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Abstract A novel cationic biodegradable dimeric (gem-

ini) surfactant, ethane-1,2-diyl bis(N,N-dimethyl-N-hexa-

decylammoniumacetoxy) dichloride (16-E2-16), containing

an ester-linked spacer was synthesized. Its pure and mixed

micellization properties with monomeric surfactants cetyl

trimethyl ammonium chloride, cetyl pyridinium chloride,

sodium dodecyl sulfate, sodium dodecyl benzene sulfonate,

cetyl alcohol ethoxylate (20EO) and tert-octylphenol

ethoxylate (9.5EO) were investigated by surface tension

measurements at 30 �C. The critical micelle concentration

(CMC) of 16-E2-16 is well below that of cetyl trimethyl

ammonium chloride containing the same number of carbon

atoms in the hydrophobic tail per polar head. At different

mole fractions of the gemini surfactant, the CMCs of the

gemini-conventional binary mixtures were determined and

were found to be less than the ideal CMC values in all the

cases indicating synergistic interactions. Aggregation

number and Stern–Volmer constant, obtained by the fluo-

rescence quenching technique, also support the synergistic

behavior of the surfactant systems.

Keywords Gemini surfactant � Critical micelle

concentration � Mixed micelles � Synergism �
Aggregation number

Introduction

Surfactants are amphiphilic molecules consisting of a

hydrophilic polar head group and a hydrophobic hydro-

carbon tail which decrease the surface as well as interfacial

tension at the liquid–air interface and form aggregates

called micelles at a concentration known as the critical

micelle concentration (CMC) [1]. Gemini surfactants are

made of two hydrophobic chains, two polar head groups

covalently linked through a spacer, which significantly

influences their properties. Having this unique chemical

structure, geminis possess properties superior to those of

conventional surfactants (such as low CMC, high surface

activity, better solubilization, better wetting properties,

specific rheological properties, and unusual aggregation

behavior [2, 3]). The environment is affected considerably

by the toxicity of surfactants during their use in commer-

cial and industrial applications, which can be avoided by

the use of cleavable surfactants [4–10]. The ester bond in

the spacer makes the geminis more cleavable/biodegrad-

able with lower aquatic toxicity compared with other cat-

ionic surfactants (conventional as well as gemini) [11–13].

The polar bond which contributes to the water solubility

makes them degradable. For aquatic organisms including

microbes, the biodegradable gemini is less toxic than the

other surfactants which cause cellular breakdown, mem-

brane disruption, protein unfolding and alter other enzy-

matic activities [14].

The properties of mixed surfactant solutions are more

interesting because not only are the properties of individual

components combined, but also synergism is observed in

properties of interest. Recently, several research papers

have appeared in the literature regarding the mixing

behavior of geminis with conventional surfactants where

combinations of different types of surfactants have been
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studied [12, 15–17]. However, there are scanty reports on

the study of systems containing a biodegradable/cleavable

gemini surfactant as one of the components. We have

examined the micelles formed from the dimeric surfactant,

ethane-1,2-diyl bis(N,N-dimethyl-N-hexadecylammonium-

acetoxy) dichloride, abbreviated 16-E2-16 in the following,

where E2 represents two ester groups in the spacer. The

hydrophilic head groups of the gemini surfactant are con-

nected by a covalent linkage through the ester bonds.

Based on the behavior of other cationic gemini surfactants

having ester groups, this compound is possibly more bio-

degradable and less toxic than common cationic gemini

surfactants. The investigations were made by using surface

tension and fluorescence quenching techniques.

Materials and Methods

Materials

The cationic surfactants cetyl pyridinium chloride CPC

(Merck) and cetyl trimethyl ammonium chloride CTAC

(99 %, Acros), anionic surfactants sodium dodecyl benzene

sulfonate SDBS (TCI) and sodium dodecyl sulfate SDS

(99 %, Sigma), nonionic surfactants cetyl alcohol ethoxy-

late (20EO) C16EO20 (Brij 58 from Merck) and tert-oc-

tylphenol ethoxylate (9.5EO) TOPEO9.5 (Triton TX-100

from Fluka) were used as received. The anionic surfactant

SDS was recrystallized twice before use. N, N-dimethyl-

hexadecylamine (C95 %, Aldrich), ethylene glycol (99 %,

Sigma Aldrich), chloroacetyl chloride (98 %, Loba che-

mie) and pyrene (99 %, Fluka) were also used without

further purification.

The chemical structures of the surfactants used in this

study are shown in Scheme 1. For SDBS, only one of the

main chemical species is represented.

Synthesis of the Gemini Surfactant

The cationic ester-bonded gemini surfactant 16-E2-16 was

synthesized in two steps (Scheme 2) [7].

1. Firstly, ethane-1,2-diyl bis(chloroacetate) was pre-

pared by heating a mixture of chloroacetyl chloride

(0.22 mol) and ethylene glycol (0.1 mol) at 50 �C for

8 h in nitrogen atmosphere. The product thus obtained

was dissolved in ether, dried over magnesium sulfate

and the solvent distilled off under reduced pressure.

