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Abstract

Self-assembly in aqueous solutions of three quaternary salts based C16-type cationic surfactant 

with different polar head groups and identical carbon alkyl chain viz., cetylpyridinium bromide 

(CPB), cetyltrimethylammonium tosylate (CTAT), and cetyltriphenylphosphonium bromide 

(CTPPB) in presence of 1-butanol (BuOH) and 1, 4-butanediol (BTD) was investigated using 

tensiometry, 2D-nuclear overhauser enhancement spectroscopy (2D-NOESY) and small angle 

neutron scattering (SANS) techniques. The adsorption parameters and micellar characteristics 

evaluated at 303.15 K distinctly showed that BuOH promotes the mixed micelle formation while 

BTD interfered with the micellization phenomenon. The SANS data fitted using ellipsoid (as derived 

by Hayter and Penfold using Ornstein-Zernike equation and the mean spherical approximation) and 

wormlike micellar models offered an insight into the micelle size/shape and aggregation number 

(Nagg) in the examined systems. The evaluated descriptors presented a clear indication of the 

morphology transition in cationic micelles as induced by the addition of the two alcohols. We also 

offer an investigation into the acceptable molecular interactions governing the differences in micelle 

morphologies, using the non-invasive 2D-NOESY technique and molecular modeling. The 

experimental observations elucidated from computational simulation adjoin novelty to this work. 

Giving an account to the structural complexity in the three cationic surfactants, the molecular 

dynamics (MD) simulation was performed for CPB micelle in the aqueous solution of alcohols that 

highlighted the micelle solvation and structural transition, which is further complemented in terms of 

critical packing parameter (PP) for the examined systems. 

Keywords: cationic micelles; alcohols; micellization; small angle neutron scattering (SANS); 
molecular dynamics.
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1. Introduction

Cationic surfactants display wide range of applications in pharmaceuticals, dyeing, enhanced 

oil recovery, foaming, formulating stable colloidal dispersions and in personal care products due to 

their excellent adsorption and micellar characteristics.1-3 Studies have reported that colloid-chemical 

behavior and antistat/antimicrobial properties can be modulated substantially in the presence of 

additives such as salts, acids, solvents, surfactants and polymers to enhance their performance in 

solution.4-9 

Especially, the alcohols have been expedient in aqueous surfactant systems for their role in 

tuning the micellar/microemulsions characteristics. Several researchers have examined the 

modulation of surfactant solution by alcohols to evolve shape and structural transitions in micelles.10-

15 It has been well accepted that short-chain n-alcohols (CnOH, n  3) reside in the bulk phase and 

often disintegrate micelles resulting to loose structure of aggregate while medium chain alcohols 

(CnOH, n = 4, 5) display a panel between the micellar and bulk phases. The micelle-bound higher 

chain alcohols reflect as co-surfactants (CnOH, n ≥ 6) which intercalate into the ionic micelle and 

reduce the overall surface charge density. This tends to make them solubilize within the micellar core 

where the polar head group of alcohol protrudes towards the micellar surface and facilitate micelle 

formation/growth that leads to viscous solution, higher aggregation number (Nagg) and induces 

microstructural changes in mixed surfactant-alcohol systems.16-20 Such a contrast behavior by 

short/long chain n-alcohols revealed their partitioning conduct and site in the micelles that influence 

the solvent properties. In case of 1, 2-diols and α, ω-diols, the former with 4C and higher methylene 

chain showed greater penetration ability in the micelles while the later (even those with 6-8C long 

chain) preferred staying at the micelle surface.10, 12, 21, 22

Among these alcohols, the medium-chain alcohols (4C) are typically used as co-surfactants or 

co-solvents.11, 16, 17, 23 González-Pérez et al.  have explained the solubilization of 1-butanol (BuOH) in 

an aqueous micellar solution of dodecyldimethylethylammonium bromide as a function of 

temperature by conductivity measurements and found the U-shaped curve of critical micelle 

concentration (CMC) against the temprature.24 Kuperkar et al. studied the interaction of BuOH with 

cetyltrimethylammonium bromide (CTAB) and suggested BuOH to encapsulate in CTAB micelles 

undergoing a plausible micellar growth.16 Chavda et al. offered quantitative and qualitative effects of 

partitioning of BuOH and 1, 4-butanediol (BTD) in cationic micelles; BuOH partitioned between the 

micellar phase and the bulk phase while the BTD mainly located in the bulk phase.17 Maria et al. 

