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GEMINI SURFACTANTS AND SURFACTANT OLIGOMERS

I. INTRODUCTION

Covalent linking of several amphiphilic moieties at the headgroup level yields a "surfactant oligomer" (Figure 1a). The surfactant oligomers we are going to deal with are higher homologues of the gemini surfactants (surfactant dimers) (Figure 1c) [START_REF] Zana | Novel Surfactants. Preparation, Applications and Biodegradability[END_REF]. They are distinguished from "oligomeric surfactants" (macrosurfactants) which consist of amphiphilic diblock copolymers (Figure 1b), and are also currently the subject of active research [START_REF] Alexandridis | [END_REF]. In surfactant oligomers, the structural repeating unit is amphiphilic by itself. The chemical group that connects the amphiphilic moieties is of variable nature and length.

Gemini surfactants have been synthesized and patented for more than fifty years [3], especially cationic ones. They have become topical again in the last two decades and their properties have been the subject of several reviews [START_REF] Zana | Novel Surfactants. Preparation, Applications and Biodegradability[END_REF][4][5][6][START_REF] Zana | Specialty Surfactants[END_REF][START_REF] Fisicaro | [END_REF][9][START_REF] Zana | In Structure-Performance Relationships in Surfactants[END_REF][START_REF] Rosen | [END_REF][12][13]. They are of industrial and academic interest for diverse reasons. Cationic geminis were first described [START_REF] Wysocki | Cationic Surfactants[END_REF][START_REF] Katzman | [END_REF][16] and claimed as good textile softeners whose action resists laundering and dry cleaning operations [17,18] or as efficient bactericidal and fungicidal agents with good diffusion properties and skin compatibility [START_REF] Thomae | German patent 914387[END_REF]20]. More recently Devínsky, aiming to establish the relationship between biological activity and surfactant structure, synthesized and studied a large variety of cationic gemini surfactants [21]. Okahara and Ikeda have developed a new and easy synthetic route to oligo(ethylene glycol) diglycidyl ethers and described various types of derivatives including anionic gemini surfactants [6]. Zana and Talmon pointed out the importance of the length of the connecting chain between the headgroups, the "spacer", in controlling the microstructure of the self-assemblies [22]. Menger raised the question of the micellar structure of surfactants, which could not aggregate without exposing hydrocarbon moieties to water [START_REF] Menger | 24 Patents after 1989[END_REF]. The structural repeating unit (d) corresponds to a conventional surfactant, which will be referred to as the "monomer".

Finally, Rosen pointed out the unexpected effectiveness of these surfactants in lowering surface tension and their enhanced synergistic effect in mixtures. He analyzed the consequences on performance properties [4], which could make gemini the "new generation of surfactants". The number of patents, (which concern predominantly anionic and non-ionic geminis), filed since then attests that this was rather convincing [24].Gemini surfactants were considered the starting point for surfactant oligomers. Synthesis and physicochemical studies of surfactant trimers were reported [START_REF] Zana | Novel Surfactants. Preparation, Applications and Biodegradability[END_REF]5]. Some surfactant oligomers have been synthesized and studied in other contexts. For instance, cationic lipids are mostly studied as carriers in the intracellular delivery of bioactive agents [25,26], and more specifically as non-viral transfecting agents [START_REF] Scheule | Artificial Self-Assembling Systems for Gene Delivery[END_REF]. Lipophilic diand triamides have been used as ionophores for alkaline earth metal cations [START_REF] Erne | [END_REF] and lipophilic cyclopolyamines are potential liquid membrane sensors for nucleosides [29]. The synthesis of higher homologues also provides an alternative path to the study of the transition from surfactant to polysoap behavior [30].

Gemini surfactants have shown many "unexpected properties", which are a posteriori rather well understood, and concepts long known [START_REF] Tanford | The hydrophobic Effect: Formation of Micelles and Biological Membranes[END_REF][START_REF] Israelachvili | [END_REF] explain at least qualitatively these observations. Surfactant self-assembly results from two opposing forces. Attraction between the hydrophobic tails induces the aggregation, while repulsion between the hydrophilic headgroups ensures the existence of a large interfacial area. Classical ways to modify the micellization, the shape of the micelles or the lyotropic behavior consist of tuning these opposing forces by varying the length of the hydrophobic tail and the nature of the headgroup. The concept of surfactant oligomers provides new parameters to tune this balance of opposing forces.

The degree of oligomerization x, i.e. the number of amphiphilic moieties in the surfactant, is a new variable parameter. The length of the linker s can vary along with its hydrophobicity and rigidity. This allows achieving a more direct and more efficient control of the optimal interfacial area per headgroup. As in conventional surfactants, the length of the tail, m, and the chemical nature of the headgroup are possible chemical variables. These two variables are not specific to surfactant oligomers, but the study of their influence brings insight to the properties of surfactant oligomers. Gemini surfactants can also be non-symmetric, i.e. both amphiphilic moieties can be different in terms of chain length and in headgroup nature.

A large variety of surfactant oligomers will be discussed in the next section where their synthesis is reviewed. Following Zana, the cationic surfactant dimers with simple structure are referred to as m-s-m, 2X, when the spacer consists of -(CH 2 ) s -chain, and m-s/3-m, 2X when the spacer consist of s/3 ethylene oxide units. In the same logic, trimers are referred to as m-s-m-s-m, 3X.

Some anionic surfactants with simple structure are designated the same way but the head group nature is precised.

The new parameters s and x, have a strong influence on the surface activity and the packing at interface of surfactant oligomers, as well as on their self-assembling properties in the bulk. This is described in section III and IV.

Like conventional surfactants, oligomers have been used in analytical and synthesis chemistry, as selective receptors, as hosting or templating agents but also as reactants. This will be the subject of the last section.

II. SYNTHESIS. STRUCTURE DIVERSITY.

A. Surfactant Dimers (Gemini).

Cationic Geminis

Cationic surfactants are among the first gemini reported in the literature [3,[START_REF] Wysocki | Cationic Surfactants[END_REF][START_REF] Katzman | [END_REF][16][17][18][START_REF] Thomae | German patent 914387[END_REF][20]. First claimed as good fabric softeners, or developed for their biological activity, they have also been studied for micellar catalysis. Easier to synthesize, they have been the materials of choice for fundamental studies. The influence of various parameters such as the length of the hydrophobic chains, their dissymmetry, as well as the nature (hydrophilic or hydrophobic) and the length of the spacer, have been studied. Some examples of cationic gemini surfactants are shown in Figure 2.

Synthetic methods for preparing diquaternary ammonium (Figure 2a) [START_REF] Wysocki | Cationic Surfactants[END_REF]21,[33][34][35][36][37][38][39][40][41][42] and dipyridinium [START_REF] Thomae | German patent 914387[END_REF]43] gemini rely on the same reactions (quaternization of a tertiary amine with bromoalkane) as those used for their corresponding monomer, except for the use of difunctional reagents.

Two routes can be distinguished. The first one proceeds by quaternization of a tertiary diamine (route 1) [START_REF] Wysocki | Cationic Surfactants[END_REF]21,33,38,42] as exemplified in Scheme 1 [START_REF] Wysocki | Cationic Surfactants[END_REF]20]. The second one couples two tertiary fatty amines with dibromoalkane (route 2) [36][37][38][39]41] as shown in Scheme 2 [38]. Two tertiary diamines can also be coupled with epichlorhydrin giving a hydroxypropylene spacer [44,45].

Quaternary ammonium gemini with hydrophilic spacer (Figure 2b) have been synthesized using route 2, by reacting tertiary amines with α,ωdibromo-alcohols [46], or an α,ω-dibromo oligo(oxyethylene) [47][48][49] (the latter being synthesized via bromination of oligo(oxyethylene)glycol with phosphorus tribromide). Other methods have been reported to produce diquaternary ammonium surfactants with oxyalkylene [50]. 

Anionic Geminis

A large variety of anionic gemini surfactants (cf. Figure 3: sulfonate 3a, sulfate 3b, phosphate 3c, carboxylate 3d) with hydrophilic spacer have been prepared from the corresponding fatty diols, according to the conventional procedure used for classical surfactants [51][52][53][54][55][56][57][58][59] (Scheme 3, second step).

Intermediate fatty diols have been prepared by the reaction of diglycidyl ethers (prepared according to [60]) with the appropriate fatty alcohol, leading to gemini surfactants with hydrophilic spacer (Scheme3, first step). The intermediate fatty diols are nonionic gemini surfactants. They are not soluble in water, but their emulsifying properties [57] and insoluble monolayers at the air/water interface have been studied [61].

Sulfation of the diols proceeds with chlorosulfonic acid in the presence of glacial acetic acid in dichloromethane at room temperature [51] or chloroform at 0 ºC [52], followed by neutralization with aqueous sodium carbonate or alcoholic sodium hydroxide (see Scheme 3).

Phosphatation is carried out with polyphosphoric acid in dry benzene at 50 ºC. Use of phosphorus pentoxide leads to some undesirable dehydration of the secondary alcohol, and phosphorus oxychloride leads to a complex reaction mixture [53].

Disodium sulfonates (Figure 3a) are prepared from 1,3-propanesultone in the presence of NaOH [51] or NaH in dry THF at 60 ºC [51,54,55]. In all cases, pure products are obtained after extraction and separation by silica gel column chromatography or by HPLC.

The synthesis of dicarboxylate gemini (Figure 3d) proceeds first by reacting the diols with bromoacetic acid in t-BuOH under basic condition, followed by esterification with methanol under acid conditions. This ester is purified on a silica gel column and finally hydrolyzed by NaOH in methanol [59]. Taurine gemini surfactants (Figure 3g) were synthesized by reaction of ethylene glycol diglycidyl ether with N-(alkyl)taurine in the presence of sodium carbonate in ethanol [56]. N-(alkyl)taurines are prepared by reaction of the corresponding fatty amines with sodium 2-bromoethane-1-sulfonate.Anionic gemini surfactants with hydrophilic spacer (Figure 3e) were also synthesized by diesterification of polyethylene glycol with α-sulfonated fatty acids in carbon tetrachloride under reflux [62]. Esterification of polyethylene glycol with αsulfonated acid (prepared as described in [63]) yield monoester (about 50%), diester (about 25%) and unreacted PEG (25%); separation and purification of the components were carried out by reversed-phase chromatography [62]. The same type of sulfonate surfactants with a hydrophobic spacer, have been synthesized by disulphonation of fatty diesters of adipic acid [64]. Another possible route to these compounds, coupling 2-hydroxy-1-alkanesulfonates with diacids, has proven unsuccessful [64]. The synthesis of other anionic gemini surfactants with hydrophilic spacer of different lengths has been reported [65]. Dihydroxyl precursors such as tartaric acid have been used to prepare asymmetric anionic gemini surfactants [66].

Alkylphosphate gemini with hydrophobic spacer (Figure 3f) have been obtained by coupling alkyl phosphate tetramethylammonium salts with dibromoalkanes [67] or α,α'-dibromoparaxylene [39] according to Bauman's method [68]. This route relies on the fact that monoalkyl phosphates

[ROP(O)O 2 ] 2-are better nucleophiles than dialkyl phosphates [(RO) 2 P(O)O 2 ] -.
Alternatively, Eibl's method [69] (phosphorylation of the diol using POCl 3 in the presence of triethylamine) has been used to synthesize phosphate gemini with -(CH 2 ) s -spacer (Figure 3.d) [70] or rigid hydrophobic spacer [39]. Gemini glycerophosphates with long flexible hydrophobic spacer have also been synthesized as models for Archaebacterial membrane lipids [71].

