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Abstract 

Balanced Catalytic Surfactants (abbreviated as “Catasurfs”) allow the design multiphase 

microemulsion systems used as reaction media. In this context, the double tailed alkylammonium and 

alkylsulphonate amphiphiles have been developed. Their behavior in aqueous system (solubility, 

critical micellar concentration, binary diagram, lyotropic liquid crystal) as well as biphasic oil/water 

system (Fish diagram, forming microemulsions systems Winsor Type I, II, III and IV) were studied 

based on the nature of counter ions (Br, Cl, WO4
2−

, MoO4
2−

, SO4
2−

 for anionic and H
+
, Li

+
, Na

+
, K

+
, 

Cu
2+

, Zn
2+

, Ca
2+

, Sc
3+

 for cationic). Lyotropic crystal phases were identified by polarization optical 

microscopy and small angle X-ray scattering diffusion (SAXS). A classification of surfactants 

according to their amphiphilicity was established from the Fish diagrams constructed by scanning oil 

polarities. The phase behavior of these surfactants in water (micelles) and biphasic oil / water system 

(microemulsion) does not only depend on the alkyl chain length but also the hydration degree of 

counter ions, in agreement with the Hofmeister series. The advantages of multiphase microemulsions 

based on “Catasurfs” were on one hand demonstrated through the epoxidation of olefins and oxidation 

of sulfides in a Winsor III microemulsion based on [DiC10]2WO4 in the presence of H2O2 and, on the 

other hand, by the development of a thermosensitive Winsor IV microemulsions using synergy 

between C8E4 and [DiC8]2MoO4 for “Dark Singlet Oxygenation”. In addition, a new “one-pot” 

synthetic route of the (+)- nootkatone, a high value-added fragrance, from the (+)-valencene was 

developed under solvent-free conditions. The advantages of multiphase microemulsions based on 

Catasurfs (increased reactivity, better selectivity, easy product recovery and catalyst recycle) make 

these nanostructured reaction media alternatives to the phase transfer catalysis (PTC).   

Keywords: Catalytic Surfactant; Catasurf; Quaternary dialkylammonium; Dialkylsulphonate; 

Microemulsions; Winsor; Physicochemical properties; Binary diagram; liquid crystal; Fish diagrams; 

Oxidation; Hydroformylation; Synergy; Molybdate; Tungstate; Hydrogen peroxide; (+)-Nootkatone 

 

 

 

 

 

 

 

 



 

 

 

4 
 

Résumé  

Les surfactifs catalytiques équilibrés (baptisés "Catasurfs") permettent d'élaborer des systèmes de 

microémulsions polyphasiques utilisés comme milieux réactionnels. Dans ce contexte, des 

alkylammonium et des alkylsulphonates amphiphiles bicaténaires ont été développés. Leurs 

comportements en système aqueux (solubilité, concentration micellaire critique, diagramme binaire, 

cristaux liquides) ainsi qu'en système biphasique eau/huile (diagramme de Fish, formation de 

systèmes de microémulsions de type Winsor I, II, III et IV) ont été étudiés en fonction de la nature des 

contre-ions (Br
-
, Cl

-
, WO4

2-
, MoO4

2-
, SO4

2-
 pour les anioniques et H

+
, Li

+
, Na

+
, K

+
, Cu

2+
, Zn

2+
, Ca

2+
, 

Sc
3+

 pour les cationiques). Les phases cristallines lyotropes ont été identifiées par microscopie optique 

à polarisation et par diffusion des rayons X aux petits angles (SAXS). Une classification des surfactifs 

selon leur amphiphilicité a été établie à partir des diagrammes de Fish construits selon un balayage en 

huiles. Le comportement de phases de ces surfactifs dans l'eau (micelles) et en système biphasique 

eau/huile (microémulsion) dépend non seulement de la longueur de la chaîne mais aussi du degré 

d'hydratation des contre-ions, en accord avec la série d’Hofmeister. L’intérêt des microémulsions 

polyphasiques à base de Catasurfs a été démontré d'une part en microémulsion Winsor III à base de 

[DiC10]2WO4 appliquée à l'époxydation des oléfines et à l’oxydation de sulfures en présence de H2O2 

et d'autre part, via l'élaboration de microémulsions Winsor IV thermosensible utilisant la synergie 

entre les C8E4 et [DiC8]2MoO4 pour la "Dark Singlet Oxygenation". Par ailleurs, une nouvelle voie de 

synthèse « one-pot » de la (+)-nootkatone, fragrance à haute valeur ajoutée, à partir du(+)-valencène a 

été mise au point dans des conditions sans solvant. Les avantages des microémulsions polyphasiques à 

base de Catasurfs (réactivité accrue, meilleure sélectivité, récupération du produit et recyclage du 

catalyseur facilités) font de ces milieux réactionnels nanostructurés des alternatives pertinentes à la 

catalyse par transfert de phases (PTC). 

Mots-clés : Surfactif catalytique ; Catasurf ; Dialkylammonium quaternaire ; Dialkylsulphonate ; 

Microémulsions ; Winsor ; Propriétés physicochimiques ; Diagramme binaire ; Cristaux liquides ; 

Diagrammes de Fish ; Oxydation ;Hydroformylation ; Synergie ;Molybdate ; Tungstate  ; Eau 

oxygénée ; (+)-Nootkatone 
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List of the abbreviations 

NMR Nuclear Magnetic Resonance 

μem Microemulsion 
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CMC Critical micelle concentration 
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Green chemistry, also called sustainable chemistry, is focused on the chemical process that avoids the use 

of hazardous substances and the generation of toxic wastes. Since the concept was proposed by Paul 

Anastas in 1991, the principles of green chemistry were developed by Paul Anastas and John C. Warner 

(Figure I1).
1
 In the last 3 decades, various strategies have been developed to answer the principles of 

green chemistry including: 1) the use of renewable substrates, for example, the conversion of glucose, 

fructose or polysaccharides to hydroxymethylfurfural (an petrol alternative);
2
 2) the use of green reaction 

media, such as ionic liquids, fluorous solvents, and supercritical carbon dioxide;
3
 3) the use of green 

reagents, like oxygen or H2O2;
4,5

 and 4) reactions in aqueous condition.
6-8

 Besides, the bioengineering is 

also considered as a promising technique to achieve “green” chemistry goals as its high selectivity 

affording the higher atom economy and lower E-factor (environmental factor).
9
 Among them, catalytic 

oxidation in aqueous phase or without solvent with O2 and H2O2 received great attention as conventional 

oxidants have been comprised of toxic reagents like heavy metal ions.
10

 The clean oxidation with H2O2 

was even considered as one of the three key developments in green chemistry in 2005 due to its low price, 

easy and safe for manipulation, and harmless to the environment.
11

 

 

Figure I1 Principles of Green Chemistry.
1
  

Organic reactions in aqueous phase require the additives such as phase transfer catalysts (PTCs), 

cosolvent, or surfactant, etc. since most of substrates are immiscible with aqueous phase. Especially, the 

surfactants have been more and more used to prompt the reactions in water via the formation of 

Prevent waste Maximize atom economy

Principles of Green 

Chemistry 

Design less hazardous 

chemical processes
Design safer chemicals and 

products

Use safer solvents and 

reaction   conditions Increase the energy efficiency

Use renewable feedstocks Reduce chemical derivatives

Use catalyst instead of 

stoichiometric reagents
Design chemicals and products 

degradable after use

Analyze in real-time to 

prevent pollution
Minimize the potential for 

accidents
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micelles.
7,12

 Compared with phase transfer catalyst and cosolvent, the reactions in micellar solution 

presents various advantages: 1) without the use of organic solvent as the hydrophobic core of nano-

droplets in aqueous phase solubilizes the organic substrate in aqueous solution; 2) greatly accelerated 

reaction rate due to the large specific membrane area; 3) the improved product selectivity as the 

nanodroplets can prevent the water sensible substrates or products from hydrolysis and the micelle 

membrane also exhibits steric effect. However, the limit of substrate concentration and the difficult 

catalyst separation limit the industrial application of reactions in micellar solution. Emulsion as reaction 

medium is an alternative for various reactions in the presence of appropriate organic solvents,
13,14

 which 

overcomes the low concentration in micellar solution. For example, our group has reported the successful 

epoxidation of olefins with H2O2 as an oxidantin the Pickering emulsion elaborated with only 1 wt% 

[C12H25N(CH3)3]3 PW12O40 as both surfactant and catalyst and the oil phase containing product was easily 

separated by centrifugation at the end of reaction.
15

 While in many cases, stable emulsions are 

encountered and cause the difficult separation of product and catalyst. On the other hand, microemulsion 

(μem), a thermodynamic stable, transparent and isotropic mixture of water, surfactant (including co-

surfactant) and oil, is another type of reaction medium elaborated with surfactant. Depending on the 

curvature of the interface film, the μems can be divided into three types: O/W (Winsor I), W/O (Winsor II) 

and bicontinuous (Winsor III) μems, and one phase μem (Winsor IV) is formed upon the addition of 

sufficient quantity of surfactant.
16

 Several highlighted advantages and disadvantages of μem catalytic 

medium are shown in Figure I2. Although the μem has been used for several organic reactions,
17,18

 the 

oxidations in μem were rarely reported.
19  

 

Figure I2 The advantages and disadvantages of μem media for catalytic reaction. 

Microemulsion

Winsor I Winsor II Winsor III Winsor IV

Advantages:

Disadvantages:

Small quantity of surfactant in multi-phase microemulsion

Large amount solubilization of organic substrates
High reaction activity

Easy separation of product for Winsor I and Winsor III

Organic solvent

Large amount of surfactant requirement for Winsor IV
Strict formulation condition requirement for Winsor III
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In the 1980s, Aubry et al. have systematically investigated the mineral compounds catalyzed 

disproportionation of H2O2 into water and singlet oxygen (
1
O2)

20
, especially the molybdate, which was 

found catalyze the 
1
O2 generation quantitatively.

21,22
 Compared with photosensitization of oxygen, which 

requires special equipment for gas manipulation and light irradiation, the chemical generation of
 1

O2 is 

preferable as H2O2 is a cheap, safe and easy operating oxidant.  Different from triplet state (
3
Σg

−
), the 

oxygen in the singlet state (
1
Δg) is a high reactive oxidant and could react with electron-rich compounds, 

such as olefin, sulfide, amine, etc.
23

 While in aqueous phase, most of 
1
O2 is deactivated as its lifetime in 

water is extremely short (≈ 3 μs) and its mean travel distance in water is only about 200 nm.
24

 Since 1997, 

several μem systems were elaborated for the singlet oxygenation of various organic compounds to 

improve the efficiency 
1
O2.

25-30
 The earlier μem for oxidation of organic compounds was a Winsor IV 

W/O μem consisting of Na2MoO4 (catalyst), water, SDS (surfactant), butanol (co-surfactant), and CH2Cl2 

(organic solvent).
25

 Although the small size of aqueous droplets (≈ 10 nm) facilitated the transfer of 
1
O2 to 

organic phase before deactivation, the chlorinated solvent was unacceptable from the ecologic point of 

view. Besides, the large amount of SDS and butanol and the tedious workup also hindered its further 

industrial application. In contrast, less surfactant was required for elaboration of multiphase 

microemulsions. For example, a Winsor I microemulsion was elaborated with only about 5 wt% of SDS 

and applied in the singlet oxygenation in the presense of Na2MoO4.
30

 Although the product separation 

was easily achieved in Winsor I μem, its sensitivity towards dilution was still unfavorable.  In 2008, the 

concept of “Balanced Catalytic Surfactants” (Balanced Catasurfs) was proposed to overcome all the 

drawbacks of Winsor IV and Winsor I μems previously described.
29

 The balanced three-phase μem could 

be formed without additional co-surfactant and salts when appropriate chain length and solvent were 

chosen. The catalyst (MoO4
2-

) is electrostatically bound to the interfacial film at the aqueous side and the 

catalytic process is represented by Figure I3.  

 

Figure I3 Dark singlet oxygenation of substrate S in a three-phase μem system.
29

 

The balanced three-phase μem based on the “Catasurf” presented various advantages including: 1) Co-

solubilization of organic substrates and hydrophilic H2O2 in the bicontinuous μem domain (10 – 100 nm); 

2) Low amount of “Catasurf” without addition of co-surfactant and salts; 3) Complete location of the 

catalyst anion at μem interface film without leaching in aqueous phase and oil phase; 3) Large interface 

area; 4) The hydrophobic domain protect the water sensitive substrates and products; 5) The easy phase 

Oil

H2OH2O

Oil

μem
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separation at the end of reaction facilitates the product purification and catalyst recovering, etc. This 

thesis is focused on the further development of the “Catasurf” concept and consists of three chapters. 

The fisrt chapter reviewed the state of the art of surfactant combined catalysts and their applications in 

catalytic reactions. According to the surfactant part of the catalyst, this chanpter containing two main 

parts. The first part talked about the recent developplement of anionic surfactant combined Lewis acids 

and Brӧnsted acids catalysts and their applications in various carbon-carbon bond formation reactions 

such as aldol reaction, Mannich reaction, Friedel-Crafts reaction, etc. and the dehydratioin reactions such 

as esterification, etherification, etc. The second part presented the the development of cationic surfactant 

combined polyoxometalate and peroxometalate catalysts and their application in oxidative reactions such 

as the epoxidation, oxidative desulfurization, oxidative cleavage of olefins, etc. Most of the reactions 

were carried out in micellar or emulsion media and reactions in microemulsions were rarely reported. On 

the other hand, the physicochemical properties of the concerned amphiphilic surfactants were also 

presented in this chapter although they were rarely investigated and reported.  

The second chapter focused on the syntheses of “Catasurfs” and their physco-chemical properties 

investigations. The CMCs, binary and ternary phase behaviors of various dialkyldimethylammonium salts 

(alkyl = hexyl, octyl and decyl) with different counter ions (Cl
−
, Br

−
, SO4

2−
, WO4

2−
, MoO4

2−
) were 

investigated with the several technics including the tensiometer, Polarized Optical Microscope (POM) 

and Small Angle X-ray Scattering (SAXS) etc. The amphiphilicity of surfactants can be tuned not only by 

the chain length but alsoby the counter ions. The effect of counter ions (F
−
, Cl

−
, Br

−
, I

−
, CH3SO3

−
, 

CH3COO
−
, SO4

2−
, WO4

2−
, MoO4

2−
, ReO4

−
, etc.) on the CACs, and the aggregation behaviors of 

dioctyldimethyl ammonium salts in dilute aqueous solution has been reported by our group.
31

 Here the 

complete water/surfactant binary diagrams were investigated with Polarized Optical Microscope (POM) 

and Small Angle X-ray Scattering (SAXS). Furthermore, the surfactant amphiphilicity were evaluated by 

construction of the “Fish diagram” via the screening of the solvent polarity, which are crucial for the 

choice of appropriate solvent and surfactant to elaborate desired μems. On the other hand, a series of 

double tailed sulphonate ([DiCnCHSO3], n = 6, 7, 8) combined Lewis acid catalysts were also 

successfully synthesized, including the common used Cu
2+ 

, Zn
2+

, Fe
2+

 and Sc
3+

, etc. in order to enlarge 

the application scope of the concept “Catasurfs”. The preliminary study of their physicochemical 

properties was carried out, such as the solubilities in water and the CMCs. The water/surfactant binary 

diagrams were also constructed with Polarized Optical Microscope (POM) for DiCnCHSO3Na and 

DiCnCHSO3H.  

The third chapter mainly described the oxidation reactions in μems elaborated with “Catasurfs”. As 

mentioned above, molybdate is ideal catalyst for the catalytic disproportionation of H2O2 to generate 
1
O2 

under weak basic condition and could be applied in the chemical singlet oxygenation reactions. In 

contrast, tungstate has been widely used as catalyst precursors under the acidic conditions for various 
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catalytic oxidations of organic substrates with H2O2 as oxidant.
4,32

 In the first part of chapter 3, an acidic 

catalytic three-phase μem was also elaborated based on ([DiC10]2WO4) and applied in the epoxidation of 

olefins and the oxidation of sulfides, which play important role in fine chemistry and desulfurization in 

petroleum industry. In the second part, the synergism between nonionic C8E4 and ionic [DiC8]2MoO4 was 

investigated and a temperature-switch catalytic μem system was designed for singlet oxygenations. In the 

third part, the DiC8]2MoO4 catalyzed “one pot, three steps” conversion of (+)-Valencene to (+)-

Nootkatone, a high value-added product, was also investigated from two different processes, i. e. 

photooxygenation and chemical oxygenation.  Finally, besides the oxidation reactions in μems, 

hydroformylation of hydrophobic olefins were also carried out in catalytic μems based on the “Fish 

diagram” of [DiC8]Br and the metathesis between bromides and sulphonated phosphine ligands.  
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1.1 Introduction 

Green chemistry, also called sustainable chemistry, is a chemistry philosophy concept which focuses 

on minimizing the use and generation of hazardous products during a chemical process. The concept was 

firstly coined by Paul Anastas in 1991, and then the principles of green chemistry were developed by Paul 

Anastas and John C. Warner (Figure 1.1).
1
 Performing the catalytic organic reactions in aqueous phase 

would be of interest from the point of green chemistry. Compared to the conventional harmful and 

expensive organic solvents, water is an economical and environmental benign solvent; furthermore, some 

organic substrates could be activated in aqueous phase giving significant acceleration of reaction rate and 

selectivity.
33

 However, the organic reaction in aqueous phase is still one of the biggest challenges in 

modern organic chemistry due to the immiscibility of the hydrophobic organic substrates and water. 

Besides the problem of solubility, in many cases, water also decomposes the moisture sensitive 

compounds and deactivates the catalysts. 

 

Figure 1.1 The twelve principles of Green Chemistry.
1
 

Besides avoiding the use of toxic organic solvents, easy procedures of recycling and reuse of expensive 

catalysts in catalytic reactions are also important aspects according to the principles of green chemistry. 
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The catalyst leaching is a commonly encountered problem in catalytic industry processes and the 

contamination of desired products by the catalyst, especially the transition metal catalysts, requires 

tedious purification processes. To facilitate the recycling of catalysts, several strategies have been 

reported, such as immobilizing the catalyst on inorganic porous solids or organic polymers.
34,35 Ionic 

liquids have also been widely used for carrying out organic reactions and facilitating the separation of the 

product and catalyst at the end of the reaction.
36,37

 However, the immobilized catalysts generally result in 

a heterogeneous catalytic system and the decrease of the catalyst activity compared with homogeneous 

catalysts is inevitable, besides the catalyst leaching. Resorting to ionic liquids makes the recovery of 

product and reuse of the catalyst easier; however, the expensive cost and high purity requirement make 

this kind of reaction media not the best choice from the green chemistry view. 

In the past few decades, amphiphilic catalysts combining surfactant and catalyst moieties, which could 

realize the organic reactions in aqueous phase, have attracted much attention.
38,39

 Several highlighted 

advantages of the surfactant-type catalysts and disadvantages are shown in Figure 1.2. 

 

Figure 1.2 The advantages /disadvantages of surfactant-type catalysts. 

The micelles in the aqueous solution or the droplets in the (micro) emulsion can solubilize the organic 

substrates in the hydrophobic core and accumulate the concentration of reactants, which resolve the 
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3. High activity
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2. Problem of reactant incompatibility solved

3. High solubilization of reactants
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immiscibility problem between organic hydrophobic reactants and aqueous phase. The large membrane, 

stabilized by the surfactant molecules, also increases the catalytic activity, whilst such nano- and 

microdispersed reaction media also inhibit the byproduct formation in some extent and enhance both the 

selectivity, for example due to compartmentalization of hydrophobic and hydrophilic regions, water-

sensitive organic compounds are protected during the reaction.  

After the initial work in the early 1990s, the surfactant-combined amphiphilic catalysts were applied to 

various important reactions and attracted more and more attention. This can be seen on Figure 1.3 which 

represents the evolution of the number of publications in this area based on the database Scifinder® and 

using the keyword “amphiphilic catalyst”. 

 

Figure 1.3 Evolution of the number of publications related to “amphiphilic catalyst”. 

Several types of amphiphilic catalysts have been reported in the literature and applied to various catalytic 

reactions. Different names have been proposed by different groups depending on the characteristics of the 

catalysts: the Lewis-Acid-Surfactant-Combined Catalysts (LASCs) and Brönsted Acid-Surfactant-

Combined catalysts (BASC) proposed by Kobayashi et al.,
40

 the Surfactant-type Asymmetric 

Organocatalysts (SATO) reported by Cheng et al.
41

 and the Balanced Catalytic Surfactants (BCS) 

developed by our group.
29

 Most of the surfactant-combined catalysts can be summarized into two main 

classes:  

 the Lewis acid or Brönsted acid-anionic surfactant combined catalysts 

 the polyoxometalate or peroxometalate-cationic surfactant combined catalysts 

We will below introduce the recent developmentsin the surfactant-type catalyst field based on these two 

categories focusing on their catalytic activity and physicochemical properties. 
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1.2 Surfactant-combined catalysts and their catalytic applications 

1.2.1 Anionic surfactant-combined Lewis acid and Brönsted acid catalysts 

Lewis acid catalysts are of great interest in organic chemistry due to their unique activity and 

selectivity under mild reaction conditions.
42,43

 A Lewis acid is defined as electron acceptor and a metal 

based Lewis acid acts as an electron pair acceptor to increase the reactivity of the substrates. While most 

of the Lewis acid catalyzed reactions involve the use of organic solvent, strict dry conditions and inert air 

protection, the purification procedure is tedious.
44-46 Performing the Lewis acid catalyzed organic 

reactions in aqueous phase is attractive but it also encounters great challenges which have been ascribed 

to the decomposition and deactivation of the Lewis acid in the presence of water. Initially, Kobayashi et 

al. reported that the lanthanide trifluoromethanesulphonates (i.e. triflates), water-stable Lewis acids, can 

catalyze the carbon-carbon formation reaction in aqueous phase.
47,48

 In order to evaluate the possibility of 

Lewis acid catalyzed reactions in aqueous phase and the factors related to the catalyst activity, the authors 

found that the stability and activity of the catalyst are closely dependent on the hydrolysis constant (pKh 

in Figure 1.4) and the inner sphere Water Exchange Rate Constant (WERC) (Figure 1.4).
49-51  

With the Mukaiyama aldol reaction in H2O-THF mixture solvent as a model reaction (Scheme 1.1),
49 

the metal compounds, which provide high yields, have pKh ranging from 4.3 to 10.08, and WERCsare 

greater than 3× 10
6
 M

-1
s

-1
. The cations are easily hydrolyzed when pKh is lower than 4.3 while above 

10.08 supported too low Lewis acidity to coordinate with substrates. As shown in Figure 1.4, Cu(ClO4)2, 

Fe(ClO4)2, Cd(ClO4)2, InCl3 and Pb(ClO4)2 as well as the rare earth metal salts (Sc(ClO4)3, Y(ClO4)3, 

Ln(OTf)3) afford promising yields while chloride salts of B(III), Ti(IV), V(III) cause the decomposition 

of silylenol ethers and no desired product is obtained. 

 

Scheme 1.1 Mukaiyama aldol reaction catalyzed by Lewis acids in H2O-THF mixture solvent.
49
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Figure 1.4 Hydrolysis Constantand Exchange Rate Constants for Substitution of Inner-Sphere Water 

Ligands (WERC) and Lewis acid catalyzed Aldol Reaction.
49,50

  

1.2.1.1 Sc
III

 as catalytic part of LASCs 

In order to completely avoid the use of toxic organic solvents and circumvent the immiscibility 

problem of organic compounds and water, various Lewis acid-surfactant combined catalysts have been 

synthesized and employed for organic reactions in aqueous phase. The dodecanesulphonate and 

dodecylsulfate (DS) salts of several water-stable Lewis acids were prepared by Kobayashi et al.
49,52

 The 

catalytic activities and conversions of different metal cations were evaluated with the Mukaiyama aldol 

addition between benzaldehyde 1 and thioketene silyl acetal 4 as model substrates (Scheme 1.2).The 

formation of an emulsion thanks to the presence of the surfactant moiety not only overcome the 

immiscibility of organic substrates in water but also prevent the dramatic hydrolysis of water-labile silyl 

enol ether. Except the sodium, manganese and cobalt salts, the dedecanesulphonate salts of the other 

metal salts afford moderate to good conversions. Although the Cu salts give the highest activity at the 

initial stage, at the end of the reaction, Sc and Yb salts exhibit the most effective results. This has been 

likely ascribed to the dramatically hydrolysis of thioketene silyl acetal catalyzed by the Cu salts besides 

the high efficiency. 
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Scheme 1.2 Mukaiyama aldol reaction catalyzed by various Lewis acid-surfactant combined catalysts.
52

 

Since Sc(DS)3 shows good stability and activity in aqueous phase, several similar condensation reactions 

and other types of reactions were also tested by Kobayashi et al., such as aldol reaction, Mannich-type 

reaction,
53

 hydroxymethylation reaction
54

 and allylation. The products are shown in Figure 1.5. Generally, 

not only the activities are enhanced dramatically compared to classical water soluble Lewis acid salts, but 

also the selectivity to the desired product is improved to a great extent with the amphiphilic LASCs. At 

the end of the reactions, a simple phase separation or centrifugation are sufficient to recycle the catalyst 

and to recover the crude product. These advantages make the Sc(DS)3 one of the best LASCs for catalytic 

reactions in aqueous phase. 

 

Figure 1.5 Products of some Sc(DS)3 catalyzed reactions in aqueous phase.
53-58
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With Sc(DS)3 as catalyst, the initial rate of the aldol reaction is 1300 times higher in water than in CH2Cl2. 

Water is the solvent of choice compared to the other organic solvents. The separation of the product and 

catalyst involves the extraction by ethyl acetate or more conveniently by centrifugation.
53 Among the 

electrophiles in the aldol reactions, formaldehyde, a representative hydrophilic substrate, is one of the 

most important single carbon electrophiles.
59,60

 Catalytic hydroxymethylation of silylenol ether with 

formaldehyde is also catalyzed effectively with Sc(DS)3 as a Lewis acid-surfactant combined catalyst.
54

 

The Sc(DS)3 micelles containing organic substrates not only protects the water sensitive substrates but 

also increases the solubility of the hydrophilic HCHO in a hydrophobic environment resulting in the 

reaction in water (Scheme 1.3). Furthermore, the asymmetric catalytic hydroxymethylation reaction can 

be achieved by addition of chiral ligands 9 and 10. However, due to the decrease of the reaction rate, an 

additional surfactant is required to suppress the hydrolysis of the silylenol ether. By combining 9 with 

Triton X705 or ligand 10 with CH3(CH2)10SO3Na,different kinds of substrates can be converted to the 

corresponding hydroxymethylation product in good yield and selectivity (> 80% yield and > 90% ee).
54

 

 

Scheme 1.3 Sc(DS)3 catalyzed hydroxymethylation in water and ligand for asymmetric 

hydroxymethylation.
54

 

Besides the aldol reaction, Sc
III

 combined with an amphiphilic moiety also presents much better results 

than either surfactant SDS or Lewis acid Sc(OTf)3 in the Michael reaction, asymmetric ring-opening 

reaction and Friedel-Craft reaction etc.
53,55-58

 Under the same conditions, the yields of the desired products 

with Sc(DS)3 as catalyst are much better than with Sc(OTf)3 and SDS (Figure 1.6). The chemoselectivity 

and the reaction rate improvement have been ascribed to the micro-hydrophobic compartments in the 

aqueous phase, which could not only overcome the miscibility problem between organic reactants and 

catalyst-containing aqueous phase, but also accumulate the reactants in the micelles, emulsion or μem 

droplets. Indeed, the emulsion droplets of Sc(DS)3 in the presence of benzaldehyde in aqueous phase were 
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confirmed by light microscopy (Figure 1.7). For epoxide-ring opening reaction, the membrane of 

emulsion droplets presented the steric effect and increased enantioselectivity.  

 

Figure 1.6 Results of several reactions catalyzed by Sc(DS)3, SDS and Sc(OTf)3.
55-58

 

 

Figure 1.7 Mixtures of Sc(DS)3 and benzaldehyde as detected by optical microscopy. (a) Sc(DS)3: 

benzaldehyde = 1:10; (b) Sc(DS)3:benzaldehyde = 1:20; (c) Sc(DS)3:benzaldehyde = 1:100.
53

 

The products of aldol reaction, Mannich reaction and Friedel-Crafts reaction are important synthetic 

intermediates in pharmaceuticals and in the synthesis of natural products. Besides the research of catalytic 

fundamental organic reactions, the Lewis acid-surfactant combined catalysts catalyze the reactions 

leading to various heterocyclic compoundsallowing the synthesis of natural molecules in water. For 

example, in the presence of 10 mol% Sc(DS)3, the formation of 2-methyl-4-phenylquinoline-3-

carboxylate 13 via the Friedländer annulation was obtained in 90% yield in 12h (5 mol% catalyst: 94% 

yield in 24h) (Scheme 1.4).
61
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Scheme 1.4 Sc(DS)3 catalyzed Friedländer annulation in water.
61

 

Another example is the total synthesis of IL-6 inhibiter (+)-madindoline A (17) and (+)-madindolineB (18) 

reported by Omura et al. The key step in the reaction is a three-component one step process catalyzed by 

Sc(DS)3 combined with Sc(OTf)3 (Scheme 1.5).
62

 

 

Scheme 1.5 Total synthesis of (+)-madindoline A and B.
62

 

Sc
III

 hasbeen combined with other amphiphilic moieties and applied to the same reactions as mentioned 

above, i.e. aldol reaction, Mannich-type reaction, dehydration reaction, etc. For example, scandium 

dodecanesulphonate Sc(C12SO3)3 has also been widely used but in most cases, the results were inferior to 

those obtained with Sc(DS)3, probably due to a difference in the water solubility of the two surfactant-

combined surfactants.
52,63

 Compared with the normal carbon-hydrogen alkyl chain, fluoro-surfactants 

generally afford some special properties, e.g. lower surface tensions, higher stability, etc. On account of 

these advantages, Sc-perfluorosurfactant combined catalysts have also been reported but the price of 

the surfactant and sometimes the requirement of the presence of an expensive fluoro solvent made this 

type of catalyst not acceptable from the view of green chemistry.
64,65

 The detailed applications of different 

types of Sc-surfactant combined catalysts were listed in Appendix A. 
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1.2.1.2 Cu
II

, Zn
II

and miscellaneous Lewis acids as catalytic part of LASCs 

Although Cu
II
 and Zn

II
 give lower yields than Sc

III
 and rare earth metal salts during the catalyzed 

Mukaiyama-aldol reaction reported by Kobayashi due to their lower Lewis acidity.
49 The surfactant 

combined Cu
II
 and Zn

II
 salts are however still widely used in catalytic reactions in water with appropriate 

substrates or co-catalysts. For example, the asymmetric aldol reaction in aqueous phase can be achieved 

by introducing the Cu(DS)2 catalyst and bis(oxaline) ligand.
66 Compared to Sc(DS)3, Cu(DS)2 provides 

better results for the catalytic Mannich reaction which proceeds via a dehydration process giving water 

labile imines and further addition with silylenol ether or enolate. Besides benzaldehyde, heteroaromatic, 

,-unsaturated and aliphatic aldehydes also react smoothly to afford the desired adducts in high yields.
53

 

As mentioned above, Sc(DS)3 catalyzes the asymmetric ring-opening of meso-epoxide,
57

 while other 

Lewis acids have also been evaluated with cis-stilbene epoxide and aniline as model substrates
67 and 

among them, Cu and Zn lead to considerable conversions and enantioselectivities in water, Zn(DS)2 

affording the best results. When indole is used as a ring-opening agent, the best result is obtained with 

Cu(DS)2 as a catalyst (Scheme 1.6). The opposite enantiomers obtained from Sc(DS)3 and Cu(DS)2 

under the same conditions can be rationalized by the structure of the Lewis acid ligand complex. The Cu-

ligand complex adopts square pyramidal structure with two pyridines and one hydroxyl groups 

coordinated in a tridentate manner, while Sc-complex adopts a pentagonal bipyramidal structure in a 

tetradentate form.
59,67

 

 

Scheme 1.6 Asymmetric ring-opening of meso-epoxide with Cu and Zn surfactant salts.
67
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According the data of pKh values (hydrolysis constant of metal cations) and WERCs (inner sphere Water 

Exchange Rate Constant) reported by Kobayashi, besides the most common used Sc
III

, Cu
II
, Zn

II
 

surfactant-combined catalysts, there are many other Lewis acids that can be used as catalysts in aqueous 

phase for organic reactions,
49 especially in synthesis of special products. For example, Yb(DS)3 is used to 

catalyze an important Mannich-type reaction step in the total synthesis of antimalarial alkaloids 

Febrifugine and Isofebrifugine.
68 The cis-product of 27 can be converted into isofebrifugine by multistep 

reactions while the trans product of 29 is converted into febrifugine. Another example is the quinoxaline 

derivatives, which are important heterocyclic compounds easily synthesized in water with Zr(DS)4, 

another kind of catalytic surfactant combined Lewis acid. Several substituted 1,2-benzene diamines or 

even aliphatic 1,2-diamine can condense with benzyl or its analogues affording good conversion.
69 

Different from the condensation reaction, the Lewis acid-surfactant combined catalyst Fe(C12SO3)3 based 

on the Fenton’s reactant can be applied to the catalytic oxidation of benzene to phenol with H2O2 as an 

oxidant in aqueous/ionic liquid biphasic system (Scheme 1.7).
70

 

 

Scheme 1.7 Reactions catalyzed by miscellaneous Lewis acids surfactant-combined catalysts.
68-70
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Besides the Lewis acid-surfactant combined catalysts mentioned above, other amphiphilic catalysts based 

on different kinds of metallic counterions have also been investigated. In some cases, due to their low 

catalytic activity or their high price, they are not the best choice but most of them afford good results for 

specific catalytic reactions. Detailed information is given in Appendix A. 

1.2.1.3 Brönsted acid-surfactant combined catalysts and their application 

Brönsted acid-surfactant combined catalysts have been widely used to perform catalytic reactions in 

water. The typical reactions catalyzed by the Lewis acid-surfactant-combined catalysts can also be 

catalyzed by the Brönsted acids and in some cases, better results are obtained. Some examples of 

reactions are esterification,
71 Mannich-type condensation

72
 and some azocyclic compound synthesis.

73-75
 

The most common catalytic surfactant is the dodecylbenzenesulfonic acid (DBSA). Kobayashi et al. 

have systematically investigated the dehydration reactions in water including esterification, etherification, 

thioetherification and dithioacetalization (Scheme 1.8).
71,76

 

Scheme 1.8 DBSA catalyzed esterification, etherification, thioetherification and dithioacetalization in 

aqueous solution.
71,76

 

In such reaction media, the hydrophobic substrates constitute the core of the micelles formed by the 

catalytic surfactant and dispersed into the aqueous phase (Figure 1.8). 
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Figure 1.8 Direct esterification by dehydration in thepresence of DBSA catalyst in water.
71

 

For esterification reactions, as indicated in Scheme 1.8, the equilibrium position of lauric acid with 

myristyl alcohol lies almost absolutely at the ester side while the less hydrophobic alcohol, like 

benzylalcohol and ethanol, gave 82 and 15% yield respectively. The different results from substrates of 

different hydrophobicity can also be applied to transesterification reactions. 

With DBSA (10 mol %), the symmetric ether synthesis between two benzylic alcohols or asymmetric 

ether synthesis between a hydrophobic alcohol and benzylic alcohol gives the desired product in good 

conversion. The reaction between two alkyl alcohols affords very low yield. The same condition can also 

be applied to the thioether synthesis and acetalization reaction.The hydrophobic thiols react with activated 

alcohol under the DBSA catalytic condition affording even better yield than etherification (> 90% yield in 

24h). 

Several useful heterocyclic compounds can be prepared in aqueous condition with DBSA as a catalyst. 

For example, pyridone can be prepared by aza Diels-Alder reaction between the in situ generated imines 

and Danishefsky’s diene with DBSA as a catalyst in water.
77 4-Thiazolidinones, which have been widely 

used in pharmaceuticals,
78,79

 are synthesized by condensation of a three-component-tandem reaction 

including a primary amine, a carbonyl compound and a mercapto-carboxylic acid with DBSA in water.
74 

The formation of micelles is crucial to the reaction because the last step of condensation between amino 

and carboxylic groups proceeds by the removal of water from the hydrophobic micelle core. 

Besides DBSA, some other Brönsted acids are also suitable for catalytic reactions in aqueous phase. 

Recently, Konwar et al. reported that dodecylsulfonic acid (DSA) catalyzes the three components and 

one-step synthesis of 3, 4-dihydropyrimidin-2-ones in water.
73

 Wang et al. reported the synthesis and 

application of calix[n]arene sulfonic acid bearing pendant aliphatic chains in the allylation of indoles 

and other aromatic compounds with allyl alcohol directly.
80

 Various calix[n]arene sulfonic acid 

derivatives with different n and hydrophobic chain lengthhave been examined and among them, 

calix[6]arene sulfonic acids with octyl chain gives the best result with indole 22 and (E)-1,3-

diphenylpropenol 50 as model substrates (Scheme 1.9). 

Hydrophobic

interior

DBSA
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Scheme 1.9 DSA and octylcalix[6]arene sulfonic acids catalyzed reactions in water.
73,80

 

The perfluorooctylsulfonic acid (PFOSA) is another example of Brönsted acid catalytic surfactant 

which is used to catalyze the Pictet–Spengler reactions,
81 for the synthesis of tetrahydroisoquinoline and 

isochroman derivatives.
75 Polystyrene sulfonic acid can also catalyze the hydrolysis of thioesters and 

transprotection of thiols.
82

 In Appendix A, the different types of Brönsted acid-surfactant combined 

catalysts and their applications are listed in detail. 

As mentioned above in Figure 1.2, introduction of a surfactant moiety in the catalyst not only overcome 

the immiscibility problem between the organic and aqueous phases, enhances the reaction rate and 

selectivity, but also facilitates the work-up and the recycling of the catalyst after the reaction. Indeed, 

several different simple procedures allow to recover the desired product and to separate the catalyst in the 

aqueous phase. As shown in Figure 1.9, after the Sc(DS)3 catalyzed hydroxymethylation, a simple 

centrifugation separates the aqueous phase with the catalyst from the product.
54 Cu(DS)2 catalyzed 

dithioacetalization gives insoluble product and simple filtration affords the pure product and the aqueous 

solution including a reuse of the catalyst for several times without loss of activity. 