investigated the solubilization of a series of α, ω-alkanediols in the micellar phase of SDS and DTAB 
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and inferred that the degree of solubilization increases with an increase in the hydrophobicity of 

alkanediols.10 Such addition of various alcohols to aqueous surfactant solutions has allowed the 

researchers to actively investigate the effect of hydrophobic interactions leading to structural 

changes.10, 12, 25, 26

Additionally, theoretical investigations depict the behavior of surfactants in presence of 

additives. The computational simulations offer insight into the micellar shape/transition and 

interfacial properties at molecular level. In addition, the molecular dynamics (MD) simulation 

findings are found to be consistent with the experimental findings but they can forecast the contrast 

pattern in experiments and modeling for the counterion affinity with the surfactant head group.27 The 

MD conducted on cationic micelles in presence of alcohols offer the most straightforward 

approach.28-30 Rajni et al.  studied the atomistic-level analysis of CPB cationic surfactant for MD 

simulations which was further validated by studying its structural and dynamic properties in water, 1-

octanol, and micelle.28 MD simulations used by Xiangfeng et al. investigated the shape and structural 

evolution of pre-assembled cylindrical CTAB micelles caused by octanol.29 However, MD simulation 

studies have scarcely focused to explore the quantitative effects of alcohol on different cationic 

micelles.28-30

 The effect of BuOH and BTD on CMC and aggregation number (Nagg) of cationic micelles is 

often ambiguous and depends on concentration of alcohol and carbon chain/concentration of 

surfactant. Hence, we have used three cationic surfactants with 16-carbon alkyl chain length and 

different polar head groups and counterions viz., cetyltrimethylpyridinium bromide (CPB), 

cetyltrimethylammonium tosylate (CTAT) and cetyltriphenylphosphonium bromide (CTPPB) to 

examine the influence of these alcohols (at fixed 1M concentration) in aqueous solution. Small angle 

neutron scattering (SANS) measurements were performed to substantiate the structural parameters of 

the cationic micelles. The scattering data were interpreted by fitting to ellipsoidal micelle model for 

CPB and CTPPB, and to worm-like micellar model for CTAT. Here, the ellipsoidal micelles are 

expected to be similar to the spherical micelles for simplification. Two-dimensional nuclear 

overhauser enhancement spectroscopy (2D-NOESY) has been cast-off to gather information on the 

solubilization sites of alcohol molecules in micelles considering the significant and positive cross-

peaks in the spectra. More specifically, this work validates the experimental findings using series of 

simulations to portray the molecular interactions involved in surfactant-alcohol systems through the 

semiemperical method calculations along with MD simulation analysis using radial distribution 

functions (RDF), radius of gyration (Rg) and solvent-accessible surface area (SASA), which probe the 
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microstructural evolution involved in the examined CPB-alcohol system. Simulations data is further 

substantiated with molecular packing analysis.

2. Experimental Section

2.1 Materials 

The C16-type cationic surfactants viz., cetylpyridinium bromide (CPB), 

cetyltriphenylphosphonium bromide (CTPPB), cetyltrimethylammonium tosylate (CTAT), 1-butanol 

(BuOH) and 1, 4-butanediol (BTD) were purchased from Sigma Aldrich, USA. The optimized 

structures of the used ingredients are presented in Scheme 1. 

Insert Scheme 1

Double distilled water (conductivity ~ 2-4 μS) was used for sample preparation but deuterium 

oxide (D2O) (from Sigma, India) was used for SANS and NMR experiments.

2.2 Methods

2.2.1 Tensiometry 

Critical micelle concentration (CMC) values of surfactants in water, 1M BuOH, 1M BTD 

were determined using a Krüss K9 tensiometer following the platinum “du Nouy’’ ring method at 

room temperature. The adsorption parameters at air-water interface viz., minimum area per molecule 

(Amin), maximum surface excess (Γmax), and surface pressure at CMC (CMC) were evaluated using 

the Gibbs adsorption equation.31, 32

2.2.2 Small Angle Neutron Scattering (SANS)

The neutron scattering data were collected in the range of 0.017-0.35 Å-1 at 303.15 K using 