Sarcosine type surfactant dimers have been synthesized from fatty acid and ethylene diamine diacetic acid via the mixed anhydride method [72]. Their efficiency as flotation agent is improved as compared to its monomer and strong synergistic effects have been observed when mixed with fatty amines.

Amino Acids Derivatives

The use of amino acids to prepare gemini surfactants offers a large variety of headgroup structures. Moreover, it facilitates the synthesis of enantiomerically pure surfactants. Amino acid-based gemini surfactants have better biocompatibility. Some of them have been shown to be less hemolytic and less irritating. They also have proven to be good immuno-adjuvants for the formulation of vaccines. Some examples are presented in Figure 4.

Nonionic geminis (Figure 4a) have been prepared by condensation of N α , N ε -diacyl lysine with N,N-bis(methylpolyoxyethylene) amine [73]. Their structure is close to the structure of natural lecithin, and they do not rigorously correspond to surfactant dimers as defined in the introduction. Recently the same type of compounds with alkyl chains of different length has been synthesized [74].

Gemini cationic surfactants with variable spacer length have been synthesized from arginine [75][76][77][78] (Figure 4b). The synthesis proceeds in three steps: 1) protection of the guanido group of arginine with a nitro group ; 2) coupling of two protected arginines via condensation of the α-carboxyl group to both primary amino groups of the α,ω-alkane-diamine using benzotriole-1-yloxy-tris-(dimethylamino)-phosphonium hexafluoro-phosphate (BOP) in presence of an activating base (DABCO); and 3) catalytic hydrogenation to unprotect the guanido group. Anionic gemini surfactants have also been synthesized from L-cysteine (Figure 4c) [79]. A chemoenzymatic route for the preparation of a variety of amino acid-based gemini surfactants has been developed [80]. Immobilized lipases efficiently catalyze the formation of diester (respectively diamide) from N-protected amino acids and α,ω-alkane-diols (respectively α,ω-alkanediamine), with hydrocarbon spacers of different lengths. Tyrosine (Figure 4d) and serine-based geminis were then obtained by acylation with acyl chloride followed by removal of the carbobenzyloxy-protecting group by catalytic hydrogenation under standard conditions. For glutamic acid-based geminis, the carboxyl group of the residue was esterified prior to lipase action. For lysinebased geminis, the N-protected acylated amino acid turned out to be a better substrate for the lipase than the N-protected amino acid itself [80].
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Sugar derivatives

Carbohydrates based-gemini surfactants present the advantage of being derived from renewable source. The presence of two sugar headgroups is expected to enhance intra and intermolecular hydrogen bonding but it was also hoped that the gemini structure could lower the Kraft temperature (a point which often limits the practical use of polyalkylglucosides) [81]. Examples are given in The synthesis of the compound of Figure 5b, proceeds by reaction of carbohydrate lactone with a 2,2-dialkylpropane-1, 3-diamine in methanol [82,83]. The diamine was obtained by dialkylation of malonitrile with bromoalkane in DMSO, followed by a reduction of the nitrile groups into primary amine groups by LiAlH 4 in dry ether or with lithium in liquid ammonia-ethanol mixture.

Sugar-based surfactants with variable spacer length (Figure5a) have been prepared by catalytic hydrogenation of D-glucose and the appropriate α,ωalkanediamine [84]. At that step, a bola-amphiphile is obtained; it is acylated with fatty acid anhydride to get a gemini surfactant.

Nonionic glucoside gemini surfactants with the two amphiphilic moieties linked at C-6 have been synthesized [85]. A large variety of xylose, glucose, galactose and lactose (Figure 5c) derived gemini surfactants, with different chain and spacer lengths, have been prepared from partially protected sugars (isopropylidene derivatives), using enzymes to regioselectively introduce fatty acids into carbohydrate moieties [86]. Both amphiphilic moieties were connected via different hydroxyl groups in the sugar molecule and a heterodimer xylose-lactose (Figure 6d) gemini was prepared [86].

Surfactant heterodimers

Gemini surfactants can be non-symmetric, it means that the two amphiphilic moieties can differ either in the length of the hydrophobic tail [87],

or in the nature of the headgroup [88,89]. Some examples of surfactant heterodimers are presented in Figure 6.

Cationic gemini surfactants with two hydrophobic chains of different lengths (Figure 6a) were obtained in two steps from the permethylated diamine as described above [87]. The intermediate alkyldimethyl [1-(2dimehylamino)ethyl] ammonium bromide is recrystallized in ether. Hybrid hydrocarbon-fluorocarbon cationic gemini surfactant have also been synthesized the same way [90]. The synthesis of gemini surfactants with two different hydrophilic headgroups (cationic-anionic, nonionic-nonionic, anionic-nonionic) (Figure 6bd) involves more steps. For example, the compound of Figure 6c was synthesized in three steps: An alkyl dimethyl amine reacts first with ethylbromoacetate, then with hydrazine to give the surfactant RMe 2 N + CH 2 CONHNH 2 Br -. The latter reacts with fatty keto acids resulting in the surfactant of Figure 6c. A 13 C NMR study revealed that it was obtained as the E isomer with respect to the carbon-nitrogen double bond [88]. This study also provided an example of a cleavable spacer gemini surfactant (see Section II.7).

The chemoenzymatic route to sugar based surfactant described above allows the synthesis of nonionic surfactant heterodimers (Figure 6d) [86].

Chiral Gemini Surfactants

Enantiomerically pure gemini surfactants derived from aminoacids have already been mentioned above. Other types of chiral surfactants have been synthesized from tartaric acid, with anionic hydrophilic groups such as phosphates (Figure 7a) [91], carboxylates and sulfates [66], as well as cationic headgroup [66]. More recently chiral cationic gemini surfactants have been synthesized from chiral biphenyl (Figure 7b) [92]. 

N + O R O N + R a b OPO 3 Na 2 O O R R O O * * Na 2 O 3 PO 2 Br -

Functional Gemini Surfactants a) Cleavable Surfactants.

Several types of cleavable gemini surfactants have been synthesized based on disulfide [93], hydrazine [88], acetal [94][95][96], or ozone cleavable double bonds [97].

The synthesis of cationic surfactants containing a disulfide bond in the spacer has been achieved by condensation of an alkyldimethylamino betaine with cystine or cystamine via the mixed anhydride method [93]. The betaine is first converted to a mixed anhydride by reaction with isobutyl chloroformate.

The second step is an aminolysis of the anhydride by the amino group of cystine dimethyl ester or cystamine. In aqueous solutions the disulfide surfactants obtained decompose at room temperature at pH > 8.0, but are stable even at higher temperature (50°C) at lower pH. These surfactants have potential applications in the textile and cosmetic field, since the disulfide bond can also react with thiol groups (of reduced keratin for instance) (thiol/disulfide interchange) [93]. Disulfide-based phospholipid dimers have been synthesized from functionalized monomer surfactant in the micellar state. This was done to study nearest neighbor recognition in membranes [98].

The simplest synthesis of gemini surfactants with acetal (1,3-dioxalane) based spacer proceeds by acid catalyzed condensation of diethyl tartrate with fatty ketones followed by alkaline hydrolysis [94]. The synthesis presented in reference [95] is more involved and does not strictly give a gemini surfactant, because the linkage between the two amphiphilic moieties is not located at the headgroup but in the middle of the fatty chains. In that respect these surfactants provide interesting intermediate structures between gemini and bolaform surfactants [START_REF] Zana | Specialty Surfactants[END_REF].

Anionic gemini surfactants with an ozone cleavable spacer (bearing carbon-carbon double bond) [97] have been synthesized with unsaturated diglycidyl ether by the same method as in [54]. Their ozonolysis has been studied by proton NMR [97].

b) Miscellaneous.

Ferrocenyl cationic gemini have been synthesized by the same procedure as the simple diquaternary ammonium gemini using bromooctylferrocene to quaternize permethylated propane diamine [99]. It was known that a variation of the oxidation state of the ferrocene moiety allowed to control bulk as well as surface properties of ferrocenyl surfactant solutions (see Table 26) [100]. With gemini ferrocenyl surfactants the range of concentration for which this control is efficient is greatly extended [99] (see chapter by Abott in this volume). Finally, anionic gemini surfactant with azo groups in the spacer have been synthesized and used as initiator for radical polymerization (inisurfs) [101]. As any inisurfs they suffer from poor radical yield.

B. Oligomers

A large variety of surfactant oligomers, mostly trimers, has been reported in the literature. Their structures are presented in Figure 8. Some of them are obtained pure; others consist of mixtures of surfactant oligomers with different oligomerization degree. 3 Br,3 Br [106] and the tetramer 12-3-12-4-12-3-12, 4 Br (Figure 8c) [104] have been synthesized the same way. The above two-step procedure has been used to prepare m-6-m-6-m, 3Br (Figure 8a) as well as triquaternary ammonium with a three armed star shaped spacer (Figure 8d)

[106]. For these surfactants with s≠3, permethylation could be performed via the Eschweiler-Clarke reaction (with a C 3 spacer this reductive alkylation induces fragmentation of the triamine and yields the permethylated diamine [107]). The synthesis of 12-2-12-2-12, 3 Br by the same route has been reported, but after the quaternization reaction, the trimer had to be purified from a mixture of dimer and trimer [108]. Another procedure to synthesize cationic surfactant trimers uses epichlorohydrin (Scheme 6) to produce cationic trimers with hydrophilic spacers (Figure 8b) [109]. This route allows interesting variations in the structure. One can also obtain triquaternary ammonium surfactants with two fatty chains or diquaternary ammonium ones with three hydrophobic chains, depending on the nature of the amine which reacts with epichlorohydrin at the first step.

NH 2 CH 3 N OH O H RX N + R OH O H PBr 3 N + R Br Br RN(CH 3 ) 2 O H Cl , X - N + N + R N + R R 3 
2 RN(CH 3 ) 2 N + R N + N + OH OH R R 3 Cl - RNHCH 3 . HCl + 2 O Cl Cl N Cl OH OH R Cl - Scheme 6
The synthesis of diglycidyl ether from diol has been generalized to polyglycidyl ether from polyols [110] and opened the path to the synthesis of sulfonate surfactant trimers with hydrophilic star shaped spacer (Figure 8e) [111,112]. Other surfactants with unequal numbers of ionic groups and hydrophobic chains, triple chain/double ionic groups, were synthesized from alkylglyceroldiglycidyl ether [113]. Triple chain surfactants with hydrophobic chains of different lengths were also obtained [113].

Nonionic surfactants with three hydrophilic heads and two lipophilic tails have been patented [114]. As Tiloxapol (Figure 8g) [115], they probably consist of a mixture of different oligomerization degree. The chemoenzymatic route to sugar-based gemini surfactant described above, was also used to prepare nonionic surfactant trimers [86].

III. SURFACE ACTIVITY AND STRUCTURE AT INTERFACE.

A.

