb (II), Fe (II), Mn 

(II), Cu (II), Zn (II), Cd (II) and Hg (II) salt solutions were prepared in synthetic sea 

water (pH=8.2, Table 3.1). Polybenzoxazine resin (100 mg) and metal solutions (1 

ppm) were mixed in magnetic stirrer for 3 hours. In order to determine the optimum 

pH for removing mercury salts, experiments have been performed under different pH 
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values. The pH of solutions was arranged by using either 1 M HCl or NaOH 

solutions. The best sorption behavior was found to be at pH=6 and the results 

reported according to this pH. After filtration process, supernatant was separated to 

measure metal concentrations. All metal analyses except mercury were done by 

using ICP-MS (Perkin Elmer-Optima 7300 V). The mercury concentration was 

determined by using AAS-HVG (Shimadzu-6701). 

Table 3.1 : Composition of the prepared artificial sea water and its comparison with 

natural seawater (Salinity 35‰) [128]. 

Ion Artificial Seawater (g/kg) Natural Seawater (g/kg) 

Cl- 19,353 19,353 

Na+ 10,764 10,76 

SO4
2- 2,701 2,712 

Mg2+ 1,297 1,294 

Ca2+ 0,406 0,413 

K+ 0,387 0,387 

HCO3
- 0,142 0,142 

Br- 0,066 0,067 

Sr2+ 0,014 0,008 

H3BO3 0,026 0,026 

F- 0,001 0,001 

3.3.4 Preparation of microporous organic polymer 

A flame dried Schlenk flask fitted with a condenser and a magnetic stirring bar was 

charged  with  melamine  (0.6  g,  4.75  mmol),  1,5-dihydroxy anthraquinone  (1.711  

g,  7.12  mmol)  and  dimethyl sulfoxide (15.5 ml). After degassing by nitrogen 

bubbling the mixture was heated to 180 °C for 72 h under an inert atmosphere. After 

cooling to room temperature the precipitated porous network was isolated by 

filtration over a Buchner funnel and washed with excess acetone, tetrahydrofuran and 

chloroform. The solvent was removed under vacuum at room temperature to afford 

the materials as off-black powders in 53 % yield. 
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Figure 3.4 : Synthesis of microporous packing material. 

3.3.5 Analytical method for analysis 

Synthesized column packing material (1 g) is filled in a steel pipe (length: 150 cm x 

diameter: 4.6mm). Frits are put to the ends of the column so as not to let the packing 

material pass through. Ends of the column are closed by screws. Helium gas is 

passed through the column under pressure (10 bar) for 1 hour to compress the filling 

material. Spaces that occur are refilled by using packing material. This procedure is 

repeated until all of column is filled. Later solvent mixture (methanol: acetonitrile, 

50:50 v/v) is passed through the column for 12 hours. This operation is also 

continued under both 200 bar pressure and 2 ml/min flow rate. If there is a space in 

the column, packing material is re-added and solvent mixture is repassed through the 

column. In this part, this procedure has been applied seven times. 

3.3.6 Operating conditions 

In HPLC measurements, firstly 100% acetonitrile, methanol or water has been used 

as the mobile phase for 1PAH, pesticides and flavonoid determinations (Table 1). 

Secondly, acetonitrile:methanol solutions in different proportions as the mobile 

phase. After all the experiments, acetonitrile 100% and A: methanol 85%    B: water 

%15 for 2PAHs; A: methanol 90% B: acetonitrile 10% for flavonoids have been 

obtained as the mobile phase whilst 100% methanol has been seen as the only phase 

for pesticides. PAHs, organo-chlorine pesticide compounds, phenolic acids and 

flavonoids were prepared with hexane at 10 ppm concentration from the stock solu-

tions which are given below: 
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Table 3.2 : Conditions on packing material in different chromatographic modes. 

