&953,%: UNIVERSITA
S v 13'”’1 DEGLI STUDI
| “ A]]Lr l O %ﬁ?ﬁﬁ% DI TORINO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Physicochemical characterization of cationic gemini surfactants and their effect on reaction
kinetics in ethylene glycol-water medium

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/118437 since 2016-06-29T14:10:58Z

Published version:
DOI:10.1016/j.colsurfa.2012.06.032
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

20 April 2024



UNIVERSITA
DEGLI STUDI
DI TORINO

115 AperTO

This Accepted Author Manuscript (AAM) is copyrighted and published by Elsevier. It is
posted here by agreement between Elsevier and the University of Turin. Changes resulting
from the publishing process - such as editing, corrections, structural formatting, and other
quality control mechanisms - may not be reflected in this version of the text. The definitive
version of the text was subsequently published in COLLOIDS AND SURFACES. A,
PHY SICOCHEMICAL AND ENGINEERING ASPECTS, 411, 2012,
10.1016/j.colsurfa.2012.06.032.

Y ou may download, copy and otherwise use the AAM for non-commercial purposes
provided that your license is limited by the following restrictions:

(1) You may usethis AAM for non-commercial purposes only under the terms of the
CC-BY-NC-ND license.

(2) Theintegrity of the work and identification of the author, copyright owner, and
publisher must be preserved in any copy.

(3) You must attribute this AAM in the following format: Creative Commons BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/deed.en),
10.1016/j.colsurfa.2012.06.032

The publisher's version is available at:
http://linkinghub.el sevier.com/retrieve/pii/S0927775712004463

When citing, please refer to the published version.

Link to thisfull text:
http://hdl.handle.net/2318/118437

Thisfull text was downloaded from iris - AperTO: https://iris.unito.it/

iris - AperTO

University of Turin’s Institutional Research Information System and Open Access Ingtitutional Repository
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ABSTRACT

Micellar and  surface properties of two cationic gemini surfactants viz.  alkanediyl-o,o-
bis(hydroxyethylmethylhexadecylammonium bromide) (C;¢-s-C;s, MEA 2Br, where s = 4, 6) in aqueous and
ethylene glycol-water medium (0-20 % v/v) have been investigated by conductivity and surface tension
measurements. The values of critical micellar concentration (CMC) and degree of micellar ionization (a) increase by
increasing the concentration of ethylene glycol and the spacer chain length of gemini surfactants. The standard
Gibbs free energy changes (AG®,,), enthalpies (AH®,,) and entropies (AS°;,) of micellization of gemini surfactants,
determined by studying the variation of critical micelle concentration with temperature, revealed spontaneous and
exothermic micellization behavior. The large rate enhancement for the hydrolysis of p-nitrophenyl acetate (PNPA)
and p-nitrophenyldiphenyl phosphate (PNPDPP) by a-nucleophiles such as, benzohydroxamic acid (BHA),
acetohydroxamic acid (AHA), salicylhydroxamic acid (SHA) and butane-2,3,-dione monooxime (BDMO) were
obtained in the presence of gemini surfactants over the monomeric surfactant i.e. cetyltrimethylammonium bromide
(CTAB). Kinetic constants were observed to be dependent on spacer chain length of gemini surfactants as well as on
the nature of nucleophiles used. Ethylene glycol retarded the rate of reaction and C4-6-Cj5, MEA 2Br” showed
better catalytic effect for phosphate ester hydrolysis.
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1. Introduction

Gemini surfactants have received wide attention not only due to their unique physicochemical properties
but also for their better performance in micellar catalysis. Gemini surfactants are made up of two identical/non-
identical amphiphilic moieties connected at the level of head groups by a spacer which can be hydrophilic or
hydrophobic, rigid or flexible [1-5]. These surfactants are superior to conventional single chain surfactants as they
have a much lower critical micelle concentration and low Krafft points, high surface activity, unusual aggregation

morphologies and better wetting properties [6-11].

Different solvents have been used to study the role of the solvophobic effect on micellization [12]. The
increasing use of novel surfactants in applications which require water-free media [13] make this type of research
more interesting and crucial due to novel technology requests. The solvents used in these studies are strongly polar,
with water resembling properties, such as ethylene glycol. Rodriguez et al. [14] have studied the effects of ethylene
glycol on the micellization process of gemini surfactants (C,,-s-Ci,, 2Br’, s = 3, 4, 5) and the effects of different
organic solvent-water mixtures on the micellization of Cy,-3-C;,, 2Br” and monomeric surfactants [15]. They have
studied the effect of these solvents on the aggregation number and micellar growth of gemini surfactants, showing
that the sphere to rod transition occurs at higher surfactant concentration in organic solvent-water mixtures than in
pure water.

One of the most interesting characteristics of micelles is their ability to show catalytic behavior towards
organic reactions. Bhattacharya et al. [16] have documented esterolytic cleavage of phosphate and carboxylate esters
in cationic gemini surfactants of the type Ci¢-s-Ci4 (s = 2-12), while Moya et al. [15] and Rodriguez et al. [17]
discussed kinetic micellar effects for methyl 4-nitrobenzene sulfonate in the formation of aggregates for gemini
surfactants using C;,-s-Cy, (s =2-6). In particular, the hydrolysis of phosphate esters is an important chemical
reaction since persistent chemical agents such as the pesticides paraoxon, parathion, and the nerve agents VX or
sarin are hydrophobic phosphorus substrates, and their decontamination involves dephosphorylation or hydrolysis
[18]. Current interest in studying the reactions of a-nucleophiles has received major importance in many
applications of these highly reactive species [19]. Many research groups have investigated the hydrolysis reaction of
different toxic and non-toxic esters using hydroxamate [20-21] and oximate [22] ions. These investigations showed
that the introduction of surfactant micelles can accelerate the hydrolysis of esters via hydrophobic and electrostatic
interactions, etc. [23]. The study on the effects of gemini surfactants on the reaction rates has been the subject of
significant interest for the last few decades [24-27]. The kinetic studies help to understand several complex aspects
of gemini micelles also for n-s-n ammonium geminis [28-32]. Kinetic evidences of morphological transitions in
gemini micelles were obtained by Turco Liveri et al. [33] and by Moya et al. [34]. Our research group has made
some significant contribution to the study of nucleophilic hydrolysis in some gemini and conventional surfactants

[35-36].

Alkanediyl-o, w-bis(hydroxyethylmethylhexadecylammonium bromide) cationic gemini surfactants, 16-s-

16, MEA 2Br” were prepared and studied by SANS by Sharma et al. [37]. Herein, we investigated the surface and
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micellar properties of these gemini surfactants, C;s-s-C;5, MEA 2Br” (s = 4, 6) (Scheme 1) in water-EG mixtures.
From the obtained CMC and o value, we calculated different thermodynamic parameters. The nucleophilic
hydrolysis of p-nitrophenyl acetate (PNPA) and p-nitrophenyl diphenyl phosphate (PNPDPP) by some o-
nucleophiles (hydroxamic acids, viz. benzohydroxamic acid (BHA), acetohydroxamic acid (AHA),
salicylhydroxamic acid (SHA) and butane-2,3-dione monoxime (BDMO) were also investigated in the presence of
these gemini surfactants (Scheme II), and cetyltrimethylammonium bromide micelles (CTAB), used as a standard,
in order to relate the significant difference in reactivity and to obtain surfactant structure-property relationships. The
study of micellization and interfacial properties of novel gemini surfactants are expected to shed more light on the
interpretation and quantification of the phenomena in the field of physical chemistry and thermodynamics. From the
viewpoint of usability, stability and spontaneity of micelle formation, this type of investigation is essential. This
work will hopefully lead to a more thorough understanding of the micellization and solubillization properties of
gemini surfactants. The knowledge of physicochemical properties of amphiphilic aggregates is needed to understand
their role in micellar catalytic systems. The actual kinetic behavior of surfactants can be explained only if their
micellar, interfacial and thermodynamic aspects are considered.
2Br
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2. Materials and Methods

2.1. Materials

p-Nitrophenyl acetate (PNPA) was purchased from Fluka (Switzerland) and p-nitrophenyl diphenyl phosphate
(PNPDPP) was prepared in the Vertox laboratory of Defense Research Development Establishment, Gwalior
(India). Benzohydroxamic acid, acetohydroxamic acid, salicylhydroxamic acid, butane-2,3-dione monoxime and
cetyltrimethylammonium bromide were purchased from Sigma, USA. Ethylene glycol (EG) was obtained from

Merck fine chemicals (Mumbai, India). All the solutions were prepared in triple distilled water.

