Journal of Molecular Liquids 436 (2025) 128240

Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier.com/locate/molliq e

Investigation of the phase behavior of an aqueous solution comprising
anionic and cationic surfactant mixtures

Mukesh Chandra Bos*?, Shallu Dhingra ", Manoj Kumar Srivastava ¢, Priyanka Sharma?,
Santanu Kumar Pal >*, Santosh Prasad Gupta® "~ *

 Department of Physics, Patna University, Patna, 800005, Bihar, India

b Department of Chemical Sciences, Indian Institute of Science Education and Research (IISER) Mohali, Sector-81, SAS Nagar, Knowledge City, Manauli, Mohali,
140306, Punjab, India

¢ Department of Physics, D. A. V. P. G. College, Gorakhpur, 273001, U. P., India

ARTICLE INFO ABSTRACT

Keywords: In this study, we examined the influence of an anionic surfactant, specifically sodium dodecyl sulfate (SDS),
Surfactant on the phase behavior of aqueous solutions containing a cationic surfactant, cetylpyridinium chloride (CPC).
CPC In particular, the phase behavior of the CPC-SDS-water system has been examined at different molar ratios of
i?s hase [SDS]/[CPC] and a constant weight fraction (in percentage) of CPC + SDS in water (®, = 50) along with a constant
N P temperature (T = 50 °C), employing small angle X-ray scattering (SAXS) and polarizing optical microscopy (POM)

4 Phase . s . . .

LD phase techniques. With rising SDS concentration, the system displays four phases: hexagonal (H), a nematic phase of

L, phase disk-shaped micelles (N,), a random mesh phase (Lf), and lamellar (L,) phase. The two phases, Lf and L,,
exist together with excess water, leading to denote as I + Lf and I + L, correspondingly. Electron density maps
have been reconstructed for the H and L, phases. The L, phase observed at elevated SDS concentrations is
characterized as a short-range disordered L, phase. The L, phase and the disordered L, phase are effectively
depicted by the L, phase model provided by Pabst et al. We have further detailed the phase behavior of the
CPC-SDS-water system at « =0.9, T = 50°C, and &, 30, 39, 50, 60, 68, and 79 to study the swelling behavior
of the bilayer structure in the pure L, which has been found to be in agreement with swelling behavior of the
bilayer structure.

1. Introduction tissue and cell engineering, antimicrobials, drug delivery systems, and
other biomedical applications due to their exceptional biocompatibility

Surfactants are classified as amphiphiles, which are a category of or- [3-5].
ganic chemical entities that possess both hydrophilic and hydrophobic The phase diagrams of single-chain surfactants are predominantly

moieties in varying proportions and configurations. They exhibit surface
stabilizing capabilities that facilitates the adsorption of surfactants at in-
terfaces and allows for self-assembly into various micellar aggregations
above a certain concentration. This specific concentration is referred
to as the critical micellar concentration (CMC) [1,2]. Surfactants are
capable of performing numerous diverse functions, including wetting,
emulsification, solubilization, dispersion, and foaming, in addition to
cleaning; moreover, they can also be quite beneficial for enhancing

characterized by the hexagonal (H;) phase, which comprises cylindri-
cal micelles organized on a two-dimensional (2D) hexagonal lattice and
exists over a broad spectrum of concentration. At even greater concen-
trations, a lamellar (L,) phase is observed, consisting of a repetitive
stack of planar amphiphile bilayers that are interspersed with water. An
additional increase in concentration leads to the formation of inverse
structures, wherein water-filled regions, surrounded by the hydrophilic

penetration and antimicrobial activity. Their remarkable functional di- head groups of the amphiphilic molecules, are dispersed within the hy-
versity has led to their application in the production and processing of ~ drocarbon matrix. These inverse micellar morphologies are designated
food, agrochemicals, pharmaceuticals, personal care products, laundry as type II, while the direct micellar morphologies are referred to as type
products, and petroleum. Amphiphiles such as peptides are utilized in L
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Numerous studies suggest that the morphological shift from cylin-
ders to bilayers does not occur suddenly, but rather through a series of
intermediate shapes, resulting in a sequence of so-called intermediate
phases lying between the hexagonal and lamellar phases [6-12]. In-
termediate phases can be classified into three categories: bicontinuous
cubic phases, ribbon phases, and mesh phases; all of which can manifest
as type I and type II. Mesh phases consist of 2D, mesh-like aggregates,
which may also be characterized as bilayers featuring a regular arrange-
ment of monodisperse pores [8,10-12]. In the ordered mesh phases, the
mesh-like aggregates lock into a three-dimensional lattice. Conversely,
the random mesh phase (LaD ) is characterized by a periodic stacking of
these aggregates, lacking long-range positional correlations of the in-
plane structure; this phase can also be referred to as a lamellar phase
with in-plane defects that show weak correlation [9-11].

In this context, the organic salts, including 2-sodium-3-hydroxy
naphthoate (SHN) and p-toluidine hydrochloride (PTHC), represent
compounds that can be regarded as an extreme example of ionic sur-
factants, referred to as ‘hydrotropes’. These substances are incapable
of forming micelles independently in water; however, in the presence of
surfactants, they preferentially position themselves at the water-micellar
interface, thereby influencing the characteristics of the curvature of the
micelle-water interface, resulting in a variety of structures even at low
surfactant concentrations in aqueous media. In numerous amphiphiles,
this reduction is sufficiently significant to trigger the formation of elon-
gated, worm-like micelles (WLM), as demonstrated by studies refer-
enced in the literature [10,12]. Moreover, bilayers have been noted to
achieve stability under specific conditions, particularly when there is a
substantial decrease in the spontaneous curvature [8,10,12]. These bi-
layers typically exhibit a tendency to curl up, resulting in the formation
of both multi-lamellar and uni-lamellar vesicles.

The aqueous solution of the combination of surfactants constitutes
a well-established system for the production of uni-lamellar vesicles
(ULVs) intended for use as carriers in drug delivery. The mixtures typi-
cally consist of anionic/anionic, cationic/cationic, nonionic/nonionic,
amphoteric/amphoteric, anionic/nonionic, cationic/nonionic, or am-
photeric/nonionic surfactants. Nevertheless, synergism increases as the
degree of charge disparity increases [13,14], indicating that the syner-
gism between anionic/anionic or nonionic/nonionic is less significant
than that observed between anionic/nonionic or cationic/ nonionic,
which is, in turn, less than that observed between cationic/anionic.
Therefore, the greatest synergism is achieved by combining anionic and
cationic surfactants; thus, a more comprehensive understanding of this
system may expand the potential for formulating the ULVs.

Mixtures of anionic and cationic surfactants exhibit numerous dis-
tinctive properties: they possess significantly lower CMC than individual
pure surfactants; they are typically more surface-active than any single
pure surfactant; and they can create microstructures not formed by pure
components. Additionally, they have the capability to reduce the con-
centration necessary for the formation of liquid crystalline phases. The
equimolar composition of anionic and cationic surfactants, collectively
referred to as a ‘catanionic’ system, displays a bilayer structure [15,16].