Air-water interface

The surface activity of soluble surfactant oligomers in aqueous solution has been extensively studied by tensiometry to determine their critical micelle concentration (cmc), to address their packing at the air-water interface, and to determine their performance properties (see appendix section VII, Tables 5,9, 10, 13, 15-22, 24-27, 29, 31-34, 36-46). The results of are often summarized by (Equation 1).

These four parameters are related by the following equation [116]: 2).

Π cmc = 20 + kΓ m Log(cmc/C 20 ) (Equation
From Γ m the minimum surface area per molecule of surfactant A m , or per amphiphilic moity a m , have been determined. 

A ∞ = A c -Π c (dA/dΠ) Πc , ( Equation 3) 
where A c is the area per molecule at Π c .

Efficiency to Lower Surface Tension.

The efficiency of surfactant oligomers to lower surface tension is greater than that of conventional surfactants (see appendix section VII, Tables 16,17,20,21,25,[START_REF] Israelachvili | [END_REF][33][34]39,40,[42][43][44][45][46]. Typical C 20 values for m = 12 conventional surfactants lie in the millimolar range, while for m = 12 gemini surfactants C 20 values are currently close to 10 -4 M. This is of course correlated to the lower cmc. The lower C 20 of gemini surfactants as compared to conventional ones means that the standard free energy of adsorption is more negative. This can result a priori from either an increase in the standard chemical potential of the surfactant in the bulk or a decrease in the standard chemical potential at the interface. The observation that C 20 decreases exponentially with the length of the alkyl chain in most of the gemini surfactants and with the same rate as it does for conventional surfactants, suggests that the first hypothesis is the dominant factor. This is because the unfavorable contact between water and hydrocarbon for a gemini surfactant is twice that of the corresponding monomer.

When the length of the alkyl chains m exceeds a certain value, which is about 16 but varies with physicochemical conditions, the m-dependence of C 20 is weaker than expected and can reverse (see Tables 17,21,44) [39,[START_REF] Menger | 24 Patents after 1989[END_REF]46,117,118]. In a few cases, C 20 has been observed to increase with m. For anionic surfactant trimers (the spacer being star shaped), the C 20 increases with m from m = 10 to 14 (see, Tables 44) [111,112]. These rather surprising results have been observed with surfactant oligomers whose spacer contains heteroatoms or aromatic rings, but not with -(CH 2 ) s -spacers. They have been interpreted in terms of pre-micellization [39,46,117,118]. An alternative explanation could be that intramolecular association occurs between the long alkyl chains. Such intramolecular interactions have been suggested on the basis of volumetric measurements [119]. If the surfactant molecule limits the contact between hydrocarbon chain and water, by intramolecular hydrophobic association, without losing too much conformational entropy, its chemical potential in water will be reduced and so will be its tendency to adsorb at air-water interface.

Effectiveness and Packing at the Air-Water Interface.

The effectiveness of surfactant oligomers to lower surface tension is not very different from conventional surfactants. γ cmc values for most surfactant oligomers lie between 30 and 40 mN/m. The dependence of γ cmc on the alkyl chain length has been extensively studied for cationic gemini [39, 45, 46, 120, ],

and appears to vary with the composition of the spacer. For -(CH 2 ) s -spacers (hydrophobic and flexible) γ cmc decreases slightly when m increases (see Table 13), as observed in conventional surfactant. However when a heteroatom is present in the spacer (either, S, O or N), the m-dependence of γ cmc is nonmonotonic (see Tables 1819202122), and long alkyl chain gemini surfactants are significantly less effective in reducing surface tension [120].

Short spacer gemini surfactants (s<5) are more effective than their corresponding conventional surfactant. However, increasing s decreases significantly the effectiveness (increase in γ cmc ) [40,46,[52][53][54][55][56][120][121][122][123][124]as illustrated in Figure 9. This s-dependence of γ cmc is confirmed with trimers. Short spacer cationic trimers are more effective than short spacer cationic dimers [104,108], while long spacer cationic trimers are less effective than long spacer cationic dimers (Table 43) arginine based surfactant (ν) [77]. DTAB and the arginine monomer have the same the specific surface area, which is represented by the dotted line.

The non-monotonic behavior in the case of hydrophobic spacers was also observed with arginine based cationic geminis (Figure 4b) [77]. For the anionic gemini of Figure 3d, the minimum surface area per molecule increases monotonically in the range of length studied (from 1 to 4 EO groups) (see Table 39) [59].

The non-monotonic dependence of A m , and the position of the maximum has been accounted for theoretically [126,127] by considering the competition between the spacer geometrical characteristics (length and flexibility) and the interactions between the amphiphilic moieties. Monte Carlo simulations [128] have reproduced the experimental observation that hydrophilic spacer gemini have a smaller specific surface area than hydrophobic spacer gemini. The possibility for hydrophilic spacers to buckle into water, where half of the space is forbidden for hydrophobic ones explains these results. These simulations [128] however did not reproduce the non-monotonic dependence of A m upon s, for hydrophobic spacer.

The packing of a m=18 cationic surfactant with rigid phenyl spacer at the air-water interface has also been studied using the Langmuir film balance [39]. The high surface activity of gemini was readily observed in pressure vs area curve : A L = 2.40 nm 2 /molecule, a value which is close to the square of the molecule dimension in its all-anti conformation. Upon compression, the monolayer collapsed at about 0.76 nm 2 /molecule. The same type of measurements done with succinimide surfactant monomers, dimers and trimers [129] showed that A L increases as the degree of oligomerization increases : 0.7, 1.3, 1.7 nm 2 /molecule for the C 18 monomer, dimer and trimer, respectively; A ∞ is 0.56, 0.96, 1.22 nm 2 /molecule, respectively. For the dimers and the trimers the surface area was less sensitive to the alkyl chain length (comparison between m = 8, 12 and 18) than for the monomer and was determined by the structure of the headgroup. The Π-A curve has been established for glycerophosphate gemini with m = s/2 [71] and amphiphilic phtalocyanines, which can be considered as surfactant oligomers with a cyclic headgroup structure [130].

Neutrons reflectivity studies on nonionic sugar derivative gemini [131] and on cationic gemini [125] have been reported.

Foaming Ability and Foam Stability.

Gemini surfactants have good foaming properties. Cationic gemini surfactants with short spacers have shown good foamability (with foam volume ten times that obtained with DTAC) associated with a good stabilityof the foam after 30 minutes, for m = 12 and 14 [45]. The structure of the spacer does not influence the foamability to large extent, but seems to be an important parameter for the stability [45]. The same trends have been observed with anionic gemini surfactants studied in Okahara's group. With sulfate geminis (Figure 3b), foamability and foam stability decrease as the spacer length increases [51,52].

Phosphate geminis (Figure 3c) have shown very good foam stability for Y = (EO) 1 or (EO) 2 [53]. Sulfonate gemini (Figure 3a) with m = 12 and short spacers produce about 30% more foam than the corresponding surfactant monomers.

They still show a good foamability for all spacer length, but foam stability is lost when the spacer contains more than 2 EO groups [54]. The foam stability can be improved by varying the composition of the spacer. For instance, sulfonate gemini with a sulfone group (see the structure in Table 32) in the spacer form very stable foams [57]. With carboxylate geminis (Figure 3d), larger (35%)

volumes of foam can be obtained as compared to the conventional carboxylate surfactant, but its stability is not greatly improved [59]. α-Sulfonated fatty acid oligoethylene glycol diester (Figure 3e) showed some improvement in foam stability but not in foamability (Figure 11) [62]. The foaming properties of surfactants containing an unequal number of hydrophobic chains and headgroups have also been studied [55,109,113].

The stability of soap films produced from dilute and semi-dilute cationic gemini surfactant 12-2-12, 2Br solutions have been studied with a thin film balance [132]. Stable common black films can be produced from 12-2-12, 2Br solutions at the cmc, while it is impossible to form stable films with the corresponding monomer (DTAB). Only longer chain cationic surfactants can produce stable films by themselves, and the formation of stable film from DTAB solutions requires addition of co-surfactant or salt [132,133]. The average surface area occupied by an amphiphilic moiety is larger than the one for DTAB for except for s = 2. This spacer dependence is amplified with higher degrees of oligomerization (Figure 13). the authors conclude that the dimensionless packing parameter as defined in [START_REF] Israelachvili | [END_REF] to explain the morphology of micelles in the bulk, determines the shape of interfacial aggregate as well. However, the mica surface playing the role of a huge "counter-ion", the curvature of the aggregate at interface can be (and most often is) lower than the curvature of the aggregate in the bulk.

IV. STRUCTURE AND PROPERTIES OF SURFACTANT OLIGOMERS SELF-ASSEMBLIES

A.

Critical Micelle Concentration

The cmc of surfactant oligomers has been measured by tensiometry, by conductimetry, dye solubilization and dye fluorescence measurements. Gemini surfactants are characterized by a cmc which is ten to a hundred times lower than the corresponding conventional surfactant (monomer), the reduction factor being essentially determined by the cmc of the monomer.

Cmc values are reported in the tables of the appendix. It can be seen that different methods can yield very different values. Some difficulties in determining cmc have indeed been reported rather often for geminis and surfactant oligomers. In conductivity measurements, ion pairing can sometime interfere with micellization, especially with short chain surfactants [145]. Slow adsorption at the interface may sometime mask the cmc in surface tension measurements. This has already been discussed [START_REF] Zana | Novel Surfactants. Preparation, Applications and Biodegradability[END_REF].

Alkyl Chain Length Dependence of the Cmc -

Comparison with Monomers

The hydrophobic chain length m is not a variable specific to surfactant oligomers. However, The study of its influence on the cmc brings good insight into the micellization properties of surfactant oligomers. In most cases, the mdependence of the cmc is classical, meaning that the cmc decreases exponentially as the alkyl chain length increases (see tables 14-24) [146, 147]: 4)

ln cmc = A-B m m. ( Equation 
Figure 14 shows that the B m factor is nearly independent of the spacer length and rather close (but not equal) to the one obtained for conventional surfactants. The same has been observed for the compounds of Figure 2e when compared to their monomer (see Table 23) [119] and for anionic gemini of Figure 3e (see Table 30) [62]. This means that the free energy of transfer of one CH 2 from water into the micelle core ∆G tr (CH 2 ) is close in both types of surfactants [38,42,63]. This means that the ratio cmc(monomer)/cmc(dimer) increases with m. Thus, when going from the monomer to the dimer the cmc is decreased by a factor, which is essentially determined by the cmc of the monomer. This suggest that the free energy of micellization per amphiphilic moiety ∆G°M is equal in both types of surfactants (rather than the ∆G tr (CH 2 )). This has been shown by calculating ∆G°M from the cmc value and the ionization degree of the micelles at the cmc. Zana established the following relation for ionic surfactant oligomers [148]: 5)

∆G°M = RT(1/x+β)ln cmc-RTlnx/x, ( Equation 
where β = 1-α is the degree of association of the counter-ions to the micelles, and where the cmc is expressed in mole of amphiphilic moiety per liter.

Applying equation 5 to various m = 12 surfactant oligomers shows that ∆G° is about -20kJ per mol of amphiphilic moiety [104,148], almost independent of the degree of oligomerization. (There are small differences that are going to be discussed in section II.A.3.).

In Figure 15, the cmc is plotted against x.m, the total number of methylene groups belonging to the hydrophobic tails. It can be seen that, to get the same cmc with a dimer as with an m=16 conventional surfactant, the surfactant dimer must contain 24 methylene groups in its hydrophobic chains.

