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Abstract
Three 
covalently imprinted silica networks and three non-imprinted silica networks were successfully synthesized utilizing the sol-gel process. Benzyl thiosulfate was applied as the template. Tetraethyl 
orthosilicate
 was employed as the cross-linker, ethanol was employed as the solvent and ammonium hydroxide was applied as base catalyst.
The template was produced from a reaction between benzyl chloride and sodium thiosulfate 
pentahydrate
 and purified by
 extracting with ethanol. 4-tert-buthylbenzyl-thiosulfate was produced from a reaction between 4-tert-buthylbenzyl-chloride and sodium thiosulfate 
pentahydrate
 and purified by extracting with ethanol. The functional monomer was synthesized by performing a reaction between benzyl thiosulfate and 
3-Mercaptopropyl-Trimethoxysilane. A mixture of the functional monomer and 3-Mercaptopropyl-Trimethoxysilane was obtained as product. This product was utilized in the sol-gel processes of producing the covalently imprinted silica networks. 
Some template was successfully removed from all three covalent imprinted silica networks. The disulfide bond between the template and the silica network was 
cleaved
 by applying 
s
odium 
borohydride
 as reducing agent. The covalently imprinted silica network with the highest content of cross-linker showed very poor template release and was not analyzed further.
Batch rebinding experiments revealed that an increase in the content of cross-linker had an increasing effect on the selectivity towards the template molecule. Furthermore, the covalently imprinted silica network showed a higher affinity toward the template than the non-imprinted networks did.
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Synopsis
Tre kovalent prægede silika
netv
ærk og tre ikke prægede 
silik
anetværk 
var syntetiseret gennem sol-gel processen. 
Benzylthiosulfate
 blev anvendt som template. 
Tetraethyl
 
ortosilicat
 blev brugt som krydsbinder, ethanol blev brugt som solvent og ammonium hydroxid blev anvendt som basekatalysator.
Templatet blev produceret som en reaktion mellem 
benzylchlorid
 og 
natriumthiosulfat
 
pentahydrat
 og oprenset gennem ekstraktion med ethanol. 
4-tert-butylbenzyl-thiosulfat blev produceret 
gennem 
en rea
k
tion mellem 4-tert-
but
ylbenzyl
-chlorid og 
natriumthiosulfat
 
pentahydrat
 og oprenset gennem ekstraktion med ethanol. Den funktionelle monomer blev syntetiseret ved at udføre en reaktion mellem 
benzylthiosulfate
 og 
3
-mercaptopropyltrimethoxysilan
.
En blanding af den funktionelle monomer og 
3
-mercaptopropyltrimethoxysilan blev opnået som produkt. Dette produkt blev anvendt i sol-gel processen til produktionen af kovalent prægede silikanetværk.
Templatet blev i nogen grad fjernet fra alle tre kovalent prægede silikanetværk. 
Disulfid
 bindingen mellem templatet og silikanetværket blev spaltet ved at anvende 
natriumborhydrid
 som 
reduktionsmiddel
. Det kovalent prægede silikanetværk med det højeste indhold af krydsbindere udviste meget ringe frigivelse af templatet og blev således ikke analyseret mere.
Batch 
gen-bindings
 studier afslørede at en forhøjelse af krydsbinder indholdet gav en stigende effekt a selektivitet mod template molekylet. Desuden udviste de kovalent prægede silikanetværk en højere affinitet mod 
templatemolekylet
 end de ikke prægede silikanetværk.
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[bookmark: _Toc276279752]Introduction

Molecular imprinted polymers (MIPs) are inexpensive materials capable of molecular recognition [Umpleby et al., 2001]. Their applications are widespread as they are used in separation chemistry, chromatography, drug screening, catalysis and immunoassays etc. [Kandimalla and Ju, 2004]. Two types of molecular imprinting methods exist, non-covalent imprinting and covalent imprinting. Both techniques have advantages and disadvantages. Covalent imprinting is difficult to apply, however materials with very high selectivity towards a target molecule can be produced [Komiyama et al., 2003]. 
It is fundamental that MIPs for high performance liquid chromatography (HPLC) column packings are mechanically stable. Hence they must be able to endure high pressure, and the shape of the cavities, containing the binding sites, must not be altered considerably when pressure is applied.
Silica is the most common packing material in HPLC. It can be made into uniformed and small particles and the mechanical durability is high. The sol-gel procedure is applicable process to synthesis silica particles, since only mild conditions are applied. Silica particles produced from employing the sol-gel procedure contain silanol groups, which can be modified in order to create a packing material with certain properties [Garcia and Laiño, 2004]. In addition covalent imprinting can be employed in the silica producing sol-gel process by creating a functional monomer, which is able to participate in the hydrolysis and condensation and reactions. By combining the technique of covalently molecular imprinting with the silica production via sol-gel process, new perspectives are opened. The development of stable column materials with very selective and good separation characteristics is thus possible [Gupta and Kumar, 2008].
In biology, imprinted materials which are capable of recognizing large molecules like polypeptides or proteins are of great interest. Since imprinting of macromolecules is difficult, preceding work on attempting to rebind a smaller part of the molecules, like an amino acid, is normally conducted [Janiak and Kofinas, 2007]. Cysteine is an amino acid containing a thiol group. Disulfide bonds in proteins are formed by oxidation of the thiol groups of cysteine residues [Whitford, 2005].
These bonds are stable during polymerization, but are easily cleaved by applying a reducing agent. Likewise the disulfide bonds are easily created by oxidation of the thiol groups, which leads to possible detection and enables selective recognition. Imprinting by means of disulfide bonds is thus a very practicable method to covalently imprint various materials [Komiyama et al., 2003], [Yan and Ramström, 2005]. Hence covalently imprinting of silica networks, applying disulfide bonds, may serve as a very effective way of imprinting cysteine and thereby proteins and peptides. The detection of the template molecule is however of great importance, since its concentration must be measured during template release and rebinding experiments. Cysteine can thus be substituted for benzyl thiosulfate, which will more easily form the disulfide bond and is clearly detected by utilizing the UV detector on the HPLC. 




[bookmark: _Toc276279753]Problem Statement

They are very limited reports where molecular imprinting of inorganic materials are utilized and even less where covalently imprinting have been applied. This report will focus on investigations of covalently imprinted silica networks produced by employing the sol-gel process. Furthermore the effects of changing the ratio between the cross-linking agent and the functional monomer are analyzed. Hence the report will focus on answering the following questions:

Is it possible to covalently imprint silica networks from the sol-gel process, by utilizing a disulfide bond as linkage to the template molecule?
How will changes in the ratio between the functional monomer and the cross-linking agent affect the characteristics of the imprinted network?
How specific is the rebinding abilities of the produced silica network?

In order to investigate whether it is possible to create a silica network, capable of rebinding via a disulfide bond, three different covalently imprinted silica networks (CISs) are produced. The CISs are made from different amounts of cross-linking agent. Comparison of these CISs will thus give an indication of the cross-linking effect. The specificities of the CISs rebinding abilities are tested by conducting numerous batch rebinding experiments. Four different molecules are applied as guest molecules in the batch rebinding experiments, namely the template benzyl thiosulfate (BT), 4-tert-buthylbenzyl-thiosulfate (TBT), benzyl alcohol (BA) and benzyl mercaptane (BM). The four molecules have similar structures but different functional groups, except TBT which have a tert-buthyl group attached instead. 
In addition three non-imprinted silica networks (NISs) are synthesized by utilizing the exact same sol-gel procedure. However 3-Mercaptopropyl-Trimethoxysilane is employed instead of the functional monomer. Batch rebinding experiments are conducted on the NISs as well. Comparisons between the results from the batch rebinding experiments conducted on the NISs and the CISs are expected to prove the imprinting effect. 
In the beginning of the report the theory for fully understanding the project is outlined. First the chemistry of the sol-gel process is described and secondly the theory of molecular imprinting is introduced. In addition, binding isotherms capable of characterizing molecular imprinting materials are presented. 
Subsequently the synthetic paths to developing the CISs, NISs, TBT and the BT, analyzed in this report, are outlined. Finally the data obtained from producing and analyzing the CISs, NISs, TBT and BT will be discussed.