In the present article, we examine the phase behavior of aqueous so-
lutions comprising the anionic surfactant sodium dodecyl sulfate (SDS)
and the cationic surfactant cetylpyridinium chloride (CPC). SDS has
garnered considerable attention in research, which has led to the iden-
tification of several intermediate phases within its system, encompass-
ing ribbon, ordered mesh, bicontinuous cubic phases; and hexagonal
(H) phase, along with lamellar (L,) phases. Nevertheless, these inter-
mediate phases are predominantly observed within a narrow range of
compositions [17]. Conversely, CPC is a cationic quaternary ammonium
compound utilized in certain varieties of mouthwashes, toothpastes,
lozenges, throat sprays, breath sprays, and nasal sprays. It functions as
an antiseptic effective at eliminating bacteria and other microorganisms.
Generally, the aqueous solution of CPC is characterized by a predomi-
nance of hexagonal phases composed of cylindrical micelles and also
contains a nematic phase of rod-like micelles [18].
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In the present study, the phase behavior of the CPC-SDS-water sys-
tem at various molar ratios () of [SDS]/[CPC] and at a constant weight
fraction (in percentage) of CPC + SDS in water (¥, = 50) and a fixed
temperature (7' = 50°C) is presented. Polarizing optical microscopy
(POM) and small angle X-ray scattering (SAXS) techniques are employed
to delineate the distinct phases exhibited by the CPC-SDS-water system.
The system reveals a series of phases, specifically identified as hexago-
nal (H) phase, nematic phase of disk-like micelles (N;), random mesh
phase (L), as well as L, phases, which manifest in response to increas-
ing SDS concentration. It has been noted that both the phases; Lf and
L,, coexist with excess water, resulting, these phases are referred to as
I+ Lf and I + L,, respectively. Interestingly, the L, phase observed
at elevated concentrations of SDS is characterized by short-range posi-
tional order and is termed as a disordered L, phase. In this investigation,
the L, phase was modeled by employing the methodology outlined by
Pabst et al. [19]. The article is structured as follows: it first gives the de-
tails about the materials and methods utilized, then presents the results,
and concludes with a comprehensive analysis of the findings.

2. Materials and methods

The surfactants, CPC and SDS, with more than 99% purity, were pro-
cured from Sigma-Aldrich and used without further purification, the
chemical structure is shown in the figure [supporting Figure S1]. The
samples were prepared by adding the deionized water (Millipore) to the
mixture of these two surfactants at appropriate concentration. The mo-
lar ratio (« =[S DS]/[C PC]) of these two surfactants were varied from
0 to 1.6 in increments of 0.2. The total weight fraction (in percentage),
@, of surfactants, CPC + SDS, (&, = %), dissolved in
water was maintained at fixed value that is @, = 50. Subsequently, the
samples were enclosed in tubes, sealed, and allowed to incubate for a
duration exceeding a week at a temperature of 50°C.

For the purpose of POM observations under crossed polarizers, the
samples were kept between a glass slide and a cover slip. The observa-
tions of textures corresponding to the mesophase were performed with
Nikon Eclipse LV100POL polarizing optical microscope provided with a
Linkam heating stage (LTS 420). All images were captured using a Q-
imaging camera. It was noted that phase changes were monitored only
for the region closely to the center of the sample, away from its edges.

In the SAXS experiments, the samples were kept within glass capil-
laries (Hampton Research), each with a diameter of 0.7 mm, then they
were sealed with a flame. When these tubes were filled, it was noticed
that some materials aligned due to shear flow. For the SAXS experi-
ment, we utilized the GeniX 3D setup. The X-ray radiation was obtained
from a shield tube anode X-ray source (provided by Xenocs), which was
equipped with a multi-layer mirror for collimation. This apparatus func-
tioned at a voltage of 50 kV and applied a current of 0.6 mA to generate
fine X-ray beam. The information from these patterns was recorded us-
ing a two-dimensional Pilatus detector, noted for its pixel size of 172 pm
x 172 um. The duration of each scan ranged from 20 to 90 minutes. The
ability to accurately measure the spacing of the small-angle sharp peaks
in the diffraction patterns was remarkable, with an accuracy of 0.03 nm.
However, the accuracy in determining the spacing of the diffuse peaks
was somewhat limited, with an accuracy of 0.1 nm.

Correlation length corresponding to different phases is calculated to

gain insights into the order of the observed phases. The formula & = %

is utilized to calculate the correlation length, which corresponds to the
extent of order within mesophases. This equation is analogous to Scher-
rer’s formula, & = m, where 6 represents the position of the peak
in radians, A denotes the wavelength of the incident X-ray, A(26) char-
acterizes the broadening at half the maximum intensity (Full Width Half
Maximum, FWHM) in radians, and k is a shape factor, typically valued
at 0.89. The scattering wave vector q is defined as g = 2257 and the
broadening of ¢ at half the maximum intensity is referred to as Aq. Ap-
plying a Lorentzian curve to the first strong peak of different phases
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Fig. 1. Phase behavior of CPC-SDS-water system at T = 50°C, ®; = 50, and

at various values of molar ratio, « = [SDS]/[CPC]. H, N, Lf, L, and I

denote hexagonal phase, nematic phase of disk like micelles, lamellar phase,

and isotropic phase due to excess water, respectively. The same phase diagram

is illustrated in relation to the mole fraction of S D.S, designated as f8, where f
a

can be defined as f = e

within their SAXS pattern results in the determination of the peak posi-
tion, represented as ¢, along with the corresponding Ag value associated
with that phase. Furthermore, the correlation length is typically scaled
relative to the lattice parameter, thereby providing a measure of the
spatial length scale of correlation in relation to the dimensions of the
molecular length scale. This results in a dimensionless value, denoted
as i (where [p is the lattice parameter), which is essential for facilitat-
ing comparison.

For a deeper understanding of the electronic distribution within the
H and L, phases, an electron density map associated with these phases
has been further reconstructed by using procedures as described by S.
P. Gupta et al. [20]. By employing the method of inverse Fourier trans-
formation, the scattering amplitude, denoted by F,(hkl), of a liquid-
crystalline (mesophase) phase is linked to its electron density profile,
represented by p(x, y, z) as;

o(x,9,2) = Z Fs(hkl)ebn’(hx+ky+lz) I6))
hikl

In the given formula, (hk!) represents the Miller indices of the planes
corresponding various reflected peaks observed in SAXS pattern’s of the
phases, while x, y, and z denote the fractional coordinates within the
unit cell. The scattering amplitude, denoted by F(hkl), is a complex
quantity. It can be expressed as the product of its phase, ®(hkl/), and its
magnitude, which is denoted as | F,(hkl)|. The magnitude | F,(hkl)| ex-
hibits a direct proportionality to the square root of the intensity, I(hkl),
of the reflected X-ray radiation. That is;

F,(hkl) = | F,(hkD)|e®" D = \/T(hkl)e®" kD 2

To ascertain the intensities of the distinct peaks observed in vari-
ous phases in their SAXS pattern, one proceeds by computing the area
beneath each peak following the subtraction of the background, and ap-
plying the requisite geometric and multiplicity adjustments. For each
diffraction peak, the phase variable ®(hk/) stands alone as the infor-
mation that cannot be directly retrieved from the SAXS experiment.
However, when the structure under investigation is centrosymmetric,
this issue becomes amenable to solution, indicating that ®(hkl/) may
only assume values of 0 or . This is justified by the fact that scattering
amplitude, F (hkl), can only be real if the electron density distribu-
tion profile is centro-symmetric that is p(—x, —y, —z) = p(x, y, z). Conse-
quently, any phase value ranging from 0 to 2z can represent the phase
for non-centro-symmetric groups. Given that the phases H and L, that
have been observed are centro-symmetric, the process of reconstruct-
ing electron density maps becomes a straightforward endeavor. This
involves interpreting the phase variable ®(hkl/) as either O or z. Sub-
sequently, the most appropriate map is determined based on the quality
of the reconstructed electron density maps, alongside additional phys-
ical and chemical data pertaining to the system, such as the size and
composition of the constituent chemical species.
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3. Results and discussion

