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ARTICLE INFO ABSTRACT

Keywords: We have investigated the effects of an organic salt, namely p-toluidine hydrochloride (PTHC), on the phase
SDS behavior of aqueous solutions of an anionic surfactant, sodium dodecyl sulfate (SDS). Specially, the behavior
PTHC of SDS-PTHC-water system at 40 °C has been studied using small angle X-ray scattering (SAXS) and polarizing
f I;};T; optical microscopy (POM) techniques. As the concentration of PTHC increases, the system exhibits three phases,
LZ phase namely: hexagonal (H), a lamellar (L,) phase with excessive water, denoted by (I + L,), and an isotropic phase

of bilayer (L, ) with excess water, symbolized by (I + L, ). Electron density maps has been reconstructed for the
H and L, phases. The L, phase and the L, phase are both found to be satisfactorily represented by the model of
the L, phase. It is apparent from the findings that a substantial quantity of organic salts can be utilized to screen
out the jonic charges of the surfactant and stabilize the L, phase.

1. Introduction

Amphiphile and surfactant are sometimes used interchangeably be-
cause surfactants are common examples of amphiphiles. Amphiphilic
compounds are frequently comprised of two or more moieties with dis-
tinct properties, such as hydrophilic and hydrophobic. The charge of
the hydrophilic group determines the classification of surfactants as ei-
ther nonionic or ionic (anionic and cationic). The hydrophilic groups
that make up anionic surfactants typically contain carboxylate, sulfate,
phosphate, and sulphonate. The main constituents of cationic surfac-
tants are nitrogen-containing quaternary compounds that have positive
charges. Cetyltrimethylammonium bromide (CTAB) is the most popular
cationic surfactant, and sodium dodecyl sulfate (SDS) is another popular
anionic surfactant [1-3].

The amphiphilic nature of surfactant molecules in an aqueous solu-
tion causes them to form a variety of unique aggregates (micelles) of
different shapes above the critical micellar concentration (CMC) [4,5].
The assembly of amphiphiles is crucial for various applications, in-
cluding food, cosmetic, and pharmaceutical formulations. Amphiphilic
self-assembling peptides have been frequently used in tissue and cell en-
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gineering, antimicrobials, drug delivery systems, and other biomedical
applications because of their outstanding biocompatibility [6-8].

The shape of these self-assembled aggregates are determined by the
amphiphile itself, which is often expressed in terms of the shape pa-
rameter p = v/al, where | represents the average chain length in the
aggregate, a denotes the ideal head group area, and v represents the hy-
drocarbon chain volume of the amphiphile [1,8,9]. For a surfactant with
a bulky head and a single chain, the preferred shape of micelles is spher-
ical with p ~ % The surfactant with a single chain and a moderate head
group produces cylindrical micelles, despite the fact that it provides the
value of p ~ % Additionally, amphiphiles with p~1, which comprise
the majority of bio-membrane components, form bilayers in diluted so-
lutions. Moreover, it is the preferred aggregation form in ‘catanionic’
systems, which are combinations of anionic and cationic single-tailed
amphiphiles. In this catanionic system, bilayers appear in the form of
unilamellar vesicles (ULVs) when the composition of the constituted am-
phiphiles is close to equimolar [10].

Organic salts, such as 2-sodium-3-hydroxy naphthoate (SHN) and p-
toluidine hydrochloride (PTHC), are not able to form micelles on their
own in water. However, in the presence of amphiphile, they choose to
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sit at the surface of the micelle and consequently affect the properties of
the micelle-water interface, this makes them an extreme example of an
ionic amphiphile [9,11-13]. These molecules, commonly known as hy-
drotropes, play a crucial role in mitigating the spontaneous curvature of
the micelle surface. In numerous amphiphiles, this reduction is sufficient
to induce the formation of long, worm-like micelles (WLM), as evidenced
by studies, as listed in the references [9,11]. Furthermore, bilayers have
been observed to stabilize under certain conditions, particularly when
there is a notable reduction in the spontaneous curvature [9,11,13].

A common phase that emerges from bilayers is the lamellar phase,
characterized by the stacking of bilayers in a periodic manner on top
of each other [8]. The lamellar periodicity (d) of these systems, when
devoid of osmotic pressure, is determined by the balance of various
inter-bilayer interactions. These interactions encompass steric repulsion,
van der Waals attraction, electrostatic repulsion, and hydration repul-
sion [1]. Furthermore, the short-range hydration force is the result of
the ordered arrangement of water molecules at the bilayer surface, cou-
pled with the extrusion of molecules beyond the bilayer due to thermal
agitation, while the steric repulsion arises from the thermal fluctuations
of the bilayer structures [14].