This may sound like a waste and is due to the fact that the additional methylene groups in gemini surfactants come with an additional headgroup. Thus, many of methylene groups are close to a hydrophilic charged group and do not trigger micellization. There is, however, an interesting benefit to this apparent waste.

The vertical dotted lines in Figure 15 correspond approximately to the maximum number of methylene groups a surfactant can contain to be soluble in water (meaning neither crystals nor mesophases) at room temperature. It is below 16

for monomers and above 32 for dimers, and reaches at least 36 for trimers.

Hence the benefit of surfactant oligomers may not be as much to with reducing In cationic surfactant heterodimers, m-2-m', 2Br, the cmc does not depend on the difference (m-m') but on the total number of methylene groups in the surfactant [87].

The m dependence of the cmc values sometimes deviates from the exponential behavior described above when the alkyl chain becomes longer than a certain length (Figure 16), and can sometime reverse (Table 16). This has been observed when the spacer contains either aromatic rings or oxygen atoms (oxyethylene or hydroxypropylene spacers) [START_REF] Menger | 24 Patents after 1989[END_REF]39,46,117,118]. The onset length of this unusual behavior, decreases with increasing ionic strength [117,118]. With the star shaped anionic trimer (Figure 8e), the cmc increases with m [111,112] (Figure 17). This unusual behavior is necessarily related to hydrophobic interactions. The formation of premicellar aggregates has been proposed to explain it [39]. Equilibrium constants for the formation of premicellar aggregates have been calculated from the difference between the experimental γ-logC plots and virtual plots established by extrapolating to high m values results obtained at low m values [46,117]. where the cmc is defined as the surfactant concentration where half of the surfactants have at least one surfactant as nearest neighbor [128,152], also yield an increase of the cmc as m increases.

Headgroup Nature Dependence of the Cmc.

As mentioned above, the cmc of gemini surfactants is essentially determined by the cmc of the corresponding monomer. Hence the influence of the headgroup, and the dependence of the cmc on the nature of the headgroup, is the same as in conventional surfactant. Figure 18 shows that for a given s/3, the cmc of anionic 3d), phosphate (Figure 3c) (ν), sulfonate (Figure 3a) (υ) and sulfate (Figure 3b) disodium gemini with m = 10 [59].

Spacer Chain Length Dependence of the Cmc

The cmc of cationic surfactants m-s-m, 2Br varies non-monotonically with s, when the spacer is hydrophobic (Figure 19) (Tables 34567). It increases for short spacers up to 4-5 methylene groups, then decreases. This has been observed for m = 8 [149], 10 [162], 12 [38] and 16 [41]. Note that the comparison is done on a linear scale. The same holds for anionic gemini surfactants (Table 35).

For the series m = 12, s has been varied up to high values [38,153].

The decreasing part of the curve has been explained by the increasing hydrophobicity of the surfactant. For s larger or equal to 10, the cmc depends on s the same way it depends on m [38,153]:

ln cmc = A-B s s.
(Equation 6) ; m = 12 (λ) [38]; m = 16 (σ) [41].

The factor B s = 0.3 is smaller than B m . When long enough, the hydrophobic spacer group can buckle into the micelle core. However, this is apparently not so easy considering the low value obtained for B s , which is even smaller than the one found for bolaform surfactants [154] (Figure 20). The data of Figure 20 suggest that the impediment for the spacer to be inserted into the hydrophobic core of the micelle, results from the combined effect of electrostatic interaction, loss of conformational entropy (as in bolaform surfactant), and also steric hindrance (as in double chain surfactants).

-10 The increase of the cmc with s when s < 5 (Figure 19), is probably related to electrostatic interactions between the headgroups. When the spacer is short, part of the work against electrostatic repulsion necessary to bring the surfactants together upon micellization, has already been done at the synthesis step as discussed in [99]. This hypothesis is supported by several arguments. This small electrostatic effect is clearly pointed out by considering the free energy of micellization per amphiphilic moiety. ∆G M is slightly more negative for short spacers than for long spacers [104,162]. The differences in ∆G M are not large but they are systematic and the trend is confirmed with surfactant trimers and tetramers. ∆G M decreases with the degree of oligomerization for s = 3, whereas it is constant for s = 6 (Figure 23).

To understand the s dependence of the cmc, it is useful to compare the cmc of geminis 12-s-12, 2 Br with the cmc of double chain surfactants Br [155,156]. The latter correspond closely to the monomers in the sense that they have the same number of methylene groups per headgroup. Figure 21 shows that the reduction factor of the cmc, going from the monomer to the dimer, increases as the spacer increases. This increase is not regular and closely related the variation of ∆G M . Note that only for s = 10 and 12 is ∆G M less negative than ∆G M of DTAB.

C 12 H 25 C s/2 H s+1 N(CH 3 ) 2 ,
With hydrophilic oligo(oxyethylene) spacers, the cmc increases with s for cationic see (Table 10,[START_REF] Rosen | [END_REF] [47,48,49] as well as for anionic surfactants (see Table 30 and Figure 18). A slightly lower cmc has been observed for cationic gemini of Figure 2b with very large oxyethylene spacers (Table 11) [47]. When hydrophilic spacers become very large, gemini surfactants look like telechelic hydrophobically modified polymers, which are known to micellize at fairly low concentrations to form flower-like micelles [157]. This has, however, not been observed with anionic gemini surfactants of Figure 3e with spacers consisting of up to 35 EO groups [62] (Table 30).

The chemical nature of the spacer influences the cmc value in a way, which is sometime difficult to rationalize. For intermediate spacer lengths, the cmc is lower when the spacer is hydrophilic than when the spacer is hydrophobic (see Tables 13,16). The cationic surfactant trimer with hydroxypropylene spacer 12-3*-12-3*-12, 3Cl (Figure 8b) has a cmc of 9.6 mM while 3Cl has a cmc of 160 mM. Devínsky et al. observed slight changes in the cmc of cationic gemini surfactants with different spacers of the type -CH 2 CH 2 -X-CH 2 CH 2 -, with X = CH 2 , NCH 3 , O or S [120]. In this study, the lipophilicity of the spacer seems to be the determining parameter.

The ionization degree of the micelles is independent of s for m = 8 (Table 3), but increases with s for m = 10 and 12 (Table 4,5).

Oligomerization degree

Figure 22 shows the decrease of the cmc as the degree of oligomerization x increases for an m = 12, s = 3 series of cationic surfactants [104]. The cmc appears to vary as a power law of the oligomerization degree for this series with s = 3, and the same is observed with s = 2 [108] and s = 6 [104] up to the trimer. The cmc of the cationic tetramer is 2.5 orders of magnitude lower than that of DTAB. The ionization degree of the micelle at the cmc, α, is independent of the x and is essentially determined by m and s (see Tables 345). With bromide counter-ions, and for m = 12, α = 0.2 for s = 3 and α = 0.3 for s = 6, independent of x. The free energy of micellization decreases (becomes more negative) for short spacers but is constant for long spacer (Figure 23). 

B. Micelle Properties

Micropolarity, Solubilization Capacity, and Emulsification

The micropolarity of cationic surfactant oligomers has been characterized by the value of the fluorescence intensity ratio I 1 /I 3 of the first and third vibronic peaks in the emission spectra of micelle-solubilized pyrene [48,92,158] but sligthly decreases with x in nonionic surfactant oligomers of Figure 8g [115].

The solubilization capacity for transazobenzene, as expressed by the ratio of solubilizate concentration over surfactant concentration, increases monotonically with m in cationic geminis as with conventional surfactants (see Table 14) [159]. It varies non-monotonically with s, going trough a maximum at s = 6, where it is about twice that of s = 2 and five times that of s = 12 (Table 4).

The solubilization of toluene or n-hexane by cationic gemini surfactants is more efficient than by cationic surfactant monomers [40]. Cationic geminis have higher selectivity for toluene than for hexane [40]. Solubilization of βnaphthol in short spacer cationic surfactant dimers and trimers adsorbed onto silica [137,138], titanium oxide [140], and laponite [139], increases with x. This is true when expressed as the molar ratio of β-naphthol adsolubilized to the adsorbed surfactants. However, as pointed out in [137] the solubilization capacity decreases with x when expressed per dodecyl chain. This has been interprated as a result of the increasing packing density as x increases.

The emulsification efficiency of cationic gemini was determined by comparing the rate of drop coalescence between heptane/water emulsions prepared from cationic geminis and their monomeric homologues. The drop coalescence was characterized by an exponential decay of the number of drops.

The lifetime of the drops was found 1.7 times longer with the geminis [43]. The emulsification properties of non-ionic diol gemini has also been studied [57].

The phase behavior of ternary water/styrene/C12 cationic gemini 

Microviscosity.

The microviscosity of gemini surfactants micelles decreases when the spacer goes from 2 to 12 in a 16-s-16, 2Br series when the spacer is hydrophilic [41] but not much when it is hydrophobic [48,70,115,158].

The microviscosity depends, however, almost linearly on the degree of oligomerization x, and is about 6 to 10 times (depending on the temperature) higher for the cationic tetramer than for the monomer [104,158]. This has also been observed for nonionic oligomers micelles, in which the dipyrenylpropane excimer lifetime is three to four time larger [115]. Microviscosity of admicelles on silica determined from the order parameter of a paramagnetic probe, decreases with the oligomerization degree in the order dimer > trimer > monomer [137] and increases with added salt [138].

C. Morphology of the Aggregates

The size and the shape of surfactant oligomer micelles has been studied by small angle neutron scattering (SANS) [41, 48, 162, 163,164 168, 169] and directly observed by transmission electron microscopy at cryogenic temperature (cryo-TEM) [22,165,166]. Micellar shape can also be inferred from solubilization studies [159] or from the concentration dependence of the aggregation number measured by fluorescence quenching measurements [103,166].

The spacer length, is a key parameter of the micelles morphology [22,165,165], as could have been deduced from the s-dependence of the surface area. Hydrophobic short spacers (4 ≥ s) reduce the preferred curvature of the micelles as compared to conventional surfactants micelles. With cationic gemini, worm-like micelles are obtained when m = 12. Intermediate length spacers (5 ≥ s ≥ 12) favor the formation of spherical micelles. Interestingly the spherical shape is preserved up to very high concentrations for s = 10 and 12 [167]. Thus, increasing s can be seen as releasing the spacer constraint for lower intermediate spacers, but actually corresponds to a strong constraint for upper intermediate spacers. For long spacers (s ≥ 16) vesicles are obtained as in the corresponding surfactant monomer (double chain) [22,165,166]. The trend is confirmed by SANS of 2Br surfactants [168] [169]. Due to electrostatic interactions the scattered intensity presents a maximum at a finite wave vector q*, which is inversely proportional to the distance between the micelles. At low enough concentration, the distance between the micelles reflects the size of the micelles.

At a fixed low concentration (between 10 and 50 mM) of 2Br surfactants, q* increases as s increases from 5 to 12, suggesting that the aggregation number of the micelles decreases as s becomes larger. The scattered intensity 16-3-16, 2Br varies like q -2 . This has been interpreted as the signature of the formation of disks, but cryo-TEM micrographs showed vesicles and bilayer membrane fragments coexisting with worm-like micelles [165] (and this is consistent with I ∝ q -2 ).

