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ABSTRACT: The interfacial and micellization behavior of three
dicarboxylic amino acid-based anionic surfactants, abbreviated as AAS
(N-dadecyl derivative of -aminomalonate, -aspartate, and -glutamate) in
combination with hexadecyltrimethylammonium bromide (HTAB) were
investigated by surface tension, conductance, UV —vis absorption/emission
speclroscopy, l]}fll'.l‘.'l'lil'. ]igh[ scalfering (n[ 8), and viscosily studies. Critical
micelle concentration (CMC) values of the surfactant mivtures are £ A
significantly lower than the predicted values, indicating associative | W —A— Fluores. | Q
interaction between the components. Surface excess, limiting molecular

area, surface pressure at the CMC, and Gibhs free energy indicate
spontaneity of the micellization processes compared to the pure
components. CMC values were also determined from the sigmoidal
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emission intensities with surfactant concentration. The aggregation

number, determined by static fluorescence quenching method, increases with decreasing mole fraction of the AAS (a,,,),
where the micelles are mainly dominated by the HI'AB molecules. The size of the micelle increases with decreasing oy g,
leading to the formation of larger and complex aggregates, as also supported by the viscosity studies. Micelles comprising 20—40
mol % AAS are highly viscous, in consonance with their sizes. Some of the mixed surfactant systems show unusual viscosity
(shear thickening and increased viscosity with increasing temperature). Such mixed surfactant systems are considered to have

potential in gel-based drug delivery and nanoparticle synthesis.

B INTRODUCTION

The self-aggregation behavior of a mixed surfactant system
depends on its composition and cnvironmental conditions
such as temperature, pressure, S;l|i:li{}f, and solvent nature.! ™
They usually have lower CMCs than the individual
components because of specific attractive/associative inter-
actions.”™ A seres of systematic investigations have been
carried out by Kumar et al using a number of different
l'lppl'u&il?]}- l'.l'lﬂigr‘!l'] llinm}r Ril!'.'Il'.l'(lI]t/}]1]][}]lil}}li]? mixtures
where strong synergistic interactions between the oppositely
charged components were abserved.®™ Different kinds of
interactions such as adhesive/cohesive forces and hydrogen
bonding, operative for such systems, result in the lower CMC

10

values.”" Studies on different mixed surfactants include

cationic/amonic,’! cationic/cationic,”> cationic/nonionic,™
'.Ii'l;l'?l'llll'./lll'lllil'l!]‘ll',l-‘ and ';.\\.illm'il'm:l'.frnlil'l!lil'.]'r' syslems, (o
mention a few. Oppositely charged surfactant mixtures,
through electrostatic attraction, form a variety of aggregates
depending on the chain length of an individual surfac-

tant.">'® ** An equimolar mixture of oppositely charged
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surfactants in an aqueous medium forms an ion pair
amphiphile (II'A), also known as a coacervate, because it
quite often precipitates out.” *"***™** An [PA usually contains
two hydrocarbon chains; the two alkyl chains are non-
covalently attached, whereby electrostatic interaction occurs
between the oppositely charged headgroups,™ which facilitates
precipitzﬁun_:’cuacervaﬁ-on_ Electrostatic interactions between
the two oppositely charged surfactant headgroups result in
different hydration energy of the surfactant mixtures compared
to that of the individual surfactant.’®'%*' =% Oppositely
charged mixed surfactant systems can achieve a higher surface
activity and a lower CMC compared to the surfactant
ccmpunents_s_'g'ls
tants, for cxample, the presently investigated N-dodecyl
derivatives of -aminomalonate, -asparlale, and —g]utnnmle
(AASs), in combination with a cationic surfactant HTAB are

Studies involving bivalent anionic surfac-
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Scheme 1. Chemical Structures of the Surfactants
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not common in the literature. Oppositely charged mixed
surfactants mainly form micelles and wvesicles in aqueous
media; the dianionic groups are dominant factors in regulating
this unique aggregation behavior.'” With a slight excess of
either of the surfactants, it is quite common to experience the
formation of vesicles.'"**~** The surface ionic charge from the
excess surfactant is shielded/screened by two factors: (i)
charge neutralization and (i) the presence of excess salt,
produced from the counterions of the two surfactants.*” In the
case of a cationic—anionic mixed surfactant system, the
micellar aggregation number is very high because such systems
can form stable vesicles without the need for high-energy
methods such as sonication and extrusion.™ In general,
surfactant mixtures can form various complex phases.”™
Precipitation, coacervation,” and liquid crystal formation™®
arise at extremely low surfactant concentration. The appear-
ance of different phases or liquid crystals in the case of mixed
surfactants sturdily depends on the composition, number of
alkyl chains per surfactant, temperature, and salinity.! It is
expected that the presently studied oppositely charged mixed
surfactant systems would exhibit associative electrostatic
interaction through the surfactant hn:aclg~1‘(:rups,'?'7"_‘8 thus
minimizing the need for individual surfactant components.
Conventional single-tailed anionic surfactants (e.g.,, sodium
dodecyl sulfate (SDS) and sodium deoxycholate (NaDC))
have limitations because they can break the (- and N-terminal
peptide bonds that prevent DNA translocation, unlike the
AASs.”® HTAB exhibits considerable toxicity, which can be
significantly reduced by combining it with AASs, where it is
expected that the individual texicities/intolerances could be
substantially minimized. Iligher-hydrophilicity AASs are
significantly different from the corresponding amino acids.
Thus, the influence of chain length on the aggregation behavior

of such surfactants in combination with HTAB is considered to
be important.

The present study endeavors to investigate the relatively
more complex systems: the tormation of binary aggregates
between amina acid-based surfactants (C;,MalNa,,
Cy2AspNa;, and C;,GluNa,) and cationic surfactant HTAB.
HTAB is well known for its multifaceted applications such as
the fabrication of nanomaterials,*” drug delivery,"' cell lysis,"”
microemulsion formulation,** molecular separatiun,‘” lubrica-
tion,*” and cleaning c}lc»(-:ratiuns,ks to mention a few. AASs are
capable of forming vesicles, for which they show manifold
applications in biological systems (c.g., emulsification,”’
foaming contral, surfactant-based separation, surface wetting
modificatio, and flotation™).

Anocther point of interest in the current system is the
structural heterogeneity between the two types of surfactants.
The AASs have one dodecyl chain while HTAB comprises a
hexadecyl chain. The second difference between the AASs and
HTAB occurs in terms of the charge on the surfactant
headgroups. Because of the difference in the alkyl chain length
as well as the smaller charge density in the headgroups of the
AASs, the presently investigated systems are less likely to form
precipitate at stoichiometric ratios, as is quite common in other
conventional binary surfactant mixtures.'"” Most importantly,
anionic surfactants N-dodecyl aminomalonate, -aspartate, and
-gluitamate contain two carboxylic acid moieties which are
progressively separated by methylene group(s). Thus, it is
expected that the structural differences will lead to asymmetry,
which in turn would produce complex assemblies. This could
have profound effects on the viscosity of the aggregates.

The interfacial behavior and micellar aggregation behavior of
mixed surfactants were investigated with different experimental
techniques such as surface tension, electrical conductance,
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UV—vis absorption/emission spectroscopy, DLS, and viscosity
measurements. Different physicochemical parameters (viz,,
CMC, surface excess (I'..), surface pressure at the CMC
(7cpic), minimum area of the surfactant molecules at the air—
water interface (A,,,), Gibbs free energy of micellization
(AG,?), interfacial adsorption (AG,4,°), fraction of counterion
binding (f#), hydrodynamic diameter (dy), polydispersity index
(PDI), aggregation number (), and zero shear viscosity (1°)
values) were evaluated. The influence of counterion specificity
is vital for the surface activity of an amphiphile. Dicarboxylic
AASs are potential chelating agents for divalent cations. Two
carboxylate groups can come in close contact with each other
while the adjacent amide bond can also exhibit the metal
chelating property.”” AASs are not only environmentally
benign but also display different specific characteristics of
carboxylic polar headgroups.

Until now, no comprehensive studies on mixed surfactants
that include the AASs as one of the components have been
available in literature. Because AASs contain two anionic
carboxylic acid groups, they do not interact prominently with
the HTAB because during hydration the polar headgroups of
AASs interact with water molecule, so AASs alone cannot be
considered to be a suitable candidate for the formation of
micelles, where low CMC values are warranted. It is believed
that the studies on the interfacial and aggregation behavior of
such binary surfactants can provide new insights that will
eventually help in understanding the bulk and interfacial
activities of mixed surfactant systems.

B EXPERIMENTAL SECTION

Materials. HTAB, hexadecylpyridinium chloride (HPC), and
pyrene were products from Sigma-Aldrich Chemicals Pvt. Ltd. (USA).
Sodium hydroxide was purchased from Fluka (Germany). AASs were
synthesized and purified by the previously described method ***' The
purity of the synthesized surfactants was found to be more than
98.5%, and they were used for further studies. Doubly distilled water
with a specific conductance of 2—4 uS at 298 K was used throughout
the experiments. All of the chemicals were stated to be >99% pure
and were used as received. Structures of HTAB and the newly
synthesized surfactants are shown in Scheme 1.

B METHODS

Determination of CMC. CMC values of the pure and mixed
surfactants were determined by combined surface tension, con-
ductance, and UV—vis absorption/emission spectroscopic techniques.

Surface Tension Studies. Twenty-fold (anticipated or literature
value of the CMC) concentrated surfactant solutions were used as
stock solutions for performing the conductance study. At first, 20 mL
of water was taken in a double-walled jacketed container at a
controlled temperature (298 K). The temperature of the container
was controlled by an external water circulation bath (Hahntech
Corporation, South Korea). A quantitative amount of surfactant stock
solution was then progressively added to water. It was then
homogenized using a magnetic stirrer. After 3 min of equilibration,
the surface tension of the solution was recorded with a du Noily
tensiometer with an accuracy of 0.1 mN m™ (Jencon, Kolkata, India).
From the break point of the surface tension (y) vs log C plot, the
CMC value was determined.

Conductance Studies. A protocol similar to that adopted in the
surface tension measurement was followed for the conductance
studies, where the conductance of the solution was recorded by a
direct reading conductivity meter, a Cyber Scan CONS510 (Eutech
Instruments, Singapore) with an accuracy of +0.1 S cm™. The
electrode is stated to be a dip-type conductance cell with automatic
temperature compensation (ATC) that minimizes the air bubble
entrapment during measurement. An electrode with a cell constant of

0.92 cm ! was used. From the break point of the conductance (k) vs
C plots, the CMC values were determined.””

UV—vis Absorption and Emission Spectroscopic Studies.
Pyrene was used as the probe for the UV—visible absorption and
emission spectroscopic studies. Initially, a 1000 uM pyrene solution
was prepared in ethanol, and then it was further diluted to 100 gM
using ethanol. A 2.0 uM pyrene (Py) solution in water was obtained
by proper dilution and sonication for half an hour. Though the
medium contained 0.5% (v/v) alcohol, it was considered to have little
effect on the surfactant aggregation. Finally, the 2 uM pyrene
solution—dispersion in water was within the solubility limit."” UV—vis
absorption spectra were recorded with a UV—vis spectrophotometer
(UVD-2950, Labomed Inc, USA). Pyrene eshibits three major
absorption peaks at 242, 275, and 338 nm and four weak bands at
233, 253, 265, and 322 nm (Figure S1, supplementary section).”
Fluorescence spectroscopic studies were performed with a spectro-
fluorometer (Hitachi High Technologies Fluorescence Spectropho-
tometer Corporation, F-7100, Tokyo, Japan), where the first vibronic
peak at 373 nm (I;) and the third vibronic peak at 393 nm (I;) were
considered. Emission spectra of pyrene in the presence of varying
surfactant concentration are shown in Figure S1 (supplementary
section), along with its absorption spectra. A 4-fold concentrated
(compared to the anticipated /reported CMC of surfactant) surfactant
solution was used as stock for UV—vis absorption and emission
spectroscopic studies. An aqueous pyrene solution (2 mL) was taken
in a quartz cuvette, and another cuvette filled with water was used as
the reference. A quantitative amount of surfactant solution, prepared
in 2 uM pyrene, was progressively added into the experimental
cuvette and was homogenized. Absorption spectra were recorded in
the wavelength range of 230 to 350 nm. The sum total of the
absorbance of all of the major peaks/bands of pyrene (Ar) was
plotted against C. From the sigmoidal plot, the CMC value was
determined using the following expression™

(7 — ap)
RTPRCE ()
P

where a; and a; are the initial and final asymptotes of the sigmoid,
respectively, x, is the center of the sigmoid (herein the CMC), and
Ax is the interval of the independent variable x. The excitation
wavelength of pyrene was set at 335 nm, and the emission spectra
were recorded in the wavelength range of 350 to 550 nm. The CMC
value was also determined from the sigmoidal curve of the I;/I; vs
[surfactant] plot. The micellar aggregation number (n) was
determined by the fluorescence quenching method using pyrene as
the probe and HPC as the quencher.™

DLS studies. d), and PDI values of the micellar aggregates were
measured using a Zetasizer Nano Z§-90 (Malvern Instruments, U.K.)
dynamic light scattering spectrometer. Solutions were filtered carefully
through a 0.45 pm Millipore cellulose acetate membrane filter. A He—
Ne laser operating at 632.8 nm was used as the light source; the
scattering angle was set at 90°. A surfactant solution with
concentration 10-fold higher than the corresponding CMC values
was used for the DLS studies. Solution of higher concentration were
highly viscous, which interfered with the DLS studies, so they were
avoided.

Viscosity Studies. Viscosity was measured with a DV II-Pro
rotoviscometer (Brookfield, USA) with a stated accuracy of +0.01 cP.
Some surfactant mixtures are highly viscous; they form different liquid
crystals (as observed through a polarization optical microscope, data
not shown). A 1.0 mL surfactant solution (of different concentrations:
50—150 mM) was taken in the cone-and-plate-type rotoviscometer.
The viscosity of pure as well as surfactant mixtures was measured at
different shear rates (ranging from 76 to 380 s™'). ° was obtained
from the intercept of the plot of viscosity vs shear rate by fitting
polynomial regression. Experiments were carried out in the temper-
ature range of 288 to 318 K, where the temperature was controlled by
a circulating water bath (Hahntech Corporation, South Korea).

All experiments, unless otherwise stated, were carried out at 298 K.

