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ABSTRACT 

Surfactants such as cetyltrimethylammonium (CTA+) and cetylpyridinium (CP+) have diverse 

applications in various biological and industrial processes. In this dissertation, these surfactants 

with bromide counterions have been used to produce bromine in situ by the oxidation of the 

bromide anions using benzoyl peroxide (BPO) as the oxidizing agent in water (Chapter 2). The 

method presented here is safe and cost effective compared to other conventional methods that 

use metal catalysts or organic solvents for bromine generation. As an illustration, in situ 

generated bromine has been employed as a brominating agent for cholesterol and methyl styrene; 

and as an oxidizing agent for benzyl alcohol and 1,4-bis(hydroxymethyl)benzene. The partial 

oxidation of the aromatic alcohols form aldehydes and is significant since the typical oxidation 

product of primary alcohols in water is their corresponding acid. However, the partial oxidation 

of 1,4-bis(hydroxymethyl)benzene in CPB micelle gives a regioselective oxidation product 

monoaldehyde, as the sole product, while CTAB micelles give both mono and dialdehyde as the 

product. In order to understand the differences in the oxidation of diol in CPB and CTAB 

micelle, molecular dynamics (MD) simulations have been performed using GROMACS package 

(Chapter 3). A united atom force field for CPB molecule has been developed for the first time to 

assist in the molecular dynamics studies. Based on the results from MD simulations, it is 

concluded that the preferential orientation of substrate in CPB micelle, compared to CTAB 

micelle, results in the difference in product distribution (Chapter 4).  

 In Chapter 5, a pH responsive catanionic system has been developed from CTAT, SDBS 

and TDA mixture that can sequester drug such as doxorubicin at higher pH (7.4) and is released 

at maximal rate at lower pH (< 6.0). 
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1. INTRODUCTION 

1.1. Colloids and Surfactants  

This dissertation involves the study and applications of surfactant-based colloidal systems such 

as micelles and vesicles.  The micelle and vesicle systems are formulated from ‘cationic’ and 

‘anionic’ surfactants. Cetyltrimethylammonium tosylate (CTAT), cetyltrimethylammonium 

bromide (CTAB), cetylpyridinium chloride (CPC) and cetylpyridinium bromide (CPB) are the 

cationic surfactants and sodium dodecylbenzene sulfonate (SDBS) is the anionic surfactant used 

in the studies. Micelles formed from CTAB and CPB are used as a source for in situ generation 

of bromine as described in Chapter 2, along with several examples of micelle-mediated 

bromination and oxidation reactions. The development and validation of force field parameters 

for the CPB molecule is described in Chapter 3. The oxidation of 1,4 Bis-

(hydroxymethyl)benzene (diol) to its corresponding aldehydes in CTAB and CPB micelle along 

with the molecular dynamics simulations to explain the product distribution is detailed in 

Chapter 4. Chapter 5 describes the spontaneous formation of vesicles from “catanionic” mixtures 

of CTAT and SDBS and CPC and SDBS. In addition, an effort to develop a pH responsive and 

biocompatible vesicle system using a pH responsive n-tridecanoic acid (TDA) surfactant 

replacing certain mole fraction of SDBS surfactants in the CTAT-SDBS system has been 

discussed.   

This Chapter provides a general background on the structure of surfactants, thermodynamics 

of surfactant aggregation and applications of surfactant molecules. 

 
 

1.1.1 Background 

 
The name ‘Surfactant’ was first coined by Antara Products in 1950 1 to describe a ‘surface-active 
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agent’. Surfactants, or surface-active agents, can adsorb at surfaces when present in low 

concentration and thereby alter the interfacial free energies of the interface.2 These molecules are 

obtained from natural (oleochemical) and synthetic (petrochemical) products.3 The triglycerides 

of organic acids such as lauric acid (12 carbons), palmitic acid (16 carbon), stearic acid, oleic 

acid, linoleic acid etc. are the major natural sources and petroleum-based products such as 

benzene, ethylene, kerosene are the major synthetic sources of surfactants.3 

Surfactants have a characteristic molecular structure, a part of which have hydrophilic 

properties and the other part having hydrophobic properties as in detergents and lipid molecules. 

From a physico-chemical point of view, such a molecule is also called an ‘amphiphile’ and their 

property ‘amphiphillic’, exhibiting polar–apolar duality.4 The word amphiphile is a Greek word 

(amphi means ‘double’, and philos means ‘loving’) and was introduced by Paul Winsor about 50 

years ago.5 The polar or hydrophilic portion of a surfactant has higher affinity for polar solvents 

such as water, whereas the non-polar portion is stabilized in low-dielectric solvents such as 

alkanes.  Hence, a surfactant will readily adsorb at an oil-water interface or air-water interface. 

When these amphiphiles are dissolved in low concentration in water, they migrate to the 

interface, due to the unlikeliness of the hydrophobic part to remain with water.2 Example of such 

behavior is seen in water and oil, where the system tries to minimize the interfacial area between 

the hydrophobic and hydrophilic interface by obtaining a spherical shape, such as a water droplet 

in oil or an oil droplet in water.  

The most common surfactant has a polar head group containing alcohol, ether, acid, thiol, 

sulfate, phosphate, with elements such as N, O, P, and S; and a non-polar tail group made of an 

alkyl or aryl chain.5 The hydrophobic chains usually contain eight to twenty carbons of straight 

or branched, saturated or unsaturated alkyl groups. In addition, there may also be alkylbenzene, 
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alkylnaphthelene, perfluoroalkyl and polysiloxane groups present in the hydrophobic tail.2,6 

Based on the nature of the charge on the head group, surfactants are classified as anionic, 

cationic, non-ionic or zwitterionic surfactants, Figure 1.1. Common anionic headgroups include 

sulfate, phosphate, sulfonate and carboxylate. The cationic surfactants bear a positive charge and 

are often quaternary ammonium, imidazolium or pyridinium compounds. Non-ionic surfactants 

carry no charge and zwitterionic surfactants have both positive and negative charge. 

Polyglucoside, diethanolamine, acetylenic groups are examples of nonionic surfactants,7 and 

betaines and phosphatidyl cholines are examples of zwitterionic surfactants.8  

 

Figure 1.1: Structures of different types of surfactants. 
 

The behavior of the surfactants is highly dependent upon the charge and the nature of the 

head group, for example the orientation at the interface is dependent on the electrostatic 

interaction, hydrogen bonding or covalent bonding between the interface and the surfactant. In 

fact, the extent of surfactant interaction with the surface/interface helps in determining the 
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surfactant efficiency and its role in industry.9 When surfactants adsorb on the interface, they 

lower the interfacial energy.10,11 This is observed in an oil-water mixture, where oil forms drops, 

and rise to the surface due to lower density. When surfactant is added to this oil-water mixture 

the surfactant adsorbs to the oil-water interface, lowers the surface energy and forms a 

microemulsion with much smaller drops. The interfacial free energy,   is the total energy 

required to expand the interface per unit area at the boundary between the two phases. This is 

represented by Equation 1.1,2 

  
  

  
                                            

Where G is the Gibbs free energy and A is the area at the boundary. The interfacial tension is 

dependent upon the nature of the two phases and thus the matter confined at the interface shows 

different properties from the bulk. Since the surfactants are dominated by interfacial properties 

instead of the bulk properties, they are used for understanding and probing various physical, 

chemical and electrical phenomena. Surfactants can adsorb at all types of solid-vapor, solid-

liquid, solid-solid, liquid-vapor and liquid-liquid interfaces,12 which is important for several 

natural processes and commercial technologies such as surface wettability,13 coatings,14 

textiles,15 agrochemicals,16 and many others.13 

 

1.1.2. Self-association of Surfactants 

An alternative method to adsorption, which helps remove the hydrophobic group from contact 

with water is self-aggregation or micellization.12 The self-aggregation can occur only above a 

certain concentration and the hydrophobic tail of the surfactant molecule is the major driving 

factor for the aggregation. Individual surfactant molecules (monomers) can pack in a wide 

variety of aggregates held together by weak forces such as electrostatic, hydrophobic, hydrogen 
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bonding and van der Waals forces. Due to the above weak forces involved in self-association, 

changes in any solution conditions such as pH and ionic strength cause changes in the binding, 

shape and size of the aggregate.17 As the change in solvent properties has an effect on the 

aggregates, the formation of these nano-scale self-associated structures has an effect on the 

solvent properties such as viscosity.18 The surfactant molecules accumulate at the air/water 

interface through a complex mechanism and these aggregates are highly dynamic in nature. The 

molecules leave and join the aggregate at time scales of about 10-8 to 10-3 seconds.19,20 Also, the 

shape of one aggregate can be transformed into another by altering the physical interactive 

forces, such as changing the temperature, concentration and pH or ionic strength of the 

solution.21 At a lower concentration most of the characteristics of surfactants are similar to other 

electrolytes, but above a certain concentration they show different behavior for several properties 

as shown in Figure 1.2.  

 

Figure 1.2: Dependence of surfactant properties in solution as a function of concentration. The 
surfactants show different behavior above a critical concentration in solution. CMC 
represents a critical micelle concentration above which a micelle is formed 
(discussed later in this Chapter). Reported from book by Tadros (2006).21 
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It is clear from Figure 1.2 that when the surfactant molecules adsorb on the surface the interfacial 

tension decreases initially and then becomes constant once critical micelle concentration (CMC) 

is reached. Other physical properties also show abrupt changes at CMC. The conductivity and 

diffusion decreases above CMC while solubilization and turbidity increases above CMC.21 Such 

changes in the physical properties are observed because below the CMC there are only 

monomers but above the CMC, the surfactant monomers spontaneously start to aggregate to 

form larger units called micelles as shown in Figure 1.3. Thus, the concentration at which the 

spontaneous association of monomers occurs is the critical aggregation concentration (CAC). For 

aggregates such as micelles, CAC is analogous to CMC and is characteristic of each surfactant at 

a given temperature and concentration.21 McBain22,23 first investigated this unusual behavior of 

surfactant aggregation at CMC in the 1920s and later a similar aggregation model (micelle) was 

suggested by Hartley, et al, in the 1930s.24 At CMC, equilibrium is established between the 

aggregate and the monomers (Figure 1.3). The CMC depends upon the chemical structure of the 

surfactant and also upon the solution conditions. For example, an increase in the alkyl chain 

length by a methylene group decreases the CMC by a factor of 2 for ionic and a factor of 3 for 

non-ionic molecules; and change in charge of the counter ion from 1 to 2 decreases CMC by a 

factor of about 4.21 The calculated increment in free energy change of micellization is about 3.18 

± 0.11 kJ (moles of CH2)-1. 25 The charge on the head group has higher influence on CMC 

compared to the nature of head group. The presence of an electrolyte also affects the CMC. 

When salts like NaCl are added to ionic surfactants the electrostatic repulsion between the head 

groups is reduced and this favors micelle formation at lower CMC. Surfactants containing NH2 

or COOH or zwitterionic groups are pH-sensitive.8 CMC is also dependent upon the temperature; 

it decreases first to a minimum value and then again increases with the increase in temperature. 
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The initial decrease in CMC with rise in temperature is due to the decrease in the hydration of 

the head group that favors micellization, while the increase in CMC with further rise in 

temperature is due to the randomness of structured water molecules which disfavors 

micellization.2 

 

Figure 1.3: Schematic representation of the reversible equilibrium between the monomer and the 
aggregate. The number of monomers remains constant after CAC/CMC as they 
self-associate to form an aggregate/micelle above CAC/CMC. Adapted and 
modified from McBain.22,23 

 

The value of the CMC is different for each type of surfactants and thus the total number of 

monomers that aggregate to form a micelle is also different, there are about 50-150 monomers 

that can aggregate into a micelle depending upon the concentration of the surfactant and the 

temperature.26  

The mean aggregation number N can be determined from the total surfactant concentration S, the 

micelle concentration M and the CMC value as shown in Equation 1.2, 

  
       

   
                                    

The aggregation number increases approximately by 16  3 monomers per micelle with the 

addition of a carbon atom to the alkyl chain.27 The aggregation number in the case of 
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tetradecyltrimethylammonium chloride (TTAC) and dodecyltrimethylammonium chloride 

(DTAC) does not increase with rise in concentration due to the small tail length and compact 

packing of the micelle, whereas surfactants with longer tail length such as CTAC, show the 

increase in the aggregation number with concentration rise.28 The size and charge of the head 

group also affects the aggregation of surfactants.27 The aggregation number in general, decreases 

with the increase in the size of the optimal head group area of the surfactant or the electrostatic 

repulsion between the head groups.27  

Therefore, the aggregation number of surfactants depends upon the hydrocarbon tail 

length, area of the head group, counter-ion type and ionic strength of the solution. The mean 

aggregation number N can be approximated from the ratio of the micelle volume          and the 

tail volume  , in Equation 1.3, and also from the ratio of area of the micelle          to the cross 

sectional area   of the monomer as in Equation 1.4.29,21  

  
        

 
 

 

 

         
 

 
                                              

                                                                      

  
        

 
 

          
 

 
                                             

 
Combining above Equations, 1.3 and 1.4, 

 

         
 

 

 
                                                                     

Where, Rmicelle is the radius of micelle. Since Rmicelle  cannot exceed the length of the extended 

surfactant tail, Equation 1.5 can also be written as, 

 

     
 

 

 
                                                                         

The ratio           will be referred to, as the packing parameter P in the following sections. 

The above ratio helps to understand that self-aggregation of molecules is dependent upon the 
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molecular geometry of the surfactant. At the same time, it is important to understand that self-

aggregation of the molecules also involves the free energy of interaction,30 hydrophobic forces, 

repulsive forces, head group hydration and the critical concentration.30,31 When the surfactant 

molecules aggregate at the interface, the hydrophobic interaction between the alkyl tails 

congregate them, tending to decrease the optimal tail area per molecule. But the hydrophilic head 

interacts with water, and allows enough water molecules in between the head groups for 

solvation, thus increasing the optimal head area. In the case of charged surfactants, the repulsive 

electrostatic force is an additional factor for the increased head area per molecule. The repulsive 

force may be due to steric interactions, dipole-dipole interactions for zwitterionic head groups 

and ion-ion repulsions for ionic head groups.  

 

Figure 1.4: Dependence of the shape of the aggregate on the Packing parameter ‘P’. 
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Thus, the sizes and shapes of the aggregates depend primarily upon the optimal head group area, 

  , the alkyl chain volume, v, and the alkyl chain length, l. The packing parameter, P, which 

governs the geometry of aggregates, is expressed as 

  
 

   
                                          

The dimensions and the shape related to a particular packing parameter are shown in Figure 1.4,  

Based upon the packing parameter, different aggregate types and geometries formed from 

the single tailed surfactants are predicted. In aqueous solution, most of the single-tailed 

surfactant molecules have a packing parameter of less than 1/3 and spherical micelles are 

predicted to form. The charged surfactants with higher repulsive electrostatic force between the 

head groups in the aggregate, gives higher effective area   , and thus lowers the packing 

parameter, P.  Any particular effect such as addition of ions, change of temperature or pH, which 

can decrease the    gives rise to the cylindrical micelle by increasing the packing parameter, P. 

Bachofer, et al., have showed the shape selective phase transition (i.e. sphere to rod) of the 

aqueous solution of tetradecyltrimethylammonium (TTA+) micelle by adding salicylate ion.32 

The salicylate ion decreases the electrostatic repulsion between the TTA+ head groups, lowering 

the effective area   , and increasing the packing parameter, resulting a more compact rod like 

micelle. Addition of a polar organic solvent decreases the interfacial tension which increase the 

effective area   , decreasing the packing parameter.33 Therefore, addition of solvent like ethanol 

to a bilayer in water, will transform it to rod like or spherical micelle, and micelle into smaller 

clusters or into monomers. Thus, effective head area    of the head group and its local 

interactions reflects the specificity of the surfactant in the packing parameter, and controls the 

equilibrium structure of the aggregate. The ratio     is a constant independent of tail length and 

is e ua l to  1  2 for a single tail and 4   2 for double tails.33  
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The shape and size of the micelle and the factors affecting the CMC have been discussed 

so far, to understand how aggregates are formed and how the physical environment around them 

affects these aggregates. But to be able to answer why such aggregation occurs, an understanding 

of the thermodynamic aspects of colloidal aggregation is important.  

 

1.1.3. Thermodynamics of Micellization 

The self-assembly of the surfactants is affected by the hydrophobic effect, hydration effect and 

the head group repulsions, where hydrophobic effect is the major driving force. When the 

hydrophobic tail group of the surfactants moves away from the polar environment (water) to a 

non-polar environment (aggregate), the free energy of the system is minimized. Also, upon self-

assembly, the entropy of the system decreases due to the high ordering of the hydrophobic tail of 

the monomers in the micelle formation.34 On the other hand, the water molecules that are highly 

ordered around the monomer become released when the monomers are transferred into the 

micelle. Thus, the overall entropy increases due to the high positive entropy change from the 

exclusion of ordered water molecules around the hydrophobic tails.21 This is supported by small-

angle neutron scattering studies which indicate water molecules are not present at the micelle 

interior but the groups present at the interface are significantly hydrated.35 The second 

contribution to the positive entropy change is from the highly flexible hydrophobic tail in the 

micelle interior compared to the aqueous medium.36 Thus, the large value of the hydrophobic 

driving force may be one reason that the electrostatic repulsion arising from the head groups of 

the ionic surfactants is overcome to form the micelle. 

Small-angle neutron scattering data also demonstrate the structural fluctuation and 

polydispersed nature of micelles.35 This supports the dynamic nature of micelles in which 
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surfactants, including the counter ions, are continuously exchanging between the micelle and the 

solution at a certain rate, as shown in Figure 1.3. Monomers are individual surfactant molecules 

present in solution that are not incorporated into aggregates. Micelles are formed only above the 

CMC, and below the CMC only monomers are present. The association and dissociation rates of 

micelles have been studied experimentally using the relaxation times 1 (fast component) and 2 

(slow component).20,37  1  (10-8 to 10-3 s) represents the average lifetime of a monomer entering 

and leaving the micelle, while 2 (10-3 to 1 s) is the average life time for the micellar entity. The 

average lifetime of a counterion is in the range of 10-9 to 10-8 s. The factors that affect the CMC, 

in fact affect the lifetime of the micelle and the lifetime of a monomer residing in the micelle. 

Thus, lifetime of the monomer depends upon the concentration, chain length and temperature.21  

When a small amount of surfactant like CTAB is dissolved in water, then above the CMC 

they self-associate to form micelles as, 

N (CTA+Br-) (aq) < --- > (CTA+Br-)N (micelle) 

The thermodynamics of the above process can be understood using two models, the mass action 

model and the phase separation model. In the phase separation model, the micelle is considered 

as a separate phase floating in a saturated solution of the monomers at CMC. Above the CMC, 

the micelle phase and the monomers in solution are at dynamic equilibrium. The chemical 

potential of all the free monomers or monomers in the aggregate are equal as the system is at 

equilibrium, so, the chemical potential can be expressed as in Equation 1.8, 

  
                                           

Where   
 is the standard chemical potential of the micelle,   is the standard chemical potential 

of the monomers, R is the gas constant and T is the temperature;   is the activity of the monomer 

in solution, equal to    , where f is the activity coefficient and   is the mole fraction or 
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concentration, For a dilute solution f is equal to 1 thus, Equation 1.8 becomes,  

  
                                               

Since, the concentration of the monomer is given by CMC (expressed as mole fraction instead of 

molarity scale), Equation 1.9 becomes,  

  
                                                                  

The free energy change of the surfactants can also be expressed in terms of chemical potential as, 

     
                                                      

When the free energy change is minimum, the micelle forms spontaneously.  

Also, the equilibrium constant for the association and dissociation of micelle can be expressed in 

terms of chemical potential as, 

       
   

     
  

                                                              

  
  is dependent upon the shape of the aggregate and the aggregation number N, and    gives the 

mean interaction potential per molecule, in aggregate of aggregation number N. Thus when   
   

<    the aggregates can form. Based on the aggregation number and the intermolecular 

interactions for self-assembly, the mean interaction potential can also be expressed as Equation 

1.13, (detail of equations can be found in the book Intermolecular & Surface Force by J. 

Israelachvili)17.  

  
    

  
   

  
                                                       

where,   
  is the standard chemical potential in aggregates of mean aggregation number N,    

  is 

the chemical potential of a monomer in aggregate of infinite aggregation number. P is a number 

that depends on the shape of the aggregate, and   is the positive constant dependent upon the 

intermolecular interactions given by Eequation 1.14. 
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Where, r being the radius of monomer and    is the interfacial fee energy per unit area.  

Equation 1.13 predicts that as N increases, the mean chemical potential (mean free energy)   
  

decreases. Thus, the above mathematical relation implies that if the free energy difference 

between the aggregate and the monomers in free state is negative, then self-assembly is favored.  

 

1.1.4. Applications of Colloidal Surfactants 

The last few decades have brought enormous and rapid development in the research on surfactant 

and pseudosolutions or colloids. A colloidal suspension has two phases, the dispersed phase and 

the dispersion phases (continuous phase), which give rise to different interfacial phenomena 

leading to a significant role in nanotechnology and nanomedicines.38 Along with the benefits 

from interfacial properties, the size distribution in the nanometer range makes it more suitable 

for biodistribution of drugs and imaging application. Surfactants are amphiphilic colloidal 

compounds having surface-active properties and find wide applications in almost all areas of 

industries, including detergents, suspension aerosols,39 emulsifiers, paper and fabrics 

manufacture,40 petroleum processing,41 therapeutics and cosmetics, household cleaning, 

corrosion inhibition and coatings,42 catalysis,43 food and preservatives, drug absorption and 

delivery,44 solubilizing of low-density lipoproteins,40 electrophoresis, crystallization and 

extraction of membrane proteins, and chromatography.45   

The formulation of surfactants with negligible cytotoxicity such as the surfactants of 

biological origin are highly used in pharmaceuticals as drug solubilizing agents and as active 

biocarriers for drug molecules.46 The aggregates formed by surfactants can encapsulate active 
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biomolecules or reagents and protect them from biological environments as well as increase the 

local concentration and enhance reaction. In addition, the aggregates could be functionalized to 

reduce toxicity, increase selectivity and immobilize target specific ligands for reaction and 

delivery.47 Antimicrobial properties of chlorhexidine surfactants allow them to be used to 

prepare therapeutic mouth washes for treating plaque and gingivitis, while solubilizing and 

foaming properties lead to their being used to prepare cosmetic mouth washes. The surfactants 

solubilize the flavors that reduce bad breath and foaming property washes away the debris.48 

Recently, about 40 % of drugs are being evaluated for transdermal route of delivery and 

formulations of surfactants (fatty acids, polyoxyethylene-2-oleyl ether) are used as percutaneous 

enhancers in transdermal drug delivery systems for the treatment of skin diseases.49,50 They can 

solubilize the stratum corneum lipid domains and expand the keratin filaments, which causes the 

stratum corneum to swell and decrease the diffusional resistance. A study in 1989 showed that 

surfactants might be an important prebiotic earth source of cell membranes, as they are found in 

the meteoritic organic compounds and self-assemble to form membrane like bilayer structure.51  

 

1.1.5. Cationic Surfactants 

Cationic surfactants became commercially viable when Domagk52 recognized their antiseptic 

property in 1953, as they do not have toxic groups such as phenol, halogenated groups, mercury, 

heavy metals, etc. Unlike other antiseptics and disinfectants, they are odorless, colorless, non-

toxic (at certain concentration) and highly stable.  Cationic surfactants are mostly synthesized 

from compounds containing nitrogen, phosphorous and sulfur but are dominated by the nitrogen-

containing compounds due to their availability from less expensive fatty amines and 

petrochemical amines.53 Also, the non-nitrogen containing surfactants are relatively more toxic 
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compared to nitrogen containing surfactants. There are broadly two classes of cationic 

surfactants, the straight chain or acyclic and the heterocyclic quaternary ammonium surfactants. 

But both classes of cationic surfactant have properties parallel to each other. The quaternary 

ammonium surfactant molecules have 8 to 20 carbons, saturated or unsaturated, single or double, 

branched or non-branched hydrophobic tail and positively charged hydrophilic nitrogen in the 

head group. The surfactants are slightly soluble in water below a certain temperature called the 

‘Krafft temperature’ but its solubility increases rapidly above this temperature and attains the 

equilibrium. Like other surfactants, cationic surfactant molecules have a fascinating property of 

clustering to form colloidal aggregates above a certain concentration, CMC (discussed in above 

sections). The most common cationic surfactants are cetyltrimethylammonium (CTA+), 

dodecyltrimethylammonium (DTA+) tetradecyltrimethylammonium (TTA+), cetylpyridinium 

(CP+) cations with tosylate or chloride or bromide as counterions. Cationic surfactants exhibit 

unusual physical-chemical properties in water such as viscoelastic properties, phase transition, 

stability and organic or inorganic ion binding.54,55 The above mentioned properties make cationic 

surfactants highly applicable for several practical applications such as oil recovery,56 road 

repair,57 mineral flotation,58 corrosion inhibition,42 and as antimicrobials. Among most of the 

nonionic, zwitterionic, cationic and anionic surfactants, cationic surfactants are found to provoke 

cytotoxicity even at lower concentrations that provide it with germicidal or microbicidal 

activity.59 At very low concentration, the surfactants partition into the cell membrane from 

aqueous solution affecting only the bilayer curvature, surface charges etc., but at higher 

concentration they form micelles, which can solubilize most of the components (e.g. cholesterol 

and lipids) of the cell membrane resulting in the dissolution of the cell.59,60  

Surfactants relevant to the research work of this dissertation include cationic surfactants 
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such as CTAT, CTAB, CPB and CPC hence; this section is intended to provide brief information 

about the cationic surfactants and covers the major applications of CTA+ and CP+ surfactants. 

These surfactants only differ by their respective counter ions. The CTAT surfactant has a 

tosylate and CTAB has a bromide counterion. However, the shapes of the aggregates are quite 

different in water, CTAT forms worm like micelles and CTAB forms primarily spherical 

micelles.61 Similarly, CPB has a bromide and CPC has a chloride counterion and form spherical 

micelle in water. CTAB forms spherical micelle above ~ 0.8 – 0.98 mM 62,63,64  but the presence 

of added salt lowers the CMC by screening the columbic charges between the head groups and 

changes the morphology of the micelle. For instance, when a strong binding counterion such as 

tosylate ions are added the spherical micelle transitions into a rodlike CTAT micelle with strong 

viscoelastic property.65  CPB and CPC micelles show similar patterns of micellization where the 

aggregation number increases with the increase in the radius of the counterion bound to the CP+ 

micelle.66 Also, the presence of ionic salts affects the viscoelastic properties of pyridinium 

surfactants as seen in quaternary ammonium surfactants.  

The quaternary ammonium surfactants are good for genomic DNA and RNA isolation 

from the lysis of the cell.67 Grueso, et al.,68 have performed kinetic studies of the interaction 

between DNA and CTA+ surfactant to understand the mechanism for the union/separation of 

surfactant with DNA. Cationic surfactants can bind to the DNA backbone by reducing the 

repulsion between the phosphate groups, which helps in the compaction and charge reduction of 

DNA increasing its transportation through the cell membrane.69 CTA+ surfactants are found to 

enhance the biochemical and morphological features of apoptosis due to the involvement of the 

quaternary ammonium positive charge in the process.70 CTAB surfactant is widely used as a 

growth-directing template for the synthesis of Ag and Au nanoparticle swith controlled shape 
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and size.71,72 CTA+ surfactants are also useful for the synthesis of ordered mesoporous 

materials,73 self assembly of carbon-based nanomaterials74 and solubility of acidic drugs.75 

Pinnaduwage, et al.,76 have shown that cetyltrimethylammonium surfactant mediates functional 

transfer of plasmid DNA to mouse fibroblast. Zhu, et al.,77 have removed polar organic 

contaminants using cetyltrimethylammonium-bentonite from water.  

