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Abstract 

The population of the world is increasing day by day and is expected to reach 9.8 billion by the 

year 2050. The ever-increasing demand for agricultural products is putting an unprecedented strain 

on the world's soils as the human population continues to expand. Soil degradation caused by over-

farming and the agrochemicals (fertilizers, pesticides, etc.)  used in agriculture is a growing 

problem, although its causes remain murky. In addition, little is understood about the molecular-

level interactions of substances that are subsequently introduced to soils, such as agricultural 

chemicals (ACs). Therefore, it is expected that these constraints may be circumvented by the 

synthesis of natural mimics of soil, known as Engineered Soil Surrogates (ESSs), to associate their 

bulk attributes with structure compositions. A series of polymeric ESSs were synthesized and the 

sorption behavior of Norflurazon as the ACs was observed and compared to the sorption behavior 

of a natural soil, Pahokee peat. 

 On the other hand, the world is currently dealing with the drug overdose epidemic mainly 

due to the illicit use of synthetic opioids, primarily fentanyl. More than 70000 people died due to 

fentanyl overdose in 2021, which is often mixed with other drugs such as heroin, cocaine, etc. with 

or without the knowledge of the end-users. Therefore, the detection of fentanyl by law enforcement 

agencies and end-users is of utmost importance. Molecularly Imprinted Polymer (MIP) based 

sensors can be a solution to this problem. A MIP was made by using methacrylic acid (MAA), and 

ethylene glycol dimethacrylate (EGDMA) as the functional monomer and cross-linking monomer 

respectively, and benzyl fentanyl as the target template. Binding sites that are complementary to 

the analyte in size and shape are revealed after the template has been removed. Selectivity studies 

comprising various drugs such as heroin, cocaine, and methamphetamine showed that the 

synthesized MIP can selectively detect benzyl fentanyl. 



xiv 

 

 Finally, a molecularly imprinted hydrogel employing diffraction grating techniques was 

developed to detect microRNA. The hydrogels imprinted with the miR-21 DNA target were 

sensitive to the target sequence's reintroduction and selective among comparable nucleotide 

sequences. 
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Chapter 1. Comparison of the Sorption Behavior of Agricultural Chemical 

(AC) with Engineered Soil Surrogates (ESSs) and Real Soil (Pahokee Peat) 

1.1 Introduction and Significance 

1.1.1 Soil 

Soil plays a vital role in the complex ecosystem of the world by providing around 98.8% of the 

global food supply.1 Soil is also crucial for carbon storage, greenhouse gas control, flood 

mitigation, waste recycling, and pest regulation.1, 2 It is a finite resource, and the soil type varies 

from location to location. As a consequence of attempts to boost food production while using less 

land per capita, the soil has become the most stressed of the earth's ecosystems. Agricultural 

practices have led to the transformation of a significant section of the landmass that comprises our 

planet. In fact, it has been estimated that about 37% of the land mass of our world is being used 

for agricultural purposes at present, and as much as 67% of that land mass is being used for 

combined agricultural purposes and grazing, which is now comparable to the area that is occupied 

by forests.3 The reduction in the amount of land that is accessible for agricultural use is a 

consequence of the expansion of both urban and industrial areas (e.g., land for housing, roads, 

industrial and commercial buildings). Also, recent changes in land use include cutting down 

tropical forests to grow biofuels.4 The rapid intensification of agricultural practices has led to 

unsustainable soil degradation, such as loss of organic matter, the release of greenhouse gases, 

overuse of fertilizer, pollution, and loss of biodiversity, which will eventually reduce the soil’s 

long-term capability to serve humans and causes environmental damage.  

Soil mainly consists of minerals, organic matter, water, air, and organisms.5 Typically, soil 

contains small amounts of organic matter of about 5%, whereas it has 45% minerals, 20-30% 

water, and 20-30% air by volume.6 The decay of living things contributes to the formation of soil 

organic matter (SOM), whereas the weathering of rocks on earth is responsible for the formation 
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of the mineral component of soil. Plants take in the nutrients that are generated as a byproduct of 

the breakdown of organic compounds. These nutrients are then taken up by animals and eventually 

returned to the soil via the process of decomposition. Soil is also home to a wide variety of 

organisms, including bacteria, fungi, etc. 

1.1.2 Soil Air 

The air in the soil is a direct descendant of the air in the atmosphere. In contrast to the other 

components, it is in a perpetual state of mobility, moving both into and out of the soil's pores and 

the air around them. This continual movement or flow of air inside the soil mass, which results in 

the regeneration of its component gases, is referred to as soil aeration.7 The air in the soil has a 

greater concentration of carbon dioxide and a lower concentration of oxygen compared to the air 

in the atmosphere that is directly above it. For instance, one liter of dry air contains approximately 

20.9% oxygen and 0.03% carbon dioxide, whereas a similar volume of aerobic soil contains 

approximately 18–20.5% oxygen and 0.3–3% carbon dioxide.8, 9 In addition, unless it has become 

very dry, the soil will often maintain a humidity level of close to 100%. However, the 

concentrations of CO2 and O2 may shift a little depending on the water-filled porosity of the rock 

and the biological demand for oxygen from plant roots and other macro- and microbes. It is 

common for soil O2 levels to drop while soil CO2 levels rise when there is less air exchange 

between the soil and the atmosphere, as occurs in moist or compacted soils. Soil that has been 

properly aerated should contain enough oxygen and moisture for aerobic organisms to carry out 

their breathing processes (i.e., aerobes). For optimum microbial development in soil, the soil's pore 

space should be moistened by water to the tune of 50-60% (the remaining pore space should be 

air).10 Modifications to soil aeration affect the microorganism population. Both oxygen and its 

absence are necessary for the growth of facultative anaerobes, but microaerophiles and obligatory 

anaerobes have different preferences and needs.11 Soil microbial communities are very sensitive 
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to variations in aeration and may undergo dramatic shifts when conditions alter. 

 Aeration in the soil is very sensitive to soil conditions, especially soil porosity, soil 

moisture, and soil depth. Diffusion is influenced by both the texture and structure of the soil. 

Diffusion is slowed in soils with a high proportion of clay because clay has a fine texture. Larger 

holes will be introduced throughout the aggregation process, creating an optimal balance of pore 

sizes that improve gas diffusion. Aeration is high in sandy (coarse texture) soils because diffusion 

is quick in the comparatively wide pores around the bigger sand particles. The diffusion of oxygen 

via soil is also affected by the moisture content of the soil. In the air, oxygen diffuses at a rate of 

0.198 cm2sec-1, while in water, it diffuses at a rate of 1.9 x 105 cm2sec-1.12 Simply said, the 

diffusion rate of O2 via water is about 10,000 times slower than through air. Consequently, under 

respiration-favorable circumstances, CO2 levels will increase, and O2 levels will fall when pores 

are completely filled with water. Clay-rich soils are more likely to have poor aeration than sandy 

ones because of the increased quantity of tiny pores, which are more prone to be water-filled, 

particularly when weakly aggregated. The soil's aeration is also influenced by its depth. Oxygen 

content in soils often decreases with depth, particularly in clay-rich soils.10  

1.1.3 Soil Water 

In nutrient management, the right balance between soil water and soil air is very important since 

most processes that put nutrients into the soil need both water and air. In nutrient control, soil water 

is especially crucial. In addition to maintaining life on Earth, soil water contains dissolved nutrients 

that are immediately accessible for plant absorption. Therefore, it is essential to maintain adequate 

soil moisture levels.13, 14 

 The hydrogen bonding capabilities of water have a significant impact on how water is 

retained and distributed in soils. For example, water sticks to the minerals and SOM found in soil. 

Ion-dipole interaction causes water molecules to be drawn to the edges of minerals and the surfaces 
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of organic matter because these surfaces have negative charges.9, 15 A thin layer of tightly adhered 

water molecules (about 1.7×10-3% of particle diameter) known as hygroscopic water is the result 

of this rather strong contact.16 This form of water cannot be used by plants since it never solidifies 

and is never labile as a liquid.16 In a soil environment that is saturated with water, hygroscopic 

water is encased in an additional layer of water molecules, which are kept together cohesively by 

intermolecular forces of attraction. This water, which travels from one particle to another and is a 

readily accessible water supply in soils, is known as capillary water.16 Capillary water is 

surrounded by gravitational water when there is an excess of water in the soil that is more than its 

optimal capacity. Typically, this kind of water will fill the larger pores in the soil, and it will then 

migrate downhill due to gravity or hydrostatic pressure.14, 16 The soil's water holding capacity is 

determined by the size of the spaces between the soil particles and the capillary force that draws 

water into the soil. In sand, both the particles and the pores are big. However, the capacity to retain 

water is limited in materials with wide pores. This causes an overflow of water from sandy soils. 

Conversely, clay-based soils have microscopic particles and narrow pores. Clay soils often have a 

high-water retention capacity because their narrow pores are better able to store water. The 

Physico-chemical distribution of water in the soil acts as a hydration buffer, meaning that it 

mitigates the effects of circumstances in the soil that are either very dry or extremely inundated.   

1.1.4 Soil Inorganic Matrix 

In the soil, the inorganic or mineral components are formed by weathering of the rocks. There are 

two distinct kinds of particles found in the mineral component of soil. Primary particles are distinct 

individual particles, while secondary particles are the aggregation of those particles. Sand, silt, and 

clay are the three kinds of soil particles. The forms of soil particles vary greatly; as a result, they 

are classified based on their "effective diameter". The diameter of clay particles is less than 0.002 

millimeters. The size limitations of sand and silt vary; however, the top limit of sand is 2 mm in 
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all cases. Greater than 2 mm diameter particles are classified as pebbles (2 mm to 7.5 cm), cobbles 

(7.5 to 25 cm), stones (25 to 60 cm), and boulders (>60 cm). These particles are often not regarded 

to be soil components due to their little impact on soil fertility and production. However, certain 

soils may have a significant proportion of stones.17 

 Minerals may be categorized as either "primary" or "secondary," depending on how they 

were formed. Primary minerals are those that crystallize directly from magma or lava during the 

solidification process, whereas secondary minerals are those that form from alterations to primary 

minerals or from resynthesis and recrystallization processes that occur during weathering.17 

Sulfides, oxides and hydroxides, halides, carbonates, nitrates, borates, sulfates, phosphates, and 

silicates are the most general chemical categories of minerals.18 Silicon and oxygen are two of the 

most common elements in the Earth's crust and make up the bulk of most minerals. Consequently, 

silicates are by far the most common mineral found in earth’s rocks.17  

 Primary minerals, such as metal oxides and oxyhydroxide-type minerals, have charges on 

their surfaces as a consequence of pH-dependent proton transfer reactions of surface O2- and OH- 

sites in aqueous solutions. Examples include quartz (SiO2), gibbsite (Al(OH)3), and goethite (α-

FeOOH).18 Additionally, clays have both stable and fluctuating negative charges that provide ionic 

molecules with interaction sites. Similar to the aforementioned fundamental minerals, the edges of 

clays (such as aluminum oxides) have negative charges that change depending on pH and ionic 

strength.19 Tetrahedral sheets, in which silicon is covalently coupled with four oxygens, and 

octahedral sheets, in which Al3+ is bound to O2- or OH- ions in an octahedral configuration, 

alternately make up the layers of clay minerals.9, 15 As an example, montmorillonite, a 2:1 type 

clay mineral with a chemical structure of MO-7Al2O3-22SiO2-nH2O, where M is either sodium or 

calcium, has two tetrahedral sheets and one octahedral sheet.15 On the other hand, kaolinite is a 
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straightforward 1:1 mixture with the formula Al2O3-2SiO2-nH2O (where n=0 or 2).20 The 

"isomorphic substitution" process, which occurs during clay formation and involves the 

replacement of higher charge cations with lower charge cations (e.g., Mg2+, Al3+), results in the 

permanent negative charge in clays.9 Unlike other clay minerals, kaolinite does not experience this 

kind of isomorphic replacement. The cation exchange capacity is correlated with the number of 

these negative charges in minerals and clays.20 Therefore, the existence of persistent negative 

charges might encourage complexation and cation exchange, which aids in the adsorption of 

cationic contaminants.15 However, because of charge repulsion, anionic organic contaminants are 

less likely to sorb on mineral surfaces and may consequently combine with nearby cations. 

Therefore, the following list of potential HOC sorption processes on mineral surfaces may apply:  

complexation of organocations; hydrogen bonding, in which a lone pair of oxygen serves as a 

proton acceptor; n-π bonding, in which oxygen's lone pair act as electron donors to aromatic pi 

systems lacking in electrons; and cation-π bonding, in which aromatic π act as electron donors. 

1.1.5 Soil Organic Matter (SOM) 

Soil organic matter (SOM) plays a large role in preserving the nutrients and water in the soil, which 

is crucial for microbial, plant, and animal life, as well as critical for maintaining soil fertility and 

long-term agricultural sustainability. The major component, approximately 60-70%, of SOM, 

which is known as humus, is a complex mixture of aliphatic and aromatic organic compounds 

formed by humification, chemical decay, transformation, and recalcitrant residues originating from 

the decomposition of plant, animal, and microbial materials at various stages.21 The humus has 

three defined fractions, which are also known as humic substances: humic acid (water-soluble at 

pH above 2), fulvic acid (water-soluble at all pH conditions), and humin (not soluble in water at 

any pH value).22 Humic and fulvic acids are typically similar in structure but vary in molecular 

weight and the content of elemental and functional groups.23 Humic acids are higher molecular 
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weight organic materials with phenol, catechol, quinone, and sugar moieties, while fulvic acids are 

lower molecular weight than humic acids containing carboxyl, hydroxyl, phenolic, carbonyl, and 

quinone functional groups. On the other hand, humin, which makes up about 50% of the SOM, is 

mainly composed of aliphatic hydrocarbons such as those found in lipids, waxes, and 

carbohydrates.24 

 Plants consist of various tissues as well as different molecular components, i.e., 

approximately 15-40% cellulose, 10-43% hemicellulose, 25-40% lignin, 1-10% waxes, and 

lipids.25 Sugars are one of the most important sources of organic carbon in soils because they are 

the biosphere’s most common organic compounds as they are the basic components of all poly-

saccharides: cellulose, hemicellulose (polyoses), starch, pectin, fructanes, glucanes, and chitin.26 

Lignin is the major contributor to aromatic moieties as its structure consists of covalently linked 

(alkyl-aryl ether and C-C) aromatic rings with -OH and -OCH3 substitutions. 

 

Figure 1.1. Model structure of humic acid. 

 Based on the chemical makeup of the SOM, it has been proposed that the hydrophilic 

moieties (sugar moieties) are in contact with the aqueous soil environment, whereas the 

hydrophobic moieties (aliphatic groups) are far from the aqueous soil environment. The interface 

between these two moieties contains aromatic moieties, which are both hydrophilic and 
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hydrophobic.27 SOM has a significant impact on the sorption of pollutants such as herbicides, 

fertilizers, etc. SOM is also the storehouse of two-thirds of the global terrestrial carbon.28 Thus, 

understanding the interactions of the SOM with pollutants and carbon-sequestration methods is of 

great interest from an agricultural and environmental viewpoint. 

1.1.6 Climate Change, Agricultural Pollution, and Soil 

A growing amount of attention is being paid all around the world to the connection between climate 

change and soil, and more specifically, SOM. Because it acts as both a carbon source and a carbon 

sink, soil organic matter (SOM) plays a significant part in climate change, even though its precise 

function in this regard is not completely known. In addition, the SOM helps to lessen the negative 

consequences of changing climate, such as the increased likelihood of floods and droughts caused 

by abnormal patterns of rainfall. SOM can hold up to twenty times its weight in water without 

losing that capacity.29 

 The climate of Earth is impacted by the atmosphere's make-up. Due to the fact that 

greenhouse gases (GHG) absorb infrared radiation, an increase in GHG concentration in the Earth's 

atmosphere is associated with a rise in global temperature, which in turn alters rainfall patterns 

across the world.30, 31 Among the principal greenhouse gases (CO2, CH4, N2O, O3, H2O, and 

chlorofluorocarbons), carbon dioxide and methane are the most abundant in the Earth's 

atmosphere. Additionally, methane is 21 times more powerful than carbon dioxide as a greenhouse 

gas. Consequently, it is of significant concern when human activities or processes result in 

excessive emissions of these two principal greenhouse gases. Annual GHG emissions are predicted 

to be 10 billion tonnes (10 Gt), with 15% attributable to land-use changes and the remainder 

attributable to the usage and production of fossil fuels.32, 33 As a consequence of forest clearance 

and soil mechanical tillage, land use change often results in a depletion of carbon from soils and 

an increase in GHG emissions, particularly CO2 and CH4.
34 
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  Soil is the second largest place on Earth to store carbon after the oceans. It holds about 2-

3 x 1015 kg of carbon in dead and living matter, about half of which comes from humic acids.33, 35 

Soil organic carbon accounts for around 1550 Gt of the whole soil carbon pool, whereas soil 

inorganic carbon accounts for roughly 950 Gt of the total soil carbon pool. When compared to the 

atmospheric C pool (760 Gt), the soil C pool is 3.3 times larger, while the biotic C pool is 4.5 times 

larger (560 Gt). The SOC pool at 1-meter depth varies from 30 to 800 tons/ha depending on 

climate, with the average being between 50 and 150 tons/ha.36  

 Thus, the soil has tremendous potential for application in climate change mitigation via the 

sequestration of atmospheric CO2 and other greenhouse gases and the prevention of carbon release 

as powerful greenhouse gases. Due to the soil's abundance, even a little change in the carbon pool 

from the atmosphere to the soil in a given location may have a significant impact. An extra 1.85 

Gt of carbon per year might be sequestered with careful management of the world's croplands. 

This is equivalent to the amount of carbon emitted annually by the whole transportation industry.37 

Since SOM acts as both a carbon source and carbon sink, it may play a significant role in 

moderating the growing levels of GHG in the atmosphere.  

 Since the establishment of an agrarian lifestyle between 10000 and 12000 years ago, the 

history of human cultures has been inextricably linked to the progress of agricultural techniques.38, 

39 The need to provide food for an ever-increasing population resulted in the extensive application 

of agricultural chemicals like fertilizers and pesticides to achieve crop yield increases. As the 

amount of land that could be used for crop production shrank, the use of such chemicals greatly 

contributed to gains in yields that were achieved on a per-hectare basis. In order to increase the 

nutritional density of the soil, significant amounts of fertilizers, including mineralized forms of 

phosphorous and nitrogen were applied. Because of agricultural runoffs, this type of fertilizer can 
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easily make its way to surface waters. This, in turn, can cause eutrophication or algal blooms, both 

of which can frequently lead to the death of fish in surface waters (such as streams, rivers, lakes, 

and fishponds).40 

 It has been demonstrated that the contamination of water with agricultural chemicals like 

pesticides can have negative effects on aquatic organisms. These negative effects on aquatic 

organisms can manifest themselves in a variety of ways, including decreased motility and fertility, 

as well as increased mortality.41 When animals consume polluted food sources or drink from water 

systems that have been contaminated, there is a possibility that they may get ill.42, 43 Moreover, 

pesticides may have an effect not only on the species for which they were designed but also on 

non-target creatures, which, in the end, has an impact on biodiversity. The ingestion of tainted 

water and food puts humans at risk of experiencing the negative effects of pesticides as well. There 

is growing evidence that some pesticides, including dichlorodiphenyl trichloroethane, atrazine, 

2.4-D, and trifluralin, have the potential to operate as endocrine disrupters.44 Exposure to pesticides 

has been linked to a variety of other negative health outcomes, including developmental toxicity, 

teratogenicity, pregnancy loss, neurologic effects, and cognitive disorders.45, 46 Because of high 

stability, some agricultural chemicals are resistant to degradation by sunlight and soil microbes, 

making them difficult to eliminate from the environment. In addition, they may survive in soils for 

decades, if not longer. Therefore, it is important to study the chemical makeup of the soils and 

their various interactions with agricultural chemicals. 

1.1.7 Agricultural Chemicals 

The use of agricultural chemicals (ACs), especially fertilizers, probably started in the Neolithic era 

when humans began farming instead of the nomadic, hunter-gathering lifestyle. They used both 

organic and mineral fertilizers, including manure and wood ash. Multiple types of manure, as well 

as ashes, mud, marl, legumes, and similar things of natural origin, were used during the Roman 
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and Greek era.47 In 1840, Justus Liebig set the groundwork for what would become the modern 

fertilizer business.48 He was interested in how plants obtained the nutrients they required and what 

kinds of agricultural methods were most beneficial. The use of ammoniacal liquor from coal gas 

and the treatment of this liquor with gypsum to fix the ammonia; the use of wood ashes as fertilizer 

to supply potash, silica, and magnesia; the treatment of ground bones with sulfuric acid to improve 

the effectiveness of the phosphate and lime; and the ability of superphosphate to fix ammonia were 

all discussed by Liebig in his work on the chemistry of fertilizers. However, it has now come to 

light that others had independently come up with the notion of using sulfuric acid to cure bones 

before Liebig. As regular bone meal had previously failed to provide results, Englishman John B. 

Lawes tried this kind of fertilizer on an experimental field at Rothamsted in 1839. In 1842, Lawes 

was granted a patent for his innovation.49 

 Superphosphate was the most widely used kind of phosphorus fertilizer for almost a 

century. Besides phosphate rock and slag, manures, guano, and basic slag were also often used. 

Triple superphosphate, nitric and ammonium phosphates and thermal phosphates were among the 

other materials that had been developed.48 Concurrently, with the emergence of the phosphorous 

(P) industry, the potassium (K) industry emerged. After World War II, the nitrogen (N) fertilizer 

industry, which had trailed so far behind P and K at the beginning of the 19th century, suddenly 

surged forward.49 The modern nitrogen industry is predicated on the interaction between hydrogen 

and atmospheric nitrogen, which results in the production of ammonia. After this came the 

widespread use of artificial chemical additions as macronutrients (such as nitrogen, phosphorus, 

and potassium fertilizers), secondary nutrients (such as calcium, magnesium, and sulfur), and 

micronutrients (B, Cl, Cu, Fe, Mn, and Zn). Fertilizers are now available on the market as both 

single nutrients and combinations of several nutrients. 



12 

 

 It is obvious that the crops that are cultivated will be afflicted with pests and illnesses, 

which will result in a significant decrease in output and the ever-present potential that the people 

may starve. Even with the gains that have been made in agricultural sciences, the percentage of 

potential food and fiber crops that are lost due to pests and diseases ranges from 10 to 90%, with 

the average being between 35 and 40%.50 Therefore, there was a significant motivation to 

investigate potential solutions to the challenges posed by illnesses and insects. Around 4500 years 

ago, the Sumerians employed sulphur compounds to manage insects and mites. Around 3200 years 

ago, the Chinese used mercury and arsenical compounds to control body lice. This was the first 

time that the use of pesticides was documented.50 Pyrethrum is an insecticide that has been used 

for over two thousand years. It is obtained by drying the blooms of the Chrysanthemum 

cinerariaefolium plant, which is also known as "Pyrethrum daisies." Since ancient times, several 

inorganic compounds have been employed as pesticides The Bordeaux Mixture, which is 

composed of copper sulfate and lime, is still used in the treatment of a variety of fungal illnesses.50 

 Prior to the 1940s, inorganic compounds like sodium chlorate and sulphuric acid, as well 

as organic chemicals obtained from natural sources, were frequently utilized in pest management. 