Compound Mobile Phase 
Flow rate 

(ml/min) 

Wavelength 

(nm) 

1PAHs 100% ACN - 1 250-450 
2PAHs 85% Methanol 15% Water 0.8 200-450 

Pesticides 100% Methanol - 2 190-360 

Phenolic acids 85% ACN 15% Phosphoric acid* 0.8 200-450 

Flavonoids 85% ACN 15% Phosphoric acid 0.8 200-450 

ACN: Acetonitrile   *0.01% Phosphoric acid solution 

3.3.7 Synthesis of 1,5-bis(prop-2-yn-1-yloxy)anthracene-9,10-dione 

A mixture of 1,5-dihydroxy anthraquinone (14 g, 49 mmol), propargyl bromide(80% 

w/w in toluene, 7.28 g, 49 mmol), and potassium carbonate (K2CO3, 20.3 g, 147 

mmol) in acetone (200 mL) was refluxed for 12 h. Two portions of propargyl 

bromide were added after 12 h and 24 h respectively and the reaction mixture was 

continually refluxed for additional 12 h. After the reaction mixture was cooled to 

room temperature, water (200 mL) was added. It was then extracted with DCM in 

three times. The combined organic phase was washed with brine, dried over Na2SO4, 

filtered and concentrated (Figure 3.5). Purification by flash column chromatography 

gave as a yellow solid. 1H NMR (500 MHz, CDCl3) δ 2.49 (t, J = 2.4Hz, 2H), 4.71(d, 

J1 = 2.4Hz, J2 = 2Hz, 2H), 4.78 (d, J1 = 2.4Hz, J2 = 2Hz, 2H), 5.42 (s, 1H), 6.37 (s, 

1H), 6.73(dd, J1 = 0.9Hz, J2 = 8.1Hz, 2H), 6.91-7.00 (m, 4H), 7.08 (d, J = 7.2Hz, 

2H), 7.35-7.38 (m, 1H), 7.44-7.47 (m, 1H); Melting point: 214-216 oC. 

 

Figure 3.5 : Schematic representation of synthesis of 1,5-dihydroxy-9,10-dione 

dipropargyl ether. 

3.3.8 Synthesis of 2-azidomethyl pyrene (Py-N3) 

1-pyrenemethanol (0.8 g, 3.65 mmol) was dissolved in 10 mL chloroform under 

nitrogen atmosphere and cooled down in an ice bath (0 °C) and pyridine (0.6 mL, 7.3 

mmol) was added. Then, toluene-4-sulfonyl chloride (1.1 g, 5.48 mmol) dissolved in 



47 

10 mL of chloroform was slowly added to the reaction flask at cold. The reaction 

mixture was stirred overnight at room temperature. The solvent was removed under 

vacuum and the obtained viscous liquid tosylate was used in azidation reaction 

without any purification. Sodium azide (0.2 g, 3.1 mmol) was added to solution of 

the obtained tosylate (0.4 g, 1.04 mmol) in DMF and the reaction mixture was stirred 

for 2 days at 65 ºC. After extraction of the crude product with CH2Cl2/water, the 

organic layer was dried with anhydrous MgSO4 and solvent was evaporated by rotary 

evaporator. The oily product was precipitated in cold water and centrifuged. The 

yellow product was dried under vacuum (Figure 3.6). 1H NMR (CDCl3, 500 MHz)  

(ppm): 7.80-7.15 (m, 9H, aromatic), 2.20–1.97 (d, 2H, CH2).  

 

Figure 3.6 : Azidation of 1-pyrenemethanol. 

3.3.9 Synthesis of propargyl functionalized MOP (c-MOP) 

A flame dried Schlenk flask fitted with a condenser and a magnetic stirring bar was 

charged  with melamine (313 mg, 2.485 mmol), 1,5-dihydroxy-9,10-dione 

dipropargyl ether  (500  mg,  3.728  mmol)  and  dimethyl sulfoxide (15.5 ml). After 

degassing by argon bubbling the mixture was heated to 180 °C for 72 h under an 

inert atomosphere. After cooling to room temperature the precipitated the clickable 

porous network was isolated by filtration over a Büchner funnel and washed with 

excess acetone, tetrahydrofurane and dichloromethane.  The  solvent  was  removed  

under  vacuum at  room  temperature  to  afford  the materials  as off-black powders 

in 55 % yield (Figure 3.7). 
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Figure 3.7 : The preparing of clickable microporous organic polymer (c-MOP). 