 

Figure 1.9 Separation of the products after aqueous phase reaction catalyzed by the surfactant-combined 

catalyst. (a) hydroxymethylation: before centrifugation (left) and the separated phases after 

centrifugation (right);
54

 (b) dithioacetalization: colloid dispersion during the reaction under stirring (left) 

and the product deposit after reaction without stirring (right).
76
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1.2.1.4 The physicochemical properties of the anionic surfactant-combined catalysts 

The physicochemical properties of surfactant combined catalysts are rarely reported.
83-85 With the most 

widely used Sc(DS)3 as an example, there is almost no physicochemical properties reported except the 

formation of emulsion drops in the reaction mixture observed by microscopy and AFM.
53

 As we know, 

the amphiphilic properties of surfactant-combined catalysts play an important role in the activity and 

selectivity of the catalytic reactions. On the other side, combination of the above-mentioned Lewis acid 

with other types of anionic surfactant counterparts and their physical properties investigation are sparsely 

reported.
86-90

 

The critical micelle concentrations (CMC) and Krafft points of Cu(DS)2, Zn(DS)2 and some other 

catalytic surfactants have been reported by Moroi et al. during the investigation of the phase equilibrium 

of anionic surfactant mixtures (Table 1.1).
83 Obviously, the CMCs and Krafft points are closely related 

with not only the chain length of the hydrophobic part but also with the metallic counterions types. From 

dodecylsulfate to tetradecylsulfate, the Krafft point of a same metallic ion increases dozens of degrees 

Celsius and the CMCs decreases about four times. On the other side, the increment of Krafft points and 

decrease of CMC from the monovalent sodium to the divalent metallic ions are also dramatic when the 

hydrophobic part is constant. This indicates that the widely used Lewis acid surfactant combined catalysts 

can be prepared by precipitation from the mixture solution of SDS with the corresponding metallic salts 

when the appropriate temperature is controlled.
52

 Furthermore, the catalytic activity and recycling of the 

surfactant catalyst can also be controlled by the temperature with appropriate hydrophobic counterpart. 

Table 1.1 CMCs at 30 
o
C and Krafft points of several surfactants based on dodecylsulfate (DS) and 

tetradecylsulfate (TS) combined with metallic salts.
83

 

Surfactants CMC (mM) Krafft points (°C) 

SDS 8.4 9 

STS 2.1 21 

Mn(DS)2 1.20 16 

Mn(TS)2 - 29 

Zn(DS)2 1.20 11 

Zn(TS)2 - 32 

Cu(DS)2 1.18 19 

Cu(TS)2 - 40 

The CMCs of these Lewis-acid surfactant combined catalyst have also been confirmed by Jain et al. 

during their search for synergic effects between the nonionic surfactant Triton X-100 and the metal 

dodecyl sulfates.
84

 The interactions between nonionic and ionic surfactants often result in an increase of 

the clouding point of the nonionic surfactant, the decrease of the Krafft point of the ionic surfactant, the 
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increase of the surfactant efficiency and the decrease of the CMC. To describe the extent of this 

interaction, the  parameter estimated from the Rubingh's regular solution theory has been introduced 

(Eqs 1.1 and 1.2).
91

 

 (Eq. 1.1) 

 (Eq. 1.2) 

Where X1 is the mole fraction of surfactant 1 in the mixed micelle, 1 is the mole fraction of surfactant 1 

in the mixture, C* is the CMC of the surfactant mixture, C1, C2 are the CMC of pure surfactants 1 and 2. 

The deviation of C*- 1curve and X1- 1 from the ideal values gives the intuitive perception of the 

nonionic-ionic surfactant interaction (Figure 1.10). The β values of various metal dodecyl sulfates with 

Triton X-100 (LiDS: -4.06, SDS: -3.08, Cu(DS)2: -1.6, Co(DS)2: -1.2) indicates that the synergic effects 

of divalent counter-ions are much weaker than monovalent counterparts due to their higher degrees of 

counter-ion binding. On the other side, the addition of salt also weakens the synergic nonionic-ionic 

surfactant interaction. The modification of the surfactant properties by addition of another type of 

surfactant can also be applied to the catalytic systems. For example, the interface between water and oil is 

greatly enlarged with surfactant mixture, which can results in an enhancement of the catalytic activity. 

Also, room temperature reactions catalyzed by catalytic surfactants with Krafft point above room 

temperature can be realized by addition of a nonionic surfactant, etc. 

 

Figure 1.10 Variation of CMC with mole fraction (1) of surfactant Triton X-100 at 30 
o
C (left) and 

corresponding mole fraction of Triton X-100 in the mixed micelle (X1).
84

 

Although the investigation of the physicochemical properties of widely used surfactant combined 

catalysts is rarely reported, those of the Lewis acids combined with other types of surfactantshave been 
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reported occasionally. The structures of aggregates of a series of metallic counter-ions from monovalent 

alkali ions to divalent alkaline and transition metal ions combined with sodium bis(2-ethylhexyl) 

sulfosuccinate (AOT) (Scheme 1.10) in cyclohexane with addition of small amounts of water have been 

investigated by Eastoe et al. by viscosity and SANS measurements.
87

 

 

Scheme 1.10 Structure of surfactant AOT. 

The hydration radius (rh) of the metal counterions plays a crucial role in the structure of aggregates: for rh 

< 3Å (bulk aqueous solution value), spherical surfactant aggregates are present whereas, for rh > 3Å, 

cylinder shapes aggregates are favored. As we know, the solution viscosity reflects the structure of 

aggregates and their mutual interactions. At the infinite dilution, the viscosity indicates only the shape 

information and defines as shape-dependant intrinsic viscosity (Eq. 1.3):
92

 

  (Eq. 1.3) 

Where , , , , ϕ and c are the intrinsic viscosity, reduced viscosity, viscosity of solution, 

viscosity of solvent, volume fraction of surfactant and concentration of surfactant respectively. J = (r1/r2, 

r1 is the major axis; r2 is the minor axis of aggregate). The spherical aggregates generally give [η] close to 

2.5 whereas non spherical particles give much higher values. The hydration radii of various metallic ions 

and aggregate characteristics of corresponding metallic AOT surfactants in cyclohexane in the presence 

of small amounts of water are given in Table 1.2. 

Table 1.2 Hydration radii, intrinsic viscosities [η], and the axial ratios of the aggregates for 

M
n+

(AOT)n/cyclohexane/water systems.
 a
 

M
n+

 rh (Å) [η] Jvis Jsans 

Na
+
 1.8 2.7 ̶ ̶ 

K
+
 1.1 2.6 ̶ ̶ 

Rb
+
 1.0 2.9 ̶ ̶ 

Mg
2+

 3.1 5.6 2.8 2.5 

Ni
2+

 3.7 20.8 11.1 22.6 

Cu
2+

 3.4 10.0 7.9 7.5 

Zn
2+

 3.5 11.6 8.8 23.8 
a
mH2O/ mMn+(AOT)n = 5, [AOT] = 0.075 mol·L

-1
, temperature = 25.0 

o
C. rh is bulk aqueous solution value.  

        508.1
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The evolution of aggregates in the Cu(AOT)2/isooctane/water system by increasing the amount of water 

in the oil rich side has been reported by Pileni et al. The hydration radius is controlled by the hydration 

extent of the counter ions which has also a dramatic effecton the aggregation shape.
88,93

 On the other side, 

the “Fish diagram” of the M(AOT)2/isooctane/water (M = Co, Ni, Cu) systems have been determined 

with the temperature as ordinate and mass fraction of surfactant γ as abscissa (Figure 1.11). The Winsor 

type of the μem is controlled by the temperature; its effect is opposite to that of the nonionic surfactants. 

Indeed, the hydration of the counterions and headgroups increases with temperature while dehydration 

takes place for nonionic surfactants. The hydrophilic-lipophilic balance temperatures are around 36 
o
C for 

Cu(AOT)2, 43 
o
C for Co(AOT)2 and 47 

o
C for Ni(AOT)2.

90
 

 

Figure 1.11 “Fish diagrams” of H2O/iso-octane/M(AOT)2 ternary mixture swhere M = Co, Ni, and Cu;  

= O/(O + W); γ = S/(S + O +W); the oil rich μem: Winsor II, the water rich μem: Winsor I and 

intermediate-phase μem: Winsor III.
90

 

1.2.2 Cationic surfactant-combined polyoxometalate and peroxometalate catalysts 

The applications of polyoxometalates (POMs) and peroxometalates in the catalytic oxidations and the 

relation between the structure and activity have been intensively investigated in the last three decades. 

POMs, the anionic clusters of early transition metal and oxygen with a general formula [XxTMnMmOy]
q-

 

(X = P, Si; M = Mo, W; TM = Co, Zn, Mn, V, Ti, etc.), show strong thermostability and intrinsic stability 

to oxidation. Furthermore, the versatility of their properties such as redox potential, acidity and stability 

etc.can be tuned for example by varying the counterions,
94-96

 which leads to their wide application in 

catalysis, medicine and materials. Among the catalytic reactions with polyoxometalates or 

peroxometalates as catalysts, H2O2 or O2 as oxidants received great attention due to their sustainability 

and environmental safety.
32,97,98 Compared with O2, special installations for the gas-liquid reaction are not 

required for H2O2 with which, manipulations are safe when the concentration is controlled. Besides, the 
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cheap price also makes H2O2 the most popular green oxidant in recent decade. The common structures of 

POMs used in catalysis include Keggin-types, “sandwich” type (transition metals ring between two 

truncated Keggin ligands) and Wells-Dawson structure (Figure 1.12).
99 Depending on the composition, 

structure and redox potential, different POMs interact with oxidants in different ways and show different 

activities. The cationic counter-part also affects the solubility and other physicochemical properties in the 

catalytic systems also playing an important role in the reaction. 

 

Figure 1.12 Common POM structures: a) Keggin; b) Sandwich; c) Wells-Dawson.
99

 

In previous research, it was demonstrated that peroxometalates derived from tungsten and molybdenum 

can catalyze various oxidations of organic substrates, especially after the initial work by Venturello and 

Ishii.
100,101

 The reaction types with H2O2 as an oxidant can be catalyzed by tungsten and molybdenum 

based peroxometalates as depicted in Figure 1.13. The active structures in the catalytic systems have 

been intensively studied by Venturello,
100 Bregeault,

102
 Griffith

103
 and Hill

95
 by IR, Raman, 

31
P NMR, 

183
W NMR and dynamic studies. Actually, the different active species can be converted to each other and 

can even form Keggin structure again after decomposition in the presence of H2O2 under special 

conditions of pH, concentration, species ratio, etc. The proposed structures of active species in the 

catalytic systems are shown in Figure 1.14. 

 

Figure 1.13 Oxidations catalyzed by tungsten and molybdenum peroxometalates. 
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Figure 1.14 Proposed active species in the peroxometalate catalytic reactions.
100,102,103

 

1.2.2.1 Cationic surfactant-combined polyoxometalates (POMs) in catalytic reactions 

The solubility of polyoxometalates (POMs) can be controlled by simply variation of their counter-

cations, for example, the acid form and alkali salts are soluble in water while the ammonium salts are 

insoluble. On the other side, the alkyl substituted ammonium salts are soluble in apolar solvents and the 

perfluoroalkyl substituted ammonium salts are soluble in fluorous solvents.
99

 The combination of 

appropriate surfactant parts with POMs widely enlarges their application in oxidation while the micelle or 

μem formation also overcomes the immiscibility between organic substrates and hydrophilic H2O2. The 

catalytic activity and selectivity can also be improved by tuning the number and length of the alkyl groups 

in the ammonium counterpart. 

The ultra-deep desulfurization is an environmental urgent subject due to strict emission control standards 

in the recent stringent regulation which limits the sulfur level in diesel to less than 15 ppm.
99 Besides the 

environmental consideration, the ultra-deep desulfurization is also important for producing sulfur free 

hydrogen from diesel for fuel cell system, in which the precious metal catalysts and electrodes can be 

irreversibly poisoned by sulfur.
104 The dibenzothiophene (DBT) and its derivatives are most refractory 

sulfur-containing molecules existing in diesel and cannot be removed by conventional 

hydrodesulfurization (HDS). On the contrary, the oxidative ultra-deep desulfurization is a powerful 

strategy. In this context, the oxidative desulfurization (ODS) catalyzed by several different surfactant-

combined polyoxometalates has been reported by Li et al. (Table 1.3).
105-108 The alkyl chains of the 

ammonium counter cations not only affect the catalytic activity by forming hydrophobic droplets but also 

determinethe recycling of the catalyst and separation of the products. 
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Table 1.3 Surfactant-combined polyoxometalate catalyzed oxidative desulfurization.
105-108

 

Catalysts Oil phase 
Sulfur level 

(ppm) 

Cat. (%)/Sulfur 

H2O2 (equiv.) 

Temp(°C)/ 

Time (min) 

Final Sulfur 

level (ppm) 

[DiC18]3PW12O40 
Prehydrotreated 

diesel 
500 

0.3%/1 

2.6 
30/80 < 0.1 

[DiC18]4H2NaPW10O36 
Prehydrotreated 

diesel 
500 

1.4%/1 

3 
r.t./60 <0.1 

[C16]4W10O32 Diesel 1078 
1%/1 

3 
60/30 70.1 

[C18]5Na2[PW11O39] Decane 1000 
2%/1 

3 
30/60 20 

[C18]7PW11O39 Gasoil 1236 
0.6%/1 

4 
30/180 65 

The combination of an appropriate hydrophobic surfactant part with a polyoxometalate anion such as 

PW12O40
3-

 is crucial to obtain a metastable emulsion, which directly determines the reaction rate and the 

recycling of the catalyst.
105

 For example, [p-C5H5N(C16H33)]3[PW12O40] generates a very stable W/O 

emulsion and demixion after the reaction is impossible and [(C8H17)4N]3[PW12O40] does not forman 

emulsion and gives a very low activity, while a metastable emulsion is formed with 

[(C18H37)2N(CH3)2]3[PW12O40] in the presence of H2O2. The emulsion is then readily demulsified after 

simple centrifugation, the catalyst precipitatesand can be reused for the next cycle of ODS process, while 

the sulfone in the oil phase is removed by extraction with a polar solvent such as 1-methyl-2-

pyrrolidinone. For the lacunary [H2NaPW10O36]
4-

, (C18H37)N(CH3)3 gives a higher catalytic activity than 

(C18H37)2N(CH3)2. 

As mentioned previously, some polyoxometalates were easily degraded into peroxometalates, which were 

real active species in the catalytic system, in the presence of H2O2.
102

 For [C18]5Na2PW11O39, H2O2 

degrades the lacunary Keggin anion PW11O39
7-

 much quickly than Keggin structure anion PW12O40
3-

 in 

decane and gives much better catalytic activity. On the other side, the coordination of several kinds of 

transition metal cations to the lacunary PW11O39
7- 

also obviously blocks the transformation to 

peroxometalate species due to the formation of more stable substituted intact Keggin structures.  

An ionic liquid H2O2/[C18]7PW11O39/[Bmin]PF6 ([Bmin]PF6: 1-Butyl-3-methylimidazolium hexafluoro-

phosphate) emulsion system was used by Zhou et al.
109 The sulfur compounds in the oil phase, which is 

immiscible with the ionic liquid emulsion phase, are extracted into the emulsion phase where they are 

oxidized to sulfones at the H2O2/[Bmin]PF6 interface with [C18]7PW11O39 which acts both as a catalyst 
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and a surfactant. At the end of oxidation, the desulfurized oil phase is easily decanted and the emulsion 

phase is used for the next run and can be recycled for five times without losing activity (Figure 1.15). 

 

Figure 1.15 Deep-desulfurization in the H2O2/[C18]7PW11O39/[Bmin]PF6 ionic liquid emulsion system: 

left) photos of the catalytic reactions right) model of the catalytic system.
109

 

Several surfactant-combined polyoxometalates also catalyze the molecular oxygen oxidized 

desulfurization.
110-112 However, due to security reasons at high temperature, O2 is more rarely used in the 

ODS process. Li et al. reported the oxygen oxidation of refractory sulfur compounds at ambient 

temperature with the [(DiC18)2]5IMo6O24Anderson-type catalyst which contains an IO6 octahedron 

surrounded by six MoO6 groups.
110 The catalytic activity decreases when the hydrophobicity of the 

surfactant decreases. Although much longer time (12h) is required compared to H2O2, the DBT in decalin 

could be converted into the corresponding sulfone and completely precipitated. C18PW10Ti2(O2)2
111

 and 

[C8]3H3V10O28
112

 were also reported as catalysts for similar process requiring however high temperature 

(90 
o
C). 

The surfactant combined POMs can also catalyze the oxidation of other types of substrates, such as 

alcohols, alkenes, amines, etc. besides refractory sulfides. Our group reported the epoxidation of several 

substrates in a Pickering emulsion system stabilized by[C12]3PW12O40nanoparticles.
15 By screening the 

biphasic water/aromatic system in the presence of [Cn]3PW12O40 (n = 6-16), only C10, C12, C14 give stable 

emulsions. The [C12]PW12O40 nanoparticles are relevant regarding the physicochemical properties of the 

Pickering emulsion including the W/O interface, stability, potential catalytic activity and facile breaking 

after reaction by centrifugation. The system during the reaction and a schematic representation of the 

catalytic epoxidation are shown in Figure 1.16. 
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Figure 1.16 Scheme of the water/toluene/[C12]3[PW12O40] system used as a catalytic Pickering emulsion 

for H2O2-based epoxidation - Pictures of the system before emulsification, during the reaction, and after 

centrifugation (from left to right).
15

 

Additionally, some other examples are found in the literature, such as the oxidation of phenols with 

(C16TA)5PV2Mo9O40,
113 the oxidation of pyridine derivatives and alcohols with 

[(C18H37)2(CH3)2N]7[PW11O39],
114 the epoxidation of alkenes with Ti-substituted [C12mim]5PTiW11O40

115 

and the oxidation of SCN
−
with [C16]7[PW10Ti2O38(O2)2].

116
 Although the length of the alkyl tail of the 

surfactant counter-cation is crucial for the catalytic performances, the exact mechanism does not work in 

the same way in the different catalytic systems. In the case of phenol oxidation with (CnTA)5PV2Mo9O40 

(n = 8-16), the catalytic activity increases with an increase in length due to the phenol absorption 

increment in the micelles, while for the heterogeneous catalyst [C12mim]5PTiW11O40, the better catalytic 

activity has been ascribed to not only the hydrophobicity but also the largest BET surface area of 

[C12mim]5PTiW11O40 particles compared to the C16 and tetraC4 as counter-cations. Instead of recycling 

the catalyst by centrifugation, [(C18H37)2(CH3)2N]7[PW11O39] can be precipitated, recycled and reused by 

cooling after the reaction when 1,4-dioxane is used as a solvent (Figure 1.17). 

 

Figure 1.17 Temperature-controlled [(C18H37)2(CH3)2N]7[PW11O39] catalytic system.
115
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1.2.2.2 Cationic surfactant-combined peroxometalates in catalytic reactions 

Since in the case of Keggin type or lacunary polyoxotungstate and molybdate, the active species are 

peroxometalates resulting from the degradation in the presence of H2O2, the combination of pre-prepared 

and isolated peroxometalates with surfactants directly has also been widely reported for the oxidation of 

various substrates. Tetrahexylammoniumtetrakis(diperoxotungsto)phosphate [tetraC6]3{PO4[WO(O2)2]4} 

has been firstly well characterized and the high catalytic activity of {PO4[WO(O2)2]4}
3-

 was confirmed in 

several catalytic systems by combination with various surfactant parts as indicated in Figure 1.18.
117-123 

The earlier reported biphasic catalytic system involves the use of toxic organic solvents such as 

chloroform, dichloroethane and benzene. Although the desired product can be obtained in considerable 

yields by controlling the amount of H2O2, pH, temperature etc., the effect of the hydrophobic surfactant 

part on the reaction and the recycling of the catalyst are rarely reported.
117-121 With dodecylpyridinium as 

a counter-cation and ethyl acetate as a solvent, although the conversion of the epoxidation of alkene is 

slightly lower than with trioctylmethylammonium as a counter-cation and dichloroethane as a solvent, the 

former is a much environmentally-friendly system and furthermore, the catalyst can be recycled by 

cooling after the reaction and reused for several times.
117,123

 

 

Figure 1.18 Surfactant combined catalyst based on {PO4[WO(O2)2]4}
3-

 and their applications.
117-123 

Besides tetrakis(diperoxotungsto)phosphate ({PO4[WO(O2)2]4}
3-

), several surfactant-combined 

peroxometalates based on other types of active species have been prepared and applied to the emulsion or 

μem catalytic oxidative desulfurization processes (Table 1.4).
124-126 For the peroxometalate (a) in Table 

1.4, the shorter length of alkyl group does not form a metastable emulsion. Although the desired 

metastable emulsion system is obtained with C18 as a counter-cation, the recovery yield of the catalyst is 

much lower than with diC18.
124 When peroxotungstate (molybdate) (b) combined with trioctylmethyl 

ammonium, a new functionalized ionic liquid is obtained and in the presence of H2O2, the DBT 

derivatives in the model oil are oxidized in the ionic liquid/model oil/H2O2 emulsion system. At the end 
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of the reaction, the ionic liquid is self-separated from the emulsion and can be reused.
126 For the 

[C18]4[H2Se3W6O34] (c), the addition of acetonitrile in the diesel gives better results than H2O or without 

additional phase. The DBT is almost completely converted into DBTO2 and precipitates during the 

reaction.
125 

Table 1.4 Several pre-prepared surfactant-combined peroxometalates in the ODS process.
124-126

 

 

As shown in Figure 1.14, the different active species can transform to each other and generally several 

different peroxometalates coexist in the same catalytic system, the in situ generated peroxometalates are 

preferred than pre-prepared ones by mixing the amphiphilic tungstate (or molybdate), H2O2 and 

appropriate additives. The most well-known environmentally-friendly systems are the combination of 

Na2WO4 with [triC8]HSO4 in the presence of H2O2. Different substrates can be oxidized into the desired 

product with or without co-catalyst (Figure 1.19).
127-131

 

 

Figure 1.19 The in situ generated peroxometalate systems proposed by Noyori et al. and their 

applications to oxidation reactions with different co-catalysts.
127-131

 

Surfactant Peroxometalate

counter-part

Removal of DBT

(%)

[diC18]

a

98.0

[triC8]2

b

96.2

[C18]4

c

99.9
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All these reactions have been carried out without using toxic organic solvents. In the absence of co-

catalyst, primary and secondary alcohols can be converted to the desired carboxylic acids and ketones in 

high yields; the former requires 3 equivalents H2O2 and 2 mol% catalyst loading, while the latter only 

needs 1.1 equivalent H2O2 and 0.2 mol% catalyst. Under suitable conditions, the benzylic alcohols can 

even be oxidized to the aldehyde stage.
127

 Under similar condition with 4.4 equivalents H2O2, 

cyclohexene is converted directly to shiny, colorless, analytically pure crystalline adipic acid in 90% yield 

at 90 
o
C for 8h, the product is separated by filtration and the aqueous phase is reused with a renewed 

[triC8]HSO4 and H2O2 (Figure 1.20).
128

 

 

Figure 1.20 Direct conversion of cyclohexene to adipic acid. (a) reaction mixture. (b) product. (c) adipic 

acid.
128

 

Although the combination of Na2WO4 and (C8H17)3NCH3HSO4 is not effective for the epoxidation of 

alkenes, in the presence of aminomethylphophonic acid, the reaction proceeds smoothly even with the 

poorly active terminal alkenes as substrates.
129,130

 Various alkenes have thus been oxidized into epoxides 

in good yield with ratio of olefin: H2O2 : Na2WO4 : (C8H17)3NCH3HSO4 : NH2CH2PO3H2 = 100: 150: 2: 

1: 1. For acid stable epoxides, the introduction of toluene improves the selectivity to epoxide. On the 

other side, the addition of phenylphosphonic acid is much more effective than NH2CH2PO3H2 for the 

epoxidation of sulfides.
131

 

In addition to the systems reported by Noyori et al., several other amphiphilic in situ generated 

peroxometalates have also been investigated. For example, the biphasic system based on H2WO4/H2O2-

H2O/[triC8]H2PO4/toluene was applied to the epoxidation of various alkenes and the catalyst could be 

reused for 5 times without loss of activity. The acid-sensitive epoxide such as limonene epoxide could be 

also obtained in high yield and selectivity in the presence of H2PO4
-
/HPO4

2-
.
132 A gemini surfactant, 

diethyl-ether-α,ω-bis-(dimethyldodecylammoniummolybdate) abbreviated as 12-EO-12-Mo (Figure 

1.21), has also been prepared by our group.
28

 After the detailed investigation of its physicochemical 

properties such as Krafft temperature, critical micelle concentration, surface activity and binary water-

surfactant behavior, an efficient Winsor I dark singlet oxygen oxidation μem system was obtained. -

Terpinene which reacts with 
1
O2 according to a [4 + 2] cycloaddition and -citronellol which provides 

two hydroperoxides according to the ene-reaction are efficiently oxidized with this catalytic system which 

not only increases the efficiency of hydrogen peroxide but also provides a μem system which facilitates 

the separation of product and the recycling of the catalyst. 

a b c
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Figure 1.21 12-EO-12-Mo catalyzed dark 
1
O2 oxidation in a Winsor I μem system.

28
 

Furthermore, a more elegant three-phase μem catalytic system based on amphiphilic molybdate has been 

developed by our group.
29

 The triphasic μem (also called Winsor III system) catalytic system was also 

applied to the dark singlet oxygenation. It has been shown that if the conventional phase transfer reagent 

(C4H9)4NBr/NaMoO4 system is used, most of the 
1
O2 is deactivated by water because of the large distance 

between the 
1
O2 generated and the substrate. The three-phase μem catalytic system overcomes this 

drawback with additional advantages compared to the traditional catalytic reactions (Figure 1.22). The 

presence of a double chain in the catalytic surfactant is a key parameter for the formation of a Winsor III 

μem, at room temperature, without addition of salts or cosurfactants due to its appropriate packing 

parameter ( 1). By adjusting the chain length of the hydrophobic part of the surfactant moiety, a green 

solvent like tert-BuOAc can also be used as the oil phase. The catalytic species is located in the middle 

phase μem and the immiscibility problem of organic substrate with aqueous H2O2 is thus resolved. 

 

Figure 1.22 Advantages of “optimal” three-liquid-phase μem system based on a “Balanced Catalytic 

Surfactant.”
29
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Besides the above mentioned surfactant combined polyoxometalates or peroxometalates as catalysts for 

various reactions, there are a lot of other cationic surfactant catalysts with various hydrophobic parts or 

different catalytic counterions such as the sandwich type polyoxometalate 

[WZnMn2(H2O)2(ZnW9O34)2]
12-

 combined with polyfluorinated alkylmethylammonium leading to a 

thermomorphic catalyst (phase behavior is controlled by temperature) with ethyl acetate and toluene as 

organic phases.
133 In such systems, polyfluorinated thermomorphic catalysts are soluble in hydrocarbons 

at elevated temperatures but are immiscible at lower temperatures, allowing the separation by 

precipitation of the catalyst from the product and solvent phase by cooling the reaction mixture. Other 

similar examples are listed in Appendix B. 

Instead of combining a catalyst and an amphiphilic moiety through an ionic electrostatic interaction, 

catalytic surfactants can also be realized by directly covalent binding of a polyoxometalate with an 

organic hydrophobic part.
134 For example, one or two C18 chains have been grafted to the hexavanadate 

cluster by esterification reaction between stearic acid and [(C4H9)4N]2[V6O13{(OCH2)3CCH2OH}2] 

(Figure 1.23) The tetrabutylammonium counterions can be replaced by proton or sodium by ion exchange. 

Their amphiphilic properties were confirmed by observation of vesicles formation in aqueous solution by 

TEM and CMC measurements. The catalytic oxidation of thiophene was successfully carried out in the 

emulsion system with these hybrid hexavanadate cluster and hexane as model oil. The stability of the 

emulsion was controlled by the pH: very low pH neutralized the charge of cluster and caused the collapse 

of emulsion. 

 

Figure 1.23 Synthesis of stearic acid grafted hexavanadate; DCC = 1,3-dicyclohexylcarbodiimide, 

DMAP = 4-dimethylaminopyridine.
134

 

Advantages of surfactant-combined catalysts in micellar solution has also been demonstrated through the 

sulfide oxidation using [C16]HCO3 as a catalyst.
135 Indeed, in the presence of H2O2, HCO3

-
 is in 

equilibrium with the peroxymonocarbonate HCO4
-
, which oxidizes sulfides. Based on the pseudo-phase 

model (Figure 1.24), the second-order rate constants in the Stern layers for sulfide oxidation have been 

estimated to ~50-fold (for PhSEtOH) and ~180-fold (for PhSEt), higher than the reaction at the micelle 

2 stearic acid

stearic acid

DMAP, CH3CN

DCC, 72h
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surface, while lower than the corresponding values in water by 20-70 times, but the high local 

concentration of active HCO4
-
 and substrate in the micelle results in the net increase of the reaction rate. 

 

Figure 1.24 Pseudo-phase model for bicarbonate-activated peroxide oxidations in aqueous cationic 

micelles; Reactants are distributed rapidly between water and micelles. Kinetic treatments are based on 

the assumption that reactions occur in both the Stern layer and the bulk aqueous medium.
135

 

1.2.2.3 The physicochemical properties of the cationic surfactant-combined catalysts 

Physicochemical properties of cationic surfactant-combined catalysts have been little investigated. They 

can be roughly summarized into pictures of emulsion droplets (or micelles) obtained by microscopy or 

TEM while other important properties like CMC, binary phase diagram and emulsion or μem phase 

behavior are rarely reported.
15,28,113,136

 

We can however find a detailed study of a series of alkyltrimethylammonium dichromate, tungstate and 

molybdate, prepared from [Cn]Br (n = 10, 12, 14, 16, 18), and their physicochemical properties have been 

investigated with different techniques, including XRD, TGA-DSC, surface pressure (π)-area (A) 

measurement, tensiometry, conductimetry and DLS.
137 The dichromate surfactants are poorly soluble in 

water and form Langmuir monolayer at the air-water surface. The π-A isotherms of dichromate 

surfactants are given in Figure 1.25 and show a strong dependence on the hydrophobic chain length. The 

area lift-off A0, which indicates the surface pressure, starts rising from zero, increases linearly with the 

chain length. 

 

 

Stern 

layer N = HCO3

P = HCO4

X = Cl, Br
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Figure 1.25 Surface pressure (π)–area (A) isotherm of solvent spread [Cn]2Cr2O7 monolayers at the air–

water interface at 303 K. n = 10; 12; 14;16, 18. Inset: Variation of lift-off area (A0) with the alkyl chain 

length of the complexes. Compression rate:4.36 Å
2
·molecule

-1
·min

- 1
.
137

 

On the other side, the CMC of water soluble [Cn]2MoO4 and [Cn]2WO4 (n = 12, 14, 16) has been 

measured by tensiometry, conductimetry and microcalorimetry. Molybdate and tungstate surfactants have 

similar CMC values with the same chain length; this CMC decreases dramatically with the increase of 

chain length. The binding extent of counterions follows the order C12> C14 >C16 for both tungstate and 

molybdate surfactants. The surface excess absorption Γmax and minimum area of headgroup can be 

deduced from the surface tension (γ)-concentration curve. All the results including the thermodynamic 

analysis of micelle formation and interfacial absorption, DLS and zeta potential are given in Table 1.5. 

Table 1.5 Micellar and energetic parameters of molybdate and tungstate complexes in water at 303K. 
137

 

CS
a 

CMC (mmol·L
-1

) 10
-6
Γmax  

(nm
2
·mol

-1
) 

-ΔG
Θ

m
b 

(kJ 

mol
-1

)
 

-G
Θ

ad
c 

(kJ 

mol
-1

)
 

β
d dh

e
 (nm) 

(PDI) 


f 

(mV)
 


g 


h 

cal
i (mol·m

-2
) 

[C12]2MoO4 7.32 7.58 7.25 1.50 1.10 38.7 62.7 0.72 3.1 (0.119) 20.7 

[C14]2MoO4 1.44 1.58 1.50 1.34 1.25 44.2 74.1 0.67 3.9 (0.354) 34.4 

[C16]2MoO4 0.24 0.25 − 1.18 1.41 48.2 86.3 0.55 5.7 (0.590) 50.0 

[C12]2WO4 7.04 7.10 7.01 1.48 1.12 40.0 68.3 0.77 2.9 (0.164) 15.8 

[C14]2WO4 1.15 1.23 − 1.35 1.23 46.6 77.8 0.72 5.9 (0.376) 25.2 

[C16]2WO4 0.21 0.20 − 1.14 1.45 52.9 90.9 0.68 9.1 (0.491) 37.7 

a
 CS: Catalytic surfactant; 

b 
ΔG

Θ
m: standard Gibbs free energy change of micellization per mole of monomer unit; 

c
ΔG

Θ
ad: standard Gibbs energy of absorption at the interface; 

d 
β: fraction of counter ions bound to the micelle; 

e 
dh 

(PDI): mean diameter of micelles (polydispersity index); 
f: Zeta potential values; CMC determined by 

g
: 

conductimetry, 
h
: tensiometry, 

i
: microcalorimetry. 
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[C10]2Cr2O7 0.198 1.30 (0.98) 25

[C12]2Cr2O7 0.144 1.50 (1.02) 30

[C14]2Cr2O7 0.065 1.65 (1.06) 34

[C16]2Cr2O7 0.023 1.80 (1.12) 37

[C18]2Cr2O7 0.012 2.00 (1.21) 42
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Understanding the physicochemical behavior of surfactant-combined catalyst is crucial to design the 

appropriate and efficient catalytic systems. As an example, with the amphiphilic polyoxometalate, stable 

Pickering emulsions could be elaborated and optimized based on the results obtained from SEM, TEM, 

DLS, SAXS analyses of the nanoparticles and on emulsion stability analysis by multiple light scattering 

coupled with vertical scanning.
15

 

In the last decade, our group has focused on the application of μem systems based on double chain 

quaternary ammonium surfactant for oxidation reactions and the related surfactant-combined surfactants 

were also investigated from a physicochemical point of view. Packing parameter P = v/al (where v, a, l 

are alkyl chain volume swollen with oil, headgroup area, and alkyl chain length respectively), which 

reflects the geometry of the surfactant molecule, allows determining the aggregation types of the 

surfactants. For "Balanced Catalytic Surfactants (BCS)" leading to optimal three-phase μem systems, P 

equal to 1 is required to obtain the zero curvature of the interfacial film in the bicontinuous μem. The 

screening of different oils to elaborate [DiCn]2MoO4/H2O/oil (n = 8, 9, 10, 12) μem systems shows that 

the choice of the oil is also closely related to the length of the alkyl chain of the surfactant moiety.
138 The 

surfactant with longer alkyl chain required more hydrophobic oil which less penetrates in the surfactant 

aggregates to maintain P = 1. The results are shown in Table 1.6. 

Table 1.6 Microemulsion systems as a function of the chain length (n) of the catalytic surfactant 

[DiCn]2MoO4 (5 wt%) and oil hydrophobicity at 25 
o
C (water-to-oil ratio = 1/1 (v/v).

138
 

n C6H6 or AcOPr Xylene or AcOt-Bu Pentene Octane 

8 Winsor III    

9  Winsor III Winsor I 

10 Winsor II Winsor III  

12    Winsor III 

The aggregation process of [DiC8]Cl at the dilute aqueous solution was proposed based on the various 

experimental and theoretical techniques: zetametry, conductimetry, tensiometry, NMR, and molecular 

modeling.
139 Dimers form at very low concentration (below CAC1 = 10mM), then more complex bilayer 

structures by increasing the concentration and finally, after CAC2 (30mM), concentration of bilayers 

gives vesicles. Furthermore, the counterion effect of eight DiC8 salts including DiC8MoO4 and 

DiC8MoO4 on the phase behavior in dilution aqueous solutions was also investigated.
31

 Three different 

behaviors were unveiled depending on the counter-anions by tensiometry, conductimetry, DiC8-selective 

electrode measurement and confirmed by SANS and DLS analysis. For salting-out anions (MoO4
2-

, WO4
2-

, 

F
-
, SO4

2-
), the micellization occurs at specific concentration, while for salt-in anions (Br

-
, NO3

-
), dimers 
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are formed before micelles. For the anions between salting-in and salting-out anions (Cl
-
, MeSO3

-
), two 

successive aggregations occur after dimers formation (Figure 1.26). 

 

Figure 1.26 Self-aggregations of [DiC8] in water as a functionof the [DiC8]n[X] concentration.
31

 

1.3 Conclusion 

Although various strategies have been reported to fulfill the principles of green chemistry in catalytic 

reactions, such as immobilization of catalyst on porous solids, usage of ionic liquid or other green 

solvents instead of common used organic solvent etc., the disadvantages like low catalytic activity or high 

price of reagents still limit their widely application. The combination of surfactant and catalyst moieties 

incorporates the advantages of homogenous catalyst (high activity, high solubility, etc) and heterogeneous 

catalyst (easily separation of product, recycling of catalyst etc.). The water-solubilization of hydrophobic 

substrates by the aggregates and large interface area ensure the high catalytic activity; the separation of 

hydrophobic and hydrophilic part enhances the selectivity and the easily controlled phase behavior 

facilitates the separation of product and recovery of catalyst.    

Most of the surfactant-combined catalysts belong to two groups: Lewis acid or Brönsted acid-anionic 

surfactant combined catalysts (LASCs or BASCs) and polyoxometalate or peroxometalate-cationic 

surfactant combined catalysts. Among the LASCs, the scandium dodecylsulfate (Sc(DS)3) is the most 

widely used catalyst in catalytic reaction in aqueous media, although other types of amphiphilic catalysts 

such as Cu(DS)2, Zn(DS)2, etc. can also be used and in some cases, better results are obtained. The 

reactions with LASCs as catalysts include the conventional Lewis acid catalyzed carbon-carbon 

formations reactions (e.g. Aldol reaction, Mannich reaction and Friedel-Craft reaction, etc) and with the 

BASCs as catalysts, the dehydration reactions including etherification, esterification, thioetherification 

and dithioacetalization proceed readily in aqueous phase. The reactions can be considered taking place in 
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the micelles which solubilize the hydrophobic substrates in the hydrophobic core in the absence of 

additional organic solvents.  

The polyoxometalates and peroxometalates, especially derived from tungstate and molybdate, are widely 

applied to the oxidation of organic substrates with H2O2 or O2 as oxidants. The active species in the 

presence of H2O2 have been investigated by NMR, IR, and Raman analysis, etc. As shown in Figure 1.14, 

the different species can be converted to each other and even converted to polyoxometalates. Various 

surfactant-combined polyoxometalates are successfully applied to the oxidative desulfurization (ODS) 

process. The refractory sulfur compounds in model oil or real diesel can be removed at more than 99% 

and the catalysts can be recycled by simple centrifugation. The oxidation process occurs in the emulsion 

interface after the addition of H2O2 in the oil in the presence of amphiphilic catalysts. Other oxidation 

reactions such as epoxidation, oxidation of alcohol, and oxidative cleavage of alkene etc. can be also 

catalyzed by polyoxometates or pre-prepared peroxometalates, while the in situ generated peroxometalate 

mixtures are generally preferred. The in situ generated peroxometalates by combination of triC8[HSO4], 

Na2WO4, appropriate co-catalyst and H2O2 are efficient catalysts for the oxidation of alcohols, 

epoxidation of alkenes, oxidative cleavage of alkenes to carboxylic acid and oxidation of sulfides in 

aqueous phase.  

