
Multi-Scale Modeling and Rheological Approaches for 
Understanding the Structure-Property Relationships of 

Surfactant Solutions  
by  

Xueming Tang 
 

 
A dissertation submitted in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

(Chemical Engineering) 
in the University of Michigan 

2015 
 
 
 

Doctoral Committee: 
 

Professor Ronald G. Larson, Chair 
Professor Sharon C. Glotzer 
Professor Michael J. Solomon 
Associate Professor Katsuyo S. Thornton 

 
 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Xueming Tang 2015 
_______________________________________________________ 

All Rights Reserved 
  



 

ii 

 
 
 
 
 
 
 
 

Dedicated to my two sons Zhonghao Max Yu and Zhongsheng Eric Yu, my husband Hai 

Yu, my sister Xuehui Tang, and my parents. Thank you for your love and support. 

 
  



 

iii 

 

Acknowledgements 

 
 

 First and foremost, I would like to express my sincere appreciation and gratitude 

to my advisor, Professor Ronald Larson, for his intellectual guidance and encouragement 

to my research, being very supportive to my two graduate internships and my personal 

life, and shaping me as a research scientist. Additionally, I appreciate him for his great 

patience in my writings. 

 I am very grateful to my collaborators at Procter and Gamble for funding, 

internships, and beneficial project meetings regularly. I would like to specifically thank 

Dr. Peter Koenig for five-year’s collaboration with intuitive instructions and supports. I 

would like to thanks Dr. Shawn McCoughnagy for his trainings on experimental 

rheometry and industrial formulations, and insightful discussions. I wish to thank Dr. 

Mike Weavers for support and encouragement. I would like to thank Dr. David Eike for 

his intuitive discussions and collaborations. I wish to acknowledge Procter and Gamble 

modeling and simulation group lead by Dr. Bruce Murch for their support and helpful 

discussions during my internships.    

            I would like to thank Professor Mike Solomon, Professor Sharon Glotzer, and 

Professor Katsuyo Thornton for serving on my committee. Their excellent instructions 

make this research possible. I wish to thank Professor Mike Solomon for his precious 



 

iv 

recommendation and career advice. I would like to show my appreciation to Professor 

Phillip Savage for his intelligent support and considerations.  

 I am thankful to all members of the Larson group, Zuowei Wang, Susan Duncan, 

Indranil Dalal, Xue Chen, Prateek Jia, Daniel Beltran, Shihu Wang, ShiYu, Priyanka 

Desai, Weizhong Zou, Kyle Huston, Fang Yuan, Lei Jiang, Jun Liu, Miqiu Kong, Ali 

Salehi, Wenjun Huang, Maziar Mohammadi, Abdulrazaq Adam, and Soroush 

Moghadam, for support and valuable group meeting discussions. I wish to thank Zuowei 

Wang and Indranil Dalal for their help at the beginning of my PhD study. I would like to 

thank Kyle Huston and undergraduate student Ashley Kiemen for working with me on an 

oil spill project. I am thankful to the collaboration with Weizhong Zou on wormlike 

micelle modeling. 

 Finally, I would like to thank my families for their endless support and love, 

which helped me to overcome difficulties during my graduate study.  

This research was supported by National Science Foundation, Procter and Gamble 

Gift funding, and Golf of Mexico Research Initiative Funding. 

 
  



 

v 
 

 

Table of Contents 

Dedication ............................................................................................................... ii	  

Acknowledgements ................................................................................................ iii	  

List of Tables ......................................................................................................... ix 

List of Figures ........................................................................................................ xi 

List of Appendices ................................................................................................ xv 

Abstract ................................................................................................................ xvi	  

Chapter 1  Introduction ........................................................................................... 1 
1.1 Background .............................................................................................. 1 
1.2 Dissertation Overview ............................................................................. 8	  
1.3 References .............................................................................................. 10	  

Chapter 2  Molecular Dynamics Simulations of Sodium Dodecyl Sulfate Micelles               
in Water – the Effect of the Force Field ............................................... 15 

2.1 Introduction ............................................................................................ 15	  
2.2. Computational Models and Simulation Methods  ................................ 24 
 2.2.1 Partial Charges  .......................................................................... 24 
 2.2.2 Force Field  ................................................................................ 25 

2.2.2.1 GROMOS  ..................................................................... 25 
2.2.2.2 CHARMM  .................................................................... 27 
2.2.2.3 OPLS-AA  ...................................................................... 28 
2.2.2.4 OPLS-UA  ...................................................................... 30 

 2.2.3 Simulation Methods  .................................................................. 31 



 

vi 

2.3 Results and Discussion  ......................................................................... 33 
 2.3.1 Spherical Micelles Composed of 60 SDS in Small and Large    

Simulation Box Sizes  ......................................................................... 33 
 2.3.2 Micelle Composed of 100 Surfactants  ...................................... 41 

2.3.2.1 Impact of Force Field on Micelle Structure  .................. 41 
2.3.2.2 OPLS-AA-water-sodium models  .................................. 45 

 2.3.3 Elongated Micelles Composed of 382 Surfactants  ................... 49 
2.4 Conclusions  ........................................................................................... 65 
2.5 References  ............................................................................................. 67 

Chapter 3  Molecular Dynamics Simulations of Structure Property Relationships             
of Tween 80 Surfactants in Water and at Interfaces ............................ 76	  

3.1 Introduction ............................................................................................ 76	  
3.2. Computational Models and Simulation Methods  ................................ 85 
 3.2.1 GROMOS53A6OXY+D Force Field  .............................................. 85 
 3.2.2 Partial Charges and Topology  ................................................... 86 
 3.2.3 Five Representative Molecules in Tween 80  ............................ 90 
 3.2.4 MD Simulations  ........................................................................ 91 
3.3 Results and Discussion  ......................................................................... 93 
 3.3.1 Micellar Composition Profiles of Isomers and Multitailed       

Surfactants  .......................................................................................... 95 
 3.3.2 Interfacial Tensions of Tween 80-Coated Air—Water and                 

Oil—Water Interfaces ....................................................................... 101 
3.4 Conclusions  ......................................................................................... 112 
3.5 References  ........................................................................................... 113 

Chapter 4 Multi-Scale Modeling and Rheological Approaches Understanding the 
Structure-Property Relationships of Two-Modeled Body Washes, the       
Effect of Salt and Perfume Raw Materials (PRMs) ........................... 118	  

4.1 Introduction .......................................................................................... 118	  
4.2. Theory for Predicting Micellar Microstructures  ................................ 121 
 4.2.1 Packing Argument  .................................................................. 121 
 4.2.2 Cates Model ............................................................................. 122 



 

vii 

4.2.2.1 Predicting Micellar Characteristic Times  ................... 123 
4.2.2.2 Predicting Micellar Characteristic Lengths  ................ 126 

 4.2.3 Octanol/Water Partition Coefficient LogPow  ........................... 130 
 4.2.4 Dissipative Particle Dynamic (DPD) Simulations  .................. 131 
4.3 Materials and Methods ......................................................................... 133 
 4.3.1 Rheological Experimental Set Up ............................................ 133 
 4.3.2 DPD Smulation Set Up and Analysis ...................................... 137 
4.4 Results and Discussion. I. Salt Effects  ................................................ 138 
 4.4.1 Salt Effects on Rheology Measurements  ................................ 138 

4.4.1.1 Salt Curves and Impact of ACCORD Addition  .......... 138 
4.4.1.2 Frequency Sweeps  ...................................................... 141 
4.4.1.3 Cole-Cole Plots  ........................................................... 143 
4.4.1.4 Time-Temperature Superposition  ............................... 145 

 4.4.2 Salt Effects on Micellar Lengths and Time Scales Obtained From        
the Cates Model ................................................................................ 146 

4.4.2.1 Micelle Characteristic Lengths and Times for BW-1EO at 
Different Temperatures ............................................................ 146 
4.4.2.2 Comparison of Micellar Properties of BW-1EO and               

BW-3EO ......................................................................... 151 
 4.4.3 Salt Effects on Rheological Properties and Surfactant Packing at 

Molecular Scale using DPD Modeling ............................................. 152 
4.5 Results and Discussion. II. PRM effects  ............................................. 155 
 4.5.1 PRM effects on Viscosity for BW-1EO Correleted With               

LogPOW .............................................................................................. 155 
 4.5.2 PRM Effects on Micellar Properties Based on the Cates Model 158 

4.5.2.1 Comparison of the Effects of PRMs, Dipropylene Glycol, 
Linalool, Cumene, and Isopropyl Myristate on Rheological and  
Micellar Properties of BW-1EO .............................................. 158 
4.5.2.2 Effect of Linalool Rheology of BW-1EO and BW-3EO159 

 4.5.3 PRM Effects on Surfactant Packing Using DPD Simulations . 163 
4.5.3.1 Addition of Dipropylene Glycol, Linalool, Cumene, and 
Isopropyl Myristate to BW-1EO .............................................. 163 
4.5.3.2 Linalool Addition to BW-1EO and BW-3EO .............. 168 



 

viii 

4.6 Conclusions and Future Work ............................................................. 169 
4.7 References ............................................................................................ 171 

Chapter 5  Conclusions and Future work ............................................................ 177	  
5.1  Summary ............................................................................................. 177	  
5.2. Future Directions ................................................................................ 181 

Appendices .......................................................................................................... 183	  
 
 

	  
 
 

  



 

ix 

 

List of Tables	  

Table 2.1. Partial charges of the SDS head group tested in this study………...……...25	  
Table 2.2. Simulations carried out in this study and the resulting shapes of the micelles 

by the end of the run……………………………………………………….33 
Table 2.3. Simulations with mixed force field parameters from GROMOS45A3 and 

OPLS-UA with initially rodlike shaped micelles containing 382 SDS 
molecules in 2% NaCl, and resulting structures formed...............................55 

Table 2.4. Cavity volume and solvent accessible surface area (SASA) per surfactant  
for 382 SDS surfactants in 2% NaCl estimated at the ends of simulations 
from two starting states using VolArea with probe radii of 2.0 Å for cavity 
volume and 1.4 Å for SASA calculations.....................................................64 

Table 3.1. Properties of Two Stereoisomers, Two Additional Constitutional Isomers, 
and Two Component of Tween 80 with Two, and Three tails of Isolated 
Surfactants and of Spherical Micelles Composed of Those Isomers in 
Water……………………………………………………………………… 95 

Table 4.1. Composition of ACCORD and each PRM’s properties, including CAS 
number, IUPAC name, common name, chemical structure, octanol/water 
partition coefficient, molecular weight, and its weight percentage………136 

Table 4.2. 15 PRMs added separately to BW-1EO at 15 mM. The corresponding  
values of logPow, the molecular structures, and resulting zero-shear 
viscosities (in Pas) are tabulated……………………………….................157 

Table A.1 Hydrophilic and total surface areas of SDS micelles at an aggregation 
number of 60………………………………...……………..……………..184 

Table A.2 Intramolecular parameters of SDS in GROMOS45A31 and   OPLS-UA 
force fields ………………………………………………..…………........185 

Table A.3 Simulations with 382 surfactant molecules using different combinations of 
intramolecular parameters and the resulting micelle shape………....……185  

Table A.4 Intermolecular parameters for two force fields………………….........…..186 
Table A.5 List of cross terms of the L-J parameters for sodium ion and oxygen tested in 

this study within the OPLS-AA force field ……………………….……...187 



 

x 
 

Table B.1 Main components of Corexit 9500 released by Nalco Holding Company..193 
Table B.2  Partial charges of tetramethyl sorbitan calculated using Gaussian 09, with 

density functional theory method at B3LYP/6-31G(d,p) level averaged over 
27 conformational isomers……………………………………….……….194 

Table C.1 Coarse-grained DPD molecular mapping of surfactants and PRMs…...... 197 
Table C.2 DPD force field parameters, including bead densities, bond equilibrium 

distances and spring constants, and chi parameters………………………198 
 

 

  



 

xi 

 

List of Figures 

Figure 2.1 Radial density distribution of tail groups, head groups, counter ions, and 
water about the micelle center of mass (COM) for a micelle composed of   
60 SDS in a simulation box size of 12.65*12.65*12.65 nm3, for various 
force fields…………………………………………………………….....…35	  

Figure 2.2 RDF of sodium with respect to a). sulfur, and b). ionic oxygen atoms in    
the micelle head group for an SDS micelle with aggregation number 60....39 

Figure 2.3 Percentages of sodium ions within each RDF shell around ionic oxygens of 
the SDS head group in a box size of 12.65*12.65*12.65 nm3…………… 40 

Figure 2.4 Snapshots from simulations of micelle composed of 100 SDS at 0.8 M….42 
Figure 2.5 RDF of sulfur to sulfur atoms at 0.8 M at an aggregation number of 60 and 

100…………………………………………………..……………………..44 
Figure 2.6 Number of water molecules within 0.35 nm of Na+ plotted against inner 

peak height of RDF of sodium to ionic oxygens in SDS head group for 
different Na+/water models within OPLS-AA…………….......…………...47 

Figure 2.7 Evolution of initially elongated SDS micelles and bicelles with an 
aggregation number of 382 at 0.26 M concentration and 2% NaCl.............52 

Figure 2.8 Comparison of distribution of gradient of the percentage of sodium ions 
with respect to the nearest a). sulfur atom and b). ionic oxygen atoms, for   
an aggregate of 382 SDS molecules…………….......……………………..57 

Figure 2.9 Ratios of principal radii of gyration for aggregation number 382 SDS in 2% 
salt………………………………………………………………………….61 

Figure 3.1 Canonical structure of Tween 80 molecule with X, Y, and Z head groups 
(green), W headgroup (purple) containing x, y, z, and w number of ethylene 
oxide (EO) units respectively, and tail (blue)…………………………….. 80 

Figure 3.2 Five different Tween 80 molecules are chosen in this work………………83 
Figure 3.3 Tetramethyl sorbitan used in quantum mechanical calculations…………..88 
Figure 3.4 Snapshots of initial (top) and final (bottom) states of air—water and oil—

water interfaces in simulations with isomer 666-2-1S……………………..93 



 

xii 

Figure 3.5 Comparison of properties of three constitutional isomers and three 
components of Tween 80 with one, two, and three tails………………….. 97 

Figure 3.6 RDFs of oxygens of the W headgroup of isomer 222-14-1S, numbered 
starting from the attachment point to the THF ring and increasing 
outward……………………………………………………………………..99 

Figure 3.7 Dependence of interfacial tensions at oil—water interfaces on surfactant 
surface coverage for surfactants 555-5-1S and 555-5-3S………………...102 

Figure 3.8 Comparison of interfacial tensions of five Tween 80 molecules at the air—
water and oil—water interfaces…………………………………………..106 

Figure 3.9 Comparison of properties of three constitutional isomers of Tween 80 
surfactant at the air—water and oil—water interfaces……………………107 

Figure 3.10 Comparison of properties of three components of Tween 80 with one, two, 
and three tails at the air—water and oil—water interfaces……………….109 

Figure 3.11 Surfactant density profiles at oil−water interfaces averaged over the axis 
that is perpendicular to the plane and averaged over time………………..111 

Figure 4.1 Weight distribution of number of ethylene oxide (EO) groups for SLE1nS  
in BW-1EO and SLE3nS in BW 3EO……………………………………135 

Figure 4.2 Snapshot of an equilibrated periodic wormlike micelle………………….137 
Figure 4.3 Salt curves for 11% and 9.5% formulations containing 1% ACCORD   

(solid lines) and without ACCORD (dashed lines): diamonds - 11% BW-
1EO formulation, triangles - 11% BW-3EO formulation, and circles              
- 9.5% BW-3EO formulation…………………………………………….139 

Figure 4.4 Storage and loss moduli for BW-1EO (a, b) and BW-3EO (a’, b’) at 
different salt weight percentages, given in the legends…………………..143 

Figure 4.5 Cole-Cole plots and normalized Cole-Cole plots for BW-1EO and BW-
3EO……………………………………………………………………….145 

Figure 4.6  Master curves of frequency dependent moduli obtained by time-
temperature superposition (TTS) at salt concentrations of 0.50% (a), 1.00% 
(b), and 2.00%(c) NaCl for BW-1EO……………………………….……146 

Figure 4.7 Viscosity (a) vs. salt concentration at 20.0, 22.0, 23.5, and 25.0°C, and the 
computed micellar characteristic lengths and times, including average 
micelle length (b), reptation time (c), micellar entanglement length (d) 
breakage time (e), and plateau modulus (f) of BW-1EOs………………...148 

Figure 4.8 Boltzmann behavior of average micelle length vs. 1/T at various salt 
concentrations and Scission/branch formation free energy, viscosity 
activation energy, and terminal relaxation time activation energy from 
Arrhenius laws converge at high salt concentrations for BW-1EO………150 



 

xiii 

Figure 4.9 Comparison of average micelle length (filled symbols) (a) and scission 
energy (opened symbols) (b) for BW-1EO (diamonds) and formular BW-
3EO (triangles)……………………………………………………………152 

Figure 4.10 Bead number density distribution of head, tail, and water within a shell at 
the radial distance with respect to the core of the cylindrical micelles a)  
for solutions containing 11% BW-1EO at salt concentrations spanning    
the peak of the salt curve; b) for 11.0% BW-1EO at 0.70% NaCl and 
11.0% BW-3EO at 2.13% NaCl, which have the same experimental 
viscosity of 11.0 Pas; and c) for BW-1EO solutions of three different 
surfactant concentrations at 0.7% NaCl. d) Surfactant packing distance 
defined as the ratio of the micelle spine length to the number of  
surfactants in the micelle in all of the above systems.…………………..153 

Figure 4.11 Viscosities of BW-1EO on addition of 15 PRMs at 15 mM plotted against 
logPow, of the PRM………………………………………………….…156 

Figure 4.12 Dependence of viscosity on concentration of diproplylene glycol (DPG), 
cumene, linalool, and isopropyl myristate (IPM) in BW-1EO containing 
ACCORD and average micelle length vs. PRM concentration, computed 
from the Cates model……………………………...…………………….158 

Figure 4.13 (a) Loss and storage modulus vs. frequency, (b) Cole-Cole plot, and (c) 
normalized Cole-Cole plot at various linalool concentrations in BW-1EO; 
and the same in BW-3EO are presented in a’), b’) and c’)……………..161 

Figure 4.14 Plot of tanδ vs. ratio of breakage time to reptation time squared at various 
temperatures and concentrations of linalool in BW-3EO………………162 

Figure 4.15 Plot of zero shear viscosity and surfactant packing distances for BW-1EO 
upon addition of 15 mM dipropylene glycol (DPG), cumene, linalool, and 
isopropyl myristate (IPM) vs. their logPow…………………………….164 

Figure 4.16 Bead number count of tail, head, water and an additional PRM, namely a). 
DPG, b). linalool, c). cumene, and d). IPM within a shell of 1.3 nm width 
at a radial distance with respect to the core of the cylindrical micelles...165 

Figure 4.17 Comparison of the bead number count within a shell at a radial distance 
from the center of a periodic cylindrical micelle of BW-3EO containing 
1% ACCORD in the presence and in the absence of 15 mM linalool......168 

Figure 5.1. Developing the structure-property relationship of surfactant formulations 
using multi-scale modeling and experimental techniques………………178 

Figure A.1 Hydration number for methylene hydrocarbons of SDS micelle in the small 
box estimated as the average number of water oxygens within 0.35 nm of 
the center of mass of the corresponding methylene. Carbon number 1 
represents the alpha carbon and  12 the terminal methyl carbon………..184  



 

xiv 

Figure A.2 (a) RDF of sodium to ionic oxygens in SDS head group in a simulation of 
box of size 5*5*5 nm3 with a micelle having an aggregation number of 60 
and different Na+/water models and Aqvist5 sodium ion within OPLS-AA 
……………………………………………………………….…………..187 

Figure A.3 a). RDF of sodium to ionic oxygens and b). sodium to water oxygens in 
SDS head group in a simulation of box of size 6*6*6 nm3 with a micelle 
having an aggregation number of 100 and Aqvist5 Na+/different water 
model within OPLS-AA...........................................................................188 

Figure A.4 Square root of principal radii of gyration vs. time for preassembled rod-like 
micelles (a-f) and preassembled   bicelles (a’-f’) of 382 SDS molecules in 
2% NaCl for six force fields…………………………………………….189 

Figure A.5 RDF of sodium with respect to ionic oxygen atoms in the micelle head 
group for an SDS micelle with aggregation number 60  using 
GROMOS53A6 and GROMOS54A8 force fields………………………190 

Figure B.1 RDF distributions of tail, W head, X, Y, Z head, and water for a micelle of 
Tween 80 composed of 60 surfactants using (a) the GROMOS53A6 force 
field, and (b) the GROMOS53A6OXY+D force field…………………..…..194 

Figure B.2 Comparison of radial distribution functions (RDFs) of various atom groups 
of Tween 80 isomer 555-5-1S with respect to the micelle center of mass 
(COM) from two independent runs, as shown by solid and dashed lines.195 

Figure B.3 Comparison of micelle properties of two epimers of Tween 80: (a) Radial 
distribution functions (RDFs) of different groups with respect to the 
micelle center of mass (COM); (b) The distributions of single-surfactant 
Rg values for surfactants within the micelle…………………………….195 

Figure B.4 Densities of water, head, tail, and oil atoms of isomer 555-5-1S, at (a) an 
air—water interface, averaged over both 40 to 50 ns (solid lines) and 90 to 
100 ns (dashed lines) after the start of the simulation; and at (b) an oil—
water interface, averaged over both 100 to 120 ns (solid lines) and 220 to 
240 ns (dashed lines)……………………………………………………196 

Figure B.5 Comparison of oleate tail order parameters of (a) three one-tailed structure 
isomers of Tween 80 and (b) one, two, and three-tail Tween 80 
molecules………………………………………………………….…….196 

 
 



 

xv 

 

List of Appendices 

Appendix A: Supplementary Information for Chapter 2…………………..……183 
A.6 References……………………………...……………....….……..……190 

Appendix B: Supplementary Information for Chapter 3…………………..……192 

Appendix C: Supplementary Information for Chapter 4……………….……….197 
  



 

xvi 

 

Abstract 

In this work, we applied multi-scale modeling and rheological measurements to 

understand the structure-property relationships of surfactant solutions. We used 

molecular dynamics (MD) and dissipative particle dynamics (DPD) simulations to 

address behavior extending from the molecular level to the micellar mesoscale, the Cates 

model to bridge the micellar mesoscale to macroscale rheological behavior, and 

rheometry to measure rheological behavior and compare it to predictions of the Cates 

model. 

Starting with a simple surfactant, sodium dodecyl sulfate, we compared force field 

effects on micellar properties at various aggregation numbers by MD simulations. We 

found the parameters that control the shape of large micelles were the Lennard-Jones 

parameters of Na+ and ionic oxygen atoms, as well as the water model, which controls 

hydration of Na+ in the presence of surfactants. These parameters control the degree of 

binding of Na+ to ionic oxygens and head group packing, and resulted in different 

micellar shapes. 

We also studied structure-property relationships of a commercial surfactant mixture, 

polyoxyethylene (PEO) sorbitan oleates, which contains multiple species and were 



 

xvii 

represented as five “typical” structures varying the lengths of EO head groups and the 

number of tails using MD simulations. We found structures with more than one tail, and 

with shorter EO head group that attaches the tail to the sorbitan ring, pack more 

efficiently within micelles and at interfaces. This efficient packing leads to lower 

interfacial tensions at air–water and oil–water interfaces at the same surfactant interfacial 

density. 

Finally to assess the behavior of complex body washes containing cylindrical micelles, 

we studied the effects of salts (NaCl) and perfume raw materials (PRMs) by combining 

results from rheology, the micellar Cates model, and DPD modeling. We determined the 

relationship between viscosity and average micelle length, and elasticity and micellar 

characteristic time. Salts modify viscoelasticities of body washes by condensing Na+ near 

micellar surface, changing surfactant head groups packing, and maintaining the cross-

section radius constant. PRMs modify viscoelasticities of body washes by partitioning 

into the micelles according to their octanol/water partition coefficients and chemical 

structures, adjusting surfactant packing at head and/or tail regions, and possibly changing 

the cross-section radius.
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Chapter 1  

Introduction 

1.1 Background 

Surfactants are amphiphlic molecules that contain hydrophilic head(s) and hydrophobic 

tail(s). In water at concentrations above the first critical micelle concentration (1st CMC), 

dispersed surfactants aggregate into spheroidal micelles. Correspondingly, a fairly abrupt 

change in solution properties, including interfacial tension and electronic conductivity, 

occurs and this is used to determine the concentration of the 1st CMC.1 The 1st CMC was 

also predicted by molecular-thermodynamic theories considering the free energy of 

micellization as the summation of the hydrophobic effects, the entropic effect, the steric 

repulsions of surfactant head groups, and possible static and/or electrostatic repulsions if 

solutions containing ionic surfactants.2–4 As the concentration of surfactant increases, a 

second abrupt property change of solutions appears, namely the 2nd CMC. For sodium 

dodecyl sulfate (SDS) it is defined as the transition concentration where the majority of 

the micelles are changed from the spheroidal micelles to short rodlike micelles.5,6 As 

surfactant concentration increases further, the micelles can grow uniaxially to form 

cylindrical micelles having circular or elliptical cross sections,7–9 or biaxially to form 
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bicelles,10,11 or possibly micellar rings.12,13 At higher surfactant concentrations, entangled 

worms, vesicles, hexagon, or higher ordered phases are formed.10,14–18  

The shapes of the surfactant aggregates depend on concentrations and species of 

surfactants and cosurfactants, salts, and other molecules if exist, and temperature and 

pressure of solutions.16,19,20 Under stress or change of the environment, these 

microstructures within the complex fluid rearrange and could form new structures. For 

example, addition of salts to surfactant solutions containing ionic surfactants lowers the 

free energy of micellizations, lowers the CMCs, and promotes longer micelles or higher 

ordered phases by reducing the electrostatic repulsions between the surfactant head 

groups. The surfactant packing structures at the molecular scale determines the properties 

of the solutions at the continuum scale, and in practical applications. Surfactants have 

been widely used in consumer products including detergents, health and personal care 

products, and foodstuffs, and in industrial applications including oil recovery and drug 

delivery industries.19,21–24 

The properties of surfactant formulations, including rheology and interfacial tensions 

and others, are tested frequently in practical applications. However, the connection 

between surfactant packing structures and the corresponding properties, namely the 

structure-property relationships, comparing with its practical applications, has been 

developed slowly. This is due to the complexity of industrial surfactant formulations and 

the challenge of quantifying surfactant microstructures at the molecular scale. Currently, 

one of the best approaches to quantify the effect of molecular structure of surfactants on 

micellar properties is molecular modeling. 
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With the exponential increase of the computational powers and tremendous algorithmic 

improvements, molecular modeling, including molecular dynamics (MD) simulations and 

dissipative particle dynamics (DPD) simulations, has been developed rapidly. These 

simulations provide a unique resolution of structural details down to the molecular scale. 

At the all-atom (AA) level, MD simulations of surfactant solutions containing up to 

millions of atoms and time scales of hundreds of ns are carried out.25 The simulations can 

be accelerated, especially for surfactants with long hydrocarbon tails, by grouping each 

carbon with its bonded hydrogen atoms into a pseudo or united-atom (UA) and applying 

a larger time step size, without sacrificing atomistic details significantly.26 At this UA- 

level, micelle structures and interfacial tensions of aliphatic surfactants can be computed 

accurately. Application to solutions containing aromatic surfactants needs to be carried 

out cautiously due to the observation of the inaccurate intermolecular interactions 

between aromatic compounds relative to experimental results.27 For investigations of 

hydrodynamic behavior and rheological properties of cylindrical micelles in an accurate 

and efficient matter, the simulations can be further accelerated using DPD simulations by 

lumping three to five heavy atoms into one quasi-particle or bead and using a soft 

repulsive potential.28,29 

The accuracy of the molecular simulations is determined by the degree of validations of 

the force field parameters against the physical-chemical properties measured 

experimentally. Two standard approaches to optimize force field parameters, including 

reproducing the structural information and/or reproducing the thermodynamics, have 

been applied to the four popular empirical force fields, CHARMM-AA, OPLS-AA, 
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AMBER-AA, and GROMOS-UA.30–37 Validation of structural information, including 

liquid density, liquid volume, pair distribution functions (RDF) of atoms, and/or critical 

temperatures, were carried out at the earlier generations of force fields due to the low 

computational cost, followed by the validation of thermodynamics, including enthalpy of 

vaporizations, hydration free energy, and other potential energies at higher computational 

cost against experimental measurements.38 Recently, validation of the vicinal diether 

functions based on quantum mechanical calculations of conformational populations 

against experimental measurements enables the MD simulations of polymers or 

surfactants containing polyethylene oxide groups be accurate.39,40 

Prior to the development of force fields, water models were optimized by structural 

validation of density, RDF of oxygen-oxygen (gOO), gOH and gHH, and dimerization 

energy against experimental data. The three-sites models of SPC, SPC/E and TIP3P water 

models, the four-sites TIP4P, and the five sites TIP5P water model, original or modified 

were tested.41–43 All models reproduce the density and potential functions of water to the 

experimental measurements well.42 While the complex water model, TIP5P, computes 

the second peak of gOO, more accurately than others at higher computational cost.38 

Polarizable force fields can model water accurately, for example, on the dipole moments, 

but is inhibitive expensive for applications.  

The successful parameterization of water supports the development of empirical force 

fields. By adopting one available water model with or without modification and 

introducing protein, nucleic acids, lipids, and/or surfactants into water, the force field 

parameters of the organic species and of intermolecular interactions between the organics 
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and water are optimized to experimental structural and thermodynamic data. Generally, 

in CHARMM-AA force field a modified TIP3P water model is used, in OPLS-AA the 

TIP4P water model is used, OPLS-UA and SPC or TIP3P water model is used, in 

AMBER-AA the TIP3P water model is used, and in GROMOS-UA the SPC water model 

is used. The force field potential function in AMBER force field is represented as the 

following equation: 

𝑉 𝑥 = 𝐾! 𝑙! − 𝑙!,!
!

!"#$%
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Here the equilibrium bond distance 𝑟!!" = 2
!
!𝜎. The first three terms represents the 

intramolecular bonded interactions, including harmonic bond potentials, harmonic angle 

potentials, and dihedral potentials. The last term represents the non-bonded interactions, 

including the 6-12 form of Lennard-Jones (L-J) and the columbic interactions. The 

combination rule to generate parameters of the inter- and intramolecular interaction uses 

the geometric average of the two with a fudge factor. The functional form, combination 

rule, and the fudge factor are force field dependent. While in GROMOS force field all 

parameters, including the intra and intermolecular interfactions, are listed explicitly. 

Interchange parameters between force fields need to be cautious and consistent with its 

default units. Furthermore, it is important to use the water model that was originally 

designed for optimization of that force field parameters otherwise the structural and 

thermodynamic properties could be changed. Similarly, ion model should be adopted 
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only if the water model in the force field is consistent with the water model used to 

parameterize that ion. In addition, performing MD simulations within the range of 

temperature and pressure is important since the parameters, when optimized, are within a 

certain range.  

Parameterization of the most widely used surfactant, SDS, was firstly carried out more 

than two decades ago.44 Due to the limitation of the computational power then, Klein 

carried out a MD simulation of one spheroidal micelle at a size of 42 solvated into 1901 

water models for 182 ps at a UA level. The parameters were based on quantum 

mechanical calculations since there is no available force field parameter for SDS then. 

Later MacKerell carried out simulation of SDS micelle at a size of 60 solvated into 4398 

water for 120 ps use CHARMM22 force field at an AA level.32 As the computational 

power increases, a decade later after the first MD simulation, a milestone study of 

properties of SDS micelles composed of 60 SDS was performed by Bruce et al.45 for 5 ns 

using AMBER-UA force field parameters developed in Berkowitz’s group.46 The 

validation method of SDS force field parameter used by comparing the RDF of sulfur 

atom to sodium ions (gS-Na) within a spherical micelle at a size of 60 in a small simulation 

box, and the radius of gyration (Rg) of SDS tail, have been used even since then,47,48 even 

though the computational power has been improved tremendously in the decade.  

The shape of a micelle composed of 60 SDS will be more or less an ellipsoidal due to 

the geometric constrains. The sulfur atom, which is shielded under the three connected 

ionic oxygen, has limited access from contacting the sodium ions and is less sensitive to 

changes in the environment. Therefore, both validation methods are less sensitive to the 
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force field parameters. Furthermore, all the simulations used small simulation boxes to 

reduce the computational demand by simulating less water, while neglected the fact that 

the shape and size of the micelles are concentration dependent. Even at the lowest SDS 

concentration of 0.4 M in former studies, the majority of the micelles within the systems 

are rodlike micelles or longer wormlike micelles since the concentration of SDS is far 

above the 2nd CMC of 0.069 M.5,49 More stringent methods of force field validation that 

connect to the physical-chemical properties, including the shape of the micelles at its 

corresponding concentrations, are computational feasible but have not been applied yet. 

Locating force field parameters of one or two that determine the shape of the micelles, 

can provide useful information for surfactant force field parameterization as well. 

The increase of computational power enables simulations of much complex surfactants 

with larger sizes. In practical applications, many surfactants are mixtures of several 

similar structures instead of one component. For convenience and limited by the 

computational resources, researches used one averaged species as a representative 

structure in MD simulations, neglecting the fact that different structures could result in 

very different properties. Take polyethylene sorbitan oleats (Tween 80) as a example, 

former MD simulations of Tween 80 at UA or AA level only carried out one molecule 

using the averaged structure.50,51 With increasing computational power and the improved 

accuracy of force field parameters, it is time to investigate more possible structures of 

commercial surfactants from synthetic point of view and study the structure-property 

relationships of the surfactants. Understanding how the packing of surfactants with 

certain structure lead to superior properties of interest can build the structure-property 
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relationships and predict properties of surfactants. Tuning the synthesis of surfactants to 

the increasing fractions of the superior properties can improve the efficiency of the 

surfactant products. 

Furthermore, industrial surfactant formulations, for example, body washes, are 

complex mixtures of several species of surfactants, salts, and perfume raw materials 

(PRMs) in order to meet consumer’s demands and take the advantages superior properties 

of mixed surfactants than single species. These surfactant formulations are complex 

fluids having microstructures. The properties of those formulations are determined by the 

microstructures of surfactants at a molecular scale. Due to the complexity of the 

formulation and the challenges of quantifying the microstructures experimentally, 

empirical formulations are mainly used without understanding the structure-property 

relationships of body washes. How to connect those surfactant-packing structures at a 

molecular scale to the viscoelastic properties of the body washes at a continuum scale has 

not been addressed so far. The DPD models with significant improvements,29,52,53 

together with micellar scale models54,55 and rheological measurements, can provide 

possible solution to solve this multi-scale problems and develop the structure-property 

relationship models.  

1.2 Dissertation Overview 

To address the three issues in surfactant modeling and applications, we carried out the 

following three projects starting from a simple surfactant, SDS solution using MD 

simulations, to larger surfactant mixtures, Tween 80, containing relevant structures, and 

to complex body wash formulations containing several species of surfactants, salts, and 
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PRMs using modeling and rheological techniques. Based on results from SDS 

simulations, we chose GROMOS force field using the SPC water model for Tween 80 

simulations considering the accuracy and efficiency. Specially: 

 I. Force field effects on SDS micelles in water using MD simulations:  

a. Identified key force field parameters determine the shape of large 

micelles:  cylinders vs. bicelles; 

b. Developed a more stringent standard for force field validation.  

 II. Developed five model molecules to represent Tween 80 commercial mixtures and 

study the structure-property relationships of Tween 80 in water and at interfaces: 

a. Represented surfactant packing structures within micelles using the RDF 

distribution of surfactants; 

b. Represented surfactant packing structures at interfaces by the density 

profiles at interfaces. 

 III. Connected the surfactant packing structures at the molecular scale and micellar 

scale, to viscoelastic properties at continuum scale upon addition of salts and PRMs 

to body washes using rheometry, micellar modeling, and DPD simulations: 

a. Determined viscoelastic properties changes upon the addition of salts and 

the corresponding structure changes at the molecular scale and micellar 

scale; 

b. Determined viscoelastic properties changes upon the addition of PRMs 

and the corresponding structure changes at the molecular scale and 

micellar scale relevant to its logPow and chemical structures. 
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Chapter 2 

Molecular Dynamics Simulations of Sodium Dodecyl Sulfate 

Micelles in Water – the Effect of the Force Field 

The work in Chapter 2 has been published as: X. Tang, P. Koenig, and R. G. Larson 

Molecular Dynamics Simulations of SDS Micelles in Water – the Effect of the Force 

Field. J. Phys. Chem. B, 118 (2014) 3864-3880. 