SANS diffractometer, Dhruva reactor, BARC, India.33 Here, the data are expressed as absolute 

intensity versus the accessible scattering wave vector (Q = 4πsinθ/λ, where 2θ is the scattering 

angle). The position-sensitive detector (PSD) permits simultaneous data recording over the full Q-

range. All the measured scattering distributions were corrected for the background and solvent 

contribution and normalized to the cross-sectional unit using standard procedures.34 

For ellipsoidal micelle model, the expression derived by Hayter and Penfold using the 

Ornstein-Zernike equation and the mean spherical approximation was used.16, 35 For worm-like 

micelles, the chain of contour length L (total length) can be described by a chain of some number of 

locally stiff segments (length lp). Here, the persistence length (lp) is the length along with the cylinder 
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over which the flexible cylinder is considered as a rigid rod. The Kuhn length (b) used in the model 

also describes the stiffness of a chain and is b = 2lp.36 

2.2.3 Two Dimensional-Nuclear Overhauser Enhancement Spectroscopy (2D-NOESY)

The 2D-NOESY experiments were performed using Bruker AVANCE-II 400MHz 

spectrometer at St. Francis Xavier University, Antigonish, Canada. The mixing and the delay times 

for the experiments were estimated from the spin-lattice relaxation times (T1 values) in cationic 

surfactants with varying alcohol concentration. In all cases, the acquisition delays of ≈ 3×T1 and a 

mixing time of ≈ 1×T1 were used to obtain the 2D-NOESY spectra. All experiments were done in 

phase-sensitive mode, with and without the saturation of the water resonance at ~ 4.70 ppm. The data 

were zero-filled twice in dimension 1 and multiplied by a squared sine function in both dimensions 

before 2DFT.16, 17 

2.2.4 Computational Simulation

The semiempirical method with the PM6 level of Gauss View 5.0.9 package was used to 

assess the information about the chemical structure and electronic distributions in the individual 

cationic surfactants, alcohols and the tested surfactant-alcohol systems (Figure 1). With this, various 

quantum chemical descriptors like the total energy (TE) associated with the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) along with the 

energy gap (ΔE = ELUMO – EHOMO) were evaluated.32 

Insert Figure 1

In addition, we have used molecular dynamics (MD) simulation to gain an insight into the 

solvation and structural properties of CPB micellar aggregate (only) in 1M aqueous alcohols. 

Performing atomistic simulation of CTPPB micelle was troublesome due to the three bulky phenyl 

rings present in its chemical structure, while micellar concentration of CTAT micellar aggregate (20 

mM) was too small to observe any significant micellar transitions in the simulations. For MD 

initiation, the ellipsoidal aggregate of 66 monomers was prepared using Packmol software37; the 

GROMOS96 54a738 forcefield of CPB molecule reported by Verma et al. was used28 and Forcefields 

of BuOH and BTD were adopted from Automated Topology Builder.39, 40 The details of the 

simulation are summarized in Table 1. 

Insert Table 1
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The CPB micelle was centered in a ~10.5 nm cubic box of aqueous solution to perform the 

MD simulation at 303 K temperature. BuOH/BTD molecules were randomly placed in the simulation 

box for simulations in water-alcohol mixture. The system was first energy minimized for 10000 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 

303 K. 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 303 K during 200 ps of the simulation. After 

equilibration, a production run of 50 ns was performed for the CPB micelle simulations in water, 1M 

BuOH and 1M BTD using Gromacs 2016.6.41

3. Results and Discussion

The aqueous solution performance for the selected three cationic surfactants at 30 oC has been 

reported by several groups, which is higher than their respective Kraft temperature (KT). Here, the 

KT of CPB, CTPPB and CTAT is around 29.3 oC, not reported and 23.0 oC respectively.42, 43 Giving 

an account to their structural complexity in terms of the bulky polar head groups and counterions, the 

degree of the hydrophobicity followed the order: CTPPB > CPB > CTAT which influenced their 

micellization and aggregation ability i.e., CMC for CPB, CTPPB and CTAT in water was found to be 