On the other hand, some pesticides were produced as unintended by-products of other industrial 

operations like the generation of coal gas. Thus, ammonium sulfate and sodium arsenate were 

utilized as herbicides, whereas nitrophenols, chlorophenols, creosote, naphthalene, and petroleum 

oils were used for fungi and insects. The high application rates, lack of selectivity, and 

phytotoxicity of several of these compounds constituted a major drawback.50 When the effects of 

DDT, BHC, aldrin, dieldrin, endrin, chlordane, parathion, captan, and 2,4-D were discovered in 

the 1940s, the production and use of synthetic pesticides skyrocketed. DDT was the most widely 

used of these products because of its low cost and high efficiency.50 Since Dr. Paul Muller 
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discovered DDT's insecticidal capabilities, he was awarded the Nobel Prize in Medicine in 1949. 

DDT was extensively utilized, seemed to have little toxicity to mammals, and decreased the 

incidence of insect-borne illnesses such as malaria, yellow fever, and typhus. Resistance to DDT 

in house flies was first documented in 1946, and the extensive use of DDT led to reports of damage 

to non-target flora and animals as well as residues.50 The improper usage of the chemicals was 

responsible for some of the injuries, and Rachel Carson brought attention to these issues in her 

book Silent Spring, which was published in 1962.42 This brought to light the potential issues that 

may arise from the indiscriminate use of pesticides and opened the way for the development of 

solutions that are both safer and less harmful to the environment. In subsequent decades, additional 

pesticides and herbicides were developed, including imidazolinone, dinitroanilines, 

aryloxyphenoxypropionate, cyclohexanediones, and glyphosphate, the most widely used herbicide 

in the world. It has been demonstrated that these new pesticides are less harmful to the environment 

and pose a lower risk of pest and weed resistance. However, there are a number of potential risks 

associated with the improper use of these ACs by farmers, their deposition in soil and surface 

water, and their eventual leaching into groundwater.50  

 Because of their toxicity, persistence, and potential for bioaccumulation, dichlorodiphenyl 

trichloroethane and a few other polychlorinated compounds were outlawed in the early 1970s. This 

led to an explosion of research into sorption, with a focus on hydrophobic chlorinated and 

brominated compounds. As a result, there has been an increase in the number of initiatives taken 

to manufacture agricultural chemicals and compounds of economic significance that are far less 

harmful than polychlorinated compounds. One of the results is a rise in the use and synthesis of 

fluorinated organic chemicals produced synthetically. Aromatic fluorinated chemicals have a 

broad range of uses, including pesticides and medicines.51 As industrial waste products, aromatic 
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fluorinated compound mixtures also infiltrate the environment. As a result, organofluorine 

compounds have become common xenobiotics in the environment. Between 1980 and 1994, the 

number of organofluorine agricultural chemicals (AFCs) reached 9% of all ACs, and their 

production rate surpassed the non-fluorinated agricultural chemicals.52 There were 9.0 million lbs 

of trifluralin, 1.2 million lbs of norflurazon, and 0.4 million lbs of acifluorfen used as the herbicide 

in 2002.20 

1.1.8 Sorption of ACs in Soil and Previous Sorption Studies 

The dynamic interaction that occurs during sorption involves a wide variety of chemicals (for 

example, ACs), water, and soil. In the environment, sorption is a significant factor that helps 

determine the bioavailability, transit, and ultimate destiny of ACs. Soil organic matter (SOM), 

silicate clay, and metal ions in the form of oxides and hydroxides are the primary sorbent 

components of soil. The sorption properties of a particular soil are very sensitive to variations in 

the quantity, surface area, and chemical composition of these three sorbents.53 The physiosorption, 

which is essentially covalent in nature, is the primary mechanism by which the hydrophobic 

organic compounds are absorbed by the soil. This category includes hydrogen bonding, 

quadrupolar interactions, and Van der Waals forces.18, 54  

 A key factor in the distribution of hydrophobic, hydrophilic, and amphiphilic domains 

within SOM is water, which also functions as a dynamic medium for nutrient transport in soil. 

Polar domains of amphiphilic structures are localized near the interface of the SOM surface, 

whereas non-polar domains position themselves in a cluster to reduce their contact with water 

through hydrophobic interaction. The reduction in SOM's surface area, and hence the decrease in 

water entrapped in a solvation shell surrounding SOM, is the driving force behind this process, 

which increases the system's entropy.55 Hydration has an impact on the sorption characteristics of 

SOM as well due to the high water holding capacity of SOM, which may keep as much water as 
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is equal to four times its weight.9 

 SOM is known to be rather malleable and conformationally versatile, depending on its 

hydration state. Hydrogen bonding with its polar moieties (e.g., -COOH, phenolic), metal-ion 

complexation, and structural rearrangements are hypothesized as noncovalent factors that allow 

an initially dry SOM to develop intimate and strongly cross-linked polar connections.56, 57 It is 

hypothesized that when SOM is dry, its structure becomes stiffer, and the pore diameters inside it 

shrink. In order for these pores to open, the aforementioned cohesive forces holding the crosslinks 

together will need to be disrupted with sufficient energy and kinetic control.57, 58 Therefore, 

sorbates cannot freely diffuse to sorption sites. Changing SOM's conformation is possible when 

the moisture content is increased to above 12%. The polar connections in SOM will become more 

permeable and flexible when water enters and solvates them, mostly via hydrogen bonding.57 As 

a result, new sorption sites are formed. Water is expected to compete effectively for sorption sites; 

therefore, even under hydrated circumstances, the sorption of nonpolar organic solutes is reduced. 

Conversely, bipolar chemicals benefit from increased sorption because they may form robust 

noncovalent interactions with the hydrated SOM. On the other hand, when the water concentration 

is significantly higher than the saturation limit, water molecules again demonstrate competition 

for sorption sites, even for bipolar compounds.56 

 Significant factors influencing the activity, mobility, and transformability of AC include 

adsorption and desorption.59 However, a molecular-level knowledge of sorption processes, the fate 

of ACs in various soils, and their sequestration through time is still unclear and debatable. In an 

effort to overcome this challenge and better comprehend the interactions between AC and soils, 

the Organization for Economic Cooperation and Development (OECD) produced the first artificial 

soil test substrate in 1984 to determine the toxicity of compounds toward earthworms. This test 
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substrate consists of 70% industrial sand (fines in the range of 50-200 microns), 20% kaolin clay 

(>30% kaolinite), and 10% organic material, which was suggested to be sphagnum peat with a pH 

close to 5.5-6.0.60, 61 However, the natural origins of these components vary, resulting in 

compositional differences that influence sorption. This variability introduces uncertainty into the 

sorption-desorption behavior evaluation of AC. Bielska et al. demonstrated this when they tested 

the sorption of cadmium and phenanthrene to 21 artificial soils from various labs generated 

according to the OECD approach.62 He showed that variations in phenanthrene sorption could not 

be well explained by measured soil parameters, even when the total organic carbon content was 

taken into account. 

 Instead of using the whole soil sample, humic acid fractions were used in an effort to reduce 

the SOM's molecular complexity and the potential complications caused by the soil mineral 

components. Ruggiero conducted his research on the sorption of acifluorfen at a variety of pH 

levels using two distinct varieties of humic acid standards.59 He came to the conclusion that the 

maximum adsorption was seen at pH values that were somewhat near to the pKa of the AC. Both 

sorption isotherms were nonlinear and had distinct forms, which indicated that the process of 

sorption was not a straightforward case of partitioning but rather a more complicated one. The 

various forms of the isotherms demonstrated that other chemical and physical conformational 

features influence affinity to the same substrate. On the other hand, there was no information 

concluded concerning the nature of retention relationships or their strength. Martin-Neto used 

spectroscopic techniques to explore the process of atrazine sorption in humic acids. He came to 

the conclusion that hydrogen bonding, proton transfer (at low pH), and perhaps hydrophobic 

bonding mechanisms take place between atrazine and humic acid.63 The sorption of naphthalene 

and phenanthrene was investigated by Xing using six distinct humic acid samples taken from 
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single soil profiles of varying depths. After fitting the data into the Freundlich equation, it was 

found that all of the isotherms were nonlinear, as indicated by the N values.64 The aromaticity of 

the humic acid samples had an increasing effect on the level of nonlinearity. The findings of Xing 

and colleagues were consistent with the dual-sorption paradigm, which states that partitioning may 

take place in both extended (flexible) and condensed (rigid) moieties but that nonpartitioning 

processes can only take place in condensed moieties, which leads to nonlinearity. The sorptive 

capacity of phenanthrene in humic acids derived from three distinct sources as well as structurally 

modified humic acids was investigated by Gunasekara.65 The humic acid was modified by 

bleaching, which removed hard aromatic moieties, and hydrolysis, which removed flexible 

carbohydrate moieties. He found that hydrolyzed samples were higher in aromatic moieties and 

displayed more nonlinear sorption behavior than bleached samples, which were higher in mobile 

moieties. However, employing these standards of humic acids has its drawbacks, and isolating 

these standard fractions of SOM may cause the bonds that give SOM its physical structure to be 

broken. Isolating these standard fractions also overlooks the other components that make up the 

whole SOM.66 Atrazine, an organic pesticide, was studied for its sorption behavior on inorganic 

components like silica and was shown to exhibit nonlinear sorption isotherms.67 SOM is similar to 

polymers because humic compounds, like rubbery and glassy polymers, have extended and 

condensed moieties.68  Guo and colleagues have used SOM models made of synthetic 

homopolymers to study the impact of physical conformation on AC sorption, and they have also 

shown a correlation between the chemical content of synthetic polymers and sorption.69  

1.1.9 Significance 

The complex nature of the soils, along with various unknown and uncontrollable factors, makes 

analytical studies of soils very challenging. Because of this, comprehensive molecular knowledge 

of structure/property correlations relevant to soil studies that bridge cutting-edge biochemical and 
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macromolecular studies is currently beyond reach. Research into the destiny and distribution (e.g., 

bioavailability) of organic pollutants in soil, such as hydrophobic organic compounds (HOCs) that 

include agricultural chemicals, is presently based on the characterization of the bulk characteristics 

of natural soils and the linkage of bulk parameters to the observational data through empirical 

findings. The quantity of SOM is directly correlated with the sorption capacity for ACs, according 

to preliminary research.70 After this discovery, investigations based on the association of additional 

factors, including oxygen content or polarity indices of SOM based on elemental ratios,101,102 on 

sorption capacity followed.71-73 Several investigations using isotherm-based assessments of non-

linear and competitive sorption have shown a correlation between aromatic concentration and 

sorption capacity of HOC.68, 74, 75 Nonetheless, aliphatic moieties have also been shown to have a 

role since identical isotherms have been identified in investigations with soil containing 

predominantly aliphatic NOM.58-60, 65, 76 Although these studies are helpful for broad classification 

of soil and, to a lesser degree, for predicting soil attributes based on bulk characterization, a full 

mechanistic understanding of the molecular level interactions of soil with HOCs is absent. 

 To sustain the fertility of soils and to develop sustainable and environmentally friendly 

agricultural practices, it is important to study the interactions and sorption behavior between 

anthropogenic compounds and soils. The problem of soil complexity in sorption studies can be 

solved by the development of soil surrogates, referred to as Engineered Soil Surrogates (ESSs), to 

mimic the functional structure of the soil. Therefore, the goal of the study was to synthesize a 

series of ESSs through various techniques such as atom transfer radical polymerization (ATRP), 

hydrosilylation, grafting reactions, etc. Subsequent observation of the sorption behavior of 

agricultural chemical (AC), in this case, Norflurazon, on the synthesized ESSs is then possible, 

and finally, the results can be compared with that of a real soil such as Pahokee peat. 
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1.2 Design and Synthesis of Engineered Soil Surrogates and Comparison of Sorption 

Behavior 

1.2.1 Engineered Soil Surrogates (ESSs) 

The fundamental purpose of the Engineered Soil Surrogate (ESS) synthesis is to recreate, on a 

controlled and scalable basis, the molecular level composition of the organic matter found in the 

soil by using a chemical structure that is both straightforward and well-defined. In order to 

accomplish this goal, the chemical constituents of the building blocks were selected on the basis 

of previously developed models of SOM, but with some generalizations.33, 36, 77 On the basis of 

these models, three primary groups of chemical moieties, namely polar domains, alkyl domains, 

and O-aryl domains, were deemed to be the fundamental components of SOM. The hydrophobic 

domains are represented by the alkyl components, while the hydrophilic domains are represented 

by the polar groups. Because the polarity of aryl groups is determined by the type of the 

substituent(s) that are present on aromatic rings, these groups may represent both hydrophilic and 

hydrophobic (amphiphilic) components. The arrangement of these domains or components inside 

the ESS, which is dependent on hydrophilic, hydrophobic, and other interactions in an aqueous 

environment, is another issue that should be taken into consideration since it shapes the overall 

design of the ESS. 

 

 

Figure 1.2. Model of the ESSs 
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The ESSs in this research were synthesized using Controlled Radical Polymerization 

(CRP) techniques to enable control of molecular size and incorporation of the representative 

functionalities of polysaccharides, lignin, and lipids, as they are the major components of SOM. 

Incorporation of these components as blocks or ‘tiers’ making up the ESS onto silica particles in 

a stepwise fashion can enable the systematic studies of the soils. Thus, in practice, ESSs have been 

synthesized, as shown in figure 1.2 are composed of silica particles as minerals, linear 

hydrocarbons of varying chain length to represent lipids (Tier-I ESS), oligo(O-aryl) groups 

consisting of hydroxy, methoxy, and acetyl substituted aromatic groups to mimic lignin (Tier-II 

ESS), and cyclic glucose oligomers (O-alkyl) to represent polysaccharide residues (Tier-III ESS). 

Using this methodology to tune the content and length of each block allowed the synthesis of a 

series of ESSs, which is useful for the molecular-level understanding of soil behavior with 

pollutants. 

1.2.2 Atom Transfer Radical Polymerization (ATRP) 

Due to its advantages over ionic and coordination polymerization, radical polymerization is the 

most popular polymerization technique for creating polymeric materials.78 The benefit of radical 

polymerization is that it works with many different vinyl monomers. Although it can tolerate water 

and contaminants in the polymerization mixture, oxygen must be removed from the reaction 

system.  However, a disadvantage of traditional radical polymerization is that it lacks control over 

the polymer structure, which includes end functionalization, degree of polymerization, 

polydispersity, chain topologies, and composition.79 

The development of Controlled Radical Polymerization (CRP) or Reversible-Deactivation 

Radical Polymerization (RDRP), which is based on the establishment of a rapid dynamic 

equilibrium between the small amount of growing radicals and the large majority of the dormant 

species, allows the synthesis of controlled molecular architecture with more precisely controlled 
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molecular weight and relatively low polydispersities.80 Due to this equilibrium and faster initiation, 

only a small percent of the growing chains are terminated, while the remaining dormant chains are 

capable of reactivation, functionalization, and chain extension. This is in contrast to conventional 

radical polymerization with slow initiation, fast propagation, and inevitable termination; thus CRP 

behaves as a ‘living system’.81 Some of the common examples of CRP methods include RAFT82, 

nitroxide mediated polymerization83, degenerative transfer using alkyl halides,84 Co-based 

systems,85 and Ru86 mediated polymerization. 

Atom Transfer Radical Polymerization (ATRP), where atom transfer is the key reaction 

responsible for uniform polymeric chain growth, is one of the widely used CRP methods.87 Mild 

reaction conditions, simple experimental setup, readily available initiators and catalysts, and a 

wide range of monomers and solvents makes ATRP very promising in polymer synthesis. ATRP 

produces well-defined polymers with definite end functionalities and low polydispersities (<1.3).87  

 

Scheme 1.1. General mechanism of traditional ATRP.88 Source: Plinio Ribeiro Rodrigues and 

Ronierik Paoli Viera, Advances in atom transfer radical polymerization for drug delivery 

applications, European Polymer Journal, June 1, 2019, p. 14. Reproduced courtesy of Elsevier 

and the Copyright Clearance Center. 

The general mechanism of ATRP is given in scheme 1.1.88 Here, Pn-1-X is the dormant 
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species that can be either an alkyl halide (R-X) initiator or the growing polymer chain with a halide 

end cap. ATRP utilizes a catalytic system, where My is typically a transition metal catalyst, and L 

is a ligand, to activate the dormant macro alkyl halide by generating a higher oxidation state 

complex (X-My+1/L) and macro-radical living polymer (Pn-1*) in step 1. The living polymer then 

propagates according to step 2, which is directed away from the formation of a dead polymer by 

chain transfer or bimolecular termination and redirected toward deactivation back to dormant 

macro alkyl halide (Pn-X), which can return to step 1, thus preventing bimolecular termination. 

The degree of polymerization is determined by the ratio of the change in monomer concentration 

to the initial initiator concentration, DPn=∆[M]/[I]0. 

ATRP of vinyl monomers like styrenes89 and methacrylates90 are readily accessed in the 

literature. Most of these experiments have been carried out using different transition metal 

catalysts, for example, copper,91, 92 iron,93 ruthenium,94 and rhenium.95 Most widely employed 

systems for the ATRP of styrenes include the heterogeneous mixtures of a copper(I) halide and a 

neutral chelating amine, imine, or pyridine ligand.29  These traditional ATRP methods require 

extremely oxygen-free conditions, which is their major limitation compared to some other recent 

methods like initiators for continuous activator regeneration (ICAR-ATRP) and activators 

regenerated by electron transfer (ARGET-ATRP). The Cu(I) activator is continuously regenerated 

by organic free radicals in ICAR-ATRP, while Cu(II) is converted to Cu(I) and oxygen tolerance 

is increased in the ARGET ATRP by using an excess reducing agent, such as tin(II) 2-

ethylhexanoate or vitamin C.96 

ATRP is not compatible with the polymerization of monomers containing acidic and 

phenolic groups such as 4-vinylphenol and methacrylic acid etc. The ligand protonation at low pH, 

catalyst coordination to the carboxyl group of monomers, and displacement of the halide anion 
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from the oxidized Cu(II) dormant phase are some of the potential causes of the incompatibility.97 

Therefore, the acidic and phenolic monomers should be converted by protection and deprotection 

reactions before and after the polymerization, respectively, to be compatible with ATRP. Due to 

its robustness, mild conditions, and ease of synthesis with controlled molecular weight and low 

polydispersities; ATRP was chosen as the method of polymerization for this work. 

1.2.3 Sorption Batch Equilibrium Studies 

Sorption is the process of attachment of one substance (sorbent) to another (sorbate). Various 

physicochemical mechanisms such as electrostatic interactions, hydrogen bonding, van der Waals 

forces, covalent bonding, ligand exchange, cation-water bridging, and even physical trapping 

determine the sorption behavior of agricultural chemicals (AC) with soils.61 Therefore, studying 

the sorption of agricultural chemicals (AC) to soils is important to assess the persistence of these 

agricultural chemicals, as well as to assess the quality of soils.  

For carrying out the sorption studies under aqueous conditions, sorbate is equilibrated with 

sorbent in controlled ionic strength and pH under isothermal conditions. Through batch mode or 

flow-through tests, sorption parameters such as partitioning coefficient, binding constant, etc., can 

be identified. Even though the batch equilibration approach is not always optimal in comparison 

to flow or column tests, soil scientists frequently utilize it because it is a quick and relatively simple 

operation. Although various protocols have been put forth to ensure uniformity in sorption studies, 

the Organization for Economic Co-operation and Development (OECD) recommended protocol is 

the primary methodology that soil scientists around the world have most frequently employed. In 

this study, the sorption experiments were performed according to the OECD guidelines.61  

In carrying out adsorption studies, the ideal soil-to-solution ratio and the amount of time 

needed for sorbent and sorbate to reach equilibrium were required to be calculated first. Every 

experiment includes a control sample to make sure the test substance doesn't deteriorate or become 
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adsorbed on the test vessels. In addition, a blank sample that only contains the background solution 

and soil is utilized to look for analytical method artifacts or soil-related matrix effects. The same 

testing techniques were used for all the samples, blank and control. 

1.2.3.1 Soil-to-solution Ratio 

 The soil-to-solution ratio experiments are performed to determine the amount of soil 

required for at least >20% of sorption of the test substance, which is preferred to be >50%.61 Also, 

after sorption, the test substance concentration in the aqueous solution should be high enough to 

be properly detected by the analytical method. To determine the appropriate soil-to-solution ratio, 

different amounts of soil are mixed with the same concentrations of the test substance, shaking 

them in a shaker for 2-5 days, and then the sample is centrifuged. After that, High-Performance 

Liquid Chromatography (HPLC) is used to analyze the extracted supernatant. The calculations are 

performed according to the following equations: 

 
At =

ms

mo
× 100 

Eq. 1.1 

 
𝐴𝑡 =

𝑚𝑜 − 𝑚𝑎𝑞

𝑚𝑜
× 100 

Eq. 1.2 

Where, 

At = Adsorption percentage of test substance at a specific time t (%); 

mo = Initial mass of test substance at the beginning of the experiment (µg); 

ms = Mass of test substance adsorbed on the soil after time t (µg); 

maq = Mass of test substance remaining in solution after time t (µg). 

 Based on the percentage sorption of each sample and detection limits of analytical methods, 

the proper ratio is chosen where the sorption is >50%. The rest of the experiments are conducted 

using this ratio. 

 



25 

 

1.2.3.2 Kinetic Experiments 

 To determine the amount of time needed for the system to reach equilibrium and find a 

plateau for the sorption, kinetic experiments are carried out before conducting the isotherms. For 

the kinetic experiments, a series of samples containing the previously determined soil weights from 

the soil-to-solution ratio experiments and a fixed concentration of the test substance is prepared. 

The samples are placed in the shaker, and at different intervals (T1, T2, T3, etc.) samples are 

collected. After centrifugation, the extracted supernatant is analyzed by HPLC to determine the 

percentage of sorption, which is then plotted versus the time. From there, the equilibration time is 

determined. An example of sorption kinetic is shown in the Figure 1.3.61 

 

 

Figure 1.3. Example of sorption kinetics adapted from OECD guidelines. 

1.2.3.3 Sorption Isotherms 

 Sorbate-sorbent interactions such as sorption of organic molecules by soils, their mobility, 

and distribution between the liquid and solid phases are often described by the distribution 
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coefficient, Kp (L/Kg), which is the ratio of the concentration of sorbate present on the sorbent Cs 

(mg/kg) to the concentration of sorbate remaining in the aqueous phase Caq (mg/L). 

