
 

 

 

 

HOFMEISTER SERIES AT THE LIQUID/LIQUID 

INTERFACE 

by 

XIANG GAO 

A Dissertation submitted to the 

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

Graduate Program in Chemistry and Chemical Biology 

written under the direction of 

Laurence S. Romsted 

and approved by 

________________________ 

________________________ 

________________________ 

________________________ 

New Brunswick, New Jersey 

October, 2016

 



 

ii 

 

ABSTRACT OF THE DISSERTATION 

HOFMEISTER SERIES AT THE LIQUID/LIQUID 

INTERFACE 

by  

XIANG GAO 

 

 

Dissertation Director: 

Laurence S. Romsted 

 

 

 

 

This thesis is a study of the Hofmeister Series, or specific ion effects, at 3 interfaces: 

a zwitterionic emulsion interface, a gemini surfactant micelle interface and a neat 

tetradecane/water interface. The goal of this research is to provide new information such 

as local pH changes and local counterions concentrations to the specific ion effects research 

at liquid/liquid interfaces, which might help unveil the origin of specific ion effects. 
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This research utilized a unique chemical probe to study how different ions affect the 

physical chemical properties of the 3 interfaces. The probe molecule is a long chain 

amphiphilic arenediazonium ion. In micellar solutions, emulsions and oil/water mixture, 

the probe associates at the hydrophilic/hydrophobic interfacial region like other 

amphiphilic molecules do, and then reacts with water molecules and weak nucleophiles to 

produce corresponding organic products. The yields of products are analyzed by HPLC 

and used to calculate the interfacial concentrations of ions and water molecules. Using this 

method we can study the behavior of various ions and molecules at the interfacial region. 

The background of this method is introduced in Chapter 1.   

Chapter 2 describes the specific ion effects on the interfacial pH of an emulsion 

prepared by a zwitterionic surfactant. The headgroup of SB3-14 has different affinities to 

different anions and cations, which changes ions density at the interfacial region and 

accordingly alters interface electronic property as well as the interfacial pH. The interfacial 

pH change was monitored through measuring the reaction rate between a long chain 

arenediazonium ion and t-butylhydroquinone.  

Chapter 3 is a study of specific counterion effects on gemini surfactants (10-2-10 2X) 

physical properties such as cmc, aggregation number and interfacial counterion molarity. 

The ions affect micellar solutions properties in the order of Hofmeister Series. By 

combining physical characterization means and chemical trapping experiments, the 

correlation between bulky properties and interfacial properties were observed. 

Chapter 4 describes the adsorption of different anions onto a neat alkane/water 

interface. The chemical trapping method was used to probe anions interfacial 

concentrations at tetradecane/water interface, which were proved to be higher than their 
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bulk concentrations, especially for hydrophobic ions I-, SCN-. Ions adsorption at the 

interface is supported by other types of experimental and simulation approaches in the 

literature. 

  



 

v 

 

 

 

 

 

DEDICATION 

 

To my wonderful parents, Enli Gao and Shaozhen Chen, and to my love, Shangda 

Guo, for their endless love and support. 

 

  



 

vi 

 

ACKNOWLEDGEMENTS 

First and for most, I would like to thank my advisor Professor Larry S. Romsted for 

giving me the opportunity to join his group. I thank him for the guidance and mentorship, 

and the inspiration that he shared with me during my graduate career. It has been my great 

pleasure to work with and learn from him. 

I would like to thank all my colleagues in the Romsted research group, especially Dr. 

Qing Gu, Yongliang Zhang, Dr. Changyao Liu, Dr. Gunaseelan Kanniguna, Dr. Tarek 

Awad, Dr. Aijaz Ahmad for their generous help and friendship. I really enjoyed working 

in this friendly environment.  

I would like to thank Dr. Reiko Oda, Dr. Michel Laguerre, Dr. Dario Bassani at Institut 

Européen de Chimie et Biologie in Bordeaux, France for their instruction. I would also like 

to thank other collaborators such as Dr. Jiaji Cheng, Dr. Anne Cheng, Dr. Alla Mallinenko, 

Dr. Massimiliano Porrini, Dr. Sylvain Nlate.  

I would like to thank my committee members, Prof. Ralf Warmuth, Prof. John Taylor 

and Prof. Qingrong Huang for their time, attention, and helpful discussions about my 

research. I would like to thank Prof Leslie Jimenez for her help during my IFRP and OFRP. 

And last but not least, I would like to thank my girlfriend Shangda Guo, as well as my 

parents for their endless support and encouragement through the years of my graduate work 

and all my life. 

  



 

vii 

 

TABLE OF CONTENTS 

ABSTRACT OF THE DISSERTATION ..................................................................... ii 

DEDICATION................................................................................................................. v 

ACKNOWLEDGEMENTS .......................................................................................... vi 

TABLE OF CONTENTS ............................................................................................. vii 

LIST OF FIGURES ........................................................................................................ x 

LIST OF TABLES ....................................................................................................... xvi 

Chapter 1 General Introduction .............................................................................. 1 

1.1 HOFMEISTER SERIES ................................................................................... 1 

1.1.1 Introduction................................................................................................... 1 

1.1.2 Specific ion effects on surfactant/water interface ......................................... 8 

1.1.3 Specific ion effect on neat oil/water interface ............................................. 10 

1.2 SURFACTANTS ............................................................................................ 12 

1.2.1 Introduction................................................................................................. 12 

1.2.2 Micelles ....................................................................................................... 16 

1.2.3 Emulsions .................................................................................................... 32 

Chapter 2 Specific Ion Effect on Interfacial pH of Zwitterionic Emulsions ..... 35 

2.1 INTRODUCTION .......................................................................................... 35 

2.2 EXPERIMENTAL SECTION ........................................................................ 39 

2.2.1 Materials ..................................................................................................... 39 

2.2.2 Preparation of emulsions and determination of kobs ................................... 40 



 

viii 

 

2.2.3 Determining kobs by Azo Dye-Derivatization Method ................................. 41 

2.2.4 Typical kinetic data processing .................................................................. 42 

2.3 RESULTS ....................................................................................................... 44 

2.4 DISCUSSION ................................................................................................. 51 

2.5 CONCLUSIONS............................................................................................. 55 

Chapter 3 Specific Ion Effect on the Micellization of Gemini Surfactants with 

Different Counterions ................................................................................................... 56 

3.1 INTRODUCTION .......................................................................................... 56 

3.2 EXPERIMENTAL SECTION ........................................................................ 59 

3.2.1 Synthesis of gemini surfactants ................................................................... 59 

3.2.2 Chemical Trapping Experiments ................................................................ 63 

3.2.3 Electrical conductivity measurements ........................................................ 67 

3.2.4 Ionization degree, α .................................................................................... 68 

3.2.5 Free energy of micellization ....................................................................... 69 

3.2.6 Aggregation Numbers ................................................................................. 70 

3.3 RESULTS ....................................................................................................... 71 

3.3.1 Physical chemical properties of carboxylate gemini surfactants ............... 71 

3.3.2 Interfacial counterion molarity ................................................................... 76 

3.4 DISCUSSION ................................................................................................. 80 

3.5 CONCLUSION ............................................................................................... 90 

3.6 SUPPLEMENTARY INFORMATION ......................................................... 91 

Chapter 4 Specific anions adsorption at neat water/oil interface ....................... 99 

4.1 INTRODUCTION ........................................................................................ 100 



 

ix 

 

4.2 EXPERIMENTAL SECTION ...................................................................... 102 

4.2.1 Materials ................................................................................................... 102 

4.2.2 Synthesis of 16-ArN2BF4 ........................................................................... 102 

4.2.3 Synthesis of SCN- dediazoniation reaction products ................................ 106 

4.2.4 Method ...................................................................................................... 111 

4.3 RESULTS ..................................................................................................... 115 

4.4 DISCUSSION ............................................................................................... 120 

4.5 CONCLUSION ............................................................................................. 131 

4.6 SUPPLIMENTARY INFOMATION ........................................................... 133 

4.6.1 Representative HPLC chromatograms ..................................................... 133 

4.6.2 Numerical data of Figure 4-10 ................................................................. 136 

4.6.3 Results for control experiments in 1.0 M NaCl & NaI solution ................ 144 

4.6.4 Calibration curves .................................................................................... 150 

4.6.5 Standard curves for chemical trapping method ........................................ 154 

 

  



 

x 

 

 

LIST OF FIGURES 

Figure 1-1 Plot of solvation energy of crystalline alkali halides at infinite dilution vs. the 

difference in hydration Gibbs free energy of the anions and cations, 

G(anion)-G(cation), according to Collins.  ..................................................... 7 

Figure 1-2 Surfactants molecular structure ....................................................................... 13 

Figure 1-3 Typical categories of surfactants and representative molecules of each 

category. ......................................................................................................... 14 

Figure 1-4 Various possible structures of surfactant aggregates  .................................... 15 

Figure 1-5 Dramatic change of surfactants solution physical properties when surfactants 

concentrations are around the cmc.  ............................................................. 17 

Figure 1-6 The dediazoniation reaction of the chemical trapping experiment probe. Main 

products include phenol and substitution aryl product. X is a nucleophile, e.g. 

Cl- ................................................................................................................... 25 

Figure 1-7 (Left) Interfacial region of a micellar solution with cationic surfactant, 16-

ArN2
+, and ion-pairing. (Right) Aqueous solution containing salt, MX, 1-

ArN2
+. ............................................................................................................ 27 

Figure 1-8 Dediazoniation product yields from reaction with H2O (top) and Br- (bottom) 

at 40 °C from reaction of 16-ArN2
+ in CTABr micelles (solid dot) and 1-

ArN2
+ in TMABr salt solutions (empty dot). To put the CTABr and TMABr 

data on the same scale, each stoichiometric TMABr concentration is 

multiplied by 0.1 ............................................................................................ 31 



 

xi 

 

Figure 1-9 Illustration of pseudophase model of an emulsion. The interfacial region is the 

pseudophase and molecules reach equilibrium between it and the other two 

phases. ............................................................................................................ 33 

Figure 2-1. Cartoon illustrating the effect of added NaX on the properties of zwitterionic 

interfaces, quaternary ammonium ions (blue), sulfonate ions (red). ............. 37 

Figure 2-2 Structure of the diazonium ion probe utilized in emulsion ............................. 41 

Figure 2-3 Reaction of the arenediazonium ion with N-(1-naphthyl)ethylenediamine 

(NED) in ethanol to give an azo dye. ............................................................ 42 

Figure 2-4 Absorbance and ln Abs versus time plots for emulsion with 0.1 M NaCl ...... 43 

Figure 2-5 Absorbance and ln Abs versus time plots for emulsion with 0.1 M NaClO4.. 44 

Figure 2-6 Overall reaction between 16-ArN2
+ and TBHQ. ............................................. 45 

Figure 2-7 Distributions of TBHQ, TBHQ–, and H+ between the oil, interfacial and 

aqueous regions of an emulsion in aqueous acid. .......................................... 46 

Figure 2-8 Effect of added NaX on kobs for the reaction between 3.24×10-3 M TBHQ and 

3.24×10-4 M 16-ArN2
+ in an emulsion of 1:1 aqueous solution: GTO and the 

stoichiometric concentrations in emulsion are: 0.055 M (2% wt) SB3-14 and 

1.5 mM HCl at 27 °C. .................................................................................... 48 

Figure 3-1 Molecular structure of 10-2-10 gemini surfactant .......................................... 59 

Figure 3-2 SW
Ac as a function of [Ac-] measured in analog 1-2-1 2Ac solutions at 25oC 

and pH6. Detail information can be found in Table 3-9. ............................... 66 

Figure 3-3 Typical chromatogram of 16-ArN2
+ reaction in 10-2-10 2C2 solution. 

Reactions in other 10-2-10 2X (X=C3, C4) will generate similar 



 

xii 

 

chromatograms. The peak at ~47 minutes is an unknown peak. See discussion 

section. ........................................................................................................... 67 

Figure 3-4 Plots of cmc (A) and ionization degrees (B) against counterion chain length of 

10-2-10 2X at 30 oC. 10-2-10 C5 data was measured by Dr. Alla Malinenko.

 ....................................................................................................................... 73 

Figure 3-5 Counterion and water interfacial molarities in 10-2-10 2X micellar solutions 

from 25 mM to 250 mM at 25 OC measured by chemical trapping 

experiments. pH is adjusted by corresponding conjugate acids. ................... 78 

Figure 3-6 Interfacial counterion (Xm) and water (H2Om) molarities in 10-2-10 2X 

micellar solutions from 25 to 250 mM at 25 oC (I- data was measured at 

50°C). Data were measured by Changyao Liu. ............................................. 83 

Figure 3-7 Correlation between 10-2-10 2X(X = C2, C3, C4) interfacial counterions 

concentrations and their corresponding ionization degrees at 3x cmc. 

Ionization degrees were measured at 30 oC and interfacial concentrations 

were measured at 25 oC. ................................................................................ 86 

Figure 3-8 HPLC of dediazoniation reaction products in 10-2-10 2C4 micellar solution at 

25oC. .............................................................................................................. 88 

Figure 3-9 HPLC chromatogram of the weird peak after the peak was collected from 

HPLC in a typical HPLC run of chemical trapping experiments and re-

injected into HPLC at 25oC. .......................................................................... 88 

Figure 3-10 NMR spectrum of the weird peak. The condition is 500 MHz, 30s scans 

repeating for 20 min. The solvent is d-methanol. .......................................... 89 



 

xiii 

 

Figure 3-11 Proposed formation of diazoether product from the reaction between phenol 

and arenediazonium ion catalyzed by carboxylates. ...................................... 90 

Figure 4-1 Cartoon to show the chemical probe residing at the oil/water interface in an 

oil/water mixture. ......................................................................................... 100 

Figure 4-2 1H NMR of 1-ArNCS .................................................................................... 107 

Figure 4-3 IR of 1-ArNCS .............................................................................................. 107 

Figure 4-4 1H NMR of 1-ArSCN .................................................................................... 108 

Figure 4-5 IR of 1-ArSCN .............................................................................................. 109 

Figure 4-6 NMR of 16-ArSCN ....................................................................................... 110 

Figure 4-7 16-ArCl yield as a function of stir rate for Cl- in water/tetradecane(10:1) 

mixture at ambient temprature. NaCl concentration is 1.0 M. pH=3 with HCl. 

All the experimental data are included in Table 4-11 and Table 4-12. Red 

lines are for aiding eyes. .............................................................................. 116 

Figure 4-8 16-ArCl yield as a function of probe concentration in water/tetradecane 

mixture at ambient temprature. NaCl concentration is 1.0 M. The result 

numbers are in Table 4-13. pH=3 with HCl. All the experimental data are 

included in Table 4-13 and Table 4-14. ....................................................... 117 

Figure 4-9 16-ArI yield as a function of probe concentration in water/tetradecane mixture 

at ambient temprature. NaI concentration is 1.0 M. pH=3 with HCl and HI is 

easy to be oxidized in acidic environment. All the experimental data are 

included in Table 4-15 and Table 4-16. ....................................................... 118 

Figure 4-10 Interfacial concentrations of counterions and water molecules vs. added salts 

concentration at ambient temperature. Function f(x) = x shows the position of 



 

xiv 

 

the ions bulk concentration. All the experimental data are included in section 

4.6.2. ............................................................................................................ 119 

Figure 4-11 Normalized density of Na+, halides, decane and oxygen of H2O at 

H2O/decane interface at 298 K calculated from by Jungwirth group paper. 

[NaX]=1.0 M. .............................................................................................. 121 

Figure 4-12 Normalized density of Na+, halides, decane and oxygen of H2O at H2O/air 

interface at 298 K calculated from by Jungwirth group paper [NaX]=1.0 M.

 ..................................................................................................................... 122 

Figure 4-13 Hemminger’s result revealing atomic percentage for cations, anions and 

water molecules at water/air interface at ambient temperature. Both solutions 

are at 3.0 M concentration. .......................................................................... 124 

Figure 4-14 Plots of 1/Xm against 1/[X] from results of chemical trapping experiments. X 

= Cl-, Br-, I-, SCN-. The data points at low concentrations (high 1/[X]) were 

linearly fitted. ............................................................................................... 129 

Figure 4-15 HPLC chromatogram of dediazoniation products of chemical trapping 

experiments in 1.0 M NaCl solution/tetradecane mixture diluted by ~4 mL 

iso-propanol. ................................................................................................ 133 

Figure 4-16 HPLC chromatogram of dediazoniation products of chemical trapping 

experiments in 1.0 M NaBr solution/tetradecane mixture diluted by ~4 mL 

iso-propanol. ................................................................................................ 134 

Figure 4-17 HPLC chromatogram of dediazoniation products of chemical trapping 

experiments in 0.2 M NaI solution/tetradecane mixture diluted by ~4 mL iso-

propanol. ...................................................................................................... 134 



 

xv 

 

Figure 4-18 HPLC chromatogram of dediazoniation products of chemical trapping 

experiments in 1.0 M NaSCN solution/tetradecane mixture diluted by ~4 mL 

iso-propanol. ................................................................................................ 135 

Figure 4-19 Calibration curve for 1-ArNCS. .................................................................. 152 

Figure 4-20 Calibration curve for 1-ArSCN. .................................................................. 152 

Figure 4-21 Calibration curve for 16-ArNCS. ................................................................ 153 

Figure 4-22 Calibration curve for 16-ArSCN. ................................................................ 153 

Figure 4-23 Dediazoniation product yields from reaction of 5 × 10-3 M 1-ArN2BF4 with 

SCN- (%1-Ar~SCN = %1-ArSCN + %1-ArNCS) in aqueous NaSCN 

solutions at room temperature. Standard curve for %1-Ar~SCN against 

NaSCN (M) is fitted by the equation: %1-Ar~SCN = 40.844 [NaSCN]0.4264

 ..................................................................................................................... 154 

Figure 4-24 Selectivity of the dediazoniation reaction towards SCN- compared to H2O, 

Sw
SCN, for reactions in NaSCN aqueous solutions at room temperature. Sw

SCN 

against NaSCN concentration is fitted by the equation: Sw
SCN = 37.84 

[NaSCN]-0.216. .............................................................................................. 155 

Figure 4-25 Dediazoniation product yields from reaction of 5 × 10-3 M 1-ArN2BF4 with I- 

(%1-ArI) in aqueous NaI solutions at room temperature. Standard curve 

for %1-ArI against NaI (M) is fitted by the equation: %1-ArI = 39.05 

[NaI]0.4328 ..................................................................................................... 156 

Figure 4-26 Selectivities of the dediazoniation reaction towards I- compared to H2O, Sw
I, 

for reactions in NaI aqueous solutions at room temperature. Sw
I against NaI 

concentration is fitted by the equation: Sw
I =34.62 [NaI]-0.118. .................... 157 



 

xvi 

 

 

LIST OF TABLES 

Table 2-1 All values of the rate constants in Figure 2-8. Corresponding half lives are 

given in the adjacent parenthesis. For all sets of kinetic data, an average R2 > 

0.999 with a standard deviation of 0.001 for each reaction followed for 4-5 

half lives were obtained. The high R2 demonstrates the reliability of our 

kinetic data. .................................................................................................... 49 

Table 2-2 Comparisons of the effects of added 0.10 M NaX on kobs for emulsions with the 

same compositions as in Figure 1.  The table includes: kobs values at 0.1 M 

NaX; ratios of kobs values at 0.1 M NaX and 0 M NaX; approximate values 

for equivalent interfacial H+ concentrations and the pH (see text); and 

literature pKa values for the conjugate acids of each salt. a. Equivalent 

interfacial hydrogen ion molarity. b. pH (calculated interfacial pH) = log 

(0.003 M HCl*k0.1MNaX/k0MNaX) c. NSDL Aqueous pKa Values.. .................. 50 

Table 2-3 The concentrations of the different chloride salts when the concentration of Cl– 

are fixed at 0.1 M and the bulk H+ concentration in emulsions. ................... 51 

Table 3-1 Physical properties (cmc, αZ, αE and ΔG°M ) of 10-2-10 2X(X=C1~C8) gemini 

surfactant micelles measured at 30oC. ........................................................... 72 

Table 3-2 Values of cmc and Nagg of 10-2-10 X micellar solution at 2x cmc and 3x cmc 

obtained from TRFQ experiments at ambient temperature. .......................... 75 

Table 3-3 Estimated values of C2m, H2Om, Sw
C2 in 10-2-10 2C2 micellar solutions from 

50 mM to 250 mM, at 25C at pH5. pH is adjusted by adding HC2. ............ 79 



 

xvii 

 

Table 3-4 Estimated values of C3m, H2Om, Sw
C3 in 10-2-10 2C3 micellar solutions from 

36.46 mM to 182.30 mM, at 25C at pH 5. pH is adjusted by adding HC3. . 79 

Table 3-5 Estimated values of C4m, H2Om, Sw
I in 10-2-10 2C4 micellar solutions from 

29.46 mM to 147.3 mM, at 25C at pH 5. pH is adjusted by adding HC4. ... 80 

Table 3-6 Values of cmc, αZ and αE for quaternary 14-2-14 gemini surfactants with 

carboxylate counterions measured at 30 oC. αE is calculated at Nagg = 25. ... 81 

Table 3-7 CMC, αZ, αE and -ΔG°M for 10-2-10 2X gemini surfactant with inorganic 

counterions measured at 30 oC. ..................................................................... 82 

Table 3-8 Interpolated 10-2-10 2X(X=C2, C3, C4) interfacial counterions concentrations 

and their corresponding ionization degrees at 3x cmc. The raw experimental 

data is from Figure 3-5. ................................................................................. 86 

Table 3-9 HPLC peak areas, observed and normalized product yields for dediazoniation 

of 1-ArN2
+ in aqueous 1-2-1 2Ac solutions at 25oC and pH 6, and values for 

salts, acetic acid, water concentration, selectivities, Sw
Ac and H2O/Ac molar 

ratios. It was measured by Dr. Changyao Liu. .............................................. 91 

Table 3-10 HPLC Average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in 10-2-10 2Ac micelles from 50 mM to 250 mM at 25C. It was 

measured by Dr. Changyao Liu. .................................................................... 93 

Table 3-11 HPLC Average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in 10-2-10 2C3 micelles from 36 mM to 182 mM at 25 C. ..... 95 

Table 3-12 HPLC Average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in 10-2-10 2C4 micelles from 50 mM to 250 mM at 25 C. ..... 97 



 

xviii 

 

Table 4-1 Results comparison of halides adsorption onto water/oil and water/air interface 

at 1.0 M bulk salt solution between MD and chemical trapping. [NaX]=1.0 

M. ................................................................................................................. 123 

Table 4-2 Comparison on ratios of interfacial anions and water molecules between 

chemical trapping and x-ray photoelectron spectroscopy at ambient 

temperature. Salts concentrations are all at 3.0 M. ...................................... 124 

Table 4-3 Estimated values of Clm, H2Om, Sw
Cl at NaCl solution/tetradecane interface 

from 0.1 to 3.0 M at 25 ̊C with [HBr] = 1 mM ............................................ 136 

Table 4-4 Estimated values of Brm, H2Om, Sw
Br at NaBr solution/tetradecane interface 

from 0.1 to 3.0 M at 25 C̊ with [HCl] = 1 mM ............................................ 137 

Table 4-5 Estimated values of Im, H2Om, Sw
I at NaI solution/tetradecane interface from 

0.1 to 3.0 M at 25 ̊C with [HBr] = 1 mM..................................................... 138 

Table 4-6 Estimated values of SCNm, H2Om, Sw
SCN at NaSCN solution/tetradecane 

interface from 0.1 to 3.0 M at 25 C with [HBr] = 1 mM ............................. 139 

Table 4-7 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in NaCl solution/tetradecane mixture from 0.1 to 3.0 M at 25 oC. 

[HBr] = 1 mM .............................................................................................. 140 

Table 4-8 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in NaBr solution/tetradecane mixture from 0.1 to 3.0 M at 25 C. 

[HCl] = 1 mM .............................................................................................. 141 

Table 4-9 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in NaI solution/tetradecane mixture from 0.1 to 3.0 M at 25 C. 

[HBr] = 1 mM .............................................................................................. 142 



 

xix 

 

Table 4-10 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in NaSCN solution/tetradecane mixture from 0.1 to 3.0 M at 

25C. [HBr] = 1 mM .................................................................................... 143 

Table 4-11 Results for control experiment in 1.0 M NaCl solution with increasing stirring 

speed. [HCl] = 1 mM. .................................................................................. 144 

Table 4-12 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in stir rate controlling experiment in NaCl solution/tetradecane 

mixture at 1.0 M at 25 C. [HCl] = 1 mM ................................................... 145 

Table 4-13 Results for control experiment in 1.0 M NaCl solution with increasing probe 

concentration. [HCl] = 1 mM ...................................................................... 146 

Table 4-14 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in probe concentration controlling experiment in NaCl 

solution/tetradecane mixture at 1.0 M at 25 C. [HCl] = 1 mM. ................. 147 

Table 4-15 Results for control experiment in 1.0 M NaI solution with increasing probe 

concentration. [HCl] = 1 mM ...................................................................... 148 

Table 4-16 HPLC average peak areas, observed yields and normalized yields for reaction 

of 16-ArN2
+ in probe concentration controlling experiment in NaI 

solution/tetradecane mixture at 1.0 M at 25 C. [HCl] = 1 mM .................. 149 

Table 4-17 Calibration curves for long-chain dediazonation products. .......................... 150 

Table 4-18 Calibration curves for short-chain dediazonation products. ......................... 151 



1 

 

 

 

Chapter 1 General Introduction 

The chapter introduced the historical background of Hofmeister Series with special 

focus on liquid/liquid interfaces such as water/emulsion interface, water/micelle interface 

and neat water/oil interface. Surfactants are widely used interface active agents, and their 

properties are closely related to this research. Their fundamental properties will be 

introduced as well. The chemical trapping method is a powerful technique for probing the 

interfacial molarity of weak nucleophiles and water molecules in micellar solutions, 

emulsions and oil/water mixtures. The fundamentals of this method and the related 

pseudophase model will be introduced.  

1.1 HOFMEISTER SERIES 

1.1.1 Introduction 

Specific ion effects were first reported by Franz Hofmeister in the 19th century when 

he studied the influence of different ions on protein solubility (salting-out and salting-in 

effects).1 Since then the fact that different ions have different effects on systems properties 

has been discovered in many other research areas such as protein folding2, micelles 

formation (1st cmc, sphere-to-rod transition, aggregation number, etc.)3 and interface 

properties.4, 5, 6, 7 To honor Dr. Hofmeister’s exploratory contribution to this area, the order 

of ions that affects the egg white protein solubility discovered in his experiment was named 

as Hofmeister Series. Over the following one hundred years specific ion effects were found 

in other systems and they were amazingly similar to (but not necessarily the same as) the 
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original Hofmeister Series, so the term Hofmeister Series has become a general term to 

represent the ions order in specific ion effects phenomena in various systems.  

Based on thousands of research papers on various systems, people have a widely 

accepted order of this anions Hofmeister Series when the cation stays unchanged: 

 

If the anion stays unchanged, the order of cations is:  

Na+ > K+ > Li+ > Ca2+ > Mg2+ > Fe2+ > Zn2+ > Cs+ > Al3+ > NH4
+ > H+ 

The ions on the left side tend to decrease the solubility of egg white proteins, while those 

on the right side increase the solubility. Studies on Hofmeister Series dealt with anions 

more often than cations because in most of cases anions have stronger effects on the system.  