0.80 mM, 0.40 mM and 0.24 mM respectively.44-47 In addition, for the selected two different 

solvents, BuOH and BTD with varying hydrophobicity i.e., BuOH > BTD, various properties such as 

partition coefficient (log Po/w), water solubility and dielectric constant were reported as 0.88, 10 

mg/mL (at 20 °C), and 17.84 (at 20 °C) for BuOH and - 0.83, completely miscible, 31.63 (at 20 °C) 

for BTD.23, 48

3.1 Tensiometry

According to the Gibbs equation, the charged surfactants tend to adsorb at the air-water 

interface to form a charged adsorption film that captivate the counterions with the surfactant opposite 

charge, resulting in the reduction of surface tension (ST). The characteristic semi-logarithmic ST (γ) 

plots for surfactant at different concentrations over pre- and post- micellar regions are constructed as 

shown in Figure 2. An initial slow decrease in ST at very low concentration followed by a steep fall 

in accordance to Gibbs adsorption isotherm and finally attaining a constant value with intersection 

point depicting the CMC are typical of surfactant behavior. The CMC of CPB (~ 0.79 mM) in water 

agree with the reported value.44 Lower CMC of CTAT (~ 0.32 mM) is due to strongly bound tosylate 
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counterion and that of CTPPB (~ 0.37 mM) is due to highly hydrophobic polar head group despite its 

large size as also reflected in high γCMC (~ 44.2 mN/m) values and higher Amin (229.1 Å2).45, 46 

For each surfactant in 1M BuOH, the ST showed much larger decrease even at lowest 

surfactant concentration and depicts lower γCMC and CMC compared to that in water (Data shown in 

supporting information Table S1). This shows that BuOH behaves as co-solvent and co-surfactant for 

each tested surfactant which is quite customary. However, BTD acts as a co-solvent showing typical 

behavior for all three surfactants. Lower ST, higher γCMC values and decreased CMC in comparison 

to water can be clearly noticed from ST-concentration plots (Figure 2). It was observed that the CMC 

decrease by BTD is not as remarkable as observed for BuOH which infers that the more hydrophobic 

the alcohol is, the greater the more decrease in CMC and γCMC. BTD molecule being very hydrophilic 

with two terminals -OH groups of 4C chain, doesn’t penetrate inside the micelle, instead they reside 

on the surface close to polar head groups of micelles and alters the solvent (water) properties and 

there is no marked effect on the CMC. 

The increase in CMC by short chain alcohols (CnOH, n  3) and other miscible polar solvents 

results from the decrease in dielectric constant and decreased hydrophobic interaction. A drop in 

CMC may result when the polar additives molecules adsorb on the micelle surface or slightly 

penetrate in micelles thereby decreasing the electrical repulsion between the polar head groups. The 

CMC can slightly increase/decrease in case of BTD may result due to these opposing effects and 

depends on its concentration and the structure of surfactant. Slight increase in CMC for cationic 

surfactant in presence of BTD has been observed by Chavda17 et al. and Tomi21 et al. BuOH being 

more hydrophobic adsorbs on air-water interface along with surfactant and penetrates inside the 

micelle and therefore exert larger decrease in CMC and γCMC as well as higher area per molecule 

(Amin) occupied by the surfactant at air-water interface at closest packing due to the reduced 

electrostatic repulsion and enhanced hydrophobic interaction. Such behavior goes well with reported 

study.49 The πCMC values increase in the presence of 1M BuOH, which indicates stronger adsorption 

of the surfactants at the air-water interface whereas the same was observed to decrease in the 

presence of 1M BTD which is due to its reduced surface activity. Гmax of surfactants in water 

decreases more in the presence of BuOH than BTD, which reflects a favorable degree of interfacial 

saturation in the former thereby solubilizing the respective alcohol in surfactant micelles (Data 

shown in supporting information Table S1). Thus, BuOH promotes the mixed-micelle formation 

while BTD interfered the micellization. 
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Insert Figure 2

3.2 Scattering Outline 

The SANS findings offer a quantitative evaluation depicting the influence of alcohols on the 

modulated geometry of cationic surfactant micelles.16, 17 Figure 3 displays the normalized peak 

intensity, which decreases in the presence of BuOH and BTD. The later observations clearly 

indicates that the -OH group of alcohol gets more interspersed between the charged surfactant head 

groups and facilitate the alcohol solubilization within the micelles. Furthermore, the decrease in the 

intermicellar distance within the examined system successively corroborates the shifting in the 

correlation peaks towards higher Q region which seem to be more pronounced in the presence of 

BuOH than BTD. 