DOL: 10,1021 facs.langmuir. 9b02895
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B RESULTS AND DISCUSSION

Critical Micelle Concentration (CMC). Representative
surface tension (y) vs log C, specific conductance (k) vs C, Ay
vs C, and [,/1; (ratio of the first and third vibrenic emission
peaks of pyrene) vs C plots are shown in Figure 1, from which

C;;MalNa,, C,,;AspNa,, and C,,GluNa, are 51.2, 46.3, and
36.45 mM, respectively, and are also comparable to the
literature values.”"' The results are summarized in Table 1.
With increasing ery 5, the CMC values gradually increases from
the initial lower value of HTAB, indicating an associative
interaction between the components that follows the order
C,,MalNa,+HTAB > C,,AspNa,+HTAB >

01 00 01 02 03 1B > Ta
~ T T C,,GluNa,+HTAB (Figure S2, supplementary section). The
\\ P /«/' Ja0 CMC values of the mived surfactants at different mole
- ®|r ///‘ ' E fractions of the AASs were also calculated theoretically using
§ \ f-"\ S the Clint formalism (data not shown),%*® and it has been
£ 40} \‘--.\ // {20 @ found that the CMC of the surfactant mixtures show
o N / W o significant negative deviation from the theoretically calculated
sl b8 4 o B values, which further supports the electrostatic associative
ol 10 interaction between the two oppositely charged surfac-
c L < i N tants.” " CMC values of pure AASs arc higher, and the
04r _f_rf“" \'\ 11.10 dianionic carhoxylate groups of AAS closely interact with
_K/ ;9 HTAB and can achieve lower CMCs. Variation of the CMC
< IY!'\ \ 1.05 = with the surfactant composition will be further discussed in
02F P e i detail in the subsequent section.
o /"""'.-\ D ’ Interfacial Behavior. The surface excess (1,,.) of pnre
aph v . . . I"“ - Jo9s and mjxedR Ssurfac-:ants was calculated according to the Gibbs
0.0 0.2 00 01 02 03 feinlisa’
[Surf] / miM i &
Figure 1. Vasiation of suface tension (y), specific conductance (x), e _2_3[]3{}{1' dlogC (2)

sum of the peak absarhance (A;), and I/ ratio with C at 298 K. A
41 (M/M) CpGluNa,/HTAB mixed surfactznt system was used.
[Pyrene] = 2 uM. Excitation wavelength = 335 nm.

the CMC value was determined. The CMC of pure HTAB is
073 mM, close to the literature value.'” The CMCs of

where C represents the surfactant concentration, i is the Gibbs
prefactor, and R and T have their usual significances. T',, is

max
expressed in mol m % i = 3 is used for the anionic surfactants,
and i = 2 is used for the cationic surfactant. In the case of

mixed surfactant systems, the i values are calculated on the

Table 1. Experimental CMC, Surface Pressure at the CMC (Feye), Surface Fxcess (1',,.), Area Minimum (A_;.), Gibbs Free
Energy of Micellization (AG,,”), Gibbs Energy Change in Interfacial Adsorption (AG,..°), Fraction of Counter [on Binding
(), and Aggregation Number (n) of the AASs-HTAB Mixed Surfactant System at 298 K

CMC/mM
V- expt
surface Auorescence vis average Aone! . 10T,/ Apind (—JAGLY [—)AGLY/ ;
thays tension conductivity spectroscopy  Abs. (CMC,,) mNm™' mol m” nm’ molecule™ k] mol ™ 4] mol ™ f=(L-58/5) n
HI'AB-malonate
1.0 44.82 50.87 5385 5512 5120 M4 1.86 D.38 27.59 66.88 052 37
0.3 0.18 015 0.16 0.12 0.15 40.9 168 0.98 4368 6888 038 31
0.6 0.07 0.0% 0.10 0.08 0.09 0.9 1.67 0.99 41.47 67.54 023 48
0.5 0.06 0.0¢ 0.11 0.0e 0.07 42.2 1.85 0.39 46.68 68.33 037 50
0.4 0.05 0.05 0.08 0.04 0.06 43.1 1.52 L@ 5324 81.57 053 55
n.2 0.04 n.n4 0.0s nn3 0.n4 41.5 1.57 1.08 5548 RI1R7 NS8 3
0.0 0.72 0.73 0.75 0.72 0.73 32.6 .90 1.34 49.58 8581 077 65
HTAB-aspartate
1.0 5£1.13 416.83 4123 42.87 16.30 324 2.38 0.69 26.53 6236 055 51
0.8 0.15 0.13 0.14 0.14 0.14 39.4 175 0.94 41.65 64.18 033 28
0.6 .09 0.08 0.07 0.08 0.08 9.8 1.83 0.%0 42.95 64.19 031 32
0.5 0.04 0.05 0.08 0.07 0.06 0.6 1.70 0.97 46.73 69.51 040 48
0.4 0.04 0.08 0.04 0.0é 0.05 41.6 138 1.20 47.29 75.71 039 54
0.2 0.04 0.04 0.04 0.03 0.04 40.2 1358 LI8 55.74 84.39 0.60 2
HTAB-glutamate
1.0 33.81 36.67 4028 35.03 3645 L2 2.30 0.71 28.12 5681 060 49
0.3 018 0.1é 0.07 009 012 375 150 1.07 41.43 6621 02s 32
0.6 0.06 0.08 0.06 0.07 0.07 39.6 1.72 0.96 45.83 6998 35
0.3 0.05 0.0¢ 0.04 0.05 0.05 39.5 159 L4 46.48 7136 3 bind
24 0.01 0.08 0.04 0.04 .01 10.3 1.30 1.27 59.00 90.04 060 18
n.2 0.03 n.n4 0.03 n.n3 003 36.2 127 1.30 5770 RRAI 0As S6
15300 COL 10,1021 /acs.lancrmuin. 9602895
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basis of the relative proportion of surfactants at different mole
%. AAS homologues and its mixtures with HTAB are less
surface-active than HTAB. The hydrophobicity of AAS
homolagues is in accordance with its molecular weight, as
also reflected through the I',,, values. Incorporation of the
methylene group in between the two carboxylate anions would
increase the hydrophobicity of the AASs. I',,,, vs @4 profiles
are shown in Figure 2A.

A / B
e 20} /? CON 1_ {a0’e
S R~/ / \ z
‘g-xn N !!--_____..?‘r' : 7V \ -t-.
1 \\ .5 2
5 |/ s
1.0} \
00 02 04 06 D8 1000 02 0.4 06 08 1.0
D[AAS
Figure 2. Variation of surface excess (I'...) and surface pressure at

the CMC (mcpc) with aass at 298 K. Systems: [, Cj;MalNa,- HTAD;
O, Cy;AspNa,-HTAB; and A, C,GluNz,-HTAB.

The minimum area per surfactant molecule (A, ) is another
parameter that can be evaluated as'”
102
A =
NiTha (3)

where N, is Avogadro’s number. Surface pressure at CMC
(meae) values were calenlated from the surface tension
difference between pure water (y.) and the surfactant solution
at its CMC (ycene ). The 7oy value of HTAB is 326 mN m ™
for C;MalNa,, Cj,AspNa, ,and Cp,GluNay, they are 34.4,
324, and 31.2 mN m™, respectively, as shown in Figure 2B,
With increasing a,,s the mcy - values gradually decrease and
pass through minima because of the higher hydraphobic
interaction between the oppositely charged surfactants. For all
of the mixed surfactant systems, ¢ values are in the range of
37.5 0 43.1 mN m™ (Table 1,). The mgy values depend on
the CMC of the different surfactant mixtures. Two carboxylate
anions of C;;MalNa, closely interact with HTAB in micelles
compared to C,,AspNa, and C,,GluNa., hence &cyc values
tollow the sequence C;;MalNa,-HTAB > C;AspNa,-HTAR >
C,,GluNa,-HTAB. I',, values increase with increasing a,,s.
I.... of the HTAB molecule is 0.9 mol m~". For C,-MalNa.,
Cy,AspNay, and C,,GluNa,, the I, values are 1.86, 2.38, and
2.3 mol m™, respectively (Table 1). All of the values are close
to the literature values 3! A, values of AASs are lower than
those of HTAB, thus for the mixed surfactants it is expected to
decrease with the increasing proportion of AASs. Higher-
hydrophilicity AASs molecules prefer to reside in the bulk
water rather than at the interface, compared to HTAB. The
carboxylate groups get progressively separated through the
methylene group(s), thus while moving from Cj,MalNa, to
C,,AspNa, to C,,GluNa,, the spacing between the two polar
headgroups increases hy one carbon atom sequentially, which
leads to the increase in the hydrophobicity of the surfactants.

In consonance with the increasing hydrophobicity, the A |
values follow the sequence C;;MalNa, > CjAspNa;, >
C1;GluNa,. The higher A4,;, value of the C;;MalNa, HTAB
system implies the formation of a less-packed aggregate

15310

structure. Consequently, [, values decrcase and A, values
increase with the increase in a5 values.

Conductance Studies. CMC values were also determined
from the break point of the specific conductance (k) vs
[surfactant] plot as shown in panel B of Figure L. The degree
of counterion dissociation (@) was calculated using the
following equation™”

@ = S,/ (4)

where &5, and 8, are the slopes of the pre- and postmicellar
regions in the specific conductance (k) vs C plot, respectively.
The variation of u with w4 is graphically shuwn in panel A of
Figure 3. The a value of HTAB is 0. 23,"% whereas for

na

A : B/{-27
A
/o e
0.8t /x] /-292
fo] N =302
LAY =B
. A Q
s \):/ {-50
D25 . " " . M ,. e . " d4-60
0.0 02 04 06 0.8 1000 02 04 06 08 10
aMS

Figure 3. Variation of the degree of disscciation (&) and Gibbs free
enargy of micellization (AG ") with a,,. at 298 K. Systems: [,
CzMalNay-HTAB; O, CAspNa,-HTAB, and A, C»GluNa,-HTAB.

C;;MalNa,, C,AspNa,, and C;GluNa,, they are 048, 0.45,
and 040, respectively, close to the previously reported
values.”™”' AAS molecules remain in more dissociated form
than HTAB because of two carboxylate anions; the first
dissociation takes away one sodium ion that remains in
solution as a free ion. The second sodium ion coordinates with
bath of the carboxylate anions, stabilizing them, which
eventually promotes higher monodissociation of the AASs,

Q

For the C;;MalNa, + HTAB mixture, with increasing mole
% of C;,MalNa,, o values gradually increase from 0.42 to 0.65.
With increasing a5, charge density increases on the micellar
surface for which the a value gradually increases, which 1s also
subsequently higher. For the AASs + HTAB mixture, with
increasing @45, o values pass through maxima because of
charge neatralization.

Thermodynamics of Micellization. The change in the
Gibbs free energy of micellization (AG,,°) was calculated as™

Al® (5)

where  is the fraction of counterion dissodation and xqyc s
the CMC on the mole fraction scale. R and T have their usual
meaning, The Gibbs free energy of interfacial adsorption
(AG,4°) was calculated as™

= (2 — a)RT In xcpe

Temo - RGP
1—| m

mar

Nty
A

AG_° —

m

AGE SD =
" (6)

min

D01:10.102" facs langmuir 0b02805
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The negative value of AG,,” (—49.58 k] mol™") for HTAB is
close to the literature value,”” which indicates its spontaneity of
micellization. For C;MalNa,-HTAB mixtures, with decreasing
mole fraction of C;MalNa,(cty,), the AG,© values become, in
general, more negative (—27.89 to —49.58 kJ mol™'),
indicating further spontaneity of micellization and AG,.°
(—61.88 to —85.81 kJ mal™!). The results are summarized in
Table 1 along with other data. The magnitude of the negative
AG," values of AAS-H'TAB mixtures decreases from —55.74
to —26.53 k] mol™" for aspartate and from —57.71 to —28.12
kJ mol™ for glutamate systems with increasing a4 as shown
in Figure 3B. It is also noted from conductance data that with
Increasing o, ., the maximum number of surfactant melecules
is dissociated, thus the polarity of the medium increases. In the
case of mixed micelles, charge ncutralization occurs among the
oppositely charged surfactants, and the free counterions further
increase the polarity of the medium, which makes the
micellization process more favorable.

Micellar Aggregation Number. The micellar aggregation
number (1) was calculated using the following equation'”

Iy

et n[Q]

I [S] - CMC (7)
where I, and I represent the fluorescence intensities of the
probe in the absence and presence of quencher (Q, HFC),
respectively. [Q] is the quencher concentration, and [S] is the
total surfactant concentration. The third vibronic emission
peak of pyrene (393 nm) was considered in determining the

aggregation number (). In %"vg quencher concentration ([Q])

plots are shown in Figure §3 (supplementary section). The
aggregation number of HTAB is 65, comparable to the
literature value,"”” whereas for C,,MalNa,, C,,AspNas,, and
C1,GluNa, they are 37, 51, and 49, respectively. The results are
shown Table 1 along with other data. For purc as well as mixed
surfactant systems, experimentally ohserved aggregation
numbers are in accordance with the micellar composition.
With increasing apas, # values gradually decrease. The
hydrophobicity of HTAB is relatively higher than that of
AASs because of its longer hydrocarbon chain length. Besides,
while comparing the aggregation numbers of HTAB and the
AASs, it has been observed that the aggregation number of
HTAB is higher than that of AASs, hence it is quite rational to
consider that there will be a greater proportion of HTAB in the
mixed micelles. Mixed micelles contain larger proportions of
HTAB molecules, hence HTAB mainly dominate the micellar
aggregation. In continuation of the present work, considering
the experimental values as well as the theoretical values of the
CMC of the surfactant mixtures, a number of different
formalisms were adopted in analyzing the micellar composition
and other parameters. The theoretical perspectives have been
communicated as a separate publication, where it is observed
that HTAB always has a larger population than the AASs in the
mixed micelles. The hydrophobic interaction and accumulative
cross-sectional area of mixed surfactant systems are the main
driving forces for the formation of larger and more complex
aggregates. Two anionic carboxylate groups of AASs repel cach
other, which eventually results in the formation of larger
aggregates. DLS studies also show that the size of the
aggregates increases, further supporting the increased
aggregation number for the mixed surfactant systems.

DLS Studies. d, and PDI values of surfactant aggregates
were determined by DLS studies. The d, of the HTAB
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molecule is 1.2 nm, close to the literature value.'? d,, values of
C,sMalNa,, C,AspNa,, and C,,GluNa, are 2.2, 2.8, and 3.6
nm, respectively, as shown in Figure 4A. Initially, one of the
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Figure 4. Variation of dy and viscosity (7] with a,,, at 298 K
Systems: L], C;;MalNa,-HTAB; O, C;AspNay,-HTAB; and A,
C|3G]UN33‘HTAB.

two carboxylate groups of AASs undergoes dissociation; the
remaining second sodium ion coordinates both carboxylate
groups to form six-, seven-, and eight-membered cyclic
conjugated rings in C.,MalNa,, C,,AspNa,, and C,,GluNa,,
respectively, as discussed previously. With increasing c,,s, the
size of the mixed micelles gradually decreases as summarized in
Table 2. In the case of the AASs - HTAB surfactant mixture,

Table 2. dy, PDI, and #7° Values at Different @, Values in
AASs-IITAD Mixed Surfactant Systems at 298 K

s d,/nm PDI )?0/ P
HT AB-malonate
10 2.20 0.46 1.38
0.8 7.0 0.64 1.30
0.6 300 0.38 +.60
s 415 041 133
04 76.4 0.29 60.2
02 36.5 0.45 s
0.0 130 0.27 185
HTAB-aspartate
1.0 2.80 0.46 1.71
0.8 17.0 0.61 1.29
na 212 0.54 340
05 6.4 0.39 19.0
04 03.8 0.30 58.6
02 782 0.46 644
HTAB-glutamate
L0 3.60 0.58 570
0.8 12.0 0.38 0.60
0.6 127 0.45 137
0.5 238 0.28 153
04 60.2 0.47 555
02 68.6 0.48 60.0

the maximum number of HTAB molecules accumulates in the
micelle, which indicates that HTAB plays a fundamental role in
exhihiting higher aggregation and an enhancement of the size
and it follows the sequence C,,MalNa, + HTAB > C,,AspNa,
+HTAB > C,GluNa, + HTAB. In the case of mixed micelles,
the formation of less compact yet rigid aggregates results in a
size enhancement, and the results can be correlated with the
micellar aggregation number and the area minimum (A,;,) in
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the micelle. Viscosity studies further support the proposition,
as will be discussed in the subsequent section.

