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Pseudophase compounds are molecular or micellar self-assembled aggregates that form 

in many natural aquatic environments. Pseudophase chemistry offers distinct advantages 

in modeling phase distributions or complexation in water-colloid and water-surfactant 

systems where the phases or microemulsions cannot be physically separated to assess 

binding constants. The goal of the present study was to determine binding constants in 

preaggregate and postaggregate phases for the solutes ciprofloxacin (CPF) and 

anthracene, with selected pseudophase compounds. The pseudophase compounds tested 

included sodium dodecyl sulfate (SDS), DL-α-Tocopherol methoxypolyethylene glycol 

succinate (TPGS-750M), perfluorooctanesulfonic acid (PFOS), and myelin basic protein 

(MBP). In order to fully understand the pseudophase interactions, the key equations 

represented either fluorescence enhancement (FE) or fluorescence quenching (FQ). 
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Equilibrium binding models for anthracene and ciprofloxacin with the pseudophase 

compounds were derived as: 

 

FQ: F0/FT = 1 + K11 S + (Kn1/n)(ST-cac) 

FE: (FT-F0)/ (CT . α) = [(kC + (k11. K11) S] + (kn1. Kn1/n) (ST – cac)] 

 

Where FT is the total fluorescence intensity while F0 is the initial fluorescence of solute. 

CT is the total concentration of solute and a is the fraction of the solute present at the 

corresponding pH. ST is the total surfactant concentration, S is the monomer surfactant 

concentration, n is the aggregation number and cac is the critical aggregation 

concentration. kC, k11 and kn1 are the fluorescence efficiencies of the free solute, bound 

solute in the preaggregate phase and bound solute in the postaggregate phase. K11 is the 

binding constant for the monomer-monomer complex and Kn1 is the binding constant for 

the monomer-pseudophase complex. K11, Kn1 and cac were extracted from the intercept 

and slope from the equations above. The fluorescence efficiencies, kC, k11 and kn1, were 

obtained directly from the experimental data. K11 and Kn1 were obtained for SDS, TPGS-

750M and PFOS. The change in the fluorescence intensity was too low to measure 

reliable binding constants for the CPF-MBP system.  

 

The equations were evaluated experimentally using both static and continuous-flow 

fluorometric titrations. The influence of pH on CPF fluorescence was rigorously 

evaluated at pH 1-11 where CPF speciation was calculated based on CPF as a tetraprotic 
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acid.  It was determined that the interactions between CPF and the pseudophase 

compounds were dependent on properties such as pH, salt concentration, and quenching 

compounds like O2 radical and Cl-. FE was observed when CPF interacted with SDS 

while overall FQ was observed with PFOS and TPGS-750M.  

 

The binding of the anthracene-TPGS-750M system was significant where K11 was 292 ± 

8 M-1 and Kn1 was (2.8 ± 0.05) x 104 M-1. The binding was higher when CPF is 

considered a tetraprotic acid compared to a triprotic acid with PFOS where Kn1 was 438.2 

± 56 M-1 and 175.7 ± 14 M-1 respectively for the zwitterionic species. The highest 

interactions occurred with CPF- SDS complexation in the postaggregate phase with a Kn1 

of 1780 ± 71 M-1. The highest binding in the preaggregate phase occurred with the CPF-

PFOS tetraprotic complex where K11 was 160 ± 3 µM-1. The most significant variables to 

consider are pH, and ionic strength. The highest binding occurred at neutral pH and the 

lowest in acidic pH. These factors significantly influence the interactions or lack of 

interactions that occur with the molecular pseudophase. By fully understanding the 

interactions between the preceding compounds, this in turn provides a greater 

understanding in the fate and effects and potential removal from the environment.  
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INTRODUCTION 

1.1 Introduction 

A particular challenge in environmental chemistry is to quantify the distribution 

and binding of micropollutants in water with non-filterable dispersed phases such as 

aquatic colloids or surfactants. Antibiotics are micropollutants of particular concern in 

water quality because of the potential development of widespread microbial resistances to 

contemporary drugs. Ciprofloxacin (CPF) is a commonly prescribed fluoroquinolone 

antibiotic in both humans and animals1 that is routinely detected in the aquatic 

environment.2 CPF is regarded as an emerging concern of pharmaceutical contaminant or 

micropollutant. By understanding more about fundamental binding properties of CPF 

with surfactants, it is hoped new discoveries can be used to create and implement better 

management strategies to safeguard our environment. The goal of this section is to show 

how the binding of ciprofloxacin (CPF) to surfactants has been modeled, with the 

emphasis on experimental and theoretical methods previously used to evaluate the 

relevant binding constants between CPF and various surfactants.  

 

1.1.1 Overview of Fluoroquinolones and surfactants 

Fluoroquinolones are a class of antibiotics that target gram-negative bacteria. 

They are important drugs for the treatment of respiratory tract, urinary tract, skin and 
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skin-structure infections.3 The properties of commonly used fluoroquinolones are 

expressed in Table 1.  

 

Table 1.1.1 The physical and chemical properties of fluoroquinolones 

Antibiotic 
Molecular 

Weight 
(g/mol) 

Solubility pKa 
Melting 

Point (°C) 

Levofloxacin4 

 

361.37 >54.2 
(µg/mL) 6.50 225-227 

Gemifloxacin5 

 

389.387 1.31x104 
(mg/L) 

6.40 
9.00 235-237 

Moxifloxacin6 
 

 

401.438 1146 
(mg/L) 

6.31 
9.35 238-242 

Norfloxacin7 

 
 

319.336 0.28 
(mg/mL) 

6.34 
8.75 227-228 

Ofloxacin8 

 

361.373 28.3 
(mg/mL) 

6.05 
8.11 250-257 
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The fluoroquinolone of interest in this study is CPF. Its properties are shown 

separately in Table 1.1.2.  With the increasing CPF use, the occurrence and health risk of 

CPF in the environment is of concern as well as the potential of antibiotic resistance 

because of its presence. The bioavailability of CPF to aquatic organisms in surface waters 

is dependent on its multimedia distribution between water and colloids. Surfactants 

represent an important colloid phase in the aquatic environment, and little is known 

regarding the binding mechanisms of micropollutants in surfactants in colloids. Thus, 

surfactants influence the toxicity of CPF along with other fluoroquinolones. An important 

mode of fluoroquinolone toxicity is photoxicity.9,10 Phototoxicity can range from mild 

erythema to severe bullous eruptions in sun-exposed skin areas as well as 

photomutagenic and photocarcinogenic potential, which has been observed in animals.10 

With this in mind, it is important to understand the binding of CPF with other compounds 

and their properties so that the fate of CPF in the aquatic environment can be better 

predicted. 

 

Table 1.1.2 Physiochemical properties of Ciprofloxacin (CPF) 

Antibiotic 
Molecular 

Weight 
(g/mol) 

Solubility pKa 
Melting 

Point 
(°C) 

Log 
Kow 

Ciprofloxacin11 
 331.34 <1 

(mg/mL) 

3.64 
5.05 
6.95 
8.95 

225-227 0.28 
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1.1.2 Introduction of Surfactants 

In nature, the transport and fate of many micropollutants are facilitated by binding 

with synthetic and natural organic matter (NOM) present in the aquatic environment. 

Aquatic NOM is comprised of many natural and synthetic bio-surfactants, including 

naturally occurring humic acids and fulvic acids derived from the diagenesis of plant 

matter. Additionally, synthetic surfactants derived from human use (e.g., detergents, 

cosmetics, flame retardants, food additives, formulations) are discharged into surface 

waters through wastewater treatment in large amounts. The presence of surfactants in 

natural water bodies has a profound influence on the biological fate of many 

micropollutants such as CPF. Synthetic surfactants may also inhibit the natural 

attenuation processes in the environment such as biodegradation through colloidal-phase 

sequestration into refractory organic matter as well as being toxic or inhibitory to 

microorganisms.12 This induces anaerobic conditions with a negative influence on the 

bio-oxidation of certain substances.12 

Surfactants are chemicals characterized by having a polar head and a non-polar 

tail. The polar moiety is hydrophilic while the non-polar moiety is hydrophobic13.  They 

can be characterized as cationic, anionic, nonionic and zwitterionic. It is important to note 
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that the structures of surfactants change once the critical aggregation concentration (cac) 

is reached, which is the concentration at which the surfactant spontaneously reorganizes 

from a monomer to aggregate forms through self-assembly. The aggregate or micellar 

structure was first proposed by Hartley.15 In the colloidal micellar phase Hartley 

describes the aqueous micelle structure as having a polar or ionic head group oriented 

outward towards water, and non-polar paraffinic tails in the center having the least 

possible interaction with water. Surfactants, specifically anionic surfactants, are 

commonly used in many household products, such as detergents, water-repellants and 

cosmetics.14 The surfactants of interest for my study included those previously 

investigated for binding with CPF or other related fluoroquinolones, namely, sodium 

dodecyl sulfate (SDS), along with several novel surfactants and a protein, 

perfluorooctanesulfonic acid (PFOS), DL-a-tocopherol succinate (TPGS-750M), and 

myelin basic protein (MBP). 

1.1.3 Sodium Dodecyl Sulfate (SDS) 

Sodium dodecyl sulfate (SDS) is an anionic surfactant that is one of the most 

widely used surfactants in many personal care products with excellent foaming, 

cleansing, and rinsing properties.16 This is due to its amphiphilic properties. It has been 

shown to have potential for direct largescale environmental applications due to it being 

the main ingredient in oil dispersant and minor ingredient in other formulations.14 The 

structure of SDS is shown in Figure 1.1.1. 
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Figure 1.1.1 The chemical structure of sodium dodecyl sulfate (SDS) 

 

SDS is one of the surfactants whose binding has been studied the most with CPF 

and other fluoroquinolones. However, the binding constants reported as well as the 

binding models used have varied greatly within the literature. The reason SDS was 

chosen for this study was to allow comparison of my binding constants to those obtained 

in previous literature. 

1.1.4 Perfluorooctanesulfonic Acid (PFOS) 

Perfluoroalkyl substances (PFAS) are a broad class of high production volume 

compounds used as flame retardants and water-repllants.17,18 PFAS persistence in the 

environment has detrimental effects.19 The two most well-known PFAS include 

perfluoroactanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS). PFOS is an 

anionic surfactant that exhibits environmental persistence, bioaccumulation and potential 

toxicity.19,20 Several studies have shown that PFOS interferes with fatty acid metabolism 

and can cause liver toxicity. 19  
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Figure 1.1.2 The chemical structure of perfluorooctanesulfonic acid (PFOS) 

 

In the United States, there have been trace levels of PFOS found in drinking 

water, which can be transported from mothers to newborns via breastfeeding.23 PFOS has 

been known to be transmitted to the fetus through ambilocal cord blood, newborns 

through breast milk and has been found in the bloodstream of Americans since 200919,23. 

The EPA has issued a lifetime drinking water health advisory for PFOS of 70 nanograms 

per liter (or 70 parts per trillion)23. Due to the extremely low concentration and the 

effects, PFOS has become of particular interest recently and a great concern in public 

health. While there have been previous studies of small molecules binding to PFOS in the 

aggregate phase19,20,24,25 there have not been any known reports of binding between CPF 

and PFOS or any other PFAS. 

 

1.1.5 DL-a-Tocopherol succinate (TPGS-750M) 

Biosurfactants like DL-a-tocopherol succinate (TPGS-750M) are a class of 

environmentally benign compounds used in green organic synthesis and drug 

delivery.26,27 It is a derivative of vitamin E.28 In these nonionic surfactants the nearly 

equal ratio between the hydrophilic and hydrophobic portions allows it to solubilize a 

broad array of chemical reactions in water4, 18,19. They are a balanced solvent 
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pseudophase for a sustainable organic synthesis in presence of bulk water, specifically 

transition metal-catalyzed cross couplings.29 This is due to the surfactant having both 

polar and nonpolar entities in the structure. allowing it to be soluble in many solvents. 

The structure of TPGS-750M is shown in Figure 1.1.3.  

 

 
Figure 1.1.3 The chemical structure of DL-a-tocopherol succinate (TPGS-750M) 

 

It has also been determined that TPGS-750M aggregation is not affected by 

temperature or concentration, which makes it ideal as a drug carrier for water insoluble 

compounds.28 It is an attractive surfactant due to the availability from commercial 

suppliers at low cost. There is a lack of information on reliable critical aggregation 

concentration (cac) and aggregation number for this surfactant. The reported cac values 

have ranged from 20 to 1510 mM.30 In addition, there are limited data available for the 

binding constants of small molecules with TPGS-750M, including partition coefficients, 

intraggregate activity coefficients, and water-surfactant distributions of species of small 

molecules, which are all essential to understand the basic solution thermodynamics and 

reactions related to solute-surfactant binding.28,30,31  



9 
 

1.1.6 Myelin basic protein (MBP) 

Myelin basic protein (MBP) is the second most abundant protein in the 

mammalian central nervous system.32 The charge of MBP is considered to be overall 

cationic due to the high content of arginine, lysine and histidine amino acid residues 

present.33 MBP is the only aqueous pseudophase-forming substance tested that is not 

classified as a surfactant. However, under physical changes such as pH MBP has been 

observed to aggregate in water.34 MBP (Figure 1.1.4) has fluorescence properties derived 

from tryptophan and tyrosine amino acid residues in the protein. There are four tyrosine 

and one tryptophan amino acids in the primary structure of MBP.35 

 

 
Figure 1.1.4 A portion of the chemical structure of myelin basic protein (MBP) responsible for fluorescence 

 

The stability of the MBP is dependent on the interactions that occur from the 169 

amino acids within the protein. The amino acid residues in MBP maximize 



10 
 

intramolecular electrostatic repulsions  within the protein and decreases the stability in 

the compound with the increase in pH.34 This is what initiates the aggregation of the 

protein. The protein has also shown hydrophobic and hydrophilic regions due to protein 

folding in water36, similar to the pseudophase behavior described for surfactants. A 

summary of the aggregate properties is expressed in Table 1.1.3 below. 

 

Table 1.1.3 The chemical properties of the pseudophase compounds 

Compound Molecular Weight 
(g/mol) 

Critical 
Aggregation 

Concentration 
(mM) 

Aggregation 
Number (n) 

SDS37 288.38 8.0 60 
PFOS19,38 500.13 8.0 7 

TPGS-750M30 1250-1340 20 - 1510 41 
MBP33 18,200 N/A N/A 
 

1.2 Instrumental techniques employed to study binding 

To study the binding between CPF or other fluoroquinolones with surfactants, 

there have been various instrumental techniques employed (Table 1.2.1). These include 

high performance liquid chromatography (HPLC), ultraviolet visible spectroscopy (UV-

Vis), fluorescence spectroscopy, Fourier transformed infrared spectroscopy (FTIR), and 

nuclear magnetic resonance (NMR) spectroscopy. Each technique is unique in selectivity 

and sensitivity in order to determine and understand different aspects of binding or 

partitioning between these compounds. However, in order to minimize the error in 

binding constant measurement, the techniques must measure free concentration of the 
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solute without interference and obtain maximum precision and accuracy.  Here, I review 

the merits of some techniques for the measurement of binding constants.  

 

Table 1.2.1 A compilation of techniques used to study CPF-surfactant interactions and their characteristics 
Technique Principle  
High Performance Liquid 
Chromatography 
(HPLC)4,39,40 

Measure the change in retention factor or the signal 
intensity and relate to concentration in the binding model.  

Fluorescence 
spectroscopy7,41–43 

Measure the change in the signal intensity compared to the 
concentration of surfactant added 

Nuclear Magnetic 
Resonance (NMR)44–47 

Observe structural changes in the fluorophore by observing 
the changes in peaks 

Ultraviolet-visible 
spectroscopy (UV-vis)48 

Measure the change in absorbance compared to the 
concentration of surfactant added 

Fouier Transformed 
Infrared Spectroscopy 
(FTIR)48 

Observe structural changes in the fluorophore by observing 
the intensity of the peaks 

 
 

HPLC4,39,40: From the literature, in order to determine binding of surfactants with 

CPF and other fluoroquinolones, it was imperative to have a fluorescent probe for the 

detection. In HPLC, the binding of a probe to a surfactant is characterized by the change 

in retention time and signal intensity of the peak. However, it is important to note that in 

a reversed phase HPLC using surfactant in the mobile phase, the probe is in equilibrium 

among the three phases: aqueous mobile phase, the nonpolar stationary phase, and the 

surfactant aggregate phase. The literature used cetyltrimethyl ammonium bromide 

(CTAB) and acetonitrile to prepare the mobile phase. Potassium dihydrogen phosphate 

was used to prepare the CTAB solution. However, depending on the volume of 

acetonitrile added to CTAB, this effects the critical aggregation concentration (cac).49 
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The interactions in these three phase systems complicate the measurement of binding 

constants, especially with compounds as complex as CPF and PFOS.  Therefore, it is not 

a direct and simple technique for the evaluation of binding constants. 

FTIR48: In order to observe the structural changes of CPF, Khan et al used FTIR 

in order to search of key functional groups. It is important to specify, before discussing 

the results, that the CPF used was CPF-HCl and not pure CPF. While the HCl allows for 

the compound to be soluble in water, this in turn could affect the obtained IR peaks. The 

paper specifies the complexity of CPF as a structure in terms of its behavior under 

different pH conditions. However, while they specified functional groups present such as 

-OH and NH, they fail to mention under what conditions they were found under. 

Also due to the structure of CPF and its protonation or deprotonation, certain 

peaks should be disappearing as the pH increases such as the -OH peak. From the 

literature, it appears that FTIR would not be the ideal method in order to determine 

binding or partitioning between CPF and surfactants.  

NMR44–47: In order to observe binding as well as determine dissociating and 

associating protons in CPF, NMR is a method that has been used.50  Proton NMR will aid 

in the determination of the change in connectivity between CPF and surfactants or simply 

which protons are dissociating. NMR has also been used to determine the surfactant 

aggregate size and structure.44,46 However, depending on the compound’s solubility in a 

solvent, limits the application. NMR has also been used to better observe structural 

changes within micelles.37   
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UV-Vis48: UV-vis is a commonly used technique that can determine the 

absorbance or also known as the excitation spectrum of a compound. This technique was 

used extensively for compounds with significant molar extinction coefficient in the UV-

vis range. Khan et al used UV-vis along with FTIR to observe the effects of pH on the 

partitioning of CPF with SDS. However, unlike in fluorescence methods, UV-vis is a less 

sensitive technique for weakly absorbing species. Compounds cannot be distinguished 

based on the absorbances obtained. Therefore, with a compound like CPF, which has 

many different structures depending on pH, as well as what it is bound or partitioned to, 

the results obtained from UV-vis may not be as precise. Therefore, it could be utilized for 

simple systems with high concentrations of donor and acceptor with high molar 

absorptivities. While CPF in the environment remains at very low concentration and has 

strong emission in the visible region the fluorescence spectroscopy appears to be the 

technique of choice.  

Fluorescence7,41–43: Many compounds emit characteristic electromagnetic 

radiation after absorbing light in the UV region. The resulting emission is characterized 

by the fluorescence spectrum. Fluorescence spectroscopy is a good method to study 

binding or partitioning for multiple reasons. It can be used to measure binding directly, 

meaning it can be observed without the need to filter or otherwise separate the solute and 

surfactant in the original solution. Fluorescence is far more sensitive in comparison to 

UV-vis, FTIR and NMR, and has the ability to determine emission and excitation spectra 

simultaneously.  The concentrations needed to complete fluorescence experiments are 

extremely low (down to sub-micromolar concentrations), and therefore overcomes 
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common problems such as the low solubility of the fluorophore in the solvent, self-

association of the compound of interest (CPF), and self-quenching.  

 An important variable in fluorescence is the presence of quenching agents in 

solution with the fluorophore. For example, if CPF is used in the form of one of its 

chloride salts (e.g., CPF-HCl) or HCl is added to facilitate dissolving CPF in water, Cl- 

can account for quenching. It would be difficult to determine whether quenching was 

attributed to the surfactant or chloride ion. Therefore, it is important to avoid the use of 

any additional quenching agents such as chloride ion when making CPF solutions. 

Another important quenching agent is oxygen from the atmosphere, which can decrease 

the total fluorescence intensity unintentionally. Atmospherically derived oxygen can be 

removed by sparging the solution initially with either Ar or N2 gas.51 Unfortunately, no 

previous studies were found to have sparged their systems with an inert gas prior to 

making fluorescence measurements.  

The existing literature clearly shows fluorescence spectroscopy is best suited to 

study binding of photoactive molecules at a very low concentrations approximating 

infinite dilution experimental conditions for the evaluation of meaningful thermodynamic 

binding constants. The infinite dilution condition is defined as the aqueous concentration 

of the solute (i.e., CPF) below the solubility limit where solute-solute interactions are 

negligible and only solute-water intermolecular attractive forces exist for the solute in the 

absence of colloid. We note that pH measurement in binding studies were often ignored 

in the literature or did not have a wide range of pH values. There are factors that can 

influence the strength of the binding between compounds, other than covalent and ionic 
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bonds. These include noncovalent and electrostatic attraction or repulsion (intermolecular 

forces) modulated by solvent, ionic strength, and pH. 