Insert Figure 3 and Table 2

Table 2 reveals that 100 mM CPB and CTPPB display ellipsoidal micellar geometry while 20 

mM CTAT exhibits worm-like micelle. As reported, Nagg supports the idea of micellar growth.22 

Here, it was observed that Nagg decreases more in the presence of BuOH than BTD. Such behavior by 

the former enables it to act as a short chain length alcohol that confers its favorable solubility 

tendency near the hydrophobic tail region of each cationic surfactant in comparison to the latter. This 

finding is well supported by the reported literature.17, 50, 51 Also, it is expected behavior of BTD, in 

which it is taken into account where it does not partition very well within micelles. Thus, adding 

BTD, simply changes the solvent structure, resulting in lower Nagg.10, 12, 52 

3.3 Spectral Outline

Giving an account to the labels addressed in Scheme 1, Figure 4 exhibits a fair number of 

cross-peaks that provide enough evidences about the solubilization loci and the extent of interaction 

of both the alcohols in respective cationic surfactant micelles.  

3.3.1 CPB in BuOH and BTD

2D-NOESY spectra for CPB in presence of BuOH showed strong correlation peaks between 

the carbon terminal-chain protons of CPB (C1 and C2) and BuOH (B2, B3 and B4) in the region of ~ 

0.5 to ~ 1.7 ppm. Further, the interaction between B1 protons of BuOH and C1 and C2 protons of CPB 

was noticed around ~ 3.60 ppm. These observations concluded that the -OH group of BuOH is 

located near the outer shell of the CPB micelle. Also, the 2D-NOESY spectra for CPB-BTD system 

displayed cross-peaks between the D1 proton of BTD and the C2 proton of CPB at ~ 3.60 ppm. 

However, we could not find any other intense cross-peak between tail protons of CPB and BTD 
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which clearly indicates that there is a strong correlation between the polar head group of CPB and 

BTD, leading to BTD residing at the micelle surface, as opposed to it penetrating the CPB micelle 

core. 

3.3.2 CTPPB in BuOH and BTD

Similarly, 2D-NOESY spectra of CTPPB in presence of BuOH showed intense overlapping 

cross-peaks observed for the internal and terminal chain protons of CTPPB (C1, C2 and C3)  and 

BuOH (B2, B3 and B4) (between ~ 0.5-2.0 ppm) depicting a strong collaboration between them. 

Furthermore, intense cross-peaks between B1 protons of BuOH with a tail proton of CTPPB are 

observed at ~ 3.5 ppm. This observation is attributed to the BuOH molecule interacting more with the 

non-polar tail of surfactant and remaining vested within the micelle, such that the -OH group 

protrudes outside the micelle and the 4 carbon chain is oriented towards the micelle core. The weak 

cross-peak between ~ 0.5-2.0 ppm is observed for CTPPB and BTD, which indicates BTD remains 

near the micelle surface, not in the micellar core. In addition, the spectra displayed cross-peaks 

between the D2 proton of BTD and the C4 proton of CTPPB at ~ 3.60 ppm, which indicates that BTD 

persists at the micelle surface, thereby preventing its penetration into the CTPPB micelle core.

3.3.3 CTAT in BuOH and BTD

Likewise, the 2D-NOESY spectra for CTAT-BuOH showed correlation peaks between 

terminal carbon chain protons (C1 and C2) of CTAT and B2, B3 and B4  protons of BuOH in the 

region of ~ 0.5 to ~ 1.7 ppm. Such an observation indicates that BuOH interacts with CTAT micelle 

where the -OH group is found in proximity with a head group of CTAT. This is supported by cross-

peaks between head protons of CTAT and the hydroxyl proton of BuOH at ~ 3.50 to ~ 3.60 ppm. 

Furthermore, the intense cross-peaks between both D1 proton of BTD and C2 proton of CTAT were 

observed at ~ 3.50 ppm. A very weak cross-peak at ~ 1.50 ppm showed poor interaction between the 

terminal chain protons of BTD and CTAT which is a clear indication that BTD interacts only with 

the head group of CTAT near the micelle surface and fails to penetrate inside the CTAT micelle core. 

These spectral findings are further validated from simulation approach that support the 

indicated molecular interactions between the examined surfactant-alcohol systems in the next 

section.

Insert Figure 4
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3.4 Computational Simulation 

Figure 5 infers the uniform electronic density in HOMO and LUMO on the entire area of 

cationic surfactant-alcohol systems which is due to the π-electron cloud density of these systems. A 

lower HOMO-LUMO energy gap indicates high stability and induces more interaction within the 

surfactant-alcohol systems. 