Low melting colorless needle-shaped crystals of eth-

ane-1,2-diyl bis(chloroacetate), 15.15 g (65.36 %)

were obtained.

2. In the second step, the target compound was obtained

by heating ethane-1,2-diyl bis(chloroacetate) with N,

N-dimethylhexadecylamine (molar ratio = 1:2.1) in

ethyl acetate for 10 h. When the solvent was removed

under reduced pressure, white crystalline solid of

16-E2-16 was obtained which was further purified by

repeated crystallization in ethyl acetate-ethanol mix-

tures (5:1), m. p.: 180–184 �C, 36.81 g (78.7 %). The

structure was confirmed by FT-IR, 1H-NMR and mass

spectroscopy. The 1H-NMR and electrospray ioniza-

tion (ESI, ?) mass spectra of 16-E2-16 are shown in

Figs. 1S and 2S (Supporting material).

FT-IR (KBr, m cm-1): 2,922.77, 2,855.44 (C–H);

1,749.36 (C = O); 1,473 (C–O); 1,184.71 (C–N); 719.47.
1H-NMR (300 MHz, CDCl3, d scale): 0.86–0.90 (t, 6H,

-2 9 CH3, alkyl chain); 1.25–1.34 (m, 52H, -2 9 (CH2)13,

alkyl chain); 1.76 (m, 4H, -2 9 N?CH2CH2); 3.53 (s, 12H,

-2 9 N?(CH3)2); 3.79 (s, 4H, -2 9 CH2O); 4.49 (t, 4H,

-2 9 N?CH2); 5.36 (s, 4H, -2 9 N?CH2COO).

MS–ESI ? (m/z): 718 (M–Cl-), 667 (M–Cl-–CH3Cl-),

457 (M ? H?–C14H29N?(CH3)2CH2OOCH = CH2), 130

(CH3)2N?CH2OOCH = CH2).

Anal. Calc. for C42H86O4N2Cl2: C 66, H 11.4, N 3.7

(Found: C 63.76, H 10.39, N 3.63).

The above spectral data correspond to the structure of

16-E2-16.

Methods

Determination of the Critical Micellar Concentrations

A mixed micellization study at different mole fractions of

16-E2-16 (0.2, 0.4, 0.6, 0.8) was done with six different

monomeric surfactants. The CMCs of the pure/mixed

surfactant systems were determined by the surface tension

method. For each surfactant, surface tension (c) mea-

surements of the pure as well as four binary mixtures

prepared in double distilled water were made with a Krüss

11 Tensiometer (K11MK3, Germany) by the platinum

ring detachment method at 30 �C. The temperature

was maintained by circulating water from an Orbit RS

10S thermostat to the sample holder. Each experiment

was repeated to achieve good reproducibility. The accu-

racy of the surface tension measurements was within

±0.1 mNm-1.

Determination of Aggregation Numbers

The aggregation numbers (Nagg) of pure/mixed surfactant

micelles were determined by steady-state fluorescence

measurement of pyrene (recorded by a Hitachi F-4500

Fluorimeter, kex = 334 nm, excitation slit width = 5.0 nm,

emission slit width = 2.5 nm). The requisite volume of

ethanolic 3.0 mM pyrene solution was transferred to a
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standard volumetric flask and the solvent was evaporated.

The surfactant solution was added to it to keep the pyrene

concentration constant at 3 9 10-3 mM. The quencher

(CPC) concentration was varied from 0 to 1.4 9 10-3 mM.

It is considered that the fluorescence lifetime of pyrene was

longer than the residence time of quencher in the micelle,

ensuring Poisson distribution. Total surfactant concentration

of the pure/mixed systems was taken as 0.2 mM. The

fluorescence intensities I1 (kem = 373 nm) and I3

(kem = 384 nm) correspond to the first and third vibronic

peaks, respectively which decrease with the increase in

quencher concentration.

Biochemical Oxygen Demand (BOD) Test

The test for BOD was done to find out the tendency of the

gemini surfactant to biodegrade. The inherent biodegrad-

ability of 16-E2-16 was evaluated by the BOD test by the

oxygen consumption method which took 5 days to com-

plete [18]. A 100-mg sample was added to 100 ml of the

basic culture solution. The change in the BOD (mg) of the

system was monitored for 5 days. The biodegradability

was calculated as

Biodegradability (%) ¼ BOD � blankð Þ=TOD½ � � 100

(TOD refers to the theoretical oxygen demand when the

test compound is completely oxidized).

The gemini surfactant 16-E2-16 showed good biode-

gradability. Its biodegradability was found to be 23 % after

5 days.

Hemolytic Activity Test

The toxicity of 16-E2-16 was determined by the hemolytic

activity test (by using a BMG FLUOstar Galaxy 384

microplate reader) following a reported procedure [4].