[bookmark: _Toc276279754]SOL-GEL Processing

This chapter will describe the mechanisms and chemistry of the sol-gel processing. Effects of changes in the reaction parameters will be discussed as well. A sol is a colloidal suspension of solid particles in a liquid. The size of the particles in the suspension is so small (1-1000nm), that short range interactions such as van der Waals forces and surface charges are dominant and gravitational forces are negligible [Brinker and Scherer, 1990].
When the homogenous dispersion, present in the sol, rigidifies a gel will form. A gel made from colloidal sol particles is defined as a colloidal gel, however a gel made from sub-colloidal units is called a polymeric gel [Pierre, 1998].
The precursors in a sol-gel process consist of a metal or metalloid element surrounded by various appendages, which do not include another metal or metalloid element. Typical precursors include both organic compounds such as Si(OC2H5)4 and inorganic salts such as Al(NO3)3. The first being an example of an alkoxide, which is the class of precursors most widely used in the sol-gel research [Brinker and Scherer, 1990].  Alkoxides have the general formula M(OR)n and are the result of a direct or indirect reaction between a highly reducing metal and an alcohol. Many types of alkoxides can be created for each metal, since many different alcohols exits [Pierre, 1998]. Alkoxides’ ability to react willingly with water makes them popular precursors.
[bookmark: _Toc276279755]TEOS

Tetraethyl orthosilicate (TEOS) is the most thoroughly studied alkoxides in sol-gel processes and is also the precursor applied in the experiments described throughout this report. TEOS has the formula Si(OC2H5)4 and consists of four ethoxide groups attached to a Si4+ ion, its structure can be seen in Figure 3.1. 
[image: ]
[bookmark: _Ref247614127][bookmark: _Ref247614116]Figure 3.1. The structure of TEOS.

TEOS has the notable ability of easily converting into silicon dioxide. The converting, under acidic conditions, happens upon the protonation of ethoxide and gives ethanol as side product. The reaction proceeds via a series of condensation reactions, which forms Si-O-Si bonds and convert the TEOS molecule into a solid. However even in conditions with great excess of water the reaction does not go to completion. Instead some intermediate species will be created, with the formula  where  [Brinker and Scherer, 1990].  
[bookmark: _Toc276279756]Hydrolysis and Condensation

In the study of the sol-gel process two main types of reactions are of interest, namely the hydrolysis of silicon alkoxide TEOS, where silanol groups are formed, and the condensation polymerization reactions, where siloxane bridges are formed [Pierre, 1998]. Three reactions are generally used to describe the sol-gel process, see Equation (3.1) , (3.2) and (3.3).

	
	
	(3.1) [bookmark: baseconb][bookmark: hydrolysis]

	
	
	(3.2) [bookmark: condens1]

	
	
	(3.3) [bookmark: condens2]



Equation (3.1), (3.2) and (3.3) The hydrolysis and condensation reactions of the sol-gel process, R is the alkyl group C2H5 [Pierre, 1998].

The two condensation reactions, Equation (3.2) and (3.3), typically commence before the hydrolysis is complete.
It is indicated from all three equations that the reactions can run both ways during the sol-gel process. The reverse reaction of Equation (3.1) is called a reesterfication, which proceeds much further in acidic environments than in basic. Conversely the reverse of reactions of Equation (3.2) and Equation (3.3), respectively the alcoholysis and hydrolysis of the siloxane bond, proceed preferably in alkaline conditions. Alcoholysis and hydrolysis of the siloxane bond result in bond breakage allowing continual reformation of the growing polymer, see Equation (3.4).

	
	

	(3.4) [bookmark: reformation]


Equation (3.4). Redistribution reaction of a growing polymer [Brinker and Scherer, 1990].

Depending on the reaction parameters the hydrolysis may run all the way to the end and yield Si(OH)4, or stop while the TEOS is only partly hydrolyzed, Si(OR)4-n(OH)n. Partly hydrolyzed particles will still be able to participate in the condensation reactions. However if the molecules contain two or less silanol groups they will only polymerize into linear chains or rings. Conversely polyfunctional units containing more than two silanol groups can be joined by cross-links to form three-dimensional structures. In fact the fully hydrolyzed monomer Si(OH)4 can lead to complex branching of the polymer [Brinker and Scherer, 1990].
In sol-gel processing the rate and the mechanisms of the reactions are strongly affected by many factors, such as the concentration of the solvent, the solution pH, the presence of catalyst and the temperature. Each factor can affect the path of structure development, and thereby the properties of the material produced [Yan and Ramström, 2005]. 
[bookmark: _Toc276279757]Acid or Base Catalysis

The sol-gel process on metal alkoxides is usually catalyzed by either an acid or a base. The concentration and type of catalyst has great impact on the mechanisms throughout the process, and hence the final product. This section will describe the influence of the pH on the sol-gel reactions.
When the pH of an aqueous solution is around 2.5, the silicate particles are not electrically charged. However if the pH is lower than 2.5 the relatively high concentration of protons catalyzes the hydrolysis. In this case a hydronium ion is attacked by the oxygen on one of the alkoxide groups, see Figure 3.2. Conversely if the aqueous solution has a pH above 2.5 the alkoxide is attacked by a hydroxide ion, see Figure 3.3. In both cases an alcohol is formed as a byproduct [Pierre, 1998].

[image: ]
[bookmark: _Ref247617269]Figure 3.2. Acid catalyzed hydrolysis of a silicon alkoxide, modified from [Kickelbick, 2007].
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[bookmark: _Ref247617237]Figure 3.3. Base catalyzed hydrolysis of a silicon alkoxide, modified from [Kickelbick, 2007].

The hydrolysis is relatively fast compared to the condensation reactions when the pH is below 2.5. However in alkaline solutions the hydrolysis is relatively slow compared to the condensation reactions [Novak, 1993].
The reaction mechanisms for the condensation also differ when the pH is changed. At pH above 2.5 the reactions for the condensation is as shown in Equation (3.5) and (3.6). 
 
	
	
	(3.5) [bookmark: base1]

	
	
	(3.6) [bookmark: base2]


Equation (3.5) and (3.6).  Condensation reactions in presence of a base catalyst [Pierre, 1998].

Since the gelation time, for solutions with pH above 2.5, is steadily decreasing when the pH is increasing it is assumed that condensation rate is proportional to [OH-] [Brinker and Scherer, 1990]. The silanols most likely to deprotonate are the most acidic silanols, which are contained in the most condensed particles. Thus the condensation occurs preferentially between highly condensed species and less condensed. Hence the rate of dimerization is relatively low, but once dimes are formed they preferentially react with monomers to give trimers, which again react with a monomer and so on. However at high pH values the condensation is more rapid and particles 1-2 nm in diameter will be formed in a few minutes, since all species are more likely to be ionized. Due to higher silica solubility larger particles can also be produced at higher pH values [Brinker and Scherer, 1990].
In acidic conditions at pH below 2.5 the condensation mechanism is as shown in Equation (3.7) and 0.  
	
	
	(3.7) [bookmark: Acid1]

	
	
	(3.8) 


Equation (3.7) and 0. Condensation reactions in presence of an acid catalyst [Pierre, 1998].

The rate of the condensation is proportional to the concentrations of protons and depends on the second reaction, since it is slower than the first. The polymers obtained are linear with little branching, because the silanols protonate more easily when at the end of a polymer chain [Pierre, 1998].
[bookmark: _Toc276279758]Water Content

Sol-gel precursors undergo chemical reaction with water and with other species in the solution. The molar ratio between water and the precursor is called the R value. Sol-gel reactions can be performed with varying R values depending on the desired polysilicate product, as the R value has great impact on the product. R values from under 1 to above 25 have been applied in sol-gel research so far [Brinker and Scherer, 1990]. The effects of the R value on the product will be discussed in this section.
An R value of 2 is theoretically sufficient for complete hydrolysis and condensation to yield anhydrous silica, since water is produced as a byproduct of the condensation reaction. However, even in solutions with great excess of water, the reaction does not go to completion.
The acid catalyzed hydrolysis of TEOS is a first order reaction. The effect of increasing the water content is hence an acceleration of the hydrolysis but also a higher concentration of fully hydrolyzed monomers before significant condensation occurs.
There is zero-order dependence of the water concentration under base catalyzed conditions. The zero-order dependence is most likely due to the production of monomers by hydrolysis of the siloxane bonds and redistribution reactions, see Equation (3.4). Large R values will promote this siloxane bond hydrolysis. Another issue with applying large R values is the consequences of liquid-liquid immiscibility. However since alcohol is produced as a byproduct of the hydrolysis the reaction will eventually lead to homogenization [Brinker and Scherer, 1990]. 
[bookmark: _Toc276279759]Solvent

Water is needed in order to perform the sol-gel process. However since water and TEOS are immiscible another solvent is typically added. Many different solvents have been applied in the sol-gel research, as both the type of solvent and the concentration influence the product. 
The polarity of the solvent determines the solvating ability of the species in the solution. Polar solvents are often utilized to solvate polar, tetrafunctional species during the sol-gel procedure. However less polar solvent may be applied to solvate either alkyl substituted or incompletely hydrolyzed species. The solubility of silica also increases when the temperature increases, which results in larger particles at higher temperatures.
Ethanol is an often used solvent in sol-gel processes with TEOS, because it is a byproduct of the hydrolysis reaction and has fine solvating ability of TEOS. Ethanol can however also participate in an etherification or an alcoholysis of the partly synthesized species during the reactions, which are the reverse reactions of Equation (3.1) and (3.2). These reactions lead to breakdown or reformation of the network [Brinker and Scherer, 1990].
Depending on the pH either deprotonated or protonated silanols are involved in the condensation mechanism. Since in aprotic solvents hydrogen atoms bond to electrophilic protonated silanols, and in protic solvent hydrogen atoms bond to nucleophilic deprotonated silanols, aprotic solvents promote base catalyzed condensation and impede acid catalyzed condensation. Protic solvents have the opposite effect on the condensation mechanism. Another important property of a solvent is its ability to either retard or promote the decompotion reaction. Conditions which lead to impeding of the decompotion will result in molecular networks and conditions that promote the decompotion results in highly condensed particles. In protic solvents hydrogen atoms will bond to OH-, which is involved in the hydrolysis of the siloxane bonds, thus making it less nucleophilic and less prone to participate in the hydrolysis. Use of protic solvents compared to aprotic solvents can thus result in less highly condensed species.