The physicochemical properties of the amphiphilic catalysts are rarely reported, although the phase 

behavior of amphiphilic catalysts in the catalytic systems is closely related to the activity, selectivity and 

work-up of the reactions. The early research gave the basic physicochemical properties (Krafft points and 

CMCs) of several LASCs mentioned in this chapter, the further investigation were not carried out. The 

alkyltrimethyl ammonium tungstate and molybdate physicochemical properties of cationic surfactant 

combined catalysts have been studied by several techniques. Dialkyldimethylammonium tungstate, 

molybdate and related bromide and chloride have been investigated by our group. Especially the 

properties of double chain ammonium salts in binary and ternary systems lead us successfully to elaborate 

the elegant three-liquid-phase μem systems stabilized with “Balanced Catalytic Surfactants”. 
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Appendix A: Structures of the abbreviations. 

Abbreviation Structure Abbreviation Structure 

DS  

 

n-C12SO3 

 

 

OPf 

 

 

 

PFOSA  

Calix[n]arene  

sulfonic acid 

 

NNf2 

 

DiC18 

 

C18 

 

N-

C12imidazolium 
 

C5H5NC12 

 

C12(EO)C12 

 

C12mim 
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Appendix B: Application of Lewis acids and Brönsted acid-combined surfactant catalysts 

Catalytic 

surfactants 
Reactions References 

Sc(DS)3 

Aldol reaction 
40,52,53,63,140,141

 

Mannich reaction 
53

 

Synthesis of β-amino phosphonate 
55

 

Michael reaction 
53,56

 

Friedel-Crafts reaction 
58

 

Asymmetric ring-opening of epoxide 
57,142,143

 

Allylation reaction 
63

 

Diels-Alder reaction 
52

 

Hydroxymethylation 
54,144

 

Nazarov-type reaction 145 

Friedländer annulations 
61

 

Synthesis of β-amino amides 146 

Synthesis of (+)-madindoline A and B 
62

 

Polyester synthesis 147 

Sc(n-C11SO3)3 

Asymmetric ring-opening of epoxide 148 

Hydroxymethylation 
54

 

Sc(n-C12SO3)3 

Aldol reaction 
63

 

Allylation reaction 
63

 

Aldol reaction 
52,149

 

Asymmetric ring-opening of epoxide 
67

 

Sc(C4F9OSO3)3 Diels-Alder reaction 150 

Sc(OPf)3 

Baylis-Hillman reaction 151 

Mannich reaction 
65,152

 

Ring-opening of epoxide 153 
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Aldol reaction 154 

Friedel-Craffts reaction 
64,155

 

Diels-Alder reaction 150,156,157 

Nitration of aromatic compounds 158 

Synthesis of 3-oxabicyclo[3.1.0]hexanederivatives 159,160 

Sc(NNf2)3 

Ring-Opening Polymerization of ε-Caprolactone 161 

Polyester synthesis 162 

Cu(DS)2 

Asymmetric Aldol reaction 
52,63,66

 

Asymmetric ring-opening of epoxide 
67

 

Mannich reaction 
53

 

Diels-Alder reaction 
52,163

 

Thioactalization 164 

Allylation 
63,165

 

Esterification 166 

Cu(n-C12SO3)3 

Aldol reaction 
52

 

Benzaldehyde from Benzyl alcohol 167 

Synthesis of phenol from benzene 
70

 

Zn(DS)2 

Asymmetric ring-opening of epoxide 
67

 

Esterification 166 

Diels-Alder reaction 163 

Zn(n-C12SO3)2 Aldol reaction 
52

 

Zr(DS)4 

Epoxide ring-opening 168 

Michael reaction 169 

Preparation of bis-indolyl andtris-indolylmethanes 170 

Synthesis of quinolines 171 

Synthesis of quinoxalinederivatives 
69

 

Cr(DS)3 5-hydroxymethylfurfural formation from cellulose 172 
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Fe(DS)3 Synthesis of chromeno[4,3-b]chromene derivatives 173 

Fe(n-C12SO3)3 

Benzaldehyde from Benzyl alcohol 167 

Synthesis of 3-(9H-Xanthen-9-yl)-1H-indole Derivatives 174 

Synthesis of bis-indolyl methane 175 

Synthesis of phenol from benzene 
70,176

 

Ce(DS)3 Esterification 166 

Yb(DS)3 

Synthesis of (+)-madindoline A and B 
62

 

Synthesis of febrifugine and isofebrifugine 
68

 

Yb(n-C12SO3)3 Aldol reaction 
52

 

Yb(OPf)3 

Aldol reaction 154 

Friedel-Craffts reaction 177 

In(n-C12SO3)3 Synthesis of 3-(9H-Xanthen-9-yl)-1H-indole Derivatives 154  

DBSA 

Mannichreaction 
72,77,178

 

Dehyration (esterification, etherification, 

thioetherification, thioacetalization) 

71,76,179-181
 

Nucleophilic substitution of alcohol 182 

Pyridone synthesis (Diels-Alder reaction) 
77

 

Thiazolidinone synthesis 
74

 

3,4-dihydropyrimidin-2-ones synthesis 
73

 

Polyesterification 147 

Calix[n]arene 

sulfonic acid 
Substitution of allylic alcohol 

80
 

Cellulose-SO3H Synthesis of naphth[1,2-e][1,3] oxazin-3-one 183 

Polystyrene-

SO3H 

Hydrolysis of thioesters and transprotection of thiols 
82

 

Mannich reaction 184 

PFOSA Pictet–Spengler reaction 
75,81
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Appendix C: Cationic surfactant-combined polyoxometalate and peroxometalate catalysts 

Catalyst Reaction References 

[DiC18]3[PW12O40] 

Oxidative desulfurization 

105
 

[C18]4[H2NaPW10O36] 
106

 

[DiC18][W(O)(O2)2(C5H4NCO2)] 
124

 

[C18]5[PV2Mo10O40] 
136

 

[C16]4[W10O32] 185 

[DiC18]5[IMo6O24] 
110

 

[C18]5Na2[PW11O39]  
108

 

[C18]7[PW11O39] 
109

 

[C18]4[H2Se3W6O34] 
125

 

[C18]7[PW10Ti2O38(O2)2] 
111

 

[triC8]2[Mo2O11] 
126

 

[C8]3[H3V10O28] 
112

 

[DiC18]7[PW11O39] 186 

Na2WO4 + [triC8]HSO4 + 

C6H5PO3H2 
131

 

[C16]4[W10O32] 185 

[DiC18]8[HBW11O39] 

Oxidation of pyridine 

187 

[DiC18]7[PW11O39] 
114

 

Oxidation of alcohol 

[DiC18]9[EuW10O36] 
107

 

{Tri[C8F17(CH2)3]} 

[WZn3(H2O)2(ZnW9O34)2] 
133

 

Na2WO4 + [triC8]HSO4 
127

 

[C16]3[PW12O40] 188 

[TriC8]3[PW4O24] 

 

118
 

Oxidation of aldehyde 
118
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Oxidation cleavage of alkene 
119

 

Epoxidation–alcoholysis of cyclic enol ethers 
122

 

Epoxidation of alkene 
117

 

[C16]6[PV3Mo9O40] Oxidation of phenol 
113

 

[C16]7[PW10Ti2O38(O2)2] Oxidation of thiocyanate 
116

 

[C16]H2PW12O40 Hydrolysis of polysaccharides 189 

[C5H5N C16]3[PW12O40] 

Oxidation 1, 2-vic diol 190 

Oxidation alcohol 
101

 

Epoxidation of alkene 

101,120
 

{Tri[C8F17(CH2)3]}12 

[WZnMn2(H2O)2(ZnW9O34)2] 
133

 

[triC8]12[WZn3(ZnW9O34)2] 191 

[C5H5NC12]3[PW4O32] 
123

 

[DiC18] 3PW4O32 192 

H2WO4 + [triC8]H2PO4 
132

 

[C12mim]5[PTiW11O40] 
115

 

[C12]3[PW12O40] 15 

[C10]11[La(PW11O39)2] 193 

Na2WO4 + [triC8]HSO4 + 

NH2CH2PO3H2 
129,130

 

[N-C12imidazolium][W2O11] 194 

[C18]4[PMo11VO40] Oxidation of benzy alcohol to benzaldyde 195 

[C12(EO)C12]MoO4 Diels-Alder reaction and ene reaction with 
1
O2  28 

[DiC18]6[Mo7O24] Oxidation of cyclohexane to adipic acid 196 

[C5H5N C16]3[PW4O24]  Oxidation of aromatic amine 
121

 

[C16][H4TiPW11O40] Esterification 197 

Na2{V6O13 

[(OCH2)3CCH2OOCC12]2} 
Thiophene oxidation 

134
 

[C16]HCO3 Sulfide oxidation 
135
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2.1 Double-chain alkylammonium catalytic surfactants 

2.1.1 Cationic surfactant applications and recent investigations on double-chain quaternary 

ammonium amphiphiles for “Catasurf” design 

Surfactants are organic compounds with amphiphilic properties, due to their hydrophobic tail and 

hydrophilic head groups. They dramatically lower the surface tension of liquids or the interfacial tension 

between two immiscible liquids or at the liquid-solid interface. Depending on the hydrophilic head groups, 

the surfactants can be classified into four types, namely nonionic, anionic, cationic and zwitterionic 

surfactants. Nowadays, the global production of surfactants is estimated at 15 millions tons each year and 

the market share of different types of surfactants is shown in Figure 2.1.
198 The market share of cationic 

surfactants is only about ten percents. Cationic surfactant plays an important role in many industrial areas, 

especially in the formulation of disinfectants, fabric softeners and conditioners because of their ability to 

absorb onto to negatively charged surface.
199-203

 

 

Figure 2.1 The market share of different types of surfactants in 2010.
198

 

The commonly used antiseptic benzalkonium chloride is generally available as a 50% solution of dodecyl 

and tetradecyl isomer mixture. The mechanism of its bactericidal/microbiocidal activity results from its 

adsorption onto the cell membrane (through electrostatic interactions) followed by the dissociation of the 

cellular membrane lipid bilayers, which compromises cellular permeability controls and induces leakage 

of cellular contents, resulted in the disruption of intermolecular interactions. Another important 

application involves the long-chain aliphatic amines (optionally ethoxylated) and amides, quaternary 

ammonium salts, which can absorb onto hydrophobic surface (through hydrophobic interactions) and 

reduce or eliminate static electricity generally caused by the triboelectric effect. Some selected commonly 

used cationic surfactants and their applications are listed in Table 2.1. 

10%
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Table 2.1 Selected commercial quaternary alkyl ammonium surfactants and their applications.
204

 

Brand name Alkyl chain Aspect (25 °C) Active (%) Solvent Main uses 

Monoalkyl 

ammonium 

chloride 
                                                   

Arquad C-50 Coconut Liquid 50 IsoPrOH/water 

• Fabric softeners 

• Emulsifiers 

• Antistatics 

• Disinfectants 

Arquad T-28 Stearyl Liquid 28 Water 

Arquad T-50 Tallow Liquid 50 IsoPrOH/water 

Arquad T-800 Stearyl Liquid 50 EtOH/water 

Arquad 16-29 Cetyl Liquid 29 Water 

Arquad 18-63 Stearyl Viscous liquid 63 IsoPrOH/water 

Arquad 22-80 Behenyl Flake 80 EtOH/water 

Dialkyl 

ammonium 

chloride                                                    

Arquad 210-80E Decyl Liquid 80 EtOH/water • Disinfectants 

Arquad 2C-75 Coconut Liquid 

75 IsoPrOH/water 
• Fabric softeners 

• Emulsifiers 

Arquad 2HP-75 
Vegetable 

Based stearyl 
Paste 

Arquad 2HT-75 
Hydrogenated 

tallow 
Paste 

Arquad 2O-75I Oleyl Liquid 

Ethoxylated 

ammonium 

chloride                                                  

Ethoquad C/12 Coconut 
Liquid 75 IPA/water 
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The aggregation type of surfactants in aqueous solution and in water/solvent biphasic system is closely 

related to its molecular geometry which is rationalized by the packing parameter (P = v/a0lc), where v and 

lc are the volume and the chain length, respectively; a0 is the sectional area of the head group.
205

 These 

parameters, especially a0, depend not only on the geometry, given by the van der Waals radii of the atoms, 

but are sensitive to the experimental conditions (salts, electrostatic interactions, nature of the oil, 

temperature, pH, etc.). Spherical micelles are obtained when P ≤ 1/3, whereas, for P values between 1/3 

and 1/2, cylindrical aggregates are formed; surfactants with P values in the range 1/2 to 1 always 

spontaneously form bilayer structures, such as vesicles, disk shape micelles, and liposomes. In the case of 

a water/surfactant/oil interface, the penetration of the oil into the interfacial layer should be considered 

and we must talk about the “effective packing parameter” (Peff).
206

 When Peff < 1, an oil-in-water μem 

(Winsor I) is formed and a water-in-oil μem (Winsor II) is formed for Peff > 1, while if Peff ≈ 1, a balanced 

middle-phase μem balanced with excess oil and water phase (Winsor III) is the preferred (Figure 2.2). 

 

Figure 2.2 The effect of the surfactant packing parameter on the aggregation and μem type. 

In the last two decades, the dark singlet oxygen generation from hydrogen peroxide catalyzed by mineral 

compounds was investigated in details by our group.
20,207,208

 Molybdate ions were shown to be the most 

efficient catalysts to induce the disproportionation of H2O2 since, at appropriate H2O2 /molybdate ratios 

and pH values, singlet oxygen, 
1
O2 (

1
g), is quantitatively generated from this chemical source (Figure 

2.3).
209
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Figure 2.3 Prevalent species formed by the interaction between H2O2 and MoO4
2-

 as a function of pH and 

free [H2O2] (T = 0 
o
C, [Na2MoO4] = 1 M). The orange region corresponds to the prevalence region of 

the triperoxomolybdate which is the main precursor of  
1
O2.

209
 

The “Catasurf” concept has emerged in 2008 and was initially based on the combination of a 

dialkyldimethylammonium part with molybdate. When “Balanced”, the catasurf provides, without 

additional salts or co-surfactant, at room temperature, just in the presence of water and an appropriate 

solvent, an optimal three-liquid-phase μem system (Winsor III) which was successfully applied to the 

dark singlet oxygenation of various substrates.
29

 Tungstate ions are also able to disproportionate hydrogen 

peroxide into singlet oxygen with a 100% yield under neutral or basic conditions, although 3.5 times 

slower than molybdate ions. 
208

 On the other side, tungstate was widely used in the catalytic oxidation of 

organic products (epoxidation, alcohol and sulfide oxidation, etc) with H2O2 as an oxidant, as discussed in 

detail in the first chapter of the manuscript. Based on the above mentioned points, the “Catasurfs” 

dialkyldimethylammonium molybdate and tungstate, abbreviated as [diCn]2MoO4 and [diCn]2WO4,  

respectively (where n = 6, 8, 10), were prepared following the method previously reported by our 

group.
139

 The [diCn]2SO4, [diCn]Cl and [diCn]Br homologous were also prepared to compare the effect 

of the counter ions on the surfactant properties (Figure 2.4).  

 

Figure 2.4 Prepared dialkyldimethylammonium salts with different types of counter ions. 

Before investigating the application of the Catasurfs to the oxidation of various organic substrates, the 

binary and ternary phase behaviors of the molybdate and tungstate based surfactants were studied in 
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comparison with the corresponding sulfate, chloride and bromide salts. The knowledge of their 

aggregation properties and the estimation of their amphiphilic character are necessary to predict their 

ability to form spontaneously three-liquid-phase µem systems in the presence of given oils. Such triphasic 

μems have been proved to be of interest for hydrogen peroxide-based oxidations especially in terms of 

recycling and products/catalyst recovery. Developing such systems while extending them to other 

oxidation reactions and other catalysts was our main goal during these three years.
29

 Herein, besides the 

critical aggregation concentrations (CACs) of surfactants, the aggregation behavior of the short chain 

dialkyldimethylammonium (C6, C8 and C10) with Br
-
, Cl

-
, SO4

2-
, MoO4

2-
 or WO4

2-
 as counter anions in 

water from dilute isotropic solutions to high concentrated liquid crystal phases as a function of 

temperature has also been investigated by means of polarized optical microscopy (POM) and small angle 

X-ray scattering (SAXS). Furthermore, the phase behavior of the ternary 

dialkyldimethylammonium/water/solvent systems with terminal monochloroalkane or dichloroalkanes as 

oil phases has been examined through the construction of the so-called “Fish diagrams” which afforded a 

classification of the dialkyldimethylammonium amphiphiles according to their relative hydrophilic-

lipophilic character, an useful information for the prediction of their ternary phase behavior.
16

  

2.1.2 Synthesis and CACs of the dialkyldimethylammonium surfactants 

All the syntheses were adapted from the methodology developed in our previous work.
139

 [DiCn][Br] was 

obtained by a SN2 reaction involving alkyldimethylamine and 1-alkylbromide (n = 6, 8 and 10). 

[DiCn]m[X]
m-

 were obtained by two successive ion exchanges from [DiCn][Br]: (i) Br
−
 was replaced by 

hydroxide by using the ion exchange resin Amberlite-400 providing the [DiCn][OH], and (ii) [DiCn][OH] 

reacted with an aqueous solution of the acidic form of the desired counter ions. The aqueous solution of 

[DiCn][OH] was neutralized with various acids (HCl, H2SO4, MoO3, H2WO4) under the protection of 

argon atmosphere. The products were lyophilized and stocked under dry argon to avoid water absorption 

since the final compounds are very hygroscopic (Scheme 2.1).  

 

Scheme 2.1 Synthesis of dialkyldimethylammonium surfactants. 
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Critical aggregation concentration (CAC) is an important and fundamental characteristic of a surfactant, 

which is defined as the concentration above which the aggregates of the surfactant molecules formed. For 

a true surfactant, which forms well defined spherical aggregates (i.e. micelles) for example, we generally 

talk about the “critical micelle concentration” or CMC. However, in the present case, the hydrophobic tail 

of the surfactants are quite short and it is likely that they do not form well define aggregates. Hence, we 

prefer to talk about “CAC”. Before the CACs, the surface tension changed strongly with the concentration 

due to the absorption of surfactant molecules at the air-water interface, while reaching the CAC, the 

surface tension remains relatively constant or changes with a lower slope. The formation of the 

aggregates in aqueous solution also causes the transition of various solution properties such as 

conductivity, osmotic pressure, detergency etc. Correspondingly, the CAC values can be obtained by 

measuring these properties of surfactant solutions versus its concentration. Here, all the CACs of the 

surfactants were determined by measuring the surface tensions with the tensiometer K11 (Krüss) using 

the Wilhelmy plate method. Ultrapure water (Millipore water, σ = 72.0 mN.m
-1

 at 25 °C) was used to 

prepare all the solutions. Surface tension was recorded after equilibration for each mixture. All 

equilibrium surface tension values were mean quantities of at least three measurements. The standard 

deviation of the mean never deviated ± 1.5% of the mean. The precision of the force transducer of the 

surface tension apparatus was 0.1 mN∙m-1
 and before each experiment, the platinum plate was cleaned in 

red/orange color flame. The temperature was stabilized at 25 ± 0.05 °C with a thermo-regulated bath 

Lauda RC6. The standard deviation was estimated at ±10% for the CAC value. The results were shown in 

Figure 2.5 and Table 2.2. 
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Figure 2.5 Surface tension () plotted against surfactant concentration for [DiCn][X] (X = Cl or Br) and 

[DiCn]2[MO4] (M = Mo or W) at 25.0 °C (n = 6, 8 or 10). 

Table 2.2 Critical aggregation concentration (CAC) values and surface tensions at CAC (CAC) at 25 °C 

for [DiCn][X] (X = Cl or Br) and [DiCn]2[MO4] (M = Mo or W) as a function of the alkyl chain carbon 

number (n). 

Dialkyldimethyl ammonium 

[DiCn]X or [DiCn]2X 
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Cl 320 
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From the general point of view, the aggregation behavior of surfactants in aqueous solution is closely 

related to their hydrophobic chain length. When the hydrophobic chain length decreases to some extent, 

the aggregate occurs in a stepwise self-aggregation process, gradually increasing aggregation size at 

relatively high concentrations, typically above 100 mM and the surfactant is converted to hydrotrope, 

which does not form well-defined aggregates unlike true surfactants forming micelles. The CAC is 

determined at the intersection of the two lines defined by the baseline of minimal surface tension (CAC) 

at high concentrations and the linear surface tension decrease just before reaching the plateau. It is 

noteworthy that the surface tension at CAC (CAC) is a measure of the surface efficiency in lowering the 

surface tension. CACs of some [DiC8] salts have already been investigated in detail previously for 

interpreting the aggregation mechanism in dilute solution.
31

 However, some data are missing especially 

for [DiC6] cations and catalytic [DiC10]2[MO4] with M = MoO4 or WO4. 

The formation of aggregates in aqueous solution is driven by the so-called “hydrophobic effect”, which 

originates from the disruption of dynamic H-bonds of the water molecules around the hydrophobic alkyl 

chain of the surfactant and the increase of the entropy (water cage around non-polar chain).
213,214

 The 

hydrophobic effect depends on the alkyl chain length and a longer hydrophobic chain results in a lower 

CAC. In contrast, the electrostatic interactions and hydration of the hydrophilic head group increase the 

affinity of the surfactant molecules for water, which increases the CAC. These results were also observed 

in our results. Indeed, for the [DiCn][Cl], the CAC decreases about 10 times when adding two carbons to 

each alkyl tail; i.e. there is no clear discontinuity in the aggregation process between [DiC6] and [DiC10] 

amphiphiles.  

Generally, divalent anions are shown to efficiently screen the electrostatic interaction between the 

surfactant polar head, resulting in a decrease in the CAC compared to monovalent anions. While in our 

case the [DiC6] salts behave one way and the octyl [DiC8] and decyl [DiC10] salts behave the other way, 

which was ascribed to the nature of the aggregation processes for different surfactants, for example, for 

[DiC8][Cl], dimers were formed at the beginning, followed by ellipsoid aggregates, whereas, for 

[DiC8][Br], discoid aggregation was observed between the dimer and the ellipsoid aggregation. On the 

other hand, for [DiC8]2[WO4] and [DiC8]2[MoO4], the ellipsoid aggregation directly occurred when the 

CAC was reached.
31

 The relatively high CAC and CAC values observed for the [DiC6] series indicate that 

it does not behave as a true surfactant and exhibits hydrotropic behavior. The [DiC6] cation does not form 

well-defined aggregates in water, such as spherical or elongated micelles. Indeed, SAXS results 

(discussed later in this chapter) in the dilute regime (concentration <10% w/w, i.e. at concentrations 

around twice the CAC values, ≈ 0.2 M) confirmed the absence of well-defined aggregates for 

[DiC6]2[WO4] and [DiC6]2[MoO4]. 
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2.1.3 Aqueous phase behavior of dialkyldimethylammonium catasurfs in concentrated solution: 

lyotropic liquid crystal formation 

At low concentration range above the CAC, the interaction between the aggregates is negligible and the 

aggregates exist as independent entities without long ranged orientational order. These isotropic 

dispersions are generally referred as micellar solutions (L1). As the concentration of amphiphilic 

molecules increases, the interaction between the aggregates increases and the micelles are forced to be 

disposed regularly in space, where the lyotropic liquid crystals appear. Generally, the first type of 

lyotropic liquid crystal by sphere micelles is hexagonal phase (H1), which is formed by the fusion of 

micelles to form cylindrical aggregates of indefinite length, and these cylinders are arranged on a long-

ranged hexagonal lattice. Further increase of the concentration resulted in the formation of lamellar phase 

(Lα), which consists of amphiphilic molecules arranged in bilayer sheets separated by layers of water. 

While for most of the amphiphiles, one or more phases with complex architectures are formed between 

hexagonal and lamellar phases, often this intermediate phase is bicontinuous cubic phase (V1). At very 

high concentration region, the reverse cubic (V2), reverse hexagonal (H2) and reverse micellar phases (L2) 

are possibly present consecutively as the concentration increases (Figure 2.6).
215

 

 

Figure 2.6 The aggregation structures of amphiphiles in water as a function of concentration.
215

 

The different types of lyotropic liquid crystals can be preliminary distinguished by their aspect (e.g. 

viscous, rigid gels, etc.) and by their different optical properties (such as birefringence). Different liquid 

crystal phases will have distinct textures under the optical polarizing light microscope (POM). The 

micellar solution is not birefringent and of low viscosity, while the hexagonal phase shows a “fan-like” 
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texture. Although the cubic phase is also not birefringent, the highly viscous appearance and the inside 

trapped distorted bubbles are the distinct properties to differentiate the cubic phase from others. On the 

other side, lamellar liquid crystal exhibits mosaic or “Maltese cross” textures
216

 (Figure 2.7).  

For single-chain surfactants, due to the packing parameter ranging from 1/3 to 1/2, the binary phase 

diagram has a classical phase behavior pattern. In the dilute regime, micelles are formed, followed by an 

increase in the micelle size or a change in the micelle shape by increasing concentration. In the high 

concentration regime, lyotropic liquid crystals may form, with the classical evolution from hexagonal to 

cubic to lamellar phases.
217

 On the other hand, the double-chain surfactants also exhibit a general 

sequence; the phase behavior evolves from an isotropic solution (vesicle, disk like micelle, oblate micelle, 

etc) and two phases (dispersed lamellae) to lamellar liquid crystals by increasing the concentration of 

surfactant in water.
218-221

 Although sometimes the CMCs of two different surfactants are similar, such as 

in the case of sodium dodecyl sulfate (SDS) and [DiC8]2[MoO4], their respective binary phase behavior 

exhibits a great difference due to different packing parameters. Here, the binary quaternary ammonium 

amphiphile/water diagrams of [DiCn][X] and [DiCn]2[MO4] (with X = Cl, Br; M = Mo, W or S and n = 6, 

8, and 10) have been investigated. The phase diagrams were preliminarily studied by polarized optical 

microscopy (POM) by gradually increasing the concentration of the surfactants which allows 

discriminating the isotropic phases from the anisotropic ones. Then, the type of liquid crystals was 

distinguished by different textures and confirmed by SAXS experiments.
222-225

 

 

Figure 2.7 Textures observed under polarized light microscope (POM): micellar solution (a), hexagonal 

liquid crystal (b), cubic liquid crystal (c) and lamellar liquid crystal phase (d).
216

 

The phase penetration technique at room temperature was firstly used for a rough estimate of the 

sequence of mesophases occurring. A few milligrams of the surfactant powder (usually around 20 mg) 

100 μm
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were placed between a glass slide and a cover slip. When the powder could not be made sufficiently 

compact to obtain a well-defined interface, the sample might be heated until softening for homogenization 

and then cooled down to room temperature, in order to obtain a well-defined interface. The sample was 

then contacted with a distilled water drop and diffusion of water by capillarity into the surfactant sample 

took place so that a concentration gradient from extremely dilute aqueous solution to pure surfactant was 

more or less quickly established. Identification of the different phases was based on visual observation 

through an optical polarizing microscope Olympus BX60 (100 × magnification) equipped with a LTS120 

Analysa Peltier temperature stage capable of controlling to ± 0.1 °C the temperature (Figure 2.8). 

 

Figure 2.8 Liquid crystal textures observed by POM during penetration scan experiment at 25 
o
C for 

[DiC6]2MoO4 (a), [DiC8]Cl (b), [DiC8]Br (c), [DiC8]2MoO4(d), [DiC10]Cl (e) and [DiC10]2MoO4 (f). 

[DiC6]Cl is liquid and showed no liquid crystal phase. Although [DiC8]Br is a white solid at room 

temperature, the birefringent phase disappeared rapidly due to its highly hygroscopic property and the 

liquid crystal phase region at very high concentration (> 90 wt%) (Figure 2.8c). [DiC6]2WO4 and 

[DiC6]2MoO4 showed the same sequence from micellar solution to a liquid crystal phase (unidentified at 

this stage) (Figure 2.8a). However, the textures of liquid crystal phases from [DiC8]Cl (Figure 2.8b) and 

[DiC10]Cl (Figure 2.8e) indicated that the lamellar phase formed. On the other side, for [DiC8]2WO4, 

[DiC8]2MoO4, and [DiC8]2SO4, the trapped distorted air bubble indicated the presence of a cubic phase 

between the micellar solution and the lamellar phase (Figure 2.8d). It is noteworthy that addition of two 

carbons in each of the two hydrophobic chains caused the disappearance of the cubic phase for 

[DiC10]2WO4 and [DiC10]2MoO4, in favor of a phase mixture between the micellar and the lamellar 

phases (Figure 2.8f). 
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After having established roughly the succession of liquid crystalline phases from the penetration scan, the 

transition compositions were determined by preparing samples of given concentrations (from 5-95 wt% 

with 5 wt% intervals, so that the accuracy of the resulting diagrams was of about 2.5%). Samples of 100 

mg or more were prepared in glass tubes which were then sealed with a gas burner placed in water bath at 

80 °C for 2h and were then centrifuged at 2500 rpm for one hour at room temperature for 

homogenization. The type of the phase was investigated by the birefringence of the mixture and the 

texture was given by the liquid crystal type. The rate used during the heating sequence was typically 5 

°C.min
-1

 and the temperature range was set from 15 to 100
o
C. To confirm the nature of the phases 

observed by POM, SAXS experiments were also carried out using Mo-radiation (λ = 0.71 Å) on a bench 

built by XENOCS. The SAXS experiments were carried at ICSM in Marcoule, in the group of Dr P. 

Bauduin. The scattered beam was recorded using a large online scanner detector (diameter: 345 mm, from 

MAR Research). A large q range (2.10-2-2.5 Å-1) was covered with an off center detection. Pre-analysis 

of data was performed using FIT2D software. The scattered intensities were expressed versus the 

magnitude of the scattering vector q = [(4π)/λ]sin(θ/2), where λ is the wavelength of incident radiation 

and θ the scattering angle. 2 mm quartz capillaries were used as sample containers for dilute and fluid 

solutions, i.e. isotropic micellar solutions. Usual corrections for background (empty cell and detector 

noise) subtractions and intensity normalization using Lupolen
TM

 as standard were applied. For the study 

of highly viscous lyotropic phases, a special home designed cell was used (Figure 2.9). L1 isotropic 

solution exhibited a broad peak due to the low level of organization between surfactant aggregates. On the 

other hand, for well organized surfactant liquid crystal structures, i.e. cubic, hexagonal, or lamellar phases, 

Bragg peaks were generally obtained and indicated the types and parameters of liquid crystals. By 

combining POM and SAXS experiments, the complete binary diagrams of the prepared amphiphiles in 

water were thus determined (Figure 2.10). 

 

Figure 2.9 SAXS apparatus (Institut de Chimie Séparative de Marcoule) and process of data collection. 
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Figure 2.10 Schematic partial binary phase diagrams determined by polarized light optical microscopy 

(POM) of [DiCn]mX (n = 6, 8, or 10, m = 1, X = Cl; m = 2, X = WO4 or MoO4). L1 =isotropic solution, V1 

= cubic phase, Lα = lamellar phase, and H2 = reverse hexagonal phase. Photomicrographs show the 

optical textures of the lamellar phase (with Maltese cross patterns), the reverse hexagonal phase (“fan-

like” texture), and faceted air bubbles in the cubic phase. Typical SAXS curves obtained at 25 °C for 

various concentrations were also given. The broad peak marked with a star symbol (*) at q ≈ 4 nm
−1

 

corresponds to the scattering of the “Kapton” plastic film used as a container in the experiment.  

It is noteworthy that [DiC6][Cl] does not present birefringent phases whatever its concentration or 

temperature. The SAXS experiment gave a broad peak which is typical for isotropic solution due to the 

low level of organization between surfactant aggregate. While increasing the chain length or substitution 

of the anion results in the appearance of various phases, i.e. cubic, hexagonal and lamellar phases. The 

nature of the liquid crystal phase follows the global curvature of the surfactant film which decreases by 

increasing surfactant concentration due to the hydration decrease of the polar head. Different from 

[DiC6][Cl], a biphasic region with lamellar Lα and reverse hexagonal H2 phases was clearly observed in 

POM experiments for [DiC6]2[MoO4] and [DiC6]2[WO4] at very high concentrations, > 82 and > 88%, 

respectively (Figure 2.10).
226 From the SAXS spectra, lamellar and reverse hexagonal phases were 

characterized by sharp Bragg reflections with q ratios respectively of 1:2:3 and 1: : 2 (Figure 2.11a, 

2.11b). For [DiC6]2[MoO4], only one sharp reflection was observed which was attributed to either 

lamellar or reverse hexagonal phases, as suggested by the POM pictures (presence of “fan-like” texture). 

On the other hand, [DiC6]2[WO4] shows a “fan-like” texture in POM pictures as well as a second 

reflection Lα
02

 that confirms the presence of a lamellar phase and suggests an equilibrium between a 

lamellar phase and a reverse hexagonal phase. The absence of H2
110

 reflection can be explained by a 

rather low proportion of reverse hexagonal phase vs lamellar phase. A reverse hexagonal phase is 

common for double-chained surfactant like AOT
227

 or lecithin
228

 in water at high concentrations (> 80 

wt %) and/or at high temperature (> 100°C). 

 

Figure 2.11 Spectra patterns of SAXS given by lamellar phase (a) and hexagonal phase (b). 
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The diagrams of [DiC8][Cl] and [DiC10][Cl] have similar patterns, but the [DiC10][Cl]/water system has a 

larger and more stable lamellar liquid crystal region (Figure 2.10). This is due to the longer chain and 

larger size of aggregates formed by [DiC10][Cl] than [DiC8][Cl], which means the interactions between 

aggregates are stronger for the former.
31,219

 These results also follow the trend already observed by 

Shinoda who reported the phase diagrams of dialkyl (DiC12, DiC14, and DiC18) dimethylammonium 

chloride/water binary systems. The boundary temperature between micellar solution region and 

micellar/lamellar mixture phase region decreases from 190 
o
C for [DiC16][Cl] to 60 

o
C for [DiC12][Cl] at 

5 wt% surfactant concentration, which anticipated that [DiC10][Cl] and [DiC8][Cl] do not have biphasic 

mixture regions at room temperature.
219 [DiC8]2[MoO4] and [DiC8]2[WO4] showed similar binary phase 

behavior with, for both of them, a narrow bicontinuous cubic region between the isotropic solution and 

the lamellar phase.
229 Different SAXS spectra patterns could be obtained from different types of cubic 

phases with different space symmetry, i.e. Ia3d, Pn3m and Im3m (Figure 2.12).
230 The bicontinuous 

structures formed are well described by Infinite Periodic Minimal Surfaces (IPMS), i.e. surfaces whose 

mean curvature is zero at all points. Three types of IPMS surfaces have been discovered in amphiphile–

water systems, namely the gyroid, diamond, and primitive surfaces, which correspond to space groups 

Ia3d, Pn3m, and Im3m, respectively.
231,232

 SAXS spectra of the cubic phase observed with[DiC8]2[MoO4] 

and [DiC8]2[WO4] show a main peak and a second order whose positions (the ratio of the peak position is

) can be described by the two reflection peaks (211and 220) of bicontinuous cubic phase of the 

symmetry group Ia3d, which is most commonly obtained in cubic phases.
232 In some of the SAXS 2D 

images, a 4-fold symmetry was observed, which is also typical of an Ia3d phase (Figure 2.13).
233 

 

 

Figure 2.12 SAXS patterns given by three types of cubic phases and their microstructures with 

corresponding IPMS surfaces: a) Im3m; b) Pn3m; c) Ia3d. Two networks of non-intersecting channels in 

microstructures are shown in different colors.
230
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Figure 2.13 SAXS pattern of the cubic phase V1 on the 2D detector. The dark rod on the picture 

corresponds to the “beam stop”. 

Unlike [DiC10][Cl], the [DiC10]2[MoO4] and [DiC10]2[WO4] binary systems display in addition a large 

range of biphasic region before the formation of liquid crystal phases. According to a Monte Carlo 

simulation, there is a significant attraction between the lamellae derived from the charge fluctuation for 

divalent counter ions which cause lower swelling ability of this kind of amphiphile. This can lead to the 

phase demixing between Lα and L1 phases.
234

 

In the SAXS spectra, the position of the first reflection Lα
01

, here called q*, can be correlated to the 

interlamellar spacing d* with the relation d* = 2π/q*. For a homogeneous lamellar phase, the thickness of 

the lamella δ can be calculated with Φ =δ/d*, where Φ is the surfactant volume fraction and δ = 2 , with 

being the lamella half-thickness for a given surfactant containing an alkyl chain with n carbons. For 

linear surfactant, the fully extended chain length can be estimated by Tanford’s relation ( = 1.5+ 1.265n 

in Å).
214 All the surfactants in this study, except [DiC6][Cl], form a lamellar liquid crystal at Φ = 0.9 with 

≈ which is typical for fluid bilayers (Table 2.3). 

Table 2.3 Chain length value lc
n
 calculated from the first lamellar bragg reflection  and 

comparison with Tanford’s length lt
n
 at = 0.9. 

Surfactant q* / nm
-1

 d* / nm  / nm  / nm 

[DiC6]2MoO4 3.55 1.77 0.80 0.9 

[DiC6]2WO4 3.54 1.77 0.80 0.9 

[DiC8]Cl 3.03 2.07 0.93 1.16 

[DiC8]2MoO4 2.90 2.17 0.97 1.16 

[DiC8]2WO4 2.88 2.18 0.98 1.16 

[DiC10]Cl 2.52 2.49 1.12 1.41 

[DiC10]2MoO4 2.40 2.62 1.18 1.41 

[DiC10]2WO4 2.45 2.56 1.15 1.41 

n

cl

n

cl

n

tl

n

cl
n

tl
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n
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The comparison of the values lc
n
 with their corresponding lt

n values shows an increased deviation from 

[DiC6] to [DiC8] and to [DiC10], which can be related to the disorder degree of the fluid alkyl chain in the 

lamellar phase: the longer the alkyl chain, le larger disorder of the chain and lower the measured length 

lc
n  compared with .