Surfactant solutions of different volumes (ranging from

12.5 to 300 lg/ml) were taken for the study. From the

hemolysis results, the dose–response curve was obtained.

The concentration that induces the hemolysis of 50 % of

the cells (HC50) in the erythrocyte suspension was subse-

quently calculated. The HC50 value of 16-E2-16 was found

to be 228.88 lg/ml whereas for CTAC HC50 value was

0.00312 lg/ml. It is evident from Fig. 1 that the toxicity of

16-E2-16 is extremely low compared to the conventional

surfactant CTAC [19].
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Scheme 1 Structure of

surfactant molecules used in this

study: ethane-1,2-diyl bis(N,

N-dimethyl-N-

hexadecylammoniumacetoxy)

dichloride (16-E2-16), sodium

dodecyl sulfate (SDS), sodium

dodecyl benzene sulfonate

(SDBS),

cetyltrimethylammonium

chloride (CTAC),

cetylpyridinium chloride (CPC),

polyoxyethylene (20) cetyl ether

(C16EO20), tert-octylphenoxy

polyethoxyethanol (TOPEO9.5)
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Scheme 2 Synthesis protocol of the gemini surfactant ethane-1,2-

diyl bis(N,N-dimethyl-N-hexadecylammoniumacetoxy) dichloride
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Results and Discussion

Surface tension (c) has long been established as one of the

important physical parameters for determining the CMC

of surfactants. When surfactant molecules are added to

water, the excess surface concentration remains constant

while c decreases linearly. After saturation, the added

surfactants assemble to form aggregates called micelles

and c remains constant. The CMC is obtained from the

break point in the c versus log[surfactant] profile. Con-

stant value of c at CMC is a measure of the effectiveness

of the surfactant.

The situation in a number of cases is not as simple as

described above. Instead of two (usual), three main regions

are often encountered, respectively, at very low, interme-

diate, and high surfactant concentrations. The reason

advanced for observing the first low concentration region is

given due to surface active trace impurities [20–22]. Sig-

nificant lowering of tension in the pre-CMC region has

been documented [22–24] by the impurities present even at

ppm levels.

As all the plots show clear and sharp breaks between

straight lines drawn through intermediate and high sur-

factant concentration regions, the CMC values were

obtained from such profiles (Fig. 2; Table 1). Compared

with the corresponding conventional monomeric surfactant

CTAC, 16-E2-16 is more efficient at lowering the surface

tension of water and has a much lower CMC due to greater

hydrophobicity of the dimer owing to the double-tailed

structure. The CMC values of the pure surfactants decrease

in the order: SDS [ SDBS [ CTAC [ CPC [ TOPEO9.5

[ C16EO20 [ 16-E2-16. The nonionics have naturally

lower CMC values than the cationic/anionic surfactants.

The surface tension curves for all the six mixtures at dif-

ferent molar ratios are provided in Fig. 3S (Supporting

material).

Synergistic Interactions Between the Surfactants

in Mixed Micelles

Ideal CMC (CMCideal) values for various mixed surfactant

systems were calculated using the Clint Eq. 1 [25]

1

CMCideal

¼ a1

CMC1

þ a2

CMC2

ð1Þ

where a1, a2 are the stoichiometric mole fractions, CMC1 and

CMC2 are the CMC values of the gemini and conventional

surfactants, respectively. Lower values of CMC12 (i.e., the

experimental CMC) than CMCideal indicate their nonideal

behavior, which is a required condition for synergism

between the constituents. The nature and strength of

interactions between the surfactant molecules in the mixed

micelles have been interpreted in terms of interaction

parameter (bm = W12 � ð12 W11 þ 1
2

W22Þ
� �

=RT , W being

the molar interaction energy between the indicated

constituents). According to Rubingh [26], if two

surfactants form mixed micelles, then Xm
1 (micellar mole

fraction of gemini) is related to a1, CMC1, CMC2, and

CMC12 as
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Fig. 1 Variation of hemolysis versus concentration of 16-E2-16
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Xm
1

� �2
ln CMC12a1=CMC1Xm

1

� �h i

1� Xm
1

� �2
ln CMC12ð1� a1Þ=CMC2 1� Xm

1

� �� � ¼ 1 ð2Þ

The value of Xm
1 was obtained by solving Eq. 2

iteratively, which was then used to calculate bm

bm ¼ ln CMC12a1=CMC1Xm
1

� �� �
= 1� Xm

1

� �2 ð3Þ

bm indicates the magnitude of interaction between the

two surfactants in the mixed micelles. Higher negative

value of bm implies a reduction in the free energy of

micellization, which makes the system thermodynamically

more stable. When there is repulsion between the

components, bm is positive and the interaction is

antagonistic in nature. But for all the mixed systems

studied, we have obtained negative bm, indicating the

presence of synergistic interactions between the

surfactants.