[bookmark: _Toc276279760]Molecular Imprinting

A high affinity for a target molecule can be obtained by applying molecular imprinting method for the preparation of polymers capable for recognition. This well established method has also been utilized on sol-gel materials. MIPs are highly crosslinked polymer networks with cavities, which are tailored towards a specific molecule, called the template [Rotello and Thayumanavan, 2008]. MIPs have applications in a wide range of biological and chemical fields where specific molecule recognition is important. The basic principles of non-covalent molecular imprinting are showed in Figure 4.1.

[image: ]
[bookmark: Acid2][bookmark: _Ref276055719]Figure 4.1 Schematic model of self-assembly. First the functional monomer and the template are allowed to form a spontaneous complex. Secondly the polymerization is initiated and finally cross-linking occurs
[Bartsch and Maeda, 1998].
The process of molecular imprinting are composed of the following steps. Firstly a preparation of a conjugate or non-covalent adduct between functional monomer and a template molecule. Then polymerization of this monomer-template adducts or conjugates. Finally the template molecules are removed, creating cavities capable of rebinding the template molecules [Bertsch and Maeda]. Under appropriate conditions, these cavities satisfactorily recognize the structure, size and other physicochemical properties of the template [Komiyama el al, 2003]. The selectivity of the cavities derives from its three-dimentional shape and the organization of the functional groups involved. Thus conformational flexibility in the polymer network lowers the selectivity and thereby the recognition ability. The steric effect and van der Waals interactions often are significant for MIPs that exhibit selectivity towards chiral molecules [Yan and Ramström, 2005].
The molecular imprinting technique has been applied to many different kinds of template molecules, ranging from small organic molecules to polypeptides, high molecular proteins and even whole cells [Gupta and Kumar, 2008]. Binding of drugs, sugars, peptides, proteins, nucleotides, steroids and polycyclic aromatic hydrocarbons are some of the employments, which MIPs have successfully been developed for [Yan and Ramström, 2005], [Diederich and Stang, 2000]. Even with weak non-covalent interactions, between the host and the guest molecule, the imprinting techniques have the potential for a wide area of applications in environmental monitoring, process-control and biotechnology [Steed and Atwood, 2008].
[bookmark: _Toc276279761]Non-Covalent Imprinting

As indicated above, two different methods of molecular imprinting exists, depending on the nature of adducts between the functional monomer and the template. The imprinting of the polymer is either covalent or non-covalent. Both imprinting methods have advantages and disadvantages, hence the choice of method depends on various factors [Komiyama el al, 2003]. Generally non-covalent imprinting is easier to achieve and applicable to a wider spectrum of templates. However with respect to selectivity of the binding cavities the covalent imprinting is superior. In this section the non-covalent imprinting will be described. 
The reaction procedures for non-covalent imprinting are far simpler than those for covalent imprinting. The template molecules are simply combined with functional monomers in a polymerization mixture and polymerized together with a cross-linking agent. A typically non-covalent imprinting can be seen in Figure 4.2. Additionally the templates are easily removed by extraction. Because of its simplicity and versatility, non-covalent molecular imprinting has been widely attempted [Komiyama el al, 2003].
[image: ]
[bookmark: _Ref276056010]Figure 4.2.Example of non-covalent imprinting.
In principle, any type of non-covalent interactions should be effective and employable for the imprinting. However, hydrogen bonding is most appropriate for precise molecular recognition, since this bonding is highly dependent on both distance and direction between monomers and templates [Yan and Ramström, 2005]. The binding energies of these kinds of bond are weak compared to a covalent bond [Atkins and de Paula, 2006], [Dougherty, 1998]. However, when weak interactions are present as multiple binding sites, they can lead to strong binding between the template and functional monomer. Since the accumulation of a multitude of non-covalent weak forces can lead to an exceptionally binding strength [Steed and Atwood, 2009].  
[bookmark: _Toc276279762]Covalent Imprinting

In covalent imprinting the monomer and the template are bound to each other, prior to the polymerization, by a covalent bond. The subsequent polymerization is conducted under conditions where the covalent linkage is kept intact. After the polymerization the covalent bond between the monomer and template must be cleaved in order to remove the template. Correspondingly the same covalent bond is created when the template is rebounded [Komiyama et al., 2003]. An example of a typical covalent imprinting can be seen in Figure 4.3.

[image: ]
[bookmark: _Ref276056081]Figure 4.3. Covalent imprinting of mannopyranoside. Modified from [Komiyama et al., 2003].
One of the criteria for successful covalent imprinting is the choice of the covalent linkage. This linkage, between the monomer and template, must be both stable and reversible in character. Hence the bond must be easily cleaved and created. However the number of covalent bonds that fulfill these requirements is small. The following linkages have successfully been used in covalent rebinding, boronic acid esters, acetals, disulfide bonds, coordination bonds, ketals, Schiff bases [Komiyama et al., 2003]. The experimental procedures are important for the imprinting, since the covalent linkage must be stable during polymerization. In addition polymers should be rather rigid, to maintain the structure of the cavity, after separation of the template. Conversely a high flexibility of the polymer should contribute a fast equilibrium between rebinding and releases of the template. The linkage must be easily cleaved under mild conditions afterwards, without damaging the imprinted effects [Yan and Ramström, 2005].
The covalent approach yields quite homogeneous binding sites. Furthermore it is possible to created binding sites capable of catalyzing chemical reactions very specifically [Yan and Ramström, 2005], [Diederich and Stang, 2000].


[bookmark: _Ref276059894][bookmark: _Ref276063785][bookmark: _Ref276064073][bookmark: _Ref276064971][bookmark: _Toc276279763]Imprinting with disulfide bonds

The imprinting method utilized in the experiments described in this report is covalent imprinting. The linkage between the monomer and the template is a disulfide bond. Disulfide bonds have a sufficient stability under normal polymerization conditions and are relatively easy cleaved by reduction. Likewise a disulfide bonds are without difficulties formed by oxidation of thiol groups [McMurry and Simanek, 2006]. NaBH4 is often applied as reducing agent for cleavage of the disulfide bond [Komiyama et al., 2003], [Mukawa et al., 2002]. After the removal of the template molecules, SH groups are formed in the cavities in the imprinted polymers. These SH groups are responsible for the rebinding of the template molecules. Interestingly there is a large discrimination between molecules containing an OH group and molecules containing an SH group. Polymers imprinted in this manner have a preference of OH-bearing molecules compared to SH-bearing molecules. The reason is that the hydrogen bonding between OH and SH groups are a lot stronger than the hydrogen bonding between two SH groups. Different atomic sizes between O and S are also a key factor in this recognition [Komiyama et al., 2003].  

[bookmark: _Toc276279764]Molecular Imprinting of Silica Network

Most MIPs described in literature are organic polymers synthesized from vinyl or acrylic monomers by radical polymerization. The use of inorganic molecular imprinted polymers is very limited. However some molecular imprinting in inorganic sol-gel matrixes has been documented [Gupta and Kumar, 2008].
The advantages in utilizing inorganic sol-gel matrixes instead of organic polymers are a much higher rigidity and a higher thermal stability. These properties are central in the design and synthesis of imprinted materials, since both the sizes and the shapes of the cavities created must be retained when the templates are removed. In addition the high thermal stability of sol-gel derived materials provides a simple method to remove the template molecule by employing high temperatures. From a material and chemical standpoint, sol–gel derived materials have a combination of properties which can hardly be achieved by other materials. The sol-gel method also provides a competent way for creating hybrid materials by incorporating organic materials into inorganic polymers under mild thermal conditions. Hybrid materials combine the properties of inorganic and organic compounds in one material [Garcia and Laiño, 2004].
For non-covalent imprinting template molecules can be incorporated in a stable host matrix simply by adding them prior to the hydrolysis and condensation reactions. By employing a rather polar solvent and a non-polar precursor, imprinted binding sites are created by electrostatic interactions between the template and the silica network.
The covalent imprinting employs reversible covalent bonds, typically involving a prior chemical synthesis step. The precursor and the template, or a structurally similar molecule, are linked to create a functional monomer. This functional monomer is then polymerized applying an excess of the precursor as cross-linking agent. Once the sol-gel is formed, the template is chemically removed, generating a cavity, which has an ability to bind molecules of the approximate size and shape.
Covalent imprinting utilizing the sol-gel method is prone to create more homogeneous binding sites, compared to organic polymer imprinting, because of the rigidity of the network. [Katz and Davis, 1999]. 
[bookmark: _Ref276064163][bookmark: _Toc276279765]Characterization of Imprinted Polymers