235
 Indeed, the deviation is more pronounced for surfactant with longer alkyl chain: 

for [DiCn]2[WO4],  = 1.15 nm vs = 1.41 nm and  = 0.80 nm vs  = 0.91 nm. In addition, a 

slight increase in 
 
is observed from monovalent ([Cl]:  = 1.12 nm) to divalent ([MoO4]: = 

1.18nm). Divalent ion leads to lower repulsive interactions between the polar heads and reduces the 

available space for the alkyl chain and the chain disorder. This effect results in the increase in the lamella 

thickness. It is noteworthy that cubic phases are only observed for [DiC8]2[MoO4] and [DiC8]2[WO4], 

whereas the analogous [DiC8][Cl] shows only a lamellar phase. The replacement of a mono valent 

counter ion by a divalent counter ion in a given system results in significant changes due to the variation 

of counter ion hydration. The similar results were also reported previously, e. g. the hexadecyltrimethyl 

ammonium bromide does not give cubic phases at room temperature, whereas the substitution of bromide 

by sulfate allows the occurrence of a cubic phase at a concentration around 45%.
236

 The ion hydration free 

energy, ΔGhydr, which provides indirect measures of the ion−water interactions, is relevant parameter of 

ionic properties. Although ΔGhydr values for many ions were carefully tabulated by Marcus,
237 [WO4] and 

[MoO4] data are missing. ΔGhydr can be predicted for all anions from PM6/SCF-MO calculation with 

MOPAC 2009. For [Br], [Cl], [WO4], [MoO4], and [SO4], the following ΔGhydr values were obtained: 

76.2, 80.2, 224.2, 228.2, and 242.7 kcal·mol
−1

 respectively. Where [Br], [Cl], and [SO4] are in good 

agreement with the values from Marcus (75.3, 81.3, and 258.2 kcal·mol
−1

, respectively). 
237

As ΔGhydr of 

[Cl] is close to [Br] and as [WO4] and [MoO4] are comparable to [SO4], in the sense that they are divalent 

oxo-anions, we can suppose that the formation of the cubic phase is related to the high hydration of 

divalent oxo-anions compared with monovalent anions. In other words, the hydration of divalent anion 

acts as a promoter in the formation of the cubic phase. Indeed, as [DiC8]2[MoO4] and [DiC8]2[WO4], 

[DiC8][SO4] also gave cubic phase region between micellar solution and lamellar phase (Figure 2.14). 

Moreover, the cubic phase is converted to micellar solution as increase of the temperature. As the 

hydrogen bonds are disrupted by increasing temperature, thereby releasing weakly bound water, the cubic 

phase is destabilized in favor of the micellar solution. It is noteworthy that [MoO4] shows a better 

resistance of the cubic phase by increasing temperature. This observation confirms the influence of the 

counter ion hydration on the stability of the cubic phase. On the other side, as the packing parameter is 

clearly modified with the increase of the carbon number of the cationic moiety, spontaneous curvature is 

then modified, resulting in the disappearance of the cubic phase in favor of the lamellar phase from [DiC8] 

to [DiC10]. On the other hand, for divalent anions, the decrease of the chain length leads to a 

simplification of the diagrams, i.e., a decrease of the number of phases. It is thus clearly shown that the 
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surfactant chain length as well as the nature of the counter ion acts as key parameters on the nature of the 

liquid crystal phases in the dialkyldimethylammonium series. 

 

Figure 2.14 [DiC8]2[SO4]/water binary diagram as function of temperature. 

2.1.4 Microemulsion phase diagrams and amphiphile classification 

Microemulsions (em) are macroscopically isotropic mixtures of surfactant, hydrophilic (aqueous phase) 

and hydrophobic (oily phase) components, requiring sometimes addition of a co-surfactant. Different 

from the ordinary emulsion, the μem is a thermodynamic stable system. It was firstly observed by 

Schulman
238

 and Winsor
239

 in 1950s and extensively investigated in the 1980s, when the phase behavior 

of ems stabilized by nonionic surfactant,
240

 ionic surfactants
241

 or both of them
242

 were studied in details. 

Depending on the values of the formulation variables (temperature, salinity, and oil hydrophobicity, etc.) 

and the amount of surfactant, four different types of em can be obtained: Winsor I (O/W em in 

equilibrium with an excess oil phase), Winsor II (W/O em in equilibrium with an excess water phase), 

Winsor III (bicontinuous em in equilibrium with both excess oil and water phase), and Winsor IV (a 

single phase em in which oil and water are completely cosolubilized).
29,243,244 

The simplest system to describe the em phase behavior is the ternary system consisting of water, oil and 

nonionic n-alkyl polyglycol ethers (CiEj), which ascribes to thermal sensitive of the hydration degree of 

polyglycol ether head group.  Increase of the temperature turns the nonionic surfactant into more 

hydrophobic one. As depicted in Figure 2.15a to 2.15c, the isothermal Gibbs triangles of Water (A)-Oil 

(B)-Nonionic surfactant (C) evolve from dominated by Winsor I at low temperature to Winsor II at high 

temperature via an intermediate temperature region where the Winsor III triangle exists inside. Stacking 

of isothermal Gribbs triangles as a function of the temperature gives the phase prism which indicates the 

temperature-dependant phase behavior of ternary system (Figure 2.16a).
240

 The T(γ) section at constant 

oil/water ratio (α = 0.5) from the phase prism give the well-known “Fish diagram” (Figure 2.16b), which 
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provides extremely important information on the surfactant and also on the oils (here γ is defined as a 

surfactant mass fraction in the system and α as the oil mass fraction in the mixture of oil and water). 

 

Figure 2.15 Isothermal Gibbs triangles of water (A)/oil (B)/nonionic surfactant (C) system at different 

temperatures and the triangle region are dominated by: a) Winsor I at low temperature, b) Winsor III at 

Intermediate temperature, c) Winsor II at high temperature. The tubes illustrate the phase behavior of 

different types of μems.
16

 

 

Figure 2.16 Schematic phase prism of water (A)/oil (B)/nonionic surfactant (C) system as function of 

temperature (a) and the “Fish diagram” from the T(γ) section at constant oil/water ratio (b). Tα, Tβ, 

represent the upper critical point of Oil (B)-Surfactant (C) miscibility gap and lower critical point of 

Water (A)-Surfactant (C) binary diagram, respectiviely; Tl, Tu represent the lower, upper temperature of 
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three-phase body; γ0 is the minimal surfactant mass fraction to obtain three-phase μem;  T* and γ* are 

the phase inversion temperature (PIT) and the minimal mass fraction of surfactant required to solubilize 

water and oil.
240

 

The shape of the “Fish diagram” and the position of the critical X point (Figure 2.16b) are dependent on 

the surfactant type, oil polarity, presence and concentration of salts, addition of co-surfactant etc.
240,242

 

When appropriate surfactant and oil are chosen, the “Fish diagram” can be obtained without additional 

salts or co-surfactants
29,90,245,246

 and with a well characterized surfactant, The polarity of different oils can 

be evaluated from the evolution of the “Fish diagrams”, especially the evolution of the critical X points, 

and vice versa.
206,247-249

 For example, with C10E4 or C12E6 as surfactants at a constant oil/(oil + water) 

mass fraction of 0.5, the evolution of T* value at the X point was found linearly increased with the alkyl 

carbon number of the linear alkanes from hexane to eicosane, which can be deduced from the equation of 

the Hydrophilic-Lipophilic Deviation (Equation 2.1-2.2).
206,248

 HLD, which is a dimensionless number, is 

described as:  

 (Eq. 2.1) 

Where ACN is the carbon number of the n-alkane, α and k are constant for a given nonionic surfactant; 

EON is the number of ethylene oxide units in the head group; A and S are the concentrations of alcohol 

and salt, respectively; b and a are constants characteristic for the alcohol and salt. t and ΔT are 

temperature coefficient and temperature deviation from 25 
o
C. In the absence of alcohols and salts and at 

the optimal formation (HLD = 0), the equation is simplified as:  

 (Eq. 2.2) 

Where cst is constant value, T* is the temperature at the optimal formulation corresponding to the X point 

in the “Fish diagram”. To evaluate the hydrophobicity of other types of oils rather than linear alkanes, the 

concept of Equivalent Alkyl Chain Number (EACN) was introduced by Wade et al.
250 By using the above 

linear relation as a calibration curve, the Equivalent Alkyl Chain Number (EACN) of more complex oils 

than linear alkanes can be obtained from the experimental T* values measured by constructing the “Fish 

diagrams” (Figure 2.17). On the basis of this relation and an appropriate surfactant, typically a well-

defined polyethoxylated fatty alcohol CiEj, the EACNs of several oil series can be established providing a 

scale of classification of these oils. For example, by using the well-defined C6E4, C8E4 and C10E4, the 

EACN values of alkylbenzenes and alkylcyclohexanes have been reported by Queste et al.,
248 terpene oils 

were studied by Bouton et al.,
206 ester oils by Ontiveros et al.,

249 ethers by Wormuth et al.
245 and 

monochloroalkanes by Queste.
251

 The EACN values of commonly used oils are presented in Figure 2.18. 

The α, ω-dichloroalkanes could not be determined precisely because of a loss of linearity in the 

calibration curve, especially for the very short chain ones which exibit a high polarity, i.e. very low 

EACN values.  

TtaAACNkbSEONHLD  )()(

*)( tTACNkcst0 
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On the other side, when the EACNs of oils were determined, the Hydrophilic-Lipophilic property of a 

surfactant could be evaluated by constructing the “Fish diagram” and determining the “optimal oil”, 

which also is called PACN (Preferred Alkane Carbon Number of surfactant).
243,246

 From the relation of 

hydrophilic-lipophilic deviation with the parameters of the mixture (Equation 2.3), we can consider the 

PACN as the intrinsic property of surfactant. When temperature is fixed at 25
o
C and at the optimal 

formulation, i.e. HLD = 0 at X-point, the EACN of the oil which satisfied this condition was the preferred 

EACN and can be expressed as Eq. 2.4. As σ is parameter dependant on the alkyl chain-length of 

surfactant and k is the parameter related with the head group of surfactant reflects the intrinsic 

hydrophilic-lipophilic property of surfactant. Also, the concentration of surfactant required to obtained 

WIV μem at PACN (denoted as γ*) reflects the efficiency of surfactant. 

HLD = σ – k × EACN - aT(T - 25)      (Eq.2.3) 

Where σ is parameter increases with the alkyl chain-length of surfactant and k is the parameter related 

with the headgroup of surfactant. 

PACN = 
σ

k
    Eq.2.4 

 

Figure 2.17 T* values for C10E4 and C12E6 with n-alkanes and several selected oils. The widths of the 

three-phase bodies of C10E4 are also included (grey area).
248 
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Figure 2.18 EACN values of common oils: from left to right are α, ω-dichloroalkanes (arbitrary values), 

monochloroalkanes, ethers, alkylbenzene, and esters (arbitrary values except tert-BuOAc).
245,248,251

 

Different from nonionic surfactants, the temperature has almost no effect on the ternary phase behavior of 

the ionic surfactants. Ionic surfactants with one single hydrocarbon chain are generally too hydrophilic to 

build up ems alone, and phase inversion can take place only if an electrolyte and/or a cosurfactant is 

added to the mixture.
16 However, using double-chain ionic surfactants, such as AOT and [DiC12]Br 

(DDAB), no co-surfactant is necessary to tune the mean curvature of the interface film from positive to 

negative.
16 In our case, the salts were forbidden due to the anion exchange between the added electrolyte 

and the quaternary ammonium salt. On the other side, the oil hydrophobicity, which can modify the 

relative affinity of the surfactant for the oil and aqueous phase, is a useful scanning variable to tune the 

phase behavior of the ternary water/surfactant/oil system, even if less effective than temperature or salt 

additives. Such an absolute oil scale can then further be used to classify surfactants according to the 

EACN of the oil, providing the optimal formulation at 25°C of true ternary SOW systems without any 

further additive.
16 When the oil hydrophobicity is the scanning variable, the experiments are usually 

carried out with n-alkanes ranging from 6 to 19 carbon atoms. However, the polarity window afforded by 

n-alkanes is too limited and none of them is enough polar to provide the so-called “optimal formulation” 

with the cationic surfactants under study. We therefore resorted to two other homologous series of more 

polar oils, i.e. the 1-chloro- and α,ω-dichloro-n-alkanes, abbreviated respectively as CiCl (i = 2−16) and 

CiCl2 (i = 1−6). The interest of using homologous series of oils lies in the possibility to vary gradually 
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their polarity by progressively incrementing the number of carbons of the alkyl chain. Although the ω-

dichloroalkanes could not be determined due to the high polarity, a partially quantitative scale maybe 

defined.  

Among the different dialkyldimethylammonium surfactants prepared in this work, the [DiC6] series is too 

hydrophilic to be studied with this method, since it always gives Winsor I systems in the range of 

investigated oils. Ternary surfactant/oil/water systems of [DiC8] and [DiC10] series were prepared in 2 

mL test tubes with the studied compound and chosen oil. Equal amounts (in weight) of water and oil were 

first introduced, and increasing amounts of amphiphiles were added stepwise. After each addition, the test 

tubes were gently mixed and placed at 25 °C until the attainment of equilibrium, which generally required 

ca. 4 h for [DiC8]m[X] and ca. 6 h for [DiC10]m[X]. The types of Winsor systems (I−IV) were determined 

by visual observation. As shown in Figure 2.19, the “Fish diagram” of [DiC8]Br/oil/water was drawn by 

screening the oils from 1-chloropropane to 1-chlorododecane. The oils of high polarity, like 1-

chloropropane, gave Winsor II em at the beginning and gradually addition of surfactant increased the 

volume of the em phase until one phase Winsor IV appeared. In contrast, the oils of high hydrophobicity, 

like 1-cholorodecane, gave only Winsor I em before complete cosolubilization of oil and water. In the 

region of the three-phase em body, the Winsor III em was firstly obtained with addition of surfactant, 

gradually addition of surfactant enlarged the volume of the middle em phase until Winsor II or Winsor I 

em, depending on the polarity of the oils, and finally Winsor IV em was obtained with further addition 

of surfactant.  

In the “Fish diagram”, the “Fish head” point is characterized by the minimal mass fraction γ0, which 

indicates the appearance of the three-phase em. When the concentration is further increased, the volume 

of the middle em phase increases, and at the “Fish tail” point (X-point), the three-phase body meets the 

monophasic region at γ* corresponding to the minimum amount of surfactant needed to form a one-phase 

em. Hence, γ* reflects the efficiency of the surfactant.
244,246

 At the X-point also defines the “optimal oil” 

with which the minimal surfactant was required to obtain the one phase em and the EACN of this 

“optimal oil” was defined as PACN of surfactant, which characterizes the amphiphilic property of 

surfactant. This “optimal” oil is rarely a well-defined one but more often an appropriate mixture of two 

oils differing only in a single carbon so that it behaves as an ideal mixture.  
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Figure 2.19 “Fish diagram” of [DiC8]Br determined with 1-chloroalkanes (1-CiCl) as a scan variable. 

Tubes represent the different systems (water phase in blue, oil phase in yellow and em phase in green in 

the presence of Jaune au Gras W1201 and Blue soluble W6002). 

Besides [DiC8][Br], the “Fish diagrams” of the other amphiphiles were also drawn by screening of the 

monochloroalkanes or α,ω-dichloro-n-alkanes. Monochloroalkanes are also suitable for [DiC10]2WO4 and 

[DiC10]2MoO4, whereas, α,ω-dichloro-n-alkanes are more suitable for [DiC8][Cl], [DiC8]2WO4 and 

[DiC8]2MoO4. It is interesting to note that each dialkyldimethylammonium surfactant displays a 

characteristic “Fish diagram” (Figure 2.20). The different γ0, γ* values and optimal oils between these 

surfactants reflect the effect of the surfactant chain length and counter ions on the hydrophilic-lypophilic 

balance and efficiency of the surfactant. The values of γ0 and γ* are reported in Table 2.4 and the PACN 

of the surfactants are placed in the EACN axis (Figure 2.21). 
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Figure 2.20 “Fish diagrams” of [DiC10]2[MoO4], [DiC10]2[WO4], [DiC8][Cl], [DiC8]2[MoO4], 

[DiC8]2[WO4] determined with 1-chloroalkanes 1-CiCl) or α,ω-dichloroalkanes (ClCiCl) as scan 

variables. 
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The “Fish diagrams” exhibit variable body shapes with a relatively larger body Fish with molybdate salts. 

Finding an explanation is not trivial at all because the oil is used as a tuning parameter, thus changing the 

ternary system, and because the hydrophobicity of dichloroalkanes does not follow a linear variation 

according to the number of carbons. However, Strey and co-workers
252

 have reported that for a series of 

polyethoxylated alcohols CiEj and for the same n-alkanes, the extension of the three-phase body is small 

for the shortest ones, passes through a maximum for medium-chain ones and decreases again for long-

chain ones. The maximum in the temperature extension of the Fish body indicates the frontier between 

weakly and strongly structures mixtures, also called the Lifshitz line.
252 In the present case, we are above 

this maximum that corresponds to C6 chain length. Hence, when the chain length increases, the Fish body 

should be narrower but the phenomena are here more intricate since we have to compare mono-, i.e. 

chloride and bromide, with divalent, i.e. molybdate and tungstate, anions. 

Table 2.4 Minimal amounts required to obtained a Winsor III em (γ0), a Winsor IV em (γ*) and 

“optimal” oil for [DiCn][X] with X = Br or Cl and [DiCn]2[X] with X = MoO4 or WO4 (n = 8 and 10). 

 [DiC8][X] [DiC8]2[X] [DiC10]2[X] 

X Cl Br MoO4 WO4 MoO4 WO4 

g0 (wt.%) 11 2 2 2 2 2 

g* (wt.%) 24.0 35.1 25.1 22.5 29.1 25.1 

“Optimal oil” C4.2Cl2
a 

C7.2Cl
b
 C2.5Cl2

c
 C2.4Cl2

d
 C8.2Cl

e
 C5.4Cl

f
 

a 
0.8C4Cl2/0.2C5Cl2; 

b 
0.8C7Cl/0.2C8Cl; 

c 
0.5C2Cl2/0.5C3Cl2; 

d 
0.6C2Cl2/0.4C3Cl2; 

e 
0.8C8Cl/ 0.2C9Cl; 

f
 

0.6C5Cl/0.4C6Cl. 
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Figure 2.21 Range of EACN values accessible with two series of homologous oils: 1-chloroalkanes noted 

CiCl with i = 3-14 and , -dichloroalkanes noted CiCl2 with i = 1-6; Classification of the quaternary 

ammonium amphiphiles according to the PACN scale. 

At the optimal formulation, i.e. at X-point, the amphiphile has the same affinity for water and oil. 

Accordingly, if its affinity for water increases, then, the oil should be more polar to compensate for and 

conversely. The order found, besides the chain length, is mainly governed by the counter anion and 

rationalized by its hydration degree, in agreement with the Hofmeister anion effect, which classifies the 

anions by the effects of salts on the protein solubility and stability.
253-255

 Though divalent anions are 

electrostatically associated with two dialkyl hydrophobic chains, molybdate and tungstate salts are highly 

hydrated (see above ΔGhydr) and thus, require more polar oils. Indeed, the process involved in the 

formation of bicontinuous em will be less energetically favorable: it must be dehydrated to make contact 

with the oil phase. On the other hand, the efficiency of the amphiphiles to form ems is reflected by the 

value of γ*. The difference between different surfactants could be rationalized by the modified Winsor R 

ratio qualitatively (Figure 2.22).
244

 R = 1 corresponds the optimal formulation and the efficiency of 

surfactant is determined by the value of numerator and denominator. When the surfactant chain length 

increases, the interaction between surfactant chain and oil Alo increases more rapidly than the interaction 
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between different surfactant chains All, which results the increase of the numerator value, so more 

hydrophobic oil is required to keep the numerator value as in this case, the interaction between the oils 

Aoo increases more rapidly than Alo. The magnitude of the denominator does not change when the counter 

ion is kept the same, so the total efficiency is almost unchanged. On the other side, when less hydrated 

counter ion is chosen as a counter ion, the value of the denominator decreases, which indicates the 

decrease of the surfactant efficiency and increase of γ* and at the same time, a more hydrophobic oil is 

required to keep R = 1. To illustrate this, we can see that [DiC8]2[WO4] is much more efficient than 

[DiC8][Br]. Indeed, the oils providing the “optimal” formulation with the tungstate salt are much more 

polar than those required for the bromide salt which is also more hydrophobic. This might also explain 

the good efficiency of [DiC8][Cl] for which γ* is equal to 24 wt.% for an optimal oil equivalent to a 

0.8Cl4Cl/0.2Cl5Cl mixture. 

 

Figure 2.22 Interaction between the surfactant molecule at the interface and nearby oil and water 

molecules, respectively. Where Alo, All and Aoo are the interaction energies between lipophilic chain (l) 

with oil (o), lipophilic chain and lipophilic chain, and oil and oil, respectively. Ahw, Ahh and Aww represent 

the interaction energies between hydrophilic head group (h) and water (w), head group and head group, 

and water and water, respectively. 

The γ0 value, i.e. the minimum amount of surfactant needed to enter the three-phase region, 

characterizing the “Fish head” position, is also relevant information. It is of ca. 2 wt.% for all the 

amphiphiles except for [DiC8][Cl] for which at least 11 wt.% of amphiphile is required to form a WIII 

system, which was probably ascribed to the partition of free surfactant molecules between water and the 

“optimal oil”. On the other side, the previous research indicated that  [DiC8][Cl] dimers was formed 

between 0.2 - 10 mM at dilution aqueous solution, followed by bilayers at 10- 30 mM and finally, the first 

true “micelles” appear only above 30 mM (Figure 2.23).
31

 Therefore, as the formation of micelles in the 

aqueous phase is a prerequisite for a μem to form, a high value of the CMC also contributes to the high γ0.  

Alo Aoo

All

Aww

AhhAhw

    R = 
Alo − Aoo −All 

Ahw – Aww –Ahh 
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Figure 2.23 The aggregation process model of [DiC8]Cl.
139

 

All these results demonstrate that several key parameters govern the ternary phase behavior of the 

dialkyldimethylammonium salts, notably the hydration degree and the valence of the counter anion, the 

chain length of the hydrophobic tail and the polarity or EACN of the oil. Rationalization is not 

straightforward as several effects overlap but tendencies can be deduced affording amphiphiles 

classification and ternary phase behavior prediction.  

2.1.5 Conclusion 

The CACs, the binary diagrams and the μem phase behavior have been investigated for a series of 

double-chain quaternary ammonium molybdate and tungstate, [DiCn]2[MO4] with M = W or Mo and n = 

6, 8 and 10 in comparison with their chloride and bromide counterparts. [DiC6] salts behave as 

hydrotropes and do not form well-defined aggregates in water. The evolution of the phase behavior from 

[DiC10] to [DiC6] was reflected by the binary phase diagrams. The boundary of isotropic solution and 

anisotropic phase moved to higher concentrations when the alkyl chain length decreases. This was 

ascribed to the hydrophobic effects of the alkyl chain of the surfactant. The [DiC10]2[MoO4] and 

[DiC10]2[WO4] gave wide range of biphasic mixture region whereas the [DiC10][Cl] do not, which was 

consistent with Monte-Carlo simulation and the conclusion that there is a significant attraction between 

the lamellae derived from the charge fluctuation for divalent counter ions. The micellar, cubic and 

lamellar phases were clearly distinguished and identified with polarized optical microscopy and SAXS. 

From the “Fish diagrams” of the H2O-surfactant-chloroalkanes systems, the hydrophilic-lipophilic 

balance of these amphiphiles could be assessed, at least qualitatively. The behavior of the [DiC8] series 

with the four counter anions can be rationalized by the Hofmeister anion sequence. In all the manuscript, 

the unusual behavior of the [DiC8][Cl] and [DiC8]2[MO4] (M = W or Mo) is emphasized again. The 

particular behavior observed in diluted aqueous solution (previously reported)
220

 is maintained to a great 

extent in liquid crystal phase and ternary system. 
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2.2 Double-chain sulphonate catalytic surfactants 

2.2.1 Applications of ionic surfactants and synthesis of double-chain sulphonate surfactants  

As shown in Figure 2.1, anionic surfactants occupied about 41% of the market share of the surfactants in 

2010, four times as much as the cationic surfactan. Among them, alkylsulphonates and alkylsulfates are 

the most widely used surfactants in the fields of detergency, personal care, foams, emulsions and so on.
256 

For example, sodium dodecyl sulfate (SDS) is an effective ingredient in detergents for laundry with 

many cleaning applications; it is found in many toothpaste, shampoo, shaving cream and bubble bath 

formulations. Another example, dioctyl sodium sulfosuccinate (Aerosol OT or AOT), is the most 

widely used surfactant in the research of reverse micelle encapsulation;
257

 it also used as a pesticide, 

excipient in the production of tablets and in medical treatements of constipation.
258-260 Besides these two 

common anionic surfactants, a large number of other anionic head groups and couterions are also 

encountered in the widely used commercial products (Table 2.5).  

As reviewed in chapter 1, the anionic surfactant-combined Brönsted and water compatible Lewis acids 

have been sucessefully applied to various reactions in aqueous phase, especially the carbon-carbon 

formation reaction.
53-58

 While most of the reactions proceed in aqueous micelle systems, some drawbacks 

such as the limited substrate concentration and the incompatibility of water sensitive products are still 

present. With the dodecylbenzene sulfonic acid (DBSA) esterification as an example, the reaction is 

limited to hydrophobic substrates due to easy hydrolysis of hydrophilic esters in acidic aqueous phase.
71

 

Inspired from the “Catasurf” concept developed by our group and advantages of μems as reaction media, 

a series of double-chain sulfonic acids and sulphonates with various water tolerable Lewis acids as 

counter ions have been designed and synthesized.
29

 Sulphonates were preferred over sulfates since these 

later are most sensitive towards hydrolysis. To elaborate the μems, the common used solvents like 

cyclohexane, methyl tert-butyl ether (MTBE), tert-butyl acetate, ether etc. were preferred not only for 

their accessibility, good solvent properties but also for their low toxicity. The screening of salt 

concentration as a function of interfacial tension for several double-chain sulphonate sodium were 

reported previously (Figure 2.24).
261,262

 Depending on these results, the EACN values of solvents used 

and considering that the multiphase μem systems should be elaborated without salts, the chain lengths of 

the developed sulphonate surfactants were fixed at 6, 7 and 8 carbon atoms. The alkyl anionic part of the 

surfactants is abbreviated as DiCnCHSO3 with n = 6, 7, 8 (Figure 2.25). 
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Table 2.5 Commonly used sulphonate and sulfate surfactants and their main applications. 

Name R Application 

Alkyl benzene  

sulfonic acid                                   

Dodecyl benzene 

sulfonic acid 
C12H25 

• Household detergents (industrial uses) 

• Powder and liquid laundry detergents 

Alkyl benzene 

sulphonate                                   

Sodium dodecyl 

benzene sulphonate 
C12H25 

• Detergent, emulsifier, dispersant for household 

and industrial detergents 

• Detergent for food containers 

Calcium dodecyl 

benzene sulphonate 
C12H25 

• Household detergents 

• Wetting agent 

• Emulsifier for agricultural herbicides 

Isopropylamine 

dodecyl benzene 

sulphonate 

C12H25 

• Detergent for personal care product 

• Surface coating 

• Dry cleaning 

Alpha olefin 

sulphonate 
                      

Sodium C14-16 olefin 

Sulphonate 

C10H21-C13H27 

n, m = 1 or 2 

• Emulsifier for emulsion polymerization 

• Fine and rich foaming agent 

• Detergents 

Alkyl sulfate                                        

  Sodium lauryl 

sulfate 
C12H25 

• Detergents 

• Refining agent and penetrant 

Sulfosuccinates 

                                       

Aerosol OT 2-ethylhexyl 
• Penetrant, Emulsion breaker 

• Emulsifier for agricultural applications 

Disodium lauryl  

Sulfosuccinate 
C12H25 • High foaming agent 
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Figure 2.24 Variation of water/surfactant/n-alkane interfacial tension versus salinity.
80,81

 

 

Figure 2.25 Symmetric dialkyl methanesulfonic acid and sulphonates with different counter ions. 

The synthesis of the sulphonate surfactants was carried out with 1-bromoalkane as a starting material, 

which could be transformed to Grignard reagent quantitatively via the reaction with Mg in dry THF 

solution and then reacted with 0.5 equivalent ethyl formate afforded the symmetric dialkyl substituted 

methanol in high yield ( > 85%).
263

 Then the hydroxyl group was transferred to bromide via Appel 

reaction: the corresponding alcohol was dissolved in dry ether ether with PPh3, and under Ar atmosphere, 

CBr4 was added stepwisely, the byproduct diphenylphosphine oxide precipitated and was eliminated by 

filtration and the desired alkyl bromide was purified by distillation in vacuum (> 82% yield). Refluxed 

with thiourea in ethanol, the dialkyl substituted bromomethane was readily converted to the 

corresponding thiol, which separated from the reaction mixture directly as a result of the low solubility in 

water and ethanol and further purified by distillation in vacuum (> 78% yield). Finally, the sulfonic acid 

could be obtained by oxidation of the thiol with peracetic acid in acetic acid solution quantitatively.
264

 

The solubility of dihexyl methanethiol was sufficient to allow the oxidation, while the solubility of 

diheptyl and dioctyl methanethiols in acetic acid was too low to be oxidized. In this case, THF was added 

as a co-solvent (THF/acetic acid = 1:1) to solve the solubility problem. Removing the solvent afforded the 

crude product of sulfonic acid with several organic impurities, which could be purified by azeotropic 

distillation. The metal sulphonates could be prepared directly by the acid-base reaction between the metal 
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oxide and sulfonic acid. All the reaction steps are summarized in Scheme 2.2 and the key intermediates 

during the reactions were also presented in the brackets.  

 

Scheme 2.2 Synthesis of symmetric dialkyl substituted methanesulfonic acid and corresponding 

sulphonate salts (X = 1, 2, 3). 

Among the different metallic cations, Cu
2+

, Zn
2+

, Ni
2+

, Co
2+

, Fe
2+

, Fe
3+

 and Sc
3+

 have been widely applied 

to Lewis acid catalyzed reactions in aqueous phase, while among the metal oxides, the acidity of the 

prepared acids was not enough strong to afford their reaction with NiO, CoO and Fe2O3. Instead, the 

NiCl2, CoCl2, and FeCl3 were chosen rather than the metal oxide. Under acidic aqueous condition, the 

floccus of the corresponding metal sulphonate dispersed in the solution which was centrifugated and dried 
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by lyophilisation, instead of the desired sulphonates solid, the sulfonic acid and metal oxide or hydroxide 

were obtained due to the hydrolysis during the lyophilisation. Besides these useful Lewis acid metallic 

cations, others common metallic cations, including the alkali and alkaline metallic cations were selected 

for comparison of phase behavior affected by different counter ions.  

2.2.2 CMCs of the DiCnCHSO3M (M=H, Li, Na, K, [DiCnCHSO3]2M (M = Cu, Zn, Ca) and 

[DiCnCHSO3]3Sc 

Once the different sulfonic acids and sulphonates synthesized, the CMC of the surfactants, which is the 

most important physicochemical property for a surfactant, was firstly determined by measuring the 

surface tensions with the tensiometer K11 (Krüss) using the Wilhelmy plate method as described 

previously for the double-chain ammonium salts. The stock solutions were prepared with ultrapure water 

(Millipore water, σ = 72.0 mN.m
-1

 at 25 °C) and a series of various surfactant concentrations were 

prepared by dilution. Surface tension was recorded after equilibration for each mixture. All equilibrium 

surface tension values were mean quantities of at least three measurements. The temperature was 

stabilized at the desired temperature with a thermo-regulated bath Lauda RC6. The standard deviation 

was estimated at ±10% for the CAC value. The results are shown in Figure 2.26 and Table 2.6. The 

effects of the alkyl chain length and counter-ions on the CMC values are obvious. Different from [DiC6] 

series salts (considered as a hydrotrope), [DiC6CHSO3]x[M] present clear breaking points in the diagram 

of concentration vs surface tension and act as a true surfactant instead of a hydrotrope. In the diagrams, it 

was found that after the breaking point, the surface tension still decreased with smaller slope rather a 

constant value, especially for the surfactant with longer alkyl tails, which could be rationalized by the 

situation of surfactant molecules on the surface at the CMC. The adsorption of surfactant with long alkyl 

tails at the water/air interface was less saturated than shorter ones and the molecules prefer lying on the 

surface rather than vertical at the CMC. Then the surfactant film became more condensed as the 

surfactant concentration increases after CMC, which results in the slow decrease of the surface tension.  
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Figure 2.26 Surface tension () plotted against surfactant concentration for [DiCnCHSO3]x[M] (x = 1, M 

= H, Li, Na, K; x = 2, M = Cu, Zn, Ca, Mg; x = 3, M = Sc). The dashed line indicated the limit of 

solubility of corresponding sulfonic acid or sulphonate.  

The effect of alkyl chain length is ascribed to the so called “hydrophobic effect”, which has been used to 

explicate the CACs of dialkyldimethylammonium salts.
213,214

 From the quantitative view, the relation of 

CMC with alkyl chain length of ionic surfactant was also investigated several decades ago, which was 

described in Eq. 2.5.
219,265

 

 (Eq. 2.5) 

Where is the free energy to transfer each CH2 group from water to hydrocarbon environment, the 

value from solution to solution-air interface is about –1.08kT, n is the carbon number in the alkyl chain of 

surfactant, Kg is degree of counter ions association, is experimental constant, k is Boltzmann constant, 

and T is the absolute temperature. As shown in Table 2.6, for surfactants with the same cation, one more 

carbon on each alkyl chain caused about 4 times decrease of the corresponding CMC, which agreed well 

with the Eq. 2.5. Kg could also be calculated here from the lnCMC-n curve as shown in Table 2.7, while 

only inaccurate results were obtained as only three points were used; besides, for the same cation, the 

chain length and the ion strength play also crucial roles for the Kg values. The values calculated here 

followed the order monovalent cations > divalent cations > trivalent cations, which was ascribed to the 

decrease of ion strength of the solution as CMCs of trivalent cations were much lower than monovalent 

cations.  
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Table 2.6 Solubilities in water, Critical Aggregation Concentration (CAC) values and surface tensions at 

CAC (CAC) for [DiCnCHSO3]x[X] (x = 1, M = H, Li, Na, K; x = 2, M = Cu, Zn, Ca, Mg; x = 3, M = Sc) 

as a function of the alkyl chain carbon number (n = 6, 7, 8). 

Cation Solubility (mM) CAC (mM)
 

CAC (mN.m
-1

) 

[DiC6CHSO3]m (m = 1, 2, 3) 

H
+
 >100 23 25.5 

Li
+
 >100 18 28.3 

Na
+
 >100 21 27.6 

K
+
 >100 18 26.2 

Mg
2+

 4.1 3.1 25.9 

Ca
2+

 3.6 2.7 24.2 

Cu
2+

 4.6 3.8 24.7 

Zn
2+

 3.7 2.7 24.4 

Sc
3+

 0.45 0.46 26.3 

[DiC7CHSO3]m (m = 1, 2, 3) 

H
+
 8.9 3.0 24.4 

Li
+
 28.9 4.4 26.5 

Na
+
 20.0 5.2 25.7 

K
+
 21.8 6.8 25.0 

Mg
2+

 1.2 0.54 24.8 

Ca
2+

 0.88 0.44 23.9 

Cu
2+

 1.1 0.68 23.9 

Zn
2+

 1.0 0.41 24.6 

Sc
3+

 0.16 0.081 27.9 

[DiC8CHSO3]m (m = 1, 2, 3) 

H
+
 5.2 1.2 24.1 

Li
+
 12.1 1.4 26.5 

Na
+
 5.0 1.6 25.7 

K
+
 7.9 1.5 25.0 

Mg
2+

 0.36 0.11 26.4 

Ca
2+

 0.17 0.081 24.6 

Cu
2+

 0.44 0.089 23.3 

Zn
2+

 0.24 0.10 23.7 

Sc
3+

 0.09 0.012 30.1 
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The effect of the counter ions on the CMCs is also crucial, which was obviously presented in Figure 2.26. 

With the same sulphonate alkyl chain, the CMC increased dramatically following the order trivalent 

cations < divalent cations < monovalent cations, which results in the higher screening of charge on the 

sulphonate head group and less electrostatic repulsion between the micelles and decrease of the CMC. 

Indeed, from the values of Table 2.6, with the same hydrophobic part, the CMCs of the surfactants with 

monovalent cations were about ten times higher than the CMCs of the divalent cations and for surfactants 

with trivalent cations, it was about five times smaller than for divalent cations. 

 

Figure 2.27 The CMCs of dialkylmethane sulphonates of different counterions. 

On the other side, for the same hydrophobic part and the cations of the same charge, the CMCs varied 

depending on the hydration of the cations, which could be rationalized by so-called “Hofmeister 

series”,
255

 i.e. an order of ions in terms of their ability to affect the solubility of proteins. “Hofmeister 

series” was also widely used to explain the aqueous phase behavior of surfactant. The small and strongly 

hydrated cations caused the dehydration of the surfactant head group and resulted in the decrease of CMC 

and increase of CMCs were caused by large and less hydrated cations. The hydration radii of the cations 

used here were given in Table 2.7.
266 

As shown Figure 2.27, the CMCs were listed according the valence 

and hydrated radius of the cations. Indeed, for [DiC8CHSO3
−
] series, the CMCs of sulphonates followed 

the order K
+
 > Na

+
 > Li

+ 
for monovalent cations, and Mg

2+
 < Ca

2+
 < Zn

2+
 < Cu

2+
, which agreed well with 

the “Hofmeister series”. While for [DiC7CHSO3
−
] and [DiC7CHSO3

−
] series, the divalent cations 

presented the converse order i.e. Zn
2+

 < Ca
2+ 

< Mg
2+

, which may be ascribed to the enhanced interaction 

between the micelles caused by the higher CMCs. 
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Table 2.7 The crystal radii r, hydration radii rh, and hydration enthalpies of the cations.
266-268

 

Cations rh/Å Kg (Eq. 2.5) 

Li
+
 1.58 0.68 

Na
+
 1.78 0.65 

K
+
 2.01 0.71 

Mg
2+

 3.00 0.29 

Ca
2+

 2.53 0.23 

Cu
2+

 2.28 0.15 

Zn
2+

 2.80 0.30 

Sc
3+

 2.33 0.18 

2.2.3 Water/surfactant binary diagrams  

The phase behavior of surfactants in aqueous solution in high concentration regions is also a fundamental 

property of surfactant. As already been discussed above, the evolution of the lyotropic crystal liquid 

phases as a function of concentration reflects the molecule structure information, i.e. packing parameter 

of the surfactants.
217

 Besides, the water/surfactant diagram also anticipates the water/surfactant/oil ternary 

behavior in some extent as it is one side of the phase prism.
269

 

Since the solubility of divalent and trivalent metallic cation salts in water is too low, we focused on the 

surfactant/water binary diagrams of DiCnCHSO3H and DiCnCHSO3Na (with n = 6, 7, and 8). Firstly, 

samples of different concentrations (from 5wt % to 90wt % with interval of 5wt %) were prepared for 

each surfactant and then, the lyotropic liquid crystals were studied by polarized optical microscopy 

(POM), which can discriminate different crystal liquids by different textures. The thermal stability of 

different phases was determined by controlling the temperature with a LTS120Analysa Peltier 

temperature stage capable of controlling the temperature at ± 0.1 °C. Before investigation of the lyotropic 

crystals in detail, the penetration test was carried out for each surfactant to determine the different types 

of liquid crystals existing at 20 
o
C (Figure 2.28).  
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Figure 2.28 Penetration test  for the DiCnCHSO3H and DiCnCHSO3Na (n = 6, 7, 8) at 20 
o
C.  