2.1.1.  Synthesis of gemini surfactants
2.1.1.1. N-(2-hydroxyethyl)-N-methylhexadecylamine [38]

In a three necked round bottom flask, hexadecyl bromide (110 ml, 109.99 g., 0.360 mol) and N-(2-
hydroxyethyl)methylamine (180 ml, 168.30 g., 2.24 mol) were introduced and stirred at 90°C for one hour. At the
end, the N-(-2-hydroxyethyl)methylamine excess was distilled under vacuum (b.p.=155-157 C°). The upper layer of
the resulting biphasic system was separated, diluted with dichloromethane and washed with NaOH 1N (50 ml) and
with brine (2 x 50 ml). The solution was dried with Na,SO,, filtered and evaporated. The product is a yellow liquid.
Yield 104.20 g. (96%).



2.1.1.2. Butanediyl-o,m-bis(N-(2-hydroxyethyl)-N-methylhexadecylammonium bromide) [37]
The reaction was performed in carefully dried glassware.

N-(2-hydroxyethyl)-N-methylhexadecylamine (24 g., 80 mM) was dissolved in anhydrous acetone and the
resulting solution was transferred under Argon in a three necked round bottom flask, and the temperature was raised
to 60°C, then 3.86 ml (33 mM) of 1,4-dibromobutane was slowly added dropwise. The reaction was left at 60°C for
seventy hours and then cooled in an ice bath and after in a refrigerator overnight, to promote product crystallization.
The solvent was evaporated, the residue was washed with petroleum ether /ethyl acetate 1:1, and the solid mass was
filtered on a cold buchner funnel. The crude product was crystallized twice from hot methanol and acetone. The
solution was left to crystallize for a few hours in a refrigerator and was rapidly filtered on a cold buchner funnel.
The product was white powder: 14.25 g. (54 %).

'H-NMR (CDCl;) & 0,83 (t, 6H, 2CH3), 1,1-1,35 (br, m, 52H, 26CH,), 1,74-2,0 (br, d, 8H, 4CH,), 3,36 (s, 6H,
2NCHs;), 3,47-3,74 (br, t, 12H, 2xN(CH,)3), 4,08 (br, t, 4H, 2 CH,0), 5,01 (br, s, 2H, 20H).

2.1.1.3. Hexanediyl-o,m-bis(N-(2-hydroxyethyl)-N-methylhexadecylammonium bromide) [37]

The same method as for butanediyl-a,w-bis(N-(2-hydroxyethyl)-N-methylhexadecylammonium bromide) was
used, using N-(2-hydroxyethyl)-N-methylhexadecylamine (24 g., 80 mM) and 1,6-dibromohexane (5.54 ml, 36
mM) in 50 ml of anhydrous acetone. The crude product was isolated as shown above and crystallized from
methanol/acetone, obtaining a white crystalline powder: 11.31 g. (37%).

'H-NMR (CDCls) & 0,85 (t, 6H, 2CHj), 1,24-1,45 (br, m, 56H, 26CH, alkyl chain, 4CH, spacer), 1,40-1,79 (br,
m, 12H, 4 N"CH,CH,, 2 CH, spacer), 3,2-3,6 (br, m, 12H, 6 N+CH2, alkyl chain and spacer), 4,11 (br, t, 4H,
2CH,0), 5,20 (br, s, 2H, 20H).

2.2. Methods
2.2.1. Conductivity Method

Conductometric measurements were carried out using Systronics direct reading conductivity meter (Type

306). The conductivity cell was calibrated with KCI solutions in appropriate concentration range. A concentrated

surfactant solution [~10-20 times the critical micelle concentration (CMC)] was progressively added, using a

micropipette, to 20 mL of water-organic solvent medium in a water jacketed cell whose temperature was carefully

controlled by a thermostat (having a temperature accuracy of +0.01°C). After ensuring thorough mixing and
temperature equilibration of 300-320 K, the specific conductance (k) was measured.

To prepare samples for the Krafft point determination by conductivity measurements, a surfactant was dissolved

in hot water and the solution was cooled to 0 °C for at least overnight until the surfactant precipitated. During the

determination of Krafft temperature, the temperature of the water bath was raised gradually. At each temperature,

the conductance reading was checked every 2-5 min until it reached a steady value. Then, the temperature was



raised by 1-2 °C again for another conductance measurement. Every time the reading was checked, the conductivity

probe was moved up and down to stir the sample.

2.2.2. Surface Tension Measurement

The surface tension of aqueous solutions of surfactants at various concentrations were determined with a
surface tensiometer (Jencon, India) using a platinum ring by the ring detachment technique. The tensiometer was
calibrated against distilled water. Platinum ring was thoroughly cleaned and dried before each measurement. The
ring was hung to the balance, dipped into the solution and then pulled out. The maximum force needed to pull the
ring through the interface was measured and correlated to the surface tension. Each experiment was repeated several

times until good reproducibility was achieved. The results were accurate within +0.1 mNm™.

2.2.3. Kinetic Measurements

The reactions were studied spectrophotometrically with Varian Cary 50 spectrophotometer and Systronics
Type-118 UV-Vis spectrophotometer by monitoring the appearance of the p-nitrophenoxide ion at 400 nm at 27 +
0.2° C. All the kinetic experiments were performed at an ionic strength of 0.1 M KCI. Phosphate buffer (0.1 M) was
employed to control the pH of the media. All the pH measurements were obtained using a Systronics pH meter
(Type 362). All reactions were conducted under pseudo-first order conditions with the nucleophile in excess
(minimum 10 times). For all the kinetic runs, the absorbance/time data were fitted to the first order rate equation.
The pseudo-first-order rate constants (k) were determined from the plots of log (Ay—A/A.—A,) versus time with
Ao, A; and A, being the absorbance readings at starting point, proper and infinite time respectively. Substrate
concentration was kept the same for all the reactions. Fig. 1 shows a representative graph for hydrolysis of PNPDPP
(0.5 x 10 M) with BHA (0.5 x 10 M) in the micelles of C;4-6-Cy6, MEA, 2Br (1.0 x 107 M) at pH 8.0 and

temperature 27°C.

50
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Fig. 1. UV spectra collected at different reaction times, showing the increase in absorbance of p-nitrophenoxide ion
for the cleavage of PNPDPP with BHA in the presence of gemini (Cy4-6-Ci5, MEA 2Br’). Reaction Conditions:
[PNPA]=0.5x 10*M, [BHA]= 0.5 x 10°M, [KCI] = 0.1 M, [Gemini] = 1.0 x 10° M, pH = 8.0, T = 27°C.

3. Results and Discussion

Physicochemical properties of gemini surfactants (C;¢-s-Ci4, MEA 2 Br’) and their efficiencies as micellar
catalysts for esterolytic reactions were studied due to their fundamental and practical interest as previously shown.
The catalytic activity of C6-s-Ci5, MEA 2Br” (s = 4, 6) for the hydrolysis of PNPA and PNPDPP was studied in the
presence of hydroxamic acids (AHA, BHA and SHA) and BDMO as a-nucleophiles. Micellar catalytic activity of
gemini surfactants were compared with that of a most commonly used conventional surfactant i.e. CTAB. The
nucleophilic concentration-dependent first-order rate constants were determined for the reaction of PNPDPP and

PNPA with nucleophiles in excess.

3.1 Physicochemical Properties
3.1.1. Krafft Point

The Krafft temperature or Krafft point, Kp, is an important physical property of ionic surfactants closely
related to their molecular structure. Below Kp the solubility of ionic surfactants depends on their crystal lattice
energy and the heat of hydration. Above Kp, a hydrated surfactant crystalline solid melts and forms micelles in
solution, thus enhancing solubility drastically. Several aspects of the influence of ionic surfactant molecular
structure on the Krafft point are known. The Krafft point can be changed by increasing the degree of unsaturation or
branching in the hydrocarbon chains or by varying the nature of head groups or counterions [39]. The Krafft points
of gemini surfactants were found to be 40°C and 37 °C for C-4-C4, MEA and C;4-6-C,4, MEA respectively. While
normally cmc measurement should not be perfomed below the Krafft point, those compounds [37] and their C,4-6-
Cys, DMA parent compounds [4a, 39] were shown to aggregate even below their Krafft point and thus were
normally studied also in this temperature range. In our study we performed measurements in the temperature range

similar (or higher) to that studied by the investigators who prepared those compounds for the first time.