 

2.1. Introduction 

Sodium dodecyl sulfate (SDS) is perhaps the most widely studied anionic surfactant, 

and is used in both fundamental scientific studies and industrial products, such as 

detergents and body washes. For SDS in water without salt at 25 °C, the first critical 

micelle concentration (CMC), at which fairly abrupt changes in solution properties occur, 

is 0.008 M56–59 and the average aggregation number near this concentration is around 

60.60–62 The first CMC can be measured by various techniques including electrical 

conductivity, surface tension, light scattering,6,62 as well as small-angle X-ray scattering 

(SAXS)57 and small-angle neutron scattering (SANS).59,63 At the first CMC, spherical 

and/or ellipsoidal micelles with a distribution of aggregation numbers are formed,60,61,64,65 

but the solution rheology remains Newtonian. 
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As the concentration of SDS passes through the “second CMC”, which is about 0.069 

M in water, a more subtle transition than that at the first CMC is observed (usually as a 

small change in slope of a property plotted versus concentration) by light scattering, 

conductivity, viscosity, velocity of sound, fluorescence probes, cyclic voltammetry, 

adsorptive voltammetry and polarography,5,6,49,66 and anisotropy of micelle properties 

emerges, along with higher micelle aggregation numbers. The second CMC is typically 

associated with the growth of elongated micelles, which become rodlike or threadlike as 

the concentration continues to increase.  

Small-angle neutron scattering (SANS) shows a possible elliptical cross-section rather 

than circular cross-section for rodlike micelles.64,65 Viscoelastic rheology is typically 

observed beyond the second CMC when threadlike micelles are formed. As the 

concentration of SDS is raised further to 36% by weight, or 1.250 M, Kekicheff and 

coworkers have found higher-order phases, such as hexagonal and lamellar phases 

coexisting with isotropic cubic phases.16 Once lamellar phases are formed, the solutions 

phase separate.  

The phase behavior and micellar structure are also sensitive to temperature, and type 

and concentration of any co-surfactant, counterions and added salts.16,17,59,61,67,68 

Hammouda recently studied the effects of surfactant concentration, temperature, and salt 

concentration on SDS micelle structure using SANS.65 An oblate ellipsoidal structure was 

inferred and the micelle size was observed to increase, as expected, with a decrease in 

temperature, an increase in the NaCl concentration or an increase in the surfactant 

concentration.65 (However, Vass et al.69 show that some scattering data can be equally 
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well fit by monodisperse prolate ellipsoids or slightly polydisperse oblate ellipsoids.) 

With increasing salt, at 1% SDS and 21° C, Hammouda reports that the micelles became 

increasing oblate, with a long axis reaching 6.5 nm diameter at 0.5 M salt, and the short 

dimension remaining at around 3 nm thickness. In many industrial applications, 

surfactant solutions are deployed at concentrations above the second CMC and below that 

of the lamellar phase; at such concentrations of industrial relevance, viscoelastic 

properties are important.  

In recent years, the properties of SDS solutions have been studied extensively by 

molecular dynamics (MD) simulations. MD simulations provide a unique resolution of 

structural details down to the Angstrom scale. With increasing computational power, all-

atom (AA) MD simulations of surfactant solutions containing up to millions of atoms and 

time scales of hundreds of ns have been carried out.25 Atomistic MD simulations can be 

accelerated, especially for surfactants with long hydrocarbon tails, by grouping each 

carbon with its bonded hydrogen atoms into a pseudo or united-atom (UA) and applying 

a larger time step size.26 MD UA simulations usually speed up the simulations 3-4 fold 

compared with AA simulations, without sacrificing atomistic details significantly. 

Simulations of SDS micelles in water have been studied using the four popular empirical 

force fields, namely CHARMM, OPLS, AMBER, and GROMOS, and some additional 

specialized force fields. Both NVT and NPT ensembles, with either initially randomly 

distributed SDS molecules, or initially prepackaged spherical micelles, have been 

employed.   
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In pioneering work, Shelley, Watanabe and Klein44 carried out UA MD simulations of 

a preassembled SDS micelle using partial charges of the SDS head group atoms obtained 

from the semi-empirical quantum mechanical “Austin Model 1”,70 and basing 

intermolecular and intramolecular parameters of the SDS head group on X-ray diffraction 

data and hydration energy.71,72 These partial charges and other optimized parameters were 

adopted in later SDS simulations using OPLS, AMBER, and GROMOS force fields.48,73–

76 MacKerell32 carried out an AA MD simulation of a preassembled SDS micelle using 

the CHARMM force field with different partial charges, and intermolecular and 

intramolecular parameters. These partial charges and optimized parameters were adopted 

in later SDS simulations using the CHARMM force field.77,78 The simulations of Shelley 

et al. and of MacKerell were performed in a small box (corresponding to a high SDS 

concentration) and the simulation times were too short for equilibration of counterion 

positions due to computational limitations.32,45,79  

A milestone study of properties of SDS micelles composed of 60 SDS was performed 

in 2002 by Bruce et al.45 in a box size corresponding to a concentration of 0.4 M for 5 ns 

using AMBER-UA force field parameters from Berkowitz’s group.46 They found that a 

stable distribution of counterions and an equilibrated, slightly nonspherical, micelle shape 

were reached after only 1 ns of simulation. Structural properties, including the radius of 

gyration, shape eccentricity, solvent accessible surface area, dry hydrocarbon core, 

dihedral angle distribution, and micelle diffusivity were evaluated. In a follow-up study 

by Bruce et al.,79 the effects of counterions on SDS micelle properties and diffusivity of 

water near the micelle surfaces were studied extensively using the same force field. The 
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structural stability of SDS micelles with aggregation number ranging up to 121 was also 

studied using a CHARMM-AA force field with 8488 water molecules for up to 4.5 

ns.77,78,80  

A long, 21 ns simulation for a preassembled SDS micelle composed of 60 surfactants 

was performed by Palazzesi et al. at 0.2 M using a general AMBER force field (GAFF) in 

2011.81 They observed a roughly prolate SDS micelle with eccentricity of 0.15. This 

result is consistent with recent SANS and SAXS studies that show nonspherical shapes of 

cesium dodecyl sulfate micelles.69 Here the eccentricity is defined as 1-Imin/Iave, where Imin 

is the smallest of the three moments of inertia along the principal axes of the micelle, and 

Iave is the moment of inertia averaged over the three axes.  

The use of UA beads to represent carbon atoms with their bonded hydrogens was first 

implemented more than 30 years ago.26 It has been applied to the most commonly used 

empirical force fields (i.e., CHARMM, OPLS, AMBER, and GROMOS) and used also in 

specialized UA force fields.82–84 However, use of united atoms has been found to lead to 

inaccuracy in intermolecular interactions between aromatic compounds relative to 

experimental results.27 By a  “specialized” UA force field we mean one developed for a 

specific chemical system and used only within a small group of researchers; such force 

fields will not be discussed here. The more widely used CHARMM-UA, AMBER-UA 

and OPLS-UA force fields were last updated at least ten years ago and have not been 

significantly improved on since.31,85 An exception is the GROMOS force field available 

only in UA form which has been updated several times since its introduction.35,86–88 

Parameterization of the GROMOS force field is based on reproducing the pure liquid 
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density, heat of vaporization, as well as free enthalpy of hydration, and apolar solvation 

for a variety of compounds. Instead of applying simple geometric combination rules for 

Lennard-Jones (L-J) potentials of all pairs of interacting atoms, up to three sets of L-J 

potential parameters are available for each atom from which one is chosen based on polar 

and ionic interactions between the two atoms. Therefore, in GROMOS there are up to 

nine possible combination values of force field parameters for each pair of atoms.  In 

addition, pair potentials between the first and the fourth atoms connected through three 

covalent bonds - i.e., the 1-4 L-J potentials – involve usage of specialized L-J parameters, 

which were optimized separately instead of using simple combination rules as in all other 

UA force fields. These specialized steps insure the accuracy of the force field at a UA 

level when coarse-grained nonpolar hydrogen is collapsed into the bead for the connected 

carbon. However, this special treatment means that introducing a new atom type into 

GROMOS becomes more challenging because it may involve parameterizing multiple 1-

4 L-J parameter sets, one set for the interaction of the new atom with each other atom 

type. Several efforts have been made to simulate SDS using the GROMOS force field by 

choosing the closest atom type available for each SDS atom to avoid additional parameter 

optimizations for any atom types in SDS that are missing in the GROMOS force field 

set.48,76,89,90 Specifically, to avoid developing a series of 1-4 L-J force field parameters for 

the ionic oxygens in the sulfate head group of SDS, the ionic oxygens have been replaced 

by either carboxyl oxygens by Sammalkorpi et al.76 or by two carbonyl oxygens and a 

hydroxyl oxygen by Shang et al.48 The carboxyl, carbonyl and hydroxyl oxygen force 

field parameters are already available in GROMOS.48,76,89,90 Since the intramolecular 
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potential for the head group is not available in the standard GROMOS force field 

considered in this study, this potential was generated using the corresponding carboxyl 

(in Sammalkorpi et al.)29 or carbonyl (which in Shang et al.48 was used for intramolecular 

potentials of all bonds involving the ionic oxygens, including the oxygen whose 

intermolecular interactions was represented by a hydroxyl oxygen). With these simple 

replacements within GROMOS, agreement with experimental results and with other 

simulations was obtained in simulations of a SDS micelle with 60 surfactants at 0.4 M for 

5 ns.48,89 A GROMOS force field also enabled simulation of self-assembly of spherical 

micelles of SDS surfactants in water from a solution containing up to 400 SDS within a 

200 ns time scale.76 At the end of the 200 ns simulation, an aggregation number of 70 was 

observed at a concentration of 1.0 M SDS, and an aggregation number of 60 at a 

concentration of 0.4 M,76 which are lower aggregation numbers than observed 

experimentally at these concentrations. In a coarse-grained simulation extending up to 5 

µs, an aggregation number of 113 was observed at a concentration of 1 M in a box 

containing 1000 SDS.91 The simulated aggregation number using the coarse-grained force 

field is significantly lower than the experimental value at these high concentrations, 

which suggests that even coarse-grained simulations might not reach equilibrium within 5 

µs.  

In summary, simulations of small-preassembled spherical SDS micelles in solutions 

have been carried out using four popular force fields and results are consistent with 

experimental measurements. Achieving equilibrated self-assembly of SDS micelles at 

even the coarse-grained level is still prohibitively expensive, however, due to the long 
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simulation times needed to reach equilibrium. Thus, to date, most MD simulations of 

SDS micelles in aqueous solutions at the atomistic UA and AA levels have focused on 

preassembled spherical micelles composed of 60 SDS in boxes so small that the 

surfactant concentrations in these boxes were higher than the second CMC, where 

micelles with aggregation number higher than 60 are the dominant species in solution. To 

our knowledge, to date no simulations have addressed the effect of box size on micelle 

properties of the same aggregation number, which could be significant since box size 

might affect the counterion distribution around an SDS micelle.  Nor have elongated 

micelles composed of more than 121 surfactant molecules been simulated. In addition, 

comparisons of SDS micelle structures obtained from different force fields have not yet 

been carried out.  

It is particularly important to assess the ability of different force fields to simulate 

accurately the structures of surfactant aggregates other than simple spherical micelles, 

since simulating spherical micelles may not be a very sensitive test of the force field. The 

dimensionless Israelachvili “packing parameter,” 𝑝 = 𝑉/𝑙!𝑎! controls micelle shape, 

where 𝑎! is the area occupied by the hydrophilic head on the micelle surface.92 The 

length 𝑙!   of the surfactant tail and the tail volume V already to a large extent control the 

size, shape, and structure of a micelle whose aggregation number is only large enough to 

allow spherical micelles to form (as is the case for an aggregation number of 60 for SDS). 

With increasing aggregation number, 𝑎! must either decrease or the spherical shape must 

give way to some other shape, and this transition and the micelle shape at higher 
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aggregation number could be more sensitive to the force field than is the structure of a 

simple spherical micelle.  

In addition, since some of the most widely applied industrial surfactant solutions 

contain primarily elongated micelles, it would be of interest to simulate such SDS 

micelles at a concentration above the second CMC and with enough surfactant molecules 

to form large micelles. Finally, there has not yet been a comprehensive comparison of the 

structures of SDS aggregates, either spherical or elongated, obtained using different force 

fields. We therefore here will compare such SDS micelles, simulated using three versions 

of GROMOS (UA),48,86,87 as well as OPLS-UA,31,93 CHARMM36 (AA),40 and OPLS-AA30 

force fields. The sodium ion and chloride in the GROMOS53A6 force field has been re-

parameterized in the GROMOS54A794 force field, and these values were used in the 

GROMOS54A895 force field as well. The parameters for all the atoms used in our SDS 

simulations are the same in GROMOS54A7 as they are in GROMOS54A8, but the 

sodium ion parameters differ somewhat from those in GROMOS53A6. We therefore 

tested the new sodium ions in the GROMOS54A8 force field in simulations with a SDS 

micelle of aggregation number 60, and found only a slight difference in the Na-O RDF 

obtained using GROMOS53A6 (Fig. A.5). As described below, all of these force fields, 

except for CHARMM36, need special adaptations to allow simulation of the sulfate head 

group of SDS, while CHARMM36 already contains parameters for the sulfate atoms in 

the standard force field parameter set. We will also consider alternative L-J parameter 

sets for sodium ions. We will present results for spheroidal micelles of aggregation 

numbers of 60 and 100 in different boxes sizes to mimic concentrations of 0.800 M and 
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0.050 M in water. We will also simulate a periodic threadlike micelle composed of 300 

SDS molecules and a finite-length rodlike micelle or a bicelle composed of 382 

surfactants in water and in 2% NaCl. The rest of the article is structured as follows: 

Section 2.2 lists the computational models and simulation methods; Section 2.3 contains 

the results; and Section 2.4 summarizes the conclusions. 

 

2.2. Computational Models and Simulation Methods 

2.2.1 Partial Charges 

Three sets of partial charges, listed in Table 2.1, were investigated. The partial charges 

of the SDS head group given in the second column, from Shelley et al., will be tested in 

simulations using all the force fields considered here except the CHARMM36 and 

GROMOS53A6OXY force fields. The standard partial charges used in the CHARMM36 

force field are given in the third column, while the fourth column lists partial charges 

suggested recently by the GROMOS developers96 and used here with the 

GROMOS53A6OXY force field.87 We cannot cover all the force field parameters used 

for SDS, but limit ourselves to the updated popular force fields available for use in the 

GROMACS simulation engine, namely GROMOS, CHARMM-AA, OPLS-AA and 

OPLS-UA. The AMBER-AA force field is not tested against SDS micelle simulations 

since no updated general AMBER force field (GAFF) or AMBER12 lipid force field 

parameter set is available in GROMACS. 
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Table 2.1. Partial charges of the SDS head group tested in this study.   

 
In Table 2.1, “O” represents the ionic oxygen; “OA” represents the ester oxygen; and 

“CH2” represents the alpha carbon attached to the ester oxygen and its bonded hydrogens. 
The charge of this “CH2” is the net charge of the alpha carbon and connected hydrogens 
for all-atom CHARMM and OPLS force fields, and is the charge on the united CH2 bead 
of a carbon in the GROMOS and OPLS-UA force fields.  

 

2.2.2 Force Fields  

We consider six different force fields, three of them different versions of GROMOS, as 

well as CHARMM36, OPLS-AA, and OPLS-UA, as described below. 

2.2.2.1 GROMOS  

The GROMOS43A1 force field has been successfully applied to simulations of 

proteins.97 GROMOS45A3, on the other hand, was developed to study lipids with long 

alkane chains and/or branches, by reproducing pure alkane liquid density and heat of 

vaporization at room temperature and pressure.35 Several SDS micelle simulation studies 

have successfully applied the GROMOS45A3 force field.48,89,98 To address accurately 

solvation effects and partition coefficients for molecules of different polarities, the newer 

GROMOS53A6 force field was developed to reproduce the free enthalpies of hydration 

in SPC water and the apolar solvation for a series of compounds.86 GROMOS53A6OXY 
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refined further the GROMOS53A6 force field parameters for oxygen-containing 

compounds to optimize the predictions of their liquid density, enthalpy of vaporization, 

and solvation properties.87 Because of the impact of head group oxygen parameters on 

SDS micelle properties, we include GROMOS53A6OXY in this study although it is not 

available as part of the standard GROMACS simulation engine. In short, we consider 

three versions of the GROMOS force field: GROMOS45A3,48 GROMOS53A6, and 

GROMOS53A6OXY using SPC water model. Two sets of partial charges for SDS head 

groups are tested. One is adopted from Shelley et al.21 and is applied here to 

GROMOS45A3 and GROMOS53A6 force fields, and the other (“GROMOS Developer”) 

was selected based on analogies to existing GROMOS force field parameters and we 

apply it to the GROMOS53A6OXY force field. Thus, three different combinations of 

GROMOS force field parameter sets and partial charge sets are tested here.  

The UA coordinate file for SDS was generated using Materials Studio (MS), followed 

by hydrogen removal. The topology file was generated using the topology auto generator 

ProDRG server.99 The partial charges and torsional parameters of the generated topology 

file were adjusted manually.100 The Ryckaert-Bellemans (R-B) potential was adopted for 

the dihedral parameters of the hydrocarbon tail of SDS.101 The three sets of GROMOS 

force field parameters described above are tested. For the GROMOS45A3 force field, 

Shang et al.48 represented the three ionic oxygen atoms in the head group of SDS by two 

carbonyl oxygen atoms and one hydroxyl oxygen atom48 for inter-molecular parameters, 

and three carbonyl oxygen atoms for intra-molecular parameters. We follow that 

approach here for our implementation of the GROMOS45A3 force field. For the other 
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two GROMOS force field/partial charge sets, each of the three ionic oxygen atoms in the 

head group are represented as carboxyl oxygens, and the bonded parameters for the SDS 

head group are taken from Berkowitz’s group,46,102 which they, in turn, obtained from 

Shelley et al.,21 who were guided by x-ray studies.46,102 

2.2.2.2 CHARMM  

The CHARMM22 force field is an AA force field developed for studying proteins in 

condensed phases while retaining compatibility with earlier published nucleic acid and 

lipid CHARMM-AA parameters.103 The addition of a 1-3 L-J Urey-Bradley potential for 

the pair angle bending potentials between the first and the third atoms connected through 

two covalent bonds allowed optimization of the vibrational spectra. The intermolecular 

and bonded parameters were optimized based on experimental spectroscopy 

measurements of geometrics and vibrational spectra, as well as on quantum mechanical 

calculations of torsional energy surfaces. The intermolecular or nonbonded parameters, 

mainly partial charges, were then optimized for solvent density, model compound heats 

and free energies of vaporization, solvation, and structural geometries with a modified 

TIP3P water.103 1-4 L-J interaction and 1-4 electrostatic interaction parameters were 

parameterized explicitly instead of using a simple scaling rule. The CHARMM force 

field parameterized many of the commonly studied biological molecules in one 

compatible force field and therefore has been widely applied. Systematic refinement of 

CHARMM22 resulted in CHARMM27, which improved the alkane L-J parameters, 

torsional parameters, and the partial atomic charges of the phosphate lipids.104 The 
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recently updated CHARMM3640,105 force field led to improvement in two important 

properties of lipid bilayers over CHARMM27: CHARMM36 gives a zero surface tension 

at the experimental bilayer lipid density and matches the NMR (nuclear magnetic 

resonance) signature splitting of the deuterium order parameters in the glycerol and 

upper-chain (head-head-group) carbons. The differences between CHARMM36 and 

CHARMM27 parameters relevant to SDS are in the L-J parameters of the ester oxygen, 

and the dihedral functions of the aliphatic tails of SDS. The coordinate file of the AA 

SDS for our work was generated using Materials Studio. The topology file for SDS was 

generated automatically using the SwissParam server106 with modifications of the 

aliphatic dihedral parameters. Partial charges and L-J interaction parameters were also 

adjusted to match the available CHARMM27 and CHARMM36 SDS parameters. Here, 

we used the CHARMM36 force field. A modified TIP3P water model, as given in the 

CHARMM folder of the GROMACS engine, was used in all simulations.  

2.2.2.3 OPLS-AA 

The OPLS-AA force field optimizes liquid densities and heats of vaporization for 

various common organic liquids, in addition to fitting rotational energy profiles based on 

ab initio calculations. The bond stretching and angle bending parameters were mostly 

adopted from the AMBER-AA force field.30 The intramolecular and intermolecular 

parameters of the head group of SDS are not included in the standard OPLS-AA force 

field and were therefore adopted from Berkowitz’s group.46,102 The rest of the parameters 

were the standard OPLS-AA ones. All L-J cross interactions were calculated according to 
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the normal OPLS mixing rule. A thorough study of the effect of seven different sodium 

ion models on SDS micelle properties within the OPLS-AA force field will be described 

in what follows. These sodium ion parameters were either optimized recently, or are 

available in the GROMACS simulation engine, as options within the OPLS-AA force 

field.  

Topology files were generated automatically from the AA pdb file of SDS using 

Topogen.pl written by Lemkul.107 The hydrocarbon tail parameters were adopted from the 

force field file using the R-B potential.101 The two sodium ion force fields available108,109 

using a TIP4P water model in the GROMACS OPLS-AA folder were parameterized at 

least 25 years ago. Therefore, five additional recently parameterized sodium ion models 

from Dang,110 Joung and Cheatham,111 and Jensen and Jorgensen112 are also tested in what 

follows. The parameterization of ions involves optimization of the thermodynamic 

properties of ion pairs in a specific water model, the radial distribution describing the ion-

water structure, or both. Since the sodium ions models studied here were parameterized 

with different water models, for each sodium ion model considered, we used the 

corresponding water model for which that sodium model was originally developed. In 

addition, the effects of the water model will also be tested using ion models from 

Jorgensen and coworkers108 and from Aqvist109 to understand water-model effects on 

micelle properties.  
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2.2.2.4 OPLS-UA 

Developed in 1988, the OPLS-UA or OPLS/AMBER force field optimizes liquid 

densities and heats of vaporization for a variety of organic liquids and is compatible with 

TIP4P, TIP3P, and SPC water models.113 The coordinate file of UA SDS was generated 

here using Materials Studio followed by hydrogen removal. The topology file was 

generated using the topology auto generator ProDRG server99 and modified manually. 

Bond stretch, torsion, and L-J parameters of the ester oxygen and alpha carbon in the 

SDS head group were adopted from transferable potentials for the phase equilibria–united 

atom (TraPPE-UA) force field93 as developed by Pierre Verstraete from Procter and 

Gamble. While other L-J cross interactions were calculated from the normal mixing rule, 

the L-J interaction parameters of the ester oxygen with the water oxygen were adopted 

from Shang et al.48 The remaining parameters of the SDS head group were adopted from 

the work of Berkowitz’s group,46,102 and are the same as those used in the OPLS-AA force 

field described above. Also adopting parameters for SDS tail groups from the newly 

parameterized TraPPE-UA force field could further improve the behavior of SDS micelle 

simulations, but this was not done here. The head group parameters (except for those of 

the ester oxygen and alpha carbon) were drawn from an AMBER UA force field. The 

SPC water model is used with this force field. 
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 2.2.3 Simulation Methods 

Preassembled micelles, either spherical, short rodlike, periodic cylindrical micelles, or 

disklike bicelles, were generated using PACKMOL software.114,115 Energy minimization 

was performed before and after the addition of water and counterions or salts to keep the 

maximum force on any atom below 1000 kJ mol-1 nm-2. Then, water and ions were 

distributed randomly outside of these micelles within the simulation box. Table 2.2 lists 

details of simulations performed in this study and the shape of the micelle at the end of 

the simulations. The surfactants were studied at three concentrations: 0.05 M in a box 

size of 12.65*12.65*12.65 nm3 at an aggregation number of 60, and a box size of 

15.5*15.5*15.5 nm3 at an aggregation number of 100, which is between the first and the 

second CMC, where spherical or ellipsoidal micelles are the dominant species; 0.80 M in 

a box size of 5*5*5 nm3 at an aggregation number of 60, and a box size of 6*6*6 nm3 at 

an aggregation number of 100, which is between the second CMC and liquid crystalline 

SDS concentration, where micelles of higher aggregation number are dominant; and 0.26 

M in box sizes of 11*11*16 at an aggregation number of 300, and 11*11*20 nm3 at an 

aggregation number of 382, which is above the second CMC, below the liquid crystalline 

phase, and close to the concentration of surfactants in consumer products. At a surfactant 

concentration of 0.26 M, either only sodium counter ions or these counter ions plus 2% 

by weight sodium chloride were added to study the effect of salt on micelle shapes. For 

the other concentrations, only sodium counter ions were added, with no additional salt. 

Initially spherical micelles were preassembled at aggregation numbers of 60 and 100. 
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Periodic cylindrical micelles were preassembled at an aggregation number of 300. Short 

rodlike micelles were preassembled at an aggregation number of 382.  

The GROMACS simulation engine was used for all the simulations. Temperature 

control was accomplished using the velocity-rescaling weak-coupling method. Pressure 

control was applied using the Berendsen weak-coupling method either isotropically or 

semi-isotropically, at 300 K (τT) and 1 bar (τP), where τT and τP are the duration of 

update steps or time constants, taken to be 0.1 ps and 1.0 ps respectively, for temperature 

and pressure.  

A cutoff scheme was used for short-range nonbonded interactions according to the 

force field recommendation values respectively, and long-range electrostatic interactions 

were computed using the Particle Mesh Ewald technique. A time step of 2 fs was used for 

AA force field simulations, and of 5 fs for UA force fields.  The neighbor list was 

updated every ten time steps. Bond lengths were constrained using LINCS. Bonds 

containing hydrogen were constrained using SHAKE. And the water geometry was 

constrained using SETTLE. Before the production MD run, position-restraint runs of 

duration 200 ps were employed by harmonically restraining the head group atoms with a 

force constant of 1000 kJ mol-1 nm-2 to allow the relaxation of water and to reach desired 

temperature and pressure gradually. The production MD run lasted for 20 ns if using AA 

force fields, and 30 ns if using UA force fields. Trajectories after 10 ns were used for 

small micelles of 60 and 100 SDS analyses, and trajectories of the last 5 ns were used for 

micelles of 382 SDS analysis, during which the potential energy and radius of gyration 

remained stable. 
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Table 2.2. Simulations carried out in this study and the resulting shapes of the micelles 

by the end of the run. 

Initial	  
Shape	  of	  
micelles	  

ForceField	  and	  	  
Water	  model	  

GROMOS-‐UA/	  SPC	   OPLS-‐UA	  	  
/SPC	  

CHARMM36	  	  	  	  	  	  	  	  
/TIP3P	  

OPLS-‐AA	  	  	  	  	  	  
/TIP4P	  45A3	   53A6	   53A6OXY	  

Partial	  Charges	   Shelley	  
et.	  al.44	  

Shelley	  
et.	  al.44	  

GROMOS	  
Developer	  

Shelley	  
et.	  al.44	   CHARMM32	   Shelley	  

et.	  al.44	  

SPH	  
60	  SDS	  	   0%NaCl	   ELL	   ELL	   ELL	   ELL	   ELL	   ELL	  

100	  SDS	  	   0%NaCl	   BICELLE	   ELL	   ELL	   ELL	   ELL	   BICELLE	  

INF	  CYL	   300	  SDS	  0.26M	  
0%NaCl	   INF	  RIB	   3	  ELLs	   3	  ELLs	  	   3	  ELLs	  	   ROD	   INF	  RIB	  

2%NaCl	   INF	  RIB	   INF	  CYL	  	   INF	  CYL	   	  ROD	   ROD	   INF	  RIB	  

ROD	   382	  SDS	  0.26M	  
0%NaCl	   BICELLE	   	  4SPHs	  	   ROD	   	  3	  SPHs	   2	  RODs	  	   BICELLE	  

2%NaCl	   BICELLE	   ROD	   	  ROD	   ROD	   RODs	   BICELLE	  

BICELLE	   382	  SDS	  0.26M	   2%NaCl	   BICELLE	   2RODs	   	  ROD	   ROD	   BICELLE	   BICELLE	  

Initial structures of surfactants were preassembled SDS micelles. ELL: ellipsoidal 
shape; BICELLE: similar to bilayer structure but with a much smaller aggregation 
number; RIB: finite Ribbon-like structure or bilayer structure in an elongated shape; INF: 
infinite length; ROD: finite cylindrical micelle with two end caps; INF CYL: infinite 
cylindrical shape. “1SPH and 1ROD” one spherical micelle and one rodlike micelle. 

2.3. Results and Discussion 

2.3.1 Spherical Micelles Composed of 60 SDS in Small and Large Simulation Box 

Sizes  

As mentioned above, although SDS micelles have a distribution of aggregation 

numbers whose average increases with SDS concentration, to save computation time, in 

typical simulations a single micelle with small aggregation number of 60 is simulated in a 

small periodic box corresponding to a concentration above the 2nd CMC (which is at 

0.069 M). In this study, we compare micelle properties at two different simulation box 

sizes that correspond to concentrations of 0.80 M and 0.05 M, which are above and below 

the 2nd CMC, respectively, for multiple popular force field parameter sets. Specifically, 

we compare radial density distribution functions (RDF’s) of head groups, tail groups of 
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SDS, counterions, and water about the micelle center of mass (COM), radii of gyration 

(Rg’s) of SDS and carbon tails, Rg of sulfur atoms about the micelle COM, RDF’s of 

sodium ions to ionic oxygens of SDS head groups, solvent-accessible surface areas 

(SASA’s), and the hydration numbers of the tail carbons.  

In general, we find that after equilibration, there are greater differences in micelle 

properties resulting from different force fields than from the differences in simulation box 

sizes. But even many of the differences resulting from different force fields are not large 

for micelles of aggregation number 60. As shown in Figure 1, at 0.05 M, the RDFs of the 

SDS tail groups are nearly the same for the different force fields. The differences in peak 

position are less than 0.5 Å. The height and width of the peaks are only slightly different. 

No significant differences are observed when using the same force field but different 

simulation box sizes (figure not shown). The low density region for the tail groups near 

the center of mass suggests a vacancy in the micelle center.80 This structure of the SDS 

micelle is consistent with the Hayter and Penfold’s three shell model116 and a dry 

hydrocarbon core. The first shell is composed of hydrophobic paraffin core without water 

wetting; the second shell is composed of mainly hydrophobic tails and a small amount of 

water and sodium ions; and the third shell is composed mainly of hydrophilic heads with 

a significant amount of  “bound” water, sodium counterions, and a small amount of 

protruding tails. A slightly stronger binding of sodium ions to the micelle is observed for 

the GROMOS45A3 and OPLS-AA force fields, as shown by the insert in Figure 1. Since 

sodium ions screen the electrostatic repulsion between the head groups and modify the 

packing parameters, different micellar properties might be expected for the above two 
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force fields, compared to the others, and this expectation is realized for larger micelles, as 

discussed in detail later. 

 

Figure 2.1 Radial density distribution of tail groups, head groups, counter ions, and water 

about the micelle center of mass (COM) for a micelle composed of 60 SDS in a 

simulation box size of 12.65*12.65*12.65 nm3, for various force fields. The order of the 

listed force fields in the legend is based on the binding strength of sodium ions to the 

ionic oxygen as shown in Figure 2.3b, with highest strengths at the top.   

Micellar sizes can be quantified by radius estimates from experiments and simulations. 

Experimentally, the radius of the SDS micelle hydrocarbon core was found by small-

angle X-ray scattering (SAXS) to be 1.52 nm for 0.18 M in water at 22 °C60, and a similar 

value was obtained by fitting small-angle neutron scattering (SANS) data61 for 0.1 M 

SDS in aqueous solution at 25°C. In SANS experiments, the measured radius is 

considered to be equal to the radius of the hydrocarbon core because the scattering length 
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density of sulfate head groups and D2O water are equal to within experimental error.63 

The corresponding micelle aggregation numbers are approximated from the measured 

micelle size and model-fitting of micelle shapes. The micellar hydrodynamic radius Rh 

measured by Quasielastic Light Scattering Spectroscopy, is 2.2nm for 0.069 M SDS in 

0.15 M NaCl at a temperature of 25°C 59. Here Rh was estimated as an average over all 

aggregation numbers and orientations of the somewhat ellipsoidal micelle,59 and includes 

water molecules and counter ions bound to the surface of the micelle. In MD simulations, 

the radius of the whole micelle R can be determined from the average radius of gyration 

of the micelle, assuming an approximately uniform mass distribution within the micelle, 

if the polydispersity P in micelle aggregation number is known, using 

𝑅!! =
!
!
𝑅!    !!!"!

!!!"!!

!!!!!
.63 In our study using the six force fields, using the computed Rg 

and the above formula, the radii R range from 1.97 to 2.04 nm among the different force 

fields, if we take the polydispersity P to be 10% (0.1), and from 1.81 to 1.87 nm if we 

assume a polydispersity of 20%. The radius R can also simply be taken as the RMS 

distances of the sulfur atoms from the micelle COM45 and it is in the range from 1.89 to 

1.98 nm for the different force fields. Within the same force field, the difference in radii 

inferred from these two measurements is within 0.1 nm at a polydispersity of 10-20% and 

is negligible. The hydrodynamic radius Rh can be related to R using the method of Bruce 

et al.45 to incorporate the bound water near the micellar surface. The difference between 

simulations and scattering experiments60,61 in the radii of gyration is less than 0.1nm. For 

all force fields, the radius of gyration Rg or equivalently radius R in the smaller box is 
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less than 0.02 nm smaller than in the bigger box. All the measurements using different 

force fields agree with experimental measurements to within 0.1 nm. The prolatenesses117 

of micelles for different force fields are all less than 0.2 (but greater than zero) and the 

asphericities117 are less than 0.3. Thus, all force fields produced micelles of slightly 

prolate shape with radii that match the experimental values. 

The hydrophobicity of a micelle surface can be evaluated using the solvent-accessible 

surface area (SASA). In brief, a probe of spherical “water” molecule of radius 1.4 Å is 

rolled over the rough potential energy surface of the micelle to measure the hydrophobic, 

hydrophilic, and total surface areas of the micelle. The SASA values of the SDS micelles 

vary more significantly from one force field to the next than do the various radii. The 

hydrophilic percentage does not seem to correlate with the size of the micelle or the total 

SASA. There are no significant differences in the percentages of the hydrophilic surface 

area for the two box sizes.  

Interactions between the sodium counterion and the SDS head group are believed to be 

critical to packing parameters and therefore to the shape of the micelle. The interaction 

can be studied using the RDF between sodium and sulfur, and between sodium and ionic 

oxygens in SDS. As shown in Figure 2.2, for each force field there are two large, distinct 

peaks within the first 1 nm, corresponding to the first two sodium shells. The heights and 

positions of these differ greatly among the force fields. From the first peak in both 

figures, we find that distances between sodium and sulfur or ionic oxgen are shortest for 

the GROMOS45A3 force field (with the adaptations for the sulfate head group, as 

described in Section 2.2.1 above), followed by the CHARMM force field, which has a 
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significantly smaller peak. For the OPLS-AA force field (using the head group 

parameters described in Section 2.2.3), the distance between the sodium and either sulfur 

or ionic oxygens is greater than for the CHARMM force field, but the height of the peak 

for OPLS-AA is considerably greater than for CHARMM36. The distance is greater and 

the peak is smaller for OPLS-UA, and no apparent first peak is observed at all for all the 

GROMOS force fields except for GROMOS45A3. A better resolution of peaks is found 

in the sodium-to-ionic oxygen RDF’s than in those for sodium to sulfur. This may due to 

the spatial arrangement of the SDS head group in which the sulfur atom is buried under 

the three ionic oxygens. To quantify more accurately the ion distributions within the two 

shells of sodium near micelle surface, we integrated the shell volume under each peak as 

described in the caption to Figure 2.3. As shown in Figure 2.3, the total fraction of 

sodium ions within the first two shells of the sodium-to-ionic oxgyen RDF is roughly 

comparable for all force fields but is smallest for the CHARMM force field. The relative 

numbers of sodium ions in the first versus the second shell are comparable for 

GROMOS45A3, OPLS-AA, CHARMM, and OPLS-UA, with OPLS-AA having the 

highest proportion within the first shell, followed by GROMOS45A3. However, for 

GROMOS53A6 and GROMOS53A6OXY, 90% of the first two shell’s sodium ions are 

concentrated in the second shell with little penetration into the first shell. There are no 

significant differences in the RDF’s for Na-S or Na-O between the GROMOS53A6 and 

GROMOS53A6OXY force fields. Different sets of partial charges were used for thse two 

force fields (Klein’s for GROMOS53A6 and GROMOS Developer for 

GROMOS53A6OXY), and these differences in partial charges (shown in Table 2.1) 
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evidently have little effect on the RDF’s. Up to 81% of the sodium ions are condensed at 

the surface of the micelle in the smaller simulation boxes, while in the larger simulation 

box, no more than 70% condense. While condensation of sodium ions may be critical to 

micelle shape at higher surfactant concentration, to our knowledge this is difficult to 

determine experimentally, especially within a distance of 0.35 nm of the micelle surface.  
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Figure 2.2 RDF of sodium with respect to a). sulfur, and b). ionic oxygen atoms in the 

micelle head group for an SDS micelle with aggregation number 60.  