 Kp=
Cs

Caq

 Eq. 1.3 

Higher Kp values mean the stronger affinities of sorbate to the sorbent. Agricultural 

chemicals preferentially interact with and adsorb on SOM with increasing hydrophobicity and 

show increased values of Kp. Whereas hydrophilic molecules show relatively lower Kp values 

because they are solvated by water and repelled by the hydrophobic moieties of SOM. Kp can be 

normalized to give the organic carbon distribution coefficient, KOC.98  

 KOC
sor  = Kp

sor × 
100

fraction of organic carbon, FOC

 Eq. 1.4 

Sorption can be mathematically modeled by different sorption isotherms such as Langmuir, 

Freundlich, etc. Freundlich model is the most widely used to study sorption in soil among soil 

scientists, even though it is purely empirical and does not accurately account for the sorption 

process in soil.99, 100 

 Cs = KF ∙ Caq
N

 Eq. 1.5 

 logCs = logKF  + N logCaq Eq. 1.6 

Here, KF is the Freundlich sorption coefficient which depicts the sorption capacity, and the 

N value denotes the sorption linearity or the heterogeneity of sorption sites. Higher KF means a 

larger binding intensity or affinity towards sorbate and sorbent. N values range from 0 to 1, where 

N = 1 indicates linear sorption and retaining of the compounds by partitioning. N values less than 

1 indicate the presence of heterogeneous binding sites. Most soils show a non-linear sorption 

behavior. 
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1.2.4 1H-13C Cross Polarization Magic Angle Spinning Solid State NMR 

Solid-state NMR has emerged as one of the most popular analytical techniques for studying the 

structures and dynamics of solid materials, such as crystals, glasses, proteins, and polymers due to 

its great resolution and sensitivity. However, in comparison to the solution state NMR, where some 

interactions are averaged due to the rapid motion of isotropic molecules in solutions, there are peak 

broadening occurs in solid-state NMR.  

Dipolar decoupling (DD) and magic angle spinning (MAS) techniques were used to 

circumvent the limitations of the solid-state NMR. Dipolar decoupling uses a high-powered radio 

frequency at 1H frequency to average the coupling to zero while acquiring a 13C signal. In the case 

of MAS, the sample is rotated in the rotors at a frequency of a few thousand Hz and at an angle of 

θ=54.74o, which is the magic angle with respect to the surrounding magnetic field. 

On the other hand, a weak signal is observed due to the low signal-to-noise ratio of the less 

abundant nuclei like 13C. To solve this problem, a spinlock is applied to reach a specific match 

called Hartmann and Hahn. The cross-polarization (CP) approach, which processes both 1H and 

13C at the same frequency, transfers magnetization from very abundant 1H to low abundant 13C to 

improve peak signals.101  

Since the combination of CP and MAS, the use of solid-state NMR has expanded 

dramatically due to the benefits it offers, specifically: samples are stable in solid form, require 

little sample preparation, don't need a solvent, have no concentration limit, can be used to analyze 

insoluble samples, and can be evaluated whole samples without pretreatment or extractions.66 The 

1H-13C CP MAS NMR is also popular among soil scientists to determine the composition of the 

soil organic matter by examining its carbon functional groups.66 Aliphatic carbon (δ 0–50 ppm), 

methoxy groups (R–O–CH3), carbohydrates groups (RC–OH or RC–OR), aromatic groups (δ 11–

145 ppm), phenolic groups (δ 145–163 ppm), and carbon-containing carboxylic, carbonyl, amine, 
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and ester groups (δ 163–180 ppm) are examples of typical functional groups found in SOM.5 The 

proportion of each functional group influences the characteristics of SOM, including sorption 

behavior.102 

The 1H-13C cross-polarization magic angle spinning (CP-MAS) approach used for this 

study was carried out on an AV 400 MHz Bruker solid-state apparatus with the material packed 

into a 4 or 2.5 mm ZrO2 rotor. The following parameters were used to collect spectra: 2048 scans, 

ramp cross-polarization, a 2 ms contact time, and a 2 s delay between scans; A 120 Hz line 

broadening function was used, with a spinning speed of 12–15 kHz, and a reference signal of 

yglycine–CH2 at 43.5 ppm. 

1.2.5 Thermogravimetric Analysis (TGA) 

In recent years, thermal analysis or thermos-analytical techniques have been used extensively for 

the characterization of elements, compounds, or mixtures by observing how physico-chemical 

properties change as temperature rises.103 The two main techniques are (a) differential thermal 

analysis104, which measures "heat content" change in relation to temperature, and (b) 

thermogravimetric analysis103, which measures weight change in relation to temperature. TGA 

analysis is carried out at a controlled temperature change rate under a controlled atmosphere. To 

maintain the atmosphere, inert (nitrogen, argon), oxidizing (air or oxygen), or reducing (8-10% 

hydrogen in nitrogen) gas is purged through the balance. Materials composition and thermal 

stability data can be obtained from this analysis.  

In this study, a TA system TGA 2950 was used for the TGA analysis by using 4 to 8 mg 

of samples with a ramp temperature of 25 oC to 600 oC at 10 oC per minute under a nitrogen 

atmosphere. The data obtained as the weight loss was plotted against the temperature. Initial mass 

loss up to 180 oC was due to the adsorbed moisture and residual solvents, while the mass loss 

above 180 oC to 600 oC was due to the decomposition of the polymeric ESS sample. The %TOF, 
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the average degree of polymerization, and graft density were calculated from the TGA analysis. 

 

 

Figure 1.4. TGA thermogram of weight loss from 25 oC to 600 oC. 

The %TOF can be calculated as follows:  

 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑊180−600

= ((
𝑊180−600

100 − 𝑊25−180
) − (

𝑆𝑖𝑙𝑖𝑐𝑎 𝑊180−600

100 − 𝑆𝑖𝑙𝑖𝑐𝑎 𝑊25−180 
))

× 100 

Eq. 1.7 

Where,  

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑊180−600

=   %𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

 𝑎𝑓𝑡𝑒𝑟 𝑠𝑢𝑏𝑡𝑟𝑎𝑐𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑖𝑙𝑖𝑐𝑎 𝑏𝑙𝑎𝑛𝑘 

𝑊180−600 =

%𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒′𝑠 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 180O 

C to 600O C 

𝑊25−180 = 
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%𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑛𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑠 𝑓𝑟𝑜𝑚 25O C 

to 600O C 

𝑆𝑖𝑙𝑖𝑐𝑎 𝑊180−600 =

%𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 𝑠𝑖𝑙𝑖𝑐𝑎 𝑓𝑟𝑜𝑚 

180O C to 600O C 

𝑆𝑖𝑙𝑖𝑐𝑎 𝑊25−180 = 

%𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑛𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑠 𝑜𝑛 𝑏𝑙𝑎𝑛𝑘  

𝑠𝑖𝑙𝑖𝑐𝑎 𝑓𝑟𝑜𝑚 25O C to 600O C 

 The average degree of polymerization (𝐷𝑃𝑛) of the second tier and the graft density (δ) 

were calculated as follows: 

 𝐷𝑃𝑛 =
𝑊180−600

𝑐𝑜𝑟𝑟 𝑃 − 𝑊180−600
𝑐𝑜𝑟𝑟 𝐼

𝑊180−600
𝑐𝑜𝑟𝑟 𝐼 − (1 − 𝑊180−600

𝑐𝑜𝑟𝑟 𝑃 )
×

𝐼𝑚

𝑃𝑚
 Eq. 1.8 

𝑊ℎ𝑒𝑟𝑒, 

𝑊180−600
𝑐𝑜𝑟𝑟 𝑃 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 %𝑙𝑜𝑠𝑠 𝑜𝑓 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 

𝑊180−600
𝑐𝑜𝑟𝑟 𝐼 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 %𝑙𝑜𝑠𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 

𝐼𝑚 = 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 (
𝑔

𝑚𝑜𝑙
) 

𝑃𝑚 = 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 (
𝑔

𝑚𝑜𝑙
) 

 𝛿 =
𝑊180−600

𝑐𝑜𝑟𝑟

𝑀 × 𝑆𝑠𝑝𝑒𝑐  × 100 
× 106 Eq. 1.9 

Where, 

M = the molar mass (g/mol) of the degradable part of the grafted molecule; 

𝑆𝑠𝑝𝑒𝑐= the specific surface area (m2/g) of the silica particle before grafting (550 m2/g) 
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1.2.6 Results and Discussion 

1.2.6.1 Synthesis of Tier-I ESSs  

Scheme 1.2 shows the synthesis of the Tier-I aliphatic domain, sometimes referred to as the ATRP 

surface initiator because the radical initiator is also attached in this synthesis. First, 10-undecen-1-

yl-2-bromo-2-methyl propionate alkyl halide ester (3) was synthesized by coupling 10-undecen-

1-ol (1) and 2-bromoisobutyryl bromide (2) in the presence of triethylamine (Et3N) as the base and 

diethyl ether (Et2O) as solvent. This alkyl halide ester (3) will serve as the initiator for further 

ATRP polymerization to synthesize Tier-II ESSs. The alkene end of this ester was then 

hydrosylilated using trichlorosilane (HSiCl3) and Karstedt’s catalyst to form (11-(2-Bromo-2-

methyl) propionyloxy) undecyltrichlorosilane (4). The trichlorosilyl end of compound 4 acts as a 

tethering point for grafting onto silica gel. Finally, 4 was immobilized onto silica gel by refluxing 

in toluene. Subsequent washing and drying yields the initiator-functionalized silica gel. 

  

 

Scheme 1.2 Synthesis of ATRP surface initiator 
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1.2.6.2 Synthesis of Tier-II ESSs through polymerization of (O-) aryl monomers (4-acetoxy 

styrene (PAS) and 4-acetoxy-3-methoxy styrene (PAMS)) 

To mimic the structure of lignin, Tier-II ESSs were synthesized using functionalized silica as the 

surface-initiator for an ATRP, and 4-acetoxy styrene (PAS) and 4-acetoxy-3-methoxy styrene 

(PAMS) as monomers as shown in scheme 1.3. Copper (I) bromide was used as catalyst and 

N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) as ligand. The reactions were 

refluxed using xylene as a solvent to form the aromatic oligomeric block of 5-10 units. To facilitate 

the introduction of O-aryl groups as a second tier, an acetyl protected 4-vinyl phenol monomer 

that is readily accessible on the market was used since ATRP is not possible with the acidic proton 

of phenolic monomers.97, 105 To mimic the structure of lignin, which consists of cross-linked 

polyaryl rings with many hydroxyl substitutions on the aromatic ring, O-aryl groups were added 

to the aromatic part. Introducing polar groups into the polyaromatic second tier domain is 

analogous to the humification process (e.g., oxidation) in soil, which converts non-polar structural 

moieties into comparatively more polar groups.  The methoxy substitution on the aromatic ring 

close to the phenolic -OH groups introduce intermolecular H-bonding and possible polar 

alterations in the electron density of the ring, and acetyl protected 2-methoxy 4-vinyl phenol was 

the monomer of choice for this. 

  

 

Scheme 1.3. Synthesis of Tier-II ESSs.  
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1.2.6.3 Hydrolysis of Acetoxy Group of Tier-II ESSs 

The acetyl protecting groups present in the Tier-II blocks after polymerization were 

hydrolyzed to expose the phenolic -OH in aromatic rings (Scheme 1.4) that are found with great 

frequency in soils. The selective hydrolysis of acetyl ester was achieved by stirring Tier-II ESSs 

in hydrazine hydrate (NH2.NH2) and THF for 24 hours. Solid-state 13C NMR and TGA confirmed 

the successful hydrolysis of the acetyl groups. 

 

 

Scheme 1.4. Hydrolysis of Tier-II ESSs. 

1.2.6.4 TGA Results 

The TGA analysis was performed to determine the total organic fraction, graft density, and average 

degree of polymerization of the synthesized ESSs. In the TGA thermogram, with increasing 

temperature ESSs showed a steep mass loss from around 100 oC to 180 oC, remains somewhat 
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stable around 180 oC, then started to fall again above 200 oC. The initial weight loss from 25 oC to 

180 oC was due to the water and solvent residues, while the weight loss above 200 oC was due to 

the loss of the organic matter grafted onto silica because silica remains intact in this temperature 

range. TGA data were used to confirm the formation of the organic layer Tiers grafted onto over 

the inorganic core, implicated as the main active component in the sorption studies.  TGA was also 

used to validate the synthesized ESSs tiers met targeted total organic fractions and average degree 

of polymerization. 

Table 1.1 TGA analysis of ESSs for total organic fraction, graft density, and average degree of 

polymerization 

Entry ESSs %TOF Graft density, 

mmol/g 

DPavg 

ESS1 SiO2-C11-PAS 18.36 0.141 7.427 

ESS2 SiO2-C11-PAMS 18.50 0.136 6.524 

ESS3 SiO2-C11-PASH 13.94 0.148 6.001 

ESS4 SiO2-C11-PAMSH 17.65 0.148 7.062 

(Note: The work in this table was contributed by Arjun Pandey)39 

1.2.7 Acetylation of Real Soil (Pahokee Peat) 

To compare the results of the ESSs with real soils, Pahokee peat and Elliot soil were acetylated. 

Pahokee peat is a peat soil that is found in the Florida everglades, while Elliot soil is a typical 

agricultural soil, both of which are referenced by the International Humic Substances Society 

(IHSS). Elliot soil is usually found in Indiana, Illinois, and Iowa. Pahokee peat has very high 

organic content compared to the Elliot soil. 
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Table 1.2. Elemental composition of bulk Pahokee peat and Elliot soil.a 

Soil %C %H %O %N %S %P H20 Ash 

Pahokee 45.7 4.74 nd 3.13 nd nd 7.1 15 

Elliot 2.9 nd nd 0.25 nd nd 1.52 nd 

a IHSS 

The reaction conditions for acetylation of the soils are shown in scheme 5. In a round-

bottom flask was added around 2g of soil, 30 mL acetic anhydride, and six drops of concentrated 

H2SO4 followed by stirring at 70o C for 5 hours. The control reaction was carried out using the 

same process, where DMSO was used instead of acetic anhydride. DMSO was chosen because it 

is a similarly polar solvent but not reactive as of acetic anhydride. The samples were purified by 

subsequent washing with ice water and dried under vacuum. 13C NMR did not show any significant 

extent of acetylation of the dried Elliot soil, most likely due to a lower percentage of total organic 

fraction (%TOF). On the other hand, 13C solid-state NMR confirmed the successful acetylation of 

Pahokee peat by showing an enhanced carbonyl C peak (around 180 ppm), while TGA analysis 

indicated a 5% increased TOF. 
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Scheme 1.5. Acetylation and control reaction of Pahokee peat 

 

 

Figure 1.5. TGA thermogram of Pahokee peat.39  
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Figure 1.6. CP-MAS 13C NMR of Pahokee peat.39 

1.2.8 Sorption Study of ESSs and Acetylated Pahokee Peat Using Norflurazon 

The sorption studies of synthesized ESSs and acetylated Pahokee peat were carried out using 

Norflurazon as the model agricultural chemical. Norflurazon is a widely used herbicide, with 

approximately 500,000 Kg applied in the United States annually, to control many broadleaf and 

grass weeds as brand names Zorial or Evital.106 Norflurazon has been shown to form various kinds 

of expected and proven interactions with soil, such as Van der Waals, π-π interactions, and 

hydrogen bonding.107-110  

 

 

Figure 1.7. Structure of Norflurazon. 
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Figure 1.8. Possible binding interactions of Norflurazon with ESSs 

 The sorption studies were performed in Dr. Cook’s research lab following the methods 

developed by Cook Research Group. The norflurazon concentrations in supernatants were 

quantified using an 1100 series Agilent HPLC system with UV-VIS detection. The optimal 

parameters of the methods are a mobile phase of 70/30 (%V/V) of acetonitrile/water, a flow rate 

of 0.6 mL/min, a sample volume of 20 µL, a C18 column heated at 25 oC, and detection at 235 nm 

using diode array detector. The Freundlich parameters were determined, and the Freundlich 

sorption coefficient, KF values are highlighted in the following table for comparison between ESSs 

and acetylated Pahokee peat. 

 The sorption data can be understood through various approaches, such as the nature and 

amount of organic carbon, physical availability of the binding sites, and partitioning of sorbent in 

the aqueous and solid phase, while the extent of hydration was expected to be a major factor in 

sorption as it influences the morphology of the oligomeric chains in aqueous conditions. 
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Table 1.3. Comparison of the Freundlich sorption coefficient of ESSs and Pahokee peat 

Non-acetylated ESSs/Soil (-OH) log KF
sor Acetylated ESSs/Soil (-OAc) 

ESS3  

 

2.699 

± 

0.010 

 

2.837 

± 

0.022 

ESS1  

 

ESS4  

 

 

2.543 

± 

0.018 

2.246 

± 

0.052 

ESS2  

 

Pahokee Peat 

 

2.334 

± 

0.032 

 

2.515 

± 

0.067 

Acetylated Pahokee Peat 

 

aUnits of KF = (µg/g)/(µg/l)n  

(Note: The work in this table was contributed by Ghada Abdalla and Charisma Latto) 

 Taking a look at ESS1, it contains a polar acetyl group on the para position of the aromatic 

ring, and it has a log KF
sor value of 2.837. The log KF

sor values are supposed to decrease with 

increasing polarity due to the hydration of the polar block. This is shown by ESS2 exhibiting a 

reduced log KF
sor value of 2.246 due to the additional methoxy group on the adjacent carbon to the 
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acetyl group in the aromatic ring.  

 The acetyl groups in ESS1 and ESS2 were hydrolyzed to give -OH substitution on aromatic 

rings of ESS3 and ESS4, which is expected to increase the polarity and, thus the extent of 

hydration. The log KF
sor value decreased from 2.837 to 2.669 upon hydrolysis, as expected. The 

phenolic group in ESS3 is capable of hydrogen bonding; however, the phenol is still protonated at 

the buffer pH of 5.75, which may provide a small increase in the polarity of the aromatic region. 

Another possibility is that the addition of the acetoxy groups in ESS1, sterically blocks the access 

of the hydrophobic Norflurazon binding to the hydrophobic portion of the soil. On the other hand, 

the hydrolyzed ESS4 did not follow the trend by showing a slight increase in log KF
sor value from 

2.246 to 2.543.  

 

Figure 1.9. Intramolecular hydrogen bonding in ESS4. 

This can be explained by the formation of intermolecular hydrogen bonding between the -

OCH3 group and the phenolic -OH group in the aromatic ring (Figure 1.9). The increased negative 

ionic character of the oxygen of the phenolic group affords electron donation into the ESS4 

aromatic ring, which promotes π-π interactions with the electron-deficient aromatic ring of 

Norflurazon. Also, this intramolecular hydrogen bonding prevents the phenol to form hydrogen 

bonding with water. The amine groups of Norflurazon are also capable of electrostatic interactions 

with this partially ionized aromatic ring. These binding interactions between ESS4 and norflurazon 
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overcome the effect of the predicted higher polarity of the ESS4. 

 The log KF
sor value of acetylated Pahokee peat was found to be higher than the non-

acetylated or un-modified Pahokee peat. The majority of the phenol and almost all of the alcohols 

are in the protonated form, while the carboxylic acids may be in both protonated and deprotonated 

form in the unmodified Pahokee peat at pH 5.75 of the sorption experiment.111 The acetylation of 

the Pahokee peat blocks the hydroxyl groups in phenols and alcohols along with some of the 

carboxylic acid groups, which makes the acetylated Pahokee peat less polar. This reduction in 

polarity decreased its affinity toward the water, which is corroborated by early reports that 

esterification significantly decreases the water-sorbing capacity of the hydroxyl groups in 

cellulose.112 In the unmodified Pahokee peat, the sorption of hydrophobic Norflurazon from an 

aqueous solution is hindered by the presence of abundant polar groups that hydrate the soil, which 

repels the hydrophobic Norflurazon. Conversely, increased sorption of Norflurazon is observed in 

the acetylated Pahokee peat due to the decreased polarity by the acetylation reaction. 

1.3 Effect of Changing Lignin Monomer Structure and Cross-linking in the ESSs; Ongoing 

and Future Goals of this Project 

1.3.1 Change in lignin monomer structure  

One of the primary goals of ESSs design for modeling soils is to incorporate the chemical 

structures that show comparable bulk properties to the real soils and eliminate those which show 

opposite behavior. The O-aryl groups were introduced into the aromatic ring to model the structure 

of lignin, which contains crosslinked polyaryl rings with abundant hydroxyl substitutions. 

Furthermore, the presence of phenolic and methoxy groups in ortho positions to each other in ESSs 

4 also shows a close relationship with the structure of lignin. However, ESSs 4 did not show the 

expected sorption behavior, which suggested that the particular arrangement of the native structure 

may affect the binding of ACs. Therefore, one interesting factor could be to change the position of 
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the methoxy group in the meta position relative to the hydroxyl group instead of the ortho position, 

as is the case in the current ESS models. 

 

 

Figure 1.10. Different monomer structure 

  At this point, the synthesis of 4-acetoxy-2-methoxystyrene is underway to replace 4-

acetoxy-3-methoxystyrene in the previous ESS structure(s) to see if this change in molecular 

structure will change the binding properties of ESS4. This will then be introduced into the Tier-II 

ESSs, and sorption data will be obtained to compare the results with ESSs 4 and acetylated 

Pahokee peat to aid in understanding the connection between chemical structure and molecular 

level interactions of the soils and soil mimics.  

1.3.2 Synthesis of 4-acetoxy-2-methoxystyrene (PAMS) monomer 

The synthesis of the 4-acetoxy-2-methoxy styrene monomer was initiated according to a published 

protocol that follows Knoevenagel condensation reaction conditions.113 According to Knoevenagel 

condensations, alkylidene-dicarbonyls or analogous compounds are formed by the reactions of 

aldehydes or ketones in the presence of the weak base with active methylene compounds. Malonic 

acid is usually utilized as the active methylene compound, and the reaction is accompanied by 

decarboxylation to produce the corresponding α,β-unsaturated monocarboxylic acid.  
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Scheme 1.6. Mechanism of the Knoevenagel condensations reactions for the formation of α,β-

unsaturated compound 

When condensations with malonic acid are carried out in the presence of aromatic 

aldehydes, only trans-cinnamic acid is produced. However, Simpson et al. observed the formation 

of a new compound with the characteristic of styrene while trying to synthesize the 4-hydroxy-

trans-cinnamic acid directly from the corresponding aldehydes. The reaction condition employed 

was similar to the classical Knoevenagel condensation, except for the workup steps where the 

reaction was quenched by removing the pyridine in vacuo in the presence of toluene instead of 

pouring it into the concentrated HCl on ice. They concluded the formation of the styrene 

compounds only occurs in reactions involving 2- or 4-hydroxybenzaldehyde substrate and the new 

work-up conditions.113 
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In this study, 4-hydroxy-2-methoxybenzaldehyde was used as the starting material. The 

reaction was carried out using malonic acid as the methylene compound, piperidine as the catalyst, 

and pyridine as the solvent. The reaction was stirred at 115O C for either 5 hrs or 24 hrs. Even 

though the crude 1H NMR showed the characteristic styrene peak, the yield was pretty low, and 

the product couldn’t be purified by column chromatography. This leds to the synthesis of the 

monomer by an alternate approach- the Wittig reaction. 

 The Wittig reaction is a widely used technique for the conversion of aldehydes and ketones 

into alkenes by using the Wittig reagents with the formula R3P=CHR’.114 Here, R is mainly a 

phenyl group. The first step is the formation of the Wittig reagents or ylides. Generally, various 

strong bases, like butyllithium, sodium hydride, alkoxides, etc., are used for making the 

nonstabilized ylides.115 There also have been some reports on the use of amidine bases such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) for the synthesis of the phosphorus ylides.116 In this work, 

n-butyllithium and DBU were selected as the bases while keeping the rest of the materials constant. 