3.1.2. CMC Determination and Effect of Ethylene Glycol on Critical Micelle Concentration

The CMC values for Cy4-s-Ci6, MEA were determined by surface tension and conductance measurements. The
critical micelle concentration (CMC) of various surfactant solutions were usually determined by the discontinuity in
specific conductance versus total concentration plots. The classical method to obtain the CMC requires the
determination of two lines in the pre- and post-micellar regimes (Fig. 2a), respectively [40]. Since the determination
of the CMC for gemini surfactant is sometimes difficult due to smoothness of the k vs concentration plot, in the last
years the use of a non linear fitting method was proposed as a general method [41] and successfully applied to
gemini surfactants [42]. In the case shown by Carpena et al. [41] the problem of smooth conductivity vs C plots is

arising when the solvent is a mixture of organic solvents and water even for monomeric surfactants.



In the case of gemini surfactants the aggregation is promoted by the transfer of two alkyl chains to the micellar
phase but also made difficult by the steric requirements connected to put the two chains in the restricted micellar
core environment [43]. The data were fitted to a non linear equation and the resulting CMC of surfactants in pure

water and aqueous binary mixtures are given in Table 1:

1 + e(X*Xo)/AX
D a (1

F(x)=F(0)+ 4,x + Ax(4, —Al)ln( —
l+e™

where F(0) is the initial conductivity of water, A| and A, are the limiting slopes for low and high concentration
respectively, Xq is the central point of the transition, i.e. the CMC and Ax is the width of the transition. The a value,
representing the degree of micellar ionization can be deduced from the ratio Ay/A;. This equation can carefully

represent the conductivity vs C data set, since it is the integral of the Boltzmann sigmoid.

We thus obtained the results by applying both the classical and the non linear fitting method. The results are
very similar for both methods and are shown in Table 1 and Fig. 2. The surface tension versus log molar
concentration plots for gemini surfactants are shown in Fig. 3. The breakpoint in the surface tension vs logC plot
was taken as the concentration corresponding to the micelle formation, allowing the identification of the CMC. The

discussion of surface tension measurements is performed in the next paragraph.

The CMC values as obtained from both the techniques are in agreement with the literature [37] and are given in
Table 1. CMC data of the Ci¢-s-Cj5, MEA gemini surfactants are 10-100 times lower than the conventional
surfactants [44-45] and nearly 10 times lower than C;¢-s-Cis, DMA ammonium surfactants. For C4-s-C;5, MEA,
hydrogen bonding can take place with water and among the head groups through oxygen atom of -C,H,OH groups.
This is likely to provide additional hydration at the head group level resulting in screening of repulsion Coulombic

forces between charged heads and also enforcing a connection among head groups, helping C;4-s-Ci6, MEA
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2Br.

surfactants to form aggregates at a lower concentration than those of conventional surfactants. Table 1 summarizes
the variation of CMC and a with temperature and solvent composition. The data clearly indicate that the increase in
both temperature and organic solvent leads to higher CMC and o value. In fact, Table 1 shows that the CMC

increases by increasing the amount of EG present in the surfactant solutions.

From a thermodynamic point of view, the dependence of the CMC on the EG content in the mixed solvent is
due to the EG solvent ability towards the surfactant alkyl chains that makes the transfer of the surfactant tail from
the bulk phase into the micellar core less favorable when the amount of ethylene glycol in the mixture increases
[46]. The same applies towards the hydrophobic spacer. In practice, water-EG mixtures are interesting solvents for

the surfactant molecules than pure water [47].

This is confirmed by the observation that an increase in the weight percentage of EG in the solvent mixture
results in a less abrupt change in conductivity, going from the premicellar to the postmicellar surfactant
concentration range as compared to that in pure water, as given in Table 1. At a given solvent concentration the
CMC and the degree of micellar ionization increase with temperature (Table 1). The temperature effect is weaker in
pure water than that in water/cosolvent mixtures. The effect of temperature on the micellization is usually discussed
in terms of two opposite factors. The increase in temperature results in (i) a reduction of degree of hydration of the
head groups favoring micellization and (ii) breaking the water structure surrounding the hydrophobic groups
inhibiting micellization. It seems clear that the second effect is dominant in the temperature range studied.
Moreover, the degree of micellar ionization (o) of gemini surfactants becomes larger with an increase in EG

concentration and temperatures.
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Fig. 3. Plots of surface tension versus log C of C4-4-C4, MEA 2Br” and C,4-6-C,6, MEA 2Br in aqueous solution at
300 K.

Table 1. CMC (uM) and degree of micellar ionization (o) values of gemini surfactants (C4-s-C;5, MEA 2Br’) in

aquo-organic solution.

Cond. = Conductivity method, ST = Surface Tensiometer, N-L = Non linear fitting method,
Cl. = Classical method.

At higher temperatures, the surfactant becomes more soluble in the solvent medium and thus less prone to
aggregate. This results in a more gradual transition from the monomeric to the micellar state, requiring less
counterions to stabilize the micelle (higher o). This is in general agreement with the general effect of alcohols as
solvents on the micellization process. Looking for structure-properties relationships, the increase in the spacer length
makes C;4-6-C15, MEA, 2Br less prone to aggregate than Ci4-4-Ci4, MEA, 2Br" in pure water and in EG-water

mixtures, and its micellar ionization accounts for a slightly less compact micellar surface and structure.

Solvent % (v/v) Temp. Ci6-4-Cis, MEA 2Br C,6-6-C16, MEA 2Br
K Krafft Point CMC (uM) o Krafft Point CMC (uM) o
Kp Cond. ST Kp Cond. ST
N-L | CL N-L CL

Aqueous | 0.0 300 40° C 2.50 | 2.50 | 2.00 | 0.54 37°C 3.51 3.75 3.00 0.56
310 3.02 | 3.25 0.56 3.95 4.50 0.57
320 3.90 | 4.00 0.59 4.97 5.20 0.61
EG 10.0 300 3.42 | 3.50 | 3.00 | 0.55 4.36 4.75 4.00 0.59
310 4.49 | 4.50 0.58 5.11 5.50 0.62
320 5.57 | 5.40 0.62 6.39 6.50 0.65
20.0 300 420|420 |4.20 |0.56 4.82 5.60 5.40 0.59
310 5.24 | 4.80 0.57 6.48 6.50 0.61
320 6.11 | 5.80 0.60 7.42 7.80 0.66

3.1.3. Surface Properties of Gemini Surfactants
From surface tension measurements, several parameters can be obtained the surface excess concentration of
surfactant (/,,,) and minimum area per molecule at the air-water interface (4,,,) were determined from surface

tension data using Egs. (2) and (3) [48-49]
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where R is the gas constant (8.314 Jmol' K™), T is the absolute temperature, C is the surfactant concentration,
(dy / dlog() is the slope of the v vs logC plot taken at the CMC, and N is Avogadro’s number. The constant
(prefactor) n takes the values 2 for an ionic surfactant where the surfactant ion and the counterion are univalent and
n =3 for a gemini surfactant made up of a divalent surfactant ion and two univalent counterions, [48]. As will be
explained just below the use of n =2 or 3 do not affect the general trend. Hence a value of n = 3 was used in Eq. (2)
for the present ionic gemini surfactant system.

The value of the surface pressure at the CMC (¢ c) was obtained from equation (4),

Teme = Yo —Yemc (4)

where v, being the surface tension of pure solvent and ycyc being the surface tension at the CMC. This
parameter indicates that the maximum reduction of surface tension is caused by the adsorption of surfactant
molecules and this is attained when surfactant start to micellize and do not adsorb anymore at the surfaces. Hence, it
becomes a measure of effectiveness of the surface tension reduction, and the greater the m¢y,c values, the higher the
effectiveness of the surfactants. 7wqc values are listed in Table 2.

Before analyzing the results a brief discussion on the typical issue coming out when performing surface tension
measurements is opportune, since the presence of impurities can heavily affect the results and should correctly
addressed.