The surfactants containing unsaturated heterocyclic pyridinium ring has wide application 

similar to the quaternary ammonium surfactants. The reactions occurring in the micelle can be 

tuned by controlling the size, shape, electric charge and surface composition. Pyridinium 

surfactants also have versatile application in biological to industrial applications similar to the 

quaternary ammonium surfactants. Pyridinium surfactants are widely used in pharmaceuticals 

and cosmetics, have antimicrobial and germicidal properties,78 act as a membrane for 

electrodialysis,79 and as a template to study enzyme stability.80,81  The corrosion inhibition is 

highly effective using quarternary pyridinium salts in acidic medium as they can aggregate and 

form insoluble film on the metal surface.82 Bodor, et al., have shown that pyridinium salts can 

carry drugs to the central nervous system with low side effects.83 A mixture of pyridinium 

surfactant and sodium lauryl sulfate is found to be highly effective in increasing the skin 

permeability and active transport of transdermal drugs as shown in a study by Karande, et al.,84 

Hodes, et al., have reported the effect of pyridinium cations on tumor cells,85 where they inhibit 

the proliferation of tumor cells due to their unique surface activity with the cell membrane.  

Along with the experimental techniques, molecular dynamics (MD) simulations have 

been employed to support the experimental results obtained from the oxidation of 1,4 Bis-

(hydroxymethyl) benzene to its aldehyde, as explained in Chapter 4. Even though experimental 

method is the most widely used tool to approach a phenomenon and investigate the process, 
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computational method has become a widely accepted technique to support the experimental 

findings and explore the mechanism involved therein. Thus, a brief introduction of the molecular 

dynamics simulations has been described in the next part of this Chapter, as it is necessary to 

understand the techniques described in Chapters 3 and 4.  

 

1.2. Molecular Dynamics Simulations 

This part of the Chapter provides a description of the molecular dynamics (MD) simulations 

along with the techniques necessary for the analysis of the generated trajectories. MD 

simulations performed in the following Chapters are based upon similar procedures and analysis.  

 

1.2.1. Background 

Molecular dynamics (MD) is a computational method that studies the dynamic processes of 

molecular systems at atomistic and molecular levels. MD simulations are performed to 

understand the structure-based interactions between or within the molecules and to validate 

experimental findings. Alder and Wainwright performed the first computer-based molecular 

dynamics study of phase transition for a hard sphere system in 1957.86 In 1964 Rahman 

performed a molecular dynamics simulation to study the correlations in motions of atoms in 

liquid argon.87 Since then MD has become a powerful technique to analyze and interpret the 

complex systems which are otherwise too complicated to be analyzed by experimental 

techniques. Recently, MD is used to study processes such as protein folding, drug binding, 

particle transport through membranes, partitioning and diffusion, aggregation, catalysis and 

kinetics of chemical reactions.88,89  The MD simulation provides detailed information about the 

dynamics of the system based on the structural fluctuations or conformational distributions 
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before and after the simulation.  

Molecular dynamics simulations were done for this dissertation to determine the 

interaction between the small aromatic molecules (1,4-Bis(hydroxymethyl)benzene and its 

monoaldehyde) and cetylpyridinium bromide (CPB) and cetyltrimethylammonium bromide 

(CTAB) cationic surfactants. The micelle was simulated using the open-source GROMACS 

package (version 4.6.5)90 and GROMOS96 54a7 force field,91 as described in sections below. 

Visual molecular dynamics (VMD)92 was used for the visualization of the simulated system. The 

micelle system was simulated over a fixed time step (       ) to generate a nanosecond 

trajectory. During the MD simulation, the change in atomic position and velocity at time step dt 

is calculated using Newton’s laws of motion. The force Fi acting on an atom i (i=1…N) is 

calculated from the mass mi of the ith atom and    which is the acceleration (Equation 1.15). The 

acceleration of atom i can be expressed as in Equation 1.16,93 where, ri = (xi, yi, zi) is the position 

of the ith atom.  

                                                                                 

     

    

   
                                                                  

The force can be calculated from the negative derivative of the potential energy V of the system 

of N interacting atoms, Equation 1.17 

    
  

   
                                                                       

Combining the above Equations we obtain Equation 1.18, 
 

    
  

   
   

    

   
                                                

Thus, Newton’s e ua tion shows the relationship between the potential energy and the 

position of the particles as a function of time. Based on the force acting on the molecule, the 
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position and velocity of the atom at time t can be calculated; this is used to calculate the next 

position and velocities at time t + dt and so on, for the system propagating over time. Upon 

integrating these infinitesimally small time steps a trajectory of desired length can be generated. 

The femtosecond timescale calculations are repeated and updated many times to achieve 

nanosecond or longer trajectories.89 Several MD integration algorithms are available to integrate 

these small time steps by which the system propagates forward. Verlet and Leap-frog93 

algorithms are the most widely used integrators in MD simulations. The general stepwise scheme 

involved in the MD simulations is shown below (Scheme 1.1).  

 

Scheme 1.1: Major steps involved in the Molecular Dynamics simulation. 
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To perform the MD simulation, a force field has to be parameterized to interpret the inter- 

and intra-molecular interactions in the molecular system, along with a computer software 

package (as GROMACS) to run the simulation. In the sections below, the important individual 

parameters that contribute to the force field and the process for developing a molecule’s force 

field are discussed.  

 

1.2.2. Parameterization of Force Field  

The role of force fields in MD is to provide the necessary potential energy function for predicting 

intermolecular interactions (non-bonded interactions) while preserving important structural 

features of the individual molecules, e.g. dihedral angles, partial charge distribution and bond 

lengths (bonded interactions).94 A force field describes the potential energy of a system based on 

the coordinates of the particles and the interaction between the atoms.94 The force field contains 

terms that describe the bonded interactions in a system and the non-bonded interactions between 

the molecules in the system. The bonded interactions include covalent bonds, angle-bending and 

torsional angle (proper dihedrals and improper dihedrals) while the non-bonded interactions 

include van der Waals (vdW) and electrostatic terms, (shown in Equation 1.19 and Figure 1.5).90 

Vtotal is the total potential energy that is a function of the positions of atoms in the system. 
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Figure 1.5: Schematic representation of the bonded and non-bonded interactions. 
 

1.2.3. Bonded interactions 

The bonded interactions are the stretching and compressing interactions between the covalently 

bonded atoms i and j, having bond length r and equilibrium bond length r0. The bond potential 

Vbond is calculated using a force constant kij. The force constant and r0 are specific for each pair of 

the bonded atoms.  The approximate potential energy of the covalent bond is estimated using 

Hooke’s law and the bonded atoms have harmonic motion. The covalent bond potential is given 

by Equation (1.20),90 

           
 

 
                                                                                    

The bond angle is the angular motion between the 3 covalently bonded atoms i, j and k. The 

force constant      and the equilibrium bond angle    (Equation 1.21).90  

             
 

 
                                         

The proper dihedral angle potential models the steric barrier between rotating atoms i, j, k and l 

in two intersecting planes.95 The proper dihedral angle  is defined as the angle between two 

intersecting planes made by the bonded atoms i, j and k in one plane and atoms j, k and l in other 
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plane (Equation 1.22 and Figure 1.6) and serves to constrain the rotation around the bond.    is 

the force constant, n is the number that determines periodicity (minima/maxima) as the bond is 

rotated through 360. 94 

                                                          

 

 

 

 

 

Figure 1.6: Angle between the two intersecting planes ijk and jkl made by the bonded atoms i, j, 
k and l.   

          

 Improper dihedral is used to maintain planarity of the atoms i, j, k, and l, such as in an 

aromatic ring or in chiral molecules. It can be defined by the harmonic potential, where  is the 

improper dihedral angle,       measures the stiffness of the improper potential and    is the 

equilibrium value (Equation 1.23 and Figure 1.7).94 

          
 

 
                                                         

 

Figure 1.7: Out of plane bending for atom l. The improper dihedral is the angle between the two 
planes ijk and jkl, which measures the out of plane bending.  
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1.2.4. Non-bonded interaction 

The non-bonded interactions are between the atoms in the same molecule or those in different 

molecules. The non-bonded interactions are van der Waals interaction and the electrostatic 

interaction. 93 

Van der Waals forces are relatively weak forces. Non-bonded molecules develop 

instantaneous dipole as a result of fluctuations in the electron clouds. The van der Waals 

interactions depend upon the distance between the two non-bonded atoms; it becomes attractive 

at long-range distance and repulsive at short-range distance. The van der Waals potential is often 

modelled by the Lennard-Jones potential (VLJ).93,94 The VLJ is given by Equation 1.24, where     

is the depth of potential well and σ is the collision diameter, and rij is the distance between ith 

and jth atoms.  

           
   

   
 

  

   
   

   
 

 

                                    

                                   
Coulombic interaction or electrostatic interaction is the force between two charged non-

bonded atoms or molecules. This interaction is the strongest of all intermolecular forces where 

similar point charges repel each other and the opposite point charges attract each other.94 The 

electrostatic potential shows the relationship between charge on the atoms and the separation 

distance between them as shown in Equation 1.25, where    and    are the charges on the ith and 

jth atoms,     is the distance between the atoms and    is the dielectric constant.93 

               
 

    
 
    

   
                                            

The force field parameters set includes values for atomic mass, atom type, hybridization state, 

bond length, angle, dihedrals, force constant, non-bonded interactions and partial charge 
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distribution on atoms. For the parameterization of the surfactant force field, density functional 

theory (DFT) was used for calculation of bond parameters and partial charges. The structure of 

the surfactant molecule was designed in the Gaussian09 package96 for geometry optimization and 

the calculation of corresponding partial charges. B3LYP exchange energy functional97 and 6-

31+G(d,p) basis set were used for the geometry optimization using DFT. The potential-derived 

atomic charges were calculated using CHELPG procedure.98 A united atom model was used for 

the force field to represent hydrogen atoms bonded to carbon atoms, where hydrogen atoms 

bonded to carbon atom were considered to be a part of the carbon atoms. The hydrogen atom 

bonded to nitrogen or oxygen was explicitly described. Thus, the bond, angle, dihedrals and 

partial charges were obtained from DFT and the Lennard-Jones potential, atom type or 

hybridization state and the value of force constants were directly adapted from GROMOS96 

54a7 force field.91 However, there are other force fields such as AMBER99, CHARMM100 and 

OPLS (OPLS-AA, OPLS-UA)101 that are used in MD simulations. After the parameterization of 

the force field, the next step was to choose the thermodynamic conditions of temperature, 

energy, pressure and volume for running the simulation. 

 

1.2.5. Ensemble in MD Simulation 

The collection of all the thermodynamic and kinetic states of the atomic systems are called 

ensemble and can be studied using standard Newtonian dynamics.93 There are four types of 

ensemble: 

 i) Micro-canonical or NVE (N= number of particles, V= volume and E= energy) ensemble where 

the total energy (Epotential + Ekinetic), the number of particles and the volume of the unit cell are 

constant.   
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ii) Canonical or NVT (N= number of particles, V= volume and T= temperature) ensemble where 

the number of particles, the volume and the temperature are all fixed. 

iii) Isobaric-isothermal or NPT (N= number of particles, P= pressure and T= temperature) 

ensemble where number of particles, pressure and temperature are constant. 

iv) Grand-canonical or VT (= chemical potential, V= volume and T= temperature) ensembles. 

 

 1.2.6. GROMACS 

GROningen MAchine for Chemical Simulation (GROMACS)90 is a software package dedicated 

to computer based molecular dynamics simulation and subsequent analysis of the trajectory 

generated. GROMACS codes are compiled on C and ANSI C compiler and also use external 

software FFTW (Fastest Fourier Transform in the West). This software has been optimized to 

work efficiently on single processor or parallel computer systems. Even though it does not have 

its own force field, it is highly compatible with GROMOS 9691 including 45A and 53A 

parameter sets, OPLS-AA, Encad and AMBER. The program package has provision for 

stochastic dynamics, energy minimization, temperature and pressure coupling methods for 

pressure and temperature control, periodic box choices for system set up, selective and detailed 

organization of molecules for analysis along with a large variety of analysis tools (about 75 

executable tools).  

 

1.2.7. Running the MD Simulation 

The initial configuration of the system under MD study can be obtained from the crystal 

structure, X-ray crystallography or theoretical model published in literature. The molecules are 

initially placed in an ordered lattice in a periodic box with similar initial velocities. After a short 
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initial run performed at a temperature, the system randomly gain Maxwell-Boltzmann velocity at 

that temperature. In this dissertation, I have self-parameterized cetylpyridinium bromide (CPB), 

aromatic alcohol and aldehyde force field and adopted cetyltrimethylammonium bromide 

(CTAB) force field from literature. A valid force field including the partial charges, correct 

integration algorithms, appropriate time step and type of ensemble, as NVE, NPT or NVT were 

defined in the method file (file.mdp).102 The information about the connectivity of atoms and 

their combination, any special interactions, ion type, force field type and solvent type were 

included in the topology file (file.top). The molecules were centered in periodic box of 

appropriate size, at least twice the size of the system with random orientation, and filling the 

remaining space with solvent water. Extended simple point charge (SPC/E)103 water model, a 

three point model with excess positive charge on hydrogen atom and excess negative charge on 

oxygen atom was used for all simulations. The bromide counterions were added to the box 

replacing the solvent molecules and the total charge of the system in the box was neutralized.  

LINear Constraint Solver (LINCS),104 a fast and stable algorithm that is especially used for 

Brownian dynamics was used to apply constrains on the lengths of all bonds. LINCS algorithm 

itself resets the bond lengths after an unconstrained update. The particle Mesh Ewald105 method 

was used to calculate long-range electrostatic interactions. In this method the performance is 

improved by assigning the charges to the grid and the potential between the grids are computed 

using cardinal B-spline interpolation, which is further Fourier transformed with a 3D FFT 

algorithm.  SETTLE106 algorithm is used to constrain the relative bond stretching and the bond 

bending of hydrogen and oxygen atoms in water molecule during simulation.  

The initial conformation of the structure might be too ordered or randomly positioned or 

assigned along with the random velocity that might lead to structural clashes between the 
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molecules. To avoid such bad sampling the system is equilibrated for 100 ps with position 

restraints on heavy atoms of solute to achieve the equilibrium density state at the desired 

temperature and pressure.  The temperature was maintained constant by coupling the V-rescale 

thermostat107 with the external thermal bath with a relaxation time constant t = 0.1 ps. 

Berendsen’s barostat108 was used to maintain the pressure of the system at 1 bar for time constant 

of 1 ps. The production run was performed at the desired temperature to generate the MD 

trajectory.  

 

1.2.8. Structural and Dynamical Analysis 

The stability of the system was analyzed using the analytical tools as root mean square deviation 

(RMSD), radius of gyration (Rg), and minimum distance in GROMACS. The structural 

dynamics were analyzed with respect to radial distribution function (RDF), solvent accessible 

surface area (SASA) and cluster analysis. Here, I have described radius of gyration and SASA 

and the details about other analysis methods are described in the following Chapters. 

 

1.2.8.1. Radius of Gyration  

Radius of gyration (Rg) is mass weighted perpendicular distance from the core or axis of rotation 

of a molecule to each mass element in the x, y and z-axis. The Rg overtime measures the 

fluctuations in the size of the system. The size or the radius of the micelle Rm can be estimated 

using the radius of gyration, Equation 1.26 88 
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Radius of gyration can be calculated from the moments of inertia tensors along each axis.  

                                            
If Ixx = Iyy = Izz, the micelle is assumed to be spherical, but any deviation from this e.g., Ixx < Iyy 

= Izz indicates a non-spherical or ellipsoidal micelle.109 Thus, Rg can also predict the shape of the 

micelle.  

 

1.2.8.2. Solvent Accessible Surface Area (SASA) 

The substrate-solvent interface is responsible for most of the structure based chemical reactivity. 

The solvent accessible surface area is the geometric measure of the system’s surface exposed to 

the solvent. Such accessibility of an irregular surface can be estimated using g_sas tool in 

GROMACS.93 The SASA calculation is performed with a sphere probe of radius 1.4 Å that is the 

approximate radius of the water molecule. This probe is allowed to roll along the surface of the 

substrate making maximum possible contact with the solute without penetrating any atom.110 

SASA can be calculated with the radius R that is the sum of the van de Waal’s radius of substrate 

atom and the radius of the solvent molecule, Li being the length of the arc drawn on the section 

of the surface i, and Zi as the perpendicular distance from the sphere center to the section i, 

Equation 1.28.  

      
 

      
 

                                     

D can be calculated from Equation 1.29, where Z is the spacing between the sections.110 

   
  

 
 

  

 
                                                         

                   
    

    
                                

                                        
SASA is measured in Å2. The accessible surface area provides important information about the 

structure-function relationship of the substrate and its constituents by estimating the relative 
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hydrophobic and hydrophilic surface area compared to the total surface area of the substrate.  
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2. Micelle-mediated In situ Generation of Bromine: a Green Approach to Bromination and 

Selective Oxidation in Water 

2.1. Introduction  

Cetyltrimethylammonium bromide (CTAB), a quaternary ammonium surfactant, is one of the 

most widely used surfactant in studies involving emulsification, wetting, extraction, repellence 

and spreading, as well as in solubilization of water insoluble molecules. CTAB monomers can 

spontaneously aggregate above their critical micelle concentration (CMC) and form spherical 

micelles in water above CMC, ~ 0.8 – 0.98 mM 62,63,64 with an aggregation number of ~ 80 – 100 

62,111-112 monomers. However, CTAB spherical micelles spontaneously transition to a worm-like 

micelle at high surfactant concentration, in the presence of strong binding counterions such as 

salicylate and tosylate ions, or ionic salts such as NaCl and KBr. This transition changes the 

rheology of the micelle solution making it more like that of a polymer.65 One interesting aspect 

of cationic worm-like micelles is their stability over a wide temperature range as well as their 

dynamic structural properties (self-association and dissociation) compared to the polymers. 

CTAB micelles are used in areas such as molecular absorption, spectroscopy, chromatography, 

electrochemistry and other analytical techniques due to their characteristic property of self-

association into a micelle. These self-organized assemblies affect the rate of the reaction by their 

electrostatic and hydrophobic interactions with the reactants. 

Studies have shown that CTAB micellar aggregates may change the rate and yield of the 

reaction by presenting restricted volumes, which in turn affect diffusion and association of the 

substrate molecules.113,114,115 Graciani, et al.,116 have shown that CTAB decreases the rate of the 

ligand substitution reaction between [Fe(CN)5(H2O)]3− and pyrazine by interacting with 

[Fe(CN)5(H2O)]3−. In contrast, Brinchi, et al.,117 have reported higher rate of decarboxylation of 
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anionic 6-nitrobenzisoxazole-3-carboxylate (6-NBIC) and 5-methyl derivative of 6-NBIC 

substrates due to decrease in the activation enthalpy by CTAB micelles. CTAB surfactant 

provides an effective route to control the phase and morphology of the products in surfactant-

assisted synthesis of nanofibers and gold nanoparticles under mild conditions.118 Chericelli, et 

al.,119 have shown that CTAB micelle affects the rate of nonsolvolytic reactions by acting as a 

pseudophase and the surface polarity affecting the rate of alkene bromination in water. 

According to Lennox, et al., CTAB micelle gives 100% dibromide product compared to 

cetyltrimethylammonium chloride (CTAC) micelle where α-bromochloride is the major product. 

This makes CTAB micelles a more efficient platform for the study of bromination reactions. 

These examples show the well-documented role of CTAB as a reaction catalyst. However in 

some cases, surfactant molecules can act as a reactant and react with the substrate to yield 

product.120 In this Chapter, we have illustrated the role of CTAB surfactant as a reactant that 

reacts with the specific substrate leading to the formation of molecular bromine. Bromine, a 

brown liquid with an offensive and suffocating odor is widely used for halogenation of organic 

compounds.  Such brominated organic compounds are major precursors for pharmaceuticals, 

agrochemicals, and other specialty reactions.121 In addition to bromination reactions, it also 

facilitates the oxidation reaction in both acidic and basic medium.122 Thus, bromine is widely 

used due to cost, availability, reactivity and broad applicability - despite hazards associated with 

its use and transport.123,122  

Here, a safer, greener and simpler alternative method that uses in situ generated bromine 

for the oxidation of primary alcohols and bromination of alkenes has been presented. Other 

groups have employed in situ methods for generating aqueous bromine for the oxidation of 

alcohols.123,124 Zhu, et al., have prepared in situ bromine using CTAB/H2O2/H+ for the oxidation 
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of gold nanoparticles in micelle.125 Joshi, et al., have used in situ generated bromine, formed 

from a Br-/BrO3
-/H+ mixture to oxidize alcohol to benzaldehyde. They have performed the 

reaction in dioxane and used H2O2 as a terminal oxidant in aqueous medium. Low-cost and 

environmentally benign oxidants that could replace transition metal catalysts for alcohol 

oxidation is an important goal for synthetic organic chemistry, since these unrecovered transition 

metal catalysts raise concerns and cost for disposal. Oxygen and hydrogen peroxide are 

considered neat oxidizing agents but do not provide selectivity for the oxidation of several 

functional groups. It is difficult to obtain the corresponding aldehyde when conducting oxidation 

reactions of primary alcohols in water, due to over-oxidation to carboxylic acid. Recently, Mu, et 

al., reported the use of iodoxybenzene as an oxidant in water to yield the corresponding aldehyde 

from primary alcohols.126    

Bromination of aromatic substrates in water can be problematic due to poor solubility, 

thus expensive and toxic organic solvents are required for bromination. Only a few systems such 

as N-bromosuccinimides, NaBr-H2O2 in H2O/scCO2 biphasic system and H2O2-HBr in water are 

available for bromination of aromatic compounds.121,127 Selective  bromination is facilitated by a 

variety of reagent systems as NaBrO3/NaHSO3 in organic solvents.128,129
 Direct bromination is 

also achieved by Br2/BrF3, or Br2/AgNO3/H2SO4 or Br2/silver trifluoromethanesulfonate in 

concentrated H2SO4 or NaBr/NaIO4/H+ system for the deactivated aromatics.130,131,132 However, 

these approaches can require concentrated acids, long reaction times, elevated temperatures, 

organic solvents and result in low yields of brominated product. However, the aqueous micellar 

media that enhance hydrophobic molecules solubility in water can benefit bromination of 

aromatic molecules.  

A clean and benign method for the in situ generation of bromine by the oxidation of the 
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bromide counter-ions of cetyltrimethylammonium micelles in water has been developed. The 

micelles act both as a solubilizing environment for the hydrophobic reactants and as the source 

of bromine through oxidation of the bromide counterions. The described method involves mild, 

aqueous conditions and eliminates the need for liquid bromine or metal catalysts, thus providing 

a green approach to a variety of industrially important chemical reactions. The micelle provides a 

reaction medium separated from the bulk water, affecting the orientation and proximity and thus 

the reaction rate of the absorbed molecules.133,134  

In micelles of charged surfactants, the position of the counterions varies according to 

hydrophilicity and electronegativity of the various components.135 In general it is estimated that 

60 to 90% of counterions reside in the Stern layer,136 although highly hydrated ions such as 

hydroxide or fluoride have values closer to 50%.137 In the case of CTAB, the bromide 

counterions produce a high local concentration at the micellar interface. This effect has been 

utilized directly for the SN2 reaction between bromide and methyl 4-nitrobenzenesulfonate.138 

Our present findings are outlined in Scheme 2.1 in which bromide counterions are directly 

oxidized by benzoyl peroxide that has been solubilized by the micelles.  

 

Scheme 2.1.  Reaction of bromide counterions associated with cationic micelles with BPO. This 
reaction yields bromine and 2 equivalents of benzoate, which replace the bromide 
as counterions at the micelle interface. The in situ generated bromine is then used 
as a reactant with target molecules solubilized by the micelle.  

 

 

The resulting benzoate replaces the bromide as the counterion and bromine is 

subsequently consumed in a bromination or oxidation reaction with a third compound that is 
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present in the micelle, e.g. cholesterol or other hydrophobic organic reactants. Bromination and 

oxidation reactions were performed on substrates such as cholesterol and aromatic alcohols using 

CTAB micelle in water as a reaction medium under mild conditions. 

 

2.2. Materials and Methods 

2.2.1. Materials 

Cetyltrimethylammonium bromide (CTAB, purity > 99%), benzyl alcohol (purity 98%), 

potassium bromide (KBr, purity > 99%) and 1,4- bis (hydroxymethyl)benzene (purity 99% ) 

were purchased from ACROS Organics. Sodium dodecyl sulfate (SDS, purity  99%), benzoyl 

peroxide (BPO, purity ≥ 99%), trans-beta-mehtylstyrene (purity 99%), Cetyltrimethylammonium 

tosylate (CTAT, purity > 99%) and benzaldehyde (purity 99.5%) were purchased from Sigma-

Aldrich and used as obtained. Glacial acetic acid (HPLC grade) was purchased from Fisher 

Chemicals and cholesterol (purity 95%) was purchased from Alfa Aesar. 

 

2.2.2. Preparation of Aqueous Bromine 

Solutions of SDS (32.0 mM), CTAB (4 mM) and CTAT (4.0 mM) were made by dissolving 92.3 

mg SDS, 14.6 mg CTAB, and 18.0 mg CTAT in 10.0 mL milli-Q water. Aqueous bromine was 

dissolved in water, SDS, CTAT and CTAB solutions to obtain final concentrations of 5.5 mM in 

water, 5.5 mM in SDS, 0.06 mM in CTAT and 0.06 mM in CTAB micelles. Three different 

concentrations of KBr (0.20 mM, 0.50 mM and 0.80 mM) were mixed into aqueous bromine and 

SDS solution. KBr (0.20 mM and 0.50 mM) solution was mixed into CTAT solution and CTAB 

solution. 0.50 mM KBr into CTAB was not used due to precipitation of CTAB micelle. Each of 

the above solutions were equilibrated for 75 min before UV-vis spectra were recorded in the 
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range of 225-600 nm. All UV-vis spectra were acquired using a Shimadzu UV2550 

spectrophotometer.  

The extinction coefficient of aqueous bromine was determined by recording UV-vis 

absorption spectra of 0.70 mM, 0.90 mM, 1.0 mM bromine solutions in milli-Q water. The 

extinction coefficient of bromine was calculated for the given concentration using Beer’s law. 

Meanwhile, the extinction coefficient of tribromide was measured recording UV-vis absorption 

spectra of 5.5 mM aqueous bromine solution mixed with three different concentrations of KBr 

(0.20 mM, 0.50 mM and 0.80 mM). The absorbance spectra and bromine concentrations were 

recorded after each KBr addition. The bromine concentration was calculated from the 

absorbance value and extinction coefficient of bromine.  Assuming that the change in bromine 

concentration is proportional to the change in tribromide concentration, we determined the 

tribromide concentration. The extinction coefficient of tribromide was calculated for the given 

concentration and absorbance value. 

 

2.2.3. In situ Generation of Bromine 

CTAB (182.0 mg) was dissolved in 10.00 mL milli-Q water to prepare 50 mM solution.  BPO 

(12.0 mg) was dissolved in 5.00 mL of glacial acetic acid to make 5 mM solution. 18.0 µL of the 

BPO solution was added to 3 mL of CTAB micelles to obtain 0.06 mM BPO in CTAB solution. 