Even though n-butyllithium is a strong base than the DBU, it is moisture sensitive and requires 

water-free conditions. On the other hand, DBU requires only distilled solvents.117 

 In this work, the synthesis of the 4-acetoxy-2-methoxy styrene monomer started with 

protecting the -OH group of the 4-hydroxy-2-methoxy benzaldehyde. The protection reaction was 

carried out using acetyl chloride in the presence of triethylamine as the base. 1H NMR confirmed 

the successful reaction with more than 80% yields.  
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Scheme 1.7. Protection reaction of 4-hydroxy-2-methoxy benzaldehyde 

Next, methylenetriphenylphosphorane was made by reacting methyltriphenylphosphonium 

bromide with either n-butyllithium or DBU under refluxing conditions in toluene. This 

methylenetriphenylphosphorane act as the Wittig reagent, which reacts with the 4-acetoxy-2-

methoxybenzaldehyde to give the styrene monomer. However, no product was obtained from the 

reaction with the n-butyllithium, probably due to the presence of moisture in the reaction system. 

On the other hand, 4-acetoxy-2-methoxystyrene monomer was obtained from the reaction with 

DBU, but the yield was low. The reason for the low yield could be the presence of the electron-

donating group on the aldehyde, which slowed down the reaction.117 None the less, future work 

could use the low yielding synthesis to provide enough material for synthesizing the desired tier 

on an ESS. 

 

 

Scheme 1.8. Wittig reaction of 4-acetoxy-2-methoxybenzaldehyde to form 4-acetoxy-2-

methoxystyrene 
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1.3.3 Crosslinking in the ESSs 

Cross-linking is an important phenomenon in polymer chemistry and other materials, to create a 

robust structure that prevents deformation. Crosslinked polymers tend to have increased molecular 

weight, higher physical and chemical stability, decreased solubility, and biodegradability.118 The 

evidence for crosslinking in geosolids is considerable and rising.119 Brown coals have a tightly 

crosslinked, supramolecular structure.120 The presence of matrix-bound α, ω-dicarboxylic acids in 

peat humin and humic acid has been interpreted as evidence that those units are involved in alkyl 

chain crosslinking via ester linkages.121 Polysulfides, ammonia, and amino acids have been shown 

to integrate S or co-incorporate S and N into organic matter through crosslinking processes in 

marine sediments. Such reactions may be important in the diagenetic production of protokerogen 

and humics in marine settings.122 During early diagenesis, both S and O crosslinking processes 

integrate algal alkenones into kerogen. The non-hydrolyzable organic component of deep tropical 

soil, 14C dated at around 8300 years, exhibited a high degree of crosslinking and an abundance of 

melanoidin.123 Piccolo et al. hypothesized that crosslinking occurs as a result of biomimetic 

oxidation of humic compounds.124  

 

 

Figure 1.11. An illustrative of possible cross-linking in Tier-III ESSs. (vide infra)  

Crosslinking may occur through covalent bonds or via coordination bonds between 
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polyvalent cations and (typically) oxyl groups that have negative charge. Although the molecular 

size distribution of humic compounds is debatable, solid-state crosslinking may occur regardless 

of molecular size.125 Crosslinking by polyvalent cations, as revealed by the findings of several 

research reports, is dynamic and may be reversed when environmental circumstances change.126 

Crosslinking by covalent organic groups lasts longer and may be the result of increased plant 

metabolism or abiotic or microbial degradation. Crosslinking may alter the properties and 

functions of organic matter, although thus far, this has only been hypothesized. It has been 

hypothesized that soil organic matter may be maintained and preserved by crosslinking, which 

increases molecular weight and lowers bioavailability,127 however, there is currently no concrete 

evidence to support this claim. It has been shown that Ca2+-induced crosslinking of humics 

accelerates the fouling of ultrafiltration membranes used in water treatment.128 Modifying humic 

acids with formaldehyde crosslinking reduces their solubility and increases their sorption capacity 

for Ca2+ cations while maintaining their average ionization constant.129 Increases in both static 

exchange capacity and acid characteristics of weak acid groups result from formaldehyde 

crosslinking's redistribution of electron density in the condensed humic acid system.130 Curing of 

humic phenol-formaldehyde segments is another interesting route for regulated crosslinking of 

humic compounds, which has been shown to increase their detoxifying activity towards heavy 

metals. Incorporating new phenolic and quinonoid moieties into the humic backbone is possible 

through those processes. The water-absorbing properties of leonardite potassium humate were 

significantly improved by N, N’-methylene bisacrylamide crosslinking.131 Cross-linking has also 

been discussed in relation to the sorption of organic pollutants to natural organic matter; for 

example, complexation of a soil humic acid with Al3+ decreased the linearity of the sorption of 

hydrophobic compounds, which was attributed to an increase in the glassy character of the humic 
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acid due to cross-linking.132  

The physical characteristics, biological stability, and sorption properties of humic 

compounds after covalent crosslinking have not been well studied. The chemical properties and 

ecological function will depend on the specifics of the crosslinking process and the composition 

of the connecting group. Crosslinks can create new binding sites within SOM, which increases the 

affinity of the sorbent towards sorbate molecules. Also, increased heterogeneous binding sites lead 

to non-linear sorption. Thus, crosslinking soil may be important in the future to adjust the sorption 

properties of ACs and other compounds in farming soils.  However, too large of an extent of cross-

linking in the soil can reduce the sorption of organic compounds such as norflurazon as the model 

agricultural chemicals. Therefore, the introduction of crosslinking in the design of ESSs would be 

exciting to investigate in order to understand the causes and effects of crosslinking on sorption 

behavior. Phenolic -OH groups present in the tier-II ESSs, and the poly(acrylic) acid or 

poly(methyl methacrylate) in tier-III ESSs are possible sites for crosslinking, and these crosslinks 

can be easily formed using various bifunctional molecules such as diacids, diamines, etc. 

1.3.4 Grafting from vs. Grafting onto 

Surface functionalization and modification of materials are important for various applications, and 

grafting is one of the versatile methods for such modifications. Grafting-from and grafting-to are 

the two most prevalent grafting techniques. Grafting from a surface (also known as surface-

initiated polymerization) entails the in-situ formation of a polymer layer via chain propagation via 

the sequential addition of monomer units at surface-initiating sites. In contrast, grafting-to a 

surface entails the attachment of a premade polymer with the desired functionality to reactive sites 

on the surface via covalent or physical means. Since grafting allows for the easy and controlled 

introduction of polymer chains with a high surface density, precise localization of the chain at the 

surface, and the possibility of grafting several different polymers to the same substrate, it is 
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superior to other methods, such as polymer deposition and polymer adsorption.133 The grafting 

density, the length of the grafted polymer chain, and the composition of the grafted polymer chain 

all play significant roles in determining the final properties of the grafted polymer chain. 

 Since small monomers diffuse with less steric hindrance than polymer chains, the grafting-

from method is thought to result in a higher grafting density than the grafting-to strategy, in which 

the polymer chains may shield the reactive regions on the surface.134 Although grafting-from has 

been shown to result in higher grafting densities in the vast majority of research, there have been 

reports of instances where grafting-to has yielded equivalent or even higher results.135 

 The grafting-to approach is advantageous because the preformed polymer used can be 

easily analyzed using typical solution-based methods versus the lack of solid-based analytical 

methods, allowing the molar mass and molar-mass dispersity to be identified prior to the grafting 

reaction; thus, the grafting-to method is favored from an industrial standpoint 

Even though the grafting from technique resulted in high grafting density polymers, the 

characterization is challenging as the polymerization occurs on a solid substrate. Synthesis of 

tethered polymer layers on solid substrates by grafting from was achieved using anionic, cationic, 

controlled, and conventional free-radical polymerizations.136 

 Grafting onto or from methods can be accomplished by modifying the substrate surface. 

Covalent grafting of ω-functional alkoxy- or chloro-silanes is the most general method. Inorganic 

surface modification, such as silica, often relies on the chemical grafting of alkoxysilane or 

chlorosilane molecules via interaction with surface hydroxyl groups. This is accomplished by 

hydrolyzing alkoxysilane or chlorosilane with traces of water in the grafting solvent and then 

reacting with OH groups on the substrate surface. 
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Figure 1.12. Illustration of ‘Grafting from’ (top) vs ‘Grafting onto’ technique (bottom) 

Initially, ESS synthesis was carried out utilizing the grafting from approach, as detailed in 

detail in the previous section. In this approach, silica was functionalized with a C11-ATRP 

initiator, which is utilized to initiate polymerization of the second tier, resulting in homopolymers 

grafted onto silica gel. The first set of ESSs was successfully synthesized using the grafting from 

approach, however, there were certain downsides to this strategy. One of these disadvantages was 

that a high excess of monomer was required to attain the targeted molecular weights. In addition, 

the inclusion of silica gel in the polymerization process adds an additional variable to the ATRP 

reaction parameters that is uncontrollable. The full list of drawbacks includes a poor monomer 

conversion rate, which necessitated employing large monomer concentrations to produce the 

requisite DPn, a sluggish rate of polymerization, difficulties in characterization, and steric 

congestion of the immobilized initiator on silica.137 The gradual characterization during solid-

phase synthesis (grafting from) presented another difficulty. Due to the presence of silica, solid-

state methods such as thermogravimetric analysis and solid-state 1H-13C CP MAS NMR were the 

only techniques available that could be used to analyze the materials. These methods were tedious, 

time-consuming, and solid-state NMR is regarded as semi-quantitative in comparison to solution-

phase 1H NMR. 
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 As a result, progress was made toward a more advantageous synthesis by the use of the 

grafting onto method. In this method, homopolymers are synthesized in solution, which makes it 

possible for solution-phase 1H NMR to verify and quantify the stepwise synthesized ESS polymers 

accurately. After that, the oligomers are grafted onto the silica to create silica gel that is 

functionalized with polymers, namely ESSs, in this instance. The primary disadvantage of using 

this method is that it may result in a reduced grafting percentage due to steric hindrance. However, 

grafting onto technique was followed for the synthesis of the cross-linked Tier-II ESS. 

1.3.5 Experimental for the Synthesis of the Cross-linked ESSs   

1.3.5.1 Synthesis of the Tier-I ESSs (ATRP initiator) 

The synthesis of the Tier-I aliphatic domain is shown in Scheme 1.9. 10-undecen-1-ol and 2-

bromoisobutyryl bromide were coupled in the presence of triethylamine (Et3N) as a base and THF 

as a solvent to produce 10-undecen-1-yl-2-bromo-2-methyl propionate alkyl halide ester. To create 

Tier-II ESSs, this alkyl halide ester will be used as an initiator in an ATRP polymerization step. 

 

 

Scheme 1.9. Synthesis of the Tier-I ESSs 

1.3.5.2 Synthesis of the Tier-II ESSs (ATRP of 4-acetoxystyrene) 

Using 10-undecen-1-yl-2-bromo-2-methyl propionate alkyl halide ester as the initiator for ATRP 

and 4-acetoxystyrene (PAS) as monomers, Tier-II ESSs were synthesized to resemble the structure 

of lignin. The ligand employed was N,N,N',N"-pentamethyldiethylenetriamine (PMDETA), and 

the catalyst was copper (I) bromide. To make the aromatic oligomeric building block, the reactions 

were carried out in a refluxing xylene solvent. 
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Scheme 1.10. Synthesis of the Tier-II ESSs by ATRP of 4-acetoxystyrene 

1.3.5.3 Hydrolysis and Hydrosilylation of the Tier-II ESSs 

Hydrolysis of acetyl protecting groups in tier-II building blocks revealed phenolic -OH groups in 

aromatic rings. Tier-II ESSs were stirred in hydrazine (H2N.NH2) and THF for 24 hours to 

accomplish selective hydrolysis of acetyl ester. The alkene end of the Tier-II ESSs was then 

hydrosilylated using the triethoxysilane and Karstedt’s catalyst. But the 1H did not confirm the 

successful hydrosilylation reaction, probably due to the triethoxysilane was reacting with the 

phenolic -OH group present in the Tier-II ESSs instead of the alkene end. However, when the 

Hydrosilylation reaction of the Tier-II ESSs was performed first, and then the hydrolysis reaction 

on the hydrosylated Tier-II ESSs, 1H confirmed the successful synthesis. The triethoxysilyl end 

will act as the tethering point while grafting onto silica gel. 

 Due to the strong reactivity of trichlorosilane and its high sensitivity to hydrolysis and 

crosslinking, the formation of a three-dimensional network (gel slug) that cannot be grafted onto 

silica was a difficulty.138 For this reason, a silane-coupling reagent that was less reactive was 

necessary in order to successfully carry out the hydrosilylation procedure. Triethoxysilane was 

selected for the hydrosilylation process rather than trichlorosilane because it is active enough to 
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hydrosilylate the alkene end of the oligomers, but it is not too sensitive to moisture and has a higher 

propensity to crosslink than trichlorosilane does. 

 

 

Scheme 1.11. Hydrosilylation of the Tier-II ESSs 

 

 

Scheme 1.12. Hydrolysis of the Tier-II ESSs 

1.3.5.4 Crosslinking reactions of the hydrolyzed Tier-II ESSs 

To impart cross-linking into the soil surrogates, Tier-II ESSs were then stirred with 

dodecanedioyl dichloride in THF under refluxing conditions. Cross-linking reaction happened on 

the phenolic -OH site of the Tier-II ESSs, which was confirmed by the 1H NMR and FTIR.  
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Scheme 1.13. Crosslinking reactions of the hydrolyzed Tier-II ESSs 
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1.3.5.5 Grafting of the crosslinked Tier-II ESSs onto silica 

Hydrosilylated Tier-II were grafted onto silica gel by reacting the silyl end of the oligomers with 

the silanol groups of the silica particle. There is a strong link formed between organic and inorganic 

materials by using silane coupling agents.1 Triethoxy-silane coupling agents have ethoxy groups 

that are hydrolyzed by water (added or unintended), forming silanol groups that may condense 

with silanol groups on silica, anchoring the oligomer to the silica particle. 

The cross-linked ESSs were dissolved in toluene and refluxed overnight with activated 

(heated in the oven) silica gel to accomplish the grafting reactions. After separating the 

supernatant, a series of solvents with changing polarity, such as toluene, acetonitrile, and ethanol 

were used to wash the grafted product on silica. After drying overnight at 80O C in an oven, the 

total organic fraction (TOF) grafted was determined by the TGA analysis. To mimic natural soils, 

the TOF was aimed at between 5% and 25%. However, in the case of cross-linked ESSs, the %TOF 

was found to be 4.25%, probably due to the limited availability of the polymer end to be tethered 

because of steric hindrance.139  
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Scheme 1.14. Grafting of the crosslinked Tier-II ESSs onto silica 
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1.4 Conclusion 

A series of ESSs have been synthesized to mimic the natural soils. 13C solid-state NMR and TGA 

analysis confirmed the successful synthesis of the ESSs. To compare the results with the real soil, 

acetylation reaction was done on the Pahokee peat. Sorption studies of the ESSs and acetylated 

Pahokee peat using Norflurazon as the model agricultural chemical showed that the ESS1, ESS2, 

ESS3, and acetylated Pahokee peat followed the expected trends in the sorption behavior, while 

ESS4 showed an opposite trend, likely due to the intermolecular hydrogen bonding between the 

phenolic -OH and nearby -OCH3 groups in the aromatic ring. To see how the change in molecular 

structure affects the binding properties of Norflurazon, a different monomer where the -OCH3 

group in the aromatic ring present in the ortho position instead of the meta position relative to the 

-OH group was synthesized by using Wittig reactions. This monomer can be used to synthesize 

different Tiers of ESSs. Finally, a cross-linked ESS was synthesized to observe the effects of cross-

linking on the sorption behavior of agricultural chemicals. A solution phase synthesis approach 

was utilized instead of the solid phase synthesis. However, the %TOF found from the cross-linked 

ESS was 4.25% which is a little low than the aimed value of at least 5%. The probable reason of 

low grafting was due to the limited availability of the polymer end to be tethered because of steric 

hindrance. 
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Chapter 2. Molecularly Imprinted Polymers (MIPs) for the Detection of 

Fentanyl 

2.1 Introduction and Significance 

2.1.1 Drug Overdose Epidemic 

Since the middle of the 1990s, there has been a significant rise in the number of drug-related 

hospital emergency department visits, admissions to treatment for substance misuse, and deaths 

caused by drug overdoses in the United States. Since 2010, there has been a particularly high 

increase in the number of deaths caused by drug overdoses, and this trend has maintained up to the 

current day.140 Prescription opioids, especially OxyContin, were major contributors to the 

epidemic's initial spread.141 Since the emergence of OxyContin's abuse-deterrent formulations in 

2010142, 143 and the public's increased awareness of the prescription opioid pandemic, heroin and 

other synthetic opiates like fentanyl have carried a disproportionate share of the blame for overdose 

deaths.140, 142, 144   

 Overdose deaths caused by both legal and illegal opioids killed approximately half a 

million individuals in the United States between 1999 and 2019.145 The overdose epidemic in the 

United States has hit an all-time high, with preliminary statistics from 2020 showing that more 

than 90,000 lives were lost to drug overdoses in the 12 months ending in December 2020.146 The 

upward trend in the number of people dying from opioid overdoses may be broken down into three 

separate waves. The first wave started with a rise in the prescribing of opioids in the 1990s. Since 

at least 1999, the number of overdose fatalities involving prescription opioids (natural and semi-

synthetic opioids and methadone) has been growing.141 The second wave started in 2010 when 

there was a sharp rise in the number of fatalities caused by heroin overdoses.147 The start of the 

third wave was in 2013, and it was marked by considerable rises in the number of fatal overdoses 

utilizing synthetic opioids, most notably those containing fentanyl that was produced illegally.148, 
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149 The black market for illicitly produced fentanyl is constantly evolving, and it is increasingly 

being sold in conjunction with other illicit substances such as heroin, counterfeit medicines, and 

cocaine.150 

 

 

Figure 2.1. Three waves of the rise in opioid overdose deaths.146 

Even though the United States has been through drug epidemics in the past, the present 

drug pandemic is notable for three important differences. To begin, the current epidemic's scale, 

in terms of the projected number of people using the drug and the fatalities it has caused, is far 

greater than that of earlier outbreaks. Second, while illegal drugs (heroin in the 1970s and cocaine 

in the 1980s to early 1990s) were the primary cause of the earlier epidemics, legal drugs 

(prescription opioids) were the primary cause of the contemporary epidemic until the most recent 

decade. Third, the death toll from drug overdoses used to be concentrated in major cities such as 

New York, Philadelphia, Baltimore, and San Francisco. However, the current epidemic has 

encompassed dramatic increases in the death toll from drug overdoses in nontraditional locations, 

especially in midsize cities, suburbs, and rural areas.151, 152 This has led to a convergence in drug 

overdose mortality rates, such that drug overdose death rates in rural regions and urban areas do 
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not vary much from one another at the national level, despite the fact that there is a significant 

degree of regional variability in these patterns.152 

2.1.2 Fentanyl and Fentanyl Analogs 

Fentanyl is a synthetic opioid that is 50-100 times more potent than morphine and 50 times more 

than heroin.153 In 1960, Paul Janssen of Belgium developed fentanyl and began selling it as a pain 

reliever.154 The US Food and Drug Administration (FDA) authorized its use as an intravenous 

anesthetic in 1972; the drug was subsequently sold under the brand name Sublimaze®.154 After 

fentanyl lost its patent protection in 1981, sales skyrocketed by a factor of 10. Abuse and illegal 

use by physicians, particularly anesthesiologists and surgeons who had access to the medication, 

was initially recorded in the 1980s and persisted until the early 2000s.155, 156 When fentanyl 

transdermal patches were first released in the 1990s, they were primarily used by professionals, 

but eventually, people gained access. Therefore, beginning in the 1990s and continuing into the 

early 2000s, there was an increase in the number of reports of overdoses attributed to the abuse of 

fentanyl transdermal patches.157-159 The Food and Drug Administration (FDA) issued a warning in 

1994 about the risks of fentanyl patches, stating that they should only be supplied to those with 

severe pain that cannot be handled by less strong opioids.160 In the middle of the millennium, the 

number of fatal overdoses caused by NPF (nonpharmaceutical fentanyl- fentanyl produced outside 

of a pharmaceutical setting) increased dramatically. Most NPF was traced back to tainted heroin 

or cocaine sold on the streets and injected by users. While urban Chicago, Detroit, and Philadelphia 

accounted for the bulk of NPF-related mortality, some deaths were also recorded from suburban 

and rural locations in the Midwest and the East.161 The DEA was able to track the origins of the 

lethal NPF down to a single underground laboratory in Toluca, Mexico. This epidemic finally 

ended in 2007 when the DEA seized the laboratory where the fentanyl was being produced and 

scheduled the precursors for fentanyl. NPF-laced heroin and cocaine resurfaced in the mid-2010s, 
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and counterfeit medications containing NPF also increased at that time. There was a near threefold 

increase in the number of fatalities attributed to NPF between 2012 and 2014 in the United 

States.149 The first counterfeit fentanyl tablets were discovered in the United States in 2014.162 

Although NPF-adulteration is most often associated with heroin and other illicitly manufactured 

opioid analgesics, it has also been detected in cocaine. Because many cocaine users are probably 

not used to using opioids, this presents a serious threat to their health. In June of 2016, thirteen 

people in Connecticut overdosed on fentanyl after using cocaine that had been laced with the 

synthetic opioid.163 Since the necessary precursors are easily obtained and often transported from 

China, the manufacture of counterfeit medications and NPF-laced heroin and cocaine is projected 

to continue to grow. 

 

 

Figure 2.2. Structure of fentanyl 

 Fentanyl is a complete agonist of the µ-opiate receptor. Fentanyl, like other opioids, has a 

wide range of effects, from euphoria and sleepiness to analgesia and relaxation to negative side 

effects such as respiratory depression, gastrointestinal issues, nausea, itching, rashes, orthostatic 

hypotension, and stiff chest.164 Fentanyl is rapidly absorbed by tissues and membranes and easily 

crosses the blood-brain barrier. Because of the molecule's lipophilicity, it was discovered that 

98.6% of Fentanyl's plasma permanence was attained in 60 minutes, whereas its total elimination 

happens after 219 minutes.164 Due to its degradation in the liver by cytochrome CYP into its 
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primary metabolites, norefentanyl and depropionylfentanyl, the original structure of fentanyl is 

only detected in 8-10% of urine samples.165  

After the production of fentanyl in 1960, numerous other fentanyl analogs were produced 

for application in medicine and veterinary medicine. In addition, illegal drug makers regularly 

modify the structural framework of fentanyl to generate unique and stronger fentanyl analogs. 