The PDI value of HTAB is greater than 0.4, and the photon
count rate is relatively low. However, for all other systems, the
PDI values are less than 0.6 and the count rates are very high.
The results are shown in Table 2. Two major peaks are
recorded at 3 and 25—30 nm for the mixed surfactant systems,
which indicate the formation of small micelles along with other
types of larger aggregates.

Viscosity Studies. AASs assorted with HTAB at different
ratio are mainly viscous in nature. Viscosity at fived shear rate
(n) vs @y, profiles is shown Figure 4B. Viscosity decreases
with shear mate, indicating the thixotropic behavior of the
aggregates. AAS + HTAB mixed surfactants with 20 to 40 mol
% AASs are highly viscous (gelatinous) and pass through
maxima with increasing @,y according to the sequence
C:MalNa, + HTAB » C,AspNa, + HTAB » C;,GluNa, +
HTAB. Carboxylate groups of AASs are separated by
methylene groups, thus while moving from C,,MalNa, to
Ci»AspNa, to Ci,GluNa, the distance between two polar
headgroups increases by one carbon atom sequentially. In
consonance with the increasing hydrophobic force of
interaction between the two oppositely charged headgroups,
we have the sequence C,MalNa,-HTAB > C,:AspNa,-HTAB
> C;,GInNa,-HTAB. Tt is proposed that during rotation,
surfactant molecules are oriented in the perpendicular
direction to form a vertical angle with respect to the
rtheological plate and accomplish entanglement efficiency.
[nitially, the wviscosity sharply increases up to a particular
point with increasing shear rate until 97 57!, which then
gradually decreases due to the shear thinning where
entanglemen* eﬂ'ec*s are overpowered by the rotational drag
even to zero.”  In the case of C,;GluNa,-HTAB mixtures, for
40 mol % C,,GluNa,, viscosity increases with increasing
temperature. Such an unusual phenomenon is due to the
formation of wormlike micelles, leading to the viscoelasticity
probably contributed by the larger and more complex
aggregates in this temperature range. The C,,GluNa,-HTAB
mixture is fashioned (a bir) into disordered aggregates, and the
aggregate ordering stops at a certain stage as a result of the
kinetic reason. This is because the solution has already
achieved fluidity through the rearrangement of the chains;
however, this is an even more ordered layer and hence is even
more viscous. The second maximum with 40 mol 9% AAS in
viscosity vs ,.g is even higher, probably contributed by the
higher aggregation numher of HTAB as the polar headgroup of
HTAB closely interacts in the micelle. The results are well
correlated with the DLS studies. 71 vs @, profiles for the
three different surfactant mixtures are shown in Figure 5. With
increasing a5, " decreases where the decrease profile obey
the two-degree polynomial fit with regression coeflicient values
cluse to 0.99. The results are shown in Table 2,

Tn the case of the AAS + HTAR mixed systems, particularly
with 20—40 mol % AAS, higher #” values indicate the
formation of larger aggregates because they are mainly highly
viscous and even in the gel states. Initially, a 3-fold increase in
the #” value is noted. 'I'he aggregation numbers of C,,MalNa,,
C,;AspNay, and C|;,GluNa, are 37, 51, and 49, respectively.
This is due to the presence of a smaller number of AASs
molecules in the micelle where more fluidlike entities are
prob able.”” Thus, it can be concluded that strong electrostatic
interaction among the oppositely charged surfactants results in
the formation of viscous or gel-like materials. However, further

Figure $. Variation of 4" with a,,y. Systems: O, C;;MalNa, HTAB;
A, CpAspNa-HTAB; end O, Cj;GluNa,-HTAB. Surfactant solutions
(150 mM) at 298 K were used,

structural investigations on the formation of liquid crystals or a
gel network, through phase contrast microscopy, polarization
optical microscopy (POM), fluorescence microscopy (FM),
electron microscopy (SFM), and small-angle X-ray scattering
(SAXS) studies, are warranted. These are considered to be
future perspectives.

B CONCLUSIONS

The aforementioned set of studies focused on comprehensive
analyses of the micellization behavior of oppositely charged
mixed surfactant systems with the amino acid-based dicarbox-
ylic acid surfactants and HTAB, which were not systematically
reported earlier. Such comprehensive studies could shed
further light on the oppositely charged mixed surfactant
systems, Besides, the generated data on mixed micelles are also
considered to be important for further theoretical investigation,
where the different micellar parameters can be derived using
different theoretical propositmng_j'”'r‘g"w Interfacial behavior
and micellization behavior of AASs HTAB mixtures were
studied using different physicochemical techniques. Substan-
tially lower CMC valne of the sarfactant mivtures compared to
the predicted values reveal an assodative interaction between
the oppositely charged surfactants.”™'? A negative Gibbs free
energy of micellization indicates the spontaneity of the
micellization process. 560 With increasing @,,s, the surface
pressure at the CMC () passes through minima because
of the associative 'nLk::' ‘tion between the oppositely t.h.].nged
surfactant mixtures.” "% Oppasitely charged surfactants can
achieve proximities to each other through electrostatic
interaction and interact mainly at the micellar surface.’
Limiting molecular areas of the mixed surfactant systems at
the air—liquid interface gradually decrease, and the surface
excess values increase with decreasing e, 45, which is due to the
higher hydrophilicity of the AASs. Conductance studies show
that a maximum number of surfactant molecules are in their
dissociated forms near the CMC, so the micellar surface charge
density is higher.”” Micellar size gradually increases with
decreasing @a,s as a result of the presence of a higher
proportion of HTAB in the micelle. Rhenlogical studies
provide additional information on the internal structure of
mixed surfactant aggregates. During micellization, a maximum
number of HTAB molecules occupy the micelles, leading to
the formation of close-packed aggregated structures. Oppo-
sitely charged surfactants in their mixed states can form
different viscous and gelatinous entities.”’ Viscosity studies
reveal the thixotropic nature of the mixed surfactant systems
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where viscosity did not change spontaneonsly with increasing
@pps, with few exceptions. Surfactant mixtures form different
types of aggregates, so knowledge of the surface morphology
by phase contrast, polarization optical microscopic and
clectron microscopic studies is considered to be essential, as
will be carried out in the future. Studies on the interfacial and
micellization behavior of mived surfactants are expected to
provide new insights and can be used for electrostatic
molecular sequestiation and separation,™ as drug delivery
systems,'"'m in dermatological formulations, and in the
synthﬁgis of otherwise water-insoluble inorganic nanopar-
ticles.
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Abstract Thcorctical investigations on the miccllization of
mixtures of (i) amino acid-based anionic surtactants [AAS:
N-dodecyl derivatives of aminomalonate, —aspartate, and
-glutamate| and (1) hexadecyltrimethylammonium bromide
(HTAB ), were carried out at different mole ratios. Variation
in the theoretical values of critical micelle concentration
(CMC), mole fraction of surfactants in the micellar phase (X)),
at the interface (X%), interaction parameters at the bullvinter-
face [,BR/;&’“], ideality/nonideality of the mixing procasses, and
activity coefficients (f) were evaluated using Rubingh, Rosen,
models.
CMC values significantly deviate from the theroretically cal-
culated values, indicating associative interaction. With
increasing mole fraction of AAS (@aag). the magnitude of the
(f*/p°) values gradually decreased, considered to attributable
to hydrophobic interactions. With increasing aaas. the micel-
lar mole fraction of HTAB (X5) decrcased insignificantly and
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X, values were higher than those compared to AAS for
all combinations, due to the dominance of HTAB in
micelles. Micellar mole fraction at the ideal state of
AAS (X1 diffcred from micellar mole fraction of AAS
(X1), indicating nonidcality in the mixed miccllization pro-
cess. Gibbs free energy of miccllization (AG,) valucs are
more negative than the free energy of micellization for
ideal mixing (AGY?), indicating the micellization process
is spontaneous. With increasing aaas. the enthalpy of
micellization (Afl,,) and entropy of micellization (AS,,)
values gradually incrcased, which indicates micellization is
cxothermic. The different physicochemical paramcters of
the mixed micelles are correlated with the variation in the
spacer length between the two carboxylate groups of AAS.

Keywords Mixed micelle - Synergism - Interaction
parameter - Micellar composition - Activity coefficient
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Abbreviations

TAAS molc fraction of AAS

e stoichiometric mole fraction
=By interaction paramcters at the bulk
and interface

changes in enthalpy, free energy
and entropy of micellization

AH . AG, and AS,

AGEH free energy of micellization for
ideal mixing

Tz surface excass

Amin minimum molecular area of
the surfactant at the air-water
interface
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surfacc pressure at the CMC
change in the standard free energy
of micellization

Gibhs free energy of inferfacial
adsorption

mole fraction of surfactant and
AAS at the miccllar interface
synergistic interaction

specific interaction between AAS
and HTAB
predicted optimal micellar
composition

amino acid based anionic surfactant
molar concentrarions of AASs,
HTAB and mixture

critical micclle concentration
thecoretically calculated CMC and
average CMC

CMC ol i component

disodium  salt  of N-dodecyl
aminomalonate, aspartate,
glutamate

Activiry coefficient, acriviry coef-
ficient of AAS and HTAB

surface activity and activity coef-
ficient of i™ component

excess free energy of
micellization

cxcess enthalpy
Hexadecyltrimethylammonium
bromide

dggregation number

Q-basic 64-data base

regular solution theory
Sarmorna-Puvvada-Blankschtein
mole fracrion of AAS and HTAR
micellar mole fraction at the ideal
statc of AAS

micellar composition of AAS
and HTAB

mole fracion of AAS al the
interface

CMC values calculated by SPB
model

Synergistic interaction between two oppositely charged sur-
factants in aqucous medium mainly depends on the

WILEY AOCS &

composition, and environmental parameters such as tem-
perature, pressure, salinity, and solvent type are of second-
ary importance (Holland and Rubingh. 1992; Kronberg,
1997: Ohshima, 2016: Sugihara ct al.. 2008). They also
exhibit significantly lower critical micellar concentration
(CMC) comparad to the surfactants in neat form. Hvdro-
phobic inreractions and nonsysremartic inferfacial packing
also result in lower CMC (Vonwandruszka, 2005). Studies
of mixed surfactants include cationic/anionic, (Marqucs
et al., 1993) cationic/cationic, (L1 et al., 2011) cationic/non-
ionic, (Ray et al., 2005) anionic/non-ionic (Panda et al,
2009), and zwitlerionic/anionic (Li et al., 1998) systems,
among others. Many mixed surfactant systems exhibit syn-
ergistic interactions, resulting in a CMC that is considerably
lower than the CMC of the constituent surfactants, suitable
for applications (Scamehorn, 198A).

The present work describes a theoretical investigation on
the mixing behavior, synergistic interaction, and structural
parameters in the molecular level for the mixed micelles of
three synthesized dicarhoxylic amina acid-hased surfactanrs
(AAS: N-dodecyl derivatives of amino-malonate,-aspartate
and -glutamate in combination with hexadecylinime
thylammonium bromide (HTAB). We have investigated the
interfacial and micellar aggregation behavior using diflerent
experimental technigues, such as, conductivity, surface ten-
sion, ultraviolet-visible (UV—vis) absorption/emission spec-
troscopy, and dynamic light scattering, to determine different
physicochemical parameters, viz.. surface excess (I
minimum molccular arca at the air-water intcrface (A,
surface pressure at the CMC (#cpe ), change 1n the standard
ity AG;iC, free energy of

free energy of micellization (_.f_\. o]
adsorption (Angg) Gibbs free energy of interfacial adsorp-
tion (AGY, ). and aggregation number (n) (Barai et al.,
2019; Manna et al., 2012). As a continuation of the earlier
works, well established theoretical formalisms were used to
describe the micellization behavior of srructurally hereroge-
neous surfactant mixtures (Mahbub et al.. 2019). llowever,
the formalisms are not predictive; as the experimentally
fitted empirical interaction parameter values are mixture
dependent. Previously dererminad experimental CMC
values for the pure as well as mixed systems of AAS and
HTAB were used and subsequently analyzed using differ-
ent compuierized models to evaluate the composition and
interaction parameters among the components at the air-
watcr intcrface and as well as in the micellar phasc. Clint's
phase separation model relates the mole fraction and CMC
of mixed components in the case of ideal mixing (Clint,
1975). Rubingh et al. (Coret et al.. 1999) established @ the-
orctical modcl on the basis of rcgular solution thcory
(RST); this theory predicts the interaction between the con-
stituent surfactants. Gu and Rosen (1989) extended the
Rubingh model from bulk phase behavior to the monolayer
at the air-watcr interface. Motomura ct al. (1984) proposed

J Surfact Deterg (2020)
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the mixed micellar model based on idedl consideration,
which implies that there occurs no interaction (either attrac-
tive or repulsive, between the surfactant components). Sar-
moria et al. (1992) have proposed mixed micelle formation
involving a surfactant-based phase separation model.
Puvvada and Blankschtein (1992) developed a molecular
thermodynamics thecry in developing the bmary and ter-
nary mixed surfactant systcms. In the present work, all the
aforementioned formalisms were taken infa account in ana-
lyzing the different structural and compositional parameters
of mixed micelles ol dillerent combinations (Chakraborty
and Ghosh, 2008).

In order to shed further light in this ficld of rescarch, the
present work endeavors to study the synergistic inferaction
between the oppositely charged mixed surfactant systems
(Bakshi and Singh. 1999: Hassan et al.. 2009). HTAB-AAS
mixed systems are highly relevant in terms of their wide
range of applications in industries, viz., enhanced oil recov-
ery, (Brackman and Engberts, 1993) wastewater treatment
(Goddard, 1994), textile wetting (Lioi et al., 2009), dcter-
gency (Bera et al., 2013). paper manufacturing. (Helbig
et al, 1998) pharmaceutical production (Upadhyaya et al.,
2007). [ebrication ol nanostructured materials (Yingju et al.,
2009). drug delivery (Boudier et al., 2011), cell lysis (Chen
et al., 2012), microemulsion formulation (Li and Kunieda,
2003). molecular separation (Brackman and Engberts,
1993). lubrication (Butt, 1991), opcrations
(Carpena et al., 2002), and antimicrobial activity (Wilkinson
etal., 2003). AAS, capable of forming vesicles, shows mani-
[old applications in biochemical research (Hao and Holl-
mann, 2004), foaming control, surfactant-based separation
(Mansbach et al., 1975), surface wetting modification, and

cleaning

flotation (Peng, 1996). The two carboxylate groups of AAS
do not interact prominently with HTAB, becausc during
hydration. polar head groups of AAS associate with water
molecules. Hence, AAS alone are not suitable as individual
surfactants [or the formation ol micelles. Because CMC
values of AAS are relatively high, it is quite rational to com-
bine AAS with IITAD, to achieve a lower CMC.