The activity coefficient (f m
i ) of individual components

within the mixed micelles can be obtained by using Eqs. 4

and 5

f m
1 ¼ exp bmð1� Xm

1 Þ
2

n o
ð4Þ

f m
2 ¼ exp bm Xm

1

� �2
n o

ð5Þ

The f m
i \ 1 and f m

1 [ f m
2 results imply the formation of

mixed micelles with a higher participation of gemini than

conventional surfactants.

Table 1 Physicochemical parameters for gemini-conventional surfactant systems at 30 �C

System a16-E2-16 CMC/CMC12 (mM) CMCideal (mM) XM
1

bm f1
m f2

m

16-E2-16 1.0 0.0015

SDS 0 7.72

0.2 0.0037 0.0075 0.4921 -10.26 0.6235 0.0017

0.4 0.0023 0.0038 0.8348 -10.00 0.7473 0.0010

0.6 0.0013 0.0025 – -11.98 0.6554 0.0003

0.8 0.0010 0.0019 – -13.37 0.6346 0.0001

SDBS 0 2.81

0.2 0.0066 0.0075 0.5493 -4.72 0.9616 0.0202

0.4 0.0020 0.0038 – -9.63 0.6766 0.0021

0.6 0.0016 0.0025 – -9.70 0.7565 0.0013

0.8 0.0011 0.0019 – -11.09 0.7272 0.0004

CPC 0 0.70

0.2 0.0035 0.0075 0.3510 -7.37 0.6265 0.0160

0.4 0.0029 0.0038 0.5981 -5.55 0.8912 0.0171

0.6 0.0023 0.0025 0.8139 -4.53 0.9797 0.0193

0.8 0.0016 0.0019 0.9897 -4.01 0.9992 0.0185

CTAC 0 1.23

0.2 0.0025 0.0075 0.4920 -9.87 0.4645 0.0058

0.4 0.0025 0.0038 0.7277 -7.25 0.8042 0.0070

0.6 0.0016 0.0025 – -8.64 0.7628 0.0028

0.8 0.0011 0.0019 – -10.39 0.7066 0.0009

C16EO20 0 0.0046

0.2 0.0017 0.00326 0.4293 -2.56 0.4876 0.5687

0.4 0.0020 0.00252 0.6673 -1.15 0.8409 0.6520

0.6 0.0015 0.00206 0.8186 -1.60 0.8693 0.4532

0.8 0.0010 0.00174 0.9232 -3.68 0.7411 0.1523

TOPEO9.5 0 0.18

0.2 0.0050 0.0073 0.4307 -3.68 0.8435 0.1031

0.4 0.0027 0.0037 0.6686 -4.44 0.8676 0.0498

0.6 0.0017 0.0025 0.8195 -5.87 0.8186 0.0202

0.8 0.0007 0.0019 0.9237 -10.55 0.4960 0.0029
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The excess free energy of mixing (DGm
ex) can be calcu-

lated using the activity coefficients by Eq. 6

DGm
ex ¼ RT Xm

1 lnf m
1 þ 1� Xm

1

� �
lnf m

2

� �
ð6Þ

Negative DGm
ex values (Table 1S, Supporting material)

indicate that the stability of mixed micelles is higher than

single surfactant micelles.

Regular solution theory (RST) is mostly used rather than

other models due to its simplified approach. However, in

some cases, it is considered irrelevant when the hydrocarbon

chain length and the ionic strength variations are taken into

account for the determination of interaction coefficients.

Another suitable model, i.e., Motomura’s approach [27], is

then used to evaluate the micellar composition and physi-

cochemical parameters. It is applicable to any kind of sur-

factant mixture and is independent of counterions of the

amphiphiles. Accordingly, mixed micelles are considered as

a macroscopic bulk phase and the related energetic param-

eters of such systems can be evaluated in terms of excess

thermodynamic quantities. The micellar composition was

determined by the relationship

XM
1 ¼ �a1 �

ð�a1�a2=CMCÞðoCMC=o�a1ÞT ;P
1� dv1;cv2;d

v1;cv2�a1þv2;dv1�a2

ð7Þ

where CMC ¼ ðv1a1 þ v2a2ÞCMC ð8Þ

and �ai ¼
viai

v1a1 þ v2a2

ði ¼ 1; 2Þ ð9Þ

In the above equation, XM
1 = the micellar mole fraction

of 16-E2-16, �ai = bulk mole fraction, mi = number of ions

dissociated by the ith component and d = Kronecker delta.

d = 1 for identical counterions and d = 0 for different

counterions. In the present case, Eq. 7 is modified as:

1. For gemini-anionic mixture: m1 = m1a ? m1c =

(2 ? 1) = 3, m2 = m2b ?m2d = (1 ? 1) = 2

XM
1 ¼

3a1

a1 þ 2

� �

� 1

ða1 þ 2ÞCMC

3a1

a1 þ 2

� �
2� 2a1

a1 þ 2

� �
oCMC

o�a1

� �

ð10Þ

2. For gemini-cationic mixture (with the same

counterion):

m1 = m1a ? m1c = (2 ? 1) = 3, m2 = m2b ? m2d = (1 ?