From the penetration test, several different types of liquid crystals could be observed. For example, 

lamellar, cubic, and hexagonal phases were found for the DiCnCHSO3H series at room temperature. For 

DiCnCHSO3Na series, the cubic phase was not obvious and the hexagonal phase was not easily observed, 

instead, another type of lamellar phase existed in the high concentration region. More detailed 

information on the binary phase diagrams could be obtained by investigating the different concentrations 

as a function of temperature. Then, the complete binary diagrams were constructed by determining the 

boundary of the different types of liquid crystal phases, as shown in Figure 2.29.  
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DiC7CHSO3H DiC7CHSO3Na 

    

DiC8CHSO3H DiC8CHSO3Na 

    

Figure 2.29 Binary phase diagrams of DiCnCHSO3H and DiCnCHSO3Na determined by polarized light 

optical microscopy and typical texture pictures of the surfactants (n = 6, 7, or 8). L1 = isotropic solution, 

Lα = lamellar phase, and Lα’ = reverse lamellar phase, V2 = reverse cubic phase, H2 = reverse hexagonal 

phase, S = solid surfactant, L = liquid surfactant. The solid line indicated the clear boundary and the 

dash line meant the arbitrary boundary. 

For all the surfactants studied here, the progression from micelle solution L1 to lamellar mixture phase 

L1+Lα was observed at low concentration without any transition to hexagonal or cubic phases, which 

indicated that the surfactants have a high packing parameter and the bilayered structure was preferred 

rather than the sphere or cylinder. The L1+Lα mixture phase was also observed in the binary diagrams of 

[DiC10]2WO4 and [DiC10]2MoO4. As shown in Figure 2.28, the chain length did not change the 

progression sequence of the binary diagram when the counter cation was the same. For the 

DiCnCHSO3Na series, the sequence L1→L1+Lα→ Lα→Lα’→Lα+Lα’→Lα’ was observed for all three 

surfactants with different chain lengths and a reverse hexagonal phase H2 emerged for DiC8CHSO3Na 

due to the increase of its packing parameter. As the chain length increases, the Lα region moved towards 

low concentrations and occupied larger concentration range. At the same time, the Lα+Lα’ region was 

reduced and presented a higher thermal stability. Different from the sodium as a counter cation, the phase 

diagrams of DiCnCHSO3H series were more complex. Different types of reverse liquid crystals were 

found at high concentration region, which was ascribed to the stronger association with sulphonate for 

proton than sodium and smaller head group area. Bicontinuous reverse cubic phase V2 and reverse 

hexagonal phase H2 were found next to the lamellar phase successively, while for DiC7CHSO3H and 

H2 + V2 V2' L1 + Lα Lα +Lα'

H2 + V2 V2’ Lα H2
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DiC8CHSO3H, the region of H2 was too narrow to determine the boundary and reverse micelle cubic 

phase emerged and occupied the high concentration. Similar binary diagram were also found for sodium 

7-dodecyl benzene sulphonate and AOT.
270,271

 For example, the lyotropic phase diagram reported by Ma 

et al. was dominated by L1 + Lα and Lα phases, the L1 phase occupied only the concentration lower than 10 

wt% and several inverse crystal liquids, such as Lα’ , V2, H2 appear above the concentration higher than 

70 wt%. 
270

  

2.2.4 Conclusion 

The new symmetric dialkylmethane sulfonic acids DiCnCHSO3H and sulphonates DiCnCHSO3XM 

with n = 6, 7, 8 and M = metallic cations (x = 1, M = H, Li, Na, K; x = 2, M = Cu, Zn, Ca, Mg; x = 3, M 

= Sc) were successfully prepared and characterized. The CMCs were determined by the tensiometer and 

the effect of the chain length and the nature of the counter cations were obvious. Due to the hydrophobic 

effect, the increase of the surfactant chain length caused the decrease of the CMC values and could be 

semi-quantitatively calculated resorted to Eq. 2.5. On the other hand, the higher valence state counter 

cations displayed higher screening of electrostatic interaction between the micelles and thus caused a 

dramatically decrease of the CMC. For the surfactants with same sulphonate part and equivalent valence 

of metallic cations, the CMCs were dependent on the hydration of the cations, which agreed with 

“Hofmeister series”, while the order could be inverse for the surfactants with higher CMCs because of 

enhanced interaction between the micelles.   

Then the water/surfactant diagrams were constructed for the DiCnCHSO3H and DiCnCHSO3Na series. 

For divalent or trivalent metallic sulphonate, their low solubilities make it impossible to construct their 

binary phase diagrams.The surfactants of different chain length but the same couter ion showed similar 

lyotropic liquid crystals evolution patterns in the phase diagrams but the same phase appeared at higher 

concentration for longer chain. Compared to the sodium alkylsulphonate, the alkylsulfonic acid displayed 

higher packing parameter and showed various reverse liquid crystals at high concentration range, such as 

reverse cubic, reverse hexagonal phases, etc. Although the novel amphiphilic Brӧnsted and Lewis acids 

were successfully prepared and characterized, their catalytic performance in μem reaction media still have 

to be demonstrated. The possible reactions performed in this μem reaction media based on the novel 

amphiphilic Brӧnsted and Lewis acids include the Carbon-Carbon formation reactions, such as aldol 

reaction, Mannich reaction, Diels-Alder reaction, etc., various oxidation reactions with H2O2 or alkyl 

perhydroxide as oxidants and dehydration reactions, such as esterification, etherification, etc.  
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2.3 Experimental section 
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2.3.1 Experimental section for Double-chain alkylammonium catalytic surfactants 

Materials: All the surfactants were prepared according to the method previously reported and the counter 

ions exchange was carried out by using the exchange resin Amberlite IRA-400(Cl).
219,220,272

 The high 

purity (> 99.8%) was confirmed by 
1
H and 

13
C NMR. All the other reagents were purchased from Sigma-

Aldrich or TCI chemicals and used as received. Chloropropane (1-ClC3) (98%), chloropentane (1-ClC5) 

(99%), chlorohexane (1-ClC6) (99%), chloroheptane (1-ClC7) (99%), chlorooctane (1-ClC8) (99%), 

chlorononane (1-ClC9) (98%), chlorodecane (1-ClC10) (98%), chlorotetradecane (1-ClC14) (98%) and 

dichlorobutane (C4Cl2) (99%) were from Aldrich. Chlorobutane (1-ClC4) (99.5%) was from Alfa Aesar. 

Chlorododecane (1-ClC12) (95%) was purchased from TCI. Dichloromethane (C1Cl2) (99%) and 

dichloroethane (C2Cl2) (98%) were from Prolabo. Dichloropropane (C3Cl2) (98%) was purchased from 

Fluka and dichloropentane (C5Cl2) (99%) from Acros Organics. The water used in all the experiments 

was purified by Millipore (18.2 MΩ/cm; Simplicity 185). 
1
H and 

13
C NMR spectra were recorded with 

Bruker Avance AV 300 instrument. 

Typical procedure of the preparation of [DiCn][Br] (n = 6, 8, 10) 

Di-n-octyl-dimethylammonium bromide [DiC6][Br]: 1-Bromooctane (28.97 g, 0.15 mol), N,N-

dimethyloctylamine (23.60 g, 0.15 mol) were weighed and added in 500 mL reaction flask with 300 mL 

CH3CN. The mixture was reflux overnight and then cooled to room temperature. The solvent was 

removed by rotary evaporation and 150 mL H2O was used to dissolve the crude product. The product was 

extracted with dichloromethane (50 mL × 3). Combined the organic phase and removed the solvent, 50 

mL H2O was added and then evaporated in vacuum to remove the organic solvent sufficiently and dried 

the product by lyophilisation. Finally 51.51g white waxy solid was obtained. 
1
H NMR (300 MHz, CDCl3, 

20 °C, TMS): δ (ppm) = 0.85-0.89 (m, 6H; CH3), 1.20-1.50 (m, 20H; CH2), 1.67 (m, 4H; N-CH2-CH2), 

3.41 (s, 6H; NCH3), 3.50-3.56 (m, 4H; NCH2). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.2, 22.7, 

22.7, 26.2, 29.1, 29.3, 31.9, 51.3, 63.7. m.p. = 65 °C. (Yield: 98%). 

Di-n-hexyl-dimethylammonium bromide[DiC6][Br]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.88 (t, 6H; CH3, 
3
J = 6.9 Hz), 1.29-1.41 (m, 12H; CH2), 1.64-1.74 (m, 4H; N-CH2-CH2), 3.37 

(s, 6H; NCH3), 3.45-3.51 (m, 4H; NCH2). 
13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 13.8, 22.4, 

22.7, 25.9, 31.2, 51.4, 63.9. Colorless gel, m.p. <  20 °C. (Yield: 95.4%). 

Di-n-decyl-dimethylammonium bromide [DiC10][Br]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.89 (t, 6H; CH3, 
3
J = 6.9 Hz), 1.26-1.36 (m, 28H; CH2), 1.64-1.77 (m, 4H; N-CH2-CH2), 3.43 

(s, 6H; NCH3), 3.48-3.55 (m, 4H; NCH2). 
13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 14.2, 22.7, 22.8, 

26.3, 29.3, 29.4, 29.5, 31.9, 51.5, 63.6. m.p. = 151 °C. (Yield: 95%). 

Typical procedure of preparation of [DiCn][X] (X = Cl) and [DiCn]2[X] (X = WO4 or MoO4) 

Dimethyl-di-n-octylammonium chloride [DiC8][Cl]: The resin Amberlite IRA-400 (100 g) in column 

(diameter = 2.5 cm) was washed with pure water, NaOH aq. (500 mL, 10wt %) and water again until pH 
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= 7 consecutively to exchange the resin with OH group. Then [DiC8][Br] (5.0g, 14.3 mmol) in 50 mL 

H2O was subjected to the column. The solution passed the column slowly by addition of pure water until 

the elution was neutral. The elution was collected under protection of Ar and titrated with HCl standard 

solution (53.5 mM, 265 mL). Then HCl (34 wt%, 10.9 M, 1.252 mL, 13.64 mmol) was added in the 

solution and stirred for 2h, then H2O was evaporated in vacuum and the product was dried by 

lyophilisation (white waxy solid, 4.17 g). 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.86−0.90 

(m, 6H; CH3), 1.27−1.36 (m, 20H; CH2), 1.69 (m, 4H; N-CH2-CH2), 3.43 (s, 6H; NCH3), 3.50 (m, 4H; 

NCH2). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.0, 22.5, 22.7, 26.2, 29.0, 29.1, 31.6, 51.3, 

63.6.m.p. = 75 °C, (95.4%). 

Di-n-hexyl-dimethylammonium chloride [DiC6][Cl]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.91 (t, 6H; CH3, 
3
J = 6.9 Hz), 1.29−1.45 (m, 12H; CH2), 1.71 (m, 4H; N-CH2-CH2), 3.40 (s, 

6H; NCH3), 3.47 (m, 4H; NCH2). 
13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 14.0, 22.4, 22.8, 26.0, 

31.3, 51.6, 63.6. Colorless gel, m.p.< 20 °C. (Yield: 93%). 

Di-n-decyl-dimethylammonium chloride [DiC10][Cl]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.85 (t, 6H; CH3, 
3
J = 6.9 Hz), 1.23−1.32 (m, 28H; CH2), 1.66 (m, 4H; N-CH2-CH2), 3.38 (s, 

6H; NCH3), 3.45 (m, 4H; NCH2). 
13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 14.1, 22.6, 22.7, 26.2, 

29.2, 29.3, 29.4, 31.8, 51.3, 63.5. m.p. = 88 °C. (Yield: 96%). 

Dimethyl-di-n-octylammoniummolybdate [DiC8]2[MoO4]: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): 

δ (ppm) = 0.85−0.90 (t, 12H; CH3, 
3
J = 6.9 Hz), 1.22−1.35 (m, 20H; CH2), 1.64 (m, 8H; N-CH2-CH2), 

3.37−3.43 (m, 20H; CH3NCH2). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.2, 22.6, 22.3, 26.1, 

28.7, 29.1, 31.2, 51.5, 63.1. m.p. = 189 °C. (Yield: 93%). 

Di-n-hexyldimetylammoniummolybdate [DiC6]2[MoO4]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.85 (t, 12H; CH3, 
3
J = 6.9 Hz), 1.26−1.34 (m, 24H; CH2), 1.58−1.63 (m, 8H; N-CH2-CH2), 

3.36−3.42 (m, 20H; CH3NCH2). 
13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 13.9, 22.4, 22.7, 26.0, 

31.3, 51.3, 63.1. m.p. = 172 °C. (Yield: 98.5%). 

Bis(di-n-decyldimethylammonium) molybdate [DiC10]2[MoO4]: 
1
H NMR (300 MHz, CDCl3, 25 °C, 

TMS): δ (ppm) = 0.89 (m, 12H, CH3, 
3
J = 6.9 Hz), 1.26−1.34 (m, 56H, CH2), 1.67 (m, 8H, N-CH2-CH2), 

3.37−3.45 (s, 20H, CH3NCH2-). 
13

C-NMR (CDCl3, 75 MHz, 20 °C, ppm): 14.1, 22.7, 22.8, 26.3, 29.3, 

29.4, 29.5, 31.9, 52.0, 62.8. m.p. = 165 °C. (Yield: 96%). 

Dimethyl-di-n-octylammonium tungstate [DiC8]2[WO4]: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ 

(ppm) = 0.89 (t, 12H; CH3, 
3
J = 6.9 Hz), 1.22−1.35 (m, 40H; CH2), 1.64 (m, 8H; N-CH2-CH2), 

3.35−3.44 (m, 20H; CH3NCH2). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.0, 22.5, 22.9, 26.2, 

29.0, 29.1, 31.6, 51.8, 63.6. m.p. = 81 °C. (Yield: 93%). 
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Di-n-hexyldimetylammoniumtungstate [DiC6]2[WO4]: 
1
H NMR (300 MHz, CDCl3, 25 °C, TMS): δ 

(ppm) = 0.83 (t, 12H; CH3,
3
J = 6.9 Hz), 1.24−1.32 (m, 24H; CH2), 1.56−1.61 (m, 8H; N-CH2-CH2), 

3.34−3.40 (m, 20H; CH3NCH2).
 13

C NMR (75 MHz, CDCl3, 25 °C): δ (ppm) = 13.8, 22.4, 22.7, 25.9, 

31.3, 51.7, 63.0. m.p. = 185 °C. (Yield: 97%). 

Bis(di-n-decyldimethylammonium) tungstate [DiC10]2[WO4]: 
1
H-NMR (CDCl3, 300 MHz, 20 °C, 

TMS, ppm): 0.88 (m, 12H, CH3, 
3
J = 6.9 Hz), 1.26−1.33 (m, 56H, CH2), 1.66 (m, 8H, N-CH2-CH2), 

3.38−3.45 (m, 20H, CH3NCH2). 
13

C-NMR (CDCl3, 75 MHz, 20 °C, ppm): 14.1, 22.6, 22.8, 26.3, 29.2, 

29.3, 29.5, 31.9, 52.0, 62.8.m.p. = 179 °C. (Yield: 93%). 

2.3.2 Double-chain sulphonate catalytic surfactants  

Typical procedure of preparation of DiCnCHOH
263

  

7-tridecanol: Mg (8.10 g, 333 mmol) was weighed into a 1000 mL three-neck reaction flask and under 

protection of Ar, 1-bromohexane (50.0 g, 303 mmol) in 200 mL dry THF was added dropwise inside the 

flask. The addition rate was controlled to kept the reaction solution under slightly reflux. After 1.5h, all 

the 1-bromohexane solution was added and the mixture was kept stirring for another 30min. Then the 

reaction solution was cooled to room temperature and incubated with cool water. Ethyl formate (11.22 g, 

0.1515 mmol) in 150 mL THF was dropped into the prepared Grignard reagent and the addition rate was 

also controlled to keep the solution under slightly reflex. After addition of ethyl formate, the reaction 

mixture was kept stirring for further 30min and then cooled with ice-water. 100 mL H2Oand 150 mL 

H2SO4 (2.7 M, 405 mmol) were dropped inside the flask consecutively. Then organic phase was separated 

and the aqueous phase was extracted by ether (150 mL × 2). Combined the organic phase and dried with 

MgSO4. Removed the solvent by rotary evaporation afforded the crude product and further 

recrystallization from CH2Cl2 gave the pure product (white solid, 25.6g, 84.4%). 
1
H NMR (300 MHz, 

CDCl3, 20 °C, TMS): δ (ppm) = 0.90 (t, 6H; CH3, J= 6.9Hz), 1.22−1.52 (m, 20H; CH2), 3.55−3.65 (m, 

1H; CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.1, 22.6, 25.6, 29.4, 31.8, 37.5, 72.0. m.p. = 

40.8 °C. 

8-pentadecanol: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.90 (t, 6H; CH3, J= 6.9Hz), 

1.19−1.54 (m, 24H; CH2), 3.55−3.65 (m, 1H; CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.1, 

22.7, 25.7, 29.3, 29.7, 31.8, 37.4, 72.1. m.p. = 53.8 °C. (82.5%) 

9-heptadecanol: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.89 (t, 6H; CH3, J= 6.9Hz), 

1.18−1.65 (m, 28H; CH2), 3.55−3.65 (m, 1H; CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.1, 

22.7, 25.6, 29.3, 29.6, 29.7, 31.9, 37.5, 72.0. m.p. = 62.1 °C. (86.9%) 

Typical procedure of preparation of  DiCnCHBr
273
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7-Bromotridecane: Under argon atmosphere, 7-tridecanol (20.0 g, 99.8 mmol) was dissolved with 500 

mL dry ether in 1000 mL reaction flask.  Then CBr4 (66.2 g, 199.6 mmol, 2 equiv.) was added in the 

solution at room temperature under stirring. PPh3 (53.8 g, 199.6 mmol, 2 equiv.) was added in several 

portions in 30min and the reaction mixture was kept stirring for another 1h. The white precipitate was 

removed by filtration and washed with ether (50 mL × 1). The ether in the filtrate was removed by 

evaporation and the residue was dissolved with hexane. The precipitate in hexane solution was removed 

by filtration and the evaporation of hexane afforded the crude product. The pure product was obtained by 

distillation in vacuum (Colorless oil, 21.0g, 79.9%). 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 

0.86−0.95 (m, 6H; CH3), 1.23−1.63 (m, 16H; CH2), 1.75−1.90 (m, 4H; CH2), 4.05 (quintet, 1H, CH, J = 

6.27Hz). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.0, 22.6, 27.5, 28.7, 31.7, 39.2, 59.0. b.p. = 

97−99 °C (0.31 Torr). 

8-bromopentadecane: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.86−0.95 (m, 6H; CH3), 

1.19−1.63 (m, 20H; CH2), 1.77−1.88 (m, 4H; CH2), 4.05 (quintet, 1H, CH, J = 6.27Hz). 
13

C NMR (75 

MHz, CDCl3, 20 °C): δ (ppm) = 14.10, 22.6, 27.6, 29.0, 29.2, 31.8, 39.2, 59.1. b.p. = 122−125
o
C (0.36 

Torr). (78.1%) 

9-bromoheptadecane: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.86−0.95 (m, 6H; CH3), 

1.18−1.66 (m, 24H; CH2), 1.74−1.93 (m, 4H; CH2), 4.05 (quintet, 1H, CH, J = 6.27Hz). 
13

C NMR (75 

MHz, CDCl3, 20 °C): δ (ppm) =14.1, 22.7, 27.6, 29.1, 29.2, 29.4, 31.8, 39.2, 59.0. b.p. = 135−137
o
C 

(0.72 Torr). (75.6%) 

Typical procedure of preparation of  DiCnCHSH
264

 

7-tridecanethiol: 7-bromotridecane (10.0g, 38.0 mmol) was dissolved with 40 mL ethanol in a 250 mL 

single-neck reaction flask equipped with condensing tube. Then thiourea (4.34 g, 56.9 mmol, 1.5 equiv.) 

was added in the solution. The mixture was heated reflux under argon atmosphere overnight and then 

NaOH aq. (3.4 M, 20 mL, 68 mmol) was added and the solution was kept reflux for 2h. The mixture was 

kept still and cooled to room temperature. The crude product could be obtained by separation of the upper 

phase directly and dried by MgSO4. The pure product was obtained by distillation en vacuum (colorless 

oil, 4.56g, 55.1%). 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.82−0.97 (m, 6H; CH3), 

1.21−1.74 (m, 20H; CH2), 2.72−2.86 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 

22.6, 27.1, 29.1, 31.8, 39.0, 41.2.b.p. = 55−58
o
C (0.23 Torr). 

8-pentadecanethiol: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.96 (m, 6H; CH3), 

1.20−1.73 (m, 24H; CH2), 2.73−2.86 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 

22.7, 27.1, 29.2, 29.4, 31.8, 39.0, 41.2. b.p. = 127−129
o
C (0.32 Torr). (60.4%) 
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9-heptadecanethiol: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.96 (m, 6H; CH3), 

1.20−1.72 (m, 28H; CH2), 2.73−2.86 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 

22.7, 27.1, 29.3, 29.4, 29.5, 31.9, 39.0, 41.2. b.p. = 155−158
o
C (0.33 Torr). (60.4%)  

Typical procedure of preparation of  DiCnCHSO3H
264

 

7-tridecanesulfonic acid: 7-tridecanethiol (6.58g, 30.4 mmol) in acetic acid/THF mixed solvent (1:1) 

was added dropwise into a 100 mL reaction flask containing peracetic acid (35 wt%, 19.8 g, 91.1 mmol, 3  

equiv.) under the ice-water bath. After 1h, all the 7-tridecanethiol was added and the mixture was kept 

stirring at room temperature for another 1h and then the solvent was removed by evaporation in vacuum 

at 40
o
C. The residual acetic acid was removed by high vacuum pump for 12h afforded the pure product 

(yellow gel, 7.50g, 93.4%). 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.98 (m, 6H; CH3), 

1.23−1.52 (m, 16H; CH2), 1.55−1.70 (m, 2H, CH2), 1.79−1.96 (m, 2H, CH2), 2.77−2.89 (m, 1H, CH). 
13

C 

NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 22.6, 26.8, 29.2, 29.3, 31.6, 60.9.  

8-pentadecanesulfonic acid: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.98 (m, 6H; 

CH3), 1.19−1.55 (m, 20H; CH2), 1.57−1.72 (m, 2H, CH2), 1.82−1.99 (m, 2H, CH2), 2.82−2.93 (m, 1H, 

CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.0, 22.6, 26.7, 29.0, 29.2, 29.5, 31.8, 61.3.(95.8%) 

9-heptadecanesulfonic acid: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.96 (m, 6H; 

CH3), 1.19−1.55 (m, 24H; CH2), 1.57−1.74 (m, 2H, CH2), 1.83−1.98 (m, 2H, CH2), 2.83−2.95 (m, 1H, 

CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 22.7, 26.7, 29.1, 29.3, 29.4, 29.6, 31.9, 61.2. 

(96.8%)  

Typical procedure of preparation of  [DiCnCHSO3]x[X] (x = 1, Li, Na, K; x = 2, X = Mg, Cu, Zn, Ca; 

x = 3, X = Sc) 

[DiC6CHSO3]2Zn: ZnO (153.9 mg, 1.9 mmol) was weighed in a 10 mL reaction flask containing 

DiC6CHSO3H (1.0 g, 3.8 mmol) and 5 mL H2O.  The mixture was kept at 85
o
C and stirring overnight. 

Then the mixture was cooled to room temperature and the water was removed by lyophilisation and pure 

product was obtained quantitatively. 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) =0.83−0.98 (m, 

12H; CH3), 1.19−1.55 (m, 32H; CH2), 1.57−1.73 (m, 4H, CH2), 1.86−2.04 (m, 4H, CH2), 2.86−2.97 (m, 

2H, CH).
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.1, 22.7, 26.8, 29.0, 29.5, 31.8, 61.2.  

[DiC6CHSO3]2Ca: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.83−0.98 (m, 12H; CH3), 

1.19−1.55 (m, 32H; CH2), 1.54−1.69 (m, 4H, CH2), 1.83−2.00 (m, 4H, CH2), 2.69−2.84 (m, 2H, CH).
13

C 

NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 14.1, 22.7, 27.0, 29.1, 29.5, 31.9, 60.3.  

[DiC6CHSO3]2Mg: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.83−0.98 (m, 12H; CH3), 

1.19−1.55 (m, 32H; CH2), 1.54−1.72 (m, 4H, CH2), 1.85−2.01 (m, 4H, CH2), 2.76−2.88 (m, 2H, CH).
13

C 

NMR (75 MHz, CDCl3, 20 °C): δ (ppm) =14.1, 22.7, 26.8, 28.9, 29.4, 31.8, 60.9.  
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DiC6CHSO3Na: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.98 (m, 6H; CH3), 

1.19−1.62 (m, 18H; CH2), 1.75−1.94 (m, 2H, CH2), 2.61−2.74 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 

20 °C): δ (ppm) = 14.1, 22.7, 27.2, 29.6, 29.7, 31.9, 59.7.  

DiC6CHSO3K: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.98 (m, 6H; CH3), 1.19−1.62 

(m, 18H; CH2), 1.76−1.93 (m, 2H, CH2), 2.59−2.72 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ 

(ppm) = 14.1, 22.7, 27.3, 29.6, 29.8, 31.9, 59.8.  

DiC6CHSO3Li: 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): δ (ppm) = 0.84−0.98 (m, 6H; CH3), 1.19−1.62 

(m, 18H; CH2), 1.81−1.98 (m, 2H, CH2), 2.64−2.77 (m, 1H, CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ 

(ppm) = 14.1, 22.8, 27.2, 29.4, 29.6, 31.9, 59.6.  

2.2.3 The physicochemical investigation of surfactants 

Surface Tension Measurements 

Surface tensions were measured with the tensiometer K11 (Krüss) using the Wilhelmy plate method. 

Ultrapure water (Millipore water, σ = 72.0 mN∙m-1
 at 25 °C) was used to prepare all concentrations. 

Surface tension was recorded after equilibration for each mixture. All equilibrium surface tension values 

were mean quantities of at least three measurements. The standard deviation of the mean never deviated 

±1.5% of the mean. The precision of the force transducer of the surface tension apparatus was 0.1 mN.m
-1

, 

and before each experiment, the platinum plate was cleaned in red/orange color flame. The temperature 

was stabilized at 25 ± 0.05 °C with a thermo-regulated bath Lauda RC6. The standard deviation was 

estimated at ±10% for the CAC value. 

Polarized light optical microscopy 

The phase penetration technique was first used for a rough estimate of the sequence of 

mesophases occurring. A few milligrams of the surfactant powder (usually around 20 mg) were 

placed between a glass slide and a cover slip. When the powder could not be made sufficiently 

compact to obtain a well-defined interface, the sample might be heated until softening for 

homogenization and then cooled back to room temperature, in order to obtain a well-defined 

interface. The sample was then contacted with a distilled water drop and diffusion of water by 

capillarity into the surfactant sample took place so that a concentration gradient from extremely 

dilute aqueous solution to pure surfactant was more or less quickly established. Identification of 

the different phases was based on visual observation through an optical polarizing microscope 

Olympus BX60 (100 × magnification) equipped with a LTS120 Analysa Peltier temperature 

stage capable of controlling to ±0.1 °C the temperature. After having established roughly the 

succession of liquid crystalline phases from the penetration scan, the transition compositions 
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were determined by preparing samples of given concentrations (from 5−95 wt% with 5 wt.% 

intervals, so that the accuracy of the resulting diagrams was of about 2.5%). Samples of 100 mg 

or more were prepared in glass tubes which were then sealed with a gas burner placed in water 

bath at 80 °C for 2h and were then centrifuged at 2500 rpm for one hour at room temperature for 

homogenization. The rate used during the heating sequence was typically 5 °C.min
-1

. The type of 

the phase was investigated by the birefringence of the mixture and the texture was given by the 

liquid crystal type.  

Small Angle X-Ray Scattering (SAXS) experiments 

SAXS measurements using Mo-radiation (λ = 0.71 Å) were performed on a bench built by XENOCS. The 

scattered beam was recorded using a large online scanner detector (diameter: 345 mm, from MAR 

Research). A large Q range (2.10-2-2.5 Å
-1

) was covered with an off centre detection. Pre-analysis of data 

was performed using FIT2D software. The scattered intensities are expressed versus the magnitude of 

scattering vector Q = [(4π)/λ] sin(θ/2), where λ is the wavelength of incident radiation and θ the scattering 

angle. 2mm quartz capillaries were used as sample containers for dilute and fluid solutions, i.e. isotropic 

micellar solutions. Usual corrections for background (empty cell and detector noise) subtractions and 

intensity normalization using Lupolen
TM

 as standard were applied. For the study of highly viscous 

lyotropic phases a special home designed cell was used. 
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3.1 Introduction 

Microemulsions as reaction media have been successfully applied to the bioorganic, organic and 

inorganic synthesis due to their various advantages including solubilization of both hydrophilic and 

hydrophobic subtrates, reaction rate and selectivity enhancement, the easily separation of product and the 

specific structure of the micro-reactor etc.
18,274,275

 With lipase catalyzed esterification as an example, 

which is the most widely reported reaction among the bioorganic reactions catalyzed by enzymes, the 

reaction proceeds readily in μem and the stability of enzyme is also improved, which allowed the reaction 

to occur in a wide temperature range.
276-278

 The nanostructure of μems can be controlled by the 

composition and the formulation variables, which is a preferable model to prepare nanoparticles with 

desired size distribution, geometry, morphology, and surface area etc. A number of metal sulfide 

semiconductor nanoparticles have been thus synthesized in W/O μems with AOT as a surfactant and 

metal dodecylsulfate or metal AOT as a functional surfactant. The average diameter of the particles was 

depending on the relative amount of metallic cation M
2+ 

and S
2-

.
279,280

  In addition to the inorganic 

nanoparticles, hydrophobic polymer particles can also be prepared in μem systems affording high molar 

mass of polymers in high reaction rate. One-step formation of hollow polystyrene sphere was achieved in 

O/W μem with nonionic triblock copolymers of poly(oxyethyene)-poly(oxypropylene)-

poly(oxyethylene)-[(EO)x(PO)y(EO)x] as surfactants. The size of the nanoparticles could be varied by 

changing the surfactant concentration and [surfactant]/[monomer] ratio.
281

  

Besides, the μem system is also a good reaction medium for various organic reactions, which are 

commonly carried out in homogenous organic solvents.
18

 With etherification in cyclohexane/DBSA/water 

μem system as an example, even the short chain carboxylic acid could be transformed to ester in high 

yield under mild conditions.
179

 Another example is the enone epxidation by the alkaline hydrogen 

peroxide in nonionic μem, compared with the biphasic reaction with PTC, the epoxidation of vitamin K3 

was about 35 times faster. 
19

 Although the surfactant combined catalysts were widely used in catalytic 

reactions in aqueous phase as indicated in Chapter 1, their application in μem were not sufficiently 

investigated. Recently, our group reported the catalytic oxidation in μems with surfactant combined 

molybdate and tungstate.
27-30,282

 In the basic environment, the molybdate or tungstate catalytic 

dismutation of H2O2 generates singlet oxygen 
1
O2, which easily converts to triplet oxygen 

3
O2, while in 

the microreactor of μem, the in situ generated 
1
O2 can contact with hydrophobic substrates before being 

deactivated. Especially in the elegant three-phase μem with double chain ammonium molybdate as 

catalyst and surfactant, the efficiency of H2O2 reached 50%, about 100 times more than with tetrabutyl 

ammonium bromide as PTC.
29

 

Considering the importance of the oxidation reactions in organic synthesis, besides the molybdate 

catalyzed 
1
O2 oxygenation in three-phase μem, an acidic three-phase μem was also elaborated with 

“Catasurfs” derived from tungstate in the present work and applied to the epoxidation of olefins and 
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oxidation of refractory sulfides. On the other side, taking advantage of the synergism between ionic 

surfactant [DiC8]2[MoO4] and nonionic surfactant C8E4, a temperature-switch catalytic μem was 

sufficiently investigated and applied to the oxygenation of various organic substates. As μem facilitates 

the separation of product and the catalyst recycling at the end of the reaction, here [DiC8]2[MoO4] 

catalyzed one pot three-step oxidation of valencene to nootkatone was studied at first time. Besides the 

oxidation reaction, the catalytic μem medium can also be used for other reactions. For example, an μem 

system based on the “Fish diagram” of [DiC8]Br in the presence of sulphonated phosphine ligands 

(TPPTS or DPPBS) was prepared for hydroformylation of hydrophobic olefins with Rh(CO)2(acac) as 

catalyst precursor (Figure 3.1).  

 

Figure 3.1 Catalytic reactions in μem media with surfactant combined catalyst as both catalyst and 

surfactant  

3.2 Catalytic oxidation reactions in acidic three-phase microemulsion 

3.2.1 The design of acidic microemulsion systems 

The physicochemical properties of [DiCn]2[MoO4] and [DiCn]2[WO4] (n = 6, 8, 10) have been 

investigated in Chapter 2, especially the Fish diagrams were established by screening the polarity of the 

solvents. Among the surfactants, the [DiC6] salts were always too hydrophilic to give a Winsor III μem, 

while [DiC8] and [DiC10] salts gave “Fish diagrams” when ,-dichloroalkanes and 1-chloroalkanes were 
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used as solvents and the optimal oils for [DiC8]2[WO4], [DiC8]2[MoO4], [DiC10] [WO4] and [DiC10] 

[MoO4] were C2.4Cl2, C2.5Cl2, C5.4Cl and C8.2Cl, respectively. These values also revealed the 

[DiCn]2[WO4] are more hydrophilic than their homologues [DiCn]2[MoO4] and depending on the EACN 

scale in Figure 2.18, [DiCn]2[WO4] provides preferentially Winsor I μems with most of the common 

solvents, even in the presence of H2O2. Actually addition of excess H2O2 leads to the peroxidation of 

WO4
2-

 into the bigger and more polarizable tetraperoxotungstate W(O2)4
2-

, which makes the surfactant 

more hydrophobic. Previously, the [DiCn]2[MoO4] has been successfully developed in the dark singlet 

oxygenation in three-phase μem and its efficiency has been demonstrated on various substrates.
29

 

Different from MoO4
2-

, the activity of WO4
2-

 for dismutation of H2O2 into 
1
O2 is about 3.5 times slower 

than MoO4
2-

 at neutral or basic condition, while under acidic conditions; WO4
2-

 presents a higher activity 

in catalytic oxidation reactions involving H2O2 such as epoxidation, alcohol oxidation, sulfide oxidation 

and olefin cleavage.
10,127,283-285

  

The active species of peroxotungstates in the catalytic oxidation reactions have been widely investigated 

by Venturello,
100

 Griffith,
283

 and Bregeault
102,286

 et al. The possible active species are presented in Figure 

1.14 and the Venturello species [PO4{WO(O2)2}4]
3-

 was considered as the most active catalyst in the 

oxidation reaction. The structure of the active species in the presence of H2O2 was closely dependent on 

the pH and the acid types in the solution and also could convert to each other. Actually, according to the 

pH and the anion assembling, several oxoperoxo complexes formed in the reaction medium were shown 

in Figure 3.2. In order to adjust the acidic condition for the formation of Venturello species during the 

oxidation reaction, the inorganic acids, such as HCl, H2SO4 etc., were not of choice due to the anion 

exchange with WO4
2-

, which not only changed the amphiphilicity of surfactant, but also decreased the 

availability of WO4
2-

. Alternatively, to prevent the ion exchange, [DiC8][HSO4] and [DiC8][H2PO4] 

containing amphiphilic quaternary ammonium were chosen to adjust the pH and as the assemble anion, 

respectively, in the present work. Before elaborating the catalytic μem, [DiC8] and [DiC10] salts involved 

in the catalytic oxidation were classified according their hydrophilic-lipophilic scale by visual observation 

of phase behavior of water/surfactant/solvent μem with different solvents. For example, with 1,3-

dichloropropane as solvent, [DiC8]2[WO4] gave Winsor III μem, while in the presence of excess H2O2, 

Winsor III converted to Winsor II, which indicated the [DiC8]2[WO8] was more hydrophobic than the 

former. When 1-chlorohexane was used as solvent, [DiC10]2[MoO4] gave Winsor III, while [DiC8]2[WO4] 

gave Winsor, which meant [DiC10]2[MoO4] was more hydrophobic. The hydrophilic-lipophilic order was 

given in Figure 3.3.   
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Figure 3.2 Molecular view of various active tungsten (VI) oxodiperoxo complexes obtained from the 

[WO4]
2-

 catalytic precursor in the presence of H2O2 and various anions ([HSO4] and/or [H2PO4]) (W: 

blue, O: red, P: orange, S: yellow, H: white, blue arrow: pH 6, orange arrow: pH 2-3).
100,102

 

 

Figure 3.3 Hydrophilic-lipophilic scale and behavior in ternary systems of catalytic surfactants and 

amphiphilic acids. 

It was found that the [DiC8]2[WO4] was too hydrophilic to give Winsor III μem with most of the common 

used solvents in the lab, even in the presence of H2O2. To increase slightly the hydrophobicity of this 

“Catasurf”, the [DiC10]2[WO4] was preferred rather than [DiC8]2[WO4]. It was noteworthy that, the 

tungstate, H2O2 and acid should follow a sequence to prepare the desired peroxotungstate. Firstly, the 

tungstate and H2O2 were mixed together under ice-water bath, which was succeeded by the addition of 

[DiC8][HSO4] to control the pH, then [DiC8][H2PO4] was added to form the complex. If [DiC10]2[WO4] 

was mixed [DiC8][HSO4] before H2O2, the polyoxometalate was formed and precipitated.
287

 Fortunately, 

the introduction of [DiC10]2[WO4] provides the desired Winsor III after preparing the desired 

peroxotungstate with butyl, pentyl, tert-butyl acetates as solvents as well as aromatic solvents like toluene 

(Figure 3.4). 
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Figure 3.4 Acidic oxidizing three-liquid-phase μem system spontaneously formed at 25 °C with 

[DiC10]2[WO4] (30 mM), [DiC8][H2PO4] (15 mM), [DiC8][HSO4] (115 mM), aqueous H2O2 (150 mM), 

water (1 mL), p-xylene (1 mL), pH = 2. 