Insert Figure 5

Figure 6 show the dynamic behavior of the CPB micellar aggregate (100 mM) during MD 

simulations in water, 1M BuOH, and 1M BTD solution. It was observed that the CPB micelle 

remains ellipsoidal in the water simulation with an average radius of gyration (Rg) of 1.83 ± 0.02 nm 

whereas in water-alcohol mixtures, CPB micelles go through solvent-induced changes in shape and 

size during first 15 ns to 20 ns simulation and then maintain an equilibrated structure afterward. At 

this stage, the CPB micelle has a higher average Rg of 2.65 ± 0.30 nm in 1M BuOH solution and 2.02 

± 0.10 nm in 1M BTD solution than in water. Thus, simulation results indicate that CPB monomers 

quickly reorient and rearrange themselves in response to the solvent environment and resulted in 

more dynamic behavior. 

Insert Figure 6

To check further the consistency of such dynamic behavior, we performed simulation with a 

higher concentration of CPB micelle (162 mM) in water, 1M BuOH, and 1M BTD solution and 

observed a clear micellar transition induced by BuOH and BTD (Figure 7). Here, the CPB micelles 

go through the solvent induced changes in the shape and size in the first 30 ns simulation and 

maintain an equilibrated structure afterward. At this point, CPB micelle changes from ellipsoidal 

shape to elongated or rod-like micelle with the average Rg of 4.18 ± 0.21 nm in 1M BuOH solution. 

Although, the CPB micelle split into two spherical micelles with average Rg around 2.13 ± 0.12 nm 

in 1M BTD solution. Such simulation findings attribute to the interaction of alcohol molecules 

thereby influencing the surface of cationic surfactant aggregates and leading to varied shapes and 

dynamics.

Insert Figure 7

In addition, the behavior of CPB micelle is entirely affected by the aqueous solution around it. 

Solvation of micelle was assessed using radial distribution function (RDF) that predicts the average 

packing of solvent molecules at a distance (0.44 nm) around the CPB micelle. RDF was calculated 

from the pyridinium N atom of CPB molecule to oxygen (O) and hydrogen (H) of water and 
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hydroxyl group of BuOH and BTD. Figure 8 shows the probability of solvent density around the 

pyridinium N in the water, BuOH and BTD. The first and second hydration shells are located at 0.44 

nm and 0.56 nm, respectively for hydrogen and oxygen of water molecules during the simulations. 

The average cumulative number of water molecules around CPB in the micelle, within the first 

solvation shell (0.44 nm) is ~ 5 in water simulation, and ~ 4 in 1M BuOH and 1M BTD simulations. 

RDF values of the hydration shell indicate a similar distribution of water molecules around the 

pyridinium ring of CPB micelle. However, slightly lower cumulative number of the water molecules 

around the micelle in 1M BuOH and BTD solution is due to the interaction of BuOH and BTD 

molecules with the micelle during the simulations. In BuOH and BTD solvents, the first and second 

solvation shells were located at 0.33 and 0.42 nm for oxygen and 0.40 nm for hydrogen of -OH group 

in the CPB micelle simulations. The RDF of BuOH and BTD around CPB has much higher values 

than water. Similar behavior in the probability distribution of RDF peaks of water and 1-octanol 

around CPB monomer was observed earlier by Verma et al.28

The high value of the RDF peak of BuOH and BTD is the reflection of the preferential 

orientation of oxygen in solvating CPB. Even BuOH has a higher RDF peak intensity than BTD 

which also supports that the observed density differences are also the effects of solvent length and 

shape. The bromide ion remains at an average distance of 0.5 nm from pyridinium N of CPB during 

the simulations as observed earlier in the simulation of CPB 28 and CTAB micelle.53, 54

Insert Figure 8

To understand the hydrophobic and hydrophilic properties of the micellar aggregates in 

aqueous solution, Figure 9(a-c) exhibit the calculated the solvent-accessible surface area (SASA) 

values for CPB micelle in water, 1M BuOH, and 1M BTD solution. In water, CPB micelle has an 

average total solvent accessible area of 173 ± 3 nm2 with contribution from the hydrophobic core of 

113 ± 3 nm2 and hydrophilic area of 135 ± 1 nm2. After equilibration of 30 ns in BuOH, the total 

surface area of CPB micelle increases to 321 ± 5 nm2 (~1.9 fold) with increased exposure of the 

hydrophobic core to 253 ± 5 nm2 (~2.2 fold) and a hydrophilic area of 137 ± 1 nm2. In 1M BTD, the 