Some of these fentanyl analogs include sufentanil, alfentanil, remifentanil, and carfentanil. The 

Drug Enforcement Administration (DEA) has placed fentanyl analogs that are analgesics or 

veterinary medications under the Schedule II category of narcotics. Beginning in the winter of 

1979, many cases of opioid overdose were reported in the state of California as a result of the 

usage of "China White," also known as synthetic heroin; nevertheless, the toxicology report did 

not reveal the presence of heroin or any other recognized opioids. In the end, alpha-methylfentanyl, 

abbreviated as AMF, was shown to be the agent responsible for the overdoses.166 Another 

derivative, 3-methylfentanyl, was discovered in 1984 in Allegheny County, Pennsylvania. It was 

linked to 16 fatal overdoses during that time period.167 Following this, both alpha-methyl and 

methylfentanyl were placed on the schedule I list of controlled substances in 1981 and 1986, 

respectively. The development of these two analogs led to the passage of the Federal Analogue 

Act in 1986, which is a subsection of the Controlled Substances Act in the United States. This act 

allows any chemical that is "substantially similar" to a controlled substance that is listed in 

Schedule I or II to be treated as if it were also listed in those schedules. The only caveat to this is 

that the chemical must be intended for consumption by humans in order to qualify for this 

treatment. Because it is necessary to establish that a designated substance is truly "substantially 

comparable" and that it was intended for human consumption, this act has proved to be difficult to 

implement in particular instances that have been tried in the judicial system of the United States.154 
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In the middle to the latter part of the 1980s, at least eleven new analogs were discovered 

on the black market. These analogs were alleged to be responsible for overdoses that were caused 

by heroin that included NPF. The emergence of acetylfentanyl as a potent fentanyl analog in 2013 

led to a rise in overdose deaths in Rhode Island, Pennsylvania, and North Carolina.168 Clinical and 

forensic toxicology labs do not frequently monitor acetylfentanyl, hence it is suspected that the 

severity of this epidemic is being underestimated. In 2015, the CDC issued a public health warning 

suggesting more in-depth toxicological study in the event of unexpected spikes in opioid 

overdoses. Acetylfentanyl was classified as a Schedule I narcotic by the DEA in 2015. The DEA 

categorized butyryl fentanyl and betahydroxythiofentanyl as Schedule I drugs in 2016 after 

concluding that they were involved in multiple deaths in 2015.162 Despite being a general 

anesthetic for big animals, carfentanil, which was first manufactured in 1974 by Janssen 

Pharmaceutica, has already found its way into the heroin supply in the United States. The first 

spread was seen in August/September 2016 in the Midwest and Appalachian regions. Over 300 

carfentanil overdoses were predicted by the DEA over this time period.154 Carfentanil, the most 

powerful derivative of fentanyl that has been found in the United States, is 10,000 times stronger 

than morphine.169  

Several modifications are possible to the fentanyl’s core structure, as shown in figure 2.3, 

which demonstrates the possibility of creating a range of new potent analgesics.170 Changes with 

significant practical implications include the substitution of the piperidine ring for the pyrrolidine 

or azepine rings; the production of open chain compounds; the substitution of the phenyl group in 

the phenethyl-part of the molecule for various aromatic heterocycles, namely for thiophene and 

tetrazole; the insertion of carbomethoxy- or methoxymethyl- into the fourth position of the 

fentanyl's 4-anilino- group, which can be modified by exchanging hydrogen atoms in the aromatic 
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ring for fluorine atoms or by exchanging the whole benzene ring for an aromatic heterocycle; 

insertion of several methyl groups in different positions on the piperidine ring; replacing the 

propionyl- group in the 4-anilido-fragment with several other acyl groups, etc. 

 

 

Figure 2.3. Modifications of the fentanyl structure. Reproduced from ref170  

2.1.3 Previous Studies for the Detection of Fentanyl 

According to the CDC, fentanyl overdose deaths have increased from 57,834 in 2020 to 71,238 in 

2021.171 Fentanyl is often mixed with other drugs, such as heroin, to increase its euphoric effects, 

with or without the knowledge of the end users. With the lethal dose of only 2 mg, fentanyl has 

become the deadliest synthetic opioid to date.172 Therefore, several studies have already been 
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developed for detecting fentanyl using chromatographic and/or spectral techniques.  

Zhang et al. created a spectrum library of synthetic opioids by using liquid 

chromatography-high resolution mass spectrometry (LC-HRMS) and a data collection strategy 

based on information-dependent acquisition of product ion spectra, all utilizing the CDC's fentanyl 

analog screening (FAS) kit.173 The synthetic opioids in the FAS kit (n = 150) were analyzed for 

their chromatographic retention periods, limits of detection, and matrix effects in urine and serum. 

In order to assess the prevalence of fentanyl analogs and other synthetic opioids, the FAS LC-

HRMS library was applied to all urine and serum specimens supplied to a clinical toxicology 

laboratory for complete drug testing in 2019 (n = 856) and 2021 (n = 878) respectively (2021).173 

In urine, the LOD for each opioid was between 1 and 10 ng/mL (median, 2.5 ng/mL), whereas in 

serum, it was between 0.25 and 2.5 ng/mL (median, 0.5 ng/mL). From 2019 to 2021, the 

prevalence of fentanyl and fentanyl analogs in serum samples rose somewhat, but the prevalence 

in urine did not change significantly.173 In order to aid in the structural elucidation and drug 

identification of future fentanyl analogs, analysis of the developed MS/MS spectrum library 

showed distinctive fragmentation patterns in most fentanyl analogs.173 Benchtop ion mobility 

spectroscopy (IMS) was used to create a technique to detect diluted N-phenylpropanamide 

(NPPA), a degradant of fentanyl, by Smith et al.153 They took a semi-quantitative approach using 

secondary electrospray ionization-ion mobility spectroscopy (SESI-IMS), where NPPA was 

ionized by IMS in solution and vapor phase, and from fentanyl headspace before being detected 

on a Faraday plate detector. This is a non-contact detection method, where NPPA in the vapor 

phase was detected above 5 mg of NPPA.153 Vaughan et al. studied undiluted pharmaceutical grade 

fentanyl using solid-phase microextraction followed by gas chromatography-mass spectrometry 

(SPME-GC-MS) to generate a vapor signature. N-phenethyl-4-piperidone (NPP) and N-
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phenylpropanamide (NPPA), two of the three most prevalent chemicals, were positively identified 

and remained unaffected when contaminated with lactose, mannitol, or initosol.174 Additionally, 

NPPA was discovered in the headspace of seized fentanyl compounds. As a means of rapid, on-

site testing for fentanyl analogs, Kang et al. created a technique based on the use of a dual ion trap 

portable mass spectrometer.175 Sensitive study of numerous fentanyl compounds was made 

possible via optimization of different direct sample approaches, such as paper capillary spray 

cartridge with a tiny mass spectrometry equipment footprint. In order to test the efficacy of this 

approach, they analyzed several beverages for traces of fentanyl and its derivatives. It has also 

been used to detect fentanyl molecules on a dirty plastic bag's surface, with limits of detection 

(LODs) as low as 1 ng/cm2. In addition, a precursor ion scan technique was created for rapid 

screening of numerous fentanyl compounds. This method has also been used to detect fentanyl in 

human urine. Six fentanyl derivatives, including fentanyl, cis- and trans-methylfentanyl, 

sufentanil, alfentanil, and carfentanil, were separated and identified using a nonaqueous capillary 

electrophoresis-electronspray-tandem mass spectrometry (NACE)-ESI-MSn method by Rittgen et 

al.176 An innovative method for the simultaneous qualitative and quantitative analysis of twenty-

four fentanyl analogues, including seven sets of positional isomers, was presented by Buchalter et 

al., in which gas chromatography (GC) is interfaced with both cold electron ionization mass 

spectrometric (cold EI MS) and vacuum ultraviolet (VUV) detection by means of a flow splitter.177 

Sisco et al. investigated the use of ion mobility spectrometry (IMS) and thermal desorption direct 

analysis in real-time mass spectrometry (TD-DART-MS) as tools for the rapid and sensitive 

detection (nanogram to picograms) of fentanyl, 16 fentanyl analogs, and five additional opioids.178 

Studies on competitive ionization have shown that identifying these compounds in the presence of 

heroin is easily attainable using TD-DART-MS, even at concentrations of fentanyl that are as low 
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as 0.1% by mass.178 When using IMS, it is possible to detect nanogram amounts of fentanyl in a 

binary combination of fentanyl and heroin; however, this task may be more challenging due to 

lower resolution in some commercial instrument types. In addition, they had shown that the 

detection of these substances is not significantly hindered by the presence of three complex 

background matrices, namely fingerprint residue, dirt, and plasticizers. Wipe sampling of the 

outside of bags containing questioned powders has proved to be a safe alternative approach for 

field screening and identification. This method removes the need to handle potentially fatal 

amounts of material, making it an ideal choice for the purpose.178 Other analytical techniques used 

for fentanyl detection include Raman spectroscopy,179 gas chromatography-infrared spectroscopy 

(GC-IR),180 capillary gas chromatography-electron capture detector (GC-ECD),181 liquid 

chromatography-ultraviolet detection (LC-UV),182 liquid chromatography-mass spectrometry 

(LC-MS),183 etc.   

Lin et al. provided a surfactant-based colorimetric test for the visible and sensitive 

detection of fentanyl.184 It has been discovered that sodium dodecyl sulfate (SDS) simultaneously 

strengthens the halogen-bonding contact between Rose Bengal (RB) as the probe and fentanyl and 

stabilizes the RB-fentanyl complex. This molecular recognition triggers an intermolecular charge 

transfer, resulting in a substantial redshift in the RB absorption band and a pronounced color shift 

from red to purple. This assay has a very fast reaction time (within 1 minute), and the limit of 

detection is predicted to be as low as 0.1 mgL-1.184 He et al. developed a visual colorimetric test 

based on the TCPO-H2O2-TMB chemically initiated electron exchange chromogenic (CIEEC) 

reaction system to take advantage of the catalytic effect of fentanyl and norfentanyl and found that 

the resultant sensitivity is equivalent to that of the published colorimetric assays for fentanyl. 

Furthermore, their assay can identify fentanyl and norfentanyl in human urine samples.185 For the 
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detection of fentanyl and fentanyl in combination with cocaine and hydrocodone, Kangas et al. 

developed a novel colorimetric test based on eosin Y, which produces a pink color when reacted 

with fentanyl.18620 Several studies were performed for detecting fentanyl using electrochemical 

sensors.187, 188  

At present, there are a few immunoassay methods that allow for the detection of fentanyl 

and its analogs at very low doses. Enzyme-linked immunosorbent assays (ELISAs), enzyme 

multiplied immunoassay methods (EMITs), and lateral flow immunoassays (LFAs) are the three 

most often used methods. ELISA is a 96-well plate containing a set quantity of a particular 

antibody.189 ELISA may be used to target various kinds of fentanyl/fentanyl analogs by using 

different antibodies. The plate is incubated with a set quantity of enzyme-labeled free fentanyl and 

samples to detect the presence of fentanyl or its derivatives. The enzymatic activity will provide a 

signal that is inversely proportional to the quantity of fentanyl or fentanyl analogs present. ELISA 

targeting carfentanil and fentanyl was shown to be very selective, with little cross-reactivity with 

anything but its metabolites.189 Norfentanyl-targeting kits, on the other hand, have low cross-

reactivity with other fentanyl analogs. This is not unexpected given that hepatic cytochrome P450 

converts several fentanyl analogs to norfentanyl. As a consequence, it is advised that ELISA kits 

that target various compounds be used together or that the results be confirmed using mass 

spectrometry. Aside from its specificity, ELISA is also sensitive enough to detect fentanyl in urine 

with a detection limit of 0.25 ng/mL and in plasma with a detection limit of 60 pg/mL.190 Because 

of its sensitivity, ELISA is often employed in forensic and clinical laboratories. EMIT is most 

often used for in vitro analysis, and the results are frequently analyzed using a clinical chemistry 

analyzer. EMIT included enzyme-conjugated fentanyl as well as a particular antibody. Unlabeled 

fentanyl/fentanyl analogs will bind to the antibody competitively. The change in enzyme activity 
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is used to calculate the rate of reaction. In comparison to ELISA, the cross-reactivity of carfentanil 

and 3-methylfentanyl with this technique is quite poor.189 In addition to the high expense of hiring 

an analyzer, EMIT is less sensitive than ELISA, making it a less attractive alternative for screening 

fentanyl/fentanyl analogs. The majority of urine test strips are LFAs. Through capillary action, 

LFAs quickly transfer the liquid samples across several test strip zones where they will compete 

to bind with antibodies against dye-labeled fentanyl/fentanyl analogs.189 A favorable outcome is 

shown by the absence of a signal on the test line. This test's cross-reactivity was low, making it 

possible for analogs with the same presence or lack of certain substituents to provide false positive 

results. The accuracy of the fentanyl test strip (FTS) is increased by the fact that the cutoff 

concentration is set at 20 ng/mL and that only fentanyl and norfentanyl are tested. However, with 

high concentrations of 3,4-methylenedioxymethamphetamine (MDMA), diphenhydramine, and 

methamphetamine, false positives are rather frequent. Since other FTS have detection limits as 

low as 50 ng/mL, dilution of samples with 10 mL to 50 mL of water would guarantee that only 

fentanyl would be detected. FTSs have high acceptability among young adult drug users who may 

be at risk for accidental fentanyl overdose since it is extremely simple to use.191 Park et al. validated 

the lateral flow chromatographic immunoassays for detecting fentanyl by collecting illicit drugs 

from law enforcement.192 Angelini et al. evaluated the lateral flow immunoassay for detecting 

fentanyl in urine and saliva.193  

The methods used so far for the detection of fentanyl by employing chromatographic-

spectroscopic techniques are costly, tedious, and require experienced personnel for conducting the 

tests. Additionally, the equipment cannot be miniaturized into a hand-held device for on-the-spot 

forensic or real-time medical detection.194 On the other hand, the semi-quantitative methods using 

the enzyme-mediated immunoassays have numerous disadvantages. Transport and storage of 
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antibodies must take place in a refrigerated environment. The synthesis of antibodies is 

characterized by a lengthy manufacture time, which may range from 6 to 9 weeks in the case of 

polyclonal antibodies.195 Cost is another factor to take into consideration. Also, false-positive or 

false negative results were reported. In the end, due to these problems, neither mass spectrometry 

nor immunoassays are appropriate for real-time blood monitoring in clinical applications, nor are 

they good for in-place forensic testing. However, only a few works have been done for the 

detection of fentanyl by using molecularly imprinted polymer (MIP) based sensors. Liu et al. 

developed molecularly imprinted nanoparticles based optical fibre grating sensors for the detection 

of carboxyl-fentanyl, which is one of the two metabolites of butyrylfentanyl.194, 196, 197 Grillo used 

the carboxyl-fentanyl molecularly imprinted polymer as the synthetic antibody for the 

development of an assay.198 Consequently, the creation of a point-of-care sensor for fentanyl that 

is not only affordable, which MIPs are, but also simple to use would be advantageous. 

2.1.4 Molecularly Imprinted Polymer 

Sensing the surrounding environment has become commonplace in the contemporary world. 

Molecular recognition is crucial to biological processes and is now the subject of considerable 

chemical study owing to its relevance in processes such as catalysis, separations, and sensing. 

While natural systems may develop antibodies against a variety of foreign entities, using such 

receptors in chemical processes confronts a number of challenges, including cost and 

environmental sensitivity.199 The development of synthetic receptors that imitate natural antibody-

antigen activity with comparable selectivity and sensitivity is a focus of contemporary sensor 

research. This molecular recognition, when combined with contemporary methods for monitoring 

changes in the recognition components, holds the possibility of selective, sensitive sensors capable 

of detecting and monitoring targets noninvasively. Molecularly imprinted polymers (MIPs) are 

best characterized as synthetic counterparts of biological antibody-antigen systems. As such, they 
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use a "lock and key" mechanism to selectively attach the target molecule as a template. MIPs have 

the potential to provide the specificity and selectivity of biological receptors with the added 

benefits of environmental resilience and cheap cost.199, 200 

  Molecular imprinting is a methodology to engineer synthetic polymers with very specific 

recognition sites. This technique involves the co-polymerization of functional and cross-linking 

monomers in the presence of the analyte of interest. This analyte of interest serves as a template 

molecule or imprint molecule. Molecular imprinting may be accomplished in two distinct ways: 

through covalent interactions and via non-covalent interactions.201 The term 'imprinted polymer' 

was first reported in literature in 1984 by K. Mosbach and B. Sellergren, although G. Wulff had 

been publishing articles since 1973 using a different title 'Enzyme-Analog Built Polymers'.202, 203 

The Mosbach group concentrated on the utilization of noncovalent interactions between the host 

and target to form the imprint, while the Wulff group preferred to employ covalent binding as their 

primary method. It was anticipated that the covalent synthesis would result in a more uniform 

collection of rebinding cavities as well as the possibility of more target-specific MIPs, however, 

non-covalent imprinting seems to be the more effective strategy for simulating natural interactions 

between molecules (hydrogen bonding, electrostatic interactions, etc.), and can provide equal or 

better binding selectivity.199, 204 
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Figure 2.4. Traditional MIP scheme 

 The molecular imprinting technique begins with a pre-polymer complex (PPC) generated 

by non-covalent interactions between the imprint molecule and functional monomers as shown in 

figure 2.4. To create highly cross-linked polymers, the PPC is copolymerized with cross-linker 

monomer(s). Following the removal of the imprint molecule by solvent extraction, the analyte-

specific binding sites are revealed. This gives the polymer a molecular memory, which means it 

can now rebind the analyte with high selectivity. Free radical polymerization,205  

electropolymerization,206 controlled/living polymerization,207 or sol gel synthesis208 are all viable 

options for the synthesis of MIPs for a broad variety of analytes, beginning with ions209 and 

progressing all the way up to entire cells.210 MIPs are available in a variety of morphologies, such 

as monoliths, thin films, or nanoparticles, depending on the purpose for which they are intended.211 

The development of separation and sensing materials was detailed by Mosbach and Sellergren, 

while Wulff made considerable use of imprinted polymers in catalytic processes.212, 213 Beginning 

in 1993, K. Shea reported on fairly unusual biological uses, such as the insertion of a plastic 

antibody into living mice.204, 214 The advantages of imprinted polymers include durability, ease of 
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formation, requiring no special storage conditions, applicability to a much wider temperature 

range, and cheap cost. This makes the imprinted polymers suitable for various applications such 

as drug delivery,215 catalysis,216 solid-phase extraction,217 sensing,218 detecting illegal 

substances,219 etc. In fact, several publications have recently reported on MIPs based sensors for 

the detection of SARS-CoV-2.220-222 

2.1.5 Components of the Molecularly Imprinted Polymer 

2.1.5.1 Monomer 

Selection of functional monomer(s) is very crucial for creating highly specific sites for the template 

molecule. Common functional monomers include carboxylic acids like acrylic acid (AA), 

methacrylic acid (MAA), trifluoromethacrylic acid (TFMAA), and vinylbenzoic acid, sulphonic 

acids like 2-acrylamido-2-methylpropane sulphonic acid, and heteroaromatic bases like 4-

vinylpyridine, 2-vinylpyridine, and N-vinylimidazole.202, 223, 224 Monomers with a higher degree of 

basicity, such as those produced from amines, have also been employed effectively. 

Hydroxoethylmethacrylate and methacrylamide are examples of functional monomers that employ 

a neutral functionality to create binding sites through hydrophobic and hydrogen bonding 

interactions.225 Furthermore, metal coordination interactions were used to create more potent 

functional monomers to bind certain sequences of amino acids.226 A new class of functional 

monomers based on polymerizable amidines and ureas has been created as a stoichiometrically 

imprinted polymeric receptor for β-lactam antibiotics.227 However, methacrylic acid (MAA) is 

widely used because it may function as a hydrogen bond donor, proton donor, and hydrogen bond 

acceptor.228 
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Figure 2.5. Common monomers used for molecular imprinting 

The cross-linking monomer helps create a three-dimensional structure that retains its shape 

even after the template is removed. So, for excellent selectivity, the cross-linker type and 

concentration in the polymeric matrix are crucial. It was believed that the cross-linking monomer 

served mostly as a passive component of the polymeric matrix, one that did not engage with the 

template-binding functional groups. In this way, the imprinted polymer's specificity is enhanced 

by reducing the impact of non-selective interactions. However, reports from the Spivak group have 

shown that crosslinkers can also serve as interactive monomers with the template provided 

excellent molecular recognition.229-232  Ethyleneglycol dimethylacrylate (EGDMA) is typically the 

most effective cross-linking monomer in most situations. The usage of similar acrylates 

compounds has not resulted in any noticeable improvement over EGDMA.233 Amino acid-based 

(N,O-bisacryloyl-L-phenylalaninol) cross-linking monomers were the first to be utilized in 

molecular imprinting because of the variety of polymerizable functions they integrate.202 

Crosslinking amino acid-based monomers that offered reversible covalent bonding to the templates 

through a Schiff's base have also been used by Wulff and colleagues.234 

In this work, methacrylic acid (MAA) and ethyleneglycol methacrylate (EGDMA) was 

used as the functional monomer and cross-linking monomer, respectively. 
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2.1.5.2 Solvent 

The molecular imprinting process is also affected by the kind and amount of solvent used. Toluene, 

chloroform, dichloromethane, and acetonitrile are the most frequently used solvents in the 

production of MIPs.228 Macroporous polymers owe their pore structure to the solvent, which also 

helps to bring together the other polymerization components (monomer, template, initiator, cross-

linker). As the solvents' volume increases, the pore volume of the polymer expands, which is 

desirable for ensuring adequate flow through the resulting MIP. Therefore, the solvent is often 

called the "porogen." Less polar solvents, like chloroform or toluene, promote complex formation 

by facilitating polar non-covalent interactions like hydrogen bonds, whereas more polar solvents, 

such as protic solvents, tend to dissociate the non-covalent interactions in the prepolymer 

complex.228 In this work, chloroform is used as the solvent. 

2.1.5.3 Template 

The template molecule, in the case of the MIPs, is the target of interest. It has been possible to 

effectively employ a wide variety of template molecules, including drugs, nucleotide 

bases, carbohydrates, proteins, amino acids, insecticides, hormones, and coenzymes, amongst 

others.38-45 The capacity to effectively engage in non-covalent interactions, such as hydrogen 

bonding and electrostatic interactions, is a crucial characteristic that the template should possess. 

The size of the template should also be taken into consideration. The molecular weight of the 

template may vary from amino acids and medicines to bigger molecules such as proteins; 

nevertheless, imprinting becomes increasingly difficult as size rises.235 A too-large template size 

might result in the template being permanently enclosed in the imprinted cavity. In addition, the 

size of big templates hinders their capacity to diffuse into the imprinted cavity during rebinding.236 



76 

 

 

 

Figure 2.6. Structure of fentanyl and other structurally closely resembled analogs 

 In this work, fentanyl is the target of interest, and with a molecular weight of 336.47 g/mol, 

it is small enough to be imprinted, as well as having functional groups capable of hydrogen 

bonding and electrostatic interactions. But fentanyl is highly toxic to handle, with a lethal dose of 

only 2 mg. Therefore, the use of a template that closely resembles the structure of the fentanyl but 

is less toxic would be beneficial. Thus, benzylfentanyl (Bfen) is used as the template in this work. 

The main difference between fentanyl and benzylfentanyl is a single carbon atom in the N-2-

phenylethyl group. Benzylfentanyl does not have any physiological effects as a narcotic, but it is 

a necessary precursor in the production of fentanyl.237  

2.1.6 Significance 

The long-term research goal of this work is to develop molecularly imprinted polymers (MIPs) 

based sensors which can selectively detect fentanyl and its analogs. At first, fentanyl and a few of 

its analogs, especially benzyl fentanyl (Bfen), were synthesized, and the molecularly imprinted 

polymers were made using different ratios of functional monomer (MAA) to template 

(benzylfentanyl) while keeping the amounts of cross-linking monomer (EGDMA) constant. Then 

the MIP parameters such as monomer to template ratio, particle size, mobile phase composition, 

and flow rates were optimized. Finally, the selectivity of the MIP was evaluated by comparing the 
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cross-binding selectivity of various drugs such as heroin, cocaine, and methamphetamine.  