The phenomena of specific ion effects are abundant in many systems. In aqueous salt 

solutions, specific ions affect viscosity, refractive index, activity coefficient, freezing and 

boiling point, etc.8, 9, 10 In biological systems, many phenomena are ion specific, such as 

buffer salts effects,11 proteins adsorption12 and enzymes functions.13, 14 In colloidal systems 

different ions can change the bubble coalescence,15 microemulsion formation,16 bilayer 

dispersion17 and micelle morphology.18 Overview of these topics can be found in some 

recent books.19, 20 

The fundamental mechanisms which generate similar specific ions order in different 

phenomena of various systems have attracted people’s attention since Dr. Hofmeister made 

his first discovery. People believed that the ions order in the Hofmeister Series is originated 

from some certain types of gradual changes in multiple intrinsic properties of those ions 

(for example, electron distribution, dipole orientation, polarity or other properties), 



3 

 

 

 

however, a complete molecular explanation for the Hofmeister Series is still lacking. 

Explaining the fundamentals of the universal Hofmeister Series in different systems is 

difficult. The difficulty is that classical theories were built on qualitative concepts such as 

hydration and hydrophobicity, and it is hard to use them to predict phenomena in new 

systems from known cases because the theoretical explanations based on these empirical 

conclusions are usually vague. Even though, it is still necessary to know about the 

evolution of related theories. Here are several examples of existing theories that are used 

to explain the Hofmeister Series order at different levels: 

In hydration theory, people think water molecules are attracted and aligned 

surrounding the ions and target molecules (proteins, surfactants, etc., which are usually 

more hydrophobic than ions), forming a hydration shell. Since ions have greater capability 

to attract water molecules than target molecules, they compete with target molecules for 

water molecules.21, 22 The hydration of target molecules is weakened and as a result the 

target molecules may precipitate or become unstable in solution. In this case the hydration 

number of ions is an important indicator of their hydration capabilities because usually the 

hydration number is proportional to the affinity between the ions and water molecules. The 

major limit of this model is the assumption that all types of ions compete hydration water 

molecules with target molecules. This assumption can not explain the fact that some ions 

have salting-in effect.23 

Water dipole theory is a supplementary theory to hydration theory, focusing on the 

dipoles orientations of water molecules surrounding the surface of target molecules as well 

as ions. The theory states that when an ion or a target molecule is hydrated, the surrounding 

water molecules will be oriented by ion’s or target molecule’s electrostatic fields.24, 25 
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Negative charge attracts the hydrogen atoms of water molecules orientating to the ion or 

target molecule, while positive charge attracts the oxygen atoms of water molecules. 

Therefore those water molecules surrounding ions might have the same orientation as the 

water molecules surrounding target molecules, or the opposite orientations. When the 

orientations of ion’s hydration water molecules align with that of target molecule’s 

surrounding water molecules, the hydration of target molecules is strengthened. If the 

orientations of the two types of water molecules are opposite, then the hydration of target 

molecules is weakened. As a result the solubility and stability of target molecules are 

influenced. This theory remedies the disadvantage of hydration theories that the theory 

fails in explaining the salt-in phenomena. The limit of this theory is that in reality, 

interactions between molecules are many-body interactions, so the orientations of water 

molecules dipoles is not necessarily aligning to the hydrated ions.4 Meanwhile the charge 

and hydrophobic interactions between ions and target molecules are ignored. 

Fundamentally this theory oversimplifies the system.  

In addition, there are many other theories4 but all of them only consider one or two 

factors involved in molecular interactions, and the descriptions in these theories are 

qualitative. However, specific interactions depend upon a number of factors including 

electrostatic interaction, hydration, hydrophobic interaction, polarizability, hydrogen 

bonding, π-ion interactions, van der Waals forces and steric interactions, which is way 

more complicated than the noted theories above can handle. Part of these factors can be 

quantified or partially quantified, and some other theories are built on the advantages of 

these quantitative approaches.  
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Van der Waals forces are an important part of molecular interactions in specific ion 

effects and have been researched extensively. The strength of the forces can be calculated 

by different empirical equations. The related theories are based on a fundamental molecular 

interaction: dipole-dipole interaction.26 The van der Waals forces include 3 basic types of 

dipole-dipole interactions: orientation (Keesom force), induction (Debye force) and 

dispersion (London force). Orientation and induction interactions are derived from 

permanent and induced dipoles respectively, and dispersion interactions are from 

instantaneous dipoles. These interactions are closely related to polarizabilities and 

ionization potentials, which also contribute to specific interactions.27, 28  

DLVO theory was developed to unite van der Waals forces and the electrostatic 

interactions by modeling the balance between repulsive electrostatic interactions and 

attractive van der Waals interactions between colloid particles29 and has been used to 

explain the specific ion effects in colloidal systems. However, it does not fully explain the 

effects because ions are simplified to point charges which cannot consider the special 

properties of different ions such as size, polarizability, hydration properties, etc. As a result, 

different salts containing ions with the same number of charges behave in the same way 

according to the equation, which is definitely not true.19 

Because no theory is currently available to explain and predict specific ions 

interactions based on previous noted properties, people have attempted to correlate specific 

ion effects with some difficult-to-quantify physical chemical parameters such as 

hydrophobicity,30 waters affinity,31 polarizability, ion radius,32 partial molar volume 33 and 

viscosity coefficients,34 etc. Water affinity is one of the most famous theories within them.  



6 

 

 

 

Collins introduced law of matching water affinities based on the fact that the 

interaction between two ions of similar sizes is usually stronger than that between two ions 

of different sizes.35 In the theory, the capability of two oppositely charged ions to form ion 

pair is related to the difference of their hydration Gibbs free energy.31 Ions with high 

hydration Gibbs free energy are called “kosmotropic”(k) and those with low hydration 

Gibbs free energy are called “chaotropic”(c). Kosmotropic ions are believed to stabilize 

and strengthen the interactions between water molecules, while chaotropic ions disturb and 

weaken the interactions between water molecules.  

 

Cations and anions can have 4 combinations: k-c, c-k, c-c, k-k. When the cations and 

anions are both kosmotropic, their electrostatic interactions overpower the interactions 

between water and them, resulting an endothermic solution process (ΔHsol > 0). When they 

are both chaotropic, the solution process is also endothermic because water molecules favor 

to form hydrogen bonds with each other rather than to solvate 2 chaotropic ions. So if 

anions and cations have similar hydration Gibbs free energy, the ΔHsol of their ion pair is 

above 0. If their hydration Gibbs free energy have big gap, then the ΔHsol of the ion pair 

tends to be negative and solvation is favorable, as illustrated in Figure 1-1. In Hofmeister 

Series, hydrophobic ions are usually chaotropic and hydrophilic ions are usually 

kosmotropic. Collins’ law is widely used to interpret specific ion effects. However, in 

Collins’ model the entropy change (ΔSsol) is not considered. The removal of water shells 
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from ions decreases entropy and cost the energy gain from electrostatic and van der Waals 

forces, which will affect the total energy change.4 Collins’ law is also focusing too much 

on the energy change of ions and ignores that solvation also includes the energy change of 

water molecules. In the case when one c-c ion pair is solvated, 2 hydrogen bonds between 

water molecules need to be broken and then the two chaotropic ions bind to water 

molecules, so the energy change will be: ΔH = 2*Energy(c-H2O) – ( Energy(c-c) + 

Energy(H2O-H2O) ). From the Collins’ plot it is very hard to determine if the ΔH is negative 

or positive. The description is still not quantitative.  

 

Figure 1-1 Plot of solvation energy of crystalline alkali halides at infinite 

dilution vs. the difference in hydration Gibbs free energy of the anions and cations, 

ΔG = G(anion)-G(cation), according to Collins. 35 
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As concluded above, many attempts have been made to correlate a limited number of 

parameters to specific ions effects, but most of them only fit a specific system and they are 

hard to apply to other systems.36, 37, 38 Ninham once declared that the key to the problem is 

that current theories lack elucidation from quantum mechanics perspectives that consider 

the contribution of dispersion forces to the ions interactions.39, 40, 41, 42 However, people’s 

understanding on quantum mechanics effects on the Hofmeister series is still limited. There 

is still a long way to go to fully understand the Hofmeister Series.   

 

1.1.2 Specific ion effects on surfactant/water interface 

Surfactant solutions are one of the most studied targets in the research of specific ion 

effects, because different combinations of type and concentration of salts and surfactants 

can bring dramatic changes to the surfactants physical properties such as cmc, aggregation 

number, solubility, phase transitions, morphology and viscosity. 17, 43, 44, 45, 46, 47, 48 Specific 

ion effects in surfactants solutions can be classified into two categories: effects of specific 

counterions (if the surfactant molecule has counterions) and effects of specific added ions. 

The two effects are closely related, because both rely on the specific interactions between 

headgroups and counterions in the surfactant/water interfacial region, which is mainly 

composed of headgroups, counterions and water molecules. When changing the type of 

counterions or added ions, the original subtle balance between water, headgroup and 

counterions at the interface will be shifted, producing measurable changes in bulk 

properties. In extreme cases, nonionic surfactants like poly(ethylene oxide)/ 

poly(propyleneoxide) (PEO/PPO) don’t even have any counterions and their headgroup 
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has no strong electrostatic interaction with the added ions, but they still have specific ion 

effects that come from nonelectrostatic interaction between added ions and uncharged 

headgroups through hydrogen bonds, hydrophobic interactions and dipole-dipole 

interactions, which can change the hydration of headgroup and influence the balance of 

forces at the interface.49, 50 So specific ion effects are ubiquitous in surfactant solutions, not 

only in micellar solutions, but in other related surfactants systems such as microemulsions 

and emulsions.51, 52  

Our group has studied specific ion effects in surfactant systems extensively. For 

example, Dr. Yan Geng studied the NaBr salt effect onto the second cmc of 3 types of 

gemini surfactants N,N'-bis(dodecyldimethyl)-α,ω-alkanediammonium dibromide (12-n-

12 2X) with different lengths of the linking chain (n). The result showed that for 12-2-12 

2Br surfactant, adding NaBr will induce the micelles to transform from spherical to rod-

like shape with a dramatic increment of interfacial Br- concentration and decrement of 

interfacial water molarity, while 12-3-12 2Br and 12-4-12 2Br didn’t show a similar 

trend.53 Small variations on the headgroup structure bring big changes to the system bulky 

property, which again proves how sensitive the systems are to the change of interactions 

between counterions and headgroups.  

Our collaborators in Prof. Reiko Oda’s group has studied the specific counterion 

effects on 14-2-14 gemini surfactants properties.3 Their results showed that when the 

counterions were replaced from hydrophilic to hydrophobic ions, the surfactants properties 

such as the critical micelle concentration (cmc), micellization free energy and ionization 

degree roughly change according to the Hofmeister Series. A more extreme case is from 

Dr. Oda’s earlier paper,54 in which she found that by changing the counterions of gemini 
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surfactants into chiral tartrate ions, the shape of the micelles transformed from spherical 

shape into an unusual chiral twisted ribbon. These examples are only few of the large 

amount of strong specific ion effects phenomena in surfactants solution systems. 

In a word, specific ion effects in surfactants systems, no matter if it is from replacement 

of counterions, or addition of salts, originate from the specific ion interactions between 

counterions and headgroups at the surfactant/water interface.55, 56 

 

1.1.3 Specific ion effect on neat oil/water interface 

Besides surfactant/water interface, which is a partially-hydrophobic/water interface, 

the Hofmeister Series has also been studied at oil/water interfaces. Compared with 

surfactant/water interface, the oil/water interface has a bigger gap in polarity at the 

interfacial boundaries between two phases. In chemistry and biology the oil/water interface 

is a very important topic and related to many fundamental phenomena such as biomolecules 

solubility and stability,57, 58 interfacial water molecules behavior,59, 60 ions adsorption onto 

the interfaces61 and proteins folding & unfolding,59,62 because hydrophobic/water interface 

widely exists in these systems. However, direct studying the hydrophobic/water interface 

is not easy. Only in recent years the advancement in instrumentation is allowing scientists 

to study the hydrophobic/water interface from experimental63,64 and computational 

approaches.65,66 Previously only simpler systems such as air/water interface were studied 

and scientists tried to extrapolate the results to the oil/water interface.  

Specific ion effects are frequently studied at the air/water. Experimentally the air/water 

interface is simpler because phenomena at the interface are easy to be detected by common 
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experimental approaches. Unlike oil/water interface that the boundary of two phases may 

raise various problems such as reflection and contamination, air/water interface is cleaner 

and easier to handle. As an example, in molecular dynamic simulation studies on air/water 

interface, the air phase can be directly represented by vacuum.67, 68, 69, 70  

Experimentally, the air/water interface can be studied by a number of methods. 

Saykally’s group used sum frequency generation (SFG) and second harmonic generation 

to study selective ions adsorption at water surfaces.71 They found that thiocyanate shows 

an enhanced interfacial concentration at a water surface covered by a monolayer of 

dodecanol. Cremer’s group used vibrational sum frequency spectroscopy and observed 

specific ions adsorption onto different polymer species that spread at the water interface.64 

They found the ions order of affecting water molecules vibration frequencies matches with 

Hofmeister Series. Ghosal et al. demonstrated strong Br- and I- adsorption at water-air 

interface by using x-ray photoelectron spectroscopy which is specially designed for the 

purpose.72 The experimental result shows stronger ions adsorption than theoretically 

predicted. These powerful techniques clarify the specific ion effect on air/water interface.  

On the other hand, few papers report research directly on neat oil/water interfaces. 

Richmond’s group used SFG to study ions behavior on H2O/CCl4 interface73, 74 and found 

that different ions change the hydrogen-bonding network strength of interfacial water 

molecules to different extents. Wick’s group performed MD simulation on the same 

H2O/CCl4 interface and the results strengthen Richmond’s conclusion that larger and more 

polarizable ions have higher concentration at this interface.65 Jungwirth’s group used 

nonpolarizable MD simulations with electronic continuum correction to simulate the 

behavior of Br- and I- at the water/decane interface and then predicted that both ions are 
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concentrating at the interface.75 Most of related papers in literature are based on 

computational simulation and there are no experiments reported about specific ions 

adsorption onto neat oil/water interface except Richmond’s CCl4/H2O interface. There is a 

great gap between simulation predictions and experimental evidences waiting for people 

to fill.  

 

1.2 SURFACTANTS 

1.2.1 Introduction 

Surfactants are a category of molecules with both hydrophobic and hydrophilic 

functional groups in the structures (Figure 1-2). As a result it has affinity to both polar and 

nonpolar media. The polar part is called headgroup, while the nonpolar part is called tail. 

Surfactants self-assemble onto water/air, water/oil, and some water/solid interfaces, and 

also self-assemble in water. Aggregation of surfactants often leads to great changes in the 

system physical properties. Because of their amphiphility, surfactants have many 

applications such as cleaning, fracturing, oil recovery, lubricants, foaming agents, food 

preservation.76, 77, 78 
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Figure 1-2 Surfactants molecular structure 

 

The most common method for classifying surfactants is based on their headgroup charge 

type, including cationic, anionic, nonionic and zwitterioninc surfactants. Representative 

examples are shown below in Figure 1-3. 
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Figure 1-3 Typical categories of surfactants and representative molecules of 

each category.  

 

Surfactants aggregates have a plethora of structures that depends on surfactant, 

concentration, solvent and temperature (Figure 1-4).79 Generally in a surfactant/water 

mixtures, with increasing surfactant concentration the surfactants aggregates will transit 

from spherical to rod-like micelles, then to hexagonal stacking and a lamellar mesophase. 

If surfactants are mixed with water and oil, the mixtures may form thermodynamically 

stable microemulsions or unstable emulsions. Emulsions will gradually separate into 
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multiple phases. The properties of micelle, emulsions and microemulsions will be 

discussed in following sections.  

 

Figure 1-4 Various possible structures of surfactant aggregates 80  
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1.2.2 Micelles 

In aqueous solutions surfactants spontaneously self-assemble into micelles. At very 

low surfactant concentration, surfactants exist as isolated monomers. When the 

concentration of a particular surfactant reaches its characteristic critical concentration, 

which is called the critical micelle concentration (cmc), the monomers spontaneously 

assemble into micelles, with the tails forming a liquid-like hydrocarbon core and the 

hydrated headgroups and counterions surrounding the surface. This process is called 

micellization and it only happens spontaneously above the critical concentration. In the 

process of micellization the free energy of the system is lowered, which mainly derives 

from the increase in entropy of the system, rather than the decrement of enthalpy, due to 

the release of the hydration shell around the surfactant tail into the bulk water, which is 

greater than the entropy decrease derived from the surfactants self-assembling.81 The 

enthalpy change during micellization process is small because there are no chemical bonds 

formed or broken, only non-covalent interactions e.g. electrostatic interaction, hydrophobic 

interaction and van der Waals forces are involved in the process, which barely change the 

enthalpy of the whole system.   

The cmc, aggregation number and ionization degree are three very important 

properties and the next three sections will be about them.  

CMC 

As noted previously, surfactants spontaneously aggregate above the cmc. The cmc is 

not a point on concentration profile but in a narrow concentration range. During this 

transition various physical properties of the surfactants solutions change significantly. 
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Values of the cmc can be obtained by measuring the change of these physical properties 

when surfactants concentration is close to the cmc, such as conductivity, surface tension, 

nonpolar substance solubility, and diffusivities. Figure 1-5 illustrates the changes in a 

variety of physical properties with increasing surfactants concentration in general cases.82 

 

Figure 1-5 Dramatic change of surfactants solution physical properties when 

surfactants concentrations are around the cmc measured at ca. 1948. 83 
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The cmc depends on temperature, headgroup type, tail type, tail length, counterion 

type of ionic and type of solvents.84 Added components such as salts and organic small 

molecules can influence the value of cmc, indicating a change on the interactions between 

water and surfactants. 

Aggregation number 

The aggregation number is the average number of surfactant monomers per micelle. 

The real aggregation number of one micelle is not a constant value. On the contrary, at all 

times surfactant molecules leave and enter the micelles, changing the number of monomers 

per micelle. Statistically, the numbers of monomers in micelles should follow Gaussian 

distribution but the value of aggregation number that common experimental instruments 

measure is the average aggregation number. As long as the whole system reaches 

equilibrium, the aggregation number will become dynamically stable.  

The aggregation number is influenced by temperature85, counterion type86 and the 

shape of micelles (spherical, rod-like, lamellar, etc.). As the surfactant concentration is 

raised, micelles shape transform from spheres to rods or other shapes, the aggregation 

number will increase significantly.   

One common method used to measure aggregation number is Fluorescence 

Quenching.87 Fluorescent probes and quencher molecules are hydrophobic and strongly 

associate with micelles. When increasing the concentration of surfactants, the number of 

micelles increases so that the volume of micellar media increases and the fluorophore and 

the quencher concentrations within micelles are diluted, which slows down the quenching 

rate of fluorophore. By fitting the fluorescence decay rate with theoretical model, the 
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molarity of micelles as a whole can be obtained and the aggregation number can be 

calculated.88 

However, when considering chemical reactivity in micelles, the aggregation number 

may not be important at all. In the following sections the pseudophase model will be 

introduced, in which micellar solutions are treated as 2 phases systems: the micellar 

pseudophase and the aqueous bulky phase. The totality of all surfactants aggregates is 

treated as a single phase in which reactants reach distribution equilibrium between it and 

the bulk aqueous phase.89 No matter how large the aggregation number, as long as the total 

concentration of surfactant stays the same the volume of the micellar pseudophase remains 

unchanged, so the distribution of reactants between the two phases won’t change and its 

reactivity in the two phases will stay the same. So when dealing with chemical reactivity 

in micellar solutions, the aggregation number is not a critical factor to determine the results.  

 

Ionization degree 

The ionization degree, generally denoted as α, characterizes the fraction of counterions 

dissociated from micelles into the bulk phase. Above the cmc, surfactant monomers self-

assemble into micelles with the charged headgroups organized around the micellar core. 

The newly formed charged monolayer strongly attracts counterions and create a layer of 

counterions around the micellar core. A large fraction of the counterions associate in the 

interfacial region and move with the micelles, but the other fraction of counterions diffuse 

freely in bulk phase. Nevertheless the counterions are in dynamic equilibrium in and out 

of the micelles. When the interaction between counterion and headgroup is stronger, α is 
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smaller. If the interaction becomes weaker, α becomes bigger. So α can be used as an 

indicator of the strength of interaction between headgroups and counterions.  

There are two ways to calculate the ionization degree α. The most common way is that 

α is equal to the ratio of slopes of the conductivity-concentration plots above and below 

the cmc, respectively: 90 

𝛼𝑍 = 𝑆2 / 𝑆1 

Equation 1-1 

where S1 is slope of the conductivity-concentration plot below the cmc, S2 is slope of the 

conductivity-concentration plot above the cmc. 

However it was generally accepted that the αZ overestimates the ionization degree 

because this equation presumes that a micelle with n net charges has the same contribution 

to the conductivity of the micellar solution as n free ions in aqueous phase, which 

oversimplify the conductivity contribution of micelles.91 Evans proposed a new method 

backed up by Zana which corrected the calculation of the contribution of micelles to the 

solution conductivity.92, 81  

The conductivity of the surfactant solution when the concentration is below cmc is 

giving by equation 1-2:  

𝜅 =  𝜆𝑆𝐶𝑆 + 𝜆𝐶𝐶𝐶 

Equation 1-2 
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where 𝜆𝑆  and 𝜆𝐶  are the molar conductivities of the surfactant monomer ions and 

counterions for unit concentration in water and 𝐶𝑆  and 𝐶𝐶  are the concentrations of 

surfactant and counterions.  

Above the cmc, the conductivity is assumed to be the sum of three components: free 

surfactants, free counterions and micelles:  

𝜅 =  𝜆𝑆𝐶𝑆 + 𝜆𝐶𝐶𝐶 +  𝜆𝑀𝐶𝑀 

Equation 1-3 

where 𝜆𝑀  and 𝐶𝑀  are the conductivities and concentration of micelles. 

In Kwetkat’s paper, the conductivity of micelles is equal to 𝑁𝑎𝑔𝑔𝛼 ∗ 𝜆𝑆, which means 

that in micelles there is a fraction of monomers that no counterions associate to them, and 

the micelles conductivity is equal to the conductivity as though this fraction of monomers 

were in bulk phase.75  

𝜆𝑀 = 𝑁𝑎𝑔𝑔𝛼 ∗ 𝜆𝑆 

Equation 1-4 

To make the estimation more precise, Evans took into account the screening effect of 

counterions on micelle surface and corrected Equation 1-4 into Equation 1-5: 81 

𝜆𝑀 = 𝑁𝑎𝑔𝑔
5

3⁄ ∗ 𝛼2 ∗ 𝜆𝑆 

Equation 1-5 

So 𝑆2 can be redefined into Equation 1-6 by combining Equation 1-3 and Equation 

1-5 followed by some transformations: 3 
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𝑆2 =  𝛼𝐸
2𝑁𝑎𝑔𝑔

2
3⁄

(𝑆1 − 𝜆𝐶) + 𝛼𝐸𝜆𝐶 

Equation 1-6 

where λC is the conductivities of the free surfactant counterions, and αE is the Evans 

ionization degree. αE is obtained by solving Equation 1-6 with help from measured 𝑆1, 𝑆2, 

𝑁𝑎𝑔𝑔 and 𝜆𝐶. When the cmc is low, the λC at infinite dilution can be used in the equation. 

The Nagg value is obtained from fluorescence quenching experiment at 2x cmc and 3x cmc. 

It is widely accepted that the Evans ionization degree is closer to the real value than the 

original one. 

 

Reactivity in micelles – pseudophase model 

Studies have demonstrated that the polarity of micelle core is close to that of alcohols52, 

so many organic molecules tend to strongly dissolve into the micelles. The dissolving can 

significantly influence the chemical reactions between the solutes80 because reactants are 

concentrated within the micelle interfacial region, so the chance they meet and react 

becomes larger. Surfactants headgroup have electrostatic interactions with the reactants 

which also helps stabilize reaction intermediates and lower the activation energy.93, 94 

Several models were developed to describe the chemical reactions in micellar solution 

over the past several decades. The most successful one is the pseudophase model.95, 96  

The pseudophase model treats the sum of all micelles in solution as a separated 

pseudophase, and the distribution of molecules between the bulk water and the micellar 

pseudophase are described by association constant 𝐾𝑠, as show in Equation 1-7: 
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𝑆𝑊 + 𝐷𝑛

𝐾𝑠
⇔ 𝑆𝑀 

Equation 1-7 

where SW and SM indicate the substrates in water phase and micellar phase, and Dn stands 

for micellized surfactants. The KS is the distribution equilibrium constant of the substrates 

between the two regions, described by Equation 1-8: 

𝐾𝑆 =  
[𝑆𝑀]

[𝑆𝑊][𝐷𝑛]
 

Equation 1-8 

where [𝐷𝑛] =  [𝐷𝑇] − 𝑐𝑚𝑐 . [DT] is the stoichiometric concentration of surfactant 

molecules in solution. At concentrations above cmc the free surfactant monomer 

concentration is set to be equal to cmc. However, for most of cases [DT] >> cmc so cmc is 

usually negligible, i.e., [𝐷𝑛] ≈  [𝐷𝑇].  

The mass balance equation for the substrates defines the stoichiometric concentration 

of substrate ST, as illustrated in Equation 1-9:  

[𝑆𝑇] =  [𝑆𝑊] +  [𝑆𝑀] 

Equation 1-9 

The observed reaction rate of substances is the sum of the rates in two phases, the 

aqueous phase and micellar pseudophase:  

𝑅𝑎𝑡𝑒 =  𝑘𝑜𝑏𝑠[𝑆𝑇] =  𝑘𝑤[𝑆𝑊] +  𝑘𝑀[𝑆𝑀] 

Equation 1-10 
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where kobs, kw, kM are the observed aqueous and micellar rate constants. This equation is 

based on the assumption that reactants distributions are in dynamic equilibrium and the 

speed that the distribution reaches equilibrium is orders of magnitude faster than the 

reactions rates.97 However, this assumption might not work for fast enzyme-catalyzed 

reactions in micelles or photochemical reactions that are near the diffusion controlled 

limit.98 

 

Chemical Trapping Experiments 

As mentioned before, there are many methods that detect ions at liquid/liquid interface, 

but most of them are physical methods such as photon spectroscopy or electron 

spectroscopy.64 We have developed a special chemical method, named the chemical 

trapping method, that provide an estimate of the interfacial concentrations of ions and water 

molecules and it has been applied to different systems such as micellar solutions, emulsions 

and microemulsions.99 The essential part of this method is a surfactant-like long chain 

arenediazonium ion, or “probe” as we call it, and the logic is that the probe associates into 

the interfacial region because it is polar and ionic and its tail resides in the micellar core. 

The headgroup reacts with interfacial ions and water molecules and to give respective 

products. The products yields are measured and the amount of ions and water molecules at 

the interface can be estimated based on the yields, because interfacial ions and waters are 

competing with each other to react with the probe, so their molar ratio determines the ratio 

of their respective products. With help from a standard curve that provides the selectivity 
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of the arenediazonium ion toward ions and water molecules, the interfacial concentration 

of ions and water molecules is calculated.100 

The probe is a 4-hexadecyl-2,6-dimethylarenediazonium ion, abbreviated as 16-ArN2
+, 

prepared and stored as its stable BF4
- salt. The heterolytic reactivity of arenediazonium ion 

has been well studied by Zollinger.101 The reactions between the probe and nucleophiles 

are illustrated in Figure 1-6. The products are separated and quantified by HPLC to get the 

yields of dediazoniation reaction products.  