The absence of a minimum near the CMC is normally taken as a confirmation of substantial surfactant purity
[50]. When using mixed solvents, the impurities can come from different sources and the utmost care should be
taken to avoid their presence working at the best conditions one can attain. The problem of assessing the surfactant
purity and how the impurities could affect the surface tension vs logC plots was thoroughly addressed in the last
decades [51]. Exceptionally pure surfactant solutions gave insight on particular behavior of surfactants that in
general are hardly to be detected [52]. This kind of purity of surfactant solutions is normally not attained, but at least
the absence of a minimum in the y vs logC plot is highly advisable and this is a requisite in order to be sure to rely
on a reasonable purity of the surfactant solutions and to give the opportunity to perform careful studies and to obtain
repeatable results. Even when the minimum is not present, very small quantities of impurities can affect the portion
of the plot in which the surface tension is steeply decreasing, giving a too linear decrease. If the decrease was really
linear, the slope and thus the excess concentration (I',,,x) would be constant with the change of concentration, in a
large range. On the basis of the Gibbs adsorption theory this would be impossible, since the minimum area would be
constant over that concentration range and the surfactants would not be adsorbed anymore. A question would be
raised at this point: if the surfactant adsorption does not occur in this concentration range, why is the surface tension

decreasing? This is normally known as the Gibbs paradox. Even if modifications of the original Gibbs interpretation
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where proposed in the last years [53] it was already shown that a careful purification can evidence that the y vs
LogC plot is not completely linear but shows a small but perceptible curvature towards the LogC axis [54]. This
accounts for the I, always increasing, and A, always decreasing, with enhancing the surfactant concentration, in
agreement with the Gibbs theory. Quite recently we could demonstrate that even almost cheap and easily applied
methods (already proposed by Rosen) [50, 51b] for the surfactant purification could be enough to obtain a sufficient
surfactant solution purity that can enable to detect that the surface tension decrease is not really linear but that it
shows a small curvature towards the logC axis [50]. In the present case the experimental constraint would make the
framework almost problematic, since also the organic solvent could contain small quantities of highly hydrophobic
impurities that would affect the final result. Luckily, the surfactants were pure enough and also a substantial pure
organic solvent and water were used, making the surface tension measurements possible and reliable. In general, the
surface tension decrease is linear enough to permit to accurately extrapolate the CMC, but a careful inspection (Fig.
3) reveals that a small curvature is present. The complete exclusion of an extremely low content of hydrophobic
impurities cannot be ensured at the level reached by Lunkehimer et al. [52], but it was sufficient to have reasonable

confidence on the reliability and accuracy of those surface tension measurements, working at our best.

Another issue that should be considered with care is the use of the prefactor in the Gibbs equation. The
prefactor should depend only on the structure of the surfactant and on the number of species (ions for ionic
surfactants) that are produce upon surfactant solubilization, e.g. 2 for CTAB, generating an organic surface active
cation and a bromide anion, and 3 for our gemini surfactants. While the use of n =2 or 3 on geminis does not change
the trend of surface excess, ' , and minimum area, A, the use of techniques that can give direct measurement of
the excess concentration at the surface was proposed in the last decade. Unfortunately, those techniques are based on
high level and very expensive instrumentations, like Second Harmonic Generation (SHG) and Neutron Reflectivity
(NR) [54]. The comparison of the results obtained with direct (SHG and NR) and indirect (surface tension)
techniques, however, was very instructive, revealing that main discrepancies can be attributed to impurities, mainly
inorganic for anionic surfactants and organic (hydrophobic) for cationic surfactants. It was evidenced, as an
example, that for gemini of the C,-2-C;, 2Br, the prefactor should be near 2 for spacer length from 2 to 12. This
fact should make researchers aware to take every phenomenon with the outmost care, and that a careful inspection of
surface tension behavior, in particular, is essential to give consistency to the obtained results.

The CMC and A4,,, values were observed to increase for a spacer chain length going from 4 to 6 methylene
units. The variations of micellar parameters with spacer length can be attributed to conformational changes of spacer
at the micelle-water interface. Zana [49] and De et al. [55] also observed a similar trend in the dependence of
micellar parameters on spacer chain length for Cj,-s-C;;, DMA and Ci4-s-C;, DMA gemini surfactants,
respectively. As the percentage of ethylene glycol increases, values of maximum surface excess also increases and
consequently, A, decreases. Also, for Cy4-6-Cj4, MEA 2Br’, the surface excess is higher than for C4-4-C5, MEA,
2Br in presence of glycol while the opposite happens in water. The C,4-6-C;5, MEA, 2 Br seems to form a more
compact film at the air-water boundary. The presence of EG in the solvent system could make it to replace in part

water at the surface thus modifying the repulsion among the headgroups (see above, for the effect on CMC and o)
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and show better solvation for the alkyl spacer. Since the spacer is too short to fold towards the interior of the
adsorbed layer or micelles, it should be located, more or less, at the surface. The modification of the solvent
composition at the surface is then crucial and can affect the adsorption. While the CMC is increased, the ability to
accommodate surfactant molecules at the surface is enhanced, thus increasing the surface excess concentration.
Moya et al. [14] studying C;,-s-C;,, DMA, 2Br” surfactants in EG-water mixtures observed the opposite behavior,
i.e. the surface excess diminishes with the increase for the EG content in the solvent. The observed behavior should
be related to the presence of the ethanol moiety in the C4-s-C;s MEA, 2Br” head group. Its ability to form hydrogen
bonding can be enforced by the presence of EG in the solvent mixture. Since EG is known to disrupt the hydrogen
bonding network of water, it is possible that the hydrogen bonding would establish among ethanol moieties on the
head groups that can be dehydrated leaving more opportunities to keep the head groups closer and counteracting the
electrostatic repulsion.

Table 2

Surface properties and thermodynamic parameters of gemini surfactants (Ci4-s-C;6, MEA 2Br’) in aquo-organic

solution.

Surfactants % Tleme I max Anin AG’, AG’is  AG’mpit AG yans

(v/v)  mNm’' 10° 10°m?  kImol' klImol' kJmol' kJ.mol”
mol.m™

C16-4-Cy, MEA 2Br 0.0 32.0 1.39 119.4 -81.1 -104.1  -405
10.0 25.5 1.51 109.9 -78.5 -95.4 -39.3 2.6
20.0 21.2 1.82 91.3 -76.8 -88.4 -38.4 4.3

C16-6-C1, MEA 2Br 0.0 34.0 1.27 130.7 -79.9 -106.6  -39.9
10.0 26.5 1.72 96.5 -73.8 -89.2 -36.9 6.1
20.0 22.1 2.10 79.1 732 -83.7 -36.2 6.7

3.1.4. Effect of Temperature on Micellization
The Gibbs energy of micelle formation was calculated from the pseudo-phase separation model for ionic

surfactants according to equation (5)

AG°,=2(1.5-0a) RT InXcmc 4)

where R is the gas constant, 7 is temperature, and X.,. is the CMC value on the mole fraction scale, o is the
degree of micellar ionization and the other symbols have their usual meaning. The above expression, proposed by
Zana, [56] accounts for the presence of two alkyl chains (and two polar head groups) in the surfactant. The data
given in Tables 2 and 3 shows that the free energy of micellization (AG®°,) is negative in all considered cases and

becomes less negative as the cosolvent content in the solution increases. However, at a fixed cosolvent

13



concentration, the free energy of micellization shows small variations in the investigated temperature range. The
influence of the organic solvent on the CMC, a and on the size of the aggregates, can be explained by considering
the following solvent-dependent contributions to the free energy of micellization [57]: (i) the surfactant tail transfer
free energy, (ii) the aggregate-core solvent interfacial free energy, and (iii) the head group interaction free energy.
Besides these factors, the head groups steric interactions and the deformation of the surfactant tails inside the

micelles also have an influence on the Gibbs energy of micellization.

The Gibbs free energy of micellization per alkyl tail is defined as AG’ 0y = AG’y /2. (6)

In order to investigate this point, the effect of EG on the micellization process was estimated through the Gibbs

energy of transfer, AG°.,s, Which can be written as [58].

0 — 0 0
AG trans — AG m (water-organic solvent mixed media) — AG m (pure water) (7)

The positive values of AG®.,,s can be understood on the basis of a reduction in the solvophobic interactions
caused by the improved solvation, which leads to an increase in the solubility of the hydrocarbon tails in the
presence of ethylene glycol and consequently in an increase in the critical micelle concentration (Table 2). The
AG®yans value gradually increases with increasing mass fraction of co-solvent in the mixture. This results from the
preferential interactions of the hydrocarbon part of a surfactant with the hydrophobic part of a co-solvent and

cationic head with water that decrease the ability of a surfactant to associate.

The standard free energy of adsorption (AG° ) at the air/water interface was calculated by using the expression.

AGoads = AGom - TCCMC/ 1—‘max (8)
From Table 2 it can be observed that the AG", and AG”, values were all found to be negative in both the
aqueous and EG-water system for gemini surfactants, indicating a spontaneous micellization process. The AG®,q is

greater than that of AG°,, for all the systems. Their difference is a measure of the spontaneity difference of the two

Table 3. Thermodynamic parameters of micellization of gemini surfactants in water and binary mixtures.