1) = 2

XM
1 ¼

3a1

a1 þ 2

� �
�

1
ða1þ2ÞCMC

3a1

a1þ2

� 	
2�2a1

a1þ2

� 	
oCMC
o�a1

� 	

1� 1
2�a1þ3�a2

ð11Þ

3. For gemini-nonionic mixture: m1 = m1a ? m1c =

(2 ? 1) = 3, m2 = m2b ? m2d = (1 ? 0) = 1

XM
1 ¼

3a1

3a1þ a2

� �

� 1

ð3a1þ a2ÞCMC

3a1

3a1þ a2

� �
a2

ð3a1þ a2

� �
oCMC

oa1

� �

ð12Þ

The mole fraction of surfactants in ideal state was

calculated using Eq. 13

Xideal
1 ¼ a1CMC2

ða1CMC2 þ a2CMC1Þ
ð13Þ

We see that XM
1 (Table 1) as well as the Xm

1 and Xideal
1

values (Fig. 3) for mixed systems increase with increase

of a1. Also, for all the systems, Xm
1 is greater than a1.

Even at lower a1, contribution of 16-E2-16 in mixed

micellization is higher than that of single chain

surfactants. This is because of the two hydrophobic

chains trying to be accommodated in the mixed micelles

at the same time.

Cationic Dimeric ? Cationic Monomeric Surfactants

As the gemini 16-E2-16 is a dimer of CTAC, the physi-

cochemical behavior of the binary gemini-CTAC and, for

comparision, gemini-CPC systems were studied. We see

(Table 1) that the CMC12 values decrease slowly with the

increase of a1 which suggests that CTAC/CPC can easily

partition into the micelles formed by 16-E2-16. Higher Xm
1

values in case of gemini-CPC indicate a more favorable

condition for the formation of mixed micelles where con-

tribution of 16-E2-16 is higher than that of the conven-

tional surfactant [17].

Cationic Dimeric ? Anionic Monomeric Surfactants

Formation of mixed micelles between the dicationic gemini

and anionic surfactants SDS/SDBS is affected by the

electrostatic interaction between them. For the gemini-SDS

system, higher bm for the higher a1 is due to strong cou-

lombic attraction between the oppositely charged head

groups of the surfactants which facilitates micellization.

The 16-E2-16 forms more stable mixed micelles with SDS

than the other monomeric surfactants as can be seen from

the DGm
ex values. The negative bm values are due to the

attractive interaction between the surfactants, i.e., nonide-

ality of the mixed surfactant systems. All the mixed sys-

tems have lower CMCs than the individual surfactants;
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among them gemini-SDS provides better mixed micelles

than the other systems, in conformity to our earlier results

[17]. SDBS behaves like SDS.

Cationic Dimeric ? Nonionic Monomeric Surfactants

Except for lower a1, we observed a decrease in CMC12

with the increase of a1 for the gemini- C16EO20/TO-

PEO9.5 systems. The negative bm values show the

existence of synergistic interactions between the surfac-

tants in mixed micelles. Interactions between the com-

ponents are usually considered to be the result of two

contributions: one is due to the interactions between the

hydrophobic parts of the surfactants in the micellar core,

the other is because of the electrostatic interactions

between the hydrophilic head groups of surfactants at the

interface. For binary systems containing TOPEO9.5

as one of the components, Wang et al. [5] explained

the non-ideality by considering that the intercalation of

TOPEO9.5 molecules among the dimeric surfactant

molecules within the micelle results in a decrease in

electrostatic repulsions at the interface, this promoting

micellization. Lower values of bm and Xm
1 for gemini-

C16EO20 than gemini-TOPEO9.5 imply higher syner-

gism in the latter system.

Surfactant–Surfactant Interaction in Mixed Monolayer

Systems

Before the formation of mixed micelles, a mixed mono-

layer is formed at the air/water interface by adsorption of

surfactants onto it. Rosen’s Eq. 14 [28] (analogous to

Rubingh’s equation) is used to explain the formation of a

mixed monolayer of surfactant molecules
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½ðXr
1 Þ

2lnðC12a1=C1Xr
1 Þ�

ð1� Xr
1 Þ

2ln½C12ð1� a1Þ=C2ð1� Xr
1 Þ�
¼ 1 ð14Þ

Xr
1 indicates the mole fraction of 16-E2-16 in the mixed

monolayer. C1, C2 and C12 are the concentrations of

gemini, conventional and mixed monolayers, respectively.

At the air/water interface, interaction between the

surfactants can be explained by Eq. 15

br ¼ ln C12a1=C1Xr
1

� �� �
= 1� Xr

1

� �2 ð15Þ

where br is the interaction parameter of the surfactant in

the mixed monolayer. As can be seen from Table 2, neg-

ative br values (similar to bm) show attractive interaction

between the surfactant molecules at the interface. For

gemini-SDS/SDBS, Xr
1 values are lower than the Xm

1

(Fig. 3) suggesting that the mixed monolayer possesses

less gemini surfactant molecules than the mixed micelles.