3.2.2 Optimization of conditions and epoxidation of various olefins in Winsor III system 

Due to its easy and selective conversion into corresponding epoxide, cyclooctene was chosen as a model 

substrate to optimize the reaction condition. The toluene was chosen as solvent when the other conditions 

such as the temperature, the ratio of the WO4
2−

, HSO4
−
 and H2PO4

− 
etc. were investigated. Besides, 

replacement of toluene with more green solvents such as tert-BuOAc and tert-BuOMe was also 

investigated (Table 3.1). To adjust the pH = 2−3, the concentration of [DiC8][HSO4] 115 mM was 

required in the μem. According to the previously reported method to prepare the Venturello species, the 

[DiC10]2[WO4]/[DiC8][H2PO4] mol ratio was fixed to 2:1. 

Table 3.1 Epoxidation of cyclooctene in an acidic three-phase μem based on [DiC10]2WO4 as a balanced 

catalytic surfactant.
a
 

Entry Solvent T/
o
C Δt/h Winsor (Initial→End) Conversion (%)

b
 

1 Toluene 50 1 III→ III >99.9 

2
c
 Toluene 50 4 III→ III 0 

3
d
 Toluene 50 2 III→ III 15 

4 Toluene 25 4 III→ III >99.9 

5 tert-BuOAc 50 1 III→ III >99.9 

6 tert-BuOMe 50 1 I→ I 97.8 

a
 Conditions: [DiC10]2[WO4] = 30mM; [DiC8][HSO4] = 115mM, [DiC8][H2PO4] = 15 mmol, H2O =  toluene = 1mL, 

cyclooctene = 100 mM,  [H2O2] = 150mM, pH = 2−3, 
b 
Determined by GC and 

1
H NMR, 

c
 Without [DiC8][H2PO4], 

d 
[DiC8]HSO4] = 42.3 mg, 57 mM; pH = 5.  

    

organic phase 

 em phase 

aqueous phase 

organic phase

µem phase
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As shown in Table 3.1, with toluene as solvent, the three-phase μem was maintained throughout the 

reaction with [DiC10]2[WO4] as “Catasurf”, which interacted with H2O2 and assembled with 

[DiC8][H2PO4] affording active peroxotungstates, and [DiC8][HSO4] as pH regulator. For epoxidation of 

cyclooctene, high catalytic activity and selectivity were observed. Indeed, after 20 min at 50
o
C, 72.2% 

conversion was obtained and the quantitative conversion was achieved in 1h leading exclusively to the 

epoxide (Entry 1, Table 3.1). Even at room temperature, the epoxidation also proceeded smoothly except 

that 4h was required to complete the conversion. Control experiments revealed that the [DiC8][HSO4] and 

[DiC8][H2PO4] were indispensible for the reaction. For example, less [DiC8][HSO4] was used (pH = 5−6), 

the conversion only reached 15% after 2 h (Entry 3, Table 1) due to the formation of less efficient 

oxodiperoxo complex formation like [HPO4{WO(O2)2}2] (See Figure 3.2). While no conversion was 

observed in the absence of [DiC8][H2PO4] after 4h (Entry 2, Table 3.1), which probably ascribed to the 

formation of [SO4{WO(O2)2}2]
2−

, which  does not exhibit catalytic activity towards epoxidation. Finally, 

tert-BuOAc and tert-BuOMe were also introduced as solvents and tert-BuOAc was preferred as the 

Winsor III μem was still obtained at the end of the reaction without lost of activity. As described above, 

the optimal condition was [DiC10]2[WO4] = 30 mM; [DiC8][HSO4] = 115 mM; [DiC8][H2PO4] = 15 

mmol, T = 50 
o
C and toluene or tert-BuOAc as solvent. Under such conditions, various alkenes were 

readily epoxidized in good yield and selectivity.  

In order to extend the scope of this catalytic system, the epoxidation of limonene, Δ
3
-carene, ethyl oleate, 

oleic acid and β-citronellol was also carried out under the standard optimized condition (Table 3.2). The 

epoxidation of these substrates proceeded smoothly since all the substrates were completely converted 

within 2−5h. While the selectivity and final μem types were closely related with the substrates themselves. 

Cyclooctene, Δ
3
-carene, ethyl oleate and limonene did not change the Winsor type after the reaction, 

because these substrates as well as their corresponding epoxides were poorly amphiphilic and their 

polarity did not change the properties of the oil phase in great extent. Even in the case of limonene, 35% 

of diol was formed; the three-phase μem was still maintained. In contrast, oleic acid and β-citronellol 

were much stronger amphiphilic and the insertion into the surfactant film between water and oil interface 

changed the effective packing parameters Peff (Eq. 3.1), which determined the Winsor types. Before 

epoxidation, oleic acid and β-citronellol increased the veff effectively, although the aeff was also slightly 

increased, the final Peff increased and converted the μem from Winsor III to Winsor II. At the end of the 

reaction, the epoxide of oleic acid was more hydrophilic than oleic acid, but was not enough to convert 

the Winsor types; while in the case of β-citronellol, the diol was the preferred product and Winsor I was 

obtained due to the increase of aeff  by the diol and decrease of Peff. 

Peff  =  
veff

aeff  ×  lc
    (Eq. 3.1) 
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Table 3.2 Epoxidation of various olefins in the aqueous H2O2/toluene/[DiC10]2[WO4]/ 

[DiC8][H2PO4]/[DiC8][HSO4] three-liquid-phase microemulsion systems. 
a,b

 

Entry Olefin Δt (h) Final Winsor Epox. (%) Diol (%) 

1 

 

2 III > 99 0 

2 

 

2 III 65 35 

3 

 

4 III 91 9 

4 
 

2 I
[c]

 0 > 99 

5 

 
3 II

[c] 
> 99 0 

6 
 

5 III
 

> 99 0 

a
 Conditions: [DiC10]2[WO4] = 30 mM, [DiC8][H2PO4] = 15 mM, [DiC8][HSO4] = 115 mM, water = 1 mL, toluene 

= 1 mL, [olefin] = 100 mM, [H2O2] = 150 mM, T = 50 °C; 
b
 Conversions were > 99% and determined by GC and 

1
H NMR. 

c 
Initial Winsor systems are WII.  

The above described catalytic reactions involved only small amount of substrates, which was not practical 

in the further industrial application, thus the preparative scale epoxidation was also investigated and 

performed in three-phase μem. The epoxides could be divided into two types: acid stable epoxides and 

acid sensitive ones. To improve the conversion and selectivity for acid sensitive epoxides, several 

improvements of the catalytic system were carried out. For example, water was just used for recovering 

the Winsor III μem at the end of the reaction to facilitate the separation of product and catalyst rather than 

at the beginning of reaction. Besides, as reported by Grigoropoulou et al. the presence of organic solvent 

was beneficial for selectivity of the acid sensitive olefin epoxide.
288

 The amount of the starting substrates 

was adjusted in such a way that at the end of the reaction, Winsor III μem could be recovered. The 

reaction conditions for different type of substrates are given in Table 3.3 and only 1.2 equivalents H2O2 

was enough for the complete conversion of substrates within reasonable reaction times.  

 

 

 

 
OH

 
COOH

7 7
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7 7
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Table 3.3 Preparative epoxidations of various olefins in the presence of the balanced catalytic 

[DiC10]2[WO4]/[DiC8][H2PO4]/[DiC8][HSO4] system.
a,b 

Entry 
Olefin 

(mmol) 

H2O/t-BuOAc 

(mL/mL) 

H2O2 

mmol 

Δt 

(h) 

Final 

Winsor 

Epox. 

(%) 

Diol 

(%) 

1 
 

(6) 

0.47/0 7.2 2 III
c 

> 99 0 

2  

(2.4) 

0/6 3.0 2 III
d
 95

f
 5 

3 
 

(2.4) 

0/6 3.0 4.5 III
d
 94 6 

4 

(2.4) 
0/6 3.0 2.5 I

d
 28 72 

5  

(6) 

0.47/0 7.2 4 II
e
 > 99 0 

6  

(6) 

0.47/0 9.0 6 III
e
 > 99 0 

7 
 

(2.4) 

0/6 3.0 4 III
d
 97 3 

8 
 

(2.4) 

0/6 3.0 3 III
d
 93 7 

9 
 

(2.4) 

0/6 3.0 4 III
d
 94 6 

10  

(2.4) 
0/6 3.0 4 III

d
 95 5 

11  

2.4 

0/6 3.0 3.5 I
d
 94

g
 6 

a
 Conditions: Conditions: [DiC10]2[WO4] = 0.06mmol, [DiC8][H2PO4] = 0.03mmol, [DiC8][HSO4] = 0.23mmol, T 

= 50 °C. 
b 

Conversion was determined by GC and 
1
H NMR at the end of reaction. 

c
 1mL toluene was added after 

reaction. 
d
1mL H2O was added after reaction. 

e 
3 mL tert-BuOAc was added after reaction.

  f 
8.1% diepoxide,

 
 
g
2,3-

epoxide: 6,7-epoxide:diepoxide = 20:67:13. 
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For cyclooctene, ethyl oleate, and oleic acid, the epoxides are stable, thus the reaction could be carried out 

without addition of organic solvent and epoxide was the unique product. At end of the reaction, the 

addition of 1 mL toluene or tert-BuOAc was enough to recover Winsor III μem in the cases of 

cyclooctene and ethyl oleate as substrates (Entry 1 and 6, Table 3.3). For ethyl oleate (75% purity), the 

Winsor III μem was unexpectedly obtained without additional solvent at the end of the reaction (Figure 

3.5). Although the epoxidation of oleic acid was similar with ethyl oleate, the final Winsor II μem was 

always formed even after addition of solvent due to the effect of product on the effective packing 

parameter discussed above (Entry 5, Table 3.3). While for the rest of olefins, 6 mL of tert-BuOAc were 

required at the beginning of reaction since in the absence of solvent, the diol was the major product. The 

amount of substrates was adjusted to 2.4 mmol to ensure Winsor III as the final μem after addition of 1 

mL water at the end of reaction. It was noteworthy that although the selectivity of epoxide was improved 

for β-citronellol oxidation under this conditions, but the diol still dominated the product (72% diol), 

which led to the Winsor I as the final μem (Entry 4, Table 3.3). Similar phase behavior was also obtained 

with neryl acetate as substrate (Entry 11, Table 3.3).  

 

Figure 3.5 The spontaneous formed three-phase μem after epoxidation of ethyl oleate without additional 

solvent.  

The epoxidation of terpenes is of particular interest as terpene epoxides are widely used in fragrances, 

flavors, drugs and agrochemicals,
289

 while their sensitivity to the acids makes epoxidation of terpenes still 

challenging. Numerous different catalytic systems have been developped to improve the epoxide 

selectivity. For example, the tungstate heterogeneous catalyst developed by De Villa et al.,
290

 with the 

peroxotungstate amberlite as a solid catalyst, high epoxide selectivity could be obtained in CH3CN but 

this heterogeneous catalyst showed low reactivity (generally 24h was required). The epoxidation in 

NaH2PO3/H3PO4 buffer was reported by Grigoropoulou et al.
288

 The authors mentioned that the use of 

[triC8]H2PO3 alone resulted in a significant decrease of the conversion due to the high pH (pH ≈ 4). On 

the other side, to avoid the acidic condition, Sato et al reported the epoxidation of terpenes under neutral 

condition with PhP(O)(OH)2 as assembling core of peroxotunsgtate, which  improved the epoxide 

selectivities of the limonene and Δ
3
-carene up to 82% and 93%, respectively.

120,291
 By comparison, higher 

reactivity and selectivity could be obtained in our catalytic μem medium without addition of water (Entry 

2, 3, Table 3.3). At the end of reaction, the addition of 1mL water afforded the three-phase μem and the 

product is readily isolated by phase separation. In addition, several other substrates were also successfully 

Aqueous phase

μem phase

Ethyl oleate epoxide
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epoxidized under such condition, including cyclohexene, 1-methylcyclohexene, 2-norbornene and 2-

octene (Entry 7-10) and providing good selectivities (> 93% epoxide). Finally the reactivity of recycled 

catalyst was evaluated with ethyl oleate (75% purity) as susbtrates under solvent-free conditions (Table 

3.4). Each run caused a partial loss of the activity, and after fourth run, the Winsor II μem was obtained 

instead of Winsor III.  

Table 3.4 The recycling of the catalyst in the epoxidation of ethyl oleate. 
a
 

Run
b
 H2O (mL) H2O2 (mmol) Δt (h) Final Winsor Epox. (%) Diol (%) 

1 0.47 9.0 6 III > 99 0 

2 0 9.0 8 III 98.6 0 

3 0 9.0 12 III 97.9 0 

4 0 9.0 14 II 97.2 0 

a 
Conditions: [DiC10]2[WO4] = 0.06 mmol, [DiC8][H2PO4] = 0.03 mmol, [DiC8][HSO4] = 0.23 mmol, ethyl oleate: 

6mmol, T = 50 °C. 
b
 At the end of reaction, the mixture was kept still for 3h and the product was removed by 

separation, then the fresh ethyl oleate was added and the next run started.  

3.2.3 Oxidation of sulfides and thiophenes 

As the organosulfur compounds play important roles in biochemical processes, the fossil fuels, coal, 

petroleum and natural gas, which are derived from fossil organisms, contain different kinds of 

organosulfurs, These organosulfurs in gasoline and diesel are the major source of acid rain,
292

 thus the 

sulfur removing plays an important role in the petroleum refineries. The conventional desulfurization 

method hydrodesulfurization (HDS) is highly efficient to remove the thiol, aliphatic sulfide, and disulfide, 

while the refractory benzothiophene (DBT) and its derivatives show low activity and require high 

pressure and temperature.
293,294

 Alternatively, the oxidative desulfurization (ODS) with H2O2 as an 

oxidantis a safe, economic and eco-friendly method to oxidize the inert   DBT and its derivatives to 

sulfones and remove them from diesel by extraction or simple phase separation.
110,292

 As reviewed in 

Chapter 1, peroxotungstate and polyoxometalates are commonly used as catalysts in ODS process, for 

example, the oxidation in the metastable emulsion with [(C18H37)2N(CH3)2]3[PW12O40] as  catalyst by 

Can Li et al.,
105

 or in the emulsion based on ionic liquid with lacunary [C18]7PW11O39 as catalyst by Ge et 

al. 
109

. Our acidic three-phase catalytic μem was also capable of oxidizing different types of sulfides and 

thiophenes efficiently (Table 3.5). The DBT was readily converted to sulfoxide and sulfone in 15 min 

with only 1.5 equivalents H2O2 (Entry 1, Table 3.5). Besides DBT, the oxidation diphenylsulfide, 

dibenzylsulfide and phenylmethylsulfide also gave high yield (>93%). Among them, the sulfoxide was 
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main product for oxidation of dibenzyl sulfide (83%, Entry 3, Table 3.5), which indicated the sulfide 

was easily oxidized than sulfoxide.  On the other side, complete conversion could be obtained by addition 

of 2 equivalents H2O2.  Different from the epoxidation of olefins, the sulfide, sulfoxide and sulfone 

showed weak effect on the phase behavior, indeed, the three-phase was maintained during the reaction. 

For diphenylsulfide and dibenzyl sulfide, almost 95% of sulfoxide and sulfone precipitated during the 

reaction and could be isolated straight forward.  

Table 3.5 Oxidation of orgasulfides in the three-liquid-phase μem.
a
 

Entry Substrates (S) Conv. (%) 
Selectivity 

SO (%) SO2 (%) 

1 

 

> 99 54 46 

2 

 

93
b
 53 47 

3
 

 

95
b
 83 17 

4 
 

95 54 46 

a 
[DiC10]2[WO4] = 30 mM, [DiC8][H2PO4] = 15 mM, [DiC8][HSO4] = 115 mM, H2O2 = 300 mM, organosulphur = 

200 mM, water = 1 mL, AcOtBu = 1 mL, 25 °C, t = 15 min. 
b 
Precipitation of oxidation products (> 95%). 

3.2.4 Conclusion 

Depending on the hydrophilic-lipophilic properties of “Catasurf” [DiCn]2[WO4], the pH regulator 

[DiC8][HSO4], and the amphiphilic Venturello species formed from the interaction with H2O2 and 

assembling with DiC8][H2PO4], the acidic three-phase μems were successfully elaborated with toluene or 

tert-BuOAc as solvent, which are particularly suitable for the epoxidation of olefins and the oxidation of 

refractory sulfides. For acid stable epoxides, the reactions could be carried out even without of additional 

solvent during the reaction and for acid sensitive epoxides, only a small adjustment like elimination of 

additional water at the beginning was necessary to improve the selectivity. The three-phase μem was 

disturbed when high amphiphilic substrates or products were present, but the Winsor I μem was also 

acceptable since the product and catalyst could also be separated. The oxidation of sulfides proceeded 

also very well in these μem systems and the products showed little effect on the phase behavior. Such 

three-phase μems not only exhibit high activity system but also facilitate the separation of products, thus 

constituting interesting alternatives to the phase transfer catalysts and the heterogeneous catalysts.  
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3.3 Temperature−switch μems for dark singlet oxygenation  

3.3.1 Description of the synergism between ionic and nonionic surfactants 

The mixtures of ionic and nonionic surfactants always lead to interesting synergic effects, which are 

widely applied to improve properties of surfactants in the detergent,
295,296

 foaming,
297-299

 emulsification,
300

 

solubilization
301-303

 or biocide.
11,12

 In the past decades, several different theories were proposed to explain 

and quantify this kind of interaction, such as the phase-separation model proposed by Holland,
304

 the 

electrostatic model by Scamehorn
305

 and the molecular-thermodynamic model of Blankschtein,
306

 etc. 

Among them, regular solution theory is widely used for the explanation and quantification of the 

interaction of surfactants in the mixture,
304,307-309

 although the enthalpy of mixing is supposed to be ideal 

and the experimental results are not always in agreement with the theoretical prediction. To qualify the 

interaction extent, the so-called  parameter is introduced to describe the interaction between nonionic 

and ionic surfactant. The  parameter could be caculated by  measuring the CMCs of the surfactant 

mixture and the deduction of   parameter is given from Eq.3.2-Eq. 3.10.
304

 

From the phase separation model, the chemical potential of surfactant i monomer in bulk solution can be 

written as:  

μ
i
 = μ

i
0 + RTlnCi

m   (Eq. 3.2) 

Where 𝐶𝑖
𝑚 is the monomer concentration in bulk solution and activity coefficient is considered as 1. In 

the mixed micelle, the chemical potential of surfactant i is described as:  

μi
'  = μi

'0 + RTlnfixi   (Eq. 3.3) 

Where fi, xi are the acitvity coefficient and mole fraction in the micelle, respectively. When the 

micellation reach equilibrium, for the pure surfactant i, the chemical potential of mononer in solution 

equals to the molecule in micellar phase:  

μi
0 = μi

'0 + RTlnCi     (Eq. 3.4) 

Where Ci is the CMC of surfactant i. In the surfactants mixture sytem, at the equilibrium, from the Eq. 3.3 

and Eq. 3.4, the following relationship can be obtained: 

Ci
m = xifiCi    (Eq. 3.5) 

On the other hand, at the point of CMC of surfactant mixture C*, the monomer concentration 𝐶𝑖
𝑚 can also 

be caculated from the mole fraction of surfactant i denoted as αi: 

Ci
m = αiC

*    (Eq. 3.6) 

Combined Eq. 3.5 and Eq. 3.6, the relation between the CMC of pure surfactant i C
i 
and the CMC of the 

surfactant mixture C* is obtained:  

1

C*
 = ∑ (

αi

f
i
Ci

)

n

i=1

   (Eq.3.7) 

From the regular solution theory, which regards the mixture entropy as ideal, the chemical potential of 

surfactant 1 in the mixture of two different kind of surfactant can be written as: 
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μ1
'  = μ1

'0 + RTlnx1 + βRTx2
2 (Eq. 3.8) 

Where β is the interaction parameter and from Eq. 3.3, Eq.3.8, the activity coefficient is expressed as: 

lnf
1
 = β × (1-x1)

2
 (Eq. 3.9) 

and Eq. 3.7, the β can be caculated from the following expression by measuring the CMC of the 

surfactant mixture: 

1

(1-x1)2 ln [
α1C*

x1C1
]  = 

1

x1
2 ln [

α2C*

(1-x1)C2
]  = β    (Eq. 3.10) 

The mole fraction of the ionic surfactant in the aggregated pseudo-phase, x1, can be solved iteratively 

from each α1 and its corresponding C*. 
210,310

 Then the β for each α1 can be obtained. A negative value of 

β indicates a synergistic interaction between the different surfactants while a positive value means an 

antagonism effect and the ideal mixture gives β = 0.  

Such synergies are also observed in ternary systems and sometimes, dramatic efficiency enhancement of 

nonionic surfactant can be obtained by addition of very small amounts of an ionic surfactant.
311,312

 From 

phenomenologic interpretation, Kahlweit et al. explained this efficiency increase by the boundaries 

changes of the water-surfactant and oil-surfactant binary diagrams in the phase prism,
269,311

 while the 

hydrophilic-lipophilic balance (HLB) has also been used to rationalize the particular application.
313

 On 

the other side, the additional affinity between surfactant molecules in the mixed micelles also existed in 

the interface, which resulted in the electronic and structural properties changes of the surfactant 

membrane in the μem.
314,315

  

Molybdate ions are efficient catalysts to disproportionate hydrogen peroxide into singlet oxygen, 
1
O2. As 

discussed previously, the H2O2/MoO4
2-

 system has been efficiently applied to the dark singlet 

oxygenation of various organic substrates.
21,25,27,316,317 

Especially, the three-phase μem based on 

[DiC8]2[MoO4].
29

 Here, tetraethylene glycol monooctyl ether, abbreviated as C8E4, was used to 

elaborate a thermo-sensitive catalytic μem. The synergistic effect between [DiC8]2[MoO4] and C8E4 is 

discussed in terms of cloud point, surface tension measurement, mixed micelle size and pseudo-ternary μ

em where the microstructure was investigated by SAXS experiment. The effect of [DiC8]2[MoO4] on the 

H2O/C8E4/cyclohexane μem is highlighted providing a temperature-switch catalytic μem which is 

successfully applied to the dark singlet oxygenation. After the reaction, the monophasic reaction media 

could be turned to WI μem for recycling the catalyst and separation of product. 

3.3.2 The synergism between nonionic C8E4 and cationic [DiC8]2[MoO4] 

The critical micelle concentration (CMC) of C8E4 (7.2 mM at 25 
°
C) and [DiC8]2[MoO4] (6.8 mM) were 

determined by surface tension measurements and were in good agreement with the values previously 

reported (7.2 mM and 8.0 mM for C8E4 and [DiC8]2[MoO4], respectively).
31,318

 Then, the CMCs of 

surfactant mixtures were determined for different [DiC8]2[MoO4] mole fractions 1. The surface tension 



Chapter 3 Reactions in Microemulsions Based on Catasurfs 

 

 

134 
 

vs concentration curves were given in Figure 3.6 and the CMCs, x1 solved iteratively from each α1 and 

the β for each α1 were given in Table 3.6. On the other side, β can be calculated from the Eq. 3.11 

(deduced from the combination of Eq.3.7 and Eq. 3.9): 

C* = 
C1C2e β(-1 + x1)2 + βx1

2

α1(C2e βx1
2

− C1eβ(-1 + x1)2
) + C1e β(-1 + x1)2

  (Eq. 3.11)    

For each 1, the theoretical C
*
cal can be calculated from Eq. 3.10 and Eq. 3.11 in order to determine x1cal 

and to fit the adjustable parameters (fit) with an algorithm.
210

 The best fit is obtained by choosing the β 

value that would minimize the deviations of the experimental critical aggregate concentration of the 

mixture (C
*
) from the theoretical curve (C*cal). The experimental and calculated values of the CMC of the 

surfactant mixtures as well as the [DiC8]2[MoO4] mole fraction in the micelles (x1) as a function of 

[DiC8]2[MoO4] mole fraction (1) are presented in Figure 3.7. According to the negative  value, a 

strong synergistic interaction of [DiC8]2[MoO4] with C8E4 takes place in the mixed micelles. The similar 

CMC of [DiC8]2[MoO4] and C8E4 indicates that the contribution of the hydrophobic effect to the synergy 

is not the key factor contrary to the interaction between the headgroups which is the main driving 

force.
210,319 

The electrostatic repulsion, which is weakened by insertion of the nonionic surfactant, and the 

ion-dipole interaction between the ionic and the nonionic surfactant headgroups have been previously 

reported to cause the synergism in mixed micelles.
210

 Besides, the quaternary ammonium-

polyoxyethylene complex which is similar to a crown ether-cation complex or podands tends to form and 

further increases the attractive interaction.
 320-322 

 

Figure 3.6 Surface tension (σ) plotted against surfactant concentration for the mixture of C8E4 and 

[DiC8]2MoO4 at different mole fraction of [DiC8]2MoO4 (α1) at 25.0 °C.  
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Table 3.6 Critical micelle concentrations (C*) for various C8E4/[DiC8]2MoO4 mixtures and related 

calculated parameters. 

1 C* (mM) x1 β x1cal
a
 C*cal (mM)

b
 

C*Clint 

(mM)
c
 

0.000 7.20 0.00 - 0.00 7.20 7.20 

0.072 2.34 0.35 -6.25 0.32 3.05 7.16 

0.156 2.36 0.388 -5.25 0.39 2.49 7.12 

0.267 2.11 0.434 -5.13 0.43 2.17 7.06 

0.502 2.08 0.505 -4.84 0.5 1.98 6.94 

0.712 2.37 0.573 -4.57 0.57 2.11 6.84 

0.894 3.03 0.665 -4.54 0.66 2.70 6.75 

1.000 6.77 1.00 - 1.00 6.77 6.77 

a
 Calculated from Eq. 3.8 with βfit = -5.01.  

b
 Calculated from Eq. 3.9 with corresponding x1cal. 

c
 CMCs of the ideal 

surfactant mixtures. 

 

Figure 3.7 Variation of: a) the critical micelle concentration (C*) and b) [DiC8]2[MoO4] mole fraction in 

the micellar phase (X1) as a function of [DiC8]2[MoO4] mole fraction (1) in [DiC8]2[MoO4]/C8E4 

surfactant mixtures at 25 °C. Diamonds correspond to experimental values. Dashed lines represent ideal 

mixed aggregates ( = 0) whereas continuous lines are calculated from the regular solution theory (eqs. 

3 and 4,  = - 5.01). 
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The C8E4/[DiC8]2[MoO4] mixed micelles were investigated by dynamic light scattering. DLS was 

performed at 25 °C for different surfactant ratios at a fixed total surfactant concentration of 30 mM (≈ 4 

times the CMC of [DiC8]2[MoO4] or C8E4, Figure 3.8). 

 

Figure 3.8 DLS auto-correlation functions of [DiC8]2[MoO4]/C8E4 mixtures recorded at different 

[DiC8]2[MoO4] mole fractions (1) (total surfactant concentration = 30 mM, T = 25 °C and detection 

angle = 90°) 

The auto-correlation functions presented in Figure 3.8 can be described with a single exponential decay 

for all [DiC8]2[MoO4] mole fractions (1) reflecting the presence of mono-sized mixed 

[DiC8]2[MoO4]/C8E4 micelles. The auto-correlation function decays more rapidly, i.e. at smaller  values, 

by increasing 1 and doesn’t change for 1 > 0.1. This indicates that the micelle size decreases when 1 

increases from 0 to 0.1 while for 1 > 0.1, the micelle size remains constant. The self-diffusion coefficient 

of mixed [DiC8]2[MoO4]/C8E4 micelles (Dobs) can be calculated by fitting the auto-correlation functions 

using the cumulant analysis. The hydrodynamic radius (Rh) of the mixed micelles can be calculated from 

Dobs by using the Stokes-Einstein equation. Dobs and Rh obtained by fitting the auto-correlograms are 

reported in Table 3.7 for various [DiC8]2[MoO4] mole fractions (1).  

From Table 3.7, it can be seen that the presence of [DiC8]2[MoO4] has a dramatic effect on the size of the 

mixed micelles for the very low mole fractions 1. Then, for 1 > 0.1, its effect is almost imperceptible up 

to the pure [DiC8]2[MoO4] micelles. As the alkyl chain length is similar between C8E4 and 

[DiC8]2[MoO4], the hydrophobic contribution to the micelle formation is similar. Consequently, we 

suppose that the dramatic diminution of the micelle size, for 1 < 0.1, is caused by the strong interaction 

between the headgroups of the two surfactants as observed with the evolution of the CMC values. As 

described in the literature, the micelle size of CiEj surfactants are determined by the balance between the 
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hydrophobic effect of alkyl chain and the hydration and the steric repulsion of hydrophilic polyethylene 

oxide groups.
323

 Besides the temperature, the salt effect also causes dramatic change of the head group 

hydration extent.
324-326

 Indeed, the water-structure-breaking ions increase the hydration of the 

polyethylene oxide part (salting-in effect), whereas, the water-structure-making ions result in its 

dehydration (salting-out effect).
327

 Therefore, the addition of ionic surfactants, for 1 < 0.1, which can be 

considered as strong water-structure-breaking ions, increases the hydration of the head group. Therefore, 

the increase in the effective head group area can be related to a decrease of micelle size from Rh = 5.8 to 

2.2 nm. Above 1 = 0.1, the electrostatic repulsion between the headgroups plays the most important role 

on the size of micelles, so further addition of the cationic surfactant has no significant impact on the 

micelle size. 

Table 3.7 Hydrodynamic radius (Rh) and self-diffusion coefficient of mixed [DiC8]2[MoO4]/C8E4 micelles 

(Dobs) as a function of [DiC8]2[MoO4] mole fractions (1). 

1 Dobs (× 10
-11 

m
2
·s

-1
) Rh (nm) 

0.00 4.20 5.8 

0.01 7.10 3.4 

0.1 11.2 2.2 

0.2 10.8 2.2 

0.4 11.3 2.1 

0.5 10.5 2.3 

0.7 10.4 2.3 

1.00 12.7 1.9 

The cloud point of C8E4 is 40.9 °C at 7 wt.%, which is in good agreement with the values previously 

reported.
328,329 

The amount of ionic surfactant was defined as the mass fraction in the total surfactants (Eq. 

3.12) and addition of small amounts of [DiC8]2[MoO4] induces a profound modification of the phase 

behavior of the water-C8E4 system as shown in Figure 3.9. The temperature boundary of phase 

separation was increased by 10 °C in the presence of only 1 wt.% of [DiC8]2[MoO4] in total amount of 

surfactants, whereas  = 5% resulted in a phase separation above 70 °C. These changes could be 

explicated Hofmeister effect.
 269,330,331 

The lyotropic (salting-out) salts such as NaCl, Na2SO4 and NaBr 

facilitate the phase separation of nonionic surfactants in water solution, while the hydrotropic salts 

(salting-in) such as NaI and NaSCN increase their solubility and cloud points.
332,333

 The ionic surfactants, 
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including anionic and cationic ones which were proved to have similar effects, are considered as very 

hydrotropic salts and enlarge dramatically the miscibility gap of nonionic/water binary mixtures.
312,334,335

 

On the other hand, the insertion of ionic surfactant molecules in the nonionic micelles also causes 

electrostatic repulsions besides the hydration repulsion of the nonionic surfactant.  

δ = 
m[DiC8]2MoO4

mC8E4
 + m[DiC8]2MoO4

    (Eq.3.12) 

 

Figure 3.9 Miscibility gap of C8E4-[DiC8]2[MoO4]/H2O as a function of total surfactant concentration 

(wt.%) with various [DiC8]2[MoO4] mass fraction (). 

The “Fish diagram”, representing the phase behavior of a SOW system as a function of surfactant 

concentration and a scan variable, e.g. temperature as in the present case, of the ternary 

C8E4/cyclohexane/H2O and pseudo-ternary C8E4-[DiC8]2[MoO4]/cyclohexane/H2O systems as a function 

of total surfactant concentration (wt.%) for different [DiC8]2[MoO4] mass fractions () have been 

constructed (Figure 3.10). The “Fish diagram” for pure C8E4 shows a large symmetric region of three-

phase μem (Winsor III) and at least 14 wt.% surfactant is required to completely solubilize equal amounts 

of water and oil (Winsor IV). While the addition of only 1 wt.% of [DiC8]2[MoO4] (= 0.01) induces a 

dramatic increase of the C8E4 efficiency as well as the disappearance of the three-phase μem body. Thus, 

Winsor IV μem can be obtained with only 6 wt.% in total of amphiphiles. 0.5 wt.% is not enough to 

suppress completely the three-phase region but improves its efficiency. Further addition of [DiC8]2[MoO4] 

(≥ 0.01) does not change the efficiency of the nonionic surfactant while it enhances the temperature 

stability of monophasic μem.  
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Figure 3.10 Vertical section through the phase prism at a fixed water/oil mass ratio of 1, yielding a “Fish 

diagrams” of the H2O/C8E4-[DiC8]2[MoO4]/cyclohexane system for different [DiC8]2[MoO4] mass 

fractions ( in the temperature-surfactant content space (only WIII and WIV are indicated for sake of 

clarity).  

To understand the disappearance of the Winsor III and the enhance of the thermo stability of the WIV 

μems through addition of [DiC8]2[MoO4], it is important to keep in mind that the “Fish diagram” 

represents only a vertical section through the phase prism at a fixed water/oil mass ratio of 1.
269 Therefore, 

to connect the binary diagram with the sectional ternary “Fish diagram”, all compositions and 

temperatures must be known. The upper temperature, Tu of the WIII (i.e. the temperature at which the 

WIII  WII transition occurs for a given total surfactant concentration) is closely related to the upper 

critical temperature in the oil-surfactant binary diagram, while the lower temperature, Tl, (i.e. the 

temperature of the WI  WIII transition) is associated with the low critical temperature of the water-

surfactant binary diagram. Generally, the addition of ionic surfactant to the ethoxylated alcohols increased 

their hydrophilicity. As shown in Figure 3.9, addition of 1 wt% [DiC8]2[MoO4] (= 0.01) enhances the 

critical temperature of C8E4/H2O binary diagram for about 10 °C. On the other hand, the effect of ionic 

surfactant on the upper critical temperature of the immiscible gap of C8E4/water pseudo-binary diagram 

was not observed because it is lower than the melting point of the solvent. Efficiency of the mixed C8E4 

and [DiC8]2[MoO4] could be related to the lower value of CMC compare to pure C8E4. 

The effect of [DiC8]2[MoO4] addition on the μem microstructure was examined by the SAXS 

measurement. As shown in Figure 3.10, the “Fish diagrams” of C8E4 with different amount of 
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[DiC8]2[MoO4] share the single phase region at γ = 25 wt.% and at 20
o
C, which allows the comparison of 

difference of microstructure as  changes while kept other variables constant. The μem topology were 

investigated in the realm of existence of WIV μem at a constant surfactant concentration of 25 wt.% by 

varying the volume fraction of water (Φw). It is noteworthy that viscous lamellar phases are formed at Φw > 

0.55 and thus, SAXS spectra are shown here only for Φw < 0.5 where intensity I(q) is plotted as a function 

of the scattering vector q defined as q = 4π/λ sin(θ/2) and θ the scattering angle (Figure 3.11). A typical 

broad scattering peak is observed in all cases for the μem systems. It is known for a long time that 

different types of μems like isolated droplets, flexible random films or connected cylinders have similar 

scattered bell shaped patterns which can be fitted by the Teubner Strey model:
336,337

 

I(q) = 
1

a + bq2+ cq4
 + Iincoh  (Eq. 3.13) 

where Iincoh is the incoherent scattering of the solvent and in our case a, b, c are fitting parameters related 

to the persistence length ξ and the water/oil domains size D*: 

ξ = [
1

2
 × √

a

c
  +  

1

4
 × 

b

c
] -

1

2    (Eq. 3.14) 

D*= 2π [
1

2
 × √

a

c
 -

1

4 
× 

b

c
]
-
1

2  (Eq. 3.15) 

The fitting parameters by Teubner Strey model were given in Table 3.9. In addition, an 

amphiphilicity factor, f, can be defined in terms of the coefficient a, b, c as:  

f = 
b

(4ac)
1

2⁄
  (Eq. 3.16) 

The value of f ranges from 1 for a completely disordered solution to -1 for completely ordered lamellar 

phase. On the other side, |c| and ξ/D* increase with the surfactant concentration, which could explain the 

ubiquotious appearance of lamellar phase following the μem. The addition of alcohol to lamellar phase of 

the nonionic surfactant may stabilize or destabilize the lamellar phase depending on the chain length, 

while the addition of ionic surfactant generally stabilizes the lamellar phase,
315

 which indeed could be 

reflected from Table 3.8. At the same water volume fraction, the addition of [DiC8]2[MoO4] caused the 

decrease of amphiphilicity factor (f) values, besides, the |c| and ξ/D* were also give higher value than 

pure C8E4. This indicated that the addition of [DiC8]2[MoO4] showed the similar effect of increase of the 

surfactant concentration.  
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Figure 3.11 SAXS spectra of a) μems C8E4/Cyclohexane/H2O and b) C8E4-

[DiC8]2[MoO4]/Cyclohexane/H2O at w = 0-0.4 fitted by Teubner Strey model (lines).
336

  

Table 3.8 The fitting parameters by Teubner Strey model for water/C8E4/cyclohexane and water/ 

C8E4-[DiC8]2MoO4 /cyclohexane μem systems.  

 w  a b c ξ/nm D*/nm ξ/D* f 

C8E4 

(25 wt.%) 

0.1 0.48 -0.93 1.49 2.80 9.47 0.30 -0.54 

0.2 0.22 -0.92 2.16 4.34 12.18 0.36 -0.66 

0.3 0.20 -1.21 3.05 5.89 13.18 0.45 -0.77 

0.4 0.22 -1.58 4.15 7.08 13.70 0.52 -0.82 

C8E4-[DiC8]2MoO4 

(25 wt.%,  = 1.1%) 

0.1 0.25 -0.81 1.92 3.65 11.75 0.31 -0.58 

0.2 0.20 -1.10 2.87 5.26 13.16 0.40 -0.72 

0.3 0.21 -1.56 4.16 7.33 13.84 0.53 -0.83 

0.4 0.22 -1.81 4.99 8.36 14.20 0.59 -0.86 
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3.3.3 Dark singlet oxygenation in temperature-switch C8E4-[DiC8]2[MoO4]/cyclohexane/H2O μems 

Molybdate salts have been widely used for catalytic singlet oxygen (
1
O2) generation from hydrogen 

peroxide disproportionation.
25,282,316,317 

From the “Fish diagrams” depicted in Figure 3.10, the WIV μem 

could be obtained with 10 wt.% in total amphiphiles for pseudo-ternary C8E4-

[DiC8]2[MoO4]/cyclohexane/H2O system and different types of μems could be controlled by only 

temperature. By considering the temperature range of WIV μem, the composition with 10wt.% total 

surfactant and  = 5% was chosen.  The different catalytic effects in different μems were carried out with 

-terpinene as a model substrate. The reactions were conducted for comparison in the different μem 

systems at different temperature, i.e. 15, 28 and 40 °C which give WI, WIV and WII respectively under 

these conditions (Figure 3.12). At first, control experiments were performed with [DiC8]2[MoO4] and 

[Na]2[MoO4] as catalysts in the absence of C8E4 in order to determine precisely the influence of the 

cationic catalytic surfactant (Entries 1 and 2, Table 3.9). Both experiments take place in biphasic 

conditions due to the absence or the very weak amount of surfactant. As expected, no catalytic activity 

was obtained with [Na]2[MoO4] in the absence of C8E4 (Entry 1), while the conversion of -terpinene 

into ascaridole was observed for [DiC8]2[MoO4] but still low due to the deactivation of singlet oxygen 

(
1
O2 lifetime in H2O ≈ 3 s) before reaching the substrate in the organic phase (Entry 2).