One of the most used methods for characterize MIPs is determination of the binding isotherm. It is obtained either by batch rebinding studies or by chromatography. Batch rebinding studies are utilized in this project to compare and characterize the CISs and NISs. The first step in this method is to prepare solutions containing different amounts of template (initial template concentration I). The next step is to add a certain amount of the CIS or NIS into the different solutions. The third step is to remove the silica network after equilibrium is reached. Finally the remaining concentrations of free template (F) are measured. Afterwards the bound concentration can be calculated by use of the expression, B = I – F. 
The binding isotherms allow comparison of CISs and NISs in three different ways
 
· Graphically 
· From calculation of binding parameters (N: number of sites and K: association constant)
· Affinity distribution

Binding models can be divided in to two differed groups; the ones assuming homogeneity among the binding sites, and the ones assuming heterogeneity among the binding sites. 
Most MIPs cannot be fitted to a homogeneous model. The reason is the variety in size, shape and rigidity of binding sites in MIPs. The properties of the sites vary as well in affinity as in selectivity. Hence it is physically more appropriate to apply a heterogeneous binding isotherm [Yan and Ramström, 2005].
[bookmark: _Toc276279766]Binding constant

The thermodynamic stability of a host-guest complex in given conditions is evaluated by measuring the binding constant, K. The binding constant is also known by the terms association constant, Ka, formation constant, Kf, and stability constant, Ks. In biological systems the dissociation constant, Kd, is commonly applied. Kd is the reciprocal value of the binding constant. The binding constant is the main way for describing the affinity between a guest and hosts and hereby an essential parameter. When a 1:1 complex is formed binding constant can be approximated with Equation 4.1(a). The subscription on the K values states which type of complex it is. K11 denotes 1:1 K12 denotes 1:2 etc.  

[bookmark: bind]Equation (4.1). The binding constants for respectively a 1:1 complex (a) and a 1:2 complex (b)
[Steed and Atwood, 2009].
M denotes the monomer and T denotes the template. β is the overall binding constant while K is the stepwise binding constant. The overall binding constant is defined as the cross product between the binding constant for each step, see Equation 4.2.   


[bookmark: _Ref230485765][bookmark: bindingcon2]Equation (4.2). The correlation of the overall binding constant and the stepwise binding constants
 [Steed and Atwood, 2009].

The magnitude of the binding constants varies a lot and as a result it is normally displayed as log β, hence Equation 4.3.


[bookmark: _Ref230486036][bookmark: bindingcon3]Equation (4.3). The logarithm of the overall binding constant [Steed and Atwood, 2009]. 

[bookmark: _Toc230489331][bookmark: _Toc276279767]Langmuir isotherm

The Langmuir isotherm is the simplest homogeneous model that describes the absorption of template molecules by MIPs. A homogeneous model assumes a finite number of binding sites and a single binding constant [Yan and Ramström, 2005]. This model also assumes that the system is ideal and there are no interactions between the adsorbates [Sellergren, 2001]. In addition it is assumed that the adsorption cannot proceed beyond the monolayer [Atkins and de Paula, 2006]. The model is based on following dynamic equilibrium, Equation 4.4.


[bookmark: Langmuir]Equation (4.4). equilibrium between surface of the MIP and the template [Atkins and de Paula, 2006].
This equilibrium has a rate constant (ka) for adsorption and (kd) for desorption. Working with surface adsorption the extent for the coverage is normally expressed as a fractionally coverage (θ). The factional coverage is defined as B/N. The adsorption rate is described in Equation 4.5(a) and the rate of desorption is described in Equation 4.1 4.5(b).
 (
Equation
 (
4.5
). The adsorption rate (a)
 and the Desorption rate (b)
[Atkins and da Paula, 2006].
Equation 
4
.
1
. the desorption rate
)
The adsorption isotherm is deducted by assuming equilibrium, which means that the adsorption rate and the desorption rate are equal [Atkins and da Paula, 2006]. The binding constant can be expressed in terms of the complexion rate constants ka and kd, Equation 4.6(b) [Steed and Atwood, 2009].
 (
Equation
 (
4.6
). Derivation of the Langmuir isotherm (a) and the derivation of the binding constant (b) [Atkins and da Paula, 2006].
)
When Equation4.6(b) is applied to Equation4.6(a) the expression can be simplified. Employing the binding constant in the expression and the fact that the fractional coverage is defined B/N, Equation 4.7 is achieved. 
 (
Equation (
4.7
). Langmuir isotherm (a) and its Scatchard equation (b)
[Yan and Ramström, 2005]
)Homogeneous systems display a linear Scatchard plot, see Figure 4.4. The Scatchard plot displays B/F vs. B [Yan and Ramström, 2005]. From the Scatchard plot shown in Figure 4.4 the binding constant and the number of binding sites can be obtained. The x-intercept equals to N and the slope equals to K.   
[image: ]
[bookmark: _Ref230160595]Figure 4.4. Hypothetical binding isotherm (a) and the corresponding Scatchard plot
 for a homogenous MIP (b). [Yan and Ramström, 2005]


[bookmark: _Toc230489332][bookmark: _Toc276279768]Bi - Langmuir isotherm

Most absorption data for MIPs do not fit a homogeneous model. The bi – Langmuir isotherm is a simple heterogeneous model. It assumes that there are two different binding sites with different binding constants. The isotherm is described by Equation 4.8. 


[bookmark: _Ref230153785][bookmark: bilang]Equation (4.8). Bi - Langmuir isotherm [Yan and Ramström, 2005]
The bi – Langmuir Equation 4.8 is roughly the same as the Langmuir isotherm shown in 4.7(a), however the term is repeated two times, hence the bi. To investigate if the absorption data fits the bi – Langmuir, a limiting slop analysis is made at the Scatchard plot, as displayed in Figure 4.4(b) [Yan and Ramström, 2005].

[image: ]
[bookmark: _Ref276058676][bookmark: _Ref230156071]Figure 4.5.  Bi – Langmuir isotherm [Yan and Ramström, 2005]
A reason for the better fitting of the bi-Langmuir isotherm is that the first slope represents the high-affinity sites and the second slope represents the low-affinity sites, see Figure 4.5. The high-affinity-sites are the recognitions of the templates, by the cavities. The low-affinity-sites are the non-specific binding sites. These sites do not originate from the imprinting, but are monomers on the surface of the polymer matrix [Sellergren, 2001].
[bookmark: _Ref230401367][bookmark: _Toc230489333][bookmark: _Toc276279769]Freundlich isotherm

The Freundlich isotherm is a simple heterogeneous model describing the adsorption of template to the surface of the MIPs. This is a binding isotherm that fits most MIPs. The isotherm is described by Equation. If the adsorption of a MIP fit the Freundlich isotherm the plots of log B vs. log F are linier, as displayed in Figure 4.6.
 (
Equation
 (
4.8
). Freundlich isotherm.
 
[Yan and Ramström, 2005]
Figure 
4
.
6
. Arbitrary rebinding data fitting the  Freundlich isotherm
[Yan and Ramström, 2005].
)
The fitting parameters are obtained by plotting log B vs. log F and determine the y-intercept and the slope. Where a is 10y- intercept and mf is the slope [Yan and Ramström, 2005].
[bookmark: _Toc230489334][bookmark: _Toc276279770]Langmuir – Freundlich isotherm

Not all MIPs can be characterized solely by the Langmuir or the Freundlich isotherm. This is because the isotherm, only are accurate in a limiting concentration range. 


[bookmark: langfreu]Equation (4.9). Langmuir - Freundlich isotherm [Yan and Ramström, 2005].
The Freundlich isotherm fits in the lower concentration range whereas the Langmuir isotherm fits the data from the higher concentration range. To obtain the best characterization of the MIPs, data from both concentration ranges must be collected [Yan and Ramström, 2005].
[bookmark: _Toc230489335][bookmark: _Toc276279771]Affinity spectrum 

An affinity spectrum (AS) can be used for determination of the continuous distribution of binding sites for MIPs. It has the advantage that it can be generated from the binding isotherm. In most cases the existing binding isotherms can be re-examined to give the corresponding affinity distribution. The affinity distribution is a more accurate method for comparing heterogeneous binding sites in MIPs. Figure 4.7 is an example of an affinity distribution. The number of binding sites is shown as a function of specific binding affinity (log K). 
[image: ]
[bookmark: _Ref276059121][bookmark: _Ref230399291]Figure 4.7. Affinity spectrum, showing which part of the distribution that fits respectively the Langmuir and the Freundlich isotherm [Yan and Ramström, 2005]. 	
MIPs have a continuous heterogeneous distribution covering the entire range of binding sites, from low affinity to high affinity. Figure 4.7 shows that, at high concentrations the low affinity sites are dominating the binding properties, and at low concentrations the high affinity sites are dominant. The peak region indicates that, the low affinity sites can often be modelled by the Langmuir isotherm, while the tail region denotes that the high affinity sites can often be modelled by the Freundlich isotherm [Yan and Ramström, 2005].
[bookmark: _Toc230489336][bookmark: _Toc276279772]Affinity spectrum for the Freundlich isotherm

Firstly the fitting parameters a and mf are determined as described in Section 4.4.4. Then the parameters can be applied to calculate the number of cavities by utilizing Equation5.10.