For gemini-CPC/CTAC, Xr
1 [ Xm

1 indicating higher con-

tribution of gemini surfactant molecules on mixed mono-

layer, which is supported by the br values. For gemini-

TOPEO9.5, contribution of Xr
1 towards mixed monolayer is

not observed due to the presence of bulky polyoxyethylene

group, whereas, with C16EO20, it is again lower than Xm
1 .

For all the systems (other than gemini-CTAC),

br
ave [bm

ave—this shows higher synergism between the

surfactants in the monolayer than in the mixed micelles.

For the gemini-TOPEO9.5 mixture, antagonism was

observed in the monolayer due to the presence of phenyl

group that may hinder the packing of the hydrophilic

groups at the interface, whereas in the mixed micelles the

interaction is synergistic. Higher br
ave values of gemini-

SDS/SDBS than the other mixed systems show higher

synergism and more nonideality at the air/water interface

as there is electrostatic interaction of oppositely charged

head groups in the mixed monolayer [1, 29].

The activity coefficients (f r
i ) at mixed monolayer could

be correlated to br and Xr
1 as

f r
1 ¼ exp br 1� Xr

1

� �2
n o

ð16Þ

f r
2 ¼ exp br Xr

1

� �2
n o

ð17Þ

f r
1 and f r

2 values are less than unity showing the nonideal

behavior on mixed monolayer systems except for gemini-

TOPEO9.5 (Table 2).

Surface and Interfacial Properties

The maximum surface excess or surface saturation (Cmax)

and minimum area per surfactant head group adsorbed at

the interface (Amin) are effective measures of the extent of

adsorption of various components at the interface. In the

submicellar region, Cmax and Amin can be calculated from

the surface tension data by fitting the Gibbs adsorption

isotherm [1]

Cmax ¼ �
1

2:303nRT

oc
o log C

� �
ðmol m�2Þ ð18Þ

and

Amin ¼
1020

NA Cmax
Å

2
� 	

ð19Þ

where n represents the number of ionic species whose

concentrations at the interface vary with [surfactant] in

solution, C the concentration of the surfactant, dc/d

logC the slope of the c versus log C plot, NA Avogadro’s

number, and R and T have their usual significance. For pure

conventional nonionic, cationic/anionic and gemini n val-

ues are 1, 2 and 3, respectively. For gemini-nonionic and

gemini-cationic/anionic mixed micelles the n values are 4

and 5, respectively.

Evidently Amin decreases when Cmax increases (Table 2).

For pure surfactants, the order of Amin is: 16-E2-16 [ SDBS

[ CPC [ CTAC [ SDS [ TOPEO9.5 [ C16EO20. Amin

of 16-E2-16 is the highest among all the studied surfactants.

The hydrophilicity of the spacer may be the reason for higher

value of Amin for 16-E2-16 as compared to the correspond-

ing 16-s-16 cationic gemini (i.e., alkanediyl-a,x-bis(di-

methylhexadecylammonium bromide) [30]. Lower values of

Amin for the nonionic surfactants C16EO20 and TOPEO9.5

are due to the negligible head–head interaction and the

molecules are more tightly packed at the interface than the

other surfactants. In case of the gemini-C16EO20 mixed

system, Cmax increases and thus Amin decreases with the

increase in a1. The Amin values of gemini-SDS system are

higher than the gemini-SDBS suggesting the formation of

more closely packed mixed micelles with SDS (only the

mixture for a1 = 0.6 is an exception). For all the mole

fractions, Cmax values of the gemini-C16EO20 systems are

lower (and Amin values are higher) as compared to the

gemini-TOPEO9.5 system but no trend is observed for Cmax

(or Amin) values of gemini-CTAC/CPC.

pC20 (i.e. - log C20) measures the ‘‘efficiency’’ of a

surfactant in aqueous solution. C20, the surfactant con-

centration required to reduce c by an arbitrary 20 mNm-1,

also reflects the maximum tendency of a surfactant to

adsorb at the interface [1]. The values of pC20 for all the

surfactant systems are given in Table 2.

The Gibbs free energy of micellization

DGo
m ¼ RT ln XCMC ð20Þ

measures the tendency of the surfactant to form micelles

(XCMC indicates the CMC of the mixture in the form of the

mole fraction). The values are found to be negative for all

the systems (Table 1S). Among pure systems, the absolute

value of DGm
o is the highest for gemini and the lowest for
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SDS. Order of average DGm
o for the mixed systems is

gemini-C16EO20 [ gemini-CTAC [ gemini- TOPEO9.5 [
gemini-SDBS [ gemini-SDS [ gemini-CPC. Higher DGm

o

for gemini-C16EO20 is due to more favorable micellization.

For all mole fractions of 16-E2-16, the values of DGm
o

(Table 1S) are negative which again supports the occurrence

of the mixed micellization process.