The same results have been obtained with m = 16 phosphate gemini of Figure 3f [70]. For s = 2, the scattered intensity varies like q -2 , which indicates zero curvature objects (disks or vesicles). For s = 4 worm-like micelles and for s = 6 or 10 prolate ellipsoids are formed.

With hydrophilic spacers (EO), the aggregation number of the micelles also depends on the length of the spacer. But even with the shortest spacer ( 1EO) the growth of the micelle is limited, and the influence of the spacer length on the size of the micelles is less pronounced with hydrophilic spacers than with hydrophobic ones [41,48]. Nonionic sugar-based geminis of Figure 5a, with m = 7)

N = N 0 +2K 1/2 (c-cmc) 1/2 , ( Equation 
where N 0 is the aggregation number at the cmc and c and cmc are here mole fractions.

K = exp(E c /kT), (Equation 8)

where E c is the end cap energy, i.e. the excess chemical potential of a surfactant being in the end caps as compared to the chemical potential of a surfactant residing in the central cylindrical portion. This equation describes well the SANS results obtained on 2Br gemini [162,163]. The parameters deduced from such an analysis are presented in Table 1. The end cap energy decreases as the spacer length increases. Table 1: Characteristic parameters of the micellar growth of 2Br geminis [162,163]. N 0 is the aggreagtion number at the cmc. E c is the end cap energy.

When applied to the data obtained by fluorescence quenching on the m = 12 series of cationic surfactant oligomers [103,165], the ladder model yields an end cap energy of 11 kT for the 2Br,13 kT for the 12-3-12, 2Br and 17 kT for the trimer 3Br. Data in Figure 24 show that when the tendency of the micelles to grow is strong, the ladder model however applies only for the lowest concentrations. Moreover, the differences in end cap energy it yields, are not pronounced in view of the large differences in viscosity observed at higher concentrations. Fluorescence quenching and SANS can provide information on the elongated micelle sizes only at low concentration. In this concentration range, the micelles are charged and not screened, and their growth is hindered by electrostatic repulsion [171]. Their growth rate does not only result from the end-cap energy but also from an electrostatic contribution that favors the breaking of the micelles. This contribution decreases with increasing concentration. Three growth regimes have been distinguished [171]: at low enough concentrations, such that the Debye screening length is larger than the micelle size, the concentration dependence of the size is weak and the micelles are nearly monodisperse. As the concentration increases, a sharp crossover to a rapid growth regime occurs (when the Debye length equals the micelle size). The crossover concentration coincides with the concentration, c*, where the micelles begin to interact with each other (semi-dilute regime). As in the case of neutral micelles, the size distribution is large (exponential), but the characteristic size, N, grows faster than c 1/2 governing the growth of neutral micelles (Equation 7). Its concentration dependence reads: 9)

[ ] c 2 / a l T k 2 / E exp c 2 N 2 B B 2 / 1 ν - ≈ (Equation
where l B is the Bjerrum length, a is the diameter of the micelle and ν is an apparent charge density of the micelle. At higher concentration, the electrostatic contribution that tends to break the micelles, results essentially from the entropy of the counter-ions near the end caps, where they are less tightly bound. The growth may be characterized by an effective power law: The crossover concentration c* from the slow to the fast growth regime is observed in the concentration dependence of zero shear viscosity [172,173].

For low concentration, the viscosity of surfactant oligomers solutions is not significantly higher than the viscosity of water. But at c>c*, the viscosity increases very rapidely (Figure 25).

According to MacKintosh et al. [171], c*∝E c -1/2 and this allows a comparison of the end cap energy among various surfactant oligomers. In Table 2 we reported the values of c* and 100/√c* which is proportional to E c , for various cationic surfactant oligomers. Decreasing s from 3 to 2 doubles the end cap energy. The same is obtained by going from the dimer to the trimer, keeping s = 3 constant [174]. The rheology of heterodimers m-2-m', 2Br has been studied by Oda et al. [175]. Differences in alkyl chain length markedly affect the end-cap energy (see 12-2-12, 10-2-14, and 8-2-16 in Table 2).

End cap energy values can be estimated rather indirectly from the dynamical properties of the systems (rheology or diffusion coefficient). For instance, in the plateau region of the relaxation spectrum, the storage modulus G' = G 0 is nearly independent of the frequency and the loss modulus G" goes through a minimum. The ratio G'/G' min is related to the ratio of the length of the micelles to the mesh size of the entanglement network. The latter depends essentially on the concentration while the temperature strongly determines the micelle length. The temperature dependence of the ratio G'/G" min gives an end cap energy of about 50 kT for 12-2-12, 2Br at 4%, but lower values as the concentration increases (down to 30 kT at 10%) [172]. For the trimer 3Br, the same analysis leads also to a decrease of the end cap energy from 80kT to 10kT as the concentration increases from 4 to 10% [106]. The accuracy of such analysis is however questionable and would need a better understanding of the relaxation mechanism to be proven.

Diffusion coefficient measurements by fluorescence recovery after photobleaching (FRAP) [176] interpreted assuming Cates model [177] holds in the concentration range studied, yields about 30 kT for 2Br,2Br,2Br, inconsistently with the differences observed in c* [176].

The end cap energy can also be estimated by fitting the concentration dependence of the zero shear viscosity in the fast growth regime [172]. This supposes to assume a relation between the viscosity, the length of the micelles L (proportional to N) and the concentration c, and introduce it in the growth law for charged micelles (Equation 9). This has been done for the 3Br surfactants [174], assuming Fuoss Law: 11)

η 0 = Lc 1/2 , ( Equation 
leading to E c = 40 kT and 80kT, respectively. Fuoss' law has been assumed, rather than the relations proposed in [172], because the micelles were probably not fully entangled in the concentration range where the viscosity increases rapidly (see next section) [174].

According to the values of 100/√c* and the estimated values of E c for m=12 surfactants, surfactants with longer chain length 2Br, for example) would have very high end cap energies of several hundreds of kT.

These are unreasonable values and shows that large m surfactant oligomers solutions have been most often studied in a metastable state [175,200], and at equilibrium they exist as two-phase systems. (The Kraft temperature of 2Br is 45 °C [151]). In those conditions, the increase in viscosity does probably not reflect the growth of worm-like micelles.

Addition of DTAB to 2Br decreases the size of the micelles but DTAB does not concentrate in the end-cap [178].

b) Rheology.

Cationic surfactant oligomers provide systems of charged and unscreened worm-like micelles, and many aspects remain to be understood in the dynamics of these polyelectrolyte type of living polymers [179].

For instance, as the concentration increases, η 0 goes through a maximum at a concentration c** and then decreases (Figure 25). The same is observed for relaxation time, as well as for the diffusion coefficient [176]. This decrease has been attributed to a shortening of the micelles due to a theoretically predicted increase in ionization degree [172]. However, a decrease in the relaxation time and in the viscosity is also observed upon addition of salt [172,174], which is expected to increase the length of the micelles. (Upon further addition of salt, 12-2-12, 2Br solutions phase separate, and lead to the coexistence of a dilute micellar phase and a lamellar phase [180]. Addition of salt to 12-3-12, 2Br solutions yields phase separation, but in this case a hexagonal phase is formed [106]).

It has been proposed that, in the concentration range where the viscosity increases rapidely, the systems were not fully entangled [174]. This is suggested by the strong concentration dependence of the elasticity at low concentration (Figure26). The cross over to a fully entangled regime seems to be reached at maximum viscosity concentration, c**. For fully entangled systems, the elasticity is expected to vary like c 2 , as observed for the dimer 2Br system at c>10 wt% (Figure 26). 2Br (υ),2Br (λ),3Br (ν) and 4Br (σ). Reprinted from ref [104] The existence of a concentration regime of overlapping yet not fully entangled micelles, may be a clue to understand the non-monotonic behavior of the viscosity. It also provides a simple explanation for the increase of the elastic plateau modulus upon addition of salt observed on 2Br [181] 

c) Branched and closed-looped worm-like micelles

In the trimer 3Br solutions the extension of the overlap yet unentangled regime is as broad as in the 12-3-12, 2 Br system, although the c* values suggests that the micelles are growing faster [174]. This could be good confirmation for the presence of branches which have been observed by cryo-TEM [184,104]. In the fully entangled regime, the elasticity of 3Br solutions is enhanced as compared to 12-3-12, Br solution (Figure 26). This may also result from branching [174]. The formation of branched worm-like micelles has also been observed by cryo-TEM in 2Br solutions [185],

and has been obtained in molecular dynamics simulations [186]. Formation of a dominant population of closed-loops in worm-like micellar systems, theoretically considered for a long time [START_REF] Israelachvili | [END_REF]187], has recently been achieved with the cationic surfactant tetramer 4Br [188] (Figure 27). The contour length distribution N(L) of the closed-looped micelles has been determined from cryo-TEM micrographs (Figure 28). At large contour lengths, the distribution observed scales as N(L)∝L -5/2 , as expected from 

Vesicles and other low curvature aggregates of surfactant oligomers

The formation of vesicles from gemini surfactants has been specifically reviewed [189]. Vesicles are obtained with m = 12 and s > 16 but also for m > 16 and s < 4 gemini surfactants. This is true for diquaternary ammonium [22,165,166] as well as diphosphates [67]. Vesicle formation has also been observed from nonionic sugar based gemini such as in Figure 5a (14-10-14) [84]. The cleavable heterodimer surfactant of Figure 6c [88] forms vesicles that can be destroyed by acid catalysis under milder conditions (pH = 3) than many other cleavable surfactants, a property that could find application in drug vectorization [88]. Other cleavable gemini surfactants have been shown to yield small unilamellar vesicles [96] having transition temperatures that are pH dependent.

An interesting result concerns the stereo dependence of the fusion of vesicles [91]. Upon addition of Ca 2+ , vesicles formed from (S,S) and (R,R) stereoisomers of surfactants in Figure 7a undergo fusion whereas (R,S) isomer vesicles undergo fission. This observation has been correlated with the monolayer isotherms at the air-water interface. The surface area per headgroup is smaller for the meso compound than for the (S,S) isomer and decreases when Ca 2+ ions are added while it increases for the (S,S) isomer [91].

Vesicles of diphosphate geminis 2Na are characterized by a non-cooperative phase transition observed by DSC and fluorescence depolarization, the midpoint of the transition range being about 45

ºC [67]. The transition is accompanied by a line broadening of the 1 H and 31 P NMR signal. X-ray diffraction suggests that the spacer hydrocarbon chain is membrane spanning in the 12-24-12, 2Na surfactant vesicles. This had been previously observed with glycerophospahte gemini surfactants of the type n/2-nn/2, 2Na [71]. The temperature transition is structure dependent and decreases as the pH increases. The authors pointed out that, for an equivalent thickness, the transition temperature was higher in membrane spanning spacer gemini vesicles than in classical phosphoglyceride bilayer lipid membranes [71]. This could explain, from the evolutionary standpoint, why such lipids have been found in bacteria living under extreme thermal conditions [71].