The main aim of this work is to investigate on the
structurc and composition of mixed micelles in the
molecular level using different proposed models, viz..
Clint, Rubingh, Rosen, Motomura, and Sarmoria-
Puvvada-Blankschtein (SPB). Method ol iteration was
adopted toward these endeavors. Different thermodynamic
parameters of all the three combinations were evaluated
from the theoretically calculated and experimentally deter-
mined CMC values using computation. It is believed that
studies on the micellar structure and composition of sur-
factant mixtures can provide new insights, which will
eventually help in understanding its bulk and interfacial
properties that would also minimize the experimental
circumscription.
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Experimental Section
Materials

HTAB was purchased from Sigma-Aldrich Chemicals Pyt
Lid (St. Louis. MO. USA). Lauroyl chloride. L-aspartic acid,
and L-glutamic acid were the products from Acros Organics
Pvt. Lid (Mumbai, India). Aminomalonic acid diethy! ester
hydrochloride was purchased from TCl Pvt. Ltd (Tokyo,
Japan). Ilvdrochloric acid, pyridine, and sodium hydroxide
were purchased from VWR (Stockholm, Sweden).

Synthesis of the AASs (Amino Acid Based Surfacrants

Synthesis of AAS was described in literature (Bordes et al.,
2009; Bordes and Holmberg, 2011).

Svathesis of Sodium N- Dodecyl Amino Aspartate and
Glutamate

A suspension of amino acid (210 mmol) was prepared in a
mixture of waterfacetone (210 mL/150 mL) mixture in a
round-bottom flask. pH was controlled at 12 with an auto-
matic titrator filled with a solution of sodium hydroxide at
2.5 M. Lauroyl chloride was added dropwise under con-
stant staring at 5 °C and stirring was continued for 90 min.
The mixmre was then cooled to 0 °C and pH was set at
12 and stirred for 2 h. The solution was warmed at 22 °C
and acidified at pH = 2. The white precipitate was then fil-
tered and washad with water. The product was crystallized
three times from the toluenc. The product was dissolved in
ethancl and a solution of sodium hydroxide (2 M) was
added. leading to precipitate which was isolated by filtra-
tion. The final yields of Ci2AspNa» and Cy2GlulNa» were
74% and 76%, respectively.

Synthesis of Sodium N- Dodecyl Aminomalonate

The diethyl ester of the amino acid (47 mmol) was dis-
solved in pyridine (100 mL} in a round-bottom flask.
Lauroyl chloride (47 mmol) in THF (100 mL) was added
under stirring at room temperature. The suspension was
stirred for 18 h and was then poured in 1.5 L (1 M)
hydrochloric acid. After 2 h, stirring the solid diethy! ester
of dicarboxylate surfactant was filtered, washed with watcr,
and dissolved in ethanol (150 mL). Sodium hydroxide
(2 M, 2 eqv.) in ethanol (30 mL) was then added, leading
to a while precipitate, which was isolated by filtration. The
final purity of C;;MalNa, was 76%. All the surfactants
were found to be more than 98% pure after
recrystallization.

Structurcs of HTAB and the newly synthesized AAS sur-
factants are shown in Scheme 1.
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Scheme 1 Chemical structures of the surfactants.

Instrumentation
Surtace Tension Studies

Surface tension was recorded by a du Noiiy tensiometer
with an accuracy of 0.1 mNm™! (Jencon, Kolkata, India).
From the break point of the surface tension versus. logC
{surfactant concentration) plot. CMC was determined
(Barai et al., 2019; Manna et al., 2012).

Conductance Studies

Conductance values were recorded by a direct reading con-
duetivity meter, Con 510 (Eutech Instruments, Singapore)
with an accuracy of =0.1 pS ¢~ L. From the break puint of
the conductance versus. |C] plots, CMC values were deter-
mined (Barai ctal., 2019; Manna and Panda, 2011).

UV—vis Absorbance and Emission Spectroscopic
Studies

UV—vis absorption spectra were obtained by a spectropho-
tometer (UVD-2950, Labomed Inc.. LA. CA, USA). The
sum of the absorbance of pyrene (Ap) was plotted against
[C]. From the midpoint of the sigmoidal plot, the CMC
value was calculated (Basu Ray et al., 2006). Fluorescence
spectroscopic measurements were performed by a spectro-
[uorometer (Hitachi  High Technologies  Fluorescence
Spectrophotometer Corporation, F-7100, Tokyo. Japan),
where CMC was also obtained from the sigmoidal curve, in
the Ii/I5 versus [C] plot, where 1, is the first vibronic peak
and /5 is the third vibronic peak of the pyrene. (Barai et al.,
2019; Maiti et al., 2007).

Theoretical CMC values were calculated vsing Clint
(1975) formalism. Micellar structure and composition of
micelle in the molecular level were calculated using difTer-
ent proposed models, viz., Rubingh’s. Rosen, Motomora
and SPB. Rubingh’s formalism has been successfully uti-
lized to describe and correlate the observed nonidealities in

WILEY AOCS&

the micellization behavior in the case of the different sur-
factants mixtures (Holland,
parameters, viz., mole fraction of surfactant at the micellar
interface (X®), interaction parameters at the bulk/ interface
(f%/F°). activity coefficient (f). and ideality/nonideality of
the mixing processes of individual component were evalu-
ated. calculated using Q-basic (4-data base (QBG4) soft-
ware program. Q-basic is a short form of Quick Beginners.
Symbolic instruction code is an integrated development
environment (IDE) and interpreter for a variety of BASIC
programming languages based on QuickBASIC software.
The theoretical values of CMC were calculated by different
physicochemical processes and its comparison with the
experimental values are subsequently discussed (Manna
et al., 2012). The average experimental CMC values are
calculated by different physicochemical processes and their
comparison with theorctical CMC duc to the associative
interaction between AAS and HTAB being subsequently
discussed (Barai et al., 2019: Manna et al., 2012).

1986). Dilferent interaction

Results and Discussion
Critical Micelle Concentration

CMC of pure HTAB was found to be 0.72 mM (Barai et al.,
2019; Manna et al, 2012) while those of disodium salt of
N-dodecyl  aminomalonate  (C;;MalNa,),  N-dodecyl
aminoaspartate (Cp2AspNag). and N-dodecyl aminoglutamatc
(C1aGluNay) were 51.2, 463, and 36.45 mM, respectively
(Barai et al., 2019; Bordes et al., 2009; Bordes and Holmberg,
2011). With increasing mole fraction of amino acid-based
surfactant (@aas), CMC values gradually increased from the
initial lower value of HTAB as shown in Fig. 1, and also
summarized in Table S1. Experimental CMC values are
lower than the theoretically calculated CMC of different
AAS + IITAD mixwres (Barai et al., 2019). Significant nega-
tive deviation from the theoretically calculated values is due

J Surfact Deterg (2020)
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uging Clint formalism and the closed symbols indicate the experimen-
tally determined average CMC values. Temperawre: 298 K

to the associative intcraction between the AAS and HTAB
(Tikariha et al., 2010). Competitive interfacial adsorption is
observed due to the hydrophobic interaction between AAS
and HTAB., assisted by charge neutralization in the micelle.
Strong attractive interactions between the oppositely charged
surfactanis in the bulk solvent and interface can be explained
using the theoretical maodels proposed by Clint (Bakshi.
20000 Clint, 19755, (Bakshi et al, 2002; Rosen, 1994), (Arai
et al., 1998; Rubingh and Mital, 1979), and SPB (Sarmoria
et al., 1992; Ghosh, 2001). Composition of micelles in the
case of oppositely charged mixed surfactants are usually dif-
ferent from the interfacial and bulk compositions (Ghosh,
2001). Synergistic interaction is reflected through the cccur-
rence of substantially lower CMC in the case of surfactant
mixtures than the theoretically calculated values. The activity
coefficient of surfactant in the micelle (f), interaction parame-
ter between the components of mixed surfactant [ﬁR), micel-
lar mole fraction of AAS (X4 ay), micellar mole traction of
HTAB (X34 ). mole fraction of AAS at the interface (X;%),
and micellar mole fraction of AAS at the ideal state (X}*')
values were also evaluated. Components 1 and 2 are the
designations of binary components AAS and HTAB,
respectively. The Clint model is known to provide reason-
able information about the amphiphile mixture in solution.
Variation of CMC with the surfactant mole fraction and the
micellar composition of binary surfactants can further
be assessed using the Clint model as explained in the
following section.

J Surfact Deterg (2020)

Interaction between Oppositely Charged Surfactanis
amd Theoretical Propositions

Clini Madel

Surfactants in the bulk solvent and at the air-water interface,
exhibit either ideal or nonideal mixing behavior between the
components. The CMC value of mixed surfactants can also
be theoretically calculated using Clint formalism assuming
ideal mixing (Clint, 1975):

1 o
= 1
CMCey Z(’.’M(;‘i M

where CMC; is the CMC of neat surfactant “*7” in solvent and
“n” is the number of surfactants in the mixture. It is observed
that the average experimental CMC values. which corre-
spond to the average of the CMC values determined by sur-
face tension. conductivity, and UV-vis absorption/emission
spectroscopy) of mixed surfactants at different mole fractions
exhibit significant negative deviations from theoretically cal-
culated CMC (CMC.q). indicating associative Interaction
among the nppositely charged surfactants, as shown in Fig. 1.
A secondary cause ol this trend For AAS-HTAB mixtures is
the enhanced  hydrophohicity  through the Tormaion of
psendo-double iled entities (formed by the cationic and
anionic surfactants) and ion pairing of the surfactant head
groups (Manna el al, 2012). In the case of N-dodecy] amino
malonate, there is only one carbon atom in between two cur-
boxylate groups. In the case of aspartate and glutamate. the
number of carbon atoms between the two carboxylate moie-
ties are two and three, respectively. The sequential increase
in the number of carbon atoms that act as spacer between the
two carboxylate moieties favor micellization duz t©
enhanced hydrophobicity. The progressive enhancement in
the hydrophobicity, contributed by the methylena group
between the two carboxylate groups, also favors negative
deviation in the experimental CMC values (Mao et al.,
2019). It is expected that the structural difference between
HTAB and AAS is the most important causative factor for
the deviations of experimental and theoretical CMC. With
increasing hydrophaobicity of the spacer, synergistic interac-
tion between HTAB and the AAS also increases. Therefore,
hydrophobic interactions between the monomers of the sur-
factant pair at the air-water interface likely follow the extent
of deviation between theoretical and measured CMC:
Cj,MalNa, + HTAB>C ,AspNa, + HTAB> C,GluNa, +
HTAB. The Clint model fails to properly explain (i) the devi-
ation of experimental CMC from the CMC_y (using Equa-
tion (1)) based on an ideal mixture, (ii) interaction among
different surfactants in the aggrepated state, (iii) the
micellization behavior for concentrated solutions (systems
with very high CMC), and (iv) the ability of mixed surfac-
tants in forming the micelles that enhance the hydrophobic
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environment in comparison to the micelles formed by neat
HTAB or AAS. Rosen et al. (Gu and Rosen, 1989) modified
Clint’s model with the following propositions: (i) the mole
fraction of a particular component in the micelle is lower
than the mole [raction ol the component in the overall solu-
tion, indicating a lower extent of transfer from solution to
micelle, (i) mixtures show synergism, and (1) increasing
hydrophohicity leads to increasing synargistic intaraction.

Rosen Model

The Roscn model can assess the interaction between oppo-
sitely charged surfactants for the formation of mixed mono-
layer at the air-water interface (Rosen, 1994). Using RST
(Rubingh and Mittal, 1979) and standard surlace ension
mcthods (Rosen and Hua, 1982), the composition of indi-
vidual components in the mixed monolayer, mole fraction
of AAS ar the interface, (X7) and interfacial interaction
parameter (%) can be evaluated. /° at the air-water inter-
face was proposed using the “successive method” {method
of iteration. as described below) (Rosen and Dahanavake,
2000; Rosan and Kunjappu, 2012, assuming the formarion
of monolayer at the air-water interface. or this purpose, a
computer program was made to estimate % and micellar
mole fraction of AAS in the air-water interface X7 via the
following equarions (Rosen and Kunjappu, 2012):

(X3)’In(X,Cay /X3Cy)

. =14 (2)
(1=X9)In[1 -X1) Cu / (1-X5) G
¥ m(xf. o ,e'x;;c,) @)
(1-x7)

[ versus asag profiles are shown in Fig. 2 (panel B).
With increasing aaas. the magnitude of A% gradually
decreases for cach AAS. The syncrgistic intcraction (f°)
between AAS and HTAB at the air-water interface follows
the sequence C,;MalNa, + HTAB > Cj;AspNa, + HTAB

> C12GluNaa + HTAB. Increasing  the
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Fig. 2 Vaiation of XT and #° calculated from Rosen model with the
mole fraction of aaas at 298 K. systems: O, C;aMalNas- HTAB: A,
C12AspNa,-HTARB, and [] C)»GluNa,-HT AR
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number ol

methylena groups between the carboxylates sterically
favors its interaction with HTAB. The increased electro-
philic interaction between the two oppositely charged head
groups, inducing formation of mixed micelles, can explain
the ahove sequence of 7 (Huang and Ren, 2019; Ren,
2015: Ren et al., 2016: Ren et al., 2017a, 2017b: Ren et al.,
2018). On the other hand, the close proximity of the two
carboxylate groups of AAS enhances electrostatic repul-
sion. X versus aaas profiles are shown in Fig. 2 (punel A).
Unlike #°, X7 gradually increases with increasing aaas,
which suggest that HTAB interacts less favorably with
AAS at the air-water interface to form mixed monolayer.
With increasing aaas. Xz and (1 — X7) values gradually
decreased. which indicates that the mixed micelles contain
a larger proportion of HTAB compared to the overall solu-
tion, as a result of a smaller cross sectional area and higher
hydrophaobicity for HTAB (Manna er al., 2012). Far all
compositions, X3 follows the order: Cj;pMalNa, <
Ci2AspNa; <C;GluNa,. The same trend is also reflected
by lower aggregation number of C;;MalNa, compared to
C12AspNaa and CpaGloNag, (Fig. S1) (Barai et al., 2019).
The trend can be explained by CsMalNa, being less bulky
and hydrophilic than the other two AAS due to the absence
of methvlene group between two carboxylate anions,
thereby enabling C12MulNuz Lo more strongly interact with
HTAB and rcmain associated with the miccllar surface (Pal
and Samm, 2019). The stronger interaction between
Cy2MalNas and HTARB are also reflected by lower % values
(Table S1) (Huang and Ren, 2019; Ren, 2015; Ren et al.,
2016; Ren et al., 2017a, 2017b; Ren et al., 2018). Negative
A% values for all the AAS+HTAB mixed micelles also
indicare mumal inferaction hetween the monomers of sur-
factant pair at the air-water interface (Bakshi et al., 2002).
The values of X7 for all the three binary surfactant mixtures
are smaller than X (aaag), indicating that AAS are less
prominent at the air-liguid interface than HTAB,