The standard free energy of adsorption at the interface

(DGo
ads) can be correlated to DGm

o by Eq. 21 [31]

DGo
ads ¼ DGo

m �
pCMC

Cmax

ð21Þ

where pCMC = cw - cCMC is the surface pressure at the

CMC, cw and cCMC are the surface tensions of pure water and

the surfactant solution at the CMC [17]. Higher values of

DGo
ads than DGm

o (Table 1S) indicate that the 16-E2-16

molecules are adsorbed more at the interface than the mixed

micelles. The order of average DGo
ads for mixed systems is

gemini-CPC [ gemini-C16EO20 [ gemini-SDS [ gemini-

SDBS [ gemini-CTAC [ gemini-TOPEO9.5.

Gmin is the work required to transfer the surfactant

molecules from bulk phase to interface of the surfactant

solution

Gmin ¼ cCMCAminNA ð22Þ

The lower value of Gmin indicates higher thermody-

namically stable mixed surfaces.

The order of Gmin for the mixed surface is gemini-

CPC [ gemini-C16EO20 [ gemini-TOPEO9.5 [ gemini-

SDS [ gemini-SDBS [ gemini-CTAC (Table 1S).

Table 2 Various surface parameters at the mixed monolayer for gemini-conventional surfactant systems at 30 �C

System a16-E2-16 br f r
1 f r

2 Cmax 9 107 (mol m-2) Amin (Å
´ 2) pCMC (mNm-1) pC20

16-E2-16 1.0 11.80 140.68 29.69 3.54

SDS 0 26.4 62.90 40.99 1.69

0.2 -10.95 0.4980 0.00218 9.92 167.34 38.34 2.89

0.4 -11.59 0.5434 0.00102 9.04 183.61 41.05 3.05

0.6 -13.35 0.4827 0.00039 10.80 153.62 41.01 3.27

0.8 -15.97 0.3847 0.00011 11.55 143.72 42.81 3.54

SDBS 0 12.46 133.24 40.42 0.93

0.2 -7.81 0.5416 0.01748 12.06 137.64 41.89 2.83

0.4 -9.61 0.4899 0.00616 17.38 95.52 39.54 3.06

0.6 -11.12 0.4501 0.00257 8.52 194.83 41.48 3.50

0.8 -11.61 0.5081 0.00124 15.44 107.50 41.41 3.43

CPC 0 16.45 100.93 24.85 0.65

0.2 -4.30 0.9718 0.02639 5.41 306.76 24.96 2.77

0.4 -7.32 0.8661 0.00442 8.83 187.98 31.90 3.00

0.6 -6.06 0.9714 0.00523 5.10 325.86 29.73 3.24

0.8 – – – 4.32 384.37 27.20 3.35

CTAC 0 16.62 99.95 29.55 0.76

0.2 -9.40 0.5026 0.00671 11.24 147.73 29.78 3.18

0.4 -6.57 0.8583 0.00887 7.99 207.68 36.16 3.33

0.6 -7.97 0.8170 0.00356 15.40 107.77 41.42 3.34

0.8 -9.76 0.7593 0.00116 12.58 132.02 27.55 3.21

C16EO20 0 32.10 51.72 29.73 2.88

0.2 -2.72 0.4691 0.54462 4.35 381.10 29.20 3.75

0.4 -2.21 0.6834 0.46847 5.65 293.90 29.54 3.45

0.6 -2.87 0.7101 0.29087 8.08 205.38 32.99 3.51

0.8 -2.55 0.8661 0.22550 8.24 201.41 29.39 3.34

TOPEO9.5 0 31.97 51.92 38.50 1.72

0.2 – – – 8.02 207.17 29.22 2.76

0.4 – – – 7.44 223.01 27.22 2.97

0.6 – – – 12.30 135.00 30.97 2.19

0.8 – – – 9.02 184.16 25.89 3.41
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Spectroscopic Studies

The aggregation number of the pure/mixed micelles can be

determined by the steady-state fluorescence experiment (if

Poisson distribution is assumed to be valid for the equi-

librium of the solubilizate between the aqueous and

micellar phases). Addition of a fluorescent probe (pyrene)

to the micellar system will enable it to partition among

micelles with a quencher and with empty micelles. When

pyrene occupies an empty micelle, the ratio of fluorescence

intensities in absence (Io) and presence (I) of quencher is

[32]

ln
Io

I

� �
¼ Nagg½Quencher�
½Surf�T � CMC

ð23Þ

On the basis of pyrene spectra recorded at different

quencher concentrations (Fig. 4), linear plots as per Eq. 23

made possible the evaluation of Nagg values (Table 3). The

values were higher for the mixed systems, indicating mixed

micellization. The lower value of Nagg for the gemini than

for the conventional surfactants may be due to the

hydrophilic nature of the spacer containing ester groups.