338
 This better 

activity clearly results from the placement of the catalyst in the cyclohexane/water interfacial layer. These 

finding clearly shows the importance of resorting to a μem system with nano domains for an efficient dark 

singlet oxygenation process of hydrophobic substrates. Thus, in order to know the influence of WI, WIV 

and WII μem on the conversion of -terpinene and efficiency of H2O2, three experiments have been 

performed in which the total mass fraction of C8E4 and [DiC8]2[MoO4] was fixed at 10% and the 

[DiC8]2[MoO4] mass fractions () were fixed at 0.05.  

Table 3.9 Oxidation of -terpinene catalyzed by the [DiC8]2[MoO4]/H2O2 in thermo-sensitive μems.
a
 

Entry γ (%)  Tr (°C) 
Phase 

behavior 
Δt (min)

b
 

Conversion 

(%)
c
 

H2O2 

Efficiency (%) 

1
d,e

 0 0 28 2 phases 15 0 0 

2
e
 0.5 1 28 2 phases 15 33 24.1 

3 10 0.05 15 WI 40 36 27.7 

4 10 0.05 28 WIV 15 100 73.3 

5 10 0.05 40 WII 5 90 66.1 

a 
[DiC8]2[MoO4] = 0.016 mmol, C8E4 = 0.69 mmol, H2O/cyclohexane = 1, α-terpinene 1 = 0.367 mmol, H2O2 = 

0.102 mmol. 
b
 Time interval between each batch of H2O2. 

c 
Determined by 

1
H NMR. 

d 
[Na]2[MoO4] = 0.016 mmol 

was used  as a catalyst. 
e 
Without C8E4. 
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Figure 3.12 The photos of different reaction systems: (a)-(e) correspond to the Entries 1-5, Table 3.9, 

respectively.  

Under such conditions, temperature becomes the key parameter to obtain WI, WIV and WII μem. In the 

presence of C8E4 at 15 °C, a WI μem was formed. In this case, the interface area is increased by the 

formation of nano-droplets of oil-in-water μem and, despite the low reaction temperature, the conversion 

is slightly improved (conversion ≈ 36% after 4h) compared to the biphasic system without C8E4 (Entry 3 

vs. Entry 2, Table 3.9). This can be ascribed to the Winsor I type which spreads the headgroups 

containing catalyst outside of the droplets. In consequence, the singlet oxygen generated is easily 

quenched by the water molecules. The best results were obtained when the temperature was increased in 

the range of the WIV region of the phase diagram due to the formation of a largest W/O interface. 

Addition of the same amount of H2O2 converted the substrate completely in 1.5h and the H2O2 efficiency 

could reach up to 73% (Entry 4, Table 3.9). Interestingly, the WII type μem, which was formed by 

further increase of the temperature up to 40 °C, also gave good conversion (90% in 30 min, Entry 5, 

Table 3.9). This can be rationalized by W/O nano droplet formation in the μem phase which assembles 

the headgroups inside the micelles where 
1
O2 is produced; then, the excited species freely diffuse in the 

continuous organic phase of the μem where it is chemically trapped by the substrate. However, the H2O2 

efficiency is lower than in the case of a WIV μem (compare Entries 4 and 5, Table 3.9). 

Finally, as a proof of concept, the scope of substrates in the temperature-switch catalytic WIV type μem 

system was extended. The temperature range giving WIV denoted as TWIV was measured before the 

reaction and the reaction temperature, Tr, was determined to maintain the WIV μem during the reaction. 

Aqueous H2O2 was added by batch each 20 min to optimize the kinetics of 
1
O2 generation by favoring the 

formation of the precursor of the excited species, i.e. the triperoxomolybdate MoO(O2)3
2-

,
207

 until 

complete conversion of the substrates. All the results are summarized in Table 3.10. Throughout the 

reactions, no phase transition occurred and the WIV μems were kept. At the end of the reaction, the 

catalytic μem reaction media were cooled down to 5 °C for 3h to induce a WIVWI phase transition. 

Indeed, the biphasic WI μem has an excess oil phase which makes easier the product recovery while the 

[DiC8]2[MoO4] and most of C8E4 remains in the μem phase. For -terpinene and thioanisole, the crude 

products were efficiently extracted in the excess cyclohexane phase but small amounts of C8E4 were also 

present (e.g. 6 wt% in the case of Entry 1, Table 3.10 ). However, in such cases, the crude products are 

easily purified using a short column chromatography on silica gel.  

a b c d e
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Table 3.10 Peroxidation of substrates by the [DiC8]2[MoO4]/H2O2 system in a temperature-switch one-

phase (WIV) μem based on C8E4.
a
 

Entry Substrate 
TWIV 

(°C)
b
 

Tr 

(°C)
c
 

H2O2 

(mM)
d
 

t (h)
e
 Product 

Sel. 

(%) 

Yield
 

(%)
f
 

1  25-32 28 0.5 1.5  100 91
g
 

2 

 

24
 
-28 25 1.2 2.5 

 

100 86
g
 

3  25-30 28 1.7 3.3 
 

100 89
h
 

4 
 

25-30 26 8.5 17 
 

100 84
h
 

5 
 

24-30 26 12.0 23.5 

 

100 82
h
 

6 
 

25-30 26 0.70 1.5 
 

 

16 

67
h
 

84 

7  11-21 19 2.72 9.3 

 
55 

7
g
 

 
45 

8  23-29 25 2.72 6.6 

 
65 

66
g
 

 
35 

9  24-30 25 2.72 6.6 

 
65 

76
g
 

 
35 

a
 Conversion > 99.9%, [DiC8]2[MoO4] = 16 μmol, C8E4 = 0.69 mmol, H2O/cyclohexane = 1 (w/w), substrate = 0.2 

mM. 
b
 Temperature range of the WIV in the presence of the substrate. 

c
 Reaction temperature. 

d
 Total amount of 

H2O2. 
e
 Reaction time. 

f
 Isolated yield. 

g 
Purified by cyclohexane extractions and by column chromatography. 

h
 

Isolated yield by filtration.  
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In the cases of methylphenylsulfide (Entry 3, Table 3.10) to dibenzylsulfide (Entry 6, Table 3.10), the 

products precipitated at the end of the reaction and could thus be simply recovered by filtration or 

centrifugation. It is noteworthy that the oxidation of sulfides presents gave exclusively the sulfone (Entry 

3-5, Table 3.10) except that 16% sulfoxide was obtained for dibenzyl sulfide. The catalytic μem system 

was also applied to the ene reaction, which was widely used in organic synthesis.
339

 In contrast to the 

[4+2] cycloaddition which produces endoperoxides, the ene reaction gives allylic hydroperoxides which 

can present some amphiphilicity likely to disturb the μem system because of its interfacial activity. We 

have thus investigated terpenoids citronellyl acetate and citronellyl stearate based on -citronellol but 

with a different hydrophobicity. In the case of -citronellol (Entry 7, Table 3.10), the two isomer 

hydroperoxides are indeed prevalent in the μem phase (> 98%).  

Table 3.11 Octanol-water partition coefficient (log P) and polar surface area (PSA) of substrates and 

products and experimental ratio of products in the μem phase after reaction. 

Entry Substrates log P
a
 %PSA

a
 Products (% in μem)

b
 log P

a
 %PSA

a
 

1 
 

2.23 13.6 

  
(98) 

1.71 26.3 

  
(99) 

1.53 26.8 

2 
 

2.86 9.4 

 
(79) 

2.24 20.3 

  
(81) 

2.06 20.3 

3 
 

10.12 4.53 

  
(42) 

9.50 11.0 

  
(45) 

9.43 10.1 

a 
Calculated with Vega ZZ after PM7/RHF optimization with MOPAC2012

TM
; 

b
 Determined by 

1
H NMR analysis 

with naphthalene as a standard. 
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To get a better understanding of this effect, the octanol-water partition coefficient, log P, and the 

percentage of molecular polar surface area, %PSA, were calculated for these three substrates from 

molecular simulation (Table 3.11). There is a clear modification of the hydrophobicity between -

citronellol and its products. Indeed, the hydroperoxides have lower log P than -citronellol itself. On the 

other hand, the percentage of molecular polar surface area, i.e. %PSA, confirms that -citronellol has a 

higher hydrophobic surface than its hydroperoxides. Under such conditions, the extraction of the products 

from the μem phase is possible but tedious as several successive extractions with cyclohexane are 

required. The combination of alkyl part by esterification modified the hydrophilic-lipophilic balance of 

the products effectively.  Thus, log P for the hydroperoxides of citronellyl acetate was about 2.1 and log P 

≈ 9.5 for the hydroperoxides of citronellyl stearate, which led more products into the oil phase and 

facilitated the separation.   

3.3.4 Conclusion 

The interaction of the cationic catalytic [DiC8]2[MoO4] and the nonionic C8E4 amphiphiles was evaluated 

by measuring the CMCs of the pure surfactants and of their mixtures. Although the theory is based on 

some approximations, the interaction parameter β provides a credible evaluation of the strength of the 

interaction. The effect of small amounts of [DiC8]2[MoO4] to the binary C8E4/water and ternary 

water/C8E4/cyclohexane is obviously due to the synergism between ionic and nonionic surfactants. 

Addition of only 1 wt% of [DiC8]2[MoO4] in C8E4 caused the increment of the cloud point by almost 

10 °C and the disappearance of the WIII region in the ternary water/C8E4/cyclohexane “Fish diagram”. 

This strong synergism was also reflected by the results of the DLS analysis of mixed micelles with 

different ratio of the cationic surfactants. The insertion of small amounts of the [DiC8]2[MoO4] 

dramatically changes the hydration of the C8E4 head group and results in the diminution of the micelle 

radius. For the pseudo-ternary C8E4-[DiC8]2[MoO4] /cyclohexane/water system, the increase of 

[DiC8]2[MoO4] not only enhances the stability of the one-phase μem but also enlarges the range of the 

WIV region. This can be interpreted by the interaction of both surfactants that form the interfacial film of 

the μem. Finally, the WIV μem system based on C8E4 and [DiC8]2[MoO4] was applied in the singlet 

oxygenation of several substrates with [DiC8]2[MoO4] as a catalyst. The presence of the thermo-sensitive 

C8E4 amphiphile allows transitions between the Winsor type systems by temperature change. The 

reaction takes place in the very efficient WIV system which presents the largest interfacial area of the 

Winsor systems but which does not allows an easy separation of products and catalyst. However, at the 

end of the reaction, a simple cooling down of the reaction medium allows the formation of two distinct 

phases (i.e. Winsor I μem with an excess oil phase). Due to the current interest in new catalytic processes, 

further developments of such temperature-switch catalytic μems taking advantage of the synergy between 

thermo-sensitive nonionic and catalytic amphiphiles are expected for other catalytic processes in which 

the incompatibility between hydrophilic and hydrophobic reactants has to be overcome. 
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3.4 Photochemical and chemical singlet oxygenation of valencene: (+)-Nootkatone 

(+)-Nootkatone (Figure 3.13a), a sesquiterpene firstly isolated from the heartwood of Alaskan yellow 

cedar and also present in citrus species,
340,341

 is a sought after molecule widely used in flavor and 

cosmetic fields thanks to its unique grapefruit odor and low perception threshold.
342

 Besides, recent 

research also revealed the impressive repellent and toxic activity making it an interesting additive in 

insecticides against various insects, like termites, ticks etc..
343,344

 The trace amount of (+)-Nootkatone in 

plant sources results in the high price of this flavor which is extracted from natural plants and in an 

industrial demand which cannot be met. 

 

Figure 3.13 Chemical structures of (a) (+)-Nootkatone, (b) (+)-Valencene. 

Accordingly, several chemical synthetic approaches have been developed since the exact structure is 

known. However, the early synthetic strategies via the Robinson annulation with cyclohexanone 

derivatives,
345-349

 Diels-Alder reaction between the cyclohexa-1,4-diene derivatives and appropriate 

dienophiles,
350,351

 cyclopentenone annulation & ring enlargement,
352

 intermolecular Sakurai reaction
353

 

and more recently the Diels-Alder/Aldol tandem reaction
354

 suffer from a poor control of the 

configuration of the methyl groups at the C5 and C6 positions as well as the isopropyl group at C8 position, 

which generally provide the racemic (±)-Nootkatone. Different from (+)-Nootkatone, (−)-Nootkatone 

shows a spicy and woody flavor making it less useful.
342

 The synthesis of enantiopure (+)-Nootkatone 

was firstly reported by Yoshikoshi’s group from (−)-β-Pinene in 11~14% overall yield via the acid 

catalyzed cyclobutane cleavage-Aldol cyclization tandem reaction as a key step
355,356

 and was improved 

by Laine et al. via the stereoselective Grignard/anionic oxy-Cope reaction giving an overall yield up to 

33%.
357,358

 However, the lengthy reaction procedure, the toxic solvent used, the strict reaction conditions, 

the tedious work-up and the low overall yield make the total synthesis of (+)-Nootkatone not the best 

choice from an economic and ecological point of view.  

Alternatively, (+)-Nootkatone can also be prepared by the allylic oxidation of the parent hydrocarbon, 

(+)-Valencene (Figure 3.13b), which is easily obtained from Valencia orange and successfully fermented 

with biotechnology by Allylix and Isobionics.
359

 The oxidation of (+)-Valencene with the carcinogenic 

tert-butyl chromate or sodium dichromate was reported by Hunter et al.
360

 and Shaffer et al.
361

 tert-Butyl 

peracetate was also used for allylic oxidation of Valencene but the chromic acid was required for the 

oxidation of  intermediate nootkatol.
362

 One pot catalytic conversion of (+)-Valencene to (+)-Nootkatone 
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was realized with tert-butyl hydroperoxide in combination with silica-supported Co(OAc)2, Cu(OAc)2 or 

V(OAc)2 catalyst.
363

 Nevertheless, the explosive, corrosive and toxic properties of the catalysts above 

mentioned leads to the urgent requirement of more green and effective methods for preparing (+)-

Nootkatone from (+)-Valencene. On the other side, various biocatalysts, such as G. pentaphyllum 

cultures,
364

 green algae Chlorella species and fungi Bothryosphaeria dothidea,
365

 the lyophilisate of 

edible mushroom Pleurotus sapidus,
366-368

 and several bacterial cytochrome P450 enzymes
369-371

 were also 

studied for this conversion.
372

 However, the costly culture conditions, the low conversion rate and yield, 

the inhibition of enzymes by products, the presence of various byproducts etc. still hamper the industrial 

preparation of (+)-Nootkatone via biocatalysts.  

Hence, we report herein two novel green routes to synthesize (+)-Nootkatone from (+)-Valencene. Both 

methods involve singlet oxygen (
1
O2, 

1
g) as the oxidizing agent and molybdate ions as catalysts but one 

is based on photooxidation and the other one is the dark singlet oxygenation (Scheme 3.1). 

 

Scheme 3.1 The photochemical and chemical processes of oxidation conversion from (+)-Valencene to 

(+)-Nootkatone (TPP: 5, 10, 15, 20-tetraphenyl-21H, 23H-porphine).  

Although the oxidation of (+)-Valencene by 
1
O2 has already been reported,

361,373
 the molybdate catalyzed 

(+)-Nootkatone formation via one pot tandem reactions, i.e. 
1
O2 generation, ene reaction, Schenck 

rearrangement, and catalytic conversion of hydroperoxide into ketone has never been described before. 

For the photochemical process, the solvent was crucial for the Shenck rearrangement due to the different 

stability of the intermediates in different solvents and the ready formed hydroperoxide species converted 

to the desired (+)-Nootkatone catalyzed by molybdate ions. To adjust the solubility of the ionic catalyst 

in the investigated solvent, the catalytic surfactant [DiC8]2[MoO4] was used instead of the common 

sodium molybdate. As far as the chemical process is concerned, [DiC8]2[MoO4] was also used for two 

main reasons: 1) it catalyzes efficiently the disproportionation of hydrogen peroxide, a green and safe 

oxidant, into 
1
O2 

20,28,29,282
 and 2) it has been shown to behave as a "balanced catalytic surfactant" 

providing three-liquid-phase μem systems in the presence of water and solvent at room temperature. 

Indeed, in this case, the reaction proceeded in the absence of organic solvent and the double chain of 

ammonium counter ion overcame the immiscibility between the substrates and aqueous H2O2. At the end 
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of reaction, the separation of product and catalyst was easily achieved by addition of diethyl ether, which 

gave an elegant three-phase μem system thanks to the hydrophilic-lipophilic property of 

[DiC8]2[MoO4].
374

 Finally, the preparative scale was tested under the chemical dark 
1
O2 conditions and 

very high conversion was obtained, opening new avenues for a further industrial development. 

3.4.1 Photooxidation of valencene 

Different from the autoxidation of olefins by triplet dioxygen (
3
O2), which occurs through a radical chain 

reactions and affords maximum four hydroperoxides,
375

  the reaction between 
1
O2 and olefins proceeds 

through the ene reaction mechanism and gives two regioisomers generally.
376

 Indeed, as shown in 

Scheme 3.2, the oxidation of (+)-Valencene by 
1
O2, which generated by exciting 

3
O2 with photosensitizer 

Rose Bengal, in methanol gave mainly hydroperoxides H1 and H1’.  The selectivity for product H1 could 

be understood by the steric effect as shown in Figure 3.14, the attack of 
1
O2 from α-face is sterically 

shielded by the two methyl groups and the axial H on C10 is prevented from ene reaction, even the 

equatorial H is less accessible than protons on C3.  Thus, the β-isomer was considered the main product 

among the two isomers hydroperoxide H1. The similar selectivities of ene reaction with 
1
O2 resulted from 

the steric effect were also reported for other molecules of similar structure.
377,378

 The hydroperoxide 2 was 

not stable when purified by chromatograph on silica gel resulted in the much lower isolated yield than the 

yield from 
1
H NMR.   

 

Scheme 3.2 The photochemical ene reaction in methanol with Rose Bengal as photosensitizer (yields 

based on 
1
H NMR). 

 

Figure 3.14 Conformation of (+)-Valencene. 

Although the ene reaction was almost independent on the solvent nature,
379

 the conversion of 

hydroperoxide H1 to H2 was closely related with the types of solvents. For example, with methanol as a 

α-face

β-face
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solvent, hydroperoxide H1 was stable and almost no rearrangement product was obtained after one month, 

while, in toluene, the rearrangement could reach up to 95% to H2 in two days at room temperature and 

only 5h was required under 40 
o
C (Scheme 3.3). Several other solvents were also investigated at room 

temperature, such as chloroform, acetonitrile, and acetone. The conversions of H2 in the different 

solvents after 48h are given in Table 3.12.  The Schenck rearrangement is reversible and the equilibrium 

between H1 and H2 depends on the energy difference of these two hydroperoxides. However, the kinetics 

of the reaction is greatly affected by the solvent.
376,380

 As shown in Table 3.12, toluene gave the highest 

rearrangement rate, while as viscosity of the solvent decreases, the conversion in hydroperoxide H2 also 

slowed down, which could be ascribed to the “solvent cage around intermediate radical” by the high 

viscous solvent molecule. And this solvent cage prevents the inter-molecule interaction, e.g. hydrogen 

bond, and facilitates the intra-molecule rearrangement. As previously reported, the hydroperoxide dimer 

combined by hydrogen bond showed much lower activity than free hydroperoxide.
381,382

 The high stability 

of hydroperoxide H1 in methanol can also be explained by the hydrogen bond formation between the 

solvent and hydroperoxide molecule.  

 

Scheme 3.3 The rearrangement of hydroperoxide H1 to H2 in toluene. 

Table 3.12 The hydroperoxides H1 and H2 ratio after of H1 in various solvents for 48h at room 

temperature
a
 

Solvents Viscosity η/cP  H1: H2 

MeOH 0.59 > 99:1 

Acetone 0.32 45:55 

Acetonitrile 0.37 23:77 

CDCl3 0.56 6:94 

Toluene 0.59 5:95 

a 
Conditions: the hydroperoxide H1 was prepared by photooxidation of (+)-Valencene in MeOH with about 17% 

hydroperoxide H1’ inside. MeOH was then evaporated and other types of solvents were added to dissolve the 

residue directly and the ratio of hydroperoxides H1:H2 was detected by 
1
H NMR.  
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The dehydration of allylic hydroperoxide to corresponding enone catalysed by the Lewis acids, such as 

Cu
2+

, Co
2+

, Mn
2+

, Zr
4+

 etc. was previously reported and the coordination of the metal with the peroxide 

was considered to weaken the O-O bond and facilitates the dehydration.
383-385

 During our studies on 

molybdate catalytic reactions, the catalytic dehydration of hydroperoxide was found also catalyzed by 

[DiC8]2MoO4, which was firstly reported (Scheme 3.4). The reaction was carried out in toluene-d
8 

solution, in which the hydroperoxide H1 was transformed to hydroperoxide H2 and the following 

dehydration to (+)-Nootkatone in the presence of [DiC8]2MoO4 was detected directly by 
1
H NMR. As 

shown in Figure 3.15, the reaction rate with 0.2 equiv. molybdate was much slower than with 

stoichiometric molybdate at room temperature, which the reaction rate could be dramatically increased at 

50 
o
C.   

 

Scheme 3.4 The [DiC8]2MoO4 catalyzed dehydration of hydroperoxide H2 into (+)-Nootkatone. 

 

Figure 3.15 The dehydration of hydroperoxide H2 catalyzed by different amount of [DiC8]2MoO4. 

The possible catalytic cycle was also proposed in Figure 3.16. The coordination of hydroperoxide to the 

molybdate anion and the proton transfer generates the active species B. The α-hydrogen of alkylperoxy 

ligand is subtracted via a six-membered transition state by the oxygen anion of molybdate, which affords 
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the acetone product and the molybdate is regenerated by dehydration of intermediate species C. Similar 

six-membered ring transition state was also proposed in the tungstate catalyzed alcohol oxidation by 

H2O2.
386

 The α-hydrogen elimination of alkylperoxy ligand was considered as the rate-determined step, 

which was also supported by the experiment. The yellow solution obtained after the addition of 

[DiC8]2MoO4 in the hydroperoxide H2 toluene-d
8 
solution indicated the complex formation. On the other 

side, the complex formation could also be referred from the 
1
H NMR analysis, where α and adjacent 

alkene protons of alkyl hydroperoxide group moved to the low field after addition of [DiC8]2MoO4. 

Although the complex was readily formed, depending on the analysis of NMR, (+)-Nootkatone was not 

rapidly generated.   

 

Figure 3.16 The possible catalytic cycle of [DiC8]2MoO4 catalyzed dehydration of hydroperoxide H2. 

Based on the studies of the above mentioned reactions, the one-pot, and three-step conversion of (+)-

Valencene to (+)-Nootkatone was carried out in toluene-d
8 

solution in the presence of 0.2 equiv. 

[DiC8]2MoO4.  Considering the low solubility of Rose Bengal in toluene, another photosensitizer 5, 10, 15, 

20-tetraphenyl-21H, 23H-porphine (TPP) was used. The ene reaction between 
1
O2 and (+)-Valencene 

proceeded at room temperature and the conversion was complete in 18 h, and then kept the solution under 

50 
o
C for 4 h to complete the rearrangement and the dehydration steps. The solvent was removed and the 

pure product could be isolated by chromatograph on silica gel afforded 35% isolated yield.  
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3.4.2 Dark singlet oxygenation of (+)-Valencene with a catalytic surfactant based on molybdate 

Besides the photochemical process to generate 
1
O2 with various photosensitizer, the dark 

1
O2 generation 

from the catalytic dismutation of H2O2 by various mineral compounds, especially the molybdate, was also 

widely used in the organic synthesis.
20,21,28,29,207,282

 On the other side, the “green chemistry”, which is 

research focus these years,  required the eco-friendly process, the easy work up process and high 

efficiency of atomic economy.
1
 Various green reaction mediums were developed to increase the reaction 

efficiency, selectivity and facilitate the separation and recycling, such as ionic liquid, supercritical CO2, 

etc.
3
 However, compared with water, the high price or complicated preparing processes make them not of 

the choice. In the last two decades, the reaction in aqueous solution received great attention and several 

different kinds of reactions could be carried out in water with amphiphilic catalysts.
38,387

 Recently, the 

oxidation reactions in μems based on the amphiphilic molybdate or tungstate were reported by our 

group.
29,388

 The advantages of the catalytic μem medium are obvious, including: 1) the overcoming of the 

immiscibility of organic substrate and water, 2) the high efficiency with large interface area, 3) selectivity 

improvement, etc. Here the (+)-Valencene oxygenation to (+)-Nootkatone was also tested without 

additional organic solvent with H2O2 as a 
1
O2 source and [DiC8]2MoO4 as a catalyst. Thus a “green” one 

pot, and three-step process of oxidation of (+)-Valencene to (+)-Nootkatone was proposed.  

The reaction was carried out in a normal reaction tube without special equipment compared with the 

photochemical process. (+)-Valencene and [DiC8]2MoO4 were mixed and the H2O2 was added stepwise 

and to keep the reaction mixture weak basic, several drops of NH3∙H2O was added, as the most active 

peroxomolybdate affording 
1
O2 was [MoO(O2)3]

2- 
at weak basic condition.

209
 The addition of H2O2 could 

be controlled by the color of the reaction mixture as the red color was presented by the peroxomolybdate 

at the beginning and faded to pale yellow when the H2O2 was consumed (Figure 3.17a). When the 

conversion of (+)-Valencene was complete, the mixture was incubated at 50 
o
C for 5 h to confirmed the 

complete formation of nootkatone. For the final separation of product and catalyst, the three-phase μem 

extraction was an alternative than conventional methods. According the “Fish diagram” of [DiC8]2MoO4 

by screening of solvent polarity
374

 and the EACN (Equivalent alkane carbon number) of widely used 

green solvent, such as ether, ester, etc.,
248

  toluene, diethyl ether, tert-BuOAc, dibutyl ether were tested to 

elaborate the three-phase μem with the reaction mixture. Among them, only diethyl ether gave three-

phase μem (Figure 3.17b), as toluene, tert-BuOAc gave W/O (Winsor II) μem, while dibutyl ether 

afforded O/W (Winsor I) μem. The final pure product could be obtained by removing the solvent and 

purified by chromatograph on silica gel afforded 38.9% isolated yield. The rest μem part could be 

separated and the [DiC8]2MoO4 could be recycled just by removing the solvent and applied in the next 

run reaction without lost of activity.  
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Figure 3.17 The dark 
1
O2 oxygenation of (+)-Valencene: a) during the reaction after addition of H2O2; b) 

After the addition of diethyl ether at the end of the reaction. 

The surfactant part of amphiphilic molybdate catalyst played an indispensable role during the reaction. At 

the ene reaction step, [DiC8]2MoO4  overcame the immiscibility of hydrophobic substrate and water; 

furthermore, the H2O2 efficiency was increased as the 
1
O2 generated in the nanoscale droplets could reach 

the substrate before deactivation by water.
25

 The oxygenation products was expected in the micelle 

hydrophobic cores when all the H2O2 was added to complete the (+)-Valencene conversion, which was 

crucial for the Schenck rearrangement from hydroperoxide H1 to hydroperoxide H2; as discussed in the 

photochemical process, the high viscosity of solvent results in the equilibrium towards hydroperoxides 

H2 and the protic solvents almost inhibit the reaction due to the hydrogen bond formation. Finally, the 

[DiC8]2MoO4 catalyzed dehydration of hydroperoxide H2 afforded the (+)-Nootkatone.    

3.4.3 Conclusion 

Two different processes of (+)-Valencene oxygenation to (+)-Nootkatone were developed and the 

[DiC8]2MoO4 catalyzed dehydration of hydroperoxide to ketone was firstly reported. During the process 

of photooxygenation, although the ene reaction was independent on the solvents, the Schenck 

rearrangement of H1 to H2 was closely related with the viscosity of solvent, which was probably ascribed 

to the “solvent cage around intermediate radical” by the high viscous solvent molecule. On the other side, 

the protic solvents like MeOH could stabilize the hydroperoxide by hydrogen bond, which inhibits the 

rearrangement absolutely. Compared with the photooxygenation process, the dark singlet oxygenation of 

valencene avoided the use of organic solvent during the reaction. Both of the double octyl chains and 

molybdate were indispensable. Molybdate was required to catalyze the disproportionation of H2O2 to 

generate 
1
O2 for the ene reaction and the dehydration of hydroperoxide to ketone; while, the hydrophobic 

droplets stabilized by the octyl chain was crucial for the rearrangement of H1 to H2, not only overcame 

the immiscible problem between hydrophobic substrates and water, but also increased the efficiency of 

1
O2 as the molybdate ions were located on the surface.  

 

a) b)

Aqueous phase

μem phase

Diethylether phase with

(+)-Nootkatone
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3.5 Hydroformylation of hydrophobic terminal alkenes in three-phase microemulsion 

The hydroformylation, discovered in 1938
389

 and widely applied since 1984  (Ruhrchemie/Rhône-Poulenc 

(RCH/RP) process),
390

 is one of the most important industrial catalytic homogenous reactions.  In this 

process, the catalytic rhodium complex is immobilized by the water-soluble sodium triphenylphophine-3, 

3', 3''-trisulphonate (TPPTS) (Figure 3.18) ligand in aqueous phase. As the olefin substrate and the 

aldehyde products form the oil phase, the catalyst could be easily recovered just by phase separation. The 

RCH/RP process was considered as “green” reaction as the unique solvent involved is water. Moreover, 

the easy separation and the catalyst recycling are also attractive in the context of “green chemistry”. 

However, only propene and 1-butene are sufficiently soluble in the aqueous phase (i.e. catalytic phase). 

Indeed, for the higher olefins, the mass-transfer is the rate-determing step of the hydroformylation process. 

In such condition, this kind of process is acceptable from an economic point of view.  

 

Figure 3.18 The chemical structure of TPPTS.  

Several approaches have been developed to improve the solubility of hydrophobic substrate in the 

aqueous phase, such as the addition of co-solvents or the use of inverse phase transfer catalysis.etc.
391

 The 

co-solvents, e.g. methanol, ethanol, acetonitrile, or polyethylene glycol increase significantly the 

concentration of hydrophobic olefin in aqueous phase and accelerate the reaction rate. However, the 

linear aldehyde selectivity decreases and the catalyst leaching in the organic phase could not be 

avoided.
392,393

 Notive cyclodextrins (CDs) (Figure 3.19a) and its derivatives, have been used to improve 

the hydroformylation of hydrophobic olefins via inverse phase transfer catalysis.
394,395

 Indeed, CDs are 

able to form inclusion complexes with various organic substrates due to their hydrophobic cavity. The 

presence of β-CDs improved the reaction rate only in 2 times but accompanied with the decrease of linear 

aldehyde selectivity in the 1-decene hydroformylation with TPPTS as ligand.
396

 This behavior is due to 

the formation of inclusion complex the phenyl rings and the CD cavity. In contrast, the sulphonated 

xantphos (Figure 3.19b)  ligands in the presence of the hydrophobic group modified α- or β-CDs 

improved the reaction rate and selectivity due to the steric hinderance of the ligands while the CDs 

increase the mass transfer.
397
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Figure 3.19 a) Structures of cyclodextrins (n = 6, 7, 8 for α, β, γ-cyclodextrin, respectively); b) 

sulphonated xantphos.  

The preparation of amphiphilic phosphine ligands also received great attention.
391,398-401

 The formation of 

nano-droplets and the large interface area overcome the immiscibility between the hydrophobic olefins 

and the aqueous catalytic phase. Accordingly the reaction rate is greatly accelerated. As high linear 

aldehyde selectivity was obtained with sulphonated Xantphos for the hydroformylation of propene,
402

 the 

amphiphilic homologues (Figure 3.20a) was prepared by Goedheijt et al. and applied to the 

hydroformylation of 1-octene, 1-decene etc. The authors reported excellent selectivity but the catalytic 

activity was very low (TOF = 12 mol aldehyde/(mol Rh∙h)).
400

 In 2012, Monflier et al. reported the 

synthesis of a amphiphilic ligand, sodium 4'-(diphenylphosphino)-[1,1'-biphenyl]-4-sulphonate (DPPBS) 

(Figure 3.20b). The combination of this ligand with modified β-CDs resulted in a competitive process 

and afforded good activities and selectivities.
401

 However, the numerous steps involved in the preparation 

of amphiphilic ligand limit the generalization of this process. As an alternative, the simple addition of 

surfactant in the reaction medium is a good choice. The nano-droplets containing olefins in aqueous phase 

could be formed with different types of surfactants, including anionic, neutral and cationic surfactants, 

which can increase the mass transfer of substrates in aqueous phase. However, only cationic surfactant 

gives dramatic reaction rate enhancement due to the electrostatic interaction between the micellar surface 

and ligand molecules.
403

 Indeed, in the hydroformylation of higher olefins in a three-phase microemulsion 

based on the nonionic surfactant with sulphonated xantphos as ligand reported by Schomäcker, et al., low 

reaction rate was obtained due to the weak interaction between ligand and surfactant, furthermore, the 

loss of surfactant in oil phase was also significant, which resulted in the dramatic decrease of reactivity 

and selectivity of the recycled reaction.
404

 In contrast, the reaction rate could be obviously accelerated by 

various cationic surfactants in the hydroformylation of hydrophobic olefins (Figure 3.21). As example, 

with didodecyldimethyl ammonium bromide, the TOF under stirring could reach up to 7 472 h
-1

. The 

recycled experiments also showed gradually decrease of hydroformylation activity and byproducts 

increased dramatically, which was possible ascribed to the surfactant loss in product and the oxidation of 

Rh.
405

 Beside, the effect of cationic surfactants on the selectivity was negligible.
405-408

 

a) b)
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Figure 3.20 Typical amphiphilic phosphine used as ligands in hydroformylation reaction
400, 401

  

 

Figure 3.21 Selected cationic surfactants applied in the hydroformylation of high olefins
405-408

  

In the present work, an elegant three-phase μem (Winsor III) for the hydroformylation of hydrophobic 

olefins was prepared according to the “Fish diagrams” of short chain dialkyldimethylammonium salts 

presented in Chapter 2. The hydroformylation of hydrophobic olefins in Winsor III μem has been 

investigated with the readily available phosphine ligands in the laboratory TPPTS and DPPBS as ligand. 

Although Winsor III μem system for hydroformylation has been reported by Schomäcker et al. with 

nonionic surfactants, the most of the hydrophilic catalytic complexes stay in the aqueous phase due to the 

of specific interaction between the nonionic surfactant and sulphonated residues. As results, the catalytic 

activity is much lower than homogeneous media. On the other hand, the partition of nonionic surfactant 

between organic and aqueous phase leads to a loss of the reactivity after each recycling run.
391,404

 

According to the Winsor III μem bodies and PACNs (Preferred Alkane Chain Number) of [DiCn]Br and 

[DiCn]Cl (n = 6, 8, 10) surfactants, the [DiC8]Br was preferred to elaborate the μems as its three-phase 

body covered the EACN of various common used nontoxic solvents, including diethyl ether, dibutylether, 

and cyclohexane, etc. Before the catalytic reaction, the effect of TPPTS and DPPBS on “Fish diagrams” 

of [DiC8]Br was evaluated and the results were shown in Figure 3.22. The method to construct the “Fish 

diagram” has been described previously in chapter 2. As depicted in Figure 3.22, in the presence of 

TPPTS or DPPBS (5 mg), the shape of the Winsor III μem in the “Fish diagram” is enlarged in great 

extent towards the more hydrophobic oils. We can assume that the ion metathesis between the bromides 

and the hydrophobic sulphonates occurs and due to this combination, the Winsor III body is enlarged.
409

 

As the mass of phosphine ligand in μem was constant, the fraction decreased after the gradual addition of 

[DiC8]Br and μem phase behavior approached to pure [DiC8]Br.  Indeed, the boundary of Winsor IV μem 

region in the presence of phosphine ligand almost overlapped with the boundary of pure [DiC8]Br. 

a b
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Compared with the μem elaborated by nonionic surfactant, the cationic surfactant was almost insensitive 

to the temperature and the solubility in organic phase was much lower than nonionic surfactant.  

 

Figure 3.22 The Fish diagrams of [DiC8]Br in the absence and presence of TPPTS or DPPBS. 

As the EACNs of cyclohexane and n-butyl ether were close to the optimal oils of [DiC8]Br  in the 

presence of phosphine ligands (Figure 3.22), the partition of [DiC8]Br and DPPBS in the Winsor III 

μems with cyclohexane or n-butyl ether  was determined by 
1
H NMR analyses. The Winsor III systems 

were prepared under the condition in Table 3.13. The organic phase was separated and the amount of 

[DiC8]Br  and DPPBS were determined with MeOD as solvent and DMSO as standard after removing 

the solvent. The components in aqueous phase could be analyzed directly as the D2O was used instead of 

H2O. The fractions of [DiC8]Br and DPPBS in organic phase and aqueous phase before the addition of 

Rh catalyst precursor were given in Table 3.13.  It was found that > 99 mol% of DPPBS stayed in the 

middle μem phase after combined with dioctyldimethyl ammonium cation and 0.67 mol% was dissolved 

in oil phase, which was higher than 0.1 mol% for [DiC8]Br due to its higher hydrophobicity.   

Table 3.13 The more fraction of [DiC8]Br and DPPBS in oil and aqueous phases of Winsor III μem with 

cyclohexane or n-butyl ether as solvent.
a
  

 Ligand Solvent 

 [DiC8]Br DPPBS 

Oil phase (%) D2O phase (%) Oil phase (%) D2O phase (%) 

1 

DPPBS 

Cyclohexane 0.1 1.1 0.67 0 

2 n-Butyl ether 0.2 0.87 1.62 0 

a
 The component of three-phase μem: [DiC8]Br = 100.0 mg, D2O = 500.0 mg, Organic solvent = 500.0 mg,  DPPBS 

= 10.0 mg.  
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Then this three-phase μem system was applied in catalytic hydroformylation of hydrophobic olefins with 

Rh(CO)2(acac) as catalyst precursor. 1-decene was chosen as model substrate for optimizing the reaction 

condition. The catalytic three-phase μem system was prepared in a Schlenk flask under the N2 atmosphere. 