As with conventional surfactants, mixtures of cationic and anionic surfactants can yield vesicles [190,191]. Bromide counter-ions of cationic geminis have been replaced by palmitate ions. The vesicles obtained have a higher transition temperature as expected with "catanionic" systems, but the interesting result is that this transition temperature decrease from 74 ºC to 39 ºC when the spacer goes from 2 to 12. Large spacer surfactants also form vesicles that are more permeable to hydroxyl anions. Other catanionic systems involving geminis have been studied. For instance, addition of an anionic gemini to CTAB solutions induces a line broadening of the NMR signal of the methyl proton of CTAB which has been interpreted as the formation of a network of cross-linked micelles [192]. This interpretation has however been contradicted by a cryo-TEM study, which revealed the presence of vesicles and other large aggregates suggesting that the system was close to precipitation [193].

Vesicles have also been obtained from asymmetric phosphate gemini surfactants mixed with L-histidine based surfactants having two long alkyl chains [194]. The histidine surfactant is not soluble by itself. When mixed with (R,S) surfactant of Figure 7a, at pH = 6.5, large vesicles (150 to 750 nm diameter) are obtained. With the (R,R) surfactant ill-defined tubular structure are obtained. When added to the (S,S) isomer of the surfactant of Figure 7a, 40 nm width right-handed helical ribbons are obtained, with pitch of 90 nm rather independent of the composition. Similar helical ribbons are obtained with 16-2-16 having L-tartrate or D-tartrate as counter-ions [195]. But in that case, the width and the pitch of the ribbons can be tuned by adjusting the enantiomeric excess, (c L -c D ) /(c L +c D ), or by adding an excess of chiral counter-ion. It is worth mentioning that this geminis with chiral counter-ion have the ability to gel halogenated organic solvants in the presence a small amount of water [196].

Several factors seem necessary to gel the organic solvent: the short spacer, the chirality of the counter-ion, and its ability to hydrogen-bond. Other cationic geminis (m = 16, and 2, 3 dimethoxybutane spacer) have shown the ability to self-assemble in chloroform in the presence a small amount of water [197].

The vesicle-micelle transition has been studied by adding spherical micelle forming surfactants like DTAB and 12-10-12, 2Br to a vesicle forming gemini surfactant 2Br[198]. No worm-like micelle intermediate state has been observed. The vesicle-micelle transition can also be triggered by increasing the temperature of 2Br solutions [199]. Addition of hexanol into solutions of 12-2-12, 2Br induces a transition from worm-like micelles to where it start to coexist with crystals) when s = 10 and 12. This has been interpreted as being due to a maximum mismatch between the length of the spacer and the length of the alkyl chains. For long spacers the range of micellar phase narrows again, and with 12-16-12, 2Br surfactant, lyotropic mesophases are obtained at 30% [167]. The concentration range of stability of the lyotropic mesophases is widest for 2Br. The mesomorphic behavior of 2Br [201,202] have been also studied with emphasis on short spacers (s = 1, 2, 3, and 6). The Kraft boundary of the mesophases decreases with increasing s, due to a disruption of the crystal packing. All these surfactants form a long rod nematic phase at the micellar (L 1 )/hexagonal (H 1 ) boundary except for s = 6. For s = 2 and 3 the formation of an intermediate phase (Int) (non-cubic liquid crystals with curvature intermediate between hexagonal and lamellar) is observed but not for s = 6. Cubic bicontinuous (V 1 ) and lamellar (L α ) phases are obtained for all surfactants but require high temperature (54 °C and 76 °C, respectively) for s = 6.

The succession of phases of cationic surfactant dimers and trimers, with m = 12, s = 3 and 6, and various counter-ions, has been surveyed using crosspolarized light microscopy and the water penetration technique [203].

Intermediate and bicontinuous cubic phases are confirmed for short spacers.

More strongly binding counter-ions have a similar effect as a reduction in spacer length or an increase in oligomerization degree. This study illustrates the fine tuning one can achieve by varying parameters specific to surfactant oligomers, namely the spacer length and the degree of oligomerization.

Lyotropic behavior of cationic gemini surfactants with hydrophilic (EO) spacers (Figure 2b) has also been studied [49]. The concentration range of the L 1 phase broadens as s/3 increases as in hydrophobic spacer geminis.

The lyotropic behavior of the non-ionic gemin of Figure 5b with m = 6 was studied by polarized light microscopy, and deuterium NMR spectroscopy [81]. At 27°C, as the concentration decreases, the succession of phases reads : S-

L α (89%), L α -V 1 (75%), V 1 -H 1 (71%), H 1 -VB(62%), VB-L 1 (50%)
, where S stands for solid phase, and VB for viscous birefringent phase. From 2 H NMR spectra it appears that L α and H 1 phases always coexist with an isotropic phase (V 1 for L α and L 1 for H 1 ). The VB phase has been identified later as a biphasic region [164]. This sugar-based surfactant does not exhibit any cloud point in the range of temperature studied (0-100°C). The study has been completed for other chain lengths [164]. For m = 5, the viscous birefringent phase does not appear any more. For m = 7 an upper critical solution temperature exists between 0.5 and 10%. The V 1 phase region is no longer seen but is supposed to exist in a very narrow range of concentration. For m = 8, the phase boundaries are less sensitive to temperature. The isotropic L 1 phase exists up to 0.8% and then coexists with an unidentified phase of optical texture resembling an L α phase. A pure L α phase is formed at 48%.The surfactant of Figure 5b, with m = 9 is insoluble in water up to 100°C [164].

Thermotropic behavior

The thermotropic behavior of 2Br surfactants has been reported [201,202]. DSC experiments show a main transition around 100 °C, corresponding to a S→VN (viscous neat phase) transition, with further small transitions at higher temperature. Optical microscopy shows that, for short spacers (s = 1 and 2) the VN phase transforms into an isotropic phase at about 200°C (precise temperature transitions are difficult to get as a result of the progressive decomposition of the material). For longer spacers (s = 3 and 6), the system goes across to a smectic A phase at about 200-230°C. The transition at 100°C has an unexpectedly low enthalpy, which suggests that either the solid is not well ordered or that the VN phase has significant conformational restrictions.

X-ray diffraction in the VN phase leads one to conclude a tilted bilayer structure with disordered alkyl chains filling the space between ordered headgroup layers including the spacer. The degree of order in the headgroup layer depends on the spacer length (higher with short spacer), and for longer spacers varies with the temperature. Thermotropic behavior was observed with cationic m = 12 gemini with (EO) s/3 spacer [49] but not with their homologues with (CH2) s -spacer

[167]. Using SDS would have required 50 mM for the same resolution. The surfactant of Figure 3a and SDS were also shown to have remarkably different selectivity.

V. CHEMISTRY WITH

The separation of chlorophenols has also been carried out with the same type of surfactants [205]. Cationic surfactants have been used to separate ergot alkaloids by MEKC [206]. With all types of gemini surfactants, the retention factor increases linearly with surfactant concentration as expected [205,206]. Micellarenhanced ultrafiltration could also take advantage of the various morphology observed in surfactant oligomer micelles, but as far as we know, no data have been reported in the literature.

Specific electrodes

Di-and triamide surfactant dimers and trimers of the type shown in Figure 29 have been synthesized in an attempt to prepare membrane systems having high selectivity for alkaline earth metal cations (Mg 2+ and Ca 2+ ). Some of them have shown enough selectivity to allow measurements of Mg 2+ activities in the millimolar range at physiological pH, without interference by H 3 O + ions [START_REF] Erne | [END_REF].

The selectivity of these ionophores for Mg 2+ over monovalent cations have been studied in detail [207,208] and the conditions for their use in membrane electrodes for application to human blood serum optimized [209].
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Figure 29: Surfactant dimers and trimers used as alkaline earth metal cation ionophores [START_REF] Erne | [END_REF].

The synthesis of lipophilic receptors has been reported [210] and is still an active field of research. The synthesis of lipocyclopolyamines as potential adenosine mono-, di-, and tri-phosphates has already been mentioned [29]. More 

B. Micellar Catalysis

Bunton and co-workers, noticing the higher catalytic activity of polyelectrolytes compared to micelles, were interested in surfactants which would "combine some features of polyelectrolytes and detergents". They studied the catalytic activity of gemini surfactants 2Br (s = 2,4,and 6) = butanediyl or 2,3-dimethoxybutanediyl) has been studied recently [197] .

Intramolecular reactions are better suited to address the catalytic activity of micelles because they are independent of the reaction volume. The observed rate constant k obs is 3 times higher with the butanediyl spacer gemini than with the 2,3-dimethoxybutanediyl spacer. The surfactant concentration dependence of k obs showed a plateau, followed by an increase associated with the formation of larger aggregates. In preparative condition, i.e. with a large ratio of substrate to surfactant, only the product of intramolecular reaction was obtained.

C. Chemistry Hosted or Templated by Surfactant Oligomer

Self-Assemblies.

Synthesis of colloidal metallic particles

A nonionic surfactant gemini known as Surfynol 465 has been used to synthesize gold [212,213] 

Emulsion polymerization

The γ-radiation polymerization of styrene microemulsions described in section IV.B.1 led to spherical latex particles, whose size range could be controlled by the monomer/surfactant ratio but also depends on the spacer length of the gemini surfactant involved [123,160]. With -(CH 2 ) s -spacers and in the absence of cross-linker, the latex particle size goes through a maximum at s = 10, but goes through a minimum at s = 6 in the presence of cross-linker. The 

VI. CONCLUSIONS

The large variety of surfactant oligomer structures of interest nowadays has been demonstrated. Their synthesis is sometime involved, but does not necessarily require new chemistry and can often rely upon well-known procedures. Surfactant oligomers have been shown to exhibit good surface activity. Their efficiency to lower surface tension relies upon an adsorption triggered by several hydrophobic chains and interfacial interactions that take place at lower concentration because of their larger size. The cmc depend strongly on the degree of oligomerization and slightly on the spacer length.

These two parameters, specific to surfactant oligomers, also determine the optimum area per head group and hence the morphology of the micelles as well as the mesoscopic behavior. Original structures, as compared to conventional monomeric surfactant, are obtained essentially for short spacers. Surfactant solutions behaving as polymers can be obtained and their viscosity controlled by the structure of the surfactant and not only throughformulation. The stability of vesicles can also be controlled by varying the spacer characteristics.

The answer to the question : "Is it worth going to higher oligomerization degree ?", varies depending of the point of view. From the point of view of general applications, the answer is probably negative. The biggest gain is made from the monomer to the dimer, and the benefits of having higher degrees of oligomerization may not be worth the synthesis effort. For specialized surfactant application and fundamental properties, it is the hope of the author that the reader will answer by the positive.