The phase behavior of the CPC-SDS-water system at the tempera-
ture T = 50°C, ®; = 50, and at various values of «, is represented in
figure [Fig. 1]. The equilibrium of water at the weight concentration
represented by @, = 50 enhances the opportunity to gain valuable infor-
mation regarding phase behavior, additionally, the mixture of CPC and
SDS crystallizes at temperatures below 50 °C; therefore, we have cho-
sen to perform the experiments at fixed temperature 50 °C and @, =50.
The existence of different phases at various compositions is confirmed
by the through analysis of their SAXS patterns, supported by POM tex-
ture. At lower a values, the system exhibit H phase. Furthermore, the
N, phase and L show stabilization on further increasing the « values.
However, the L, phase is found to be stable at higher values of . How-
ever, the correlation within the L, phases decreases with increasing the
a values. The correlation has been calculated by utilizing the procedure
as discussed in the section [Section 2]. It is observed that an excess of
water coexists within the Lf and L, phases, thus classifying the phase
as I+ Lf and I + L,, respectively. The sequence of phase transitions is
foundtobe H — N, — I+ LP — I + L,, with a progressive increase in
a. A comprehensive analysis of this phase behavior is provided below.

In the present study, we aim to describe the phase behavior of the
CPC-SDS-water system with fixed parameters of ®; =50 and T'=50°C,
while varying the values of . Initially, we examined the self-assembled
structure of pure SDS in aqueous media as a reference point. The aque-
ous solution of pure SDS at @, = 50 and T’ = 50 °C exhibits a viscous con-
sistency and presents a smooth texture under crossed POM [Fig. 2A]. Ad-
ditionally, the associated SAXS pattern reveals two distinct quasi-Bragg
peaks in the small-angle region, with d-spacing ratios of 1: % These

peaks correspond to reflections from the (100) and (110) planes of a two-
dimensional hexagonal lattice, respectively [Figs. 3A (a) and 4A]. The
V3a
2V hk+i?
The calculated lattice parameter is determined to be a = 48.98 A. Fur-
thermore, the correlation length, &, associated with the (100) peak has
been found to be approximately 1030 A, which corresponds to around
21 correlated cylindrical micelles (columns) along the columnar plane
of the H phase. This finding indicates a quasi-long-range positional or-
der within this phase [Table 1].

The CPC-SDS-water system at @ = 0.0 (representing the pure CPC in
aqueous media) demonstrates significant viscosity and exhibits a smooth
texture when observed under crossed polarizers [Fig. 2B], the associated
SAXS pattern reveals two distinct quasi-Bragg peaks within the small an-
gle region, exhibiting d-spacing ratios of 1 : Ls These peaks correspond

d-spacings have been calculated using the relation d,;; =

to reflections from the (100) and (110) planes of the two-dimensional
hexagonal lattice, as illustrated in Figs. 3A (b) and 4B. The calculated
lattice parameter is determined to be a = 54.63 A, as presented in Ta-
ble 1. The POM texture, in conjunction with the SAXS pattern, indicates
that the micelles possess cylindrical shapes on average and are organized
within a two-dimensional hexagonal lattice at this composition, result-
ing in the establishment of a hexagonal (H) phase. Furthermore, the
calculated correlation length is approximately 1271 A, corresponding to
around 23 correlated cylindrical columns along the columnar plane of
the H phase, thereby confirming a quasi-long range periodic arrange-
ment within the phase.

Furthermore, the CPC-SDS-water system at a = 0.2 show lower vis-
cosity as compared with that observed at @ = 0, exhibiting schlieren
texture along with pseudo isotropic areas, where the optic axis is per-
pendicular to the bounding plates, under crossed polarizers [Fig. 2C],
suggesting the nematic (IV,) phase, composed of micelles that have a
disk-like shape which are also known as ‘bicelles’. Additionally, the cor-
responding SAXS pattern reveals a single non-Bragg’s broad peak in the
small angle region with an average d-spacing of 54.73 A, alongside a
secondary very diffuse peak with d-spacing precisely half of the first as
indicated by the black bar on the SAXS curve, demonstrating short-range
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Fig. 2. Polarizing optical microscopy (POM) textures (under crossed polarizers) of (A) H phase exhibited by pure SDS-water system at ®; =50 & T'=50°C. POM
texture of CPC-SDS-water system at ® =50 & T'=50°C of: (B) H phase at « = 0.0, (C) N, phase at « =0.2, (D) Lf phase at a =04, (E) Lf phase at a = 0.6 and
(E) L, phaseat a =0.8. H, N, Lf and L, denote the hexagonal phase, nematic phase of disk like micelles, random mesh phase and lamellar phases, respectively.
The L? and L, phase found to be coexist with excess water which show black region under crossed POM.
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Fig. 3. Small angle X-ray scattering data of the CPC-SDS-water system at ®; = 50, T = 50 °C exhibits: (A) (a) H phase (pure SDS-water system) at ®; =50, T =50°C,
the data is shown by half-filled diamond in black color along with fit, the curve in red color, (b) H phase at @ = 0.0, the data is shown by half-filled diamond in
black color along with fit, the curve in blue color. (B) (a) N, phase at @ = 0.2, curve in red color. The phase exhibits a very diffuse peak with spacing % of the first
peak denoted by black bar on the curve, due to short-range lamellar order of the disk-like micelles, (b) Lf phase at @ = 0.4, curve in blue color, (c) Lf phase at
a =0.6, curve in green color. H, N, and Lf denote the hexagonal phase, nematic phase of disk like micelles and random mesh phase, respectively. The Lf phase
found to be coexist with excess water.
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Fig. 4. Two-dimensional Small angle X-ray scattering data of the CPC-SDS-water system at ®; =50, T' = 50°C exhibits: (A) H phase (pure SDS-water system at
®, =50, T =50°C), (B) H phase at a =0.0, (C) N, phase at  =0.2, (D) L phase at « =0.4, (E) L? phase at « = 0.6 and (F) L, phase at « =0.8. H, N, L? and
L, denote the hexagonal phase, nematic phase of disk like micelles, random mesh phase and lamellar phases, respectively. The Lf and L, phase found to be coexist

with excess water.

lamellar order, thus confirming the presence of the N, phase [Figs. 3B
(a) and 4C & Table 1]. The computed correlation length is determined
to be approximately 143 A, which corresponds to around 3 correlated
disks along the disk plane. Such a limited number of correlated units
confirms a very short range positional order within the phase, which is
characteristic of the N, phase.

Furthermore, the CPC-SDS-water system at « = 0.4 and 0.6 exhibits
an oily texture accompanied by a maltese cross, which is indicative of
layered structure of bilayers along with multi-lamellar vesicles [Fig. 2D
and Fig. 2E]; the corresponding SAXS pattern displays one non-Bragg’s
diffuse peak in the small angle region in addition to two sharp Brag-
g’s peaks [Figs. 3B (b, c) and 4D and 4E]. The d-spacing of the sharp
peaks is observed to be in the ratio of 1 : 1 thereby confirming the
presence of a layered structure of bilayers; however, the diffuse peak
arises from the correlations of the defects within the bilayers along the
plane of bilayers, confirming the existence of a random mesh phase (LO? )
[Table 1]. The lamellar periodicity, d, is determined to be 64.91 A and
51.84 A at a =0.4 and a = 0.6, respectively. Additionally, the d spac-
ing corresponding to the diffuse peak, d,, is found to be 105.42 A and
79.63 A at « = 0.4 and a = 0.6, respectively. Furthermore, the correla-
tion length, calculated corresponding to the (100) peak, is found to be
approximately 608 A and 986 A, at a =0.4 and a = 0.6, corresponding

to approximately 9 and 19 correlated defected bilayers along the normal
to the plane of the bilayer, respectively [Table 1].