(Figure 3.23a). Then the mixture was transferred into the autoclave (Figure 3.23b) and filled with syngas 

(CO/H2) of 50 bar at 80 
o
C. The reaction solution was stirring for 2h under this pressure of syngas and 4 

bar of pressure was consumed by the hydroformylation at the end of reaction. Finally the autoclave was 

cooled to r. t., depressurized and organic phase was separated for the GC analysis after the three-phase 

μem was recovered (Figure 3.23c). Finally, 97.7% conversion was obtained with aldehyde selectivity up 

to 99.3% (l/b = 3.0) (Table 3.14, Entry 1). The effect of μem types played an important role during the 

reaction, for example, when [DiC6]Br was used instead of [DiC8]Br, Winsor I μem was obtained and 

under the same condition, only 7.6% conversion was obtained after 2h although the selectivity was 

improved (Table 3.14, Entry 2).  On the other side, the Winsor II μem with [DiC10]Br as surfactant also 

gave high conversion (97.6%), while the mixture of catalyst in the product caused the work-up problem 

(Table 3.14, Entry 3).  Besides, different types of μems could be also obtained with solvents of different 

hydrophobicity, such as toluene, dodecane and n-butyl ether gave Winsor II, I and III μem, respectively. 

As shown in Table 3.14 (Entry 4-6), the Winsor III μem was preferred as Winsor I μem gave lower 

reaction rate and Winsor II caused the difficulty of the separation of product. Finally, TPPTS as ligand 

instead of DPPBS was also investigated as the addition of TPPTS presented similar effect on the “Fish 

diagram” of [DiC8]Br. High conversion and selectivity of aldehyde were also obtained except the slight 

decrease of linear aldehyde selectivity (l/b = 2.4) (Table 3.14, Entry 7). As with [DiC8]Br as surfactant, 

DPPBS as ligand and cyclohexane as solvent gave the best result, this catalytic system was also applied 

in hydroformylation of other hydrophobic olefins. Besides 1-decene, 1-octene and 1-dodecene were also 

converted to corresponding aldehyde in high yield and selectivity (Table 3.14, Entry 8 and 9).  

 

Figure 3.23 a) The prepared catalytic system before reaction; b) autoclave; and c) recovered Winsor III 

μem after reaction.  

a b c
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Table 3.14 The hydroformylation of 1-decene in μem system
a
 

 Solvent Surfactant Conversion Winsor 
Aldehyde 

selec.(%) 
l/b 

1 Cyclohexane [DiC8]Br 97.7 III 99.3 2.97 

2 Cyclohexane [DiC6]Br 7.6 I 97.37 4.49 

3 Cyclohexane [DiC10]Br 98.6 II 97.64 2.82 

4 Toluene [DiC8]Br 98.5 II 96.7 2.79 

5 Dodecane [DiC8]Br 57.3 I 98.04 3.21 

6 n-Bu2O [DiC8]Br 98.6 III 95.95 2.53 

7 Cyclohexane
b
 [DiC8]Br 98.3 III 97.66 2.39 

8 Cyclohexane
c
 [DiC8]Br 98.1 III 99.3 2.33 

9 Cyclohexane
d
 [DiC8]Br 98.41 III 95.4 2.80 

a
 Reaction condition: Rh(CO)2(acac) = 0.01 mM, DPPBS = 0.05 mM, H2O = 2 mL, Solvent = 2 mL, [DiCn]Br = 

400 mg, 1-decene = 5 mM, CO/H2 = 50 Bar, T = 80
o
C, t = 2h. 

b
 TPPTS (28.4 mg, 0.05mM) was used as ligand. 

c 
1-

octene as substrate. 
d 
1-dodecene as substrate.  

In conclusion, a elegant three-phase μem with [DiC8]Br as surfactant was elaborated for the 

hydroformylation of hydrophobic olefins with Rh(CO)2(acac) as catalyst precursor and DPPBS as ligand. 

The three-phase μem based on [DiC8]Br is insensitive to the temperature and overcome the immiscibility 

between hydrophobic substrate and aqueous phase. The large interface area ensured the high reaction 

activity. Several hydrophobic terminal olefins were easily converted to aldehydes in this Winsor III μem 

in high reaction rateand the easy separation at the end of reaction facilitated the purification of product 

and recycling of catalyst. 
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3.6.1 Catalytic oxidation reactions in acidic three-phase μem 

[C8C8N(CH3)2]H2PO4: The product was prepared according the method described in chapter 2. 
1
H NMR 

(300 MHz, CD3OD, rt): δ 3.27–3.33 (m, 4H), 3.09 (s, 6H), 1.73–1.76 (m, 4H), 1.34–1.41 (20H), 0.90–

0.95 (6H); 
13

C NMR (75 MHz, CDCl3, rt): δ 63.8, 50.0, 31.5, 28.8, 28.7, 26.0, 22.2, 22.1, 13.1 (95% 

yield). 

[C8C8N(CH3)2]HSO4: 
1
H NMR (300 MHz, CD3OD, rt): δ 3.27–3.34 (m, 4H), 3.08 (s, 6H), 1.73–1.78 (m, 

4H), 1.34–1.41 (m, 20H), 0.90–0.95 (m, 6H); 
13

C NMR (75 MHz, CDCl3, rt): δ 63.9, 49.8, 31.5, 28.8, 

28.7, 26.0, 22.3, 22.1, 13.0 (93% yield). 

Typical procedure for epoxidation of olefins giving acid stable epoxides: [DiC10]2WO4 (54mg, 0.06 

mM) was dissolved in 0.43 mL H2O2 (50wt%, 7.2 mM) under ice-water bath and the pre-prepared 

[DiC8][HSO4] (88mg, 0.23 mM, in 0.25 mL H2O) and [DiC8][H2PO4] (11mg, 0.03 mM, in 0.25 mL H2O) 

were added consecutively and the mixture was stirred for 5min. Then cyclooctene (0.779 mL, 6 mM) was 

added and the mixture was stirred for 2h at 50
o
C. Finally the Winsor III μem was recovered by addition of 

1 mL toluene or tert-BuOAc. The product was obtained by separation of the oil phase and and extracted 

for two more times from μem phase and removed the solvent by rotary evaporation.  

Cyclooctene oxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 1.2–1.7 (m, 10H), 2.16 (m, 2H), 

2.89 (m, 2H). 
13

C NMR (75 MHz, CDCl3, 20 °C): δ (ppm) = 25.6, 26.3, 26.6, 55.6.  

Ethyl trans-9,10-epoxyoctadecanoate: 
1
H NMR (300 MHz, CDCl3, rt): δ 4.13 (dd, J = 14.4, 7.2Hz, 2H), 

2.89–2.98 (m, 2H), 2.29 (t, J = 7.2Hz, 2H), 1.23–1.64 (m, 29H), 0.86–0.91 (m, 3H); 
13

C NMR (75 MHz, 

CDCl3, rt): δ 173.9, 60.2, 57.2, 57.1, 34.4, 34.3, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 29.0, 27.8, 27.7, 26.6, 

26.5, 24.9, 22.6, 14.2, 14.1. 

9, 10-epoxystearic acid: 
1
H NMR (300 MHz, CDCl3, rt): δ 2.91–2.96 (m, 2H), 2.36 (t, J = 7.5Hz, 2H), 

1.27–1.68 (m, 26H), 0.87–0.92 (m, 3H); 
13

C NMR (75 MHz, CDCl3, rt): δ 179.4, 57.4, 57.3, 34.1, 31.9, 

29.6, 29.5, 29.3, 29.2, 29.1, 29.0, 27.8, 27.7, 26.6, 26.5, 24.7, 22.7, 14.1. 

Typical procedure for epoxidation of olefins giving acid sensitive epoxides: [DiC10]2WO4 (54mg, 0.06 

mmol) was added in 2 mL tert-BuOAc and 0.18 mL H2O2 (50wt%, 3mmol) was added under ice-water 

bath and the pre-prepared [DiC8][HSO4] (88mg, 0.23mmol, in 2 mL tert-BuOAc) and [DiC8][H2PO4] 

(11mg, 0.03mmol, in 2 mL tert-BuOAc) were added consecutively and the mixture was stirred for 5min. 

Then limonene (0.388 mL, 2.4mmol) was added and the mixture was stirred for 2h at 50
o
C. Finally the 

Winsor III μem was recovered by addition of 1 mL H2O. The product was obtained by separation of the 

oil phase and removed the solvent by rotary evaporation.  

Limonene 2,3-epoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 1.13−2.27 (m, 7H), 1.29 (s, 

3H), 1.71 (s, 3H), 3.02 (t, 1H, J = 5.5 Hz), 4.75 (s, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 

20.2, 22.1, 25.8, 28.5, 30.7, 40.7, 57.3, 59.2, 109.0, 148.8. 
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3,4-Epoxycarane: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 0.44 (td, J = 9.1, 2.3 Hz, 1H), 0.52 

(td, J = 9.1, 2.3 Hz, 1H), 0.72 (s, 3H), 1.00 (s, 3H), 1.25 (s, 3H), 1.48 (dd, J = 16.5, 2.3 Hz, 1H), 1.63 (dt, 

J = 16.5, 2.3 Hz, 1H), 2.13 (dd, J = 16.5, 9.2 Hz, 1H), 2.29 (ddd, J = 16.5, 9.2, 1.8 Hz, 1H), 2.82 (s, 1H). 

13
C NMR (75 MHz, CDCl3, rt, TMS): = 13.8, 14.6, 16.0, 19.2, 23.1, 23.3, 27.7, 55.9, 58.2. 

Cyclohexene epoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 1.16−1.48 (m, 4H), 1.76−1.99 

(m, 4H), 3.12 (dd, J = 2.1, 1.0 Hz, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 19.4, 24.4, 52.2. 

1-methylcyclohexene epoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 1.18-1.32 (m, 5H), 

1.36−1.48 (m, 2H), 1.62−1.71 (m, 1H), 1.80−1.94 (m, 3H), 2.96 (d, J = 3.3Hz, 1H), 
13

C NMR (75 MHz, 

CDCl3, rt, TMS): δ (ppm) = 19.6, 20.1, 23.8, 24.8, 29.9, 57.7, 59.7. 

2-octene epoxide (cis + trans):(cis): 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 0.92 (t, 3H, J = 6.9 

Hz), 1.26−1.52 (m, 11H), 2.87−2.93 (m, 1H), 3.01−3.08 (m, 1H ). 
13

C NMR (75 MHz, CDCl3, rt, TMS): 

δ (ppm) = 13.2, 13.9, 22.6, 26.1, 27.4, 31.6, 52.6, 57.1. (trans): 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ 

(ppm) = 0.90 (t, 3H, J = 6.8 Hz), 1.26−1.52 (m, 11H), 2.60−2.64 (m, 1H), 2.73−2.75 (m, 1H ). 
13

C NMR 

(75 MHz, CDCl3, rt, TMS): δ (ppm) = 14.0, 17.7, 22.6, 25.7, 31.7, 32.0, 54.6, 59.9. 

Norbornene epoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 0.70 (m, 1H), 1.19-1.35 (m, 2H), 

1.46-1.59 (m, 3H), 2.46 (s, 2H), 3.08 (s, 2H). 
3
C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 25.1, 26.2, 

36.7, 51.8. 

6,7-Epoxy-3,7-dimethyloctanol: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 0.92 (d, 3H, J = 6.6 

Hz), 1.26 (s, 3H), 1.30 (s, 3H), 1.35−1.68 (m, 8H), 2.70 (t, 1H, J = 6.1 Hz), 3.69(m, 2H). 
13

C NMR (75 

MHz, CDCl3, rt, TMS): δ (ppm) = 18.6, 18.7, 19.4, 19.6, 24.8, 26.2,26.4, 29.2, 29.4, 33.6, 33.7, 39.5, 39.8, 

60.9, 64.6. 

Typical procedure for epoxidation of sulfides: (54mg, 0.06mmol) was dissolved in 0.5 mL H2O2 aq. 

(0.6mmol H2O2) under ice-water bath and the pre-prepared [DiC8][HSO4] (88mg, 0.23mmol, in 0.25 mL 

H2O) and [DiC8][H2PO4] (11mg, 0.03mmol, in 0.25 mL H2O) were added consecutively and the mixture 

was stirred for 5min. Then DBT (73.7mg, 0.4mmol) in 1 mL tert-BuOAc was added and the mixture was 

kept stirring at room temperature for 15 min. Then the product precipitate was obtained by filtration and 

the oil phase of three-phase μem was separated and the solvent was removed afforded the final sulfoxide 

and sulfone.  

Dibenzothiophen-5-oxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 7.48−7.52 (m, 2H), 

7.58−7.62 (m, 2H), 7.81 (d, J=7.8 Hz, 2H), 7.99 (d, J=7.8 Hz, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): 

δ (ppm) = 121.8, 127.5, 129.5, 132.5, 137.1, 145.1.   
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Dibenzothiophene-5,5-dioxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 7.50−7.54 (m, 2H), 

7.61−7.65 (m, 2H), 7.78−7.80 (m, 2H), 7.81−7.83 (m, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) 

= 121.6, 122.1, 130.3, 131.6, 133.8, 137.7 

Diphenyl sulfoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 7.41−7.43 (m, 6H), 7.63−7.65 (m, 

4H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 124.7, 129.3, 131.0, 145.5. 

Diphenyl sulfone: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 7.45–7.55 (m, 6H), 7.93–7.95 (m, 

4H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 127.7, 129.3, 133.2, 141.5.  

Dibenzyl sulfoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 3.85 (d, J = 12.8 Hz, 2H), 3.91 (d, 

J = 12.8 Hz, 2H), 7.25−7.38 (m, 10H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 57.2, 128.3, 

128.9, 130.1, 130.4.  

Dibenzyl sulfone: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 4.11 (s, 4H), 7.37−7.39 (m, 10H). 

13
C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 58.0, 127.5, 128.3, 128.9,130.1, 130.9. 

Methyl phenyl sulfoxide: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 2.72 (s, 3H), 7.48−7.55 (m, 

3H), 7.64−7.66 (m, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 43.7, 123.3, 129.2, 130.8, 145.4.  

Methyl phenyl sulfone: 
1
H NMR (300 MHz, CDCl3, rt, TMS): δ (ppm) = 3.06 (s, 3H), 7.55−7.59 (m, 

2H), 7.64−7.67 (m, 1H), 7.93−7.95 (m, 2H). 
13

C NMR (75 MHz, CDCl3, rt, TMS): δ (ppm) = 44.9, 121.6, 

122.1, 130.3, 131.5, 133.9, 137.9.  

3.6.2 Dark singlet oxygen oxygenation in temperature-switch μems 

DLS measurements 

DLS measurements were performed on a ALV/CGS-3 Super Compact Goniometer System at 25 °C 

(thermo regulated bath +/-0.1°C). Pseudo Cross correlation mode is used with two APD to improve the 

detection of small size micelle (< 5 nm). Each sample where centrifuged directly in the glass cell to avoid 

dust signal (30min, 4500 rpm) during the DLS analysis. 13 angles from 30-150° were record to determine 

the diffusion coefficient (Rh ± 0.1nm). Cumulant method was apply as data treatment of the correlogram 

for each angle and polydispersity index was in all case lower than 0.2 that indicate that only 

monodisperse micelles was observed. 

Binary diagrams 

The water/surfactant mixture pseudo-binary diagram as function of temperature was determined by visual 

inspection. At each constant , the solutions of different concentrations were prepared and kept in the 

thermostatic bath. The temperature was increased slowly (1.0 °C/min) from 15 to 80
 
°C and then 

decreased to 15 °C, the temperature resulted in the turbid and phase separation for each sample was 

recorded and this process was repeated for three times to affirm the deviation under 0.1°C.   
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Oxidation of α-terpinene: [DiC8]2[MoO4] (11.1 mg, 15.8 μmol), C8E4 (211.1 mg, 0.689 mmol), H2O 

(1.0 g), cyclohexane (1.0 g) were added consecutively to prepare the μem in a reaction tube. Then -

terpinene (50 mg, 0.367 mmol) was added into the mixture and kept at 30 °C (Winsor IV), the H2O2 (50 

wt.%, 17 M) was added stepwise and each batch of H2O2 was 10 μL. The conversion was complete after 

the addition of 6 × 10 μL (1.02 mmol). Then the reaction tube was kept still at 5 °C for 4h, the oil phase 

was separated and the μem phase was washed with cyclohexane (1 mL) at 5 °C, the organic phases were 

combined and cyclohexane was removed by evaporation, the crude product was purified by a small 

chromatography on silica gel (cyclohexane/AcOEt = 5 : 1) and pure colorless oil was obtained (56.6 mg, 

92 %). 
1
H NMR (300 MHz, CDCl3, 20 °C, TMS): (ppm) = 1.01 (d, J = 2.25, 3H; CH3), 1.03 (d, J = 

2.25, 3H; CH3), 1.39 (s, 3H; CH3), 1.19−1.57 (m, 2H, -CH2-CH2-), 1.87−2.03 (m, 1H; isopropyl), 2.03–

2.14 (m, 2H; -CH2-CH2- ), 6.47 (dd, J = 25.77, 8.55Hz;  CH = CH). 
13

C NMR (75 MHz, CDCl3, 20 °C): 

(ppm) = 17.2, 17.3, 21.4, 25.6, 29.5, 32.1, 133.0, 136.4.  

Oxidation of citronellyl acetate 

 
1
H-NMR (CDCl3, 300 MHz, 20 °C, TMS, ppm): δ = 5.49−5.72 (m, 2H; CH=CH), 4.10 (t, J = 6.72 Hz, 

2H; CH2-OCO), 1.90−2.14 (m, 5H; CH3-COO, CH2-CH=), 1.36−1.79 (m, 3H; CH2-CH-), 1.33 (s, 3H; 

CH3-C-OOH), 1.32(s, 3H; CH3-C-OOH), 0.91 (d, J = 6.56Hz, 3H; CH3-CH(CH2)2); 
13C-NMR (CDCl3, 75 

MHz, 20 °C, ppm): δ  = 171.5, 135.3, 129.4, 82.0, 62.9, 39.6, 34.8, 29.9, 24.3, 24.2, 21.0, 19.5. 

 
1
H-NMR (CDCl3, 300 MHz, 20 °C, TMS, ppm): δ = 4.95−5.04 (m, 2H; CH2=C), 4.27 (t, J = 6.60Hz, 1H; 

CH-OOH), 4.10 (t, J = 6.63 Hz, 2H; CH2-OCO), 2.04 (s, 3H; CH3-COO), 1.68−1.78 (m, 3H; CH3-C=), 

1.37−1.70 (m, 5H, CH2-CH; CH2-CHOOH), 1.21−1.32 (m, 2H; CH2-CH), 0.90 (d, J = 6.56Hz, 3H; CH3-

CH(CH2)2); 
13C-NMR (CDCl3, 75 MHz, 20 °C, ppm): δ  = 171.4, 143.8, 114.4, 89.8, 62.8, 35.4, 32.6, 

29.7, 28.1, 19.4, 19.2, 17.1. 

 
1
H-NMR (CDCl3, 300 MHz, 20 °C, TMS, ppm): δ = 5.53−5.77 (m, 2H; CH=CH), 4.12 (t, J = 6.63 Hz, 

2H; -CH2-OCO), 2.30 (t, J = 7.48Hz, 2H; CH2-COO), 1.94−2.13 (m, 2H, CH2-CH=), 1.54−1.83 (m, 3H, 

CH, CH2-CH2-COO), 1.39−1.53 (m, 2H, CH2-CH-), 1.22−1.38 (m, 34H; -CH2-, CH3-C-OOH),  

0.87−0.96 (m, 6H; CH3-CH(CH2)2, CH3-CH2 ); 
13C-NMR (CDCl3, 75 MHz, 20 °C, ppm): δ 174.2, 135.2, 

129.7, 82.1, 62.6, 39.6, 34.9, 34.4, 31.9, 29.9, 29.7, 29.6, 29.5, 29.3, 29.2, 29.1, 25.0, 24.3, 24.2, 22.7, 

19.5, 14.1.   
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1
H-NMR (CDCl3, 300 MHz, 20 °C, TMS, ppm): δ 4.99−5.08 (m, 2H; CH2=C), 4.30 (t, J = 6.60Hz, 1H; 

CH-OOH), 4.12 (t, J = 6.63 Hz, 2H; -CH2-OCO), 2.30 (t, J = 7.48Hz, 2H; CH2-COO), 1.39−1.82 (m, 10H, 

CH3-CH=, CH2-CH2-COO, CH2-CH, CH2-CHOOH ) 1.22−1.38 (m, 30H; -CH2-), 0.87−0.96 (m, 6H; 

CH3-CH(CH2)2, CH3-CH2 ); 
13C-NMR (CDCl3, 75 MHz, 20 °C, ppm): δ 174.1, 143.7, 114.5, 89.9, 62.5, 

35.4, 34.4, 32.6, 31.9, 29.9, 29.7, 29.6, 29.5, 29.3, 29.2, 29.1, 28.1, 25.0, 19.4, 17.1, 14.1. 

3.6.3 Photochemical and chemical singlet oxygenation of (+)-Valencene 

The photochemical oxygenation of (+)-Valencene in CH3OH with Rose Bengal as photosensitive 

dye (H1): 10.0 mL CD3OH solution with 0.125 mg Rose Bengal was prepared in a 25 mL special flat 

flask for photooxidation. Valencene (204.4mg, 1.0 mmol) was dissolved in the solution and then the 

reaction was triggered by the bubbling of the oxygen under the light of sodium lamp of Comodore Tiger 

250W E40 floodlight at 20
o
C. The reaction was detected each 2h by NMR analyst of the reaction mixture 

directly until the conversion was complete (another 0.125mg Rose Bengal was added at 16h). At the end 

of the reaction, the solvent was evaporated in vacuum and the crude product was purified with 

chromatograph on silica gel (Petroleum ether/ ethyl ether = 4:1), afforded the pure desired product H1 

96.9 mg (41%). 
1
H NMR (300 MHz, CD3OD) δ = 5.83 (dt, J = 3.1 Hz, 9.9 Hz, 1H), 5.61 (d, J = 9.9 Hz, 

1H), 4.71−4.77 (m, 1H), 4.66−4.70 (m, 1H), 2.09−2.34 (m, 4H), 1.74−1.82 (m, 5H), 1.38−1.64 (m, 4H), 

0.89 (s, 3H), 0.80 (d, J = 6.7 Hz, 3H); 
13

C NMR (75Hz, CD3OD) δ = 131.0, 130.5, 107.6, 39.7, 35.4, 32.9, 

30.7, 26.9, 25.2, 19.4, 13.9, 13.3. HRMS (ESI): calcd for C15H24O2 (M+H)
+
 237.3578, found 237.1849. 

The conversion of hydroperoxide H1 to H2 via Schenck rearrangement (H2) and further catalytic 

conversion to (+)-Nootkatone: H1 (42 mg, 0.18mmol) was dissolved in 1 mL toluene-d8 and incubated 

at 40
o
C for 4.5h and the H1 was converted to H2 quantitatively. 

1
H NMR (300 MHz, Toluene-d8) δ = 

5.40−5.43 (m, 1H), 4.74−4.77 (m, 2H), 4.20−4.24 (m, 1H), 1.78−2.18 (m, 5H), 1.60−1.68 (m, 4H), 

1.30−1.41 (m, 2H), 0.94−1.19 (m, 2H), 0.82 (d, J = 6.9 Hz, 3H), 0.78 (s, 3H); 
13

C NMR (75Hz, Toluene-

d8) δ = 137.1, 116.8, 108.7, 77.6, 44.4, 40.6, 35.0, 32.6, 32.5, 30.9, 20.4, 16.6, 14.8. HRMS (ESI): calcd 

for C15H24O2 (M+H)
+
 237.3578, found 237.1849.  

Then [DiC8]2MoO4 (24.9mg, 0.036 mmol) was dissolved in the reaction mixture as catalyst to convert H2 

to nootkatone. The mixture was incubated at 50
o
C for 7.5h and the conversion was complete depending 

on the detection of NMR. Then the solvent was evaporated in vacuum and the reaction residue was 

subject to the chromatography on silica gel (PE/ethyl ether = 3:1) afforded 29.0 mg (+)-Nootkatone as 

colorless oil with the flavor of grapefruit (74.8%). 
1
H NMR (300 MHz, Toluene-d8) δ = 5.74 (s, 1H), 

4.75−4.79 (m, 1H), 4.70−4.73 (m, 1H), 1.87−2.14 (m, 5H), 1.67−1.73 (m, 1H), 1.54−1.61 (m, 5H), 

0.97−1.12 (m, 1H), 0.79−0.87 (m, 1H), 0.70 (s, 3H), 0.59 (d, J = 6.9 Hz, 3H); 
13

C NMR (75Hz, Toluene-
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d8) δ = 137.1, 125.0, 109.3, 43.8, 41.9, 40.2, 40.1, 32.4, 31.5, 20.4, 16.1, 14.4. HRMS (ESI): calcd for 

C15H22O (M+H)
+
 219.1749, found 219.1748.  

Photochemical oxygenation of (+)-Valencene to (+)-Nootkatone in toluene-d8 in the presence of 

[DiC8]2MoO4: (+)-Valencene (202.4 mg, 1.0 mmol) and [DiC8]2MoO4 (140.2 mg, 0.2 mmol) were 

dissolved into 5.0 mL Tol-d8 containing 0.5 mg TPP. The solution was bubbled with oxygen and 

irradiated with a sodium lamp. The conversion of (+)-Valencene was complete after 18h at r.t. tracked by 

1
H NMR. Then the solution was kept at 50 

o
C for 4h to complete the (+)-Nootkatone formation. The 

product was isolated by chromatography on silica gel (PE/ethyl ether = 3:1) and 75.6 mg pure Nootkatone 

was isolated (35.0%). The spectra were agreed with previously described.  

Chemical oxygenation of (+)-Valencene to (+)-Nootkatone (Product Nootkatone): [DiC8]2MoO4 (175 

mg, 0.25 mmol), Valencene (102.2 mg, 0.5 mmol), H2O2 (58 μl 50 wt% solution, 1.0mmol) and 30 μl 

NH3 saturated solution were subject to the reaction tube. The reaction mixture was stirred and kept at 

30
o
C. Another batch of H2O2 (58 μl 50 wt% solution, 1.0mmol) was added when the red color faded and 

the addition of H2O2 was repeated and finally 15 batches, 0.87 mL H2O2, 15 mmol in total were used to 

complete the conversion of (+)-Valencene. Then the reaction mixture was incubated at 50
o
C overnight 

for the complete formation of nootkatone. The solution was cooled to room temperature and 2.0 mL ethyl 

ether was added and sufficiently mixed. The three-phase μem was obtained after standstill for 5 min. The 

organic phase was separated and the reaction mixture was extracted for another two times (2 mL ×2). The 

organic phase was combined and evaporated. The residue was subject to the chromatography on silica gel 

(PE/ethyl ether = 3:1) afforded the desired product nootkatone 42.4 mg (38.9%). The spectra were agreed 

with previously described. 

3.6.4 Typical procedure of hydroformylation  

The Rh(CO)2(Acac) (2.6mg, 0.01mmol) and DPPBS (24.1 mg, 0.05 mmol) was weighed inside a Schlenk 

flask under the protection of N2, 2 mL H2O deoxygenated by N2 was introduced and the flask was 

incubated for 3h at 40
o
C. Then 2.6 mL cyclohexane (deoxygenated by N2) containing [DiC8]Br (400 mg) 

and 1-decene (710 mg, 5 mmol) was added in the flask and the mixture was stirred for 3min. Then the 

catalytic system was introduced into the autoclave and kept the temperature at 80
o
C. The reaction was 

triggered by filled the autoclave with syngas until 50 Bar. After 2 h, the autoclave was cooled to room 

temperature and depressurized. The reaction mixture was poured into a flacon and kept still for 5 min to 

recover the three-phase μem. The oil phase was analyzed by GC directly to determine the product 

composition. n-nonanal: 
1
H NMR (300 MHz, CDCl3) δ = 9.78 (t, J = 1.8 Hz, 1H), 2.43 (dt, J = 1.8 Hz, 

7.3 Hz, 2H), 1.65 (m, 2H), 1.21−1.34 (m, 14H), 0.90 (t, J = 7.0 Hz, 3H); 
13

C NMR (75Hz, CDCl3) δ = 

202.8, 43.9, 31.9, 29.5, 29.4, 29.3, 29.2, 29.1, 22.6, 22.0, 14.0. 2-nonanal: 
1
H NMR (300 MHz, CDCl3) δ 

= 9.63 (d, J = 2.0 Hz, 1H), 2.36 (quint, J = 7.4 Hz, 1H), 1.66 (m, 2H), 1.23−1.34 (m, 12H), 1.11 (d, J = 

7.2 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H). 
13

C NMR (75Hz, CDCl3) δ = 205.2, 46.2, 31.8, 30.4, 29.5, 29.3, 

29.1, 26.8, 22.5, 13.9, 13.1  
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The concept of “Balanced Catasurfs” (abbreviation for “Balanced Catalytic Surfactants”) was developed 

in our laboratory in 2008 highlighting numerous advantages of the optimal three-phase microemulsion 

systems as reaction media for catalytic oxidation reactions involving H2O2 as the oxidant. In this context, 

the present work has been focused on the further development of the “Catasurfs” concept, including the 

synthesis, the physicochemical property investigation and the application to fine chemistry of novel 

Catasurfs. The physicochemical characterization (e.g. CMC determination, elaboration of binary and 

ternary phase diagrams, etc) helped us in the evaluation of their amphiphilic character and their phase 

behavior, which facilitates the elaboration of optimal catalytic μem systems. The successful reactions in 

elegant μem media, such as epoxidation, sulfide oxidation, “dark singlet oxygenation”, etc. in this thesis 

also enlarged the application scope of the concept. 

In a first part, the water/surfactant binary diagrams of short chain dialkyldimethylammonium 

[DiCn]mX (n = 6, 8, 10; m = 1; X = Cl
−
; m = 2; X = SO4

2−
, MoO4

2−
 or WO4

2−
) from dilute isotropic 

solutions to high concentrated liquid crystal phases as a function of temperature were investigated by 

polarized optical microscopy and SAXS. The effect of chain length and counter ions on the evolution of 

the phase behavior was well elucidated. [DiC6]Cl behaves as hydrotropes and no lyotropic crystal phase 

was found in the binary diagram, while a lamellar phase region emerged in the diagram of [DiC8]Cl and 

expanded to lower concentration for [DiC10]Cl. The molybdate, tungstate, and sulfates salts presented 

similar phase pattern when the hydrophobic part was the same. For example, all the diagrams of 

[DiC8]2WO4, [DiC8]2MoO4, and [DiC8]2SO4, showed the cubic phase at similar concentration range and 

the Ia3d structure was identified by the SAXS analysis as the molybdate, tungstate and sulfate have 

similar ΔGhydr, while for the corresponding [DiC10] salts, the mixture of isotropic and lamellar phases 

appeared due to their larger packing parameters than [DiC8] salts (Figure C1).  

 

Figure C1 The binary phase evolution patterns of [DiCn]mX (n = 6, 8, 10; m = 1, X = Cl
−
; m = 2 X = 

SO4
2−

, MoO4
2−

 or WO4
2−

). 

Besides the binary diagram, the [DiCn]mX (n = 6, 8, 10; m = 1, X = Br
−
, Cl

−
; m = 2 X = SO4

2−
, MoO4

2−
 or 

WO4
2−

) were also classified according to their relative hydrophilic-lipophilic character by the construction 

L1 Lα
[DiC10]Cl or 

[DiC8]ClH2O

L1 V1 Lα
[DiC8]2X

(X= MoO4, WO4, SO4)
H2O

L1 L1 + Lα Lα
[DiC10]2X

(X= MoO4, WO4)
H2O

Micelle Ia3d cubic lamellar
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of the so-called “Fish diagrams” with surfactant, water and terminal monochloroalkanes or 

dichloroalkanes as oils. From the “Fish diagrams”, the X-point, i.e. the connecting point of Winsor III and 

Winsor IV μem regions and the amphiphile has the same affinity for water and oil, gave the intrinsic 

amphiphilic property of the surfactant PACN. The amphiphilicity of the [DiC8] series with the four 

counter anions were found depending on the degree of counter ion, in agreement with the Hofmeister 

anion sequence. For example, molybdate and tungstate are greatly more hydrated than bromide and 

chloride, and thus more polar organic phase was required to compensate for the strong interaction 

between the hydrophilic part and water (Figure C2).  

 

Figure C2 The correlation between the amphiphilicity of surfactant and the hydration of counter ions. 

In a second part, an acidic three-phase μem medium based on [DiCn]2WO4 (n = 8, 10) was elaborated and 

successfully applied to the epoxidation of olefins and oxidation of sulfides. The Venturello 

peroxotungstate was considered as the catalyst once [DiCn]2WO4  had reacted with H2O2 in the presence 

of both the acid amphiphiles [DiC8][HSO4] and [DiC8][H2PO4]. This acidic three-phase μem was 

successfully applied to the epoxidation of olefins and afforded high reaction reactivity and selectivity. 

Several water-sensitive monoterpene epoxides could thus be obtained in high yield by oxidation of the 

corresponding monoterpenes, such as (+)-limonene, Δ-carene etc. as the hydrophobic part of the μem 

phase and the excess oil phase prevent the desired epoxides from hydrolyzation. The purification and 

recycling of the catalyst were also easily performed by phase separation at the end of reaction. For 

example, the epoxidation of ethyl oleate could be even carried out without additional solvent and the 

catalyst could be reused for five times. Besides the epoxidation of olefins, this acidic three-phase μem 

could also be used for oxidative desulfurization of refractory sulfides (Figure C3). 

 

Figure C3 The model of oxidation in acidic three-phase μem medium. 

X = WO4
2− MoO4

2−                       Cl−              Br−[DiCn]mX
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hydrophobichydrophilic
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By taking advantage of the synergism between the nonionic C8E4 and the ionic [DiC8]2MoO4] surfactants, 

a one-phase thermo-sensitive μem was elaborated with only 6% of amphiphiles. The cloud point and the 

“Fish diagram” of the ternary water/C8E4/cyclohexane system were dramatically affected by the presence 

of small amounts of [DiC8]2[MoO4]. This strong synergism in aqueous phase was quantified by the 

interaction parameter β from the CMCs of the surfactant mixture and investigated also by DLS analysis of 

mixed micelles. The SAXS analysis of the μems revealed that the great enhancement of surfactant 

efficiency was correlated to the topology of the μem in the presence of [DiC8]2[MoO4] caused by the 

increase of the hydrophilic character compared with pure C8E4, which also increased the μem thermal 

stability. This temperature-switch μem medium was applied to 
1
O2 oxygenations, in particular [4+2] 

cycloaddition and ene reaction, and sulfide oxidation, which provided higher H2O2 efficiency than 

previously reported for catalytic μem systems. The interest of such systems lies in the separation of the 

product at the end of reaction since, thanks to a temperature control, the one-phase μem provided a two-

phase Winsor I system, with an excess oil phase containign the product(s) (Figure C4). 

 

Figure C4 The phase behavior and reaction process in the temperature-switch μem medium. 

On the other side, the catalytic surfactant [DiC8]2MoO4] was used for the one pot, three-step (ene 

oxygenation, Schenck rearrangement, dehydration) conversion of (+)-Valencene into (+)-Nootkatone, a 

high value-added molecule widely used in flavors and cosmetics and the duel catalytic roles of molybdate 

in the reaction was for the first time unveiled. During the photooxygenation process, the viscosity of 

solvent played a crucial role for the Schenck rearrangement process, which was probably ascribed to the 

high viscous “solvent cage” facilitating the intramolecular rearrangement. Moreover, [DiC8]2MoO4 not 

only catalyzes the disproportionation of H2O2 into 
1
O2 but we showed that it also catalyzed the 

dehydration of hydroperoxide into ketone which has never been reported before. Based on that, the dark 

singlet oxygenation of (+)-valencene was carried out under solvent free condition in the presence of 

[DiC8]2MoO4. The surfactant chains were indispensable as the hydrophobic core of the micelle formed by 

the octyl chain was crucial for the Schenck rearrangement. Besides, the micelles not only overcame the 
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immiscible problem with water, but also increased the efficiency of 
1
O2 as the molybdate was located at 

the surface. At the end of reaction, the addition of diethyl ether afforded three-phase μem, which made the 

separation of product and catalyst easily achieved by phase separation (Figure C5).  

 

Figure C5 The process of one pot, three-step conversion of (+)-Valencene to Nootkatone. 

In addition of the oxidation reactions with H2O2 as oxidant, the scope of the three-phase μems was also 

extended to the hydroformylation of olefins. Based on the effect of the TPPTS and DPPBS ligands on 

the “Fish diagram” of [DiC8]Br, the hydroformylation of hydrophobic olefins with Rh(CO)2(acac) as a 

catalyst precursor was successfully achieved. Compared with the hydroformylation in non-ionic 

surfactant elaborated μem, this three-phase μem was temperature insensitive and the loss of surfactant in 

oil phase could be avoided as the NMR analysis indicated > 99 mol% of the ligand remained in the 

middle μem phase. The large interface area ensured the high reaction activity and the thermal stability of 

three-phase μem facilitated the separation of product and recycling of catalyst (Figure C6).  

 

 

Figure C6 Hydroformylation of hydrophobic olefins in three-phase μem.  

Finally, as the surfactant-combined Lewis acids were widely used as catalyst in micellar solution, a series 

of pure Lewis acids combined double tailed methane sulphonates [DiCnCHSO3]x[M] (n = 6, 7, 8; x = 1, 

M = H, Li, Na, K; x = 2, M = Mg, Ca, Zn, Cu; x = 3, M = Sc)  were synthesized. Some important 

properties such as the solubility in water, the CMC as well as their temperature versus concentration 

binary diagram were investigated. 

[DiC8]2MoO4 [DiC8]2MoO4

H2O2

Rh(CO)2(acac)

CO/H2

Oil

μem

water



General Conclusion  

 

 

175 
 

To summarize, in this work, the phase behavior of several [DiCn]mX (n = 6, 8, 10; m = 1, X = Cl
−
; m = 2 

X = SO4
2−

, MoO4
2−

 or WO4
2−

) in aqueous phase and in water/oil biphasic system has largely been 

investigated with both physicochemical and synthetic approaches. The advantages of the multiphase μem 

systems based on Catasurfs were proved through their activity, selectivity and work-up. Besides oxidation 

reactions, these systems were shown to be expandable to other reactions like hydroformylation. 

Furthermore, novel amphiphilic Brӧnsted and Lewis acid catalysts ([DiCnCHSO3]x[M]) were also 

prepared and characterized, while their catalytic performance in microemulsion reaction media still have 

to be demonstrated. The possible reactions performed in μems elaborated with these amphiphilic Brӧnsted 

and Lewis acid catalysts include the Carbon-Carbon formation reactions, such as aldol reaction, Mannich 

reaction, Diels-Alder reaction, etc., various oxidation reactions with H2O2 or alkyl perhydroxide as 

oxidants and dehydration reactions, such as esterification, etherification, etc.  
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