3.3.10 Post-functionalization of propargyl-MOP by click reaction 

c-MOP (0.3 mmol), CuBr (0.2 mmol), PMDETA (0.2 mmol), 2-azidomethyl pyrene 

(0.1 mmol) and 5 mL of DMSO were placed in a Schlenk tube. The reaction mixture 

was degassed by three freeze-pump-thaw cycles and stirred at 40 ºC during one day.  

Modification of c-MOP via Huisgen type click reaction was showed in Figure 3.8. 

This material was washed with deionised water, ammonia solution to remove 

unreacted reagents. This material was washed with deionised water, ammonia 

solution to remove unreacted reagents. 

 

Figure 3.8 : Modification of c-MOP via Huisgen type click reaction. 
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4. RESULTS AND DISCUSSIONS 

4.1 Polybenzoxazine Based Microporous Material 

The binding capability of Hg(II) to N and O atoms can give rise to design of many 

alternative materials for removal of mercury salts. From this point of view, an 

important high performance material, polybenzoxazines, which contains both 

nitrogen (amino) and O (phenolic) becomes a cost-effective alternative for mercury 

removal objective. For this purpose, initially, monomer 6,6'-(propane-2,2-diyl)bis(3-

allyl-3,4-dihydro-2H-benzo[e] [1,3]oxazine) (B-ala) was synthesized by typical 

benzoxazine synthesis method using bisphenol A, allyamine and paraformaldehyde. 

The structure of the B-ala monomer was confirmed by spectral analysis. 

Actually, the specific surface area of such polybenzoxazines is generally lower than 

1 m2.g-1. Such stiff polybenzoxazine with low porosity is not suitable for the ultimate 

use as sorbents since much higher interacting surface area is required for the intended 

sorption applications. Hence, B-ala was cured in DMSO to generate porosity on 

polybenzoxazine resin. The curing was performed at 180°C for 3 days. Thereafter, 

the resin was washed with several organic solvents and swelled in 1,4-dioxane before 

freeze-drying. Upon freeze-drying, an open, sponge-like network structure, probably 

originating from the solvent (DMSO) induced phase-separation, is obtained (Figure 

4.1 and 4.2). Such a sponge-like morphology is advantageous for applications 

demanding high mass transport, like adsorbent resins, catalysis etc. 
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Figure 4.1 1H NMR spectrum of B-ala monomer. 

 

 
 

Figure 4.2 FT-IR Spectrum of B-ala monomer. 
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Figure 4.3 : SEM  images of B-ala based polybenzoxazine sorbent. 

The completion of curing was controlled by DSC analysis. It is well known that 1,3-

benzoxazines can be cured by thermally-activated ring-opening polymerization and 

this can be monitored using DSC since the ring-opening reaction is an exothermic 

process.  The curing maximum of such process varies from 160 to 250 °C, depending 

on the functionalities present on the benzoxazines. Figure 4.4 reveals that the curing 

exotherm of B-ala, is between 175-315 °C and the amount of exotherm is calculated 

to be 355 j.g-1. Under the same DSC conditions, the porous polybenzoxazine resin 

did not exhibit any exotherm indicating complete consumption of benzoxazine rings 

during thermal treatment. 

 

Figure 4.4 :  DSC profiles of B-ala (a) and polybenzoxazine resin (b). 

The porosity of the materials was analysed by means of N2 adsorption/desorption at 

77.3 K. A representative porosity data derived from the measurements of gas 

adsorption/desorption isotherm is depicted in Figure 4.5. 
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Figure 4.5 : N2 adsorption/desorption isotherms of polybenzoxazine resin obtained 

at 77.3K. 

The analysis of the polybenzoxazine resin indicated macroporosity with a BET 

surface ≈45 m2.g-1. The freeze‐dried material exhibits a large and much steeper 

increase in volume at high relative pressures, which is a typical feature for 

macroporous/nanoparticulate systems. These findings are in complete agreement 

with the above given nitrogen porosimetry measurements and SEM analysis. In 

general, the applied drying method mainly influences the macrostructure, i.e. the 

stability of the interstitial voids between the polymer particles. Since evaporative 

drying approach leads to some compacting, this may result in the collapse of pores.  