Bilayers are also capable of exhibiting isotropic phases, such as the
sponge (L3) phase, and the dispersion of uni-lamellar vesicles (ULVs),
devoid of any long-range positional or orientational order [15]. The L;
phase has been observed in certain highly diluted amphiphilic systems,
characterized by a random network of bilayers, and manifests alongside
the presence of inorganic salts (e.g., NaCl) or cosurfactants (e.g., short-
chain alcohols) [16-18]. The cosurfactant enhances the flexibility of the
bilayer network, whereas the salt inhibits electrostatic interactions, con-
sequently, steric repulsion prevails in interactions between bilayers.

Although the L; phase is primarily characterized by steric repulsion,
there has been a recent discovery of a novel variant known as the “L_”
phase in several systems, which is predominantly marked by attractive
interactions. This phase is distinguished by short-range positional corre-
lations and small average inter-bilayer spacing, as evidenced by studies
such as discussed in the references [19,20]. In these systems, the pres-
ence of salt screens out electrostatic interactions, while the short-range
repulsive hydration interaction counteracts the attractive van der Waals
forces, leading to a weakened swollen phase. Although it has been sug-
gested that the L, phase might form a bilayer network interconnected
with one another, the precise structure of this phase remains enigmatic.

The anionic surfactant, SDS, has been the focus of extensive research,
leading to the identification of several intermediate phases within its
system, including ribbon, ordered mesh, bicontinuous cubic, and hexag-
onal (H) phases, as well as lamellar (L,) phases. However, these
phases are predominantly observed within a narrow range of compo-
sitions [21]. Previous investigations have examined the phase behavior
of the SDS-PTHC-water system, revealing that at high salt concentra-
tions, both the L, and an isotropic phase denoted by L; phases coexist
with excess water [supporting Figure S1]. The corresponding small an-
gle X-ray scattering (SAXS) pattern shows a narrow peak associated
with the L, phase, conversely, the L; phase presents a broader peak in
the diffraction pattern [22]. Analysis indicates that the positions of the
peaks for the L, and L5 phases are nearly identical [supporting Figure
S1]. It is recognized that the L; phase, although not explicitly identi-
fied in the preceding literature, exhibits distinct characteristics when
compared to the previously discussed L; phase. The detailed structural
features of this particular isotropic (which is denoted as L;) phase, are
currently undisclosed, and thus, this phase will henceforth be referred
to as the L, phase.

This article scrutinizes the influence of hydrotrope, PTHC, on the
phase behavior of the anionic surfactant, SDS in aqueous media (SDS-
PTHC-water system) at varying molar ratios of [PTHC]/[SDS] and at a
constant concentration of SDS + PTHC in water (&, = 50) and fixed tem-
perature (7" = 40° C). Polarizing optical microscopy (POM) and SAXS
techniques are utilized to delineate the distinct phases exhibited by the
SDS-PTHC-water system. The system presents a series of phases, identi-
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fied as hexagonal (H), L,, and L., that appear in response to increasing
PTHC concentration. It has been observed that both the L, and L,
phases coexist alongside excess water, resulting in distinct phases de-
noted as I + L, and I + L, respectively. In this investigation, the L,
phase was modeled by adopting the methodology outlined by Pabst et
al. [23], and it was found that this model adequately described the L,
phase, with a similar model demonstrating a high degree of applicability
to the L, phase. The document is structured like this: first, it describes
the materials and methods used, then it presents the outcomes, and con-
cludes with an in-depth analysis of the results.

2. Materials and methods

The organic salt, PTHC, and surfactant, SDS, were procured from
Sigma-Aldrich and used without further purification, the chemical struc-
ture is shown in supporting [supporting Figure S2]. The addition of
deionized water (Millipore) to the combination of surfactant-organic
salt facilitated the creation of solutions, adjusting molar ratios (@ =
[PTHC]/[SDS]) from 0 to 1.3 in increments of 0.1, while maintain-
ing a fixed concentration of the solution (¥, = 50), which was the total
weight percentage of surfactant and organic salt dissolved in water. Sub-
sequently, the samples were enclosed in tubes, sealed, and allowed to
acclimate for a duration exceeding a week at a temperature of 40 °C.

For the purpose of POM observations under crossed polarizers, the
samples were positioned between a glass slide and a cover slip. Textu-
ral observations of the mesophase were performed with Nikon Eclipse
LV100POL Polarizing optical microscope (POM) 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.

The samples were encased within glass capillaries (Hampton Re-
search), each with a diameter of 0.7 mm, subsequently flame-sealed to
facilitate the analysis through SAXS techniques. Upon the filling of these
capillaries, it was observed that certain samples exhibited alignment
due to shear flow. To generate the necessary X-ray radiation, a shield
tube anode from a GeniX 3D X-ray generating Cu source (provided by
Xenocs), equipped with a collimating multi-layer mirror, was utilized.
This device operated at a voltage of 50 KV and a current of 0.6 mA was
applied to produce diffraction patterns. The data from these patterns
were captured using a two-dimensional Pilatus detector, characterized
by a pixel size of 172 um x 172 um. The exposure times for each scan
varied between 20 and 90 minutes. The precision with which the spac-
ing of the small-angle sharp peak in the diffraction patterns could be
measured was impressive, with an accuracy of 0.03 nm. Conversely, the
determination of the spacing of the diffuse peaks was limited to an ac-
curacy of 0.1 nm.