 

 

Figure 1-6 The dediazoniation reaction of the chemical trapping experiment 

probe. Main products include phenol and aryl product, where X is a nucleophile like 

water, e.g. Cl- 

In addition to ion and phenolic products, the dediazoniation reaction also produces 

other side products generally in low yield such as 4-hexadecyl-2,6-dimethylbenzene, 16-

ArH, 5-hexadecyl-7-methyl-1H-indazole, 16-ArInd, 4-hexadecyl-2,6-dimethylphenyl-

acetamide, 16-ArNHAc and 2-fluoro-5-hexadecyl-1,3-dimethylbenzene, 16-ArF. 16-ArH 

is produced by the reaction between 16-ArOH and the unreacted 16-ArN2
+, so when 

calculating the interfacial concentration of water molecules, %16-ArOH and %16-ArH 
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needs to be combined to represent the yield of phenol product formed from water. 16-ArInd 

is formed when 16-ArN2
+ is reduced by hydroxide ion or general base in water, so usually 

its production is suppressed by acidifying the solution pH. 16-ArNHAc is the product 

between MeCN and 16-ArN2
+. 16-ArF is from the decomposition of 16-ArN2

+ BF4
-. So 16-

ArInd, 16-ArNHAc and 16-ArF are not related to the competition between ions and water 

molecules to react with the probe. As a result, in the process of calculating water and ions 

interfacial concentrations, these compounds are not involved. They are needed when 

calculating the total yield of all dediazoniation products.  

To calculate the interfacial ion and water concentrations from the ratio of reaction 

products, the selectivity of probe toward ions and water molecule is an important parameter. 

The selectivity 𝑆𝑊
𝑋

 is defined as the ratio between %ArX
[X−]⁄  (the ions product yield 

for ions unit concentration) and %ArOH
[H2O]⁄  (the water product yield for water unit 

concentration), as shown in Equation 1-11. The %ArOH contains the yields of all products 

produced from water, so %ArOH = %16-ArOH + %16-ArH.  

𝑆𝑊
𝑋 ≡  

%ArX
[X−]⁄

%ArOH
[H2O]⁄

 

Equation 1-11 

If the selectivity is known to us, the interfacial concentration of ions and water will be 

easy to calculate based on the yields of phenol and substitution dediazoniation products. 

However, selectivity value cannot be directly obtained from yields at an aggregate interface, 

so an analog system is created to obtain the selectivity. The analog system is required to 
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simulate the environment of long chain arenediazonium ion at the interfacial region of 

micellar solution so that the same selectivity can be measured in the analog system. It was 

finally determined that an aqueous solution of M+X- salt with added water soluble 4-

methyl-2,6-dimethylarenediazonium ion, 1-ArN2
+, is a satisfactory analog system, where 

M+ can be Na+ or Me4N
+ or other cations, depending on the micellar solution, as illustrated 

in Figure 1-7. The dediazoniation reaction products of analog systems also contains phenol 

product 1-ArOH, substitution product 1-ArX and side products 1-ArNHAc. Due to the pH 

control in the analog system, the amounts of side products 1-ArInd, 1-ArH and 1-ArF are 

usually very low.  

 

Figure 1-7 (Left) Interfacial region of a micellar solution with cationic 

surfactant, 16-ArN2
+, and ion-pairing. (Right) Aqueous solution containing salt, 

MX, 1-ArN2
+.99 
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There are two assumptions required when using this analog system:  

1). 1-ArN2
+ selectivity toward ions and water molecule in aqueous solution is 

considered to be the same as 16-ArN2
+ at interfacial region, as shown in Equation 1-12 (in 

the equation the values on the left are for micellar solutions while the values on the right 

are for the analog systems.). This is reasonable because the length of hydrocarbon chain 

has little influence on the arenediazonium functional group’s reactivity. Additionally, 

previous studies show that first order rate constants of dediazoniation reactions of 

arenediazonium ion change very little in solvents of greatly differing dielectric constants, 

because the reactivity of arenediazonium functional group is very insensitive to solvent 

polarity and nucleophile concentration.102 The chemical environments of micelle interface 

and salt solution are very similar, so it is reasonable to assume that the selectivity of 1-

ArN2
+ in aqueous solution and the selectivity of 16-ArN2

+ at micellar interface toward ions 

and water molecules are the same.  

In real experiments, the measured 𝑆𝑊
𝑋

 is not unchanged all the time. Our previous 

studies show that the 𝑆𝑊
𝑋

 of 1-ArN2
+ gradually decreases with increasing [X-] because 

of the ion-pairs formation at high salt concentration which reduces the concentration of 

free X-. As a result, to correctly apply the 𝑆𝑊
𝑋

 obtained in analog system to the micellar 

solution, we assume that as long as local [X-] is the same in micellar interfacial region and 

in aqueous solution, the 𝑆𝑊
𝑋

 of 16-ArN2
+ and 1-ArN2

+ are the equal.  
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𝑆𝑊
𝑋 ≡  

%16 − ArX
[X−]𝑖𝑛𝑡𝑒𝑟𝑓

⁄

%16 − ArOH
[H2O]𝑖𝑛𝑡𝑒𝑟𝑓

⁄
=  

%1 − ArX
[X−]⁄

%1 − ArOH
[H2O]⁄

 

Equation 1-12 

2). Based on assumption in point 1, another crucial assumption can be deduced: when 

the %16-ArX in micellar solution is the same as %1-ArX in analog system, i.e., when %16-

ArX = %1-ArX, the interfacial concentration of X – in micellar solution is the same as 

concentration of X– in analog solution, i.e. Xm = [X]. For water molecules a somewhat 

relationship is used. Because the selectivity of arenediazonium ion in two environments 

are the same, %16-ArX = %1-ArX is certain to give that the local [X-] are the same in both 

environments.  

With these assumptions, standard procedures for estimating interfacial counterions 

concentrations can be established: 1) Determine the products yields of reaction between 1-

ArN2
+ and X– in analog salt solutions and create the standard curves of %1-ArX against 

[MX] in analog system. The salt concentrations are usually ranging from 0.5 M to 4.0 M. 

2) Conduct chemical trapping experiments with 16-ArN2
+ in micellar solutions at a certain 

surfactant concentration to obtain the dediazoniation products yields %16-ArX and %16-

ArOH. 3) By referring to the %1-ArX vs. [MX] standard curve that was obtained from 1-

ArN2
+ experiment, the interfacial concentration of X- can be calculated based on Equation 

1-12. The interfacial H2O concentration can be calculated by a similar procedure that 

includes the selectivity toward ions.  

Let’s take one of our group’s previous project as an example.100 In the paper, the 

chemical trapping method was used to measure the interfacial Br- and H2O concentrations 
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in CTABr(cetyltrimethylammonium bromide) micellar solution. Its analog system is the 

aqueous solution of TMABr(tetramethylammonium bromide). As illustrated in Figure 1-8, 

the standards curves of %1-ArBr vs. [TMABr] and %1-ArOH vs. [TMABr] were obtained 

from the analog system. The curves of %16-ArBr vs. [CTABr] and %16-ArOH vs. [CTABr] 

were measured in micellar solution. To obtain the Br- interfacial molarity at 0.01M CTABr, 

the %16-ArBr at 0.01M CTABr is first located, then referred to the %1-ArBr vs. [TMABr] 

standard curve to find its corresponding TMABr concentration(dashed line), which is 2.25 

M. Based on the analysis above, the interfacial Br- concentration in CTABr micelles is 2.25 

M, i.e. when the yields are the same, the concentrations are the same. After knowing 

[Br−]𝑖𝑛𝑡𝑒𝑟𝑓, with Equation 1-12 and the value of (%16-ArBr)/(%16-ArOH) obtained from 

HPLC results, it is very easy to calculate the value of [H2O]𝑖𝑛𝑡𝑒𝑟𝑓. 
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Figure 1-8 Dediazoniation product yields from reaction with H2O (top) and Br- 

(bottom) at 40 °C from reaction of 16-ArN2
+ in CTABr micelles (solid dot) and 1-

ArN2
+ in TMABr salt solutions (empty dot). To put the CTABr and TMABr data on 

the same scale, each stoichiometric TMABr concentration is multiplied by 0.1 100 

Compared to other interface characterization method, the chemical trapping method 

does not need expensive instruments and relies on the long chain arenediazonium ion probe, 

which is not hard to synthesize.100 It provides the unique interfacial ions and water 

concentrations of micelles that depict the scenario at the interface in a straightforward way. 

It can be a powerful tool to study specific ion effects at various kinds of interfaces.  
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1.2.3 Emulsions 

Emulsions are oil and water mixtures in which one liquid phase is dispersed in the 

other immiscible liquid phase. If water and oil are mixed without any other additives, the 

mixture is very unstable and will phase separate in a short time. Surfactants are typically 

used to make emulsions more stable because they interact simultaneously with both water 

and oil phases at the same time. Emulsions have application in many areas such as foods 

and food processing,103 pharmaceutics and clinical industry,104 cosmetics,105 and petroleum 

industry.106  

Emulsions are categorized into several types. Depending on which phase is the 

dispersing phase, emulsions can be classified into oil-in-water (o/w) type and water-in-oil 

(w/o) type. Depending on the droplet size, emulsions can be classified into normal 

emulsions and nanoemulsion (size < 1 µm). Microemulsion is a confusing name, but it is 

totally different from emulsion, because it is a thermodynamic stable system while 

emulsion is not. Metastable emulsions can be prepared by mechanically mixing the oil and 

water phases and their stabilities depend on various parameters such as the types of oil and 

surfactant, the method and strength of mixing, etc.  

Stability is a very important factor to evaluate the performance of emulsions. It means 

resistance to phase separation. Emulsion stability is maintained by repulsion between 

droplets, which comes from electrostatic and steric repulsions. Ionic surfactants are 

commonly utilized to prepare emulsions because its charged headgroup can slow droplet 

merging. Polymers, especially polysaccharides are usually added to emulsion to increase 

the stability because they can form a steric barrier on the surface of emulsion droplets to 
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increase stability.107 Emulsions stabilities can be modified by changing the type of oil, 

surfactants and other additives.  

Reactivity in emulsions 

Because emulsions have many applications in different industries, research on 

chemical reactivities in emulsions is of great importance. The pseudophase model is being 

used to interpret compounds’ reactivity in emulsions, in which the interfacial region is 

treated as a separate pseudophase that exists between water and oil phases, as in Figure 

1-9.108 

 

Figure 1-9 Illustration of pseudophase model of an emulsion. The interfacial 

region is the pseudophase and molecules reach equilibrium between it and the other 

two phases.  

In this model, reactants are in dynamic equilibrium between the aqueous, oil and 

interfacial regions of emulsions. Since the diffusivities of small molecules are orders of 

magnitude faster than the reactions in emulsions, the reactants will reach equilibrium state 

before chemical reactions start. To quantify the process, the emulsion’s total volume can 

be expressed as the sum of all three regions,  
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VTotal = Voil + Vinterface + Vwater 

where Vinterface = Vsurfactants because interfacial region is mainly composed by surfactants. 

Accordingly, the total reaction rate is equal to the sum of the rates in 3 regions:  

𝑅𝑎𝑡𝑒 =  𝑘𝑜𝑏𝑠[𝑆𝑇] =  𝑘𝑤[𝑆𝑊] +  𝑘𝐼[𝑆𝐼] +  𝑘𝑂[𝑆𝑂] 

Chapter 2 described how an arenediazonium ion probe is used to determine effect of 

added salts on the reaction rate between an antioxidant and an arenediazonium ion in the 

interfacial region of an emulsion. By monitoring the change of the reaction rate, the 

direction of the change in interfacial pH is discussed.   
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Chapter 2 Specific Ion Effect on Interfacial 

pH of Zwitterionic Emulsions 

The research is about specific ion effects on interfacial pH of a zwitterionic emulsion. 

Different kinds of salts have been added into emulsion prepared by glyceryl trioctanoate 

(GTO), water and zwitterionic surfactant N-tetradecyl-N,N-dimethylammonio-1-

propanesulfonate (SB3-14). The reaction rates of a pH sensitive reaction between the 

antioxidant (t-butylhydroquinone, TBHQ) and the arenediazonium ion probe (4-

hexadecylbenzenediazonium ion, 16-ArN2
+) has been measured at different salt 

concentration. Due to the nature of TBHQ and 16-ArN2
+, the reaction only occurs at the 

interfacial region of the emulsion, so the reaction rate changes with the variation of 

interfacial pH. Added NaX salts with different anions decrease the observed first order rate 

constant, kobs, for the reaction in the order: X– = ClO4
– > Br– ≈ CCl3CO2

– > Cl– > MeSO3
–.  

Added MCln salts of increasing cation valence at constant total Cl– concentration increase 

kobs in the order: Mn+ = Cs+ < Ca2+ < Al3+ in the same emulsions. The ions influence the 

interfacial pH through the specific interactions between the ions and surfactant headgroup.  

2.1 INTRODUCTION 

 In the absence of added salt, association colloids such as micelles, microemulsions and 

vesicles composed of zwitterionic surfactants are formally neutral, as are their analogs 

composed of nonionic surfactants.  However, the ion binding properties of zwitterionic 

interfaces in micellar solutions are more like those of cationic surfactants.  Both cationic 

and zwitterionic micellar interfaces selectively bind anions and the ion binding order 
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typically follows the Hofmeister series.79, 109, 110, 111 However, added ClO4
– precipitates 

cationic micelles, but zwitterionic micelles remain in solution. Results with zwitterionic 

micelles have been recently reviewed in detail.110 Specific ion effects on the properties of 

zwitterionic micelles have been dubbed the “chameleon effect” for the dependence of 

micellar charge on the change in ionic environment, common with zwitterionic surfactants, 

but not observed with cationic or anionic surfactants. Addition of salts to zwitterionic 

micellar solutions make the interface more negative and the interfacial charge depends 

strongly on anion type for sulfobetaines, like the surfactant studied here, N-tetradecyl-N,N-

dimethylammonio-1-propanesulfonate, SB3-14, Figure 2-1. The anionic interface attracts 

cations and creates an electrical double layer.112 The interfacial anion and cation 

concentrations can be significantly greater than in the surrounding aqueous region.112, 113 

The cartoon in Figure 2-1 illustrates selective anion binding and the increase in local cation 

concentration in the    
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Figure 2-1. Cartoon illustrating the effect of added NaX on the properties of 

zwitterionic interfaces, quaternary ammonium ions blue, sulfonate ions red.   

interfacial region of micelles of the zwitterionic surfactant, and, as we show here, 

zwitterionic emulsions. The locations of headgroups, anions, and cations in Figure 2-1 are 

hypothetical because the radial distributions of anions and cations and water in the vicinity 

of and within the interfacial region are unknown. The chameleon effect is a unique property 

of zwitterionic interfaces, i.e., selective anion binding/induced cation binding.110 It 

provides a coherent explanation for specific anion effects on acid catalyzed reactions and 

shifts in acid-base equilibria in micellar solutions based on pseudophase models.109, 110  

The binding orders of anions to zwitterionic interfaces are qualitatively consistent with the 

Pearson hard-soft concept,114 i.e., larger, more polarizable, less strongly hydrated anions 
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associate with zwitterionic interfaces more strongly than smaller, more strongly hydrated, 

less polarizable anions.  For the halide ions, the size of the effect follows the Hofmeister 

series: I– > Br– > Cl – > F–.115  Cations associate more weakly and less specificity but 

association increases with cation valence.112 

 Pseudophase kinetic models, originally developed to treat chemical reactivity in 

aqueous micellar solutions two score years ago, over time have been shown to work in 

microemulsions,116 vesicles,117, 118 nonionic emulsions,119 and very recently, cationic and 

anionic emulsions.120 Understanding emulsion effects on chemical reactivity is important 

because many important commercial applications and scientific research areas are 

emulsion based including: polymerization,121 lipid digestion,122 food preservation,123 water 

purification,124 phase transfer catalysis,125 and synthesis.126  

 Oil-in-water emulsions have the same basic properties as association colloids in terms 

of interpreting reactions within them, but one, droplet size. In micelles the “oil core” is 

composed of surfactant tails and in emulsions the droplets are “fat” with added oil (literally 

when the oil is a triglyceride). Typical scale ranges are: spherical micelles (2-5 nm); 

microemulsions (10-200 nm); and macroemulsions (200-50,000 nm).127 As with 

association colloids, we assume that molecular diffusion in micelles and in stirred 

emulsions is near the diffusion-controlled limit and that rates of ordinary thermal reactions 

are not affected by molecular diffusion in stirred, kinetically stable, emulsions. In 

pseudophase models, the totality of the surfactant aggregates in association colloids and 

oil-in-water (o/w) emulsion droplets are divided into the same three regions in which 

chemical reactions may occur, oil, interfacial and water.119 Thus, the primary differences 

between modeling reactions in micelles, emulsions and other surfactant aggregates are the 
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volume fractions of oil, surfactant and water. As a result, Figure 2-1 is applicable to all 

types of aggregated systems composition of SB3-14 or some other zwitterionic surfactant.  

 The aim of these experiments was to determine if adding salts containing different 

interfacial anions to emulsions prepared with zwitterionic surfactants also demonstrated 

chameleon-like properties. A SciFinder search for studies of chemical reactivity in 

zwitterionic emulsions came up empty, probably because: (a) emulsions are opaque and 

most methods for monitoring chemical reactions are typically carried out with 

spectrometers that require optically transparent solutions, or significantly higher reactant 

concentrations if NMR is used; and (b) emulsions are biphasic and only relatively recently 

were experimental methods developed for monitoring reactions within them.119  

 The results reported here show that the observed rate constant, kobs, for the reaction of 

the antioxidant (t-butylhydroquinone, TBHQ) with the arenediazonium ion probe (4-

hexadecylbenzenediazonium ion, 16-ArN2
+) in zwitterionic micelles of SB3-14 is strongly 

affected by the type and concentration of anion added to the emulsion, to a lesser extent by 

the valence of added cations, and that the results are fully consistent with the chameleon 

effect.110  

 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

 Inorganic salts, including AlCl3(H2O)6, glyceryl trioctanoate (GTO, ≥ 99%), tert-

butylhydroquinone (TBHQ, 97%) were purchased from Sigma-Aldrich. 3-(N,N-

Dimethylmyristylammonio)propanesulfonate (SB3-14,> 98%) was purchased from Fluka.  
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N-(1-Naphthyl)ethylenediamine dihydrochloride (NED, 96%) was purchased from Alfa 

Aesar. SB3-14 and TBHQ were recrystallized three times from ethanol and dried.  The 

cmc was determined by surface tension (Du Noüy tensiometer) and was without a 

minimum and was 0.288 mM. All other reagents were used without further purification. 4-

Hexadecylbenzenediazonium tetrafluoroborate (16-ArN2BF4) was synthesized from 4-

hexadecylaniline (Aldrich, 97%) by a method developed previously.100 All water used to 

prepare stock solutions and emulsions was doubly distilled and deionized. 

2.2.2 Preparation of emulsions and determination of kobs  

 A 1:1 oil:water emulsion was prepared in an Erlenmeyer flask by stirring together: 7.5 

mL of glyceryl trioctanoate (GTO) with 7.5 mL of an aqueous solution containing the 

following concentrations of stock components: (a) a 3.0 mM HCl solution (prepared from 

a 0.5 M standardized HCl); (b) 4 wt% SB3-14; (c) weighted amounts of inorganic sodium 

salts, NaX. The final concentrations of the components in the total emulsion volume: 2 wt% 

SB3-15 (0.055 M), 0.005 to 0.1 M NaX, and 1.5 mM HCl. Note that in 1:1 oil:aqueous 

emulsions that because the solubility of HCl in oil is negligible, [HCl] ≈ 3.0 mM in the 

aqueous region. Each mixture was stirred at constant speed using a bench top magnetic 

stirrer for about 30 minutes and the resulting emulsion was uniformly opaque and white. 

None of the emulsions showed visible signs of phase separation on standing without 

agitation until after about 1 day. The pH values of the emulsions were measured by using 

an Accumet AR50 pH-meter, standardized with pH 1.68 and 4.00 buffers. The pH values 

varied between 2.52 ~ 2.60 for all emulsions, Table 2-2. The emulsions containing sodium 

salts were transferred into a continuously stirred, water-jacketed cell, equilibrated at 27 °C. 

An aliquot (75 μL) of a 0.66 M TBHQ stock solution in MeOH (final concentration in the 
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total emulsion volume = 3.2×10-3 M) was added followed by an aliquot (43 μL) of 0.12 M 

16-ArN2BF4 stock solution in acetonitrile (final concentration in the total emulsion volume 

= 3.24×10-4 M) to initiate the reaction. The structure of the 16-ArN2
+ is shown in Figure 

2-2. As the reaction proceeded, aliquots (200 μL) of the reaction mixture were withdrawn 

from the cell at specific time intervals and placed in a series of test tubes containing 2 mL 

of 0.1 M NED in ethanol that reacts with 16-ArN2
+ to produce a purple dye with a strong 

UV absorbance. The half-life of the slowest reaction in 0.1 M NaClO4, Table 2-2, was ca. 

16 min and the reaction was complete (10 × t1/2) in 2.7 hours. Thus, the slowest reaction 

was significantly faster than the rate of phase separation without stirring and simple stirring 

keeps the phases mixed.  

 

Figure 2-2 Structure of the diazonium ion probe utilized in emulsion 

 

2.2.3 Determining kobs by Azo Dye-Derivatization Method 

 All absorbance measurements were taken on a Perkin-Elmer LAMBDA 45 UV/vis 

dual-beam spectrophotometer under room temperature. Each absorbance measurement was 

made in matched 1-cm cuvettes.   

The azo dye-derivatization method has been described earlier.128 The rate constant of 

reaction between 16-ArN2
+ and TBHQ in the emulsions was measured by trapping 

unreacted 16-ArN2
+ with the reagent NED as a function of time. The half-life of the 
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reaction, t1/2, between 16-ArN2
+ and NED, Figure 2-3, is less than 5 s, much shorter than 

the rate 

 

Figure 2-3 Reaction of the arenediazonium ion with N-(1-

naphthyl)ethylenediamine (NED) in ethanol to give an azo dye.128 

of reaction of TBHQ with 16-ArN2
+, ca. 70-2000 s, and NED rapidly consumes unreacted 

16-ArN2
+.  The UV-Vis absorbance of dye is linearly proportional to the concentration of 

unreacted 16-ArN2
+.  

 

2.2.4 Typical kinetic data processing 

 All kinetic data are processed in the same way to obtain the kobs. All reactions run in 

excess TBHQ, [TBHQ] >> [16-ArN2
+], and were first order in [16-ArN2

+]. Values of kobs 

were obtained from integrated first order expression for absorbance versus time,129 

equation s1, where At, Ao, and Ae are measured absorbance at any time t, at t = 0, and at t 

infinity, respectively, and the value of kobs is obtained from the slope of the line. 

              ln (𝐴t − 𝐴e) =  −𝑘obs𝑡 + ln (𝐴o − 𝐴e)                           
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 Figure 2-4 and Figure 2-5 show typical absorbance and ln Abs versus time plots used 

to obtain kobs. 

  

 

Figure 2-4 Absorbance and ln Abs versus time plots for emulsion with 0.1 M 

NaCl 
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Figure 2-5 Absorbance and ln Abs versus time plots for emulsion with 0.1 M 

NaClO4 

 

2.3 RESULTS 

 The reduction of a benzenediazonium ion by hydroquinone, HQ, is an overall second 

order reaction that includes a single electron transfer reaction step between the 

benzenediazonium ion, PhN2
+, and the anion of hydroquinone.130 In aqueous solutions, log 

kobs for HQ decreases with increasing solution acidity at pH values ≤ 9.  At constant pH 

or [H+], the reaction is generally first order in PhN2
+ and [HQ–].130 Note, square brackets 

here and throughout the paper indicate concentration units of moles per liter of total 

emulsion volume. We assume that the basic mechanism for reaction of TBHQ– and 16-

ArN2
+ is the same, Figure 2-6, and that 
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Figure 2-6 Overall reaction between 16-ArN2
+ and TBHQ.  

the observed rate is given by Equation 2-1,  

rate  =  k2[16-ArN2
+][TBHQ–]  =  kobs[16-ArN2

+] 

Equation 2-1 

where kobs and k2 are first and second order rate constants respectively, in units of s-1 and 

M-1s-1, Ka is the acidity constant of TBHQ, pKa = 10.8.131 

 Figure 2-6 summarizes the reduction pathway of 16-ArN2
+ by TBHQ showing 

deprotonation and reduction steps leading to the arene, 16-ArH, and t-butylquinone, TBQ 

products,130 in the interfacial region of SB3-14 emulsions. At pH values in the vicinity of 

the pKa of hydroquinone, 9.48,132 the rate of reaction with PhN2
+ is near the diffusion-

controlled limit130 and our results are consistent with this observation.  To slow the 

reaction with TBHQ sufficiently to monitor it by the dye-derivatization method used here, 

the stoichiometric [H+] was fixed at a single concentration for all runs at 1.5 mM in the 

whole emulsion. However, the measured pH varied somewhat with the salt added, Table 

2-2. Under these conditions, [TBHQ–] << [TBHQ] and  [TBHQ] > 10 x [16-ArN2
+] such 

that [TBHQ] is effectively constant. 
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 Prior research on the reaction of 16-ArN2
+ with TBHQ and other antioxidants in 

micelles, microemulsions and emulsions,89, 119 is consistent with 16-ArN2
+ being oriented 

in the interfacial region of surfactant aggregates with the surfactant headgroups, but the 

antioxidants are distributed between the oil, interfacial, and aqueous regions.  Figure 2-7 

shows the equilibria that influenced by the distribution of the 

 

 

Figure 2-7 Distributions of TBHQ, TBHQ–, and H+ between the oil, interfacial 

and aqueous regions of an emulsion in aqueous acid.   
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proton, the acid-base equilibria of TBHQ, and the distributions of its acid and base forms 

between the oil, aqueous, and interfacial regions. The same conceptual models are used to 

fit acid-base equilibria in micelles133, 134 and reactions in vesicles and microemulsions.116, 

117 Because 16-ArN2
+ is located in the interfacial region, negligible reaction occurs in the 

oil and aqueous regions and the observed rate depends on [TBHQ–] in the interfacial region, 

which in turn depends on the [H+] in the interfacial region. 

 Figure 2-8 contains plots of kobs versus [NaX] for 5 different sodium salts in emulsions 

of 1:1 vol:vol GTO:aqueous phase and the final concentrations in the whole emulsion are 

aqueous SB3-14 containing 2% by weight (0.055 M) SB3-14 and 1.5 mM HCl at 27 °C. 

Stoichiometric anion concentrations range from 0 to 0.1 M. The results in Figure 2-8 

clearly show that increasing [NaX] slows the TBHQ reduction of 16-ArN2
+ and that anion 

effectiveness at decreasing kobs follows the order: ClO4
– > Br– ≈ CCl3CO2

– > Cl– > MeSO3
–. 

Other anions were not included for a variety of reasons, e.g., because they might react with 

the arenediazonium by some other mechanism, e.g., I– or F– (HF2
– in acidic solution) or 

because they are not strong enough acids to be completely ionized in 3 mM HCl, e.g., acetic 

acid or bisulfate ions, whereas MeSO3
– is completely ionized and CCl3CO2

– substantially 

ionized in aqueous 3 mM HCl, assuming the pKas of the acids in the interfacial region and 

water are about the same. Finally, the five anions in the series are sufficient to demonstrate 

the trend and show that the effectiveness of the anions at slowing the reaction do not 

correlate with the pKas of their conjugate acids. 
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Figure 2-8 Effect of added NaX on kobs for the reaction between 3.24×10-3 M 

TBHQ and 3.24×10-4 M 16-ArN2
+ in an emulsion of 1:1 aqueous solution: GTO and 

the stoichiometric concentrations in emulsion are: 0.055 M (2% wt) SB3-14 and 1.5 

mM HCl at 27 °C. 
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Table 2-1 All values of the rate constants in Figure 2-8. Corresponding half lives 

are given in the parenthesis besides. For all sets of kinetic data, an average R2 > 

0.999 with a standard deviation of 0.001 for each reaction followed for 4-5 half lives 

were obtained. The high R2 demonstrates the reliability of our kinetic data. 

Conc. 