Solvent Temp C16'4'C167 MEA 2Br Cl -6-C16, MEA 2Br
K AG®, AH®,, AS° AG®, AH’, AS°
kJ.mol™” | kJ.mol™ JK! mol™ kJ.mol™ kJ.mol™ JK! mol™
Water 300 -81.1 -35.9 150 -79.9 -23.2 189
310 -80.4 -37.5 138 -78.2 -24.5 173
320 -79.4 -38.7 127 -76.6 -25.0 161
10 % v/v EG | 300 -78.6 -31.3 157 -73.8 -21.1 175
310 -77.4 -32.3 145 -73.1 -21.8 165
320 -75.6 -32.9 133 -72.2 -22.4 155
20 % v/vEG | 300 -76.9 -23.2 179 -73.2 -27.3 153
310 -77.9 -24.5 172 -73.2 -28.4 144
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320 |-769 |-253 | 161 | -73.8 | -29.9 | 137

processes; the adsorption process is fairly stronger than the bulk process of micellization. Thus, the head group
architecture of the surfactants plays a decisive role in the surface chemical behaviors of the surfactants.
The standard enthalpy change for the micellization process, AH®;,, can be determined using the Gibbs-Helmholtz
equation (8):
AH®,  ={0(AG")/T}/ {0 (1/T)} ©)
AHP,=-2(1.5 - ) RT? [0 InXcyc/ OT] (10)

Therefore, if the dependence of the CMC values on temperature is known, a plot of InXcyc versus
temperature can be constructed, giving a linear trend (Fig S1). The slope can be found at each temperature. The
value of enthalpy of micellization has been calculated from the Eq. (9) and it is evident that micellization is always
exothermic and AH®,, decreases with the increase in co-solvent concentration (Table 3). This may be interpreted
because of decrease in the energy required to break up the iceberg structure surrounding the hydrocarbon chains of

the gemini surfactants.

Then the standard entropy of micelle formation, AS°,,, is obtained by the use of the following relation:

AS° = (AH°y- AG®) /T an

The entropy change is positive in all the cases. However, it decreases with increasing temperature. Ethylene
glycol is acting as a co-solvent and as a structure-breaking solute. In micellar solutions, structure-breaking solutes
lower the hydrophobic effect, which is considered as the driving force for micellization. The presence of structure
breakers in the aqueous phase may disrupt the organization of water produced by the dissolved hydrophobic group,
thereby decreasing entropy increase in micellization. The magnitude and sign of the AH®,, and AS®,, values are in

agreement with the destruction of hydrophobic hydration in the process of micellization [59].

3.2 Kinetic Investigation

3.2.1. Nucleophile Aided Esterolysis in Cationic Gemini and CTAB

The observed rate constant values for PNPA and PNPDPP hydrolysis in gemini surfactants and CTAB are
summarized in Table 4. Ester hydrolysis was quite slow in the absence of surfactants while gemini surfactants
micelles enhanced the reaction rate more than CTAB surfactants micelles, thus indicating that micellar media
assisted the rate of reaction. Introduction of gemini surfactants provided rate acceleration up to 1.88 fold for C,¢-6-
Ci6, MEA 2Br and 1.80 fold for C4-4-C5, MEA 2Br with SHA for cleavage of PNPA with respect to CTAB.
Similarly 3.46 fold rate enhancements in C;-6-C;s, MEA 2Br and 2.19 fold with C4-6-Ci5, MEA 2Br was
observed for PNPDPP hydrolysis with SHA with respect to CTAB micelles (Table 4). Hydroxamate ions are a-
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effect nucleophiles, that is, their reactivity is greater than that predicted by the relationship between nucleophilicity
and basicity. These are effective deacylating and dephosphorylating agents. Numerous reactions suggest that
hydroxamate ions (—N—QO") act as reactive species in the hydrolysis of esters hence, hydroxamic acids like AHA,
BHA and SHA were used as nucleophiles for ester cleavage in the present investigation and their nucleophilic
efficacy was compared with that of BDMO. Ester hydrolysis was monitored quite efficiently as all the nucleophiles
used were the source of powerful a-nucleophiles and the reactivity of these nucleophiles in gemini and CTAB
micelles is clearly manifested in Table 4. Nucleophilic reaction of anionic nucleophiles in the cationic micelles is
governed by the basicity and strength of incorporation of nucleophiles into the micellar media. Kinetic data (Table
4) evidence that SHA (pK, 7.20) shows larger reactivity than BHA (pK, 8.60), AHA (pK, 9.32) and BDMO (pK,
9.20). Hydroxamic acids, if ionized at a proper pH, can interact with cationic headgroups, and SHA and BHA are
slightly higher hydrophobic than AHA and are expected to have large micellar incorporation, leading to the effective
rate acceleration. The higher reactivity of SHA is due to bifunctional nucleophilicity of hydroxamate (—N—O") and
phenolate functions of the salicylhydroxamate ion [19a]. The N—OH groups are considerably ionized as N-O at pH

8.0 and therefore bind to gemini head group through electrostatic attractions.

Table 4. Hydrolysis of PNPA and PNPDPP with different a-nucleophiles in the presence of gemini surfactants at
temperature 27°C and pH 8.0

Surfactant PNPA PNPDPP
10°kgps (s™) 10°kgps (s ™)
BDMO  BHA SHA AHA BDMO SHA AHA
Nil 131 1.86 1.81 0.48 0.50 1.80 0.16
Ci6-4- C;s MEA 2Br  5.98 8.25 8.82 0.86 0.75 3.03 0.36
Ci6-6- Cis MEA 2Br”  6.96 8.71 9.26 0.60 0.85 4.78 0.65
CTAB 1.53 4.78 4.90 0.08 1.30 1.38 0.55

Reaction Conditions: [PNPA] & [PNPDPP] = 0.5 x 10*M, [Nu]=0.5 x 10° M, [KCI]=0.1 M, pH=38.0, Temp. =
27°C and [Surfactant] = 0.5 x 10 M.
3.2.2. Reaction of PNPA in Gemini Surfactants

To study the effects of spacer chain length on the rates of PNPA hydrolysis, we followed the hydrolysis of
PNPA induced by BHA in gemini surfactants (C;4-6-Ci4, MEA 2Br and C4-4-C4, MEA 2Br’) and compared with
that of monomeric surfactants (CTAB). The results are summarized in Table S1 and plots of kg, as a function of
surfactant concentration are shown in Fig. 4. The kinetic rate data revealed that the rate of reaction increases by
increasing surfactant concentration up to a certain concentration of gemini surfactant and then decreases (Fig. 4).
The effect of the spacer on the properties of gemini surfactants have been explored recently [60-61]. For gemini
surfactants as host micelles, it was observed that the reactivity of nucleophiles also depends on the spacer length
variation. The micellar rate of reaction increases with increasing length of spacer between the two cationic

headgroups of the gemini surfactants. C;4-6-Ci5, MEA 2Br  showed maximum £k, at different surfactant
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concentration and the catalytic activity of the surfactants may be presented as C;-6-Ci5, MEA 2Br” > C;4-4-Cyq,
MEA 2Br > CTAB. Although variation of spacer chain length alters the shape, CMC etc. of gemini micellar
aggregates, these changes do not affect very significantly the observed rate constants for the ester cleavage
reactions. It is well known that the aggregation numbers and dimensions of micelles decrease when spacer chain
length increases from 4 to 6 [35]. This can be explained on the account of conformational changes of spacer at the

micelle-water interface.
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W 16-6-16 MEA
ACTAB

[Surfactant]l{{mM)

Fig. 4. Influence of surfactant concentration on ks, for the reaction of PNPA with BHA in the presence of gemini
and CTAB. Reaction Conditions: [PNPA] = 0.5 x 10*M, [BHA] = 0.5 x 10° M, [KCI] = 0.1 M, pH = 8.0, Temp. =
27°C.

Bhattacharya et al. [18] have discussed that the observation of better rate of hydrolysis reactions in gemini
surfactants compared to that of monovalent surfactants could be due to the presence of the hydrophobic
polymethylene spacer chains between two head groups in geminis, which in turn decreases the extent of water
penetration at such micellar interfaces and this facilitates dephosphorylation and deacylation reactions. Gemini
surfactants possessing lower CMC than CTAB exhibit obvious advantage in concentrating hydrophobic substrates
like PNPA/PNPDPP and catalysts into the micelles. Hence, highest concentration of hydrophobic substrates and

complexes in gemini micelles is reached compared to traditional micelles of CTAB.