[bookmark: _Ref230401604][bookmark: _Ref230401596][bookmark: affinity]Equation (5.10). Affinity distribution for Freundlich isotherm [Yan and Ramström, 2005].
It is the concentration range used for the rebinding study that are limiting for range of binding constants. The typically applied binding constants are between Kmin = 1/Fmax and Kmax = 1/Fmin [Yan and Ramström, 2005].


[bookmark: _Toc276279773]Synthesizing the Imprinted Silica Network

In this chapter the synthesis involved in producing the components, necessary for creating a CIS, will be described. Furthermore it is explained how the template molecules are removed from the matrix and how the binding sites are modified in order to rebind the template molecules. 
[bookmark: _Ref276061253][bookmark: _Ref276061260][bookmark: _Toc276279774]Synthesizing the Templates

Before producing the functional monomers the template molecules must be synthesized, see Figure 5.1. The template molecules are employed in both the production of the functional monomer and the batch rebinding experiments.     
[image: ]
[bookmark: _Ref276059572]Figure 5.1. Reaction scheme showing how the template (Benzyl thiosulfate) is produced.

The product contains an appreciable amount of NaCl, which must be removed prior to the rebinding experiments. Since comparison of rebinding abilities between different guest molecules is very troublesome, if the exact concentrations are unknown, the template must be purified. The purification is performed by extracting with ethanol. TBT, which is used in the rebinding experiments as well, is produced and purified by the same approach. The only difference is that 4-Tert-butylbenzyl chloride is applied as starting material instead of benzyl chloride.         
[bookmark: _Toc276279775]Synthesizing the Functional Monomer

Before synthesizing the silica network, the covalent bond between the template and the monomer must be created. 3-Mercaptopropyl-Trimethoxysilane is linked to the template molecule in order to generate the functional monomer, which is utilized in the synthesizing of the covalently imprinted silica network. Prior to the mixing the 3-Mercaptopropyl-Trimethoxysilane is deprotonated by adding sodium methoxide to the solution, see Figure 5.2. 
[image: ]
[bookmark: _Ref276059626]Figure 5.2. Reaction scheme showing how the functional monomer is synthesized.

After the reaction the sodium sulfite and any potential unreacted parts are removed by liquid-liquid extraction. 
[bookmark: _Toc276279776]Covalent Imprinting of Silica Network by SOL-GEL

In order to investigate the imprinting effects of the template molecule NISs are produced as well. The only difference between the NISs and the CISs is that the NISs are made from 3-Mercaptopropyl-Trimethoxysilane instead of the functional monomer, see Figure 5.3. The NISs will still be able to bind the guest molecules, since they also contain SH groups. However the cavities are not formed and the guest molecules may thus have problems fitting the binding sites.
The precursor TEOS works as a cross-linking agent when imprinting the silica networks. The ratio between TEOS and the functional monomer determines the rigidity and density of the network. Hence a high concentration of TEOS renders a rigid and dense silica network with a high selectivity. However the template molecules will be harder to remove from a very dense network.  
 

[image: ]
[bookmark: _Ref276059852]Figure 5.3. Imprinted (left) and non-imprinted (right) silica networks produced by sol-gel processing. 

[bookmark: _Toc276279777]Removal of Template and Modification of Binding Sites 

As outlined in section 4.2.1 the disulfide bond can be cleaved by adding a reducing agent. Hence the template molecules can be removed from the silica network by utilizing NaBH4.
In order to covalently rebind the template, the SH groups must be deprotonated. Hence the silica networks are treated with sodium hydride, before their affinity towards the template molecule is tested in the batch rebinding experiments. 


[bookmark: _Toc276279778]Experimental Design

Experiments have been designed to give an answer to the questions stated in the problem statement. Three different CISs and three different NISs are synthesized utilizing the sol-gel process. Only the ratios between TEOS and functional monomer or 3-Mercaptopropyl-Trimethoxysilane are varied.
Previous investigations of non-covalently imprinted hybrid materials utilizing the sol-gel process have shown fine results [Larsen, 2006].  Larsen [Larsen, 2006] employs TEOS as precursor and ethanol as solvent. TEOS is the most thoroughly studied alkoxides and ethanol is an often used solvent in sol-gel processes with TEOS, because it is a byproduct of the hydrolysis reaction and has fine solvating ability of TEOS [Brinker and Scherer, 1990]. Hence TEOS and ethanol are chosen for the sol-gel process experiments. NH4OH is an often used base catalyst, and is the selected catalyst in this project. The contents of the different species can be seen in Table 6.1 and Table 6.2. Since the sol-gel particles are produced from both TEOS and a functional monomer the R value is calculated as the ratio between water and the total amount of TEOS and functional monomer.

	Imprinted sol-gel particles
	TEOS
(mmole)
	Functional Monomer (mmole)
	EtOH
(mmole)
	NH3
(mmole)
	H2O
(mmole)
	RValue

	CIS1
	10
	10
	37.7
	16.7
	81.2
	4.06

	CIS2
	20
	10
	37.7
	16.7
	81.2
	2.71

	CIS3
	30
	10
	37.7
	16.7
	81.2
	2.03


  
[bookmark: _Ref247619796]Table 6.1. The table shows contents of the various sol-gel processes, utilized for producing the imprinted silica networks, and the R-value.

Additional research has indicated that the dispersity of the particle sizes could be controlled by alternating the reaction parameters [Nielsen, 2009], [Rao et al., 2004]. Reaction parameters employed in the sol-gel processes described in this report are based on the results from [Nielsen, 2009]. 

	Non-imprinted sol-gel particels
	TEOS
(mmole)
	3-Mercaptopropyl-Trimethoxysilane (mmoles)
	EtOH
(mmole)
	NH3
(mmole)
	H2O
(mmole)
	RValue

	NIS1
	10
	10
	37.7
	16.7
	81.2
	4.06

	NIS2
	20
	10
	37.7
	16.7
	81.2
	2.71

	NIS3
	30
	10
	37.7
	16.7
	81.2
	2.03


  
[bookmark: _Ref276060314]Table 6.2. The table shows contents of the various sol-gel processes, utilized for producing the non-imprinted silica networks, and the R-value.

In order to investigate the affinity of the imprinted silica networks towards the template molecule, several batch rebinding experiments are conducted. Besides rebinding experiments involving the template molecule, the affinities towards three other molecules are tested in batch rebinding experiments as well. The molecules, which binding abilities are tested are: the template molecule / BT, TBT, BA, BM, see Figure 6.1.
[image: ]
[bookmark: _Ref276060403]Figure 6.1. The figure displays the rebinding experiments of the four molecules guest molecules:
the template molecule / benzyl thiosulfate, 4-Tert-butylbenzyl thiosulfate, benzyl alcohol, benzyl mercaptane.