The kinetics of bromine generation was measured at 385 nm wavelength using UV-Vis 

spectrophotometer. The kinetics of cholesterol dibromination was studied using cholesterol (0.10 

mM) and BPO (0.06 mM) in CTAB solution. Stopped flow experiments were conducted by 

mixing a 50.0 mM CTAB solution with a 5.0 mM benzoyl peroxide in glacial acetic acid 

resulting in a mixture of 25.0 mM CTAB and 2.5 mM benzoyl peroxide in the reaction chamber. 
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KBr solution (50.0 mM) was used as a control. The kinetics of the reaction was studied for 1.0 

seconds using stopped flow (Olis-RSM spectrophotometer) 

2.2.4. Bromination of Cholesterol to Dibromocholesterol  

CTAB (370.0 mg, 1.00 mmol) was dissolved in milli-Q water (40.0 mL). BPO (24.0 mg, 0.100 

mmol) was added. The solution was heated to 75°C for 2 h. Cholesterol (20.00 mg, 0.052 mmol) 

was then added into the solution and stirred at 25°C for 24 h. The crude reaction mixture was 

extracted with EtOAc (200 mL) three times. The organic layer was washed with saturated 

aqueous NaHCO3 and saturated NaCl, dried (using CaCl2) and the solvent was evaporated in a 

rotatory evaporator. The residue was purified by washing with acetic acid (2 mL) to afford white 

solid (mp 113-116°C) with a yield of 75%.  The dibromoproduct was also confirmed using ESI-

MS m/z 546 (M+1). Thermo LTQ XL, ESI-MS was used for mass spectroscopy. 

 

2.2.5. Bromination of Methyl styrene to (1,2-dibromopropyl)benzene 

CTAB (370.0 mg, 1.00 mmol) was dissolved in milli-Q water (40.0 mL). BPO (24.0 mg, 0.10 

mmol) was added. The solution was heated to 75 °C for 2 h. (E)-Prop-1-en-1-ylbenzene (13.0 µL 

0.052 mmol) was then added into the solution and stirred at 25 °C for 24 h. The crude reaction 

mixture was extracted with EtOAc (200.0 mL) three times. The organic layer was washed with 

saturated aqueous NaHCO3 and saturated NaCl, dried (using CaCl2) and the solvent was 

evaporated by rotatory evaporator. The residue was purified by TLC (SiO2, 2:1 hexanes: EtOAc) 

to afford the dibromide as a colorless liquid. The yield was about 77 %. 
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2.2.6. Oxidation of Phenylmethanol (benzyl alcohol) 

 Benzyl alcohol is about twice as soluble in CTAB micelles (~ 8 g/100ml water) as in deionized 

water (~ 4 g/100ml water). CTAB (182.0 mg, 0.50 mmol) was dissolved in milli-Q water (10.0 

mL) and 5.0 µL of Benzyl alcohol (0.05 mmol) was added and allowed to equilibrate for 15 

minutes. Solid BPO (12.0 mg, 0.05 mmol) was added and stirred at 30 °C for 24 h. HPLC 

(Varian Pro Star, C18 column) was used to analyze the crude reaction mixture. A mixture of 

acetonitrile and water (35: 65 v/v) with a flow rate of 1 mL/min was used as a mobile phase and 

commercial benzaldehyde was used as an internal standard to spike the product peak. For the 1H 

NMR study, the crude reaction mixture was purified using a preparative TLC plate (1:2 hexanes: 

EtOAc). The product was extracted from silica gel with EtOAc (3 x 25 mL). The EtOAc solution 

was centrifuged, filtered and concentrated under reduced pressure. CDCl3 was used as the 1H 

NMR solvent. The chemical shift obtained from 1H NMR (CDCl3, 400 MHz) δ 10.0 (s, 1H), 8.00 

-7.90 (d, 2H), 7.70-7.40 (m, 3H) is shown in Appendix 2.1. 1H NMR spectra were acquired using 

a Varian Inova 400 MHz and HPLC was performed using Varian HPLC Star Workstation with 

UV Detector. 

 

2.2.7. Oxidation of 1,4-Bis(hydroxymethyl)benzene 

1,4-Bis(hydroxymethyl)benzene was recrystallized using methanol. CTAB or CPB (0.40 mmol) 

was dissolved in 10.0 mL milli-Q water. Solid BPO (12.0 mg, 0.05 mmol) was added and stirred 

at 30 °C for 3 h. 1,4-Bis(hydroxymethyl)benzene (6.90 mg, 0.05 mmol) was then added and 

stirred at 30 °C for 24 h. The sample was analyzed using HPLC (Perkin Elmer, C18 column). A 

mixture of acetonitrile and water (35:65 v/v) with a flow rate of 0.5 mL/min was used as a 

mobile phase. For the 1HNMR study, the crude reaction mixture was purified using a preparative 
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TLC plate (1:2 hexanes: EtOAc). The product was extracted from silica gel with EtOAc (3 x 25 

mL). The EtOAc solution was centrifuged, filtered with EtOAc and concentrated under reduced 

pressure. CDCl3 was used as the 1H NMR solvent. The chemical shift obtained from 1H NMR 

[monoaldehyde; (CDCl3, 400 MHz) δ 10.0 (s, 1H,), 7.90 -7.80 (d, 2H), 7.60 -7.50 (d, 2H), 4.80 

(s, 2H), 3.80 -3.60 (m, 1H) and dialdehyde; (CDCl3, 400 MHz) δ 10.1-10.0 (s, 2H,), 8.1-8.0 (s, 

4H)] was used for the confirmation of the product, shown in Appendix 2.2. 

 

2.3. Results and Discussion 

2.3.1. Spectroscopic Properties of Bromine 

Bromine is slightly soluble in water (3.58 g/100 mL at 20 °C)139 but highly soluble in organic 

solvent and absorbs light in the visible wavelength range (λabs 385 - 390 nm) and in the near-

ultraviolet.140  

 

Figure 2.1: UV-vis absorption spectra of bromine. Absorption spectra were collected with 5.5 
mM bromine in water and with addition of KBr (0.2-0.8 mM). Zoom-in view of 
bromine peak is shown in inset. 
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We have recorded the absorption spectrum of 5.5 mM aqueous bromine solution shown in Figure 

2.1. 

The optical spectra of bromine can exhibit significant effect of solvent due to solvent-

bromine interaction. The spectrum of bromine at 385 nm in water was broader and slightly blue 

shifted compared to its spectrum in non-polar solvents such as cyclohexane and methylene 

chloride.141 The observed broadness is due to the polarization of bromine in highly polar solvent 

water with a dipole moment, 1.85 D. The blue shift is due to the donation of an electron pair 

from oxygen atom in water molecule to the empty σ* orbital of bromine.141 The absorption peak 

observed at 264 nm comes from the tribromide ion, which forms due to the disproportionation 

reaction of bromine in water. Bromine reacts with water to form bromide ion which further 

reacts with bromine to form  tribromide as shown in Scheme 2.2.141,142 

 

Scheme 2.2: Disproportionation reaction of bromine in water. Aqueous bromine forms bromide 
ion that further reacts with bromine to give tribromide ion in water.  

 

In agreement with the above equilibrium, the decrease in the concentration of aqueous 

bromine will relatively decrease the absorption band of tribromide ion. To further confirm that 

the    
  was absorbing at 264 nm, we performed an experiment to validate our observation. 

Three different concentrations of KBr solution (0.2, 0.5, and 0.8 mM) were mixed with the 

aqueous solution of bromine (5.5 mM). The addition of the bromide ion shifted the 

bromine/tribromide equilibrium towards tribromide, resulting in the lowering of bromine 
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concentration and its absorption intensity while increasing the concentration and absorption 

intensity of tribromide ion (Figure 2.1). The concentration of bromine was calculated using the 

Beers law, from the absorbance value and experimental extinction coefficient (          

          ), that fairly matches the literature value.143,140 The extinction coefficient of 

tribromide was calculated from the equation           
                     and was 

determined to be     
                      in water.144 The equilibrium constant for 

bromine/tribromide was calculated to be Keq = 0.0020 ± 0.0007 using the Equation 2.1. 

    
    

  

          
                                            

 

2.3.2. Characteristics of Aqueous Bromine in Micelle 

Aqueous micelles can induce changes in equilibria due to the formation of a pseudophase, a 

medium distinct from the bulk solvent. Bromine/tribromide equilibrium was studied in an 

anionic sodium dodecyl sulfate (SDS)Br2(aq) and cationic cetyltrimethylammonium tosylate 

(CTAT)Br2(aq) and cetyltrimethylammonium bromide (CTAB)Br2(aq) micelle solutions. In 

case of SDS (32 mM) micelle with bromine (5.5 mM), the absorbance spectrum is similar to that 

of bromine (5.5 mM) in water showing negligible effect of negative charged surfactant on 

bromine/tribromide equilibrium.  However, the bromide counterion in case of CTAB (4 mM) 

micelle reacts with bromine (0.06 mM) shifting the               
         

 equilibrium 

towards tribromide resulting in a huge absorbance peak at 270 nm. CTAT (4 mM) micelle with 

the tosylate counter ion does not affect the bromine/tribromide equilibrium and has lower 

absorbance peak at 270 nm. The tribromide absorption band shows a slight red shift from 264 to 

270 nm in presence of cationic micelle compared to water and anionic micelle. This red shift has 
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been suggested to be a result of tribromide partition to the micelle interphase or the higher 

affinity of tribromide forming ion-pair with CTA+ micelle.144 To further confirm that the 

equilibrium was highly affected by the bromide ion rather than the stability of    
  in CTA+, we 

spiked the CTATBr2(aq) micelle with aqueous KBr (0.5 mM) solution which resulted in a 

higher absoption band for tribromide ion (Figure 2.2). However, bromine/tribromide equilibrium 

remains unaffected upon saturation of the CTAT micelle with bromide ion.  

 

Figure 2.2: UV-vis spectra of bromine in water and in micelle. Bromine (5.5 mM) in water is 
represented as a red trace and bromine in anionic SDS micelle (32 mM) solution is 
shown as a purple trace. The black trace represents 0.06 mM bromine in 4 mM 
CTAB micelle and green trace represents 0.06 mM bromine in 4 mM CTAT 
micelle. The CTATBr2 (aq) solution saturated with bromide ion shows an increase 
in tribromide absorption band (blue trace). 

 

2.3.3. Micelle-mediated In situ Generation of Bromine  

In situ bromine was generated by the addition of BPO into CTAB micelles. BPO is a strong 

oxidizing agent (E° = ~1.5 V)145 and readily oxidizes the CTA+ bromide counterion to bromine. 

It is a relatively more biocompatible molecule compared to several conventional oxidizing 
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agents. Being a hydrophobic molecule, BPO has poor solubility in water, but the CTAB micelle 

solution facilitates the dissolution of BPO. In a 50 mM solution of CTAB, BPO has an apparent 

molar solubility of 2.5 x 10-3 M that is due largely to the reduction of BPO by bromide since the 

solubility of BPO in cetyltrimethylammonium tosylate is negligible (Table 2.1).  

 

Table 2.1: Solubility of BPO solid form, dissolved in glacial acetic acid and in 1:1 v/v (water: 
glacial acetic acid). Solubility of various BPO solutions was determined in 50 mM 
micelle solutions and KBr solution.   

Sample (50 mM) BPO (solid) BPO dissolved in glacial 
acetic acid 

BPO in 1:1 v/v (water: glacial 
acetic acid solutions) 

CTAB 2.5 mM 2.5 mM 2.6 mM 

CTAT Poor 1.4 mM 10 mM 

KBr Poor 0.1 mM 2.5 mM 

Water Poor Poor Poor 

 

 The incorporation and localization of reactants serves to catalyze the resulting oxidation 

reaction given in Scheme 1.1. The extent of the catalytic effect of the CTAB micelle was 

investigated by stopped flow kinetics. Stopped flow technique is well known for its precision in 

direct observation of kinetics of different reacting species over a small fraction of time.146 The 

bromide counter ion of CTAB micelle and bromide ion of aqueous KBr solution was oxidized 

using BPO, monitored at a wavelength of 385 nm for 1 sec, as shown in Figure 2.3 A.  

 It is observed that the rate of formation of bromine in presence of micelle is 

approximately double the rate of formation of bromine in the absence of micelle. The micelle is a 

facilitating reaction medium that co-localizes BPO, Br- and the target reactant, much like a 

catalyst. Since BPO partitions to the micelle, it is in close proximity to the bromide counterion, 

enhancing the rate of oxidation. This clearly suggests that the micelle acts as a localizing 

medium for the reactants and thus enhances the reaction. 
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Figure 2.3: Kinetics of bromine formation and identification of in situ generated bromine. (A) 
Kinetics of the formation of bromine by BPO in CTAB micelle (blue trace) and 
KBr solution (red trace) monitored at 385 nm for 1 sec by stop-flow 
spectrophotometer. (B) UV-vis spectra of bromine in water (red trace) and in situ 
generated bromine in CTAB micelles (blue trace) 

 

 During the oxidation reaction of bromide, two equivalents of benzoate are formed as 

shown in Scheme 2.1. The benzoate ions replace bromide as the counter ion for the micelle, 
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resulting in a slight increase in the viscosity of the micelle solution. This increase in viscosity is 

similar to the effect observed from the addition of salicylate to CTAB micelles.147 Figure 2.3B 

shows the UV-vis spectrum of bromine generated from CTAB micelles and the spectrum of 

bromine in neat water.  In water bromine absorbs in the visible with a maximum at 385 nm (= 

95 M-1 cm-1) and reacts to form tribromide (Br3
-), which absorbs strongly at 264 nm ( =1.3 x 

104 M-1 cm-1). The tribromide peak is more prominent for in situ generated bromine due to the 

presence of excess bromide from CTAB (Figure 2.1 and 2.2). The spectra in water and in CTAB 

both have a band in the UV region around 220 nm. The very strong absorbance observed for 

bromine in water is assigned to a water-bromine charge transfer band141. In CTAB this band is 

absent due to the partitioning of bromine to the micelle where charge transfer to water is 

inhibited. The absorbance near 220 in the spectrum for in situ generated bromine is a result of the 

benzoate ion. Based on the UV-vis spectra we estimate the bromine:tribromide ratio in water to 

be 100. In case of CTAB, the generated bromine proceeds to form tribromide by reaction with 

the excess bromide ions present at the micelle interface. As described above, the tribromide and 

bromine concentrations are nearly equal in CTAB.  

 

2.3.4. Reactions in CTAB Micelle using In situ Generated Bromine  

To test the feasibility of utilizing the generated bromine for synthetic chemistry, bromination 

reactions were performed on cholesterol and methylstyrene ((E)-prop-1-en-1-yl benzene) while 

oxidation reactions were performed on aromatic alcohols at room temperature. Reaction schemes 

are shown in Scheme 2.3. The shift in equilibria towards Br3
- in CTAB micelle may be 

responsible for the relatively slow reaction rates with substrate, the yields are high for both (1,2-
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dibromopropyl) benzene and dibromocholesterol compared to conventional approaches as shown 

in Table 2.2. 

 

Scheme 2.3: Bromination of cholesterol and methyl styrene and oxidation of benzyl alcohol and 
1,4-bishydroxymethylbenzene using in situ generated bromine. Cholesterol and 
methyl styrene get brominated at the double bond, while aromatic alcohols get 
oxidized to an aldehyde instead of carboxylic acid in water. 

  

 In situ bromine easily brominates the double bond in cholesterol and methyl styrene 

converting it to trans-dibrominated product. The dibromo product was isolated using solvent 

extraction and the oxidation products were separated using preparatory TLC plates (see Materials 

and Methods section). For both reactions, the yields compare favorably with literature values 

from studies that used conventional bromination methods.  
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Table 2.2:  Reaction yields of bromination reactions at room temperature.   
Starting Material Product Yield (%) Literature Yield (%)* 

Cholesterol dibromocholesterol 75 85148 

(E)-prop-1-en-1-yl benzene (1,2-dibromopropyl) benzene 77 7% (H2O) 64% (H2O/CHCl3)149 

Benzyl alcohol benzaldehyde 94 84% (Co/Mn/Br mixture)150 

1,4Bis(hydroxymethyl)benzene Monohydroxybenzaldehyde 
p-benzenedialdehyde 

56 
44 

 
 

*In reference 148, dibromocholesterol was produced by the addition of anhydrous sodium acetate and bromine in 
acetic acid to cholesterol in absolute ether. In reference 149, bromination was performed using bromine in water and 
in water/chloroform solutions. No literature references were found in which either of these reactions are performed 
at room temperature in water with good yield.  
 
 

 

Figure 2.4: Kinetics of dibromination of cholesterol using in situ bromine. The blue trace 
represents the in situ generation of bromine from CTAB and BPO reaction 
monitored at 385 nm over time, while the red trace represents the formation of 
dibromocholesterol on addition of cholesterol to the solution. The kinetic trace 
increases initially due to faster rate of formation of in situ bromine but then 
gradually falls due to the formation of dibromo product with cholesterol.  

  

 We also studied the rate of formation of dibromocholesterol in presence of in situ 

bromine using UV-vis (Figure 2.4). The bromination reaction was found to be first order in both 
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cholesterol and CTAB. This implies a bimolecular mechanism between in situ generated 

bromine, whose concentration is proportional to the BPO concentration and cholesterol.  

 

2.3.5. Oxidation Reactions in CTAB Micelle using In situ Generated Bromine  

Aqueous bromine, besides its utilization for halogenation, is also a widely used as an oxidizing 

agent. It is works over a wide pH range and has lower reduction potential (1.065 V) than other 

common oxidizing agents used in organic chemistry.122 In water, bromine readily oxidizes 

aldehydes to their corresponding carboxylic acids; hence oxidation of primary alcohols by 

bromine in water always yields the corresponding acid. Conventional chromium-based catalysts 

in aqueous media also exclusively yield the corresponding carboxylic acid due to formation of 

the aldehyde-hydrate.151 Therefore, conversion of primary alcohols to aldehydes usually requires 

the use of organic solvents. However, our results show that benzylic alcohols can be converted to 

the corresponding aldehydes in water when oxidized in the presence of CTAB micelles, thus 

eliminating the need for organic solvents. The ability of the micellar environment to inhibit 

further oxidation can be attributed to partitioning of the benzene ring to the nonpolar micelle 

interior. The exclusion of water from the reaction site prohibits formation of the aldehyde-

hydrate preventing subsequent oxidation to the acid.  

 Oxidation reactions were performed on benzyl alcohol and 1,4-

bis(hydroxymethyl)benzene as described in materials and methods section. Benzyl alcohol was 

tested for the oxidation of a primary alcohol in CTAB with in situ generated bromine.  
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Figure 2.5: Chromatogram showing HPLC elution profile of oxidation product from the reaction 

of CTAB, BPO and benzaldehyde. (A) Chromatogram showing benzyl alcohol and 
its oxidation to benzaldehyde, where benzaldehyde elutes around 4.0 minutes and 
benzaldehyde elutes around 7.8 minutes. (Inset) elution profile of pure 
benzaldehyde. (B) Chromatogram showing the sample in (A) being spiked with a 
known concentration of commercial benzaldehyde. The concentration of the 
oxidized product (benzaldehyde) is calculated by the difference between the 
integration of the peak area of benzaldehyde in (A) and (B).  
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The oxidation of benzyl alcohol with in situ generated bromine was studied at slightly elevated 

temperatures (30 °C) and benzaldehyde was the only detectable product as determined by HPLC 

(Figure 2.5) and 1H NMR (Appendix 2.1).  

 This reaction produced only benzaldehyde, and no detectable benzoic acid. For 

comparison, we also reacted benzyl alcohol in aqueous bromine and the only detectable product 

was benzoate. Hence, our approach may offer a valuable method for the selective oxidation of an 

aromatic primary alcohol to its corresponding aldehyde. The yield of the oxidation reaction of 

benzyl alcohol to benzaldehyde was calculated for different ratio of BPO to benzyl alcohol as 

shown in Figure 2.6.  

 

Figure 2.6: Percent yield of benzaldehyde from oxidation of benzyl alcohol. The yield of 
oxidation shows gradual increase with the increasing ratio of BPO over benzyl 
alcohol, resulting in the highest yield (94 %) for two fold or higher concentration of 
BPO.   
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We observe an increase in the yield of benzaldehyde with increasing ratio of BPO to benzyl 

alcohol, which may be due to the higher proportion of in situ bromine generated with increasing 

ratio of BPO. The yield of the product was studied using HPLC and is calculated to be 94 %. 

Similarly, oxidation of 1,4-bis(hydroxymethyl) benzene was also investigated in CTAB micelles.  

Oxidation of the symmetric diol in CTAB micelles resulted in the formation of both the 

corresponding mono and dialdehyde with approximately equimolar amount of products. 1H-

NMR was used for the confirmation of the product and the % yield is reported in table 2.2 (see 

1H NMR Appendix 2.2).   

 

2.4. Conclusions 

In summary, we generated bromine in situ from CTAB micelles using BPO, an inexpensive and 

biocompatible molecule. We demonstrated the bromination of cholesterol and methylstyrene, 

and oxidation of benzylic alcohols to their corresponding aldehydes in aqueous media. The 

demonstrated approach offers an inexpensive, convenient and efficient method for bromination 

and oxidation reactions in water at moderate temperatures; thus, representing a green route to 

several important organic reactions. The cationic micelles act both as solubilizing agent for the 

non-polar reagents and the source of bromine. In addition, we have demonstrated the mild 

oxidation of aromatic, primary alcohols to their corresponding aldehydes and the differential 

oxidation of a symmetric diol to its corresponding mono and dialdehyde. 
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3. Molecular Modeling of Cetylpyridinium Bromide, a Cationic Surfactant, in Solutions 

and Micelle152 

3.1. Introduction 

In Chapter 2, it was shown that in situ generated bromine could selectively oxidize alcohols to 

aldehydes in CTAB micelles. However, an oxidation product obtained in cetylpyridinium 

bromide (CPB) micelle was not completely predictable using the general analytical tools, 

described in Chapter 4. So, molecular dynamics (MD) simulations were performed to understand 

the structure-based properties of the CTAB and CPB surfactants that were affecting the 

experimental results. To make progress with the MD study, the force field of the surfactant 

molecules had to be defined, but there was no evidence of an atomistic level force field for CPB 

molecule in literature. Development of an accurate and computationally efficient force field is 

important to perform the (MD) simulation. Thus, in this Chapter, the CPB force field has been 

proposed for the first time for use in MD simulations of monomer surfactant and micelles for 

molecular-level studies in solution.  

To date, significant numbers of simulations have been performed to reproduce the 

experimentally observed average properties of different surfactants such as dodecyl surfactants, 

dodecylphosphocholine (DPC), sodium octanoate, lysophosphatidylethanolamine, and n-

decyltrimethylammonium chloride (CTAC), in vacuum as well as in solvents.153 Smit, et al.,154 

performed the first MD simulation of self-assembly of surfactants in water. Biodegradable and 

biocompatible surfactants such as polysaccharides and fatty acids are widely used in food 

industries.155 Adsorption of surfactants to the surfaces can inhibit the corrosion by blocking the 

active site on metals.156 Similarly, it can prevent bacterial invasion,157,158 acts as a drug delivery 

tool159 across the cell membrane and controls selective synthesis of nanoparticles.160 Due to such 
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versatile properties, surfactants have been extensively analyzed and studied using various 

experimental and theoretical approaches in an attempt to understand their structure-based 

properties. From the studies over past decades, it is understood that self-assembly in water is a 

result of their exclusive amphiphilic structure. The tail length, the area and the charge on the 

hydrophilic head and the non-polar interaction between aggregating tail governs the self-

aggregation of surfactants161,162,1 as discussed in Chapter 1. The self-assembled aggregates have 

different morphologies162,163,164 such as spherical, lamellar and vesicular with the hydrophilic end 

oriented towards water while the hydrophobic end is oriented away from water towards the 

interior.162,165 Such aggregates at the water interface can compartmentalize molecules, increase 

solubility of hydrophobic molecules that are otherwise  insoluble and enhance the reaction rate 

(see Chapter 2).163, 166 Another interesting fact about surfactants is that they can mimic the lipid 

membrane and also increase porosity of membranes.78  

Notably, cationic surfactants have better antibacterial and antifungal activity compared to 

anionic and non-ionic surfactants. Quaternary ammonium and quaternary pyridinium surfactants 

such as cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride (CTAC) 

ditetradecyldimethylammonium chloride (DTDAC), and cetylpyridinium bromide or chloride 

(CPB/CPC) are the most common cationic surfactants. However, quaternary pyridinium 

surfactant systems have received higher interest recently, as these have germicidal properties,78 

are widely used in pharmaceuticals as an efficient tool for drug delivery,167 can be a template to 

study enzyme stability,80,81 induce gene transfer,168 and act as redox-active surfactants useful in 

reversible closed-loop processes.169 Bodor, et al., have shown that pyridinium salts can carry 

drugs to the central nervous system with low side effects.83 Karande, et al., have achieved 

enhanced transport and skin permeability of transdermal drugs using pyridinium surfactant 
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mixed with sodium lauryl sulfate.84 The pyridinium derivative groups are used to build anion-

exchange membranes that can be used for the electrodialysis process.170,79 Hodes, et al., has 

reported the effect of pyridinium cations on tumor cells,85 where they inhibit the proliferation of 

tumor cells due to their unique surface activity with the cell membrane. Pyridinium surfactants 

can adsorb well at solid/liquid interfaces and are used in fabric processing and extraction of 

metals.171,172 These surfactants are also involved in the remediation of contaminated soils173 and 

aquifers.174 The cationic surfactant traps and solubilizes the hydrophobic and anionic organics 

from soil and water and thus helps to remove them.  

One such pyridinium surfactant that is widely used and recognized as a powerful 

amphiphile is cetylpyridinium bromide (CPB). CPB has a pyridinium head and a sixteen carbons 

in the hydrophobic tail. It forms micelles above its critical micelle concentration (CMC) of 0.7 

mM at 30 °C.175,176,112 It has similar usage as other cationic pyridinium surfactants in industry, 

household applications, and pharmaceuticals. Interestingly, CPB is found to induce protein 

folding, due to the presence of its aromatic ring,177 where it can π-stack with the aromatic ring of 

amino acids. It has been studied and used experimentally but has not been studied previously by 

molecular dynamics (MD) simulations at the atomistic level. However, Meleshyn and 

Bunnenberg used all-atom Monte Carlo calculations to study the interactions of cetylpyridinium 

surfactant on the surface of Na+-montmorillonite.178,179 So far, the surfactants such as sodium 

dodecyl sulfate (SDS), dodecylphosphocholine (DPC) and CTAC have been the basis of micelle 

study using MD simulations. The structural and dynamic behavior of the fore-mentioned 

surfactants and their micelles has been investigated at the molecular level, but there has been no 

attempt to study CPB surfactant using molecular level MD simulations. To fill this void, the 

force field for CPB has been developed. The force field of CPB uses a united-atom force field to 
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increase computational efficiency, and is demonstrated herein to retain stable spherical micellar 

aggregates, useful for long timescale MD simulations.  