3.2.3. Cleavage of PNPDPP in Water-Ethylene Glycol Micellar Media

Pseudo-first-order rate constants (k) for the nucleophilic cleavage of PNPDPP in the presence of cationic

gemini surfactants in different water-EG solutions (0-20% v/v) are summarized in Table S2. The presence of EG
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retarded the rate of ester cleavage for the reactions in the micellar medium. This can be accounted for the transfer of
substrate from water to micelles and the interfacial properties. C5-6-C,5, MEA showed better catalytic effect for the
attack of benzohydroxamate ions on P=O centre than Ci4-4-Cis, MEA. In order to investigate the hydrolytic
cleavage of PNPDPP as a function of concentration of gemini surfactant C;4-s-C;5, MEA in water-EG mixtures, ks
was plotted against surfactant concentration as shown in Figs. 5 and S2. The rate-surfactant concentration profiles
obtained are characteristic of the micelle catalyzed reaction. The observed rate constants increased by increasing
surfactant concentration and then gradually level off. This can be explained by considering that, by increasing
gemini micelles in the solution a stage appears where all the substrates are almost entrapped in the micellar phase.
Further, the reactants are micro compartmentalized in the micelles by electrostatic and hydrophobic interactions; the
catalytic enhancement results from both the localized concentration of the reactants and the physicochemical
properties of the micellar environment, which is quite different from those of the bulk solvent. At a given
concentration of gemini surfactant, rate retardation was observed with increase in the concentration of EG in the
medium. This can be attributed to the structural changes in gemini micelles due to solvent effect as the presence of
organic solvent in the medium decreases the water content and finally polarity of the medium is reduced. The higher
polarity of the solvent (or better, of the solvent/micellar surface and/or solvent/micellar palisade sites that are
believed to be the typical sites where the reaction should occur) stabilizes the charged intermediate and therefore,
increases the reaction rate by its solvation. Thus, the addition of organic solvent lowers the polarity and causes in
decrease in stability of the transition state and therefore, the rate of reaction is decreased on increasing the
proportion of organic solvents. On the other side, since the introduction of EG, the lower medium polarity better
solvates the hydroxamic acids and substrates, thus reducing their incorporation into the micelles and this reduces

also the catalytic activity of the system.
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Fig. 5. Influence of surfactant concentration on ks, for nucleophilic substitution reaction of p-nitrophenyldiphenyl
phosphate and benzohydroxamate ion in water + EG micellar solutions of Ci-6-Cis, MEA, 2Br. Reaction

Conditions: [PNPDPP] = 0.5 x 10*M, [BHA] = 0.5 x 10° M, pH = 8.0, [KCI] = 0.1 M, Temp. = 27°C.
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4. Conclusions

Two gemini surfactants C;4-s- C;5, MEA with an ethanol moiety per headgroup and a polymethylene spacer of
4 or 6 methylenes were prepared, characterized and used in micellar catalysis. The CMC values increased with
increasing spacer length of gemini surfactants. The degree of micellar ionization of gemini surfactants, o, became
larger with an increase in EG concentration and temperature. The ', values rose with increasing percentage of EG
and decreased with increasing spacer length of gemini surfactants, in contrast with the general finding assessed in
the literature. The hydrogen bonding ability of the ethanol moiety at the surfaces could explain this unusual
behavior, helping the molecules to stay adsorbed at the surface. Furthermore, the presence of the ethanol moiety
that can help in the modulation of properties of surfactants can, in the near future, be exploited to prepare more
versatile structures, to be conceived as “tailor made” surfactants to fit proper applications and the major challenge is
now to establish these structure-property relationships on a theoretical and thermodynamic basis. Also the
thermodynamic data were in agreement with general findings in the field of gemini surfactants, since AG’,, and
AG’ 4 indicated a spontaneous micellization process, exothermic and entropy driven. The kinetic rate retardation
effect and increase of CMC values with increasing EG concentrations are supportive to the polarity driven alteration
of micellization. Kinetic constants were observed to be dependent on spacer chain length of gemini surfactants as
well as on the nature of nucleophile. Among the CTAB and Ci4-s-C;5, MEA 2Br gemini micellar systems, Ci4-6-
Cis, MEA 2Br” was the most efficient micellar catalyst for the hydrolysis of PNPA/PNPDPP. Salicylhydroxamic
acid proved to be the best nucleophilic reagent for esterolytic cleavage in micellar media owing to its lower pK,

value.

Supporting Materials

Table S1 Hydrolysis of PNPA with BHA in the presence of gemini and CTAB.

Table S2 Kinetic rate data for nucleophilic substitution reaction of p-nitrophenyl diphenyl phosphate and
benzohydroxamate ion in water + EG micellar solutions of cationic gemini surfactants.

Fig. S1. InX_,. versus temperature plots of gemini surfactant C4-6-C;¢c MEA, 2Br in aqueous and EG-water
medium at different temperatures.

Fig. S2. Rate-surfactant profile for nucleophilic substitution reaction of p-nitrophenyldiphenyl phosphate and
benzohydroxamate ion in water + EG micellar solutions of cationic gemini surfactants. Reaction Conditions:

[PNPDPP] = 0.5 x 10*M, [BHA] = 0.5 x 10> M, pH = 8.0, [KCI] = 0.1 M Temp. = 27°C.

Acknowledgement
The authors are grateful to Prof. K. S. Patel, Head, School of Studies in Chemistry for providing laboratory
facilities. They are also thankful to Pt. Ravishankar Shukla University, Raipur (Chhattisgarh), India for providing

19



university fellowship to the author (Namrata Singh) of this paper. N.B. and P.Q. thank Compagnia di San Paolo for
a grant (Progetti di Ricerca di Ateneo 2011-Linea 1A, project ORTO11RRTS).

References

10.

11.

(a) F.M. Menger, B.N.A. Mbadugha, Gemini Surfactants With a Disaccharide Space, J. Am. Chem. Soc. 123
(2001) 875-885.

(b) F.M. Menger, J.S. Keiper, Gemini Surfactants, Chem. Int. Ed. 39 (2000) 1906-1920.

(c) S.K. Verma, K.K. Ghosh, Micellar and Surface Properties of Some Monomeric Surfactants

and A Gemini Cationic Surfactant, J. Surfact. Deterg. 14 (2011) 347-352.

H. Gharibi, Z.M. Movahedi, S. Javadian, K. Nazari, A.A.M. Movahedi, Vesicular Mixed
Gemini—SDS—Hemin—Imidazole Complex as a Peroxidase-Like Nano Artificial Enzyme. J. Phys. Chem. B
115 (2011) 4671-4679.

X. Du, Y. Lu, L. Li, J. Wang, Z. Yang, Synthesis and Unusual Properties of Novel Alkylbenzene Sulfonate
Gemini Surfactants. Colloids Surf. A: Physicochem. Eng. Aspects 290 (2006) 132-137.

(a) R. Zana, Dimeric and Oligomeric Surfatants Behavior at Interface and in Aqueous Solution:A Review.
Adv. Colloid Interface Sci. 97 (2002) 202-253.

(b) B. Kumar, D. Tikariha, K.K. Ghosh, P. Quagliotto, Effect of Short Chain Length Alcohols on
Micellization Behavior of Cationic Gemini and Monomeric Surfactants. J. Molecular Liquids 172 (2012) 81—
87.

G. Liu, D. Gu, H. Liu, W. Ding, Z. Li, Enthalpy-Entropy Compensation of Ionic Liquid-Type Gemini
Imidazolium Surfactants in Aqueous Solutions: A Free Energy Perturbation Study. J. Colloid Interface Sci.
358 (2011) 521-526.

M.A. Alcalde, A. Jover, F. Meijide, L. Galantini, N.V. Pavel, A. Antelo, J.V. Tato, Synthesis and
Characterization of a New Gemini Surfactant Derived from 3a,12a-Dihydroxy-5p-cholan-24-amine (Steroid
Residue) and Ethylenediaminotetraacetic Acid (Spacer). Langmuir 24 (2008) 6060-6066.

Kabir-ud-Din, P.A. Koya, Z.A. Khan, Conductometric Studies of Micellization of Gemini Surfactant
Pentamethylene-1,5-bis(tetradecyldimethylammonium bromide) in Water and Water-Organic Solvent Mixed
Media. J. Colloid Interface Sci. 342 (2010) 340-347.

T. Yoshimura, K. Esumi, Synthesis and Surface Properties of Anionic Gemini Surfactants With Amide
Groups. Colloid Interface Sci. 276 (2004) 231-238.

D. Tikariha, K.K. Ghosh, P. Quagliotto, S. Ghosh, Mixed Micellization Properties of Cationic Monomeric and
Gemini Surfactants, J. Chem. Eng. Data, 55 (2010) 4162-4167.