Mercury (II) sorption capacity of the polybenzoxazine resin was determined by the 

atomic absorption spectrometry (AAS-HGV). The samples were prepared in 

synthetic sea water, and Mercury (II) ion concentration was 1 ppm in all 

measurements. A hundred milligrams of the polybenzoxazine resin was added to 

these sample solutions and stirred for three hours. After filtration of the sorbent, the 

concentration of the remaining mercury (II) was measured. According to residue 

analysis, sorption of mercury (II) ion was measured as 98% of the dissolved salt. 

There are several factors must be considered when evaluating sorption capacity. In 

practice, there are numerous types of impurities present in sea water at different 

concentration levels. These impurities compete with each other in the sorption 

process. Hence, apart from mercury (II), various metal salts, namely Pb(II), Fe(II), 
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Mn(II), Cu(II), Zn(II), Cd(II), were also prepared at the same conditions. Collective 

determination of the concentrations of these metal ions was performed using an Ion 

Coupled Plasma Mass Spectroscopy (ICP–MS) and relatively low sorption amounts 

were detected for these metal ions. The percentage sorption values of the 

corresponding metal salts, depicted as bar graphs in Figure 4.6, reveals that the 

polybenzoxazine resin has specific sorption behaviour against mercury (II) salt. 

 

Figure 4.6 : Sorption behaviour of polybenzoxazine resin against several metal ions, 

based on retained metal salt. 

In a sorption process, an economical optimum depends on the sorption behaviours of 

the sorbent like sorption capacity and specificity. Thus, polybenzoxazine resin’s 

ability to remove Hg(II) salts from salty water is also evaluated using load tests. 

Figure 4.7 reveals that up to 80 mg of Hg(NO3)2 can easily be loaded to a fixed 

amount of polybenzoxazine resin (20 mg) without losing the sorption power and the 

maximum load capacity of polybenzoxazine is more than 4 mg Hg(NO3)2 per 1 mg 

sorbent. Moreover, identical tests were also conducted with different metals salts.  

Metal salt load tests showed that after 40 mg of loading, the sorption power of 

polybenzoxazine resin decreases for Cu(II), Ni(II), Pb(II), Mn(II) salts and after 

loading 60 mg of salt, a steep descent takes place. These data clearly confirm that in 

addition to specific binding (affinity) of Hg (II) to polybenzoxazine resin, a high load 

capacity against mercury (II) is present. 
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Figure 4.7 : Load capacity trends of polybenzoxazine resin for various metal salts. 

A number of studies deal with the coordination abilities of the substituted thio 

ligands towards various transition metals especially mercury salts. Apart from thio-

mercury interactions, the binding capability of Hg(II) to N and O atoms facilitates a 

cheaper design of many alternative materials for removal of mercury salts. The 

structure of the polybenzoxazine resin contains free phenolic –OH and an adjacent 

tertiary amine group, both of which contribute to generate a coordination system with 

Hg (II) ion (Figure 4.7). It can, thus, be expected from the structure that the sorption 

mechanism is mainly chemisorption. However, it is also likely that to some extend 

adsorption contributes to the overall sorption process. 
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Figure 4.8 : Chemisorption–adsorption and desorption cycle of mercury (II) salt on 

polybenzoxazine resin. 

As presented in Figure 4.8, bonded Hg(II) can be removed from polybenzoxazines 

using acids and the resin can easily be regenerated for further uses.  In order to 

demonstrate the recycling ability of the polybenzoxazine sorbent, sorption-desorption 

experiments were conducted. Desorption experiments were intentionally carried out 

with 2N HNO3 aqueous solution, so as to apply harsh acidic conditions for most 

organic compounds.  

In polybenzoxazines, two types of hydrogen bonding can be considered; (i) 

intermolecular hydrogen bonding between two phenolic hydroxyl groups of 

polybenzoxazine and (ii) intramolecular hydrogen bonding between phenolic 

hydroxyl groups and nitrogen atoms on the Mannich Bridge. These hydrogen 

bonding attractions can easily be detected in IR spectrum of polybenzoxazines as 

broadening of phenolic O-H stretching vibration band. Binding of Hg (II) ion to 

phenolic –OH and tertiary amine would decrease the number of hydrogen bonding in 

polybenzoxazine resin and results in a shift of –OH band towards high energy region 

in IR. Likewise, this shift is clearly detectable in Figure 4.9, evidencing the 

chemisorption mechanism. 
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Figure 4.9 : IR spectra of Hg(II) loaded polybenzoxazine resin (a) and pristine 

polybenzoxazine resin (b). 