(M) 

kobs (s-1) ( t1/2 s) 

NaMeSO3 NaCl NaBr NaCl3CO2 NaClO4 

0 0.0215 (32.1) 

0.005 -- -- -- -- 0.00719 (96.0) 

0.01 

0.02012 

(34.3) 

0.01943 

(35.5) 

0.01360 

(50.7) 

0.01413 

(48.8) 

0.00442 (156.1) 

0.03 

0.01788 

(38.6) 

0.01501 

(46.0) 

0.01054 

(65.5) 

0.01058 

(65.2) 

0.00166 (415.7) 

0.06 

0.01579 

(43.7) 

0.01338 

(51.6) 

0.00756 

(91.3) 

0.00726 

(95.0) 

0.000929 

(742.8) 

0.1 

0.01400 

(49.3) 

0.01161 

(59.4) 

0.00697 

(99.0) 

0.00727 

(94.9) 

0.000708 

(974.6) 

 

To illustrate the relative effectiveness of the different ions at inhibiting the reaction, 

Table 2-2 lists kobs values at 0.1 M NaX, compared to kobs at NaX = 0 M.  Table 2-2 also 

shows the pKa values of the five salts, the k0MNaX/k0.1MNaX ratio, the factor by which kobs 
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decreases from 0 to 0.1 M NaX, and the equivalent pH required to reduced kobs by that 

factor in water. 

Table 2-2 Comparisons of the effects of added 0.10 M NaX on kobs for emulsions 

with the same compositions as in Figure 1.  The table includes: kobs values at 0.1 M 

NaX; ratios of kobs values at 0.1 M NaX and 0 M NaX; approximate values for 

equivalent interfacial H+ concentrations and the pH (see text); and literature pKa 

values for the conjugate acids of each salt. a. Equivalent interfacial hydrogen ion 

molarity. b. pH (calculated interfacial pH) = log (0.003 M HCl*k0.1MNaX/k0MNaX) c. 

NSDL, http://nsdl.org/resource/2200/20061121124513540T, Aqueous pKa Values, 

originally collected by W.P. Jencks and F.H. Westheimer and compiled by R. 

Williams. 

Salt type NaMeSO3 NaCl NaBr NaCCl3CO2 NaClO4 

102kobs (s
-1)0.0 M NaX 2.15 (3 mM HCl, pHcalc =  2.52) 

102kobs (s
-1)0.1 M NaX 1.40 1.16 0.697 0.727 0.0708 

k0M NaX/k0.1M NaX 1.54 1.85 3.09 2.96 30.4 

[H+
I] mMa 4.62 5.55 9.27 8.88 91.2 

pHb 2.34 2.26 2.04 2.05 1.04 

pKa (HX)c –0.6 –9.3180 –9.00 0.65 –10 (70%) 

  

http://nsdl.org/resource/2200/20061121124513540T


51 

 

 

 

Table 2-3 The concentrations of the different chloride salts when the 

concentration of Cl– are fixed at 0.1 M and the bulk H+ concentration in emulsions.  

MCln (n = 1-3) CsCl CaCl2 AlCl3 

Conc. (M) 0.10 0.050 0.033 

102kobs (s
-1) 1.20 1.44 1.89 

kobs/kCsCl 1.00 1.20 1.58 

Emulsion bulk pH 2.58 2.59 2.45 

Table 2-3 shows the effect of increasing cation valence on kobs at Cl– = 0.1 M. The 

corresponding [Cs+], [Ca2+] and [Al3+] are 0.1 M, 0.05 M and 0.033 M, respectively.  The 

stoichiometric concentration of HCl is 1.5 mM. The measured pH is approximately 

constant for CsCl and CaCl2, and a bit smaller for AlCl3.  This decrease for Al3+ is 

probably not caused by hydrolysis because in this pH range, the amount of hydrolysis 

should be negligible.135 In principle, increasing interfacial H+ concentration should slow 

the reaction between 16-ArN2
+ and TBHQ, however kobs is increased by the addition of 

Ca2+ and Al3+ compared to Cs+ and Na+ at 0.1 M Cl–. The increase in kobs with metal ion 

valence suggests that added cations displace interfacial H+ and the acid-base equilibrium 

for TBHQ shifts in favor of TBHQ– which speeds the reaction and therefore increases kobs. 

2.4 DISCUSSION 

 The kinetic results in stirred, opaque, SB3-14/GTO/aqueous acid emulsions are 

interpreted using the same basic pseudophase assumptions that we use to interpret the effect 

of nonionic emulsions on the reaction of TBHQ with the 16-ArN2
+:119 (a) the emulsion is 
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divided into three separate reaction regions, oil, interfacial, and aqueous; (b) neutral TBHQ 

partitions between all three regions;16-ArN2
+, because of its cationic surfactant properties, 

is located only in the interfacial region which is also the site of reaction; (c) the distributions 

of TBHQ depend on the totality of the volumes of the oil, interfacial, and aqueous regions 

which are the same in all experiments and therefore TBHQ distribution is independent of 

droplet size; (d) the diffusivities of the reactants are near the diffusion-controlled, their 

distributions are in dynamic equilibrium and many orders of magnitude faster than the 

observed rate of reaction of TBHQ and 16-ArN2
+. To a first approximation, the volume 

fraction of the interfacial region of 0.055 M SB3-14 is about 2% of the emulsion volume 

and the TBHQ volume is about 3% of the SB3-14 volume and the 16-ArN2
+ volume is 

about 10 times smaller than that of TBHQ. Thus the interfacial regions of the emulsion 

droplets function as a uniform reaction medium just like the oil and water regions. The 

application of the pseudophase model to emulsions is strongly supported by the good first 

order kinetics obtained in all experiments reported here and in other emulsions,119 For ionic 

and zwitterionic surfactants, the concept of specific ion binding by the interfacial region is 

also included.  

 The trends reported in Table 2-2 and Table 2-3, i.e., (a) the decrease in kobs with 

increasing [NaX] and with increasing anion size; and (b) the increase in kobs with increasing 

cation valence from +1 to +3, are consistent with prior specific ion effects produced by 

increasing anion concentration and size and with cation charge effects on reactions in 

zwitterionic micelles.110, 112, 119 The distributions of components of wide ranging 

concentrations that populate the interfacial region, SB3-14 (headgroups and nearby 

methylenes in the tail), TBHQ, TBHQ–, 16-ArN2
+, H+, Na+, and anions, X–, water and GTO, 
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are in dynamic equilibrium because their diffusivities are near the diffusion controlled limit 

and bulk stirring prevents phase separation. The reactive headgroup of 16-ArN2
+ is located 

in the interfacial region with negligible amounts dissolved in the GTO and aqueous regions. 

The fraction of TBHQ associated with zwitterionic emulsion interfaces at 0.055 M SB3-

14 is on the order of 90+%, assuming that it is similar to the binding of TBHQ to cationic 

and nonionic emulsions.119, 120 Changes in kobs are caused by changes in the concentration 

of the reactive anion, TBHQ–, induced by added anion or cation effects on the interfacial 

H+ concentration.  Thus, the basic assumptions used in the pseudophase model for the 

treatment of indicator equilibria and rate constants for zwitterionic emulsions are the same 

as those used for zwitterionic micelles110 and in pseudophase models of cationic and 

anionic micelles and emulsions.119, 120  The only difference between micelles and 

emulsions at the molecular level of the chemical reaction is that emulsion droplets are much 

fatter. 

 Addition of NaX salts to zwitterionic micelles leads to selective binding of anions 

more than cations as noted above. Selective binding of anions produces a net negative 

charge on the micellar interface, Figure 2-1, as shown zeta potential measurements in the 

presence of added salt in which the micelles migrate toward the positive electrode.110 The 

higher the concentration of added salt and the stronger the specific anion interaction with 

the SB3-14 micellar interfaces, the greater the negative charge on the micellar surface. The 

zeta potentials appear to approach a plateau at about 0.04 M, the highest concentration of 

NaX added, with the larger ions having greater zeta potentials, and the curves fit a 

Langmuir isotherm.109, 110 However, chemical trapping experiments show that the plateau 
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is only apparent because the interfacial molarities of Cl– and Br– increase gradually, but 

continuously up to about 1 M added NaCl and NaBr.113 

 Micelles of zwitterionic surfactants with negatively charged surfaces attract cations, 

both H+ and Na+ of NaX salts, although the local concentrations of these ions and the 

strengths of their interactions with the sulfonate group are not sufficient to neutralize the 

net negative charge of the interfacial region as shown by the zeta potential experiments.112 

Increasing the interfacial H+ concentration leads to protonation of TBHQ– to give TBHQ, 

Figure 2-7, which decreases [TBHQ–] and kobs, equation 1. The more strongly an anion 

associates with the interfacial region of SB3-14 emulsions the greater the increase in 

negative surface charge, the greater the increase in interfacial H+ (and Na+), thus increasing 

the degree of protonation of TBHQ–, and reducing kobs.  This explanation accounts for the 

Hofmeister order observed in Figure 2-8 and shown in Table 2-2 at 0.1 M NaX. Finally, 

the zeta potential becomes more negative with added ClO4
– than Cl– in micellar solutions 

of zwitterionic hexadecyl phosphorylcholine 136 showing that specific anion binding is 

more important than the location of the charges on the headgroup because the negatively 

charged phosphate is adjacent to the core instead of the quaternary ammonium group as in 

SB3-14. 

 Addition of the constant 0.1 M Cl– molarity of the salts of the three cation salts of 

increasing valence, Table 2-3, increase kobs in the order Cs+ < Ca2+ (20% increase) < Al3+ 

(60% increase). Note that in the pH range of these experiments, Cl- does not form strong 

complexes with Al3+ and complexes of the lower valence ions will be weaker.137, 138 These 

cations may complex the sulfonate group of SB3-14 to an increasing extent and give the 

interfacial region a net positive charge.112 Increasing the non reactive cation concentration 



55 

 

 

 

in the interfacial region reduces the interfacial H+ concentration and shift the acid-base 

equilibrium of TBHQ in favor of TBHQ–, Figure 2-7, and increase kobs as observed. 

  

2.5 CONCLUSIONS 

 The anion and cation specific salt effects (up to 0.1 M added salt) on kobs for reaction 

of t-butylhydroquinone with an amphiphilic arenediazonium ion in GTO and SB3-14 

emulsions follow the Hofmeister series for the anions (ClO4
– > Br– ≈ CCl3CO2

– > Cl– > 

MeSO3
–) and ion valence for cations (Cs+ < Ca2+ < Al3+).  These results are fully 

consistent with the pseudophase kinetic models used in micelles and demonstrate that these 

models are applicable not only to homogeneous surfactant solutions, but also stirred, two-

phase emulsions prepared with sulfobetaine zwitterionic surfactants.  The results also 

suggest that “tuning” the rates of acid-sensitive reactions in zwitterionic emulsions can be 

accomplished by selecting the right salt concentration and anion type, may be useful in 

phase transfer catalysis125 or for promoting reactions between water insoluble organic 

substrates that are catalyzed by acid or base or react with nucleophiles.126 
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Chapter 3 Specific Ion Effects on the 

Micellization of Gemini Surfactants with 

Different Counterions 

The research is about specific counterions effects on the properties of gemini surfactant 

10-2-10 2X (X represents carboxylates groups from formate (C1) to octanoate (C8). It is 

conducted from 2 approaches. One is measuring physical properties of the micellar solution 

such as critical micelle concentration (cmc), aggregation number (Nagg), ionization degree 

(α) and free energy of micellization (ΔG°M). The second approach is to measure interfacial 

molarity of the counterions with chemical trapping method that was developed in our group. 

The results show that as the hydrophobicity of the counterions increases, the physical 

properties and interfacial counterion concentrations change synchronously, and the 

variations of macroscopic and microscopic properties are well correlated, especially for 

ionization degrees and the interfacial counterion concentrations.  

3.1 INTRODUCTION 

Since Franz Hofmeister first reported specific ion effects on protein precipitation, 

scientists have carried out thousands of studies on specific ion effects on surfactant 

aggregates which can be used as a prototype of protein surface.3, 139, 140, 141, 142, 143, 144 The 

effectiveness orders of anions and cations are called the Hofmeister Series. The micellar 

interfaces are good model systems for biological interfaces because many surfactants have 

carboxylate and ammonium functional groups, which are common polar functional groups 

at protein interfaces. The micelle interface is a hydrophobic/water interface, which is 
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similar to the interface of proteins and biomolecules. So the studies on the specific ion 

effects in micellar solutions can provide meaningful guidance to the understanding of salt 

effects in biological areas.145, 146 

Specific ion effects on surfactants properties such as solubility, critical micelle 

concentration, aggregation number and ionization degree generally follow the Hofmeister 

series.3, 5, 6, 50, 147, 148, 149, 150 Classical theories that treat ions as point charges can not explain 

the Hofmeister Series as noted in Chapter 1. Many attempts have been made to correlate 

the Hofmeister series with various ion properties, for example the free energy and entropy 

of hydration, free energy of transfer from an aqueous to organic phase, partial molar 

volume, hydrated ionic radius and polarizability.41, 151, 152, 153 However there is still a lack 

of satisfactory explanation to the Hofmeister Series at molecular level. The ultimate goal 

of this research is to find a general model that explains the Hofmeister series and also 

predicts the behavior of uninvestigated ions in new systems. For micellar systems, the key 

to understanding the change of their various physical properties is knowing about the subtle 

balance of interactions between water molecules, headgroups, counterions and 

hydrophobic tails at the interface. Ions affect the balances of these forces at the interface, 

and the subtle balances finally determine the physical and chemical properties of the 

micellar systems.16 

Our collaborator Dr. Reiko Oda’s group has investigated ion specific effects on various 

properties of cationic surfactants, such as micellization, solubilization and melting 

behaviors.3, 54 The aliphatic carboxylate ions show clear trends in their effects on the cmc, 

aggregation number, ionization degree and micellization free energy. They are good 

models to show the effect of counterion hydrophobicity on micelles properties. However, 
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although the specific ion effects of ions on bulk properties of micelles have been 

intensively studied, their effects on microscopic interface properties were rarely explored. 

In this chapter, I used chemical trapping method to determine the local concentrations of 

carboxylate counterions at gemini surfactant micelles interface. The physical properties 

such as cmc, aggregation number and ionization degree were measured and correlated to 

the interfacial counterion concentrations. 

As introduced in Chapter 1, chemical trapping method was developed to estimate the 

interfacial molarities of counterions and water on the micellar interface.99, 154, 155 Reference 

experiments were carried out in aqueous carboxylate solutions with 1-ArN2
+, the standard 

curves for reactions between carboxylates and arenediazonium ion were obtained. 

Applying the standard curve onto the results of 16-ArN2
+ reactions in carboxylate gemini 

surfactant micellar solutions will finally give the interfacial concentrations of carboxylate 

counterions and water molecules at the micelles interface. Previous results from our 

group53 confirmed that in the solutions containing mM scale concentration of surfactants 

the interfacial molarities of counterions can reach 1.0 – 3.0 M, which means there is a 

dramatic concentrating effect on counterions as they transfer from bulk phase to micelle 

interfaces. Ion types and stoichiometric concentrations also have significant effects on 

counterions association onto the interface through influencing the delicate balances of 

various interactions on micelles surface.3, 144, 155  

This study is a part of a larger study on the specific counterions effect on cationic 

gemini surfactant 10-2-10 2X micelles with chemical trapping experiments and MD 

simulations. In this study the interfacial molarities of counterions and H2O in 10-2-10 2X 

gemini surfactant micelles with X = acetate (C2), propionate (C3) and butyrate (C4) were 
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estimated. The results were compared with the measured cmc, aggregation number and 

ionization degree to correlate the microscopic and macroscopic properties obtained in 

Bordeaux by our collaborators.  

 

3.2 EXPERIMENTAL SECTION 

3.2.1 Synthesis of gemini surfactants 

Quaternary ammonium 10-2-10 2X gemini surfactant with different counterions were 

synthesized according to the procedure reported for 14-2-14 2X salts by Manet et al.3 with 

modification.  

 

Figure 3-1 Molecular structure of 10-2-10 2X gemini surfactant 

10-2-10 2Br was synthesized by a dialkylation reaction of N,N,N’,N’-tetra-

methylethylenediamine (TMEDA) with decylbromide. It is used as a starting material to 

synthesize other gemini surfactants. The following synthetic routes were selected based on 

the pKa of the conjugate acid of counterions: if the pKa of the conjugate acid of counterions 

is higher than 3, then the gemini surfactants can be synthesized by the following reaction:  

HX + Ag2CO3 + 10 − 2 − 10 2Br  →   10 − 2 − 10 2X + AgBr 
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where X can be various carboxylates. If the pKa of the conjugate acid of counterions is 

lower than 3, then the gemini surfactants can be synthesized with the help of 10-2-10 2Ac: 

2AgAc + 10 − 2 − 10 2Br →  10 − 2 − 10 2Ac + 2AgBr 

2HX + 10 − 2 − 10 2Ac →  10 − 2 − 10 2X + 2HAc 

where X can be various halides, SCN-, etc. Specific synthesis steps are described below.  

Synthesis of 10-2-10 Br 

1-bromodecane (62.2 mL, 65.94 g, 298 mmol) was added to an MeCN solution (120 

mL) of N,N,N’N’-tetramethylenediamine (15 mL, 11.55 g, 99.4 mmol) at molar ratio 1:3 

and the reaction mixture was stirred at 80 °C for 48 h. The mixture was cooled to 4 °C and 

the precipitate was filtered and washed with acetone (3x500 mL), dried under vacuum and 

lyophilized. 10-2-10 2Br was obtained as a white solid in 85% yield (47.2 g, 84.5 mmol). 

1H NMR  (300 MHz, methanol-D4, 25˚C, δ in ppm): δ = 4.06 (s, 4H, (CH3)2N
+-(CH2)2-

N+(CH3)2), 3.51 (m, 4H, CH3-(CH2)7-CH2-CH2-N
+-), 3.28 (s, 12H, (CH3)2N

+-(CH2)2-

N+(CH3)2), 1.85 (m, 4H, CH3-(CH 2)7-CH2-CH2-N
+), 1.42-1.31 (m, 28H, CH3-(CH2)7-CH2-

CH2-N
+), 0.90 (t, 6H, CH3-(CH2)9-N

+). 13C NMR (300 MHz, MeOD, 25˚C, δ in ppm): 65.6 

(+NCH2), 55.8 (+NCH2), 50.5 (+NCH3), 31.7 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 

28.9 (CH2), 25.9 (CH2), 22.4 (CH2), 22.3 (CH2), 13.1 (CH3). 

Synthesis of 10-2-10 2Ac 

Silver acetate (22.41 g, 134.3 mmol) was added to a MeOH solution (200 mL) of 10-

2-10 2Br (30 g, 53.7 mmol) at a molar ratio of 2.5:1. The flask was wrapped in aluminum 

foil to block the light, and the solution was stirred at 40 ˚C until the completion of the 
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acetate-bromide ion exchange. Product was analyzed by 1H NMR to check the appearance 

of a signal at 1.90 ppm, which belongs to the methyl group of acetate anion. Small amount 

of unreacted gemini bromide cannot be detected by 1H NMR, so an additional method was 

applied. An aliquot of the reaction mixture was taken and an excess of silver acetate was 

added to this aliquot, followed by heating the mixture at 60 °C for 10 min to accelerate the 

anion exchange between acetate and Br-. Then the mixture was exposed to light. If the ions 

exchange was not complete, this mixture would become black due to the AgBr reduce to 

black silver metal and molecular Br2. If the exchange reaction was complete, the test will 

be negative, and no black silver metal will be produced. After the reaction is completed, 

the mixture was filtered through celite. After vacuum evaporation of the solvent, the 

residue was redissolved in MeOH at 60 °C and then recrystallized with 700 mL of acetone. 

10-2-10 2Ac was obtained as white crystals in 70% yield (19.4 g, 37.6 mmol). 1H NMR 

(300 MHz, MeOD, 25 ˚C, δ in ppm): δ = 3.94 (s, 4H, (CH3)2N
+-(CH2)2-N

+-(CH3)2), 3.42 

(m, 4H, CH3-(CH2)7-CH2-CH2-N
+-), 3.20 (s, 12H, (CH3)2-N

+-(CH2)2-N
+-(CH3)2), 1.90 (s, 

6H, CH3-COO-), 1.82 (m, 4H, CH3-(CH2)7-CH2-CH2-N
+-), 1.41-1.30 (m, 28H, CH3-

(CH2)7-CH2-CH2-N
+-), 0.90 (t, 6H, CH3-(CH2)9-N

+-). 13C NMR (300 MHz, MeOD, 25˚C, 

δ in ppm): 178.7 (C=O), 65.6 (+NCH2), 55.7 (+NCH2), 50.3 (+NCH3), 31.7 (CH2), 29.3 

(CH2), 29.2 (CH2), 29.0 (CH2), 28.9 (CH2), 25.9 (CH2), 23.2 (CH3CO2), 22.4 (CH2), 22.3 

(CH2), 13.1 (CH3). 

Synthesis of 10-2-10 2X surfactants with carboxylate counterions, C3, C4, C6, C8 

Since the conjugate acid of the carboxylate counterions have pKa > 3, the gemini 

surfactant was prepared by mixing Ag2CO3 (0.75 eq.) and HX (1 eq., X = C3, C4, C6, C8) 

in MeOH (75 mL) under continuous stirring at 40 °C for 30 min. Then 10-2-10 Br (0.4 eq.) 
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dissolved in 75 mL MeOH was added into the mixture, and stirred at the 40 °C for 2 days. 

To prevent photolysis of silver salt, aluminum foil was used to protect the reaction mixture 

from light. 

When the reaction was finished, the solvent was concentrated under vacuum and the 

silver salts were removed by filtration through celite for several times. Then the excess 

methanol was evaporated off. Impure C3-C4 gemini surfactants crystals were 

recrystallized from 10 mL CH3CN at 60 oC. Impure C6-C8 gemini surfactants were 

recrystallized from the methanol/acetone solvent pair at 60 oC. Recrystallization needed to 

be repeated for several times until the crystals became white powder. Final products were 

dried under vacuum. The yields were between 70-80% for all gemini surfactants. 10-2-10 

2C3 1H NMR (300 MHz, MeOD, 25˚C, δ in ppm): δ = 3.94 (s, 4H, (CH3)2N
+-(CH2)2-N

+-

(CH3)2), 3.42 (m, 4H, CH3-(CH2)7-CH2-CH2-N
+-), 3.21 (s, 12H, (CH3)2-N

+-(CH2)2-N
+-

(CH3)2), 2.22 (m, 4H, CH3-CH2-COO-), 1.83 (m, 4H, CH3-(CH2)7-CH2-CH2-N
+-), 1.41-

1.30 (m, 28H, CH3-(CH2)7-CH2-CH2-N
+-), 1.10 (t, 6H, CH3-CH2-COO-), 0.90 (t, 6H, CH3-

(CH2)9-N
+-). 

10-2-10 2C4 1H NMR (300 MHz, MeOD, 25˚C, δ in ppm): δ = 3.94 (s, 4H, (CH3)2N
+-

(CH2)2-N
+-(CH3)2), 3.42 (m, 4H, CH3-(CH2)7-CH2-CH2-N

+-), 3.21 (s, 12H, (CH3)2-N
+-

(CH2)2-N
+-(CH3)2), 2.13 (m, 4H, CH3-CH2-CH2-COO-), 1.65-1.52 (m, 4H, CH3-CH2-CH2-

COO-), 1.41-1.30 (m, 28H, CH3-(CH2)7-CH2-CH2-N
+-), 0.94-0.87 (m, 12H, CH3-(CH2)9-

N+- + CH3-CH2-CH2-COO-).  

10-2-10 2C6 1H NMR (300 MHz, MeOD, 25˚C, δ in ppm): δ = 3.94 (s, 4H, (CH3)2N
+-

(CH2)2-N
+-(CH3)2), 3.42 (m, 4H, CH3-(CH2)7-CH2-CH2-N

+-), 3.21 (s, 12H, (CH3)2-N
+-

(CH2)2-N
+-(CH3)2), 2.13 (m, 4H, CH3-CH2-CH2-CH2-CH2-COO-), 1.65-1.52 (m, 4H, CH3-
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CH2-CH2-CH2-CH2-COO-), 1.38-1.29 (m, 36H, CH3-(CH2)7-CH2-CH2-N
+- + CH3-CH2- 

CH2-CH2-CH2-COO-), 0.94-0.87 (m, 12H, CH3-(CH2)9-N
+- + CH3-CH2-CH2-CH2-CH2-

COO-). 

10-2-10 2C8 1H NMR (300 MHz, MeOD, 25˚C, δ in ppm): δ = 3.94 (s, 4H, (CH3)2N
+-

(CH2)2-N
+-(CH3)2), 3.42 (m, 4H, CH3-(CH2)7-CH2-CH2-N

+-), 3.21 (s, 12H, (CH3)2-N
+-

(CH2)2-N
+-(CH3)2), 2.13 (m, 4H, CH3-CH2-CH2-CH2-CH2-CH2-CH2-COO-), 1.65-1.52 (m, 

4H, CH3-CH2-CH2-CH2-CH2-CH2-CH2-COO-), 1.41-1.31 (m, 44H, CH3-(CH2)7-CH2-

CH2-N
+- + CH3-CH2-CH2-CH2-CH2-CH2-CH2-COO-), 0.94-0.87 (m, 12H, CH3-(CH2)9-

N+- + CH3-CH2-CH2-CH2-CH2-CH2-CH2-COO-). 

 

3.2.2 Chemical Trapping Experiments 

Chemical trapping reactions were conducted in gemini surfactants micellar solutions 

following the routine procedure. Percent yields of products %16-ArOH and %16-ArX (X 

= C2, C3 and C4) were measured by HPLC. A parallel set of trapping experiments were 

conducted with 1-ArN2
+ in aqueous MX solutions to determine the selectivity of 

arenediazonium ion toward X– and H2O at each [MX]. The selectivity values in MX 

solutions were not constant, but gradually decreased with increasing MX concentration as 

observed in these and prior experiments. Following the rule mentioned before, when the 

yields are the same, the concentrations are the same, so when the yield of %16-ArX in the 

micellar interface are the same as the yield of %1-ArX in MX solution, the interfacial 

molarity of X- of the micelles are the same as the bulk molarity of X- in the MX solution.100 
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Longer counterions such as C6 was not considered in the experiment because phase 

separation occurs when HC6 was added into the micellar solution to adjust pH and there 

was no effective mixing methods that made the situation better. The aqueous solution of 

the analog salt of the surfactant headgroup 1-2-1 2C2 was chosen to be the reference system. 

The standard curve obtained from 1-2-1 2C2 solution was applied to the experimental data 

of 10-2-10 2C2, 10-2-10 2C3 and 10-2-10 2C4 chemical trapping experiments, meaning 

that the selectivity of arenediazonium ions towards all three carboxylates and water was 

the same, because the carboxylates share the same functional group. The measurement of 

1-2-1 2C2 standard curve and the identification of related products were carried out by Dr. 

Changyao Liu and they are summarized in the supplementary information section. The 

details of 10-2-10 2X and 1-2-1 2X experiments are described below.  

General Methods  

HPLC measurements were performed on a Perkin-Elmer Series 200 equipped with a 

UV/Vis detector, a Varian Microsorb MV C18 column (length, 25 cm; particle size, 5 μm), 

and a computer-controlled Perkin-Elmer 600 Series Interface. All pH values were obtained 

by a Fisher AR50 dual channel pH/Ion/Conductivity Meter. 1H NMR spectra were recorded 

on Varian VNMRS 400 and 500 MHz spectrometers. 