 

1.3 Theories: Binding Equilibria in Solution 

The Spectrophotometric titration has been successfully developed as a means to 

directly measure the binding constants between low-molecular weight molecules and 

surfactants52 without the need to isolate the water and dispersed phases for independent 

analysis. Fluorescence is a particularly beneficial spectroscopic technique because of its 

selectivity and sensitivity. CPF is a fluorophore. The mathematical relationships between 

fluorescence and CPF binding to surfactants are described further below.  

 

1.3.1  Monomer Complexes 

It is first important to establish the fundamental mathematical equations of solute 

binding to surfactants to establish the best model. The derivations begin by first defining 

the reactants and products of the system through a mass action equation:  

 

Equation 1.3.1 Mass Action Equation of monomer:monomer complex 
𝐶 + 𝑆 = 𝐶𝑆 

 

The extent of the mass-action equation above equilibrium can be defined by the 

following equilibrium constant:  
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Equation 1.3.2 Equilibrium Constant K11 for monomer:monomer complex 

𝐾!! =
𝐶𝑆
𝐶. 𝑆 

 

K11 is defined as the binding constant of the monomer:monomer (1:1) complex 

between the fluorophore and the surfactant. The terms C and S can be further expressed 

in mass balance equations to account for the total surfactant (ST) and total CPF (CT) 

concentrations below:  

 

Equation 1.3.3 Mass Balance for Surfactant 
𝑆 = 𝑆" − 𝐶𝑆 

 

 

Equation 1.3.4 Mass Balance for Fluorophore  
𝐶 = 𝐶" − 𝐶𝑆 

 

All of the concentrations are expressed in molarity units (mol/L). Assuming all 

three species, C, CS, and S are fluorescent, in this simple monomer system the observed 

fluorescence (F) can be expressed using the equation below assuming the path length of 

the cell is equal to 1:  

 

Equation 1.3.5 Observed Fluorescence 
𝐹 = 𝑘#𝑆 + 𝑘$𝐶 + 𝑘$#𝐶𝑆 
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Equation 1.3.6 Initial Fluorescence Intensity of the Fluorophore  
𝐹% = 𝑘$𝐶% 

 

The kS , kC and kCS terms above represent the fluorescence efficiency of the 

compounds of S, C and CS, respectively. C0 is the initial concentration of CPF. If the 

surfactant S is not fluorescent (generally the case), the total fluorescence is only due to C 

and CS. It is important to note that C is the free and unbound fluorophore, therefore, it 

can be used interchangeably with C0.  

By incorporating Equation 1.3.4 into Equation 1.3.5, then the following equation 

can be expressed: 

 

Equation 1.3.7 Difference in fluorescence intensity  
𝐹 − 𝑘$𝐶 = (𝑘$# − 𝑘$)𝐶𝑆 

 

The excess fluorescence using the term DF, can be expanded in the following 

manner when substituting F0 from Equation 1.3.6:  

 

Equation 1.3.8 Expanded difference in fluorescence intensity  
∆𝐹 = 𝐹 − 𝐹% = 𝐹 − 𝑘$𝐶 

 



18 
 

It is important to note that the excess fluorescence in Equation 1.3.8 is invalid 

unless CT is constant. A new fluorescence term, q, can be defined to shorten the 

fluorescence efficiency expression:  

 

Equation 1.3.9 Substitution of fluorescence efficiency  
𝑞 = 𝑘$# − 𝑘$  

 

The term CS can be expressed in the following manner: 

 

Equation 1.3.10 Substitution of the concentration of monomer: monomer complex  

𝐶𝑆 =
∆𝐹
𝑞  

 

The binding constant K11 can be determined using the following equation:  

 

Equation 1.3.11 monomer:monomer binding constant  

𝐾!! =
𝐶𝑆

.𝑆" −
∆𝐹
𝑞 / .𝐶" −

∆𝐹
𝑞 /

 

 

Equation 1.3.11 can be rewritten below:  

 

Equation 1.3.12 K11 expanded equation 

𝐾!! =
∆𝐹𝑞

(𝑞𝑆" − ∆𝐹)(𝑞𝐶" − ∆𝐹)
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Equation 1.3.13 Expanded equation of 1.3.12  
𝑆"𝐶"
∆𝐹 +

∆𝐹
𝑞& =

1
𝑞𝐾!!

+
𝑆" + 𝐶"

𝑞  

 

If it is assumed that ST >> CT, which is often the case at ambient solute and 

surfactant concentrations, and ST CT/DF >> DF/q2 then:  

 

Equation 1.3.14 Scott Equation  
𝑆"𝐶"
∆𝐹 =

1
𝑞𝐾!!

+
𝑆"
𝑞  

 

Equation 1.3.14 is known as the Scott equation. If both sides of Equation 1.3.14 

are divided by ST, then the alternative Benesi-Hildebrand (BH) equation can also be 

expressed below:  

 

Equation 1.3.15 Benesi – Hildebrand (BH) equation  
𝐶"
∆𝐹 =

1
𝑞𝐾!!𝑆"

+
1
𝑞 

 

If a plot of CT/DF versus ST, the slope of the graph would equal 1/(q. K11). It is 

important to note that the derivations assume no aggregation of S i.e., prior to the cac. It 
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also assumes either one of the reactants is present in excess the characteristic of the 

absorption or emission of the other reactant will be transparent in the range of the 

reaction system.53 

The Scott and Benesi-Hildebrand (BH)52 equations were extensively used with 

UV-vis and fluorescence spectroscopy for the measurement of  binding derivations with 

simple systems. It was first developed to explain a phenomenon where iodine changes 

color in various aromatic solvents, which was attributed through I2-solvent complex 

formation which could be determined spectroscopically.54 

However, the key assumption where the initial concentration of the solute is 

significantly greater than the initial concentration host cannot apply past the cac. Due to 

the aggregation number, n >1, the concentration of the aggregate would significantly 

increase and could not be explained by the equations. Due to the noncovalent binding 

between the fluorophore and the aggregate, it is possible that intermediate (2:1) 

complexes to form in solution if they have significantly different association constants.   

Scott criticized the BH equation assumption the equilibrium constant is 

concentration independent is inherent is difficult to justify.55 Different results have been 

obtained when the assumption of K11 is not equal to the concentration of the acid. In 

Scott’s derivations, he accounts for the concentration activity of the species of interest. 

The concentration activity accounts for the initial concentration of S and the fluorescence 

intensity.  
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Scott assumes the equilibrium constants are at infinite dilution which redefines 

the K11 binding constant in comparison to the BH equation. At infinite dilution, it 

assumes solute- solute interactions are negligible as stated earlier.  

The Scott and BH equations have been the most successful when 

spectrophotometric measurement was conducted for acid-base complexes in inert 

solvents. However, it is not ideal for monomer-aggregate complexes as neither account 

for the structural changes once a monomer becomes the aggregate.  

 

1.3.2 Aggregate complexes 

Surfactants form aggregates (Sn) from monomers after the cac is reached, and the 

aggregation number (n) is assumed to be relatively constant for a particular surfactant.  

 

Equation 1.3.16 Concentration of the aggregate  
𝑛𝑆	(𝑚𝑜𝑛𝑜𝑚𝑒𝑟) = 𝑆'(𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒) 

 

Equation 1.3.1, Equation 1.3.2, and Equation 1.3.3 can be expanded to include the 

surfactant aggregate forms: 

 

Equation 1.3.17 Mass balance of monomer:aggregate complex 
𝐶 + 𝑆' = 𝐶𝑆' 
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Equation 1.3.18 monomer:aggregate equilibrium expression  

𝐾'! =
𝐶𝑆'
𝐶	. 𝑆'

 

 

 

Equation 1.3.19 Concentration of the aggregate  

𝑆' =
𝑆"()*)
𝑛  

 

Equation 1.3.17 Equation 1.3.18, and Equation 1.3.19 now account for the 

aggregate form of the surfactant, which can also serve as a binding agent. The 

aggregation number (n) is also critical in determining binding.  

The following papers below have applied various modifications to the Scott and 

BH equations in combination with equations similar to Equation 1.3.17 Equation 1.3.18, 

and Equation 1.3.19 above to determine the binding between CPF or other fluorophores 

and aggregated surfactants or micelles. 

De La Guardia et. al.56 used the following derivations to determine binding 

constants between fluorescent molecules like 1-napthol with cationic, anionic and 

nonionic surfactants and b-cyclodextrin56 which is the fluorophore. To determine the 

binding constants, this was done using variations are from the Benesi-Hildebrand 

equation. Since the authors were trying to observe the binding of a solute in the micelle, 

the binding constant Kn1 is introduced yielding Equation 1.3.20.  
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Equation 1.3.20 Determination of binding by De La Guardia et. al. 

:;
𝐹
𝐹%
< − 1=

(!

= :;
𝐹+
𝐹%
< − 1=

(!

:1 +
1

𝛾𝐾'!𝐶
= 

 

In Equation 1.3.20, g is the ratio between the fluorophore extinction coefficient, at 

the excitation wavelength, in the presence and the absence of the surfactant. The paper 

also states that the concentration of the micelle (M) can be expressed in the following 

manner:  

 

Equation 1.3.21 Concentration of the micelle  
𝑀 = 𝑆" − 𝐶𝑀𝐶 

 

Equation 1.3.21 includes the micellar region of the solute without the aggregation 

number, therefore, Kn1 is actually Kn1/n (an error not recognized by the authors) more 

specifically via Equation 1.3.20. 

 

Equation 1.3.22 Determination of binding in the postaggregate phase by De La Guardia et. al. 

:;
𝐹
𝐹%
< − 1=

(!

= :;
𝐹+
𝐹%
< − 1=

(!

:1 +
1

𝛾𝐾'!(𝑆" − 𝐶𝑀𝐶)
= 

 
 

In Equation 1.3.22, g is equal to one when the extinction coefficients are equal in 

both micellar and solution media or when there is no emission by the micellar bound 

solute. A plot of [(F/F0)-1]-1 versus 1/(ST-CMC) yields a straight line. By dividing the 
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intercept and the slope of the line, Kn1 can be determined. Since the following equation 

does not account for the aggregation number, the binding constant Kn1 is Kn1/n. While the 

authors account for the formation of the surfactant micelle through the critical micelle 

concentration (CMC), they do not, however, account for the aggregation number after the 

micelle is formed. 

Encinas et. al.57 observed in detail the partitioning of fluorescence quenching 

systems. K in the paper was described as a partition constant. However, the authors used 

Stern-Volmer plots in order to obtain these values. Stern-Volmer, while commonly used, 

has been proven to be an inaccurate method in order to determine binding constants using 

fluorescence spectroscopy.58  Based on the derivation, it appears that the authors were 

trying to determine Kn1 upon accounting for the micelle. This is particularly important 

due to the nature of surfactants and their structural change after the cac. The binding 

presented between these systems was not linear. 

 

Equation 1.3.23 Literature binding constant of the quencher  

𝐾'! =
[𝑄]+
[𝑄],𝑀

 

 

[Q]M and [Q]w are the quencher concentrations in both micellar and aqueous 

phases, respectively. If [Q]T is defined as the total quencher concentration, then the 

following equation can be derived:  
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Equation 1.3.24 Total concentration of the quencher  
[𝑄]" = [𝑄]+ + 𝑓[𝑄], 

 

Here, ƒ was defined as the fraction of the quencher that occurs in the water 

(dissolved) phase. [Q]M was further defined by the following equation 

 

Equation 1.3.25 Concentration of the quencher within the micelle  
[𝑄]+ = 𝑛D[𝑀] 

 

where ñ is defined as the mean occupation number. The mean occupation number 

is defined as the number of species occupied in the micelle. This term represents a factor 

proportional to the concentration of solute inside the micelle.  This is the first paper to 

account for a type of aggregation number in the equation.  In micellar systems, the 

number of aggregates present in the system also influences the strength of the binding or 

non-covalent interactions in the system.  From this equation, Equation 1.3.24 can be 

rewritten in the following manner: 

 

Equation 1.3.26 Linear relationship of postaggregate binding by Encinas et. al. 
[𝑄]"
𝑓 =

𝑛D
𝐾'!

+
𝑛D[𝑀]
𝑓  

 

A plot of [Q]T/ ƒ versus [M]/ƒ that allows for the determination and evaluation of 

Kn1 and ñ for each value of F/F0.  
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Khan et. al.48 and Banipal et. al.59  used UV-vis spectroscopy to determine 

binding between CPF and SDS through a variation of the BH equation below: 

 

Equation 1.3.27 Variation of the Benesi-Hidebrand equation  
1
∆𝐴 =

1
𝐾'!
𝑛∆𝐴-

× (𝐶 + (𝑆" − 𝐶𝑀𝐶))
+

1
∆𝐴-

 

 

In Equation 1.3.27, DA∞ is defined as the differential absorbance when S =0 (in 

absence of S), and DA is the differential absorbance in the micellar-bound and free forms 

of CPF.  The authors further calculated the Gibbs free energy for the formation of Kn1 as  

DG = -RT(ln Kn1). The following equation below was used to determine the binding 

constant between CPF or C and the micellar-phase surfactant:  

 

Equation 1.3.28 Determination of postaggregate binding by Khan et. al.  
[𝐶][𝑆]
∆𝐴 =

[𝑆]
∆𝜀𝑙 +

1
𝐾'!
𝑛∆𝜀𝑙

 

 

∆ε was the difference in the absorption coefficients while l was the pathlength of 

the cell. It can be observed that Equation 1.3.28 closely resembles the Scott equation in 

order to determine binding. By plotting [C][S]/DA  versus [S], the value of Kn1/n was 

determined.  However, the authors only accounted for the Kn1 in acidic (pH 0.5-1) and 

basic conditions (pH 9) but collected data at pH 0.5-1, 5.0-6.0, 7.0. 9.2 and 13-14. This 
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could be due to obtaining negative binding constants in the other pH ranges. The authors 

also considered CPF to be a triprotic acid instead of a tetraprotic acid. Therefore, the 

results considered only two CPF acid-base species instead of all five potential species.  
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THEORY SECTION 

2.1 Theory 

The binding (equilibrium partitioning) of ciprofloxacin with surfactant-like 

substances was evaluated experimentally by using fluorimetry, specifically the reduction 

in fluorescence of a solute (i.e., ciprofloxacin) upon binding to a surfactant species that is 

either non-fluorescent or has wavelengths orthogonal with CPF fluorescence emission.  

Ciprofloxacin (CPF) binds to the surfactant noncovalently in both monomeric (1:1 in 

S:C) and aggregate forms (n:1 in Sn:C), and, therefore, requires the evaluation of two 

binding constants simultaneously (K11 and Kn1) along with the aggregation number n of 

the surfactant. Furthermore, the influence of pH must be incorporated into the 

ciprofloxacin binding model because of the importance of pH as an environmental 

variable and the pH-dependent speciation of ciprofloxacin. CPF has 4 acid dissociation 

(Ka) constants.  The objective was to develop a fluorescence model capable of evaluating 

CPF binding to surfactants that included the important variables K11, Kn1, n and pH. The 

new model used in my study is derived below.  

As shown in previous literature60–62, freely dissolved CPF (C) undergoes 

equilibrium binding to the surfactant (S) to yield the complexes C-S (1:1 form) and C-Sn 

(aggregate form of surfactant) according to following mass-action laws: 

 

Equation 1.3.1 Mass balance of monomer : monomer complex 
𝐶 + 𝑆 = 𝐶𝑆 
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Equation 1.3.2 Equilibrium expression of the monomer : monomer complex  

𝐾!! =
[𝐶𝑆]
[𝐶][𝑆] 

 

 

Equation 1.3.3 Mass balance of monomer : pseudophase complex  
𝐶 + 𝑆' = 𝐶𝑆' 

 

 

Equation 1.3.4 Equilibrium expression  

𝐾'! =
[𝐶𝑆']
[𝐶][𝑆']

 

 

All concentrations are molar (mol/L). Sn is the molar concentration of the 

aggregate (e.g., micellar) surfactant, which may be evaluated as 

 

Equation 1.3.5 Concentration of the aggregate  

𝑆' =
𝑆"()*)
𝑛  

  

where ST is the total concentration of S, cac is the critical aggregation 

concentration (mol/L) of the aggregate and n is the aggregation number. For many 

surfactants, cac and n are known at specific conditions but are dependent on temperature, 
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the presence of salt (buffer) or a change in pH. For example, sodium dodecyl sulfate, a 

common anionic surfactant, has a cac of 8 mM at 25oC with an aggregation number of 

6237 at zero ionic strength and neutral pH. Total C (total fluorophore concentration) in the 

system subject to fluorescence emission is defined in terms of its mass balance of 

complexation as 

 

Equation 1.3.6 Total concentration of the fluorophore 
𝐶" = 𝐶 + 𝐶𝑆 + 𝐶𝑆' 

 

The total fluorescence (Ft) for all species of C in (Equation 1.3.6) is defined 

additively as  

 

Equation 1.3.7 Total fluorescence intensity 
𝐹" = 𝐹$ + 𝐹$# + 𝐹$#! 

 

Furthermore, the fluorescence of any particular species of C, Ci, can be defined 

below according to its concentration and individual fluorescence efficiency ki (1/M). 

 

Equation 1.3.8 Fluorescence of the individual fluorophore   
𝐹. = 𝑘.𝐶. 
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Combining the mass balance equation expressed in Equation 1.3.6 with Equation 

1.3.7 and Equation 1.3.8 yield a description of total fluorescence emission for all species 

in terms of an overall fluorescence efficiency kc. 

 

Equation 1.3.9 Determination of total fluorescence  
𝐹" = 𝑘$(𝐶 + 𝐶𝑆 + 𝐶𝑆') 

 

ki is the fluorescence efficiency of C, CS and CSn. They are assumed equal due to 

all of the species fluorescing at the same wavelength. Therefore, the total fluorescence, 

FT, can be derived from Equation 1.3.9 with substitution of Equation 1.3.1 and Equation 

1.3.2 for C-S and C-Sn, respectively.  

 

Equation 1.3.10 Expanded equation of the total fluorescence  
𝐹" = 𝑘$[𝐶] + 𝑘$#𝐾!![𝐶][𝑆] + 𝑘$#!𝐾'![𝐶][𝑆'] 

 

It is assumed all three species have the same fluorescence efficiency where ki = kC 

= kCS = kCSn. 

 

Equation 1.3.11 Expanded equation of the total fluorescence to account for the aggregation number 

𝐹" = 𝑘.[𝐶] + 𝑘.𝐾!![𝐶][𝑆] + 𝑘.𝐾'![𝐶] :
𝑆"()*)
𝑛 = 
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Assuming C is a solute monomer and Ft in the absence of S is designated as Fo 

(where Fo = koCo) then fluorescence of the fluorophore is evaluated from the observed 

fluorescence (FT) as 

 

Equation 1.3.12 Determination of binding constants for FQ like behavior 
𝑭𝟎
𝑭𝑻

= 𝟏 + 𝑲𝟏𝟏𝑺 + ;
𝑲𝒏𝟏

𝒏 < (𝑺𝑻(𝒄𝒂𝒄) 

 

A plot of Fo/FT versus St – cac yields a straight line where the slope is (Kn1/n) and 

the intercept is (1+K11S).  

When C is the only fluorescence emitting species in its monomeric free state, then 

as C is progressively bound to S, the total fluorescence emission decreases, due to the 

loss of C and the production of C-S and C-Sn, which are not fluorescent species. This can 

be viewed as a form of static quenching. Experimentally a finite yet small volume of S is 

added to the initial concentration of Co. Assuming linearity of concentration calibration 

for free C, a dilution factor, df, can be introduced:  

 

Equation 1.3.13 Dilution factor  

𝑑5 =
𝑉%

𝑉% + 𝑉6
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Equation 1.3.14 Determination of binding constants for FQ like behavior with the dilution factor 
𝑭𝟎𝒅𝒇
𝑭𝑻

= 𝟏 + 𝑲𝟏𝟏𝑺 + ;
𝑲𝒏𝟏

𝒏 < (𝑺𝑻(𝒄𝒂𝒄) 

     

Equation 1.3.12 and Equation 1.3.14 are independent of the concentration of 

solute emitting species. Equation 1.3.14 is general for binding that reduces the total 

fluorescence emission due to the loss of C, which emulates Stern-Volmer (SV) quenching 

behavior.  

The above derivations account for the noncovalent interactions between C and S. 