The presented results demonstrate that polybenzoxazine sorbent can be regenerated 

and reused for the sorption of mercury salts effectively for at least eight uses. In 

order to increase the number of reuse, an additional step like washing the resin with 

NaOH solution to neutralize the protonated amines should be included to the process. 

However, in our studies we restricted the process to only two steps, namely sorption 

and desorption. In this connection, it should be pointed out that many other sorbents 

typically require additional treatment steps and generate large amounts of secondary 

waste, which is a major challenge in waste management. High recycling ability of 

polybenzoxazine resin also minimizes the amount of secondary wastes after 

extraction. Moreover, polybenzoxazine resins are cost effective materials. The 

starting materials used for the synthesis of this resin are commercially available and 

relatively cheap. Additionally, the recycling power of this resin increases by its cost 

effectiveness.  Hence, this sorbent can find applications in a variety of environmental 

fields. 

Figure 4.10 shows that the sorption capacity almost remained the same within the 

first five usages, and up to 7th cycle there is no significant reduction decent in the 

sorption power. After this point, most probably some decomposition and protonation 

of amino groups take place in the polybenzoxazine structure arising from the harsh 

acidic conditions causing pore collapses and structural differences. Additionally, 



57 

some nitration reactions favoured by the ring activating effect of phenolic –OH 

groups are likely to occur. 

 

Figure 4.10 : Sorption values of polybenzoxazines after reuse experiments. 

4.2 Schiff Base Chemistry Based Microporous Materials 

In view of Schiff base chemistry, catalyst-free one-pot synthesis of nitrogen-rich 

polymer networks with high surface areas can be achievable. For this purpose 

melamine was selected as nitrogen source and anthraquinone and its propargylated 

version were prepared as carbonyl monomer. 

The porous packing material was obtained using melamine and 1,5-dihydroxy 

anthraquinone in  dimethyl sulfoxide. The mixture was heated to 180 °C for 72 h 

under an inert atmosphere was washed with selected solvents until it reached the 

desired purity. At least one of the solvents such as dimethylsulfoxide, 

tetrahydrofuran and dichloromethane, chloroform, diethylether, acetone, methanol, 

ethylacetate, toluene was preferred as washing solvent. Finally, the washed material 

was freeze-dried in order to remove the impurities and to make it ready to be added 

to the column, and thus pure column filling material in high porosity was obtained. 

Figure 4.11 illustrates size and 3D shape of smallest possible cavities in network. 

The resulting rigid and black porous polymer network displays high surface area 

(215 m2/g) and similar solvent uptake in both polar and non-polar media, which 
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explains good compatibility of the material with all mobile phases, from acetonitrile 

to methanol and water. 

 

Figure 4.11 : 3D Structure of porous packing material. 

Scanning electron microscopy (SEM) photos belong to porous packing material is 

given below in different scale bar from 1 µm to 3 µm (Figure 4.12). 

    

Figure 4.12 : SEM photos of porous packing material. 

Fourier transform infrared (FTIR) spectra of material was given in Figure 4.13. 

Bands which can be attributed to the primary amine group of melamine lie at 3470 

and 3420 cm-1 (NH2 stretching) and 1650 cm-1 (NH2 deformation). The hydroxyl and 

carbonyl function of the anthraquinone are observed in the spectrum at 3300-3500 

and 1690 cm-1 (C=O stretching). 
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Figure 4.13 : Fourier transform infrared (FTIR) spectra of porous packing material. 

The porous properties of the column packing material was analyzed by nitrogen 

sorption analysis. As seen in Figure 4.14, the adsorption isotherms show a gas uptake 

at low relative pressures and a regular path in the intermediate section, thus reflecting 

the microporous nature of the polymer networks. This indicates a high degree of 

crosslinking of small structural motifs. Remarkably, the Brunauer-Emmet-Teller 

(BET) surface area 215 m2/g. 

 

Figure 4.14 : Gas adsorption/desorption isotherms under nitrogen and CO2. 