Standard curve obtained in aqueous 1-2-1 2C2 reference solutions with 1-ArN2
+ 

Before experiment the 1-2-1 2C2 was vacuum dried for several days until it reached 

constant weight. During experiment the calculated salt was weighed in a 10 mL flask and 

water was added to the mark. The weight of added water was measured as well. The 

weights of water and salt were used to calculate the molarities of C2 and H2O. The 1-2-1 
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2C2 solutions are basic ( CH3CO2
- + H2O -> CH3CO2H + OH- ) and were acidified by 

adding glacial acetic acid (HCl was not used here because Cl- would compete 1-ArN2
+ with 

C2). The solutions were titrated to ca. pH 6. The titration was monitored by using a pH 

meter. To initiate the dediazoniation reactions, 10-20 μL of freshly prepared stock solution 

of 1-ArN2BF4 in ice-cold MeCN was added to give a final probe concentration of 4-4.5 x 

10-3 M. 50-100 μL of cyclohexane were layered on top of the solutions to prevent the 

evaporation of volatile 1-ArX and 1-ArOH products (the long chain products, 16-ArX and 

16-ArOH, are not volatile). The volumetric flasks were sealed with Parafilm and 

equilibrated at 25 oC for 24 hours. Prior to HPLC analysis, the product mixture was diluted 

5-fold with MeOH to dissolve the cyclohexane and the aqueous salt solution. HPLC 

conditions for products separation were the following: an 80% MeOH/20% H2O (v/v) 

mobile phase; flow rate = 0.6 mL/min; detector wavelength λ = 230 nm; the injection 

volume was 50 μL. Percent yields were obtained from average values of peak areas from 

triplicate injections. The standard curve of acetate was measured by Dr. Changyao Liu as 

shown in Figure 3-2, even though the SW
Ac scatters at higher 1-2-1 2Ac concentration, the 

fluctuation is within ±10%. The standards curve of other carboxylates were assumed to be 

the same as acetate because they share the same functional group. The selectivities of 

carboxylates used during calculation are listed in Table 3-3 - Table 3-5 in section 3.6, 

Supporting Information.  
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Figure 3-2 SW
Ac as a function of [Ac-] measured in analog 1-2-1 2Ac solutions at 

25 oC and pH6. Detail information can be found in Table 3-9, Supporting 

Information 

 

Chemical trapping experiments with 16-ArN2
+ in aqueous 10-2-10 2C2, 2C3, 2C4 

micellar solutions 

2 mL 10-2-10 2X aqueous surfactant solutions were prepared at different 

concentrations (surfactants concentrations can be found on the x axis of Figure 3-5). Prior 

to the addition of 16-ArN2BF4, the solutions were titrated dropwise to ca. pH 5 (different 

from 1-2-1 2C2 experiments, 10-2-10 2X experiments need a lower pH to suppress the side 

products) with corresponding conjugate acids of counterions (HX, X = C2, C3, C4). Then 
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20 μL freshly prepared stock solutions of 16-ArN2BF4 dissolved in ice-cold MeCN was 

added to the 2 mL 10-2-10 2X micellar solutions. The final probe concentration was around 

10-4 M. The volumetric flasks were sealed and thermostated at 25 oC for 24 hours. HPLC 

conditions for products separation were: a 65% MeOH/35% i-PrOH (v/v) mobile phase; 

flow rate = 0.4 ml/min; detector λ = 220 nm; and the injection volume was 100 μL. Percent 

yields were obtained from average peak areas of triplicate experiments. Figure 3-3 shows 

a typical chromatogram of the reaction products of 16-ArN2
+ in 10-2-10 2X solutions. The 

amount of HX used in experiments and the final products yields are listed in Table 3-10, 

Table 3-11, and Table 3-12 in the supplementary information session. 

 

Figure 3-3 Typical chromatogram of 16-ArN2
+ reaction in 10-2-10 2C2 solution. 

Reactions in other 10-2-10 2X (X = C3, C4) will generate similar chromatograms. The 

peak at ~47 minutes is an unknown peak and details are in the Discussion section.  

3.2.3 Electrical conductivity measurements 

Critical micelle concentration (cmc) values (Table 3-7) were measured by using a 

Benchtop CONSORT C860 meter with platinum electrode SK10T (Belgium). The 

temperature was maintained at 30 ± 0.1 ˚C using a Huber Ministat cc thermostat. 

All solutions were prepared with milliQ water (18.2 MΩ·cm). The surfactant 

concentration was increased by adding aliquots of a concentrated stock solution (0.1 M). 
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At each concentration the solution was stirred for 5-10 min to ensure equilibrium was 

reached prior to collecting data. The cmc was determined by using the Williams and 

Phillips method,156 which linearly fits the both linear parts of the conductivity plot below 

and above the cmc. The intersection point is the cmc.81 

3.2.4 Ionization degree, α 

The degree of ionization was obtained by using both the original equation defining 𝛼𝑍 

and Evans’ method, as introduced in Chapter 1. The original method is straightforward: 

the ionization 𝛼𝑍 is a ratio of the slopes of the conductivity plot above and below the 

cmc:81 

𝛼𝑍 = 𝑆2 / 𝑆1 

Equation 3-1 

where S1 is slope of the specific conductivity as a function of concentration below the cmc, 

S2 is slope of the specific conductivity as a function of concentration above the cmc. 

Evans Equation 3-2 also provides an estimate of α with the 2 slopes above and below 

the cmc:157 

𝑆2 =  𝛼𝐸
2𝑁𝑎𝑔𝑔

2
3⁄

(𝑆1 − 𝜆𝑋) + 𝛼𝜆𝑋 

Equation 3-2 

where λX represents the equivalent molar conductivity of the surfactant counterion, and αE 

is the Evans ionization degree. However, because gemini surfactants have two headgroups 

and two chains per amphiphile monomer, Equation 3-2 must be corrected by multiplying 

λX  with 2,3 giving Equation 3-3:  
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𝑆2 = 𝛼𝐸
2𝑁𝑎𝑔𝑔

2
3⁄

(𝑆1 − 2𝜆𝑋) + 𝛼𝐸2𝜆𝑋 

Equation 3-3 

Note that Nagg was measured at 2x cmc and 3x cmc in our study. Nagg cannot be 

determined at the cmc concentration because only a very small fraction of the surfactant 

monomer aggregate to micelles.  

3.2.5 Free energy of micellization 

The Gibbs energy of micellization ΔG°M of single chain ionic surfactants is usually 

given by the equation:158 

∆𝐺𝑀
𝑜 = 𝑅𝑇(1 + 𝛽) ln 𝑐𝑚𝑐 

Equation 3-4 

where 𝛽 is the counterion degree of binding by definition (𝛽 = 1 − 𝛼), and calculated by 

using the ionization degree estimated from Evans’ model. R. Zana 158 described ΔG°M 

equations for the different types of ionic surfactants by taking into account various factors 

such as the numbers of hydrophobic and hydrophilic substructures per molecule, per 

charge, and per numbers of counterions, headgroups and added salt, etc.. For gemini 

surfactants with two monovalent headgroups linked to two tails and two monovalent 

counterions, the free energy of micellization per mole of surfactant is:86  

∆𝐺𝑀
𝑜 = 𝑅𝑇(0.5 + 𝛽) ln 𝑐𝑚𝑐𝑐ℎ𝑎𝑖𝑛 − 𝑅𝑇 ∗ ln 2 /2 

Equation 3-5 

Where cmc𝑐ℎ𝑎𝑖𝑛 is the molarity of each alkyl chain, so in Equation 3-5 
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cmcchain = 2 ∗ cmcgemini surfactant.  

3.2.6 Aggregation Numbers 

The average aggregation numbers (Nagg) of the micelles for the different surfactants 

were determined by using time-resolved fluorescence quenching.159, 160, 161 The 

fluorescence decay curves were recorded on a FL3-22 SPEX spectrofluorometer equipped 

with a pulsed nanosecond LED excitation source at ambient temperature. The excitation 

wavelength was 310 nm, and the emission was at 370 nm. 1-methylpyrene and 

cetylpyridinium chloride were used as the fluorescent probe (P) and quencher (Q), 

respectively. The measurements were carried out at surfactant concentrations of 2x cmc, 

and a probe concentration of 2 – 3 µM was chosen to minimize excimer formation. The 

decay of emission was recorded in absence of quencher, giving a lifetime of τ0(P*) of 

around 110 ns (in the case of Br- counterions, a shorter lifetime of ca. 70 ns was obtained, 

presumably due to the external heavy atom effect of Br–). Fluorescence decays were 

recorded at different quencher concentrations [Q] and hence different quencher/micelle 

molar ratios. The average number of quencher molecules per micelle ranges between 0.2 

and 1.3. The fluorescence decay curves were recorded on a FL3-22 SPEX 

spectrofluorometer at ambient temperature.  

To obtain the aggregation number, the data was analyzed using Equation 3-6 based on 

the Infelta-Tachiya model:162  

𝐼(𝑡) = 𝐴1e𝑥𝑝 [−𝐴2𝑡 − 𝐴3{1 − 𝑒𝑥𝑝(−𝐴4𝑡)} 

Equation 3-6 
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where A1 is the fluorescence intensity at time equals zero I(0); A2 the fluorescence decay 

constant in the absence of Q; A3 is the average occupation number of quenchers per micelle 

(<n>); and A4 is the quenching rate constant for the reaction between the quencher and the 

excited probe within the micelle (kQ). A3 is the parameter that we need. The fluorescence 

decay curves were fitted to Equation 3-6 using a non-linear least-squares fitting program 

provided with the instrument or with the program developed by Boens et al.163 The 

aggregation number for each sample (Nagg) was calculated using Equation 3-7: 

𝑁𝑎𝑔𝑔 =< 𝑛 >
(𝐶 − 𝑐𝑚𝑐)

[𝑄]
 

Equation 3-7 

where C is total surfactant concentration and [Q] the quencher concentration.159, 160, 161 

3.3 RESULTS 

3.3.1 Physical chemical properties of carboxylate gemini 

surfactants 

The cmc, αZ, αE and ΔG°M of 10-2-10 gemini surfactants with carboxylic counterions 

are listed in Table 3-1. The values of the cmc and α vs. counterion chain length are plotted 

against chain length in Figure 3-4. Except 10-2-10 2C1, other carboxylate surfactants’ cmc 

and two α values decrease with increasing chain length of the counterions, and the 

relationship between cmc and chain length is quite linear, indicating that counterion 

hydrophilicity decreases as chain length increases while the polar functional group keeps 

the same. For a group of surfactants with same headgroup, lg(cmc) decreases linearly with 
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increasing monomer chain length: lg(cmc) = A – B*n, where n is the chain length of 

monomer.164  

 

Table 3-1 Physical properties (cmc, αZ, αE and ΔG°M ) of 10-2-10 2X (X=C1~C8) 

gemini surfactant micelles measured at 30oC.  



73 

 

 

 

 

Figure 3-4 Plots of cmc (A) and ionization degrees (B) against counterion chain 

length of 10-2-10 2X at 30 oC. Data were measured by both Dr. Alla Malinenko and 

me. Our data were very close to each other.   

Comparing the two ionization degrees, αZ is much bigger than αE as illustrated 

previously from the literature, and the difference diminishes when carboxylate chain length 

becomes longer. It was shown in literature that αZ overestimates αE because the original 
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equation presumes that a micelle with n net charges has the same contribution to the 

conductivity of the micellar solution as n free ions in aqueous phase, which oversimplify 

the conductivity contribution of micelles.81 Except C1, other carboxylates’ ionization 

degrees vary linearly with surfactant chain length. The trend is similar to the linear change 

of cmc in Figure 3-4, which also confirms our expectation that when counterions becomes 

more hydrophobic, a large percentage of them associate with the micelles and therefore 

less counterions are in the bulk solution.  

The -ΔG°M increases as hydrocarbon chain elongates, indicating that micellization 

becomes more energy favorable when the counterions become more hydrophobic. 

Generally the variation of gemini surfactants counterions chain length has a predictable 

effect on the micelles bulk properties.3  

C1 is an outlier in the plots of cmc, ionization degree and -ΔG°M, like in the previous 

case of 14-2-14 2X gemini surfactants3 and other similar systems.165, 166, 167 Anacker and 

Underwood studied the micellization of DTAB with sodium carboxylates NaCm added in 

the solution, and they also observed that C1 deviated from the cmc – chain length plot.168 

Even though C1 is more hydrophilic from perspectives of hydration free energy and pKa, 

it is possible that the absence of alkyl group attaching to the carbonyl group has a strong 

effect to the electron distribution of the carboxylate group. This is partly illustrated by the 

big difference between formic acid pKa (3.75) and other alkyl carboxylates acids pKa 

(around 5.0). This structural difference is likely the source of its deviant behavior compared 

to other carboxylate counterions.  

Aggregation numbers of gemini surfactants with different carboxylate counterions 

were obtained by Dr. Alla Malinenko in Dr. Reiko’s group with TRFQ method at 2x cmc 
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and 3x cmc concentration, respectively, as shown in Table 3-2. I measured the aggregation 

number for C1, C3, C4, C6 and the Nagg results are the same as Alla’s, but standard 

deviation results are smaller than hers. To align with French collaborators analysis, Alla’s 

data was shown here. The table lists the averaged aggregation number, Nagg, and the 

standard deviation σ. The average Nagg and σ were calculated from 3 repeating 

measurements.  

 

Counterion cmc(mM) 

Nagg σ Nagg σ 

2x cmc 3x cmc 

C1 21.7 28 19 37 42 

C2 22.7 23 7 25 49 

C3 20 24 6 26 25 

C4 14.3 23 21 27 37 

C5 9.4 25 7 30 21 

C6 5.7 26 10 28 21 

 

Table 3-2 Values of cmc and Nagg of 10-2-10 X micellar solution at 2x cmc and 

3x cmc obtained from TRFQ experiments at ambient temperature.  

The table shows that the aggregation numbers of all carboxylate gemini surfactants are 

quite similar, but the σ are broad compared to the Nagg. This may indicate that there is a 
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distribution of micellar sizes. Nagg at 3x cmc is larger than at 2x cmc, showing that the 

micelles grow modestly with increasing concentration, although the difference is relatively 

small. This trend was also observed in previous studies of gemini surfactants.3 

3.3.2 Interfacial counterion molarity 

Interfacial molarities (Xm) of carboxylate counterions and interfacial water molarities 

(H2Om) for 10-2-10 2C2, C3, C4 are shown in Figure 3-5. The data for 10-2-10 2C2 were 

obtained by Dr. Changyao Liu. In the figure the interfacial counterion molarities of all three 

counterions increase linearly along with increasing 10-2-10 2X surfactant concentrations, 

possibly because at low concentration, a large fraction (50% at 2x cmc, 33% at 3x cmc, 

etc.) of surfactants are in bulk solution so that the associations of counterions onto the 

interface are not saturated. As the concentration of surfactant increases, more counterions 

tend to bind to the interface. Note that C2m is significantly lower than C3m and C4m, and 

C3m and C4m are numerically similar as shown in Table 3-4 and Table 3-5, indicating their 

concentration at the interface are similar. The results indicate that the effect of counterion 

hydrophobicity on the interfacial counterion molarity starts to plateau while chain length 

grow to 3 or 4. The results of longer counterions (chain length > 4) are not shown here 

because the chemical trapping experiments need an acidic environment to prevent side 

reactions, but for 10-2-10 2C6 and 10-2-10 2C8, adding acid into their micellar solution 

produces phase separation and micelle structures change. This also partly explains the 

scattering data of C3m and C4m plots because when the chain length of couterions 

approaches to six carbons, the whole system is not favorable to form spherical micelles, or 

even stable micellar solutions, so the polydispersity of the system might be high which 

means a big variation on the micelles shape and aggregation number, which can also induce 
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a variation on carboxylate interfacial concentrations. When the probe is added into the 

system, the measurements will be an average of interfacial concentrations of ions and water 

molecules in aggregates of different sizes.  

The H2Om data of 10-2-10 2C2, C3 and C4 are included in Table 3-3, Table 3-4 and 

Table 3-5. As the counterions concentration in the interfacial region increase, the value of 

H2Om decrease. From C2 to C4 at the same surfactant concentration, H2Om gradually 

decreases because when a more hydrophobic counterion binds to the interface, more space 

is occupied by the counterions and therefore concentrations of water molecules in the 

interfacial region are lower. For 10-2-10 2C2 and 10-2-10 2C3, the H2Om changes from 

~50 M to ~47 M when concentration change from 2x cmc to 7x cmc, while in the same 

surfactant concentration range the H2Om of 10-2-10 2C4 micellar solutions changes from 

~49 M to ~46 M. The H2Om of 10-2-10 2C4 is lower than that of 10-2-10 2C2 and 10-2-

10 2C3 possibly because C4 has a bigger size and repels more water when it binds stronger 

to the interface.  
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Figure 3-5 Counterion and water interfacial molarities in 10-2-10 2X micellar 

solutions from 25 mM to 250 mM at 25 OC measured by chemical trapping 

experiments. pH is adjusted by corresponding conjugate acids.  
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[10-2-10 2C2] 

mM 

C2m  

M 

Sw
C2 

H2Om 

M 

H2Om/ C2m 

50 

100 

150 

200 

250 

1.04 

1.19 

1.42 

1.57 

1.94 

1.24 

1.22 

1.20 

1.19 

1.17 

50.2 

48.7 

46.9 

46.0 

44.0 

48.3 

40.9 

33.1 

29.4 

22.7 

Table 3-3 Estimated values of C2m, H2Om, Sw
C2 in 10-2-10 2C2 micellar solutions 

from 50 mM to 250 mM, at 25C at pH5. pH is adjusted by adding HC2.  

 

[10-2-10 2C3] C3m 

Sw
C3 

H2Om 

H2Om/ C3m 

mM M M 

36.46 1.25 1.18 50.2 40.2 

54.69 1.25 1.18 50.2 40.2 

72.92 1.47 1.18 48.5 33.0 

91.15 1.44 1.18 48.7 33.7 

109.38 1.65 1.18 47.1 28.5 

145.84 1.68 1.18 47.0 28.0 

182.30 1.83 1.18 45.8 25.0 

Table 3-4 Estimated values of C3m, H2Om, Sw
C3 in 10-2-10 2C3 micellar solutions 

from 36.46 mM to 182.30 mM, at 25C at pH 5. pH is adjusted by adding HC3. 
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[10-2-10 2C4] C4m 

Sw
C4 

H2Om 

H2Om/ C4m 

mM M M 

29.46 1.52 1.18 48.2 31.8 

44.19 1.45 1.18 48.7 33.6 

58.92 1.50 1.18 48.3 32.3 

73.65 1.57 1.18 47.8 30.5 

88.38 1.59 1.18 47.6 29.9 

117.84 1.71 1.18 46.7 27.3 

147.30 1.69 1.18 46.9 27.7 

Table 3-5 Estimated values of C4m, H2Om, Sw
I in 10-2-10 2C4 micellar solutions 

from 29.46 mM to 147.3 mM, at 25C at pH 5. pH is adjusted by adding HC4. 

 

Overall, the chemical trapping results follow the same trend as the other physical 

chemical properties of carboxylate gemini surfactants. Xm increases when counterion 

becomes more hydrophobic, demonstrating that more hydrophobic counterions tend to 

associate more tightly to the micelle interface.  

3.4 DISCUSSION 

The changes in 10-2-10 2C2, C3, C4 physical properties (shown in Table 3-1) follow 

the same trend as those of 14-2-14 2X (X = C1 ~ C8) (partly shown in Table 3-6), but the 

cmc values of 10-2-10 2X are larger.3 The cmc of 14-2-14 2X changes from ~0.6 mM to 
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~0.35 mM, while the cmc values for the 10-2-10 analogues are from ~24.0 mM to ~1.0 

mM.  

The larger cmc of 10-2-10 2X means that the surfactant monomers are more water 

soluble and have less tendency to associate together, in part because the hydrophobic 

hydrocarbon chain is shorter.  

Gemini cmc(mM) αZ αE 

14C1 0.58 0.43 0.33 

14C2 0.61 0.48 0.33 

14C3 0.42 0.54 0.36 

14C4 0.35 0.52 0.38 

14C6 0.23 0.37 0.29 

Table 3-6 Values of cmc, αZ and αE for quaternary 14-2-14 gemini surfactants 

with carboxylate counterions measured at 30 oC. αE is calculated at Nagg = 25.3 

Although cmc value of 10-2-10 2X are larger than those of 14-2-14 2X, 10-2-10 2X 

ionization degrees are close to those of 14-2-14 2X. For 14-2-14 2X (X = C1 ~ C6), the αZ 

is around 0.54 ~ 0.35 and C3 αZ is the highest, while for 10-2-10 2X, the αZ is around 0.5 

~ 0.25 in Table 3-1, with C2 αZ being the highest one. 14-2-14 2X αE are between 0.35~0.25, 

while 10-2-10 2X αE are between 0.26 ~ 0.21 in Table 3-1. The difference of αZ and αE 

between these two systems are small, implying that the balance between counterion-

headgroup and counterion-water interactions does not change significantly even though the 

hydrophobicity of the whole surfactant (headgroup + counterion) varies a lot as illustrated 

by the change in cmc. 
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Table 3-7 CMC, αZ, αE and -ΔG°M for 10-2-10 2X gemini surfactant with 

inorganic counterions measured at 30 oC.   

Table 3-7 summarizes the physical properties of 10-2-10 2X with inorganic 

counterions obtained by our collaborators in Dr. Reiko Oda’s group. The comparison 

between 10-2-10 2Cn physical properties (Table 3-1 and Table 3-2) and other 10-2-10 2M 

( M = inorganic counterions) suggests that 10-2-10 2C2 physical properties is close to the 

properties of 10-2-10 2PH (dihydrogen phosphate), and 10-2-10 2C4 are close to 10-2-10 

2Cl. 10-2-10 2C8 has the most hydrophobic carboxylate counterion, and its physical 

properties are similar to 10-2-10 2I, the surfactant with the most hydrophobic inorganic 

counterions.  

The data points of interfacial molarity of carboxylate counterions in Figure 3-5 scatter 

more strongly when the chain length changes from 2 to 4. Adding small amounts of acid 

to micellar solutions containing C6 or C8 carboxylates leads to phase separation suggests 

that the micelles structures are at transitional status when counterions chain length is 6 at 

greatest.  
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Figure 3-6 Interfacial counterion (Xm) and water (H2Om) molarities in 10-2-10 

2X micellar solutions from 25 to 250 mM at 25 oC (I- data was measured at 50 °C). 

Data were measured by Changyao Liu. 
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Figure 3-6 shows the interfacial concentrations of counterions in inorganic 10-2-10 2X 

(X = Cl, Br, I, MeSO3, Acetate). In Figure 3-6 the interfacial molarity of C2 in 10-2-10 

2C2 micelles is ~1.0 M at 2 x cmc (50 mM), and increases to ~1.4 M at 7 x cmc (150 mM) . 

This concentration range is close to 10-2-10 2MeSO3, but as analyzed before, the 10-2-10 

2C2 cmc and aggregation number is close to those of 10-2-10 2PH and a bit higher than 

10-2-10 2MeSO3, so C2 hydrophobicity is somewhere between PH and MeSO3. The 

interfacial molarity of C4 from Figure 3-5 in micelles is ~1.3 M at 2x cmc, and increases 

to ~1.6 M at 7 x cmc (150 mM). The range is close to that of 10-2-10 2Cl, and the 10-2-10 

2C4 cmc and aggregation number are also close to that of 10-2-10 2Cl, so C4 

hydrophobicity is comparable to Cl- hydrophobicity. The hydrophobicity of C3 is between 

C2 and C4, which fits our expectation. The close values of interfacial molarities of 

inorganic and organic counterions indicate the similarity of their hydrophobicity.  

From the analysis above a correlation between the interfacial counterion molarity and 

the micellar solution’s physical property can be observed. In principal, interfacial 

counterion concentrations are related to the ionization degrees, because for a certain gemini 

surfactant solution at a fixed concentration, if the ionization degree becomes higher, there 

will be less counterions associated to the interface provided that the interfacial volume 

stays the same. The following analysis shows a good correlation between the ionization 

degrees and interfacial counterions molarities of the C2, C3, C4 gemini surfactants. The 

ionization degree data and interfacial counterions molarities data were picked at 3x cmc 

because at this concentration large amount (66%) of surfactants are in the micelles. Higher 

concentrations may lead to a shape transition of micelles.  
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To accurately obtain the interfacial counterions concentration for 10-2-10 2C2, 2C3, 

2C4 at 3x cmc, the data in Figure 3-5 (top) are fitted linearly. The fitting equations are in 

the same figures. Note that for 10-2-10 2C4 data, the first data point was excluded because 

it deviates significantly from the trend of the other points.  

Interpolation of the fittings in Figure 3-5 (top) estimates the interfacial counterion 

concentrations of C2, C3 and C4 at 3x cmc, which have been correlated with ionization 

degrees at the same concentrations in Table 3-8 and Figure 3-7.  
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10-2-10 2X 

Counterion 

Cmc (mM) 3x cmc (mM) Molarity (M) αZ αE 

C2 22.7 68.1 1.1 0.52 0.26 

C3 20.0 60.0 1.3 0.38 0.22 

C4 14.3 42.9 1.5 0.33 0.21 

Table 3-8 Interpolated 10-2-10 2X (X=C2, C3, C4) interfacial counterions 

concentrations and their corresponding ionization degrees at 3x cmc. The Xm values 

are from Figure 3-5. 

 

Figure 3-7 Correlation between 10-2-10 2X (X = C2, C3, C4) Xm and their αZ & 

αE at 3x cmc. Ionization degrees were measured at 30 oC and Xm were measured at 

25 oC. 

Both the αZ and αE show good correlations with interfacial counterions concentration. 

The correlation makes sense because the ionization degree is a measure of the fraction of 

dissociated counterions and the interfacial molarity is a measure of interfacial counterions 
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density which also depend on the numbers of counterions within unit volume of interfacial 

region. As long as the interfacial volume does not change significantly (which is rare unless 

micelle shape transition happens), the correlation between α and interfacial concentration 

persists. This correlation strengthens the significance of combining the two methods, which 

is connecting both the microscopic interfacial molarity and the macroscopic ionization 

degree of micellar solutions.  

 

Complications 

Like all other methods, the chemical trapping method has limitations.169 A new 

limitation appeared during the chemical trapping experiments on gemini surfactants with 

carboxylate counterions that did not show up when we were treating gemini surfactants 

with inorganic counterions. An unidentified and unidentifiable peak appeared in the HPLC 

chromatograms of products at a high retention time, Figure 3-8. The “weird” peak is 

probably formed within the micellar interface due to the high concentrations of reactants. 

No dependence of the retention time on the chain length of the carboxylate couterions was 

observed. Attempts to isolate and analyze the unknown compound by NMR and HPLC 

were unsuccessful. The NMR spectrum showed a complicated structure while HPLC 

chromatogram indicated decompositions of it into several species, as shown in Figure 3-9 

and Figure 3-10 (in Figure 3-9, the flow rate has been set as 0.6 mL/min, so the retention 

time of “weird” peak became 17 min. The decomposed product is much more hydrophobic 

and appeared at 32min). The size of the “weird” peak decreases with increasing pH, 

indicating its break down process is acid catalyzed. The existence as well as the 
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decomposition of the products have been confirmed by our Spanish collaborator Dr. Carlos 

Bravo-Díaz and his colleagues.170  

 

Figure 3-8 HPLC of dediazoniation reaction products in 10-2-10 2C4 micellar 

solution at 25oC. Conditions: 100 μL sample injections. Flow rate: 0.4 ml/min; 

Detector wavelength: 220 nm. Eluting solvents: 80%MeOH/20%i-PrOH.  

 

Figure 3-9 HPLC chromatogram of the weird peak after the peak was collected 

from HPLC in a typical HPLC run of chemical trapping experiments and re-

injected into HPLC at 25oC. Conditions: 100 μL sample injections. Flow rate: 0.6 

ml/min; Detector wavelength: 220 nm. Eluting solvents: 80%MeOH/20%i-PrOH. 
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Figure 3-10 500MHz NMR spectrum of the weird peak in d-methanol. One scan 

was 30 seconds, and the total measuring time was 20 min.  