VII. APPENDIX

Notation

Cmc: critical micelle concentration; α: ionization degree of the micelles at the cmc; ---1-16 3.4 x 10 -5 1.5 x 10 -4 3.8 x 10 -5 28.8 1.9 x 10 -5 2-16 1.7 x 10 -5 3-16 6.0 x 10 -5 7.0 x 10 -5 6.5 x 10 -5 12.4 2.0 x 10 -5 7-16 1.6 x 10 -4 1.4 x 10 -3 1.6 x 10 -4 0.0 -1-18 1.2 x 10 -5 8.7 x 10 -5 40.5 -3-18 3.8 x 10 -5 3.7 x 10 -5 3.3 x 10 -4 23.0 -7-18 8.2 x 10 -5 6.6 x 10 -4 8.4 x 10 -5 4.00 -1-22 7.0 x 10 -6 3.4 x 10 -5 -53.2 -3-22 1.4 x 10 -5 8.0 x 10 -5 -40.6 -7-22 2.4 x 10 -5 2.3 x 10 -4 2.3 x 10 -4 24.8 20-22 1.5 x 10 -5 1.4 x 10 -4 a Conductimetry at 25 ºC, cmc1 and cmc2 correspond respectively to the first and second break in the slope of the plot of the conductivity versus concentration [47]. b Surface tension (du Nouy ring method) 23 ºC [47]. c Conductimetry [47]. d Fluorescence spectroscopy (I1/I3 pyrene) at 30 ºC [48]. s m=10 m=12 m=14 m=16 m=10 m=12 m=14 m=16 1 9.9 x 10 -4 2.5 x 10 -4 7.2 x 10 -5 1.7 x 10 -5 5.5 x 10 -3 1.0 x 10 -3 3.0 x 10 -4 7 x 10 -5 2 1.1 x 10 -3 2.7 x 10 -4 7.5 x 10 -5 1.8 x 10 -5 6.5 x 10 -3 1.3 x 10 -3 3.2 x 10 -4 8 x 10 -5 3 1.1 x 10 -3 2.9 x 10 -4 7.8 x 10 -5 1.9 x 10 -5 7.0 x 10 -3 1.7 x 10 -3 3.5 x 10 -4 9 x 10 -5 5 1.2 x 10 -3 3.2 x 10 -4 8.5 x 10 -5 2.1 x 10 -5 7.6 x 10 -3 1.9 x 10 -3 3.7 x 10 -4 1.0 x 10 -4 9 1.3 x 10 -3 3.4 x 10 -4 8.5 x 10 -5 2.2 x 10 -5 9.0 x 10 -3 2.1 x 10 -3 4.5 x 10 -4 1.1 x 10 -4 14 1.4 x 10 -3 3.6 x 10 -4 9.0 x 10 -5 2.3 x 10 -5 1.0 x 10 -2 2.2 x 10 -3 4.7 x 10 -4 1.2 x 10 -4 23 1.5 x 10 -3 3.7 x 10 -4 9.6 x 10 -5 2.5 x 10 -5 1.0 x 10 -2 2.4 x 10 -3 4.8 x 10 -4 1.3 x 10 -4 35 1.5 x 10 -3 3.8 x 10 -4 9.8 x 10 -5 2.6 x 10 -5 1.0 x 10 -2 2.4 x 10 -3 5.0 x 10 -4 1. 33.0 a Surface tension (Wilhelmy plate) at 20 ºC from ref [54] unless otherwise specified. b from ref [51]. c from ref [97]. [65]. 2.6 x 10 -3 38 From ref. [39] a Surface tension (ring method) at 23ºC. [82,83,164]. 
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 1 Figure 1 Surfactant oligomers (a), are distinguished from oligomeric surfactants (b) by the fact that the structural repeating unit is amphiphilic by itself. Surfactant oligomers are higher homologues of gemini surfactants (c).The structural repeating unit (d) corresponds to a conventional surfactant, which will be referred to as the "monomer".

Figure 2 :

 2 Scheme 1

  Figure 3: Examples of anionic gemini surfactants.
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 4 Figure 4: Examples of amino acid-based gemini surfactants.
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 6 Figure 6: Examples of surfactant heterodimers.
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 7 Figure 7: Examples of asymmetric gemini surfactants.

Figure 8 :

 8 Figure 8: Examples of surfactant oligomers.

  Scheme 4 

  four parameters : C 20 , γ cmc , Γ m and the cmc. C 20 , which is the concentration needed to decrease the surface tension by 20 mN/m, characterizes the efficiency of a surfactant to lower surface tension. (The efficiency of the surfactant is actually often reported by pC 20 =-LogC 20 ). The C 20 value reflects the partitioning of the surfactant between the bulk and the interface and is related to the standard free energy of adsorption at the air-water interface[116]. The surface tension at the cmc, γ cmc , characterizes the effectiveness of a surfactant to lower surface tension. It relates to the maximum film pressure a surfactant can build up at the air-water interface, Π cmc , before self-assembling in the bulk is thermodynamically favorable. Γ m is the maximum excess surface concentration and is obtained from a γ-c plot through the Gibbs equation: dγ = nRTΓdlnc.

Figure 9 :

 9 Figure 9: γ cmc vs Spacer length, s, for 12-(CH 2 ) s -12, 2Br (λ) [122], 12-CH 2 (EO) s/3 CH 2 -12, 2Br (ν) [123], and the compound of Figure 3d, m = 10, Y = O (EO) s/3-1 [59] (σ). For comparison, γ cmc of DTAB is 39 mN/m.

Figure 10 showsFigure 10 :

 1010 Figure 10 shows that diquaternary ammonium geminis with a hydrophilic spacer -(EO) s/3 -are more densely packed at the air-water interface than their homologues with hydrophobic -(CH 2 ) s -spacers. Note that in Figure 10 presents the surface area per amphiphilic moiety a m , not per surfactant molecule. a m goes through a maximum between s = 10 and s = 12 in the case of hydrophobic spacers [122], whereas it increases monotonically for oxyethylene spacers [123].

Figure 11 :Figure 12 :Figure 13 :

 111213 Figure 11: Foaming properties of the gemini surfactants of Figure3e(squares) and of their corresponding monomers (circles). Filled symbols: volume of foam obtained right after shaking (foam ability). Empty symbols: the fraction of foam volume remaining after 30 minutes standing (foam stability)[62].

  For short spacers (s = 2[137] and s = 3[104]) the per amphiphilic moiety slightly decreases with the degree of oligomerization. This means that each amphiphilic moiety is more densely packed in layers of surfactant oligomers with short spacers. However, for long spacers (s = 6), the surface area increases almost linearly with the degree of oligomerization[104]. For comparison, results obtained for C 12 multiple chain surfactants with one cationic headgroup [141] have also been reported in Figure13. This illustrates the fine-tuning of the packing that can be achieved with surfactant oligomers by playing with the spacer length and the degree of oligomerization. By atomic force microscopy (AFM), using the precontact repulsive force (within the electrical double layer) [142] [143], Manne et al. observed directly the aggregates formed by the cationic gemini surfactants 12-s-12, 2Br on the cleavage plane of mica [144]. The gemini surfactant with the shortest spacer, s = 2, which gives worm-like micelle in bulk solution, form bilayers on mica surfaces. Bilayers were also observed with the double chain surfactant DDAB, known to form vesicles in dilute solutions. Parallel cylinders are obtained when adsorbing the 12-4-12, 2Br surfactant and DTAB. These surfactants form spherical micelles in dilute solutions, which can slightly elongate at high enough concentration for the surfactant dimer. With the single chain divalent surfactant, referred to as 12-2-1, 2Br, spherical admicelles form. From these observations,

Figure 14 :

 14 Figure 14: Cmc vs alkyl chain length, m, in gemini and monomeric homologues: m-2-m, 2Br (υ) [147]; m-5-m, 2Br ( ) [146]; m-6-m,2Br ( ) [146]; monomer (σ) [155].

Figure 15 :

 15 Figure 15: Cmc versus number of methylene groups per surfactant molecule for cationic monomers ( ), dimers ( ), trimer (σ) and tetramer (υ).

Figure 16 :Figure 17 :

 1617 Figure 16: Deviation from the classical exponential m dependence of the cmc of cationic gemini surfactant of Figure 2c in 0.01 M NaCl (τ) and 0.1 NaCl (λ) at 50 °C [117].

Figure 18 :

 18 Figure18: Cmc versus spacer chain length for carboxylate (Figure3d), phosphate (Figure3c) (ν), sulfonate (Figure3a) (υ) and sulfate (Figure3b) disodium gemini with m = 10[59].

Figure 19 :

 19 Figure 19: Spacer length dependence of the cmc for cationic gemini m-s-m, 2Br: m = 8 (υ) [149]; m = 10 (ν) [162]; m = 12 (λ)[38]; m = 16 (σ)[41].

Figure 20 :

 20 Figure 20: Influence on the cmc of increasing the number of methylene groups n in the hydrophobic tail of a conventional surfactant (C n H 2n+1 N(CH 3 ) 3 , Br) (λ), in a bolaform surfactant ((CH 3 ) 3 NC n H 2n N(CH 3 ) 3 , 2Br) (υ), in a double chain surfactant (C 12 H 25 C n H 2n+1 N(CH 3 ) 2 , Br) (ν), and in the spacer of a gemini surfactant (C 12 H 25 (CH 3 ) 2 N(CH 2 ) n N(CH 3 ) 2 C 12 H 25 , 2Br) (σ).

FirstFigure 21 :

 21 Figure 21: Ratio of cmc of the cationic geminis 12-s-12, 2Br (cmc2) over the cmc of the corresponding monomer C 12 H 25 C s/2 H s+1 N(CH 3 ) 2 , Br (cmc1) (λ) and free energy of micellization per amphiphilic moitie ∆G M (ν) versus spacer length s.

Figure 22 :

 22 Figure 22: Cmc versus oligomerization degree for cationic surfactant oligomers [104].

Figure 23 :

 23 Figure 23: Free energy of micellization per cationic amphiphilic moiety versus degree of oligomerization x for s = 3 (λ), and s = 6 (ν) [104].

  sufactants with hydrophobic [160] and hydrophilic [123] spacers of different length has been reported. The extension of the single-phase region which lies in the water corner of the phase diagram triangle, depends strongly on the spacer chain length, for hydrophobic -(CH 2 ) s -spacers and more weakly for hydrophilic -(EO) s/3 -spacers. The extension of the single-phase region is strongly temperature dependent whith -(EO) s/3 -spacer, but weakly with -(CH 2 ) s -spacers. At a fixed concentration of surfactant, between 5 and 20 weight percent, only the 12-2-12, 2Br surfactant had poorer solubilization capacity than DTAB (expressed as the molar ratio of solubilized styrene over surfactant). With hydrophobic spacers, the solubilization capacity increases with s and is maximum for s = 12, where it is six times higher than for DTAB. With hydrophilic spacers, it is maximum for spacers consisting of 1 or 2 EO groups. The influence of temperature, spacer rigidity and oil size on the oil-watergeminis ternary phase diagram has been studied by Monte Carlo simulation [161].

14 ,

 14 form cylindrical micelles when s = 6 and 8 and vesicles when s = 10 [84]. Nonionic sugar based gemini of Figure 5b form anisotropic micelles, cylindrical for 7 ≥ m ≥ 5 and discoidal for m = 8 [164]. 1. Worm-like micelles of cationic surfactant oligomers. a) Micellar growth.Cationic surfactant oligomers with short spacer are among the few systems where the transition from spherical to very long worm-like micelles occurs at low concentration (below 10 wt%), and does not require any addition of salt, cosurfactants or the presence of hydrophobic counter-ions. The formation of long worm-like micelles was directly observed by cryo-TEM on the 12-s-12, 2Br series[165, 166]. However, the micellar growth can be described more quantitatively by looking at the concentration dependence of the aggregation number N(c), which is obtained from SANS[162, 163] or from fluorescence quenching measurements[103, 165]. The concentration dependence of the zero shear viscosity brings also information on the micellar growth[172, 175, 174]. N(c) has been analyzed with the ladder model[170], which describes a prolate micelle as a cylinder capped at each end by hemispherical micelles. The concentration dependence of N is then expressed as:

  Figure24: Aggregation number of cationic surfactant oligomers: 12-5-12, 2Br (ν);12-3-12, 2Br (λ); 3Br (υ) [103, 165] analyzed with the ladder model; c, the surfactant concentration and the cmc are expressed in mole fraction.