For micellar aggregation, many factors are taken into

account such as electrostatic interaction between head

groups of the ionic surfactants and steric interaction

between head groups of the surfactant components. For

gemini-SDS/SDBS, Nagg increases with a1 as electrostatic

attraction between the head groups is higher which results

in more compact micelles. For gemini-CTAC, the

aggregation number decreases from a1 = 0.2 to 0.8

forming loose micelles seemingly due to the same charge

on head groups (vis-a-vis anionic ones). In the case

of gemini-TOPEO9.5, as incorporation of TOPEO9.5

monomer into the micelle increases, electrostatic

repulsion between the charged head groups of gemini

decreases, but steric repulsion becomes preponderant due

to the larger head group of TOPEO9.5 than the gemini.

Steric repulsion between the head groups of TOPEO9.5

increases the area required per surfactant head group that

leads to the formation of the mixed micelles to adopt a

conformation with higher curvature and reduces the

aggregation number of the mixed micelle from

aTOPEO9.5 = 0.4 to 0.8. Thus the aggregation number is

mainly controlled by TOPEO9.5.

The above results can be explained further on the basis

of fluorescence quenching. The strength of the hydrophobic

environment can be evaluated by determining the Stern–

Volmer binding constant (Ksv), using the relation

Io

I
¼ 1þ Ksv½Q� ð24Þ

A higher Ksv value suggests a greater probability of

finding the presence of both the fluorophore and quencher
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Fig. 4 Fluorescence spectra of pyrene in 16-E2-16 (0.2 mM) in the

absence and presence of CPC. [CPC] = (0.0, 0.2, 0.4, 0.6, 0.8, 1.0,

1.2, 1.4) 9 10-3 mM (a–h), kex = 334 nm

Table 3 Micellar aggregation number, Stern–Volmer binding con-

stant and I1/I3 of pure/mixed systems at different mole fractions of

16-E2-16

System a16-E2-16 Nagg Ksv 9 104 (M-1) I1/I3

16-E2-16 1.0 20 103.3 1.250

SDS 0 44 2.30 1.260

0.2 15 6.84 1.214

0.4 25 9.60 1.354

0.6 31 16.76 1.363

0.8 69 41.16 1.385

SDBS 0 54 0.87 1.181

0.2 40 23.17 1.216

0.4 54 35.40 1.186

0.6 61 38.68 1.196

0.8 54 29.38 1.247

CTAC 0 86 1.06 1.450

0.2 76 46.00 1.499

0.4 60 35.44 1.425

0.6 59 34.30 1.396

0.8 56 31.40 1.384

C16EO20 0 16 11.45 1.325

0.2 56 33.48 1.349

0.4 48 37.83 1.321

0.6 34 19.14 1.354

0.8 30 16.43 1.367

TOPEO9.5 0 52 8.87 1.414

0.2 35 25.84 1.576

0.4 54 33.38 1.509

0.6 64 37.72 1.403

0.8 27 14.40 1.403
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in a strong hydrophobic environment [33]. Ksv is higher for

the surfactant mixtures than for the pure conventional

surfactants as shown in Fig. 4S and Table 3.

The ratio of fluorescence intensities (I1/I3) of pyrene in

micellar solutions can be directly related to the microen-

vironment of the solubilized pyrene. A higher value indi-

cates a more polar microenvironment of the solubilized

probe in a system. In the present case, higher I1/I3 values of

gemini-CTAC and gemini-C16EO20/TOPEO9.5 indicate

that pyrene resides in a more polar region than the gemini

or gemini-SDS/SDBS system (Table 3).

Conclusion

A cationic biodegradable gemini surfactant having ester-

bonded spacer, ethane-1,2-diyl bis(N,N-dimethyl-N-hexa-

decylammoniumacetoxy) dichloride, (16-E2-16) has been

prepared and the results of systematic investigation of mixed

micellization and aggregation behavior involving 16-E2-16

with cationic, anionic and nonionic monomeric surfactants

are presented. Surface tension measurements provided

physicochemical properties such as the CMC, Cmax, Amin,

etc. Clint, Rosen, Rubingh and Motomura theories have been

used to evaluate other physicochemical parameters at the air/

water interface as well as within the micelles. A fluorimetric

technique was used to determine the aggregation behavior of

pure/mixed systems. The CMC of the gemini surfactant is

significantly less than that of the monomeric surfactants. All

the mixed surfactant solutions show synergism in the for-

mation of mixed micelles which is indicated by the values of

b, X1, DGm
ex. Although 16-E2-16 can be regarded as the dimer

of CTAC, its binary mixtures with CTAC deviate most from

ideal behavior. This indicates that in the mixed micelles, the

head groups of CTAC are likely to be much farther apart

from each other than those in 16-E2-16. Motional freedom of

the cationic head groups in a dimeric surfactant is greatly

reduced compared with that of the head group in a mono-

meric surfactant and the micellar behavior seems to be pro-

foundly affected by this change. With the cationic cleavable

gemini used in this study, the potential risk of an adverse

environmental effect of surfactants can be reduced. Here, the

synergism is highest for the gemini-SDS mixed surfactant

systems—the results are better than systems involving con-

ventional–conventional mixtures.
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