After long characterization process and numerous attempts to identify the weird peak, 

we concluded that it is probably a diazoether formed in a reaction between 16-ArN2
+ and 

the phenolic product, which is general base catalyzed by interfacial carboxylate groups 

because of the high concentrations of carboxylate ions at the interfacial region: 16-ArOH 

is deprotonated and reacts with 16-N2
+ to produce an uncharged very hydrophobic 

diazoether, in Figure 3-11. Attempts to isolate the product in pure form were unsuccessful 

because it is quite temperature sensitive and will decompose during isolation as shown by 

the 1H NMR in Figure 3-10.  
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Figure 3-11 Proposed formation of diazoether product from the reaction 

between phenol and arenediazonium ion catalyzed by carboxylates. 

3.5 CONCLUSION 

For the first time, the chemical trapping method was applied to micellar solution of 

10-2-10 gemini surfactants with carboxylate counterions to study ion specific effects 

through quantification of interfacial counterion and water molarities. The results show that 

Xm strongly depends on ion nature and follows the trend C4 > C3 > C2 for carboxylate 

counterions. In general, those poorly hydrated counterions tend to strongly associate to the 

interface and show a high Xm value. Conversely, highly hydrated counterions shows lower 

degrees of association to the interface and give smaller interfacial molarities. The chemical 

trapping results correlate well with the physical chemistry measurements, and follow a 

Hofmeister-like series. Quantitative relations between the hydrophobicity/hydrophilicity 

of counterions and the corresponding interfacial properties were demonstrated in this study.   
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3.6 SUPPLEMENTARY INFORMATION 

Table 3-9 HPLC peak areas, observed and normalized product yields for dediazoniation of 1-ArN2
+ in aqueous 1-2-1 2Ac 

solutions at 25oC and pH 6, and values for salts, acetic acid, water concentration, selectivities, Sw
Ac and H2O/Ac molar ratios.a 

Results were obtained by Dr. Changyao Liu.  

[Act]b 

M 

[1-2-1 

2Ac] 

M 

[CH3COOH]c 

M 

pH [H2O] 

M 

Peak Areas 

(106vs)d 

 Observed  Yields   

(%) 

Normalized 

Yields (%)e 

Sw
Ac 

f 

[H2O]/[Act] 

1-

ArOH 

1-

ArAc 

 1-

ArOH 

1-

ArAc 

Total 1-

ArOHN 

1-

ArAcN 

0.520 

1.057 

2.249 

4.266 

0.250 

0.500 

1.000 

1.500 

0.020 

0.057 

0.249 

1.266 

6.00 

5.98 

5.92 

5.92 

52.3 

49.0 

42.2 

32.7 

12.659 

11.344 

10.809 

9.919 

0.045 

0.088 

0.201 

0.517 

 97.4 

97.0 

92.4 

79.8 

1.14 

2.47 

5.62 

13.6 

 

98.5 

99.4 

98.0 

93.4 

98.8 

97.5 

94.3 

85.4 

1.16 

2.48 

5.74 

14.6 

1.18 

1.18 

1.14 

1.31 

100 

46.4 

18.7 

7.65 

 

a. Reaction time ca. 24 hours. The concentrations of 1-ArN2BF4 were around 4 x 10-3 M, but vary in each experiment. 100 μl of 

cyclohexane was layered on top of 1-2-1 2Ac solutions in 2 ml volumetric flasks to prevent the evaporation of 1-ArAc. Prior to HPLC 

analysis, the product mixture was diluted 5 fold with methanol to dissolve both the cyclohexane and the aqueous salt solution. 

b. [Act] represents the total acetate (CH3COOH and CH3COO-) concentration in solution. ([Act] = 2[1-2-1 2Ac] + [CH3COOH] 
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c. Glacial acetic acid was added to control the pH. [CH3COOH] is not the actual finally concentration in the solution, but the amount 

of CH3COOH which was added to the 1-2-1 2Ac solution. 

d. 50 μL sample injections. Peak areas are average of triplicate injections. Eluting solvents: 80%MeOH/20%i-PrOH; Flow rate: 0.6 

ml/min; Detector wavelength: 230 nm. 

e. % 1-ArAcN = 100 (%1-ArAc)/(%1-ArOH + %1-ArAc); % 1-ArOHN = 100 (%1-ArOH)/(%1-ArOH + %1-ArAc). 

f. Sw
Ac = [H2O](%1-ArAc)/[AcT](%1-ArOH). 
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Table 3-10 HPLC Average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in 10-2-10 2Ac 

micelles from 50 mM to 250 mM at 25C. a Results were obtained by Dr. Changyao Liu. 

[10-

2-10 

2Ac] 

mM 

[CH3COOH]b 

mM 

pH Average Peak Areas  (106vs)c  Observed  Yields   (%)  Normalized 

Yields (%)e 

16-

ArOH 

16-

ArH 

16-

ArAc 

16-

ArInd 

weird  

peak 

16-

ArOH 

16-

ArH 

16-

ArAc 

16-

ArInd 

? Totald 16-

ArOHN 

16-

ArAcN
 

50 

100 

150 

200 

250 

 

50 

52.3 

156.9 

217.9 

261.5 

313.8 

 

558 

5.03 

4.96 

4.99 

5.02 

5.00 

 

4.00 

4.550 

3.344 

3.853 

3.612 

3.517 

 

2.834 

0.322 

0.430 

0.341 

0.274 

0.331 

 

0.691 

0.123 

0.119 

0.152 

0.156 

0.204 

 

0.176 

3.557 

5.381 

6.354 

6.855 

6.791 

 

3.520 

1.882 

2.223 

2.557 

2.246 

1.871 

 

8.975 

 40.9 

27.4 

31.6 

29.6 

29.6 

 

25.3 

2.8 

3.4 

2.7 

2.1 

2.7 

 

6.1 

1.2 

1.0 

1.3 

1.4 

1.8 

 

1.7 

21.0 

29.7 

35.4 

38.3 

38.8 

 

20.6 

~16.8 

~18.1 

~20.8 

~18.3 

~15.6 

 

7.9 

85.9 

83.4 

94.8 

92.1 

91.4 

 

67.9 

 97.5 

97.1 

96.5 

96.1 

95.0 

 

95.7 

2.5 

2.9 

3.5 

3.9 

5.0 

 

4.3 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentrations of 16-ArN2BF4 were around 10-4 M 

but vary in each experiments.  

b. Glacial acetic acid was added to control the pH. [CH3COOH] is not the actual finally concentration in the solution, but the amount 

of CH3COOH which was added to the 1-2-1 2Ac solution. 

c. 100 μL sample injections. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 

0.4 ml/min; Detector wavelength: 220 nm. 
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d. % Total = %16-ArOH + %16-ArAc + 2 %16-ArH + %16-ArInd + estimated unknown product yield ( from the calibration curve 

of 16-ArOH in Section 4.6.4) 

e. % 16-ArAcN = 100 (%16-ArAc)/(%16-ArOH + %16-ArH + %16-ArAc);                                      

   % 16-ArOHN = 100 (%16-ArOH + %16-ArH )/(%16-ArOH + %16-ArH + %16-ArAc). 
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Table 3-11 HPLC Average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in 10-2-10 2C3 

micelles from 36 mM to 182 mM at 25 C. a 

# 

[10-2-

10 

2C3] 

[HC3]b 

pH 

Average Peak Areas  (106vs)c 

 

Observed  Yields   (%) 

 

Normalized 

Yields (%)e 

 mM mM 

16-

ArOH 

16-

Ind 

16-

ArC3 

16-

ArH 

weird  

peak 

16-

ArOH 

16-

ArInd 

16-

ArC3 

16-

ArH 

? Totald 

16-

ArOHN 

16-

ArAcN 

1 36.46 

same 

as 10-

2-10 

C3 

4.8 3.730 4.850 0.107 0.307 1.900 

 

33.9 31.4 1.1 2.8 11.2 83.3 

 

97.2 2.9 

2 54.69 4.8 3.890 5.470 0.113 0.359 1.680 35.3 35.4 1.1 3.3 9.9 88.5 97.2 2.9 

3 72.92 4.9 2.900 4.560 0.099 0.170 0.862 26.4 29.5 1.0 1.6 5.1 65.1 96.6 3.5 

4 91.15 5.0 4.850 7.800 0.168 0.460 1.700 44.1 50.5 1.7 4.2 10.0 114.8 96.6 3.4 

5 109.38 5.1 3.850 6.970 0.152 0.228 1.240 17.5 22.6 0.8 1.1 3.7 93.2 96.0 4.0 

6 145.84 5.1 3.700 7.610 0.150 0.246 0.994  16.8 24.7 0.8 1.1 2.9 94.8  96.0 4.0 

7 182.30 5.4 3.530 8.200 0.161 0.239 0.870  32.1 53.1 1.6 2.2 5.1 96.3  95.5 4.5 
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a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentrations of 16-ArN2BF4 were around 10-4 M 

but vary in each experiments.  

b. Propionic acid was added to control the pH. [C3H7COOH] is not the actual finally concentration in the solution, but the amount 

of CH3COOH which was added to the 10-2-10 2C3 solution. Here sample #8 was achieved by using syringes, while others were done 

by eppendorf pipets.  

c. 100 μL sample injections. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 

0.4 ml/min; Detector wavelength: 220 nm. 

d. % Total = %16-ArOH + %16-ArC3 + 2x %16-ArH + %16-ArInd + estimated unknown product yield ( from the calibration curve 

of 16-ArOH in Section 4.6.4). “2x %16-ArH” means that to produce 1 Molar 16-ArH, 2 Molar 16-N2
+ needs to be consumed.  

e. % 16-ArC3N = 100 (%16-ArC3)/(%16-ArOH + %16-ArH + %16-ArC3);        

   % 16-ArOHN = 100 (%16-ArOH + %16-ArH )/(%16-ArOH + %16-ArH + %16-ArC3). 

f. The concentration of 10-2-10 2C3 are respectively around 2, 3, 4, 5, 6, 8, 10 times of cmc.  
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Table 3-12 HPLC Average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in 10-2-10 2C4 

micelles from 50 mM to 250 mM at 25 C. a 

# 

[10-2-

10 

2C4] 

[HC4]b 

pH 

Average Peak Areas  (106vs)c 

 

Observed  Yields   (%) 

 

Normalized 

Yields (%)e 

 mM mM 

16-

ArOH 

16-

Ind 

16-

ArC4 

16-

ArH 

weird  

peak 

16-

ArOH 

16-

ArInd 

16-

ArC4 

16-

ArH 

? Totald 

16-

ArOHN 

16-

ArAcN 

1 29.46 

same 

as  

[10-2-

10C4] 

4.86 3.788 7.572 0.138 0.325 2.576 

 

33.4 47.6 1.4 2.9 14.7 103.0 

 

96.4 3.6 

2 44.19 4.89 3.721 7.690 0.127 0.268 2.066 34.0 50.0 1.3 2.5 12.2 99.5 96.6 3.4 

3 58.92 4.95 3.772 8.275 0.132 0.224 1.777 33.7 52.7 1.3 2.0 10.3 101.7 96.5 3.5 

4 73.65 5.00 3.710 8.716 0.140 0.281 1.719 32.4 54.1 1.4 2.5 9.7 104.3 96.3 3.7 

5 88.38 5.15 3.904 8.938 0.147 0.227 1.439 33.7 54.9 1.4 2.0 8.1 105.4 96.2 3.8 

6 117.84 5.19 3.715 9.206 0.155 0.244 1.349  32.1 56.7 1.5 2.1 7.6 105.1  95.9 4.1 

7 147.30 5.48 3.642 9.797 0.151 0.299 1.369  30.4 58.3 1.4 2.5 7.4 108.9  95.9 4.1 

 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentrations of 16-ArN2BF4 were around 10-4 M 

but vary in each experiments.  
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b. Butyric acid was added to control the pH. [C4H7COOH] is not the actual finally concentration in the solution, but the amount of 

CH3COOH which was added to the 10-2-10 2C4 solution. Here sample #8 was achieved by using syringes, while others were done by 

eppendorf pipets.  

c. 100 μL sample injections. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 

0.4 ml/min; Detector wavelength: 220 nm. 

d. % Total = %16-ArOH + %16-ArC4 + 2x %16-ArH + %16-ArInd + estimated unknown product yield ( by the calibration curve 

of 16-ArOH). “2x %16-ArH” means that to produce 1 Molar 16-ArH, 2 Molar 16-N2
+ needs to be consumed.  

e. % 16-ArC4N = 100 (%16-ArC4)/(%16-ArOH + %16-ArH + %16-ArC4); % 16-ArOHN = 100 (%16-ArOH + %16-ArH )/(%16-

ArOH + %16-ArH + %16-ArC4). 

f. The concentration of 10-2-10 2C4 are respectively around 2, 3, 4, 5, 6, 8, 10 times of cmc.  
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Chapter 4 Specific anions adsorption at neat 

water/oil interface 

This chapter introduces a novel approach for measuring the Cl-, Br-, SCN- and I- 

concentrations at the neat water/tetradecane interface using the chemical trapping 

experiment. To date this is the only approach for making such measurements, Figure 4-1. 

The results show that all four ions associate with the interface in various degrees and the 

ions order roughly follows Hofmeister Series. Adsorption isotherms of ions are estimated, 

and adsorption isotherm of Cl- and Br- deviate significantly from Langmuir model, but 

those of SCN- and I- do not. The results are consistent with other related studies in the 

literature.  
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Figure 4-1 Cartoon to show the chemical probe at the oil/water interface in an 

oil/water mixture reacting with Br - and water molecules. 

4.1 INTRODUCTION 

The water/oil interface, both charged and uncharged, plays an important role in many 

processes in biology, environment and material fields.4, 5, 171, 172, 173 Anion adsorption onto 

the water/oil interface is fundamental to various chemical and biological phenomena 

including surfactant micellization, protein folding, solubility, and water molecule behavior 

at interfaces. The local molarities of anions affect the electrical properties, local acidity174 

and the hydration of functional groups.53 In many cases the ions order follow the 

Hofmeister Series.  

Many studies about the water/oil interface were carried out at water/air interface and 

the conclusions were extrapolated back to the water/oil interface. For example, a 
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combination of Sum Frequency Generation and Molecular Dynamics simulations showed 

that ions absorption onto polar groups of polymer residing at water/air interface follows 

Hofmeister Series.64 An X-ray photoelectron spectroscopy experiments demonstrated that 

Br- and I- interfacial concentration enhancement are higher than those calculated by MD 

simulation.72 The few studies directly on water/oil interface include the SFG experiments 

showing that NO3
- has enhanced surface concentration at water/CCl4 interface175 and that 

long chain tetra-alkylated ammoniums (R4N
+) absorb onto SDS stabilized 

water/tetradecane interface.176 However, the Hofmeister Series ions affinity for neat 

water/alkane interface has been little researched. One study of nonpolarizable MD 

simulations with an electronic continuum correction which predicted the interfacial excess 

of Br- and I- at water/decane interface.75 

Here we present a novel experimented setup that provides an estimate of the local 

concentrations of anions at the neat water/tetradecane interface. Adsorption of four 

different anions were studied from 0.1 M to 3.0 M and their orders of association followed 

the Hofmeister Series. The measurements were done with the same surfactant-like probe 

used in Chapter 3 that reacts with various anions and other weak nucleophiles, including 

water. To estimate interfacial molarities, we assume that the long chain arenediazonium 

ion has the same reaction selectivity at water/oil interface as the short chain 

arenediazonium ion in the aqueous phase toward the anions and water molecules. The 

anions’ interfacial concentrations were estimated by referring to the experiment results of 

short chain arenediazonium ion in bulk salt solutions. The yields of the dediazoniation 

reaction products were converted to the local concentrations of the anions and water at the 

water/oil interface. The results show strong selective absorption of ions to the interface. 
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These are the first experimental estimates of interfacial molarities of these ions at neat a 

water/oil interface.  

 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials 

Analytical grade NaCl, NaBr, NaI and NaSCN and tetradecane were purchased from 

Sigma-Aldrich. Tetradecane was distilled before use. All other reagents were used without 

further purification. All water used to prepare stock solutions was doubly distilled and 

deionized. 

4.2.2 Synthesis of 16-ArN2BF4 

4-Hexadecylbenzenediazonium tetrafluoroborate (16-ArN2BF4) was synthesized by 

Dr. Guy Lloyd-Jones group at University of Edinburgh using a new synthetic approach. 

The approach is using long chain alkyl zinc bromide to cross-couple 4-bromo-2,6-

dimethylaniline to obtain 4-n-hexadecyl-2,6-dimethylaniline followed by diazoniation. 

The long chain aniline is treated with BF3•Et2O and tert-butyl nitrile to produce 4-n-

hexadecyl-2,6-dimethylarenediazonium tetrafluoroborate, 16-ArN2BF4. 

Step 1: Formation of the Organozinc 

Zn(s) + I2(s)  ZnI2 

  



103 

 

 

 

I2 chips (1.52 g, 6 mmol) were added to a suspension of zinc powder (11.77 g, 180 

mmol) in N,N-dimethyacetamide (DMA) under a nitrogen atmosphere and stirred at 25 °C 

for 10 min. 1-Bromohexadecane (36.7 mL, 120 mmol) was carefully added dropwise for 

10 min and the mixture was stirred for 3 h at 80 °C to form a yellow solution. Titration of 

aliquots (1 mL) of the organozinc solution with iodine (0.127 g, 0.5 mmol) in THF (4 ml) 

showed a concentration of C16H33ZnBr in DMA of (0.71 M, 88 %).  

Step 2: Cross-coupling: 

 

A dry N2-flushed Schlenk tube was charged with Pd(OAc)2 (135 mg, 6 mmol), S-Phos 

(2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl, 493 mg, 12 mmol), 4-bromo-2,6-

dimethylaniline (12.01 g, 60 mmol) and then THF (56 mL). The reaction mixture was 

stirred at 25 °C for 10 min. A THF solution of 1-hexadecylzinc bromide (120 mL, 85.2 

mmol) was carefully added dropwise over 15 min and the reaction was stirred at 25 °C for 

22 h (At this point TLC analysis showed complete consumption of the 4-bromo-2,6-

dimethylaniline. If consumption of the aniline is not complete, further aliquots of the zinc 

reagent can be added with additional catalyst as needed). Consumption rate of the aniline 

can be detected by chromatograph.  

The reaction mixture was quenched with 200 mL sat. aqueous NH4Cl solution and 

filtered. The resulting brown solid was washed with ether (3 X 100 mL) and washings were 

combined with the filtrate before extracting into ether (3 X 350 mL). The combined organic 

phases were washed with an aqueous thiourea solution (150 mL), dried with MgSO4 and 
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concentrated in vacuum, yielding 25.07 g of crude product as a beige solid. The crude 

product was dissolved in 500 mL of hot methanol and filtered while hot, removing black 

particulates, possibly palladium black. The filtrate was allowed to cool and afforded an off-

white solid. The crystallized product was dissolved in dry ether (200 mL). HCl in ether (2 

M, 60 mL) was added dropwise with vigorous stirring over 30 min. The precipitate was 

filtered and washed with 3 X 60 mL of ether. An aqueous solution of KOH (10.1 g, 200 

mL) and 300 mL of ether was added and stirred vigorously until all solid dissolved. The 

product was extracted with ether (3x 150 mL), dried with anhydrous MgSO4 and 

concentrated in vacuum affording 4-n-hexadecyl-2,6-dimethylaniline (12.59 g, 0.36 mol, 

61 %). 1H NMR (500 MHz, CDCl3): δ ppm 6.77 (2H, s), 3.47 (2H, s), 2.45 (2H, t), 2.16 

(6H, s), 1.55 (2H, m), 1.25 (26H, m), 0.87 (3H, t). 

Step 3: Diazoniation 

 

The method of Doyle and Bryker was used to synthesize the 4-

hexadecylbenzenediazonium tetrafluoroborate. 30 mL of dry THF was injected into a 

three-necked 200 mL round bottom flask capped by septum and fitted with a magnetic 

stirring bar. The flask was cooled (10 min) to about -15 ̊C in an ice/MeOH bath and 3.4 

mL (27.6 mmol) of fresh BF3•Et2O was added into the mixture by syringe. The mixture 

was stirred for 5 min, then 6 g (17.4 mmol) of 16-ArNH2 dissolved in 30 mL of dry THF 

was added via syringe giving a clear solution followed by 2.6 mL (22 mmol) of tert-butyl 

nitrile in 30 mL THF over a 2 min period. After 15 min of stirring, the temperature was 
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increased to 0 ̊C by replacing the ice/methanol bath with an ice bath, and the solution was 

continuously stirred for 6 hours. A white precipitate gradually formed during the reaction. 

After reaction finished. The reaction mixture was transferred to a 1000 mL beaker and 200 

mL cold pentane was added. The off-white crystal was collected on a Buchner funnel and 

then recrystallized three times with CH3CN and cold anhydrous Et2O. The product was 

dried under vacuum to give shiny white crystals then stored in refrigerator in the dark. The 

product yield was 60%. 1H NMR (500 MHz, CDCl3): δ ppm: 7.23 (2H, s), 2.72 (8H, s), 

1.73 (2H, m), 1.24 (26H, m), 0.87 (3H, t). 

The following experiments were used to confirm the purity of 16-ArN2BF4. The probe 

was used to perform chemical trapping experiment in CTACl micellar solution to compare 

with previous batches of probes. 1 mL 100 mM CTACl aqueous solutions were prepared 

followed by adjusting the pH to 3 by using 0.1M HCl. 20 μL of a freshly prepared stock 

solutions of 16-ArN2BF4 dissolved in ice-cold MeCN was added to the solution. The final 

probe concentration was around 10-4 M. The volumetric flasks were sealed and 

thermostated at 25 oC for 24 hours. HPLC conditions for products separation were: a 65% 

MeOH/35% i-PrOH (v/v) mobile phase; flow rate = 0.4 ml/min; detector λ = 220 nm; and 

the injection volume was 100 μL. Percent yields were obtained from average peak areas of 

triplicate experiments. The final yields of all products are above 95% and the calculated 

Cl- and H2O interfacial molarity matched with previous report.100  
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4.2.3 Synthesis of SCN- dediazoniation reaction products 

The reaction between arenediazonium ion and SCN- has not been explored in our 

group before. Two dediazoniation products are possible, 2,4,6-trimethylphenyl-

isothiocyanate and 2,4,6-trimethylphenylthiocyanate, 1-ArNCS , 1-ArSCN. They were 

synthesized and isolated and their 1H NMR spectra, IR are present below. Because 1-

ArN2BF4 is much easier to be synthesized in large amounts than 16-ArN2
+, the short chain 

products 1-ArNCS and 1-ArSCN were analyzed in detail. 

1-ArNCS, 1-ArSCN. 100 mg of 1-ArN2BF4 was dissolved in 0.5 mL acetonitrile and 

then mixed with 1.4 mL 5 M NaSCN aqueous solution in a 2 mL flask. The pH was adjusted 

to ~3 by adding appropriate amount of HCl. 100 μL cyclohexane was added to cover the 

surface to prevent volatile products from vaporizing. The vial was sealed and put into 40 

˚C water bath for 24 hours. After reaction, the top cyclohexane layer was removed with a 

micropipette and the rest of solvent was evaporated under vacuum to give a yellow solid. 

Small amount of isopropanol was added to facilitate the evaporation of water at a lower 

temperature (~65 oC). The solid was purified by column chromatography, gradually eluted 

first by hexanes to collect 1-ArNCS (5.9 mg) and then 96%hexane/4%ethylacetate to 

collect 1-ArSCN (20.1 mg). The yields are: 1-ArNCS 7.8%, 1-ArSCN 26.6%.  

1-ArNCS Mw (calcd.): 177.3 g·mol-1, 1H NMR (500 MHz, CDCl3): δ ppm 2.26 (3H, 

s), 2.33 (6H, s), 6.85 (2H, s). From literature the –NCS functional group has characteristic 

IR peak at 2050-2200 cm-1 as a doublet.181 ChemDraw software has predicted 1-ArNCS 

1H NMR peaks at δ ppm 2.18 (3H, s), 2.34 (6H, s), 7.00 (2H, s). See 1H NMR and FTIR 

spectra, Figure 4-2 and Figure 4-3. 
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Figure 4-2 1H NMR of 1-ArNCS 

 

Figure 4-3 IR of 1-ArNCS 

 

TMS 
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1-ArSCN Mw (calcd.): 177.3 g·mol-1. 1H NMR (300 MHz, CDCl3): δ ppm 2.30 (3H, 

s), 2.55 (6H, s), 7.00 (2H, s). From literature the –SCN functional group has characteristic 

IR peak at 2130-2170 cm-1.181 ChemDraw software has predicted 1-ArSCN 1H NMR peaks 

at δ ppm 2.18 (3H, s), 2.34 (6H, s), 6.81 (2H, s). See 1H NMR & FTIR spectrum, Figure 

4-4 and Figure 4-5:  

 

Figure 4-4 1H NMR of 1-ArSCN 
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Figure 4-5 IR of 1-ArSCN 

 

4-n-Hexadecyl-2,6-dimethylphenylthiocyanate, 16-ArSCN. 100 mg of 16-ArN2BF4 

was dissolved in 0.5 mL acetonitrile and mixed with 1.5 mL 5 M NaSCN and 50 mM 

aqueous cetyltrimethylammonium bromide (CTAB) solution in a 2 mL flask. The pH was 

adjusted to 3 by adding aliquots of 0.1 M HBr with a micropipette. The flask was sealed 

with cork at room temperature for 24 hours. NaClO4 was added to precipitate the CTAB 

and the products were extracted using diethyl ether. Rotary evaporation of the products 

mixture under vacuum to remove the ether and left orange solid. The solid was initially 

purified on a silica column chromatography using 98% hexane/2% ethyl acetate to eluent 

and then dried by rotaevaporation. The products were dissolved in methanol and 16-ArNCS 

and 16-ArSCN were separated by HPLC using 35%/65% v/v, i-PrOH/MeOH. Flow rate: 
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0.4 ml/min. Detector wavelength: 220 nm. Injection volume: 100 μL. The 16-ArSCN yield 

was 12.6%. 

 16-ArSCN: Mw (calcd.): 177.3 g·mol-1. 1H NMR (500 MHz, CDCl3): δ ppm 0.88 

(3H, s), 1.25 (26H, s), 1.58 (2H, m), 2.52 (2H, t), 2.56 (6H, s), 7.00 (2H, s). See 1H NMR 

spectrum in Figure 4-6. 

 

Figure 4-6 NMR of 16-ArSCN 

Due to difficulty of isolating the n-NCS products (as a reference, yields of short chain 

products are 1-ArNCS 7.8% and 1-ArSCN 26.6%. n-NCS products are more hydrophobic 

than n-SCN products and hard to collect from column chromatography) and high 

consumption of 16-ArN2BF4 to obtain the products (0.1g 16-ArN2BF4
 needed for enough 

16-SCN amount to perform the NMR measurement), 16-ArNCS was not obtained from the 
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reaction. Its HPLC calibration curve was represented by that of 1-ArNCS under the same 

condition: a 65% MeOH/35% i-PrOH (v/v) mobile phase; flow rate = 0.4 ml/min; detector 

λ = 220 nm; and the injection volume was 100 μL. Since they have the same chromophore 

functional group, their calibration curves under same UV wavelength are regarded as the 

same.  