The interpretation of the influence of cetylpyridinium surfactant on reaction mechanisms, 

system dynamics, and chemical interactions only becomes possible with a molecular-level 

understanding. Surfactants are highly affected by hydrocarbon chain length, concentration, pH, 

temperature and the electrolytic medium around the head group. MD simulations are useful in 

predicting interfacial interactions of colloidal aggregates with substrate, and the general effect on 

aggregate properties (shape, size) due to electrolytes or changes in tail length. Thus, molecular 

level studies are effective in the further tuning of the properties of nano-structures for desired 

applications. The properties of CPB, as an amphiphile and as a micelle, still remain to be 

investigated at this level in different solvents. Thus, the force field is validated by simulating the 

CPB molecule in water and 1-octanol. 1-octanol has a polar OH group and a non-polar tail that 

mimics the major (ampiphilic) components of membranes. Thus, the interaction of the CPB 

molecule with both water and 1-octanol has been studied to understand interactions with 

hydrophobic and hydrophilic environments, in order to predict its role in biochemical processes. 

The results also aid in understanding the structural properties of CPB monomers in these 

solvents. The study is further extended by simulating a spherical micelle for 100 nanoseconds to 

characterize the structural stability and dynamics, as well as to verify the force field for the 

micelle simulations. The details of all the simulation methods are reported in the methods section 

and the outcome of the simulations is presented in the results section. 
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3.2. Computational Methodology 

3.2.1. DFT Calculations 

Density functional theory (DFT) calculations were performed on a CPB molecule using 

Gaussian09 package96 for geometry optimization and the calculation of corresponding partial 

charges. B3LYP functional97 and 6-31+G(d,p) basis set has been used for the geometry 

optimization. The potential-derived atomic charges were calculated using CHELPG procedure,98 

after constraints to reproduce dipole moment. Figure 3.1 shows the optimized structure of CPB 

molecule, and the partial charges are reported in Appendix 3.1 

 

Figure 3.1: Optimized geometry of CPB molecule, visualized with Gaussview180 in ball and 
stick representation. The hydrogen atoms have been omitted from the structure for 
clarity. The quaternary nitrogen atom is shown in blue, while the grey spheres 
indicate carbon atoms. 

 

3.2.2. Force Field Parameters 

Density functional theory (DFT) was used to optimize the geometry and calculate the partial 

charges on the CPB molecule using Gaussian09 package.  The bond lengths, bond angles, 

dihedral angles and partial charges were obtained from the DFT calculations for the 

parameterization of the CPB force field. Lennard-Jones parameters and the force constants for 

bond lengths, angles, and torsional interactions were adopted from the GROMOS96 54a7 force 

field parameters91 for the MD simulations of free CPB molecule in the solution and in aggregate. 

The force field parameters for CPB molecule are reported in Appendix 3.2. The extended simple 
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point charge, SPC/E, model181 was used for water in aqueous MD simulations. The united atom 

force field parameters for 1-octanol were adapted directly from the automated topology 

builder.91, 182-183  

 

3.2.3. MD Simulations 

MD simulations and analysis were performed using the GROMACS package (version 4.6.5).90 

Table 3.1 shows the summary of the simulations performed in this study.   

Table 3.1: Simulation summary of CPB surfactant in solution. 
System Components Number of 

CPB 

Number of 
solvent molecule 

Number of 
atoms 

Number of 
ions (Br−) 

Box size* 
(nm) 

1 CPB in water 1 4117 12373 1 5.0 

2 CPB in 1-octanol 1 339 3412 1 4.5 

3 CPB micelle in water 122 31744 97916 122 10.0 

*Box size after equilibration at constant NPT. 
 

 The MD simulation of monomer was performed in a 5.0 x 5.0 x 5.0 cubic nm box, 

immersing the optimized structure of CPB into water and 1-octanol solutions. Packmol184 was 

used to construct the spherical micelle using 122 CPB monomers with the hydrophilic head 

pointing towards the exterior and hydrophobic tail pointing towards the interior of the sphere. 

The monomers were not allowed to equilibrate and self-aggregate into the micelle due to large 

time scale needed for spontaneous aggregation. The aggregation number selected here has been 

extrapolated from the experimentally observed values reported by Haldar, et al.,185 and Mata, et 

al., 112 They studied the effect of CPB concentration185 and temperature112 on the aggregation 

number where the aggregation number increases with CPB concentration and decreases with 

temperature. The micelle was immersed in a 10 x 10 x 10 nm3 box of water to perform the MD 

simulation, giving a concentration of 0.2 M, which is above the CMC at 300 K. All the solvent 
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molecules within 0.15 nm of any CPB atom were removed. Bromide counter ions (Br−) were 

added by replacing solvent molecules at the most negative electrostatic potential, providing the 

box with a total charge of zero. MD simulations were performed at a constant temperature of 300 

K using V-rescale thermostat,107 with a coupling constant of 0.2 ps. Berendsen’s barostat108 was 

used to fix the pressure of the system at 1 bar with a coupling constant of 1.0 ps. The bond 

lengths were constrained using the SETTLE106 algorithm for solvent molecules and the LINCS104 

algorithm for other molecules. 

Electrostatic interactions were calculated using Particle Mesh Ewald (PME)105 method 

with a PME order of 4, Fourier spacing of 0.12 nm, and dielectric permeability of 1. A 1.4 nm 

switched cutoff radius was used for the Lennard-Jones interactions. The short-range neighbor 

spacing was set to 1.4 nm. The system was first energy minimized for 104 steps using steepest 

descent algorithm in order to remove bad clashes between the atoms. After energy minimization, 

all the atoms were given an initial velocity obtained from a Maxwellian distribution at 300 K for 

the start of MD simulation. A time step of 2 fs was used to integrate the equations of motion for 

all the simulations. First, the system was equilibrated for 50 ps by applying position restraints to 

the heavy atoms of the CPB molecules for solvent relaxation in the simulation box. Then the 

position restraints were removed and the system was gradually heated from 50 K to 300 K during 

200 ps of simulation. After equilibration, a production run of 50 ns was performed for the CPB 

molecule simulation in water and 1-octanol. Simulation of the aqueous micelle was performed 

for 100 ns. 
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3.2.4. Cluster analysis of CPB Conformations 

Cluster analysis was performed to characterize the conformational diversity of CPB molecule in 

water and 1-octanol during the MD simulations. Gromos186 clustering algorithm was used for the 

cluster analysis. In this method, a cutoff criterion is used to assign a structure in a cluster based 

on the root-mean square differences of all atoms, among the conformations obtained from the 

simulations. Using the initial optimized geometry as the reference structure, a RMSD cutoff of 

0.15 nm was used to determine neighboring atom conformations of CPB molecule in both 

solvents and micelle. A total of 4001 structures was sampled every 10 ps in the last 40 ns of all 

three sets of simulations for the analysis. The conformation with the least deviation from other 

members of the cluster is used as the representative structure of the clusters. 

 

3.2.5. Translational and Rotational Diffusion 

The translational and rotational diffusion coefficients of CPB were calculated, in order to 

validate the force field and understand the dynamic properties of CPB molecule in solvents and 

the micellar environment. During simulations, the diffusion coefficient (D) was calculated for 

CPB molecule using the Einstein relation187: 

   
   

                                                          

Where        is the position of the center of mass of theith molecule taken at time t, and    (0) is 

the position at time t = 0. We also calculated D theoretically using the Stokes-Einstein relation, 

  
   

     
                                              

where kB is the Boltzmann constant, T is the temperature and η in the solvent viscosity. The 

hydrodynamic radius (RH) depends on the shape of the particle and given by188 



 61 

   
          

   
           

  

                                  

    

where a and b are the semiminor and semimajor axis of an ellipsoid, and x=a/b. The values of a 

(0.30 nm) and b (1.53 nm) are taken from optimized geometry of CPB molecule in 

GaussView.180  

The rotational relaxation time constant,     was calculated for the pyridinum ring of CPB 

molecule using the autocorrelation function of the vector normal to the plane of the ring: 

                                                       

where P2 is the 2nd Legendre polynomial,        is the unit vector pointing out of the plane of the 

ring at time t, and the brackets indicate the average along the trajectory.189 The plane of the ring 

was determined using the atoms that show the least fluctuations in the ring, in this case C1, C5, 

and N1 of the pyridinium. The correlation function is then approximated as an exponential 

function,190 

                          
 

  
                               

 where,    and Dr are the rotational relaxation time and rotational diffusion coefficient, 

respectively. The relaxation time obtained from the simulations is related to the rotational 

diffusion coefficient by, 

    
 

   
                                

In this work,       fit best to a biexponential expression, and the major, longer timescale 

component is reported as the value of   . The values of    reported in this work correspond to 

the rotational relaxation time fit to         
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3.3.6. Packing Parameter 

The surfactant packing parameter ‘P’ predicts the shape of an aggregate formed by the surfactant 

molecule,191-192 

  
  

   
                                

Here,  is the hydrophobic tail volume,  is the surface area of the hydrophilic head group at 

the micellar interface and l (2.0 nm) is the maximum length of the hydrophobic tail. A value of P  

≤ 1/3 indicates a spherical aggregate.191  is 0.68 nm3 and determined from the solvent 

accessible surface volume. The radius (R) of the hydrophilic head at equilibrium is 0.30 nm, as 

obtained from half the distance across the pyridinium ring, plus one-half the Lennard-Jones σ 

parameter for aromatic carbon. Then, the effective equilibrium area per molecule ( ) of the 

hydrophilic head is 1.13 nm2, calculated by cylindrical surface area. 

 

3.2.7. Principal Component Analysis 

Principal component analysis (PCA) was used to study the collective motion of CPB molecule 

(the pyridinum ring and alkyl tail) during MD simulations. Details of the PCA method can be 

found elsewhere.193,194 The heavy atoms (C and N) of CPB molecule were used to explore its 

conformational subspace in solution. The displacements along different eigenvectors were 

calculated by projecting the atomic coordinates on eigenvectors and superimposing them using 

the UCSF Chimera visualization tool.195 The PCA analysis was performed on the last 40 ns of 

the trajectories. 
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3.3. Results and Discussion 

3.3.1. Structural Properties 

Cluster analysis is performed to characterize groups of similar molecular structures in solution 

according to their kinetically metastable states. The cluster index consists of groups of similar 

geometric patterns that form as a function of time within a data set. During the cluster analysis 

most of the variance is captured in the first few dimensional subspaces, so that only the first two 

or three clusters are analyzed. Cluster analysis was performed on the CPB molecule with a cutoff 

of 0.15 nm to understand its conformational diversity during simulations in water, 1-octanol and 

micelle. A total of 41 (water) and 23 (1-octanol) clusters were obtained from 4001 sampled 

structures of the CPB molecule in solution. The cumulative distribution of the clusters reached 

an equilibrium plateau before the last 10 ns of simulation in water, 1-octanol and micelle, which 

indicates good sampling of the conformational space (see Figure 3.2A and 3.2B). The first four 

clusters account for 72.7% (33.6, 16.6, 15.8 and 6.7%) and 83.1% (44.4, 18.5, 13.3 and 6.9%) of 

the total population of CPB molecule in water and 1-octanol simulations, respectively. The 

representative CPB conformation of the first cluster is shown in Figure 3.2 for water and 1-

octanol simulations. 

Since the CPB micelle has 122 monomers involved to form a micelle, five random 

monomers were chosen to represent the various geometric patterns of monomer conformations 

during the simulation. Therefore, to assess conformational diversity of the CPB molecule in the 

micelle simulation, cluster analysis was performed on five randomly selected monomers 

(monomer residue index: 1, 30, 70, 95 and 120) by sampling every 10 ps in the last 40 ns of the 

trajectory. A total of 24 ± 2.5 clusters were obtained from 4001 sampled structures for the 

selected CPB molecules. In the micelle, the first four clusters of the randomly selected the CPB 
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molecules comprise 87 ± 3 % of the total conformations with the major contribution of 54 ± 6 %, 

15.4 ± 0.9 %, 11 ± 3 % and 5.8 ± 0.8 % by cluster 1, 2, 3 and 4, respectively. The representative 

conformation of the cluster 1 (see Figure 3.2) is highly populated and preferred in the micelle, 

and is similar among all five sampled CPB molecules. 

 

Figure 3.2: Cluster analysis of CPB molecule in water, 1-octanol and micelle. Cumulative 
distribution of the clusters in the simulation of (A) water and 1-octanol; (B) micelle 
(using five randomly selected CPB monomers). The most populated representative 
CPB conformation as a result of cluster analysis in water, 1-octanol and micelle are 
shown in CPK representation, colored by element type (nitrogen in blue and carbon 
in cyan).  

 

During simulations, the pyridinium ring remains planar (as observed experimentally),196  

validating the good representation of the CPB molecule by this force field. The angle between 
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the pyridinium ring and the tail region was at  ~176  during the simulations of the CPB 

molecule using the force field, Figure 3.3 B. Thus, conformational variations of CPB during 

simulations are determined mainly from fluctuations in the hydrophobic tail region. The 

beginning to end distribution of the tail region is reported in Figure 3.3. The head-to-tail distance 

distribution of monomer in water spans from ~ 0.40 nm to 2.05 nm with the main peak at 1.64 

nm, while it ranges from ~0.74 nm to 2.05 nm with main peaks at 1.70 nm and 1.74 nm in 1-

octanol and micelle, respectively. 

 
Figure 3.3: Conformational variations of CPB molecule in water, 1-octanol and micelle during 

simulations. (A) The beginning to end distance distribution of the CPB tail region 
from simulations in water (black color), 1-octanol (red color) and micelle (green 
color). (B) Angle distribution of CPB head group with respect to its tail in water 
(black), 1-octanol (red) and micelle (green). 

 

The latter results indicate that the CPB molecule has the highest conformational diversity 

due to tail flexibility in water, while its solvation in 1-octanol and involvement in the micellar 

aggregate restrict tail flexibility. The CPB molecule is a free-floating, worm-like molecule when 

solvated in water, giving rise to flexible conformational structures. In contrast, the eight-carbon 

tail of 1-octanol has hydrophobic interactions with the sixteen-carbon tail of the CPB molecule, 

restricting the motion of the tail and making it stiffer, resulting in the lowering of the observed 
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tail flexibility. Similarly, the lowest conformational diversity observed, in the case of CPB 

micelle, is due to the high hydrophobic interactions among CPB tails resulting from self-

aggregation. In the micelle, the beginning to end distribution moved to the right (see Figure 

3.3A), which indicates higher population of a more “stretched out” conformation due to steric 

effects and geometric constraints induced by surfactant packing. 

 

3.3.2. Translational and Rotational Diffusion 

Diffusion coefficient: The quality of the CPB model was assessed by comparing the self-

diffusion coefficient (D) calculated, using Equation 3.1, from the simulations of CPB molecule 

in water, 1-octanol and micelle. CPB molecule has D values of (0.63 ± 0.03) ×10-5 cm2 s-1in 

water, (0.06 ± 0.01) ×10-5 cm2 s-1 in 1-octanol, and (0.065 ± 0.005) ×10-5 cm2 s-1 for the aqueous 

micelle at 300 K. The calculated theoretical value of D using hydrodynamic radius (from 

Equation 2 and 3) is 0.61 ×10-5 cm2 s-1, 0.07 ×10-5 cm2 s-1 and 0.08 ×10-5 cm2 s-1 for CPB 

monomer in the water, 1-octanol and CPB micelle, respectively. Atkin, et al.,197 have reported 

values of D of 0.121 ×10-5 cm2 s-1 and 0.08 ×10-5 cm2 s-1 for CPB monomer and micelle in the 

water at 313.15 K. The value of D for monomer in micelle from the simulation is consistent with 

the one observed theoretically and experimentally.197 However, the experimentally observed D 

of CPB molecule is five fold lower than the calculated one for the force field due to the high 

CPB concentration (higher hydronamic radius) used in calculations by Atkin, et al.,197 Leaist, et 

al.,198 studied the concentration dependence of D for CPC at 298 K and obtained D= 0.84×10-5 

cm2 s-1 at 0.36 mM that decreased to 0.263×10-5 cm2 s-1 at 1.75 mM. Hence, the values obtained 

from the simulations indicate that the force field reliably models CPB dynamics, as they are 

consistent with the ones estimated theoretically and from available experimental data.  
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Rotational relaxation time constant: The rotational relaxation time (τ2) is a characteristic feature 

of a molecule that measures the time needed to rotate by one radian. It depends upon the size of 

the molecule and provides insight regarding aggregation, binding to other molecules, as well as 

other non-covalent interactions. Evaluation of τ2 for CPB molecule was carried out in solution 

and micelle to characterize dynamics and molecular interactions. 

The second-order rotational correlation function trace obtained from the simulations of 

the CPB molecule are fitted using a double exponential decay function fit to the 1-ns rotational 

autocorrelation functions, as shown in Figure 3.4. The long-time component of τ2 for CPB 

monomer in water is 47  15 ps.  As a point of comparison, the surfactant molecule n-

nonyltrimethylammonium bromide in water has a long-time reorientation time constant of ~20 

ps;199 obviously, its shorter tail and smaller hydrodynamic radius would predict faster dynamics, 

but the result for CPB is the same order of magnitude.  For CPB in more viscous 1-octanol 

solvent, reorientation is significantly slower with a long-time value of τ2 equal to 1.9  0.1 ns.  

The radial distribution function of 1-octanol around CPB (see below) shows that the solvent is 

highly oriented and closely associated with the surfactant, which must also contribute to its slow 

rotational dynamics. For micelle, the reorientational fast time component is dominant, and is 

approximately 20 ps; the long-time component comprises about 15% of the correlation function 

and is 2.1  0.6 ns. Previous work on surfactants indicates that the short-time component of 

surfactant reorientation in micelle is due to rotation about the longitudinal axis (hydrophobic 

tail), while the long-time component corresponds to rotational tumbling of the micelle through 

solvent.199 The rotational diffusion coefficient Dr is 3.5 rad2/ns, 0.09 rad2/ns and 0.08 rad2/ns for 

the water, 1-octanol and micelle, respectively. In summary, the reorientation time of the CPB 
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molecule is significantly influenced by the solvent dynamics (water and 1-octanol) and the 

micellar environment. 

 

 

Figure 3.4: Correlation function for the rotational diffusion (Dr) of CPB molecule in water (blue 
color), 1-octanol (black color) and micelle (pink color). The correlation function 
uses second-order Legendre polynomial and is fitted with a double exponential 
decay curve to obtain the rotational relaxation time, τ2. Fitted curves are marked in 
dashed lines for CPB molecule in the water (red color), 1-octanol (green color) and 
micelle (aqua color). 

 

3.3.3. CPB Solvation 

The behavior of a solute is completely affected by the solvent molecules around it. The radial 

distribution function (RDF) predicts the average packing of molecules at a distance (r) around 

the solute molecule. CPB molecule was simulated in water and 1-octanol to better understand the 

effect of solvent polarity on the behavior of CPB molecule and the force field model as monomer 

and in aggregate.  The RDF was calculated from the pyridinium N atom of CPB molecule, and 

oxygen (O) and hydrogen (H) atoms of water and 1-octanol. Figure 3.5 shows the probability of 

solvent density around the pyridinium nitrogen in water, 1-octanol and micelle. 
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Figure 3.5: Radial distribution function (RDF) for the solvent atoms (O and H) around the 
pyridinium nitogen (N) atom of CPB monomer. (A) for water: oxygen (black color) 
and hydrogen (red color) around CPB monomer; oxygen (blue color) and hydrogen 
(green color) around CPB micelle. (B) for1-octanol: hydroxyl oxygen (black color) 
and hydrogen (red color) atoms around CPB monomer. The water (A) and 1-octanol 
(B) densities are in orange colored isosurface (value 22) representation around the 
pyridinium ring of CPB. The pyridinum ring is in CPK representation colored by 
element (nitrogen blue and carbon in cyan).  

 

The first solvation shell is located at ~0.45 nm (water), ~0.44 nm (micelle) and ~0.33 nm 

(1-octanol) for oxygen atom; and ~0.44 nm (water), 0.43 nm (micelle) and 0.39 nm (1-octanol) 
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for hydrogen atom, based on their distances from the nitrogen atom in the pyridinium ring. The 

sharp peak for 1-octanol indicates that this solvent is highly ordered around the monomer (see 

Figure 3.5B), whereas water shows a broader distribution due to its dynamic character and small 

size (see Figure 3.5A). The second solvation shell starts at ~0.56 nm (water and micelle) and  

~0.43 nm (1-octanol) for oxygen atom; and ~0.57 nm (water and micelle) for hydrogen atom, 

with no distinct second solvation peak for 1-octanol.  The average cumulative number of the 

solvent molecule in the first solvation shell is 4.6 (at 0.45 nm) in water, 0.6 (at 0.33nm) in 1-

octanol, and 1.6 (at 0.44 nm) in micelle. The RDF value of the solvation shell indicates similar 

distribution of water molecules around pyridinium head group of CPB monomer in solution and 

aqueous micelle. The lower cumulative number of the water molecule in micelle is due to the 

close packing of the CPB monomers in it. The interaction between adjacent pyridinium head 

groups limits the accessibility of water molecule around the hydrophilic pyridinium for CPB in 

micelle. This is also evident from a shoulder peak of low intensity present around ~0.35 nm 

before the primary peak (at ~0.44 nm), indicating low solvent probability in micelle. Thus, due 

to the heterogeneity of the micelle surface, this likely represents water within the “craters” of the 

micelle surface, whereas the second peak at 0.44 nm indicates the solvation layer at the nominal 

surface.  

 

3.3.4. CPB-bromide Ion Interaction 

The bromide ions are found at an average distances of ~0.48 nm (water and micelle), and ~ 0.38 

nm in 1-octanol from the pyridinium N of CPB monomer as shown in Figure 3.6. For reference, 

Cata, et al.,200 also observed an average N-Br- distance of 0.52 nm in the simulation of CTAB 

micelle.  



 71 

 
Figure 3.6: Bromide ion distribution around the pyridinium nitrogen of CPB molecule during 

the simulation of water (black color), 1-octanol (red color) and micelle (green 
color). 

 

3.3.5. Principal component analysis (PCA) 

PCA is an essential tool for analyzing the collective motion and interaction between the atoms. 

To understand such interactions, PCA was performed on the head group and tail region of the 

CPB molecule in water, 1-octanol and micelle for the last 40 ns of the trajectories. Figure 3.7 

shows the superimposition of the first and last extreme structures of the pyridinium ring and tail 

region generated by the projection of the corresponding eigenvectors on the trajectory of the 

CPB molecule. For the pyridinium head group region, the cumulative relative positional 

fluctuation (RPF) of the first four eigenvectors of CPB in water account for 83.8% (eigenvectors 

1 through 4 contributing 28.2%, 24.1%, 18.1% and 13.3%, respectively), as seen in Figure 3.7 

(a-d). The pyridinium ring dynamics manifest the following modes in the first four eigenvectors: 

planar ring distortion (3.7a), in-plane ring (3.7b), forbidden ring twisting (3.7c) and in-plane ring 

breathing (3.7d). These types of vibrational modes are also reported in previous experimental 

studies, attributed to the vibrational absorption of C=C bonds in the pyridinium ring.201-202 The 
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pyridinium head of CPB shows similar eigenvectors in the simulation of 1-octanol and micelle, 

so only modes in water are shown in Figure 3.7 a-d. This validates that the pyridinium head 

remains planar with the proper combination of dihedral and improper dihedral constraints 

applied in the force field. 

 

Figure 3.7: Principal component analysis (PCA) of the CPB head and tail group in water, 1-
octanol and micelle. The superimposition of the two extreme representative 
structures of the eigenvectors to show the different collective motion of the 
pyridinium ring in CPB molecule in water is represented in (a-d). 10 sequential 
frames represent the extension of the root mean square fluctuations (RMSF) on 
CPB tail atoms after projection of the trajectory along the first three eigenvectors in 
water, 1-octanol and micelle (e-g).  

 

The dynamics of the tail showed slight variations due to environment used in the 

simulations. For the flexible hydrophobic tail, the first three eigenvectors cover 67.0% (34.3, 
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24.3 and 8.47 %) in water, 67.1% (31.4, 26.9 and 8.71%) in 1-octanol, and 61.1% (37.6, 11.9 and 

11.6 %) in micelle. As would be expected, the hydrocarbon tail of CPB is more flexible than the 

aromatic pyridinium ring. In the simulation of water, the first three eigenvectors of the tail region 

comprise bending (3.7e), wagging (3.7f) and undulation (3.7g) modes. The value of the inner 

product between tail eigenvectors found for CPB in water and 1-octanol is ~0.97, suggesting that 

the vibrational modes are similar in both solvents. It is interesting to note that the second 

vibrational mode for monomer (“wagging”, visualized in Figure 3.7f) is not found in micelle, 

which could be due to the restricted motion of the tail in the hydrophobic core of the micelle. 

 

Figure 3.8: Root mean square fluctuation (RMSF) of the atoms in the head group of CPB 
molecule. (A) The respective atom numbers in the pyridinium ring of CPB 
molecule. (B) Root mean square fluctuations of the atoms of the pyridinium ring.  

 

Root mean square fluctuation of the pyridinium head group is shown in Figure 3.8. The 

average vibration modes of the atoms of the pyridinium ring are similar in case of water (black), 

1-octanol (red) and micelle as shown by PCA analysis. The RMS fluctuation is slightly higher in 

case of micelle (green) as observed in the positions of carbon atom 4 and carbon atom 6. This 

slight fluctuation may be the result of the coulomb interactions between the pyridinium head 

groups residing in a specific orientation in the micelle aggregate.  
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3.3.6. CPB micelle 

In order to further validate the force field the stability of CPB micelle was studied. As mentioned 

in the method section, 122 CPB monomers were aggregated using Packmol to prepare a 

spherical micelle. For the Packmol building step, the head group was restricted to the outer 

surface of the sphere while the hydrophobic tail points toward the core in vacuum, see Figure 

3.9a. This approach of building a micelle was adopted to save computational time as mentioned 

earlier.  

 

Figure 3.9: Snapshots of CPB micelle simulation in water: starting from the one prepared using 
Packmol184 as starting point of the simulation (a) followed by the conformation 
after equilibration (b), and in every 20 ns intervals up to 100 ns (c-f). The arrow 
shows the progression of simulation with labeled simulation time (in ns). 

 

The micelle prepared from Packmol was then solvated in a cubic box of dimension 10.0 nm. 

During the span of simulation, the CPB monomers in micelle relax and rearrange them as shown 
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in Figure 3.9(b-f). The monomers show an average head-tail distance distribution ranging from 

0.40 to 2.05 nm, with the main peak at 1.64 nm throughout the simulation (see Figure 3.4). The 

micelle remains as a single aggregate with no segregation of monomers observed during the 100 

ns run, as seen in Figure 3.9 b-f.  

 

3.3.6.1. Structure of CPB micelle 

Micelles are very dynamic in nature. To understand how the shape and size of the CPB aggregate 

varies during simulation, the surfactant packing parameter and radius of gyration (Rg) of the 

micelle has been calculated. The packing parameter for CPB molecule, using its geometry during 

the simulation, was calculated to be 0.23. Spherically-shaped micelles have packing parameter 

values that are ≤ 0.33.  Thus, the packing parameter value agrees well with the shape of the 

aggregate obtained from MD simulations.  

Rg is a characteristic feature of micelles that measures the compactness of the structure. 

Figure 3.10A shows the ‘Rg’ values of CPB micelle in water. It is found to change from the 

compact structure built by Packmol184 with an 1.55 nm radius to an average Rg of 2.39  0.089 

nm over the 100 ns micelle simulation in solution. This indicates that the CPB monomers 

reorient and rearrange themselves. The calculated theoretical value of Rg is 2.30 nm for a 

spherical CPB micelle using a value of RH 2.99 nm, from the ratio of Rg/RH = √3/5 ≈ 0.77 for the 

spherical micelle. The Rg of 2.39  0.09 nm obtained for CPB micelle from simulation is very 

close to the one obtained theoretically (2.30 nm) and experimentally (Rg=2.22 nm) by Porte, et 

al.,203. Similarly, the directional Rg(x), Rg(y) and Rg(z) values have comparable fluctuations 

around a very similar mean value, which shows that CPB micelles under these conditions are 

more likely to be spherical micelles, rather than elongated or rod-like micelles in water. In 
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summary, the stable values of Rg over the length of the simulation indicate this force field is able 

to reproduce and simulate the experimentally observed aggregation of CPB monomers into 

spherical micelles. 