The four molecules all consist of a benzyl group and are structurally quite similar. However they contain different functional groups. By comparison of the results from the batch rebinding experiments it can be concluded whether the silica networks are more likely to bind some functional groups than others. In addition comparison between the rebinding abilities of the template and TBT will show if the functional groups are exclusively responsible for rebinding abilities. TBT may have the same binding ability as the template molecule, but since BT was applied as the template molecule, not all free binding sites are accessible for TBT. Hence the template molecules should have a better chance of rebinding because of the size of the cavities.
To investigate if the concentration of the binding molecules has an effect, 4 or 5 batch rebinding experiments with different concentrations of the guest molecule are conducted. Protic solvents are not ideal for batch rebinding experiments involving hydrogen bonding. However the molecules containing a thiosulfate group are only sufficiently soluble in polar solvents. Methanol is thus employed in all batch rebinding experiments.
[bookmark: _Toc276279779]Experimental Procedure

In this section the exact procedures for synthesizing and analyzing the CISs produced by the sol-gel process are outlined. The specifications of the chemicals and the apparatuses that are applied can be found in appendix A. 
[bookmark: _Ref276061637][bookmark: _Ref276061646][bookmark: _Toc276279780]Producing the Template

The template is produced by mixing 5.72mL of benzyl chloride with 60mL of methanol in a round-bottomed flask. This mixture is heated to 70°C. Simultaneously 12.4g of sodium thiosulfate pentahydrate are dissolved in 25mL water. When the temperature reaches 70°C the two solutions are mixed. The reaction proceeds for four hours and a condenser is utilized to avoid evaporation of any water and methanol. When the reaction is completed, methanol is removed by applying a rotary evaporator. Afterwards n-hexane is added to extract any unreacted benzyl chloride. The apolar organic phase is then discarded by employing a separation funnel. Subsequently a freeze dryer is used to remove the water.
At this point the product still contains sodium chloride. However the majority of the sodium chloride is removed by extracting with ethanol. The product is added to 500mL ethanol, which is then filtrated. Finally the ethanol is removed by utilizing a rotary evaporator.
TBT, which is employed in the batch rebinding experiments, is produced in the exact same manner as described above. Instead 9.08mL of 4-Tert-buthylbenzyl chloride is used as the starting material. The purification of the product is performed in the same way as well. 
[bookmark: _Ref276062312][bookmark: _Ref276064405][bookmark: _Ref276064410][bookmark: _Ref276064504][bookmark: _Toc276279781]Producing the Functional Monomer

The functional monomer is produced by mixing 5.56mL of 3-Mercaptopropyl-Trimethoxysilane with 1.62g of Sodium methoxide and 10mL of methanol in a round-bottomed flask. This deprotonation step proceeds at 22°C in three hours before 6.78g BT is added. Additional 155mL of methanol is also added to make sure the template will dissolve. After the template is added the reaction proceeds for one hour at 22°C. When the reaction is completed the methanol is removed by applying a rotary evaporator. In order to remove the sodium sulfite, which is the side product of this reaction, the remaining species are mixed with 200mL diethyl ether. After adding the diethyl ether a filtration is performed. Finally the diethyl ether is removed by employing the rotary evaporator once again.   
[bookmark: _Toc276279782]Sol-Gel process

The chemicals that are employed in the sol-gel processes and the amounts employed are listed in Table 7.1


	Sol-Gel Material
	Functional monmer/
3-Mercaptopropyl-Trimethoxysilane (g)
	TEOS (mL)
	EtOH (mL)
	NH4OH 28 % (mL)
	H2O (µL)

	CIS1
	3.19
	2.23
	2.2
	1.125
	750

	CIS2
	3.19
	4.46
	2.2
	1.125
	750

	CIS3
	3.19
	6.69
	2.2
	1.125
	750

	NIS1
	1.96
	2.23
	2.2
	1.125
	750

	NIS2
	1.96
	4.46
	2.2
	1.125
	750

	NIS3
	1.96
	6.69
	2.2
	1.125
	750


[bookmark: _Ref247619902]
[bookmark: _Ref276060971]Table 7.1. Amounts of the chemicals employed in the various sol-gel processes.
The chemicals are mixed in a round-bottomed flask. First the TEOS and half of the ethanol are mixed at 22°C. This mixture is heated to 60°C and subsequently the rest of the chemicals are added. The reaction proceeds in 20 hours, and a condenser is utilized to avoid evaporation of the solvent and water. When the reaction is completed the remaining solvent and water is removed from the product with use of a rotary evaporator.
[bookmark: _Ref276062526][bookmark: _Toc276279783]Removal of template

Before the template molecules are removed from the silica particles, any unreacted, and not highly polymerized species, are discarded through a washing procedure. The silica particles are mixed with 40mL of methanol in a closed plastic tube and shaken for 5 hours. A sample of the solvent is then measured on the HPLC to see if any benzyl containing species are dissolved in the solvent. The solvent is then discarded. This procedure is continued 4 to 5 times until no species can be detected by utilizing the HPLC.  
The template molecules must be detached from the CISs before rebinding experiments can be conducted. The silica particles are added to a sultion of 756mg sodium borohydrate and 100mL methanol in a closed round-bottomed flask. The reaction proceeds for 20 hours at 22°C. After the reaction is completed the solvent is discarded and the silica particles are dried. Samples of the solution are measured on the HPLC and compared to a standard curve, made from known concentrations of BT, to determine the amount of template removed.  
[bookmark: _Toc276279784]Modification of Binding Sites

In order to rebind BT and TBT the binding sites in the CISs and NISs must be modified. The silica particles are mixed with 800mg of sodium hydride and 50mL of acetonitrile in a round-bottomed flask. The deprotonation reaction proceeds in 20 hours at 22°C. Afterwards 20mL of methanol is added to remove any unreacted sodium hydride. Finally the solvents are discarded and the particles are dried. 


[bookmark: _Ref276062968][bookmark: _Ref276062974][bookmark: _Ref276064864][bookmark: _Toc276279785]Batch Rebinding Experiments

Four different molecules are utilized in the batch rebinding experiments, namely BT, TBT, BA and BM. Before conducting the batch rebinding experiments, standard curves of all four molecules are made from solutions with known concentration. In addition a standard curve is made from benzyldisulfide. BM has the ability to couple and form benzyldisulfate. Hence this standard curve is necessary to calculate the free concentration of BM in the batch. The affinities towards the four guest molecules are tested for each silica network. Several concentrations are utilized during the batch rebinding experiments. Table 7.2 gives an overview of which experiments that have been performed.  
	Guest Molecules
	Silica Networks
	Concentration [mM]

	
	
	2.5
	3.75
	5
	6.25
	8.75

	Benzyl Alcohol
	CIS1
	x
	x
	
	x
	x

	
	CIS2
	x
	x
	
	x
	x

	
	NIS1
	x
	x
	
	x
	x

	
	NIS2
	x
	x
	
	x
	x

	Benzyl Mercaptane
	CIS1
	x
	x
	
	x
	x

	
	CIS2
	x
	x
	
	x
	x

	
	NIS1
	x
	x
	
	x
	x

	
	NIS2
	x
	x
	
	x
	x

	Benzyl Thiosulfate
	CIS1
	x
	x
	x
	x
	x

	
	CIS2
	x
	x
	x
	x
	x

	
	NIS1
	x
	x
	x
	x
	x

	
	NIS2
	x
	x
	
	x
	x

	4-Tert-Butylbenzyl Thiosulfate
	CIS1
	x
	x
	x
	x
	x

	
	CIS2
	x
	x
	x
	x
	x

	
	NIS1
	x
	x
	x
	x
	x

	
	NIS2
	x
	x
	x
	x
	x



[bookmark: _Ref276061105]Table 7.2. Display of the batch rebinding experiment conducted. X indicates a performed experiment.

In each batch rebinding experiment a measured amount of silica particles between 60-180mg are added to 40mL methanol solution with a known concentration of the guest molecule. The mixtures are filled in plastic test tube and shaken for 48 hours. Afterward a sample of the supernatant is collected and analyzed by applying the HPLC. The results are then finally compared with the previously made standard curves.  

[bookmark: _Toc276279786]Results

In this chapter all the results from the various analyses will be presented and discussed. First results regarding production and purification of the template and functional monomer will be displayed. Secondly the results which depict the removal of template will be shown. And finally results regarding the batch rebinding experiments are outlined. 

[bookmark: _Toc276279787]Production and Purification of Template

In this section results regarding the template production are presented. Both the template BT and TBT were successfully produced by following the procedures described in section 5.1. NMR spectrums of the two chemicals were made and compared to a previously made NMR spectrum of benzyl chloride. The NMR spectrum of BT can be seen in Figure 8.1 and the NMR spectrum of 4-tert-buthylbenzyl-thiosulfate can be seen in Figure 8.2. The NMR spectrum of benzyl chloride can be found in appendix B.
[image: ]
[bookmark: _Ref276061451][bookmark: _Ref276064190]Figure 8.1. The NMR spectrum of benzyl thiosulfate applied in production of the functional monomer and the batch rebinding experiments.

In the NMR spectrum of BT, the peaks at 7.25 ppm detect the five protons in the benzyl ring and the peak at 4.29 detects the two protons in the CH2 group. The peaks at 3.29 and 4.84 ppm are believed to arise from the solvent. By comparing this spectrum with the spectrum of benzyl chloride it follows that the chemical shift of the CH2 group has changed. This change in chemical shift also indicates that the functional group has been changed.
[image: ]
[bookmark: _Ref276061471]Figure 8.2. The NMR spectrum of 4-tert-buthylbenzyl-thiosulfate applied in the batch rebinding experiments.
 
The NMR spectrum of TBT shows peaks in some of the same regions as the spectrum of BT. Again the peaks at 7.3 ppm represent the protons in the ring and the peak at 4.26 depicts the protons in the CH2 group. However this spectrum also shows a peak at 1.28 ppm which depicts the nine protons in the tertbuthyl group. The integral values of the two peaks at 4.84 and 3.29 ppm, which are believed to arise from the solvent, are rather large compared to the same peaks in the spectrum of BT. The reason for the larger values results from the fact that the TBT, unlike the BT, was not properly dried before executing the NMR spectrum.
As described in section 7.1 both the BT and the TBT contain an unknown amount of sodium chloride after the production. However most of the sodium chloride is removed by extraction with ethanol Table 8.1 displays which degrees of purities were obtained after the extraction procedure. The fact that 1L of ethanol dissolves 512mg of sodium chloride is employed [Burgees, 1978].