4.2.4 Method 

General Methods  

HPLC measurements were performed on a Perkin-Elmer Series 200 equipped with a 

UV/Vis detector, a Varian Microsorb MV C18 column (length, 25 cm; particle size, 5 μm), 

and a computer-controlled Perkin-Elmer 600 Series Interface. Kinetic measurements were 

carried out on a Perkin-Elmer Lambda 45 UV/Vis spectrophotometer equipped with a 

Peltier Temperature Programmer 6 operated with UV WinLab 6.0.3 software. All pH 

values were obtained by a Fisher AR50 dual channel pH/Ion/Conductivity Meter. 1H NMR 

spectra were recorded on Varian VNMRS 400 and 500 MHz spectrometers. 

 

Chemical trapping experiments with 16-ArN2
+ in mixture of NaX (X = Cl, Br, SCN, 

I) and tetradecane 

Calculated volumes of 5.5 M NaX (X = Cl, Br, SCN, I) stock solution were mixed 

with 0.1 M HCl and water to make 1 mL solution with [NaX] ranging from 0.1 M – 5.0 M 

at pH 3 in 10 mL glass test tubes. The pH was checked using a pH meter. 100 µL 

tetradecane was added into each test tube containing a VWR 3 mL Triangular Stir Bar. 

Then the test tubes were placed onto a magnetic stirrer with stirring rate 1200 rpm. The stir 
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rate was measured by using a strobescope. 4-hexadecyl-2,6-trimethylarenediazonium 

fluoroborate stock solution (2 μL, conc. = 2.5x 10-3 M) was added into the mixture by 

syringe to give a final concentration 5 x 10-6 M, close to the detection limit of the HPLC 

UV detector. Because the concentrations of dediazoniation products are close to the 

detection limit of HPLC, the total yields of some experiments are within a bigger range of 

100 ± 15% as shown in section 4.6.2. Then the test tubes were stoppered and kept in the 

dark by covering the whole setup with aluminum foil to prevent photolysis. The reaction 

run for 24 hours. 

After 24 hours the water/oil mixtures were dissolved with aliquots of isopropanol and 

transferred to 5 mL volumetric flasks to the mark. (At high salt concentrations, isopropanol 

precipitates the added salt. To avoid this, part of the aqueous phase in the test tube was 

replaced with roughly equivalent volume of pure water by using micropipette before using 

isopropanol to increase the volume to 5 mL) Then the homogeneous solutions were 

analyzed by HPLC. 

However, under conditions in which the probe molecule concentration needs to be less 

than 5 x 10-6 M (at this concentration the products concentration is under detection limit of 

HPLC), an alternative procedure is used. After 24 hours when the reactions were completed, 

the aqueous phase was carefully extracted with a micropipettes and isopropanol was used 

to replace the removed aqueous phase and dilute the organic phase into 1 mL solution. 

Because all the dediazoniation products are very hydrophobic, the removed aqueous phase 

contains negligible amount of them. In this way the dediazoniation products concentration 

was increased by 5 times compared with previous procedure where the solution were 

diluted to 5 mL. The homogeneous solution was injected into HPLC to obtain the products 
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concentration. Conditions for product separation on the HPLC were: a 65% MeOH/35% i-

PrOH (v/v) mobile phase; flow rate = 0.4 ml/min; detector λ = 220 nm; and the injection 

volume was 100 μL. Typical chromatograms are shown in Figure 4-15 ~ Figure 4-18. 

Percent yields of each products were calculated from averaged peak areas with 

corresponding products’ calibration curves shown in section 4.6.4. Interfacial 

concentrations of different ions were calculated by using to corresponding standard curves 

in section 4.6.5. Normalized yields of 1-ArOH and 1-ArX and the selectivities were used 

to calculate the interfacial concentration of each ion at the water/tetradecane interface from 

the 16-ArOH and 16-ArX yields. As noted in section 1.2.2, the reaction between 16-ArN2
+ 

and SCN- also produce side products such as 16-ArH and 16-ArInd. 16-ArH is taken into 

account when calculating the interfacial water molecules concentration because it is 

produced from the reaction between 16-ArOH and 16-ArN2
+. 16-ArInd is not related to the 

reaction between 16-ArN2
+ and SCN- so in data processing its yield is not included in the 

normalization, but only when calculating the total yields of all products.  

 

Data processing for SCN- 

Within the four types of ions, SCN- is a new and unique ion in chemical trapping 

method. Reaction between 16-ArN2
+ and SCN- gives 2 SCN- substituted products, 16-SCN 

and 16-NCS. 16-SCN is more hydrophilic than 16-NCS based on their retention time on 

chromatogram in Figure 4-18. Reaction between 1-ArN2
+ and SCN- also produces 1-SCN 

and 1-NCS. When plotting the standard curves after doing 1-ArN2
+ dediazoniation 

reactions in the analog salt solutions, the yields of 1-SCN and 1-NCS obtained from HPLC 

chromatograms were combined together and noted as %1~SCN (i.e. %1~SCN = %1-SCN 
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+ %1-NCS), then the standard curve of SCN- was plotted by the relationship 

between %1~SCN and the stoichiometric concentration of SCN-, as shown in section 4.6.5. 

In the reaction between 16-ArN2
+ and SCN- in micellar solution, when calculating the 

yields of SCN- products we combined the yields of 16-SCN and 16-NCS and noted as 

16~SCN, and then referring to the SCN- standard curve to estimate the interfacial 

concentration of SCN- in micellar solution.  

 

Standard curved obtained in aqueous NaX (X = Cl, Br, SCN, I) reference solutions 

with 1-ArN2
+ 

Chemical trapping experiments with 1-ArN2
+ in aqueous NaX (X = Cl, Br, SCN, I) 

reference solutions are conceptually exactly the same as doing chemical trapping 

experiments in micelle systems. Aqueous NaX (X = Cl, Br, SCN, I) stock solutions were 

prepared at 0.5 ~ 4.0 M. The stock solutions were used to prepare sets of NaX solutions 

containing incremental amounts of the stock solutions in 1-2 mL volumetric flasks. The 

solution acidity was adjusted by adding HCl. The pH was measured by using a pH meter. 

To initiate the dediazoniation reactions, 10-20 μL of freshly prepared stock solutions of 1-

ArN2BF4 in ice-cold MeCN were added to give a final probe concentration of 4-4.5 x 10-3 

M. 50-100 μL of cyclohexane were layered on the top of the solutions to prevent the 

evaporation of volatile 1-ArX and 1-ArOH products (the long chain products, 16-ArX and 

16-ArOH, are involatile). The volumetric flasks were sealed with Parafilm and equilibrated 

at 25 oC for 24 hours. Prior to HPLC analysis, the product mixture was diluted 5-fold with 

MeOH or MeCN to dissolve both the cyclohexane and the aqueous salt solution. 

Conditions for product separation on the HPLC were the following: an 80% MeOH/20% 
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H2O (v/v) mobile phase; flow rate = 0.6 mL/min; detector wavelength λ = 230 nm; the 

injection volume was 50 μL. Each experiments were repeated three times. In each 

experiment, concentrations of each products were calculated by referring to the 

corresponding calibration equations in in section 4.6.4. Yields of each products were 

calculated from the average of triplicate runs. Normalized yields of 1-ArOH and 1-ArX 

were used to calculate the standard curves and selectivities. Noted that NaCl, NaBr results 

were obtained in previous papers.177  

 

4.3 RESULTS 

To measure the local molarity of anions at the tetradecane/water interface, the 

concentration of probe molecule 16-N2
+ needs to be low in the interfacial region to 

minimize its influence on the surface charge of the interface, otherwise it might induce the 

formation of an electrical double layer with counterions at the interface. 

We assumed that higher stir rate would produces bigger interface, so we measured the 

yield of 16-ArCl as a function of increasing stir rate. Figure 4-7 shows the relationship 

between stir rate and percent yield of 16-ArCl. Below 800 rpm, the normalized 16-ArCl% 

declines and normalized 16-ArOH% increases with increasing stir rate, indicating that as 

interface area becomes larger, the positive charge introduced by 16-ArN2
+ has less and less 

effect on the interfacial Cl- concentration. Above a stir rate of 1000 rpm, normalized 16-

ArCl% is approximately constant, which indicates the interface area is sufficiently large 

and the probe is sufficiently diluted that it has no significant effect on the electronic 

properties of the interface. The normalized 16-ArOH% stays unchanged at this condition 
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as well. In this experiment the NaCl concentration is kept at 1.0 M. All experimental data 

are included in Table 4-11 and Table 4-12. In all the following experiments the stir rate is 

set to 1200 rpm to ensure the sparse distribution of probe molecules at the interface. 

 

Figure 4-7 16-ArCl yield as a function of stir rate for Cl- in 

water/tetradecane(10:1) mixture at ambient temprature. NaCl concentration is 1.0 

M. pH=3 with HCl. All the experimental data are included in Table 4-11 and Table 

4-12. Red dashed lines are for aiding eyes. All data points are from triplicate runs.  

The stoichiometric probe molecule concentration is another important metric because 

at high local molarity the probe molecules will affect the electronic properties of the 

interface. Figure 4-8 shows the yields of 16-ArCl with increasing stoichiometric 

concentration of probe molecule. All the experimental data are included in Table 4-13 and 

Table 4-14. When the probe concentration is below 5.0x10-6 M, 16-ArCl% is 

approximately constant. At high probe concentrations 16-ArCl% increases significantly 
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and reaches a plateau above 1.0x10-5 M. At 1.5x10-5 M the solution becomes a suspension 

which indicates the probe saturation. 

 

Figure 4-8 16-ArCl yield as a function of probe concentration in 

water/tetradecane mixture at ambient temperature. NaCl concentration is 1.0 M, 

stir rate=1200 rpm. The result numbers are in Table 4-13. pH=3 with HCl. All the 

experimental data are included in Table 4-13 and Table 4-14.  

The same control experiment was also performed on 1.0 M NaI as shown in Figure 

4-9. All the experimental data are included in Table 4-15 and Table 4-16. The plot profile 

is the same as that of 1.0 M NaCl solution. We think that the unchanged 16-ArCl% and 16-

ArI% below 5.0x10-6 M suggests that the probe interfacial density is too low to induce any 

aggregation of anions. Above 5.0x10-6 M the interfacial charge density is sufficient to 

organize anions at the interface.  
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Figure 4-9 16-ArI yield as a function of probe concentration in 

water/tetradecane mixture at ambient temperature. NaI concentration is 1.0 M. 

pH=3 with HCl (HI is oxidized easily). All the experimental data are included in 

Table 4-15 and Table 4-16.  

By following the same idea of chemical trapping experiments in micellar solution, the 

interfacial molarity of Cl-, Br-, SCN-, I- and water at the water/tetradecane interface were 

estimated in a mixture system of tetradecane and salt solutions at various concentration, as 

shown in Figure 4-10. All the experimental data are included in section 4.6.2. As 

normalized %16-ArX increases with increasing salt concentration, the normalized %16-

ArOH decreases. The green line indicates the function f(x) = x which shows the molarity 

of the added salt in the aqueous phase. The interfacial molarities of all four anions are 

greater than their bulk concentrations at low concentration of added salts, indicating they 
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adsorb at the water/tetradecane interface. The increase in the local molarity increment of 

interfacial concentration is more rapid at low bulk concentration but decreases slower at 

higher bulk concentration. This trend is especially prominent for I- but also applies to other 

ions. As bulk concentration becomes high, the difference between interfacial and bulk 

concentration gradually becomes small, indicating saturation of the interface.  

 

Figure 4-10 Interfacial concentrations of counterions and water molecules vs. 

added salts concentration at ambient temperature. Function f(x) = x shows the 

molarity of bulk added salts concentration. All the experimental data are included in 

section 4.6.2. 

Interfacial Cl- molarity starts at 1.12 M at 0.1 M bulk concentration, and reaches at 

2.91 M at 3.0 M bulk concentration; Br- interfacial molarity starts at 2.26 M at 0.1 M bulk 
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concentration, and reaches 5.04 M at 3.0 M bulk concentration; SCN- interfacial molarity 

starts at 1.19 M at 0.1 M bulk concentration, and reaches 3.99 M at 3.0 M bulk 

concentration; I- interfacial molarity starts at 3.13 M at 0.1 M bulk concentration, and 

reaches 6.04 M at 3.0 M bulk concentration. For the Cl-, Br-, SCN-, the increasing trend of 

interfacial molarity is close to linearity within the concentration range. I- is unique because 

its interfacial molarity shows accelerated growth at low concentrations, and then plateaus. 

This is the first experimental demonstration that these anions selectively adsorb onto the 

neat, uncharged H2O/alkane interfaces.  

The interfacial water molarity decreases as the anion concentration increases for all 

four anions. The interfacial water molarities show the reverse order of the anions, which is 

common in chemical trapping experiments in micellar solutions in which an increase in the 

interfacial counterions concentration produces decreasing interfacial water concentration.53 

The anions molarities decrease in the order: I > SCN > Br > Cl and the water molarities 

follow the reverse order: I < SCN < Br < Cl.  

 

4.4 DISCUSSION 

Not much research has been done on ions adsorption onto neat water/oil interfaces. 

The Jungwirth group75 used molecular dynamic (MD) simulations to calculate the 

interfacial concentrations of F-, Cl-, Br- and I- at the water/decane and water/air interfaces. 

The simulations show a clear increase in Cl-, Br-, I- concentration at the interface, but not 

F-, as shown in Figure 4-11 and Figure 4-12. 
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Figure 4-11 Normalized density of Na+, halides, decane and Oxygen of H2O at 

H2O/decane interface at 298 K calculated from by Jungwirth group paper. 75 

[NaX]=1.0 M. 
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Figure 4-12 Normalized density of Na+, halides, decane and oxygen of H2O at 

H2O/air interface at 298 K calculated from by Jungwirth et al.75 [NaX]=1.0 M. 

Figure 4-11 and Figure 4-12 are plots of the normalized number density of water 

oxygen (blue), decane CHn (cyan), sodium (olive green), and various halides ((a) fluoride 

(black), (b) chloride (yellow), (c) bromide (orange), and (d) iodide (magenta)) versus the 

distance z to the decane/water interface or air/water interface, respectively. The bulk salts 

concentrations are all 1.0 M. From these two plots the authors calculated the ClInt /Clbulk, 

BrInt /Brbulk and IInt/Ibulk ratios. The comparison between their results and our experimental 

results are listed in Table 4-1.  
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 ClInt/Clbulk BrInt/Brbulk IInt/Ibulk 

MD, water/decane interface 1.2 1.6 2.5 

MD, water/air interface 1.5 2.5 3.5 

Chemical trapping, water/tetradecane 

interface 

1.7 2.7 5.6 

Table 4-1 Comparison of halides adsorption onto water/oil and water/air 

interface at 1.0 M bulk salt solution obtained by MD and chemical trapping. 

[NaX]=1.0 M. 

From the table it is easy to see that both our and Jungwirth’s results show strong 

specific ions effect on halides adsorption onto the water/hydrophobic interface. Our 

interfacial concentration ratios are generally higher than MD results by about 50-100%, 

but the ions adsorption order is the same: Cl- < Br - < I-.  

Hemminger’s group72 used x-ray photoelectron spectroscopy to estimate ions 

percentage in the composition the water/air interfacial layer. The ions percentage is 

calculated by dividing the number of ions with the total numbers of ions and water 

molecules at the interface. The results show that bigger and more polarizable anions, 

especially Br- and I-, have more enhanced adsorption onto the interface, as shown in Figure 

4-13.  
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Figure 4-13 Hemminger’s result revealing atomic percentage for cations, anions 

and water molecules at water/air interface at ambient temperature. Both solutions 

are at 3.0 M concentration.  

In Table 4-2 the Br/H2O ratio and I/H2O ratio obtained from Hemminger’s paper and 

our experiments are compared. In chemical trapping experiments, the ions/H2O ratios are 

directly calculated as the ratio between ions interfacial molarity and H2O interfacial 

molarity.  

 Brinterf/H2O Iinterf/H2O 

X-ray, water/air interface 0.18 0.28 

Chemical trapping, water/tetradecane 

interface 

0.14 0.20 

Table 4-2 Comparison on ratios of interfacial anions and water molecules 

between chemical trapping and x-ray photoelectron spectroscopy at ambient 

temperature. Salts concentrations are all at 3.0 M. 
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Hemminger’s ratios are slightly higher than ours, but the trends are the same. Both of 

the two experiments imply that Br- and I- associate to the interface, and I- associates 

stronger than Br-. The difference between these two experiments are c.a. 30~40%, which 

is relatively small. To conclude, the results from chemical trapping, MD and x-ray provide 

similar anions adsorption order at neat hydrophobic/water interfaces.  

In related research, people have studied the ion selectivity from the adsorption 

isotherm perspective. Cremer’s group used vibrational sum frequency spectroscopy to 

detect the vibration intensity of water molecules at vicinity of poly-(N-isopropylacrylamide) 

(PNIPAM) floating at the water surface.64 The ions followed a series: NaSCN > NaClO4 > 

NaI > NaBr > NaCl > NaF. For most of the ions they investigated, except ClO4
-, a Langmuir 

isotherm fit the relationship between the relative oscillator strength and the ions 

concentration well. In Saykally’s paper they also found the Langmuir model fit the affinity 

of the SCN- at the water/air interface at low bulk ion concentration. The fitting failed at 

high ion concentration.71  

Accordingly, we tried to fit our results with the Langmuir model. The assumptions of 

Langmuir model are that the interface has a fixed space for limited number of molecules, 

which means once a spot is taken by one molecule, there will be one less free spot. The 

molecules do not have strong interactions between each other. So the process for one anion 

to take the “spot” can be described as:  

𝑆𝑝𝑜𝑡𝑓𝑟𝑒𝑒 + 𝐴𝑛𝑖𝑜𝑛 = 𝑆𝑝𝑜𝑡 ⋯ 𝐴𝑛𝑖𝑜𝑛 

where the 𝑆𝑝𝑜𝑡 ⋯ 𝐴𝑛𝑖𝑜𝑛 means the spot has been taken by one anion. 

The equilibrium constant K is defined as: 
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𝐾 =  
[𝑆𝑝𝑜𝑡 ⋯ 𝐴𝑛𝑖𝑜𝑛]

[𝑆𝑝𝑜𝑡𝑓𝑟𝑒𝑒] ∗ [𝐴𝑛𝑖𝑜𝑛]
 

Equation 4-1 

Here square brackets mean stoichiometric concentration for each terms. The 

[𝑆𝑝𝑜𝑡 ⋯ 𝐴𝑛𝑖𝑜𝑛] is proportional to the anions local concentration on interface, because if 

there are more anions associated to the interface, more spots will be occupied. So  

[𝑆𝑝𝑜𝑡 ⋯ 𝐴𝑛𝑖𝑜𝑛]

[𝑆𝑝𝑜𝑡𝑓𝑟𝑒𝑒]
=  

𝑆 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓

(𝑇𝑜𝑡𝑎𝑙𝐴𝑟𝑒𝑎 −  𝑆 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓)
≡  

𝜃

1 − 𝜃
 

Equation 4-2 

𝜃 =  
𝑆 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓

𝑇𝑜𝑡𝑎𝑙𝐴𝑟𝑒𝑎 
≡ 𝑀 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓 

Equation 4-3 

Here 𝑆 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓 equals the area that anions occupy at the interface. M is an 

arbitrary term equal to 
𝑆

𝑇𝑜𝑡𝑎𝑙𝐴𝑟𝑒𝑎 
. The coefficient S is the unit area that an anion occupies 

at the interface. TotalArea is the total area of the interface. To simplify last equation, 𝜃 is 

introduced as 
𝑆∗(𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓

𝑇𝑜𝑡𝑎𝑙𝐴𝑟𝑒𝑎 
. Solving Equation 4-1 and Equation 4-2 together gives: 

𝐾 =  
𝜃

(1 − 𝜃) ∗ [𝐴𝑛𝑖𝑜𝑛]
 

𝜃 =  
𝐾 ∗ [𝐴𝑛𝑖𝑜𝑛]

1 + 𝐾 ∗ [𝐴𝑛𝑖𝑜𝑛]
 

Equation 4-4 
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Combine Equation 4-3 and Equation 4-4,   

𝑀 ∗ (𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓 =  
𝐾 ∗ [𝐴𝑛𝑖𝑜𝑛]

1 + 𝐾 ∗ [𝐴𝑛𝑖𝑜𝑛]
 

Equation 4-5 

So 

1

(𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓
=  

𝑀

𝐾 ∗ [𝐴𝑛𝑖𝑜𝑛]
+ 𝑀 ≡  𝑎

1

[𝐴𝑛𝑖𝑜𝑛]
+ 𝑏  

Equation 4-6 

Equation 4-6 predicts that 
1

(𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓
 and 

1

[𝐴𝑛𝑖𝑜𝑛]
 have a linear relationship if the 

conditions of Langmuir isotherm are satisfied. The relationships between 
1

(𝐴𝑛𝑖𝑜𝑛)𝑖𝑛𝑡𝑒𝑟𝑓
 and 

1

[𝐴𝑛𝑖𝑜𝑛]
 for Cl-, Br-, SCN-, and I- are plotted in Figure 4-14.   
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Figure 4-14 Plots of 1/Xm against 1/[X] from results of chemical trapping 

experiments. X = Cl-, Br-, I-, SCN-. The data points at low concentrations (high 

1/[X]) were linearly fitted.  

The double reciprocal plot for Cl- and Br- is clearly not linear. At higher concentrations 

(lower 1/[x] values) the interfacial anion molarities deviate significantly from the trend line. 

It suggests the adsorption of Cl- and Br- at high bulk concentration are much higher than 

the prediction of Langmuir model. SCN- has similar deviation at a high bulk concentration. 

This matches with the Saykally group’s observation that at higher concentration (> 4 M), 

the Langmuir modeling breaks down.71 This might be because that at high concentration 

there is not only repulsion between interface anions, but also ion pairing between cations 

and anions. The anions and cations of ion pairs adsorb together at the interface, so the 

maximum coverage for anions will be close to 
𝑆𝑖𝑧𝑒 𝑜𝑓 𝑎𝑛𝑖𝑜𝑛𝑠

𝑆𝑖𝑧𝑒 𝑜𝑓 𝑐𝑎𝑡𝑖𝑜𝑛𝑠
∗ 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎, which depends 

on the sizes of the cations and anions because cations and anions number ratio is 1:1 for 

NaX monovalent salt. The anions may adsorb at the interface via interactions between polar 

ion-pairs and the interface, not by interaction between the anion alone with the interface. 

y = 0.0602x + 0.2876
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However, MD results in Figure 4-11 show that the distances of cations density peak and 

anions density peak to the interface is not the same. Anion density peaks are always closer 

to the interface than that of cations, suggesting the existence of an electronic double layer. 

So if there are ion pairs formed at the same time at the interface, they probably are oriented 

with the anions close to the interface.  

Onorato and coworkers paper71 observed that the transition from Langmuir to non-

Langmuir conditions appeared to be very sharp at around 4.0 M salt concentration, which 

also match with our observation here in SCN- plot. They stated that the sharp transition 

indicates a structural change at the water/air interface that could come from 3 sources: an 

interfacial water structure change, or a second set of anion adsorption sites in the interfacial 

layer, or a disruption of the hydrophobic side of the interface. Even though in my 

experiments the structural changes of water can not be detected, the decrease of interfacial 

water molarity, especially for I-, is very clear. As interfacial water molecules number 

increases and interfacial anions number increases, the hydration numbers of ions decrease 

and the anions will be less hydrated.  

Saykally’s results are consistent with the driving force of adsorption coming from the 

energetic benefit when big ions adsorb to the interface and decrease the contact area 

between air and water. Meanwhile, for those hydrophobic ions that don’t have strong 

interactions with water molecules, staying at the interface and interacting with unsatisfied 

hydrogen bonds is favored from energy perspective rather than disrupting hydrogen bonds 

between water molecules in the bulk.71  

Despite a number of observations, the discussion on the intrinsic mechanism of anions 

adsorption onto water/oil interface is still far from complete. Some physics research groups, 



131 

 

 

 

such as Yan Levin and Zhengang Wang group,178, 179 tried to use physical methods to model 

ion behavior at the air/water and oil/water interface. By modeling the self-energy of an ion 

and combining it with nonelectrostatic interactions, Wang predicted specific ion effects on 

association of halide ions at water/air interface, and the strong adsorption of hydrophobic 

ions at the interface. Levin developed a model of polarizable ions to interpret interfacial 

properties of aqueous electrolyte solutions, but it did not pay much attention to the role of 

image force on the air side of the interface. Alternative explanations are common on the 

topic, and there is a long way to go before the Hofmeister phenomena at the interfaces is 

fully understood.  

 

4.5 CONCLUSION 

In a stirred mixture of tetradecane and salt solution (NaCl, NaBr, NaSCN, NaI), the 

interfacial molarities of these anions have been successfully measured at the neat 

water/tetradecane interface by using a long chain arenediazonium ion 16-ArN2
+ as a probe. 

The anions strong adsorption to the interface was directly observed from the reaction 

products yields, and the corresponding molarities of interfacial anion and water were also 

obtained. This is the first experimental estimate of anion adsorption to a neat, uncharged 

water/nonpolar solvent interface has been observed. The order of anion association to the 

hydrocarbon interface follows a series similar to the Hofmeister Series, and interfacial 

concentrations were calculated from the experiment data. The anions local concentration 

has been compared with previously reported literatures and they are in good agreement in 

terms of the enhancement adsorption amount and anion/water molecule ratio at the 
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interface. The anions adsorption data was also fit with the classic Langmuir model, and as 

shown in other previous literatures, at high concentration the adsorption isotherm of Cl-, Br- 

and SCN- deviate from the model. The deviation could be from the formation of interfacial 

ion pairs at high salt concentration. Our approach provides a new method to study one of 

the most basic water/oil interfaces and reveals more details about ions interaction with the 

interfaces, which is needed to fully interpret the Hofmeister Series.  
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4.6 SUPPLIMENTARY INFOMATION 

4.6.1 Representative HPLC chromatograms  

 

Figure 4-15 HPLC chromatogram of dediazoniation products of chemical 

trapping experiments in 1.0 M NaCl solution/tetradecane mixture diluted by ~ 4 mL 

iso-propanol. 
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Figure 4-16 HPLC chromatogram of dediazoniation products of chemical 

trapping experiments in 1.0 M NaBr solution/tetradecane mixture diluted by ~ 4 mL 

iso-propanol. 