2.2 Results and Discussion 

2.2.1 Synthesis of the Fentanyl and Fentanyl Analogs 

Synthesis of the fentanyl and its analogs, especially benzyl fentanyl, was performed according to 

the previously published protocol with slight modifications.238 At first, the reductive amination of 

N-boc-4-piperidone was carried out with aniline in the presence of Sodium triacetoxyborohydride 

and acetic acid by using dichloroethane as the solvent. The resultant product 1-Boc-4-

(phenylamino) piperidine was obtained in good yield (95%). The acylation reaction of 1-Boc-4-

(phenylamino) piperidine with propionyl chloride in the presence of triethylamine was carried out 

to form N-boc-norfentanyl in good yield (91%). Then, the deprotection of the boc protecting group 

of N-boc-norfentanyl was performed by using ethereal HCl in dry chloroform. The resultant 

norfentanyl, which is a fentanyl analog and also the primary metabolite, was obtained in good 

yield (85%). 
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Scheme 2.1 Synthesis of the norfentanyl 

 Lastly, the alkylation reaction of norfentanyl was carried out with benzyl bromide in the 

presence of potassium carbonate as a base to form the benzylfentanyl. An extra methylene peak 

was seen in the 1H NMR, and at first, it was thought that some unreacted benzyl bromide was 

present. Several purification steps, such as recrystallization, trituration, and column 

chromatography, were performed, but in each case, similar 1H NMR spectra were obtained with 

the extra methylene peak. Later, MALDI-TOF analysis revealed the formation of a double 

substitution product because the molecular weight of the double substitution product matches the 

molecular weight obtained from the analysis. Both 1H NMR and MALDI-TOF analysis confirmed 

the formation of the double substitution product, which is a new fentanyl analog. 
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Scheme 2.2. Alkylation of 4-(N-propionylaniline) piperidine. Expected reaction (top) vs actual 

reaction (bottom) 

 

 

Figure 2.7. MALDI-TOF analysis of the double substituted product 

On the other hand, the alkylation reaction of norfentanyl by using phenethyl bromide in 

the presence of potassium carbonate resulted in the formation of fentanyl. Benzyl bromide is far 

more reactive than the phenethyl bromide due to the benzylic stabilization of the partial cationic 

charge on the reacting benzylic carbon in the reaction transition state, which promotes the 
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formation of the double substituted product. Fentanyl was synthesized only in analytical amounts 

due to toxicity and controlled substance laws. 

 

 

Scheme 2.3. Synthesis of the fentanyl 

 An alternative approach was then followed to form the benzyl fentanyl, where 1-benzyl-4-

piperidone was used as the starting material, as shown in Scheme 2.4. 1-Benzyl-4-(phenylamino) 

piperidine was formed by the reductive amination of 1-benzyl-4-piperidone with aniline in the 

presence of sodium triacetoxyborohydride and acetic acid. Lastly, the acylation reaction of 1-

Benzyl-4-(phenylamino) piperidine with propionyl chloride in triethylamine resulted in the 

formation of benzylfentanyl.  

 

 

Scheme 2.4. Synthesis of the benzylfentanyl 

 1-Benzyl-4-(phenylamino) piperidine was used as the starting material for the synthesis of 
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the acetylbenzylfentanyl (ABF) and benzoylbenzylfentanyl (BBF) (Scheme 2.5). Acylation 

reaction of 1-Benzyl-4-(phenylamino) piperidine with acetyl chloride and benzoyl chloride 

resulted in the successful formation of ABF and BBF, respectively.  

 

 

Scheme 2.5. Acylation of 1-Benzyl-4-(phenylamino) piperidine to form ABF and BBF 

2.2.2 Polymer Preparation and Chromatographic Analysis 

To prepare the imprinted polymer, in a 13 x 100 mm test tube, Benzyl fentanyl (2.7 mmol) 

was dissolved in 4 mL of chloroform. To this solution was added EGDMA (21 mmol), MAA (5.4 

mmol), and AIBN (0.54 mmol). For comparison to the results, a control polymer was prepared 

similarly without the introduction of the template molecule. The solution was purged for 5 min by 

bubbling nitrogen gas and then capped and sealed with parafilm. The samples were put into a  

home-made photochemical reactor, which was immersed in a constant temperature bath. A 

standard laboratory UV light source (medium pressure 450 W mercury arc lamp) jacketed in a 

borosilicate double-walled immersion well was inserted in the reactor. At 20 oC, the 

polymerization was initiated photochemically, and the temperature was maintained by both the 

cooling jacket surrounding the lamp and the constant temperature bath holding the entire 

apparatus. The polymerization was allowed to proceed for 8 h. 
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Figure 2.8. Polymer preparation for chromatographic test 

The template was removed from the polymer by using Soxhlet extraction with methanol 

for 24 h. The polymers were then ground using a mortar and pestle. USA Standard Testing Sieves 

(VWR) were used to size the particles, and the fraction between 25-37 µm was collected. The 

particles were slurry-packed using a Beckman 1108 Solvent Delivery Module, into the stainless-

steel columns (10cm long x 4.1mm inner diameter) to full volume for chromatographic 

experiments. The columns were equilibrated with the desired mobile phase. A Hitachi L-7100 

pump with Hitachi L-7400 detector was used for the HPLC analysis and was accomplished 

isocratically at room temperature (22 ◦C). A substrate concentration of 0.1 mM in acetonitrile was 

used, and the wavelength was set at 254 nm. The void volume was determined using acetone as an 

inert substrate. The capacity factors, imprinting factor (IF), and cross-binding selectivity are 

calculated according to the equations below.  
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 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟𝑠,  𝑘′ =
(𝑡𝑅 − 𝑡𝑉)

𝑡𝑉
 Eq. 2.1 

 

Where, 𝑡𝑅 = Retention time of the analyte 

               tV = Void volume 

 𝐼𝑚𝑝𝑟𝑖𝑛𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟,  𝐼𝐹 =
𝑘1

′

𝑘2
′  Eq. 2.2 

 

Where, 𝑘1
′ = Capacity factors from imprinted column 

              𝑘2
′ = Capacity factors from non − imprinted column 

 𝐶𝑟𝑜𝑠𝑠 − 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑘𝑀𝐼𝑃

′

𝑘𝐵𝐹𝐼𝑃
′  Eq. 2.3 

 

Where, 𝑘𝑀𝐼𝑃
′ = Capacity factors of the analyte 

            𝑘𝐵𝐹𝐼𝑃
′ = Capacity factor of the benzyl fentanyl 

2.2.3 Monomer to Template Ratio Optimization 

The ratio of the template to the monomer, the size of the particles, the makeup of the mobile phase, 

and the flow rate are some of the factors that need to be investigated in order to achieve the goal 

of optimizing the selective binding of the BFen-MIP. The first variable that needed to be 

determined was the optimal monomer to template ratio. This was accomplished by synthesizing 

five distinct BFen-MIPs with varying amounts of BFen template, all while maintaining the 

formulation of crosslinker (EGDMA), functional monomer (MAA), and initiator (AIBN) at the 

value 78:20:2. It is important to note that these polymer components sum up to a total of one 

hundred percent of the MIP material. This does not include the template, however, since the 

template is removed during the last phase of MIP synthesis. The ratios of Template to Functional 

Monomer that were examined were 1:10, 1:5, 1:2.5, 1:2, and 1:1, which provides a fair range of 

data to analyze the performance trend. The imprinting factor (IF) was calculated according to the 
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equation discussed in the previous section. The IF shows the difference in BFen binding between 

the imprinted and non-imprinted polymers, which is a measure of the "imprinting effect," with 

higher values indicating greater imprinting. 
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Figure 2.9. Imprinting factor data of the MIPs with different Template:Functional monomer ratio 

 The imprinting factor data indicated that the optimal Template:Functional Monomer ratio 

is 1:2 as shown in figure 2.9. This may be explained by referring to Scheme 2.6, which depicts the 

processes in the formation of Template/Monomer complexes as the amount of template increases. 

There is an excess of the MAA functional monomer in the first step, which saturates the template 

complex with MAA, leaving uncomplexed surplus MAA; this fits the data displayed in figure 2.9 

for the 1:10, 1:5, and 1:2.5 complexes. The rise in IF when the ratio lowers from 1:10 to 1:5, then 

to 1:2.5 is due to an increase in the absolute number of imprinted binding sites as the template 
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amount increases. As the density of imprinted binding sites grows (per gram), so does the quantity 

of template bound by the imprinted polymer; hence, the “imprinting effect” increases as the density 

of binding sites increases. As the ratio is reduced from 1:25 to 1:2, the density of binding sites 

grows to the maximum number conceivable, resulting in the greatest “imprtinting effect” recorded. 

As the ratio is reduced from 1:2 to 1:1, the number of high affinity sites (1:2 Template:Functional 

Monomer) that are replaced by low affinity sites drops (1:1 Template:Funtional Monomer). Hence, 

the overall “imprinting impact” decreases as high affinity sites are replaced by low affinity sites. 

As a result, the ratio 1:2 Template:Functional Monomer is employed in further studies since it 

delivers the greatest “imprinting effect.” 
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Scheme 2.6. Illustration of the formation of high-affinity sites and low-affinity sites 
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2.2.4 Selection of the Particle Size 

Bulk-processed MIP materials are typically ground and sized prior to packing in columns and 

assessed for template and other analyte retention. Particle sizing is often done using sieves that 

come in conventional sizes, with the lowest size accessible being 20 µm. Whatman number 1 filter 

paper was utilized to filter away particles smaller than 11 µm to achieve smaller sizes. 

Several publications have been published that evaluate the performance of various sized 

MIPs, allowing some conclusions to be drawn. One of the most obvious observations is that MIP 

sizes bigger than 63 m exhibit poor selectivities and reduced retention times owing to solute mass 

transfer difficulties via the larger particles. MIP particles crushed to smaller sizes, on the other 

hand, have shown conflicting results. Despite the higher number of theoretical plates and less 

concerns with mass transfer for smaller particles, particle size ranges above 25m have produced 

better outcomes than particle size ranges below 25µ. With this information, two distinct particle 

size ranges were studied, with the bigger size produced using standard sieves in the 25-37 µm 

range and the smaller size obtained using standard sieves in the 11-25µ range. MIPs were 

generated using a template:functional monomer ratio of 1:2, found to be optimum in the previous, 

to undertake the first optimization of MIP processing and analytic parameters. Two independent 

columns were slurry packed with various sized MIPs and analyzed using a non-optimized 

MeCN/H2O mobile phase system with the ratio 99.9/0.1. 
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Figure 2.10. Imprinting factor data for the particles of different sizes 

 The results shown in figure 2.10 indicated that the particle sizes of 25-37 µ have better 

imprinting factor values than the particle sizes of 11-25 µ, which correlates with the findings of 

previous studies.239, 240 Smaller particles may provide increased surface accessibility, shorter path-

length diffusion distances for quicker mass-transfer kinetics of substrates, and access to more 

buried binding sites. However, a considerable number of high-affinity sites may have been 

destroyed during grinding, which may account for the decreased selectivity of particles smaller 

than 25 microns. Two additional potential causes are the destruction of a significant number of 

binding sites with average selectivity, specifically in the 25 µ range, and higher density of polymer 

in the smaller particles that restrict substrate access to binding sites. Therefore, 25-37 µ sized 

particles were used for further studies. 
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2.2.5 Composition of Mobile Phase 

The optimum mobile phase conditions were determined using a 10cm long x 4.1mm inner diameter 

stainless steel column filled with MIP particles ranging in size from 25 to 37 microns. A study was 

done using various acetonitrile and water proportions, and it was discovered that elution of benzyl 

fentanyl in 95/5 (v/v): MeCN/H2O yielded retention values near the void volume, suggesting that 

the mobile phase was excessively polar. Systematically lowering the water component in 

acetonitrile to 1% and subsequently to 0.1% indicated longer elution durations, with 100% MeCN 

producing the longest eluting peak. Mobile phases containing 1% and 0.1% formic acid in 

acetonitrile were examined to see whether the protonation state of the BFen affected binding; 

nevertheless, retention durations were reduced. Therefore, it was decided that 100% MeCN was 

the best mobile phase. 

2.2.6 Flow Rate Determination 

The effect of flow rate on binding in MIPs was examined by evaluating the impact of three 

different flow rates on the IF. Flow rates of 0.1, 0.5, and 1.0 mL/min were tested on a 10cm long 

x 4.1mm inner diameter stainless steel column filled with 25 to 37 micron sized particles. It was 

unexpected to see that the k' values for all three flow rates were almost identical. Slower flow rates, 

on the other hand, not only required longer wait periods but also contributed to the broadening of 

the chromatographic peak; hence, the 1.0 mL/min flow rate was the optimum option for further 

studies. 

2.2.7 Determination of Selectivity 

The Cross-Binding Selectivity was used to assess the selectivity of the improved MIP with a 1:2 

Template:Functional Monomer ratio. The selectivity of binding for the template, BFen, and more 

crucially, fentanyl was compared to other regularly encountered substances known to be 

contaminated with fentanyl, such as heroin, cocaine, and methamphetamine. Furthermore, two 
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fentanyl analogs, acetylbenzylfentanyl (ABF) and benzoylbenzylfentanyl (BBF), with structural 

similarities to fentanyl, were also examined. 
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Figure 2.11. Cross-binding selectivity of the synthesized MIP with Template: Functional 

Monomer ratio of 1:2 

The results of the chromatographic tests are given in figure 2.11, with the best selectivity 

achieved for the BFen as the template to produce the MIP. Despite the fact that ABF and BBF are 

structurally close in identity to Bfen, they had less binding to the MIP, suggesting the MIP 

selectivity is due in part to shape selectivity. Higher binding for BBF than ABF was probably due 

to some non-specific binding to the more hydrophobic benzene group. On the other hand, fentanyl 

(Fent) shows better binding affinity compared to the other analytes, which suggests binding is 

controlled more towards ‘moiety A’ than “moiety B’ as shown in figure 2.12.  
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Figure 2.12. Possible binding sites of the Bfen 

Heroin, cocaine, and methamphetamine (Meth) showed no binding affinity towards the 

imprinted polymer indicated by elution close to the void volume, as expected. Applications of this 

MIP material include separation of fentanyl from other narcotics such as methamphetamine, shown 

in the chromatogram (Figure 2.13) below.  A possible more advance application can be envisioned 

where the MIP can be used on a tainted methamphetamine sample laced with fentanyl, whereupon 

the fentanyl is essentially “neutralized” by binding to the MIP, and this will not be metabolized by 

the human body.  Instead, the MIP particles will be eliminated via the excretory system.   

 

 

Figure 2.13. An example chromatogram showing the separation between methamphetamine and 

fentanyl while eluting through the column. 
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2.3 Conclusion 

Fentanyl and various of its analogs, especially benzylfentanyl, acetylbenzylfentanyl, and 

benzoylbenzylfentanyl, have been successfully synthesized. The alkylation reaction of norfentanyl 

with benzyl bromide resulted in a double substituted product, which is a new fentanyl analog to 

the best of our knowledge. MIP was synthesized using MAA as the functional monomer, EGDMA 

as the crosslinking monomer, AIBN as the initiator, and benzylfentanyl as the template molecule. 

Different ratios of Template to Functional monomer were used while keeping the crosslinking 

monomer, and initiator amounts constant. 

 The chromatographic test revealed that the optimal Template: Functional Monomer ratio 

is 1:2. The particle sizes of 25-37 µ have better imprinting factor values than the particle sizes of 

11-25 µ. It was determined that the 100% ACN at a flow rate of 1.0 mL/min provided the best 

imprinting factor data. By using these optimized conditions, the selectivity of the synthesized MIP 

was determined by comparing to other substances such as heroin, cocaine, and methamphetamine. 

The cross-binding selectivity data revealed that the MIP with Template: Functional Monomer ratio 

of 1:2 selectively binds the Bfen over the other analytes but is closely followed by actual fentanyl. 

2.4 Future/Ongoing Work 

The molecularly imprinted polymer synthesized by using MAA as the functional monomer, 

EGDMA as the cross-linker, and benzylfentanyl (Bfen) as the template provided a very good cross-

binding selectivity. However, it would be wise to explore other monomers and template to obtain 

the best possible MIP that can detect fentanyl and its analogs.  

 Two major components for MIP synthesis are the functional monomer and cross-linking 

monomer. Spivak research group has developed a novel monomer, NOBE, that act as both the 

functional and cross-linking monomer.  Historically, NOBE has shown a better imprinting effect 

over other systems such as MAA/EGDMA through forming hydrogen bonds by amide group.241 
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NOBE was synthesized according to the previously published protocol242 and MIP was 

synthesized by using benzylfentanyl as the template. Initial studies showed an improvement in the 

imprinting factor values. The work is currently in progress to verify the initial data and then cross-

binding selectivity will be determined by comparing it with drugs such as heroin, cocaine, and 

methamphetamine. 

 

 

Scheme 2.7. Synthesis of the NOBE monomer 

 Future work will also investigate how changing the functional monomer such as vinyl 

sulfonic acid instead of MAA, affects the binding affinity of the materials. Although, 

benzylfentanyl closely resemble the structure of fentanyl, using other templates, especially 

norfentanyl which is the primary metabolite of fentanyl, would be interesting to explore. 

Therefore, an MIP was synthesized by using norfentanyl as the template. Chromatographic tests 

will be performed to evaluate its binding efficiency.  
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Chapter 3. Imprinted Hydrogel for Nucleoside Detection 

3.1 Introduction 

3.1.1 Biosensors 

The capability to detect even the tiniest physiologic change in the human body with great 

sensitivity and correctly monitor processes that affect human nature and their surrounding 

environment has led to an enormous increase in the quality of life. Research into the detection, 

measurement, and sensing of biological substances, including viruses, bacteria, DNA, RNA, and 

proteins, is vital and expanding rapidly, resulting in the development of tiny analytical tools known 

as biosensors. Biosensors have been around for a long time. In 1906, Cremer observed that the 

concentration of an acid suspended in an aqueous solution is comparable to the electric potential 

formed between parts of the solution when divided by a glass membrane, which led to the first 

recorded notion of a biosensor.243 Thus, in 1909, Soren Peder Lauritz Sorensen came up with the 

notion of pH, and in 1922, Hughes came up with an electrode to detect pH.244 This cleared the way 

for Leland C. Clark, Jr., the "father of biosensors," to create the first "real biosensor" in 1959.245 

Clark invented a sensor that uses a glucose oxidase electrode to detect the presence of oxygen or 

hydrogen peroxide in biological samples. Biosensing technologies that are both sensitive and 

selective have come a long way since then.246, 247 Biosensors have the potential to be used in a 

wide variety of fields, from medical diagnostics and drug development to food safety and process 

control to environmental monitoring and even defense and security.248  

 A biosensor is a device that generates an output signal in response to an applied physical 

or chemical stimulus. They combine the high precision of biological systems with the high 

specificity of physicochemical transducers to provide complicated bioanalytical measurements in 

accessible, user-friendly forms.249 In most cases, biosensors are made up of three primary parts, 

the biological sensing element, the physicochemical detector or transducer, and the signal 
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processing system, all of which are represented in figure 3.1.250  

 

 

Figure 3.1. Components of the biosensors 

 To create a signal, biological sensing components are brought into interaction with the 

analyte of interest. Materials such as bacteria, tissues, cell receptors, enzymes, organelles, 

antibodies, and nucleic acids are typical examples of sensing elements. The signal that is produced 

as a result of the interaction between the sensing element and the analyte of interest is then 

converted by the transducer into an electrical signal that is measurable and quantifiable. Then, the 

electrical signal is amplified by the signal processing system, and it is sent to a data processor, 

which generates a quantifiable signal in the form of a digital display, color change, or printout.251  

 When designing a biosensor for a certain purpose, it's important to keep a few things in 

mind. To build the sensor's target recognition capabilities, a good bioreceptor must be chosen. 

Second, it is necessary that the bioreceptors be well immobilized to the matrix. Third, the 

transducer's selection and design should be carefully thought out so that it can effectively convert 

the binding event between the target and the bioreceptor into observable output signals.252 A 

biosensor must be able to precisely distinguish the target at aberrant biological concentrations 

inside a high background matrix (containing numerous samples other than the analyte). In addition 

to this, it should be able to endure being washed and used several times without being quickly 

deteriorated. 
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 Today's medical diagnostic system relies heavily on commercially available devices. The 

identification, transduction, amplification, and detection abilities of contemporary instrumental 

sensors have been considerably improved as a result of the success of current analytical 

procedures. In turn, this method may provide very reliable quantitative data, with a detection limit 

that is much lower than with other approaches. Despite the fact that advancements in all types of 

current instrumental sensors are hailed as one of humanity's greatest triumphs, there are a few 

drawbacks that must be highlighted. One of the biggest problems is that achieving such a high 

level of sensitivity typically necessitates the use of expensive equipment such as mass 

spectrometry (MS), surface plasmon resonance (SPR), etc., the collection of highly accurate data, 

the comparison of results with pure standard reagents, the employment of highly skilled personnel, 

and the maintenance of an extremely sterile working environment.253 As a result, there is still a 

significant need to investigate new avenues in order to develop methods that are very specific, 

ultrasensitive, affordable, and user-friendly while still adaptable to a wide range of conditions. 

 Biosensors may be developed using materials whose chemical or physical characteristics 

can be altered in response to an applied stimulus. These materials are able to selectively perceive 

specific types of environmental stimuli, such as temperature, light, pH, magnetic and electrical 

field, and so on, while also being capable of transducing a detectable output signal by modifying 

its chemical or physical characteristics. There are a number of benefits to using these substances. 

First, they are simple to use; consumers can often examine the results of the readout without any 

special equipment. Naked-eye detection sensors are also a promising area of research. Second, 

they cost less than comparable alternatives because they need less complex instrumental 

components. Third, because of their simple construction and sturdy qualities, they are convenient 

for travel and storage. Hydrogels are attractive biosensors because they can combine the functions 
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of a conventional biosensor, recognition, signal translation, and readable detection, into a single 

device. In recent years, the approach of molecular imprinting using supramolecular interactions to 

produce polymerizable target-ligand complexes has garnered increasing interest.254-257 

3.1.2 Hydrogels as the Biosensor 

Hydrogels are insoluble polymer networks that are crosslinked and may be formed of hydrophilic 

homo- or hetero-co-polymers. They have the potential to absorb substantial quantities of water.258 

Due to their hydrophilic nature, they may expand in water to several hundred times their dry mass. 

Since the discovery of hydrogels in the 1960s by Wichterle and Limand, they have received a 

significant amount of attention for their use as scaffolds in a variety of applications, including 

sensors, drug delivery carriers, adhesives, cancer treatment, and tissue engineering.259-261 Because 

of their high biocompatibility, versatility in synthesis, and the ability to have their physical and 

chemical characteristics altered, hydrogels are widely regarded as one of the most promising 

possibilities for use in the fabrication of biosensors. 