Chromatograms of PAHs, pesticides, food standards (flavonoids and phenolic acids) 

are given in Figures 4.15a,b-4.18. For separation of PAH molecule experiments, the 

standard PAHs mixture which was prepared included each of the following 

compounds; naphthalene, acenaphthylene, acenaphthene, flourene, phenanthrene, 
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anthracene, pyrene, fluoranthene and benzo(a)anthracene and was injected into the 

HPLC. At the end of the measurements, naphthalene, acenaphthylene, acenaphthene, 

flourene, phenanthrene and anthracene could be determinated. On the contrary, 

pyrene, fluoranthene and benzo(a)anthracene could not be separated (Figure 4.15a 

and b). It was clear that the low moleculer weight PAHs (two rings) were separated 

more successfully. Additionally, acenaphthylene and acenaphthene were also 

separated from each other more successfully using the second mobile phase (A: 

methanol %85 and   B: water %15). Similarly, phenanthrene was determined well in 

this phase (Figure 4.15b). The results indicated that the separation can be improved 

using different mobile phase proportions. 

 

Figure 4.15a : The analysis of 1PAH standards mixture chromatogram by using 

acetonitrile as mobile phase. 

 

Figure 4.15b : The analysis of 2PAH standards by using methanol and water as 

mobile phase. 

For separation of pesticide molecules experiments, the standard pesticide mixture 

which was prepared included each of the following compounds; beta-
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hexachlorocyclohexane (HCH), alpha-hexachlorocyclohexane (HCH), 4,4’-

dichlorodiphenyldichloroethane (DDD), 4,4’-dichlorodiphenyldichloroethylene 

(DDE) and dieldirin and was injected into the HPLC. Only the 4,4’-

dichlorodiphenyldichloroethane (DDD) and 4,4’-dichlorodiphenyldichloroethylene 

(DDE) were detected (Figure 4.16). 

 

Figure 4.16 :  The analysis of pesticide standards. 

For the separation of food standards (flovanoid), the (flovanoid) mixture prepared 

including each of the cadechin hydrate, rutin hydrate, quercetin compounds was 

injected to HPLC. Figure 4.17 clearly confirms successful separation of the 

compounds. 

 

Figure 4.17 : The analysis of flavonoid group standards.  

For the separation of an another food standard (phenolic acids) experiment, the 

prepared phenolic acid mixture included each of the following compounds; phenilic 

acid, p-coumaric acid, caffeic acid and gallic acid and was injected into the HPLC. 
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The phenilic acid, caffeic acid and gallic acid were successfully detected, while p-

coumaric acid was not perceieved (Figure 4.18).  

 

Figure 4.18 : The analysis of phenolic acid group standards. 

The synthesized column packing material is not the only adsorption material that 

exhibits pi-electron donating-accepting properties. The selectivity factor, α for the 

naphtalene and anthracene, was determined under appropriate random conditions. 

From data presented in Table 4.1, the corresponding value for the column packing 

material exhibiting strong pi-interaction activity is very large, since anthracene is 

retained nearly irreversibly under these conditions. Compared to the other materials, 

selectivity factor and column efficiency that relates to plates number give promising 

results. 

Table 4.1 : Column properties of various materials for naphthalene and anthracene 

samples. 

Column Column Size 
Capacity 

factor (k) 

Selectivity 

factor (α) 
Plates 

Nucleodur C18 250mm*4.6mm*5µm 1.54 1.23 68312 

J.T. Baker C8 250mm*4.6mm*5µm 1.75 1.42 88974 

Agilent Hypersil C8 100mm*4mm*3µm 1.51 1.29 12871 

Packing Material 150mm*4.6mm*5µm 1.33 3.25 19044 

 

The function of pi-interactions in liquid chromatography on packing materials can be 

explained in four parts: a permanent dipole, a hydrogen-donating group, an aliphatic 

chain and a pi-electron system (Figure 4.19). The retention is mainly controlled by 

the adsorbent-adsorbate interactions that are due to hydrogen bonding, permanent 

dipole-dipole and permanent dipole-induced dipole interactions. In our case, the new 
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column packing material may take place planar stacking of the analyte pi-systems 

and the adsorbent pi-electron donating-accepting fragments play the important role. 

 

Figure 4.19 : Representative scheme of principal solute/sorbent interaction 

mechanism. 