Furthermore, the CPC-SDS-water system at « = 0.8 demonstrates an
oily texture along with maltese crosses, indicative of a layered bilayer
structure with multi-lamellar vesicles [Fig. 2F] as discussed above. The
corresponding SAXS pattern does not exhibit diffuse peak in the small
angle region but displays two sharp Bragg’s peaks with d-spacing in
the 1: 1 ratio, which correspond to the reflections from the (100) and
(200) planes of the one-dimensional lattice, respectively, confirming the
occurrence of the L, phase, composed of bilayers arranged on a one-
dimensional lattice separated by a water layers [Figs. 6(a) and 4F].
The calculated lamellar periodicity, d, is determined to be 54.18 A [Ta-
ble 1]. Similarly, the CPC-SDS-water system at a« = 1.0, 1.2, 1.4 & 1.6
exhibits the L, phase [5A, 5B, 5C, 5D and 6 (b,c,d,e) and 7A, 7B, 7C
& 7D]. The lamellar periodicity in all these compositions is found to be
approximately 55 A. However, the correlation length is found to be ap-
proximately 922 A , 832 A, 589 A , 181 A , and 185 A corresponding
to about 17, 14, 9, 3, and 3 numbers of correlated bilayers perpendic-
ular to the bilayer plane at « = 0.8, 1.0, 1.2, 1.4 and 1.6, respectively
[Table 1]. The correlated number of bilayers unit at « = 1.4 and 1.6
are about 3 which indicative of a very short positional order within this
phase, confirming that, the observed L, phase at this composition is
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Fig. 5. Polarizing optical microscopy textures (under crossed polarizers) of L, phase of CPC-SDS-water system at @, =50 & T'=50°C and (A) a=1.0, B) a =1.2,
(C) a=1.4 and (A) a =1.6. The L, phase found to be coexist with excess water which show black region under crossed POM.

Table 1

The table exhibits the observed and calculated d-spacings, Miller indices, intensities, phases values for the various
phases as well as the variation of correlation length, & and no. of correlated units (¢/Ip) in the various phases
observed in CPC-SDS-water system at ®; =50 and T= 50°C. a is the lattice parameter of the H phase, d is lamellar
periodicity of the I + L, and I + Lf phase, d, is the spacing of the diffuse peak in the I + Lf phase and as is the
average spacing between the disk like micelles along the disk plane. /p is equivalent to a or d or as.

a a/d/ Miller d s dey Relative ~ Multi- @ Phase 14 (&/1p)
d 4 /as indices . . Intensity ~ plicity  (hkl) (aepprox.) (approx.)
A) (hkl) @A) @A) @A)
Pure a = 48.98 (100) 42.42 42.42 100.00 6 T H 1030 21
SDS (110) 24.55 24.49 4.23 6 T
0.0 a = 54.63 (100) 47.31 47.31 100.00 6 T H 1271 23
(110) 27.45 27.31 3.81 6 T
0.2 as =54.73 as 54.73 - - - - N, 143 3
0.4 d; =105.42  d, 105.42 - - - - I+L?
d = 64.91 (100) 64.91 64.91 - - - 608 9
(200) 32.34 32.45 - - -
0.6 d; =79.63  d, 79.63 - - - - I+LP
d = 51.84 (100) 51.84 51.84 - - - 986 19
(200) 25.98 25.92 - - -
0.8 d = 54.18 (100) 54.18 54.18 100.00 2 b4 I+L, 921 17
(200) 27.11 27.09 7.01 2 T
1.0 d = 59.13 (100) 59.13 59.13 100.00 2 T I+L, 832 14
(200) 29.59 29.56 7.13 2 T
1.2 d = 64.05 (100) 64.05 64.05 - - - I+L, 588 9
(200) 31.98 32.02 - - -
1.4 d = 57.50 (100) 57.50 57.50 - - - I+L, 181 3
(200) 28.72 28.75 - - -
1.6 d = 58.30 (100) 58.30 58.30 - - - I+L, 185 3

(200) 29.12 29.15 - - -
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Fig. 6. Small angle X-ray scattering data of the CPC-SDS-water of L, phase of
CPC-SDS-water system at ®; =50 & T = 50 °C along with fit to the model of L,,
phase proposed by Pabst et al. The data is shown by half-filled diamond in black
color and (a) L, phase at @ = 0.8 along with fit, the curve in red color, (b) L,
phase at a« = 1.0 along with fit, the curve in blue color, (¢) L, phase at a = 1.2
along with fit, the curve in green color, (d) L, phase at @ = 1.4 along with fit,
the curve in yellow color and (e) L, phase at a = 1.6 along with fit, the curve
in purple color. The L, phase found to be coexist with excess water.

disordered and very close in structure to the novel isotropic phase of bi-
layer (L, phase) as discussed in the reference [21]. However, the L,
phase at « = 0.8, 1.0, and 1.2 is typically stable and possesses an or-
dered structure.

For a more profound comprehension of the electronic desity distribu-
tion within the H and L, phases, an electron density map corresponding
to these phases has been additionally reconstructed utilizing the proce-
dures outlined by S. P. Gupta et al. [20] and briefly presented in the
Materials and Methods section [Section 2]; the characteristics of these
reconstructed maps are detailed below. The electron density maps have
been reconstructed for the H phase observed in the aqueous solution
of SDS and CPC (a =0.0) at &, =50 and T =50°C, as well as for the
stable ordered L, phase observed at & =0.8 and 1.0.

Fig. 8(A, B) illustrates the reconstructed electron density maps for
the H phase, which were recorded for pure SDS and pure CPC (a = 0.0)
at @, =50, and T = 50°C, respectively. These reconstructed electron
density maps are based on the data obtained from the X-ray diffrac-
tion pattern of these phases such as the Miller indexing of peaks of the
phase, encompassing their intensities, multiplicities, and phase factors
as detailed in table [Table 1]. In the map, the regions of highest electron
density are highlighted in deep red, whereas those depicted in deep blue
represent the regions of lowest electron density. The presented maps
demonstrate a two-dimensional (2D) hexagonal lattice configuration,
where areas of low electron density exhibit 2D hexagonal lattice dis-
tributed in the high electron density matrix, the low electron density
region correspond to the alkyl chain of the CPC-SDS-water system.

The reconstructed electron density maps for the L, phase at the com-
positions, « =0.8 and 1, have been presented in the figure [Fig. 8(C, D)1,
the associated parameters which are used to construct these maps such
as peak intensity, Miller indices, multiplicity, and phase of the peak,
are outlined in the accompanying table [Table 1]. The maps exhibit a
stripe-like pattern, indicating the distribution of water and bilayer re-
gions, with the former depicted by areas of high electron density and
the latter by areas of low electron density. Consequently, low electron
density bilayers are discernible as a one-dimensional periodic lamellar
structure within the context of a high electron density water matrix.

3.1. Analysis of the L, phase
The SAXS data pertaining to the L, phase is examined by employing

a methodology developed by Pabst et al. [19]. It should be emphasized
that the L, phase may be interpreted either through the convolution
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of the bilayer electron density profile with a series of parallel planes,
each separated by a distance corresponding to the lamellar periodicity,
or through the convolution of a bilayer with a set of one-dimensional
lattice points, which are also spaced by distances that correspond to the
lamellar periodicity. It is the initial interpretation that Pabst et al. adopt,
with the objective of formulating a theory that clarifies the scattered
intensity profile, which arises from the interaction between the L, phase
and X-rays of wavelength, A, in conjunction with the scattering wave-
vector g = 4z Sin®) ' \where 26 denotes the scattering angle.