CPB micelle have a total area of 204 ± 7 nm2 with the hydrophobic core of 140 ± 7 nm2, and 

hydrophilic area of 135 ± 1 nm2. Such major changes in the hydrophobic core mainly influence the 

micelle shape and dynamics due to more favorable solvent interactions in the hydrophilic area. Also, 

the simulation data indicates how solvent molecules approach the surface of these aggregates and 

affect their shape and dynamics. Figure 9(d-f) show the surroundings of the selected CPB monomer 
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in the micelle using the last frame of simulations. Three CPB monomer exists within 1.2 nm from the 

pyridinium N of selected CPB monomer in water (Figure 9d). However, only two neighboring CPB 

monomers are found in both 1M BuOH and BTD solvent environment. Overall, a high number of 

BuOH molecules were found surrounding the selected CPB molecule than BTD molecules in the 

micellar aggregate. 

Thus, simulation results support the experimental observations of more favorable interaction 

of BuOH with CPB micellar aggregate than BTD, characterized by a greater solubilization tendency 

of BuOH than BTD near the palisade layer of the cationic micelles. 

Insert Figure 9

Based on MD simulation results, the micellar growth/ transition in cationic surfactants under 

the influence of alcohols is been well explained in terms of packing parameter (PP) as shown in 

Scheme 2. Here, it is evident that the polar shell region (as-a ≈ as) remains constant, but the volume of 

the hydrophobic tail (vs-a > vs) increases in the presence of BuOH due to its intercalation in the 

hydrophobic region of the CPB micelle. This outcome increases the PP and changes its curvature 

which promotes micellar growth. In the case of BTD, the volume of the hydrophobic tail (vs ≈ vs-a) 

remains constant, but the polar shell region (as-a > as) increases as BTD interacts more with the head 

group of surfactants resulting in a decrease in PP and promotes the splitting of the micelle. Such 

behavior is illustrious in the reported work55 and is well supported by spectral and simulation studies 

in Figures 3 and 6, respectively. 

Insert Scheme 2

4. Conclusions 

The solution behavior of cationic surfactants belonging to 16-carbon alkyl chain in the 

presence of BuOH and BTD demonstrated favoring micellization i.e., the CMC of each surfactant 

was found to decrease in the presence of these alcohols. The relative adsorption parameters revealed 

a greater influence of BuOH than BTD, which may be due to the more solubilization of BuOH 

relative to BTD, leading to varied morphology transition. The SANS results showed similar trend in 

terms of Nagg which was found to decrease. Furthermore, the shift in the correlation peak of each 

surfactant towards the high Q region was more profound in the case of BuOH than BTD. The 2D-

NOESY experiments offered an insight into the successive and favorable interactions taking into 

account of BuOH and BTD sites in the cationic micellar aggregates. Such behavior is due to the 

interaction of BTD with the head group of cationic surfactant, while BuOH resides in the palisade 
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region. The molecular orbital calculations using semiempirical method showed lower ΔE with 

alcohols reflecting favorable interactions. The MD simulation of CPB micelle provide a molecular 

picture of the effect of alcohols on micelle morphology and solvation, with observations of 

significant structural changes in the micellar aggregates expressed in terms of the Rg, RDF and 

SASA. The calculated Rg values inferred that the CPB micelle stayed ellipsoidal throughout the 

simulation and changed to elongated or rod-like micelle in 1M BuOH solution, whereas the micelle 

split into two spherical micelles in the case of 1M BTD solution. In addition, the measured SASA 

offered an insight into the hydrophobic and hydrophilic properties of CPB micellar system in 

aqueous solution where the SASA values of CPB micelle increased more in the case of BuOH than 

BTD. The simulation results were found to be consistent with the experimental data showing the 

significant effect of BuOH and BTD solvation on structure, dynamics and aggregation properties of 

CPB micelle. These findings are well complemented from the critical PP which makes our surfactant-

alcohol mix study more useful in industrial applications. 
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Figures and Schemes

Scheme 1. Optimized structures of cationic surfactants and alcohols. Here, the labels are 
addressed to respective protons for 2D-NOESY interpretation. 