	
	EtOH [mL]
	Total Mass [g]
	Mass NaCl [mg]
	Purity

	Benzyl thiosulfate
	500
	10.3
	256
	97.5 %

	4-tert-buthylbenzyl-thiosulfate
	200
	1.52
	102
	93.3 %



[bookmark: _Ref276062217]Table 8.1.  The table shows the specifications for the purification of benzyl thiosulfate and the 4-tert-buthylbenzyl-thiosulfate. The table displays the amount of ethanol utilized, the total mass of the product after extraction, the amount of sodium chloride expected after purification and finally the purity of the product.

The purities of the BT and the TBT are taken into account when producing the solutions for batch rebinding experiments.
[bookmark: _Toc276279788]Production and Purification of Functional Monomer

In section 7.2 it is described how the functional monomer, which is utilized in producing the CISs, is synthesized. Despite many attempts and changes in the reaction parameters and procedures the functional monomer was not produced as a pure compound. An NMR spectrum of the product, applied as the functional monomer, can be seen in Figure 8.3. The NMR spectrum of the functional monomer applied in the production of covalently imprinted silica networks.Figure 8.3. The product is assumed to be a mixture of two compounds namely 3-Mercaptopropyl-Trimethoxysilane and the functional monomer. NMR spectrums of the functional monomer as a pure compound and of 3-Mercaptopropyl-Trimethoxysilane can be seen in Appendix B. 

[image: ]
[bookmark: _Ref276062436][bookmark: _Ref276062428]Figure 8.3. The NMR spectrum of the functional monomer applied in the production of covalently imprinted silica networks.

The peak at 3.55 ppm depicts the nine protons of the methyl groups, which are common for both compounds. Both compounds also contain six protons in the carbon chain between the silicon atom and the sulfur atom. However, because of the attachment of the benzyl group via the disulfide bond, the chemical shifts of these protons may have been altered. Hence the double peaks in the region from 0.5 to 2.7 ppm. Only the functional monomer contains a benzyl group, whose protons give the peak at 7.4 ppm.  The CH2 group between the disulfide bond and the benzyl ring is also only present in the functional monomer. These protons create the peak at 3.83ppm.
It is difficult to determine the purity of the functional monomer. However, one approach is to analyze the ratio between the integral value of the peak representing the protons in the benzyl ring and the integral value of the peak representing the protons of the methyl groups. The functional monomer has a 9/5 ratio between these protons but the NMR spectrum only shows a 9/4.26 ratio between these protons in the product. This result indicates that the product is around 85 % pure. Another method is to look at the ratio between the integral values of the peaks representing respectively the two protons in the CH2 group next to the ring and the nine protons from the methyl groups. The functional monomer has a 9/2 ratio between these protons, however the spectrum only shows a 9/0.97 ratio. Thus this indicates a purity of only 48.5 %.
The tiny peak at 1.33 ppm arises from the mercapto group only present in 3-Mercaptopropyl-Trimethoxysilane. Hence this compound is present in the product to some extent. However the product has been considered pure in all synthesis involving the functional monomer.
[bookmark: _Toc276279789]Removal of Template

In order to estimate maximum binding capacity of the CISs the template release is measured as described in section 7.4. The maximum binding capacity is denoted Bmax and is defined as  [Yan and Ramström, 2005]. Results from the template removal can be seen in Table 8.2.

	Silica network
	Total mass of CIS [g]
	Template release [mmoles]
	Bmax
[mmoles/g]

	CIS1
	1.61
	0.699
	0.434

	CIS2
	2.79
	1.58
	0.566

	CIS3
	4.08
	0.198
	0.0485



[bookmark: _Ref276062568]Table 8.2. The table displays the total mass of the produced CISs, the total template release and the maximum binding capacity. 
As seen in Table 8.2 both CIS1 and CIS2 show moderate template release. However CIS3 show very poor template release. Batch rebinding experiment is thus not conducted utilizing CIS3 and NIS3 particles. CIS3 is the silica network with the highest density because it is made from the largest amount of TEOS hence a lower template release was expected. Surprisingly CIS2 has a larger template release than CIS1, this was not expected since CIS1 is a looser network because of the TEOS content. According to the result CIS2 should have the best rebinding abilities since it has the highest binding capacity and more specific binding sites, due to the more rigid and dense network. 
[bookmark: _Toc276279790]Batch Rebinding Experiments

Several batch rebinding experiments have been performed to investigate the rebinding abilities of the CISs and NISs. The procedures of the batch rebinding experiments are described in section 7.6. Table 7.2 gives an overview of which batch rebinding experiments that have been conducted.
The results from the experiments can be seen in Figure 8.4, Figure 8.5 and Figure 8.6. The data is displayed as a function of the initial concentration I and the bound concentration B.

[image: ]
[bookmark: _Ref276063503]Figure 8.4. Results of the batch rebinding experiments conducted on CIS1 and NIS1

The results from the experiments performed on CIS1 and NIS1 are shown in Figure 8.4. CIS1 shows the highest binding affinity towards the template BT and the lowest affinity toward BA. NIS1 shows the highest binding affinity towards the TBT and the lowest affinity toward BA.
The affinity towards BT and TBT was expected to be highest for the CIS, since the silica networks are more selective towards the covalently bonding via the disulfide bond.
As described in 4.2.1 materials containing SH groups are more prone to bind compounds containing OH groups than compounds containing SH groups. Hence both the NIS and the CIS were expected to have bounded more BA than BM. However the fact that all values of bound concentration for rebinding of BA are negative indicates that that something could be wrong with the standard curve.  
CIS1 shows a higher affinity towards the BT than NIS1. This result was expected since this compound was applied as template in the production of the CISs and the binding sites thus exists in cavities designed to bind this molecule. Some experiments show a bound concentration of BT close to Bmax. NIS1 show a generally higher affinity towards TBT than BT. These compounds were expected to have similar rebinding abilities towards the NIS since the functional groups are the same, and the NIS do not show any imprinting effect. A reason for this tendency could be the polarity of the molecules. BT is more polar than TBT and dissolves better in methanol, which is employed as solvent in the batch rebinding experiments. Typically apolar molecules tend to react faster in polar solvents.
The results from the experiments performed on NIS2 and CIS2 are shown in Figure 8.5. CIS2 shows the lowest binding affinity towards BM and the highest affinity towards the template BT. NIS2 shows the highest binding affinity towards the TBT and the lowest affinity toward BM.

[image: ]
[bookmark: _Ref276063604]Figure 8.5. Results of the batch rebinding experiments conducted on CIS2 and NIS2

As described above the affinity towards BT and TBT was expected to be highest for CIS1. The bound concentrations of the BA are generally higher than the bound concentrations of BM. As described in 4.2.1 this tendency is expected.
CIS2 shows a higher affinity towards the BT than NIS2. This result was expected as described above. The bound concentration of BT in CIS2 exceeds Bmax. Any rebinding observed beyond this point arises from unspecific template interactions. Since CIS2 is produced from an impure functional monomer, containing traces of 3-Mercaptopropyl-Trimethoxysilane, additional binding sites may however exist within the silica network. The difference in bound concentrations between BT and TBT is larger for CIS2 than for CIS1. This result was expected due to the fact that CIS2 is a denser network and thus has more specific cavities containing the binding sites.


[bookmark: _Ref276063619]Figure 8.6. Results of the batch rebinding experiments of benzyl thiosulfate performed on CIS1, NIS1, CIS2 and NIS2.

NIS2 unexpectedly showed a generally higher affinity towards TBT than BT like NIS1. Possible reasons for this tendency are explained above.
Figure 8.6 displays the results of all batch rebinding experiments regarding the template BT. The two CISs expectedly showed higher bound concentration than the two NISs. In all batch rebinding experiments conducted the highest affinity are shown when rebinding BT to CIS2. This result was expected since it is the densest imprinted network and has most free binding sites. The NIS showed quite similar binding abilities towards BT. This result was expected as well since the two networks have the same amount of binding sites and only differ in the degree of cross-linking.
In general there is and increasing tendency in bound concentrations as the initial concentration is increased. However more data in a broader range is needed to apply any of the binding isotherms described in section 4.4.
All raw data from the rebinding experiments can be found on the attached CD-rom.