D. Tikariha, K.K. Ghosh, N. Barbero, P. Quagliotto, S. Ghosh, Micellization Properties of Mixed Cationic
Gemini and Cationic Monomeric Surfactants in Aqueous-Ethylene Glycol Mixture. Colloids and Surfaces A:
Physicochem. Eng. Aspects 381 (2011) 61-69.

Deepti, K.K. Ghosh, P. Quagliotto, Micellization Behavior of [C16-4-C16], 2Br Gemini Surfactant in Binary

20



12.

13.

14.

15.

16.

17

18.

19.

20.

21.

22.

Aqueous-Solvent Mixtures. Indian J. Chem. 48 (2009) 1522-1526.

R. Palepu, H. Gharibi, D.M. Bloor, E. Wyn-Jones, Electrochemical Studies Associated With the Micellization
of Cationic Surfactants in Aqueous Mixtures of Ethylene Glycol and Glycerol. Langmuir 9 (1993) 110-112.
Holmberg K.; Organic and Bioorganic Reactions in Microemulsions, Adv. Coll. Interface Sci. 51 (1994) 137-
174.

A. Rodriguez, M.D.M. Graciani, M. Angulo, M.L. Moya, Effects of Ethylene Glycol Addition on the
Aggregation and Micellar Growth of Gemini Surfactants. Langmuir 22 (2006) 9519-9525.

A. Rodriguez, M.D.M. Graciani M. Angulo, M.L. Moya, Effects of Organic Solvent Addition on the
Aggregation and Micellar Growth of Cationic Dimeric Surfactant 12-3-12, 2Br". Langmuir 23 (2007) 11496-
11505.

(a) S. Bhattacharya, V. P. Kumar, Evidence of Enhanced Reactivity of DAAP Nucleophiles toward
Dephosphorylation and Deacylation Reactions in Cationic Gemini Micellar Media. J. Org. Chem. 69 (2004)
559-562.

(b) S. Bhattacharya, V.P. Kumar, Ester Cleavage Properties of Synthetic Hydroxybenzotriazoles in Cationic
Monovalent and Gemini Surfactant Micelles. Langmuir 21 (2005) 71-78.

A. Rodriguez, M.M. Graciani, F. Cordobes, M. L. Moya, Water—Ethylene Glycol Cationic Dimeric Micellar
Solutions: Aggregation, Micellar Growth, and Characteristics As Reaction Media. J. Phys. Chem. B 113
(2009) 7767-7779.

(a) M. Jokanovic, Medical Treatment of Acute Poisoning With Organophosphorus and Carbamate Pesticides.
Toxicol. Lett. 190 (2009) 107-115.

(a) M. L. Satnami, S. Dhritlahre, R. Nagwanshi, 1. Karbhal, K.K. Ghosh, F. Nome, Nucleophilic Attack of
Salicylhydroxamate Ton at C=0 and P=0 Centers in Cationic Micellar Media. J. Phys. Chem. B. 114 (2010)
16759-16765.

(b) E.S. Orth, P.L.F. da Silva, R. S. Mello, C.A. Bunton, H.M.S. Milagre, M.N. Eberlin, H.D. Fiedler, F.
Nome, Suicide Nucleophilic Attack: Reactions of Benzohydroxamate Anion with Bis(2,4-dinitrophenyl)
Phosphate. J. Org. Chem. 74 (2009) 5011-5016.

(c) X. Han, V.K. Balakrishnan, G.W. VanLoon, E. Buncel, Degradation of the Pesticide Fenitrothion as
Mediated by Cationic Surfactants and o-Nucleophilic Reagents. Langmuir 22 (2006) 9009-9017.

K.K. Ghosh, M.L. Satnami, D. Sinha, J. Vaidya, Solvent Effects on the Nucleophilic Substitution Reactions of
p-nitrophenyl Acetate With Hydroxamate Ions. J. Mol. Liquids 116 (2005) 55-60.

K.K. Ghosh, A. Pandey, S. Roy, Micellar Kinetics of Hydrolysis of Hydroxamic Acids in Zwitterionic
Sulfobetaine Surfactants. Colloids and Surfaces A: Physicochem. Eng. Aspects 163 (2000) 293-300.

(a) S. Couderc, J. Toullec, Catalysis of Phosphate Triester Hydrolysis by Micelles of
Hexadecyltrimethylammonium anti-Pyruvaldehyde 1-Oximate. Langmuir 17 (2001) 3819-3828.

(b) E. Buncel, C. Cannes, A.P. Chatrousse, F. Terrier, Reactions of Oximate a-Nucleophiles with Esters:
Evidence from Solvation Effects for Substantial Decoupling of Desolvation and Bond Formation. J. Am.

Chem. Soc. 124 (2002) 8766-8767.

21



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

B. Xu, W. Jiang, J. Li, Q. Lin, F. Liu, Enhanced Hydrolysis of p-Nitrophenyl Picolinate by Schiff Base
Mn(IIT) Complexes in Gemini 16-6-16 Micelles J Dispersion Sci Technol. 29 (2008) 1319-1324.

L. Qiu, G. Jiang, X. Gu, L.N. Hu, G., Gemini Metallomicellar Catalysis: Hydrolysis of p-nitrophenyl
picolinate Catalyzed by Cu(II) and Ni(II) Complexes of Macrocyclic Ligands in Gemini Surfactant Micelles.

J. Mol. Catal. A: Chemical 277 (2007) 15-20.

C. Groth, M. Nyden, K. Holmberg, J.R. Kanickyand, D.O. Shah, Kinetics of the Self-Assembly of Gemini
Surfactants. J. Surfact. Deterg. 7 (2004) 247-255.

L.G. Qiu, A.J. Xie, Y.H. Shen, Micellar Effect of a Triazole Based Cationic Gemini Surfactant on the Rate of
a Nucleophile Aromatic Substitution Reaction. Colloid Polym Sci 283 (2005) 1343—1348.

M.N. Khan, C.T. Fui, Kinetic Study on the Effects of Mixed Nonionic—Cationic Micelles on the Rate of
Alkaline Hydrolysis of N-hydroxyphthalimide. J. Mol. Liquids 147 (2009) 170-177.

C. Oeclschlaeger, G. Waton, S.J. Candau, M.E. Cates, Structural, Kinetics, and Rheological Properties of Low
Ionic Strength Dilute Solutions of a Dimeric (Gemini) Surfactant. Langmuir 18 (2002) 7265-7271.

S. Bal, M.L. Satnami, S. Kolay, R.M. Palepu, P.R. Dafonte, K.K. Ghosh, Kinetic Studies of Micelle-Assisted
Reaction of p-Nitrophenyl Acetate With Benzohydroxamate Ton In Water-Ethylene Glycol Mixtures. J.
Surface Sci Technol. 23 (2007) 33-48.

W. Jiang, B. Xuc, Q. Lina, J. Li, H. Fu, X.Z.H. Chen, Cleavage of Phosphate Diesters Mediated by Zn(II)
Complex in Gemini Surfactant Micelles. Colloid Interface Sci. 311 (2007) 530-536.

M.M. Graciani, A. Rodriguez, M.L. Moya, Studied the Reaction Between Methyl 4-nitrobenzenesulfonate and
Bromide Transitions. J. Colloid Interface Sci. 328 (2008) 324-330.

W. Jiang, B. Xuc, J. Zhong, J. Li, F. Liu, Hydrolytic Cleavage of Bis(p-nitrophenyl) phosphate by Schiff Base
Mnlll Complexes Containing Morpholine Pendants in Gemini 16-6—16 Micelles. J. Chem. Sci. 120 (2008)
411-417.

M.L. Turco Liveri, R. Lombardo, C. Sbriziolo, G. Viscardi, P. Quagliotto, Kinetic Evidence for the
Solubilization of pyridine-2-azo-pdimethylaniline in Alkanediyl-o,o-bis(dimethyldodecylammonium nitrate)
Surfactants. Role of the Spacer Chain Length.New J. Chem. 28 (2004) 793-799.

M.M. Graciani, A. Rodriguez, M.L. Moya, V.I. Martin, Micellization and Micellar Growth of Alkanediyl-
o, ®-bis(dimethyldodecylammonium bromide) Surfactants in the Presence of the Medium-Chain Linear
Alcohols. J. Colloid Interface Sci. 342 (2010) 382-391.

K.K. Ghosh, S. Kolay, S. Bal, M.L. Satnami, P. Quagliotto, P.R. Dafonte, Effect of Cationic Gemini
Surfactants on the Hydrolysis of Carboxylate and Phosphate Esters Using Hydroxamate Ions. Colloid Polym.
Sci. 286 (2008) 293-303.