If it is assumed that the bound C species is not fluorescence emitting after the ith addition 

of S to the system, then the total fluorescence is described by   

 

Equation 1.3.15 Expanded total fluorescence intensity  
𝐹" = 𝑘$𝐶 = 𝑘$(𝐶" − 𝐶𝑆 − 𝐶𝑆') 

 

 

Equation 1.3.16 Expanded total fluorescence intensity to account for K11 and Kn1/n 
 

𝐹" = 𝑘$ ;[𝐶] − 𝐾!![𝐶][𝑆] − [𝐶] ;
𝐾'!
𝑛 < [𝑆"()*)]< 

 

If given freely dissolved C = CT . α, where α is the fraction of the CPF speciation 

in the system, then Equation 1.3.16 can be recast as: 
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Equation 1.3.17 Determination of binding constants for FQ like behavior accounting for the fluorescence 
efficiency and total concentration of the fluorophore  

𝐹"
𝑘$	.		𝐶" .		𝑎

= 1 − 𝐾!![𝑆] − ;
𝐾'!
𝑛 < [𝑆"()*)] 

 

A plot of Ft/(kC CT . α) versus [St – cac] yields a straight line of the slope (Kn1/n) 

and intercept (1-K11 S). The equation now allows the change in Ct due to dilution and 

accounts for the specification fraction, α , of C at the experimental pH. Equation 1.3.14 is 

valid at a single fluorescence wavelength or λmax where the species of interest has the 

maximum absorption or emission intensity. If the fluorophore is an acid or base and pH is 

known, the α-s can be used to factor the total fluorescence emission intensity at given pH 

into those intensities associated with the particular species predominating.  

Equation 1.3.14 and Equation 1.3.17 are better suited for determining binding 

between ionizable fluorophores and surfactants compared to the Scott and BH equations 

discussed in the literature review. Furthermore, many previous experiments yielding 

binding constants have been inaccurate because the presence of some quenching agents 

(e.g., Cl- and O2-derived substances) were not adequately addressed. Since the surfactant 

also acts as a quencher, the presence of multiple quenchers likely means inaccurate 

values of K11 and Kn1 have been assigned to the surfactants under study. The difference 

between these equations is that Equation 1.3.17 accounts for the total concentration of 

ciprofloxacin within the system as well as the fluorescence efficiency of CPF.  FT is the 

total fluorescence which accounts for an increase in fluorescence as the aggregate is 

titrated into the solution.  
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Equation 1.3.14 can be used to determine the binding of ciprofloxacin with the 

surfactants in the preaggregate and the postaggregate phases. In Equation 1.3.14, if the 

fluorophore is acidic or basic and pH varies the fractional concentration of the relevant 

species can be used to correct the emission intensity. The equation also accounts for the 

initial fluorescence intensity is greater than the total fluorescence as the aggregate is 

added into the solution.  

To account for the fluorescence enhancement once complexation occurs, a new 

assumption is made where the fluorescence efficiency k, is not a constant all the species,  

rather the fluorescence efficiency of the monomer:monomer complex (k11), aggregate: 

monomer complex (kn1) and the free fluorophore (kC) are included . Therefore Equation 

1.3.18 can be expressed below:  

 

Equation 1.3.18 Total fluorescence intensity when k is not constant  
𝐹" = 𝑘$ + 𝑘!!𝐶𝑆 + 𝑘'!𝐶𝑆' 

 

 

 

Combining Equation 1.3.1, Equation 1.3.3, Equation 1.3.5, and Equation 1.3.7, Equation 

1.3.19 is expressed: 
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Equation 1.3.19 Expanded total fluorescence intensity when k is accounted for 

𝐹" = 𝑘$ + 𝑘!!𝐾!!𝐶𝑆 + 𝑘'!𝐾'!𝐶
𝑆"()*)
𝑛  

 

Therefore, the observed total emission due the presence of three species, C + CS 

+ CSn, is related to binding constants, concentration of free C, the emission constants, 

cac, and n. Among these, the cac can be found from a characteristic inflection point of the 

observed emission. The concentration of free solute, C, is not easily obtained unless the 

solute is volatile, or its spectrum is clearly discernible from its complexes. If C is acidic 

or basic and its dissociation constants are known, preferably, with the same measurement 

technique, then the concentration of free C can be calculated from the fractional 

distribution of species vs. pH diagram. Therefore, the measurement of pH during the 

experiment is critically important. Species concentrations are given by 

 

𝐶9 = 𝐶"𝛼9 
 

 

Here, αj, is the fraction of j-th species e.g., of a multiprotic acid to calculated from 

the corresponding equilibrium constants. Therefore, Equation 1.3.20 can be expanded for 

all other species generated from the same compound with change in the conformation due 

to pH or other factors.  
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Equation 1.3.20 Total Fluorescence intensity to account for all species of the fluorophore in solution  

𝐹" =RS𝐹9T 
 

 

Equation 1.3.21 Substitution of FT and Fj 

RU
𝐹9

𝐶" 	. 𝛼9
V =RWX𝑘9 + Y(𝑘!!𝐾!!)9𝑆Z + ;𝑘'!

𝐾'!
𝑛 <

9
(𝑆"()*))[\ 

 

 

For a single major species 

 

Equation 1.3.22 Determination of K11 and Kn1 to account for fluorescence enhancement  

𝐹9
𝐶" 	.		𝛼9

= WX𝑘9 + Y(𝑘!!𝐾!!)9𝑆Z + ;𝑘'!
𝐾'!
𝑛 <

9
(𝑆"()*))[\ 

 

Equation 1.3.21 is the general expression for the model. The sum sign is over the 

number of species 0- j. Equation 1.3.21 is valid at a fixed wavelength where the emission 

intensity is measured. For a tetraprotic acid j=4 and there are five species. Since pH 

determines the abundance of species, αj, the emission is mostly determined by the 

specific species in question unless the emission constants are significantly different from 

each other. Equation 1.3.22 was tested with the major species present at the indicated pH, 

specifically CPF and SDS complexation. Clearly, the model is explicit compared to that 

of single species approximate models like BH, and Scott described earlier, except there is 
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no simple way to get the aggregation number, n, other than literature values or ultrafast 

emission decay experiments.63  
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EXPERIMENTAL  

3.1 Experimental 

3.1.1 Chemicals  

Ciprofloxacin (CPF), sodium hydroxide, hydrochloric acid, perfluorooctane-1-

sulfonic acid (PFOS), anthracene (97% purity), DL-α-tocopherol methoxypolyethylene 

glycol succinate (TPGS-750M) and myelin basic protein (MBP) were purchased from 

Sigma Aldrich (St. Louis, MO). Monosodium phosphate and disodium phosphate were 

purchased from Fisher Scientific (Hampton, NH). Sodium dodecyl sulfate (SDS) (98% 

purity), NaOH and HNO3 were available without purchase. Chemicals were not further 

purified prior to use.  

 

3.1.2 Instrumentation 

Two spectrofluorometers were employed to measure fluorescence. The first was a 

Shimadzu (Columbia, MD) Model RF-6000 spectrofluorometer. Various sample dilutions 

were manually prepared in the quartz, 2.0 mL and 1.0 cm pathlength cuvette prior to 

measurement and manually added into instrument. The RF-6000 was used for the batch 

experiments of ciprofloxacin (CPF) pH experiments, CPF with sodium dodecyl sulfate 

(SDS) and perfluorooctanesulfonic acid (PFOS) in addition to scanning the absorption 

and emission fluorescence spectra of CPF and anthracene to select the wavelengths of 

maximum emission for equilibrium studies.  
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 The second spectrofluorometer was custom built. To obtain reliable 

emission intensities at selected wavelengths while the solute probe (e.g., CPF) was added 

to the ligand (e.g., SDS) without having to manually replace the cuvette each time an 

addition of a flow-through attachment to a Perkin-Elmer LS-5B fluorescence 

spectrometer (Waltham, MA) was custom assembled. This feature allowed for the 

simultaneous data collection of fluorescence intensity and pH without manipulating the 

cuvette. The components of the flow cell apparatus consisted of a RAZEL Scientific 

precision syringe pump (Fairfax, VT), thermo-stated water bath at (25 ± 0.1) oC, a 

thermo-stated mixing cell, pH probe (Vernier, Beaverton, OR), a peristaltic pump, with 

Teflon tubing and a cuvette with the spectrofluorometer.  The instrument is a Continuous 

Flow Closed Loop System (CFCLS). The CFCLS was designed and assembled by Dr. 

Abul Hussam.  A schematic diagram of the apparatus is shown in Figure 3.1.1.  
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Figure 3.1.1 Schematic of a Continuous Flow Closed Loop System (CFCLS). TC: Thermo-stated mixing cell 
(35.0 mL), PH- pH probe,  T- thermostat, PELS5B: Perkin-Elmer Mode 5B spectrofluorometer, Autoburet: 
RAZEL precision syringe pump, P: Peristaltic pump controlled by computer, MC 1208 FS-Plus: Measurement 
Computing data acquistion card (PMD 1208, Measurement Computing Inc., USA) 

 

3.1.3 The operation of the CFCLS  

The measurement protocol for the CFCLS was the following: The Perkin-Elmer 

LS-5B fluorometer was turned on and warmed up for 15 minutes. The tubing connected 

to the thermo-stated mixing cell was attached to the water bath. The thermo-stated mixing 

cell was filled with water from the water bath and the temperature was regulated for 15 

minutes. The peristaltic pump was turned on for 10 minutes to remove residual liquid in 

the Teflon tubing. The Teflon tubing attached to the peristaltic pump was changed when 

surfactants or other solutes were changed. The Teflon tubing was flushed with 30 mL of 

water mixed with 1-2 mL of acetone and the peristaltic pump ran for five minutes. The 

thermo-stated mixing cell was filled with 30 mL of the desired solution. The solution was 

flushed with either Ar or N2 gas for 10 minutes and then continuously flushed throughout 
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the experiment in order to ensure the removal of possible O2 radical quenchers. The 

peristaltic pump was turned on to fill the cuvette inside the fluorometer. Then the pump 

was turned off and the required parameters were entered into the Delphi program and the 

experiment was run.  The Teflon tubing was changed when different surfactants or 

compounds were introduced into the thermo-stated cell in order to prevent any possible 

contamination. Delphi 6 (Embarcadero, Austin TX) was used to establish the data 

collection and processing of CFCLS.  

 A typical CFCLS data acquisition cycle was established with the 

following parameters (Figure 3.1.2): (a) 50 auto-buret (AB) additions of surfactant to the 

thermo-stated mixing cell; (b) delay time of 30 seconds between additions from the AB to 

the thermo-stated mixing cell; and (c) AB add time of surfactant of 10 seconds to the 

thermo-stated mixing cell. The average number of readings for each recorded data point 

was 85. The interval between individual fluorescence intensity readings was 100 

milliseconds.  The ADC full scale was the voltage (± 2.0 V) in the fluorometer that 

determined the total fluorescence intensity emitted. The fixed scale (0.250 – 1) was the 

capacity of allowed fluorescence intensity. 
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Figure 3.1.2 An example of CFCLS program 

 

The greatest advantage of the CFCLS were the precise addition of reagents, 

mixing of the reagents, and the delivery to the cuvette without manual manipulation, with 

all steps under automated computer control. The CFCLS system allowed the 

measurement of pH and emission intensity simultaneously at any time for as many times 

as desired. Thus, all pH and emission data reported here is the average of 85 

measurements after sample addition and mixing. The measurement precision was less 

than 1% RSD for pH and fluorescence intensity.  
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In order to ensure the pH values in the CFCLS were accurate, the probe was  

calibrated using 4.00, 7.00 and 10.00 pH buffers. The pH calibration is shown in Figure 

3.1.3. The maxiumum error within the probe was ± 5 mV (Figure 3.1.3).  

 

 
Figure 3.1.3 The calibration of the pH probe used in CFCLS using buffer pH 4.00, 7.00, and 10.00 

 

3.1.4 Measurement of equilibrium mixing time 

To measure the equilibrium mixing time a 12 mM of CPF stock solution was 

loaded in clean cuvette prerinsed with acetone and water. Then thermostated mixing cell 

was filled with water. The flow rate of the peristaltic pump was 1.28 mL/min. The 

volume flow (mL/s) was determined by multiplying the flowrate of the pump by the time. 

As the water in the thermo-stated mixing cell flows into the cuvette filled with CPF and 

dilutes it,  the decrease in fluorescence intensity was measured vs. time. From the volume 
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flow as shsown in Figure 3.1.4, until there is no change in signal is the equlibrium mixing 

time, which is 300 s or 5 mins. 

 

Table 3.1.1 The experimental parameters of CFCLS to determine the ideal mixing time 
Number of additions 500 AB-add (ms) 0 

Delay After (ms) 300000 ADC Full Scale (V) ± 2.0 
Average Number 10 Interval (ms) 100 

Fixed Scale 1 
 

 

 

 
Figure 3.1.4 The fluorescence intensity versus volume flow to determine the ideal mixing time of reagents in the 
whole flow system in the CFCLS 
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3.1.5 Fluorophore and surfactant combinations 

3.1.5.1 Anthracene	and	TPGS	
 

Initial proof of concept of the CFCLS was performed using anthracene as the 

fluorescent probe and TPGS as the surfactant. Anthracene is a neutral substance that is 

not influenced by solution pH and is a strong fluorophore. This is less complex compared 

to CPF. TPGS-750M is an ampiphillic surfactant that is environmentally benign. It is 

overall neutral compared to the overall negatively charged SDS and PFOS and the 

postitively charged MBP. The simplistic factors of these two compounds allowed both to 

validate the theory and the methodology.   

An anthracene stock solution was prepared by mixing 1.0 mg of anthracene in 

10.0 µL of methanol as a water-soluble carrier solvent and adding this to distilled water 

in a 250 mL volumetric flask. The resulting anthracene concentration was 0.023 µM, 

which was lower than the literature solubility of 0.25µM.64 A total of 30.0 mL of the 

anthracene stock solution was filtered through a 0.2 micron nylon filter and added 

directly to the thermo-stated cell in the CFCLS.  

 A TPGS-750M stock solution was prepared by dissolving 0.5000 g in 25.0 

mL of distilled water in a volumetric flask. The stock solution was diluted in distilled 

water to produce a working concentration of 80.0 mM of TPGS-750 (MW= 1250 g/mol). 

The working solution was loaded into the autoburet for delivery into the thermo-stated 

mixing cell in the titration. TPGS-750M was added in 60 µL increments. The titration 

was performed under the previously optimized settings. 
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3.1.5.2 pH titrations of CPF 
 

The purpose of the pH titrations was to understand the effect of pH on the 

structure of CPF as well as the effect on the fluorescent intensity. It was observed that as 

the pH increased, there was a blue-shift in lemission from 448nm in acidic conditions to 

416 nm in basic conditions. It could then be determined that the effect of pH not only 

influences the fluorescence of CPF but also the interactions of CPF with surfactants.  

To determine the effect of pH on CPF fluorescence properties, batch experiments 

were initially conducted using the The Shimadzu RF-6000 spectrofluorometer. A total of 

15 solutions of CPF including pH 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 6.50, 7.00, 7.50, 8.00, 

8.50, 9.00, 10.00 and 11.00 were created. The concentration of the CPF solution was 

adjusted to 31.2 µM. CPF was dissolved in 1.0 mL of concentrated HNO3 instead of  

HCl, to prevent possible chloride quenching and adjusted with NaOH to the 

desired pH values.  For pH ranges 1-5, the lemission was set to 448 nm. For pH ranges 6-

11, the lemission was set to 416 nm. This was to account for the blue shift that occurred 

with the CPF. The excitation slit was set to 3.0 nm while the emission slit was set to 3.0 

nm. 

 

3.1.5.3 CPF and SDS Additions 
 
3.1.5.3.1 CPF and SDS batch experiments with Shimadzu RF-6000 

 
Batch Experiments were conducted using the Shimadzu RF-6000 

spectrofluorometer. A 500 mg/L stock solution of CPF was prepared by dissolving 25 mg 
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of CPF in 2.0 mL 0.1M HCl and 50 mL of ultra-pure distilled water. All solutions were 

adjusted to pH 8.33, 7.00 and 4.00  in 0.1M phosphate buffer. A stock solution of 0.200 

M SDS was prepared in ultra-pure distilled water. The concentrations of SDS rangeded 

from 0-50 mM for a total of 12 solutions. The stock solultion of SDS was prepared by 

dissolving xxx g in mL of distilled water.  

To prepare the 12 solutions, the appropriate volume of the SDS stock solution was 

delivered with a 1000 µL micropipet.  The concentration of CPF was held constant at 

31.2 µM. All of the solutions were stored in amber bottles and in the dark. The lemission 

was set to 446 nm and lexcitation was set to 270 nm. The excitation and emission slits were 

2.5 nm and 3.0 nm, respectively. The emission scans were collected in triplicate and the 

intensities were averaged. 

 

3.1.5.3.2 CPF and SDS titration experiments with CFCLS 

CFCLS Experiments were conducted with CPF and SDS. The first set of 

experiments were to observe the interactions when SDS and CPF were dissolved in 

distilled water. The  concentration of SDS was 0.3 M in the AB was titrated in increments 

of 10 µL to the  thermo-stated mixing cell filled with 30 mL of 31.2  µM CPF. CPF was 

thoroughly mixed for five minutes before each addition. A total of 30 - 50 additions were 

completed for each experiment. The lexcitation was set to 270 nm and the lemission was set to 

448 nm. The excitation and emission slits were set at 3 nm. 
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The experiment was then repeated where the thermo-stated mixing cell was filled 

with 15 mL of 600 mM of CPF and 15 mL of 0.1M phosphate buffer to observe the 

effects of binding with and without a salt buffer.  

 

3.1.5.4 CPF and PFOS additions 
 
3.1.5.4.1 CPF and PFOS batch experiments with Shimadzu RF-6000 

Batch Experiments were performed with CPF and PFOS using the Shimadzu RF-

6000. A total of 13 solutions of 0.00 mM, 1.60 mM, 3.10 mM, 4.20 mM,  5.00 mM, 8.20 

mM, 10.00 mM, 14.00 mM, 20.00 mM, 25.00 mM, 33.00 mM, 40.00 mM and 50 mM of 

added PFOS to CPF and 0.1 M phosphate buffer were created. 

CPF was initially dissolved in 0.1 M HCl, and diluted in 0.1M phosphate buffer 

pH adjusted to 7.00 to equal a concentration of 31.2 µM. PFOS was purchased from 

Sigma-Aldrich as a solution of 41% v/v in water, which converts to 2.279 M. To prepare 

the range of solutions at the desired PFOS concentrations, a 1000 µL micropipet was 

used to deliver calculated amounts of PFOS into 13 amber bottles containing CPF and 0.1 

M phosphate buffer. Fluorescence was recorded in triplicate after each PFOS addition. 

The experiments were repeated in duplicate, and an excitation spectrum was recorded. 

The lexcitation = 270 nm and lemission = 448 nm and the excitation and emission slits were at 

3.0 nm. 

3.1.5.4.2 CPF and PFOS titration experiments with CFCLS 

CFCLS experiments with CPF and PFOS were conducted in pure water, and the 

presence of phosphate buffer to test the effects of pH and ionic strength on fluorescence. 
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In pure water titrations either 1 mM or 2.279 M PFOS dissolved in water was added to 

the AB. The titration was performed in 0.1 mL increments with the AB. The thermo-

stated mixing cell contained 30 mL of of CPF at concentrations ranging from 100 mM - 

600 mM in ultra-pure distilled water.   

In the case of phosphate buffer, the thermo-stated mixing cell was filled with 15 

mL of 0.1 M phosphate buffer at pH 7.00 and 15 mL of 600 mM CPF. Subsequently, 

10µL aliquots of PFOS were auto-titrated to thermo-stated mixing cell. The solution was 

thoroughly mixed for five minutes before additions. A total of 30 additions were 

completed for each experiment.  

 Fluorescence measurements were conducted in each case under the 

optimized CFLCS conditions of lexcitation = 270 nm and lemission = 448nm. The excitation 

and emission slits were at 3.0 nm. 

 

3.1.5.5 CPF and TPGS-750M titration experiments with CFCLS 
 

The CPF and TPGS-750M experiments were completed using the CFCLS. To 

prepare the TPGS-750M stock solution, 0.5000 g was dissolved in 25 mL of distilled 

water. Then, 12.5 mL of TPGS was diluted with water to 25 mL in a volumetric flask and 

diluted to yield 80 mM. The TPGS-750M 80 mM solution was then added in 6.0 mL to 

the AB. The CPF solution was prepared in distilled water to yield a concentration of 100 

µM, and 30.0 mL of the CPF solution was added to the thermo-stated mixing cell. 

Fluorescence measurements was conducted with lexcitation = 270 nm and lemission = 448nm 

and the excitation and emission slits were 3.0 nm. 
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3.1.5.6 CPF and MBP titration experiments with CFCLS 
 

CFCLS experiments were conducted to observe the interaction between CPF and 

MBP. 