 

Figure 2.3 Percentages of sodium ions within each RDF shell around ionic oxygens of 

the SDS head group in a box size of 12.65*12.65*12.65 nm3. The boundaries of each 

shell are chosen to be 0 nm and 0.35 nm for the inner shell,  and 0.35 nm and 0.6 nm for 

the outer shell. These are based on distances near the two minima of the sodium to 

oxgyen RDF.  

To sum up this section, we investigated micelles composed of 60 SDS molecules for 

two different periodic box sizes using six different force fields and three different sets of 

partial charges, and compared the results with available simulations from the literature 

and with experimental results. We find little effect of box size; it appears that a micelle 

composed of 60 SDS can be studied in a small box, even though it corresponds to a 

concentration above the range where such small micelles are found experimentally. All 

the force fields accurately capture many of the micelle properties, including Rg, and RDF 
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of head or tail groups relative to micelle COM. SASA and hydration numbers are slightly 

different for different force fields but still roughly compatible. The functions most 

sensitive to the force field are the RDF of sodium to ionic oxygen, and of sodium to 

sulfur, especially the distribution of sodium within the two shells surrounding the ionic 

oxygens. This difference does not much affect micellar shape for small micelles, but we 

will see that it has a profound impact on micelle shape and shape transitions for larger 

micelles that are prevalent at high concentration. Thus, the computationally cheapest way 

to detect force field differences that are important at high aggregation number is to 

examine the sodium-to-oxygen RDF of a micelle of aggregation number 60. 

 

2.3.2 Micelle Composed of 100 Surfactants  

At an aggregation number of 60, the final shapes of the micelle do not differ, even 

though the RDF distributions of sodium and ionic oxygens are different. We next 

consider a micelle composed of an intermediate aggregation number of 100 to investigate 

the effect of force field on micelle properties.  

2.3.2.1 Impact of Force Field on Micelle Structure 

To see if the effects of the force field on SDS micelle properties at an aggregation 

number higher than 60 but still lower than the number enough to generate a rodlike 

micelle, we simulated a SDS micelle composed of 100 molecules in box sizes of 6*6*6 

nm3 and 15*15*15 nm3, corresponding to concentrations of 0.80 M and 0.05 M, 

respectively. At the end of the simulations, for GROMOS45A3 and OPLS-AA force 
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fields, which are the force fields that produced the highest first peaks in the sodium-to-

ionic-oxygen RDF for micelles of aggregation number 60, Figure 2.4 shows that on 

micelle of aggregation number 100, a two-dimensional “crystal” patch of head groups is 

formed (upper row) with an oxygen-to-sodium ratio of 4 to 1. The micelle for these two 

force fields remains nearly spherical, with prolateness parameter between -0.05 and 0.05, 

but with tail groups somewhat ordered (as indicated in the right two images on the lower 

row of Fig. 2.4). A more or less prolate shape with prolateness less than 0.2 without the 

crystal patch is formed for the rest of the force fields.  

 

Figure 2.4 Snapshots from simulations of micelle composed of 100 SDS at 0.8 M. Upper 

row: VDW sphere representation of atoms. Yellow: sulfur atom; red: ionic oxygen; blue: 

sodium ions within 0.6 nm of micelle; cyan, white, or blue: hydrocarbons and ester 

oxygen. Lower row: stick representation of bonds at a united-atom level. Cyan: 

hydrocarbons; brown: sulfate. The results are arranged from left to right in order of 

decreasing height of inner sodium/ionic oxygen peak.  



 

43 

The RDF’s of sodium to sulfur and sodium to ionic oxygens are similar to those at an 

aggregation number of 60 and are not shown here. As shown in Figure 2.5, the RDF’s of 

sulfur atoms with each other (S-S) show peaks at 0.5 nm for GROMOS45A3 and OPLS-

AA force fields at an aggregation number of 100. No such “inner peak” at distances at 0.5 

nm is observed at an aggregation number of 60 even with the same parameters and 

concentration. The S-S RDF is similar for aggregation numbers of 60 and 100 for the 

other force fields. The emerging inner peak of the S-S RDF reflects a smaller sulfate 

surface area that results from stronger screening of electrostatic repulsion of the head 

groups produced by sodium ions condensed near the micelle surface. There are many 

more sodium ions condensed within the first layer within 0.35 nm of the micelle surface 

when using OPLS-AA and GROMOS45A3, even though fewer ions in the second layer 

within 0.6 nm of the surface are present than for the other force fields and the total 

sodium ions within 0.6 nm of micelle surface are similar among all six force fields. It is 

evidently the higher concentration of sodium ions within the first layer of the sodium-to-

ionic-oxygen RDF that screens the electrostatic repulsion between the ionic oxygens 

efficiently and decreases the head group surface area further. Correspondingly, the 

micelle has a smaller head group surface area, a closer peak in the S-S RDF, and smaller 

total SASA for the OPLS-AA and GROMOS45A3 force fields. At an aggregation 

number of 60, the same ion distribution patterns are observed; sodium ions condense at 

the micelle surface within 0.35 nm of the first layer for OPLS-AA and GROMOS45A3 

force fields. However, no unusual “crystal” structures are formed at an aggregation 

number of 60, apparently due to geometric constraints.  
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Figure 2.5 RDF of sulfur to sulfur atoms at 0.8 M at an aggregation number of a). 60; b). 
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The clustering of head groups for an aggregation number of 100 also results in ordering 

of the tails, which suggests the formation of a crystalline/gel phase. Although the tail 

ordering in the micelle for GROMOS45A3 and OPLS-AA at a concentration of 0.80 M 

and temperature of 300K possibly falls in the regime where a liquid crystalline phase 

might form,16,65 we observe the same tail crystallization phenomenon and bicelle 

formation for large aggregation numbers of 382 surfactants at 0.26 M for GROMOS45A3 

and OPLS-AA, as described shortly. The presence of the tail crystallization at a low SDS 

concentration of 0.26 M in the latter simulations suggests that this head group and tail 

crystallization is an artifact resulting from the force field parameters and is not 

representative of the true behavior of SDS surfactants under these conditions118. 

2.3.2.2 OPLS-AA-water-sodium models 

For the OPLS-AA force field, there are two parameter sets for sodium ions available in 

GROMACS. One of the default sodium ion parameter sets was developed by Aqvist in 

1990109 and was used in his simulations, and another was parameterized by Jorgenson and 

coworkers in 1984.108 Parameterization of metal ions usually is based on experimental ion 

hydration free energy in dilute solutions and/or radial distribution of water and/or water 

ions around the metal ion for the given water model. The sodium ion parameterization by 

Aqvist was based on the hydration free energy of sodium using a SPC water model, while 

the sodium ion parameterization by Jorgensen and coworkers was based on the radial 

distribution of the water oxygens about the ion with TIP4P water. Since the accuracy of 

the optimized radial distribution of sodium and oxygen was limited by the computational 
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power available in 1984, in 2006 Jensen and Jorgensen re-parameterized the sodium ion 

based on both hydration free energy and the radial distribution of water using a TIP4P 

water model.112 This new sodium ion parameterization using TIP4P water has not yet 

been updated in the GROMACS simulation engine. Recently, Joung and Cheatham111 and 

Dang110 parameterized sodium ions using different water models based on experimental 

hydration free energy and the radial distribution of water around the sodium ions. In 

addition, the lattice energy and lattice constant of the sodium chloride crystals were also 

optimized in Joung and Cheatham’s ion model. Here, the different water models used in 

ion parameterization, namely SPC, SPC/E, TIP3P, TIP4PEW
111 and TIP4P are compared. 

All these water models are fixed point-charge models but otherwise differ in many 

respects. For example, TIP4P is a four-site model and the rest are all three-site models. 

The L-J parameters, bond lengths and angle parameters are all different for the various 

models. The resulting water physical properties including density and dipole moment are 

all different. To evaluate the effect of the water model, we simulate a pre-package micelle 

composed of 60 in a box size of 5*5*5 and 100 SDS molecules in a box of size 6*6*6 

nm3 using the OPLS-AA force field and sodium ions with the water model used to 

parameterize the sodium.27,38  
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Figure 2.6 Number of water molecules within 0.35 nm of Na+ plotted against inner peak 

height of RDF of sodium to ionic oxygens in SDS head group for different Na+/water 

models within OPLS-AA. a). for a box of size 5*5*5 nm3 with a micelle having an 

aggregation number of 60; b). for a box of size 6*6*6 nm3 with a micelle having an 

aggregation number of 100. TIP4PEW is a modified TIP4P water model.111 The dashed 
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lines separate the models on the right that produced bicelles in simulations of aggregates 

containing 382 surfactants, from those on the left, that did not. 

In Figure 2.6 we plot the solvation number of the sodium ions, which we take to be the 

number of water molecules whose center is within 0.35 nm of the center of mass of the 

sodium ion vs. the height of the nearest Na-O RDF peak for a micelle having an 

aggregation number of 60 (Fig. 2.6a) and 100 (Fig. 2.6b) using different Na+/Water 

models within OPLS-AA. As the height of the Na-O RDF increases, we see a decrease in 

the solvation number at aggregation numbers of both 60 and 100. The values of the L-J σ 

cross terms for sodium with ionic oxygen roughly set the equilibrium distances between 

sodium and ionic oxygen, and therefore set the peak position in the RDF of sodium ion 

around ionic oxygen (Fig. A.2). The peak height itself cannot be correlated simply to the 

magnitude of the ε L-J cross term, however, as it depends on a number of factors. The 

sodium solvation numbers in salt water in the absence of the SDS are around 5.5 for both 

Aqvist/SPC and Jorgensen/TIP4P, as expected since without the competition with the 

head-group oxygens the sodium will be fully hydrated by water regardless of the 

forcefield. But when a SDS micelle is present, this solvation number decreases to 3 for 

the Jorgensen/TIP4P parameters, but remains at 5.5 for the Aqvist/SPC parameters 

because of the competition with the head-group oxygens for binding to the sodium ions. 

Using each of two different sodium ion models in GROMACS but different water 

models, the number of waters binding to sodium ions in the presence of the SDS micelle 

increases in the order: TIP4P, SPC/E, SPC, TIP3P. Thus, TIP3P water binds sodium the 

most strongly, since it continues to be highly solvated in the presence of ionic oxygens in 
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the SDS head. The RDF’s for sodium binding to head group ionic oxygens and water 

oxygens for all four water models are given in Figure A.3 Thus, the water model 

influences the number of waters binding to the sodium ions, and together with the L-J 

potential of the sodium ions, determines the number of hydrated sodium ions condensed 

to the surface of the micelle, the Na-O RDF peak height, and the morphology of the 

micelle. It is thus important to choose the right water model for simulations of surfactant 

and ions.    

As will be discussed in the next section, at higher aggregation number (382), micelles 

can be either rodlike micelles or bicelles. Their shape correlates with the peak height of 

the Na-O RDF at an aggregation numbers of 60 or 100. For the water and sodium models 

considered in this section, Na-O RDF peak heights greater than or equal to that obtained 

using the Aqvist sodium ion with SPC water, or the Joung and Cheatham sodium ion with 

TIP3P water model, result in bicelles. For an aggregation number of 60, this corresponds 

to a Na-O RDF peak height of around 10 (as shown in Fig. 2.6a and Fig. A.2), while for 

an aggregation number of 100, the critical peak height above which bicelle form is 

around 18 (as shown in Fig. 2.6b). These simple correlations, if robust, could be used to 

quickly assess the realism of force fields for SDS, and possibly for other surfactants as 

well.  

 

2.3.3 Elongated Micelles Composed of 382 Surfactants 

Although of great interest, elongated micelles of SDS have not before been simulated at 

the atomistic level owing to the computational cost of simulating systems large enough to 
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contain them. Here, taking advantage of advances in computer speed, we study 

preassembled SDS micelles composed of 382 SDS molecules at a concentration of 0.26 

M in water or in 2% sodium chloride. Experiments show that SDS micelles under these 

conditions are, in fact, elongated.  All simulations were carried out for 20 ns when using 

AA force fields, and 30 ns when using UA force fields except the simulation starting as a 

bicelle using CHARMM36 was extended to 40 ns and that using OPLS-UA was extended 

to 60 ns. The six force fields that we studied for spherical micelles composed of 60 or 

100 SDS are again compared for both initially elongated micelles and initially disklike 

bicelles composed of 382 SDS surfactants. While we cannot equilibrate a micelle size 

distribution in the short time and small boxes that we use, we here seek to determine if 

elongated micelles of aggregation number 382 are stable against breakup, and to 

transformation of structure or shape over runs of duration of 20-30 ns.  The effects of 

initial condition and time after the beginning of the simulation can be determined by 

comparison of simulation results between two starting states (i.e., initially elongated and 

initially disklike). 

Interestingly, while different force fields produced similar shapes and structures for 

micelles with aggregation numbers 60 and 100, for an aggregation number of 382, the 

final aggregate structures attained within the limited simulation time are dependent on 

force field. In the presence of 2% NaCl, a bicelle with ordered tails is formed with 

GROMOS45a3 and OPLS-AA force fields when starting from either a rodlike or a 

disklike bicelle shape. Here, whenever we use the term “bicelle,” we mean an aggregate 

with two flat parallel surfaces, and ordered tails, similar to a piece of a bilayer, as shown 
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in Figure 2.7. The overall shape at the end of the simulation need not be disklike or even 

oblate, but could be prolate, or tablet shaped, as is the case for the bicelle in Figure 2.7. 

The head groups of the bicelle are typically denser on the flat surfaces than on the edges 

of the bicelle, which expose the tails to water, since head group coverage is relatively 

sparse. For the CHARMM36 force field, an elongated micelle is formed when starting 

with a rodlike micelle, and, when starting from a disklike bicelle, the bicelle structure re-

arranges slowly towards a more cylindrical shape with disordered tails.  After 20 ns, the 

tails still retained order, however, and so the simulation was extended to 40 ns, by which 

time the tails had become disordered. For the other three force fields, a final elongated 

micelle with disordered tails forms in the presence of 2% NaCl starting either from a 

rodlike micelle or from a disklike bicelle within 30 ns. We choose two UA force fields 

for more detailed comparison, namely GROMOS45A3 and OPLS-UA (with head group 

parameters discussed above), the former forming a bicelle and the latter a rodlike micelle 

shape, from either starting condition, as shown in Figure 2.7. In experiments, ordered, 

non-rodlike structures in water were only observed at concentrations of 1.25 M or higher 

in experiments,16 and so bicelles with ordered tails are probably artificial in simulations at 

0.26 M. In particular, a viscous, clear solution is observed for SDS at a concentration of 

0.26 M SDS in 2% NaCl, which is a concentration above the sphere-to-rod transition for 

SDS in aqueous solutions.57 We therefore believe that the elongated rodlike micelle 

obtained using the OPLS-UA force field, rather than the bicelle, observed with our 

version of the GROMOS45A3 force field, represents the true SDS behavior at 0.26 M 

SDS in 2% NaCl.  The simulation starting as a bicelle for the OPLS-UA force field was 
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extended to 60 ns to study bending and straightening of the cylindrical micelle that had 

formed from the bicelle within the first 30 ns of the simulation. 

It is important for parameter optimization to determine which parameter values of the 

GROMOS45A3 force field lead to a bicelle structure instead of the elongated shape seen 

with the OPLS-UA force field. We therefore here systematically study the effects of force 

field parameters on the shape of the micelle.  

 

Figure 2.7 Evolution of initially elongated SDS micelles and bicelles with aggregation 

number of 382 at 0.26 M concentration and 2% NaCl. Final structure after 30 ns for a). 

OPLS-UA force field for an initial rodlike micelle; a’). OPLS-UA of an initial bicelle; b). 

GROMOS45A3 for an initial rodlike micelle; b’). GROMOS45A3 for an initial bicelle.  

The side views for bicelle final structures show tails in both spherical-bead and stick-

figure formats, the latter clearly showing the tail ordering. 
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While all parameters differ somewhat between the GROMOS45A3 and OPLS-UA 

force fields used here, we first examine the effect of the intramolecular parameters. The 

intramolecular parameters of the sulfate head group in GROMOS45A3 were 

parameterized to the tetrahedral structure with corresponding bond length.48 The 

intramolecular parameters of the sulfate group in OPLS-UA were taken from Berkowitz’s 

group.46,102 Here, we determine which parameters affect micelle shape by systematically 

replacing the harmonic bond parameters, angle parameters, or/and dihedral parameters of 

OPLS-UA with the corresponding GROMOS45A3 force field parameters. The purpose 

of mixing force field parameters is not to optimize the force field parameters, but to 

determine which parameter(s) produced the different micelle shapes. Table 2.2 lists the 

various combinations of simulation force field parameters we tested to determine their 

effects on the micelle shape, listed in the final column. 

We find that as long as we retain the GROMOS45A3 intermolecular parameters, then 

replacing some or all of the intramolecular parameters by OPLS-UA values does not 

change the bicelle shape that results at the end of the simulations. Only switching the 

intermolecular parameters from GROMOS45A3 to OPLS-UA is able to switch the final 

micelle structure from a bicelle to an elongated rod. Therefore, as expected, the 

intramolecular parameters are not the source of the difference in micelle shapes of SDS 

with its short alkyl tail.  

Therefore, we next focus on the effects of individual intermolecular parameters. These 

include both the L-J potentials and the Coulomb potentials from the partial charges of the 

atoms and ions. Here, there were no differences in the partial charges used within the two 



 

54 

force fields, GROMOS45A3 and OPLS-UA. However, the L-J potentials of SDS and of 

ions differ greatly between the two force fields. We group the parameters as 1) head 

group parameters including those for the sulfate and the alpha carbon, 2) tail group 

parameters, including those for the hydrocarbon tail atoms except the alpha carbon, and 

3) ion parameters, especially for the sodium ions that are described by different L-J 

parameters in the two force fields.  

We start with the OPLS-UA force field parameters and replace some of the parameters 

systematically with those of the GROMOS45A3 force field, to determine the effect of 

each. First, when we replace the L-J potentials of the head, tail, and ion groups by 

GROMOS45A3 parameters one group at a time, we find that the resulting micelle shapes 

remain rodlike, as shown in the top rows of Table 2.3. We then replace two of the three 

L-J groups simultaneously. Interestingly, replacing both the head and tail group L-J 

parameters by GROMOS45A3 parameters does not result in a bicelle. However, 

replacing the L-J parameters for both sodium ions and the head groups by 

GROMOS45A3 parameters (with sulfate group parameters defined by Shang et al.48), we 

find that a bicelle is formed. We then further discriminate among the SDS head group 

parameters by changing only the L-J parameters of the sulfate group and not the alpha 

carbon; this change is labeled “SO4,” and finally we change the L-J parameters of only 

the three ionic oxygens of the sulfate group, without changing either the ester oxygen or 

the sulfur; this change is labeled “O3.” In all these cases, the result is a bicelle.  While 

Table 2.3 shows results for 2% salt, bicelles also result when 0% salt is present for the 

same three force fields only. For all other force fields, the final state remains that of a 
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rodlike micelle at 2% salt, while at 0% salt, some of the rods broke up into two or more 

ellipsoidal micelles by the end of the simulation, but did not form bicelles.  Thus, the pair 

of L-J parameters for the sodium ion and the ionic oxygens of the SDS head group 

control the final micellar state. This result is consistent with recent findings for 

phospholipid bilayers by Bhatnagar et al., that the interactions between sp2 hybridized 

oxygens and sodium ion strongly affected the bilayer area per lipid.119 When the 

parameters of the sodium ion and of the ionic oxygens are taken from the 

GROMOS45A3 force field, bicelles are formed; while when they are taken from the 

OPLS-UA force field, the initially elongated micellar shape is retained at 2% salt, which 

is the shape most consistent with experimental observations. The stronger attraction 

between ionic oxygens and sodium ions resulting from the GROMOS45A3 force field 

parameters produces a stronger interaction between the ionic oxygens of SDS and the 

sodium ions. This evidently favors an incorrect bilayer structure.  

Table 2.3. Simulations with mixed force field parameters from GROMOS45A3 and 

OPLS-UA with initially rodlike shaped micelles containing 382 SDS molecules in 2% 

NaCl, and resulting structures formed. See text for explanation. 

Intermolecular parameters L-J Equilibrium 
Micellar Structures 

SDS head SDS tail Na+, Cl- 
OPLS-UA OPLS-UA OPLS-UA Rod  
GROMOS45A3 OPLS-UA   OPLS-UA Rod 
OPLS-UA  GROMOS45A3 OPLS-UA Rod 
OPLS-UA OPLS-UA GROMOS45A3 Rod 
GROMOS45A3 GROMOS45A3 OPLS-UA Rod 
OPLS-UA  GROMOS45A3 GROMOS45A3 Rod 
GROMOS45A3 OPLS-UA GROMOS45A3 Bicelle 
GROMOS45A3 SO4 OPLS-UA GROMOS45A3 Bicelle 
GROMOS45A3 O3 OPLS-UA GROMOS45A3 Bicelle 
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The interaction between the head group of SDS and sodium is studied in more detail by 

plotting the distribution of the sodium ions relative to the sulfur atoms and ionic oxygen 

atoms along the surface of the aggregate. Since the aggregate is not spherical, rather than 

use a radial distribution function, we compute the percentage of all sodium ions that are 

within a given distance of any sulfur atom or ionic oxygen on the micelle.  To express 

this in a manner analogous to a radial distribution, we differentiate this percentage with 

respect to the distance, and plot the result as a function of distance from the nearest sulfur 

or ionic oxygen. Two starting states, namely initially rodlike and initially disklike bicellar 

were carried out.  As shown in Figure 2.8, the distributions of sodium ions around the 

sulfur (Figure 2.8a) or around the ionic oxygens (Figure 2.8b) obtained within 30 ns from 

the two starting states reach the same equilibrium distribution when using OPLS-UA 

force field, and nearly the same distribution when using the GROMOS45 force field. 

Although the total number of ions condensed at the surface of the SDS micelle is 

comparable, namely 38% for OPLS-UA and 45% (initially rodlike) or 47% (initial 

bicellar) for GROMOS45A3, the broader and stronger first peak of the sodium to sulfur 

or to ionic oxygens shows the stronger interaction obtained from the GROMOS45A3 

parameters than from the OPLS-UA parameters. The smaller σ values and higher ε values 

in GROMOS45A3 mean a closer and stronger interaction between ions and the SDS head 

groups and more sodium ions condensed onto the SDS surface at the location of the first 

RDF peak of the micelle with aggregation number 382. The more condensed, tighter, 

binding sodium ions screen the repulsive electrostatic interaction between the head 

groups of SDS, resulting in a smaller surface area for the SDS head group. This favors a 
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higher Israelachvili packing parameter.92 Stronger binding of sodium to the micelle is also 

observed at an aggregation number 60 as shown in Figure 2.1 and Figure 2.2 when using 

GROMOS45A3 force field parameters.  This has little effect on small aggregates of size 

60 and 100, which retain an ellipsoidal shape regardless of this change in head-group 

packing, but for larger micelles, this change produces bicellar structures.  
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Figure 2.8 Comparison of distribution of gradient of the percentage of sodium ions with 

respect to the nearest a). sulfur atom and b). ionic oxygen atoms, for an aggregate of 382 

SDS molecules, for OPLS-UA preassembled as a rod (red), preassembled as a bicelle 

(purple) and GROMOS45A3 preassembled as a rod (green) and preassembled as a bicelle 

(brown). The percentages of Na+ in each of the two peaks are given.    

The dependence of micelle shape on initial condition can be measured by ratios of the 

principle radii of gyration of the micelle.  These are obtained from the time-average 

components of the diagonalized radius of gyration tensor, that is, by the principal 

moments of inertia Rg11
2, Rg22

2, and Rg33
2, where at each instant in time these 

components are ordered such that Rg11>Rg22>Rg33.120 Figure 2.9 plots the final values of 

the ratios Rg11/Rg22 and Rg22/Rg33 for each of the two starting states (where for open 

symbols, the micelle started as a bicelle, while for closed symbols, it started as a cylinder) 

and each of the six force fields. For notational convenience, in Points on the black dashed 

lines have the “ellipsoidal volumes” given. The “ellipsoidal volumes” are given by 

4𝜋 3Rg!!Rg!!Rg!!121 which is the volume they would have if they were ellipsoids with 

the given ratios of Rg11/Rg22 and  Rg22/Rg33  and with Rg33=1.0 nm, which is close to the 

value obtained in all cases from the simulations. Larger values of the “ellipsoidal 

volumes” are obtained for the elongated micelles than for the bicelles. As can be seen, the 

best convergence within the 30 ns runs is obtained for the OPLS-UA and 

GROMOS53A6OXY force field, with poorer convergence for the others. Although the 

final overall shapes (after 20 or 30 ns) of the micelles did not converge, both 
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GROMOS45A3 and OPLS-AA produced final structures with ordered tails, regardless of 

the starting state. For these two force fields, the initially oblate disklike bicelle shape 

remained disklike, while the initial cylindrical shape with disordered tails formed 

elongated tablet-like bicelles with ordered tails. The force fields OPLS-UA, 

GROMOS53A6, and GROMOS53A6OXY all formed elongated, or prolate, micelles 

with disordered tails at long times, although the aspect ratios for the two initial conditions 

did not converge. The two starting states for CHARMM36 did not converge within 20 ns; 

the initially rodlike micelle with disordered tails remained cylindrical with disordered 

tails (Fig. 2.9 filled blue triangle), while the initially disklike micelle with ordered tails 

retained some degree of order in the tails (Fig. 2.9 lower open blue triangle). But after 40 

ns (Fig. 2.9, higher open blue triangle), the initially ordered tails in the bicellar starting 

state had become disordered, and the aggregate shape had become elongated, and its 

aspect ratio was not too far from that of the micelle that had started as a cylinder and had 

been aged for 20 ns. This is shown by the near convergence of the positions of the open 

and closed blue triangles in Figure 2.9. The intermediate behavior of the simulations with 

CHARMM36 is consistent with the behavior seen in small micelles, where the peaks of 

the Na-O and S-S RDFs for CHARMM36 are intermediate between those for the bicelle-

forming GROMOS45A3 and OPLS-AA force fields, and those for the rodlike-micelle-

forming GROMOS53A6, GROMOS53A6OXY, and OPLS-UA force fields.  

The two starting states for OPLS-UA both converged to rodlike micelles, although the 

ratios of principal radii of gyration fluctuate as the micelle bends and unbends. To 

illustrate the extent of the bending fluctuations and its effect on the Rg ratios, the multiple 
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small open diamonds show a series of 30 pairs of ratios of principal radii of gyration over 

the extended period 30 to 60 ns for the OPLS-UA force field. When the micelle is bent, 

Rg11 is reduced and Rg22 increased, relative to their values for a straight cylinder. 

Correspondingly the ratio of Rg11/Rg22 is reduced and Rg22/Rg33 is increased, and the 

ratios of principal radii of gyration have values in the lower right corner of Fig 2.9. When 

the micelle is straight, Rg11 is larger and Rg22 smaller, and the principal radii of gyration 

move to the upper left corner of Fig. 2.9. These fluctuations are too slow to average out 

over the duration of even a 60 ns simulation, and so we make no attempt to obtain 

average values of the ratios of radii of gyration. Three depictions of the fluctuating shape 

of the cylindrical micelle for the OPLS-UA force field are shown in Fig. 2.9.   

We note that ellipsoidal volumes of bent micelles are higher than those of straight 

micelles.  We note also that the fluctuations in aggregate shape observed in the 

simulations are much smaller in magnitude for the micelles obtained using the 

GROMOS45A3 and OPLS-AA force fields, which form bicelles with ordered tails, than 

for micelles obtained with the other force fields.  Also, the failure of the bicelle-forming 

shapes to converge is not surprising – the bicelles have ordered tails, which make them 

rigid and solid-like, and hence slow to change overall shape. 
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Figure 2.9 Ratios of principal radii of gyration for aggregation number 382 SDS in 2% 

salt. Closed symbols are for simulations starting as rodlike micelles; open symbols are for 

those starting as bicelles; the many small open diamonds are from results taken at time 

spacings of 1 ns over the interval 30 to 60 ns for simulations starting with a bicelle using 

OPLS-UA.  The dashed lines connecting pairs of same-colored points show how the final 

state for a given force field depends on the initial state. Rg11, Rg22, and Rg33 are the 

ordered square roots of the averaged principal components of the radius of gyration 

tensor, with Rg11>Rg22>Rg33. Black dotted lines have constant ellipsoidal volumes 

estimated by 4𝜋 3Rg!!Rg!!Rg!! assuming Rg33 is 1.0 nm.121 Initial volumes designated 

by “t=0” are taken as the volume of a rod or disk whose dimensions match those of the 

starting shapes. The diagonal black dashed line separates oblate and prolate shapes.  

Images are depicted of cylindrical micelles corresponding to three different points for the 

OPLS-UA force field.  

To analyze the packing of molecules within the micelle structures, we added hydrogen 

atoms to the four UA model structures using Gaussian09 122 software, and we then used 
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VolArea software123 to estimate the volume occupied by surfactant atoms in the micelle, 

solvent accessible surface areas (SASA), and the volume of the cavities between atoms. 

Using the experimental van der Waals radius for each atom of the surfactant and the 

positions of those atoms from the simulations (which for united atom simulations were 

augmented by the added hydrogens), we found that the surfactant atomic volumes within 

the micelles are approximately 0.43 nm3 per surfactant molecule, independent of the 

force field and of the shape of the aggregate. The cavity volumes, estimated by adding up 

volumes of cavities outside of the van der Waals radii of neighboring spheres, using 

VolArea software with a “cavity probe radius” of 2 Å (see ref. 85 for details), are given 

in Table 2.4. The SASA124 are estimated by rolling a probe sphere of radius 1.4 Å over 

the surface of the micelles and the summed contact areas are shown as well. As can be 

seen, the cavity volumes, which are around 0.023 to 0.048 nm3 per surfactant, are less 

than 12% of the volume occupied by the molecules of the micelle, which is 0.43 nm3 per 

surfactant. The choice of probe radius of 2.0 Å means that only cavities within 2.0 Å of 

the atom centers can be counted, and, and not spaces further away than 2.0 Å from all 

atoms. Note that the cavity volume for rodlike micelles obtained using OPLS-UA, 

GROMOS53A6, and GROMOS53A6OXY are almost the same, regardless of the starting 

states, and are approximately twice those of the bicelles obtained using GROMOS45A3 

and OPLS-AA, which are also insensitive to the starting state. The significantly smaller 

cavity volume of the bicelles relative to the cylinders is consistent with the observed 

decrease of the solvent accessible surface area per surfactant.  The identical atomic 

volumes and small cavity volumes show that the molecular packing densities vary by 
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around 5% between cylindrical micelles and bicelles.  The “ellipsoidal volumes,” 

however, differ by up to a factor of four, as shown in Fig. 2.9.  The reason is that an 

ellipsoid is a poor match to the actual geometries.  The cylindrical micelles, for example, 

bend considerably, as shown in Fig. 2.9, thus sweeping out a much larger ellipsoidal 

volume than does a straight cylinder or ellipsoid. Very long cylindrical micelles have 

random walk configurations, whose ellipsoidal volumes can be orders of magnitude 

larger than the volume actually occupied by the micellar material.  However, the 

ellipsoidal volume per surfactant in the micelle can be important for estimating the 

micellar aggregation numbers using neutron scattering methods.  

The convergence of cavity volumes from two very different starting states, together 

with convergence of SASA (Table 2.4), and Na-O and Na-S RDFs (Fig. 2.8), all suggest 

that local equilibrium of micelle tail and head group packing is reached within 20 ns for 

AA models and 30 ns for UA models (except in the case of the CHARMM36 force field 

for which 40 ns is needed), even though the overall shapes of the aggregates are not 

converged. The slow change in structures obtained from the two starting states when 

using CHARMM36, indicates that this force field does not provide as strong a preference 

for either local packing as is the case for the other force fields, for which local packing 

converges more quickly.   
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Table 2.4. Cavity volume and solvent accessible surface area (SASA) per surfactant for 

382 SDS surfactants in 2% NaCl estimated at the ends of simulations from two starting 

states using VolArea123 with probe radii of 2.0 Å for cavity volume and 1.4 Å for SASA 

calculations. Hydrogen atoms were reconstructed using Gaussian09122 for UA models. 

Data from simulations starting as a bicelle using CHARMM36 are given at 20 ns (before 

arrow) and 40 ns (after arrow). Data from simulations starting as a bicelle using OPLS-

UA are the same at 30 ns and 60 ns. 

Force	  Fields	   Cavity*100/Surfactant	  (nm3)	   SASA/Surfactant	  (nm2)	  
Initial	  Rod	   Initial	  Bicelle	   Initial	  Rod	   Initial	  Bicelle	  

GROMOS45A3	   2.4	   2.3	   0.8	   0.8	  
OPLSAA	   2.8	   2.6	   0.9	   0.9	  

CHARMM36	   4.2	   3.4à4.2	   1.5	   1.2à1.4	  
OPLSUA	   4.7	   4.7	   1.6	   1.7	  

GROMOS53A6	   4.4	   4.5	   1.4	   1.5	  
GROMOS53A6OXY	   4.1	   4.2	   1.4	   1.4	  

 

The hydration numbers (data not shown) are not dependent on aggregation number for 

CHARMM, OPLS-UA, GROMOS53A6, and GROMOS53A6OXY force fields for 

micelles at aggregation numbers of 60, 100, and 382. For these force fields, no bicelle is 

formed at an aggregation number of 382. When using GROMOS45A3 and OPLS-AA, 

however, the hydration number decreases more than 20% as the aggregation number 

increases from 60 to 382, as bicelles form with close-packed head groups and ordered tail 

groups, at the highest aggregation number.  
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2.4. Conclusions 

The interaction between sodium counter ions and ionic oxygens in SDS head groups 

determine the head group surface area of SDS and the resulting equilibrium micellar 

structure in MD simulations. This interaction depends on two factors: one is the L-J 

parameters of sodium ions and ionic oxygen; and another is the number of waters binding 

to sodium ions in the presence of the micelle, which increases in the order: TIP4P, 

SPC/E, SPC, and TIP3P when using the same ion model. Stronger L-J interactions 

between sodium and ionic oxygen, or weaker binding of water to sodium, both allow 

sodium to more strongly bind with ionic oxygens. The radial distribution function (RDF) 

of sodium to ionic oxygen can be used as a quantitative metric by taking the number of 

sodium ions within 0.35 nm of the oxygen to be the first shell and between 0.35 to 

0.60nm to be the second shell of the oxygens at the micelle surface. The number of 

sodium ions within the first shell, rather than the total number of sodium ions condensed 

within the first two shells, determines the structure of large micelles. The differences in 

the numbers of sodium ions condensed within the first shell of the micelle surface do not 

result in different micellar shapes or overall structure at small aggregation number of 60 

due to geometric constraints. However, these differences begin to have significant effects 

on micelle structure at aggregation numbers of 100 or higher. The larger number of 

sodium ions condensed within the first shell when using GROMOS45A3 (with head 

group parameters from Shang et al48.)  and OPLS-AA force fields results in crystal-like 

patches of condensed sodium ions and partial ordering of tails in micelles of aggregation 

number 100, and in disklike or slab-like bicelles with ordered tails at aggregation 
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numbers of 380 or so. Tighter binding of sodium ions to micelle surfaces screen the 

electrostatic repulsion more effectively, and result in a smaller SDS surface area and 

higher Israelachvili packing parameter, leading to bicelle formation in large aggregates. 

At an aggregation number of 60, SDS force field parameters have little effect on the 

micelle radius of gyration, solvent accessable surface area, or radial distributions of head, 

tail, or water with respect to the center of mass of the micelle. More effective validation 

of SDS parameters can be done by evaluating the RDF of sodium to ionic oxygen for 

small micelles of aggregation number 60, or by examining tail ordering and RDFs of 

sulfur to sulfur at an aggregation number of 100 or higher. Simulations using 

GROMOS45A3 and OPLS-AA force fields at higher aggregation number resulted in 

bicelles with ordered tails, which appear to be inconsistent with experimental 

observations. This suggests that those force field parameters are inaccurate. Simulations 

using CHARMM, OPLS-UA, GROMOS53A6, and GROMOS53A6OXY yield rodlike 

micelles, which are consistent with experimental observations, suggesting that parameters 

for these force fields are accurate enough. Comparing with simulation results with 

experimental scattering results for SDS micelles and comparing free energies of 

hydration of SDS head groups for different force fields could further validate the 

parameters or optimize them.  
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Chapter 3  

Molecular Dynamics Simulations of Structure Property 

Relationships of Tween 80 Surfactants in Water and at Interfaces 

The work in Chapter 3 has been published as: X. Tang, K. J. Huston, and R. G. Larson, 

Molecular Dynamics Simulations of Structure-Property Relationships of Tween 80 

Surfactants in Water and at Interfaces. J.Phys.Chem.B, 118 (2014), 12907-18. 