 Hydrogels are a great scaffold for a polymeric detection device because, depending on the 

hydrogel's structural components, they have the capacity to alter characteristics in response to 

stimuli such as changes in pH, chemical, ionic strength, heat, light, or temperature.262, 263 Changes 

in hydrophilic/hydrophobic ratio, small molecule release, or gel conformational changes like 

swelling/shrinking may all contribute to the overall effect.264 A hydrogel modified with poly(N,N-

dimethylaminoethyl methacrylate) (PDMA) or poly(ethylene glycol) (PEG) to exhibit pH-

dependent activity is an example of a stimuli-responsive material. Hydrogels with thermo-

responsive properties may be created by adding a monomer such N-isopropylacrylamide 

(NIPAAm). A hydrogel system that is both temperature and pH-sensitive may be created by the 

copolymerization of groups like poly(hydroxyethyl methacrylate-coacrylic acid) or 

poly(acrylamide-co-acrylic acid).265 
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One of the most crucial and vital aspects of biosensor fabrication and design is using a 

dependable technique for the immobilization of bioreceptors on a hydrogel surface. There are 

several factors to consider when choosing an immobilization technique, including the bioreceptor's 

degradation and viability, the accessibility of reactive groups, and the binding type (covalent or 

noncovalent).266 Adsorption and entrapment, noncovalent or covalent binding, crosslinking, or a 

mix of these processes are all viable options for immobilizing bioreceptors on the hydrogel surface. 

A method of immobilization may be either reversible or irreversible, depending on the 

methodology used.267 In recent years, molecular imprinting using supramolecular interactions to 

produce polymerizable target-ligand complexes has garnered increasing interest. Molecular 

imprinting provides a straightforward and efficient method for generating the recognition of 

biomolecules, such as proteins that can readily form complexes with ligands via noncovalent 

template-functional monomer interactions such as hydrogen bonding, hydrophobic interactions, 

ionic interactions, etc. Protein imprinted polyacrylamide MIP material that can selectively 

recognize template protein was first developed by Hjerten's group.268 Since then, many examples 

of successfully imprinting biological targets like epitopes, proteins, viruses, and so on have been 

published, and this number is rapidly increasing.269-273  

 Simple bioresponsive networks using imprinted hydrogels have been developed by the 

Spivak research group. They were able to effectively imprint the proteins thrombin and PDGF-ββ 

in the form of capillary hydrogels for detection using the naked eye.274 Their findings demonstrated 

that the limits of detection might be as low as femtomolar quantities of the target protein. This was 

ascribed to the complicated interplay that occurred between the aptamers and the supramolecular 

protein crosslinks (making use of noncovalent interactions), in addition to the lowering of excluded 

volume in their gels. In addition, the Spivak group imprinted the apple stem pitting virus (ASPV) 
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in order to demonstrate that other biological templates of interest can be used.275 A novel approach, 

known as the double imprinting technique, was devised so that hydrogels could be synthesized and 

measured without the need to make the hydrogels in capillaries as was previously done. The 

process of double imprinting consisted of the imprinting of the target virus at the molecular scale, 

as well as the imprinting of an additional pattern at the macromolecular scale, which was achieved 

by polymerizing the hydrogel in a lithographic mold. This resulted in the creation of a diffraction-

grating sensor with shorter reaction times, which enabled the shrinkage of the hydrogel to ASPS 

to be monitored by the change in the diffraction pattern. In this work, the double imprinted 

hydrogels technique was employed by focusing on a microRNA as the target of interest. 

3.1.3 miR-21 DNA as the Target 

MicroRNAs (miRNAs) are a kind of short noncoding RNA (~22 nucleotides) that play an 

important regulatory function in gene expression by inhibiting translation and hastening the decay 

of specific messenger RNAs (mRNAs).276, 277 More than 60% of human protein-coding genes are 

controlled by miRNAs, and over 2600 mature miRNAs have been discovered and annotated so far 

in Homo sapiens.278 miRNA expression levels that are abnormal are linked to a variety of human 

illnesses, notably cancer.278, 279 As a result, miRNAs have been identified as potential molecular 

biomarkers, and aberrant miRNA expression has been used in cancer diagnosis, classification, and 

prognosis.280, 281 The quantitative identification of miRNAs is critical for both the research of 

miRNA biological activities and illness diagnosis. miR-21, a 22 base pair sequence, was one of 

the first miRNAs discovered, and it was found as a cancer-promoting 'oncomiR', targeting several 

tumor suppressor genes involved in proliferation, apoptosis, and invasion.282, 283  

 The ability to quickly and quantitatively identify miRNAs has implications for both early 

cancer diagnosis and the tracking of cancer's development over time. It is, however, exceedingly 

difficult to construct a quick, low-cost, and sensitive platform for the detection of miRNA due to 
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their inherent features, such as their low quantity, short, and highly homologous sequences. 

Extensive work has been done over the last several decades to develop methods of quick and 

sensitive miRNA identification.284 Despite being the gold standard, Northern blotting is laborious 

and has poor sensitivity. Complex equipment and the risk of a false positive plague other methods, 

such as RT-PCR and Surface Enhanced Raman Spectroscopy (SERS). Only a few studies have 

been performed for miRNA using MIPs.285, 286 Rather than RNA, DNA was selected as the target 

because RNA is both more costly and cumbersome to work with due to its rapid degradation. 

 DNA is a phosphodiester-linked block copolymer made up of just four different kinds of 

monomeric units such as adenine (A), thymine (T), cytosine (C), and guanine (G). The sequence 

of bases in DNA can be accurately controlled, in contrast to the majority of synthetic polymers. 

DNA was long thought of as nothing more than a genetic material; however, recent research has 

shown that it also has functional capabilities such as molecular recognition and catalysis.287 

Because of its chemical and physical stability, biocompatibility, and tunable nature, DNA has 

attracted a lot of attention as a potential analytical sensor. The miR-21 DNA sequence and RNA 

sequence are identical, with the exception of the presence of the nucleic acid thymine in lieu of the 

nucleic acid uracil. As a result, it is not difficult to produce a mimic sequence using DNA in place 

of RNA. Functional aptamers were used to bind the target into the polymer matrix. 

 

 

Figure 3.2. Sequences of miR-21 RNA (top) and miR-21 DNA (bottom) 
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 Aptamers, which are one of the more recent classes of bio-receptors, are seen to be a viable 

alternative for developing or strengthening the recognition capacity of hydrogels. Aptamers are 

oligonucleotides, which are either DNA or RNA molecules, that have the ability to attach to a 

broad variety of target molecules such as proteins, drugs, ions, vitamins, peptides, surfaces, etc., 

with a high affinity and a high level of specificity.288 It was developed primarily in the early 1990s 

with the creation of SELEX (Systematic Evolution of Ligands by Exponential enrichment), an in 

vitro selection and amplification technology.289-291 Aptamers' exceptional selective binding 

capacity is due to the stable structure created between the aptamers and the target. The sequence-

specific, three-dimensional structure of the aptamer ligand that serves as a stiff scaffold for the 

assembly of the aptamer's functionalities helps to enable the precise interactions that occur between 

amino acids. Aptamers have various benefits due to the fact that they are chemically manufactured, 

unlike other bio-receptors such as antibodies and cells. First, since aptamers do not need animal 

processing, they are very simple and inexpensive to get. Second, they tend to be more stable than 

antibodies. Furthermore, they are readily modifiable, meaning that more functions may be added 

to serve a variety of purposes.290, 291 It is possible to incorporate DNA into a hydrogel network by 

modifying the DNA using phosphoramidite or acrydite, which allows for covalent conjugation to 

the backbones of the polymer networks. The addition of an 18-atom hexa-ethylene glycol spacer 

(iSp18) to the sequence makes it more flexible, which has been exploited to make rebinding the 

aptamer-functionalized hydrogel to the template molecule easier.289 

 

 

Figure 3.3. Aptamer functional modifications 
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 Various investigations on DNA integrated into hydrogels have been conducted because of 

DNA's durability and capacity to be modified.292-295 The smallest target sequences studied so far 

in DNA sensors have had 26 bases. To accomplish this, a bio-responsive hydrogel suspension 

array was tagged with quantum dots. Hydrogel contraction in response to target DNA strand 

addition led to a blue change in Bragg diffraction peak location, with a 10 nM detection limit 

(LOD).296 Several steps are needed to make the quantum-dot beads, but the example demonstrates 

that it is feasible to detect small DNA sequences. Imprinted hydrogels have also been used in other 

types of DNA detection technologies. Tierney et al. provide an example of using functionalized 

aptamers in a hydrogel that is bonded to the tip of an optical fiber for high-resolution 

interferometric reading. At the micromolar concentration level, their 35-base-pair target sequences 

could be detected.297 Gel electrophoresis was used by Ogiso et al. to immobilize their double-

stranded DNA target sequence (for 5 µM samples) by creating binding sites for it in the MIP gel.298  

3.1.4 Significance 

In this work, a diffraction grating imprinted hydrogel was employed for the detection of 22-base 

pair miR-21 DNA. Complementary DNA aptamers were employed to hybridize the DNA with the 

target sequence. The size of the DNA target, the quantity imprinted, and its subsequent use in 

detecting RNA sequences set the current work apart from earlier studies. Advantages of the 

diffraction grating design include the gratings' responsiveness to changes in pH and temperature 

as well as the size and shape of individual molecules (through target addition and removal). In our 

hypothesis, the insertion and removal of the miR-21 target was anticipated to cause the grating to 

distort, and the subsequent shrinking/swelling response can be seen through laser diffraction.  
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3.2 Materials and Methods 

3.2.1 Materials 

miR-21 DNA mimic, Aptamer1, and Aptamer2 were purchased from Integrated DNA 

Technologies (IDT). Acrylamide (Am), N,N’-methylenebisacrylamide (MBAm), N-

isopropylacrylamide (NIPAAm), ammonium persulphate (APS), N,N,N',N’-

Tetramethylethylenediamine (TEMED), pentaerythiol triacrylate (PETA), Trimethylolpropane 

tris(3-mercaptopropionate) (TMPTMP) were purchased from Sigma-Aldrich and used without 

further purification. 

3.2.2 Preparation of the Thiol-Acrylate (TA) Mold 

The substrate that was employed to imprint the grating pattern onto the hydrogel was crucial to the 

success of the diffraction hydrogels. Poly(dimethylsilaxane) (PDMS) is often utilized as the 

hydrogel stamp or mold because it can accurately reproduce the grating master.275, 299-301 Other 

benefits of PDMS include its elastomeric nature, cheap cost of manufacture, and moldability to 

submicrometer details. The hydrophobic nature of PDMS complicates the introduction of aqueous 

solutions in applications like microfluidics and hydrogel. Thiol-acrylate materials are an option 

that was presented by Bounds et al.302 To create stable hydrophilic microfluidic devices, they used 

pentaerythritol triacrylate (PETA) and trimethylolpropane tris(3-mercaptopropionate) (TMPTMP) 

catalyzed by diethylamine in a Michael Addition reaction. The diffraction-grating gels in this work 

were fabricated employing the thiol-acrylate (TA) composite as a mold. The mold was prepared 

in the Pojman research group by employing a 1:1 ratio of PETA to TMPTMP, which cures in one 

hour at room temperature. After peeling off the TA from the grating master, the mold was ready 

to be used for the hydrogel preparation, as illustrated in figure 3.4. 
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Figure 3.4. Illustration of the TA mold and hydrogel preparation 

3.2.3 Preparation of the Double-Imprinted Hydrogel 

The target of interest in this work was the short 22-mer sequence miR-21 DNA. Two 11- base pair 

aptamers, both of which are modified at the 5' end, were used as the biomimetic receptors. The 

aptamers are complimentary with the DNA mimic, as shown in figure 3.5. 

 

 

Figure 3.5. The sequence of miR-21 DNA mimic and the aptamers 

 The melting temperature (Tm) of DNA was used to determine the optimal temperature for 

hybridization and dehybridization (Eq. 3.1). The salt concentration (M) has an effect on the melting 

temperature; the electrostatic repulsion between the phosphate groups along the backbone of the 

DNA strands is diminished by the salt, effectively controlling the annealing of DNA.303 The 

melting temperature can be adjusted depending on the salt concentration (M). This, of course, is 
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also reliant on the amount of thymine and adenosine present in the strands. This is because thymine 

and adenosine give less hydrogen bonding than guanine and cytosine do, which in turn causes 

guanine and cytosine to produce stronger bonds. 

 𝑇𝑚 = 16.6 log 𝑀 + 0.41 (
𝐺

𝐶
) + 81.5 Eq. 3.1 

 

Table 3.1. Formulation of the components for a 200 µL hydrogel 

Chemical Molecular weight Mass (g) Mole ratio moles 

Aptamer1 3931.8 1.30E-05 1 3.31E-09 

Aptamer2 3891.7 1.29E-05 1 3.31E-09 

miR-21 DNA 6702.4 2.22E-05 1 3.31E-09 

MBAm 154 0.000122 240 7.92E-07 

NIPAAm 113 0.01798 48000 1.59E-04 

Am 71 0.0112 48000 1.58E-04 

 

The formulation for the preparation of a 200 µL gel is shown in table 3.1. The synthesis of 

the hydrogel started with the annealing of the DNA. For this purpose, 10 µL of Aptamer1 (3.31 

nmol), 10 µL of Aptamer2 (3.31 nmol), 10 µL of miR-21 DNA mimic (3.31 nmol), and 59 µL of 

PBS buffer were added in a plastic vial and vortexed. The plastic vial containing the solution was 

placed in a 90 OC water bath for 2 minutes. After 2 minutes, the plastic vial was removed from the 

water bath, and the solution was vortexed every 2 minutes for about 10 minutes. Then 100 µL of 

the monomer stock solution was added to the vial and vortexed. A 10 mL monomer stock solution 

was prepared beforehand by dissolving 11.20 mg of Am, 17.98 mg of NIPAAm, and 0.12 mg of 

MBAm in PBS buffer. 10 µL of ammonium persulphate (APS) solution (10 wt% in PBS buffer) 

which was then added to the plastic vial, and the solution was vortexed. Finally, 1 µL of TEMED 

was added to initiate the polymerization; the mixture was vortexed for 2 seconds and immediately 
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transferred to the TA mold and covered with a clean glass slide. After 8 hrs, the hydrogel was 

removed from the mold and transferred to a culture dish with PBS buffer to equilibrate. The overall 

scheme is shown in figure 3.6.  

 

 

Figure 3.6. Illustration of the hydrogel preparation. Reproduced from ref 304 

3.2.4 Regeneration/Rebinding Process 

The removal of the miR-21 DNA was carried out by putting the hydrogel in a 0.5 mM NaCl 

solution and heating it at 70 OC overnight. Then, the hydrogel was transferred to a culture dish 

containing PBS buffer. The PBS buffer solution was replaced every 3-6 hours until the volume 

changes in the hydrogel reached equilibrium. After the regeneration, the hydrogel was placed in 

the 50 µL rebinding solution of miR-21 DNA or other analytes. This cycle was repeated several 

times with each hydrogel. 

3.2.5 Measurements of the Diffraction Grating Hydrogel 

Gratings, e.g. in hydrogels, are influenced by physical properties such as shrinking or swelling in 

response (by addition and removal of a target) and changes in pH and temperature. The hydrogel 

recognition activated molecular trigger causes a modification to take place in the light beam pattern 
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as it travels through the grating hydrogel. This change was measured by using a ruler as shown in 

the figure and the percentage shrinkage of the hydrogel after each cycle was measured according 

to the equation. 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
𝑑0 − 𝑑

𝑑0
× 100% Eq. 3.2 

Where, 𝑑0 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐷𝑁𝐴 

 𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑤𝑖𝑡ℎ 𝐷𝑁𝐴 

It is worth mentioning that there is an inversely proportional relationship between the 

hydrogel shrinking/swelling response and the diffraction pattern distance, as explained by the 

equations below:64  

 𝜃 = sin−1(
𝜆

𝑑
) Eq. 3.3 

 𝜃 = tan−1(
𝐷

ℎ
) Eq. 3.4 

 𝐷 = ℎ tan[sin−1(
𝜆

𝑑
)] Eq. 3.5 
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Figure 3.7. Diffraction pattern measurements.275 Source: David A. Spivak and Wei Bai, A 

Double-Imprinted Diffraction-Grating Sensor Based on a Virus Responsive Super-Aptamer 

Hydrogel Derived from an Impure Extract, Angewandte Chemie International Edition, January 

22, 2014, p. 4. Reproduced courtesy of John Wiley and Sons and the Copyright Clearance 

Center. 

The angle of diffraction (𝜃) for the transmitted laser light may be calculated from the 

diffraction pattern's distance (d), where (λ) is the wavelength of the laser source (532 nm for the 

green laser pointer used here). As θ increases, the separation between the diffraction patterns 

becomes tighter. As shown in the equation, θ is a function of both the height (h) of the laser source 

and the distance (D) between two consecutive projected laser points. The combined equations 

show that when the hydrogel expands, the distance (D) between the laser spots reduces (lower 

grating period), and vice versa because of the inversely proportional relationship between the 

grating period (d) and the distance (D). 
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3.3 Results and Discussion 

3.3.1 Reproducibility of the Grating Hydrogel 

One of the most crucial aspects of biosensing is the biosensor's reproducibility, or its capacity to 

provide identical output signals or findings in repeated experimental runs. Reproducible signals 

give excellent reliability and resilience to biosensor response inferences. To check the 

reproducibility of the miR-21 DNA imprinted hydrogel, the percent shrinkage of a gel over three 

cycles of adding the miR-21 DNA target, removing it with the regenerating solution, and then re-

addition of the miR-21 DNA target was measured. The average percentage shrinking response 

over multiple cycles, as shown in figure 3.8, was 4.40 ± 0.06%. This data demonstrates the 

reproducibility of the hydrogel and, in turn, system's stability across multiple cycles. To further 

verify the reproducible nature of the miR-21 DNA imprinted hydrogels, four hydrogels were made 

using the same formulations. The average percentage shrinking upon addition of the DNA target 

obtained was 3.80 ± 0.80%, as shown in figure 3.9, which further demonstrates the repeatability 

of the response.  
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Figure 3.8. Shrinking response of hydrogel over multiple cycles. Contributed from ref 304 
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Figure 3.9. Reasonably reproducible shrinking response from different hydrogel with identical 

formulations 
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3.3.2 Control Studies 

Several control studies were performed to verify whether it was critical to include both the 

aptamers and the DNA target inside the imprinted complex. While keeping the monomers, 

crosslinker, and initiator amounts the same, other components (Aptamer1, Aptamer2, and miR-21 

DNA) were changed, as shown in Table 3.2. The percentage shrinkage response upon the addition 

of miR-21 DNA is shown in figure 3.10. 

Table 3.2. Change in the components of the hydrogel for control studies 

Entry Components of the Hydrogel 

miR-21 DNA MIP Aptamer1 + miR-21 DNA + Aptamer2 

Control 1 Aptamer1 + miR-21 DNA 

Control 2 mir21-DNA 

Control 3 Aptamer1 + Aptamer 2 

 

 It was hypothesized that both aptamers would be necessary to efficiently hybridize the 

target DNA mir21 and elicit the maximal response. Prior work by Bai et al. demonstrates that pre-

complexation of both aptamers to their respective targets is an essential component of the response 

mechanisms for their hydrogels since many complexation locations are necessary for imprinting 

polymers.37,64 miR-21 DNA MIP is composed of the full complex and showed a percentage 

shrinking response of 3.80 ± 0.80%, which is the average shrinking response from 4 different 

hydrogels as shown in figure 3.9. When the hydrogels were made with Aptamer 1 and miR-21 

DNA (Control 2), the percentage shrinking response got reduced to 1.50 ± 0.65% due to the 

reduction in the number of receptors present.  
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Figure 3.10. Shrinking response of control hydrogels. MiR-21 DNA MIP is the average data 

from figure 3.9. *Contributed by Britney Hebert from ref304 

 A gel was prepared without the aptamers, imprinting just the target mir-21 DNA (Control 

2) to further demonstrate the significance of including the aptamers into the hydrogel for the DNA 

target identification. This hydrogel depended completely on the macromolecular memory 

established during polymerization inside the network since there were no recognition components 

present. Hydrogel lacking both aptamers (Control 2) showed a percentage shrinking response of 

1.40 ± 0.32%, which is lower than that seen with single aptamer imprints. Control 1 and Control 

2 demonstrate the dependence of hydrogel response on the hybridization of the miR-21 DNA target 

to its complementing aptamers.  
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 To determine whether an imprinting system in which the aptamers and target are integrated 

into the polymerization is required, a hydrogel was made without the miR-21 DNA target, creating 

a non-imprinted polymer (Control 3). This polymer depended only on the hybridization of the 

aptamer/DNA complex formation after polymerization since the aptamers remained inside the 

hydrogel network. Control 4 showed a percentage shrinking response of 0.38 ± 0.75% when 

exposed to mir21-DNA. This is because aptamers, when polymerized in the absence of the target, 

are randomly distributed rather than creating a pre-organized complex of Aptamer 1-miR21 DNA-

Aptamer 2. When the target miR-21 DNA is included in the polymerization process, the aptamers 

are ordered in an optimal fashion for rebinding. These findings substantiated the need to assemble 

the whole complex of Aptamer 1-miR21 DNA-Aptamer 2 since omitting any one component 

diminished the hydrogels' response. 

3.3.3 Selectivity and Specificity of the Grating Hydrogel 

The most significant aspect of a biosensor is its selectivity. For a bioreceptor to be selective, it 

must be able to distinguish between the target analyte and any background substances present in 

the sample. To check for the selectivity, miR-21 DNA imprinted hydrogels were incubated in 

different analytes. The difference(s) in the base pair sequence of different analytes compared to 

the miR-21 DNA target is highlighted in yellow and shown in the table. Mismatch 1 has only one 

change in the base pair sequence, cytosine (C) instead of guanine (G), in the middle. Mismatch 7 

has seven differences in the 5' end of the nucleotide. In the case of ‘5-spacer’, five thymine (T) 

group was inserted in the middle of the sequence. While 'Random' has some complementary in the 

base pair sequence, 'Anti' has a completely opposite base pair sequence compared to the miR-21 

DNA. The miR-21 DNA imprinted hydrogel was incubated into each of the analytes separately, 

and the percent shrinking response was recorded.  
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Table 3.3. Sequences of different analytes 

Oligonucleotide Base pair sequence 

miR-21 DNA 5’ – TAG CTT ATC AGA CTG ATG TTG A – 3’ 

Mismatch 1 5’ – TAG CTT ATC ACA CTG ATG TTG A – 3’ 

Mismatch 7 5’ – ATC GAA TTC AGA CTG ATG TTG A – 3’ 

5-spacer 5’ – TAG CTT ATC AGT TTT TA CTG ATG TTG A – 3’ 

Random 5' – GAT TCA CTG AGT CTA CGA TAG C– 3' 

Anti 5' – ATC GAA TAG TCT GAC TAC AAC T – 3' 

 

 The percentage shrinking response for different analytes is shown in figure 3.11. Even 

though Mismatch 1 has the maximum complementarity in the base pair sequence, very small 

shrinking response was observed upon multiple cycles of its addition to the imprinted hydrogel. 