 

Figure 3.10: Radius of gyration (Rg) and solvent accessible surface area (SASA) of CPB micelle 
in water are shown as a function of time during simulation. (A) The black trace is 
the total Rg, while the red, green and blue traces are the Rg in x, y and z directions, 
respectively. The gray colored bar shows the Rg of micelle prepared from 
Packmol184. In the SASA Figure (B), the red, black and green traces represent the 
hydrophilic, hydrophobic and total surface area of the CPB micelle, respectively.  
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Amphiphilic molecules aggregate to form micelles above their critical micelle 

concentration and Krafft temperature in water. The head groups that are hydrophilic are oriented 

towards the bulk water and the tail that is hydrophobic makes the core of the micelle. It is 

interesting to study how solvent molecules approach the surface of these aggregates and affect 

the dynamics of the interface. Using solvent accessible surface area (SASA), we can explicitly 

study any changes in the hydrophobic and hydrophilic properties of the micelle surface as shown 

in Figure 3.10B. It is found that the major part of the micelle has hydrophobic properties, while 

only a small part is hydrophilic. There is no major fluctuation observed in the hydrophobic or 

hydrophilic behavior of the micelle throughout the simulation. This indicates the stability of 

surface properties (although the micelle interface is quite dynamic) and is further validation of 

the proposed force field parameters. By SASA calculations, a total of 86 % of the micelle surface 

is found to be hydrophobic and only 14 % is hydrophilic. 

 

3.3.6.2. Inter-monomer Interactions in Micelle 

The distance between two pyridinium N atom in the CPB micelle was studied using the radial 

distribution function (RDF). Neighboring pyridinium head groups are located around one another 

at an average distance of 0.8 nm, as shown in Figure 3.11A. This is consistent with the value 

(avg. 0.83 nm) observed for CTAB micelle in MD simulations by Cata, et al.,200 The number of 

neighboring CPB monomers around a particular CPB monomer in micelle was studied using a 

cutoff of 0.9 nm (see Figure 3.11A for cumulative number). It is observed that an average of 2  

1 CPB monomers are in contact with a single CPB pyridinium ring in micelle (within a distance 

0.9 nm). Figure 3.11B shows the surroundings of one CPB monomer in the micelle using the last 

frame of the micelle simulation. The four CPB monomers (purple colored CPB in Figure 3.11B) 
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were found to be within a distance of 1.01 nm from the selected CPB monomer (cyan colored 

CPB in Figure 3.11B).   

 

Figure 3.11: Study of inter-monomer interaction. (A) RDF and cumulative number (using 0.9 
nm distance) of the pyridinium nitrogen from the other pyridinium nitrogen of CPB 
head group in micelle. (B) Last frame of the micelle simulation showing inter-
monomer interactions in micelle. CPB monomer and water molecules (within 0.45 
of CPB monomer in cyan color) are in CPK representation. Bromide ions (within 
0.6 nm of CPB in center) are in VDW representation.   

 

3.4. Conclusions 

In this Chapter, the atomistic level study of CPB cationic surfactant for MD simulations based on 

united atom GROMOS96 54a7 force field has been reported. The CPB model was tested and 

verified by studying its structural and dynamic properties in water, 1-octanol and micelle. The 

diffusion coefficients and the Rg obtained from these simulations are in good agreement with the 

experimental values. The pyridinium ring of the CPB monomer remains planar throughout the 

simulations, with an average angle of ~176° from the tail region, validating the force field for the 

CPB molecule. The pyridinum ring exhibits four vibrational modes and they were identical in the 

simulation of CPB in solution and in micelle. The tail region has three main vibrational modes 

that are identical for monomer in solution. However, in the micelle, CPB monomer does not 
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exhibit the second (“wagging”) vibrational mode due to restricted motion and steric hindrance in 

micellar environment.  

Different spatial distribution of oxygen and hydrogen atoms of solvents around the CPB 

head group indicates different interactions of solvents with the pyridinium head, thereby 

affecting physical and chemical processes in these solvents. The proposed force field is poised 

for study of CPB in self-assembled systems, protein folding, inhibition of proliferation of tumor 

cells, as well as enzyme mimicry at the atomistic level.  

After introducing the force field parameters, the stability of CPB micelle over a 100 ns 

run was shown, to further strengthen the proposed novel molecular parameters of CPB. While 

the micelle is dynamic, exhibiting fluctuations around equilibrium, its radius of gyration remains 

stable. Analysis of solvent interactions with CPB micelle is consistent with the hydrophobic and 

hydrophilic property of micelles. This work and subsequent simulations with the force field will 

help understand, at a molecular level, the mechanism of solubilization of hydrophobic molecules 

and their sites of solubilization. This model will be useful in future studies of CPB micelles, 

probing their usage as tools for drug delivery, protein folding, and as a template for nano-

structured materials. Furthermore, this force field should be easily tunable, adapting hydrocarbon 

tail length and substituting anions so that simulations of related pyridinium micelles and 

surfactants can be carried out.  
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4. Experimental and Computational Studies of Micelle-Mediated In Situ Selective 

Oxidation of 1,4-Bis (hydroxymethyl)benzene 

4.1. Introduction 

The in situ generation of bromine using the CTAB/BPO system has already been discussed in the 

Chapter 2, along with a few examples of oxidation reactions. It has been shown that aromatic 

alcohols like benzyl alcohol can be selectively oxidized to aldehydes using in situ bromine in 

CTAB micelle in water. The selective oxidation of organic molecules such as alcohols is hard to 

achieve without specific catalyst or reaction conditions when oxidized using a mild oxidizing 

agent in water.  However, self- assembled surfactant structures can help to achieve high 

selectivity of organic reactions in water.204 Due to the presence of hydrophilic surface and 

hydrophobic interior in a micelle, a polarity gradient develops that can solubilize both polar and 

non–polar molecules. This eliminates the use of organic solvents and co-solvents in most of the 

reactions. Kobayashi and coworkers205,206 have shown that organic reactions could be carried out 

in water using surfactants with better yield and efficiency. Micelles are like spatially 

preorganized micro-reactors for performing reactions through the process of molecular self-

assembly. In addition, the amphiphilicity of the micelle favors high localization of the reactant 

molecules (both polar and non-polar) in the micelle over the surrounding water (only polar), 

leading to changes in reaction rates and higher selectivity.135 The orientation, interaction and 

localization of the incorporated reagent molecules into micelles are highly affected by the 

hydrophobic interiors and hydrophilic exteriors; the reaction sites are isolated from the bulk 

water. Interestingly, this tunes chemical reactivity, equilibria and stereochemistry of the reacting 

substrate molecules compartmentalized in the micelle.  
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 Recently, engineered and designed surfactant nano reactors have been used for the mild 

and selective oxidation of allylic and benzylic alcohols to their corresponding aldehydes.207,208 

Indeed, a wide variety of oxidation schemes are available to obtain aldehydes from allylic and 

phenolic alcohols. Widely used reagent systems are either metal or TEMPO209,210 catalyzed, 

suspensions of rutile TiO2/hv/H2O,211 a continuous flow system of NaOCl+Bu4NBr in EtOAc,212 

and dipyridinium-chromium (VI) oxide in CH2Cl2,
213 In most of the instances, the oxidants react 

with sensitive aldehydes and over-oxidize them to their corresponding carboxylic acids. Other 

limiting factors are the reaction conditions, which in some cases are not amenable; mild, efficient 

and cost effective chemical synthesis; while others generate heavy-metal waste whose 

disposal/recycle raise difficulties besides the factor of cost. In spite of all these available 

schemes, new, efficient and mild oxidation processes are still valuable, as aldehydes are major 

precursors for efficient functional group transformations in organic synthesis. Development of 

processes that generate less waste and use less hazardous reagents are more emphasized for 

environmental and waste concerns.214 Here, an environmentally friendly protocol has been 

developed as the reactions are carried out in water and at moderate temperature conditions.  

In Chapter 2, it has been reported that CTAB/BPO system is efficient for the partial 

oxidation of 1,4 Bis-(hydroxymethyl) benzene to its corresponding mono and dialdehydes using 

in situ generated bromine. In this Chapter, cetylpyridinium bromide (CPB) is used instead of 

CTAB surfactant molecule to prepare in situ bromine in water. Similar to CTAB molecule, CPB 

has bromide counter ion that is easily oxidized using BPO as an oxidizing agent. The benzoate 

ion formed from the reduction of BPO molecule replaces the bromide counterion in CPB 

micelle. Subsequently, the in situ generated bromine oxidizes 1,4-Bis(hydroxylmethyl) benzene 

to its corresponding aldehyde in CPB micelle. But the only detectable oxidative product of diol is 
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the corresponding monoaldehyde with no detectable trace of dialdehyde or carboxylic acid as 

shown in Scheme 4.1.  

 

Scheme 4.1: Oxidation of 1,4-bis(hydroxymethyl)benzene in presence of CTAB and CPB at 318 
K temperature in water.  

 

CPB and CTAB surfactant molecule have similar hydrophobic interiors with 16 carbons in the 

tail. The major structural difference is the head group, with an aromatic pyridinium ring in CPB 

surfactant and a quaternary ammonium group in CTAB surfactant.  Thus, the difference 

observed in the distribution of the oxidation product must be due to the influence of the aromatic 

ring in the CPB molecule compared to the quaternary ammonium head group in CTAB 

molecule. Experimental methods performed were inadequate to sketch the differences in 

interaction and orientation of the substrate in CTAB and CPB micelle. Hence, molecular 

dynamics investigations are considered a complementary tool to the experimental techniques, as 

they provide key information about the dynamics and structure-dependent interactions of the 

molecules. There is no evidence in literature where CPB micelle and its interactions with the 

substrates are investigated at the molecular level. Thus, a molecular dynamics simulations study 

was proposed using diol and monoaldehyde as a substrate in both CPB and CTAB micelles. Each 

micelle system was simulated with five diol and five monoaldehydes separately in each CPB and 

CTAB micelle for long enough to equilibrate. The major difference was found in the orientation 
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of the aromatic alcohol and aldehyde with respect to the head group in CPB and CTAB micelle. 

The pyridinium head group in CPB micelle restricts the ‘rolling’ motion of the substrate while it 

has free ‘pitch and roll’ motion in CTAB micelle.  The united atom GROMOS96 force field was 

chosen to parameterize the force field of the molecules. The details of the experimental and 

computational techniques are described in the Methods section of this Chapter. The analytical 

and comparative studies of the micelles in the presence and absence of substrates are described 

in Results and Discussion section. The optimized structures of the surfactant molecule, diol and 

aldehyde are shown in Figure 4.1. The analysis using minimum distance, radial distribution 

function (RDF), substrate orientation, solvent accessible surface area (SASA) and radius of 

gyration Rg has been performed to investigate the effect of substrate on shape, geometry and 

interfacial properties of the micelle as the substrates get solubilized by the micelle. 

 

4.2. Materials and Methods 

4.2.1. Experimental Methodology 

Materials:  1,4- bis (hydroxymethyl)benzene (purity 99%) was purchased from ACROS 

Organics and recrystallized before use. Benzoyl peroxide (BPO, reagent grade, purity ≥ 99%) 

and cetylpyridinium bromide (CPB, purity ≥ 99%) was purchased from Sigma-Aldrich and were 

used as obtained.  

 All UV-vis spectra were acquired using Shimadzu UV2550 spectrophotometer and 1H 

NMR using a Varian Inova 400 MHz instrument.  

 

Oxidation of 1,4-Bis(hydroxymethyl)benzene: 1,4-Bis(hydroxymethyl)benzene (diol) was 

recrystallized using methanol.  CPB (0.40 mmol) was dissolved in 10.0 mL water. Solid BPO 
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(0.05 mmol) was added and stirred at 30 °C for 3 h. Diol (0.05 mmol) was then added and stirred 

at 30 °C for 24 h. The oxidation of diol was studied for three different ratios of diol:BPO (1:1, 

1:2 and 1:3). The confirmation of the product was done using 1H NMR.  For the 1H NMR study, 

the crude reaction mixture was purified using a preparative TLC plate (1:2 hexane: EtOAc). The 

product was extracted from silica gel with EtOAc (3 x 25 mL). The resulting EtOAc-silica 

solution was centrifuged, filtered and concentrated under reduced pressure. CDCl3 was used as 

the 1H NMR solvent. 

 

4.2.2. Computational Methodology 

4.2.2.1. DFT Calculations or Model Systems 

Gaussian09 package96 was used to generate the initial coordinates, geometry optimizations and 

partial charge calculations of CPB152, CTAB, 1,4 bis(hydroxymethyl)benzene and mono 

aldehyde using density functional theory (DFT). The potential-derived atomic charges were 

calculated using CHELPG procedure,98 after constraints to reproduce dipole moment. B3LYP 

functional97 and 6-31+G (d,p) basis set has been used for geometry optimization. The optimized 

structure of CPB, CTAB, diol, and monoaldehyde molecule with the labels are shown in Figure 

4.1. The partial charges are reported in Appendix 4.1.  
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Figure 4.1: Optimized geometry of (a) CPB, (b) CTAB, (c) diol, (d) monoaldehyde molecules 
from Gaussview.180 The hydrogen atoms have been omitted from the structure for 
clarity and the atoms are labeled. The quaternary nitrogen atom is shown in blue, 
oxygen in red and the grey spheres indicate carbon atoms. 

 

4.2.2.2. Force Field Parameters 

GROMOS96 54a7 force field91 is used for the MD simulations of the surfactants and substrate 

molecules in solution. The force field parameters for CPB were adopted from the previous 

work.152 The force field parameters for CTAB were adopted from Sangwai, et al.,215 and the 

partial charges were calculated and modified using DFT theory. B3LYP functional97 and 6-

31+G(d,p) basis set has been used for the geometry optimization. Gaussview180 was used to 

construct and visualize the initial structure of the molecules. The calculations for partial charges, 

bond lengths, angles and dihedral angles for the substrates were obtained from the DFT 

calculations performed in Gaussian09 package.96 The force constants for the bond lengths, 

angles, torsional interactions and the Lennard-Jones parameters for diol and monoaldehyde were 

adopted from the GROMOS96 54a7 force field parameters and potential functions.91 SPC/E 

model103 was used for water molecules.  
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4.2.2.3. MD Simulations 

The GROMACS package (version 4.6.5.)90 was used in all MD simulations and analysis. 

Spontaneous micelle formation could be time expensive due to slow equilibration of molecules 

into an aggregate, in molecular level simulations. Thus, the spherical micelle of CPB and CTAB 

was preassembled using their appropriate aggregation number using Packmol.216 The hydrophilic 

head groups were forced to the outer curvature and the hydrophobic tail to the interior of the 

sphere. The concentration of the surfactant was above their critical micelle concentration (CMC) 

when preparing the micelle. The individual spherical micelles were constructed with an 

aggregation number of 122 for CPB152 as reported by Haldar, et al.,185 and Mata, et al.,112 and 93 

for CTAB as calculated by Stam, et al.,217 close to the observed experimental value.  The initial 

micelle structures prepared using Packmol were immersed in a 10 x 10 x10 cubic nm box, 

approximately twice the diameter of the micelle. The box was then filled with water to obtain 

CPB concentrations of ~0.2 M which is well above the CMC of 0.7 mM for CPB)175,176,112 and 

~0.15 M concentration for CTAB which is above the CMC of 0.8 mM for CTAB218,219 at 300 K). 

The bromide counterions were added by replacing the solvent molecules at the most negative 

electrostatic potential to neutralize the total charge in the micelle system. Subsequently, the MD 

simulations of CTAB and CPB micelles each were run for 100 ns in an isothermal-isobaric 

(NPT) condition to reach equilibration.  

  From the 100 ns neat micelle trajectory, the structure equilibrated for initial 10 ns was 

extracted. This micelle structure equilibrated for 10 ns was used as the initial micelle structure to 

set up the micelle-substrate MD simulations.  Each micelle was simulated with five molecules of 

diols and five molecules of monoaldehydes separately. Each of the micelle-substrate systems 
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was immersed into the box filled with water and then simulated for 100 ns.  The details of 

molecular dynamics simulations are shown in Table 4.1.  

Table 4.1: Simulation summary of CPB and CTAB surfactant systems in water. 
System Micelle Number of 

solvent 
molecules 

Number 
of Br- 

Total 
number 
of atoms 

Total number of 
molecules 

Box size 
(nm)* 

1 CPB in water 31744 122 98038 CPB 122 10.0 

2 CPB micelle+ diol 30571 122 94579 CPB 122, Diol 5 9.98 

3 CPB micelle+ 

Monoaldehyde 

30584 122 94618 CPB 122, 

Monoaldehyde 5 

9.98 

4 CTAB micelle in water 32054 93 98115 CTAB 93 10.0 

5 CTAB micelle and diol 31312 93 95949 CTAB 93, Diol 5 9.98 

6 CTAB micelle and 

monoaldehyde 

31325 93 95988 CTAB 93, 

monoaldehyde 

9.99 

* Box size after equilibration at constant NPT 
 

All the MD simulations were performed at a constant temperature of 300 K using V-

rescale thermostat,107 with a coupling constant of 0.2 ps. SETTLE106 algorithm was used to 

constrain the bond lengths for solvent molecules and the LINCS104 algorithm for other 

molecules. Electrostatic interactions were calculated using Particle Mesh Ewald (PME)105 

method with a PME order of 4, Fourier spacing of 0.12 nm, and dielectric permeability of 1.0.  A 

radius cut off of 1.4 nm was used for the Lennard-Jones interactions. The short-range neighbor 

spacing was also set to 1.4 nm. The energy minimization of the initial structures were performed 

using steepest descent algorithm for 104 steps in order to remove bad clashes between the atoms 

at 1.0 atm and 298 K. Berendsen barostat220 was used to stabilize the pressure of the system since 

the simulations are performed at NPT conditions. After energy minimization, all the atoms were 

given an initial velocity obtained from a Maxwell-Boltzman distribution at 300 K. A time step of 

2 fs was used to integrate the equations of motion for all the simulations. First, the system was 
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equilibrated for 50 ps by applying position restraints to the heavy atoms of the surfactant 

molecules for solvent relaxation in the simulation box. Then the position restraints were removed 

and the system was gradually heated from 50 K to 300 K during 200 ps of simulation. After 

equilibration, a production run of 100 ns was performed for each of the aqueous micelles and 

substrates, listed in Table 4.1.  

 

4.2.2.4. Diffusion Coefficient 

The translational diffusion coefficients (D) of the substrate molecule was calculated during 

simulation in water using Einstein relation187. 

   
   

                                               

 Where        is the position of the center of mass of the ith molecule taken at time t, and    (0) is 

the position at time t = 0. D was calculated theoretically using the Stokes-Einstein relation, 

  
   

     
                                                       

where kB is the Boltzmann constant, T is the temperature and η is the solvent viscosity. The 

hydrodynamic radius (RH) depends on the shape of the particle and given by188 

   
          

   
           

  

                             

where a and b are the semiminor and semimajor axis of an ellipsoid, and x=a/b. The values of a 

(2.40 Å) and b (7.35 Å) are taken from optimized geometry of diol molecule in GaussView.180  
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4.3. Results and Discussion 

In this section, the experimental results are described first followed by the MD simulations 

results.  

4.3.1. Experimental Results 

The oxidation of diol product in CPB molecule was confirmed using 1H NMR (monoaldehyde; 

(CDCl3, 400 MHz) δ 10.0 (s, 1H,), 7.90 -7.80 (d, 2H), 7.60 -7.50 (d, 2H), 4.80 (s, 2H), 3.80 -

3.60 (m, 1H) shown in Appendix 4.2. The oxidation of diol in CTAB micelle is described in 

detail in Chapter 2. 

 To confirm that the selective oxidation of diol was not limited to BPO the oxidation of 

diol was carried out in micelle using hydrogen peroxide. Hydrogen peroxide is a strong oxidizing 

agent but requires lower pH condition to oxidize bromide counterion of CTAB and CPB micelle. 

Hydrogen peroxide results in lower yield compared to BPO at pH 4 and 5 and monoaldehyde is 

the only product. At lower pH, hydrogen peroxide gives mono and di aldehydes as products for 

both CTAB and CPB micelles compared to BPO, which gives only monoaldehyde in CPB 

micelle. Based on the observations at lower pH, the diol was oxidized at lower pH using BPO in 

CPB and CTAT micelle. The results are shown in Table 4.2. 

Table 4.2.  Summary of regioselective oxidation of 1,4-bis(hydroxymethyl)benzene in different 

solutions and pH values.   

Sample pH = 1.0 pH = 2.0 pH = 3.0 pH = 4.0 pH = 5.0 

CTAB/BPO Mono and 

dialdehyde 

Mono and 

dialdehyde 

 

Mono and 

dialdehyde 

Mono and 

dialdehyde 

Mono and 

dialdehyde 

(56% and 44%) 

CPB/BPO Mono and 

dialdehyde 

Mono and 

dialdehyde 

Monoaldehyde 

only 

Monoaldehdye 

only 

Monoaldehdye 

only (78%) 

*Product detection and identification was performed using thin-layer chromatography and 1H NMR.  All reactions 
were conducted with a 2-fold excess of BPO relative to diol concentration. The % yield of the products was 
measured only for pH 5 in both CTAB and CPB micelle. 
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4.3.2. Micelle Equilibration and Geometry 

It is interesting to examine the shape and size evolution of the CPB and CTAB micelle as 

function of substrate in water. Here, the results from 100 ns atomistic simulations of CTAB and 

CPB micelle in the presence and absence of diol and monoaldehyde are presented. As mentioned 

in the Method sections, both CPB and CTAB micelles were packed with five individual substrate 

molecules resulting in ~8.3 mM substrate concentration in water. Each of the micelle systems 

was equilibrated in a 10 nm cubic box and simulated in water for 100 ns. The MD simulation 

was set up with the optimized geometry of the monomer having its head-to-tail distance of 2.05 

nm for CPB monomer and 2.06 nm for the CTAB monomer. After 100 ns of simulation, the 

head-to-tail length shows a broad distribution from ~0.67 nm to 2.06 nm with the main peak at 

~1.74 nm in CPB micelle and ~1.68 nm in CTAB micelle; 1.74 nm CPB-substrate and 1.71 nm 

in CTAB-substrate. The head-tail tilt angle made by N1_C6_C7 in case of CPB and N_C1_C2 in 

case of CTAB is ~112  4 degrees in presence of both the substrates.  

The simulation was set up with the initial size (radius of gyration, Rg) of the CPB micelle as 1.55 

nm and CTAB micelle as 1.43 nm as obtained from Packmol structure. The extent of deviation 

of the micellar size upon solubilization of the substrate can be quantified by comparing the Rg 

value of pure micelle and Rg value of micelle with substrate. The Rg measured for CPB micelle 

from a 100 ns simulation is 2.39 ± 0.09 nm and CTAB micelle is 2.04 ± 0.04 nm, which is 

comparable to the literature value.221,152 The size of the micelle with partitioning of the substrates 

into the micelle remains fairly constant in all the systems except for the CPB-monoaldehyde 

system, where the size increases by ~0.23 nm, see Table 4.3. The structure of the pure micelle 

and the micelle with the substrate after 100 ns of MD run is shown in Figure 4.2. 
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Figure 4.2: Snapshots of micelles after 100 ns MD simulation. CPB micelle is shown in green 
and CTAB micelle is shown in cyan in the surface representation.  (a), (b) and (c) 
represents pure CPB micelle, diol in CPB micelle and monoaldehyde in CPB 
micelle, respectively. (d), (e) and (f) represents pure CTAB micelle, diol in CTAB 
micelle and monoaldehyde in CTAB micelle, respectively. The substrates diol and 
monoaldehyde are shown in orange color and licorice representation. The blue 
patch in the micelle head group represents quaternary nitrogen. 
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Table 4.3: Averaged properties of the micelle in absence and presence of substrate by MD 
simulations. 

System Rg/nm RMSD/nm Hydrophobic 
surface 
area/nm2 

Hydrophilic 
surface 
area/nm2 

RDF/nm 

     N-H2O* N-Br- N-N 

CPB micelle 2.39± 0.09 2.44± 0.38 283.6± 5.1 38.8± 0.46 0.44 0.44 0.80 

CPB 
micelle/diol 

2.38± 0.08 2.77± 0.56 287.6± 5.5 44.6± 1.1 0.44 0.49 0.80 

CPB 
micelle/monoald 

2.62± 0.10 2.72± 0.59 287.3± 5.8 43.4± 1.1 0.44 0.49 0.80 

CTAB micelle 2.04± 0.04 2.10± 0.34 194.5± 4.0 42.4± 0.67 0.45 0.49 0.84 

CTAB 
micelle/diol 

2.04± 0.05 2.43± 0.39 196.1± 4.3 46.8± 1.4 0.45 0.49 0.84 

CTAB 
micelle/monoald 

2.02± 0.04 2.40± 0.40 195.6± 4.5 46.3± 1.4 0.45 0.49 0.84 

* First solvation shell only. 

 

4.3.3. Time spent by the substrate molecule in the micelle 

The partition of the substrate into the CPB micelle was identified by the minimum distance 

analysis. The substrates are found to be at most ~4 to 5 nm away from the surface of the micelle 

in all cases before they penetrate into the micelle. The five diols partitions into the CPB micelle 

at five different times as, ~54 ns, ~93 ns, ~89 ns, ~23 ns, and ~93 ns and remain in during the 

simulation. In the case of the CTAB micelle, four diols partitions at around ~49 ns, ~32 ns, ~14 

ns and ~4 ns respectively, while diol 97 partitions for ~31- 49 ns, comes out and re-enters at ~87 

ns. The monoaldehydes partitions into the CTAB micelle for ~58 ns, ~14 ns, ~43 ns, ~38-91 ns 

and ~16-55 ns, respectively, during the MD simulation. The minimum time spent by the 

substrate in both CPB and CTAB micelle are shown in Figure 4.3. The comparison of the 

partition time and the time spent by the substrate in both micelles predicts that diols get into 

CTAB more easily compared to CPB micelle, while monoaldehydes tend to spend more time in 
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CTAB micelle compared to CPB micelle. It can be predicted that the substrates have less 

restricted movement in CTAB micelle compared to CPB micelle due to the interaction between 

pyridinium ring in CPB molecule and the arene ring in the substrates. The difference observed in 

the solubilization of both the substrates in micelles might arise due to the difference in the 

polarity of substrate and the isotropic property of micelle.222 

 

Figure 4.3: Minimum time spent by the substrates in micelle as a function of time for a 100 ns of 
MD simulations. The bar graph (a) shows the minimum time spent by each diol 
molecule in CTAB (grey bar) and CPB micelle (black bar). Plot  (b) shows the 
minimum time spent by each monoaldehyde molecule in CTAB (grey bar) and CPB 
micelle (black bar). 

 

4.3.4. Surface Area Analysis 

The solvent accessible surface area (SASA) is a useful tool to predict the preferential solvation 

of the monomer surface packing of a complex molecular geometry. A spherical probe of radius 

1.4 Å that approximates the water molecule is allowed to roll over the van der Waals surface of 

the micelle. The total values for the hydrophilic and hydrophobic surface area resulting from the 

partitioning of a substrate molecule in micelle are reported in Table 4.2 and shown in Figure 4.4. 