 

3.1. Introduction 

In 2010, the Deepwater Horizon oil spill led to the release of approximately 4.9 million 

barrels of Mississippi Canyon Block 252 (MC 252) crude oil into the Gulf of 

Mexico.125,126 To protect the coastline and marine environments, roughly 1.84 million 

gallons of chemical dispersants (e.g. Corexit 9500) were sprayed into the gulf, of which 

1.07 million gallons went onto the sea surface and 0.77 million gallons went under the 

sea into the oil plume.126 Generally, chemical dispersants accelerate natural dispersal 

processes that involve formation of dispersible droplets through turbulence in the water 

column or wave energy at the surface, followed by ingestion by microorganisms. 

However, there is a lack of scientific study of the detailed mechanisms of dispersant 

activity, in part due to the complexity of the industrial dispersant formulations. Also, the 

role of individual components of dispersant mixtures on dispersing efficiency has not 
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been understood in any detail. Recently, however, increasing computational power has 

enabled atomistic molecular dynamics (MD) simulations to be carried out for systems 

containing up to millions of atoms over time scales of hundreds of nanoseconds.76 MD 

simulations provide a unique resolution of structural details down to the angstrom scale, 

and reveal dynamics and possible kinetics of various molecular processes relevant to 

dispersion of oil in water. This motivates us to use atomistic MD simulations to study 

dispersant micelle properties and dispersant behavior at air—water and oil—water 

interfaces.  

Corexit 9500 contains a mixture of nonionic (48 wt%) and anionic (35 wt%) 

surfactants, as well as solvents,127 as listed in Table B.1.128,129 The composition is 

designed, among other things, to ensure that stable emulsions are formed of oil droplets 

dispersed in water, rather than the reverse. Cationic surfactants are usually not considered 

due to the toxicity of quaternary ammonium salts (the most common commercial type of 

cationic surfactant) to many organisms. Because solvents reduce the viscosity of the final 

dispersant mixture, solvents aid in spraying or otherwise deploying the dispersant, and 

facilitate its penetration and mixing into the oil slick.127,129 Developed by ExxonMobil and 

sold to Nalco Holding Company, the dispersant Corexit 9500 contains as one of its main 

surfactants Tween 80, or polysorbate 80 (polyoxyethylene sorbitan oleates). Tween 80 is 

a nonionic surfactant with four hydrophilic head groups in its canonical structure 

(although the commercial mixture likely contains many species that are missing some 

head groups). Other surface-active components of Corexit 9500 include an ionic 

surfactant, namely dioctyl sodium sulfosuccinate (DOSS), also known as “Aerosol OT” 
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(AOT), and co-nonionic surfactants Span 80 (sorbitan monooleate) and Tween 85 

(polyoxyethylene sorbitan trioleate). Also contained in Corexit 9500 are solvents such as 

polyethylene glycol, butoxypolypropylene glycol, and hydrotreated oil. Each of the 

sorbitan-derived species is an industrial mixture containing thousands of chemically 

distinct compounds. In addition, the effectiveness of the dispersant depends on the type 

of oil and its extent of weathering,127,130 the salinity,131 the sea state,127 and the 

temperature132 of the seawater as well. MC 252, in particular, is a light sweet or light low 

sulfur content oil.133 After evaporation of most of the volatile organic compounds within 

the first 24—48 h of the oil spill, the remaining weathered oil contained a carbon number 

range from C15 to C44 with C20 being the most abundant species.133  

Ideally, one would like to study how the dispersant components behave cooperatively 

during the process of oil dispersal. However, it is worth studying each surface-active 

component in isolation from the others before attempting to understand the synergistic 

effects of two or more species. Reichert et al.134 developed a simplified experimental 

model for an oil—brine—dispersant system that uses Tween 80 as a representative for 

Corexit 9500, squalane (i.e., 2,6,10,15,19,23-hexamethyltetracosane, C30H62) for MC 252 

crude oil, and a model seawater135 composed of sodium sulfate (35 mM), sodium chloride 

(430 mM), and magnesium chloride (50 mM). Adsorption of AOT et al. was found to be 

inhibited to oil—water interfaces containing preadsorbed Tween 80.136,137 Earlier, 

Blondina et al.131 showed that the effect of salinity on Corexit 9500 is moderate compared 

with Corexit 9527, and Reichert et al.134 showed that there is little effect of salinity on the 

stability and interfacial tension of Tween 80. Therefore, in our work, we further simplify 
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Reichert’s oil—brine—dispersant model by simulating a mixture of Tween 80, squalane, 

and water in the absence of salts. 

The major surfactant component Tween 80 has been widely used not only as a 

dispersant but also as an emulsifier, a lubricant, and an excipient as well.138 The critical 

micelle concentration (CMC) of Tween 80 in water has been reported to lie in the range 

0.010—0.015 mM at 25 °C.132,139–142 The CMC for the Tween series decreases with 

increasing numbers of alkyl carbon atoms in the hydrophobic tail, and increases with 

increasing numbers of oxyethylene (OE) monomers in the head groups.132 At 

concentrations above the CMC, Tween 80 self-aggregates into micelles. The average 

aggregation number for micelles of Tween 80 obtained using fluorescence probes in 

solutions containing phosphate buffers at 298 K was estimated by Glenn et al. to be 22 at 

40 mM,140 while Haque et al. and Tummino and Gafni estimated it to be 124 at 100 

mM143 and 133 at 15 mM,142 respectively. Mahajan et al. used small-angle neutron 

scattering (SANS), and assumed an ellipsoidal micelle shape, to obtain an unusually high 

aggregation number of 350 at 23 mM,141 while de Campo et al. obtained an estimate of 60 

using SANS at ~160 mM or 20% volume fraction.139 The wide variation in reported 

micelle aggregation numbers for commercial Tween 80 may be related to its chemical 

heterogeneity, including its distribution of ethoxylated headgroup sizes,144 and perhaps 

there is batch-to-batch variability in its composition. In this study, an aggregation number 

of 60 is chosen, since this value is in the midrange of values reported in experiments,139 

has been chosen in a previous simulation,20 and is reported in chemical company 

literature as well.146 In addition, a fixed aggregation number is chosen for structure 
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property comparison among five components of Tween 80. A radius of gyration (Rg) 

value of 2.74 nm for a Tween 80 micelle of the canonical structure and an Rg value of 

1.55 nm for the tail groups of this Tween 80 micelle at an aggregation number of 60 are 

obtained from our simulations reported below. These results are consistent with the most 

recent SANS study of a Tween 80 micelle which gave an Rg value of 2.7 nm for the 

whole micelle and an Rg value of 1.5 nm for the tail groups, and with the dynamic light 

scattering measurement in the same study assuming a polydispersity of 20% in micelle 

aggregation number for the solution.63,147  

 

Figure 3.1 Canonical structure of Tween 80 molecule with X, Y, and Z head groups 

(green), W headgroup (purple) containing x, y, z, and w number of ethylene oxide (EO) 

units respectively, and tail (blue). Chiral carbons are marked by “∗”. The “Z” labeling the 

double bond means that the isomer has the two high-priority (i.e., high atomic number) 

substituents of the double bond on the same side of the bond, i.e., in the cis configuration.   

The “typical” structure of Tween 80 is shown in Figure 3.1:138,148,149 the four hydrophilic 

poly(ethylene oxide) (PEO) head groups of Tween 80 are attached to sorbitan with one 

PEO chain, the “W” chain, connected at its other end via an ester group to an oleate tail, 

which contains a single unsaturated bond. The four head groups are named the W, X, Y, 
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and Z heads containing x, y, z, and w number of EO units respectively, and the sum of x, 

y, z, and w averages 20. While this “typical” structure already allows for a wide range of 

isomers in which the W, X, Y, and Z groups can vary in length, this does not fully 

account for the variability in the chemical structures in Tween 80, which is in fact not 

fully defined. Tween 80 is synthesized by ethoxylation of dehydrated sorbitol followed 

by oleic acid esterification. Besides forming polyoxyethylene sorbate or polysorbate 

during ethoxylation, polyisosorbide and polysorbitol are other possible 

intermediates.148,149 In addition, the position of esterification by oleic acid could be 

nonselective with respect to the four PEG chains. The final Tween 80 product is probably 

a mixture of various polysorbates, polyisosorbates, and polysorbitols with a distribution 

of polyethylene glycol chain lengths, numbers and lengths of oleate tail(s), distributions 

of stereoisomers and constitutional isomers, and unreacted or partially reacted materials 

as well. Recently, components contained in Tween 80 were identified by several groups 

using liquid chromatography techniques combined with mass spectrometry, which 

confirmed its heterogeneous composition.51,148–150  

MD simulation of all constitutional isomers of Tween 80 is too expensive, not even 

counting the 16 possible stereoisomers for each constitutional isomer resulting from the 

four chiral carbons in each molecule. Constitutional isomers have the same molecular 

formula but different interatomic bonds, while stereoisomers also have the same 

interatomic bonds but different chirality of one or more of the four chiral carbons. The 

four chiral carbons are identified by asterisks, and the connections to side chains of the 

three chiral carbons residing on the ring are marked by wavy bonds in Figure 3.1. 
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Stereoisomers and constitutional isomers with similar structure are expected to behave 

similarly at interfaces and in micelles, and thus, a study of representative structures, 

individually and collectively, is likely to provide a reasonable understanding of Tween 80 

behavior.  

In the simplest representative structure studied here, the numbers of EO units, x, y, z, 

and w in each of the four head groups, X, Y, Z, and W, were taken to be equal to 20 / 4 = 

5. In earlier work, the interactions of one Tween 80 molecule with this same structure and 

polymers hydroxypropyl methylcellulose or Pullulan on a surface of a crystal of the drug 

fenofibrate were studied using the COMPASS force field in the Materials Studio 

simulation engine.151 In addition, the strengths of interaction of this Tween 80 isomer 

with crystal surfaces of the drugs nabumetone, carbamazepine, or fluorometholone were 

carried out using the COMPASS force field and the drugs celecoxib and tamozolomide 

using the CVFF force field.50 Amani et al.145 studied the properties of a micelle of 60 

Tween 80 using a modified coarse-grained MARTINI force field, which eliminates the 

stereogenic centers in Tween 80 by lumping the chiral atoms with nearby carbons.  
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Figure 3.2 Five different Tween 80 molecules are chosen in this work. The three isomers 

in the blue frame are constitutional isomers with the same tail but different distributions 

of headgroup lengths. The three models in the red frame are molecules chosen with the 

same distributions of the headgroup lengths but different numbers of tails. Shown are 

tails (blue), W heads (pink), X, Y, and Z heads, the THF ring, and two connected carbons 

(green). 

Thus, earlier MD simulations of Tween 80 have focused on interactions of a single 

Tween molecule with a polymer or a drug molecule on drug surfaces at an all-atom level, 

or on micelle properties of a single-component Tween 80 micelle using a coarse-grained 

model. To our knowledge, the micelle properties of different isomers and variants of 

Tween 80 have never been studied at an atomistic level. In addition, the behavior of 

Tween 80 at the air/water and water/oil interfaces, which is critical in the dispersing 
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process, has not yet been studied computationally. Here, we therefore study the micelle 

structure and interfacial behavior of the three constitutional isomers and two additional 

structures of Tween 80 mentioned above. Due to the relatively large size of the Tween 80 

molecule, simulation of self-assembly of Tween 80 surfactants into a micelle is not 

computationally feasible. We therefore simulate preassembled spherical micelles, and 

preassembled monolayers of Tween 80 at interfaces.  

The limitation of using preassembled structures with a fixed aggregation number or 

surface density is that different components of Tween 80, even if they could be obtained 

in pure form, are likely to assemble into micelles of different aggregation number and 

assemble at different densities at interfaces.  Simulations that can be meaningfully 

compared to experimental data, therefore, need to allow self-assembly to create 

equilibrium micelles and surface layers, preferably containing realistic mixtures of 

Tween 80 components. While we cannot undertake such simulations at atomistic 

resolution any time soon, our modeling here should allow at least a qualitative assessment 

of how differently the various components of Tween 80 behave in micelles and at 

interfaces, in general. In the future, we also plan to compare the results for preassembled 

structures presented here with similar results obtained from coarse-grained models, in 

order to validate the coarse-grained models, in preparation for much larger scale 

simulations of Tween 80 self-assembly. 

The rest of this article is structured as follows: section 3.2 lists the computational 

models and simulation methods, section 3.3 contains the results, and section 3.4 

summarizes the conclusions. 
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3.2. Computational Models and Simulation Methods 

3.2.1 GROMOS53A6OXY+D Force Field 

The GROMACS 4.5.5 simulation engine is used with the GROMOS united atom (UA) 

force field. Compared with all atom (AA) force fields, a UA force field accelerates MD 

simulations by grouping each carbon with its bonded hydrogen atoms into a pseudo or 

united atom to reduce the number of atoms in each Tween 80 molecule from 214 to 93, 

and by applying a larger time step size. A UA force field provides a reasonable resolution 

and speeds up the simulation to up to 3-fold compared with an AA force field. 

The GROMOS53A6 force field is generally known to be problematic for oxygen-

containing compounds.39,48,87 In the past, to use a GROMOS force field to model 

molecules containing PEO, alcohol, and/or ether groups accurately, researchers typically 

adjusted either the Lennard-Jones (L-J) potential of the oxygen parameters, the partial 

charges, or a combination of both, specifically for the oxygen-containing compounds 

studied.48,152 Recently, van Gunsteren et al.87 systematically adjusted potentials of oxygen-

containing compounds for alcohols, ethers, ketones, aldehydes, carboxylic acids, and 

esters, yielding the GROMOS53A6OXY extension of the GROMOS53A6 force field, with 

improved pure-liquid and solvation properties. As a further extension of this, Fuchs et 

al.39 developed GROMOS53A6OXY+D to fit torsional-energy parameters for the vicinal 

OCCO and CCOC diether bonds in 1,2-dimethoxyethane to quantum-mechanical (QM) 

rotational energy profiles of these bonds in a vacuum.  This extended force field was then 

validated against experimental conformer populations of OCCO and CCOC in pure liquid 

and in aqueous mixtures of 1,2-dimethoxyethane, and its predictions of the radius of 
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gyration and persistence length of polyethers (PEG and PEO) are in agreement with both 

experimental data and previous simulations using the CHARMM C35 and C35r force 

fields.153,154 The new GROMOS53A6OXY+D force field is able to generate an 

experimentally accurate “gauche effect” (i.e., an unusually high percentage of gauche 

configurations) for the vicinal diether functions in molecules containing PEO or PEG 

units. Here we compare the micelle structure of a “canonical” Tween 80 molecule with 

equal lengths of all four PEG head groups and one tail in water using both 

GROMOS53A6, which gives an Rg value of 2.5 nm, and GROMOS53A6OXY+D, which 

gives an Rg value of 2.7 nm. We find that the latter is closer to the experimental result, Rg 

= 2.72 nm,147 and has a denser hydrocarbon core (Figure B.1) than the former. 

GROMOS53A6OXY+D is therefore chosen for all simulations including those used for both 

the bulk and the interfacial phenomena. The topology, mdp, and trajectory files were 

uploaded to https://data.gulfresearchinitiative.org/data/R1.x141.064:0057. 

 

3.2.2 Partial Charges and Topology 

The coordinate pdb files for Tween 80 and squalane were generated using Materials 

Studio followed by nonpolar hydrogen removal. Initial configurations of preassembled 

spherical micelles and monolayers were generated using PACKMOL software.114,115 

Topology files were generated using the PRODRG server followed by manual 

adjustments.99,100 For squalane, the topology file was adopted from the PRODRG server 

directly except that all the partial charges were adjusted to zero. For the Tween 80 

molecule, based on the transferable property for the empirical force field,27,100 partial 
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charges and atom assignments, if available, are adopted from the GROMOS force field; 

otherwise, they are obtained through QM calculations using Gaussian 09 software.122 The 

“atom assignments” mentioned above refer to the intramolecular and L-J intermolecular 

parameters. Specifically, the parameters of the hydrocarbon tail group of Tween 80 were 

adopted from the Ryckaert—Bellemans (R—B) potential101 except for the double bond, 

which was adopted from the tail group of phosphatidylcholine containing a double bond 

given by Poger et al;36 the ester group parameters were adopted directly from the 

GROMOS53A6OXY force field;87 and parameters for PEO and PEG chains were adopted 

from the GROMOS53A6OXY+D force field.39 For the tetramethyl sorbitan group, a 

substituted tetrahydrofuran (THF) structure shown in Figure 3.3, the atomic assignments 

were adopted from van Gunsteren et al.,155 and the partial charges were estimated by 

fitting point charges to electrostatic potential using Gaussian 09 software,122 with density 

functional theory at B3LYP/6-31G(d,p) level averaged over 27 conformational isomers.  
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Figure 3.3 Tetramethyl sorbitan used in quantum mechanical calculations. (a) 

Comparison of partial charges between two enantiomers that have opposite chirality for 

all four chiral carbons. (b) Comparison of partial charges between two epimers that have 

opposite chirality for only the stereogenic center at position 5, and with the same 

chiralities at the other three carbons.   

The four chiral carbons in tetramethyl sorbitan can form 16 possible stereoisomers. 

These can be grouped as eight pairs of enantiomers, where the two molecules in each pair 

have completely opposite chirality, i.e., mirror-symmetry. Since other molecules with 

which they interact are achiral, the mirror-symmetric enantiomers, and their interactions 

with other molecules, behave identically. Other pairs, called diastereomers, have at least 

one carbon with the same chirality, of which epimers have all but one carbon with the 

same chirality, and these can have different physical properties. Here, we designate the 

particular stereoisomer of tetramethyl sorbitan using the index number and chirality of 
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the stereogenic center. A pair of enantiomers, namely, 2(S),3(R),4(R),5(R) and 

2(R),3(S),4(S),5(S), and a pair of diastereomers (specifically epimers), namely, 

2(S),3(R),4(R),5(R) and 2(S),3(R),4(R),5(S), are chosen here for comparison of 

optimized partial charges obtained from the QM calculations described above. To sample 

over different conformers in a reasonable computational time, 27 conformers are sampled 

manually for each isomer. Specifically, we generate three conformers by rotating the 

bond between atoms 4 and 5 by 120° three times. For each of these three conformers, we 

rotate the bond between atoms 5 and 10 by 40° 9 times and thereby generate 27 

conformers in total. The energy difference among the 27 conformers of the 

2(S),3(R),4(R),5(S) is as much as 15 kbT (data not shown). The final partial charges used 

in the MD simulations are assigned by Boltzmann-weighted energy averaging over the 

partial charges of all 27 conformers.  As shown in Figure 3.3a, the partial charges of the 

two mirror-image enantiomers are almost identical as expected, while the partial charges 

of the two epimers in Figure 3.3b are slightly different. We found through MD 

simulations that the micellar structures formed by the two epimers are almost the same, 

as expected. Hence, for the rest of our simulations, we use 2(S),3(R),4(R),5(S) as a 

representative stereoisomer.  
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3.2.3 Five Representative Molecules in Tween 80 

As shown in Figure 3.2, we built five molecules representing components of Tween 80, 

including the isomer that had been studied previously in MD simulations, two more 

constitutional isomers, and two more molecules of Tween 80 with two and three tails 

instead of only one. The colors used to denote different groups of atoms in Tween 80 are 

shown in Figures 3.1 and 3.2: The tail in blue is composed of the oleate group without the 

hydrophilic ester group; the W head in pink, between the tail and the THF ring, is 

composed of the PEO and the ester group; and the remainder of the molecule in green 

includes the X, Y, and Z PEG head groups, the THF ring, and the connected carbons. 

Constitutional isomers having the same molecular formula but different distributions of 

headgroup lengths over the four heads were chosen. Two more models of Tween 80 were 

chosen with the same distributions of the head groups but having either two tails, one 

each connected to the W and X heads, or three tails, one each connected to the W, X, and 

Y heads. Tween 80 molecules will here be named according to the numbers of EO units 

in the X, Y, Z, and W head groups (in that order), the numbers of tails, and the chirality 

of atom 5 (Figure 3.3). For example, “555-5-1S” has five EO units in each head, one tail, 

with the chiral carbon 5 (the one not on the ring) having the “S” chirality. Of the two 

additional constitutional isomers, 666-2-1S has a shorter W head with two EO units and 

222-14-1S has an extended W head with 14 EO units. 555-5-2S and 555-5-3S have two 

and three tails, respectively, but the same headgroup lengths. We connected the one (or 

two) additional tails to the X (or X and Y) head groups, although the oleate tail groups 

can connect to any of the head groups.156 555-5-3S is listed as the “typical” structure for 
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Tween 85 (polyoxyethylene (20) sorbitan trioleate), which is another one of the co-

nonionic surfactants of Corexit 9500.128,156  

 

3.2.4 MD Simulations 

United atom (UA) molecular dynamic (MD) simulations of mixtures of Tween 80, 

squalane (oil), and water were carried out. A preassembled spherical micelle composed of 

60 surfactants was initially centered in a periodic cubic box with dimension 12 nm, 

yielding a total surfactant concentration of 58 mM. This was then solvated with SPC33 

water molecules outside of the micelle, followed by energy minimization. For 

preassembled monolayers, we first varied the number of surfactants 555-5-1S in a 

simulation box of 6×6×18 nm3 and the number of surfactants 555-5-3S in a simulation 

box of 8×8×24 nm3, to generate a range of surfactant surface densities from about 1 to 4.5 

nm2/molecule, where the long dimension of the box was perpendicular to the interface. 

The tails of the surfactants were placed in the oil, and the head groups in the water as 

shown in Figure 3.4. Next, at a surface coverage of 1.3 nm2/molecule or 98 surfactants 

total, one of the three constitutional isomers, or one of the two additional structures that 

have two or three tails, was packed at air—water or oil—water interfaces, 49 molecules 

at each of the two interfaces, in a simulation box of 8×8×24 nm3. Temperature was 

controlled using the stochastic velocity rescale method at 300 K (τT = 0.1 ps), where τT is 

the temperature time constant. Pressure control was applied isotropically at 1 bar using 

the Berendsen weak-coupling method for micelle simulations, with a pressure time 

constant of τP = 1.0 ps. An NVT ensemble was used to study the air—water interfacial 
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behavior with the Berendsen weak-coupling method for pressure control and an NAPzT 

ensemble with the Parrinello—Rahman pressure coupling for the z-axis only for the oil—

water interfacial tension estimation. A cutoff scheme was used for short-range nonbonded 

interactions (van der Waals, 1.4 nm; real-space Coulomb, 0.9 nm), and long-range 

electrostatic interaction was computed using the particle mesh Ewald (PME) technique 

(grid spacing set to the default value of 0.12 nm). A time step of 2 fs was used with a 

neighbor list update every 10 time steps. Bond lengths were constrained using LINCS; 

SHAKE was used for all bonds containing hydrogen, while the water geometry was 

constrained using SETTLE. After water was added, energy minimization was performed 

until the maximum force on any atom dropped below 1000 kJ mol—1nm—1. Further 

position restraints were employed for an additional 1 ns by harmonically restraining the 

tail beads with a force constant of 1000 kJ mol—1nm—1 to allow water molecules to relax 

around the micelle or around surfactants at interfaces. The full MD simulation lasted 30 

ns or longer for micelle simulations, and the last 5 ns were used for analysis during which 

the potential energy, radius of gyration (Rg), and radial distribution functions (RDFs) of 

different groups about the micelle center of mass (COM) remained stable. For surface 

tension investigations, 100 ns MD simulations were carried out using an NVT ensemble 

to study air—water interfaces and 240 ns MD simulations using an NAPzT ensemble for 

oil—water interfaces, respectively. All trajectories were visualized with VMD 1.9.1. 
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Figure 3.4 Snapshots of initial (top) and final (bottom) states of air—water and oil—

water interfaces in simulations with isomer 666-2-1S. The black frame is the simulation 

box. Shown are tails (blue), W heads (purple), X, Y, and Z heads, the THF ring, and two 

connected carbons (green).  

 
3.3. Results and Discussion 

Table 3.1 lists the radius of gyration (Rg) and solvent accessible surface area (SAS) for 

single molecules and micelles and radial positions of the micelle headgroup RDF peak 

and shape eccentricity of the micelle with aggregation number 60. Here the SAS is the 

surface area of a micelle that is accessible to a solvent. In brief, a probe of spherical 

“water” molecule of radius 1.4 Å is rolled over the rough surface of the micelle to 

measure the hydrophobic, hydrophilic, and total surface areas of the micelle. The 

hydrophilic% of SAS is the ratio of the hydrophilic surface area to the total surface area 

of a micelle. The eccentricity “𝑒” is calculated using 𝑒 = 1− 𝑐! 𝑎!, where c is the 

shortest semiaxis of the micelle obtained from the time-average of the smallest 

instantaneous principal value of the radius of gyration tensor and a is the corresponding 
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time-average of the longest semiaxis. The estimated eccentricity “e” of the micellar 

hydrophobic core containing tail beads only shows a more distorted shape than that for 

the micelle as a whole, using all surfactant beads, especially for micelles composed of 

mixtures of 555-5-1S and 555-5-1R, and for micelles containing multitailed surfactants 

555-5-2S and 555-5-3S. Since the hydrophobic cores are covered with thick headgroup 

layers, the resulting final shapes of the micelles are only slightly ellipsoidal for all 

surfactants, and thus we also present the eccentricities of the hydrophobic cores, which 

show a more pronounced dependence on surfactant structure. The Rg and SAS values of 

different individual surfactant molecules in water are similar; however, a micelle of 222-

14-1S shows the highest Rg and SAS, and a micelle of 555-5-3S shows the second-

highest Rg but lowest SAS. Micellar sizes estimated from the radii at the peak of the 

headgroup RDF are similar for all single-tailed surfactants and increase significantly 

when the number of tails is increased. In general, greater differences are found among 

constitutional isomers and components of Tween 80 with different numbers of tails than 

between stereoisomers.  
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Table 3.1. Properties of Two Stereoisomers, Two Additional Constitutional Isomers, and 

Two Component of Tween 80 with Two, and Three tails of Isolated Surfactants and of 

Spherical Micelles Composed of Those Isomers in Water.  

 
 

 

3.3.1 Micellar Composition Profiles of Isomers and Multitailed Surfactants 

Equilibration of self-assembly was impeded by the low diffusivities of small clusters 

formed during the simulations. We therefore preassembled 60 Tween 80 molecules into a 

spherical micelle and simulated this in water for 30 ns for isomers 555-5-1S and 666-2-

1S and 100 ns for isomers 222-14-1S, 555-5-2S, and 555-5-3S; the longer runs for the 

latter were due to the slower convergence of their properties. The RDFs of various atomic 

groups relative to the micelle COM for isomer 555-5-1S averaged over the last 5 ns of 

two independent simulations show good agreement (Figure B.2). This suggests that the 

simulations are reproducible and the structure of the micelle, at least with fixed 

aggregation number, reaches equilibrium in our simulations. Although the aggregation 
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number of Tween 80 has a large variation experimentally, a fixed aggregation number of 

60 was chosen for the purpose of comparisons of micelle profiles among the five 

components of Tween 80.  

The nearly identical partial charges of the two enantiomers of Tween 80 (Figure 3.3a) 

imply that their micelle structures will also be nearly identical; the slightly different 

partial charges of the two epimers (Figure 3.3b) show only minor differences in micelle 

behavior (Figure B.3). Therefore, it seems to be safe to use one stereoisomer to represent 

any of the 16 stereoisomers. In the following, we therefore use the same chirality of the 

four chiral carbons as that in 555-5-1S for further studies of the three constitutional 

isomers and the two molecules with different numbers of tails. 

The three constitutional isomers of Tween 80 that we have selected, with EO units 

divided in three different ways among the four head groups, demonstrate significant 

property differences. Figure 3.5a shows the RDFs of heads, tails, and waters around the 

micelle COM for the three chosen constitutional isomers, and Figure 3.5b shows the 

corresponding distributions of single-surfactant Rg values within the micelle. The 

micelles have dry hydrocarbon cores and very thick hydrated coronas, or “water 

sponges”.39 Although the RDFs of the tails are the same for the constitutional isomers, the 

RDFs of heads and waters differ somewhat. Isomer 666-2-1S, with a shorter W 

headgroup, has the least water penetration into the micelle, the narrowest headgroup RDF 

(Figure 3.5e), the largest RDF headgroup peak radius and the smallest Rg. The largest 

RDF headgroup peak radius for isomer 666-2-1S corresponds to the narrowest headgroup 

RDF. On the other hand, isomer 222-14-1S has the greatest water penetration into the 
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micelle, the broadest headgroup RDF (Figure 3.5e), and the largest micelle Rg and 

micelle SAS (Table 3.1). The single-surfactant Rg distribution in Figure 3.5b shows this 

trend more clearly: isomer 666-2-1S packs more densely due to the shorter W head than 

the other two. Isomer 222-14-1S has the broadest peak in the Rg distribution, evidently 

due to the extremely long W head, which can either bend back inward or extend outward 

from the micelles. Notice in Figure 3.5a that the headgroup distributions are different 

within the hydration layer but overlap within the hydrocarbon core.   
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Figure 3.5 Comparison of properties of three constitutional isomers and three 

components of Tween 80 with one, two, and three tails: Radial distribution functions 

(RDFs) of tails, heads, and waters relative to micelle center of mass (COM) of (a) three 

constitutional isomers and (c) Tween 80 with one, two, and three tails. Distributions of 

single-surfactant Rg values within the micelle of (b) three constitutional isomers and (d) 

Tween 80 with one, two, and three tails, (e) snapshots of micelle cross-section halved 

through the micelle center of mass. Shown as blue (tail), yellow (head). Water is omitted 

for clarity.  

Generally, Tween 80 surfactants point radially outward, with atoms that are chemically 

farthest from the tail group in terms of numbers of intervening chemical bonds also lying 

farthest in physical distance from the micelle COM. Thus, as one moves outward from 

the tail group, one expects to find the ester group, the W headgroup, the THF ring, and 

then X, Y, and Z head groups, in that order. For example, the RDFs of tail carbons 

relative to the micelle COM shift outward as one moves from terminal tail carbon toward 

the W head (data not shown). The different micellar sizes resulting from the structural 

differences in the three chosen isomers of Tween 80 suggest that the length of the W 

headgroup is critical in surfactant packing. To evaluate the effect of the W head length, 

we show in Figure 3.6 the RDFs of the oxygen atoms in the W head relative to the 

micelle COM for isomer 222-14-1S. The three snapshots of individual 222-14-1S 

surfactants within the translucent micelle show the typical conformations of surfactants at 

each of the three distances to the micelle COM for the WO14 oxygen. The systematic 

outward shift in oxygen RDFs from the first to ninth oxygen, with little change in peak 
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width, shows that the W head extends more or less straight outward radially from the first 

to the ninth EO group. From the 10th to 14th EO group, the RDFs broaden and eventually 

develop two peaks.  This shows that the end of the W headgroup is sometimes curled up 

(snapshot on the left of Figure 3.6) and sometimes extends outward (snapshot on the right 

of Figure 3.6).  

 

Figure 3.6 RDFs of oxygens of the W headgroup of isomer 222-14-1S, numbered 

starting from the attachment point to the THF ring and increasing outward. Shown also 

are three typical conformations of individual 222-14-1S surfactants within the micelle at 

each of three distances to the micelle COM of the WO14 oxygen, with colors 

representing: tail (blue), W head (pink), and X, Y, and Z heads (green). To avoid 

obscuring these typical configurations, the rest of the surfactants are shown using 

translucent beads. 

Micelles of Tween 80 surfactants with one, two, and three tails and equal EO lengths of 

the four head groups show a slight increase in the micellar sizes (values of Rg in Table 

3.1 and Figure 3.5c) and similar distributions of single-surfactant Rg values within the 
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micelle (Figure 3.5d) as the number of tails increases. Although the micellar sizes are 

very similar, there are significant differences in the radial distributions of tails, heads, and 

water relative to the micelle COM. As can be seen in Figure 3.5c, the RDF distribution of 

tails expands significantly as the number of tails is doubled or tripled as expected. Using 

the method of Millet,117 the hydrocarbon core becomes oblate as the number of tails 

increases to 120 for 555-5-2S and to 180 for 555-5-3S (data not shown), although the 

micelle as a whole, including the head groups covering the tails, becomes either slightly 

prolate or at least less oblate than the core. Interestingly, the RDF distributions of head 

and water converge for all three of these molecules at the edge of the micelle, which is ~5 

nm from the micelle COM in Figure 3.5c. Thus, increased numbers of tails are 

accommodated within nearly the same micelle radius by thinning the hydration layer, 

resulting in narrower headgroup RDF peaks in Figure 3.5e, a steeper water RDF, a lower 

SAS, and a lower hydrophilic percentage of the SAS. 

For a micelle of Tween 80 with three tails, Figure 3.5c shows that the tail group RDF 

extends out as far as 3 nm, and overlaps the headgroup RDF to a greater extent than for 

the one-tailed and two-tailed surfactants. For the three one-tail surfactants in Figure 3.5a, 

the RDFs of the head groups in the micelle nearly overlap each other within the 

hydrocarbon core. The deeper penetration of hydrophilic head groups into the 

hydrophobic core for the 555-5-3S micelle is possibly due to the geometric constraint of 

the three-tailed surfactants with head groups connected to a THF ring. 

 Summarizing, as the W headgroup length increases from 2 to 14 EO groups, it 

becomes more flexible and can both extend and bend. The higher flexibility of the long 
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W head results in a wider distribution of EO groups and less dense packing within the 

micelle, somewhat higher Rg (by 0.25 nm), higher SAS, and a thicker hydration layer. As 

the number of tails increases from one to three, despite the increase in micelle mass, the 

Rg of the micelle increases by only 0.15 nm, which is less than the increase produced by 

the lengthening of the W group discussed above. Thus, components of Tween 80 with 

two and three tails have similar micellar sizes but larger hydrocarbon cores, and thus 

thinner hydration layers with more tightly packed head groups, smaller SAS, and lower 

percentage of hydrophilic SAS. This variation in micelle structure among five 

components of Tween 80 may contribute to a wider distribution of aggregation numbers 

than would be present in a compositionally homogeneous surfactant.  

 

3.3.2 Interfacial Tensions of Tween 80-Coated Air—Water and Oil—Water 

Interfaces 

The rate of oil dispersal depends on both the diffusivity of dispersants and their ability 

to reduce interfacial tension at the interface. Interfacial tensions are caused by cohesive 

forces among like molecules near the interfaces, including hydrogen bonds between 

water molecules. In MD simulations, the interfacial tension of a planar interface can be 

calculated from Kirkwood and Buff’s expression,157,158 given below, where the interface is 

perpendicular to the z-axis and 𝑃!! is the normal pressure component: 

𝛾 𝑡 =
𝐿!
2 𝑃!! 𝑡 −

𝑃!! 𝑡 + 𝑃!! 𝑡
2  
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Figure 3.7 Dependence of interfacial tensions at oil—water interfaces on surfactant 

surface coverage for surfactants 555-5-1S and 555-5-3S. Standard deviations are 

calculated from the surface tensions averaged over each of the last seven 20 ns intervals 

in the time window 100-240 ns after the start of the simulation. The dashed line 

corresponds to zero interfacial tension.  

We first carried out NAPzT simulations at oil—water interfaces with surfactants 555-5-

1S and 555-5-3S at different surface coverages. Then, we carried out NVT simulations of 

air—water interfaces and NAPzT simulations of oil—water interfaces with the five 

different Tween 80 molecular structures defined in Figure 3.2 at a surface coverage of 1.3 

nm2/surfactant, which is relatively densely packed. As can be seen in Figure 3.4, the 

simulations were started with surfactants packed perpendicular to the interfaces with tails 

in the air or oil, and heads in the water, but by the end of the simulations, the tails of 

Tween 80 have collapsed onto the interfaces. Density profiles averaged over each 20 ns 

interval are found to converge after 40 ns of simulations at air—water interfaces and after 
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100 ns of simulations at oil—water interfaces (Figure B.4) indicating attainment of 

equilibrium. In Figure 3.7, we plot the interfacial tension of surfactant 555-5-1S and 555-

5-3S versus surfactant surface density and the expected inverse relationship between 

interfacial tension and surfactant surface density is shown. The one-tailed surfactant 555-

5-1S shows a steeply decreasing interfacial tension from 41.8 to 8.4 mN/m as the area per 

surfactant decreases from 4.5 to 1.0 nm2/surfactant. For the three-tailed surfactant 555-5-

3S, the interfacial tension decreases from 39.0 to −4.2 mN/m as the area per surfactant 

decreases from 4.5 to 1.3 nm2/surfactant. For the three-tailed surfactant 555-5-3S, the 

negative interfacial tension at high packing density indicates an overly crowded surface. 