The Fourier transform of the electron density profile across the bi-
layer is designated as the form factor amplitude, represented by f(gq),
whereas its squared value is directly proportional to this amplitude,
referred to as the form factor, F(q). In a similar manner, the Fourier
transform of the array of parallel planes is identified as the structure fac-
tor amplitude, denoted as s(q), and its squared value, recognized as the
structure factor, S(¢q), demonstrates a proportional relationship. More-
over, the scattered intensity, 1(q), from the observed structure is directly
proportional to the product of the form factor, F(q), and the structure
factor, S(g). The equation for the scattered intensity, (q), from the L,
phase is articulated as:

(1= Ny )S@If (@ N Ndif|f(£1)|2]
q q

The entire expression is subject to division by ¢, which signifies the
denominator of the above equation [Equation (3)]. This factor is intri-
cately connected to both the geometry of the detection apparatus used
for data acquisition and the characteristics of the sample under exami-
nation. The specific configuration of the detector, characterized as being
two-dimensional, along with the obtained SAXS patterns of the L, phase
(as well as disordered L, phase), which are unoriented, leads to the con-
clusion that the determination of the geometric factor is equivalent to g.
The S(q) represents the structure factor associated with a series of par-
allel planes, whereas f(g) indicates the amplitude of the form factor of
the bilayer profile. The last element of equation [Equation (3)] relates
to diffuse scattering, a phenomenon that is frequently overlooked when
structural information is exclusively derived from Bragg peaks. In this
regard, Ny, signifies the fraction of diffuse scattering.

The amplitude of the form factor, f(g), is obtained through the
Fourier transform of the electron density profile, represented as p(z),
across the bilayer, z represents the axis that is orthogonal to the bi-
layer plane. In the current situation, the stable and strongly correlated
L, phase is achieved when the molar ratio, «, is around 1; therefore,
in this context, the cationic surfactant, CPC and anionic surfactant, SDS
are jointly regarded as a catanionic molecule, and p(z) can be described
by five Gaussian functions, each representing different regions of this bi-
layer originating from the combined catanionic molecule [Fig. 9A]. The
two Gaussian functions, symmetrically situated around the bilayer mid-
point and relating to the head-groups of CPC molecules, are defined by a
full width at half maxima (FWHM), ¢,,, positioned at a distance z = +z,,
from the midpoint. The other two Gaussian functions, symmetrically ar-
ranged around the bilayer center and associated with the head-groups of
SDS molecules, have a FWHM equal to o, found at a distance z = +z,,
from the center. The fifth Gaussian function, representing the terminal
methyl groups, is characterized by a FWHM value equal to o, at the
midpoint of the bilayer (z = 0) [Fig. 9 A]. Therefore, the expression for
p(z) can be given as:

I(q) = scale[ 3)

)2 -+ 2, )?
p(2) = pei, + oy lexp(= (zz—z% rexp- Xy,
oy, 20y,
N 4
(z=2z,) (z+z 2

2 z
exp(———2—) + exp(————=)] + p, [exp(———
Pm lexp( 20,2 )+ exp( 20,2 N+ p. [exp( 2Ucz)]
In this scenario, the electron densities of the CPC head group, indicated
by p,,, the SDS head group, marked as p,,, and the hydrocarbon tail,
denoted as p,, are calculated concerning the methylene electron density,
represented by pcp,. This framework leads to the development of the
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Fig. 7. Two-dimensional Small angle X-ray scattering data of the CPC-SDS-water of L, phase of CPC-SDS-water system at @, =50 & T'=50°C and (A) a = 1.0, (B)
a=1.2,(C) =14 and (A) a =1.6. The L, phase found to be coexist with excess water.

form factor amplitude, f(q) which is basically the Fourier transform of
p(z), can be shown as below.

2.2
op~q
f(@=2V2zx oy ﬂh[exp(—T)] cos(qzy)+

2.2
I 8] cos(qzy)+ ®

2V2rx o, pulexp(—

o 242
V2r oc p, [exp(—cT)]

Moreover, pursuant to the modified Caille theory, the structure factor,
S(q) is defined as follows:

N-1
S(@)=N+2 Y (N — k)cos(gkd) x e~ /20°an gj=@/227¢n ©)
k=1

In this model, N represents the average number of coherent (correlated)
scattering bilayers found in the stack. The constant y denotes Euler’s
constant, whereas d indicates the lamellar periodicity. In addition, the
parameter of Caille, represented by n = (¢*k g BT)/ (Sn\/ﬁ), includes
the variables: K and B, which refer to the bending and bulk moduli, re-
spectively, of the lamellar structure, while k5 denotes the Boltzmann
constant. Model parameters like o, 6., py, p., Z5, and 5, along with
N and Ny, are adjusted to attain the best alignment between the ob-
served and computed intensity profiles.

The SAXS pattern of the L, phase, which is observed at « = 0.8,
@, =50, and a temperature of T' = 50 °C, is beautifully depicted by this
model. The information is depicted by a partially filled black diamond,
with the fitting curve highlighted in red [Fig. 6(a)]. The electron density
profile generated from the model is represented by the dotted red curve,
comprising five Gaussians: two Gaussians corresponding to CPC head
groups, illustrated by the cyan curve, two for SDS head groups, indicated
by the pink curve, and one Gaussian for the alkyl terminal, shown in the
blue curve [Fig. 9 A]. The identical electron density profile is depicted in
the figure [Fig. 10a], and the associated model parameters are detailed
in table [Table 2]. It should be noted that, the electron density distribu-
tion across the bilayer is shown concerning the electron density of the
CH, group, which is arbitrarily set to zero and illustrated as a black,

dashed line. The variation of the calculated form factor (F(q) = f(¢)%)
is represented by a half-filled diamond symbol in black, while the struc-
ture factor (S(g)) is shown using the same diamond symbol in red, as
illustrated in figure [Fig. 9B]. The structure factor shows two narrow
peaks, while the form factor displays a more gradual change. It is im-
portant to mention that the theoretical intensity correlates directly with
the multiplication of the form factor and structure factor.

Likewise, the SAXS patterns for the L, phase, observed at a = 1.0
and 1.2, &, =50, at a temperature of 7' = 50°C, align well with the
model [Fig. 6(b) & (c)]. The resulting electron density profile is illus-
trated in the figure [Fig. 10(b) & (c)], with the corresponding model
parameters outlined in table [Table 2]. Additionally, the derived form
factor and structure factor changes are presented in the figure [support-
ing Figure S2A] and [supporting Figure S2B], respectively. The changes
in electron density profile along with form factor and structure factor are
quite comparable for « =0.8 and a =1.0, but show differences when
contrasted with @ =1.2.

Notably, the CPC-SDS-water system at @ = 1.4 and 1.6 shows a short-
range disordered L, phase, with the SAXS pattern of this phase present-
ing a broad peak in the small angle region, unlike what is observed at
a=0.8,1.0, and 1.2. The occurrence of a broad peak in this phase could
be due to the non-uniform stacking of the bilayers. Considering that the
count of correlated bilayers, N, in the model for the L, phase is a vari-
able parameter, it can additionally help clarify the uneven stacking of
bilayers. Consequently, we have used the same model of L, phase with
very low number of the correlated unit parameter, N, to characterize
the SAXS data related to this short-range disordered L, phase.