S. Kolay, K.K. Ghosh, A.M. Donald, J. Moulins, R.M. Palepu, Micellization of Alkyltriphenylphosphonium
Bromides in Ethylene Glycol and Diethylene Glycol + Water Mixtures: Thermodynamic and Kinetic
Investigation. J. Solution. Chem. 37 (2008) 59-72.

V. Sharma, M. Borse, V.K. Aswal, N.K. Pokhriyal, J.V. Joshi, P.S. Goyal, S. Devi, Synthesis,
Characterization, and SANS Studies of Novel Alkanediyl-a, w-bis(hydroxyethylmethylhexadecylammonium

22



38

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

bromide) Cationic Gemini Surfactants. J. Colloid Interface Science 277 (2004) 450-455.

F. Winnik, M. Winnik, S. Tazuke, Interaction of Hydroxypropylcellulose With Aqueous Surfactants:
Fluorescence Probe Studies and a Look at Pyrene-Labeled Polymer. J. Phys. Chem. 91 (1987) 594-597.

J. Zhao, S. D. Christian, B. M. Fung, Mixtures of Monomeric and Dimeric Cationic Surfactants. J. Phys.
Chem. B 102 (1998) 7613-7618.

(a) De Lisi, R. A. Inglese, S. Milioto, A. Pellerito, Demixing of Mixed Micelles. Thermodynamics of Sodium
Perfluorooctanoate—Sodium Dodecanoate Mixtures in Water. Langmuir 13 (1997) 192-202.

(b) R. Zana, H. Levy, D. Danino, Y. Talmon, K. Kwektat, Mixed Micellization of Cetyltrimethylammonium
Bromide and an Anionic Dimeric (Gemini) Surfactant in Aqueous Solution. Langmuir 13 (1997) 402-408.

P. Carpena, J. Aguiar, P. Bernaola-Galvan, R.C. Carnero, Problems Associated with the Treatment of
Conductivity—Concentration Data in Surfactant Solutions: Simulations and Experiments. Langmuir 18 (2002)
6054-6058.

(a) P. Quagliotto, N. Barbero, C. Barolo, K. Costabello, L. Marchese, S. Coluccia, K. Kalyanasyundaram, G.
Viscardi, Characterization of Monomeric and Gemini Cationic Amphiphilic Molecules by Fluorescence
Intensity and Anisotropy. Dyes and Pigments 82 (2009) 124-129.

(b) N. Barbero, P. Quagliotto, C. Barolo, E. Artuso, R. Buscaino, G. Viscardi, Characterization of Monomeric
and Gemini Cationic Amphiphilic Molecules by Fluorescence Intensity and Anisotropy. Part 2 Dyes and
Pigments 83 (2009) 396-402.

a) P. Quagliotto, G. Viscardi, C. Barolo, E. Barni, S. Bellinvia, E. Fisicaro, C. Compari, Gemini Pyridinium
Surfactants: Synthesis and Conductometric Study of a Novel Class of Amphiphiles. J. Org. Chem. 68 (2003)
7651-7660.

b) P. Quagliotto, C. Barolo, N. Barbero, E. Barni, C. Compari, E. Fisicaro, G. Viscardi, Synthesis and
Characterization of Highly Fluorinated Gemini Pyridinium Surfactants. Eur. J. Org. Chem. (2009) 3167-3177.
R. Zana, Y. Talmon, Dependence of aggregate morphology on structure of dimeric surfactants. Nature 362
(1993) 228-230.

D. Danino, Y. Talmon, R. Zana, Alkanediyl-a,®-Bis(Dimethylalkylammonium Bromide) Surfactants
(Dimeric Surfactants). 5. Aggregation and Microstructure in Aqueous Solutions. Langmuir 11 (1995) 1448-
1456.

A. Rodriguez, M.M. Graciani, M.L. Moya, Effects of Addition of Polar Organic Solvents on Micellization,
Langmuir 24 (2008) 12785-12792.

A. Rodriguez, M. Munoz, M.M. Graciani, M.S.F. Pachon, M.L. Moya, Effects of Head Group Size on
Micellization of Cetyltrialkylammonium Bromide Surfactants in Water—Ethylene Glycol Mixtures. Colloids
and Surfaces A: Physicochem. Eng. Aspects 298 (2007) 177-185.

S.D. Wettig, R.E. Verrall, Thermodynamic Studies of Aqueous m-s-m Gemini Surfactants. J. Colloid Interface
Sci. 235 (2001) 310-316.

L. Grosmaire, M. Chorro, C. Chorro, S. Partyka, R. Zana, Alkanediyl- a,®-bis(dimethylalkylammonium

bromide) Surfactants 9. Effect of the Spacer Carbon Number and Temperature on the Enthalpy of

23



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Micellization. J. Colloid Interface Sci. 246 (2002) 175-181.

P. Quagliotto, N. Barbero, C. Barolo, E. Artuso, C. Compari, E. Fisicaro, G. Viscardi, Synthesis and Properties
of Cationic Surfactants With Tuned Hydrophobicity. J. Colloid Interface Sci. 340 (2009) 269-275.

(a) K.J. Mysels, C&SC Folklore. 6. The Surface Tension Minimum and Gilbert D. Miles. Langmuir 12 (1996)
2325-2326.

(b) M.J. Rosen, Purification of Surfactants for Studies of Their Fundamental Surface Properties. J. Colloid
Interface Sci. 79 (1981) 587-590.

K. Lunkenheimer, On the Problem of Surface Chemical Purity of Surfactants — Phenomena, Analysis, Results,
Consequences, and Prospects in Encyclopedia of Surface and Colloid Science, Marcel Dekker, New York,
(2002) 3739.

(a) F.M. Menger, A.L. Galloway, M.E. Chlebowski, Surface Tension of Aqueous Amphiphiles. Langmuir 21
(2005) 9010-9012.

(b) F.M. Menger, L. Shi, S.A. Rizvi, Additional Support for a Revised Gibbs Analysis. Langmuir 26 (2010)
1588-1589.

(c) R. Humphry-Baker, M. Gritzel, Y. Moroi, Pyrene Fluorescence at Air/Sodium Dodecyl Sulfate Solution
Interface. Langmuir 22 (2006) 11205-11207.

(d) H. Nakahara, O. Shibata, M. Rusdi, Y. Moroi, Examination of Surface Adsorption of Soluble Surfactants
by Surface Potential Measurement at the Air/Solution Interface. J. Phys. Chem. C. 112 (2008) 6398-6402.

(a) T. Priester, M. Bartoszek, K. Lunkenheimer, Influence of Surface-Active Trace Impurities on the Surface
Properties of Aqueous Solutions of Oligoethylene Glycol Monooctyl Ethers. J. Colloid Interface Sci. 208
(1998) 6-13.

(b) Z.X. Li, C.C. Dong, R.K. Thomas, Neutron Reflectivity Studies of the Surface Excess of Gemini
Surfactants at the Air—Water Interface. Langmuir 15 (1999) 4392-4396.

(c) J. Eastoe, S. Nave, A. Downer, A Paul, A. Rankin, K. Tribe, J. Penfold, Adsorption of Ionic Surfactants at
the Air—Solution Interface. Langmuir, 16 (2000) 4511-4518.

S. De, V.K. Aswal, P.S. Goyal, S. Bhattacharya, Ground State Properties of Hg,. 2. A Quantum Monte Carlo
Study. J. Phys. Chem. 100 (1996) 6152-6155.

R. Zana, Critical Micellization Concentration of Surfactants in Aqueous Solution and Free Energy of
Micellization. Langmuir 12 (1996) 1208-1211.

R. Nagarajan, Ch.-Ch. Wang, Theory of Surfactant Aggregation in Water/Ethylene Glycol Mixed Solvents.
Langmuir 16 (2000) 5242-5251.

J.E. Desnoyers, G. Perron, Temperature Dependence of the Free Energy of Micellization from Calorimetric
Data. Langmuir 12 (1996) 4044-4045.

P. Molyneux, C.T. Rhode, J. Swardrick, Thermodynamics of Micellization of N-alkyl Betaines. Faraday Trans
Soc 61 (1965) 1043-1052.

S. Chavda, P. Bahadur, V.K. Aswal, Interaction Between Nonionic and Gemini (Cationic) Surfactants: Effect

of Spacer Chain Length. J. Surfact. Deterg. 14 (2011) 353-362.

24



61.

S. Chavda, K. Kuperkar, P. Bahadur, Formation and Growth of Gemini Surfactant (12-s-12) Micelles as a
Modulate by Spacers: A Thermodynamic and Small-Angle Neutron Scattering (SANS) Study. J. Chem. Eng.
Data 56 (2011) 2647-2654.

25