  Λ is related to the net charge on an end cap and depends only logarithmically on c [171

Figure 25 :

 25 Figure 25: Concentration dependence of the zero shear viscosity of aqueous solutions of 12-2-12, 2Br (υ), 2Br (λ), 3Br (ν) and 4Br (σ). Reprinted from ref[104] 

Figure 26 :

 26 Figure 26: Concentration dependence of the elasticity (inverse of the recoverable compliance) of 2Br (λ) and 3Br (ν) aqueous solutions[174].

Figure 27 :

 27 Figure 27: Cryo-TEM micrographs of a vitrified 1% aqueous solution of 12-3-12-4-12-3-12 showing many closed-loops coexisting with open worm-like micelles [188].

Figure 28 :

 28 Figure28: Loop size distribution in 1% aqueous solution of12-3-12-4-12- 3-12. The mode of the distribution corresponds to twice the persistence length (l p = 75 nm). The decreasing part of the distribution scales as L -5/2 as expected from the ring closure probability for gaussian polymers reprinted from ref.[188].2. Vesicles and other low curvature aggregates of surfactant

  vesicles[200]. This transition has been studied by rheology and cryo-TEM observation. When the molar ratio, r, of hexanol to gemini increases, the viscosity and the size of the micelles first increase up to r = 1/8. Increasing r further (up to 1/3) leads to the formation of highly branched micelles coexisting with small vesicles of about 100 nm diameter. In this regime the viscosity decreases. Increasing r then induces the growth of the vesicles and eventually leads to phase separation[200] Cationic gemini surfactants 12-s-12, 2Br (with 16 ≥ s ≥ 4) form lyotropic mesophases stable from room temperature up to temperature of150- 200 ºC [167]. The concentration range of stability of the micellar solutions broadens on increasing s and spans almost the entire phase diagram (up to 90%

  Micellar electrokinetic chromatography (MEKC) allows the separation of neutral compounds by electrophoresis, based on their differential partition between micelles and the solution. The cmc and the hydrophobicity of the micelles are critical parameters for the efficiency of this technique. Sulfonate gemini surfactant of Figure 3a (Y = O) were able to separate various substituted naphthalene and benzene derivatives at concentration as low as 7.5 mM [204].

  recently, the interfacial behavior of a new amphiphilic cage molecule (tetra-(N-2tetradecyl-carboxamideoethyl)-tetraazacyclotetradecane) showing selective complexation of copper ions, has been studied [211]. The use of this compound for liquid-liquid extraction has been demonstrated in the case of chlorinated solvents.

  for the reaction of hydroxide ion with chloro-and fluoro-2,4-dinitrobenzene and hydroxide and fluoride ion with p-nitrophenyl diphenyl phosphate[34].Surfactants with s = 4 and 6 have shown much higher catalytic activity than CTAB for all the reactions studied. A short spacer (s = 2) or a rigid spacer (2,3 butinediyl) did not show any catalytic activity for reactions involving hydroxide ionsion in micelles of cationic gemini (m = 16, spacer

  optimum microemulsion formulations leading to both small particle and high molecular weight are obtained with s = 6 gemini[160]. In such conditions, the molecular weight is 4 times the one obtained in CTAB microemulsions. With -(EO) s/3 -hydrophilic spacers, the same type of behavior is observed. The spacer length leading to the maximum molecular weight (which in this case corresponds to the maximum particles size) is s/3 = 3[123]. These observations led the authors to conclude that the polymerization behavior of ternary microemulsions with cationic geminis is rather independent of the chemical nature of the spacer provided that the flexibility of the interface is sufficient[123].3. Gemini Surfactants as Templating Agent for Mesoporous materialTailoring the porosity of inorganic material is an issue for applications such as molecular sieving or selective catalysis. It has become a very active field of research since the pioneering work of scientists at Mobil Oil Research and Development, who used the cooperative self-assembling of silicate polyanions and cationic surfactant micelles to produce mesoporous silica[221], see the chapter by Stein and Melde in this volume]. A large variety of surfactants have now been used, including cationic gemini surfactants[217][218][219]. The greatest advantage of using gemini surfactants for templating the formation of mesoporous material, may be that they provide a new parameter, s, to control the structure, independently of, m, which is the determining variable for the average pore size. However, the quality of the material obtained is also sensitive to s[224].Typical syntheses proceed by mixing m-s-m, 2Br surfactants, with tetraethyl orthosilicate (TEOS) in water (in molar proportions 0.06/1/150) under basic or acidic conditions, at room temperature or/and under hydrothermal conditions for one or several days[223]. The crystallinity of the precipitate obtained is improved by subsequent hydrothermal treatment in fresh water. Most often, the structure of the ordered organic/inorganic composite material obtained is determined by the lyotropic behavior of the surfactant. Hence, short spacers favor lamellar phases (MCM-50) while intermediate spacers favor hexagonal phases (MCM-41) for s < 10. 12-12-12, 2Br yields MCM-41 at room temperature[223], and cubic structure (MCM-48) is obtained with 2Br under hydrothermal conditions [224]. The use of gemini surfactants has been shown to reduce the synthesis time of high quality (in terms of crystallinity and pore size distribution) cubic mesoporous silica[224].

γ

  cmc : Surface tension at the cmc pC 20 : Logarithm of the inverse of the surfactant concentration necessary to decrease the surface tension by 20 mN/m.A m is the surface area per molecule at the air/water interface. In the absence of swamping electrolyte, the value reported in the follwing tables are obtained by taking n=x+1 in the Gibbs equation (Equation9); k: number of solubilized dye molecule per surfactant molecule above the cmc;

  c Surface tension measurement by the maximum bubble pressure at 25 °C gives cmc=6.5 x 10 -3 M and γ cmc = 32 mN/25 ºC[38]. Values in parenthesis are for the corresponding monomer surfactant m-s/2, Br [155]. b Surface tension (ring method) at25 ºC [122], unless otherwise specified. c Surface tension (wilhelmy plate open frame version) at22 ºC [132]. Surface tension (ring method) at 25 ºC[34]. b Conductimetry at 25 ºC[38]. c Fluorescence spectroscopy at 30 ºC[41]) 3.2 x 10 -3 3.2 x 10 -3 3.1 x 10 -3 2.6 x 10 -3 2.3 x 10 -3 1.6 x 10 -3 Dye solubilization[146]. cmc1 a (M) cmc2 a (M) cmc b (M) KT c (ºC) cmc d (

  a (M) cmc b (M) γ cmc b (mN/m) A c (20 ºC. b Surface tension (ring method) at 20 ºC. c assuming n=2 in Gibbs equation (equation 1). m-6-m, 2Br m cmc a (M) cmc b (M) k b (µmol/mol)

  chloride selective electrode) at 25 ºC[78]. b Fluorescence spectroscopy of pyrene[78] c Surface tension (Wilhelmy plate) at 25 ºC (aged 24-48hours) γ cmc (mN/m) A m (Å 2 ) cmc (M) γ cmc (mN/m) A (Wilhelmy plate) in 0.1 M Li 2 SO 4 at pH=2 and T=25 ºC[99].

  γ cmc (mN/m) cmc (M) γ cmc (mN/m) Wilhelmy plate ) at 20 ºC[53].

  23 ºC. c Surface tension (ring method) at 50 ºC.

  ) γ cmc (mN/m) pC 20 cmc (M) γ cmc (mN/m) A(Å 2 

  Surface tension (wilhelmy plate) at 25 ºC [108]. b Cmc by conductimetry at 25 ºC; surface tension measured by pendant drop method at 25 ºC [104]. c Conductimetry at 25 ºC [103]. d Surface tension (wilhelmy plate) at 20 ºC [109]; 3*: hydroxypropylene spacer; mº: tertiary amine head group.

  Surface tension (Wilhelmy plate) at 20 ºC. m=16 compound is insoluble even in hot water [111]. b Surface tension (Wilhelmy plate) at 20 ºC [112]. ) γ cmc (mN/m) pC 20 Cmc (M) γ cmc (mN/m) pC

  This provides an important clue to understand the low cmc values of surfactant oligomers. Gemini surfactants have lower cmc than conventional ones because each molecule contains more methylene groups which water does not like to solvate. The slope B

m is actually not equal for both types of surfactant and the two straight lines in Figure

14

go further apart when m increases. (B m is 1 for geminis and 0.7 for monomers, but for a correct comparison the B m value of 1 should be divided by 2, since m corresponds only to half the number of methylene groups in geminis).

  . It depends on the composition of the pyrene solubilization site, i.e. near the micelle/water interface. For cationic geminis with hydrophobic -(CH 2 )

sspacers the micropolarity varies non-monotonically with the spacer chain length, going through a maximum at about s = 6 [158]. A similar behavior has been obtained for the corresponding monomer, m-s/2 [158]. Micropolarity does not change with spacer length in cationic gemini 16-(EO) s/3 -16, 2Br [48]. The micropolarity of cationic surfactant oligomers does not depend on x [104, 158],

Table 2 :

 2 Crossover concentration from slow to fast micellar growth regime c* for cationic surfactant oligomers. C* is determined from viscosity measurements, as the concentration where the viscosity is twice the viscosity of the water. 100/√c* is directly proportional to the end cap energy.

  Surface tension (Wilhelmy plate) at 20 ºC[56].
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					m	cmc (M)	γ cmc (mN/m)	pC 20
					8	1.9 x 10 -3		37.5	3.7
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	6-3		0.08	-	4.5					C 10 H 21	C 10 H 21
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	Surface tension (du Nouy ring) at 35 ºC							
								C.	Non-ionic gemini surfactants
										CH 3 [OCH 2 CH 2 ] n	[CH 2 CH 2 O] n CH 3
											N
											O
												NH	NH
											O	O
												C m H 2m+1	C m H 2m+1
									n-m	cmc (M)	γ cmc (mN/m)	A (Å 2 )
									2-5	5.7 x 10 -2a	35.5	103
								)	2-7	5.8 x 10 -3a	32.3	96
	-O-	8.4 x 10 -5	30	5.4	9.8 x 10 -6	30	82	2-9	8.8 x 10 -4b	32.9	79
	1.6 x 10 -4 -O[CH 2 CH 2 O] 2 -2.6 x 10 -4 -OCH 2 CH 2 O--O[CH 2 CH 2 O] 3 -3.7 x 10 -4 -O[CH 2 ] 4 O-1.0 x 10 -3	33 39 43 36	5.0 4.4 4.1 4.1	1.4 x 10 -5 2.5 x 10 -5 3.0 x 10 -5	35 37 39	94 106 110	3-7 3-9 Surface tension at a 25 ºC and b 6 ºC [73]. 7.2 x 10 -3b 34.8 9.7 x 10 -4b 30.8 6.6 x 10 -5a	103 85
	Surfcae tension (Wilhelmy plate) at 20 ºC [59].					H 2m+1 C m	n NHCO(CHOH) NCH 2 OH
									H 2m+1 C m	n NHCO(CHOH) NCH 2 OH

m
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