The other significant factor to mention is the chemical or physical nature of the pi-pi-

interactions. In the present system, pi-interactions can be considered as a type of 

dispersive interaction between conjugated pi-electron systems of packing material 

and aromatic compounds. The retention of the end group was observed to increase 

with a rise of pi-electron density gradients in molecules, namely the local dipoles. 

Another objective was to obtain the corresponding propargyl containing 

antraquinone and react with melamine to form clickable MOP. The obtained MOP 

was successfully modified with azido perylene resulting in fluoresans property with 

high surface area. The porosity of the materials was analyzed by means of N2 and 

CO2 adsorption/desorption at 77.3 K. A representative porosity data derived from the 

measurements of gas adsorption/desorption isotherm is depicted in Figure 4.20. 
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Figure 4.20 : N2 adsorption/desorption isotherms obtained at 77.3 K; CO2 

adsorption/desorption isotherms obtained at 273 K. 

The analysis of the clickable porous material indicated microporosity with a BET 

surface ≈215 m2.g-1. After click reaction, the BET surface decreased to ≈202 m2.g-1. 

The freeze‐dried material exhibits a large and much steeper increase in volume at 

high relative pressures, which is a typical feature for microporous/nanoparticulate 

systems. These findings are in complete agreement the network-featured 

microporosity, as evidenced with the above given nitrogen porosimetry 

measurements and SEM analysis pictures (Figure 4.21).  In the present work, the 

freeze-drying technique was chosen as the drying method since it generally 

influences the microstructure, i.e. the stability of the interstitial voids between the 

polymer particles. The corresponding evaporative drying approaches lead to some 

compacting resulting in the collapse of the pores. 
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Figure 4.21 : SEM photos of to a) porous alkyne, b) porous click product. 

Upon modification of c-MOP, C=C stretching vibrations of pyrene at 1535-1660 cm-

1 is detectable and -N3 stretching vibration at 2129 cm-1 of Py-N3 completely 

disappeared showing that Py-c-MOP does not contain any trapped unreacted Py-N3 

residue in the pores (Figure 4.22c). Expectedly a slight decrease in the BET surface 

areas was observed. The determined specific surface area was dropped down from 

215 to 202 m2.g-1 after the modification. Besides, the isotherms cross each other, 

with the modified material having a steeper increase at high relative pressures 

corresponding to a larger fraction of wider pores (Figure 4.22). Figure 4.23 shows 

solid-state C-NMR spectra of the c-MOP.  This effect might be attributed to a change 

in pore morphology/size, caused by the introduction of pyrene, and change with the 

geometry of the some pores upon modification from triple bonds towards triazoles. 

The impact of modification on the networks’ geometry on the observable porosity 

was recently demonstrated. Under the used modification condition pore-filling for 

the material was not observed and only slight decrease for BET area was observed 

hence diffusion in the larger micropores is presumably faster the accession 

restrictions to many micropores may limit the filling of the pores. Additionally, steric 
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reasons, i.e. taking the size of the molecule (pyrene) to enter the pores into account 

would also result in a slight modification.  (Figure 4.22). 

 

Figure 4.22 : FT-IR spectra of the c-MOP (a), 2-azidomethyl pyrene (b) and pyrene 

functionalized porous network Py-MOP (c). 

 

Figure 4.23 : Solid state C-NMR spectra of the c-MOP. 
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By taking the advantage of fluorescence property, pyrene molecule further evidence 

for modification of c-MOP can be revealed with a fluorescence spectroscopy. Figure 

4.23 shows the solid-state emission spectra of the c-MOP anc py-c-MOP. Non-

modified c-MOP shows almost no fluorescence activity, on the other hand 

incorporation of pyrene bring in fluorescence property to the structure. The 

excitation at 340 nm should give the characteristic pyrene emission peaks at 375 and 

395 nm. However, after attaching of pyrene to c-MOP with a triazole linkage, these 

characteristic peaks shift to 412 and 459 nm, indicating the successful 

functionalization other than contamination with pyrene monomer (Figure 4.24). 