In general, the solvent accessible surface area is important to understand the stability of the 
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aggregate in the solvent. The SASA value remains almost constant and comparable in all the 

CPB systems and all the CTAB systems, indicating that these systems are stable and well 

equilibrated throughout the simulation. However, the packing of diol makes the surface of the 

micelles slightly more hydrophilic compared to micelle-monoaldehyde and pure micelle, as diols 

are more polar compared to monoaldehyde. 

 

Figure 4.4: Solvent accessible surface area (SASA) as a function of time. (A) SASA of CPB 
micelle with substrates. (B) SASA of CTAB micelle with substrates. The red and 
blue trace represents total surface area, black and orange trace represents 
hydrophobic and green and pink trace represents the hydrophilic surface area in 
both figures. 

 

4.3.5. Interfacial Properties and Hydration  

To understand the relative conformational dynamics of the micelle and the micelle with the 

substrate, it is important to analyze the distribution of solvent water, orientation of the head 

group of monomer and counter ions in both environments. The radial distribution function 

graphs are shown in Figure 4.5. The first hydration shell in all CPB and CTAB micelle systems 

is at ~0.44 nm and ~0.45 nm; the second hydration shell is at ~0.57 nm and ~0.75 nm, 

respectively. Based on the first and the second hydration shell values we can predict that the 

partitioning of the substrates in the micelle does not affect the distribution of solvent molecules 
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around. However, the average cumulative number of the solvent molecule in the first solvation 

shell in CPB micelle and micelle-substrate shows a relative difference. There are on average ~1.6 

and ~5.2 (at 0.44 nm of solvation shell) number of solvent molecules in micelle and micelle-

substrate (around the monomer), respectively.  In CTAB micelle systems, the micelle and the 

micelle-substrate measures the same average cumulative number of solvent molecules as ~6.5 (at 

0.45 nm). The RDF shows a sharp intense peak indicating higher density of water molecules 

around CTAB micelle, whereas there is a broad distribution of water molecules around CPB 

micelle. There is a shoulder seen in case of CPB micelle, which indicates a small probability of 

finding the solvent molecules in the heterogeneous surface on the micelle compared to CTAB 

micelle, and this likely represents water within the “craters” of the micelle surface. The bulk 

water starts ~0.7 nm and ~0.9 nm in CPB and CTAB micelles, respectively. Thus, based on the 

RDF, it can be summarized that the presence of substrate does not affect the orientation of water 

molecules around the monomer head group in micelle-substrate system compared to the micelle. 

However, the distribution of water molecules at the micelle surface in case of CPB and CTAB 

surfactants are relatively different. 
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Figure 4.5: Radial distribution function between the nitrogen atom (N) of the surfactant head 
group and (A) water, (B) nitrogen atom (N) of monomers and (C) bromide ion (Br-) 
in the micelle.  
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The monomers in a micelle are distributed over an approximately 0.5 to 1 nm range, as 

shown in Figure 4.5 (b). The average inter monomer distance is 0.84 and 0.80 nm in CTAB and 

CPB micelle, respectively which compare well to Cata, et al.,223 and Mishra, et al.,152 The 

bromide ions as shown in Figure 4.5 (c), are densely associated with CTAB micelle and CTAB 

micelle-substrate at ~0.49 nm as shown by Cata, et al., (0.52 nm), respectively, compared to 

CPB pure micelle at ~0.44 nm and CPB micelle-substrate at ~0.49 nm. The bromide ions are 

more closely associated around CPB micelle-substrate compared to CPB micelle. 

 

4.3.6. Translational Motion of Substrate Molecule 

 According to the Stokes-Einstein equation, the diffusion coefficient (D) depends upon the size 

(radius) of the diffusing molecule in a solvent at constant temperature. Diol and monoaldehyde 

has negligible difference in their axial radius (~2.82 and 2.80 Å) and equatorial radius (~2.75 and 

2.78 Å), respectively, as calculated from the optimized structure using GaussView. Thus, these 

molecules should show similar diffusion in water at 300 K, which is obvious from the diffusion 

coefficient of diol and monoaldehyde molecules calculated as (D= 0.81 ± 0.005) and (D= 0.74 ± 

0.26) x10-5 cm2/s, respectively in water using the MD simulation. The above diffusion coefficient 

matches well with the theoretical diffusion D= 0.75 x10-5cm2/s of the diol in water at 300 K, 

calculated using the Stokes- Einstein equation (see Method section).  The diffusion coefficient of 

diol in CTAB micelle was about three times higher, D = (0.16 ± 0.057) x10-5cm2/s compared to 

D= (0.05 ± 0.057) x10-5cm2/s in CPB micelle. The diffusion coefficient of monoaldehyde in both 

micelles were fairly constant, D= (0.06 ± 0.0002) x10-5cm2/s in CPB micelle and D = (0.08 ± 

0.010) x10-5cm2/s in CTAB micelle. The diffusion constant values suggest that the diol has less 
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restricted motion or less interaction with the CTAB head groups compared to the higher 

restricted motion or higher interaction with the head group of CPB molecule. 

 

4.3.7. Orientation Distribution 

In order to understand substrate micelle interactions, the orientation of the substrate molecule was 

studied using three vectors: a center of mass (COM) vector (VCOM) drawn vertically from the 

COM of micelle, the longitudinal vector (V1) connecting the p-carbons along the benzylic ring, 

and the transverse vector (V2) passing through the two points across the benzylic ring of diol and 

monoaldehyde.  

 

Figure 4.6: Representation of the vectors used in the study of the orientation of substrate with the 
micelle. The longitudinal vector V1, shown in red represents the tilting of the 
substrate relative to the center of mass (COM) from the micelle.  V2 is the transverse 
vector that represents the rolling of the benzene ring relative to the COM vector 
shown in black. The CPB micelle is shown in green and the bromide counterion is 
shown in orange. 
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The angle between the V1 and COM vector gives the ‘tilt’ of the molecule while the angle 

between V2   and COM vector gives the ‘rolling’ of the benzylic ring as shown in Figure 4.6.  

Since, the orientation and conformation of a molecule is highly influenced by the charge 

density, hydrophobicity and morphology of the micelle involved, the conformational sampling of 

the diol and monoaldehyde was studied in CTAB and CPB micelle. The probability of orientation 

of the substrate molecule was studied for the time it remains in the micelle and the probability 

contour plots obtained are shown in Figure 4.7. In case of CTAB-diol and CTAB-monoaldehyde 

the contour plot shows two high probable orientations represented by the angle formed between 

V2 and COM (~38 and ~78 for diol; ~37 and ~70 for monoaldehyde) that favor rolling 

motion. The angle between V1 and COM gives the ‘tilt’ angle which is ~78 for diol and ~90 for 

monoaldehyde. While, in case of CPB-diol and CPB-monoaldehyde the contour plot shows only 

one high probable orientation formed by the angle between V2 and COM (~50 in diol and ~53 

in monoaldehyde), which favor the rolling motion. The angle between V1 and COM gives the 

‘tilt’ angle  ~80 for diol and ~85 for monoaldehyde. Thus, it suggests that the diol and 

monoaldehyde has higher rolling motion in CTAB micelle but the substrate has more restricted 

motion in CPB micelle. Moreover, the distribution of monoaldehyde is more asymmetric in CPB 

micelle compared to CTAB micelle, with a preferential orientation of the alcohol group of 

monoaldehyde towards the solvent in CPB micelle.  

The higher conformational plasticity of diol in case of CTAB is also supported by the 

high diffusion coefficient of diol (Section 4.3.6) in CTAB micelle. This coincides with the higher 

orientational probability of diol in CTAB, which explains the symmetric oxidation of both the 

alcohol of diol compared to the asymmetric oxidation of diol observed in CPB micelle. 
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Figure 4.7: Probability contour plot showing the orientation of substrate molecule in the CTAB 
and CPB micelle. The lines represents the probability numbers, the higher 
probability numbers represents the lower free energy. Thus, the minima (energy 
wells) represent the most probable regions of orientations. 

 

4.4. Conclusions 

In this Chapter, CTAB and CPB micelles are used as a source of in situ bromine and as catalytic 

platforms for performing oxidation reactions in water at normal temperature. Micelle-assisted in 

situ oxidation of diol forms mono and dialdehyde in CTAB while it forms only monoaldehyde in 

CPB micelle. The MD simulations based on united atom GROMOS96 54a7 force field has been 

performed for the CPB and CTAB micelle with the substrates. While the micelle is dynamic and 

exhibiting fluctuations around equilibrium, the radius of gyration remains stable throughout the 
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simulation, which suggests good sampling. Analysis of solvent interactions with CPB and CTAB 

micelles are consistent with the hydrophobic and hydrophilic property of micelles. The diffusion 

coefficient for the diol in CTAB is higher than in CPB micelle, which coincides with more 

conformational sampling (rolling) of diol in the presence of CTAB compared to CPB micelle. 

The distribution of monoaldehyde is more asymmetric in CPB micelle, compared to CTAB 

micelle, with a more preferential orientation of the alcohol in CPB micelle compared to CTAB 

micelle. This preferential orientation may give rise to the selective oxidation products of diol 

observed in CTAB and CPB micelles. 
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5. Development of Biocompatible and pH Responsive Catanionic Vesicles for Drug Delivery 
 

5.1. Introduction  

The application of colloidal systems such as micelles has already been discussed in the previous 

Chapters. In this Chapter, an effort to develop a targeted drug delivery system prepared from 

catanionic vesicles will be described. The amphiphilic molecules composed of a polar head 

group and a non-polar hydrophobic tail self-associate and partition to exclude the non-polar 

region from contact with water. These self-associated structures can entrap drug molecules in 

their interior and carry the entrapped drug molecules to specific site/tissue for drug delivery and 

therefore these have always been of interest to pharmaceutical industries as a drug delivery tool. 

These colloidal nano systems help in the ‘passive’ or ‘active’ biodistribution as well as increase 

the therapeutic index of the drug molecule.224,225,226 In targeted delivery, the drug is released in 

the affected tissues, minimizing the toxic effect to the healthy tissue. For example, an anti-cancer 

drug like doxorubicin that inhibits DNA supercoiling enzyme topoisomerase I, if delivered to the 

healthy tissue can severely affect DNA supercoiling and is thus cytotoxic to healthy tissue.227 A 

solution to minimize the toxic effect of drug is through targeted drug delivery using a drug 

carrier. One basic requirement for designing a carrier is that the drug carrier material should be 

biocompatible and biodegradable and of the appropriate size (below 400 nm) for the 

internalization process.226 Thus, lipid-based drug carriers (liposomes) and liposomes modified 

with natural polymers such as proteins and polysaccharides are used as drug carriers. Liposome 

as a carrier can be broadly divided into four types of delivery systems based on the type of 

modification that serves the purpose of specificity for a particular tissue.  
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Figure 5.1: Schematic representation of liposomal drug delivery systems reported from 
Sercombe et. al., (2015)228. (A) Conventional liposome with a lipid bilayer delivery 
system. (B) PEGylated liposome with polymer coated to the outer surface of 
liposome. (C) Ligand-targeted liposome with ligands such as antibodies, 
carbohydrates, and proteins attached to liposome surface. (D) Theranostic liposome 
with targeting element, an imaging component and a drug molecule all attached as a 
single system. 

 

Conventional and polymer-coated liposome carriers improve biodistribution and reduce 

cytotoxicity of drug molecules but have limitations that include non-specific interactions with the 

intended targets. Ligand–targeted liposomes with antibodies or proteins/peptides affixed to the 

surface are highly site-specific but have limited in vivo performance. Therefore, a combination of 

the above mentioned approaches are used for improving the drug delivery system.228 Moreover, 

the major drawback associated with liposome carriers is that they are unstable, expensive and 

difficult to prepare.229 Gebicki and Hicks230 prepared surfactant-based vesicles similar to the 

liposomes from oleic acid and linoleic acid. Hargreaves and Deamer231 also demonstrated the 

formation of vesicles from long chain fatty aids. Similarly, Kaler and coworkers developed 

several vesicle-forming catanionic systems from mixtures of cationic and anionic surfactants.232 

Since Kaler’s initial work, many surfactant vesicle systems have been developed. Recently, the 
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surfactant vesicle systems with closed bilayer structure has found applications in industrial and 

pharmaceutical areas where phospholipid vesicles had traditionally been utilized.232,233 Thus, 

surfactant-based vesicles that are biocompatible, stable and form spontaneously are of interest 

either as drug carriers or targeting systems. Since, water is the most common solvent for the 

delivery of several drug systems, the phase behavior of the surfactant vesicles is important to 

understand its potential and limitations as a drug delivery tool. The surfactant monomers 

dispersed in water aggregates above a critical aggregation concentration (CAC) can form many 

packed structures, depending upon its molecular geometry such as micelle, vesicle and bilayer, 

see Chapter 1. A stable carrier system is important for the efficient delivery of drug such as 

bilayers or vesicles that can withstand extreme dilution and retain phase properties over a wide 

range of concentration, temperature, pH and ionic strength. For instance, the excessive dilution 

of the vehicle system below its CMC during administration may cause precipitation of the 

transported drug molecules and impose severe problems during drug transportation.225  

A vesicle is a closed shell made of a single-bilayer with an internal aqueous compartment 

separated from the bulk water. The bilayers are relatively impermeable to many ions and 

molecules that mimic the biomembrane and acts as micro-reactors.61 Simple and commercially 

available single-tailed cationic and anionic surfactants are mixed in water in a different ratio; 

they can form an ion pair, resulting in a double-tail zwitterionic surfactant similar to the 

phospholipid molecule. The double-tailed ion pair has a smaller head group and larger 

hydrophobic tail than the individual unpaired surfactants.  
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Figure 5.2: Formation of catanionic vesicle from single-tailed surfactants. CTA+ and SDB- has 
single-tail with a packing parameter P1/3. Single tailed surfactants form an ion 
pair resulting in a double hydrophobic tail and a zwitterionic head similar to a 
conventional phospholipid. 

 

Thus, the formation of the electrostatic complex decreases the average size of the head group    

of the surfactant, which affects the packing parameter P and the structure that it forms, described 

in Chapter 1. The packing parameter, P is the ratio of the volume v, of the hydrophobic tail of the 

amphiphile, to the chain length of the hydrophobic tail lc, and the cross-sectional area of the 

hydrophilic head group    Equation (5.1)234 

  
 

    
                             

The single-tailed surfactant, as shown in Figure 5.2, has a packing parameter of P1/3 and forms 

micelles in water. But a mixture of the single tailed surfactants forming ion pair has P1, which 

forms a bilayer rather than a micelle. The electrostatic attraction and the hydrophobic 

interactions between the catanionic pair results in the spontaneous formation of equilibrium 

vesicles in water, lowering the CAC value compared to the individual pure surfactants.235,232 This 

stronger net interaction is due to the electrostatic attraction between the oppositely charged 

components in the bilayer. The charge and size of the vesicles can be altered by adjusting the 

relative ratio or chain length of the anionic to cationic surfactants.236 The formation of a 

catanionic vesicle requires an excess of one surfactant over the other, which gives it an overall 



 106 

net positive or negative charge. The catanionic vesicles are highly tunable, relatively inexpensive 

and stable over years compared to the conventional liposome.229 Since, the catanionic bilayer is 

formed by the higher mole fraction of one surfactant over the other, there is a mixture of 

unpaired and paired surfactants in the system.237 This nonideal mixing of surfactants with 

unpaired (larger head area) and paired surfactant (smaller head area) leads to a composition 

difference in the outer and inner leaflet of the bilayer. The outer leaflet has higher number of 

surfactants and the average space between the head groups is larger (due to repulsive interaction) 

than the inner leaflet. 238 Thus, average head group area in the outer leaflet of the bilayer is larger 

compared to the head group area in the inner leaflet which gives it a spontaneous bilayer 

curvature, as shown in Figure 5.3. This bilayer curvature can form vesicle of preferred radius that 

is more stable than the flat bilayer.239 Also, the stability of the vesicle is higher compared to a 

micelle in dilute solution and slightly higher salt concentration, due to the dominant electrostatic 

interactions between the excess cationic or anionic head groups present in the leaflets of the 

charged bilayers.239 

 

Figure 5.3: Cartoon showing excess surfactant in the outer leaflet. 238 
 

The major segment of the Chapter will focus on the pseudo-ternary phase diagram of 

CTAT-SDBS vesicle, stability of pH responsive CTAT-SDBS-TDA vesicle and the binding of 

dye/drug using equilibrium dialysis. Only a minor segment of this Chapter will describe CPC-

SDBS vesicles. Pyridinium based cationic surfactants are interesting due to their promising role 
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for gene delivery and protein folding with relatively low toxicity.  Thus, a new vesicle 

formulation using pyridinium surfactant CPC and SDBS has been prepared with the goal of 

improving biocompatibility. A range of formulations which yield vesicles, in both the cation and 

anion rich regions have been prepared along with the pH responsiveness. 

 

5.2. Material and Methods 

5.2.1. Materials 

Surfactants CTAT (purity > 99%), TDA (purity > 99%) and SDBS (purity > 99%) were purchase 

from Sigma Aldrich Chemicals and were stored in a desiccator to prevent water absorption. CPC 

was purchased from Dishman Pharmaceuticals and chemicals Ltd. Sodium hydroxide, (NaOH), 

hydrochloric acid (HCl) and HEPES were purchased from Fisher Scientific. R6G and DOX were 

purchased from Fisher Chemicals. Polypropylene mini dialysis cups with 3.5 KMWCO cellulose 

membranes were purchased from Fisher Scientific chemicals. 

  

5.2.2. Preparation of Vesicles  

 Preparation of CTAT rich vesicles   

HEPES buffer (0.10 M) was prepared using NaOH/HCl to obtain different pH value. Dry 

surfactants, CTAT (0.07 g) and SDBS (0.03g) were dissolved in 10 mL buffer solution to 

prepare 1 wt. % neat vesicles. The total surfactant concentration was 0.026 M. The ionic strength 

was maintained constant for all samples by adding required amount of NaCl or KCl solution. pH 

responsive CTAT rich vesicles containing TDA, SDBS and CTAT were prepared by 

incrementally substituting mole fractions of SDBS with TDA (see Appendix 5.1) while keeping 

CTAT constant to maintain the charge-ratio of the bilayer components uniform in all samples. 
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To check the stability of TDA containing vesicles, six samples of cation rich CTAT-SDBS-TDA 

vesicles were prepared by replacing 0.0, 0.05, 0.16, 0.21, 0.32 and 0.40 mole fractions of SDBS 

with TDA at each pH, 5.0, 5.5, 6.0, 6.5, 7.0, 7.4. The vesicle solutions were stirred for ~ 24 h to 

ensure surfactants had completely dissolved and were allowed to equilibrate for about 8-10 h at 

room temperature.  

 
SDBS rich vesicles 

HEPES buffer (0.10 M) was prepared in Milli Q water and NaOH/HCl was added accordingly to 

obtain different pH value. Dry surfactants, CTAT (0.03 g) and SDBS (0.07g) were dissolved in 

10 mL buffer solution to prepare 1 wt. % neat vesicles to obtain total of 0.026 M surfactant 

concentrations. The ionic strength was maintained constant for all samples by adding required 

amount of NaCl or KCl solution. Negatively charged pH responsive vesicles containing TDA, 

SDBS and CTAT were prepared by substituting SDBS with TDA while keeping CTAT constant 

to maintain the charge-ratio of the bilayer components uniform in all samples. To check the 

stability of TDA containing vesicles, three samples of anion rich SDBS-CTAT-TDA vesicles 

were prepared by replacing with 0.3 mole fractions of TDA at each pH value 5.4, 6.4, and 7.4. 

The vesicle solutions were stirred for ~ 24 hours with R6G to ensure surfactants had completely 

dissolved and were allowed to equilibrate for about 8-10 h at room temperature.  

The pH responsive anion rich SDBS-CTAT-TDA vesicles were prepared from XTDA = 

0.2 mole fraction, to study its binding efficiency using equilibrium dialysis. The vesicle solutions 

were filtered using 0.25uM Whatman filter paper.  

 CPC-SDBS vesicles  

CPC-SDBS vesicles were prepared by dissolving solid CPC and solid SDBS surfactant in water 

and 0.15 M NaCl at different mole ratio of CPC and SDBS. The mean hydrodynamic radius of 
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the CPC-SDBS vesicles in water and in 0.15 M NaCl were determined using Dynamic Light 

Scattering (DLS) on a NICOMPTM 380 ZLS instrument.  

pH responsiveness was studied for neat CPC-SDBS vesicles without any mole fraction of 

TDA to study its binding efficiency using equilibrium dialysis.   

 

5.2.3. Equilibrium Dialysis  

Polypropylene cups with regenerated cellulose membranes and 3.5 KMWCO were used as the 

dialysis chamber. The dialysis was performed on the neat anion rich SDBS–CTAT and SDBS–

CPC vesicles and on pH responsive anion rich SDBS-CTAT-TDA vesicles with XTDA = 0.2 mole 

fraction. The dialysis was performed for 7.4, 7.0, 6.5, 6.0, 5.5, 5.0, 4.5 & 4.0 pH solutions. 100 

mL of buffer solution mixed with1uM R6G dye or DOX drug at each pH was used as a solvent 

for dialysis. The ionic strength of 0.10 M was maintained for all samples. Neat buffer solution at 

the respective pH was used as a reference sample in the dialysis mini cup for the comparative 

binding of dye/drug to the vesicles. R6G and DOX were used as the binding solutes for this 

study. 0.34 mL solutions of buffer and vesicles were pipetted out and put into the dialysis cup to 

study the binding of the dye to neat buffer (reference sample) and SDBS rich vesicle samples 

with gentle stirring. The samples were dialyzed for 12-15 h and binding of the dye was analyzed 

using SHIMADZU-2550 UV-vis spectrophotometer. The dialysis was set up in the dark to avoid 

photo bleaching under lab conditions.  
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5.2.4. Determination of the Dye Binding Constant 

UV-Vis absorption spectroscopy was used to analyze the binding of the dye to the vesicles. The 

samples before taking the UV absorption were diluted with ethanol (1:1) ratio to avoid the 

scattering of the light by the vesicle solution. The wavelength 531 nm was selected for the study 

of R6G and 485 nm for DOX. The association constant and the standard deviation were 

determined as;  

             
                   

          
                              

                
            

                                      

 

              
      

 

          
 

          
 

          
                       

Where              is the equilibrium association constant of the dye molecules to the vesicles, 

         is the absorbance of the dye bound to the vesicle and            is the absorbance of the 

reference sample (buffer) bound to dye.  is the standard deviation. 
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5.3. Results and Discussion 

5.3.1. Formation and Stability of CTAT-SDBS Catanionic Vesicle  

This part of the Chapter describes the CTAT-SDBS catanionic vesicle systems. CTAT is the 

cationic surfactant and sodium dodecylbenzenesulfonate (SDBS) is the anionic surfactant. Figure 

5.4 shows the structure of the CTAT and SDBS as single-tailed surfactants. CTAT has a positive 

charged quaternary ammonium head group with sixteen carbons in the hydrophobic tail, while 

SDBS has a negative charged sulfonate head group with twelve carbons in the tail. Pure CTAT 

forms rod like micelles above the CMC of 0.34 mM and SDBS forms spherical micelles above 

the CMC of 2.8 mM in water.238   

 

Figure 5.4: Structures of the surfactants used in tthe study. (A) Cetyltrimethylammonium 
tosylate (CTAT).  (B) n-tridecanoic acid (TDA).  (C) Sodium 
dodecylbenzenesulfonate (SDBS).  (D) Cetylpyridinium chloride (CPC). 

 

The pseudo-ternary phase diagram for the CTAT-SDBS vesicle system at room 

temperature with composition based on weight percentage is shown in Figure 5.5. The pseudo-
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ternary phase diagram of CTAT and SDBS was first constructed by Kaler, et al., in 1989.232 

Vesicles are found at the water rich corner of the phase diagram. The two lobes V+ and V- 

represent the mixture composition where CTAT-rich (cationic) positive charge vesicle and 

SDBS-rich (anionic) negative charge vesicles are formed (blue region). These are the regions 

where the catanionic vesicles are most stable in water and require one surfactant to be in excess, 

which gives the bilayer a net charge. As the concentration of the surfactant increases, both the 

vesicle and the lamellar phase are present. Along the equimolar line, the system precipitates as a 

lamellar solid due to the equimolar amount, i.e., 1:1 ratio of CTA+: SDB- complex in the 

solution mixture. The micelle phase are found at each binary surfactant-water boundary (green 

region). Thus, the phase diagram helps predict the formation of vesicles and micelles at different 

concentrations important for the adjustment of the aggregation properties.  

 

Figure 5.5: Ternary phase diagram for CTAT/SDBS/H2O solutions at 25 C in water.232,238 
Compositions are shown as weight percent. The blue lobes represent vesicles, V+ 
for CTAT-rich and V- for SDBS-rich. Green phase represents the micelle-forming 
region: CTAT-rich rod-like micelle (left) and SDBS-rich spherical micelles (right).  
Grey phase represents a mixed vesicle and lamellar phase. 
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Equilibrium vesicles are formed when these single-tailed surfactants such as CTAT 

(cationic) and SDBS (anionic), are mixed in a certain molar ratio in water. The vesicles prepared 

from the cationic and anionic surfactant are also called “catanionic” vesicles. The vesicle 

formation is rapid (<12 h) at normal conditions and they are thermodynamically stable. CTAT 

and SDBS have a strong attractive interaction (electrostatic), given by a negative interaction 

parameter, i.e.   having a value -24.239,238 Due to such strong interaction the CAC of a CTAT 

and SDBS mixture is 2.6 µM, which is about 100 times lower than the CMC of CTAT (0.34 

mM) or SDBS (2.8 mM) surfactants.238 Adjusting the molar ratio of CTAT and SDBS can alter 

the net charge on the vesicle. For example, when CTAT is in excess about 1.8 fold, a positive 

charge vesicle is prepared, while if SDBS is in excess negative charge vesicle forms. The 

diameter of the CTAT-SDBS vesicles ranges from 10 to 250 nm with an average radius R  (81 

 13) nm for 1.0 % weight cation rich CTAT-SDBS and R  (98  6) nm for anion rich SDBS-

CTAT vesicles as measured using dynamic light scattering (DLS).232,240   

Two kinds of catanionic vesicle were prepared by mixing varying quantities of CTAT 

and SDBS surfactants; one with SDBS (0.03g) and excess CTAT (0.07g) surfactants designated 

as ‘cation rich vesicle’ and the other with CTAT (0.03g) and excess SDBS (0.07g) surfactant 

designated as ‘anion rich vesicles’. Similar to vesicles prepared from SDBS-CTAT surfactant 

mixtures, anion and cation rich vesicle were also prepared from CPC and SDBS surfactants 

mixtures for the study of the drug/dye binding. In contrast to liposomes, which are 

conventionally used for drug delivery and are less stable and difficult to form, the catanionic 

vesicles are highly stable, form spontaneously and catanionic property makes them suitable for 

the study of the pH responsive characteristics. It has also been reported that the tumor tissue has 

enhanced permeability for the macromolecules such as vesicles, polymers, micelles and 
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nanoparticles compared to normal tissues and these macromolecules are retained in the tumor 

tissues for an extended period of time. This property of the tumor cells makes these 

macromolecules highly efficient for the selective delivery of drug molecules.241 Since catanionic 

vesicles attain bilayer architecture, they can mimic biological membranes, acting as a carrier for 

drug delivery and solubilizing several insoluble reagents. Selective or controlled drug release is 

possible when these macromolecules loaded with drug are triggered through some external 

stimuli such as pH, temperature, light, electric field and ionic strength.242 It is found that tumor 

tissue has lower pH than the normal tissue, which gives a platform to develop pH responsive 

vesicles for drug delivery applications.243 To confer pH responsiveness to the catanionic vesicles 

formed from the mixtures of SDBS and CTAT, n-tridecanoic acid (TDA) was added to the 

CTAT-SDBS surfactants mixture. TDA is a fatty acid surfactant that has thirteen carbons in its 

tail and a pKa  5.0, (Figure 5.4). Negatively charged vesicles were prepared using certain 

concentration of CTAT and SDBS surfactants mixed in  (1:3) ratio and were made pH responsive 

by replacing certain mole fractions of SDBS by TDA surfactant as shown in Appendix 5.1.  Two 

cationic solutes, the dye rhodamine (R6G) and an anti-cancer drug Dox were used to study the 

uptake and release efficiency of the vesicles. 