Taking a fixed surface coverage of 1.3 nm2/surfactant, we plot in Figure 3.8 the 

interfacial tensions calculated for the three constitutional isomers 555-5-1S, 666-2-1S, 

and 222-14-1S and the two multitailed surfactants 555-5-2S and 555-5-3S at both air—

water and oil—water interfaces. The surface tension of the air—water interface predicted 

by the simulations in the absence of Tween 80 is around 52.0 mN/m, which is less than 

the experimental value because of the inaccuracy of the simple point charged SPC water 

model41 that underestimates the vaporization enthalpy of water.43 Accordingly, we focus 

more on the comparisons between the surface tensions of various Tween 80 structures at 

air—water interfaces rather than the absolute values of these surface tensions. The 

interfacial tension at the squalane-water interface predicted by the simulations in the 

absence of Tween 80 is around 47.5 N/m, which is close to the experimental value of 55.3 

N/m. (The slightly lower interfacial tension obtained from the simulations relative to the 

experimental value may result from the inaccuracy of the SPC water model, which also 
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shows a diffusivity that is slightly higher than the experimental value,41 indicating weaker 

water-water intermolecular interactions than in real water.) Thus, at oil—water interfaces, 

both the absolute values of the interfacial tensions and the changes in these values 

relative to the surfactant-free values are reasonably consistent with experiment. The 

experimental surface tension for Tween 80 at bulk concentrations greater than 0.1 mM 

reaches a plateau value of 37.0 mN/m.11 The experimental interfacial tension for Tween 

80 at a squalane—water interface drops to 8.5 mN/m11 as the bulk concentration of 

Tween 80 increases to 0.1 mM.11 Note in Figure 3.8 that isomer 666-2-1S shows the 

largest oil—water interfacial tension reduction among the one-tailed surfactants, reaching 

a value as low as 13.3 mN/m. This isomer has the shortest, least flexible W head among 

all the isomers, and consequently has the thinnest hydration layer and the narrowest head 

density distribution of the three constitutional isomers, as shown in Figure 3.9a. In 

addition, the distribution of single-surfactant Rg values of 666-2-1S at the interface is the 

narrowest among the three constitutional isomers, as shown in Figure 3.9b. Note the 

similarity between the single-surfactant Rg distribution within the micelle (Figure 3.5b) 

and that at an interface (Figure 3.9b). The narrowest distribution of the head groups and 

molecular Rg values for 666-2-1S result in the largest surface tension reduction, 

presumably because the heads are packed more tightly and closer to the interface than for 

the other two isomers. As the W head is lengthened to five EO units in 555-5-1S and 14 

EO units in 222-14-1S (with a corresponding shortening of the X, Y, and Z groups), the 

number of EO units packed at the interface decreases, leading to less surface tension 

reduction. Although not studied here, isomers completely lacking a W head may be most 
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effective for surface tension reduction, since this will bring all the head units close to the 

interface. The similar distributions of tails and head groups at air/water and oil/water 

interfaces in Figs. 3.9a and c show that the interfacial structure is similar for all three 

constitutional isomers. The experimentally reported surface tension values at an air—

water interface in the presence of Tween 80, 37.0 mN/m, and at an oil—water interface in 

the presence of 0.1 mM Tween 80, 8.5 mN/m,134 (horizontal lines in Figure 3.8), are 

lower than those given by any of the three one-tailed isomers in our simulations. Note 

that the interfacial tension measured experimentally is for a mixture of Tween 80 

molecules, while in the simulations the interfacial tensions of single Tween 80 

components are reported. The higher interfacial tensions from simulations relative to 

experiment for one-tail surfactants may suggest the possible importance of multitailed 

components in Tween 80, as discussed below.  
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Figure 3.8 Comparison of interfacial tensions of five Tween 80 molecules at the air—

water (open symbols) and oil—water (closed symbols) interfaces. Standard deviations are 

calculated from the averaged surface tensions over the last three 20 ns intervals from 40 

to 100 ns at air—water interfaces and over the last seven 20 ns intervals over 100 to 240 

ns at oil—water interfaces. The open and closed black diamonds give the simulated 

interfacial tensions at air—water and oil—water interfaces, respectively, in the absence of 

Tween. The dashed and solid horizontal lines give the experimental interfacial tensions at 

the air—water and oil—water interfaces, respectively, from ref 11. The gold line 

indicates the HLB values of different Tween 80 molecules.  
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Figure 3.9 Comparison of properties of three constitutional isomers of Tween 80 

surfactant at the air—water (a and b) and oil—water (c and d) interfaces. (a and c) 

Density distributions of different groups. (b and d) The single-surfactant Rg distribution.  

A more condensed distribution of surfactant at the interface, and a lower interfacial 

tension, can thus be achieved at a fixed surface density of surfactant by shortening the W 

head. A lower interfacial tension can also be achieved, in principal, by esterifying more 

tails onto the surfactant, to decrease the hydrophilic—lipophilic balance (HLB) to a value 

closer to ~10, where the interfacial tension is theoretically the lowest. The HLB is a 

measurement of the degree of hydrophilicity or hydrophobicity of the surfactant. Griffin’s 

method159 of defining the HLB gives a value of 20𝑀!/𝑀 for nonionic surfactants, where 
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𝑀! is the molecular mass of the PEG hydrophilic groups and 𝑀 is the total mass. The 

HLB of the standard Tween 80 structure, shown in Figure 3.1, is thereby calculated to be 

15. Constitutional isomers have the same HLB, since they have the same molecular 

formula. For the two- and three-tailed molecules simulated here, the HLB decreases to 13 

for 555-5-2S and to 11 for 555-5-3S, as shown in Figure 3.8. Decreasing the HLB of 

Tween 80 by increasing the number of hydrophobic tails is thus expected to reduce the 

surface tension. As can be seen in Figure 3.8, 555-5-2S and 555-5-3S reduce the surface 

tensions at air—water and oil—water interfaces more than 555-5-1S and 222-14-1S do, 

but 555-5-2S reduces the surface tension similarly to isomer 666-2-1S, while isomer 555-

5-3S reduces it the most.   

Just as a lower surface tension is obtained for isomer 666-2-1S with its shorter W head, 

and its tightly packed head groups within a thinner hydration layer, 555-5-2S also shows 

a significantly thinner hydration layer and steeper water density distribution than that of 

555-5-1S at both the air—water interface in Figure 3.10a and the oil—water interface in 

Figure 3.10c The distributions of Rg values for individual surfactants at the interface are 

shown in Figure 3.10b at the air—water interface and in 10d at the oil—water interface. 

There is a slight rightward shift of the peak of single-surfactant Rg for 555-5-2S and 555-

5-3S relative to that of 555-5-1S, which contrasts with the similar distributions of Rg 

within the micelles in Figure 3.5d. This difference is possibly due to the additional room 

for the tails at the air—water and oil—water interfaces than is available within the 

hydrocarbon core of a spherical micelle.  
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Figure 3.10 Comparison of properties of three components of Tween 80 with one, two, 

and three tails at the air—water (a and b) and oil—water (c and d) interfaces. (a and c) 

The density distributions of different groups. (b and d)  The single-surfactant Rg 

distribution. 

At air—water interfaces, 555-5-3S reduces the surface tension to 28.0 mN/m compared 

with around 43.7 mN/m for 555-2-1R, where the former has denser headgroup packing 

and a thinner hydration layer, as shown in Figure 3.10a. At an oil—water interface, 555-

5-3S produces a significantly lower interfacial tension than 555-5-2S (−4.2 mN/m versus 

9.8 mN/m), but only a slightly different water density distribution. (The negative value of 

the interfacial tension for 555-5-3S means that the interface is overly crowded with 
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surfactant, as shown in Figure 3.7, and would lose some surfactant if the simulation could 

be run long enough.)  As shown in Figure 3.10c, the tail density distribution depends 

significantly on the number of tails. It is apparently difficult to pack the three connections 

between tails and heads of 555-5-3S at the hydrophobic—hydrophilic interfaces, and a 

portion of the tails of 555-5-3S penetrates deeply both into the hydrophilic hydration 

layers and into the hydrophobic oil phase. Interestingly, a small amount of water 

penetrates deeply into the oil layer, suggesting that 555-5-3S, with an HLB of 11, is near 

an inversion point where a water-in-oil emulsion might form. Although the tail order 

parameters increase as the number of tails increases, as shown in Figure B.5, the overall 

tail order parameters are low due to the very bulky heads and relatively small tails.  

The packing densities of different structures of Tween 80 at oil−water interfaces are 

evaluated by the surfactant density plot as shown in Figure 3.11. Consistent with the 

results from RDF measurements, while the packing of the tails are the same for the three 

constitutional isomers with one tail, isomer 666-2-1S (Fig. 3.11c) has the thinnest 

hydration layer or head group layers within the water phases (in color cyan at the two 

ends) and the highest surfactant packing density (thicker yellow band and several orange 

dots). It pushes more water out of the interfaces, reduces the number of hydrogen bonds, 

and leads to lower interfacial tension comparing with other two constitutional isomers. 

555-5-3S (Fig. 11f) shows similar thickness of the surfactant layers as those of 555-5-

1S(Fig. 11d and 11e) and 555-5-2S, but higher packing density (thicker yellow bands) at 

interfaces. It pushes more water as well as oil molecules out of the interface, reduces 
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attractions of both hydrogen bonds and van der Waals at the interfaces, and leads to the 

lowest interfacial tension among all the modeled molecules.  

 

Figure 3.11 Surfactant density profiles at oil−water interfaces averaged over the axis that 

is perpendicular to the plane and averaged over time. Water and oil molecules are omitted 

for clarity. The left snapshot shows the geometry of the simulations. 

For these five Tween 80 molecules, the degree of reduction in interfacial tension at the 

air—water interface parallels the degree of reduction at the oil—water interface. For both 

interfaces, either decreasing the W headgroup length or increasing the number of tail 

groups enhances surface tension reduction and presumably also oil dispersing efficiency. 

This suggests that lower interfacial tensions would be obtained by replacing the 

predominantly single-tailed Tween 80 entirely with the three-tailed Tween 85, rather than 

using a mixture of Tween 80 with Tween 85, as is done in the Corexit 9500 formulation. 

A possible reason this is not done is that the single tail and bulky head groups of Tween 

80 favor and stabilize the formation of oil-in-water emulsions, rather than the reverse. 

Once the HLB decreases to below 11, a water-in-oil emulsion is favored.159,160  
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3.4 Conclusions 

Micellar and air—water and oil—water interfacial structures of representative Tween 

80 molecules were investigated by MD simulations.  Two epimers and three 

constitutional isomers of one-tailed Tween 80 surfactants, as well as two- and three-tailed 

versions of Tween 80, all with a total of 20 ethoxylate (EO) monomers, were investigated 

as representative Tween 80 molecules. Pure Tween 80 epimers or mixtures of epimers, 

when preassemble into spherical micelles of aggregation number 60, result in similar 

micellar radial distribution functions, while constitutional isomers show significant 

differences, especially the isomer with a short “W” headgroup connecting the tail group 

to the THF ring.  Longer W head groups favor an expanded micelle corona, a larger 

micelle Rg, wider distributions of Rg values of individual surfactant molecules within the 

micelle or at interfaces, and less reduction of surface tension. Reducing the 

hydrophilic/lipophilic balance (HLB) of Tween 80 from 15 to 11 by increasing the 

number of tails from one to three tails  (where the three-tailed Tween corresponds to the 

average Tween 85 structure) results in the greatest reduction of interfacial tension (to a 

value of 17.3 mN/m at air—water interfaces and to a small negative value at oil—water 

interfaces) of all Tween structures investigated here. It will be interesting to investigate 

synergistic effects of other dispersant components, including AOT and SPAN 80. 

Investigating the effects of the carbon number of the oil molecule on interfacial tension 

changes will be interesting as well.   
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Chapter 4 

Multi-Scale Modeling and Rheological Approaches Understanding the 

Structure-Property Relationships of Two-Modeled Body Washes, the Effect 

of Salt and Perfume Raw Materials (PRMs) 

The work in Chapter 4 has been collaborated with Peter H. Koenig, Shawn D. 

McConaughy, and Mike R. Weaver at Procter and Gamble Company. 

 

4.1 Introduction 

Surfactants have been widely used in consumer products including detergents, health 

and personal care products, and foodstuffs, and in industrial applications including oil 

recovery and drug delivery industries.1–7 Many of these surfactant solutions contain 

elongated micelles and are viscoelastic, which are of great importance, especially in 

design of consumer products such as shampoos and body washes. Extensive studies of 

the rheology of micellar solutions have been carried out over the past three decades, both 

to satisfy scientific interest and in hopes of improving their design for applications. Many 

studies have focused on relatively simple experimental systems containing a single 

species of surfactant along with one species of anionic hydrotrope or inorganic salt. For 

example, rheological properties of cationic surfactants such as cetyltrimethylammonium 
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bromide (CTAB), cetyltrimethylammonium chloride (CTAC), cetylpyridinium chloride 

(CPyCl), and erucylbis(hydroxyethyl)methyl-ammonium chloride (EHAC/KCl) mixed 

with hydrotropes such as salicylate ions or simple inorganic salts such as sodium 

chloride, sodium bromide, and sodium chlorate, have been investigated extensively.1,2,8–19 

In addition, the microstructures of these surfactant solutions have been analyzed by 

techniques such as static and dynamic light scattering (SLS and DLS), small-angle 

neutron scattering (SANS), small-angle x-ray scattering (SAXS), flow bifringence, 

diffusive wave spectrometry (DWS), neutron spin echo spectroscopy, cryogenic 

transmission electron microscopy (cryo-TEM). Cationic surfactants are widely used in a 

range of applications but anionic surfactants are better suited for cleaning soils from 

consumer relavant substrates which typically bear negative surface charges in aqueous 

environments. 

Instead, anionic surfactants are mainly used in consumer products. The simplest 

representative anionic surfactant, sodium dodecyl sulfate (SDS) has been investigated 

extensively in the concentration range between the first critical micelle concentration 

(CMC) at 0.008 M and the second CMC at 0.069 M, over which concentration range the 

majority of the micelles are small spheres or ellipsoids.20–22 Wormlike micelle solutions 

composed of anionic surfactants at concentrations far above the 2nd CMC are studied less 

frequently, even though those concentration ranges are more relevant to practical 

applications, for example, exhibiting viscoelastic properties.  

In practical applications, mixed surfactants are usually used because of their lower cost 

and improved performance over that of the single-surfactant solutions.23 For example, 
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typically instead of SDS, sodium lauryl sulfate (SLnS) features an “n” distribution of 

different hydrophobic tail lengths and n is in the range of 10 to 16. In addition to lower 

cost, such mixtures feature lower freezing points allowing for wider application ranges. 

The addition of the ionic surfactant sodium lauryl ether sulfate (SLES) to an SDS 

solution enhances the viscosity of the mixture at low total surfactant concentration.24 

Superior interfacial tension reduction is obtained upon addition of the zwitterionic 

surfactant cocoamidopropyl betain (CAPB) to an SDS solution.25–28 Sharp drops of both 

the 1st and 2nd CMC is obtained in mixtures of CAPB and SLES having one to three 

ethylene oxide (EO) over that seen in each of the individual surfactant components, as 

determined through experimental measurements using rheometry and SAXS.29–31 Here 

the EO groups connect the alkane tails to the negatively charged sulfate head groups 

within an SLES molecule. Although the addition of cationic surfactant to anionic 

surfactants boost viscosity enormously at low surfactant concentrations, the formation of 

an insoluble complex can limit the range of practicable formulations.23,32  

Earlier studies of simple surfactant solutions containing at most two species of 

surfactants have provided insights into the structure-property relationships of wormlike 

micelle solutions. However, such systems are oversimplified relative to commercial 

surfactant mixtures, which contain many species. For example, the commercial body 

washes are complex mixtures of anionic surfactants of SLEnS (n is the number of EOs in 

SLEnS surfactants and varies from 0 to 10), CAPB, unreacted alcohols, perfumes, and 

salts. The alkyl tails of SLEnS and CAPB, and the numbers of EOs within the head 

groups of a given SLEnS all have distributions. In addition, perfumes used in commercial 
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mixtures contain some tens of distinct small organic molecules, named perfume raw 

materials (PRMs). One of the main challenges in applications of complex fluids such as 

surfactant solutions is to accurately measure their microstructure at the molecular scale so 

that these microstructures can be designed for optimal performance of the product. To 

address this issue and accelerate formulation development, we here report our efforts at 

multiscale modeling and its use in the prediction of rheological properties of two 

commercial body wash formulations. Specifically, here we systematically study the 

effects of salts and PRMs on the viscoelastic properties of body washes, and estimate the 

corresponding micellar properties through application of the Cates model13,33 for the 

rheology of threadlike micelles, and through molecular modeling techniques, and 

application of the packing parameter concept of Israelachvili.34 By connecting the 

surfactant packing at the molecular scale, to micellar properties at the mesoscale, and 

these, in turn, to the rheological properties at the macroscopic scale, we develop an 

approach for achieving fundamental understanding of the structure-property relationships 

of commercial surfactant solutions.   

 

4.2 Theory for Predicting Micellar Microstructures 

4.2.1 Packing Argument 

At concentrations above the 1st CMC in solution, surfactants self-assemble into diverse 

structures including spherical, global, and cylindrical micelles as well as ordered phases 

like lamellar, cubic, hexagonal, and exotic bicontinuous phases2,8,19,34,35. The size and 

shape of surfactant aggregates depend on the concentration and chemical structures of the 
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surfactants, the nature of the counter ions, the presence of salts and/or other surfactants, 

pH, temperature and pressure2,19. Israelachvili proposed a packing argument based on a 

dimensionless shape parameter p, defined as p = V/l!a!, to predict the shape of the 

micelles.34 Here, V is the occupied volume of the hydrophobic tail, l! is the tail length, 

and a! is the area occupied by the hydrophilic heads on the micelle surface. For a 

saturated hydrocarbon chain of n!  carbon atoms, V  and  l! can be estimated as36 

𝑙! ≅ 1.54+ 1.265  𝑛!   Å;   V≅ 27.4+ 26.9  𝑛! Å!    (4.1) 

Generally, the hydrophobic tails are wrapped within the hydrophilic heads giving them 

limited access to their environment. Therefore the tail volume V and tail length 𝑙!  are 

typically taken to be constant, while the head group area a! can change. For example, 

with added salt, more counterions condense on the surface of the micelles, screen the 

electrostatic repulsions between the surfactant heads thereby reducing their surface area 

a!, resulting in an increase of the packing parameter p and therefore a transition from 

spherical to growing threadlike micelles. Thus, it is straightforward to apply the packing 

parameter p to explain qualitatively the effects of salts and non-hydrophobic PRMs on 

the rheological properties of body washes. However, extremely hydrophobic PRMs 

penetrate the hydrophobic core of the micelle, changing the tail parameters as well as the 

head parameters, making more complicated the application of the packing argument.  

4.2.2 Cates Model  

Cryo-TEM measurements of body washes verify the formation of entangled networks 

of wormlike micelles. The solutions are viscoelastic and their rheology is similar to that 
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of entangled polymer solutions. One difference is that wormlike micelles break and 

recombine rapidly. By combining the theories considering polymer reptation and micellar 

fast reversible scission, Cates developed a reptation-reaction model to estimate linear 

micellar characteristic time and length parameters.1,11,13,37,38 The linear rheological 

moduli predicted by the Cates model in the fast-breakage limit are given by a single-

relaxation-time Maxwell model: 

𝐺" =
𝐺𝜔!𝜏!

1+ 𝜔!𝜏!, 𝐺! =
𝐺𝜔𝜏

1+ 𝜔!𝜏!                                                                                                               (4.2) 

where 𝜔 is the oscillatory angular frequency, 𝜏 is the relaxation time, 𝐺" is the loss or 

viscous modulus that is out of phase with the strain, and 𝐺! is the storage or elastic 

modulus that is in phase with the strain. Lequeux extended this linear model to branched 

wormlike micelles by considering the additional relaxation mechanisms of micellar 

sliding at the branch points.39 For unbranched micelles, Larson developed an improved 

method of estimating the average micelle length from the rheology data based on the 

terminal relaxation time at low frequency.33  

4.2.2.1 Predicting Micellar Characteristic Times 

A mean field treatment predicts an exponential distribution of micelle lengths 𝑁(𝐿)37 

𝑁 𝐿 ∝ exp −
𝐿
𝐿
                                                                                                                                              (4.3) 

where 𝐿 is the micelle contour length, N(L) is the number fraction of micelles of length 

L, and 𝐿 is the number-average micelle length. The stress in a wormlike micellar solution 

relaxes similarly to that of polymers. Micelles curvilinearly reptate out of tubes that are 
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formed by topological constraint with neighboring chains. Unlike ordinary polymers, 

wormlike micelles are “living polymers” that have additional stress relaxation paths 

through reversible scission. Assuming that the breakage occurs with equal probability per 

unit time per unit length of micelle, the characteristic breakage time is inversely 

proportional to the average micelle length: 

𝜏!" = 1
𝑐!𝐿

                                                                                                                                            (4.4) 

If the time for a micelle to break, τbr, is longer than the time for it to reptate out of the 

tube, which is the reptation time τrep, then the stress relaxation is by purely reptation. This 

is relaxation regime I, which holds for 𝜁 > 1, where: 

𝜁 ≡    𝜏!" 𝜏!"#                                                                                                                                             (4.5) 

As the average micelle length increases, the reptation time increases and the breakage 

time decreases. Once 𝜁 < 1, micelles break and recombine with nearby micelles before 

reptation is complete, and we enter regime II. To define the range of regime II, where 

relaxation occurs by a combination of reptation and breakage/rejoining, we define a 

dimensionless parameter 𝛼, as the inverse of the number of entanglements in each 

micelle:   

𝛼 ≡ 𝑙!
𝐿                                                                                                                                             (4.6) 

Here 𝑙!   is the contour length between two neighboring entanglements. In the range 

𝛼 < 𝜁 < 1, the breakage time of the micelle is longer than the reptation time of a chain of 

length one entanglement. This regime is defined as regime II. Within this regimes, in the 

“fast breaking” limit when 𝜁 ≪ 1, 
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  𝜏   ≅ 𝜏!"𝜏!"#
!
!                                                                                                                                        (4.7) 

As the breakage time decreases further, so that 𝜁 <   𝛼, micelles relax by a combination 

of breakage/rejoining and end fluctuations, rather than reptation. We do not consider this 

regime here, since stress relaxation of micelles in body washes are generally within 

regime I (i.e., pure reptation) or regime II (reptation combined with reversible scission). 

There is a version of the Cates model for each of these regimes. 

To apply the Cates model to a set of 𝐺! and 𝐺"data for a wormlike micelle solution, a 

typical fitting procedure involves fitting a “Cole-Cole” plot of 𝐺! against 𝐺" to a semi-

circle to obtain its diameter 𝐺!". Extrapolation of the Cole-Cole plot at a slope of -1 

before its high-frequency up-turn yields an elastic modulus 𝐺!. The ratio of 𝐺!"/𝐺!, 

termed the diameter of the fitted semicircle (DFS), can be related to the ratio of breakage 

time 𝜏!" to the terminal relaxation time 𝜏 according to Turner and Cates’ Monte Carlo 

simulation work.40 Then the reptation time 𝜏!"# can be computed from 𝜏 or Eq. 4.7 by 

assuming the relaxation regime iteratively. This procedure is straightforward when there 

is a clear -1 slope in the Cole-Cole plot before its upturn. Please see the work of Turner 

and Cates40 for details. 

Depending on the ratios of 𝜏!" to 𝜏!"# and to 𝜏! (which is the relaxation time of a short 

micelle whose length is only long enough to contain one entanglement), the shape of the 

Cole-Cole plot at its high-frequency side (which is the right side) varies and the slope 

could become either greater than or less than -1 before turning up. When 𝜁~1 especially 

𝜁 < 1 in the reptation regime, there are multiple relaxation times near the terminal 
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relaxation regime and the deviation of the Cole-Cole plot from semicircular shape is 

apparent. This leads to an upturn in the Cole-Cole plot at its high-frequency side (which 

is the right side of the Cole-Cole plot) before the slope reaches -1. When 𝜁 ≪ 1, on the 

other hand, a single relaxation time dominates the dynamics and deviation from 

semicircular shape is minimal. Depending on the ratio of 𝜏!" to 𝜏!, the slope reaches -1 or 

even lower before the high frequency upturn. To improve the approximation to 𝐺!, we 

sampled more points at high frequencies and interpolated 𝐺" near the slope minimum 

before the upturn. 

4.2.2.2 Predicting Micellar Characteristic Lengths 

Three important micellar solution characteristic lengths are related to each other by:  

𝑙! ≅ 𝜉
!
! 𝑙!

!
!                                                                                                                                             (4.8) 

Here 𝜉 is the mesh size, which is the average distance between different micelles, 𝑙! is 

the persistence length, and 𝑙! is the entanglement spacing, which is the average contour 

distance along a micelle between successive entanglements.  

For ionic micelles at low ionic strength, both the natural (or intrinsic) persistence length 

and electrostatic effects contribute to the overall persistence length.2 When the ionic 

strength of solution is high, counterions condense on the surface of the micelles and 

weaken the contribution of electrostatics to the persistence length by screening the 

electrostatic repulsions between the surfactant head groups. Above a critical ionic 

strength, the persistence length is approximately equal to the natural persistence length. 

In this study, we approximate the persistence length by the natural persistence length 
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since the concentrations of salts in solutions we consider are high enough to minimize 

head-head electrostatic interactions.  

Methods of estimating 𝑙! and 𝜉 depend on the relaxation regime of wormlike micelles, 

which is itself determined by the ratio of 𝑙!   to 𝑙!. When 𝑙! ≫    𝑙!, micelles are said to be 

“loosely entangled”, and are flexible on the length scale of a single entanglement spacing 

so that the micelle can curl up on itself within the tube, and the micelle contour length is 

then longer than the tube. When 𝑙! ≫    𝑙!, on the other hand, micelles are “tightly 

entangled”, and their contour length is scarcely longer than the tube length. Within the 

loosely-entangled regime, the mesh size can be related to 𝐺!, the plateau modulus, as41 

𝐺! ≅ 9.75𝑘!𝑇 𝜉! = 9.75𝑘!𝑇 𝑙!
!
!𝑙!
!
!                                                                               (4.9) 

𝐺! is estimated as 𝐺! at the frequency of the local 𝐺" minimum 𝐺!"#" . Within the tightly-

entangled regime, on the other hand, 𝑙! and 𝐺! are related as below:42 

𝐺! =
7
5𝜌𝑘!𝑇 𝑙!                                                                                                                                                                 (4.10) 

where 𝑘! is Boltzmann’s constant and 𝑇 is the absolute temperature. For the micelles in 

body washes considered in this study, 10𝑙! >    𝑙! > 𝑙! which is in the cross-over between 

tight and loose entanglements. We therefore use a cross-over formula to interpolate 

between Eqs. (9) and (10) using: 

𝐺! =
9.75𝑘!𝑇

𝑙!
!
!𝑙!
!
!

𝑙! 𝑙!
!

𝑛 + 𝑙! 𝑙!
! +   

7
5𝜌𝑘!𝑇 𝑙! 1−

𝑙! 𝑙!
!

𝑛 + 𝑙! 𝑙!
!                       (4.11) 
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where we take n = 3, and solve for 𝑙! iteratively from pre-determined values of 𝐺! and 𝑙!. 

We then use the value of 𝑙! to obtain the average micelle length, as discussed next.  

In the Cates model the average micelle length 𝐿 is estimated at high frequency as: 

𝐺!"!" 𝐺! ≈ 𝑙! 𝐿                                                                                                                                             (4.12) 

Granek refined this estimate of the relationship between 𝑙! 𝐿 and 𝐺!"#"  and obtained43 

                𝐺!"#" 𝐺! ≈ (𝑙! 𝐿)!.!       (4.13) 

Contour lengths calculated from either formula are only several hundred nanometers, 

which is inconsistent with the high value of the solution viscosity.33 In fact, the length of 

the micelle has its strongest effects on micellar relaxation at low frequency, rather than at 

high frequencies near the 𝐺!"#" . Based on a Rouse reorientation time and the Batchelor 

formula for the drag coefficient of a cylinder, Larson developed a new method to 

estimate 𝐿:33 

𝐿 =
𝜏!"#𝜋𝑙!𝑙𝑛 𝜉 𝑑 𝑘!𝑇

4𝜂!𝑙!

!
!
                                                                                                                  (4.14) 

This formula gives an estimated average micelle length that is several times higher than 

that of Eqs. 4.12 or 4.13, and is consistent with the magnitude of the solution viscosity. 

Therefore we adopt Eq. 4.14 in our model calculations. We assume that the diameter of 

the micelles is 5 nm and the persistence length is 30 nm, based on former wormlike 

micelle studies and molecular modeling. 

Once the average micelle length is estimated appropriately, the scission free energy can 

be estimated from Boltzmann dependence of this average micelle length on temperature. 
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This “scission energy” Escission is the free energy of creating two additional end caps. The 

micellar length depends exponentially on its value as10,13 

𝐿~𝜑!!.!"exp  (
𝐸!"#$$#%&
2𝑘!𝑇

)                                                                                                                (4.15) 

Here, the dependence on 𝜑, the volume fraction of solution occupied by the micelles, 

arises because the breakage/rejoining reaction is “bi-molecular” transforming two 

micelles into one, and the factor of two in the exponent also arises for this reason. To 

avoid significant changes in the packing of micellar head groups, which would invalidate 

Eq. 4.15, we apply the above equation only over a set of four temperatures separated by 

intervals of 1 or 2 degrees within a narrow range from 17.5 to 25.0 °C.  

Similar to the scission free energy, we express the temperature dependence of 𝜏/𝜂!!  

and 𝜂/𝜂!!  in Arrhenius forms involving activation energies, where here 𝜂!! is solvent 

viscosity at the reference temperatures:13  

𝜏~𝜂!!exp
𝐸!"#$%&'(  !"#$%$&'()

𝑘!𝑇
,      𝜂~𝜂!!exp

𝐸!"#$%#"&'
𝑘!𝑇

                                                  (4.16) 

In what follows, the above activation energies for terminal relaxation time of micelles 

and viscosity are extracted from the corresponding semi-log plots.  

Applying these micellar models to rheological data can connect surfactant 

microstructures to the continuum viscoelastic properties. Specifically, we relate viscosity 

to the micellar characteristic length and elasticity to the micellar characteristic time 

constants in what follows. We also analyze the behavior of the micelles at molecular 

scales using molecular simulations to help link molecular-level information to rheological 

properties.   
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4.2.3 Octanol/Water Partition Coefficient LogPow  

Perfumes are essential components in body washes to meet consumers’ fragrence 

preferences. They are typically mixtures of some tens to a hundred or so small organic 

molecules, named as perfume raw materials (PRMs). Before studying the synergistic 

effects of mixtures of PRMs on viscoelastic properties of surfactant solutions, the effects 

of a single PRM are often studied and correlated with the value of its octanol/water 

partition coefficient, logPow.44–51 LogPow is defined as the logarithm of the concentration 

ratio of the PRM in hydrophobic octanol to the hydrophilic water phase, and used as a 

hydrophobicity parameter. The hydrophobic octanol phase approximates the hydrophobic 

environment of the surfactant tail region within micelles, and the hydrophilic water phase 

approximates the hydrophilic surfactant head region and the water phase outside the 

micelles, as shown in Eq. 4.17:  

log𝑃!" = 𝑙𝑜𝑔
𝑃𝑅𝑀 !"#$%&'

𝑃𝑅𝑀 !"#$%

≅ 𝑙𝑜𝑔
𝑃𝑅𝑀 !"#$%&'%('  !"#$  !"#$%&  !"#!!"  !"#$%%$&

𝑃𝑅𝑀 !"#$%&'%('  !!"#  !"#$%&  !"#!!"  !"#$%%$& + 𝑃𝑅𝑀 !"#$%
                                (4.17) 

This approximation neglects geometric constraints, especially in the tightly packed 

surfactant tail regions, which might restrict access of PRMs to the micelle core or cause a 

major change of the surfactant packing within micelles. To understanding how differernt 

PRMs modify the packing of the cylindrical micelles and resulted in the changes of the 

rheological properties of surfactant solutions, 15 PRMs with a broad distribution of 

logPow were added separately to the BW-1EO formulation. PRMs having similar values 
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of logPow but different chemical structures were also chosen to help compare the resulted 

viscoelastic properties of BW-1EO.  

4.2.4. Dissipative Particle Dynamic (DPD) Simulations 

Although molecular dynamics simulations of small cylindrical micelles containing less 

than four hundred molecules of sodium dodecyl sulfate surfactants have been carried out 

using a united atom force field,52 investigating cylindrical micelles containing tens of 

different surfactant species and over one thousand surfactant molecules using MD 

simulations is still too expensive to be routinely carried out. To describe accurately the 

relevant hydrodynamic behavior and rheological properties of cylindrical micelles in a 

computationally more efficient way, coarse-grained dissipative particle dynamics (DPD) 

simulations using a soft repulsive potential are here applied.53,54 In DPD, three to five 

heavy atoms are lumped into one quasi-particle or bead, which interacts with other beads 

via pairwise forces, and obeys Newton’s equations of motion. The interparticle force is 

separated into pairwise contributions of three parts,  

                                                      𝑓! = (𝐹!"! + 𝐹!"! + 𝐹!"!)!!!                  (4.18) 

where 𝐹!"!  is a conservative force defined by a purely repulsive (harmonic) soft-core 

potential based on chemical identity, 𝐹!"! is a dissipative force and 𝐹!"! is a random force. 

The latter two forces take into account the fluctuation and dissipation of energy and serve 

as the Langevin thermostat. The conservative force determines the thermodynamics of 

the DPD system and the soft potential allows for larger time steps of picoseconds instead 

of the femtosecond timesteps used in traditional MD simulations. Since its introduction 
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by Hoogerbrugge and Koelman in 1992,55 DPD has been improved significantly by 

Español and Warren53 and then by Groot and Warren.54 Recently, to differentiate the type 

of interactions between beads representing different properties, Travis56 et al. 

demonstrated the use of the Hildebrandt solubility parameters for DPD parametrization, 

along with variable bead sizes. Siepmann57 et. al applied COSMOtherm software58,59 to 

compute the infinite-dilution transfer free energy of alkane molecules into acetic 

anhydride for molecular volume estimation. This refined model considers the importance 

of different bead volumes to reflect the impact of different molecular shapes and sizes of 

surfactants packing in micelles (see packing parameter discussion above). We applied the 

refined DPD model in canonical ensembles of constant pressure and constant temperature 

with semi-isotropic pressure coupling to study the effects on micelle properties of salts in 

the two formulas BW-1EO and BW-3EO and the effects of four PRMs in BW-1EO. 

Detailed DPD parameters and molecular mapping were listed in Table C.1 and C.2 in 

Supplementary Material. Using a combination of the Cates micellar model and the DPD 

molecular model, we seek to predict the rheological property changes at macroscopic 

scales that result from the addition of salts and PRMs and thereby build a fundamental 

understanding of the structure-property relationships of surfactant formulations. 

Experimentally, the effects of different concentrations of salt (NaCl) on the rheological 

properties of BW-1EO and BW-3EO were determined as well as the effects on BW-1EO 

of separate addition of 15 PRMs having a wide distribution of values of logP (ow) varying 

from -0.61 to 6.44. In addition, the effect of linalool on the rheological properties of BW-

3EO was also measured for comparison against its effect on BW-1EO. By applying the 
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Cates model to estimate micellar scale parameters, and performing DPD simulations at 

the molecular scale to estimate surfactant packing, we develop a more fundamental 

understanding of how the rheological behavior of body washes is affected by the addition 

of salts and PRMs.  

 

4.3 Materials and Methods 

4.3.1 Rheological Experimental Set Up 

Raw industrial grade surfactants, analytical grade salts and PRMs, and Milli-Q water 

were used in all experiments. Due to the complexity of the industrial raw materials, 

weight percentage (wt.) instead of molar concentration was used to define concentrations 

of surfactants, ACCORD, and salts. Molar concentration is used when defining the 

addition of one additional species of PRM to body washes to study the effects of different 

individual PRMs on viscoelastic properties. Two body wash formulations, “BW-1EO” 

and “BW-3EO” with a simple salt (sodium chloride, NaCl), were tested. The BW-1EO 

formulation is a mixture of SLE1nS (9.85%), CAPB (1.15%), and 1wt.% ACCORD, 

where SLE1nS (Fig. 4.1a) has on average one EO group but a distribution of EOs ranging 

from 0 to 10, and CAPB (Fig. 1b) is a zwitterionic co-surfactant. The BW-3EO 

formulation is similar to that of BW-1EO formulation except that the formula has on 

average three EOs and the ratio of surfactants are different: SLE3nS (6.95%), SLS 

(2.90%), CAPB (1.15%), and 1% ACCORD. The 1% ACCORD is added to mimic the 

impact of a perfume on the micellar structure and the viscoelastic properties. In the past, 
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studies have focused on the impact of single compounds on micellar structure and 

rheology. Screening experiments and the results presented here suggest that the impact of 

a single compound may not translate in a simple linear and additive fashion to mixtures 

of additives. The ACCORD is a mixture of six small organic perfume molecules as listed 

in Table 4.1. In addition, four PRMs (Schemes 1c, 1d, 1e, and 1f) were chosen for DPD 

simulations including dipropylene glycol (a mixture of four isomers: a. CAS number 110-

98-5, 1,1’-Oxybis-2-propanol; b. CAS number 108-61-2, 2,2’-Oxybis-1-propanol; c. CAS 

number 106-62-7, 2-(2-hydroxypropoxy)-1-propanol; d. CAS number 2396-61-4, 3,3’-

oxybis-1-propanol, abbreviated as DPG), isopropylbenzene (CAS number: 98-82-8, 

common name cumene), 3,7-dimethylocta-1,6-dien-3ol (CAS number: 78-70-6, common 

name linalool), and propan-2-yl-tetradecanoate (CAS number: 110-27-0, common name 

isopropyl myristate, abbreviated as IPM). Components added together in the following 

order: concentrated surfactant paste, ACCORD, water, PRMs (if added), and salts. 