3. Results and discussion

The phase behavior of the SDS-PTHC-water system, at temperatures
denoted as T =40°C, @, = 50, and varying values of a, is represented
in figure [Fig. 1]. The existence of different phases at various composi-
tions is confirmed through the examination of their SAXS patterns and
POM textures. At lower a values, the system demonstrates the H phase.
Furthermore, the L, and L, phases show stabilization at higher « val-
ues. However, it is observed that an excess of water coexists within the
L, and L, phases, thus classifying these phasesas I + L, and I + L,,
respectively. The observed sequence of phase transitionsis H — I+ L,
-1+ L,+L, - I+ L, demonstrating a progressive increase in a. A
comprehensive analysis of this phase behavior is provided below.

The SDS-PTHC-water system exhibits a smooth texture under crossed
POM at ¢ =0.0, @, =50 & T'=40°C [Fig. 2A] and the associated SAXS
pattern show two sharp peaks in the small angle region with d-spacing
in the ratio 1 : LS, which correspond to the reflections from the (100)

and (110) planes of the two-dimensional hexagonal lattice, respectively
[Fig. 3A (a)]. The d-spacings are calculated by using the relation d,;; =
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Table 1
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Observed and calculated d-spacings, Miller indices, intensities, phases for the various
phases exhibited by SDS-PTHC-water system at @, =50 and 7' =40°C.

a Lattice Miller d s d,y Relative Multi-  ®(hkl)  Phase
Parameter  indices Intensity  plicity
(A) (hkl) (A) (&)
0.0 47.25 (100) 40.92 40.92 100.00 6 r H
(110) 23.57 2362 4.98 6 z
0.1 51.11 (100) 44.26 44.26 100.00 6 r H
(110) 25.53 25.55 5.31 6 T
0.2  41.26 (100) 41.26  41.26  100.00 2 z I+L,
(200) 20.67 20.63 1.48 2 r
0.3 38.06 (100) 38.06 38.06 100.00 2 b4 I1+L,
(200) 19.06  19.03 253 2 z
0.4 38.32 (100) 38.32 38.32 100.00 2 E4 I+L,
(200) 19.29 19.16 2.95 2 b4
0.5 39.58 (100) 39.58 39.58 100.00 2 T I+L,
(200) 19.76 19.79 4.91 2 r
o 1+1L, a=04, a=0.5, a=0.6, ® =50, and T =40°C, also displays evidence
i 0 7 i of the I + L, phase [Fig. 3B (c,d)]. The details of this phase behavior
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 are summarized in table [Table 1].

»
>

o (molar ratio : [PTHC] /[SDS])

Fig. 1. Phase behavior of SDS-PTHC-water system at T =40°C, ®, =50, and at
various values of molar ratio, « = [PTHC]/[SDS]. H, L,, L, and I denote
hexagonal phase, lamellar phase, isotropic phase of bilayer and isotropic phase
due to excess water, respectively.

V3a

2V h2+h k+k2
[Table 1]. Moreover, the presence of a smooth POM texture supports the

occurrence of the H phase which is made up of cylindrical micelles.

In a similar manner, the SDS-PTHC-water system demonstrates the
H phase at @ =0.1, &, =50, and T' = 40 °C. The POM texture, however,
exhibits a striated fan-like texture when observed under cross polarizers
[Fig. 2B], indicating that cylindrical micelles transform into worm-like
micelles upon the addition of PTHC to SDS. The arrangement of these
worm-like micelles in a zigzag or undulating configuration, leading to
these striations, can be observed in the optical length scale [24,25].
The existence of the H phase is further validated by the SAXS pattern,
which reveals two peaks within the small angle region with a d-spacing
in ratio of 1 : #, as evidenced in figure [Fig. 3A]. The aforementioned

. The calculated lattice parameter is found to be ¢ = 47.25 A

information is succinctly summarized in table [Table 1].

Furthermore, at @ = 0.3, ®, =50, at T =40°C, the SDS-PTHC-water
system displays an oily streak texture under crossed polarizers, accom-
panied by an optically isotropic region, indicative of the onset of the
L, phase [Fig. 2D]. The associated SAXS pattern reveals two distinct
sharp peaks within the small angle region, with d-spacing in ratio of
1: %, corresponding to the reflections from the (100) and (200) planes,
respectively, of the one-dimensional periodic lattice [Fig. 3B (b)]. This
observation supports the occurrence of the L, phase, however, it has
been observed that the L, phase coexists with excess water. The inte-
gration of results from the POM and SAXS studies confirms the pres-
ence of the L, phase in coexistence with excess water, symbolized as
I + L, where I represents the isotropic phase facilitated by the excess
water. The calculated lamellar periodicity has been determined to be
d =38.06 A.