Rubingh Model

Clint’s proposition about the stronger deviation of experi-
mental CMC wirth respect to theoretical CMC was also
addressed by Rubingh. Rubingh’s model for ideal/nonideal
mixed systems is based on RST. Thus, following modifica-
tion of the Equation (1) was made according to the proposi-
rion of Ruhingh (Rubingh and Mital, 1979):

] n o
= : 4
cMC ;fiCMCi “)
where, £ is the activity coefficient of ™ component in a
micclle. Molccular interaction parameters were studied in
the light of RST (Rubingh and Mittal, 1979). Unlike the
models described above, RST is capable to predict the

J Surfact Deterg (2020)
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Fig. 3 Variation of f, f5, Xaas, and Xypap values, calculated using
Rubingh’s model, X, and f® values. calculated using Motomura
equation with the mole fraction of asas at 298 K. systems: O,
C;MalNa,-HTAB: A, C;,AspNa,-HTAB, and [], C;,GluNa,-HTAB

synergistic as well as antagonistic interaction between the
surfactant mixture. The f; and f> versus aaas profiles are
shown in Fig. 3 (panels A and B, respectively). With
increasing aaas, f; values increase while the f, values
decrease. Extent of increase in fi values are less than the
decrease in f, values for all the combinations. The decrease
of f, values follow the order C;;MalNa, + HTAB >
Ci2AspNay + HTAB > C3GluNa + HTAB. CMC values
for the mixtures are similar to the CMC of pure HTAB,
indicating that HTAB plays fundamental role for the syner-
gism. Higher values of f5 (HTAB) than f; (AAS) indicate
the significant contribution of HTAB due to its larger head
group size (Fig. S1). Using RST, Rubingh proposed Equa-
tions (4)—(7) for determining different parameters of
micellization of binary surfactants (Holland and Rubingh,
1992; Rubingh and Mittal, 1979):

(CMCar)
fi (CMC1(1-Xa))

~ (5)

pR=

where, ﬂR is the interaction parameter between the compo-
nents in the micelle. Micellar mole fraction of AAS (Xaas)
and HTAB (Xurtag) versus aaas profiles are shown in
Fig. 3 (panels C and panel D, respectively). Relative pro-
portion of AAS in the micelles gradually increases with
increasing aaas. Nonideality in the mixing behavior was
further rationalized by Rubingh using Equation (6) as
(Rubingh and Mittal, 1979):
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3 CMCpax
(1-X2)In [CMC.{I 7);2]3] |

= (6)
2, [ eMc, ap,
(x2)"In [{CMCz{xz}]

Equation (6) was employed to solve for X» iteratively
using a computer program. After obtaining X, from Equa-
tion (6), A* is calculated from Equation (5) Subsequently,
fi and f> are calculated using Equation (7) (Holland and
Rubingh. 1992: Rubingh and Mittal, 1979).

fi=exp[B*(1-X7)] ™

f=1 indicates ideal mixed surfactant systems. The micellar
mole fractions obtained from the Rubingh model have been
compared with the micellar mole fraction of AAS at the
ideal state (X,'**), with the help of Motomura’s approxi-
mation (Motomura et al., 1984):

l’I|CMC2

Xideai - 8
! a,CMC> + o CMC| ®)

X8 versus apps profiles are shown in Fig. 3 (panel E).
All of the parameters calculated from Equations (5)—(8) are
summarized in Table S1. With increasing aaas. X i,d"""’ gradu-
ally increases for all three AAS. X'* values follow the
order CioMalNap > C2AspNap > CoGluNas. 1t is observed
from Table S1 that micellar composition of HTAB in the
ideal state (X5°"), calculated by Motomura’s approxima-
tion show the greater values than those calculated for RST
(Kumar et al., 2018). A% values for all three systems inves-
tigated are negative, indicating strong afttractive interaction
between AAS and HTAB (Huang and Ren, 2019: Ren,
2015: Ren et al., 2016: Ren et al., 2017a, 2017b: Ren et al.,
2018). With increasing @xas. the magnitude of g* values
gradually decreases (Fig. 3. panel F). Xi™! for C;;MalNaj.
Ci2AspNas and C2GluNas difter significantly from Xaas
values, calculated by RST. Hence, the micellization of the
AAS-HTAB systems is nonideal in nature from the view
point of Motomura approximation. % values for AAS-
HTAB systems are found to be composition dependent, in
contrast with RST, which assumes ﬂR should remain inde-
pendent of composition. The composition dependency of
ﬂR has also been reported in literature for several surfactant
mixtures, manifesting the shortcoming of Rubingh’s
approach for binary surfactant mixtures (Abdul Rub et al.,
2017; Rub etal., 2018).

SPB Model

Motomura et al. (1984) proposed the “SPB” model that
estimates the phase separation based on molecular thermo-
dynamics theory, where optimal micellar composition was
quantified by SPB for binary surfactant mixtures (Sarmoria
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eral., 1992). The Clint equation (Clint, 1975) can be rewrit-
ten in the following form:
| ) a2

CMCo f,CMCy ' [,CMCs

(9)

Activity cocfficients (f;. where f; ¢ 1) arc caleulated by
the following equations (Sarmoria et al.. 1992):

Si=exp |if7|:(];+)i| (10)
.2="xp[ﬁlz%} (11)

where, f;» 15 the specific interaction between AAS and
HTAB (analogas to the A% and «* is the predicted optimal
miccllar composition, designated by Xgpg (the composition
at which the free energy of mixed micellization attains its
mimimum value) (Sarmoria et al., 1992), k is the Bollzman
constant and T is the emperature in absolute scale. Results
are summarized in Table S2 and Fig. 4. With increasing
Qaas, f1 gradually increases, (panels A and B). The Xgpp
values for all the combinations vary almost linearly with
aaax (panel C). (3R versus @aay profiles are shown in Fig. 4
{panel D). Negative lower #® values demonstrate stronger
synergistic interaction between AAS and [ITAB (Abdul
Rub et al.. 2017; Rub et al., 2018). 12 and a* values were
calculated using mial and error method by means ol itera-
tion using the [ollowing equation (Sarmoria et al., 1992) by
minimizing the standard deviation between the equation’s
left- and right-hand side:

1-2a" * CMC;
s ) n e mm M
o2 CMC,

[ Ay
k1 (l—e")

0006+
0.004¢
0.002

0.000%
042;

040

Xra

Fig. 4 Vadiation of /1. 5 and CMC values calculated by SPB model.
Xgps and p”“ values calculated by SPE model with the mole fraction
of aasg at 298 K. systems: O, Cy-MalNas- HTADB; A, Ci-AspNas-
HTAB and [], C;,GluNa,-HTAB
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By the substitution of a* (Xgpp) into Lquations (11) and
(12). f12 and fwere calculated. From Tables S1 and S2 it is
evident that Xgpp of various AAS components are compara-
ble with Xy Xagp and Xgp, calculated using the RST
model. Calculated f, B,,. and X for the three different sys-
tems are nearly the same between Rubingh’s and SPB
maodels.

Thermodynamics of Micellization

From the RST model, (Rubingh and Mittal, 1979) different
thermodynamic parameters can be derived (Das et al.,
2018), assuming that the excess entropy ol mixing is zero,
as has been performed for other surfactant mixwres (Patel
etal., 2017; Ren etal., 20174, 2017b: Rosen and Kunjappu,
2012; Schulz et al., 2013; Sikorska et al., 2016). Gibbs
excess free energy (G™), excess enthalpy (H™), and
enthalpy of mucellization (AH,,) can be calculated using
Equation (13) (Patel ctal., 2017: Ren ctal.. 2017a, 2017b):

G =H®=AH,=RT[X,ln( f))+X;In( f)]  (I13)

X1, X5, fi. and f5 values were calculated from Rubingh’s
model (Rubingh and Mital, 1979) (Table S1). Gibbs free
energy of micellization for ideal mixing AG'% can be cal-

culatedd by the Tollowing equation (Patel et al., 2017: Ren
et al., 2017a, 2017h):

AGIm"":R,]‘[X| In (X] :}+Xg fn (Xz)] Ii|4)

m
Gibbs excess free energy (G™ = AG,, — AG*") indi-
cates the deviation from the ideality for the mixing. AG,
designates the nonideal free energy of micellization, given
by Equation (15):
AGn ZR’]1|X| in I:X|f|)+X3 In liX:fg)] Ii|5)
Changes in entropy of micellization (AS,,) can be
obtained from Equation (16):
AS, = AHm; AG,,

T P N = _—
e values of all the parameters discussed above, are pres-

[Ifi)

ented in Fig. 5 and Table S3. It is evident that with increas-
ing mole fraction of HTAB, AH, increases (Fig. 5, panel
A). When comparing the three AAS, it is observed that the
AH,, values follow the sequence C ,MalNa, + HTAB >
Ci2AspNas + HTAB > C»GluNa» + HTAB. There arc two
opposing factors that contribute to All,: (i) the energy
released due to the loss of translational energy of surfactant
monomers as a result of electrostatic and hydrophobic inter-
action for the micellization. and (ii) energy requirad w break
the orpanized structure of bulk water. (Schulz et al., 2013;
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Fig. 5 Variation of G, AH,,, H* of AAS (G™ = AH,, = H™),
AGHE | AG,,, AS,, and f® values calculated by Rubingh’s model

with the mole fraction of asas at 298 K. systems: O, C;;MalNa,-
HTAB; A, Cy2AspNa;-HTAB and [, C1,GluNa>-HTAB

Sikorska et al., 2016). As the mole fraction of HTAB is
increased, hydrophobic interactions increase, leading to a
more exothermic process of micellization. For the same rea-
son, AH,, values increase with the sequential increase in the
methylene group of the spacer when comparing C,,MalNa,
to CpAspNa, to Cp,GluNa,. The AG,, values are found to
be more negative than the AGE*" | which indicates the spon-
taneity of micellization (Fig. 5, panel B). The negative
values of G™ further support the occurrence of synergistic
interactions (Patel et al., 2017). The same trends are
observed for AH,, and AG,,(Table S3). Variation of AG,,
for the mixed micelles of HTAB and AASs with aaag are
presented in the panel C of Fig. 5. The entropic contribu-
tion of TAS,, toward AG,, 1s found to be 13—16%. which
indicates that the entropic contribution (AS,,) to the mixed
micellization is less than the enthalpic contribution (AH,,).
With increasing aaas, AS, values gradually increase,
(Fig. 5, panel D), indicating spontaneous micellization and
interfacial adsorption. Furthermore, the degree of dis-
orderness increases due to micellization and the entropy
change, favorable for the formation of mixed micelles, as
demonstrated by the positive AS,, values (Patel et al.,
2017: Ren etal., 2017a, 2017b).

Conclusions

This theoretical investigation has simplified the molecular
thermodynamics-related theory for micelle formation by
mixed surfactants systems. Different working models to
predict CMC of nonideal binary surfactants as well as
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specific interactions were compared. The models provided
reasonable quantitative predictions of the different
micellization parameters for cationic-anionic mixed surfac-
tant systems. The simplified “working models” employed
herein can act as valuable preliminary screening tools in
the design and selection of nonideal surfactant mixtures for
practical applications. Synergistic interaction behavior of
AAS-HTAB mixtures were assessed using Rubingh’s,
Rosen, Motomura, and SPB models. The experimental
CMC values are lower than the predicted values calculated
from Clint formalism, indicating nonideality in the mixing
behavior. CMC values gradually increase with the increas-
ing proportion of AAS. Oppositely charged surfactants can
localize in vicinity to each other and interact mainly at the
micellar surface. The two carboxylate groups of AAS repel
each other, the extent of which is minimized by HTAB
through electrostatic attraction; thus the micellar size gradu-
ally decreases with increasing aaas. A maximum number
of HTAB molecules become available on the micellar sur-
face, leading to the formation of closed packed micellar
structures (Barai et al., 2019). The binary mixtures show
significant synergism (negative A% value) (Abdul Rub
etal., 2017; Rub et al., 2018).With increasing hydrophobic-
ity of the spacer, synergistic interaction between the surfac-
tant components also increase. With increasing aaas, the
magnitude of ﬁR decreases (Huang and Ren, 2019; Ren,
2015; Ren etal., 2016; Ren etal., 2017a, 2017b; Ren et al.,
2018), X,idml. X, (Rubingh model), and X7 (Rosen model)
gradually increase with an increase of @aas. The magnitude
of 7 at the air-water interface gradually decreases with
increasing a5 and follows the order Cy,MalNa, + HTAB
> CpAspNay + HTAB > C,GluNa, + HTAB. AG,, values
are more negative than AGY®  which indicate that the
micellization process is spontaneous. Mixed micellization
of HTAB-AAS is enthalpy driven where AH,, values
decrease with increasing aaas (Patel et al., 2017; Ren
et al., 2017a, 2017b). It is believed that theoretical investi-
gations of mixed micelles of such binary surfactants can
provide new insights, which will eventually help in under-
standing the bulk and interfacial activities of mixed surfac-
tant systems. Strong synergistic interaction between the
oppositely charged surfactants can result in the formation
of liquid crystal, viscous gels, and even vesicles. However,
further theoretical investigations employing molecular
dynamics could support the propositions made here, in the
future. Oppositely charged mixed surfactants form different
types of aggregates as stated earlier: so the knowledge on
the surface morphology by phase contrast, polarization
optical microscopy (POM), fluorescence microscopy (FM),
field emission scanning electron microscopy (FE-SEM),
and small-angle X-ray scattering (SAXS) studies are con-
sidered to be essential, being considered to be carried out in
future.

WILEY AOCS&



J Surfact Deterg

ACKNOWLEDGEMENTS This work has been financially
supported by University Grants Commission (UGC), New Delhi,
India through a UGC-BSR scheme, (F.25-1/2014-15(BSR)/7-234/
2009(BSR) UGC-SAP (No. F. 59/ 2015/DRS-II (SAP-II) and
Department of Science and Technology, Govt. of India, New Delhi,
India through the DST-FIST grants (No. SR/FST/CSI-235/2011
(G) and SR/FST/CS-1/2017/7 (C). SD acknowledges CSIR, Govt. of
India for senior research fellowship. The authors also convey their
deep sence of gratitude to Prof. Douglas Hayes, Editor-in-Chief,
Journal of Surfactants and Detergents for his valued guidance in
improving the manuscript.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

References

Abdul Rub, M., Azum, N, & Asiri, A. M. (2017) Binary mixtures of
sodium salt of ibuprofen and selected bile salts: Interface, micellar,
thermodynamic and spectroscopic study. Journal of Chemical &
Engineering Data, 62:3216-3228.

Arai, T., Takasugi, K., & Esumi, K. (1998) Mixed micellar properties
of nonionic saccharide and anionic fluorocarbon surfactants in
aqueous solution. Journal of Colloid and Interface Science, 197:
94-100.