[bookmark: _Toc276279791]Discussion

The experiments performed during this project serves to answer the questions in the problem statement. In order to determine the rebinding abilities and selectivity towards the template molecule, three CISs and three NISs were successfully synthesized by applying the sol-gel process. Both the three NISs and the three CISs differed only in their content of TEOS. In addition the two molecules BT and TBT, which are utilized in the batch rebinding experiments, were successfully produced as well. The products of these syntheses did however contain sodium chloride. The contents of sodium chloride were subsequently reduced by applying a purification procedure. This procedure yield a 97.5 % pure BT and a 93.3 % pure TBT.  Despite numerous attempts, the functional monomer, as a pure compound, was unattainable. A mixture of the functional monomer and 3-Mercaptopropyl-Trimethoxysilane was however achieved.
NMR spectrums were conducted on the following compounds: BT, TBT, benzyl chloride, the mixture between the functional monomer and 3-Mercaptopropyl-Trimethoxysilane, and pure 3-Mercaptopropyl-Trimethoxysilane. The NMR spectrums of BT and TBT showed that the two compounds were pure, see Figure 8.1 and Figure 8.2. Two additional peaks are revealed in the spectrums. However they are believed to arise from the solvent, utilized when purifying the products, as they seem to vanish when the product is dried. The NMR spectrum of the mixture between the functional monomer and 3-Mercaptopropyl-Trimethoxysilane can be seen in Figure 8.3. As described section 7.2 the purity of the functional monomer, which is applied in the production of all CISs described in this project, can be estimated to between 48 % and 85 %. The NMR spectrums of benzyl chloride, 3-Mercaptopropyl-Trimethoxysilane and the functional monomer as a pure compound are shown in Appendix B. The pure functional monomer was not produced in this project period, but priviously by Harsha Vardhan Reddy Burri by applying the method described in section 7.2. 
The fact that the chemical, employed as functional monomer, is not pure may cause some misleading results. Since 3-Mercaptopropyl-Trimethoxysilane contains a thiol group capable of rebinding the four guest molecules.
The template release from the three produced CISs were measured and displayed in Table 8.2. By utilizing the total weight of the CISs and the template release, the maximum binding capacities were calculated. However these results are also misleading, since some binding sites may arise from the thiol group in 3-Mercaptopropyl-Trimethoxysilane. Thus these thiol groups do not need to be detached from a template molecule in order to serve as a binding site. Hence the binding capacity of the three CISs is probably higher than stated in Table 8.2. The poor template release of CIS3 is the reason for not conducting any batch rebinding experiments on both NIS3 and CIS3.
If the functional monomer had been produced as a pure compound the estimation of the binding capacity would have been correct. In addition it would have been possible to measure the amount of benzyl groups released during the washing procedure, prior to the template release, and thus the amount of template molecules bound in the network. Since the functional monomer was not obtainable in its pure form, a standard curve for comparison could not be made. By analyzing the ratio between template molecules left in the network and template molecules released during template removal, an indication of the networks rigidity could be obtained.
Several batch rebinding experiments were conducted on CIS1, CIS2, NIS1 and NIS2. The affinities towards BT were generally higher for the CISs than for the NISs, see Figure 8.6. This result was expected since the imprinting effect of CISs render the selectivity of BT very high. The difference in bound concentration between BT and TBT was higher for CIS2 than for CIS1, see Figure 8.5 and Figure 8.4. This result was also expected since CIS2 is a more rigid network and thus has a higher selectivity. In addition CIS2 has a higher Bmax.
In some experiments regarding CIS2 the bound concentration exceeds Bmax. As described in section 7.6 this result arises from either unspecific template interactions or interactions between BT and the thiol group from 3-Mercaptopropyl-Trimethoxysilane. Nevertheless both CIS exhibit superior affinity towards BT.
CIS2 and NIS2 showed a higher affinity towards BA than towards BM. As described in 4.2.1 this tendency could be expected, since the alcohol group is more likely to form hydrogen bonds. CIS1 and NIS1 showed the opposite tendency. However all bound concentrations regarding batch rebinding experiments of BA on CIS1 and NIS1 showed negative values, which could indicates something was wrong with the standard curve. The bound concentrations of TBT were expected to be above the bound concentrations of BA and BM and below the bound concentrations of BT for the CISs, since the cavities possibly are too small accommodate the tert-buthyl group. The bound concentrations of TBT for the NISs were predicted to be almost equal to the bound concentrations of BT, since both molecules have the same functional group. As seen in Figure 8.4 and Figure 8.5 the results were as expected for the CISs. However the results regarding the NISs showed a generally higher affinity towards TBT than BT. The higher bound concentrations of TBT was unpredicted, but may be caused by the solvent, since polar solvents impede binding of polar species.
In order to obtain more reliable result the CISs should be produced from only functional monomer and TEOS. Furthermore in order to fully characterize the CIS and NIS, more batch rebinding experiments in a broader range should have been conducted. However it can be concluded that CIS1 and CIS2 were successfully covalently imprinted with BT. In addition all produced silica networks were able to covalently rebind BT and TBT. BA and BM were also rebounded to the silica networks in some extent.  


[bookmark: _Toc276279792]Conclusion

Three different covalently imprinted silica networks were successfully synthesized utilizing the sol-gel process. The networks were produced by employing a previously made functional monomer, Tetraethyl orthosilicate was applied as the cross-linking agent, ethanol was employed as the solvent and ammonium hydroxide employed as base catalyst. Three non imprinted silica networks were as well successfully synthesized in the same manner.
Benzyl thiosulfate and 4-tert-buthylbenzyl-thiosulfate were produced and purified. The obtained purity of benzyl thiosulfate was 97.5 % and the obtained purity of 4-tert-buthylbenzyl-thiosulfate 93.3 %. The functional monomer was synthesized from the produced benzyl thiosulfate. However the functional monomer was not obtained as a pure compound. Instead the yield was a mixture of the functional monomer and 3-Mercaptopropyl-Trimethoxysilane.
All three covalently imprinted silica networks showed template release when treated with sodium borohydrate. The network, made from the highest amount of cross-linking agent did however release very little amount of template and was thus not analyzed further.
Batch rebinding experiments were conducted on two covalently imprinted silica networks and two non-imprinted silica network. The imprinted silica network showed selectivity towards the template benzyl thiosulfate, but did also rebind 4-tert-buthylbenzyl-thiosulfate. The densest network had the highest selectivity. Both non-imprinted silica networks showed rebinding of the template as well, however in less extent then the covalently imprinted silica networks. Hence it can be concluded that a covalent and selective imprinting effect can be achieved in a silica network by utilizing the sol-gel process. 
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[bookmark: _Toc276279794]Appendix A – Chemical List


	Name
	CAS-nr. 
	Batch/lot
	Manufacturer

	3-Mercaptopropyl-Trimethoxysilane
	4420-74-0
	MKBB3679
	Sigma-Aldrich

	4-Tert-Buthylbenzyl-Chloride
	19692-45-6
	191531-56
	Sigma-Aldrich

	Acetonitrile
	75-05-8
	1487/10
	LAB-SCAN

	Ammonium hydroxide
	1336-21-6
	83250
	Sigma-Aldrich

	Benzyl Alcohol
	100-51-5
	S34968-356
	Sigma-Aldrich

	Benzyl Chloride
	100-44-7
	1407780
	Fluka

	Benzyl Mercaptane
	100-53-8
	S44233-089
	Sigma-Aldrich

	Diethyl Ether
	60-29-7
	8161C
	Sigma-Aldrich

	Ethanol
	200-578-6
	1680766
	KEMETYL

	Methanol
	67-56-1
	S7BA1790
	Sigma-Aldrich

	n-Hexane
	110-54-3
	9062S
	Sigma-Aldrich

	Sodium Borohydrate
	16940-66-2
	STBB5900
	Fulka

	Sodium Hydride
	7646-69-7
	79600-119
	Sigma-Aldrich

	Sodium Methoxide
	124-41-4
	1442215
	Sigma-Aldrich

	Sodium Thiosulfate Pentahydrate
	10102-17-7
	9903410012
	J.T. Baker

	Tetraethyl Orthosilicate
	78-10-4
	S  18156-483
	Sigma-Aldrich


.          

	
	Name
	Manufacturer

	Filter paper 
	6μm
	A. G. Frisenette and sønner APS

	Scale
	Mettler AM 100
	Mettler Toledo

	Magnetic stirrer
	RCT BASIC
	IKA

	Oven
	T 6060
	HERAEUS

	Rotation Evaporator
	LABORATA 4000
	Heidolph

	NMR spectrometer
	DRX600
	Bruker

	Freeze Dryer
	Alpha 2-4 LD Plus
	Buch & Holm, Christ

	Shaker Table
	3005
	Gesellschaft Für Laboratechnik

	high-pressure liquid chromatograph
	P680
	Dionex

	UV- detector
	UVD170U
	Dionex



[bookmark: _Toc276279795]Appendix B – NMR Spectrums
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NMR spectrum of functional monomer (pure compound) produced by Harsha Vardhan Reddy Burri. 
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NMR spectrum of benzyl chloride.
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NMR spectrum of 3-Mercaptopropyl-Trimethoxysilane.
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