This model aligned notably with the SAXS pattern seen for the L,
phase at @ = 1.4 and 1.6, illustrated in figure [Fig. 6(d) & (e)], where the
data is represented by half-filled diamonds in dark black, accompanied
by the fit shown in yellow and purple curves, respectively. The table pro-
vided, referred to as [Table 2], details the relevant model parameters,
whereas figure [Fig. 10(d) & (e)] depicts the electron density profiles de-
rived from the analysis. The calculated form factor, denoted as F(gq) or
(f(@)?), is illustrated in a half-filled diamond in black, while the struc-
ture factor (S(g)) is presented in a similar half-filled diamond symbol in
red, as shown in figures [supporting Figure S2C] and [supporting Fig-



M.C. Bos, S. Dhingra, M.K. Srivastava et al.
Journal of Molecular Liquids 436 (2025) 128240

Fig. 8. Reconstructed electron density maps of the CPC-SDS-water system at ®, =50, 7 = 50°C and: (A) pure SDS system corresponding to the H, (B) a = 0.0
(pure CPC system), corresponding to the H. Hexagon shows the conventional unit cell of the 2D hexagonal lattice and there are three primitive unit cells within
this conventional unit cell. g is the lattice parameter. (C) a = 0.8, corresponding to the L, phase and (D) a = 1.0, corresponding to the L, phase. d is the lamellar
periodicity. Deep red represents the highest electron density and deep blue is the lowest.
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Fig. 9. (A) The bilayer profile contains the surfactant CPC hydrophilic head represented by a filled circle in cyan color and the surfactant SDS hydrophilic head
indicated by a filled circle in pink color. The electron density profile across the bilayer comprises five Gaussians; two Gaussians are centered at the heads of the CPC
molecule, represented by a curve in cyan color. Two Gaussians are centered at the heads of the SDS molecule, represented by a curve in pink color, and one Gaussian
is centered at the center of the bilayer, as shown by the curve in blue color. The resultant electron density is represented by the dotted curve in red color, pertaining
to the CPC-SDS-water system at @ =0.8, ®, =50 and T =50°C. (B) The variation of the corresponding form factor (F(q) = f(g)?) is illustrated using a half-filled
diamond symbol in black coloration, while the structure (S(g)) is depicted in such a diamond symbol with red coloration for the CPC-SDS-water system at « =0. 8,
®, =50 and T = 50°C.
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Table 2
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Values of parameters obtained from the fit of the small angle X-ray scattering data at ®; = 50 and T = 50°C of the CPC-
SDS-water system to the model of lamellar phase as described by Pabst et al. using five Gaussian profiles of the bilayer.

a  o,A) o,d) o (A) W)/ /) @A) z,A) 1 N Ny, d@A) Phase

0.8 3.20 2.84 3.25 -0.96 -1.21 21.98 16.10 0.055 17 0 54.18 I+L,
1.0 3.40 2.96 3.24 -0.74 -1.19 23.65 17.50 0.055 14 0 59.13 I+L,
1.2 2.50 2.50 2.52 -1.0 -1.0 29.65 28.10 0.21 9 0.023 64.05 I1+L,
1.4 2.56 2.50 3.04 -1.0 -1.0 27.65 26.40 0.14 3 0.039 57.5 I+L,
1.6 2.33 2.12 3.10 -1.0 -1.0 27.90 26.90 0.17 3 0.035 58.30 I+L,
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Fig. 10. Showing the variation of the electron density profile (p(z)) throughout
the bilayer obtained from the parameters derived from the fitting of the model
of L, phase related to the CPC-SDS-water system at ®, =50, T =50°C, and
(a) @ =0.8 is represented by the red curve, (b) « =1.0 is shown in blue, (c) a
=1.2 is depicted in green, (d) a =1.4 is illustrated in yellow, and (e) @« =1.6 is
indicated by the purple curve. The electron density is illustrated concerning the
electron density of the C H, group, which is assigned an arbitrary value of zero
and shown as a black, dashed line. The z-axis is taken as normal to the bilayer
plane.

ure S2D], respectively. On the other hand, the structure factor, together
with the form factor, shows a wide and gradual change in relation to
the scattering wave vector. The electron density profiles at « = 0.8 and
1.0 are quite alike, while the profiles at « = 1.2, 1.4, and 1.6 show a
comparable trend but differ from those at @ = 0.8 and 1.0 [Fig. 10].

The elevated viscosity of the H phase noted in the pure CPC-water
system (a = 0.0) at @, =50 and T = 50°C suggests a potential forma-
tion of elongated worm-like micelles. This is due to the fact that, under
such a high concentration of this surfactant in aqueous media, the con-
figuration of cylindrical micelles transitions into worm-like micelles for
entropic reasons, as micelles of cylindrical shape, regardless of their size,
are unable to adequately occupy the available space. The emergence of
these long, flexible micelles is ascribed to a reduction in the spontaneous
curvature of the micelles, which in turn results in an elevation of the end-
cap energy associated with the cylindrical micelles. This phenomenon
is also quite prevalent in ionic surfactants when simple inorganic or
organic salts are introduced [21,22] and bears a strong resemblance to
the behavior observed in mixtures of cetyltrimethylammonium bromide
(CTAB) with salts such as potassium bromide (KBr), sodium salicylate,
sodium tosylate, and SHN [23], as well as in the cetylpyridinium bro-
mide (CPB)-SHN-water system [24].

3.2. Analysis of the H phase

The H phase which is consisting of nearly monodisperse cylindri-
cal micelles in solution, the corresponding SAXS scattering intensity
I(q) can be represented as the product of the form factor F(gq), which
provides insights into the size and shape of the scattering cylindrical
micelles, and the structure factor S(g), which characterizes the interac-
tions between particles. This can be expressed as follows.

10

)

In this context, g represents the scattering wave vector, while p_;,i,
denotes the electron density of the cylindrical micelle core, typically

1(q) = scale (popain = Puoarer)” F (@) S(q)

around 0.05 e/fi3. Conversely, refers to the electron density of

Pwater
water, which is generally about 0.334 e /fis. For elongated cylinders, the
form factor, F(g), can be effectively approximated as the product of the
longitudinal factor, Pl(q), and the cross-sectional scattering function,
Ps(g) [25]. The longitudinal factor can be considered as the form factor
of an infinitely thin rod [26]. Consequently, F(q) can be expressed as
follows:

F(q)= Pl(q) Ps(q) (8)
Here, Pl(q) and Ps(q) are given by the following relations:
4 smz(q l)
Pl(g)=— ( / = sin(r) dt) — 2R ©)
2J,(g R
Ps(q)=( 1(" 2Ry 10)

Consequently, by combining these two equations, the form factor, F(g),
can be expressed as follows:

4 Sll’lz(

q2 12

) 2Ji(qR) ,

11
qR) an

ql
F(q)=(i (/ 1 sin(t) dt) —
ql t
0

Here, R indicates the radius of the cylindrical micelles, and / signifies
their length. Furthermore, J; is the Bessel function of the first kind. The
structure factor, S(g), is defined by the following relation [25]:

S(g)=1+(Z(g) - DG(9) (12)
Where Z(g) is given by the following relation.
Z(q) = Ca_ Z Mpgs L (@) 13)

9 ki
In this instance, L, refers to the peak shape functions that are posi-
A7 \/h2 + h k + k? and are identi-
aV3

fied by the Miller indices A, k, and /, while m,,; signifies the multiplicity
of the peak linked to the indices (hkl). The precise definitions of these
peak shape functions are outlined as follows:

tioned at the peak locations g, =

F[ ny 1y 2(g— qhu)]

(7 8) 2
L a4
het =5 | o |
with the imaginary unit i/, the gamma function I', and
e
- as)
(5]

In equations [Equation (14)] and [Equation (15)], the parameter v plays
a crucial role in defining the shape of the peak. When v tends toward 0,
the peak resembles a Lorentzian distribution, whereas it transitions to a
Gaussian form as v approaches infinity. The width of the peak is deter-
mined by the parameter §, which is linked to the domain size, equivalent
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to the correlation length &, as outlined earlier using the Debye-Scherrer
equation.