Samples were well mixed and centrifuged at least an hour for degassing prior to  

measurements.  
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Figure 4.1 Figure 1 Structures of surfactants and perfume raw materials (PRM) used in 

this study: a). sodium lauryl ether sulfate (SLEnS) number of ethylene oxide groups 

varying from n = 0 to 10; b). cocoamidopropyl betain (CAPB); c). dipropylene glycol 

modeled as a mixture of 1,1’-Oxybis-2-propanol, 2,2’-Oxybis-1-propanol, 2-(2-

hydroxypropoxy)-1-propanol, 3,3’-oxybis-1-propanol, and is abbreviated as DPG; d). 

isopropylbenzene with common name cumene; e). 3,7-dimethylocta-1,6-dien-3ol with 

common name linalool; f). propan-2-yl-tetradecanoate with common name isopropyl 

myristate and abbreviated as IPM.  
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Table 4.1. Composition of ACCORD and each PRM’s properties, including CAS 

number, IUPAC name, common name, chemical structure, octanol/water partition 

coefficient, molecular weight, and its weight percentage.   

 
 

An AR-G2 rotational rheometer with cone and plate geometry made of acrylic was used 

to measure the zero shear viscosity at constant shear rate, and rheological moduli of 

constant shear stress but varying frequency. We sampled 25 data points per decade at 

high frequency and 10 data points per decade at low frequency to obtain enough 

information for model fitting in a reasonable time. Samples were freshly loaded each time 

and a solvent trap was used to prevent sample evaporation near the edge. Randomly 

selected samples were re-measured and the standard deviation of rheological 

measurements was found to be less than 3%. 
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4.3.2 DPD Simulation Set Up and Analysis 

Initial periodic cylindrical micelles were packed straightly along the z direction of the 

simulation box and the heads of surfactants within the micelles enclosed the tails. The 

simulation box has a size of 10.6×11.4×62.3 nm3. All surfactants, ACCORDS, and 

additional PRM if added, were packed randomly into the periodic micelle close to a 

common axis at the beginning of the simulations. The tail beads of the micelle were first 

constrained in an NVT ensemble briefly to equilibrate the surfactants with water. Then 

simulations in an NPT ensemble were carried out by minimizing the difference between 

the pressure along the normal (z, or micelle) axis and the average over the x and y axes. 

The wormlike micelles were maintained in a tensionless state throughout the remainder 

of each simulation. 

 

Figure 4.2 Snapshot of an equilibrated periodic wormlike micelle. Salt and water are 

omitted for clarity. Shown are sulfate (yellow) and other head groups including ethylene 

oxide, amide, tetramethyl ammonium, and acetate (red), ACCORD (black), and alkyl 

carbon tail beads (blue). ACCORD and tail beads are nearly covered by head beads. 

The equilibrated periodic wormlike micelles were then analyzed by slicing the 

simulation box along the micelle direction z and averaging the values per segment over 

all the slices and over time as shown in Fig. 4.2. The number of beads in each slice was 

counted within a narrow shell of 1.6 nm centered at a given radial distance with respect to 

the center of the spherical micelle (COM) or with respect to the core of the cylindrical 
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micelle and was averaged over time. The packing distance is defined as the ratio of 

micelle spine length to the number of surfactant molecules within the micelle. The spine 

length is computed as the sum of the lengths of the segments connecting the micelle 

COMs of neighboring slices. 

 

4.4 Results and Discussion.  I. Salt Effects 

4.4.1 Salt Effects on Rheology Measurements 

4.4.1.1 Salt Curves and Impact of ACCORD Addition 

The zero shear viscosity vs. the concentration (wt.%) of sodium chloride (NaCl), or 

“salt curves,” are shown in Fig. 4.3 for the 11% BW-1EO (diamonds) and BW-3EO 

(triangles) containing 1% ACCORD (solid lines) and in the absence (dashed lines) of 

ACCORD. The salt curve for 9.5% BW-3EO (circles) containing 1% ACCORD is also 

shown.  With increasing salt concentration, the zero shear viscosity, called simply 

“viscosity” in the following, increases and, when ACCORD is present, reaches a 

maximum, and then decreases. The dashed lines, for which ACCORD is absent, are also 

expected to eventually show a maximum if the salt concentration were increased further. 

In each formulation, the concentration of SDS on its own is already higher than its 2nd 

CMC, which is the concentration at which the majority of the micelles change from 

spheres to elongated rods and are polydisperse.20,21,60 Previous studies have indicated that 

addition of SLEnS and/or CAPB to SDS solutions lowers the CMC or promotes longer 

micelles especially for longer EO lengths in SLEnS.24–29, 61 Therefore, even in the 

absence of salts, the majority of the micelles in body washes are already expected to be 
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cylindrical, although the zero shear viscosities are still low. In the presence of 1% 

ACCORD the viscosity is higher (to the left of its maximum) the micelles are presumably 

longer, and the salt curve is shifted to the left relative to that in the absence of ACCORD. 

Since the viscosity maximum is attributed to formation of micellar branches, the reduced 

viscosity maximum in the presence of ACCORD suggests easier branch formation. Since 

actual body wash formulations have rheological properties similar to those of 11% BW-

1EO and 11% BW-3EO formulations containing ACCORD, we will discuss those 

formulations in detail in the following. In the following, the terminology “BW-1EO” and 

“BW-3EO” refer to the 11% solutions containing the ACCORD PRMs. 

 

Figure 4.3 Salt curves for 11% and 9.5% formulations containing 1% ACCORD (solid 

lines) and without ACCORD (dashed lines): diamonds - 11% BW-1EO formulation, 

triangles - 11% BW-3EO formulation, and circles - 9.5% BW-3EO formulation. 

The addition of salt screens the electrostatic repulsion between the surfactant head 

groups, which increases the value of the packing parameter p, and lengthens the micelles, 

leading to a viscosity increase. The 11% BW-1EO and BW-3EO formulations containing 
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1% ACCORD (solid line with filled symbols) show initially nearly exponential increases 

in viscosity at low salt concentration, which changes to a linear dependence, and finally a 

concave shape near the maximum. A critical micellar length, needed for the micelle to 

entangle with other micelles, is proposed to explain the nonlinearity of the viscosity 

increase at the beginning of the salt curve. The micelles in body washes are polydisperse 

and their length distribution ranges from short rods to long worms. At the beginning of 

the salt curve, only the growth of the micelles above the critical length contributes 

significantly to the viscosity. The growth of the short rods with lengths below that 

necessary to entangle, does not contribute to the viscosity increase. As the salt 

concentration increases, however, a larger fraction of the micelles are above the critical 

micellar length and contribute to the viscosity increase, leading to an exponential increase 

of viscosity near the beginning of the salt curve. Once all micelles exceed the critical 

lengths, further micelle growth contributes only linearly to the viscosity increase.  

At high salt concentration near the viscosity maximum, the further addition of salts 

screening the electrostatic repulsions between the surfactant head groups may lead to 

branch or planar structures that reduce the viscosity. The relatively short micelles still 

lengthen, however, and the competition between these two effects reaches a balance at 

the viscosity maximum, where on the left side of the salt curve the growth in micellar 

length dominates branch formation, and on the right side the reverse occurs. Some branch 

formation on the left side of the viscosity maximum has in fact been observed in cryo-

TEM studies.2,62  
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The salt curve for BW-3EO containing ACCORD, in which EOs are longer, shows a 

slower viscosity increase upon addition of salt, a lower viscosity maximum, and a 

broader regime of linear viscosity increase for BW-1EO with ACCORD. Consistent with 

the packing parameter argument, the longer EOs of SLE3nS make the area per head 

group larger, which decreases the packing parameter p, and thereby shortens the micelles 

relative to SLE1nS. The longer electrostatically neutral EOs also likely makes SLE3nS 

less sensitive to the addition of salt. This leads to a slower increase of packing parameter 

on addition of salt, a lower rate of viscosity increase, and a rightward shift of the salt 

curve, relative to BW-1EO containing ACCORD. Interestingly, reducing the total 

concentration of surfactants in BW-3EO form 11% to 9.5% results in the reduction in the 

viscosity without shifting of the viscosity maximum, according to Fig. 4.3. 

In short, increasing the concentration of salts or surfactants, or adding ACCORD, 

boosts the viscosity of body washes. Formula BW-1EO having surfactants of shorter EOs 

builds up viscosity faster with increasing salt and to a higher viscosity magnitude. 

4.4.1.2 Frequency Sweeps 

Fig. 4.4 shows the loss and storage moduli vs. frequency for BW-1EO (a-c) and BW-

3EO (a’-c’) at various salt concentrations. As the salt concentration increases, the storage 

moduli shift upward and leftward monotonically up to the maximum in the salt peak, 

with the greatest differences at the lower frequencies. The loss moduli also shift upward 

and leftward at low frequencies, but shift downward monotonically at high frequencies at 

the two sides of the intersection point. Interestingly, Figs. 4.5c and 4.5c’ show common 
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intersection points of loss moduli for data on the left side of the linear salt curves for 

BW-1EO and BW-3EO, respectively. The physical meaning of the intersection point is 

still unclear.  

The plateau modulus, viscosity, elasticity, and average micelle length can be obtained 

directly from the frequency sweeps. Here, and elsewhere, we quantify “elasticity” by the 

ratio of the loss to the storage modulus at high frequency of 100 rad/s. Thus, “elasticity” 

is here taken to be the inverse of the loss tangent tanδ at high frequency 100 rad/s. As the 

salt concentration increases in Figs. 4.5a and 4.5a’, the plateau in the high-frequency 

storage moduli increase monotonically. In Figs. 4.5b and 4.5b’, the viscosities increase 

monotonically as the loss moduli shift upward at low frequency, until the salt peak is 

reached. The elasticities increase monotonically before hitting the salt peak since the 

ratios of loss moduli to storage moduli decrease at frequency 100 rad/s. The terminal 

relaxation time, which can be approximated by inverse of the the crossover frequency of 

loss and storage moduli (data not shown), increases with increasing salt concentration on 

the left side of the salt curve, which indicates that micelles are lengthened before 

reaching the salt peak. Once the concentration of salt passes the viscosity maximum (at 

1.25% for BW-1EO and 2.5% for BW-3EO), the dependences of viscosity and elasticity 

on salt concentration reverse direction and decrease with increasing salt, but the plateau 

moduli continue to increase. BW-3EO with longer EO groups shows less sensitivity to 

salt concentration than does BW-1EO, since the magnitude of changes in the rheological 

curves with salt are smaller for for BW-3EO. These observations are consistent with the 

packing argument.  
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Figure 4.4 Storage and loss moduli for BW-1EO (a, b) and BW-3EO (a’, b’) at different 

salt weight percentages, given in the legends. Loss moduli pass a common point at 

different salt concentrations before branch formation in BW-1EO (c) and BW-3EO (c’). 

4.4.1.3 Cole-Cole Plots 

Plotting the loss modulus 𝐺" vs. the storage modulus 𝐺! gives the Cole-Cole plots for 

BW-1EO (Fig. 4.5a) and BW-3EO (Fig. 4.5a’). The diameters of the approximate semi-

circles increase monotonically with salt concentration, and the shapes change. By 

normalizing the curves with respect to the loss modulus maximum 𝐺!"#$!%!"  in Figs. 
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Fig. 4.5b and Fig. 4.5b’. the deviations from perfect semi-circles (dashed lines) decrease 

as the salt concentrations increase, until the peak in the salt curve is passed, and then the 

deviations increase  again (gray curve in Fig. 4.5b). The deviations of the Cole-Cole plot 

from semi-circular shape at low salt concentrations are greatest to the right of the loss 

modulus. At low salt concentrations, the solutions contain shorter micelles and the 

micellar relaxation mechanisms are dominated by reptation in relaxation regime I. The 

wide distribution of reptation times resulting from the distribution of micellar lengths 

leads to the observed deviation of the Cole-Cole plot from a semi-circular shape which 

corresponds to a single or very narrow distribution of relaxation times.10 As the salt 

concentration increases, micelles lengthen and the relaxation mechanisms become 

dominated by the combination of reptation and reversible scission. The Cole-Cole plots 

then become closer to a semi-circular shape especially at high salt concentrations, before 

the peak in the salt curve is reached. The up-turns of the Cole-Cole plot at the right side 

of the Cole-Cole plot where 𝐺!/𝐺!"#$!%!"  exceeds 2 is due to the contributions of Rouse 

modes at high frequencies. At these high frequencies the relaxation of short portions of 

chain between neighboring entanglements dominates and produces the upturn. Beyond 

the viscosity maximum in the salt curve, increasing deviation in the Cole-Cole plot from 

a semi-circular shape is due to the end fluctuations of the increasing numbers of 

branches. Although BW-1EO at 0.7% NaCl and BW-3EO at 2.125% NaCl have the same 

zero-shear viscosity of ~11 PaS, the Cole-Cole plot of BW-1EO deviates more from a 

semi-circular shape than does that of BW-3EO, possibly because the BW-1EO 
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formulation is farther from the maximum in the salt curve than is the BW-3EO 

formulation at this fixed viscosity. 

 

Figure 4.5 Cole-Cole plots and normalized Cole-Cole plots for BW-1EO (a, b) and BW-

3EO (a’, b’).  

4.4.1.4 Time-Temperature Superposition 

Next we evaluate the time-temperature superposition (TTS) principal for BW-1EO. 

Shifting the 𝐺! and 𝐺" curves for temperatures ranging from 20.0 to 25.0 °C as shown in 

Fig 4.6, the storage moduli approximately overlap over the entire frequency domain as 

predicted by TTS. However, at low salt concentrations before the salt peak, the loss 

moduli fail to superpose at the highest frequencies (Figs. 4.6a and 4.6b). Interestingly, 

after passing the salt peak in the highly branched micelle region, as shown in Fig 4.6c, 

loss moduli do superpose. The convergence of the loss moduli in the region dominated by 
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branched micelles suggests the relaxation mechanisms dominated by end fluctuations of 

the increasing numbers of branches are not temperature sensitive.  

 

Figure 4.6 Master curves of frequency dependent moduli obtained by time-temperature 

superposition (TTS) at salt concentrations of 0.50% (a), 1.00% (b), and 2.00%(c) NaCl 

for BW-1EO. Shift factor α! ≡
η! η!". Here η! is the viscosity of solution at 

temperature T and η!" at 25.0 °C. At 0.50% NaCl the shift factors are inconsistent with 

the dependence of viscosity on temperature and we use empirical shift factors 1.5 at 23.5 

°C, 1.8 at 22.0 °C and 2.5 at 20.0 °C. At 1.00% NaCl and 2.00% NaCl, the shift factors 

are consistent with the dependence of viscosity. The values of the shift factors are 1.1, 1.4 

and 2.0 at 1.00% NaCl and 1.1, 1.2, and 1.4 at 2.00% NaCl at 23.5 °C, 22.0 °C and 20.0 

°C, respectively. 

4.4.2 Salt Effects on Micellar Lengths and Time Scales Obtained From the Cates 

Model 

4.4.2.1. Micelle Characteristic Lengths and Times for BW-1EO at Different 

Temperatures 

The viscoelastic properties of surfactant solutions are sensitive to the addition of salts 

and ACCORD, and to the temperature as well. Fig 4.7a shows the salt curves of BW-1EO 

at different temperatures. Figs. 4.7b and 4.7c show the corresponding micelle average 

lengths and reptation times estimated from the Cates model, as described above in 
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Sections 2.2.1 and 2.2.2. As the temperature decreases, the viscosity and the average 

micelle length of BW-1EO increase rapidly.13,62 The viscosity maximum occurs at a salt 

concentration of around 1.25% at 25.0 °C, but shifts to a lower concentration of between 

1.00 and 1.25% at 23.5 °C, and around 1.00% at the other two temperatures. Changes in 

the average micelle length, micellar reptation time and elasticity (data not shown) are 

consistent with that of the viscosity. When branches are present, stress relaxation occurs 

by sliding of micellar material through the branch points, and the speed of this process 

increases the more branch points there are even if the branched micelles become larger.  

Hence, the average apparent “micellar length” estimated using Eq. 4.14 from data on the 

right side of the salt peak are is actually an estimate of the average contour length 

between branch points, rather than an estimate of the true micellar length. On the right 

side of the salt curve, the contour length between branch points decreases with increasing 

salt concentration, because of the increasing prevalence of branches. Thus, while the 

actual contour length of the micelle continues to increase with increasing salt on the right 

side of the salt curve39 branch formation dominates over micellar length growth, and the 

contour lengths between the adjacent branch points decreases rapidly with increasing salt, 

and results in a sharp drop in viscosity and in apparent “micellar length,” inferred from 

Eq. 4.14, which is based on linear, unbranched micelles.. 

The entanglement length, mesh size (data not shown), and breakage time decrease 

monotonically (Figs. 4.7d-e), and the plateau modulus increases monotonically (Figs. 

4.7f) as the salt concentration increases. The rate of change slows once the salt 

concentration passes the viscosity maximum. In the highly branched region at 2.00% 
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NaCl concentration, the differences in temperature dependence of these properties are 

very small. This suggests that the properties of branched micellar solutions are less 

sensitive to temperature than is the case for linear micelles.  

 

Figure 4.7 Viscosity (a) vs. salt concentration at 20.0, 22.0, 23.5, and 25.0°C, and the 

computed micellar characteristic lengths and times, including average micelle length (b), 

reptation time (c), micellar entanglement length (d) breakage time (e), and plateau 

modulus (f) of BW-1EO. 

The Boltzmann law, Equation (15), predicts a linear dependence of the natural 

logarithm of the average micelle length, ln  (𝐿), on 1/T at various surfactant 
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concentrations as is in fact shown in Fig 4.8 and is used to compute the scission free 

energies 𝐸!"#!!#$% at around 25.0 °C. The scission energies are expected to increase as the 

viscosity and average micelle length increase until the salt peak is reached, and then the 

apparent scission energy should decrease when the formation of branches becomes 

dominant. In the branched micellar regime, the “scission energy” must be re-interpreted 

as an apparent scission energy, because the decrease in apparent “micellar length” is not 

due to a decrease in actual micelle length, but due to a proliferation of branches, creating 

shorter segments between branch points, as discussed above. The Boltzmann temperature 

dependence fits the data well at NaCl concentrations of 0.63, 0.70, and 2.00% when the 

data for all temperatures at each of these salt concentrations all fall on the same side of 

the salt peak (Fig 4.7a) at all four temperatures. For example, micelle lengthening 

dominates at the left of the salt peaks (0.63% and 0.70%) and branch formation 

dominates at the right side of the salt peak (2.00%) at all four temperatures. The data at 

these salt concentrations are nearly perfectly linear with squared correlation coefficient of 

R2> 0.998. However the data at NaCl concentrations of 1.00% and 1.25% are on the left 

side of the salt curve only at the highest temperature (25.0°C), but are on the right side of 

the salt curve at the lowest temperature (20.0°C). For 1.0% salt, only the data point at the 

lowest temperature (20.0°C) is on the right side of the salt curve, while for 1.25% salt, 

only the data point at the highest temperature (25.0°C) is on the left side of the salt curve. 

This means that for both 1.00% and 1.25% salt, we have three data points that do not 

cross the salt curve maximum, and one point that is on the opposite side of the salt curve, 

that we mark in Fig 4.8 with an open symbol.  Excluding the single temperature for 
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which the sample has traversed the maximum in the salt curve, in each case, the three 

remaining data points for 1.00% and 1.25% salt are linear with high R2. The estimated 

“scission energies” for all salt concentrations are then plotted as open circles in Fig 4.8b.  

These free energies presumably represent a combination of free energies of scission and 

free energies of branch point formation. For salt concentrations up to 1.00%, the free 

energy is presumably dominated by scission, but for higher salt concentration it 

represents predominantly branch point formation. Thus, the decrease of the free energy 

observed on increasing salt concentration from 1.00% to 1.25% NaCl is presumably due 

to the switch from predominant influence of micelle breakage to formation of branch 

points. As the salt concentration increases, we expect the free energy cost for breaking a 

micelle to increase, consistent with what we see on the left side Fig 4.8b for salt 

concentrations of 1.00% or lower. With increasing salt, the free energy for micelle 

breakage should continue to increase, but no longer dominates the rheology, which is 

more affected by branch formation, and its free energy, which is expected to decrease 

with increasing salt concentration, giving rise to the maximum in the free energy plotted 

as circles in Fig 4.8b. 
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Figure 4.8 a). Boltzmann behavior of average micelle length vs. 1/T at various salt 

concentrations for BW-1EO. The open square and open triangle are excluded from 

calculations of free energy as explained in the text. b) Scission/branch formation free 

energy, viscosity activation energy, and terminal relaxation time activation energy from 

Arrhenius laws converge at high salt concentrations. The lines connecting the symbols 

are guides to the eye.  

The viscosity and terminal relaxation time activation energies from equation (16) are 

also plotted in Fig 4.8b. Not surprisingly, the activation energies for viscosity and 

relaxation time are nearly the same over the whole range of salt concentration. 

Interestingly these activation energies decrease with increasing salt concentration and 

converge to the free energy for branch formation at 2.00% salt in the branch-dominant 

region. The reason for the decrease in activation energies and the significance, if any, of 

the convergence to the value of the free energy for branch formation at high salt, is not 

clear.  

4.4.2.2 Comparison of Micellar Properties of BW-1EO and BW-3EO  

BW-1EO, which as noted earlier has surfactants with shorter EOs, is more sensitive to 

the addition of salt and has longer micelles and higher scission energies than BW-3EO, as 

shown in Fig 4.9. On addition of salt, the properties of BW-1EO can be tuned while the 

properties of BW-3EO are less sensitive to salt concentration. The viscosity of BW-1EO 

at 0.70% NaCl is similar to that BW-3EO at 2.13%, although 0.70% BW-1EO has longer 

micelles and higher scission energy than BW-3EO at 2.13% NaCl. 
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Figure 4.9 Comparison of average micelle length (filled symbols) (a) and scission energy 

(opened symbols) (b) for BW-1EO (diamonds) and formular BW-3EO (triangles).  The 

lines connecting the symbols are guides to the eye.  

4.4.3 Salt Effects on Rheological Properties and Surfactant Packing at Molecular 

Scale using DPD Modeling 

Surfactant packing at the molecular scale determines the micellar-scale properties, and, 

through this, the rheological properties at the macroscopic scale. Here we investigate 

surfactant packing through DPD simulations of preassembled periodic cylindrical 

micelles at various concentrations of surfactant, salt, and PRMs. The snapshot of one 

periodic cylindrical micelle at equilibrium is shown in Fig 4.2. Figs. 4.10a-c compares 

the bead number density distribution of surfactant tail, head and water within a shell at 

the radial distance with respect to the core of the cylindrical micelles for 11.0% BW-1EO 

at concentrations of NaCl ranging from 0.70% to 1.75%, for surfactant concentrations 

ranging from 8.0 to 11.0% at 0.70% NaCl, and for 11.0% surfactant concentration of 

BW-1EO and BW-3EO. Fig 4.10d shows the corresponding surfactant packing distances.  
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Salts screen the electrostatic repulsions between the surfactant charged head groups, 

reduce the surfactant head group surface area a!, while keeping l! and V constant, and 

thereby increase the packing parameter p, resulting in longer micelles and higher 

viscosity and elasticity. The decreased surface area per surfactant is revealed in the 

decreased packing distance at higher salt concentration in Fig 4.10d.  Nevertheless, the 

RDF of surfactants with respect to the core of the micelles remains nearly constant with 

increased salt, as shown in Fig 4.10a, although at a high salt concentration of 1.75%, 

where branch formation is dominant, slight outward shifts of the RDFs are observed.  

 

Figure 4.10 Bead number density distribution of head, tail, and water within a shell at the 

radial distance with respect to the core of the cylindrical micelles a) for solutions 
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containing 11% BW-1EO at salt concentrations spanning the peak of the salt curve; b) for 

11.0% BW-1EO at 0.70% NaCl and 11.0% BW-3EO at 2.13% NaCl, which have the 

same experimental viscosity of 11.0 Pas; and c) for BW-1EO solutions of three different 

surfactant concentrations at 0.7% NaCl. d) Surfactant packing distance defined as the 

ratio of the micelle spine length to the number of surfactants in the micelle in all of the 

above systems.   

As shown in Fig 4.10b, BW-3EO, which has surfactants with longer EOs and has a 

thicker head layer than does BW-1EO. The thicker EO layer is less sensitive to the 

addition of salts and leads to slower viscoelasticity changes on addition of salt. The 

longer EOs in BW-3EO has two effects on surfactant packing: it leads to a greater 

packing distance due to bulkier head groups; it also lead to a decrease of the packing 

distance due to the increases of the cross-section radius of tails and heads as shown in Fig 

4.10b. The net effect of the two leads to longer surfactant packing distances within BW-

3EO as shown in Fig 4.10d. This indicates more space in the core of the micelles in BW-

3EO than in BW-1EO due to the increase of the packing distance and the cross-section 

radius of the tail beads. The shift in the radial distribution is only about 1 Angstrom, 

however, and would be difficult to quantify experimentally, even though it may be 

enough to produce differences in rheological properties. This illustrates the importance of 

supplementing experimental characterization of micellar solutions with simulation data.  

These DPD results are thus consistent with traditional packing arguments and with 

rheological measurements, as interpreted by the Cates micellar model. Although not 

compared to rheological measurements, DPD simulations of 11.0%, 9.5% and 8.0% BW-

1EO at 0.70% NaCl, show that a lower concentration of surfactants produces slightly 
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larger RDFs and slightly smaller packing distances due to the increase of the cross 

section radius, as shown in Fig 4.10c.  

4.5. Results and Discussion.  II. PRM Effects 

4.5.1 PRM Effects on Viscosity for BW-1EO Correleted With LogPOW 

Here we characterize PRMs by their logPow values and their chemical structures.63 Fig 

4.11 plots the zero shear viscosities of BW-1EO upon addition of each of 15 PRMs at a 

concentration of 15 mM vs. the logPow of those PRMs. The dashed line is the reference 

viscosity of BW-1EO without the additional PRM, but containing ACCORD, which is a 

mixture of six PRMs. Table 4.2 lists the names of the additional PRMs, values of their 

logPow, chemical structures, and the resulting viscosities plotted in Fig 4.11. Spanning a 

broad distribution of logPow values from -0.61 to 6.44, the plot shows a local maximum in 

the vicinity of logPow around 2-4, similar to Fischer’s report of an envelop shape of 

equivalent radius of micelle vs. logPow for 22 PRMs, where the increases of micellar 

radius suggest a viscosity increase.63 PRMs of very low or very high values of logPow 

reduce the viscosity significantly, and PRMs having intermediate values of logPow 

modify the viscosity only slightly, among which only a few PRMs increase the viscosity. 

The PRMs having a value of logPow between 1 and 2 are maltyl isobutyrate, benzyl 

acetoacetate, and triethyl citrate, among which triethyl citrate has the least compact 

structure and reduces the viscosity the most, possibly due to a sharp increase of surfactant 

head group surface area when it enters the micelle. The other two PRMs in this range of 

logPow have relatively more compact structures and fewer branches and reduce the 
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viscosity only moderately. Among the eight PRMs of higher value of logPow between 2 to 

5, are linalool, d-limonene, terpinolene, and cumene, among which the latter three have 

very similar structures. The highly branched terpene alcohol linalool, and structural 

isomers d-limonene and terpinolene, modify the viscoelastic propertes insignificantly 

based on viscosity and rheological measuremnts. On the other hand, cumene has a 

benzene ring in a planar structure and increases the viscosity by around 40%. For PRMs 

with logPow above 4.7 and having bulky and/or long structures, the viscosity is reduced 

significantly possibly due to the penetration of PRMs into the core of the cylindrical 

micelle, resulted in a greatly increase of the cross-section radius, and reducing the 

scission energy enormously.  

 

Figure 4.11 Viscosities of BW-1EO on addition of 15 PRMs at 15 mM plotted against 

logPow, of the PRM. The dashed line shows the viscosity of BW-1EO without any 

additional PRM beyond the six ACCORD components. Some data, if not available at 15 

mM, are computed from the best linear or polynomial fit of the viscosities of BW-1EO 

vs. PRMs at different concentrations.  
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Table 4.2. 15 PRMs added separately to BW-1EO at 15 mM. The corresponding values 

of logPow, the molecular structures, and resulting zero-shear viscosities (in Pas) are 

tabulated. Some data, if not available at 15 mM, are computed from the best linear or 

polynomial fit of the viscosities of BW-1EO vs. PRMs at different concentrations. 
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4.5.2 PRM Effects on Micellar Properties Based on the Cates Model 

To understand the relationships between viscoelastic properties and micellar structrues, 

we choose four PRMs among the 15 for detailed study. In addition, we add linalool to 

BW-3EO for examination of the effect EO length on micellar properties. 

4.5.2.1 Comparison of the Effects of PRMs, Dipropylene Glycol, Linalool, Cumene, 

and Isopropyl Myristate on Rheological and Micellar Properties of BW-1EO  

The structures of the four PRMs spanning a broad range of logPow from -0.61 (for 

DPG) to 6.44 (for IPM) are shown in Scheme 1. The viscosities as a function of 

concentration of each of these four PRMs added to BW-1EO are shown in Fig 4.12a. As 

can be seen, DPG with the lowest value of logPow decreases the viscosity of BW-1EO 

roughly linearly; linalool with a moderately low value of logPow reduces the viscosity 

only marginally; cumene with a higher value of logPow increases the viscosity; and IPM 

with the highest value of logPow reduces viscosity rapidly.  

 

Figure 4.12 a) Dependence of viscosity on concentration of diproplylene glycol (DPG), 

cumene, linalool, and isopropyl myristate (IPM) in BW-1EO containing ACCORD. b). 

Average micelle length vs. PRM concentration, computed from the Cates model. The 
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average micelle length of IPM is too short to be modeled. The lines connecting the 

symbols are guides to the eye. 

We fit the Cates model, using the equations in Section 2.2.2 to the rheological data to 

obtain micelle lengths shown in Fig 4.12b. Since DPG has an extremely low value of 

logPow, the average micelle length decreases slowly with added PRM. Other micellar 

characteristic lengths and time constants, including mesh size and entanglement length, 

breakage time, and plateau modulus remain nearly constant (data not shown), possibly 

due to the weak partitioning of DPG into the micelles, leading to at most minor changes 

in the micelle structures. For linalool and cumene with intermediate values of logPow, the 

average micelle lengths remain nearly constant or increase slightly. Other micellar 

characteristic length and time constants, including mesh size and entanglement length, as 

well as breakage time, decrease. The plateau modulus remains nearly constant with added 

cumene, while with added linalool it increases monotonically. In the following, we 

compare the rheological properties upon linalool addition to BW-1EO and BW-3EO. 

Linalool is chosen since its effects have been modeled before63,64 and the changes of the 

micellar properties, except for the average micelle length and viscosity, are monotonic.  

4.5.2.2 Effect of Linalool Rheology of BW-1EO and BW-3EO 

Adding the same amount of linalool to BW-1EO and BW-3EO results in very different 

changes in viscoelastic properties as shown in Fig 4.13. The addition of linalool modifies 

the viscosity of BW-1EO only slightly, as shown by the near overlap of loss moduli at 

low frequency in Fig 4.13a. On the other hand, addition of linalool to BW-3EO decreases 
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the viscosity significantly, as shown by the monotonic downward shift of loss moduli Fig 

4.13a’. Although the viscosities of BW-1EO are almost constant, storage modulus does 

shifts monotonically over all frequencies, and the loss modulus shifts monotonically at 

high frequencies. The magnitude of the modulus shifts in BW-3EO is considerably higher 

than for BW-1EO. Elasticities decrease in Fig 4.13a and increases in 14a’. The plateau 

moduli, which are proportional to the diameters of the semi-circles in 14b and 14b’, 

increase monotonically with added linalool. The Cole-Cole plot normalized with respect 

to the 𝐺!"#$!%!"  shows significant changes in shape and therefore in relaxation regimes 

for micelles in BW-1EO in 14c but not for micelles in BW-3EO formulation in 14c’. 
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Figure 4.13 (a) Loss (dashed lines) and storage modulus (solid lines) vs. frequency, (b) 

Cole-Cole plot, and (c) normalized Cole-Cole plot at various linalool concentrations in 

BW-1EO; and the same in BW-3EO are presented in a’), b’) and c’).   

Next we quantify the micellar characteristic times and length constants by fitting the 

Cates model to rheological data as described in Sections 2.2.1 and 2.2.2 (data are not 

shown). BW-1EO shows nearly constant viscosity and increasing elasticity as the 

concentration of linalool increases. The changes in estimated average micelle length 
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(shown in Fig 4.12b) and reptation time are slight and consistent with the changes in 

viscosity. The micellar mesh size and entanglement length decrease monotonically but 

slightly. The breakage time decreases significantly and is related to the decrease of 

elasticity. Addition of linalool to BW-3EO reduces the viscosity and increases the 

elasticity significantly. The estimated average micelle length, mesh size, entanglement 

length, reptation time, and breakage time all decrease monotonically and more 

significantly than in BW-1EO (data not shown).  

We find that a plot of tanδ against the ratio of breakage time to reptation time squared 

is linear at various temperatures and concentrations of linalool in BW-3EO as shown in 

Fig 4.14, if we exclude two data points of 25 mM linalool at 25.0 °C (𝜏!"/𝜏!"#! =34.4, 

tanδ=0.9, data not shown) and 22.5 °C (open square). The two points have very low 

viscosities that cannot be modeled well enough to give accurate breakage time estimates. 

The linear relationship between tanδ and the ratio of breakage time to the reptation time 

of the power law exponent 3 were found upon addition of several PRMs to BW-1EO 

when viscosity changes are linear on addition of PRM. The slopes of the linear fitting 

depend on the particular PRM. 
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Figure 4.14 Plot of tanδ (at 100 rad/s) vs. ratio of breakage time to reptation time 

squared at various temperatures and concentrations of linalool in BW-3EO. 

Changes in micellar properties upon addition of four different PRMs to BW-1EO, and 

addition of linalool to BW-3EO, presumably result from different PRM partitioning 

within the micelles. Next we relate the viscoelastic properties to micellar properties, and 

to molecular-scale surfactant packing using DPD modeling. 

 

4.5.3 PRM Effects on Surfactant Packing Using DPD Simulations 

4.5.3.1 Addition of Dipropylene Glycol, Linalool, Cumene, and Isopropyl Myristate 

to BW-1EO 

To further study the relationship between surfactant packing and rheological properties, 

we carried out DPD simulations of 11% BW-1EO in the presence of the four PRMs with 

a broad distribution of logPow. Fig 4.15 shows the zero shear viscosities (colored filled 

diamonds) and surfactant packing distances (colored open triangles) upon addition of 15 

mM PRM to BW-1EO vs. their values of logPow.  
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Figure 4.15 Plot of zero shear viscosity (colored filled diamonds) and surfactant packing 

distances (colored open triangles) for BW-1EO upon addition of 15 mM dipropylene 

glycol (DPG), cumene, linalool, and isopropyl myristate (IPM) vs. their logPow. The 

dashed line is the viscosity (left y-axis) and surfactant packing distance (right y-axis) of 

BW-1EO in the absence of PRM. Each of the four PRMs is given a color used 

consistently in symbols and text, as well as in the PRM molecules contained in snapshots 

of 15 nm slices of the periodic cylindrical micelles. The snapshots of cylindrical periodic 

micelles show the tail beads in blue and PRM beads in their respective colors. On the 

right side of each micelle, the blue tail beads are rendered translucent to show the 

positioning of PRMs within the micelles.  Head and water beads are omitted for clarity. 

The schematic cartoons below the y-axis show the location of the PRMs (colored 

bulletin) in the cross section of the cylindrical micelles at the corresponding logPow range. 
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Figure 4.16 Bead number count of tail, head, water and an additional PRM, namely a). 