The phosphate buffer was prepared by diluting 25 mL of 0.1 M phosphate buffer 

and diluting it to 250 mL with distilled water to equal 0.01M. The buffer was then filtered 

through a 0.45 micron Nylon filter in order to further purify it. The phosphate buffer was 

used to maintain the pH of the CPF solution at pH 7.70. The MBP was dissolved in 0.9% 

NaCl to yield a concentration of 90.6 mM MBP, where 3.0 mL was added to the AB of 

the CFCLS. The CPF solution was prepared to be 100 mM in 0.01 M phosphate buffer. A 

total of 30.0 mL of the CPF solution was added to the thermo-stated mixing cell.  

Fluorescence measurements was conducted with lexcitation = 270 nm and lemission = 448nm 

and the excitation and emission slits were 3.0 nm. 

Unfortuantely, the error within the fluorescence intensity measurements of CPF 

with MBP were ± 1.93 and the trend displays large error. Therefore the data could not be 

used for binding analysis.  

 

3.1.6 Data Analysis 

Microsoft Excel (Redmond, WA) was used to analyze the all of the data obtained 

using the Shimadzu RF-6000 and the CFCLS. Excel was used to generate the plots and 

calculate the binding constants, K11 and Kn1/n from the slope and intercept of the graphs 

using simple liner regression. The regression tool in Excel was used to determine the 

error in binding constants obtained.   
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The equation used for the data analysis was F0/FT = 1 + K11S + (Kn1/n)(ST-cac) to 

account for fluorescence quenching like behavior (FQ). The experimental cac was 

determined for each pseudophase compound by plotting F0/FT in the y-axis and the 

concentration of the aggregate added in the x-axis. F0 represented the initial fluorescence 

intensity of each individual CPF species without added surfactant. FT was the total 

fluorescence for the specific CPF species at the experimental pH, which was derived by 

multiplying total measured fluorescence (FT) by alpha for each species (i.e., FT = F.ai). 

Finally, the ratio Fo/FT was obtained at each incremental addition of surfactant. The 

values K11 and Kn1/n were obtained from the regression intercept and slope values, 

respectively. A positive slope was indicative of binding. The aggregation number, n, 

could not be determined experimentally which is why the values are listed as Kn1/n.  

Once the slope and intercept were obtained for both equations,  the data analysis 

tool in Excel linear regression analysis was used to determine the standard deviation of  

the estimated slopes and intercepts, which along with the R2 values from the plots 

provided the binding constant errors and goodness of fit of the models, respectively. If a 

binding constant obtained was negative, or if the error in the binding constant was greater 

than the binding constant itself, these values were considered to be 0 and no binding 

between CPF and the aggregate of interest.  

To account for the fluorescence enhancement (FE), a straight line was plotted 

where the y-axis is (FT – F0)/(CT . a) and x-axis is ST – cac. The intercept is (kC + k11. 

K11. S) and a slope is (kn1. Kn1/n). The emission constants, k, can be obtained from F in 

absence of surfactant, k11 from the highest F in the premicellar region, and kn1 from the 
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region of complete complexation in the post-micellar region. To a first approximation k, 

k11, and kn1 can be assumed to be constant throughout the experiment if surfactant does 

not change the conformation of the solute, C, significantly.  
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DETERMINATION OF ANTHRACENE AND DL-a- TOCOPHEROL 
SUCCINATE (TPGS-750M) COMPLEXATION 

4.1 Anthracene and TPGS-750M complexation 

Anthracene, a 3-ring polycyclic aromatic hydrocarbon (PAH) whose binding 

properties do not depend on solution pH, was the first fluorescent probe to be tested in 

combination with the biosurfactant DL-∝-tocopherol methoxy-polyethylene glycol 

succinate (TPGS-750M).  Anthracene was selected to conduct a first-order evaluation of 

the binding models. 

 

4.1.1 The fluorescence spectrum of anthracene  

The emission spectrum of anthracene was obtained using 270 nm as the excitation 

wavelength. The literature had an excitation wavelength of 253 nm for anthracene.65 

However, the sensitivity of the Perkin-Elmer LS 5B could not go lower than 270 nm. 

Therefore, while the emission spectrum was taken with the Shimadzu RF-6000, this was 

to ensure consistency with the CFCLS. Figure 4.1.1 shows two maxima at 405 and 415 

nm in the fluorescence emission spectrum of anthracene. For quenching experiments 405 

nm was selected as maximum emission wavelength (lmax), which corresponded with the 

lmax most often reported in the literature65–68 for anthracene.  It is important to note that 

TPGS-750M is fluorescent with an emission maximum of 315 nm.28 From the emission 

spectrum of Puig-Rigall et al. it was observed that there was no fluorescence emission 

past 375 nm. Therefore, it was assumed there was no emission overlap existed between 

TPGS and anthracene. 
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Figure 4.1.1 An emission spectrum of 0.023 μM anthracene in distilled water + 300 µL of methanol without 
TPGS – 750 M at 25°C. The excitation wavelength = 270 nm 

   

4.1.2 The effect of TPGS-750M on anthracene fluorescence 

A strong quenching of anthracene fluorescence was observed through a TPGS-

750M concentration range of 0 to 7,000 µM (Figure 4.1.2). As the concentration of 

TPGS-750M increased the total fluorescence intensity decreased. The error within the 

fluorescence intensity was ± 5. The pH of the system was 6.26 ± 0.03 and showed a 

minimal change through the complete range of the titration. The overall resolution from 

the CFCLS appears to be good. It was observed that past 4000µM of TPGS added, the 

fluorescence intensity becomes stagnant. This could be due to saturation of anthracene 
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within the TPGS pseudophase, or self-quenching from the anthracene fluorophore. 

Therefore, 0 – 4000 µM of TPGS added was considered for analysis.  

 

 
Figure 4.1.2 Fluorescence Intensity ± 5 of anthracene versus the concentration of TPGS – 750M at 25°C. 

 

4.1.3 Determination of the critical aggregation concentration of TPGS-750 M  

The cac of surfactants can be determined in spectrometric titrations that 

conducted above and below the cac. The cac for TPGS-750M was determined from the 

fluorescence ratio (F0/Fi) to be 1.51 mM (Figure 4.1.3). The literature values of the cac of 

TPGS have ranged from 0.02 to 1.51 mM.30 One factor of the varying cac is due to the 

varying molecular weight. For TPGS-100M it was observed to start at 0.02 mM and 1.51 

for TPGS-400M. The molecular weight of TPGS-750M ranges from 1250-1340 g/mol. 

From Figure 4.1.3, it appears that the cac resembles that of TPGS-400M. 
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Figure 4.1.3 The figure shows an emission ratio vs. [TPGS] µM added. The critical aggregation concentration, 
1512 µM, is found from the intersection of initial slopes as shown. 

 

Compared with other surfactants (Table 4.1.1) the cac for TPGS was smaller than 

SDS but larger than CTAB and Triton 100X. Knowing the cac of pseudophase 

compounds is critical as it determines the point at which the monomer becomes an 

aggregate. The cac also determines the exact point of when the fluorophore partitions 

within the pseudophase or if no interactions occur. Therefore, by understanding the 

properties of various pseudophase compounds, and when they aggregate, this aids in the 

determination of the interactions that occur with the fluorophore.  

 

 

Table 4.1.1 The literature critical aggregation concentration of other surfactants 
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SDS69 8.0 mM 
CTAB69 0.25 mM 

Triton 100X69 0.8 mM 
Humic Acid70 (HA) 7.0 g/L 
Fulvic Acid70 (FA) 6.8 g/L 

 

4.1.4 Binding Constants 

The K11 and Kn1 values for anthracene binding in the TPGS preaggregate and 

postaggregate phases were obtained using the derived model discussed in the Theory 

section of this dissertation.  

A plot of F0/FT versus ST-cac is shown in Figure 4.1.4 below. The binding 

constant K11 was determined to be 292 ± 8.2 M-1. The binding in the postaggregate phase 

greater compared to the binding in the preaggregate phase, and this does not account for 

the aggregation number, n, of the surfactant. Therefore, if the literature aggregation 

number of 41 is used, then the Kn1 would be (2.77 ± 0.05) x 104 M-1. This would show 

that there is significant binding between anthracene and TPGS-750M. 
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Figure 4.1.4 Figure shows a portion of the emission ratio when ST – cac is greater than or equal to 0. The 
intercept and the slope were used to calculate K11 and Kn1/n. 

 

 

Table 4.1.2 The binding of anthracene and TPGS-750M at 25oC. The literature aggregation number of 41 was 
used to determine Kn1.    

Slope (µM-1) (6.75 ± 0.1) x 10-4 

Intercept (µM-1) 1.44 ± 0.03 
R2 0.9906 

K11 (M-1) 292 ± 8.2 
Kn1/n (M-1) 676  ± 13 
Kn1 (M-1) (2.77 ± 0.05) x 104  

Notes: The equation (F0/FT) = 1 + K11[S] + (Kn1/n)(ST – cac) was used to extract the K11 
and Kn1 binding constants from the intercept and slope of Figure 4.1.4.  

 

Because of the simplicity of anthracene and TPGS used, the data obtained 

provides a basis for the binding model. This is due to that there is no influence of pH and 

salt on the compounds.  
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4.1.1.1 A	literature	survey	of	anthracene	binding	with	other	pseudophase	aggregates	
 

In order to properly understand the experimental binding between anthracene and 

TPGS-750M it is first important to observe and compare the different binding constants 

used in previous literature studies. This is shown in (Table 4.1.3) below. There have not 

been any studies conducted to determine the binding between anthracene and TPGS-

750M.  

 

Table 4.1.3 Literature binding constants of anthracene with other pseudophase aggregates. cmc- critical micelle 
concentration, n- aggregation number of the surfactant not the quencher, K11 is the 1:1 binding constant, Kb - 
binding constant (water), Ksv - Stern-Volmer constant.  a. listed in Table 4.1.4, b. N/L = not listed, c. detection 
limit in nM not a binding constant, d intensity ratio between sodium taurocholate (NaTC)-metal to NaTC alone. 
Probe 

molecule 
(Eq used), pH, 

Tempa 

Quencher-
Surfactant or 

Reactant 
 

CMC 
(mM) 

 
n K11 

(M-1) Kb KSV 
(M-1) 

lex/lem 

(nm) 

Anthracene (1) 
pH= 8.0 ± 0.1 
Temp 20 oC 

 

Cetylpyridinium 
chloride (CPC) - 

SDS 
N/L 60 N/Lb N/L 474 ± 1371 355 / 402 

2-Anthracene 
Sulfonate (2,4) 

pH= N/L 
Temp 25 oC 

CPC-Triton X-
100 0.25 134 N/L 260,00069 4,800 9,200, 

46,000 

337 / 412 

CPC-SDS 8.0 50 N/L 70,000 900, 2,300, 6,400 
CPC-CTAB 0.8 55 N/L 96,000 900, 2,100, 15,000 

CPC-Tween-80 0.01 124 N/L 250,000 4,000, 8,700, 
40,000 

CPC-Tween-60 0.021 112 N/L 220,000 3,800, 7,600, 
37,000 

CPC-Tween-40 0.023 92 N/L 180,000 3,400, 7,200, 
35,000 

CPC-Tween-20 0.05 86 N/L 160,000 3,300, 7,100, 
33,300 

Anthracene (2) 
pH= N/L 

Temp 25 oC 

CPC -ethanol N/L N/L N/L N/L 45 ± 0.572 

365 / 400 

KI - ethanol N/L N/L N/L N/L 17 ± 0.5 
Pyridinium 

chloride, PC - 
ethanol 

N/L N/L N/L N/L 42 ± 1 

PC - SDS N/L N/L N/L N/L 520 ± 20 
KI- SDS N/L N/L N/L N/L < 1.0 
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Quinolinuim- 
SDS N/L N/L N/L N/L 1575 ± 50 

KI - CTAB N/L N/L N/L N/L 418 ± 15 
CPC - CTAB N/L N/L N/L N/L 348 ±12 
PC - CTAB N/L N/L N/L N/L < 1.0 

NaTC N/L 4 4.464c N/L N/L 

N/L 
NaTC-Tb3+ N/L N/L 1.3d N/L N/L 
NaTC-Eu3+ N/L N/L 1.2d N/L N/L 
NaTC-Al3+ N/L N/L 1.2d N/L N/L 

SDS N/L N/L 0.46c N/L N/L 
 

 

From the table, it can be observed that there are three binding constants. K11 

accounts for the preaggregate binding, Kb is the binding constant in water, and KSV is the 

Stern-Volmer constant. Often, KSV has been used as a binding constant, however, it is 

actually a rate constant. This was determined through the derivation where KSV is 

composed of the rate of disappearance, rate of fluorescence quenching and rate of 

fluorescence emission. None of the rate constants which compose KSV account for 

binding. The Kb is the closest to the Kn1 binding constant, due to the noncovalent 

interactions which occur between the fluorophore and the pseudophase. They cannot be 

listed as Kn1 due to the binding not being exclusive to the micelle or pseudophase 

compound. The binding determined in the literature values are between the fluorophore 

and the quencher.  

The equations used to determine the binding constants were referenced in Table 

4.1.3, are shown in Table 4.1.4. 

 

Table 4.1.4 Equations used to determine the binding constants in Table 4.1.3 
No. Equation 
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1 F0/F = (1+ KD[Q])(1+KS[Q]) = 1+ (KD + KS)[Q] + KDKS[Q]2 
2 F0/F = 1+ KSV[Q] 

3 Kb = ([Q]micelle/([Q]water)[M]) 
 

4 [Q]T = ñ/K + ñ[M] 
 

5 [M] = ([S] - [free monomer])/n 
 

6 ln (F0/F) = [Q]n/[S] 
 

 
Notes: F0 = initial fluorescence intensity without quencher, F = total fluorescence 
intensity, KD = dynamic quenching constant , KS = static quenching constant, Kb - 
Binding or association constant,  [Q] = concentration of quencher, [Q]T = Total quencher, 
ñ = average occupancy number of Q per micelle, [M] = concentration of micelle, [S] = 
total or stoichiometric concentration of surfactant  

 

The literature binding constants obtained in Table 4.1.3 are difficult to compare to 

the experimental due to the nature of the experiments conducted. The experiments 

conducted were three-constituent systems as expressed prior. The three-constituent 

systems consist of the fluorescent probe, the solvent and the quencher. The Kb values 

obtained with anthracene sulfonate are the closest to the Kn1 binding constant. However, 

the addition of the sulfonate ion on the anthracene while increases the solubility in water, 

could also minimize the binding between the aggregate past the cac, encouraging the 

fluorophore to interact more with the water soluble quencher, cetylpyridinium chloride 

(CPC)  

However, from the results determined, past the cac, interactions between 

anthracene and TPGS-750M pseudophase display overall fluorescence quenching like 

behavior, where the fluorescence intensity decreased as the concentration of TPGS-750M 

increased. Therefore, the precision in the binding constants obtained in Table 4.1.3 was 
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affected due to multiple quencher compounds within the solutions. TPGS is unique with 

the ability to be soluble in both polar and nonpolar solvents. Therefore, the interactions 

with anthracene are plausible with anthracene’s low solubility in water. Anthracene will 

migrate to interact with the pseudophase aggregate until it is saturated. This is why there 

is a high binding observed in the preaggregate and postaggregate phase. 
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THE EFFECT OF PH ON CIPROFLOXACIN (CPF) SPECIATION AND 
FLUORESCENT PROPERTIES  

5.1 The effect of pH on CPF speciation and fluorescent properties 

CPF is known to be a strongly fluorescent compound. Because CPF is a 

multiprotic acid its fluorescent properties are strongly pH dependent. There has been 

variation among the pKa values and associated speciation of CPF reported in the literature 

(Table 5.1.1). Previous studies have regarded CPF as a diprotic, triprotic, or more 

recently as a tetraprotic acid. It is critically important to express CPF dissociation 

accurately because fluorescence in relation to pH speciation (acid-base forms) can 

substantially impact the determination of binding constants.  

 

 
Table 5.1.1 The literature protonation and pKa values reported for ciprofloxacin using various experimental 
methods.  

CPF as pKa1 pKa2 pKa3 pKa4 Method 

Tetraprotic 
acid11,73–76 

3.64,    

3.32, 

3.01 

5.05, 

5.59, 

6.14 

6.95, 

6.14, 

8.70 

8.95, 

8.85, 

10.58 

Electrophoresis and 
spectrometric titration 

Triprotic acid 6,8 -021 5.05 
6.30 

6.35 

8.61 

8.95 

Potentiometric and 
spectrometric titration 

Diprotic acid7,77,78 3.01 
6.09, 
6.10, 
6.14 

7.41 8.62, 
8.70 Spectrometric titration 
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CPF has four measurable pKa values, but the assignment of each pKa to a position 

on the molecule has varied. A proposed CPF proton dissociation scheme is illustrated in 

Figure 5.1.1. Qiang et al.76 stated the proton on the carboxylic acid is the first to 

dissociate because the pKa of 1-naphthoic acid (3.69) is similar to the measured pKa1 of 

CPF, correlating with the structural similarity between naphthoic acid and 

fluoroquinolones. The authors further state that the remaining pKa values were assigned 

to the three reactive nitrogen atoms based on electron density, in order of the quinolone 

nitrogen (N1, pKa2), first piperazine nitrogen (N1¢, pKa3) and second piperazine nitrogen 

(N4¢, pKa4). However, De Bel et al.75, Salma et al.11 and Van Doorslaer et al.73 assigned 

pKa1 to the quinolone nitrogen N1, pKa2 to N1¢, pKa3 to the carboxylic acid and pKa4 to 

N4¢. Van Doorslaer et al73. declared data for pKa1 and pKa2 were scarce with 

contradictory results making it difficult to unequivocally assign these proton dissociation 

sites, but they confidently assigned pKa3 and pKa4 to the carboxylic acid and the N4¢ 

nitrogen on the piperazinyl ring, respectively. Yang et al.42 and Khan et al.48 also 

associated pKa1 with the quinolone nitrogen. Yang et al42. stated the relationship between 

pH and the luminescent species is complicated, but the authors assumed CPF was 

triprotic and stated that pKa2 and pKa3 occurred N1¢ and carboxylic acid, respectively. 

The authors proposed that in acidic solution CPF produces a tautomerism between ketone 

and enol-forms. Therefore, according to the authors the tautomerism is what influences 

the shift of proton of N1 to N1¢ and carboxylic acid dissociation. However, because Yang 

et. al. does not account for CPF as a tetraprotic acid, there is greater stability at N1' due to 

the additional hydrogen at N4'. 
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Figure 5.1.1 CPF dissociation and the corresponding species (left to right) with designated fractions a0, a1, a2, 
a3, and a4 for CPF as a tetraprotic acid. 

 

The chemical structures presented in Figure 5.1.1 were adopted from Salma et 

al.11 along with the corresponding pKa values (Table 5.1.1).  The order of dissociation 

presented in Figure 5.1.1 represents that displayed by Qiang et. al. The corresponding 

mechanism in Figure 5.1.1 was established due to the nature of the corresponding 

functional groups with their nature and literature acid dissociation constants. 

The carboxylic acid and the quinolone (N1) nitrogen pKa values are 4.2079 and 

4.9280 having similar pKa values to benzoic acid and quinolone-H+ , respectively. The 

determination of pKa1 and pKa2 are not as important to resolve because, as stated by 

Doorslaer et al., these values do not impact speciation in conditions near neutral pH 

where CPFH43+ and CPFH32+ do not exist. However, pKa3 and pKa4 appear to be critical 

to accurately defining speciation. This is due to the zwitterionic nature of CPFH+- and 

CPF- which are the predominate species of CPF present at neutral pH.  

The dissociation constant for the first proton (i,e., pKa1) could be either the 

carboxylic acid or the quinolone nitrogen (N1) depending on CPF’s solvent environment.  
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In theory, if the solvent is acidic (e.g., aqueous HCl), then the proton on the 

quinolone, N1, would be the first to dissociate because the carboxylic acid would be more 

stable due to the lower pKa of the corresponding functional group in the acidic solution. 

However, if the solvent is water then the polarity of the solvent would influence the 

proton on the carboxylic acid to dissociate first. Therefore, for the purpose of the 

experiments conducted, pKa1 was associated with the carboxylic acid due to the solvent 

being water. The two piperazinyl nitrogen atoms, N1¢ and N4¢, would be the last to 

dissociate due to the literature pKa value for a quinolone ring functional group.81 This 

would correspond to pKa4 and pKa3 when looking at the nitrogen atoms in the structure 

from left to right. 

In Figure 5.1.2, the species distribution is shown as the fractional concentration of 

the species versus pH. It is interesting to note that two species of CPF, CPFH2+ and 

CPFH+- exist at almost equal concentrations near pH 7. Clearly, the assumption of only 

one species at this pH would be erroneous upon consideration of the binding constants. 