 

 

Figure 4-17 HPLC chromatogram of dediazoniation products of chemical 

trapping experiments in 0.2 M NaI solution/tetradecane mixture diluted by ~ 4 mL 

iso-propanol. 
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Figure 4-18 HPLC chromatogram of dediazoniation products of chemical 

trapping experiments in 1.0 M NaSCN solution/tetradecane mixture diluted by ~ 4 

mL isopropanol.  
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4.6.2 Numerical data for Figure 4-10 

Table 4-3 Estimated values of Clm, H2Om, Sw
Cl at NaCl solution/tetradecane 

interface from 0.1 to 3.0 M at 25 ̊C with [HBr] = 1 mM 

[NaCl]  

M 

Clm 

M 

Standard 

Deviation 

of Clm  

Sw
Cl H2Om 

H2Om/ 

Clm 

0.1 1.12 0.29 10.28 55.97 50.20 

0.2 1.17 0.33 10.16 55.95 47.72 

0.3 1.08 0.25 10.35 55.98 51.88 

0.4 1.35 0.37 9.86 55.80 41.46 

0.5 1.55 0.07 9.56 55.52 35.92 

1.0 1.71 0.27 9.35 55.22 32.29 

1.5 1.94 0.26 9.09 54.72 28.20 

2.0 2.19 0.20 8.86 54.11 24.75 

2.5 2.64 0.20 8.49 54.79 20.71 

3.0 2.91 0.10 8.32 53.05 18.26 
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Table 4-4 Estimated values of Brm, H2Om, Sw
Br at NaBr solution/tetradecane 

interface from 0.1 to 3.0 M at 25 ̊C with [HCl] = 1 mM 

[NaBr]  

M 

Brm 

M 

Standard 

Deviation 

of Brm 

Sw
Br H2Om 

H2Om/ 

Brm 

0.1 2.26 0.29 11.67 48.62 21.47 

0.2 2.08 0.33 11.82 49.50 23.79 

0.3 2.51 0.25 11.51 47.48 18.89 

0.4 2.51 0.27 11.51 47.48 18.89 

0.5 2.63 0.07 11.45 46.95 17.83 

1.0 2.79 0.27 11.38 46.27 16.61 

1.5 3.46 0.24 11.20 43.21 12.48 

2.0 4.01 0.20 11.13 40.56 10.11 

2.5 4.79 0.20 11.08 36.51 7.63 

3.0 5.04 0.10 11.07 35.10 6.96 
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Table 4-5 Estimated values of Im, H2Om, Sw
I at NaI solution/tetradecane 

interface from 0.1 to 3.0 M at 25 ̊C with [HBr] = 1 mM 

[NaI]  

M 

Im 

M 

Deviation Sw
I H2Om 

H2Om/ 

Im 

0.1 3.13 0.16 28.55 50.00 15.99 

0.2 3.89 0.08 28.12 45.77 11.76 

0.3 4.63 0.02 27.70 40.39 8.73 

0.4 4.95 0.06 27.52 37.76 7.63 

0.5 5.09 0.01 27.44 36.55 7.18 

1.0 5.61 0.20 27.14 31.90 5.69 

1.5 6.05 0.24 26.89 27.66 4.57 

2.0 5.96 0.26 26.94 28.51 4.78 

2.5 6.00 0.19 26.92 28.13 4.69 

3.0 6.04 0.57 26.90 27.81 4.61 
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Table 4-6 Estimated values of SCNm, H2Om, Sw
SCN at NaSCN 

solution/tetradecane interface from 0.1 to 3.0 M at 25 C with [HBr] = 1 mM 

[NaSCN]  

M 

SCNm
 a

 

M 

Deviation Sw
SCN H2Om 

H2Om/ 

SCNm 

0.1 1.19 0.32 35.01 53.04 44.60 

0.2 1.58 0.31 33.03 52.98 33.42 

0.3 1.84 0.05 32.42 52.95 28.79 

0.4 2.11 0.13 31.99 52.69 24.98 

0.5 2.45 0.08 31.49 51.75 21.10 

1.0 2.52 0.06 31.38 51.48 20.45 

1.5 3.04 0.37 30.39 48.41 15.92 

2.0 3.54 0.34 29.74 45.07 12.73 

2.5 3.74 0.21 29.89 44.15 11.80 

3.0 3.99 0.04 30.71 43.74 10.96 

 

a. SCNm is calculated from %1-Ar~SCN (%1-Ar~SCN = %1-ArSCN + %1-ArNCS), so it represents 

the molarity of both 16–SCN product and 16–NCS product.
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Table 4-7 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in NaCl 

solution/tetradecane mixture from 0.1 to 3.0 M at 25 oC. [HBr] = 1 mMa 

[NaCl]  

M 

  

Average Peak Areas  (μv•s)c 

  

Observed Yields (%) 

  

Normalized Yields (%)d 

16-

NHAc 

16-

ArOH 

16-Ind 16-H 16-ArCl 

16-

NHAc 

16-

ArOH 

16-Ind 16-H 

16-

ArCl 

Total 16-ArOH 16-ArCl 

0.1   9.22E+03 6.25E+04 9.22E+03 1.98E+04 1.84E+04   5.4% 52.1% 5.5% 16.7% 14.1% 110.4%   83.0% 17.0% 

0.2   1.01E+04 6.90E+04 1.08E+04 1.26E+04 1.90E+04   6.0% 57.6% 6.4% 10.6% 14.5% 105.6%   82.4% 17.6% 

0.3   1.06E+04 5.39E+04 1.09E+04 1.48E+04 1.50E+04   6.2% 44.9% 6.5% 12.5% 11.5% 94.0%   83.4% 16.6% 

0.4   7.32E+03 5.97E+04 1.02E+04 2.02E+04 2.08E+04   4.3% 49.8% 6.0% 17.0% 15.9% 110.0%   80.8% 19.2% 

0.5   7.33E+03 4.97E+04 7.23E+03 1.50E+04 1.88E+04   4.3% 41.5% 4.3% 12.7% 14.4% 89.8%   79.0% 21.0% 

1.0   5.22E+03 5.63E+04 5.97E+03 1.41E+04 2.23E+04   3.1% 47.0% 3.5% 11.9% 17.0% 94.4%   77.5% 22.5% 

1.5   6.46E+03 4.33E+04 1.55E+04 1.66E+04 2.11E+04   3.8% 36.1% 9.2% 14.0% 16.2% 93.3%   75.6% 24.4% 

2.0   1.02E+04 4.76E+04 2.02E+04 1.78E+04 2.56E+04   6.0% 39.7% 12.0% 15.0% 19.6% 107.3%   73.6% 26.4% 

2.5   3.30E+03 3.77E+04 1.14E+04 1.38E+04 2.39E+04   1.9% 31.4% 6.8% 11.6% 18.3% 96.1%   72.8% 29.8% 

3.0   7.36E+03 3.54E+04 2.60E+04 1.44E+04 2.53E+04   4.3% 29.5% 15.4% 12.2% 19.3% 92.9%   69.6% 31.7% 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentration of 16-ArN2BF4 was around 10-6 M due to uneasy precise control on the weight of 

16-ArN2BF4. 

b. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 0.4 ml/min; Detector wavelength: 220 nm. 

c. % Total = %16-NHAc + %16-ArOH + %16-Ind + %16-ArCl + 2 * %16-ArH 

d. % 16-ArClN = 100 (%16-ArCl)/( %16-ArOH + %16-ArH + %16-ArCl); % 16-ArOHN = 100 (%16-ArOH + %16-ArH )/( %16-ArOH + %16-ArH + %16-ArCl). 
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Table 4-8 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in NaBr 

solution/tetradecane mixture from 0.1 to 3.0 M at 25 C. [HCl] = 1 mMa 

[NaBr]  

M 

  

Average Peak Areas  (μv•s)c 

  

Observed Yields (%) 

  

Normalized Yields (%)d 

16-NHAc 16-ArOH 16-Ind 16-H 16-Br 

16-

NHAc 

16-

ArOH 

16-Ind 16-H 16-Br Total 16-ArOH 16-Br 

0.1   6.94E+03 5.14E+04 5.79E+03 1.06E+04 4.71E+04   4.8% 50.4% 4.0% 10.5% 33.1% 113.4%   64.8% 35.2% 

0.2   1.40E+04 6.34E+04 6.37E+03 4.41E+03 4.70E+04   9.7% 62.2% 4.4% 4.4% 33.1% 118.2%   66.8% 33.2% 

0.3   5.79E+03 5.82E+04 5.75E+03 0  4.94E+04   4.0% 57.1% 4.0% 0.0% 34.8% 99.9%   62.1% 37.9% 

0.4   6.71E+03 4.66E+04 6.34E+03 7.99E+03 4.64E+04   4.6% 45.7% 4.4% 7.9% 32.7% 103.3%   62.1% 37.9% 

0.5   8.36E+03 4.89E+04 6.62E+03 1.08E+04 5.36E+04   5.8% 48.0% 4.6% 10.7% 37.7% 117.6%   60.9% 39.1% 

1.0   7.25E+03 4.51E+04 9.51E+03 6.37E+03 4.92E+04   5.0% 44.2% 6.6% 6.3% 34.6% 103.2%   59.3% 40.7% 

1.5   6.48E+03 3.97E+04 8.49E+03  0 4.96E+04   4.5% 38.9% 5.9% 0.0% 34.9% 84.3%   52.7% 47.3% 

2.0   4.76E+03 3.58E+04 1.01E+04  0 5.49E+04   3.3% 35.1% 7.0% 0.0% 38.6% 84.1%   47.6% 52.4% 

2.5   1.90E+04 2.93E+04 9.92E+03  0 5.94E+04   13.1% 28.8% 6.9% 0.0% 41.8% 90.6%   40.8% 59.2% 

3.0   2.41E+04 2.92E+04 1.19E+04  0 6.47E+04   16.7% 28.6% 8.3% 0.0% 45.5% 99.1%   38.6% 61.4% 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentration of 16-ArN2BF4 was around 10-6 M due to uneasy precise control 

on the weight of 16-ArN2BF4. 

b. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 0.4 ml/min; Detector wavelength: 220 nm. 

c. % Total = %16-NHAc + %16-ArOH + %16-Ind + %16-ArBr + 2* %16-ArH 

d. % 16-ArBrN = 100 (%16-ArBr)/( %16-ArOH + %16-ArH + %16-ArBr);% 16-ArOHN = 100 (%16-ArOH + %16-ArH )/( %16-ArOH + %16-ArH + %16-

ArBr).  
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Table 4-9 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in NaI 

solution/tetradecane mixture from 0.1 to 3.0 M at 25C. [HBr] = 1 mMa 

[NaI]  

 

M 

 

Average Peak Areas  (μv•s)c 

 

Observed Yields (%) 

 

Normalized Yields (%)d 

16-NHAc 

16-

ArOH+ 

16-Ind 16-H 16-ArI 

16-

NHAc 

16-

ArOH+ 

16-Ind 16-H 16-ArI Total 16-ArOH 16-ArI 

0.1  6.76E+03 1.24E+04 0.00E+00 2.21E+04 9.58E+04  3.8% 10.0% 0.0% 18.1% 50.1% 110.8%   35.9% 64.1% 

0.2  0.00E+00 3.73E+03 0.00E+00 2.16E+04 9.43E+04  0.0% 3.4% 0.0% 20.1% 56.3% 97.0%   29.5% 70.5% 

0.3  0.00E+00 2.98E+03 0.00E+00 2.07E+04 1.17E+05  0.0% 2.5% 0.0% 17.3% 62.9% 107.6%   24.0% 76.0% 

0.4  0.00E+00 3.49E+03 0.00E+00 1.50E+04 1.04E+05  0.0% 3.4% 0.0% 15.0% 66.5% 90.5%   21.7% 78.3% 

0.5  0.00E+00 2.75E+03 0.00E+00 1.72E+04 1.19E+05  0.0% 2.4% 0.0% 15.2% 67.2% 102.3%   20.7% 79.3% 

1.0  8.66E+03 9.53E+02 0.00E+00 1.62E+04 1.27E+05  5.0% 0.8% 0.0% 13.4% 67.5% 109.3%   17.3% 82.7% 

1.5  7.14E+03 0.00E+00 0.00E+00 1.43E+04 1.32E+05  4.2% 0.0% 0.0% 12.2% 71.5% 106.6%   14.5% 85.5% 

2.0  7.91E+03 0.00E+00 0.00E+00 1.56E+04 1.37E+05  4.4% 0.0% 0.0% 12.5% 70.5% 112.7%   15.1% 84.9% 

2.5  0.00E+00 0.00E+00 0.00E+00 1.64E+04 1.47E+05  0.0% 0.0% 0.0% 12.9% 74.2% 114.4%   14.8% 85.2% 

3.0  0.00E+00 0.00E+00 0.00E+00 1.54E+04 1.40E+05  0.0% 0.0% 0.0% 12.8% 74.5% 108.9%   14.6% 85.4% 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentration of 16-ArN2BF4 was around 10-6 M due to uneasy precise control 

on the weight of 16-ArN2BF4. 

b. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 0.4 ml/min; Detector wavelength: 220 nm. 

c. % Total = %16-NHAc + %16-ArOH + %16-Ind + %16-ArI + 2* %16-ArH 

d. % 16-ArIN = 100 (%16-ArI)/( %16-ArOH + %16-ArH + %16-ArI);% 16-ArOHN = 100 (%16-ArOH + %16-ArH )/( %16-ArOH + %16-ArH + %16-ArI).  
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Table 4-10 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in NaSCN 

solution/tetradecane mixture from 0.1 to 3.0 M at 25C. [HBr] = 1 mMa 

[NaSCN] 

M 

 

Average Peak Areas  (μv•s)c 

 

Observed Yields (%) 

 

Normalized Yields (%)d 

16-NHAc 

16-

ArOH+ 

16-Ind 16-SCN 16-H 16-NCS 

16-

NHAc 

16-

ArOH+ 

16-Ind 16-H 16(SCN) Total 16-ArOHN 16(SCN)N 

0.1  6.55E+03 1.65E+04 4.11E+04 2.83E+04 2.03E+04 2.80E+04  3.8% 13.7% 24.3% 18.1% 24.1% 106.6%  56.0% 44.0% 

0.2  7.04E+03 1.40E+04 3.82E+04 3.78E+04 2.09E+04 2.14E+04  4.0% 11.4% 22.1% 23.7% 28.2% 109.0%  50.3% 49.7% 

0.3  6.45E+03 1.40E+04 1.81E+04 3.98E+04 1.93E+04 2.71E+04  4.2% 12.9% 11.9% 28.4% 34.9% 95.8%  47.0% 53.0% 

0.4  3.21E+03 1.65E+04 1.87E+04 4.30E+04 1.46E+04 2.60E+04  2.2% 16.2% 13.1% 32.7% 39.4% 89.8%  43.8% 56.2% 

0.5  1.20E+04 3.05E+04 1.38E+04 5.62E+04 4.74E+03 3.58E+04  7.6% 27.5% 8.8% 39.1% 47.4% 98.3%  40.1% 59.9% 

1.0  5.79E+03 2.77E+04 9.57E+03 5.90E+04 8.12E+03 3.69E+04  3.7% 25.1% 6.2% 41.4% 50.0% 97.5%  39.4% 60.6% 

1.5  5.83E+03 2.29E+04 9.72E+03 6.36E+04 7.78E+03 3.73E+04  3.8% 21.1% 6.4% 45.3% 54.2% 96.0%  34.4% 65.6% 

2.0  7.61E+03 1.42E+04 1.47E+04 7.03E+04 1.16E+04 2.49E+04  4.7% 12.5% 9.1% 47.5% 53.1% 101.1%  30.0% 70.0% 

2.5  8.20E+03 1.09E+04 1.62E+04 6.53E+04 1.05E+04 1.59E+04  5.6% 10.5% 11.1% 48.5% 52.4% 92.1%  28.3% 71.7% 

3.0  0 1.36E+04 1.06E+04 6.95E+04 8.33E+03 3.11E+04  0.0% 13.6% 7.6% 53.8% 61.9% 88.2%  26.3% 73.7% 

a. Reaction time ca. 24 h to ensure the complete dediazoniation reaction. The concentrations of 16-ArN2BF4 were around 10-6 M but vary in each experiments. 

b. Peak areas are average of triplicate injections. Eluting solvents: 65%MeOH/35%i-PrOH; Flow rate: 0.4 ml/min; Detector wavelength: 220 nm. 

c. % Total = %16-NHAc + %16-ArOH + %16-Ind + %16-ArSCN + %16-ArNCS + 2* %16-ArHd. % 16-ArSCNN = 100 (%16-ArSCN + %16-ArNCS)/( + %16-ArOH + %16-

ArH + %16-ArSCN + %16-ArNCS); % 16-ArOHN = 100 (%16-ArOH + %16-ArH )/( %16-ArOH + %16-ArH + %16-ArSCN + %16-ArNCS).  
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4.6.3 Results for control experiments in 1.0 M NaCl & NaI solution 

Table 4-11 Results for control experiment in 1.0 M NaCl solution with increasing stirring speed. [HCl] = 1 mM. Each run 

was repeated 3 times. 

Probe conc. 

 (M) 

Stirring rate 

(rpm) 

%16-OHN %16-ClN 

Standard 

deviation 

of %16-ClN 

Clm 

(M) 

Sw
Cl H2Om 

H2Om/ 

Clm 

5.10E-06 

 

233 65.1% 34.9% 2.97% 3.36 8.05 50.55 15.04 

334 70.2% 29.8% 4.98% 2.64 8.50 52.84 20.04 

550 71.5% 28.5% 1.68% 2.46 8.63 53.36 21.67 

599 76.7% 23.3% 0.75% 1.82 9.23 55.00 30.29 

812 75.7% 24.3% 0.54% 1.93 9.10 54.74 28.31 

970 75.1% 24.9% 2.69% 2.01 9.03 54.57 27.19 

1215 75.6% 24.4% 3.63% 1.94 9.09 54.72 28.19 

1340 75.4% 24.6% 2.02% 1.97 9.07 54.66 27.79 
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Table 4-12 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in stir rate 

controlling experiment in NaCl solution/tetradecane mixture at 1.0 M at 25C. [HCl] = 1 mM. Each run was repeated 3 times. 

[probe] 

(M)  

Stirring 

speed 

(rpm) 

 

Average Peak Areas (mv·s)c 

 

Observed Yields (%) 

 

Normalized Yields (%) 

16-

ArOH 

16-Ind 16-H 16-Cl 

16-

ArOH 

16-

Ind 

16-H 16-Cl Total 

16-

ArOHN 

16-

ClN 

 

St. dev. 

of 16-

ClN 

5.10E-06 

 

233 2.05E+05 6.22E+04 6.86E+04 1.60E+05 40.2% 8.7% 13.6% 28.8% 91.3% 65.1% 34.9%  2.97% 

334 2.20E+05 6.14E+04 7.78E+04 1.38E+05 43.2% 8.6% 15.4% 24.9% 92.1% 70.2% 29.8%  4.98% 

550 2.24E+05 5.57E+04 8.45E+04 1.34E+05 43.8% 7.8% 16.8% 24.1% 92.5% 71.5% 28.5%  1.68% 

599 2.47E+05 5.02E+04 6.30E+04 1.03E+05 48.4% 7.0% 12.5% 18.5% 86.4% 76.7% 23.3%  0.75% 

812 2.01E+05 1.37E+05 5.79E+04 9.09E+04 39.4% 19.2% 11.5% 16.3% 86.4% 75.7% 24.3%  0.54% 

970 2.74E+05 4.67E+04 5.83E+04 1.20E+05 53.7% 6.5% 11.6% 21.7% 93.4% 75.1% 24.9%  2.69% 

1215 2.73E+05 2.35E+04 7.46E+04 1.22E+05 53.5% 3.3% 14.8% 22.0% 93.6% 75.6% 24.4%  3.63% 

1340 3.26E+05 3.84E+04 3.56E+04 1.29E+05 64.0% 5.4% 7.1% 23.2% 99.6% 75.4% 24.6%  2.02% 
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Table 4-13 Results for control experiment in 1.0 M NaCl solution with increasing probe concentration. [HCl] = 1 mM. 

Each run was repeated 3 times. 

Probe conc. 

(M) 

probe relative 

conc. to cmc 

%Norm. H2O 

Norm. 

%16-ArCl 

Standard 

deviation 

of %16-ArCl 

Clm 

(M) 

Sw
Cl H2Om H2Om/ Clm 

1.25E-06 25% 81.7% 18.3% 1.2% 1.25 10.02 55.90 44.66 

2.50E-06 50% 82.6% 17.4% 1.3% 1.16 10.19 55.96 48.39 

5.00E-06 100% 81.4% 18.6% 0.9% 1.29 9.96 55.86 43.44 

7.50E-06 150% 76.1% 23.9% 0.7% 1.88 9.15 54.86 29.14 

1.00E-05 200% 73.1% 26.9% 0.4% 2.25 8.80 53.94 23.96 

1.50E-05 300% 73.2% 26.8% 0.8% 2.24 8.81 53.96 24.05 
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Table 4-14 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in probe 

concentration controlling experiment in NaCl solution/tetradecane mixture at 1.0 M at 25C. [HCl] = 1 mM. Each run was 

repeated 3 times. 

[probe]  

(M) 

 

Average Peak Areas  (mv·s)c  Observed  Yields   (%) 

 

Normalized 

Yields (%)e 

 

Std. dev.  

of 16-ClN  16-

ArOH 

16-Ind 16-H 16-Cl  

16-

ArOH 

16-

Ind 

16-H 16-Cl Total 

16-

ArOHN 

16-ClN  

1.25E-06  1.43E+04 1.48E+03 4.57E+03 4.63E+03  57.2% 4.2% 18.5% 17.0% 115.4%  81.7% 18.3%  1.2% 

2.50E-06  3.48E+04 4.54E+03 4.31E+03 8.98E+03  69.7% 6.5% 8.7% 16.5% 110.1%  82.6% 17.4%  1.3% 

5.00E-06  6.70E+04 8.64E+03 5.96E+03 1.82E+04  67.1% 6.2% 6.0% 16.7% 101.9%  81.4% 18.6%  0.9% 

7.50E-06  8.58E+04 1.91E+04 8.90E+03 3.25E+04  57.2% 9.1% 6.0% 19.9% 98.2%  76.1% 23.9%  0.7% 

1.00E-05  1.27E+05 2.13E+04 1.59E+04 5.76E+04  63.6% 7.6% 8.1% 26.4% 113.8%  73.1% 26.9%  0.4% 

1.50E-05  1.73E+05 4.23E+04 2.85E+04 8.05E+04  57.7% 10.0% 9.6% 24.6% 111.6%  73.2% 26.8%  0.8% 
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Table 4-15 Results for control experiment in 1.0 M NaI solution with increasing probe concentration. [HCl] = 1 mM. Each 

run was repeated 3 times. 

Probe conc. (M) 

probe relative 

conc. 

%Norm. H2O 

Norm. 

%16-ArI 

Standard 

deviation of  

%16-ArI 

Im(M) Sw
I H2Om 

H2Om/ 

Im 

1.25E-06 25% 18.7% 81.3% 0.89% 5.39 27.27 33.89 6.29 

2.50E-06 50% 19.0% 81.0% 1.22% 5.35 27.29 34.23 6.40 

5.00E-06 100% 19.2% 80.8% 1.37% 5.32 27.31 34.54 6.50 

7.50E-06 150% 15.1% 84.9% 1.42% 5.96 26.94 28.57 4.79 

1.00E-05 200% 12.1% 87.9% 1.47% 6.45 26.66 23.71 3.67 

1.50E-05 300% 10.8% 89.2% 1.10% 6.67 26.54 21.49 3.22 
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Table 4-16 HPLC average peak areas, observed yields and normalized yields for reaction of 16-ArN2
+ in probe 

concentration controlling experiment in NaI solution/tetradecane mixture at 1.0 M at 25C. [HCl] = 1 mM. Each run was 

repeated 3 times.  

probe conc. 

(M) 

 Average Peak Areas  (mv·s)c 

 

Observed  Yields  (%) 

 

Normalized Yields 

(%) Std. dev.  

of 16-IN  

 16-ArOH 16-H 16-I 

16-

ArOH 

16-H 16-I Totald 

16-

ArOHN 

16-IN 

1.25E-06  0.00E+00 1.95E+04 1.41E+05  0.0% 12.2% 87.8% 95.14%  18.7% 81.3% 0.89% 

2.50E-06  9.02E+03 3.23E+04 2.75E+05  2.9% 10.2% 86.9% 91.84%  19.0% 81.0% 1.22% 

5.00E-06  2.32E+04 6.58E+04 6.05E+05  3.3% 9.5% 87.2% 99.82%  19.2% 80.8% 1.37% 

7.50E-06  2.02E+04 9.75E+04 9.58E+05  1.9% 9.1% 89.1% 101.69%  15.1% 84.9% 1.42% 

1.00E-05  0.00E+00 1.09E+05 1.24E+06  0.0% 8.1% 91.9% 93.25%  12.1% 87.9% 1.47% 

1.50E-05  0.00E+00 1.44E+05 1.86E+06  0.0% 7.2% 92.8% 90.78%  10.8% 89.2% 1.10% 
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4.6.4 Calibration curves 

Table 4-17 Calibration curves for long-chain dediazonation products.a 

Reaction Product Calibration Equationb R2 

16-ArId y=1.542×1011x 1.0000 

16-ArClc y=1.087×1011x 1.0000 

16-ArAcc y=9.338×1010x 1.0000 

16-ArOHc y=10.00×1010x-28660 0.9998 

16-ArHc y=9.883×1010x+14590 1.0000 

16-ArIndc y=1.404×1011x+249000 0.9980 

16-ArBrc y=1.393×1011x+14530 1.0000 

16-SCN y=1.295×1011x 0.99908 

16-NCS y=3.864×1011x e 0.9996 

 

a. HPLC Eluting solvent: 35%/65% v/v, i-PrOH/MeOH (except 16-Ind: 40%/60%, v/v). Flow 

rate: 0.4 ml/min. Detector wavelength: 220 nm. Injection volume: 100 μL. 

b. Units: y-peak area (in µv.s), x-concentration (in molarity), and R2 (correlation coefficient). 

c. Zhang, Y. L.; Romsted, L. S.; Zhuang, L. Z.; de Jong, S. Langmuir 2013, 29, 534. 

d. Measured by Changyao Liu 

e. This is the calibration curve of 1-NCS under HPLC conditions: 35%/65% v/v, i-PrOH/ 

MeOH. Flow rate: 0.4 ml/min. Detector wavelength: 220 nm. Injection volume: 100 μL. 16-

NCS is hard to obtain and I used 1-NCS calibration curve to represent that of 16-NCS. They 

share the same functional group and should have the same response to the same wavelength 

UV lights.  
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Table 4-18 Calibration curves for short-chain dediazonation products.a 

Reaction Product Calibration Equationb R2 

1-ArId y=5.436×1010x 0.9998 

1-ArClc y=1.178×1010x 0.9996 

1-ArAcc y=3.965×109x 1.0000 

1-ArOHc y=1.300×1010x 0.9995 

1-ArBrc y=2.321×1010x+14530 0.9998 

1-ArSCN y=3.118×1010x 0.99879 

1-ArNCS y=4.307×1010x 0.99975 

 

a. HPLC Eluting solvent: 80%/20% v/v, MeOH/H2O. Flow rate: 0.6 ml/min. Detector 

wavelength: 230 nm. Injection volume: 50 μL. 

b. Units: y-peak area (in µv.s), x-concentration (in molarity), and R2 (correlation coefficient). 

c. Zhang, Y. L.; Romsted, L. S.; Zhuang, L. Z.; de Jong, S. Langmuir 2013, 29, 534. 

d. Measured by Changyao Liu 
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Figure 4-19 Calibration curve for 1-ArNCS. 

 

 

Figure 4-20 Calibration curve for 1-ArSCN.  
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Figure 4-21 Calibration curve for 16-ArNCS. 

 

Figure 4-22 Calibration curve for 16-ArSCN.  
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4.6.5 Standard curves for chemical trapping method 

Figure 4-23 Dediazoniation product yields from reaction of 5 × 10-3 M 1-

ArN2BF4 with SCN- (%1-Ar~SCN = %1-ArSCN + %1-ArNCS) in aqueous NaSCN 

solutions at room temperature. Standard curve for %1-Ar~SCN against NaSCN 

(M) is fitted by the equation: %1-Ar~SCN = 40.844 [NaSCN]0.4264 
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Figure 4-24 Selectivity of the dediazoniation reaction towards SCN- compared 

to H2O, Sw
SCN, for reactions in NaSCN aqueous solutions at room temperature. 

Sw
SCN against NaSCN concentration is fitted by the equation: Sw

SCN = 37.84 

[NaSCN]-0.216. 
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Figure 4-25 Dediazoniation product yields from reaction of 5 × 10-3 M 1-

ArN2BF4 with I- (%1-ArI) in aqueous NaI solutions at room temperature. Standard 

curve for %1-ArI against NaI (M) is fitted by the equation: %1-ArI = 39.05 

[NaI]0.4328 
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Figure 4-26 Selectivities of the dediazoniation reaction towards I- compared to 

H2O, Sw
I, for reactions in NaI aqueous solutions at room temperature. Sw

I against 

NaI concentration is fitted by the equation: Sw
I =34.62 [NaI]-0.118. 
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