DPG, b). linalool, c). cumene, and d). IPM within a shell of 1.3 nm width at a radial 

distance with respect to the core of the cylindrical micelles. The dashed lines represent 

distribution of BW-1EO in the presence of 15 mM of the added PRM and the solid lines 

represent the RDFs in the absence of the added PRM. In all solutions, with or without the 

single added PRM, the six ACCORD PRMs were present.  

We expect dipropylene glycol (DPG) with its extremely low value of logPow to 

partition mainly into water and to some extent into the surfactant head group region, as is 

in fact seen in the first cartoon below the y-axis and the left snapshot in Fig 4.15. This is 

consistent also with the corresponding bead number distribution in Fig 4.16. The near-

perfect overlap of tail, head, and water distribution with those in the absence of DPG 
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indicates that the partitioning of DPG does not modify the radius of the cylindrical 

micelle cross section, and that there is some geometric crowding within the head group 

region produced by the DPG. This is consistent with the minor modification of the 

micellar characteristic lengths and times calculated for this PRM (see Fig 4.12b, for 

example). In principle, the partition of DPG into the head group region should increase 

the surfactant head group surface area 𝑎!. At constant surfactant tail length 𝑙! and tail 

volume V, the increase of 𝑎! leads to a decrease of packing parameter p, shorter micelles, 

and a lower zero shear viscosity (as shown by the filled cyan diamond in Fig 4.15, and in 

Fig 4.12). Due to increase of 𝑎! and constant tail parameters, the surfactant packing 

distance increases (open cyan triangle). The bulkier PRMs with low value logPow reduce 

the viscosity further through greater increases in 𝑎! (Fig 4.11). 

Linalool, with a moderate value of logPow partitions in both the tail region and in the 

interface between the surfactant tail and the head group region as shown in the second 

cartoon below the y-axis and the snapshot having orange beads of linalool in Fig 4.15. 

Addition of linalool leads to near overlaps of the distributions of tail, head, and water 

distribution with those in the absence of linalool as shown in Fig. 4.16. This indicates a 

constant micelle radius and 𝑙. However, the highly branched linalool partitions in both the 

tail region and the interface between the tail and head group regions, and results in 

increased packing distances and increased 𝑉 and  𝑎!. Interestingly, the changes of 𝑉 

and  𝑎! are cancelled out on the effects of packing parameter p. This leads to no 

significant change in viscosity and micelle length. The partition of linalool into both the 
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tail and head group regions modifies the micellar breakage time, and results in an 

increased elasticity.  

Cumene, with a moderately high logPow, partitions mainly within the surfactant tail 

region in the micelle core, while only a small amount enters the interface between tail and 

head groups as shown in the third cartoon below the y-axis. This is consisting with the 

snapshots showing many fewer purple dots than orange linalool dots in the micelle 

images in Fig 4.15. Due to geometric constraints within the tightly packed surfactant tail 

region, the planar structure of linalool, despite its small in size, pushes surfactants 

radially outward and pushes tails away. As shown in Fig. 4.16, the nearly perfect overlaps 

of the distributions of tail, head, and water distribution with those in the absence of 

cumene indicates the effects of pushing surfactant radially outward is minor and the 

micelle radius is constant. However, the packing distance decreases. This suggest the 

planar structure of cumene both pushes tails away and condenses head groups so that the 

micelle radius has no significant net change. Thus cumene decreases 𝑎! and increases p, 

This leads to longer micelles and higher viscosity. Due to the partitioning of cumene 

within the micelle, elasticity is modified as well.  

IPM has a very high logPow, and therefore partitions predominantly within the 

surfactant tail region as shown in the last cartoon below the y-axis. Although the 

molecule is large in size, it buries itself almost completely within the tail region. This 

pushes surfactants outward radially. Although it is unclear from this information alone 

how the simultaneous modifications to 𝑎!. 𝑙!, and 𝑉 might affect the packing parameter 

p, DPD simulations at a higher concentration of 100 mM IPM, show that the periodic 



 

168 

cylindrical micelles start to break into rodlike micelles, which suggests a significant 

decrease in the packing parameter p and shortening of the micelles.  

4.5.3.2 Linalool Addition to BW-1EO and BW-3EO  

In contrast to the changes in RDFs upon linalool addition to BW-1EO, addition of 

linalool to BW-3EO increases the radius of the micelle slightly but does not change the 

surfactant packing distance (data not shown). The tail region within micelles of BW-3EO 

is larger than that of BW-1EO (Fig 4.10b), and this geometrically should favor the 

partition of linalool into the core area in addition to partitioning to the interface between 

heads and tails as shown in Fig 4.1. More linalool in BW-3EO than in BW-1EO enters 

the core of the micelle and pushes surfactants radial outward slightly. Interestingly, this 

does not shorten the micellar packing distance (data not shown), which can only be 

realized by increasing the surfactant surface area 𝑎!. The partitioning of linalool into the 

core of BW-3EO micelles leads to a decrease in packing parameter p, shorter micelles, 

and lower viscosity in contrast to its more negligible effect on BW-1EO.    
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Figure 4.17 Comparison of the bead number count within a shell at a radial distance from 

the center of a periodic cylindrical micelle of BW-3EO containing 1% ACCORD in the 

presence (dashed line) and in the absence (solid line) of 15 mM linalool.  

In short, we find that PRMs having a very low or a very high logPow reduce the 

viscosity significantly. PRMs with low values of logPow mainly partition within the head 

group region of the micelle, increase the head group surface ar./ea 𝑎! at constant micellar 

radius, decrease the packing parameter p and result in shorter micelles and lower 

viscosity. PRMs with higher logPow mainly partition within the core of the micelle, 

pushing surfactant radial outwards and favoring shorter micelles. PRMs with medium 

logPow values either do not change the viscosity of the solutions much or at most increase 

the viscosity slightly. Partitioning of PRMs into micelles especially in the tail region 

modifies the elasticity of the micelle significantly. Partitioning of PRMs depends on the 

compositions of the surfactant solutions as well as on the PRM.  

 

4.6. Conclusions and Future Work 

We have combined rheology and multiscale modeling, to connect macroscopic 

viscoelastic properties to surfactant packing structures at the molecular scale.  

Specifically, we studied the rheological property changes in two modeled body wash 

formulations, namely BW-1EO and BW-3EO, upon addition of salts and PRMs at 

various concentrations and temperatures. We computed the corresponding micellar 

properties by applying the Cates model, and determined the surfactant packing structure 

at the molecular scale using DPD simulations and traditional packing arguments. 
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Upon addition of salt to a body wash the viscosity at first increases, reaches a 

maximum, and then decreases, forming the so-called “salt curve.” At the molecular scale, 

counterions from salts condense at the charged surface of the cylindrical micelle, screen 

the electrostatic repulsion between the surfactant head groups, reduce both the surfactant 

surface area 𝑎! and surfactant packing distances. If the radius of the cylindrical micelle 

remains constant, this results in higher packing parameter p and longer micelles, and 

shorter micellar breakage time, all of which we infer quantitatively from application of 

the Cates model to linear viscoelastic data. The viscosity is most closely connected to the 

average micelle length, and elasticity to the ratio of micellar breakage time and the 

reptation time, where “elasticity” here refers to the high frequency ratio of storage 

modulus 𝐺! to loss modulus 𝐺".  

PRMs modify the viscoelastic properties of body washes by partitioning within the 

micelles at different locations according to their values of logPow and their chemical 

structures. Dipropylene glycol (DPG), with of a low values of logPow, partitions to the 

interface of surfactant head groups and the water phase, increases surfactant head group 

surface area 𝑎!, maintains constant radius of the cylindrical micelles, increases surfactant 

packing distances, reduces packing parameter p, and results in shorter micelles and lower 

viscosity. Linalool, with a moderate value of logPow, partitions both into the surfactant 

tail region and the interface between the surfactant head and tail regions, maintains the 

same radius of the cylindrical micelles and surfactant packing distance apparently due to 

its relatively small size, leading to little change in the viscosity and an increase of the 

elasticity due to its partitioning into the micelles. Cumene, with a moderately high value 
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of logPow, partitions mainly in the surfactant tail region, pushes surfactants radial outward 

slightly, reduces the surfactant packing distance apparently due to its planar structure 

which condenses surfactants, lowers 𝑎! and increases P, and results in longer micelles, 

and higher viscosity and elasticity. Isopropyl myristate (IPM), with a very higher value of 

logPow, partitions within the core of the cylindrical micelles and pushes surfactant out, 

leading to shorter micelles at high IPM concentration. The rheological responses of 

addition of the same PRM (linalool) to two different formulations are different due to the 

different packing of the surfactants within the two formulations. 

In summary, multiscale modeling and rheological measurements were used to 

determine the structure-property relationships of surfactant formulations. Consistent 

results were obtained at different length scales, from molecular, to micellar, to bulk 

rheological. The methods used here can be applied to other complex fluids to determine 

structure-property relationships. The development of molecular parameters for more 

complex PRMs, for use in DPD and molecular dynamics simulations are needed, and 

application of similar methods to determine the synergistic effects of two or more PRMs 

are also needed. Experimental measurement of the persistence length and radius of the 

micelle, and applying rheometry or diffusive wave spectrometry at higher frequencies 

will improve the accuracy and usefulness of the modeling.  
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Chapter 5 

Conclusions and Future Work 

5.1 Summary 

The properties of complex fluids containing surfactants at the continuum scale are 

determined by the microstructures assembled by surfactants at the molecular scale. The 

microstructures are correlated to the structures and properties of the surfactants and the 

surrounding environments in a systematic way. The challenges of quantifying these 

microstructures experimentally motivate the applications of computational modeling, 

especially in those days as the computational power and algorithm are improved to a new 

era. Applications of the computational models at multi-scales accurately and efficiently, 

in combination with the corresponding experimental measurements, help to determine the 

structure-property relationships of surfactant solutions or other complex fluids, and 

accelerate the formulation developments and assist the design of novel products in 

practical applications. 

In this dissertation, we have systematically investigated the force field effects on 

surfactant micelle properties of simple surfactant SDS in water. Based on the learning 

from this fundamental study, we developed several models of Tween 80 representing its 
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commercial mixtures understanding the structure-property relationships Tween 80 in 

water and at interfaces. To further connect to practical applications, we used multiscale 

modeling and rheological measurements to determine the structure-property relationships 

of surfactant formulations upon addition of salts and perfume raw materials. Consistent 

results were obtained at different length scales, from molecular, to micellar, to bulk 

rheological. In sum, for the first time we applied the method of using multiscale modeling 

and experimental techniques to connect the microstructure of surfactant packing at 

molecular mesoscale scale, to micellar scale, and to practical applications at continuum 

scale as shown in Fig. 5.1. The method used here can be applied to other complex fluids 

to determine structure-property relationships for property predictions.  

 

Figure 5.1. Developing the structure-property relationship of surfactant formulations 

using multi-scale modeling and experimental techniques. The picture in the microscopic 

scale is adopted from http://www.ifnh.ethz.ch/vt/research/projects/vivianel. 
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The key findings in this dissertation can be summarized as follows: 

 I. MD simulations of SDS micelles in water: key parameters that control the larger 

micellar shapes are obtained, and more stringent method for force field validation is 

defined.  

a. L-J parameters of sodium ions and ionic oxygen in SDS head groups, and the 

water model that solvate the ions, determine the equilibrium micellar structure 

in MD simulations. Stronger L-J interactions between sodium and ionic 

oxygen, or weaker binding of water to sodium, lead to sodium ions screen the 

electrostatic repulsion more effectively, reduce SDS surface area more, 

resulting in bicelle formations in large aggregates. 

b. The number of sodium ions within the first shell, rather than the total number 

of sodium ions condensed within the first two shells, determines the structure 

of large micelles; 

c. The radial distribution function (RDF) of sodium to ionic oxygen can be used 

as a quantitative metric to determine the larger micellar shapes at lower 

aggregation number. 

 II. MD simulations of Tween 80: developed six models to represent Tween 80 

commercial mixtures, and developed the structure-property relationships of Tween 80 

in water and at interfaces. 

a. Preassembled micelles are similar in sizes and different in head group 

packing. The constitutional isomer with a shorter W head group and for 



 

180 

Tween 80 isomers with more than one tail groups have efficient packing of 

head groups; 

b. At the air-water and oil-water interfaces, the molecules with a shorter W head 

group and with more than one tail group have efficient packing of head groups 

and reduce surface tension more; 

c. Structure without W head group is expected to reduce surface tension the most 

among one-tailed Tween 80.  

 III. Multiscale modeling and rheological measurements were used to determine the 

structure-property relationships of surfactant formulations. Consistent results were 

obtained at different length scales, from molecular, to micellar, to bulk rheological. 

The methods used here can be applied to other complex fluids to determine structure-

property relationships:  

a. Salts modify the rheology by condensing at the charged surface of the 

cylindrical micelle, screening the electrostatic repulsion between the 

surfactant head groups, reducing both the surfactant surface area 𝑎! and 

surfactant packing distances, and maintaining the radius of the cylindrical 

micelle constant. This results in higher packing parameter p and longer 

micelles, and shorter micellar breakage time. 

b.  The viscosity is most closely connected to the average micelle length, and 

elasticity to the ratio of micellar breakage time and the reptation time, where 

“elasticity” here refers to 𝐺"/𝐺! at 100 rad/s.  
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c. PRMs modify the viscoelastic properties of body washes by partitioning 

within the micelles at different locations according to their values of logPow 

and their chemical structures, possibly changing the surfactant head group 

surface area 𝑎!, surfactant packing distances, and the radius of the cylindrical 

micelles, and these changes modify the micellar length and viscoelasticity.  

d. The rheological responses of addition of the same PRM (linalool) to two 

different formulations are different due to the different packing of the 

surfactants within the two formulations. 

5.2 Future Directions 

The results in this dissertation lay the groundwork for a good understanding of 

structure-property relationships of surfactant solutions. There are some extensions to this 

work that would help expand its applications.  

In chapter 2 we found the L-J parameters of sodium and ionic oxygen, together with the 

water model, determine the shape of the SDS micelles at higher aggregation numbers. 

This result indicate that optimization of the force field parameters for ionic surfactants 

can be simplified to optimize the L-J parameters of the counterions and charged atoms in 

surfactants in the presence of water to any physical-chemical properties related to the 

interaction of these two groups. The micellar distribution profile can be used to develop 

coarse-grained (CG) models of SDS surfactants. 

In Chapter 3 we studied the micellar property of Tween 80 at an aggregation number of 

60. The aggregation number of Tween 80 reported in experiments varies from 22 to 350. 
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Predicting the aggregation number of Tween 80 through self-assembly in MD 

simulations is still too expensive at atomistic level. Developing CG models of Tween 80 

by validating the model against micelle RDF profiles at atomistic level, and studying the 

self-assembly behavior of Tween 80 can provide information of micellar size 

distributions. In addition, components other than Tween 80 within corexit 9500, 

including SPAN 80, Aerosol OT, and solvent molecules, should also be considered in 

studying the oil dispersion, either at atomistic or CG level. Understanding the effects of 

each component and the synergistic effects of the mixtures will provide useful 

information for formulation optimization. 

 In Chapter 4, testing more PRMs in rheological measurements and molecular 

modeling can build the statistical quantitative structure-property relationship models to 

accelerate product designs. Applying similar methods to determine the synergistic effects 

of two or more PRMs is more relevant to practical applications. Modeling the length of 

the micelle in molecular simulations, for example, by computing the potential of mean 

force of cylindrical micelles, and comparing results to modeling or experimental data is 

also helpful to connect the surfactant packing structures to viscoelastic properties of 

solutions. In addition, computing the persistence length and radius of the micelle, either 

from micellar models or molecular models, or using diffusive wave spectrometry or flow 

bifringence will improve the accuracy and usefulness of the modeling.  
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APPENDIX A 

Supplementary Information for Chapter 2 

Hydration numbers, solvent accessible surface areas, intra and intermolecular 

parameters of SDS using OPLS-UA and GROMOS45A3, RDF’s of sodium to ionic 

oxygen using different sodium ion/water models for micelles at aggregation number of 

60, principal moments versus time for micelles of 382 SDS in 2% NaCl, RDF’s of sulfur 

to sulfur and RDF’s of sodium to ionic oxygen using GROMOS53A6 and 

GROMOS54A8 force fields are listed. 
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Figure A.1 Hydration number for methylene hydrocarbons of SDS micelle in the small 

box estimated as the average number of water oxygens within 0.35 nm of the center of 

mass of the corresponding methylene. Carbon number 1 represents the alpha carbon and 

12 the terminal methyl carbon.  

Table A.1 Hydrophilic and total surface areas of SDS micelles at an aggregation number 

of 60.  

Force Field 
\Measurements 

12.65*12.65*12.65 nm3 (0.05M) 5*5*5 nm3 (0.80 M) 

Total 
SASA 

Hydrophilic 
Percentage Total SASA Hydrophilic Percentage 

GROMOS45A3 99.6 50.4% 97 ± 0.1* 50.2% ± 0.0% 

OPLS-AA 104.7 50.4% 103.8 ± 1.0 50.5% ± 0.1% 

CHARMM 113.3 63.1% 111.9 ± 0.2 62.6% ± 0.2% 

OPLS-UA 116.8 48.9% 112.1 ± 1.4 49.6% ± 0.0% 

GROMOS53A6 107.4 51.6% 105.2 ± 0.1 52.0% ± 0.0% 

GROMOS53A6OXY 105.0 51.6% 102.3 ± 0.2 58.3% ± 0.1% 
*All standard deviations were calculated using two sets of simulations with different 

initial configurations.   

 

0.0	  

0.2	  

0.4	  

0.6	  

1	   2	   3	   4	   5	   6	   7	   8	   9	   10	   11	   12	  

H
yd
ra
ti
on
	  n
um

be
r	  

Carbon	  number	  (C1	  alpha	  carbon)	  	  

GROMOS45a3	  
OPLSAA	  
CHARMM36	  
OPLSUA	  
GROMOS53a6	  
GROMOS53a6oxy	  



 

185 

Table A.2 Intramolecular parameters of SDS in GROMOS45A348  and OPLS-UA force 

fields.  

Intermolecular 
parameters GROMOS45A3 OPLS-UA 

Bond Kstr (kJ mol-1nm-4)   b0 (nm) Kstr (kJ mol-1nm-2)   b0 (nm) 

C-C 7.2E+06 0.153 3.4E+05 0.153 

C-O(ester) 8.2E+06 0.143 2.7E+05 0.141 

O(ester)-S 8.4E+06 0.150 2.7E+05 0.158 

S-O 8.4E+06 0.150 3.8E+05 0.146 

Angle Kbend (kJ mol-1) θ0 (deg) Kbend (kJ mol-1rad-2)  θ0 (deg) 

C-C-C 520.0 109.5 460.2 111.0 

C-C-O(ester) 520.0 109.5 460.2 111.0 

C-O (ester)-S 530.0 120.0 460.2 112.6 

O(ester)-S-O 520.0 109.5 460.2 102.6 

O-S-O 520.0 109.5 460.2 115.4 

Torsion φ tors (deg) Ktors (kJ mol-1) multiplicity φ tors (deg) Ktors (kJ mol-1) multiplicity 

C-C-C-C* 9.28   12.16  -13.12 -3.06 26.24 -31.50 9.28   12.16  -13.12 -3.06 26.24 -31.50 

C-C-C-O(ester)* 0.0 5.9 3 7.00 17.74 0.89 -25.60 0.00 0.00 

C-C-O-S 0.0 1.3 3 0.0 3.03 3 

C-O-S-O 0.0 1.3 3 0.0 1.046 3 

Intramolecular parameters for C-C-C-C* and C-C-C-O* in OPLS-UA are for the R-B 
potential. 

Table A.3 Simulations with 382 surfactant molecules using different combinations of 

intramolecular parameters and the resulting micelle shape.   

Intramolecular parameters Intermolecular 
parameters 

Equilib
rium 

micelle 
shapes S-O head S-O-ester H-C tail Dihedrals, 

Improper 
dihedrals 

 L-J of Water, ions, 
and SDS Bond Length Bond Angle Bond Length Bond Angle Bond Length Bond Angle  

GROMOS45A3 GROMOS45A3 GROMOS45A3 GROMOS45A3 GROMOS45A3 GROMOS45A3 GROMOS45A3 GROMOS45A3 Bicelle 

OPLS-UA GROMOS45A3 OPLS-UA GROMOS45A3 OPLS-UA GROMOS45A3 GROMOS45A3 GROMOS45A3 Bicelle 

GROMOS45A3 OPLS-UA GROMOS45A3 OPLS-UA GROMOS45A3 OPLS-UA GROMOS45A3 GROMOS45A3 Bicelle 

OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA GROMOS45A3 GROMOS45A3 Bicelle 

OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA GROMOS45A3 Bicelle 

OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA OPLS-UA Cylinder 
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Table A.4 Intermolecular parameters for two force fields.  

Functional groups GROMOS45A3 OPLS-UA 

L-J Parameters σ  (nm) ε  (kJ/mol) σ  (nm) ε  (kJ/mol) 

Tail CH3 0.375 0.867 0.396 0.570 
CH2 (internal) 0.407 0.411 0.396 0.380 

Head 

CH2 (attached to O) 0.407 0.411 0.395** 0.382** 
O (ester)  0.295 0.850 0.280** 0.457** 
S 0.331 1.906 0.355* 1.046* 
O (SO3)  0.295⌃1 0.850⌃1 0.315* 0.837* 
O (SO3)  0.263⌃2 1.725⌃2 0.315* 0.837* 

Counterions Na+ 0.258 0.062 0.333 0.012 

Others Cl- 0.445 0.446 0.442 0.493 

OW 0.317 0.650 0.317 0.650 

Special cross 
term O (ester)- O (SO3)   0.277 1.35 

 
The parameters for GROMOS45A3 were converted from C6 and C12 coefficients to ε  

and σ to allow comparison with the OPLS-UA values. Cross-terms were created using 
the normal rules, respectively, for GROMOS45A3 and OPLS-UA, except for the ester 
oxygen-water oxygen cross terms in OPLS-UA, which were obtained as described in the 
text and listed in the last row of the table. 

⌃1These L-J parameters were taken from Shang et al.1 and converted from the L-J C6 
and C12 parameters to ε  and σ .  They correspond to GROMOS45A3 parameters for 
hydroxyl oxygen, and were used for one of the three ionic oxygens in the sulfate group, 
as in Shang et al.1 

⌃2These L-J parameters were taken from Shang et al.1 and converted from the L-J C6 
and C12 parameters to ε  and σ .  They correspond to GROMOS45A3 parameters for 
carbonyl oxygen, and were used for one of two of the three ionic oxygens in the sulfate 
group, as in Shang et al.1 

* Adopted from Berkowitz’s group45,46 

** Adopted from Stubbs et al.93  

 
 

 



 

187 

Table A.5 List of cross terms of the L-J parameters for sodium ion and oxygen tested in 

this study within the OPLS-AA force field.  

Water 
Model  Sodium Ion Force Field Na O (SO3) Na OW 

σ  (nm) ε  (kJ/mol) σ  (nm) ε  (kJ/mol) 
TIP4P Jorgensen72 0.245 2.371 0.245 2.088 
SPC/E  Joung and Cheatham111 0.276 1.111 0.277 0.979 

TIP4PEW Joung and Cheatham111 0.278 0.768 0.278 0.693 
TIP3P Joung and Cheatham111  0.296 0.553 0.296 0.482 
SPC/E Dang110  0.301 0.661 0.302 0.583 

SPC/ TIP3P  Aqvist109  0.324 0.096 0.325 0.085 
TIP4P Jensen and Jorgensen112 0.358 0.042 0.358 0.037 
Here “O” stands for an ionic oxygen in the head group while “OW” stands for an 

oxygen in water.	  	  

 
Figure A.2 (a) RDF of sodium to ionic oxygens in SDS head group in a simulation of 

box of size 5*5*5 nm3 with a micelle having an aggregation number of 60 and different 

Na+/water models and Aqvist5 sodium ion within OPLS-AA.  
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Figure A.3 a). RDF of sodium to ionic oxygens and b). sodium to water oxygens in SDS 

head group in a simulation of box of size 6*6*6 nm3 with a micelle having an 

aggregation number of 100 and Aqvist5 Na+/different water model within OPLS-AA. 
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Figure A.4 Square root of principal radii of gyration vs. time for preassembled rod-like 

micelles (a-f) and preassembled bicelles (a’-f’) of 382 SDS molecules in 2% NaCl for six 

force fields.  
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Figure A.5 RDF of sodium with respect to ionic oxygen atoms in the micelle head group 

for an SDS micelle with aggregation number 60 using GROMOS53A686 and 

GROMOS54A895 force fields. 
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APPENDIX B 

Supplementary Information for Chapter 3 

The comparison of micelle properties using the GROMOS53A6 and 

GROMOS53A6OXY+D force fields, validation of simulation reproducibility, comparison of 

micelle RDF profiles of two epimers of Tween 80, density distributions of Tween 80 at 

air—water and oil—water interfaces, and tail order parameters are listed.  

The deuterium order parameters of the five Tween 80 molecules were estimated using 

the formula: 𝑆!" =
!!"#!!!!

!
, where 𝛩 is the time-dependent angle between the C-D 

bond vector and the monolayer normal after the positions of the deuterium atoms were 

reconstructed from the united atom model. The angular brackets denote a time and 

ensemble average. All order parameters are estimated using g_order code in GROMACS 

simulation engine with the consideration of the double bond as well. 
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Table B.1 Main components of Corexit 9500 released by Nalco Holding Company.  

Name  
(CAS number) Chemical Structure 

Tween 80 
(Polysorbate 80) 
(CAS 9005-65-6) 

 
Dioctyl sodium 
sulfosuccinate  
(DOSS, AOT) 
(CAS 577-11-7)  

Span 80 
(CAS 1338-43-8) 

 

Tween 85 
(CAS 9005-70-3) 

  
Propylene glycol 
(CAS 57-55-6)  
Butoxypolypropylene 
glycol 
(CAS 29911-28-2)  

Distillates (petroleum), hydrotreated light   
(CAS 64742-47-8)  

Chiral carbons are connected with wavy bonds. Double bonds are assigned to (Z) 
configurations. (I.e., based on the Cahn–Ingold–Prelog priority rules, in the Z 
configuration, the two groups of higher priority or higher atomic numbers are on the 
same side of the double bond; i.e., in the cis configuration.). 
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Table B.2 Partial charges of tetramethyl sorbitan calculated using Gaussian 09, with 

density functional theory method at B3LYP/6-31G(d,p) level averaged over 27 

conformational isomers. 

Index	   Atom	  Name	   2(S),3(R),4(R),5(R) 2(R),3(S),4(S),5(S)  2(S),3(R),4(R),5(S)  
1	   FC1	   0.179	   0.163	   0.200	  
2	   FC5	   0.352	   0.349	   0.144	  
3	   FC4	   0.111	   0.127	   0.296	  
4	   FC3	   0.220	   0.221	   0.166	  
5	   CX0	   0.077	   0.069	   0.082	  
6	   CWE	   0.249	   0.250	   0.217	  
7	   FO2	   -‐0.401	   -‐0.396	   -‐0.380	  
8	   WO1	   -‐0.320	   -‐0.317	   -‐0.314	  
9	   WC2	   0.138	   0.136	   0.142	  
10	   XO1	   -‐0.290	   -‐0.284	   -‐0.234	  
11	   XC2	   0.123	   0.123	   0.112	  
12	   YO1	   -‐0.415	   -‐0.413	   -‐0.393	  
13	   YC2	   0.156	   0.157	   0.149	  
14	   ZO1	   -‐0.326	   -‐0.334	   -‐0.322	  
15	   ZC2	   0.149	   0.150	   0.136	  

 

Figure B.1 RDF distributions of tail, W head, X, Y, Z head, and water for a micelle of 

Tween 80 composed of 60 surfactants using (a) the GROMOS53A6 force field, and (b) 

the GROMOS53A6OXY+D force field.  
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Figure B.2 Comparison of radial distribution functions (RDFs) of various atom groups of 

Tween 80 isomer 555-5-1S with respect to the micelle center of mass (COM) from two 

independent runs, as shown by solid and dashed lines. The atom groups are specified in 

the legend, where “PolarH” consists of the polar hydrogen atoms located at the ends of 

the X, Y, and Z head groups.  

 

Figure B.3 Comparison of micelle properties of two epimers of Tween 80: (a) Radial 

distribution functions (RDFs) of different groups with respect to the micelle center of 

mass (COM); (b) The distributions of single-surfactant Rg values for surfactants within 

the micelle.  
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Figure B.4 Densities of water, head, tail, and oil atoms of isomer 555-5-1S, at (a) an 

air—water interface, averaged over both 40 to 50 ns (solid lines) and 90 to 100 ns 

(dashed lines) after the start of the simulation; and at (b) an oil—water interface, 

averaged over both 100 to 120 ns (solid lines) and 220 to 240 ns (dashed lines).  

 
Figure B.5 Comparison of oleate tail order parameters of (a) three one-tailed structure 

isomers of Tween 80 and (b) one, two, and three-tail Tween 80 molecules. For 555-5-2S 

and 555-5-3S, the tail order parameters of the different tails are plotted separately. The 

carbon atom index number starts from the second carbon connected to the ester carbonyl 

carbon.    
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APPENDIX C 

Supplementary Information for Chapter 4 

Table C.1 Coarse-grained DPD molecular mapping of surfactants and PRMs.   
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Table C.2 DPD force field parameters, including bead densities, bond equilibrium 

distances and spring constants, and chi parameters. All parameters are in DPD units. 

Bead	  Name	   Bead	  Density	  

	  