Most importantly, Figure 5.1.2 shows that the species distribution is very sensitive to the 

change in pH even at pH 7. However, if only three pKa values are used for CPF 

speciation the pH distribution profiles are significantly different (Figure 5.1.3). At pH 7, 

the diprotic acid, CPFH32+, (a1), the monoprotic CPFH2+ (a2), and the deprotonated 

CPFH+- (a3) fractions are 16, 82, and 2 percent, respectively. All these have a significant 

impact on the activity of the drug CPF in various biological compartments having 

different pH values. Consequently, the binding of these species is also pH dependent. 

Therefore, reliable pKa measurement is of paramount importance. Also, continuous pH 
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measurement during binding constant experiments is necessary even in the presence of a 

buffer.  

By knowing the fractional distribution of all forms of CPF (a0-4) the contribution 

of any particular species towards the observed emission intensity can be calculated at any 

pH. A precise pH measurement will help determine the fluorescence intensity 

contribution from each species. Species present at a given pH will contribute to the total 

fluorescence intensity independently and each species of CPF will have a unique 

fluorescence efficiency. This can be calculated from the measured emission through a 

wide pH range. Therefore, it is imperative to understand the total number of dissociating 

protons and the precise pKa values. Species concentrations are only determined by the pH 

and the ionic strength, the error in the binding constants are reflected by these parameters. 

By measuring the pH and fluorescence intensity simultaneously in the binding equilibria, 

the error can be minimized. 
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Figure 5.1.2 Fractional distribution (alpha) of CPF species as a function of pH for a tetraprotic acid. The pKa 
values used were 3.64, 5.05, 6.95 and 8.95 

 

 

 
Figure 5.1.3 Distribution of CPF species (alpha) as a function of pH for a triprotic acid. The pKa values used 
were -0.21, 6.30 and 8.61. 
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5.1.1 The effect of pH on the fluorescence spectra of CPF species 

The excitation and emission spectra of CPF were measured in the range of pH 1 

to 11 at increments of 1 for pH 1-5 and 9-11 as well as increments of 0.5 from pH 6.00 -

8.50 (Figure 5.1.4). In Figure 5.1.4(a), the excitation maximum was determined to be 270 

nm. While the fluorescence intensity appeared to have intensity maximums at pH 4.00, 

6.00, 7.00 and 8.50, there was no shift in the excitation maximum.   

The fluorescence emission intensity increased from pH 1.00-4.00 at lemission = 448 

nm (Figure 5.1.4). At pH 5, the fluorescence intensity decreased at lemission = 448 nm. 

This is indicative of the shift of species CPFH43+ to CPFH32+.  At pH 6, the lemission 

maximum shifted from 448 nm to 416 nm. This shift indicates a major change in the 

deprotonation of CPFH32+ to CPFH2+.  The fluorescence intensity maximums appeared at 

pH 6.00, 7.00 and at pH 8.50 at 416 nm. From pH 9.00-11.00, the fluorescence intensity 

decreased. 
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Figure 5.1.4 The excitation (a) and emission (b) spectra of 31.2 µM CPF from pH 1-11 using Shimadzu RF-6000 
at 25oC. lexcitation = 270 nm, excitation slit = 3.0 nm; emission slit = 3.0 nm 

 

The predominant fluorescing CPF species varies depending on the pH. The 

maximum fluorescence emission also varies with the change of pH. It was experimentally 

determined that in acidic pH (1.00-5.00) the emission wavelength maximum was 448 nm. 

In more basic pH solutions (6.00-11.00) the emission wavelength maximum was 416 nm. 

Therefore, this can influence literature experimental results if the pH is not consistent 

with the choice of the emission wavelengths.  

When fluorescence intensity was plotted against pH at a particular lemission, the 

maximums represent pKas (Figure 5.1.5). Therefore, it was determined that pKa1, pKa2, 

pKa3, and pKa4 were 4.00, 6.00, 7.00 and 8.50, respectively, at 416 nm, confirming that 

CPF is tetraprotic. The literature pKa values of 3.64, 5.05. 6.95, and 8.95 (Table 5.1.1, 

Figure 5.1.2) provided by Salma et. al.11 were used in the model calculations for K11 and 

Kn1. This was to ensure consistency in the determined speciation of the upcoming CPF 
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and pseudophase measurements. While at 448 nm, the pKa1, pKa2, pKa3 values were 4.00, 

7.00 and 8.50, respectively. It appears at this wavelength, the two species at pH 6.00 and 

7.00 were not resolved spectroscopically. 

 

 
Figure 5.1.5 The experimental fluorescence intensity vs pH of CPF at lemission of 448 nm and 416 nm. The 
fluorescence intensity maximums between the two wavelengths correspond to the experimental pKa values. 

 

5.1.2 Concentration calibration of CPF: Effect of speciation 

In order to check for the linearity of CPF calibration, the CFCLS was used to 

measure pH and fluorescence intensity data simultaneously without removing the cuvette 

from the spectrometer to minimize systematic error. Figure 5.1.6 shows the concentration 

calibration of CPF where the total fluorescence intensity was recorded. Since the pH was 

measured for each data point, the fluorescence intensity for the two predominant species 

present in the respective pH ranges was accounted for as CPFH2+ and CPFH+- 

concentrations in Figure 5.1.6 from pH 7.60 through 8.00. For the calculation of 
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fluorescence intensity and speciation, CPF was considered to be a tetraprotic acid. To 

calculate the fluorescence intensity for the species of tetraprotic CPF present in solution 

the observed fluorescence intensity was multiplied by the fraction obtained from the 

distribution diagram at the measured pH (Figure 5.1.2). Clearly, the emission sensitivity 

was different for each species and can, therefore, affect the overall binding constants 

determined between CPF and various surfactants or proteins. 

 

 
Figure 5.1.6 Calibration of CPF in water. The measured fluorescence intensity is shown in blue. The tetraprotic 
CPF distribution curve (Figure 5.1.2) was used to calculate the contribution of the species to the measured 
fluorescence e.g., CPFH2

+ (alpha-2) (grey) and CPFH+- (alpha-3) (orange). 
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DETERMINATION OF CIPROFLOXACIN (CPF) AND SODIUM DODECYL 
SULFATE (SDS) PSEUDOPHASE INTERACTIONS 

6.1 The determination of CPF and SDS pseudophase interactions 

Anionic surfactant compounds such as SDS share many of the same properties as 

phospholipids in cell membranes,41,48 making SDS a biologically relevant pseudophase at 

concentrations above the cac. Because CPF and SDS binding constants have been 

previously studied, it provides an opportunity to compare the present model with 

published values, as well as analyze the difference in binding constants depending on the 

protonation of CPF is considered to be. Binding constants between these compounds are 

listed in Table 6.1.1. The binding constants range across approximately nine orders of 

magnitude, due in part, to the nature of the experimental conditions and the variety of 

models used to generate the constants. With CPF increasing its predominance in the 

environment82, it will also aid in developing methods in removing it and affecting other 

biological systems.  

 

Table 6.1.1 The literature binding constants of SDS and SLS with CPF using various experimental methods and 
parameters.  

Solute Compoun
d 

K11 , 
(M-1) 

Kn1/n , 
(M-1) n Temp 

(oC) pH Method lex/lem 
(nm) 

Ex/em 
slits 
(nm) 

CPF SDS 

57.5(41) - 

N/Aa N/A 

N/A 
(triprotic) Fluorescence 270/445 2.5/30 

19.048 - 0.5-1.0 
(triprotic) UV-Vis 

and 
FTIR 

200/400 N/A - 6.08 
(48) 

0.5-1 
(triprotic) 

26.2 - 9.2 
(triprotic) 
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- 8.51 9.2 
(triprotic) 

- 0.77(59
) 25 N/A 

(triprotic) 

UV-Vis, 
NMR, 

Conductivity 
and 

Isothermal 
titration 

calorimetry 

190/400 

2660(42) - 
N/A 

N/A 
(triprotic) Fluorescence 

290/440 

SLS - 154 3.6 
(triprotic) N/A 

a. N/A = not applicable  
b. n = binding affinity 
c. KSV 

 

From Table 6.1.1, it can be observed that the literature varies in terms of 

considering the protonation of CPF, along with the experimental conditions and the 

equations to calculate the binding constants.  

CPF was studied where SDS, and sodium lauryl sulfonate (SLS) were the solutes 

added. It can be observed that all of the studies in Table 6.1.1 considered CPF to be a 

triprotic acid, which overall minimizes the binding that occurs with the pseudophase 

compounds. The experimental conditions varied with the use of fluorescence 

spectroscopy, UV-vis, FTIR and NMR.  

Khan et. al.41 studied the binding between CPF and SDS using fluorescence. 

When determining the binding with fluorescence spectroscopy, a variation of the Stern-

Volmer (SV) equation was used, however, the authors accounted for the fluorescence 

efficiency ratio when CPF was bound with SDS and free in solution. They were able to 

determine the binding constant in the preaggregate phase with a value of 57.5 M-1. 
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However, in their experimental, CPF was dissolved in HCl, in which case Cl- interfered 

with the total fluorescence intensity measured because of the known Cl- quenching.  

When Khan et. al.48 analyzed the CPF and SDS interactions using UV-vis and 

FTIR, the analysis was more critical as they account for the effect of pH of CPF on the 

binding with SDS. They used Equation 1.3.27 and accounted for the critical micelle 

concentration. Using UV-vis and FTIR, the authors were able to determine the binding in 

the postaggregate phase of SDS.  

Banipal et. al.59 specifically focused on the effect of NaCl on the binding of CPF 

and SDS using Equation 1.3.27. However, the authors did not account for the speciation 

of CPF or the effect of pH which also influences the binding with SDS.  

Yang et. al.42 went in depth to understand the effects of binding under different 

conditions such as pH and surfactant. The authors were only able to determine the 

preaggregate binding between CPF and SDS, but determined the postaggregate binding 

with SLS. The binding in the preaggregate phase appeared to be the greatest compared to 

the literature values obtained in Table 6.1.1. Yang et. al.42 used the SV equation to 

determine the binding constants of CPF with SDS and SLS. However, it was explained 

that while the SV equation is widely used to determine binding constants, the value itself 

is a rate constant which does not accurately portray the binding between CPF and the 

compounds studied.  

 All of the values obtained in Table 6.1.1 displayed the variation in binding 

depending on the conditions of the experimental and data analysis.  
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6.1.1 CPF and SDS monomer and pseudophase interactions in the presence of 

phosphate buffer 

The Shimadzu RF- 6000 was used to observe the effects of SDS on the 

fluorescence of CPF. The corresponding pH values were used for these experiments in 

order to observe the effects of acidic, neutral and basic environments. CPF was 

considered tetraprotic in the analysis.  

6.1.1.1 CPF	and	SDS	monomer	and	pseudophase	interactions	at	pH	7.00	
 

The fluorescence emission spectrum of CPF during the addition of SDS is shown 

in Figure 6.1.1. As the concentration of SDS increased, a fluorescence enhancement (FE) 

effect was observed. Fluorescence effects can be quenching, as was found with the 

anthracene and TPGS-750M additions or enhancing as was found for CPF and SDS.  

Fluorescence enhancement is defined as the amplification of the fluorescence 

signal of the fluorophore with the addition of a binding compound. This technique has 

been used to enhance fluorophore signals with the addition of compounds like noble 

metal nanoparticles83.  

Emission spectra were taken for CPF as the concentration of SDS increased. In 

Figure 6.1.1 it was determined that the emission maximum was 448 nm. 
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Figure 6.1.1 Emission spectrum of SDS additions into 31.2 µM of CPF at pH 7.00.  The excitation wavelength = 
270 nm and the excitation and emission slits were 3.0 nm. 

 

From the emission maximum, the fluorescence intensity at 448 nm was plotted 

against the concentration of SDS added in Figure 6.1.2. 
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Figure 6.1.2 The fluorescence intensity versus concentration of SDS added to 31.2 µM CPF at pH 7.00 and 
lemission = 448 nm 

 

Another perspective of FE is shown in Figure 6.1.2 at the emission maximum of 

448 nm. It was observed that the plot shows regions of FE and FQ, and the overall 

interactions do not display a linear relationship. To better describe the binding 

interactions between CPF and SDS, the predominiate speciation was determined using 

Table 6.1.2.  

 

Table 6.1.2 The fraction of CPF speciation present in solution at pH 7.00 
 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Fraction 2.28 x 10-6 0.00523 0.466 0.522 0.00587 
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It can be observed from Table 6.1.2 that the predominant species of CPF present 

at pH 7.00 were CPFH+- and CPFH2+.  

To determine the K11 and Kn1/n binding constants, the fluorescence efficiencies  

of kC, k11 and kn1 were determined by dividing the fluorescence intensity by the 

concentration of CPF when no SDS was added, at the cac of SDS and after the cac. The 

fluorescence efficiencies are expressed in Table 6.1.3. 

 

Table 6.1.3 The fluorescence efficiency of free CPF, CPF-monomer (CS) and CPF-pseudophase (CSn) complexes 
at pH 7.00 and 25oC.  

 
Fluorescence 

efficiency 
(mV/µM) 

Fluorescence 
intensity 

(mV) 
[CPF] (µM) 

kC 30.2 941.8 

31.2 k11 116.2 3627 

kn1 172.9 5395 

Notes: kC, k11 and kn1 were determined by dividing the fluorescence intensity by the 
concentration of CPF.   
 

 

From Table 6.1.3, it can be observed that the fluorescence efficiency increased as 

the concentration of SDS increased. It was observed the fluorescence was amplified once 

CPF forms a preaggregate and postaggregate complex with SDS pseudophase compared 

to unbound CPF. The fluorescence efficiencies obtained were multiplyed by a to account 

for each species of CPF. 
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Figure 6.1.3 (a) - Figure 6.1.3 (e) from the 12 fluorescence intensities obtained, 

five were plotted. The values obtained when ST – cac was greater than zero were used in 

order to determine the K11 and Kn1/n binding constants for each species of CPF.   
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(e) 

Figure 6.1.3 The equation of (FT – F0)/(CT . a) = 1 + kC 
+ k11 K11[S] + (kn1 Kn1/n)(ST – cac) was used. A plot of 
(FT-F0)/(CT . a) versus ST – cac for CPFH4

+3 (a), 
CPFH3

+2 (b), CPFH2
+ (c), CPFH+- (d), and CPF- (e) at 

25oC and pH 7.00. The Kn1 and K11 were extracted from 
the slope and intercept of the plots.  
 

 

In Figure 6.1.3 (a), it can be observed that the R2 value is 0.9426, The positive 

slope is indicative of postaggregate binding of CPFH4+3 with SDS.  

The R2 value of Figure 6.1.3 (b) is the same as the value in Figure 6.1.3 (a). The 

positive slope observed corresponds to binding in the postaggregate phase.  

The slope (Figure 6.1.3 (c)) is higher for CPFH2+ compared to the other species of 

CPF. This is due to this fraction of CPF being higher at pH 7.00 compared to CPFH4+3 

and CPFH3+2. The R2 value is the same as the values in Figure 6.1.3 (a) and Figure 6.1.3 

(b). 

In Figure 6.1.3 (d) the binding in the postaggregate phase is the greatest compared 

to CPFH4+3, CPFH3+2 and CPFH2+. It is the most abundant species in solution. CPF- 

appears to have less binding in the postaggregate phase compared to CPFH+-. The R2 

values matches the values obtained in Figure 6.1.3 (a) - Figure 6.1.3 (d) . A summary of 

the determined binding constants in the preaggregate and postaggregate phase of CPF 

with SDS is shown in Table 6.1.4.  
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Table 6.1.4 Summary of preaggregate and postaggregate binding constants for CPF and SDS complexation 
extracted from the slope and intercept of Figure 6.1.3 (a-e) at pH 7.00. The literature aggregation number of 60 
was used to determine Kn1. 

 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Slope 
(µM-1) (4.6 ± 0.6) x 10-9 (1.0 ± 0.1) x 10-5 (9.3 ± 1) x 

10-4 
(1.0 ± 0.1) 

x 10-3 (1.2 ± 0.1) x 10-5 

Intercept
(µM-1) (2.7 ± 0.08) x 10-4 0.62 ± 0.02 55 ± 2 62 ± 2 0.70 ± 0.02 

R2 0.9426 0.9426 0.9426 0.9426 0.9426 

K11 
(M-1) 0* 0* 43 ± 49 55 ± 49 0* 

Kn1/n 
(M-1) (2.6 ± 0.4) x 10-5 

0.06 ± 0.009 

5.4 ± 0.8 6.04 ± 0.9 0.07 ± 0.009 

Kn1 (M-1) (1.6 ± 0.2) x 10-3 3.6 ± 0.5 323 ± 46 362 ± 52 4.1 ± 0.6 

Notes: The equation (FT – F0)/(CT . a) = 1 + kC + k11 K11[S] + (kn1 Kn1/n)(ST – cac) was 
used to extract the K11 and Kn1 binding constants from the intercept and slope of Figure 
6.1.4 (a) – (e). *K11 was negative for CPFH4+3 (-52), CPFH3+2 (-50), and CPF- (-51).  

 

Binding was observed in the preaggregate phase with CPFH+- followed by 

CPFH2. These two species are the most abundant in solution. However the error is greater 

in comparison to the Kn1 binding constants.  

The Kn1 binding constants were determined with the literature aggregation number 

of 60. All species of CPF appeared to bind with SDS in the postaggregate phase. It was 

observed that the greatest binding occurred with the most abundant CPF species, CPFH+- 

followed by CPFH2+. Therefore, these species are the majority that reside within the 

hydrophobic core of the pseudophase aggregate.  
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6.1.1.2 CPF	and	SDS	monomer	and	pseudophase	interactions	at	pH	8.33	
 
 

Similarly to section 6.1.1, the next set of experiments were at pH 8.33. Figure 

6.1.5 is the emission spectrum of CPF as the concentration of SDS increased. The 

emission maximum was observed to be 448 nm, same as what was observed at pH 7.00. 

 

 
Figure 6.1.5 Emission spectrum of SDS additions into 31.2 µM of CPF at pH 8.33. The excitation and emission 
slits were 3.0 nm. 

 

It was observed there was an overall FE as the concentration of SDS increased. 

Figure 6.1.6 was a plot of fluorescence intensity versus concentration of SDS added at the 

emission maximum of 448 nm. It displayed an overall FE and the fluorescence intensity 

became stagnant after 10 mM of SDS was added.  
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Figure 6.1.6 The fluorescence intensity versus concentration of SDS added to 31.2µM CPF at pH 8.33 and 
lemission = 448 nm 

 

To account for the speciation of CPF at the coressponding pH, Table 6.1.5 below 

accounts for the fractions present within solution.  

 

Table 6.1.5 The fraction of CPF speciation present in solution at pH 8.33 
 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Fraction 4.33 x 10-10 1.98 x 10-5 0.0352 0.788 0.176 
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kn1 were determined by dividing the fluorescence intensity by the concentration of CPF 

when no SDS was added, at the cac and after the cac. The values used are expressed in 

Table 6.1.6. 

 

Table 6.1.6 The fluorescence efficiency of free CPF, CPF-monomer (CS) and CPF-pseudophase (CSn) complexes 
at pH 8.33 and 25oC 

 
Fluorescence 

efficiency 
(mV/µM) 

Fluorescence 
intensity 

(mV) 
[CPF] (µM) 

kC 25.1 783.8 

31.2 k11 88.7 2766 

kn1 119 3714 

Notes: kC, k11 and kn1 were determined by dividing the fluorescence intensity by the 
concentration of CPF.   
 
 

It can be observed that at pH 8.33 the fluorescence efficiency is less than the 

values determined at pH 7.00. The fluorescence efficiencies obtained at pH 7.00 were 

about 1.2 times greater than the values in Table 6.1.6.  

However, the trend observed at pH 7.00 is also observed at pH 8.33 where as the 

concentration of SDS increased the overall fluorescence efficiency of CPF also increased. 

Since the fluorescence efficiency of CSn is the greatest, this confirms the observed FE 

interactions within the SDS pseudophase compound. In order to determine the binding 
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constants K11 and Kn1/n, plots FT-F0/CT . a versus ST – cac were created for all five 

species of CPF. This is shown in Figure 6.1.7 (a) - Figure 6.1.7 (e).  
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(e) 

Figure 6.1.7 The equation of (FT – F0)/(CT . a) = 1 + kC + k11 
K11[S] + (kn1 Kn1/n)(ST – cac) was used. A plot of (FT-F0)/(CT . 
a) versus [ST – cac] for CPFH4

+3 (a), CPFH3
+2 (b), CPFH2

+ (c), 
CPFH+- (d), CPF- (e) at 25oC and pH 8.33.  
 

 

Compared to the data obtained for CPFH4+3 at pH 7.00, it can be observed that the 

slope is significantly smaller at pH 8.33. The R2 was determined to be 0.9309.  The slope 

of Figure 6.1.7 (b) is greater than the slope for CPFH4+3. The R2 value is the same in 

Figure 6.1.7 (a),  this could be due to the minimal change in the pH. The postive slope is 

indicative of binding in the postaggregate phase.  