Bakshi, M. S. (2000) Cationic mixed micelles in the presence of
f-Cyclodextrin: A host-guest study. Journal of Colloid and Inter-
Jace Science, 227.78-83.

Bakshi, M. S., & Singh, M. (1999) Cetylpyridinium chloride +
tetradecyltrimethylammonium bromide mixed micelles in polyeth-
ylene glycol 1000 + water mixtures. Journal of Macromolecular
Science, 36:879-892.

Bakshi, M., Sachar, S., Mahajan, N., Kaur, 1., Kaur, G., Singh, N, ...
Doe, H. (2002) Mixed-micelle formation by strongly interacting
surfactant binary mixtures: Effect of head-group modification. Col-
loid & Polymer Science, 280:990-1000.

Barai, M., Mandal, M. K., Karak, A., Bordes, R., Patra, A.,
Dalai, S., & Panda, A. K. (2019) Interfacial and aggregation behav-
ior of dicarboxylic amino acid based surfactants in combination
with a cationic surfactant. Langmuir, 35:15306-15314.

Basu Ray, G., Chakraborty, 1., & Moulik, S. P. (2006) Pyrene absorp-
tion can be a convenient method for probing critical micellar con-
centration (cme) and indexing micellar polarity. Journal of Colloid
and Interface Science, 294:248-254.

Bera, A., Ojha, K., & Mandal, A. (2013) Synergistic effect of mixed
surfactant systems on foam behavior and surface tension. Journal
of Surfactants and Detergents, 16:621-630.

Bordes, R., & Holmberg, K. (2011) Physical chemical characteristics
of dicarboxylic amino acid-based surfactants. Colloids and Sur-
Jaces, A: Physicochemical and Engineering Aspects, 391:32-41.

Bordes, R., Tropsch, J., & Holmberg, K. (2009) Counterion specific-
ity of surfactants based on dicarboxylic amino acids. Journal of
Colloid and Interface Science, 338:529-536.

Boudier, A., Castagnos, P., Soussan, E., Beaune, G., Belkhelfa, H.,
Meénager. C., ... Blanzat, M. (2011) Polyvalent catanionic vesicles:
Exploring the drug delivery mechanisms. lnternational Journal of
Pharmaceutics, 403:230-236.

Brackman, J. C., & Engberts, J. B. F. N. (1993) Polymer—micelle
interactions: Physical organic aspects. Chemical Society Reviews,
22:85-92.

WILEY AOCS&

Butt, H.-J. (1991) Measuring electrostatic, van der walls, and hydra-
tion forces in electrolyte solutions with an atomic force microscope.
Biophysical Journal, 60:1438—1444.

Carpena, P., Aguiar, J., Bernaola-Galvdn, P., & Carnero Ruiz, C.
(2002) Problems associated with the treatment of conductivity
—concentration data in surfactant solutions: Simulations and experi-
ments. Langmuir, 18:6054—6058.

Chakraborty, T., & Ghosh, S. (2008) A unified survey of applicability
of theories of mixed adsorbed film and mixed micellization. Jour-
nal of Surfactants and Detergents, 11:323-334.

Chen, L., Patrone, N., & Liang, J. F. (2012) Peptide self-assembly on
cell membranes to induce cell lysis. Biomacromolecules, 13:
3327-3333.

Clint, J. H. (1975) Micellization of mixed nonionic surface active
agents. Journal of the Chemical Society, Faraday Transactions, 71:
1327-1334.

Coret, J., Shiloach, A., Berger, P., & Blankschtein, D. (1999) Critical
micelle concentrations of ternary surfactant mixtures: Theoretical
prediction with user-friendly computer programs and experimental
design analysis. Journal of Surfactants and Detergents, 2:51-58.

Das, 5., Ghosh, S., & Das, B. (2018) Formation of mixed micelle in
an aqueous mixture of a surface active ionic liquid and a conven-
tional surfactant: Experiment and modeling. Journal of Chemical &
Engineering Data, 63:3784-3800.

Ghosh, S. (2001) Surface chemical and micellar properties of binary
and ternary surfactant mixtures (cetyl pyridinium chloride, Tween-
40, and Brij-56) in an aqueous medium. Journal of Colloid and
Interface Science, 244:128-138.

Goddard, E. D. (1994) Polymer/surfactant interaction its relevance to
detergent systems. Journal of the American Qil Chemists’ Society,
71:1-16.

Gu, B., & Rosen, M. 1. (1989) Surface concentrations and molecule
interactions in cationic-anionic mixed monolayers at various inter-
faces. Journal of Colloid and Interface Science, 129:537-553.

Hao, J., & Hoffmann, H. (2004) Self-assembled structures in excess
and salt-free catanionic surfactant solutions. Current Opinion in
Colloid & Interface Science, 9:279-293.

Hassan, P. A, Hodgdon, T. K., Sagasaki, M., Fritz-Popovski, G., &
Kaler, E. W. (2009) Phase behavior and microstructure evolution in
aqueous mixtures of cetyltrimethylammonium bromide and sodium
dodecy!l tri-oxyethylene sulfate. Comptes Rendus Chimie, 12:
18-29.

Helbig, C., Baldauf, H., Mahnke, J., Stockelhuber, K. W., &
Schulze, H. J. (1998) Investigation of langmuir monofilms and flo-
tation experiments with anionic/cationic collector mixtures, Infer-
national Journal of Mineral Processing, 53:135-144.

Holland, P. M. (1986) Non-ideal mixed micellar solutions. Advances
in Colloid and Interface Science, 26:111-129.

Holland, P. M., & Rubingh, D. N. (1992) Mixed surfactant systems.
American Chemical Sociery, ACS Symposium Series. 501:2-30.
Huang, J., & Ren, Z. H. (2019) Micellization and interactions for ter-
nary mixtures of amino sulfonate surfactant and nonionic
octylphenol polyoxyethylene ethers in aqueous solution: 1 blending
with nonionic surfactants with smaller numbers of hydrophilic unit.

Journal of Molecular Liguids, 278:53-060.

Kronberg, B. (1997) Surfactant mixtures. Current Opinion in Col-
loid & interface Seience, 2:456-463.

Kumar, D., Hidayathulla, S., & Rub, M. A. (2018) Association behav-
ior of a mixed system of the antidepressant drug imipramine hydro-
chloride and dioctyl sulfosuccinate sodium salt: Effect of
temperature and salt. Journal of Molecular Liguids, 271:254-264.

Li, X., & Kunieda, H. (2003) Catanionic surfactants: Microemulsion
formation and solubilization. Current Opinion in Colloid & Inter-
Jace Science, 8:327-336.

J Surfact Deterg (2020)



J Surfact Deterg

Li, F., Li, G-Z, & Chen, J-B. (1998) Synergism in mixed
zwilterionic—anionic surfactant solutions and the aggregation num-
bers of the mixed micelles. Colloids and Surfaces A, 145:167-174.

Li, H. H. Imai, Y. Yamanaka, M., Hayami, Y., Takiuve, T.,
Matsubara, H., & Aratono, M. (201 1) Specific counterion effect on
the adsorbed film of cationic surfactant mixtures at the air/water
interface. Journal of Colloid and Interface Science, 359:189-193.

Lioi, S. B., Wang, X., Islam, M. R., Danoff, E. J., & English, D. S.
(2009) Catanionic surfactant vesicles for electrostatic molecular
sequestration and separation. Physical Chemistry Chemical Physics,
11:9315-9325.

Mahbub, S., Rub, M. A, Hoque, M. A, Khan, M. A., & Kumar, D.
(2019) Micellization behavior of cationic and anionic surfactant
mixtures at different temperatures: Effect of sodium carbonate and
sodium phosphate salts. Journal of Physical Organic Chemistry,
3967:1-17.

Maiti, K., Chakraborty, 1., Bhattacharya, S. C., Panda, A. K., &
Moulik, S§. P.  (2007) Physicochemical  studies of
octadecyltrimethylammonium bromide: A critical assessment of its
solution behavior with reference to formation of micelle and micro-
emulsion with n-butanol and n-heptane. The Jowrnal of Physical
Chemistry. B, 111:14175-14185.

Manna, K., & Panda, A. K. (2011) Physicochemical studies on the
interfacial and micellization behavior of CTAB in aqueous polyeth-
ylene glycol media. Jowrnal of Surfactants and Detergents, 14:
563-576.

Manna, K., Chang, C.-H., & Panda, A. K. (2012) Physicochemical
studies on the catanionics of alkyltrimethylammonium bromides
and bile salts in aqueous media. Colloids and Surfaces, A: Physico-
chemical and Engineering Aspects, 415:10-21.

Mansbach, C. M., Cohen, R. 5., & Leff, P. B. (1973) Isolation and
properties of the mixed lipid micelles present in intestinal content
during fat digestion in man. The Jowrnal of Clinical Investigation,
56:781-791.

Mao, J., Tian, J., Zhang, W., Yang, X., Zhang, H., Lin, C., ...
Zhao, J. (2019) Effects of a counter-ion salt (potassium chloride)
on gemini cationic surfactants with different spacer lengths. Col-
loids and Surfaces, A: Physicochemical and Engineering Aspects,
578:123619.

Marques, E., Khan, A., da Graca Miguel, M., & Lindman, B. (1993)
Self-assembly in mixtures of a cationic and an anionic surfactant:
The sodium  dodecyl sulfate-didodecyldimethylammonium
bromide-water system. The Jowrnal of Physical Chemistry, 97:
4729-4736.

Motomura, K., Yamanaka, M., & Aratono, M. (1984) Thermody-
namic consideration of the mixed micelle of surfactants. Colloid &
Polymer Science, 262:948-955.

Ohshima, H. (2016) Catanionic surfactants: Novel surrogates of phos-
pholipids. In K. Manna & A. K. Panda (Eds.), Encyclopedia of Bio-
colloid and Biointerface Science (pp. 1020-1043). New Jersey:
John Wiley and Sons.

Pal, A., & Saini, M. (2019) Aggregation behavior of task-specific
acidic ionic liquid n-methyl-2-pyrrolidinium dihydrogen phosphate
[nmp][h2po4] in aqueous and aqueous salt solutions. Journal of
Surfactants and Detergents, 22:491-499,

Panda, A. K., Sarkar, G., & Manna, K. (2009) Physicochemical stud-
ies on surfactant aggregation 1. Effect of polyethylene glycols on
the micellization of SDS. Journal of Dispersion Science and Tech-
nology, 30:1152-1160.

Patel, U., Parekh, P., Sastry, N. V., Aswal, V. K., & Bahadur, P.
(2017) Surface activity, micellization and solubilization of cationic
gemini surfactant-conventional surfactants mixed systems. Journal
of Molecular Liguids, 225:888-896.

Peng, F. F. (1996) Surface energy and induction time of fine coals
treated with various levels of dispersed collector and their correla-
tion to flotation responses. Energy & Fuels, 10:1202-1207.

J Surfact Deterg (2020)

Puvvada, S., & Blankschtein, D. (1992) Theoretical and experimental
investigations of micellar properties of agueous solutions con-
taining binary mixtures of nonionic surfactants. Journal of Physical
Chemistry, 96:5579-5592.

Ray, G. B., Chakraborty, L., & Moulik, S. P. (2005) Self-aggregation
of alkylurimethylammonium bromides (C10-, C12-, Cl4-, and
C16TAB) and their binary mixtures in aqueous medium: A critical
and comprehensive assessment of interfacial behavior and bulk
properties with reference to two types of micelle formation. Lang-
muir, 21:10958-10967.

Ren, Z. H. (2013) Effect of sodium chloride on interaction between
amino sulfonate amphoteric surfactant and octylphenol poly-
oxyethylene ether (10) in agueous solution. Journal of Industrial
and Engineering Chemistry, 30:44-49.

Ren, Z. H., Huang, J., Luo, Y., Zheng, Y. C., Mei, P., Lai, L., &
Chang, Y. L. (2016) Micellization behavior of binary mixtures of
amino sulfonate amphoteric surfactant with different octylphenol
polyoxyethylene ethers in aqueous salt solution: Both cationic and
hydrophilic effects. Journal of Industrial and Engineering Chemis-
try, 36:263-270.

Ren, Z. H., Huang, J., Zheng, Y. C., Lai, L., & Hu, L. L. (2017a)
Effect of isopropanol on the micellization of binary mixture con-
taining amino sulfonate amphoteric surfactant in aqueous solution:
Mixing with octylphenol polyoxyethylene ether. Journal of Molec-
ular Liguids, 236:101-106.

Ren, Z. H., Huang, J., Zheng, Y. C., Lai, L., & Hu, L. L. (2017h)
Interaction and micellar behavior of binary mixture of amino sulfo-
nate amphoteric surfactant with octadecyltrimethylammonium bro-
mide in aqueous solutions of NaCl. Journal of Chemical &
Engineering Data, 62:1782-1787.

Ren, Z. H., Huang, J., Zheng, Y. C., Lai, L., Mei, P, Yu, X. R., &
Chang, Y. L. (2018) Micellization and interaction for ternary mix-
tures of amino sulfonate surfactant and nonionic octylphenol poly-
oxyethylene ethers in aqueous solution: 2 blending with nonionic
surfactant with a longer or shorter hydrophilic chain. Journal of
Molecular Liquids, 272:380-386.

Rosen, M. (1994) Predicting synergism in binary mixtures of surfac-
tants. Surfactants and Colloids in the Environment, 95:39-47.

Rosen, M. J., & Dahanayake, M. (2000) Industrial utilization of sur-
factants, principles and practice (pp. 28-29). Champaign, IL:
AOCS Press.

Rosen, M. J., & Hua, X. Y. (1982) Synergism in binary mixtures of
surfactants: 1. Some experimental data. Journal of the American
Qil Chemists’ Society, 59:582-585.

Rosen, M. 1., & Kunjappu, J. T. (2012) Surfactants and interfacial
phenomena (4th ed., p. 616). New York: Wiley.

Rub, M. A., Azum, N, Khan, F., & Asiri, A. M. (2018) Aggregation
of sodium salt of ibuprofen and sodium taurocholate mixture in dif-
ferent media: A tensiometry and fluorometry study. The Journal of
Chemical Thermodynamics, 121:199-210.

Rubingh, D., & Mittal, K. (1979) Solution chemistry of surfactants
(Vol. 1, p. 337). New York: Plenum.

Sarmoria, C., Puvvada, 5., & Blankschtein, D. (1992) Prediction of
critical micelle concentrations of non-ideal binary surfactant mix-
tures. Langmuir, 8:2690-2697.

Scamehorn, J. F. (1986) Phenomena in mixed surfactant systems.
ACS Symposium Series, ISBN13: 9780841200756, 311:1-198.

Schulz, E. P., Rodriguez, J., Minardi, R. M., Miraglia, D. B., &
Schulz, P. C. (2013) On the applicability of the regular solution the-
ory to multicomponent systems. Journal of Surfactants and Derer-
gents, 16:795-803.