Bond	   Equilibrium	  
Distance	  

Spring	  
Constant	  

C3T	   0.394	  
	  

("C3","SO4")	   0.55	   400.0	  
C3	   0.512	  

	  
("C3","EO")	   0.42	   513.0	  

C4	   0.513	  
	  

("EO","SO4")	   0.46	   400.0	  
C4T	   0.417	  

	  
("C2P","C3tq")	   0.46	   400.0	  

SO4	   1.454	  
	  

("C3tq","NC2")	   0.38	   400.0	  
EO	   0.756	  

	  
("C3T","C4")	   0.54	   292.6	  

NC2	   0.535	  
	  

("C3","C3T")	   0.47	   397.0	  
C2P	   0.947	  

	  
("C3","C3")	   0.46	   275.4	  

C3tq	   0.512	  
	  

("C3","C3T")	   0.47	   397.0	  
ACE	   0.870	  

	  
("C4","C4T")	   0.60	   188.6	  

TLA	   0.655	  
	  

("C4","iPBc")	   0.61	   132.4	  
TLB	   0.601	  

	  
("CDO","O2rC")	   0.48	   192.7	  

iPBb	   0.395	  
	  

("BTNL","CCD")	   0.41	   400.0	  
iPBc	   0.874	  

	  
("CCD","CDC1")	   0.39	   400.0	  

DPGA	   0.619	  
	  

("COSR","iPT")	   0.61	   258.2	  
DPGB	   0.624	  

	  
("DCCT","PPL2")	   0.47	   400.0	  

DPGC	   0.639	  
	  

("CTMC","CrDM")	   0.31	   400.0	  
CDO	   0.696	  

	  
("CTMC","OCCr")	   0.27	   400.0	  

O2rC	   0.869	  
	  

("C2P","C3")	   0.54	   172.1	  
BTNL	   0.594	  

	  
("C2P","C3tq")	   0.46	   400.0	  

CCD	   0.527	  
	  

("ACE","NC2")	   0.36	   213.2	  
CDC1	   0.411	  

	  
("TLA","TLB")	   0.24	   400.0	  

PPT	   0.419	  
	  

("iPBb","iPBc")	   0.44	   400.4	  
COSR	   0.970	  

	  
("COSR","PPT")	   0.51	   400.4	  

iPT	   0.471	  
	  

("C4T","PPL2")	   0.59	   327.1	  
DCCT	   0.408	  

	  
("C3DM","CDMC")	   0.34	   400.4	  

PPL2	   0.719	  
	   	   	   	  CDMC	   0.520	  
	   	   	   	  C3DM	   0.591	  
	   	   	   	  P3O	   0.629	  
	   	   	   	  CTMC	   0.680	  
	   	   	   	  CrDM	   0.615	  
	   	   	   	  OCCr	   0.611	  
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Chi	  Parameter	  List	  
	  	  	  chi[('C3T','C3T')]	  =	  0.00	   	  	  	  chi[('ACE','NC2')]	  =	  0.0	   	  	  	  chi[('C3T','iPBb')]	  =	  0.02	  
	  	  	  chi[('C3','C3T')]	  =	  -‐0.0	   	  	  	  chi[('DPGA','NC2')]	  =	  1.73	   	  	  	  chi[('C3','iPBb')]	  =	  0.03	  
	  	  	  chi[('C2P','C3T')]	  =	  4.45	   	  	  	  chi[('DPGB','NC2')]	  =	  1.92	   	  	  	  chi[('C4','iPBb')]	  =	  0.04	  
	  	  	  chi[('ACE','C3T')]	  =	  10.87	   	  	  	  chi[('DPGC','NC2')]	  =	  1.17	   	  	  	  chi[('C4T','iPBb')]	  =	  0.02	  
	  	  	  chi[('BTNL','C3T')]	  =	  1.7	   	  	  	  chi[('CDO','NC2')]	  =	  2.23	   	  	  	  chi[('SO4','iPBb')]	  =	  10.18	  
	  	  	  chi[('C3DM','C3T')]	  =	  0.03	   	  	  	  chi[('BTNL','NC2')]	  =	  2.45	   	  	  	  chi[('EO','iPBb')]	  =	  0.4	  
	  	  	  chi[('C3','C3')]	  =	  0.00	   	  	  	  chi[('CCD','NC2')]	  =	  7.11	   	  	  	  chi[('NC2','iPBb')]	  =	  10.18	  
	  	  	  chi[('C2P','C3')]	  =	  3.87	   	  	  	  chi[('CDC1','NC2')]	  =	  9.82	   	  	  	  chi[('C2P','iPBb')]	  =	  3.82	  
	  	  	  chi[('ACE','C3')]	  =	  8.93	   	  	  	  chi[('COSR','NC2')]	  =	  0.98	   	  	  	  chi[('C3tq','iPBb')]	  =	  1.92	  
	  	  	  chi[('BTNL','C3')]	  =	  1.54	   	  	  	  chi[('DCCT','NC2')]	  =	  9.97	   	  	  	  chi[('ACE','iPBb')]	  =	  10.18	  
	  	  	  chi[('C3T','C4')]	  =	  0.0	   	  	  	  chi[('CDMC','NC2')]	  =	  12.51	   	  	  	  chi[('TLA','iPBb')]	  =	  0.2	  
	  	  	  chi[('C3','C4')]	  =	  -‐0.02	   	  	  	  chi[('C3DM','NC2')]	  =	  10.03	   	  	  	  chi[('TLB','iPBb')]	  =	  0.28	  
	  	  	  chi[('C4','C4')]	  =	  0.00	   	  	  	  chi[('CTMC','NC2')]	  =	  7.91	   	  	  	  chi[('iPBb','iPBb')]	  =	  0.00	  
	  	  	  chi[('C2P','C4')]	  =	  4.54	   	  	  	  chi[('CrDM','NC2')]	  =	  10.16	   	  	  	  chi[('DPGA','iPBb')]	  =	  1.65	  
	  	  	  chi[('C3tq','C4')]	  =	  2.46	   	  	  	  chi[('C2P','C2P')]	  =	  0.00	   	  	  	  chi[('DPGB','iPBb')]	  =	  3.23	  
	  	  	  chi[('ACE','C4')]	  =	  10.92	   	  	  	  chi[('ACE','C2P')]	  =	  -‐1.13	   	  	  	  chi[('DPGC','iPBb')]	  =	  1.75	  
	  	  	  chi[('BTNL','C4')]	  =	  1.79	   	  	  	  chi[('BTNL','C2P')]	  =	  -‐0.22	   	  	  	  chi[('CDO','iPBb')]	  =	  1.14	  
	  	  	  chi[('C3DM','C4')]	  =	  0.07	   	  	  	  chi[('C3T','C3tq')]	  =	  2.41	   	  	  	  chi[('O2rC','iPBb')]	  =	  0.95	  
	  	  	  chi[('C3T','C4T')]	  =	  -‐0.01	   	  	  	  chi[('C3','C3tq')]	  =	  2.14	   	  	  	  chi[('BTNL','iPBb')]	  =	  1.42	  
	  	  	  chi[('C3','C4T')]	  =	  -‐0.04	   	  	  	  chi[('C2P','C3tq')]	  =	  0.88	   	  	  	  chi[('CCD','iPBb')]	  =	  -‐0.01	  
	  	  	  chi[('C4','C4T')]	  =	  0.0	   	  	  	  chi[('C3tq','C3tq')]	  =	  0.00	   	  	  	  chi[('CDC1','iPBb')]	  =	  0.0	  
	  	  	  chi[('C4T','C4T')]	  =	  0.00	   	  	  	  chi[('ACE','C3tq')]	  =	  3.62	   	  	  	  chi[('PPT','iPBb')]	  =	  0.06	  
	  	  	  chi[('C2P','C4T')]	  =	  5.14	   	  	  	  chi[('BTNL','C3tq')]	  =	  1.22	   	  	  	  chi[('COSR','iPBb')]	  =	  4.66	  
	  	  	  chi[('C3tq','C4T')]	  =	  2.73	   	  	  	  chi[('C3DM','C3tq')]	  =	  1.94	   	  	  	  chi[('DCCT','iPBb')]	  =	  0.0	  
	  	  	  chi[('ACE','C4T')]	  =	  12.91	   	  	  	  chi[('ACE','ACE')]	  =	  0.00	   	  	  	  chi[('PPL2','iPBb')]	  =	  1.79	  
	  	  	  chi[('BTNL','C4T')]	  =	  1.95	   	  	  	  chi[('C3T','TLA')]	  =	  0.35	   	  	  	  chi[('CDMC','iPBb')]	  =	  -‐0.01	  
	  	  	  chi[('C3DM','C4T')]	  =	  0.04	   	  	  	  chi[('C3','TLA')]	  =	  0.38	   	  	  	  chi[('C3DM','iPBb')]	  =	  -‐0.0	  
	  	  	  chi[('C3T','SO4')]	  =	  10.87	   	  	  	  chi[('C4','TLA')]	  =	  0.4	   	  	  	  chi[('P3O','iPBb')]	  =	  1.14	  
	  	  	  chi[('C3','SO4')]	  =	  8.93	   	  	  	  chi[('C4T','TLA')]	  =	  0.36	   	  	  	  chi[('CTMC','iPBb')]	  =	  -‐0.0	  
	  	  	  chi[('C4','SO4')]	  =	  10.92	   	  	  	  chi[('SO4','TLA')]	  =	  5.8	   	  	  	  chi[('CrDM','iPBb')]	  =	  0.02	  
	  	  	  chi[('C4T','SO4')]	  =	  12.91	   	  	  	  chi[('EO','TLA')]	  =	  0.05	   	  	  	  chi[('OCCr','iPBb')]	  =	  0.33	  
	  	  	  chi[('SO4','SO4')]	  =	  0.00	   	  	  	  chi[('NC2','TLA')]	  =	  5.8	   	  	  	  chi[('C3T','iPBc')]	  =	  1.52	  
	  	  	  chi[('EO','SO4')]	  =	  0.44	   	  	  	  chi[('C2P','TLA')]	  =	  2.05	   	  	  	  chi[('C3','iPBc')]	  =	  1.36	  
	  	  	  chi[('NC2','SO4')]	  =	  0.0	   	  	  	  chi[('C3tq','TLA')]	  =	  0.98	   	  	  	  chi[('C4','iPBc')]	  =	  1.6	  
	  	  	  chi[('C2P','SO4')]	  =	  -‐1.13	   	  	  	  chi[('ACE','TLA')]	  =	  5.8	   	  	  	  chi[('C4T','iPBc')]	  =	  1.75	  
	  	  	  chi[('C3tq','SO4')]	  =	  3.62	   	  	  	  chi[('TLA','TLA')]	  =	  0.00	   	  	  	  chi[('SO4','iPBc')]	  =	  1.78	  
	  	  	  chi[('ACE','SO4')]	  =	  0.0	   	  	  	  chi[('DPGA','TLA')]	  =	  1.0	   	  	  	  chi[('EO','iPBc')]	  =	  -‐0.01	  
	  	  	  chi[('DPGA','SO4')]	  =	  1.73	   	  	  	  chi[('DPGB','TLA')]	  =	  2.1	   	  	  	  chi[('NC2','iPBc')]	  =	  1.78	  
	  	  	  chi[('DPGB','SO4')]	  =	  1.92	   	  	  	  chi[('DPGC','TLA')]	  =	  1.01	   	  	  	  chi[('C2P','iPBc')]	  =	  0.87	  
	  	  	  chi[('DPGC','SO4')]	  =	  1.17	   	  	  	  chi[('CDO','TLA')]	  =	  0.05	   	  	  	  chi[('C3tq','iPBc')]	  =	  -‐0.2	  
	  	  	  chi[('CDO','SO4')]	  =	  2.23	   	  	  	  chi[('O2rC','TLA')]	  =	  0.02	   	  	  	  chi[('ACE','iPBc')]	  =	  1.78	  
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	  	  	  chi[('O2rC','SO4')]	  =	  6.57	   	  	  	  chi[('BTNL','TLA')]	  =	  0.75	   	  	  	  chi[('TLA','iPBc')]	  =	  0.16	  
	  	  	  chi[('BTNL','SO4')]	  =	  2.45	   	  	  	  chi[('CCD','TLA')]	  =	  0.16	   	  	  	  chi[('TLB','iPBc')]	  =	  0.2	  
	  	  	  chi[('CCD','SO4')]	  =	  7.11	   	  	  	  chi[('CDC1','TLA')]	  =	  0.17	   	  	  	  chi[('iPBb','iPBc')]	  =	  1.0	  
	  	  	  chi[('CDC1','SO4')]	  =	  9.82	   	  	  	  chi[('PPT','TLA')]	  =	  0.02	   	  	  	  chi[('iPBc','iPBc')]	  =	  0.00	  
	  	  	  chi[('PPT','SO4')]	  =	  8.53	   	  	  	  chi[('COSR','TLA')]	  =	  2.2	   	  	  	  chi[('DPGA','iPBc')]	  =	  0.18	  
	  	  	  chi[('COSR','SO4')]	  =	  0.98	   	  	  	  chi[('DCCT','TLA')]	  =	  0.22	   	  	  	  chi[('DPGB','iPBc')]	  =	  -‐0.58	  
	  	  	  chi[('DCCT','SO4')]	  =	  9.97	   	  	  	  chi[('PPL2','TLA')]	  =	  1.13	   	  	  	  chi[('DPGC','iPBc')]	  =	  0.47	  
	  	  	  chi[('PPL2','SO4')]	  =	  1.43	   	  	  	  chi[('CDMC','TLA')]	  =	  0.28	   	  	  	  chi[('CDO','iPBc')]	  =	  0.09	  
	  	  	  chi[('CDMC','SO4')]	  =	  12.51	   	  	  	  chi[('C3DM','TLA')]	  =	  0.11	   	  	  	  chi[('O2rC','iPBc')]	  =	  -‐0.72	  
	  	  	  chi[('C3DM','SO4')]	  =	  10.03	   	  	  	  chi[('P3O','TLA')]	  =	  0.1	   	  	  	  chi[('BTNL','iPBc')]	  =	  0.04	  
	  	  	  chi[('P3O','SO4')]	  =	  0.16	   	  	  	  chi[('CTMC','TLA')]	  =	  0.25	   	  	  	  chi[('CCD','iPBc')]	  =	  0.59	  
	  	  	  chi[('CTMC','SO4')]	  =	  7.91	   	  	  	  chi[('CrDM','TLA')]	  =	  0.31	   	  	  	  chi[('CDC1','iPBc')]	  =	  1.11	  
	  	  	  chi[('CrDM','SO4')]	  =	  10.16	   	  	  	  chi[('OCCr','TLA')]	  =	  -‐0.02	   	  	  	  chi[('PPT','iPBc')]	  =	  0.56	  
	  	  	  chi[('OCCr','SO4')]	  =	  -‐0.37	   	  	  	  chi[('C3T','TLB')]	  =	  0.47	   	  	  	  chi[('COSR','iPBc')]	  =	  0.7	  
	  	  	  chi[('C3T','EO')]	  =	  0.73	   	  	  	  chi[('C3','TLB')]	  =	  0.48	   	  	  	  chi[('DCCT','iPBc')]	  =	  1.23	  
	  	  	  chi[('C3','EO')]	  =	  0.67	   	  	  	  chi[('C4','TLB')]	  =	  0.54	   	  	  	  chi[('PPL2','iPBc')]	  =	  0.4	  
	  	  	  chi[('C4','EO')]	  =	  0.75	   	  	  	  chi[('C4T','TLB')]	  =	  0.52	   	  	  	  chi[('CDMC','iPBc')]	  =	  1.57	  
	  	  	  chi[('C4T','EO')]	  =	  0.81	   	  	  	  chi[('SO4','TLB')]	  =	  6.48	   	  	  	  chi[('C3DM','iPBc')]	  =	  1.05	  
	  	  	  chi[('EO','EO')]	  =	  0.00	   	  	  	  chi[('EO','TLB')]	  =	  0.06	   	  	  	  chi[('P3O','iPBc')]	  =	  0.01	  
	  	  	  chi[('C2P','EO')]	  =	  0.36	   	  	  	  chi[('NC2','TLB')]	  =	  6.48	   	  	  	  chi[('CTMC','iPBc')]	  =	  0.92	  
	  	  	  chi[('C3tq','EO')]	  =	  -‐0.07	   	  	  	  chi[('C2P','TLB')]	  =	  2.27	   	  	  	  chi[('CrDM','iPBc')]	  =	  1.35	  
	  	  	  chi[('ACE','EO')]	  =	  0.44	   	  	  	  chi[('C3tq','TLB')]	  =	  1.11	   	  	  	  chi[('OCCr','iPBc')]	  =	  -‐0.03	  
	  	  	  chi[('DPGA','EO')]	  =	  -‐0.78	   	  	  	  chi[('ACE','TLB')]	  =	  6.48	   	  	  	  chi[('C3T','DPGA')]	  =	  1.93	  
	  	  	  chi[('DPGB','EO')]	  =	  -‐1.94	   	  	  	  chi[('TLA','TLB')]	  =	  -‐0.01	   	  	  	  chi[('C3','DPGA')]	  =	  1.72	  
	  	  	  chi[('DPGC','EO')]	  =	  -‐0.41	   	  	  	  chi[('TLB','TLB')]	  =	  0.00	   	  	  	  chi[('C4','DPGA')]	  =	  1.99	  
	  	  	  chi[('CDO','EO')]	  =	  0.12	   	  	  	  chi[('DPGA','TLB')]	  =	  1.18	   	  	  	  chi[('C4T','DPGA')]	  =	  2.19	  
	  	  	  chi[('BTNL','EO')]	  =	  -‐0.84	   	  	  	  chi[('DPGB','TLB')]	  =	  2.33	   	  	  	  chi[('C2P','DPGA')]	  =	  -‐0.43	  
	  	  	  chi[('CCD','EO')]	  =	  0.21	   	  	  	  chi[('DPGC','TLB')]	  =	  1.19	   	  	  	  chi[('C3tq','DPGA')]	  =	  1.16	  
	  	  	  chi[('CDC1','EO')]	  =	  0.5	   	  	  	  chi[('CDO','TLB')]	  =	  0.11	   	  	  	  chi[('ACE','DPGA')]	  =	  1.73	  
	  	  	  chi[('COSR','EO')]	  =	  0.9	   	  	  	  chi[('O2rC','TLB')]	  =	  0.07	   	  	  	  chi[('DPGA','DPGA')]	  =	  0.00	  
	  	  	  chi[('DCCT','EO')]	  =	  0.57	   	  	  	  chi[('BTNL','TLB')]	  =	  0.91	   	  	  	  chi[('CDO','DPGA')]	  =	  0.36	  
	  	  	  chi[('CDMC','EO')]	  =	  0.67	   	  	  	  chi[('CCD','TLB')]	  =	  0.2	   	  	  	  chi[('BTNL','DPGA')]	  =	  0.03	  
	  	  	  chi[('C3DM','EO')]	  =	  0.43	   	  	  	  chi[('CDC1','TLB')]	  =	  0.25	   	  	  	  chi[('CCD','DPGA')]	  =	  1.15	  
	  	  	  chi[('CTMC','EO')]	  =	  0.39	   	  	  	  chi[('PPT','TLB')]	  =	  0.07	   	  	  	  chi[('CDC1','DPGA')]	  =	  1.67	  
	  	  	  chi[('CrDM','EO')]	  =	  0.61	   	  	  	  chi[('COSR','TLB')]	  =	  2.5	   	  	  	  chi[('COSR','DPGA')]	  =	  2.23	  
	  	  	  chi[('C3T','NC2')]	  =	  10.87	   	  	  	  chi[('DCCT','TLB')]	  =	  0.3	   	  	  	  chi[('DCCT','DPGA')]	  =	  1.72	  
	  	  	  chi[('C3','NC2')]	  =	  8.93	   	  	  	  chi[('PPL2','TLB')]	  =	  1.31	   	  	  	  chi[('CDMC','DPGA')]	  =	  2.09	  
	  	  	  chi[('C4','NC2')]	  =	  10.92	   	  	  	  chi[('CDMC','TLB')]	  =	  0.44	   	  	  	  chi[('C3DM','DPGA')]	  =	  1.64	  
	  	  	  chi[('C4T','NC2')]	  =	  12.91	   	  	  	  chi[('C3DM','TLB')]	  =	  0.2	   	  	  	  chi[('CTMC','DPGA')]	  =	  1.41	  
	  	  	  chi[('EO','NC2')]	  =	  0.44	   	  	  	  chi[('P3O','TLB')]	  =	  0.13	   	  	  	  chi[('CrDM','DPGA')]	  =	  1.75	  
	  	  	  chi[('NC2','NC2')]	  =	  0.00	   	  	  	  chi[('CTMC','TLB')]	  =	  0.32	   	  	  	  chi[('C3T','DPGB')]	  =	  3.53	  
	  	  	  chi[('C2P','NC2')]	  =	  -‐1.13	   	  	  	  chi[('CrDM','TLB')]	  =	  0.43	   	  	  	  chi[('C3','DPGB')]	  =	  3.12	  
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	  	  	  chi[('C4T','DPGB')]	  =	  3.99	   	  	  	  chi[('C3T','CDC1')]	  =	  0.03	   	  	  	  chi[('OCCr','iPT')]	  =	  0.49	  
	  	  	  chi[('C2P','DPGB')]	  =	  -‐2.48	   	  	  	  chi[('C3','CDC1')]	  =	  0.05	   	  	  	  chi[('C3T','DCCT')]	  =	  0.01	  
	  	  	  chi[('C3tq','DPGB')]	  =	  1.88	   	  	  	  chi[('C4','CDC1')]	  =	  0.06	   	  	  	  chi[('C3','DCCT')]	  =	  0.03	  
	  	  	  chi[('ACE','DPGB')]	  =	  1.92	   	  	  	  chi[('C4T','CDC1')]	  =	  0.03	   	  	  	  chi[('C4','DCCT')]	  =	  0.03	  
	  	  	  chi[('DPGA','DPGB')]	  =	  -‐0.06	   	  	  	  chi[('C2P','CDC1')]	  =	  3.84	   	  	  	  chi[('C4T','DCCT')]	  =	  0.0	  
	  	  	  chi[('DPGB','DPGB')]	  =	  0.00	   	  	  	  chi[('C3tq','CDC1')]	  =	  2.04	   	  	  	  chi[('C2P','DCCT')]	  =	  3.99	  
	  	  	  chi[('CDO','DPGB')]	  =	  -‐0.31	   	  	  	  chi[('ACE','CDC1')]	  =	  9.82	   	  	  	  chi[('C3tq','DCCT')]	  =	  2.12	  
	  	  	  chi[('BTNL','DPGB')]	  =	  0.45	   	  	  	  chi[('BTNL','CDC1')]	  =	  1.42	   	  	  	  chi[('ACE','DCCT')]	  =	  9.97	  
	  	  	  chi[('CCD','DPGB')]	  =	  2.41	   	  	  	  chi[('CCD','CDC1')]	  =	  0.02	   	  	  	  chi[('CDO','DCCT')]	  =	  1.26	  
	  	  	  chi[('CDC1','DPGB')]	  =	  3.17	   	  	  	  chi[('CDC1','CDC1')]	  =	  0.00	   	  	  	  chi[('BTNL','DCCT')]	  =	  1.48	  
	  	  	  chi[('COSR','DPGB')]	  =	  1.31	   	  	  	  chi[('C3DM','CDC1')]	  =	  -‐0.01	   	  	  	  chi[('CCD','DCCT')]	  =	  0.02	  
	  	  	  chi[('DCCT','DPGB')]	  =	  3.22	   	  	  	  chi[('C3T','PPT')]	  =	  0.17	   	  	  	  chi[('CDC1','DCCT')]	  =	  0.0	  
	  	  	  chi[('CDMC','DPGB')]	  =	  3.88	   	  	  	  chi[('C3','PPT')]	  =	  0.19	   	  	  	  chi[('COSR','DCCT')]	  =	  4.82	  
	  	  	  chi[('C3DM','DPGB')]	  =	  3.2	   	  	  	  chi[('C4','PPT')]	  =	  0.21	   	  	  	  chi[('DCCT','DCCT')]	  =	  0.00	  
	  	  	  chi[('CTMC','DPGB')]	  =	  2.77	   	  	  	  chi[('C4T','PPT')]	  =	  0.18	   	  	  	  chi[('CDMC','DCCT')]	  =	  -‐0.02	  
	  	  	  chi[('CrDM','DPGB')]	  =	  3.33	   	  	  	  chi[('EO','PPT')]	  =	  0.18	   	  	  	  chi[('C3DM','DCCT')]	  =	  -‐0.01	  
	  	  	  chi[('C3T','DPGC')]	  =	  2.08	   	  	  	  chi[('NC2','PPT')]	  =	  8.53	   	  	  	  chi[('CTMC','DCCT')]	  =	  0.01	  
	  	  	  chi[('C3','DPGC')]	  =	  1.85	   	  	  	  chi[('C2P','PPT')]	  =	  3.05	   	  	  	  chi[('CrDM','DCCT')]	  =	  0.02	  
	  	  	  chi[('C4','DPGC')]	  =	  2.14	   	  	  	  chi[('C3tq','PPT')]	  =	  1.49	   	  	  	  chi[('C3T','PPL2')]	  =	  2.05	  
	  	  	  chi[('C4T','DPGC')]	  =	  2.36	   	  	  	  chi[('ACE','PPT')]	  =	  8.53	   	  	  	  chi[('C3','PPL2')]	  =	  1.81	  
	  	  	  chi[('C2P','DPGC')]	  =	  -‐0.14	   	  	  	  chi[('DPGA','PPT')]	  =	  1.35	   	  	  	  chi[('C4','PPL2')]	  =	  2.11	  
	  	  	  chi[('C3tq','DPGC')]	  =	  1.14	   	  	  	  chi[('DPGB','PPT')]	  =	  2.71	   	  	  	  chi[('C4T','PPL2')]	  =	  2.34	  
	  	  	  chi[('ACE','DPGC')]	  =	  1.17	   	  	  	  chi[('DPGC','PPT')]	  =	  1.42	   	  	  	  chi[('EO','PPL2')]	  =	  -‐0.46	  
	  	  	  chi[('DPGA','DPGC')]	  =	  -‐0.06	   	  	  	  chi[('CDO','PPT')]	  =	  0.55	   	  	  	  chi[('NC2','PPL2')]	  =	  1.43	  
	  	  	  chi[('DPGB','DPGC')]	  =	  -‐0.65	   	  	  	  chi[('O2rC','PPT')]	  =	  0.35	   	  	  	  chi[('C2P','PPL2')]	  =	  -‐0.16	  
	  	  	  chi[('DPGC','DPGC')]	  =	  0.00	   	  	  	  chi[('BTNL','PPT')]	  =	  1.09	   	  	  	  chi[('C3tq','PPL2')]	  =	  1.29	  
	  	  	  chi[('CDO','DPGC')]	  =	  0.65	   	  	  	  chi[('CCD','PPT')]	  =	  0.03	   	  	  	  chi[('ACE','PPL2')]	  =	  1.43	  
	  	  	  chi[('BTNL','DPGC')]	  =	  -‐0.04	   	  	  	  chi[('CDC1','PPT')]	  =	  0.06	   	  	  	  chi[('DPGA','PPL2')]	  =	  -‐0.0	  
	  	  	  chi[('CCD','DPGC')]	  =	  1.23	   	  	  	  chi[('PPT','PPT')]	  =	  0.00	   	  	  	  chi[('DPGB','PPL2')]	  =	  0.06	  
	  	  	  chi[('CDC1','DPGC')]	  =	  1.78	   	  	  	  chi[('COSR','PPT')]	  =	  3.48	   	  	  	  chi[('DPGC','PPL2')]	  =	  -‐0.0	  
	  	  	  chi[('COSR','DPGC')]	  =	  2.27	   	  	  	  chi[('DCCT','PPT')]	  =	  0.08	   	  	  	  chi[('CDO','PPL2')]	  =	  0.53	  
	  	  	  chi[('DCCT','DPGC')]	  =	  1.84	   	  	  	  chi[('PPL2','PPT')]	  =	  1.49	   	  	  	  chi[('O2rC','PPL2')]	  =	  1.19	  
	  	  	  chi[('CDMC','DPGC')]	  =	  2.24	   	  	  	  chi[('CDMC','PPT')]	  =	  0.13	   	  	  	  chi[('BTNL','PPL2')]	  =	  0.04	  
	  	  	  chi[('C3DM','DPGC')]	  =	  1.74	   	  	  	  chi[('C3DM','PPT')]	  =	  0.03	   	  	  	  chi[('CCD','PPL2')]	  =	  1.27	  
	  	  	  chi[('CTMC','DPGC')]	  =	  1.51	   	  	  	  chi[('P3O','PPT')]	  =	  0.59	   	  	  	  chi[('CDC1','PPL2')]	  =	  1.8	  
	  	  	  chi[('CrDM','DPGC')]	  =	  1.88	   	  	  	  chi[('CTMC','PPT')]	  =	  0.09	   	  	  	  chi[('COSR','PPL2')]	  =	  2.32	  
	  	  	  chi[('C3T','CDO')]	  =	  1.64	   	  	  	  chi[('CrDM','PPT')]	  =	  0.16	   	  	  	  chi[('DCCT','PPL2')]	  =	  1.84	  
	  	  	  chi[('C3','CDO')]	  =	  1.54	   	  	  	  chi[('OCCr','PPT')]	  =	  0.13	   	  	  	  chi[('PPL2','PPL2')]	  =	  0.00	  
	  	  	  chi[('C4','CDO')]	  =	  1.8	   	  	  	  chi[('C3T','COSR')]	  =	  5.5	   	  	  	  chi[('CDMC','PPL2')]	  =	  2.25	  
	  	  	  chi[('C4T','CDO')]	  =	  1.89	   	  	  	  chi[('C3','COSR')]	  =	  4.88	   	  	  	  chi[('C3DM','PPL2')]	  =	  1.79	  
	  	  	  chi[('C2P','CDO')]	  =	  1.01	   	  	  	  chi[('C4','COSR')]	  =	  5.68	   	  	  	  chi[('P3O','PPL2')]	  =	  -‐0.16	  
	  	  	  chi[('C3tq','CDO')]	  =	  0.1	   	  	  	  chi[('C4T','COSR')]	  =	  6.33	   	  	  	  chi[('CTMC','PPL2')]	  =	  1.52	  
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	  	  	  chi[('ACE','CDO')]	  =	  2.23	   	  	  	  chi[('C2P','COSR')]	  =	  0.89	   	  	  	  chi[('CrDM','PPL2')]	  =	  1.89	  
	  	  	  chi[('CDO','CDO')]	  =	  0.00	   	  	  	  chi[('C3tq','COSR')]	  =	  -‐0.89	   	  	  	  chi[('OCCr','PPL2')]	  =	  -‐0.81	  
	  	  	  chi[('BTNL','CDO')]	  =	  0.07	   	  	  	  chi[('ACE','COSR')]	  =	  0.98	   	  	  	  chi[('C3T','CDMC')]	  =	  -‐0.03	  
	  	  	  chi[('CCD','CDO')]	  =	  0.71	   	  	  	  chi[('CDO','COSR')]	  =	  1.16	   	  	  	  chi[('C3','CDMC')]	  =	  -‐0.06	  
	  	  	  chi[('CDC1','CDO')]	  =	  1.13	   	  	  	  chi[('BTNL','COSR')]	  =	  2.32	   	  	  	  chi[('C4','CDMC')]	  =	  -‐0.0	  
	  	  	  chi[('CDMC','CDO')]	  =	  1.73	   	  	  	  chi[('CCD','COSR')]	  =	  3.18	   	  	  	  chi[('C4T','CDMC')]	  =	  -‐0.0	  
	  	  	  chi[('C3DM','CDO')]	  =	  1.04	   	  	  	  chi[('CDC1','COSR')]	  =	  4.65	   	  	  	  chi[('C2P','CDMC')]	  =	  4.9	  
	  	  	  chi[('C3T','O2rC')]	  =	  1.31	   	  	  	  chi[('COSR','COSR')]	  =	  0.00	   	  	  	  chi[('C3tq','CDMC')]	  =	  2.55	  
	  	  	  chi[('C3','O2rC')]	  =	  1.23	   	  	  	  chi[('CDMC','COSR')]	  =	  6.05	   	  	  	  chi[('ACE','CDMC')]	  =	  12.51	  
	  	  	  chi[('C4','O2rC')]	  =	  1.45	   	  	  	  chi[('C3DM','COSR')]	  =	  4.48	   	  	  	  chi[('BTNL','CDMC')]	  =	  1.86	  
	  	  	  chi[('C4T','O2rC')]	  =	  1.52	   	  	  	  chi[('C3T','iPT')]	  =	  -‐0.04	   	  	  	  chi[('CCD','CDMC')]	  =	  -‐0.05	  
	  	  	  chi[('EO','O2rC')]	  =	  -‐0.79	   	  	  	  chi[('C3','iPT')]	  =	  -‐0.07	   	  	  	  chi[('CDC1','CDMC')]	  =	  -‐0.0	  
	  	  	  chi[('NC2','O2rC')]	  =	  6.57	   	  	  	  chi[('C4','iPT')]	  =	  -‐0.0	   	  	  	  chi[('CDMC','CDMC')]	  =	  0.00	  
	  	  	  chi[('C2P','O2rC')]	  =	  1.01	   	  	  	  chi[('C4T','iPT')]	  =	  0.0	   	  	  	  chi[('C3DM','CDMC')]	  =	  0.02	  
	  	  	  chi[('C3tq','O2rC')]	  =	  0.08	   	  	  	  chi[('SO4','iPT')]	  =	  13.34	   	  	  	  chi[('C3','C3DM')]	  =	  0.04	  
	  	  	  chi[('ACE','O2rC')]	  =	  6.57	   	  	  	  chi[('EO','iPT')]	  =	  0.56	   	  	  	  chi[('C2P','C3DM')]	  =	  3.88	  
	  	  	  chi[('DPGA','O2rC')]	  =	  0.96	   	  	  	  chi[('NC2','iPT')]	  =	  13.34	   	  	  	  chi[('ACE','C3DM')]	  =	  10.03	  
	  	  	  chi[('DPGB','O2rC')]	  =	  2.29	   	  	  	  chi[('C2P','iPT')]	  =	  5.01	   	  	  	  chi[('BTNL','C3DM')]	  =	  1.4	  
	  	  	  chi[('DPGC','O2rC')]	  =	  0.81	   	  	  	  chi[('C3tq','iPT')]	  =	  2.52	   	  	  	  chi[('C3DM','C3DM')]	  =	  0.00	  
	  	  	  chi[('CDO','O2rC')]	  =	  -‐0.67	   	  	  	  chi[('ACE','iPT')]	  =	  13.34	   	  	  	  chi[('C3T','P3O')]	  =	  1.73	  
	  	  	  chi[('O2rC','O2rC')]	  =	  0.00	   	  	  	  chi[('TLA','iPT')]	  =	  0.21	   	  	  	  chi[('C3','P3O')]	  =	  1.58	  
	  	  	  chi[('BTNL','O2rC')]	  =	  0.78	   	  	  	  chi[('TLB','iPT')]	  =	  0.38	   	  	  	  chi[('C4','P3O')]	  =	  1.84	  
	  	  	  chi[('CCD','O2rC')]	  =	  0.52	   	  	  	  chi[('iPBb','iPT')]	  =	  -‐0.04	   	  	  	  chi[('C4T','P3O')]	  =	  1.99	  
	  	  	  chi[('CDC1','O2rC')]	  =	  0.88	   	  	  	  chi[('iPBc','iPT')]	  =	  1.47	   	  	  	  chi[('EO','P3O')]	  =	  0.1	  
	  	  	  chi[('COSR','O2rC')]	  =	  1.46	   	  	  	  chi[('DPGA','iPT')]	  =	  2.1	   	  	  	  chi[('NC2','P3O')]	  =	  0.16	  
	  	  	  chi[('DCCT','O2rC')]	  =	  0.98	   	  	  	  chi[('DPGB','iPT')]	  =	  4.0	   	  	  	  chi[('C2P','P3O')]	  =	  0.51	  
	  	  	  chi[('CDMC','O2rC')]	  =	  1.41	   	  	  	  chi[('DPGC','iPT')]	  =	  2.26	   	  	  	  chi[('C3tq','P3O')]	  =	  -‐0.37	  
	  	  	  chi[('C3DM','O2rC')]	  =	  0.82	   	  	  	  chi[('CDO','iPT')]	  =	  1.67	   	  	  	  chi[('ACE','P3O')]	  =	  0.16	  
	  	  	  chi[('CTMC','O2rC')]	  =	  0.88	   	  	  	  chi[('O2rC','iPT')]	  =	  1.36	   	  	  	  chi[('DPGA','P3O')]	  =	  -‐0.53	  
	  	  	  chi[('CrDM','O2rC')]	  =	  1.15	   	  	  	  chi[('BTNL','iPT')]	  =	  1.85	   	  	  	  chi[('DPGB','P3O')]	  =	  -‐2.18	  
	  	  	  chi[('ACE','BTNL')]	  =	  2.45	   	  	  	  chi[('CCD','iPT')]	  =	  -‐0.1	   	  	  	  chi[('DPGC','P3O')]	  =	  -‐0.09	  
	  	  	  chi[('BTNL','BTNL')]	  =	  0.00	   	  	  	  chi[('CDC1','iPT')]	  =	  -‐0.03	   	  	  	  chi[('CDO','P3O')]	  =	  -‐0.03	  
	  	  	  chi[('C3T','CCD')]	  =	  0.03	   	  	  	  chi[('PPT','iPT')]	  =	  0.08	   	  	  	  chi[('O2rC','P3O')]	  =	  -‐1.1	  
	  	  	  chi[('C3','CCD')]	  =	  0.05	   	  	  	  chi[('COSR','iPT')]	  =	  6.17	   	  	  	  chi[('BTNL','P3O')]	  =	  -‐0.64	  
	  	  	  chi[('C4','CCD')]	  =	  0.02	   	  	  	  chi[('iPT','iPT')]	  =	  0.00	   	  	  	  chi[('CCD','P3O')]	  =	  0.71	  
	  	  	  chi[('C4T','CCD')]	  =	  -‐0.01	   	  	  	  chi[('DCCT','iPT')]	  =	  -‐0.05	   	  	  	  chi[('CDC1','P3O')]	  =	  1.22	  
	  	  	  chi[('C2P','CCD')]	  =	  2.73	   	  	  	  chi[('PPL2','iPT')]	  =	  2.28	   	  	  	  chi[('COSR','P3O')]	  =	  0.3	  
	  	  	  chi[('C3tq','CCD')]	  =	  1.3	   	  	  	  chi[('CDMC','iPT')]	  =	  0.0	   	  	  	  chi[('DCCT','P3O')]	  =	  1.38	  
	  	  	  chi[('ACE','CCD')]	  =	  7.11	   	  	  	  chi[('C3DM','iPT')]	  =	  -‐0.0	   	  	  	  chi[('CDMC','P3O')]	  =	  1.78	  
	  	  	  chi[('BTNL','CCD')]	  =	  0.97	   	  	  	  chi[('P3O','iPT')]	  =	  1.69	   	  	  	  chi[('C3DM','P3O')]	  =	  1.16	  
	  	  	  chi[('CCD','CCD')]	  =	  0.00	   	  	  	  chi[('CTMC','iPT')]	  =	  -‐0.08	   	  	  	  chi[('P3O','P3O')]	  =	  0.00	  
	  	  	  chi[('CrDM','P3O')]	  =	  1.56	   	  	  	  chi[('C3tq','CrDM')]	  =	  2.09	   	  	  	  chi[('DPGC','OCCr')]	  =	  -‐0.82	  
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	  	  	  chi[('OCCr','P3O')]	  =	  0.08	   	  	  	  chi[('ACE','CrDM')]	  =	  10.16	   	  	  	  chi[('CDO','OCCr')]	  =	  0.02	  
	  	  	  chi[('C3T','CTMC')]	  =	  0.0	   	  	  	  chi[('CDO','CrDM')]	  =	  1.46	   	  	  	  chi[('O2rC','OCCr')]	  =	  -‐1.01	  
	  	  	  chi[('C3','CTMC')]	  =	  0.01	   	  	  	  chi[('BTNL','CrDM')]	  =	  1.57	   	  	  	  chi[('BTNL','OCCr')]	  =	  -‐1.22	  
	  	  	  chi[('C4','CTMC')]	  =	  -‐0.01	   	  	  	  chi[('CCD','CrDM')]	  =	  0.01	   	  	  	  chi[('CCD','OCCr')]	  =	  0.17	  
	  	  	  chi[('C4T','CTMC')]	  =	  -‐0.03	   	  	  	  chi[('CDC1','CrDM')]	  =	  0.04	   	  	  	  chi[('CDC1','OCCr')]	  =	  0.45	  
	  	  	  chi[('C2P','CTMC')]	  =	  3.25	   	  	  	  chi[('COSR','CrDM')]	  =	  4.84	   	  	  	  chi[('COSR','OCCr')]	  =	  0.62	  
	  	  	  chi[('C3tq','CTMC')]	  =	  1.64	   	  	  	  chi[('CDMC','CrDM')]	  =	  -‐0.02	   	  	  	  chi[('DCCT','OCCr')]	  =	  0.53	  
	  	  	  chi[('ACE','CTMC')]	  =	  7.91	   	  	  	  chi[('C3DM','CrDM')]	  =	  0.05	   	  	  	  chi[('CDMC','OCCr')]	  =	  0.61	  
	  	  	  chi[('CDO','CTMC')]	  =	  1.1	   	  	  	  chi[('CTMC','CrDM')]	  =	  -‐0.01	   	  	  	  chi[('C3DM','OCCr')]	  =	  0.38	  
	  	  	  chi[('BTNL','CTMC')]	  =	  1.24	   	  	  	  chi[('CrDM','CrDM')]	  =	  0.00	   	  	  	  chi[('CTMC','OCCr')]	  =	  0.35	  
	  	  	  chi[('CCD','CTMC')]	  =	  0.01	   	  	  	  chi[('C3T','OCCr')]	  =	  0.69	   	  	  	  chi[('CrDM','OCCr')]	  =	  0.58	  
	  	  	  chi[('CDC1','CTMC')]	  =	  0.02	   	  	  	  chi[('C3','OCCr')]	  =	  0.64	   	  	  	  chi[('OCCr','OCCr')]	  =	  0.00	  
	  	  	  chi[('COSR','CTMC')]	  =	  3.91	   	  	  	  chi[('C4','OCCr')]	  =	  0.71	   	  	  	  chi[('C3tq','NC2')]	  =	  3.62	  
	  	  	  chi[('CDMC','CTMC')]	  =	  -‐0.06	   	  	  	  chi[('C4T','OCCr')]	  =	  0.76	   	  	  	  chi[('OCCr','TLB')]	  =	  -‐0.02	  
	  	  	  chi[('C3DM','CTMC')]	  =	  0.01	   	  	  	  chi[('EO','OCCr')]	  =	  -‐0.01	   	  	  	  chi[('C4','DPGB')]	  =	  3.59	  
	  	  	  chi[('CTMC','CTMC')]	  =	  0.00	   	  	  	  chi[('NC2','OCCr')]	  =	  -‐0.37	   	  	  	  chi[('C3DM','CCD')]	  =	  -‐0.01	  
	  	  	  chi[('C3T','CrDM')]	  =	  -‐0.01	   	  	  	  chi[('C2P','OCCr')]	  =	  0.11	   	  	  	  chi[('CrDM','iPT')]	  =	  -‐0.03	  
	  	  	  chi[('C3','CrDM')]	  =	  -‐0.02	   	  	  	  chi[('C3tq','OCCr')]	  =	  -‐0.22	   	  	  	  chi[('CTMC','P3O')]	  =	  1.09	  
	  	  	  chi[('C4','CrDM')]	  =	  -‐0.01	   	  	  	  chi[('ACE','OCCr')]	  =	  -‐0.37	   	  	  	  chi[('C2P','CrDM')]	  =	  4.19	  
	  	  	  chi[('C4T','CrDM')]	  =	  -‐0.01	   	  	  	  chi[('DPGA','OCCr')]	  =	  -‐1.26	   	  	  	  chi[('DPGB','OCCr')]	  =	  -‐2.58	  

 
 
 