In Figure 6.1.7 (c), it can be observed that the binding in the postaggregate is 

greater compared to the data in Figure 6.1.7 (a) - Figure 6.1.7 (b).  

CPFH+- is the most predominant species at the corresponding pH. The slope is 

greater compared to the more positively charged species CPFH4+3, CPFH3+2 and CPFH2+.  

CPF- is the second most abundant species of CPF present within solution at pH 

8.33. The positive slope is indicative of binding in the postaggregate phase of SDS.  The 

data in Figure 6.1.7 (a) - Figure 6.1.7 (e) was used to calculate the K11 and Kn1/n binding 

constants. The results obtained are shown in Table 6.1.7. 
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Table 6.1.7 Summary of preaggregate and postaggregate binding constants for CPF and SDS complexation 
extracted from the slope and intercept of Figure 6.1.7 (a-e) at pH 8.33. The literature aggregation number of 60 
was used to determine Kn1 

 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

slope 
(µM-1) (1.8 ± 0.2) x 10-13 (8.3 ± 1) x 10-9 (1.5 ± 0.2) x 

10-5 
(3.3 ± 0.4) 

x 10-4 
(7.4 ± 0.9) x 

10-5 

intercept 
(µM-1) (3.7 ± 0.05) x 10-8 (1.7 ± 0.02) x10-3 3.0 ± 0.05 68 ± 1 15 ± 0.2 

R2 0.9309 0.9309 0.9309 0.9309 0.9309 

K11 
(M-1) 0* 0* 0* 96 ± 54 0* 

Kn1/n 
(M-1) 

 
(1.5 ± 0.2) x 10-9 (7.0 ± 0.8) x 10-5 

 
0.12 ± 0.02 2.8 ± 0.3 

 
0.62 ± 0.08 

 
Kn1 (M-1) (9.2 ± 1) x 10-8 (4.2 ± 0.5) x 10-3 7.5 ± 0.9 167 ± 20 37 ± 5 

Notes: The equation (FT – F0)/(CT . a) = 1 + kC + k11 K11[S] + (kn1 Kn1/n)(ST – cac) was 
used to extract the K11 and Kn1 binding constants from the intercept and slope of Figure 
6.1.7 (a-e). *K11 binding was negative for CPFH4+3 (-57), CPFH3+2 (-57), CPFH2+(-50) 
and CPF- (-22).  

 

At pH 8.33, CPFH+- exhibits the greatest binding in the postaggregate phase. 

Interestingly, while it is more abundant at the corresponding pH, the binding is less in 

comparison to pH 7.00 with Kn1 being 167 ± 20 M-1 and 362 ± 52 M-1 respectively. It is 

also the only species to exhibit binding in the preaggregate phase. However, the Kn1 

increased for CPF- as its fraction in solution increased as the pH increased. Kn1 went from 

4.1 ± 0.6 at pH 7.00 to 37 ± 5 M-1 at pH 8.33. However, the binding is still weaker in 
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comparison to the binding that occurred with CPFH+-. With SDS being an overall anionic 

compound, more repulsions would be experienced with CPF- in comparison to CPFH+-.  

The change in pH is indicative of the effect pH has on the binding between CPF and 

SDS.  

 

6.1.1.3 CPF	and	SDS	monomer	and	pseudophase	interactions	at	pH	4.00	
 

The final experiments conducted with the Shimadzu RF-6000 were the SDS 

additions with CPF at pH 4.00. Figure 6.1.8 accounts for the emission spectrum from 350 

nm – 600 nm as the concentration of SDS added increased.  
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Figure 6.1.8 Emission spectrum of SDS additions into 31.2 µM of CPF at pH 4.00. The excitation and emission 
slits were 3.0 nm. 

 

To observe the overall change in fluorescence intensity versus the concentration 

of SDS added, Figure 6.1.9 was plotted at the emission maximum of 448 nm.  
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Figure 6.1.9 Fluorescence intensity versus concentration of SDS added to CPF at pH 4.00 and lemission = 448 nm 

 

It was observed that as the concentration of SDS increased in solution, the overall 

fluorescence intensity increased and reached a plateu after 10 mM of SDS was added. 

The specific speciation of CPF present within the solution can be observed in Table 6.1.8.  

 

Table 6.1.8 The fraction of CPF speciation present in solution at pH 4.00 
 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Fraction 0.286 0.655 0.0584 6.55 x 10-5 7.36 x 10-10 
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From Table 6.1.8, it can be determined that the most abundant species of CPF 

within solution was CPFH3+2 and CPFH2+ respectively.  The fluorescence efficiencies of 

kC, k11, and kn1 were calculated and expressed in Table 6.1.9.  

 

Table 6.1.9 The fluorescence efficiency of free CPF, CPF-monomer (CS) and CPF-pseudophase (CSn) complexes 
at pH 4.00 and 25oC 

 
Fluorescence 

efficiency 
(mV/µM) 

Fluorescence 
intensity 

(mV) 

[CPF]  
(µM) 

kC 84.0 2620 

31.2 k11 191.6 5977 

kn1 203.3 6344 

Notes: kC, k11 and kn1 were determined by dividing the fluorescence intensity by the 
concentration of CPF.   
 

 

In Table 6.1.9, the greatest fluorescence efficiencies of CPF were at pH 4.00. It 

can be determined that the unbound CPFH3+2 and CPFH4+3 provide the greatest 

fluorescence emission compared to other species of CPF in solution as they are the most 

predominant in solution. This is shown in Table 6.1.8. In order to determine the binding 

constants K11 and Kn1/n, Error! Reference source not found. (a) - Error! Reference source 

not found. (e)  were created and plotted below.  
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(a) 
 

(b) 

(c) (d) 

 

(e) 

Figure 6.1.10 The equation of (FT – F0)/(CT . a) = 1 + kC + k11 
K11[S] + (kn1 Kn1/n)(ST – cac) was used. Aplot of  (FT-F0)/(CT . 
a) versus ST – cac for CPFH4

+3 (a), CPFH3
+2 (b), CPFH2

+ (c), 
CPFH+- (d) and CPF- at 25oC and pH 4.00. 
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CPFH4+3 is the second highest species of CPF in solution. The data in Figure 

6.1.10 (a) shows binding in the postaggregate phase of SDS.  CPFH3+2 is the most 

abundant in solution. The slope in Figure 6.1.10 (b) is greater compared to the slope in 

Figure 6.1.10 (a).  

In Figure 6.1.10 (c), the positve slope is associated with binding in the 

postaggregate phase of SDS. The R2 values matches the values in Figure 6.1.10 (a) and 

Figure 6.1.10 (b).  

The slope is lower in Figure 6.1.10 (d) compared to Figure 6.1.10 (a) - Figure 

6.1.10 (c) because of CPFH+- being one of the least predominant species in solution at pH 

4.00.  

CPF- is the least abundant species in solution. Figure 6.1.10 (e) displays positive 

binding in the postaggregate phase based on the positive slope. The slope is the smallest 

compared to the other species of CPF. The binding constants obtained from Figure 6.1.10 

(a) through Figure 6.1.10 (e) are expressed in Table 6.1.10.  

 

Table 6.1.10 Summary of preaggregate and postaggregate binding constants for CPF and SDS complexation 
extracted from the slope and intercept of Figure 6.1.10 (a-e) at pH 4.00. The literature aggregation number of 60 
was used to determine Kn1.  

 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Slope 
(µM-1) 

(6.08 ± 1) 
x 10-5 

(1.4 ± 0.3) x 
10-4 (1.2 ±  0.3) x 10-5 (1.4 ± 0.3) x 10-8 (1.6 ± 0.3) x 10-13 

Intercept 
(µM-1) 34 ± 0.3 77 ± 0.8 6.9 ± 0.07 (7.7 ± 0.08) x 10-3 (8.7 ± 0.09) x 10-8 

R2 0.8591 0.8591 0.8591 0.8591 0.8591 
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K11 
(M-1) 0* 0* 0* 0* 0* 

Kn1/n 
(M-1) 

0.30 ± 
0.06 0.69 ± 0.1 0.061 ± 0.01 

 
(6.9 ± 1) x 10-5 (7.69 ± 2) x 10-10 

Kn1 (M-1) 18 ± 4 41 ± 8 3.7 ± 0.7 (4.1 ± 0.8) x 10-3 (4.6 ± 0.9) x 10-8 

Notes: The equation (FT – F0)/(CT . a) = 1 + kC + k11 K11[S] + (kn1 Kn1/n)(ST – cac) was 
used to extract the K11 and Kn1 binding constants from the intercept and slope of  Figure 
6.1.11 (a) – (e). *K11 binding was negative for CPFH4+3(-52), CPFH3+2 (-7.0), CPFH2+ (-
80), CPFH+- (-87) and CPF-(-87).  

 

At pH 4.00, it can be observed that there is no binding between CPF and SDS in 

the preaggregate phase, as all the K11 binding constants were negative. The greatest 

binding was observed in the postaggregate phase of SDS.  

Interestingly, the Kn1 values were overall weaker compared to the data obtained at 

pH 7.00 and pH 8.33. This is due to the fluorescence efficiency of CPF being weaker at 

pH 4.00 compared to pH 7.00. CPFH3+2 exhibits the greatest binding in the postaggregate 

phase, as it is the most predominant in solution followed by CPFH4+3. If the Kn1 of 

CPFH+- in Table 6.1.4 was compared it is 8.8 times greater compared to the binding at 

pH 4.00 with CPFH3+2. Khan et al. determined Kn1/n to be 6.08 M-1 at pH 0.5 – 1 for CPF 

and SDS interactions. This can be observed in Table 6.1.1. If the literature aggregation 

number of SDS was accounted for, the corresponding values would be 364.8 M-1. If the 

closest Kn1 values were compared this would be at pH 4.00, 41 ± 8 for CPFH3+2 and 18 ± 

4 for CPFH4+.  
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6.1.2 CPF and SDS monomer and pseudophase interactions in the absence of 

phosphate buffer 

 
The following experiments were conducted using the CFCLS instead of the 

Shimadzu RF-6000. The upcoming experiments were completed in order to observe the 

effect of buffer on the fluorescence intensity and the binding between SDS and CPF. The 

experiment was first conducted where the fixed scale of the monomer was 1000 mV. This 

means that any fluorescence intensity value greater than 1000 mV is cut off.   

Therefore, the experiment was repeated, and the fixed scale was adjusted to 500 mV in 

order to prevent the fluorescence intensity cut off in the instrument. The repeated 

experiment is shown in Figure 6.1.12. 

 

 
Figure 6.1.12 The fluorescence intensity versus concentration of SDS added with 31.2 µM of CPF flushed with 
N2 (g) without added phosphate buffer 
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The speciation of CPF at experimental pH was determined using Figure 6.1.13. It 

can be observed that there is a shift in pH as the concentration of SDS increased because 

of the lack of buffer to maintain the pH. The experimental pH ranged from 7.60 – 8.20.  

 

 
Figure 6.1.13 The distribution of CPF speciation from pH 7.60 – 8.20 ± 0.01.  

 

It was observed from Figure 6.1.13 that the greatest speciation of CPF present in 

solution was the zwitterionic CPFH+- followed by the positively charged CPFH2+. This 

will aid in the determination of the complexation of CPF and SDS under the 

corresponding experimental conditions.  

 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

7.50 7.60 7.70 7.80 7.90 8.00 8.10 8.20 8.30

fr
ac

tio
n

pH

CPFH4+3

CPFH3+2

CPFH2+

CPFH+-

CPF-



99 
 

Table 6.1.11 The fluorescence efficiency of free CPF, CPF-monomer (CS) and CPF-pseudophase (CSn) 
complexes at 25oC 

 
Fluorescence 

efficiency 
(mV/µM) 

Fluorescence 
intensity 

(mV) 

[CPF] 
(µM) 

kC 4.54 141 31.2 

k11 25.7 759 29.5 

kn1 43.7 1131 25.9 

Notes: kC, k11 and kn1 were determined by dividing the fluorescence intensity by the 
concentration of CPF.   

 

The fluorescence efficiencies obtained from the CFCLS were smaller compared 

from the data from the Shimadzu RF-6000. It appears that the FE was greater in the CS 

complex compared to the CSn complex.  

 

To determine the binding with CPF and SDS, Equation 1.3.22 can be rewritten as:  

Equation 23.3.23 Determination of K11 and Kn1 to account for FE, a revision of Equation 1.3.22 

𝐹"
𝐹%	. 𝛼

− 1 = WX(
𝑘!!
𝑘$
) ∙ 𝐾!!𝑆 + ((

𝑘'!
𝑘$
) ∙
𝐾'!
𝑛 )(𝑆"()*))[\ 

 

Here, a is the fractional concentration of the specific acid-base species (ie., a0, 

a1, a2, a3 and a4). Here, a0 is the completely protonated and most positively charged 

species, while a4 is the least protonated and most negatively charged species. The above 

equation can be used to calculate the K11 and Kn1 for the specific species from the plot of 

:"
:#	.<

 versus (𝑆"()*)). The slope, ((=!$
=%
) ∙ >!$

'
) and the intercept (=$$

=%
) ∙ 𝐾!!𝑆 are used to 
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calculate Kn1 and K11 respectively. The equation above is valid in the postaggregate 

region where S is equal to the cac. 

 The fluorescence efficiency ratios were adjusted to account for each CPF species 

by multiplying each ratio by the corresponding a. This is shown in Table 12. The ratios 

were used to extract K11 and Kn1/n from the intercept and slope of Figure 6.1.14 (a) - 

Figure 6.1.14 (e).  

 

Table 12 The fluorescence efficiency ratios obtained from the data in Table 6.1.11 
kn1/kC 9.32 

k11/kC 5.48 
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(a) 

 
(b) 

 
(c) 

 
(d) 

(e) 

Figure 6.1.14 The equation [(FT)/(F0 . a)]-1 = (k11/kC)K11S + 
(kn1/kC)(Kn1/n)(ST-cac) was used. A plot of [(FT)/(F0 . a)]-1 versus 
[ST – cac] for CPFH4

+3 (a), CPFH3
+2 (b), CPFH2

+ (c), CPFH+- (d), 
and CPF- (e) at 25oC and pH 7.61 – 8.20.  
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CPFH4+3 is the smallest species of CPF present within solution Figure 6.1.14 (a). 

However, the slope is the highest out of all the other species of CPF. The R2 in this model 

is 0.9861  

The binding in the postaggregate phase in Figure 6.1.14 (b) is less compared to 

Figure 6.1.14 (a) with a slope of 4.2. There is a high agreement in the binding due to the 

R2 value of 0.9740. In Figure 6.1.14 (c) the R2 value of 0.9525 displays a high agreement 

to the binding model. While the slope is less than the other positive species of CPF, there 

still appears to be binding in the postaggregate phase. While CPFH+- is the most 

predominant species in solution, the slope is smaller compared to the positively charged 

species of CPF in Figure 6.1.14 (d). The R2 of Figure 6.1.14 (d) is also smaller in 

comparison with a value of 0.9054.  

The R2 of Figure 6.1.14 (e) is higher with a value of 0.6785. The data in the figure 

does not display an overall linear relationship. The binding constants of K11 and Kn1/n 

obtained from Figure 6.1.14 (a) - Figure 6.1.14 (e) are expressed in Table 6.1.13.  

 

 

Table 6.1.13 The determination of preaggregate and postaggregate binding constants for CPF and SDS 
complexation using the CFCLS extracted from the slope and intercept Figure 6.1.14 (a) – (e). The literature 
aggregation number of 60 was used to determine Kn1.  

 CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

slope 
(µM-1) 

(1.2 ± 0.04 ) x 
105 

4.2 ± 0.2 (3.5 ± 0.2) x 10-3 (2.0 ± 0.2) x 
10-4 

(6.0 ± 1) x 
10-4 

intercept 
(µM-1) 

(9.0 ± 0.3) x 
108 

(4.9 ± 0.2) x 104 65 ± 2 6.0 ± 0.2 72 ± 1 
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R2 
0.9861 0.9740 0.9525 0.9054 0.6785 

K11 
(M-1) 

(4.08 ± 0.1) x 
1010 

(1.85 ± 0.08) x 
106 

2050 ± 63 156 ± 5 1560 ± 22 

Kn1/n 
(M-1) 

(3.57 ± 0.1) x 
1010 

(8.77 ± 0.4) x 
105 

514 ± 29 20.7 ± 2 43.6 ± 7 

Kn1 (M-1) 
(2.14 ± 0.07) x 

1012 
(5.26 ± 0.3) x 

107 
(3.08 ± 0.2) x 104 1240 ± 124 2620 ± 44  

Note: [(FT)/(F0 . a)]-1 = (k11/kC)K11S + (kn1/kC)(Kn1/n)(ST-cac) was used to determine K11 

and Kn1.  

 

 

There are several important observations made from this study. The binding 

constants K11 and Kn1 decrease from the most protonated species, CPFH4+3, to the least 

protonated species CPF-. There are about 10 orders of magnitude difference in the 

binding constants. CPFH4+3 appears to interact with the anionic micelles through a strong 

electrostatic attraction, thus having the largest binding constants. The better correlation 

coefficients for these species indicate the validity of the model. However, the 

concentrations of such species are small due to the extremely low concentrations of the 

protonated species as evident from the species distribution in Figure 6.1.13.  

The less protonated species, CPFH+- and CPF-, have lower binding constants due 

to weaker electrostatic attractions. These species are generally distributed near the 

micelles due to the hydrophobic interactions. However, these species constitute the 

majority (80 – 90%) of the bound species.  

 The pH change over the entire experiment is significant. Therefore, species 

distribution and their nature are important in binding.  
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6.1.2 Conclusion of CPF and SDS binding 

The interactions between CPF and SDS were the most studied in the literature 

compared to the other systems in this dissertation. Khan et al studied CPF and SDS 

interactions using fluorescence spectroscopy41, UV-vis spectroscopy,48 and FTIR. They 

observed FE interactions when the concentration of SDS added was greater than 30 mM. 

However, the authors considered CPF as a triprotic acid instead of tetraprotic and did not 

specify the binding mechanism or structures involved with the interactions. They used 

HCl which lowered the experimental fluorescence intensity. Therefore, their binding 

constants are less accurate.  

 Khan et al. determined Kn1/n to be 6.08 M-1 and 8.51 M-1 at pH 0.5 – 1 and 

9.2 respectively for CPF and SDS interactions. This can be observed in Table 6.1.1. If the 

literature aggregation number of SDS was accounted for, the corresponding values would 

be 364.8 M-1 and 510.6 M-1. If the closest Kn1 values were compared this would be at pH 

8.33, where the greatest binding was observed with CPFH+- and Kn1 was 167 ± 20.  

However, binding constants Khan et al. obtained are not exclusive to particular 

CPF species. The authors do not state the type of buffer in solution as well as the 

concentration. This influences the binding that occurs between these compounds. The 

binding between CPF and SDS significantly increased in the absence of buffer which was 

observed in Table 6.1.13.  

Anger et al.84 observed that FE and FQ can occur within a single molecule 

depending on the distance between molecules and the excitation wavelength. If time 
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resolved fluorescence (TRF) was available, the interactions between CPF and SDS could 

be further determined as the interactions occur rapidly.  

Hua et al.85 observed that FE with CPF was based on the strong hydrogen bond 

interactions and charge transfer. This is possible with SDS as the overall charge on the 

exterior of the pseudophase is negative. Wang et al.86 determined that the energy (DG) of 

aggregation for SDS is minimally affected when there is a change in pH. Therefore, the 

biggest effect of pH on the interactions with the pseudophase is with the CPF species. 

While little to no binding occurred in the preaggregate phase, the interactions between 

CPF and SDS in the postaggregate phase were significant. Most of the CPF will reside 

within the hydrophobic core in the pseudophase. Water molecules will also hydrogen 

bond with the SDS pseudophase which will limit the interactions with CPF.  

Due to SDS being an overall anionic compound, therefore, the greatest 

interactions should be between the positively charged species of CPF. This was observed 

overall in the Kn1/n binding constants. The precision of the binding constants was 

improved greatly when data was collected with the CFCLS compared to the Shimadzu 

RF-6000, which was shown in the obtained R2 values of the linear plots. This was due to 

the CFCFLS’ ability to take a significantly greater amount of data points comparatively. 
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DETERMINATION OF CIPROFLOXACIN (CPF) AND 
PERFLUOROOCTANESULFONIC ACID (PFOS) PSEUDOPHASE 

INTERACTIONS 

7.1 Determination of CPF and PFOS pseudophase interactions 

7.1.1 Acid dissociation properties of PFOS 

PFOS is strongly acidic and behaves as an anionic surfactant. The pKa values 

reported for PFOS are summarized in Table 7.1.1. It has been observed to have different 

reported pKa values.  