Sikorska, E., Wyrzykowski, D., Szutkowski, K., Greber, K.,
Lubecka, E. A., & Zhukov, L. (2016) Thermodynamics, size, and
dynamics of zwitterionic dodecylphosphocholine and anionic
sodium dodecy! sulfate mixed micelles. Jowrnal of Thermal Analy-
sis and Calorimetry, 123:511-523.

WILEY AOCS&



J Surfact Deterg

Sugihara, G, Nagadome, S, Oh, S. W, & Ko, 1. 8. (2008) A review
of recent studies on aqueous binary mixed surfactant systems. Jowr-
nal of Qleo Science, 57:61-92,

Tikanha, D., Ghosh, K. K., Quaghotte, P., & Ghosh, 5. (2010) Mixad
micellization properties of cationic monomeric and gemini surfac-
tants. Jowrnal of Chemical & Engineering Dam, 5541624167,

Upadhyaya, A., Acosta, E. J., Scamchorn, J. F., & Sabatini, D. A.
(2007) Adsorption of amomic-cationie surfactant muxiures on
melal oxide surfaces. Jowrnal of Surfactants and Detergents, 10:
269-277.

Vonwandruszka, R. (2005) Mixed surfactant systems, 2nd ed., revised
and cxpanded. volume 124 of the Surfactant Science Series cdited

WILEY AOCS &

hy Masshiko Abe (Tokyo Ulniversity of Science) and John
F. Scamehorn (University of Oklahoma) Marcel Dekker:
New York, 832, 8247-2150. Jowrmnal of the American Chemical
Society, 127:9657-9658.

Wilkinsom, I. M., Hipwall, M., Ry:n, T, & Avanagh, H. M. A
(2003) Bioactivity of backhousia citriodora: Anlibacterial and anti-
tungal activity. Journal of Agricultural and Food Chemistry, 51
T6-81.

Yingju, F.. Zhipeng, L., Le. W., & Jinhua, Z. (2009) Catanionic-sur-
factant-controlled morphosynthesis and gas-sensing propertics of
corundum-type in 2 O 3. Nanotechnology, 20:245501.

J Surfact Deterg (2020)



www.nature.com/scientificreports

scientific reports

W) Check for updates

Micro-structural investigations
on oppositely charged mixed
surfactant gels with potential
dermal applications

Manas Barai', Emili Manna?, Habiba Sultana’, Manas Kumar Mandal*,
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Dicarboxylic amino acid-based surfactants (N-dodecyl derivatives of -aminomalonate, -aspartate,
and -glutamate) in combination with hexadecyltrimethylammonium bromide (HTAB) form a variety
of aggregates. Composition and concentration-dependent mixtures exhibit liquid crystal, gel,
precipitate, and clear isotropic phases. Liquid crystalline patterns, formed by surfactant mixtures,
were identified by polarizing optical microscopy. FE-SEM studies reveal the existence of surface
morphologies of different mixed aggregates. Phase transition and associated weight loss were found
to depend on the composition where thermotropic behaviours were revealed through combined
differential scanning calorimetry and thermogravimetric studies. Systems comprising more than

60 mol% HTAB demonstrate shear-thinning behaviour. Gels cause insignificant toxicity to human
peripheral lymphocytes and irritation to bare mouse skin; they do not display the symptoms of
cutaneous irritation, neutrophilic invasion, and inflammation (erythema, edema, and skin thinning)
as evidenced by cumulative irritancy index score. Gels also exhibit substantial antibacterial effects
on Staphylococcus aureus, a potent causative agent of skin and soft tissue infections, suggesting its
possible application as a vehicle for topical dermatological drug delivery.

Formation of gels and different liquid crystalline phases by oppositely charged mixed surfactant systems depend
on the composition, surfactant chain length, salinity, temperature, pH and external field, etc.'. Artificial gels
possess regulated super-structure® ', where the properties of the fabricated liquid crystals depend on elec-
trostatic, hydrogen bond, hydrophobic, and van der Waals interactions among the components''~'%. Gels are
associated with two independent transitions, viz., the sol-gel transition of the gelator and anisotropic-isotropic
transition of the liquid crystals®'™'*-'%, Gelatinous property, structure, and shape of surfactant aggregates largely
depend on the molecular architecture of the aggregating species'*'*".

Gels have versatile applications in tissue engineering®', hemostasis bandages®*°, photo-patterning'”?
3D-printing*!*2, electrochemistry™, pharmaceutical formulation™**-%, and regenerative medicine!™¥, etc.
Recent advances in the design and synthesis of dicarboxylic amino acid-based surfactants (AAS) have opened up
their wide range of applications as chelator in metal extraction*. Due to its “green nature”, aggregation behaviour
of AAS in combination with HTAB have been studied in detail where some mixed surfactants can form gel'®.
This has encouraged the present research group to undertake further investigations on such aggregates at higher
concentrations to explore the possibility of using those for topical dermatological drug delivery.

The main aim of the present work is to undertake physicochemical investigations on different types of aggre-
gates formed by AAS+HTAB. While HTAB shows antimicrobial activities, AASs are biocompatible*'. Because
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Figure L. (a) Chemical structure of C;;Mal* and HTA*; (b) truncated phase diagram of
C,,;MalNa, + HTAB + water mixed system at 25 °C. Phases: (A), gel; (B), viscous; (C), precipitate; and clear
region indicate the formation of micelle. The dotted line in panel b corresponds to equimolar region. Panel (c),
POM and (d), FE-SEM image of 5 wt% C,,MalNa, + HTAB (40:50, w/w) gel respectively. Scale bars (in pm) are

mentioned in the microscopic images.

of its toxicity, individual use of HTAB is unwarranted. It is believed that, when HTAB is used in combination
with AASs, its toxicity will be substantially reduced****. To check the biocompatibility of gels and their possible
dermatological application in the topical form, cytotoxicity, skin irritation, and histological studies were carried
out. HTAPB is known to have antimicrobial activities*?, for which antibacterial activities of AAS + HTABR mixtures
are considered to be worth investigating. Hence, antibacterial activities of the gels on Staphylococcus aureus, one
of the causative agents for persistent skin and soft tissue infections, were also explored.

Results and discussion
Structures of C,;MalNa, and HTAB are shown in (Fig. 1a) along with other information. Manifestation on the
Gibbs ternary phase diagram (Fig. 1b) demonstrates the occurrence of gel, viscous, precipitate and clear fluid
states. With increasing proportion of HTAB, surfactant mixtures form gels where the relative proportion of vis-
cous and gel states increase following the order: C;,MalNa,+ HTAB> C,,AspNa,+ HTAB > C ,GluNa,+ HTAB
(Fig. S1, supplementary section). Hydrophobic interaction between AASs and HTAB is the predominant fac-
tor for the formation of different types of aggregates besides the electrostatic attraction®. AASs interact with
HTAB at a 1:2 mol ratio and form gels at equimolar region due to the dominance of the HTAB molecules*.
Microstructural investigations on surfactant mixtures at different concentrations (AAS+ HTAB) and different
compositions (AAS/HTAB) were further investigated through polarizing optical microscopy (POM) and ficld
emission scanning electron microscopic (FE-SEM) studies. POM studies reveal the occurrence of liquid crystal
and associated textures as shown in Fig. lc. Gels exhibit different textures in the surfactant concentration range
of 3-5 wt%. With increasing proportions of HTAB, C,;MalNa, + HTAB gels display nematic, smectic, spheru-
lite, cholesteric, calamitic, and flower-like textures (Fig. 52, Table S1A)**. Nematic liquid textures originate
from thread-like shapes, that correspond to surfactant gels aligning themselves in threadlike shapes as reported
earlier*’. The patterns become more complex with enhanced sizes due to the aggregation and associative interac-
tions between AASs and HIAB. 'lexture size increases with increasing proportions of HIAB, which has a higher
cross-sectional area than the AASs*.

Features become more prominent with increasing mixed surfactant concentrations, common in the case
of lyotropic liquid crystals'®*” (Fig. S2, Supplementary Sectior). In the case of C,,AspNa,+ HTAB gels for 50,
60, and 80 wt% of HTAB, smectic (Fig. 53z,), spherulite (Fig. S3b,), and flower-like (Fig. S3c,) patterns are
observed™', while in the case of C,,GluNa, + HTAB mixtures, discotic (Fig. S3a;), calamitic (Fig. S3b,), and
flower-like (Fig. S3c,, Table S1B) textures are observed due to the formation of sterically favourable seven and
eight-member rings. Two carboxylate groups get progressively separated by one methylene group while moving
from C;;MalNa, to C,,AspNa, to C,,GluNa,. Accordingly, two carboxylate groups of AASs can electrostatically
interact with one HTAB to form six, seven, and eight-member rings*. Smectic textures designate ordered and
rigid layer structure whereby C,,MalNa,+ HTAB can closely interact with HTAB to exhibit smectic textures
(Fig. S2b,,c,,a,,c,). The nematic texture (Fig. S2a,,b,,a,), is characteristic of stacked layer and positional order
whereby the discotic texture (Fig. S2b,) is due to rigid disk-like core, according to Fan Shao et al.">*. Spherulite
textures (Fig. S2a; and b,) are larger bundles and the hexagonal shapes caused by close packing are even more
defined, as also reported by Haas et al.** C,;MalNa,+ HTAB gels display a more prominent spherulite texture
(Fig. S2a5,b;) than C,;AspNa, + HTAB due to the formation of strongly aggregated structure and associative inter-
action with HTAB. Calamitic textures, exhibited by C,,GluNa, + HTAB gels (Fig. S3b,, Table S1B) have a relatively
flexible core, due to weak hydrophobic interaction between the oppositely charged C,,GluNa, and HTAB system.

Microstructures of the aggregates were further investigated with FE-SEM studies, which display intercon-
nected morphologies (Fig. 1d)*">*%, To achieve optimal solvation and swelling, the pore of the gels can provide
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Figure2. (a) TGA of AAS+ HTAB (100 mM, 40/60, M/M) gel. Systems: 1, C,,GluNa,+ HTAB; 2,
Cy,AspNa,+HTAB and 3, C;,MalNa, + HTAB. a,, b, a,, by, a;, and b represent different phase transitions. (b)
DSC of C,MalNa, + HTAB mixture at different mole% of C,,MalNa,: 1, 80; 2, 60; 3, 40 and 4, 0. Variations of
(c) chain melting temperature (T,,); (d) half peak height (AT, ,); (e) enthalpy change (AH) and (f) heat capacity
change (ACP) with the mole fraction of AAS (a, ,¢). The line colours in panels (c—f) represent similar surfactant
composition as in panel (a). Scan rate: 2 °C min".

pockets for water molecules, necessary for hydration, to be included by surface tension. C,;;MalNa,, in combina-
tion with HTAB, shows flower-like (Fig. S4e,,by.bs,cs.e5 and Table S1A), coral-like (Fig. S4a,,d;), and porous—
(Fig. S4a;) architectures due to the existence of protrusions and larger channels”. Flake— (Fig. S4c,,bs,c,),
leaf—(Fig. S4b,,d,.a;), leaf+ flake—(Fig. S4b,), wrinkled—(Fig. S4a-), and sheet-like structures (Fig. S4d,) dis-
play extended flat features. Fibrous texture (Fig. 54c, and d.) indicate larger bundled-fibre network structure.
Granular—(Fig. S54e,,e,) and cuboid (Fig. S4e,) morphologies were observed in some cases. Irregular structure
(Fig. S54c,) and amorphous materials (Fig. S4a,.d,) had also been observed, in which cases the aggregates do
not have any particular features. In the cases of C,,AspNa, + HTAB gels with 50, 60, and 80 wt% of HTAB
exhibits fibrous, dense fibrous (Fig. S5a,,b,, and Table 51B) and densely-packed cuboid structures (Fig. 55c,).
C,,GluNa, + HTAB mixtures exhibit cuboid (Fig. S5a,), irregular structures (Fig. S5b,), and sheet-like struc-
tures (Fig. S5¢,)***7-%, C,AspNa, + HTAB and C,,GluNa, + HTAB gels show characteristic cuboid structures
(Fig. S5¢,,a,) due to the emergence of micropores at the surface of gels™. C,,AspNa,+ HTAB gels have fibre
network-like morphologies (Fig. S5a,,b,) that can hold water molecules due to assisted surface tension enhance-
ment. Irregular (Fig. S5b,) and sheet-like structures (Fig. S5c;) for C,;GluNa,+ HTAB indicate the entrapment
of water molecules into the gels. Maximum number of HTAB accumulated in gels indicate that HTAB plays a
fundamental role in demonstrating higher aggregation and formation of porous-like morphology, which are in
consonance with the phase manifestation, and POM studies.

Phase transition and associated weight loss of gels were investigated by thermogravimetry analysis (TGA)"' %
Results on the TGA of the pure components, as well as AAS+ HTAB agprepates, have been summarized in Fig. 56
and Table 52. HTAB decomposes to produce some solid carbon along with the production of long-chain hydro-
carbon, nitrogen, and hydrogen®*, whereby decomposition of C;;MalNa,, C,;AspNa, and C;GluNa, to produce
dodecane (or smaller alkyl fragments) and free aminomalonic, aspartic, and glutamic acid®. AAS+ HTAB gels
show endothermic peaks in the temperature range of 40 to 100 °C due to dehydration (Fig. 2a)*. Two carboxylate
groups of C;;MalNa, electrostatically interact with HTAB that result in higher ionicity and subsequent moisture
absorption capability than C,;AspNa, and C,,GluNa,. In the case of C,,GluNa,, two ionic carboxylate groups
are separated by three methylene groups; so its interaction capability with HTAB and magnitude of hydration
is lower. Formation of rigid aggregates result in the higher chain melting temperature (T ) as determined from
the DSC studies.

Thermotropic behaviour and associated parameters were evaluated by DSC studies*. Variation of phase tran-
sition temperature (T,,), width at half peak height (AT ), enthalpy change (AH) and corresponding heat capacity
changes (ACp) were determined as functions of a5 as summarized in (Fig. 2). HTAB exhibits two endother-
mic peaks at 64 °C and 84 °C indicating transition from solid to liquid crystalline phase and the phenomenon
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Figure 3. Variation of a, zero shear viscosity and b, human blood lymphocyte cell viability with AASs+ HTAB
(2/3, M/M) mixed surfactant concentration [C]. Systems: 1, C,;MalNa, + HTAB; 2, C,;AspNa,+ HTAB and 3,
C;,GluNa, + HTAB.

of dehydration*, common in the amphiphiles (Fig. 2b)**. With increasing a, s, T, values increase due to the
incorporation of HTAB in the aggregates and assimilation of HTAB with A ASs; relatively sharp peaks indicate
favourable hydrocarbon chain packing (Fig. 2¢)*. Lowering of T, is due to size reduction, decreased specific
surface area, and interaction between oppositely charged surfactants also known as Kelvin effect®. Widening
of the melting peaks designates multi-crystallinity and heterogeneity®™. The extent of hydrophobic interaction
between AAS and HTAB is lower in C,,AspNa, and C,,GluNa,, where the T values follow the sequence:
C,;MalNa,+ HTAB > C,,AspNa, + HTAB > C ,GluNa, + HTAB. With increasing a, ., AT,;, values decrease
indicating better packing of the hydrophilic overlayer as well as oppositely charged head groups (Fig. 2d). With
increasing associative interaction between AAS and HTAB increased crystal imperfection results in higher AT,
values. Increasing magnitude of interaction with increasing proportion of HTAB induces the formation of ion-
pair amphiphiles, resulting in higher AH values for the surfactant mixtures (Fig. 2e). With increasing a5, ACp
values gradually increase and exhibit endothermicity due to the formation of water overlayer around surfactant
aggregates (Fig. 2f). Lower values of ACp are due to the increase in multicrystallinity.