 

Figure 4.24 : Flourescence spectra of functional porous material a) before and b) 

after “click” reaction. 
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5. CONCLUSIONS 

Over the last decade, the development of new porous materials, especially micro- 

and mesoporous materials, opened unprecedented opportunities for a wide range of 

applications. Microporous materials are characterized by microporous structural 

features and rich surface properties, which have potential applications in adsorption, 

separation, ion-exchange, and catalysis. In order to extend the performance of such 

materials, increasing efforts are undertaken now toward the development of scaffolds 

containing organic building blocks, which due to their functional diversity would 

allow for an exquisite control over the chemical nature of the surface areas and the 

physical properties of the resulting networks. Purely organic, micro and mesoporous 

materials are however still a contemporary field of research.  

Conventional technologies for treatment of aqueous mercury include precipitation, 

coagulation, reduction, membrane separation, ion exchange, and adsorption. Among 

these technologies, adsorption has been widely studied because it is easy to operate 

and cost-effective. Many adsorbents have been studied for Hg(II) removal from 

aqueous solutions, including activated carbons, silicates, polymers and biomass. In 

addition, other materials including clays, organic matters, iron oxides, and pyrite, 

belonging to the general categories of soils, suspended solids/sediments in natural 

waters and natural minerals have also been extensively studied for their adsorption 

properties for mercury. Materials effective for mercury removal generally carry 

sulfur, nitrogen and oxygen containing functional groups as major binding sites for 

mercury. For example, strong interactions between mercury and organic matters have 

been attributed to the binding of mercury with reduced sulfur-containing functional 

groups in these substances.  

In the first part of the thesis, a new synthetic approach for the fabrication of porous 

polybenzoxazine resin with attractive features an efficient mercury (II) ion removal 

method from seawater was described for the first time. The method presented here is 

very appealing due to its very simple design and specificity against mercury (II) ion 

in both load capacity and affinity as evidenced by convincing analytical data. It is 
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anticipated that with the help of design flexibility of benzoxazine monomers, 

stemming from vast number of commercially available phenols and amines, the 

approach can further be expanded to other benzoxazine-based polymers. High 

recycling ability of polybenzoxazine resin minimizing the amount of secondary 

wastes makes the system cost effective and therefore, can find applications in 

environmental industry. 

One of the most common techniques used in chemistry to reveal the contents of an 

unknown sample particularly those concerning envinronmental issues is 

chromatography. Chromatography is the science of separation from the sample 

matrix. The technique is based on partitioning between two phases, one stationary 

and the other mobile.  

In the second part of the thesis, the column packing material with porous structure 

was successfully synthesized through an inventive method. After the synthesis, the 

analysis of compounds such as polycyclic aromatic hydrocarbons (PAH), pesticides, 

flavonoids and phenolic acids was performed. The high efficiency arising from the 

high surface area (surface area, 215 m2/g) and adsorption properties indicates that the 

rigid and black porous polymeric material can be used in various chromatographic 

systems. Compared to the other packing materials, it has good compatibility with all 

mobile phases, from acetonitrile to methanol and water. 

The modification of polymers after the successful achievement of a specific 

polymerization process represents an important task in macromolecular science. The 

“click”-type reactions, offers a convenient route for the modification of 

macromolecular structures. Among them, the metal catalyzed azide/alkyne “click” 

reaction (a variation of the Huisgen 1,3-dipolar cycloaddition reaction between 

terminal acetylenes and azides) appears to be the most widely used process. The 

process is based on the catalytic activity of Copper (Cu) to form a triazole ring 

through cycloaddition reaction. Sharpless and Fokin independently described it as a 

reliable catalytic process offering "an unprecedented level of selectivity, reliability, 

and scope for those organic synthesis endeavors which depend on the creation of 

covalent links between diverse building blocks.” 

In the third part of the thesis, a new approach to form clickable porous materials was 

described. The concept was further proved by a model reaction incorporating 
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fluorescent pyrene molecules into the porous material by the click process. The use 

of such Huisgen-type click reaction in MOPs was first performed by Coopers group. 

Although they applied similar monomer functionalization strategy, our approach 

appears to be more simple and utilizes commercially available cheap materials. Thus, 

the corresponding propargyl containing anthraquinone was synthesized and reacted 

with melamine to form clickable MOP. The obtained MOP was successfully 

modified with azido pyrene yielding a porous material with high surface area and 

fluroscence property. 
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