 

Table 7.1.1 The literature pKa values of PFOS.  
Literature 
pKa values  
of PFOS 

-3.322 +3.2720 >187 -3.2788 

 
 

To account for the acidity and species of PFOS, a distribution diagram is shown 

in Figure 7.1.1. The pKa of -3.3 was chosen because most of the literature shows the acid 

dissociation constant being less than 1. 
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Figure 7.1.1 The fractional distribution of PFOS when the pKa is -3.3 

 

From the distribution diagram, it is clear the only relevant PFOS species 

interacting with CPF within the pH range 1-10 is PFOS-. This simplifies the analysis 

because PFOS is consistently in the negatively charged conjugate base form.  

 

7.1.2 Effect of PFOS on CPF Fluorescence 

7.1.2.1 Determination	of	CPF	and	PFOS	interactions	in	the	presence	of	phosphate	
buffer	

 
The Shimadzu RF – 6000 was used to observe the effects of phosphate buffer on 

the PFOS and CPF interactions. In Table 7.1.2 that as the concentration of PFOS in the 

sample increased, the overall fluorescence intensity at the maximum wavelength 

decreased following the trend of fluorescence quenching. For basic pH ranges (6.00-
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11.00)  416 nm is the maximum emission while 448 nm the maximium emission for 

acidic pH ranges (1.00-5.00). This trend was observed in the Effect of pH section.  

As stated earlier, PFOS is strongly acidic. While the CPF was dissolved in 

phosphate buffer to help provide a constant pH at 7.00, the pH dropped to 6.27 as the 

concentration of PFOS increased during the titration. There also appeared to be a effect 

of the phosphate buffer on PFOS. An observation made during the experiment was that 

the fluorometer displayed a saturation value at 50 mM of PFOS. A white solid 

precipitated when the 50 mM solution was mixed and settled. This could explain the 

increase of error in fluorescence intensity as the concentration of PFOS increased passed 

the critical aggregation concentration (cac).  The white precipitate is assumed to be the 

PFOS- Na+ salt.   

The changes in CPF excitation and emission intensities upon the addition of 

PFOS during the titration are shown in Figure 7.1.2. 
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Figure 7.1.2 The excitation (a) and emission (b) spectra for 31.2µM of CPF upon addition of PFOS. lexcitation = 
270 nm and lemission = 416 nm and excitation and emission slits were 3.0 nm, respectively. 

 

 

Table 7.1.2 Data obtained for CPF with PFOS additions using Shimadazu RF-6000 and pH measurement 
pH [PFOS] (mM) Fluorescence Intensity 
7.00 0.0 ± 0.00 1721.7 ± 6.1 
6.93 1.6 ± 0.02 1737.7 ± 7.6 
6.90 3.1 ± 0.03 1696.9 ± 7.6 
6.91 4.2 ± 0.04 1612.7 ± 5.0 
6.86 5.0 ± 0.05 1543.6 ± 4.2 
6.86 8.2 ± 0.08 1618.4 ± 7.2 
6.79 10 ± 0.1 1614.9 ± 9.0 
6.76 14 ± 0.1 1630.8 ± 2.0 
6.70 20 ± 0.2 1620.8 ± 6.9 
6.61 25 ± 0.3 1512.6 ± 13.8 
6.51 33 ± 0.3 1417.2 ± 18.7 
6.51 40 ± 0.4 1292.8 ± 21.7 
6.27 50 ± 0.5 1313.7 ± 70.4 
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Figure 7.1.3 Plot of intensity vs concentration of PFOS added into 31.2µM of CPF at excitation maximum 
lexcitation = 270 nm (a) and emission maximum lemission = 416 nm (b) 

 

From Figure 7.1.3 Plot of intensity vs concentration of PFOS added into 31.2µM 

of CPF at excitation maximum lexcitation = 270 nm (a) and emission maximum lemission = 

416 nm (b), the data obtained from the excitation (a) and emission (b) maxima displays 

an overall fluorescence decreased as the concentration of PFOS increased. The exact 

concentrations of PFOS added to solution are observed in Table 7.1.2. 

 

7.1.2.2 Comparison	of	binding	when	CPF	is	tetraprotic	versus	triprotic	
 

Because CPF speciation is critcally important to binding processes, a comparison 

of the tetraprotic and triprotic dissociation of CPF is necessary because the pH effects 

complexation and binding with compounds like PFOS. A distribution diagram (Figure 
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7.1.4) was created for CPF when it was considered a tetraprotic (a) and triprotic acid (b) 

at the experimental pH.  

 

 
Figure 7.1.4 Fractional distribution of CPF species as (a) tetraprotic acid and (b) triprotic acid  

 

Although CPFH2+ and CPFH+- predominate between pH 6.00 to 7.50, the 

fractions of each at a given pH vary widely depending on whether CPF is considered a 

triprotic or tetraprotic acid.  It was observed from the diagram that the predominant 

species for both tetraprotic and triprotic CPF are CPFH2+ and CPFH+-. This will show 

which specific species of CPF were interacting with anionic PFOS at the experimental 

pH as well as which species contribute to the overall fluorescence intensity.  

From Figure 7.1.5 the cac of PFOS can be determined from the decrease of 

fluorescence intensity as the concentration increases from 0 – 5 mM. At 8.2 mM of 

PFOS, the fluorescence intensity increased. This change in fluorescence intensity is 
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indicative of the critical aggregation contant of PFOS. These changes are not sharp due to 

small change in fluorescence and weak association of PFOS with CPF species.  

 
7.1.2.2.1 The effect of protonation on fluorescence intensity  

It was first necessary to transform total fluorescence intensity into the 

fluorescence contributions from each individual CPF species. The calculated fluorescence 

intensity was obtained by multiplying the observed intensity by the associated αi value at 

the experimental pH. This is displayed in Figure 7.1.5 for the predominant species.  

 

 
Figure 7.1.5 The observed fluorescence intensity (orange) versus the concentration of PFOS added to CPF. The 
calculated intensities due to CPFH2+ (blue) and CPFH+- (grey) account for CPF being a tetraprotic acid. The 
error bars in the diagram show the error within the fluorescence measurement. The error is the greatest when 
50 mM of PFOS was added because it precipitated out.  

 

From Figure 7.1.5, it can be observed that when CPF is considered tetraprotic the 

fluorescence intensity contribution was from CPFH2+. For CPFH+- , total intensity 
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decreased as the concentration of PFOS increased which is indicative of complexation 

with PFOS.  

 

 
Figure 7.1.6 The observed fluorescence intensity (orange) versus the concentration of PFOS added to CPF. The 
calculated intensities due to CPFH2+ (blue) and CPFH+- (grey) accounts for CPF being a triprotic acid. 

 

In Figure 7.1.6, the same trend can be observed that the overall fluorescence 

intensity of CPFH+- decreased as the concentration of PFOS increased. However, when 

CPF is considered triprotic, the zwitterionic species appeared to also contribute to the 

majority of fluorescence in solution.  

From the fluorescence intensity versus PFOS added data observed in Figure 7.1.5 

and Figure 7.1.6,  the difference in protonation can display a difference in calculated 

fluorescence intensity based on the fractional concentration of predominant species 

present in the system. For both tetraprotic and triprotic CPF, the majority species that 
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interact with PFOS were CPFH2+ and CPFH+-, which are +1 and neutral (or zwitterionic) 

chemical forms. 

 

7.1.2.2.2 The effect of protonation of CPF on the binding with PFOS 

 
The binding constants, K11 and Kn1/n and were calculated by plotting (F0/FT) 

versus (ST - cac) according to the second binding model which is observed in Figure 7.1.7 

and Figure 7.1.8.  The second binding model is used because of the interactions 

resembling fluorescence quenching. This means that as the concentration of the PFOS 

increased, the overall fluorescence intensity decreased. From the current methods used, n 

could not be determined, therefore, only the value of Kn1/n is reported. Figure 7.1.7 

shows the data fit assuming CPF as a tetraprotic acid and for CPFH2+ and CPFH+-. A 

similar plot (Figure 7.1.8) is shown assuming CPF as the triprotic acid which also 

accounts for the predominant species of CPFH2+ and CPFH+-. 
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Figure 7.1.7 The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used. A plot of (F0/FT) versus [ST-cac] for no 
speciation, CPFH2

+ and CPFH+- when CPF is tetraprotic, where CPFH2
+ (orange) and CPFH+- (grey) 

 

 

 
Figure 7.1.8 The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used. A plot of (F0/FT) versus [ST-cac] for no 
speciation, CPFH2

+ and CPFH+- when CPF is triprotic, where species CPFH2
+ (orange) and CPFH+- (grey). 
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7.1.2.2.3 Determination of CPF and PFOS monomer and pseudophase binding 

The calculated binding constants for CPF as a tetraprotic and triprotic acids are 

shown in Table 7.1.3. It can be observed that there is no binding (K11 = 0) in the 

preaggregate phase of PFOS with CPFH2+ and CPFH+- species within experimental error. 

The same is true without speciation. Therefore, there is no noncovalent attraction 

between PFOS and CPFH2+ and CPFH+- species in the preaggregate region within the 

specified pH range.  In the post aggregate pseudophase, the Kn1/n values show some 

binding with neutral CPFH+- (or zwitterionic) but none with CPFH2+ species. However, it 

is important to note that the binding with CPFH+- is 2.5 times larger for CPF being a 

tetraprotic acid versus a triprotic acid. This shows that the neutral CPFH+- species 

associates with PFOS pseudophase to the greatest extent.  The aggregation number only 

changes the relative value Kn1. Turro et. al38. determined the aggregation number of 

PFOS to be approximately 7. With this in consideration, experimental Kn1 values for 

CPFH+- as a tetraprotic acid and triprotic acid would equal 438.2 ± 56 M-1 and 175.7 ± 14 

M-1 respectively. CPF binding is relatively low in comparison with other surfactants. For 

example, Yang et. al.42 determined the Kn1/n for a similar system of CPF as a triprotic 

acid with sodium lauryl sulfonate (SLS) to be 154 M-1. This does not include the 

aggregation number. 

 

Table 7.1.3 Binding constants for tetraprotic and triprotic CPF species with PFOS surfactant and PFOS-
pseudophase at 25.0 °C. The literature aggregation number 7 was used to determine Kn1.  

Tetraprotic CPF No speciation CPFH2+ CPFH+- 
Slope (mM-1) 0.0073 -0.0016 0.0626 

Intercept (mM-1) 1.01 0.855 0.854 
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R2 0.8886 0.2356 0.9157 
K11 (M-1) 1.86 ± 30 0* 0* 

Kn1/n (M-1) 7.3 ± 1 0* 62.6 ± 8 
Kn1 (M-1) 51.1 ± 7 0* 438.2 ± 56 

Triprotic CPF No speciation CPFH2+ CPFH+- 
Slope (mM-1) 0.0073 -0.0076 0.0251 

Intercept (mM-1) 1.01 0.765 0.959 
R2 0.8886 0.8539 0.9461 

K11 (M-1) 1.86 ± 30 0* 0* 

Kn1/n (M-1) 7.3 ± 1 0* 25.1 ± 2 
Kn1 (M-1) 51.1 ± 7 0* 175.7 ± 14 

Notes: The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used to determine K11 and 
Kn1 binding constants.*K11 and Kn1 binding was negative for CPFH2+ 

 

Table 7.1.3 shows greater binding with PFOS pseudophase when CPF is 

considered tetraprotic. Accounting for the additional proton within CPF increases the 

precision the determination of the binding in the postaggregate phase.   

 

7.1.3 Determination of CPF and PFOS binding in the absence of phosphate buffer 

 
The next set if experiments account for the addition of PFOS using the CFCLS 

without the addition of sodium phosphate buffer. This was to observed if there was an 

effect of salt buffer on PFOS pseudophase and the interactions with CPF. With the 

CFCLS, the number of data points increased, which should add precision and accuracy to 

the determination of the binding constants.  
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Figure 7.1.9 The fluorescence intensity versus the concentration of PFOS added to 31.2 µM CPF without added 
phosphate buffer flushed with N2 (g).  

 

Through the CFLS, additional data points were possible in order to increase 

precision and the accuracy of the fluorescence intensity measurements.  A portion of the 

experimental data obtained is shown in Table 7.1.4.  

 

Table 7.1.4 The change in pH and concentration of PFOS obtained with the CFCLS at 25oC.  
pH [H+], M [PFOS], mM 
2.85 1.40 x 10-3 6.70 
2.63 2.32 x 10-3 10.01 
2.44 3.59 x 10-3 13.30 
2.31 4.90 x 10-3 16.57 
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It can be observed that in the absence of a buffer, the pH significantly decreased 

as the concentration of PFOS in the solution increased. After the first addition of PFOS, 

the pH dropped from pH 7.00 to 2.85. Therefore the data analyzed started at 2.85. 

Therefore, a distribution diagram of CPF at the experimental pH was created in order to 

observe the speciation of CPF as the pH decreased (Figure 7.1.10). 

 

 
Figure 7.1.10 Distribution diagram of CPF at experimental pH 

 

From Figure 7.1.10, it can be observed that the greatest speciation of CPF present 

in solution was CPFH4+3 followed by CPFH3+2.  

 
In order to determine the preaggregate and postaggregate binding constants, K11 and 

Kn1/n, Equation 1.3.12 was used. It is shown below. Figure 7.1.11 (a) - Figure 7.1.11 (f) 
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were plotted to determine the binding. The experimental fluorescence was multiplied by 

a to account for all CPF species.  

𝑭𝟎
𝑭𝑻

= 𝟏 + 𝑲𝟏𝟏𝑺 + ;
𝑲𝒏𝟏

𝒏 < (𝑺𝑻(𝒄𝒂𝒄) 
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(e) (f) 

Figure 7.1.11 The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used. A plot of (F0/FT) versus [ST – cac] for 
no speciation of CPF (a), CPFH4

+3 (b), CPFH3
+2 (c), CPFH2

+ (d), CPFH+- (e), and CPF- (f) at 25oC.  
 

In Figure 7.1.11 (a), it can be observed that there is very weak to no binding 

observed. CPFH4+3 resembles the data in Figure 7.1.11 (a). Therefore it is the greatest 

fluorescence contributing species. This is true because it is the most predominant species 

in solution at the experimental pH.  

CPFH3+2 is the second most abundant species in solution. It displays 

postaggregate binding with the PFOS pseudophase as the slope is positive in Figure 

7.1.11 (c). The R2 value of 0.9952 shows a high agreement to the binding model used.  

In Figure 7.1.11 (d), the slope increased compared to the values in Figure 7.1.11 

(a) - Figure 7.1.11 (c). The R2 value is 0.9756 which shows a good fit to the binding 

theory. For CPFH+-, the binding in the postaggregate phase increased, although it is one 

of the least abundant species in solution. The greatest fit is observed in Figure 7.1.11 (f) 

with CPF-. However, it is the least abundant species in solution. However, it has a lower 

R2 value compared to Figure 7.1.11 (c) - Figure 7.1.11 (e).  
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7.1.3.1.1 Determination of CPF and PFOS monomer and pseudophase binding  

It was found that no binding occurred in the preaggregate phase. However, the 

greatest binding in the postaggregate phase occurs with the zwitterionic and negatively 

charged species of CPF. The data obtained is shown in Table 7.1.5.  

 

Table 7.1.5 Binding constants K11 and Kn1 for CPF species with PFOS surfactant and PFOS pseudophase at 
25oC. The literature aggregation number of 7 was used to determine Kn1.  

 No 
Speciation CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Slope (mM-1) (2.0 ± 3) x 
10-4 

(-5.0 ± 3) x 
10-4 

0.1 ± 
0.003 0.77 ± 0.05 4.1 ± 0.4 21 ± 3 

Intercept 
(mM-1) 1.0 ± 0.004 1.01 ± 

0.004  
2.0 ± 
0.04 3.0 ± 0.7 -3.0 ± 6 -60 ± 44 

R2 0.0565 0.352 0.9952 0.9756 0.9314 0.8725 
K11 (M-1) 0* 0* 46 ± 42 87 ± 14 0* 0* 

Kn1/n (M-1) 0.182 ± 0.3 0* 110 ± 3 766 ± 45 4139 ± 424 (2.06 ± 0.3) x 
104 

Kn1 (M-1) 1.27 ± 2 0* 773 ± 20 5365 ± 320 (2.90 ± 0.3) 
x 104 

(1.44 ± 0.2) x 
105 

Notes: The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used to determine K11 and 
Kn1 binding constants. *K11 binding was negative for no speciation, CPFH4+3, CPFH+-, 
and CPF- . Kn1 binding was negative for CPFH4+3.  

 

7.1.3.1.2 Analysis of preaggregate and postaggregate binding between CPF and PFOS 

It was hypothesized that the greatest interactions would occur with the positively 

charged species of CPF which were CPFH4+3 , CPFH3+2 and CPFH2+. This is due to the 

charge along with species having highest concentrations in solution at the experimental 

pH. Interestingly, it was observed that the greatest interactions that occurred in the 

postaggregate phase were the with the zwitterionic and negatively charged species. It is 
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possible that due to these species of CPF having the lowest prescence in solution, to 

interact with the anionic PFOS first. Also, with the interactions that occur between PFOS 

and H2O, that occupies space, unable for the positively charged species of CPF to bind 

with the PFOS. However, the values obtained can not be valid because of the nonlinear 

fit to a linear model.  

 It can be observed that compared to the data obtained when PFOS was dissolved 

in phosphate buffer, the binding is signifcantly higher in comparision. Therefore it can be 

determined that there are salt effects that occur between PFOS that interfere with binding 

with CPF speciation. 

 

7.1.3.2 Binding	of	CPF	and	PFOS	in	the	preaggregate	phase	in	the	absence	of	
phosphate	buffer	

 
In order to understand the interactions that occur between CPF and PFOS in the 

preaggregate phase, the solutions were prepped at 1µM of PFOS and 100 µM of CPF. 

This concentration of PFOS was significantly lower than the cac of PFOS which is 8.0 

mM in the literature. The solutions were dissolved in distilled water in order to avoid the 

influence of salt buffer with PFOS. The experimental results are observed in Figure 

7.1.12.  
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Figure 7.1.12 A plot of fluorescence intensity versus concentration of PFOS added to CPF at 25oC flushed with 
N2 (g).  

 

The low concentration of PFOS prevents the significant change in pH of the 

solution. A distribution of the CPF speciation is shown in Figure 7.1.13.  
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Figure 7.1.13 The distribution of CPF speciation from pH 7.75 – 8.25 ± 0.01.  

 

From Figure 7.1.13, it can be observed that the predominant species of CPF was 

CPFH+-, followed by CPFH2+.   

 

The plots of (F0/FT) versus [ST] were used instead of ST - cac due to the 

concentration of PFOS being significantly lower than the cac. A variation of Equation 

1.3.12 was used when the cac is 0 therefore Kn1/n is also 0.  

𝑭𝟎
𝑭𝑻

= 𝟏 + 𝑲𝟏𝟏𝑺 

 

 A positive slope of the line is equal K11 binding constant. The fluorescence 

intensity was adjusted to account for each CPF species by multiplying it by a.  
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Figure 7.1.14 The equation (F0/FT) = 1 + K11[S] was used to determine K11. A plot of (F0/FT) versus [ST] for no 
speciation of CPF (a), CPFH4

+3 (b), CPFH3
+2 (c),  CPFH2

+ (d), CPFH+- (e), CPF- (f) at 25oC.  
 

When no speciation is accounted for (Figure 7.1.14 (a)), there appears to be 

positive binding in the preaggreagte phase of PFOS. There is a higher agreement to this 

binding theory due to the R2 value of 0.9426. 

CPFH4+3  to have the greatest binding in the preaggregate phase of PFOS. The R2 

value is also the highest in Figure 7.1.14 (b).  

The positive slope for this speciation is indicative of binding in the preaggregate 

phase with PFOS. The data for Figure 7.1.14 (c) has high agreement to the binding model 

due to the R2 value.  

In Figure 7.1.14 (d), the CPFH2+ speciation shows to have positive binding in the 

preaggregate phase of PFOS. However, it is less compared to CPFH4+3 and CPFH3+2. 

This speciation also fits the binding model due to the R2 value of 0.9531.  

 The data in Figure 7.1.14 (e) it can be observed that there is minor binding with 

PFOS. The data in this figure similarly resembles the data from Figure 7.1.14 (a) when no 

speciation of CPF is accounted for. The speciation of CPF- is the only speciation that 

does not display binding in the preaggregate phase. The R2 value in Figure 7.1.14 (f) is 

indicative of the low agreement to the binding model for this species of CPF.  

 

The binding constants obtained from Figure 7.1.14 (a) - Figure 7.1.14 (f) are 

summarized in Table 7.1.6. It was determined that the greatest binding from the second 

model was with CPFH4+3. While CPFH+- is the greatest concentration present in solution, 
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it appears to be the greatest fluorescent contributing compound. Interestingly, while CPF- 

was the second greatest speciation in solution, it did not contribute to any binding in the 

preaggregate phase of PFOS.  