 

5.3.2. Rhodamine 6G (R6G) and Doxorubicin (DOX) 

R6G possesses a quaternary amine and is cationic at all pH values, Figure 5.6.240 It absorbs in the 

UV-vis at max = 531 nm and has an extinction coefficient of 1.16 x 105 M-1cm-1.244 DOX is an 

antitumor drug used in cancer chemotherapy, with notable successes in the treatment of a variety 

of cancers.245,246 DOX inhibits DNA supercoiling enzymes topoisomerase I and can also 

intercalate the base pairs of DNA double helix that inhibit activity of both DNA and RNA 



 115 

polymerase.227 DOX is cationic drug with a pKa of ~7.6,247 absorbs in UV-vis region  = 233 – 

530 nm and is pH dependent (positive charge below pH 9). The absorbance of DOX was 

measured at max = 485 nm with an extinction coefficient of 1.15 x 104 M-1cm-1.248 As seen in 

Figure 5.6, Dox has two parts, a hydrophobic anthraquinone and a hydrophilic sugar, which 

makes it amphiphilic and allows it to bind to cell membranes. 249,245 DOX is commercially 

available in the liposome encapsulated forms as Doxil.243,250 The neat anion rich SDBS-CTAT 

catanionic vesicles have high encapsulation efficiency for R6G and DOX due to the net negative 

charge on the vesicle. The SDBS surfactant has a highly dissociative sodium counter ion, which 

provides sulfonate head group with a strong negative layer for the electrostatic binding of 

drug/dye. 

 

 Figure 5.6: Structures of rhodamine 6G and doxorubicin.  
 

In the following sections, the binding of the solute to the V- vesicles will be demonstrated 

at different pH as an effort to formulate drug-bearing vesicles with good biocompatibility and pH 

triggered drug release.  
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5.3.3. Stable Range of pH Responsive Vesicle 

A desirable property of drug delivery materials is pH responsiveness in which a system holds 

drugs at the pH of blood but releases the drugs at low pH. To make a vesicle that is responsive to 

change in pH, a vesicle formulation that use a pH responsive surfactant was developed. pH 

responsive vesicle were prepared by successively substituting certain mole fraction of SDBS 

with a pH responsive surfactant (TDA) while keeping the CTAT and total surfactant 

concentration constant.  

Figure 5.7A shows the composition regions of different formulations of TDA vesicles 

over which stable vesicles are formed at various pH values.  Several ranges of anion rich and 

cation rich TDA vesicles were prepared from certain mole fractions of SDBS, CTAT and TDA 

surfactants. The TDA vesicles show different behavior compared to the neat SDBS-CTAT 

vesicles. Both anion and cation rich TDA vesicles were stable over a wide pH range, 7.4 to 5.0, 

for small mole fractions of TDA. Cation rich TDA vesicles with mole fraction of TDA (XTDA  

0.2) are stable at all pH values. However, anion rich TDA vesicles formulations are stable with 

XTDA  0.6 mole fraction of TDA at pH 7.4, XTDA  0.5 at pH 6.4 and XTDA  0.2 at pH 5.4. 

Thus, anion rich TDA vesicles can be used to sequester dye/drug at high pH and release at lower 

pH.  

Since anion rich TDA formulations with XTDA  0.2 were stable at all pH ranges, vesicles 

with (XTDA = 0.3) were prepared for the study of phase separation. R6G was added to the vesicle 

formulation for the clear visualization of the aqueous and the surfactant rich phase, during phase 

separation. When the pH of the anion rich TDA vesicle solution was lowered, the vesicle 

becomes unstable. The TDA vesicle starts aggregating at pH 6.4 and completely phase separates 

at pH 5.4, Figure 5.7B. The TDA surfactant has a pKa = 5.0 due to which it gets titrated at lower 
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pH values.  Due to the protonation of the carboxylate head group of TDA surfactants at lower 

pH, the electrostatic charge balance in the vesicle bilayer is upset leading to the disruption of the 

vesicle. Thus, two separate phases, an aqueous and the surfactant rich phases are formed at lower 

pH.  Cation rich TDA vesicle formulations with higher mole fraction of TDA (> 0. 14) do not 

form in water, and formulations containing 0.14 mole fraction of TDA are stable at lower pH, 

see Figure 5.7A.  

 

Figure 5.7: Stability of CTAT-SDBS-TDA vesicle at different pH. (A) Results of lowering the 
pH for the cation and anion rich catanionic vesicles. Both cation and anion rich 
TDA vesicles become unstable as the pH decrease with higher mole fractions of 
TDA leading to lower stability. Anion rich TDA vesicles show better stability with 
higher mole fraction of TDA at lower pH compared to cation rich TDA vesicles. 
(B) Study of phase separation in anion rich TDA vesicle at pH 7.4, 6.4 and 5.4. 

 
 
 
5.3.4. CPC-SDBS System 

Cetylpyridinium chloride (CPC) is a cationic surfactant with a positive charge pyridinium head 

group and sixteen carbons in the hydrophobic tail. Figure 5.4 shows the structure of the CPC 

surfactant. Pure CPC surfactant forms spherical micelle above the CMC of 0.63 mM.251,252 Here, 

the formation of CPC-SDBS catanionic vesicle systems in neat water and 0.15 M NaCl solution 
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is discussed. Since, this is an attempt to prepare and test the stability of CPC-SDBS vesicle, mole 

fractions of CPC and SDBS are varied to obtain different ratios of surfactants with total 

surfactant concentration being constant. 

 A small segment of the phase diagram for CPC-SDBS system has been established and a 

range of formulations, which yield vesicles, have been discovered in both the cation- and anion-

rich regions in water and normal saline, Figure 5.8. In normal saline the stability range of anion 

rich SDBS -CPC vesicles is decreased, with precipitation observed near equimolarity. Also the 

cation rich CPC-SDBS vesicles are stable only in the range of 0.5 - 0.75 mole fraction of CPC. 

When any one surfactant is preset in relatively high concentration compared to the other 

surfactant, they form micelles instead of vesicles (green region in Figure 5.8). CPC forms 

micelles in water and in normal saline above a mole fraction  0.8 mixed with  0.2 mole 

fraction of SDBS. 

 

 
Figure 5.8: Dynamic light scattering (DLS) data for a range of CPC-SDBS surfactant mixtures. 

(A) In neat water. (B) In 0.15 M NaCl. 
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5.3.5. Equilibrium Dialysis 

Equilibrium dialysis was used to study the effectiveness of the vesicles to release the 

encapsulated dye/drug. Neat anion rich CTAT and CPC vesicles are expected to be less pH 

responsive compared to the anion rich TDA (XTDA =0.2) vesicles. Maximum binding of the drug 

to the vesicles was observed at pH 7.4 in case of DOX. However, the binding of the dye R6G 

was seen to have a maximum at pH 5.0 instead of pH 7.4. This unusual behavior is due to 

formation of a dicationic state of R6G at pH 5.0 and a monocation above pH 5.0. The drug 

binding to the vesicles at pH 4.0 was relatively less than at pH 7.4. The graph below shows good 

comparison between the anion rich CTAT, anion rich CPC and anion rich TDA vesicles as a 

result of the change in the pH values (Figure 5.9). As the pH is lowered, the TDA vesicles 

release more of the dye/drug compared to the CTAT and CPC vesicles. This shows the pH 

responsive nature of the TDA vesicles.   
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Figure 5.9: Equilibrium dialysis results for different SDBS rich vesicles at different pH values. 
SDBS rich-CTAT-TDA vesicles show fairly high pH dependent response at lower 
pH compared to SDBS rich-CTAT and SDBS rich-CPC vesicles. 

 
 

 

5.5. Conclusions  

The CTAT and SDBS vesicle system provides a good starting point for developing pH 

responsive and biocompatible vesicles.  Addition of TDA conveys pH responsiveness in a range 

that is relevant to drug delivery.  Combining SDBS with CPC provides vesicles that may be more 

biocompatible compared to CTAT-SDBS vesicles. Negative charge catanionic surfactant vesicle 

display high binding affinity with positive charge drug molecules at physiological pH (7.4). The 

equilibrium dialysis shows that as the pH decreases from 7.4 to 4, negative charge vesicles 

shows a decrease in binding affinity. The decrease in binding affinity is confirmed by the 

decrease in the value of the association constant from pH 7.4 to 5, which is the pH of tumor 
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tissues243 and even more around pH 4. Advantages of these systems include low cost, ease of 

preparation and long-term stability. Our results demonstrate the potential of TDA as a means to 

attain a desirable pH responsive drug release. 
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6. Summary 
 

This dissertation describes the applications of colloidal surfactant systems such as micelles and 

catanionic vesicles. Micelles and vesicles are nanostructures that provide a pseudo phase that is 

different from the bulk solvent important for various biological and industrial applications.   Here, 

cationic micelles formed from CTAB or CPB have been used for producing in situ bromine by the 

oxidation of the bromide counterions using BPO as the oxidizing agent. The method described here 

is safe and cost effective compared to aqueous bromine, which is corrosive and hazardous to use. 

The above method is comparatively better than the conventional methods that use transition metals 

as catalyst and organic solvents for the reactions to produce bromine. Bromine forms readily when 

BPO is added to a CTAB or CPB micelle solution and is subsequently employed as a brominating or 

oxidizing agent. In the reactions demonstrated in Chapter 2, micelles act as both a source for 

bromide anion and as a solubilizing agent for the substrates undergoing reaction.  Micelle-assisted 

bromination of cholesterol and methyl styrene is demonstrated with very high yields at moderate 

temperature.  The partial oxidation of benzyl alcohol to form benzaldehyde is also reported, and is 

significant since the typical oxidation product of primary alcohols in water using bromine is the 

corresponding acid.  The selective oxidation of one of the hydroxy groups of 1,4-bis 

(hydroxymethyl) benzene to form 4-(hydroxymethyl) benzaldehyde in CPB micelles is also reported.  

These examples of oxidations demonstrate the micelle’s important role in limiting oxidation to the 

aldehyde product.  The described methodology holds promise as a green alternative for bromine 

chemistry by avoiding the need for caustic brominating agents and organic solvents. 

 

The oxidation of 1,4-bis (hydroxymethyl) benzene in CPB micelle (mentioned above) has 

a different product distribution compared to that in CTAB micelle. The major structural 
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difference between the CPB and CTAB surfactant is in the cationic head group, where CTAB 

has quaternary ammonium and CPB has pyridinium nitrogen in the heterocyclic aromatic ring. 

To investigate the difference in the oxidation product in CPB and CTAB micelle, molecular 

dynamics (MD) simulations was used as a tool. But the atomistic level force field of CPB 

molecule had not been parameterized even though it has wide application in pharmaceuticals and 

industries. Thus, to perform the MD studies, the first united atom force field for CPB surfactant 

was developed, which is described in Chapter 3. The force field is based upon united atom 

GROMOS96 54a7 force field and the CPB model was tested and verified by studying its 

structural and dynamic properties in water, 1-octanol and micelle.  Principal component analysis 

(PCA), the diffusion coefficient, spatial distribution of solvent, and rotational autocorrelation 

function of CPB molecule in solutions and in micelle were calculated and compared to previous 

experimental and theoretical results for a strong validation of the force field. PCA confirms that 

the pyridinium ring remains planar, while the movement of the hydrophobic tail region leads to 

conformational changes during the simulations. The diffusion coefficients and the Rg obtained 

from these simulations are in good agreement with the experimental value. The pyridinium ring 

of the CPB monomer remains planar throughput the simulations, with an average angle of ~176° 

from the tail region. Different spatial distribution of oxygen and hydrogen atoms of solvents 

around the CPB head group indicates different interactions of solvents with the pyridinium head. 

Analysis of solvent interactions with CPB micelle is consistent with the hydrophobic and 

hydrophilic property of micelles. Thus, the proposed force field is suitable for study of CPB in 

self-assembled systems and as a monomer. This model will also be useful in future studies of 

CPB micelles, probing their usage as tools for drug delivery, protein folding, and as a template 

for nano-structured materials. Furthermore, this force field should be easily tunable, adapting 
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hydrocarbon tail length and substituting anions so that simulations of related pyridinium micelles 

and surfactants could be carried out.  

Once the force field of CPB was validated, three sets of simulations in CPB and 3 sets of 

simulations in CTAB micelles were performed using 1,4-bis (hydroxymethyl) benzene and its 

monoaldehyde product as a substrate for 100 ns in a 10 x 10 x 10 cubic nm box, see Chapter 4 for 

details. The consistency in the value of radius of gyration and the hydrophilic and hydrophobic 

property of CPB and CTAB (as obtained from the solvent interaction study) micelle from the 

simulations suggests that there is good stability of the data through out the simulations. Diol has 

higher diffusion coefficient in CTAT micelle, coinciding with higher rolling motion of diol 

compared to that in CPB micelle. The monoaldehyde substrate has more preferential orientation 

in CPB micelle compared to that in CTAB micelle. Based on this preferential orientation, it is 

concluded that the orientation of aldehyde toward the interior may protect the substrate from 

further oxidation giving rise to selection seen in CPB micelle.  

The preparation and testing of a catanionic pH responsive vesicle is described in Chapter 

5. CTAT and SDBS surfactant mixture provides a good starting point for developing pH 

responsive and biocompatible vesicles.  Addition of TDA conveys pH responsiveness in a range 

that is relevant to drug delivery.  In addition to CTAT-SDBS vesicle system, an effort is made to 

develop better biocompatible catanionic system by combining SDBS with CPC surfactant. SDBS 

rich negative charge catanionic surfactant vesicle display high binding affinity with positive 

charge drug and dye molecules at the physiological pH (7.4). The binding affinity of the drug to 

the vesicles was studied using equilibrium dialysis. UV-vis study of this binding affinity at 

different pH shows that as the pH decreases from 7.4 to 4, negative charge vesicles shows a 

decrease in the binding affinity. The decrease in binding affinity is confirmed by the decrease in 
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the value of the association constant from pH 7.4 to 5, and even more around pH 4. The pH 

responsive catanionic vesicles are stable over time, easy to prepare, and cost effective compared 

to the conventional liposome vesicles. These results also demonstrate the potential of TDA as a 

means to attain a desirable pH responsive drug release system. 

 

  



 126 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES  



 127 

 
REFERENCES 

 
 

1. Mishra, M.; Muthuprasanna, P.; Prabha, K. S.; Rani, P. S.; Babu, I. S.; Chandiran, I. S.; 
Arunachalam, G.; Shalini, S. Int. J. PharmTech. Res. 2009, 1, 1354-1365. 
 

2. Rosen, M. J., Surfactant and Interfacial Phenomenon, Third Ed.; John Wiley and sons: 
New Jersey, 2004. 
 

3. Rust, D.; Wildes, S. Surfactants a Market Opportunity Study Update 2008. 
 

4. Myers, D., Surfaces, Interfaces, and Colloids: Principles and Applications, Second Ed.; 
WILEY-VCH, 1999. 
 

5. Salager, J. L., Surfactants, Types and Uses; FIRP Booklet No. 300A: University of Los 
Andes: Merido, Venezuela, 2002. 
 

6. Kissa, E., Fluorinated Surfactants and Repellents 2001. 
 

7. Farn, R. J., Chemistry and Technology of Surfactants; Blackwell publishing Ltd.: UK, 
2006. 
 

8. Clint, J. H., Surfactant Aggregation; Chapman and Hall: USA, 1992. 
 

9. Paria, S.; Khilar, K. C. Adv Colloid Interface Sci. 2004, 110, 75-95. 
 

10. Dukhin, S.; Kretzschmar, G.; Miller, R., Dynamics of Adsorption at Liquid Interfaces 
First Ed., 1995. 
 

11. Butt, H. J.; Graf, K.; Kappl, M., Physics and Chemistry Interfaces Third Ed., 2003. 
 

12. Holmberg, K.; Jonsson, B.; Kronberg, B., Surfactants and Polymers in Aqueous Solution; 
John Wiley and Sons, LTD, 2003. 
 

13. Rosen, M. J.; Dahanayake, M., Industrial Utilization of Surfactants - Principles and 
Practice; AOCS Press: Champaign, IL, 2001. 



 128 

 

14. Adams, J. W. 1991, 73-82. 
 

15. Sabia, A. J. Am. Dyest. Rep. 1982, 71, 45-50. 
 

16. Stevens, P. J. G. Pestic. Sci. 1993, 38, 103-122. 
 

17. Israelachvili, J. N., Intermolecular and Surface Forces, Third Ed.; Elsevier: New York, 
2011. 
 

18. Nagarajan, R. Acs. Sym. Ser. 2011, 1070, 1-22. 
 

19. Silver, B. L., The Physical Chemistry of Membranes: An Introduction to the Structure 
and Dynamics of Biological Membranes, ; Solomon Press: New York, 1985. 
 

20. Aniansso.Ea; Wall, S. N. J. Phys. Chem. 1974, 78, 1024-1030. 
 

21. Tadros, T. F., Applied Surfactants: Principles and Applications; John Wiley & Sons, 
2006. 
 

22. McBain, J. W. Trans. Faraday Soc. 1913, 9, 99. 
 

23. McBain, J. W.; Salmon, C. S. J. Am. Chem. Soc. 1920, 42, 426-460. 
 

24. Hartley, G. S. J. Am. Chem. Soc. 1936, 58, 2347-2354. 
 

25. Buckingham, S. A.; Garvey, C. J.; Warr, G. G. J. Phys. Chem. 1993, 97, 10236-10244. 
 

26. Mata, J.; Varade, D.; Bahadur, P. Thermochimica Acta. 2005, 428, 147-155. 
 

27. Oliver, R. C.; Lipfert, J.; Fox, D. A.; Lo, R. H.; Doniach, S.; Columbus, L. PloS one 2013, 
8, 62488. 
 

28. Roelants, E.; Deschryver, F. C. Langmuir 1987, 3, 209-214. 
 



 129 

29. van Stam, J.; Depaemelaere, S.; De Schryver, F. C. J. Chem. Educ. 1998, 75, 93-98. 
 

30. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W. Biochim. Biophys. Acta. 1977, 470, 
185-201. 
 

31. King, M. D.; Marsh, D. Biochemistry 1987, 26, 1224-1231. 
 

32. Bachofer, S. J.; Simonis, U. Langmuir 1996, 12, 1744-1754. 
 

33. Nagarajan, R. Langmuir 2002, 18, 31-38. 
 

34. Tanford, C., The Hydrophobic Effect, Second Ed.; Wiley,: New York, 1980. 
 

35. Bendedouch, D.; Chen, S. H.; Koehler, W. C. J. Phys. Chem. 1983, 87, 153-159. 
 

36. Aranow, R. H.; Witten, L. J. Phys. Chem. 1960, 64, 1643-1648. 
 

37. Kahlweit, M.; Teubner, M. Adv. Colloid Interfac. 1980, 13, 1-64. 
 

38. Myers, D., Surfaces, Interfaces and Colloids: Principals and Applications; John Wiley & 
Sons,, 1999. 
 

39. Hickey, A. J.; Dalby, R. N.; Byron, P. R. Int. J. Pharm. 1988, 42, 267-270. 
 

40. Mishra, M.; Muthuprasanna, P.; Prabha, K. S.; Rani, P. S.; Satish, I. A.; Ch, I. S.; 
Arunachalam, G.; Shalini, S. Int. J. PharmTech. Res. 2009. 
 

41. Schramn, L. L., Surfactants: Fundamentals and Applications in the Petroleum Industry; 
Cambridge University Press: United Kingdom, 2009. 
 

42. Zhang, R.; Somasundaran, P. Adv. Colloid Interface Sci. 2006, 123-126, 213-29. 
 

43. Milano-Brusco, J. S.; Nowothnick, H.; Schwarze, M.; Schomäcker, R. Ind. Eng. Chem. 
Res. 2010, 49, 1098-1104. 
 

44. Giddi, H. S.; Arunagirinathan, M. A.; Bellare, J. R. Indian J. Exp. Biol. 2007, 45, 133-59. 



 130 

 

45. Love, L. J. C.; Dorsey, J. G. Anal. Chem. 1984, 56, 1132A-1148A. 
 

46. Fanun, M., Colloids in Drug Delivery; CRC Press, 2010; Vol. 150. 
 

47. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S. Y.; Sood, A. K.; Hua, S. Frontiers in 
pharmacology 2015, 6, 286. 
 

48. Reshad, M.; Nesbit, M.; Petrie, A.; Setchell, D. Eur. J. Posthodont. Restor. Dent. 2009, 
17, 2-8. 
 

49. Som, I.; Bhatia, K.; Yasir, M. J Pharm Bioallied Sci. 2012, 4, 2-9. 
 

50. Pathan, I. B.; Setty, C. M. Trop. J. Pharm. Res. 2008, 8, 173-179. 
 

51. Deamer , D. W.; Pashley, R. M. Origins Life Evol. B. 1989, 1, 21-38. 
 

52. Domagk, G. Duet Med. Wochenschr 1953, 61, 829-832. 
 

53. Jungermann, E., Cationic Surfactants: New York, 1970; Vol. 4. 
 

54. Ohlendorf, D.; Interthal, W.; Hoffmann, H. Rhelogica Acta 1986, 25, 468-486. 
 

55. Gravsholt, S. J. Colloid Interface Sci. 1976, 57, 575. 
 

56. Savignac, A. d.; Dupin, P.; Matondo, H.; Bories, S.; Lattes, A. J. Chem. Technol. Biot. 
1980, 30, 117-128. 
 

57. James, A. D.; Stewart, D., Cationic Surfactants in Road Construction and Repair. In 
Industrial Applications of Surfactants I; Royal Society of Chemistry: Cambridge, 1990. 
 

58. Viscardi, G.; Quagliotto, P.; Barolo, C.; Savarino, P.; Barni, E.; Fisicaro, E. J. Org. Chem. 
2000, 65, 8197-8203. 
 

59. Inacio, A. S.; Costa, G. N.; Domingues, N. S.; Santos, M. S.; Moreno, A. J.; Vaz, W. L.; 
Vieira, O. V. Antimicrob. Agents. Ch. 2013, 57, 2631-9. 



 131 

 

60. Lichtenberg, D.; Opatowski, E.; Kozlov, M. M. Biochim. Biophys. Acta. 2000, 1508, 1-19. 
 

61. Kaler, E. W.; Herrington, K. L.; Murthy, A. K.; Zasadzinski, J. A. N. J. Phys. Chem. 
1992, 96, 6698-6707. 
 

62. Berthod, A. J. Chim. Phys. 1983, 80, 407-424. 
 

63. Anachkov, S. E.; Danov, K. D.; Basheva, E. S.; Kralchevsky, P. A.; 
Ananthapadmanabhan, K. P. Adv. Colloid Interface Sci. 2012, 183, 55-67. 
 

64. Nakahara, H.; Shibata, O.; Moroi, Y. J. Phys. Chem. B 2011, 115, 9077-9086. 
 

65. Berret, J. F., Molecular Gels. Springer: 2005; pp 235-275. 
 

66. Rubingh, D. N.; Holland, P. M., Cationic Surfactants: Physical Chemistry; Marcel 
Dekker, Inc.: New York, 1990; Vol. 37. 
 

67. Schneider, C., Extraction of Genomic DNA from Blood Using Cationic Detergents. 
Google Patents: 1997. 
 

68. Grueso, E.; Roldan, E.; Sanchez, F. J. Phys. Chem. B 2009, 113, 8319-8323. 
 

69. Xu, L.; Feng, L.; Hao, J.; Dong, S. ACS applied materials & interfaces 2015, 7, 8876-85. 
 

70. Enomoto, R.; Suzuki, C.; Ohno, M.; Ohasi, T.; Futagami, R.; Ishikawa, K.; Komae, M.; 
Nishino, T.; Konishi, Y.; Lee, E. Annals of the New York Academy of Sciences 2007, 1095, 1-6. 
 

71. Smith, D. K.; Korgel, B. A. Langmuir 2008, 24, 644-649. 
 

72. Grzelczak, M.; Perez-Juste, J.; Mulvaney, P.; Liz-Marzan, L. M. Chem. Soc. Rev. 2008, 
37, 1783-1791. 
 

73. Zhao, D.; Wan, Y.; Zhou, W., Ordered Mesoporous Materials; Wiley-VCH: Germany, 
2013. 
 



 132 

74. Meng, W.; Gall, E.; Ke, F.; Zeng, Z.; Kopchick, B.; Timsina, R.; Qiu, X. J. Phys. Chem. 
C 2015, 119, 21135-21140. 
 

75. Park, S. H.; Choi, H. K. Int. J. Pharm. 2006, 321, 35-41. 
 

76. Pinnaduwage, P.; Schmitt, L.; Huang, L. Biochimica et Biophysica Acta (BBA) - 
Biomembranes 1989, 985, 33-37. 
 

77. Zhu, L.; Ren, X.; Yu, S. Environ. Sci. Technol. 1998, 32, 3374-3378. 
 

78. Madaan, P. T., V. K. J. Oleo. Sci. 2008, 57, 197-215. 
 

79. Koopal, L. K.; Goloub, T.; de Keizer, A.; Sidorova, M. P. Colloids Surface A 1999, 151, 
15-25. 
 

80. Kravetz, L.; Guin, K. F. J. Am. Oil Chem. Soc. 1985, 62, 943-949. 
 

81. Stoner, M. R.; Dale, D. A.; Gualfetti, P. J.; Becker, T.; Randolph, T. W. Biotechnol. Prog. 
2005, 21, 1716-1723. 
 

82. Free, M. L. Corros. Sci. 2002, 44, 2865-2870. 
 

83. Bodor, N.; Venkatraghavan, V.; Winwood, D.; Estes, K.; Brewster, M. E. Int. J. Pharm. 
1989, 53, 195-208. 
 

84. Karande, P.; Mitragotri, S. Pharm. Res. 2002, 19, 655-60. 
 

85. Hodes, M. E.; Palmer, C. G.; Livengood, D. Exp.Cell Res. 1961, 24, 298-310. 
 

86. Alder, B. J.; Wainwright, T. E. J. Chem. Phys. 1957, 27, 1208. 
 

87. Rahman, A. Phys. Rev. 1964, 136, 405-410. 
 

88. Bruce, C. D.; Berkowitz, M. L.; Perera, L.; Forbes, M. D. E. J. Phys. Chem. B 2002, 106, 
3788-3793. 
 



 133 

89. Dror, R. O.; Dirks, R. M.; Grossman, J. P.; Xu, H. F.; Shaw, D. E. Annu. Rev. Biophys. 
2012, 41, 429-452. 
 

90. Lindahl, E.; Hess, B.; Van Der Spoel, D. J. Mol. Model. 2001, 7, 306-317. 
 

91. Schmid, N.; Eichenberger, A. P.; Choutko, A.; Riniker, S.; Winger, M.; Mark, A. E.; van 
Gunsteren, W. F. Eur. Biophys. J. Biophy. 2011, 40, 843-856. 
 

92. Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 1996, 14, 33-8, 27-8. 
 

93. van der Spoel, D.; Lindahl, E.; Hess, B. GROMACS User Manual version 4.6.5 2013. 
 

94. Leach, A. R., Molecular Modelling Principles and Applications, Second Ed.; Pearson 
Education Limited, 2001. 
 

95. Meller, J. Molecular Dynamics Encyclopedia of the human genome 2003. 
 

96. Frisch, M. J., et al., Gaussian 09, Revision B.01. In Gaussian 09, Revision B.01, 
Gaussian, Inc., Wallingford CT, Wallingford CT, 2009. 
 

97. Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652. 
 

98. Breneman, C. M.; Wiberg, K. B. J. Comput. Chem. 1990, 11, 361-373. 
 

99. Case, D. A.; Cheatham, T. E., 3rd; Darden, T.; Gohlke, H.; Luo, R.; Merz, K. M., Jr.; 
Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R. J. J. Comput. Chem. 2005, 26, 1668-88. 
 

100. Brooks, B. R., et al. J. Comput. Chem. 2009, 30, 1545-614. 
 

101. Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. J. Am. Chem. Soc. 1996, 118, 11225-
11236. 
 

102. Gonzalez, M. A. Force Fields and Molecular Dynamics Simulations 2011. 
 

103. Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. J. Phys. Chem. 1987, 91, 6269-6271. 
 



 134 

104. Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M. J. Comput. Chem. 1997, 18, 
1463-1472. 
 

105. Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, L. G. J. Chem. 
Phys. 1995, 103, 8577-8593. 
 

106. Miyamoto, S.; Kollman, P. A. J. Comput. Chem. 1992, 13, 952-962. 
 

107. Bussi, G.; Donadio, D.; Parrinello, M. J. Chem. Phys. 2007, 126, 014101. 
 

108. Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. J. 
Chem. Phys. 1984, 81, 3684-3690. 
 

109. Jorge, M. Langmuir 2008, 24, 5714-5725. 
 

110. Lee, B.; Richards, F. M. J. Mol. Biol. 1971, 55, 279-400. 
 

111. Berthod, A.; Girard, I.; Gonnet, C. Anal Chem 1986, 58, 1362-1367. 
 

112. Mata, J.; Varade, D.; Bahadur, P. Thermochimica Acta 2005, 428, 147-155. 
 

113. Sun, S.; Belton, G. R. Metall. Mater. Trans. B 1998, 29, 137-145. 
 

114. Savelli, G.; Germani, R.; Brinchi, L., Reactions and Synthesis in Surfactant Systems; 
Marcel Dekker: New York, 2001. 
 

115. Samiey, B.; Cheng, C. H.; Wu, J. J. Chem. 2014. 
 

116. Graciani, M. d. M.; Rodríguez, M. A.; Moyá, M. L. Int. J. Chem. Kinet. 1997, 29, 377-
384. 
 

117. Brinchi, L.; Germani, R.; Goracci, L.; Savelli, G.; Spreti, N.; Di Profio, P. J Colloid 
Interf Sci. 2006, 298, 426-431. 
 

118. Xiao, J.; Qi, L. Nanoscale 2011, 3, 1383-1396. 
 



 135 

119. Cerichelli, G.; Grande, C.; Luchetti, L.; Mancini, G. J. Org. Chem. 1991, 56, 3025-3030. 
 

120. Bravo-Diaz, C.; Pastoriza-Gallego, M. J.; Losada-Barreiro, S.; Sanchez-Paz, V.; 
Fernandez-Alonso, A. Int. J. Chem. Kinet. 2008, 40, 301-309. 
 

121. Kumar, L.; Mahajan, T.; Agarwal, D. D. Ind. Eng.Chem. Res. 2012, 51,    7−   34.  
 

122. Palou, J. Chem. Soc. Rev. 1994, 23, 357-361. 
 

123. Joshi, G.; Patil, R. D.; Adimurthy, S. Rsc Adv 2012, 2, 2235-2239. 
 

124. Paakkonen, S.; Pursiainen, J.; Lajunen, M. Tettrahedron Lett. 2010, 51, 6695-6699. 
 

125. Zhu, Q. N.; Wu, J.; Zhao, J. W.; Ni, W. H. Langmuir 2015, 31, 4072-4077. 
 

126. Mu, R. H.; Liu, Z. Q.; Yang, Z. J.; Liu, Z. G.; Wu, L. M.; Liu, Z. L. Adv Synth Catal 
2005, 347, 1333-1336. 
 

127. Ganchegui, B.; Leitner, W. Green Chem. 2007, 9, 26-29. 
 

128. Kikuchi, D.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 1998, 63, 6023-6026. 
 

129. Masuda, H.; Takase, K.; Nishio, M.; Hasegawa, A.; Nishiyama, Y.; Ishii, Y. J. Org.  
Chem. 1994, 59, 5550-5555. 
 

130. Kumar, L.; Mahajan, T.; Agarwal, D. D. Ind. Eng. Chem. Res. 2012, 51, 11593-11597. 
 

131. Rozen, S.; Lerman, O. J. Org. Chem. 1993, 58, 239-240. 
 

132. Huthmacher, K.; Effenberger, F. Synthesis-Stuttgart 1978, 693-694. 
 

133. Bunton, C. A. Arkivoc 2011, 490-504. 
 

134. Bunton, C. A. Adv. Colloid Interfac. 2006, 123, 333-343. 
 



 136 

135. Dwars, T.; Paetzold, E.; Oehme, G. Angew. Chem. Int. Edit. 2005, 44, 7174-7199. 
 

136. Bunton, C. A.; Nome, F.; Quina, F. H.; Romsted, L. S. Accounts Chem. Res. 1991, 24, 
357-364. 
 

137. Dwars, T.; Paetzold, E.; Oehme, G. Angew. Chem. Int. Edit. 2005, 44, 7174-7199. 
 

138. Graciani, M. D.; Rodriguez, A.; Munoz, M.; Moya, M. L. Langmuir 2003, 19, 8685-8691. 
 

139. Grinbaum, B.; Freiberg, M. Kirk-Othmer Encyclopaedia of Chemical Technology 2011. 
 

140. Wang, T. X.; Kelley, M. D.; Cooper, J. N.; Beckwith, R. C.; Margerum, D. W. Inorg 
Chem 1994, 33, 5872-5878. 
 

141. Kerenskaya, G.; Goldschleger, I. U.; Apkarian, V. A.; Janda, K. C. J. Phys. Chem. A 
2006, 110, 13792-13798. 
 

142. Joshi, G.; Patil, R. D.; Adimurthy, S. Rsc. Advances 2012, 2, 2235-2239. 
 

143. Seery, J. D.; Britton, D. J. Phys. Chem. 1964, 68, 2264. 
 

144. Iglesias, E.; Dominguez, A. New J. Chem. 1999, 23, 851-855. 
 

145. Zoski, C., Handbook of Electrochemistry. First Ed.; Science,  2007. 
 

146. Wakasa, M.; Kugita, T. Organometallics 1998, 17, 1913-1915. 
 

147. Striven., T. A. Colloid Polym. Sci. 1989, 267, 269-280. 
 

148. Fieser, F. L. J. Am. Chem. Soc. 1953, 75, 5421–5422. 
 

149. Moriuchi, T.; Yamaguchi, M.; Kikushima, K.; Hirao, T. Tetrahedron Lett. 2007, 48, 
2667-2670. 
 

150. Partenheimer, W. Adv. Synth. Catal. 2006, 348, 559-568. 
 



 137 

151. Carey, F. A.; Sundberg, R. J., Advanced Organic Chemistry, Fifth Ed.; Springer, 2008; 
Vol. Part B. 
 

152. Mishra, A.; Verma, R.; Mitchell-Koch, K. R. J. Chem. Theory Comput. 2015, 11, 5415-
5425. 
 

153. MacKerell, A. D. J. Phys. Chem. 1995, 99, 1846-1855. 
 

154. Smit, B.; Esselink, K.; Hilbers, P. A. J.; van Os, N. M.; Rupert, L. A. M.; Szleifer, I. 
Langmuir 1993, 9, 9-11. 
 

155. Kralova, I.; Sjöblom, J. J. Disper. Sci. Technol. 2009, 30, 1363-1383. 
 

156. Ismayilov, I. T.; Abd El-Lateef, H. M.; Abbasov, V. M.; Mamedxanova, S. A.; 
Yolchuyeva, U. C.; Salmanova, C. K. Am. J. Appl. Chem. 2013, 1, 79-86  
 

157. Mankodi, S.; Bauroth, K.; Witt, J. J.; Bsoul, S.; He, T.; Gibb, R.; Dunavent, J.; Hamilton, 
A. Am. J. Dent. 2005, 18, 9a-14a. 
 

158. Versteeg, P. A.; Rosema, N. A. M.; Hoenderdos, N. L.; Slot, D. E.; Van der Weijden, G. 
A. Int. J. Dent. Hyg. 2010, 8, 269-275. 
 

159. Lawrence, M. J. Chem. Soc. Rev. 1994, 23, 417-424. 
 

160. Niu, W. X.; Zheng, S. L.; Wang, D. W.; Liu, X. Q.; Li, H. J.; Han, S. A.; Chen, J.; Tang, 
Z. Y.; Xu, G. B. J. Am. Chem. Soc. 2009, 131, 697-703. 
 

161. Sagar, G. H.; Arunagirinathan, M. A.; Bellare, J. R. Indian J. Exp. Biol. 2007, 45, 133-
159. 
 

162. Schramm, L. L.; Stasiukb, E. N.; Marangoni, D. G. Annu. Rep. Prog. Chem., Sect. C 
2003, 99,  3–48. 
 

163. Wang, Z.; Leung, M. H. M.; Kee, T. W.; English, D. S. Langmuir 2009, 26, 5520-5526. 
 

164. Samanta, S. K.; Bhattacharya, S.; Maiti, P. K. J. Phys. Chem. B 2009, 113, 13545-13550. 
 



 138 

165. Danoff, E. J.; Wang, X.; Tung, S.-H.; Sinkov, N. A.; Kemme, A. M.; Raghavan, S. R.; 
English, D. S. Langmuir 2007, 23, 8965-8971. 
 

166. Eastoe, J.; Dalton, J. S. Adv. Colloid Interfac. 2000, 85, 103-144. 
 

167. Sharma, V. D.; Lees, J.; Hoffman, N. E.; Brailoiu, E.; Madesh, M.; Wunder, S. L.; Ilies, 
M. A. Mol Pharmaceut 2014, 11, 545-559. 
 

168. Raczka, E.; Kukowska-Latallo, J. F.; Rymaszewski, M.; Chen, C.; Baker, J. R., Jr. Gene 
therapy 1998, 5, 1333-9. 
 

169. Liu, X. Q.; Abbott, N. L. J Colloid Interface Sci. 2009, 339, 1-18. 
 

170. Sata, T.; Yamane, Y.; Matsusaki, K. J. Polym. Sci. A Polym. Chem 1998, 36, 49-58. 
 

171. McNamee, C. E.; Matsumoto, M.; Hartley, P. G.; Nakahara, M. Colloids Surf., A 2001, 
193, 175-185. 
 

172. Fuerstenau, D. N.; Herrera-Urbina, D. W., Adsorption of Cationic Surfactants and the 
Flotation of Minerals in Cationic Surfactants; Marcel Dekker: New York, 1990, 37. 
 

173. Mulligan, C. N.; Yong, R. N.; Gibbs, B. F. Eng. Geol. 2001, 60, 371-380. 
 

174. Paria, S.; Yuet, P. K. Ind. Eng. Chem. Res. 2006, 45, 712-718. 
 

175. Gharibi, H.; Palepu, R.; Bloor, D. M.; Hall, D. G.; Wynjones, E. Langmuir 1992, 8, 782-
787. 
 

176. Galán, J. J.; Rodríguez, J. R. J. Therm. Anal. Calorim 2010, 101, 359-364. 
 

177. Sun, C. X.; Yang, J. H.; Wu, X.; Huang, X. R.; Wang, F.; Liu, S. F. Biophys. J. 2005, 88, 
3518-3524. 
 

178. Meleshyn, A. Langmuir 2009, 25, 6250-6259. 
 

179. Meleshyn, A.; Bunnenberg, C. J. Phys. Chem. B 2006, 110, 2271-2277. 



 139 

 

180. Dennington, R. K., Todd; Millam, John. , Gaussview, Version 5. Semichem Inc.: 
Shawnee Mission, KS, 2009. 
 

181. Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J. Intermolecular 
forces 1981, 331-342. 
 

182. Horta, B. A. C.; Fuchs, P. F. J.; van Gunsteren, W. F.; Hünenberger, P. H. J. Chem. 
Theory Comput. 2011, 7, 1016-1031. 
 

183. Malde A. K; Zuo L; Breeze M; Stroet M; Poger D; Nair PC; Oostenbrink C; E., M. A. J. 
Chem. Theory Comput. 2011, 7, 4026-4037. 
 

184. Martínez, L.; Andrade, R.; Birgin, E. G.; Martínez, J. M. J. Comput. Chem. 2009, 30, 
2157-2164. 
 

185. Haldar, J.; Aswal, V. K.; Goyal, P. S.; Bhattacharya, S. J. Phys. Chem. B 2004, 108, 
11406-11411. 
 

186. Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.; Mark, A. E. 
Angew. Chem. Int. Edit. 1999, 38, 236-240. 
 

187. Allen, M. P.; Tidesley, D. J., Stastistical Mechanics: Computer Simulations of Liquids 
Oxford university press: Oxford, England, 1987, 58-60. 
 

188. Perrin, F. J Phys-Paris 1936, 7, 1-11. 
 

189. Roccatano, D. Curr. Protein Pept. Sci. 2008, 9, 407-26. 
 

190. Jas, G. S.; Wang, Y.; Pauls, S. W.; Johnson, C. K.; Kuczera, K. J. Chem. Phys. 1997, 107, 
8800-8812. 
 

191. Nagarajan, R. Langmuir 2002, 18, 31-38. 
 

192. Cullis, P. R.; Hope, M. J.; Tilcock, C. P. S. Chem. Phys. Lipids 1986, 40, 127-144. 
 



 140 

193. Amadei, A.; Linssen, A. B.; Berendsen, H. J. Proteins 1993, 17, 412-25. 
 

194. Amadei, A.; Linssen, A. B.; de Groot, B. L.; van Aalten, D. M.; Berendsen, H. J. J. 
Biomol. Struct. Dyn. 1996, 13, 615-25. 
 

195. Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.; Greenblatt, D. M.; Meng, E. 
C.; Ferrin, T. E. J. Comput. Chem. 2004, 25, 1605-12. 
 

196. Paradies, H. H.; Habben, F. Acta Crystallogr C 1993, 49, 744-747. 
 

197. Atkin, R.; Craig, V. S. J.; Biggs, S. Langmuir 2001, 17, 6155-6163. 
 

198. Leaist, D. G. Ber.  Bunsen-Ges. phys. Chem. 1991, 95, 113-117. 
 

199. Henriksson, U.; Odberg, L.; Eriksson, J. C.; Westman, L. J. Phys. Chem. 1977, 81, 76-82. 
 

200. Cata, G. F.; Rojas, H. C.; Gramatges, A. P.; Zicovich-Wilson, C. M.; Alvarez, L. J.; 
Searle, C. Soft Matter 2011, 7, 8508-8515. 
 

201. Cook, D. Can. J. Chem. 1961, 39, 2009-2024. 
 

202. Yang, W.; Lin, X.; Wang, H.; Yang, W. Water Sci. Technol. 2013, 67, 2184-9. 
 

203. Porte, G.; Marignan, J.; Bassereau, P.; May, R. J. Phys. 1988, 49, 511-519. 
 

204. Lindstrom, U. M. Chem Rev 2002, 102, 2751-2771. 
 

205. Kobayashi, S.; Wakabayashi, T.; Nagayama, S.; Oyamada, H. Tetrahedron Lett. 1997, 38, 
4559-4562. 
 

206. Kobayashi, S.; Wakabayashi, T.; Oyamada, H. Chem. Lett. 1997, 831-832. 
 

207. Lipshutz, B. H.; Hageman, M.; Fennewald, J. C.; Linstadt, R.; Slack, E.; Voigtritter, K. 
Chem. Commun. 2014, 50, 11378-11381. 
 



 141 

208. Chen, B. T.; Bukhryakov, K. V.; Sougrat, R.; Rodionov, V. O. Acs Catal. 2015, 5, 1313-
1317. 
 

209. Adam, W.; Saha-Moller, C. R.; Ganeshpure, P. A. Chem. Rev. 2001, 101, 3499-3548. 
 

210. Sheldon, R. A.; Arends, I. W. C. E. Adv. Synth. Catal. 2004, 346, 1051-1071. 
 

211. Yurdakal, S.; Palmisano, G.; Loddo, V.; Augugliaro, V.; Palmisano, L. J. Am. Chem. Soc. 
2008, 130, 1568-+. 
 

212. Leduc, A. B.; Jamison, T. F. Org. Process Res. Dev. 2012, 16, 1082-1089. 
 

213. Collins, J. C.; Hess, W. M.; Frank, F. J. Tetrahedron Lett. 1968, 9, 3363-&. 
 

214. Lipshutz, B. H.; Boskovic, Z.; Crowe, C. S.; Davis, V. K.; Whittemore, H. C.; Vosburg, 
D. A.; Wenzel, A. G. J. Chem. Educ. 2013, 90, 1514-1517. 
 

215. Sangwai, A. V.; Sureshkumar, R. Langmuir 2011, 27, 6628-6638. 
 

216. Martinez, L.; Andrade, R.; Birgin, E. G.; Martinez, J. M. J. Comput. Chem. 2009, 30, 
2157-2164. 
 

217. van Stam, J.; Depaemelaere, S.; De Schryver, F. C. J. Chem. Edu. 1998, 75, 93-98. 
 

218. Kalyanasundaram, K.; Thomas, J. K. J. Am. Chem. Soc. 1977, 99, 2039-2044. 
 

219. Barry, B. W.; Morrison, J. C.; Russell, G. F. J. J Colloid Interf Sci. 1970, 33, 554-561. 
 

220. Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. J. 
Chem. Phys. 1984, 81, 3684-3690. 
 

221. Porte, G.; Marignan, J.; Bassereau, P.; May, R. J. Phys-Paris 1988, 49, 511-519. 
 

222. Soleimanzadegan, S.; Farsi, H.; Ebrahimi, F. J. Mol. Struct. 2015, 1079, 494-501. 
 



 142 

223. Cata, G. F.; Rojas, H. C.; Gramatges, A. P.; Zicovich-Wilson, C. M.; Alvarez, L. J.; 
Searle, C. Soft Matter 2011, 7, 8508-8515. 
 

224. Allen, T. M.; Moase, E. H. Adv. Drug Deliver. Rev. 1996, 21, 117-133. 
 

225. Lawrence, M. J. Chem. Soc. Rev. 1994, 23, 417-424. 
 

226. Beija, M.; Salvayre, R.; Lauth-de Viguerie, N.; Marty, J.-D. Trends in Biotech. 2012, 30, 
485-496. 
 

227. Nitiss, J. L. Nat. Rev. Cancer 2009, 9, 338-350. 
 

228. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S. Y.; Sood, A. K.; Hua, S. Frontiers in 
pharmacology 2015, 6. 
 

229. Park, J.; Rader, L. H.; Thomas, G. B.; Danoff, E. J.; English, D. S.; DeShong, P. Soft 
Matter 2008, 4, 1916-1921. 
 

230. Gebicki, J. M.; Hicks, M. Chem. Phys. Lipids 1976, 16, 142-160. 
 

231. Hargreaves, W. R.; Deamer, D. W. Biochemistry 1978, 17, 3759-3768. 
 

232. Kaler, E. W.; Murthy, A. K.; Rodriguez, B. E.; Zasadzinski, J. A. N. Science 1989, 245, 
1371-1374. 
 

233. Bramer, T.; Dew, N.; Edsman, K. J. Pharm. Pharmacol. 2007, 59, 1319-1334. 
 

234. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W. J. Chem. Soc. Farad. T2 1976, 72, 
1525-1568. 
 

235. Tondre, C.; Caillet, C. Adv. Colloid Interfac. 2001, 93, 115-134. 
 

236. Zheng, Z.; Liu, C.; Qiao, W. Eur. J. Lipid Sci. Tech. 2015, 117, 1673-1678. 
 

237. Walker, S. A.; Zasadzinski, J. A. Langmuir 1997, 13, 5076-5081. 
 



 143 

238. Lioi, S. B.; Wang, X.; Islam, M. R.; Danoff, E. J.; English, D. S. Phys. Chem. Chem. 
Phys. 2009, 11, 9315-9325. 
 

239. Chiruvolu, S.; Israelachvili, J. N.; Naranjo, E.; Xu, Z.; Zasadzinski, J. A.; Kaler, E. W.; 
Herrington, K. L. Langmuir 1995, 11, 4256-4266. 
 

240. Danoff, E. J.; Wang, X.; Tung, S. H.; Sinkov, N. A.; Kemme, A. M.; Raghavan, S. R.; 
English, D. S. Langmuir 2007, 23, 8965-8971. 
 

241. Maeda, H.; Greish, K.; Fang, J. Adv. Polym. Sci. 2006, 193, 103-121. 
 

242. Jeong, B.; Gutowska, A. Trends in Biotech. 2002, 20, 305-311. 
 

243. Tannock, I. F.; Rotin, D. Cancer Res. 1989, 49, 4373-4384. 
 

244. Selwyn, J. E.; Steinfel.Ji. J. Phys. Chem. 1972, 76, 762-&. 
 

245. Mohan, P.; Rapoport, N. Mol. Pharm. 2010, 7, 1959-1973. 
 

246. Abraham, S. A.; Waterhouse, D. N.; Mayer, L. D.; Cullis, P. R.; Madden, T. D.; Bally, M. 
B. Methods in enzymology 2005, 391, 71-97. 
 

247. Dalmark, M. Scand J. Clin. Lab. Invest. 1981, 41, 633-9. 
 

248. Ghugare, S. V.; Mozetic, P.; Paradossi, G. Biomacromolecules 2009, 10, 1589-1596. 
 

249. Manocha, B.; Margaritis, A. J. Nanomater. 2009, 2010. 
 

250. Alagkiozidis, I., et al. J. Transl. Med. 2009, 7. 
 

251. Skerjanc, J.; Kogej, K.; Vesnaver, G. J. Phys. Chem. 1988, 92, 6382-6385. 
 

252. Muller, W.; Dejugnat, C.; Zemb, T.; Dufreche, J. F.; Diat, O. J. Phys. Chem. B 2013, 117, 
1345-1356. 

 
 



 144 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



 145 

9. APPENDICES 
 
 

2.1: 1H NMR spectra of benzaldehyde in CDCl3; 

 

 

 
2.2: 1H NMR spectra in CDCl3 of; 

Monoaldehyde  
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Dialdehyde  
 

 
 
3.1: Partial charge distribution on the atoms in cetylpyridinium bromide (CPB); 

Atom Number Atom Name Atom Type Charges 
1 C1 CR1 0.193904 
2 C2 CR1 0.024874 
3 C3 CR1 0.217330 
4 C4 CR1 0.027381 
5 C5 CR1 0.191429 
6 N1 NR 0.132550 
7 C6 CH2 -0.016638 
8 C7 CH2 0.131041 
9 C8 CH2 0.074886 
10 C9 CH2 0.054895 
11 C10 CH2 0.040839 
12 C11 CH2 0.024660 
13 C12 CH2 0.018526 
14 C13 CH2 0.008654 
15 C14 CH2 0.021705 
16 C15 CH2 0.018355 
17 C16 CH2 0.006062 
18 C17 CH2 0.026813 
19 C18 CH2 -0.034938 
20 C19 CH2 -0.005653 
21 C20 CH2 0.100902 
22 C21 CH3 -0.074025 
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4.1: Partial charge distribution on the atoms in; 

CTAB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Atom number Atom Name Atom Type Charges 
1 C16 CH3 -0.091166 
2 C15 CH2 0.113074 
3 C14 CH2 0.01598 
4 C13 CH2 -0.061109 
5 C12 CH2 0.034944 
6 C11 CH2 0.015224 
7 C10 CH2 -0.022839 
8 C9 CH2 0.016083 
9 C8 CH2 0.016367 
10 C7 CH2 -0.012673 
11 C6 CH2 0.011246 
12 C5 CH2 0.043274 
13 C4 CH2 -0.014248 
14 C3 CH2 0.02333 
15 C2 CH2 0.099012 
16 C1 CH2 0.059128 
17 N NL 0.218137 
18 CN1 CH3 0.206816 
19 CN2 CH3 0.152622 
20 CN3 CH3 0.176797 
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Diol 
 

Atom Number Atom Name Atom Type Charges 
1 O1 OA -0.714604 
2 O2 OA -0.714577 
3 C1 C 0.097395 
4 C2 C 0.097413 
5 C3 CR1 -0.133456 
6 C4 CR1 0.04093 
7 C5 CR1 0.040947 
8 C6 CR1 -0.133473 
9 C7 CH2 0.283699 
10 C8 CH2 0.283687 
11 H1 H 0.426012 
12 H2 H 0.426029 

 
Monoaldehyde 

 
Atom Number Atom Name Atom Type Charges 

1 O1 OA -0.711088 
2 O2 O -0.488625 
3 C1 C 0.141927 
4 C2 CR1 0.037256 
5 C3 CR1 -0.133397 
6 C4 C -0.023803 
7 C5 CH2 0.280314 
8 C6 CR1 -0.062126 
9 C7 CR1 0.096398 
10 C8 C 0.434749 
11 H1 HC -0.008165 
12 H2 H 0.43656 
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5.1: Concentrations of surfactants for the preparation of pH responsive vesicle from the 
mixture of SDBS-CTAT-TDA surfactants; 
 
 

SDBS 
(g) 

CTAT 
(g) 

TDA 
(g) 

[SDBS] 
(M)  

[CTAT] 
(M) 

[TDA] 
(M) 

Charge 
ratio 

Mole 
fraction of 

CTAT 

Mole 
fraction of 

SDBS 

Mole 
fraction of 

TDA 
0.07 0.03 0 0.02 0.007 0 3.05 0.246 0.753 0 
0.065 0.03 0.003 0.018 0.007 0.0014 3.05 0.246 0.698 0.05 
0.060 0.03 0.006 0.017 0.007 0.0028 3.05 0.246 0.647 0.105 
0.055 0.03 0.009 0.0158 0.007 0.0044 3.05 0.246 0.587 0.165 
0.051 0.03 0.012 0.0147 0.007 0.0055 3.05 0.246 0.546 0.206 
0.040 0.03 0.019 0.0115 0.007 0.0086 3.05 0.246 0.430 0.322 
0.033 0.03 0.023 0.0094 0.007 0.0108 3.05 0.246 0.349 0.403 
0.023 0.03 0.029 0.0067 0.007 0.0135 3.05 0.246 0.249 0.503 

 
Charge ratio calculation for anion rich SDBS-CTAT vesicle; 
Mass of CTAT = 0.03 g 
Mass of SDBS = 0.07 g 
[CTAT] = 0.007 M 
[SDBS] = 0.02 M 
[Total surfactant] = 0.027 M 
(Mole fraction of SDBS)/(Molefraction of CTAT) = 3.05 
 
 