Figure 1. Optimized structure depicting the HOMO–LUMO orbitals evidenced for individual 
(a) CPB, (b) CTPPB, (c) CTAT, (d) BuOH, and (e) BTD. 
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Figure 2. Surface tension (ST) curves for surfactants in water, 1M BuOH (insight plot) and 
1M BTD alcohols at 303.15 K. Arrows in the plot indicate the CMC of the respective 
surfactants in the selective solvent. 
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Figure 3. SANS sketch of (a) 100 mM CPB (b) 100 mM CTPPB and (c) 20 mM CTAT in 
D2O, 1M BuOH and 1M BTD at 303.15 K. 
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Figure 4. 2D-NOESY profile of cationic surfactants in D2O solutions containing BuOH and 
BTD. 
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Figure 5. Optimized structures depicting HOMO-LUMO orbitals for cationic surfactants in 
(a) BuOH and (b) BTD.
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Figure 6. The radius of gyration (Rg) of CPB micelle is shown as a function of time in the 
water, 1M BuOH, and 1M BTD. The first frame after equilibration, last frame of 50 ns 
simulation, and frames showing major changes in Rg during the simulations are shown by the 
shaded region in the graph and the structure of CPB micelle in water, 1M BuOH, and 1M 
BTD. The arrow shows the progression of the simulation, with labeled simulation time in ns.
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Figure 7. Snapshots of CPB micelle (162 mM) in water, 1M BuOH and 1M BTD starting 
from conformation after equilibration (0 ns) and in 30 ns intervals up to 120 ns. The arrow 
shows the progression of the simulation, with labeled simulation time in ns.

Figure 8. The RDF for the solvent atoms is shown from the pyridinium N atom of CPB 
monomer for (a) water hydrogen and oxygen, and (b) hydroxyl group oxygen and hydrogen 
around CPB micelle.
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Figure 9. Solvent accessible surface area (SASA) of CPB micelle as a function of time in (a) 
water for spherical micelle, and in (b) 1M BuOH and (c) BTD for elongated micelle. Last 
frame of the micelle simulation showing residues within 0.5 nm of selected CPB molecule in 
blue color in (d) water, (e) 1M BuOH and (f) 1M BTD. CPB molecules are in CPK 
representation and solvent molecules are in licorice representation. Intermolecular distances 
between pyrimidine N of CPB in the center are shown by dotted lines with labeled distance in 
nm.
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Scheme 2. Representation layout of PP (= v/a0lc) of cationic surfactant in alcohol system 
depicts micellar transition. (Here, vs denotes the volume of the hydrophobic tail for 
surfactant, as denotes the effective area of surfactant head group, ls denotes the hydrophobic 
tail length for surfactant, as-a denotes the effective area of head group for surfactant-alcohol, 
and ls denotes the hydrophobic tail length for surfactant-alcohol). 
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Table 1. Simulation summary of CPB micelle in solution.

System CPB
micelle

Water 
molecules

Surfactant 
molecules

CPB monomers/ 
Br- ions

Total number of 
atoms

1 Water 37218 0 66 113172
2 1M BuOH 34392 650 66 108594
3 1M BTD 33959 650 66 108595

Table 2. SANS parameters for cationic surfactants in different solvent environment at 303.15 K.

[Surfactant] Solvent a (Å) b (Å) a/b Rhs (Å) ϕ Nagg Micelle shape
D2O 33.3 21.5 1.6 51.9 0.20 141 ellipsoidal

1M BTD 29.6 18.1 1.6 47.1 0.20 89 ellipsoidal
100 mM

CPB
1M BuOH 23.9 15.0 1.6 34.5 0.20 49 ellipsoidal

D2O 30.0 20.3 1.5 49.9 0.20 113 ellipsoidal

1M BTD 28.2 18.6 1.5 42.6 0.20 89 ellipsoidal
100 mM
CTPPB

1M BuOH 26.7 13.3 2.0 43.3 0.15 43 ellipsoidal

D2O
Cross-sectional radius of worm-like micelles 

(Rw) = 19.0 Å worm-like

1M BTD Rw = 19.0 Å
a = 58.8 Å, b = 17.5 Å 84.0 0.10 – ellipsoidal +

worm-like
20 mM
CTAT

1M BuOH 54.0 12.4 4.4 62.4 0.09 76 ellipsoidal
*a = semi-major axis, b = semi-minor axis, Rhs = hard sphere radius, ϕ = Volume fraction, Nagg = 
aggregation number 
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