£=0.89 %” (16)

Additionally, G(g) serves as the factor that accounts for the polydisper-
sity of the cylinders and the lattice vibrations, expressed by the following
relation:

G(g) = Expl—¢* Al a7)

Where A contains the information about the width of the size distribu-
tion and lattice vibrations.

We have applied this model to analyze the SAXS pattern of the H
phase. The SAXS pattern of the H phase, observed in pure SDS-water at
a concentration of @, = 50 and a temperature of T'= 50 °C, is well char-
acterized by this model. The SAXS data is represented by a half-filled
black diamond, accompanied by the fitting curve in red, as illustrated
in Figure [Fig. 3 A (a)]. The corresponding form factor and structure
factor are displayed in [supporting Figure S3A]. The parameter §, de-
rived from the model, yields a correlation length that is consistent with
previous calculations. Additionally, we have determined the radius of
the cylindrical micelles to be approximately 17.72 A, which reflects the
size of the SDS molecule. However, accurately measuring the size of SDS
micelles in solution poses certain challenges. Nevertheless, both experi-
mental findings and theoretical models indicate that the radius of these
micelle spheres typically falls between 16 A and 21 A , thus our derived
value aligns with both theoretical and experimental results [27].

The SAXS pattern for the H phase, observed at @ =0, ®, =50, and
a temperature of T = 50°C, is accurately represented by this model.
The SAXS data is depicted as a half-filled black diamond, accompanied
by the fitting curve in blue, as illustrated in figure [Fig. 3 A (b)]. The
corresponding form factor and structure factor are presented in figure
[supporting Figure S3B]. The parameter §, obtained from the model,
provides a correlation length that aligns with earlier calculations. Fur-
thermore, we have estimated the radius of the cylindrical micelles to
be approximately 23.88 A, which corresponds to the size of the CPC
molecule.

As noted, both surfactants, SDS and CPC, at ®,; = 0 and a temperature
of 50°C, are inclined to form the H phase. However, the incorporation
of SDS into CPC at an a value of 0.2 results in the formation of the
N, phase, which occurs in proximity to the Lf phase, the latter being
observed at @« = 0.4 and « = 0.6. Furthermore, an increase in the concen-
tration of SDS relative to CPC leads to a stable and positionally ordered
L, phase at a values of 0.8, 1.0, and 1.2. Nevertheless, a further increase
in SDS concentration results in a disordered short-range L, phase at «
values of 1.4 and 1.6.

The size of the anionic surfactant, SDS, is shorter yet comparable
to that of the cationic surfactant, CPC. Consequently, they combine to
form a catanionic system when the value of @ approaches 1, at which the
shape factor of this catanionic molecule becomes nearly equal to 1, mak-
ing it suitable for the formation of a bilayer structure. This phenomenon
elucidates why the CPC-SDS-water system exhibits phase behavior for
values of « =0.8,1.0 and 1.2 that mimics that of an aqueous solution
of double-charged lipid molecules, thereby exhibiting an ordered L,
phase. Such behavior accounts for the observed phase characteristics of
the CPC-SDS-water system at these concentrations.

The incorporation of significantly shorter hydrotropes into surfac-
tants is also recognized to promote the L, phase over an extended range
of ®; near a = 1, indicating that SDS molecules in the CPC-SDS-water
system behave similarly to hydrotropes. Hydrotropes are known to di-
minish the curvature of the water-oil interface. Therefore, for a values
significantly exceeding 1, such as 1.4 and 1.6, where the number of SDS
molecules is approximately 7 and 8 for every 5 CPC molecules, respec-
tively, the curvature of the water-oil interface appears to be sufficiently
reduced to introduce defects such as pores and channels in the L, phase.
These pores and channels exhibit a striking resemblance to dislocation
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loops. The influence of these dislocation loops has been investigated in
relation to the smectic A - nematic liquid crystal transition, as proposed
in the references [28,29], and theoretically, these loops are recognized
to disrupt the quasi-long-range positional order of the smectic A phase.
Consequently, the presence of such pores and channels in the current
scenario appears to undermine the quasi-long-range positional order of
the L, phase, leading to the observation of a highly short-range disor-
dered L, phase.

In contrast, for values of a significantly below 1, such as 0.4 and 0.6,
the number of SDS molecules present is approximately 4 and 6 for ev-
ery 10 molecules of CPC, respectively. This indicates that about 40% to
60% of the CPC molecules are combined with SDS molecules to form
catanionic structures, which a propensity to create bilayer formations.
Meanwhile, the remaining CPC molecules have a tendency to sponta-
neously form spherical micelles, characterized by their highly curved
structures, just above the critical micellar concentration. These two com-
petitive effect, lead to the bilayer structures emerge alongside defects,
such as holes filled with water, where the periphery of these holes ac-
commodates additional CPC molecules in a curved configuration. Con-
sequently, bilayers are formed, distinguished by randomly distributed
holes of varying sizes, which ultimately arrange themselves into a lamel-
lar structure. This process results in the emergence of a random mesh
phase known as (Lf ). Furthermore, in the case where a equals 0.2,
the number of SDS molecules is limited to only 1 for every 5 molecules
of CPC, meaning that only 20% of the CPC molecules contribute to the
formation of catanionic molecules, suitable for bilayer formation and re-
maining CPC molecules like to form micelles with curved configurations
which result as defect in the bilayers. As a consequence, the bilayers are
unable to sustain a significant number of curved defects, leading to the
formation of ‘bicelles’ (disk-like micelles) that establish a nematic phase
(N).

The bilayers are primarily self-assembled to establish the L, phase;
nevertheless, they also possess the ability to generate isotropic phases,
including the sponge (L;) phase [30-32], which is characterized by
steric repulsion, the dispersion of uni-lamellar vesicles (ULVs) [33], and
the novel isotropic phase of the bilayer, which is noted for its short-
range positional correlations and minimal average inter-bilayer spac-
ing, predominantly influenced by attractive interactions [21,34,35].
Interestingly, the SDS and CPC are known to exhibit novel isotropic
phase of bilayer in the presence of hydrotropes. For example, the sur-
factant SDS shows nematic phases of both rod and disk-shaped mi-
celles, in addition to hexagonal and lamellar phases when PTHC is
present [21,24,36,37]. Interestingly, the SDS-PTHC-water system shows
a novel isotropic phase of the bilayer at elevated concentrations of
PTHC [21]. On the other hand, CPC-SHN-water system demonstrates
nematic phases of both types, including rod-like and disk-like, in addi-
tion to intermediate phases like ribbon, ordered mesh phases, random
mesh structures, and lamellar phases when SHN is present. Addition-
ally, the CPC-SHN-water system demonstrates a novel isotropic phase of
the bilayer at increased concentrations of SHN [10,11,24]. Both systems
are capable of forming the novel isotropic phase of the bilayers, how-
ever, the current CPC-SDS-water system displays hexagonal, nematic
phases of disk-like micelles and lamellar structures; notably, it reveals
a lamellar phase of short range order at increased SDS concentrations,
suggesting a direct correlation between the observed short range (dis-
ordered) lamellar phase and the novel isotropic phase of the bilayer.
In this case, the SDS molecule serves as an example of extreme hy-
drotropes with a long alkyl chain when compared to the hydrotropes
PTHC and SHN. Moreover, it appears that extending the chain length of
the hydrotropes can help to stabilize the disordered lamellar phase in
comparison to the novel isotropic phase of the bilayers.