 

Table 7.1.6 Determination of preaggregate binding constant K11 for CPF species with PFOS surfactant extracted 
from the slope of Figure 7.1.14 (a) - Figure 7.1.14 (f) at 25oC.  

 No 
Speciation CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Slope (µM-1) 1.92 ± 0.07 160 ± 3 55 ± 1 15.9 ± 
0.5 

2.18 ± 
0.06 

-2.14 ± 
0.2 

Intercept 
(µM-1) 

1.1 ± 0.006 0.7 ± 0.3 1.5 ± 0.1 1.4 ± 
0.04 

1.1 ± 
0.005 

0.76 ± 
0.02 

R2 0.9426 0.9799 0.9737 0.9531 0.9651 0.6615 
K11 (µM-1) 1.9 ± 0.07 160 ± 3.3 55 ± 1.3 16 ± 0.5 2.2 ± 0.06 0* 

Notes: The equation (F0/FT) = 1 + K11[S] was used to determine K11. *K11 binding was 
negative for CPF-.  

 

Due to PFOS being negatively charged, it is expected that the greatest interactions 

occur with CPFH4+3, CPFH3+2 and CPFH2+. This was confirmed with the K11 values 

obtained. Since the positively charged species of CPF had the lowest prescence in 

solution at the experimental pH, this also confirms that the zwitterionic speciation is the 

greatest fluorescence contributing while the CPF- species is the most free in solution due 

to the repulsion of the negative charges.  

 

7.1.4 Conclusion of CPF and PFOS binding  

Understanding the physical, non-covalent binding between CPF and PFOS 

requires  several factors to be considered, including buffer and pH. It was observed that 
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the binding overall was less when a buffer was included in solution and PFOS was 

observed to precipitate out when the concentration was too high.  

It was also determined that salt buffer affects the speciation of CPF as well as the 

interactions that occur with PFOS. It was observed that if the concentration of PFOS 

reached 50 mM in the presence of 0.1 M phosphate a precipitate formed. This in turn 

lowers the binding between CPF and PFOS. Also the buffer helps keeps the presecence 

of the specific CPF species consistant, therefore increases the accuracy of the binding 

constants determined. pH affects which species of CPF binds with PFOS. Due to PFOS 

acidity, without a buffer in solution, the pH can drastically change if the concentration of 

PFOS is too high.  

There is also binding that occurs in the postaggregate phase with water along with 

CPF. The water occupies space which minimizes the amount of CPF within the 

aggregate. The number of aggregates PFOS forms is lower than other psuedophase 

compounds which is why the binding constants may be lower in comparison.  

The interactions that occur in the preaggregate phase versus the postaggregate 

phase are significantly different. The more positively charged species of CPF displays 

greater binding in the preaggregate phase while the zwitterionic and negatively charged 

specation contribute to more interactions in the pseudophase. This is due to the loss of the 

proton and overall negatively charged PFOS-.  

To explain the low binding constant of small molecules like CPF with PFOS, one 

has to consider the solvation or hydration of fluorine in the perfluorinated chain. The 

perfluorination of the hydrocarbon chain in PFOS makes it extremely hydrophobic. 
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However, the F in monomer PFOS is strongly attached to hydrogen bonded water as 

shown in Figure 7.1.15, thus, reducing its hydrophobicity to some degree. This explains 

the significant solubility of PFOS in water 680 mg/L22 along with its propensity to form a 

weak pseudophase aggregate with a low aggregation number. PFOS is also a very strong 

acid (pKa -3.3), therefore, the terminal anion is also strongly hydrated. This environment 

is not conducive to noncovalent binding with CPF species as reflected by the binding 

constants.  

 

 
Figure 7.1.15 2:1 complex of water hydrogen binding with nearby PFOS in aqueous solution. The number of 
water molecules shown are much less for clarity. 

 

As for the structure of the pseudophase, the water hydrogen in the shell could be 

strongly hydrogen bonded to fluorine and forms a very tight and stable shell structure as 

shown in Figure 7.1.16. The core size, therefore, could be minimized. With a smaller core 

with very low water concentration (on mole fraction basis), other guest molecules such as 

CPF species cannot partition in the core. The protonated CPFH2+ species are most likely 
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to stay close to the surface or the shell due to the attraction of fluorine- electron cloud and 

the protonated species at lower pH (< 7). The zwitterionic (or neutral) species should 

have some affinity to bind near the shell pseudophase of PFOS. Binding of solutes in 

these environments requires breaking the hydrogen bonded water to form new hydrogen 

bonds with molecular functional groups, which is not thermodynamically favorable. 

 

 
Figure 7.1.16 Figure shows a conceptual depiction of the pseudophase aggregate. A hemispherical part of the 
PFOS aggregate showing the shell and the core. At low pH (<7) CPFH2+ species remains in the outer edge while 
CPFH+- is weakly bound in the inside edge. This is speculated from the weak binding constants. The PFOS is 
shown as completely deprotonated base due to its low pKa (-3.3) 

 

This shows that the binding constants change depending on whether CPF is 

regarded as tetraprotic or triporotic acid. It is observed that the binding is greater when 

CPF is considered tetraprotic with Kn1 = 438.2 ± 56 M-1 and 175.7 ± 14 M-1 as a triprotic 

acid. However, the binding constants obtained are low in comparison to other surfactants, 

as observed in Yang et al.42 This could be due to the complex natures of both CPF and 

PFOS pseudophase and the low aggregation number of PFOS. In order to fully 
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understand the true binding between CPF and surfactant, it is necessary to understand the 

pH dependent speciation of CPF.  Additional experiments such as NMR and quasielastic 

light scattering can be used to measure the exact aggregation number and size of the 

pseudophase microenvironment may provide further insight. 
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DETERMINATION OF CIPROFLOXACIN (CPF) AND DL-a-TOCOPHEROL 
SUCCINATE (TPGS-750M) PSEUDOPHASE INTERACTIONS 

8.1 The binding of DL-a-tocopherol succinate (TPGS-750M) and Ciprofloxacin 

(CPF)  

The description of the data obtained below is between CPF and TPGS-750M. The 

results obtained will be compared with the two binding equations as well as compared to 

other pseudophase aggregates.  

 

8.1.1 Effect of TPGS-750M on CPF fluorescence 

8.1.1.1 Concentration	of	TPGS-750M	on	fluorescence	emission	of	CPF	
 

A quenching of CPF fluorescence in the presence of TPGS-750M was observed 

as the concentration was increased up to 4500 µM. This is observed in Figure 8.1.1. As 

the concentration of TPGS-750M increased the total fluorescence intensity decreased. 

This trend follows Stern-Volmer (SV) behavior, where the fluorescence intensity 

decreases as the concentration of the surfactant increases.  This has not been observed for 

the CPF and SDS interactions as well as the CPF and PFOS interactions.  

From the results displayed in Figure 8.1.1, there greatest error is observed in the 

error bar on the fourth data point.  
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Figure 8.1.1 The fluorescence intensity versus concentration of TPGS-750M added to CPF. 

 

 
 

The pH range of the solution was 7.77 through 7.59 ± 0.01. The pH slightly 

decreased as the concentration of TPGS-750M increased. This is due to the solutions of 

this system being dissolved in distilled water instead of a buffer. This was to ensure that 

there was no salt effect from the buffer on the cac of the TPGS-750M. 
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Figure 8.1.2 The distribution of CPF speciation at pH 7.60 – 7.77 ± 0.01. 

 

From the distribution diagram presented in Figure 8.1.2, it can be determined that 

predominate speciation of CPF in solution with TPGS-750M is the zwitterionic CPFH+- 

which is approximately 80% of all CPF present in solution. This is followed by the 

monoprotic CPFH2+ and negatively charged CPF-. However, it is important to calculate 

binding constants for all five CPF species because it is possible that the smallest amount 

of the species present in solution, CPFH4+3, could have the greatest binding with the 

TPGS-750M. It is also possible that the zwitterionic species could contribute the greatest 

to the fluorescence intensity obtained earlier. This will be determined through the binding 

equations and figures.  
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Similarly, to the data obtained of anthracene and TPGS-750M, the cac was determined 

when TPGS-750M was combined with CPF. This is shown in Figure 8.1.3.  

 

 
Figure 8.1.3 The determination of the experimental cac for TPGS-750M.  

 

From Figure 8.1.3, it can be observed that the cac is lower than 1512 µM, which 

was the cac determined when TPGS-750M was combined with anthracene. Therefore, the 

cac used for the binding analysis was 1000 µM.  

 
The upcoming plots pertain to the binding of CPF with TPGS-750M in the 

preaggregate and postaggregate phase for binding constants K11 and Kn1/n, respectively. 

The binding was determined using Equation 1.3.12 which is expressed below. 
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 a was applied to the fluorescence to account for all five species of CPF in order 

to precisely determine the magnitude binding.  

 

(a) 

 

(b) 

 

(c) 
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(e) 

 

(f) 

Figure 8.1.4 The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used to determine K11 and Kn1. (F0/FT) 
versus [ST-cac] with no speciation of CPF (a) CPFH4

+3 (b) CPFH3
+2 (c), CPFH2

+ (d), CPFH+- (e) and CPF- (f) at 
25oC.  
 

 

The positive slope obtained from Figure 8.1.4 (a) displays a positive binding for 

Kn1/n. From an initial comparison of the R2 value of 0.9811 displays a high agreement to 

the binding model. Interestingly, for CPFH4+3 (Figure 8.1.4 (b)), the slope is negative 

which implies no binding in the postaggregate region. The R2 value was 9028.  Similarly, 

Figure 8.1.4 (c) also has a negative slope which correlates to negative binding of Kn1/n 

and the R2 value of this plot is 0.8975.  

CPFH2+ is the second most abundant species in solution. However, the negative 

slope is indicative of no binding for this species of CPF. The R2 value was 0.7299 

showing less agreement compared to the other species of CPF. 

The data obtained from Figure 8.1.4 (e) is the closest to the data obtained to when 

no speciation of CPF is considered. Therefore, while the CPFH+- speciation is the greatest 

present in solution, it is the highest fluorescence emitting species.  
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In Figure 8.1.4 (f) for the CPF- species, there appears to be binding in the 

pseudophase of TPGS-750M. The R2 value from the figure above suggests an agreement 

to the F0/FT model.   

 

8.1.2 Evaluation of CPF-TPGS-750M binding constants 

8.1.2.1 Determination	of	the	preaggregate	and	postaggregate	binding	of	CPF	with	
TPGS-750M	

 
The K11 and Kn1/n binding constants determined are shown in Table 8.1.1. For the 

binding constants determined, the values listed 0 either displayed no binding, or the error 

in the binding constant determined was greater than the value itself. Only the zwitterionic 

and negative speciation of CPF displayed binding in the postaggregate region of CPF. 

The preaggregate binding constant K11 was determined for the zwitterionic and anionic 

speciation of CPF as well.  

 

Table 8.1.1 Calculated K11 and Kn1/n binding constants of CPF and TPGS-750M at 25oC extracted from the 
slope and intercept of Figure 8.1.4 (a) – (e).  The literature aggregation number of 41 was used to determine Kn1.  

 No 
Speciation CPFH4+3 CPFH3+2 CPFH2+ CPFH+- CPF- 

Slope (µM-1) 
(5.0 ± 0.1) 

x 10-5 
(-9.0 ± 

0.6) x 105 
(-7.0 ± 

0.5) x 105 
(-2.3 ± 
0.3) x 
105 

(6.0 ± 0.2) 
x 10-5 

(2.0 ± 
0.06) x 10-

4 

Intercept 
(µM-1) 

1. 0 ± 0.003 0.65 ± 
0.01 

0.80 ± 
0.01 

0.90 ± 
0.006 

1.1 ± 
0.003 

1.2 ± 0.01 

R2 0.9811 0.9028 0.8975 0.7299 0.9852 0.9804 
K11 (M-1) 43 ± 2 0* 0* 0* 54.7 ± 2 212 ± 6 

Kn1/n (M-1) 50 ± 1 0* 0* 0* 60 ± 2 200 ± 6 

Kn1 (M-1) 2050 ± 41 0* 0* 0* 2460 ± 82 8200 ± 
246 

Notes: The equation F0/FT = 1 + K11[S] + (Kn1/n)(ST – cac) was used to determine K11 and 
Kn1. *K11 and Kn1 binding was negative for CPFH4+3, CPFH3+2, CPFH2+.  
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8.1.2.2 The	analysis	of	CPF	and	TPGS-750M	monomer	and	pseudophase	binding	
 

There appeared to be measurable binding in the preaggregate phase between two 

CPF species, including CPFH+- and CPF-, and TPGS-750M (Table 8.1.1).  The species 

that appeared to display measurable binding in the postaggregate phase were also CPFH+- 

and CPF-. The data from CPFH+- resembles the data from no speciation. Therefore, 

CPFH+- is the most fluorescence contributing species out of all five species of CPF.   

TPGS-750M overall a neutral compound, therefore in theory there would be 

interactions with all of the species of CPF. Since a majority of the interactions occurred 

in the postaggregate phase, it is hypothesized that the zwitterionic species has the greatest 

interactions with TPGS-750M due to the positive and negative charges on the species. 

This would have the best interactions with the polar and nonpolar structures of TPGS-

750M. However, the greatest interactions occur with CPF-. Therefore, CPF- is the species 

that migrates into the hydrophobic core of the TPGS-750M pseudophase as well as 

interactions with the monomer before the cac. Since CPF- interacts the most with TPGS-

750M, it occupies the space and prevents CPFH+- interactions.   

If accounting for the Kn1/n binding constant determined for neutral anthracene and 

TPGS-750M of 562 ± 15, the binding of zwitterionic CPF with TPGS-750M is 

significantly less with a value of 60 ± 2. From the data, there appears to be an influence 

of overall structural charge on the binding with TPGS-750M.  

Unfortunately, there has not been binding measured of TPGS with ciprofloxacin, 

anthracene or similar compounds using any method. Majority of binding studies of 
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TPGS-750M have occurred with nanoparticles or human serum albumin to serve as a 

catalyst. With TPGS-750M being a relatively new surfactant, it is possible for future 

experiments to be conducted to further understand the interactions that occur.  
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CONCLUSIONS AND FUTURE OUTLOOK  

9.1 Conclusion and Future Outlook 

Pseudophase compounds are molecular or micellar self-assembled aggregates that 

form in many natural aquatic environments. Pseudophase chemistry offers distinct 

advantages in modeling phase distributions or complexation in water-colloid and water-

surfactant systems where the phases or microemulsions cannot be physically separated to 

assess binding constants. For example. the interactions can be observed in vitro at very 

low concentrations.  

The binding model between solute binding or partitioning in monomer-monomer 

and monomer-aggregate systems using fluorescence spectroscopy has been enhanced. 

The currently published binding models are incomplete. The majority of previous studies 

consisted of three constituent systems, including the fluorescent probe, solvent and 

micelle or aggregate but failed to account for factors such as Cl- and O2 quenchers. These 

errors can significantly influence experimental outcomes and accuracy in binding 

analysis. However, it can be concluded from previous studies that binding between small 

solutes and surfactants occurs through weak noncovalent interactions.  

To analyze the interactions between CPF and the corresponding pseudophase 

compounds, two key equations were used to account for fluorescence enhancement (FE) 

and fluorescence quenching like behavior (FQ):  
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Equation 9.1.1 Fluorescence quenching (FQ) 
𝐹%
𝐹"
= 1 + 𝐾!![𝑆] + ;

𝐾'!
𝑛 < (𝑆" − 𝑐𝑎𝑐) 

 

 

Equation 9.1.2 Fluorescence enhancement (FE) 
𝐹" − 𝐹%
𝐶" 	. 𝛼

= 𝑘$ + (𝑘!!𝐾!!)[𝑆] + 𝑘'! ;
𝐾'!
𝑛 < (𝑆"()*)) 

 

FT is the total fluorescence intensity while F0 is the initial fluorescence of CPF. CT is the 

total concentration of CPF and a is the fractional abundance of CPF distributed among 5 

acid-base conjugates present at the corresponding pH. ST is the total surfactant 

concentration; n is the aggregation number and cac is the critical aggregation 

concentration. K11 and Kn1 were the preaggregate and postaggregate binding constants, 

respectively while kC, k11 and kn1 represented the fluorescence efficiency of free CPF, 

bound CPF in the preaggregate phase and bound CPF in the postaggregate phase. Plots of 

(F0/FT) versus [ST – cac] accounted for FQ. FE was accounted for using the plot (FT – 

F0)/(CT . a) versus [ST – cac].   

To improve upon previous solute-surfactant binding experiments, it was important 

to consider the acid-base chemistry of compounds such as CPF. CPF undergoes many 

structural changes through proton exchange. As a result, any of five chemical species 

may be predominant depending on solution pH. Speciation alone can substantially 

influence the binding between CPF and surfactants. While literature has determined 

different structures of CPF and the species, they do not account for them when 
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calculating the binding constants. Interactions will also change as the surfactant passes 

the cac and becomes an aggregate. The interactions are weak and noncovalent, however 

once the aggregate forms, the fluorophore’s binding occurs within the aggregate and 

outside of it. Therefore, the importance of this study was the specification of CPF 

speciation in solution at a certain pH and determining the interactions of each species 

with the pseudophase compounds. 

It is also important to minimize interferences in fluorescence measurements.  This 

is most commonly done by eliminating interfering co-quenchers in solution through 

purging volatile quenchers with nitrogen gas or not dissolving the fluorophore in 

solutions containing Cl-. The accuracy in binding constants will increase by minimizing 

interfering co-quenchers in solution. 

Anthracene was the model compound used to confirm the FQ binding theory with 

TPGS-750M. Since TPGS-750M and anthracene have no pKa or charge, this simplified 

the binding theory without the need to account for α. It was determined that the binding 

constants in the preaggregate and postaggregate phase were K11 292 ± 8 M-1 and Kn1 2.77 

(± 0.05) x 104 M-1, respectively. Therefore, a majority of the anthracene likely resided 

within the hydrophobic core of the TPGS-750M pseudophase.  

CPF was best treated as a tetraprotic compound with five species interacting 

individually with surfactants. All five species of CPF were included order to determine 

the binding constants with the pseudophase compounds. Interestingly, the most abundant 

species in solution did not exhibit the greatest binding in solution. The most abundant 

species would contribute to the total fluorescence intensity of the CPF and pseudophase 
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interactions. The interactions appeared to vary with pH because they were greater with 

Anthracene – TPGS 750M compared to CPF-TPGS - 750M where Kn1 was 2.77 (± 0.05) 

x 104 M-1 and 2500 ± 82 respectively. That was certainly unexpected.  

The binding was observed to be greater when CPF was considered a tetraprotic 

acid compared to a triprotic acid when bound to PFOS where the pseudophase binding 

constants were Kn1 of 438.2 ± 56 M-1 and 175.7 ± 14 M-1 with CPFH+-, respectively. 

When PFOS was added with a phosphate buffer, a white solid (PFOS-Na) would 

precipitate out when the concentration of PFOS was greater than or equal to 50 mM. This 

affected the binding with CPF. The greatest binding between all of the pseudophase 

compounds occurred with CPF- SDS complexation in the postaggregate phase with a Kn1 

of 1780 ± 71 for the CPFH+- species.  

CPFH+- is the species that has the most consistent binding with all of the 

pseudophase compounds. This is due to the positive and negative charges on the 

structure, which allows the species to interact with both anionic and nonionic 

pseudophase compounds. While the interactions are weak, CPFH+- resided within the 

hydrophobic core of the pseudophase compounds.  

 

Future outlook would be to expand on more cationic pseudophase compounds to 

observe the effects on binding with CPF. Time resolved fluorescence (TRF) would 

enhance the experiments as it would determine the overall fluorescence lifetime. This 

would provide information on the chemical kinetics of the photodegradation and could 

specify the type of fluorescence interactions that occur between fluorophores and 
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pseudophase compounds. Dynamic light scattering (DLS) would enhance the 

experiments in order to determine the experimental aggregation number of each 

pseudophase compound. This would confirm if effects of pH and salt buffer also affected 

the aggregation of the pseudophase compounds.  

 

 The use of NMR to further understand the protonation and deprotonation of CPF. 

While the structures of the five species were established, they were not confirmed by the 

experimentation conducted. Delving deeper into the acid dissociation constants, the 

microscopic dissociation constants that make up the acid dissociation constants. The 

microscopic dissociation constants are fractional deprotonations and the dissociations 

occur at a short period of time.  

The microscopic dissociation constants can also be determined through 

fluorescence7. However, something to account for would be that excited-state pKa values 

are lower compared to ground-state  pKa values, which can be compared to further 

understand CPF acid dissociation through the Förster cycle90. These experiments would 

enhance understanding the interactions that occur between CPF and other 

fluoroquinolones and pseudophase compounds.  
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