This result indicated the high selectiveness of the hydrogels in responding to the miR-21 DNA 

target only. A similar response was expected for the rest of the analytes as they have more 

differences in the base pair sequence. Although, some response was observed for Mismatch 7, 5-

spacer, Random, and Anti sequence, the shrinking response was lower than 2% in all cases. The 

lack of response was probably due to some non-specific binding and changes in the total 

hydrodynamic volume of the gel due to the presence of some unbound analytes in the hydrogel. 

Another possible reason for the lack of response was most likely due to the pre-complexed binding 

during the hydrogel preparation, which allowed the aptamers to be ordered specifically to the miR-

21 DNA target only.  
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Figure 3.11. Shrinking response of hydrogel upon addition of different analyte. 

3.3 Conclusion 

The molecularly imprinted polymer gel laser diffraction sensor (MIP-GLaDiS) was investigated 

in this work by using the 22-base pair miR-21 DNA as the target, which has never been used in 

such systems to the best of our knowledge. MIP-GLaDiS, which involved both the micro- and 

macro- imprint technique, was made using the Thiol-Acrylate (TA) mold. Due to the greater 

hydrophilicity of the TA composite material, the gel was successfully and reliably imprinted with 

the TA mold's pattern. The hydrogel shrank or swelled upon the addition or removal of the miR-

21 DNA target, respectively, which altered the diffraction pattern on the gel. This alteration was 

observed by shining a laser pointer through the hydrogel. The shrinking of hydrogel was due to 



116 

 

the hybridization of the miR-21 DNA target with the aptamers. The diffraction hydrogel showed 

a percentage shrinking response of 3.80 ± 0.80, which was reproducible over multiple cycles. The 

control studies indicate that the full Aptamer 1- miR-21 DNA- Aptamer 2 complex during 

hydrogel preparation is crucial for binding of the target mir-21 DNA since omitting any one 

component diminished the hydrogels' response. A very low shrinking response was observed when 

the base pair sequences of the analytes were changed compared to the miR-21 DNA, which 

indicated the high selectivity of the MIP-GLaDiS. During the hydrogel preparation process, the 

aptamers were ordered specifically to the miR-21 DNA target only. 
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Appendix A. Experimental and Spectra for Chapter 1 

Materials and Methods 

Materials 

The 4-vinylphenyl acetate monomer was obtained from Aldrich and put through an alumina 

column to get rid off the inhibitor. 4-vinyl-2-methoxy phenol, 4-vinyl-3-methoxy phenol, silica 

gel (Merck grade 9385, pore size 60 Å, 230-400 mesh), 2-bromoisobutyryl bromide, 10-undecane-

1-ol, Copper(I)bromide, N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA), 

triethylamine, trichlorosilane, triethoxysilane, Platinum(0)-1,3-divinyl-1,1,3,3-

tetramethyldisiloxane complex (Karstedt catalyst), acetic anhydride, pyridine, 

dimethylaminopyridine (DMAP), malonic acid, methyltriphenylphosphonium bromide, DBU, 

dodecanedioyl dichloride, hydrazine were obtained from either Sigma-Aldrich or VWR. All the 

solvents such as toluene, xylene, diethylether, THF, ethyl acetate, hexane, acetonitrile, ethanol 

were obtained from VWR and used without further purification. 

Synthesis of 10-undecan-1-yl 2-bromoisobutyrate 

10-undecen-1-yl-2-bromoisobutyrate was made by making a few small changes to a method that 

had been described before.43 In a 500mL round bottom flask (RBF), triethylamine was added to 

a solution of 10-undecen-1-ol 1 (4.08 mL, 20.36 mmol) in 100 mL diethyl ether (3.13 mL, 22.40 

mmol). The flask was cooled to 0 oC, and a solution of 2-bromoisobutyryl bromide 2 (2.8 mL, 22.4 

mmol) in dry diethyl ether (50 mL) was added drop by drop through a dropping funnel while 

stirring for 10 minutes. The reaction mixture was left at room temperature for 15 hours while it 

was stirred. After the reaction was done, 50 mL of hexanes was added, and the precipitate 

(Triethylammonium bromide (Et3N
+Br-)) was taken out with a gravity filtration. Under reduced 

pressure, the solvent was removed, leaving a clear liquid that was purified with a 25:1 mixture of 

hexane and ethyl acetate by column chromatography. 1H NMR was used to prove that the product 
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was made.  

Synthesis of 11-(2-Bromo-2-methyl)propionyloxy undecyltrichloriosilane 

10-undecen-1-yl 2-bromoisobutyrate 3 (7.11 g, 22.27 mmol) and trichlorosilane (11.33 mL, 112 

mmol) were added to a 100 mL RBF at 0 oC under a nitrogen atmosphere. This was followed by 

Karstedt catalyst ((140 µL, 12µmol), and the reaction mixture was stirred for 24 hrs at room 

temperature in xylene. Under reduced pressure, the excess reagent (HSiCl3) was taken out, and the 

remaining product was dissolved in 50 mL of hexanes and quickly filtered through a silica plug to 

get rid of the catalyst. The final product was a clear liquid, and its purity was shown by the 

disappearance of vinyl signals in 1H NMR. 

Surface grafting of Tier-I ESSs on silica 

In order to prepare the SiO2 gel, it was heated overnight at 120 °C in an oven. Silica was 

functionalized by heating the trichlorosilyl-end group containing compounds with 6.0 g SiO2 in 

Toluene (50 mL) at 80 °C. In a typical procedure, toluene is added to an RBF charged with SiO2, 

then the trichlorosilyl-end functionalized compound (0.45 mL) is injected dropwise using a 

syringe, followed by 18 hours of heating at 80 °C. Once allowing the reaction mixture to cool to 

ambient temperature, the toluene was decanted after the product had completely settled. The 

product was washed with toluene, acetonitrile, and methanol (2 x 50 mL each). The resultant 

substance was dried in an oven for 48 hrs at 50 oC. The product was confirmed by means of TGA 

and 13C CP-MAS NMR analysis. 

Synthesis of the Tier-II ESSs (ATRP of 4-acetoxystyrene) 

In a 250 mL RBF, was added 2.28g of SiO2-C11-Br in 17 mL of xylene. After purging with N2 

gas for 5 minutes, Cu(I)Br (182mg, 1.27 mmol) catalyst and N,N,N’,N’’,N’’-

pentamethyldiethylenetriamine (PMDETA) ligand (0.32 mL, 1.53 mmol) was added. The 4-

acetoxystyrene monomer (7.8g, 48 mmol) was added while the reaction mixture was purged with 
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N2 gas, and the RBF was fitted with a condenser. The reaction mixture was purged for another 5 

minutes and then placed in the oil bath at 140 oC for 24 hrs. After cooling to ambient temperature, 

the resulting mixture was washed with 2 x 50 mL portions of toluene, acetonitrile, ethanol, half-

saturated EDTA solution, water, and ethanol before being heated to 50 oC in an oven while being 

stirred under positive N2 pressure for 48 hours. TGA and solid-state NMR were used to analyze 

the produced tan powder. 

Synthesis of the Tier-II ESSs (ATRP of 4-acetoxy-3-methoxystyrene) 

In a 250 mL RBF, was added 2.26g of SiO2-C11-Br in 17 mL of xylene. After purging with N2 

gas for 5 minutes, Cu(I)Br (184mg, 1.28 mmol) catalyst and N,N,N’,N’’,N’’-

pentamethyldiethylenetriamine (PMDETA) ligand (0.32 mL, 1.53 mmol) was added. The 4-

acetoxy-3-methoxystyrene monomer (10g, 52 mmol) was added while the reaction mixture was 

purged with N2 gas, and the RBF was fitted with a condenser. The reaction mixture was purged 

for another 5 minutes and then placed in the oil bath at 140 oC for 24 hrs. After cooling to ambient 

temperature, the resulting mixture was washed with 2 x 50 mL portions of toluene, acetonitrile, 

ethanol, half-saturated EDTA solution, water, and ethanol before being heated to 50 oC in an oven 

while being stirred under positive N2 pressure for 48 hours. TGA and solid-state NMR were used 

to analyze the produced tan powder. 

Hydrolysis of Acetoxy Group of Tier-II ESSs 

A 250 mL RBF was filled with the Tier-II ESSs (SiO2-C11-PAS and SiO2-C11-PAMS) 

(approximately 2.0 g), and then 40 mL (per gram of the polymer) THF was added and stirred. 

After adding the hydrazine (1.165mL/g polymer functionalized silica) drop by drop, the RBF was 

flushed with N2 gas, sealed with a stopper, and stirred at room temperature for 10 hrs. The resultant 

mixture was then washed twice with 50mL each of THF, ethyl acetate, and ethanol before being 

oven dried for 48 hours at 50 °C under N2. TGA and solid-state NMR were used to examine the 



120 

 

resultant solid. 

Protection reaction of 4-hydroxy-2-methoxybenzaldehyde 

In a 250 mL RBF, 4-hydroxy-2-methoxybenzaldehyde (2.0 g, 13.1 mmol) was added in 40 mL of 

DCM, and then triethylamine (5.5 mL, 39.4 mmol) was added. Finally, acetyl chloride (2.8 mL, 

39.4 mmol) was added dropwise, and the reaction mixture was stirred at room temperature for 24 

hrs. Then the reaction mixture was filtered and washed with 2 x 50 mL of 1M NaOH and brine 

solution. The product was purified by column chromatography by using 80:20 of hexane: ethyl 

acetate.  

Wittig reaction of 4-acetoxy-2-methoxybenzaldehyde to form 4-acetoxy-2-methoxystyrene 

To a refluxing solution of methyltriphenylphosphonium bromide (13.2 mL, 2.7 mmol) in toluene 

(50 mL) was added DBU (4.4 mL, 2.9 mmol). After refluxing for 30 minutes, 4-acetoxy-2-

methoxybenzaldehyde (3.1 mL, 1.3 mmol) in toluene was added to the solution, and the reaction 

mixture were refluxed for 24 hrs. Then the reaction mixture was washed with water (3 x 50 mL) 

and dried over magnesium sulphate. The product was purified by column chromatography by using 

70:30 hexane: dichloromethane.  

Crosslinking reactions of the hydrolyzed Tier-II ESSs 

In a 100 mL RBF, hydrolyzed Tier-II ESS (0.5 g, 0.3 mmol) was added to 25 mL of THF, and 

then triethylamine (47 µL, 0.3 mmol) was added. Finally, dodecanedioyl dichloride (0.7 mL, 2.7 

mmol) was added dropwise, and the reaction mixture was stirred under reflux conditions for 24 

hrs. Then the reaction mixture was filtered and washed with 2 x 50 mL of 1M NaOH and brine 

solution. The product was purified by column chromatography by using 50:50 hexane: ethyl 

acetate. 
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Norflurazon sorption isotherm  

For all of the experiments, the background solution consisted of 18 Ωm water with 0.01 M CaCl2 

(96.0%, Sigma-Aldrich St. Louis, MO), 100 ppm NaN3 (99%, Acros), and 0.05 M MES (high 

purity, VWR) at a pH of 5.75. These components were added to keep the ionic strength constant, 

suppress biological activity, and keep the pH stable, respectively. In addition, reagent-grade 

methanol with a v/v of 0.1% that was purchased from VWR was used to assist in the dissolution 

of NOR into the background solution in order to produce a stock solution of NOR. 

Table A.1. Soil-to-solution (S2S) ratio and sorption kinetics of ESSs and acetylated Pahokee peat 

with 20 ppm of Norflurazon 

 

Entry 

S2S ratio Sorption kinetics 

Weight %sorption sd days %sorption sd 

ESS1  20 mg 74.88 0.91 5 74.03 0.12 

ESS2 40 mg 51.95 0.16 6  45.09 0.21 

ESS3 20 mg 53.01 0.21 5 52.89 0.16 

ESS4 40 mg 51.95 0.15 6 53.82 0.21 

Acetylated Pahokee peat 80 mg 55.61 0.09 6 57.8 0.98 

sd= standard deviation 
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Table A.2. Freundlich adsorption isotherm binding parameter (KF), linear regression constant 

(N), and goodness to fit (R2) for Norflurazon with ESSs and acetylated Pahokee peat 

 

Entry 

Sorption 

log 𝐾𝐹
𝑠𝑜𝑟 𝑁𝑠𝑜𝑟  R2 

ESS1  2.837±0.022 0.974±0.041 0.990 

ESS2 2.246±0.052 0.993±0.080 0.963 

ESS3 2.699±0.010 0.909±0.016 0.998 

ESS4 2.543±0.018 0.785±0.029 0.992 

Acetylated Pahokee peat 2.515±0.067 0.530±0.090 0.979 

 

 

 

Figure A.1. Soil to solution ratio of Pahokee peat 

0

10

20

30

40

50

60

10 20 40 80

P
er

ce
n
t 
A

d
so

rp
ti

o
n
 (

%
)

Soil Weight (mg)

Soil to solution ratio Pahokee peat



123 

 

 

Figure A.2. CP-MAS 13C solid-state NMR of ESS1. 

 

 

Figure A.3. CP-MAS 13C solid-state NMR of ESS2. 
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Figure A.4. CP-MAS 13C solid-state NMR of ESS3. 

 

Figure A.5. CP-MAS 13C solid-state NMR of ESS4. 
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Figure A.6. 1H NMR of protection reaction of 4-hydroxy-2-methoxybenzaldehyde 

 

 

Figure A.7. 1H NMR of Wittig reaction of 4-acetoxy-2-methoxybenzaldehyde 
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Figure A.8. 1H NMR of ATRP initiator synthesis 

 

 

Figure A.9. 1H NMR of ATRP of 4-acetoxystyrene 
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Figure A.10. 1H NMR of PAS-Si 

 

 

Figure A.11. 1H NMR of PASH-Si 
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Figure A.12. 1H NMR of cross-linked ESS 

 

 

Figure A.13. FTIR spectra of PASH-Si (before cross-linking reaction) 

 G:\Other computers\My Computer\Research\IR\Crosslinking 1st try\RH-112 PASH-Si (before cross-linking).0          RH-112 PASH-Si (before cross-linking)          Solid 7/25/2020

500100015002000250030003500

Wavenumber cm-1

7
0

7
5

8
0

8
5

9
0

9
5

1
0
0

T
ra

n
s
m

it
ta

n
c
e
 [

%
]

 Page 1/1



129 

 

 

 

Figure A.14. FTIR spectra of cross-linked ESS (after cross-linking reaction) 

 

 

Figure A.15. TGA thermogram of cross-linked ESS after grafting reaction 
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Figure A.16 Structure of some of the chemicals used in chapter 1  
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Appendix B. Experimental and Spectra for Chapter 2 

Materials and Methods 

Materials 

Unless otherwise indicated, Benzyl fentanyl, fentanyl, heroin, cocaine, and methamphetamine 

were purchased from the Toronto Research Chemicals. Ethyleneglycol dimethacrylate (EGDMA) 

and Methacrylic acid (MAA) were obtained from Aldrich and distilled in vacuo under boiling 

conditions before polymerization. Solvents obtained from commercial suppliers such as VWR or 

Sigma-Aldrich were HPLC grade and used as-is. Reactions that need anhydrous conditions were 

performed in dry glassware under N2 atmosphere. Reactions were monitored by thin-layer 

chromatography. Column chromatography was carried out with flash silicagel. 

Measurements 

1H NMR was measured in CDCl3, (CD3)2CO or (CD3)2SO on an AV 400 MHz Bruker instrument. 

MALDI-TOF MS was performed on a commercial instrument (Bruker UltrafelXreme MALDI 

TOF/TOF) available at the Mass Spectrometry Facility of the Department of Chemistry at 

Louisiana State University. MS samples were prepared by resuspended in methanol at 1 mg/mL 

concentration and mixed 1:1 (v/v) with DCTB (20 mg/mL in DCM) and also 1:1 (v/v) with CHCA 

(10 mg/mL in DCM). A 1 µL aliquot of each mixture was deposited on the target. A range of 500-

2500 Da was used to collect the spectra and data were analyzed with flexAnalysis 3.3. 

Synthesis of Benzyl Fentanyl, Fentanyl, Norfentanyl, Acetyl Benzyl Fentanyl, and Benzoyl 

Benzyl Fentanyl 

Reductive Amination of tert-Butyl 4-oxopiperidine-1-carboxylate (N-Boc-4-

piperidone) 

N-Boc-4-piperidone (4.0 g, 20 mmol) and aniline (4.64 g, 50 mmol) were mixed in 1,2-

dichloroethane (50 mL) and then AcOH (1.21 g, 20 mmol) was added. Finally, the reaction mixture 

was treated with sodium triacetoxyborohydride (6.38 g, 30 mmol). The mixture was stirred at rt 
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for 24 h. The reaction mixture was quenched by adding 1 N NaOH, and the product was extracted 

with dichloroethane. The organic layer was dried over MgSO4 and concentrated under vacuum to 

give either yellow solid or oil. The product was then purified either by recrystallization in hexane 

or column chromatography using EtOAc: CHCl3 50:50 to obtain a 90% yield.  

Acylation of 1,1-Dimethylethyl 4-(phenylamino)-1-piperidinecarboxylate (1-Boc-4-

(phenylamino) piperidine) 

1-Boc-4-(phenylamino)piperidine (1.0 g, 3.6 mmol) was dissolved in dichloromethane (15 mL) 

and Et3N (1.1 g, 11 mmol) was added. Then propionyl chloride (1.0 g, 11 mmol) was added and 

the mixture was stirred at rt for 24 h. The reaction mixture was washed with   1 N NaOH (3 X 15 

mL) and 5 N NaOH (2 X 15 mL) and extracted with dichloromethane. The organic layer was dried 

over MgSO4 concentrated under vacuum to give either yellow solid or oil. The product was then 

purified either by recrystallization in hexane or column chromatography using EtOAc: CHCl3 

50:50 to obtain a 90% yield. 

Deprotection of 4-[(1-oxopropyl)phenylamino]-1-piperidinecarboxylic acid, 1,1-

dimethylethyl ester (N-Boc norfentanyl) 

4-[(1-oxopropyl)phenylamino]-1-piperidinecarboxylic acid, 1,1-dimethylethyl ester  (1.0 g, 3 

mmol) was dissolved in 3 mL of dry CHCl3, cooled at 0ºC under N2 atm. Then 10 mL of 2M HCl 

in ethyl ether were added dropwise. The temperature was kept at 0ºC/6 h, increased to room 

temperature, and stirred for 18 h. HCl and ether were purged under a current of N2 with further 

removal under vacuum. The off-white sticky solid residue was washed with ethyl ether (3 x 20 

mL) and dried under vacuum. Yield 94%.  

Alkylation of 4-(N-Propionylaniline) piperidine (Norfentanyl)      

In a 100 mL RBF, norfentanyl (0.5 g, 2.15 mmol) was mixed with K2CO3 (0.74 g, 5.38 mmol) in 

15 mL of ACN. Then, benzyl bromide (0.38 mL, 3.22 mmol) was added dropwise, and the reaction 

mixture was stirred for 24 h under refluxing condition. After 24 h, the reaction mixture was filtered, 
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and solvent was removed under reduced pressure. Several purification techniques such as column 

chromatography, recrystallization, trituration was performed to purify the product but, in each 

case, a double substituted product was obtained. 

Reductive amination of 1-Benzyl-4-piperidone 

1-Benzyl-4-piperidone (4.0 g, 21 mmol) and aniline (4.92 g, 53 mmol) were mixed in 1,2-

dichloroethane (50 mL) and then AcOH (1.27 g, 21 mmol) was added. Finally, the reaction mixture 

was treated with sodium triacetoxyborohydride (6.72 g, 32 mmol). The mixture was stirred at rt 

for 24 h. The reaction mixture was quenched by adding 1 N NaOH, and the product was extracted 

with dichloroethane. The organic layer was dried over MgSO4 and concentrated under vacuum to 

give either yellow solid or oil. The product was then purified either by recrystallization in hexane 

or column chromatography using EtOAc: CHCl3 50:50 to obtain a 90% yield.  

Acylation of 1-Benzyl-4-(phenylamino) piperidine 

1-Benzyl-4-(phenylamino) piperidine (1.0 g, 3.8 mmol) was dissolved in dichloromethane (15 mL) 

and Et3N (1.14 g, 11 mmol) was added. Then propionyl chloride (1.04 g, 11 mmol) was added and 

the mixture was stirred at rt for 24 h. The reaction mixture was washed with   1 N NaOH (3 X 15 

mL) and 5 N NaOH (2 X 15 mL) and extracted with dichloromethane. The organic layer was dried 

over MgSO4 concentrated under vacuum to give either yellow solid or oil. The product was then 

purified either by recrystallization in hexane or column chromatography using EtOAc: CHCl3 

50:50 to obtain a 90% yield. 
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Polymer Preparation 

Table B.1. Composition of the different MIP 

%Template Bfen (mmol) 
EGDMA 

(mmol) 
MAA (mmol) AIBN (mmol) 

0 0 21 5.4 0.54 

2 0.54 21 5.4 0.54 

4 1.1 21 5.4 0.54 

8 2.2 21 5.4 0.54 

10 2.7 21 5.4 0.54 

20 5.4 21 5.4 0.54 

 

Spectra for Chapter 2 

 

 

Figure B.1. 1H NMR of reductive amination of N-boc piperidone 
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Figure B.2. 1H NMR after acylation reaction of N-boc piperidine 

 

 

Figure B.3. 1H NMR of norfentanyl 
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Figure B.4. 1H NMR after alkylation reaction of norfentanyl  

 

 

Figure B.5. 1H NMR after reductive amination of 1-benzyl-4-piperidone 
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Figure B.6. 1H NMR after acylation reaction of 1-Benzyl-4-(phenylamino) piperidine 
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Appendix C. Experimental for Chapter 3 

Preparation of the Grating Master 

Master microgratings molds with gratings 5 µm in width and 10 µm in spacing were prepared by 

spin-coating 5 µm of negative photoresist SU-8 (MicroChem Corp., Newton, MA) onto a pre-

cleaned silicon wafer. The wafer was then placed for UV exposure (Quintel Ultraline 7000 series 

mask aligner, Morgan Hill, CA), followed by conventional developing and hard-baking processes. 

The grating master was cut to a size of 1.0 cm2 and then put in an upside-down orientation in a 

culture plate. After degassing for 15 minutes in a vacuum, a combination of Sylgard 184 silicone 

elastomer base and Sylgard 184 silicone elastomer curing agent (10:1, w:w) was carefully poured 

into the culture dish that contained the template. The elastomer was cured in an oven at a 

temperature of 80 degrees Celsius for a period of ten hours. Finally, the grating master was 

removed from the elastomer replica. 

Preparation of PBS Buffer 

The PBS buffer stock solution was prepared by dissolving NaCl (2.0 g), KCl (0.05 g), Na2HPO4 

(0.36 g), and KH2PO4 (0.06 g) in DI water by using a volumetric flask. 

Table C.1. The formulation for the preparation of 250 mL PBS buffer solution 

Chemical Weight (g) MW Moles [mM] 

NaCl 2.0 58.5 0.0342 136.75 

KCl 0.05 74.5 0.0007 2.68 

Na2HPO4 0.36 142 0.0025 10.14 

KH2PO4 0.06 136 0.0004 1.76 
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Appendix D. Copyright Permissions 

Scheme 1.1 
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Figure 3.7 
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