To study the swelling behavior of the bilayers in the lamellar phase,
we have investigated the phase behavior of the CPC-SDS-water system
at a molar ratio (a) of 0.9, with weight fractions (®,) of 30, 39, 50, 60,
68, and 79, at a temperature of 50 °C. The system at @, 30, 39, and
50 indicates the presence of excess water, while ®; 60, 68, and 79 do
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Fig. 11. Small angle X-ray scattering data of the CPC-SDS-water system at « = 0.9 & T = 50°C: (A) (a) I + L, phase at ®; =30, (b) I + L, phase at ®; =39, (c)
I+ L, phase at &, =50, (d) L, phase at ®, =60, (¢) L, phase at ®, =68, and (f) L, phase at &, =79. (100) and (200) are the Miller indices of the first and second
peaks of the X-ray diffraction pattern. (B) The variation of lamellar periodicity, d (expressed in logarithmic scale as Log,,d), in relation to the volume fraction (in
percentage), ®, (also expressed in logarithmic scale as Log,,®,), is illustrated by a half-filled diamond in blue. This is accompanied by a linear fit represented as

Log,yd ~ —v Log,, ®, with v ~ 1, depicted by a red curve in the pure L, phase. I denote the isotropic phase due to excess of water.
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[SDS]

Fig. 12. Phase behavior of CPC-SDS-water system at molar ratio of 1cra)

(CPC+SDS) x 100
(CPC+SDS+Water)

]

, @ = 0.9 (mole fraction of SDS, f =0.47) & T = 50 °C: and various values of the weight

fraction (in percentage), ®,. L, and I denote the lamellar phase, and isotropic phase due to excess water, respectively.

not show any excess water. Nonetheless, all samples reveal oily streaks
and maltese cross textures in POM under crossed polarizers [support-
ing Figure S4], which suggest the formation of the lamellar phase. The
SAXS patterns for these samples exhibit two narrow quasi-Bragg peaks
in the small angle region with a d-spacing ratio of 1 : 2 confirming the
presence of the lamellar phase [Fig. 11A & supporting Figure S5]. The
system at @, 30, 39, and 50, which exhibit excess water, are catego-
rized as I + L,, where I denotes the isotropic phase due to the excess
water. Additionally, the phase corresponding to ®; 60, 68, and 79 is
identified as L,, as these samples do not contain excess water; the phase
behavior is illustrated in the figure [Fig. 12]. The corresponding lamel-
lar periodicity (lattice parameter), d, along with detailed indexing, is
encapsulated in the table [supporting Table S1]. The swelling behavior,
which denotes the variation of lamellar periodicity with @, is found to
increase with rising ®; in the I + L, phase, while it diminishes with
increasing @, in the L, phase, as depicted by the half-filled diamond
in blue in the figure [supporting Figure S6]. The same variation is also
illustrated in terms of the volume fraction (in percentage) (®,) in the
figure [Fig. 11B]. Here, the volume fraction, ®,, is calculated from the
weight fraction, @, by utilizing the mass densities of CPC, SDS, and
water. The mass densities for CPC, SD.S, and water are considered to
be 0.9362g/cm?, 1.01g/cm?, and 1g/cm?>, respectively. It has been ob-
served that the system swells in the T 4 L, phase, while it de-swell in the
pure L, phase. Furthermore, the swelling behavior of lamellar period-
icity, d, in the pure L, phase is described by the relationship d ~ (®)"
with v ~ 1. To illustrate this, we have presented the variation of the log-
arithm of lamellar periodicity, Log;d, in relation to the logarithm of
the volume fraction, Log,,®, [Fig. 11B]. Thus, the swelling behavior of
the pure L, phase is characterized by Log;od ~ —vLog;(®, with v~ 1,
as depicted by the red curve in the figure [Fig. 11B], which aligns with
the swelling behavior of bilayer structures.

The behavior of phase and aggregate morphology in mixtures of
oppositely charged surfactants is well-documented to facilitate vesicle
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formation. For instance, the aqueous solution of cetyltrimethylammo-
nium bromide (CTAB) and sodium octyl sulfate (SOS) demonstrates that
the differing lengths of their hydrophobic chains promote the stabi-
lization of vesicles compared to other microstructures, such as liquid
crystalline and precipitate phases. This leads to the spontaneous for-
mation of vesicles across a broad spectrum of compositions [38]. In
a similar vein, when combining the single-chained cationic surfactant
sodium dodecyl sulfate with the anionic surfactant dodecyltrimethylam-
monium bromide, the micelles of the anionic surfactant expand with the
addition of the cationic surfactant. This results in a rapid transforma-
tion of rodlike micelles into vesicles within a very limited composition
range [39]. In the current study, the aqueous solution of SDS and CPC
also yields vesicles in comparison to other microstructures. Notably, this
study reveals the emergence of a disordered lamellar phase at elevated
a values, a phenomenon not previously observed in earlier systems.

4. Conclusion

In conclusion, the influence of sodium dodecyl sulfate (SDS), an
anionic surfactant, on the phase behavior of cetylpyridinium chloride
(CPQ), a cationic surfactant, has been rigorously examined. Utilizing
polarized optical microscopy (POM) and small-angle X-ray scattering
(SAXS) techniques, we analyzed the CPC-SDS-water system at a temper-
ature of T'=50°C and a surfactant weight percentage ®, = 50, while
varying the molar ratio (a) of [SDS]/[CPC]. Our findings indicate that
with an increase in SDS concentration, the system manifests distinct
phases identified as H, N;, I + LP, and I + L,.

For both H and L, phases, electron density maps have been metic-
ulously reconstructed. The map corresponding to the H phase illus-
trates the distribution of low electron density regions within a two-
dimensional hexagonal lattice, whereas the map for the L, phase reveals
a lamellar arrangement of low electron density strips. The hexagonal H
phase that was observed has been effectively matched with the theoret-
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ical model. The model has allowed for the determination of the sizes
of the SDS and CPC molecules, which are approximately 17.72 A and
23.88 A, respectively, and these findings are consistent with previously
published data.

Notably, the L, phase at an & value near 1 demonstrates quasi-long-
range positional order, while the L, phase at higher SDS concentrations
exhibits short-range positional order and is characterized as a disor-
dered L, phase. The occurrence of the L, phase at both low and high «
values has been thoroughly elucidated using the lamellar phase model
proposed by Pabst et al. A distinctive aspect of the current study is our
implementation of five Gaussian functions to represent the bilayer pro-
file comprising CPC and SDS molecules, as opposed to the traditional
three. Significantly, our results suggest that an increase in the chain
length of the hydrotropes may contribute to stabilizing the disordered
lamellar phase in contrast to the novel isotropic phase of the bilayers.

We have further elaborated on the phase behavior of the CPC-SDS-
water system at « =09, T = 50€, and @, values of 30, 39, 50, 60,
68, and 79. The system at @, 30, 39, and 50 exhibits an I 4+ L, phase,
whereas the phase associated with @, 60, 68, and 79 is classified as L,,.
The swelling behavior of lamellar periodicity, d, in the pure L, phase
is represented by the relation (d ~ (®,)") with v approximately equal to
1, which corresponds with the swelling behavior of bilayer structures.

In summary, our results may be of particular interest, especially in
the context of developing carriers for drug delivery. This study serves
as a catalyst for further experimental and theoretical investigations into
the impact of the size of anionic surfactants/hydrotropes on the phase
behavior of aqueous solutions containing cationic surfactants and vice
versa.
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