Viscosity studies on AAS+ HTAB mixtures at different combinations exhibit shear-thinning (results not
shown)*. Zero shear viscosity (#,) vs. concentration profile for the gels comprising 60 mol% HTAB are shown
in Fig. 3a.

With increasing surfactant concentrations, viscosity increases monotonously in
the range of 10 to 100 mM. The sequence in the viscosity variation follows the order:
Cy;MalNa,+ HTAB > C,;AspNa, + HTAB > C,;GluNa, + HTAB, which are in consonance with the previous
studies. Due to the stronger packing and subsequent formation of rigid-structured aggregates, the viscosity of
C,;MalNa, + HTAB system is higher than the other two.

AAS+HTAB aggregates exhibit less toxicity against human blood lymphocyte up to 20 mM; although, cyto-
toxicity increases with increasing surfactant concentration (Fig. 3b). Results suggest that cytotoxicities are in
consonance with the corresponding viscosity of the system.

Dermal responses towards the gels were assessed through topical application of the experimental gels on the
bare mice skin surface where sterile distilled water and 5% (w/v) phenol-water were used as a negative (NC) and
positive control (PC), respectively. Dermal irritability, as evidenced by the development of edema, and erythema
were tested carefully and were scored according to the Organization for Economic Co-operation and Develop-
ment (OECD) guidelines (Fig. 4A,C).

Simultaneously, developments of skin inflammation upon the application of gels were studied histologically
by examining the hematoxylin-eosinY stained gel-treated skins for neutrophil invasion (Fig. 4B)**., It was
found that gels do not induce symptoms related to skin irritation and inflammation (erythema, edema, and
neutrophilic invasion) as shown in Fig. 4A(ii),B(ii). Effects of gels on mice skin appeared similar to the effect
of sterile distilled water, used as negative control (NC). On the other hand, 5% (w/v) phenol-water (PC) caused
considerable erythema, edema, and neutrophilic invasion Fig. 4A(iii),B(iii), resulting in high CII score (> 5.00)
that corresponds to moderate skin irritation®”. The CII score, for each of the gel treatment, was calculated to be
as low as < 0.49 (Fig. 4C). These values, along with the CII values observed in NC group, correspond to the scores
representing no potential skin irritation according to the OECD guidelines”. Besides, mice treated with 5% (w/v)
phenol-water (PC group) visibly suffered from post-treatment erythema and edema resulting in higher CII score
(>5.00) that corresponds to moderate skin irritation. Similarly, Fig. 4C reveals that there were significant differ-
ences (P<0.05) in CII scores between 5% (w/v) phenol-water-treated group and each of the gel-treated groups.
Based on these findings, it could be concluded that gels used in this study do not have significant skin irritation
potential and thus may safely be used for topical dermal applications.

Gels also exhibited substantial antibacterial activities against Staphylococcus aureus, a gram-positive patho-
genic bacteria. In spite of ~ 90% lymphocyte viability, 20 mM surfactant mixtures of AAS + HTAB (40:60, M/M)
could substantially inhibit bacterial growth®. The minimum inhibitory concentration (MIC) is the lowest con-
centration of a substance that renders no turbidity in bacterial culture, corresponding to 99% bacterial growth
inhibition™. The MIC value of individual surfactant mixture was determined for different clinical isolates of
S. aureus, i.e., American Type Culture Collection (ATCC) 25923 and four other clinical isolates: AK1, AK2,
AKS, and AK10 with the broth dilution method. Vancomycin was also used as a reference drug for growth
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Figure 4. Effects of AAS+HTAB gels on mice skin. Gels were applied at the dorsal area of the trunk region of
swiss albino mice for seven consecutive days and the effects recorded are presented through (A) photographs
of treated skins and (B) corresponding histopathological evaluation of inflammation through micrographs.
Systems: i, sterile distilled water (NC); ii, C,;MalNa,+ HTAB gel (100 mM, 60/40, M/M) and iii, 5% (w/v)
phenol-water (PC). Micrographic scale bar: 20 pm. (C) cumulative irritancy index (CII) scores for skins treated
with different systems, calculated according to Organization for Economic Co-operation and Development
(OECD) guidelines”. Overall comparison of CII scores among the groups were carried out by the Kruskal-
Wallis test followed by post-hoc Dunn’s test for multiple comparisons between each pair of groups. Significant
differences in CII scores at P<0.05 were obtained between groups PC vs. NC, PC vs. C,;MalNa,+ HTAB, PC vs.
C,,AspNa, + HTAB, and PC vs. C},GluNa, + HTAB gels.

AK1 0.827 20 40 20
AK2 1.242 40 &0 40
AKB 1.035 40 50 40
AKD 0.827 30 40 30
ATCC 25923 0.482 10 20 10

Table 1. Antibacterial activities of AAS+ HTAB gels against S. aureus clinical isolates. *For the
determination of MIC value, serial concentrations in the range of 5 to 100 uM (with an increment of 5 pM in
each step) of each surfactant mixture was applied to bacterial culture containing 1 x 107 CFU. Data represent
mean values of three experimental outcomes.

inhibition™"" as it is a widely used effective ‘drug of choice’ against S. aureus infections™. With the MIC value in
the range of 10-40 uM, C,;MalNa, + HTAB and C,,GluNa, + HTAB gels exhibited higher antibacterial activities
than C,;AspNa, + HTAB, with the MIC value in the range of 20-60 uM, as summarized in Table 1.

Results indicate that gels can potentially be used in the treatment of bacteria-borne dermatological infections.
In addition, the gels are expected to exhibit higher entrapment efficiency and sustained release of dermatological
drugs in terms of topical applications. However, further in vitro and in vivo studies are warranted to substantiate
the aptitude of the gels as potential drug delivery systems. Besides, studies involving composition structure and
functional correlationships are also considered to be worthy.

Summary and conclusions

Microstructures of AAS+ HTAB aggregates were investigated by combined phase manifestation, polarizing opti-
cal microscopy and field-emission scanning electron microscopic studies. Texture of liquid crystals depended
on the concentration and proportion of constituent surfactants. Energetics of phase transition processes were
evaluated by TGA and DSC studies. Cytotoxicity could be correlated with the viscosity of the gels. Gels impart
insignificant skin irritation although they possess substantial antibacterial activities that project their potential
as dermal drug delivery systems. However further in vitro and in vivo studies by incorporating appropriate drugs
into the gels are necessary and is considered as the future perspectives.

In order to draw final conclusions about solvation, water channels, and pores, drawn from the morphological
studies, further characterization techniques, viz., small-angle X-ray scattering and small-angle neutron scatter-
ing studies, combined with the molecular dynamics simulation studies are worthy to be investigated. These are
considered as the future perspectives.
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Experimental section

Materials. Hexadecyltrimethylammonium bromide (HTAB), fetal bovine serum (FBS) and histo-
paque-1077™ were the products from Sigma-Aldrich Chemicals Pvt. Ltd. (USA). Disodium salts of AAS were
synthesized according to the previous reports™. Phenol, hematoxylin, eosin Y, and 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) were purchased from Hi Media Laboratories Pvt. Ltd. India.
Double distilled water was used throughout the experiments. All the chemicals were stated to be=99% pure and
were used as received.

Methods. Phase manifestation. Composition, close to the boundary of the two-phase regions, was detected
by homogeneous mixing of aqueous stock solution of oppositely charged surfactants at 25 °C. The exact bound-
ary of the two-phase region was detected by further step wise addition (using a calibrated micropipette under
constant stirring) of a higher concentration of AASs into the HTAB solution. On the basis of visual observation,
more than one hundred samples were collected at different AASs and HTAB weight ratios and phase boundaries
were identified™. The different phases were recorded consecutively for a longer time-period (upto fifteen days,
after which the samples started microbial degradation). All the experiments were repeated thrice to ensure re-
producibility.

Microscopic studies. The texture of different combinations of the mixed surfactant systems were recorded with
a polarizing optical microscope (POM, Nikon ECLIPSELV100POL, Japan) set with a CCD camera. The sample
was placed onto a glass slide and thereafter the POM images were recorded. Morphology of the surfactant aggre-
gates were investigated with field emission-scanning electron microscopy (FE-SEM, ZEISS EVO 18, Germany).
Samples were prepared by the drop-casting of the gel on a freshly cleaved mica foil and kept in air for two hours
for solvent evaporation. Those were further dried at reduced pressure for two hours. The gold-sputtered samples
were then analysed in FE-SEM at the operating voltage of 20-30 kV.

Thermogravimetric analysis (TGA). Weight loss and thermal stability of the gels were investigated by TGA,
performed using Pyris 6 TGA-DTA-8000 (Perkin Elmer, USA). Samples were scanned in the temperature range
of 50-500 °C with a scan rate of 2 °C min~' under nitrogen gas flowing conditions.

Differential scanning calorimetric (DSC) studies. DSC studies were performed to evaluate the chain melting
temperature (T,) and associated thermodynamic parameters of mixed surfactant systems that control its physi-
cal states. DSC measurements were recorded using a Pyris 6 DSC-8000 (Perkin Elmer, USA) differential scan-
ning calorimeter with indium as a calibrator before performing the experiment. After equilibrating for 10 min,
the sample was scanned in the temperature range 0-100 °C with a scan rate of 2 °C min~' during the heating
cycle. From the thermogram the peak temperature and enthalpy of phase transition were evaluated. Endother-
mic peak vs. temperature in evaluating different physicochemical parameters of mixed surfactant system were
considered™.

Rheology studies.  Viscosities of different surfactant mixtures were determined with a DV II-Pro rotoviscometer
(Brookfield, USA) with a stated accuracy of +0.01 cP. 1.0 mL surfactant solution of different concentrations (40,
60, 80, and 100 mm) were taken in a cone and plate type rotoviscometer separately”’. Viscosities were measured
at different shear rates (ranging from 76 to 380 s'). Zero shear viscosity (#,) was determined from the intercept
of the plot of viscosity vs. shear rate by fitting polynomial regression. Temperature during the viscosity measure-
ment was controlled by a circulatory water bath MIC-255 (Hanntech Corporation, South Korea).

Biological activities.  All the biological experiments were performed in accordance with relevant guidelines and
regulations, duly approved by the Institutional Ethics Committee, Vidyasagar University. All the methods were
carried out in accordance with relevant guidelines and regulations.

Cytotoxicity studies. ~Cytotoxicity studies were carried out following the method of Sun et al.” 5 mL of human
blood (volunteered by healthy persons) was diluted (1:1) with phosphate-buffered saline (PBS) and added to
Histopaque-1077. Informed consent was obtained from all subjects. It was centrifuged at 1500 rpm for 40 min
at the room temperature. The upper layer containing lymphocytes was further washed through centrifugation.
Lymphocytes were re-suspended in Roswell Park Memorial Institute (RPMI) complete media supplemented
with 10% (w/v) FBS and incubated for a day at 37 °C in 5% (v/v) CO, environment (in CO; incubator)™. Cyto-
toxicity of selected gels were estimated with MTT assay™. 20 pL 5% (w/v) MTT solution was added to each
well of the microtitre plate, having RPMI-suspended lymphocytes with or without the gels. Then the plate was
incubated at 37 °C for 4 h in metabolizing MTT to formazan. After the aspiration of the supernatant, 100 puL.
HCl+isopropanoic acid solution (1:1) was added to each well of the culture plate and mixed to dissolve the
formazan crystals. Optical density (OD) of the sample was measured on an ELISA reader (Model 550, BIO-
RAD, USA) using test and reference wavelengths of 570 and 630 nm, respectively. Percentage of cell viability was
calculated using the following equation™:

Cell viability % = [ODjample— ODcontrol] X 100/ODontrol (1)
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Skin irritation test. The biocompatibility of the experimental gels (AAS+ HTAB) were investigated through
skin irritation lests on swiss albino mice, in complisnce with the Animal Research: Reporting of in vivo Experi-
ments (ARRIVE) guidelines™. The tests were performed following the method mentioned in the Good Lab-
oratory Practice Standards {GLPS) manual and the guidelines of OECD for acute dermal irritation®. Thirty
healthy swiss albino mice were divided into five groups, each group consisting of six mice. Group A was nega-
tive control (NC, treated with sterile distilled water) and group B was positive control (PC, treated with 5%
(w/v) phenol-water). Mice of group C, D, and E were trezted individually with 100 mM C,,;MalNa, + HTAB,
C,;AspNa, + HTAB and C,,GluNa, - HTAB gels, respectively. Prior to the application of gels, hairs of the dorsal
area of the trunk region of all mice were removed followed by the topical application of 500 mL of the gels and
the controls, respectively. After 1 h, signs of erythema or edema in individual animal was recorded. The entire
procedure of dermal application of gels and subsequent recording for any irritation was continued for seven
consecutive days. The CII score for each of the treated groups were calculated according to OECD guidelines®'.
CII score of each treated group is the average score, ie., score of a total of erythema and edema divided by the
number of animals and testing days.

Histological studies of mice skin.  Animals were sacrificed post euthanasia by carbon dioxide asphyxiation after
the completion of skin treatment with gels and controls for seven consecutive days. The treated skins were
processed in wax blocks and transverse sections were prepared, followed by staining with hematoxylin-eosinY
(HE)™. The prepared skin sections were further examined under a light microscope (Axioscope Al; Carl Zeiss,
Germany). Histology of the gel-treated skins were compared with the controls.

Studies on antibacterial activity. Antibacterial efficacies of the gels against the gram-positive bacterial patho-
gen, Staphylecoccus aureus, grown in Luria Bertani (LB) broth, were evaluated. MIC of each gel against the five
clinical isolates of S. aureus (AKI, AK2, AKS8 and AK10 along with ATCC 25923) was determined by broth dilu-
tion method. 10 pL gelatinous suspension of surfactant mixture at particular composition was added to 1 mL
bacterial culture in LB having approximately 1 x 107 CFU. Each surfactant mixture (AAS+HTAB) was added
to the bacter:al culture in the concentration range of 5 to 100 uM (with an increment of 5 uM In each step) In a
serial manner for individual bacteria and were incubated at 37 °C for 18 h™7>*2, Vancomyrin was used as refer-
ence drug for growth inhibition. All the experiments were repeated thrice.

Statistical analysis. The mean value and standard deviation of the quantitative variables were calculated after
repeating each quantification three times. Overall comparisons of data among the groups were carried out by the
Kruskal-Wallis test. This was followed by post hoc Dunn’s test for multiple comparisons of data between each
pair of groups. Differences were considered significant at P<0.05%.
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