Moreover, under crossed polarizers, the SDS-PTHC-water system,
when set at « = 0.2, ® =50, and T = 40°C, exhibits an oily streak
texture [Fig. 2C]. Additionally, the corresponding SAXS pattern demon-
strates the presence of two peaks in the small angle region [Fig. 3B (a)],
with d-spacing in ratio of 1 : %, further corroborating the existence of
the I + L, phase. Similarly, the SDS-PTHC-Water system, when set at

Additionally, the SAXS pattern of the SDS-PTHC-water system, under
conditions of a = 1.1, a = 1.2, a = 1.3, ® =50, and T = 40°C, reveals
a single broad peak within the small angle region, characterized by a
d-spacing of approximately 40 A [Fig. 3D]. This value is notably close
to, if not identical, to the d-spacing observed in the phase corresponding
to the first peak of the L, phase. Moreover, the phase exhibits optically
isotropic behavior when viewed through crossed polarizers, yet it dis-
plays flow birefringence. The presence of flow birefringence, combined
with the average spacing observed in this phase being near the period-
icity of the L, phase, suggests the composition of this phase consists of
bilayer-like amphiphile aggregates and therefore, this phase is referred
to as the isotropic phase of the bilayers (L, ). Additionally, it is noted
that the sample contains an excess amount of water, thereby, the ob-
served phase is referred to as ‘I + L,’.

Additionally, the SAXS pattern of the SDS-PTHC-water system at a
values ranging from 0.7 to 1.0, with ®; =50 and T = 40°C, displays a
single peak within the small-angle region. This peak may be interpreted
as the result of the convolution of two distinctly characterized peaks,
one of which is narrow and the other broadly defined, indicative of the
coexistence of the L, phase which corresponds to the narrow peak, and
the L, phase, which is related to the broad peak [Fig. 3C & supporting
Figure S3]. Moreover, the phase contains an excess of water, thereby
leading to the observed phase to be represented by I + L, + L,. A rep-
resentative two-dimensional (2D) SAXS pattern of each of these phases
(as discussed above) is further presented in the supporting figures [sup-
porting Figure S4].

We have determined the correlation length to gain insights into the

order of the observed phases. The formula & = 2:—: is utilized to cal-

culate the correlation length, which corresponds to the extent of order
within mesophases. This equation is analogous to Scherrer’s formula,
é= 230)Coss” where 6 represents the position of the peak in radians, A
denotes the wavelength of the incident X-ray, A(26) characterizes 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 vector q is defined as g = M, and the broadening of ¢ at
half the maximum intensity is referred to as Aq. Applying a Lorentzian
curve to the first strong peak of different phases within their SAXS pat-
tern results in the determination of the peak position, represented as ¢,
along with the corresponding Ag value associated with that phase. Fur-
thermore, 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.
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Fig. 2. Polarizing optical microscopy (POM) textures of (A) H phase at « = 0.0, &, =50 & T =40°C, (B) H phase at a =0.1, ®, =50 & T'=40°C, (C) L, phase at
a=02,P,=50&T =40°Cand (D) L, phase at a =0.3, ®, =50 & T =40°C, in the SDS-PTHC-water system. H and L, denote the hexagonal and lamellar phases,
respectively. The L, phase found to be coexist with excess water which show black region under POM.
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Fig. 3. X-ray diffraction pattern of the SDS-PTHC-water system. (A) exhibiting H phase at ®, =50, T'=40°C and: (a) a =0.0 curve in red color, (b) a =0.1 curve in
blue color. (B) showing L, phase at ®; =50, T =40°C and: (a) a = 0.2 curve in red color, (b) @ = 0.3 curve in blue color, (c) @ = 0.4 curve in pink color, (d) ¢ =0.5
curve in green color. The L, phase is found to be coexist with excess water. (C) exhibiting L, + L, phase at ®; =50, T =40°C and: (a) @ =0.7 curve in red color,
(b) a = 0.8 curve in blue color, (¢) @ = 0.9 curve in pink color and (d) @ = 1.0 curve in green color. (D) showing L, phase at ®; =50, 7 =40°C and: (a) a = 1.1 curve
in red color, (b) @ = 1.2 curve in blue color and (c) « = 1.3 curve in pink color. The L, + L, and L, phases are found to be coexist with excess water.
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Table 2

Variation of correlation length, £ and no. of correlated units (£//p) in the
various phases observed in SDS-PTHC-water system at ® =50 and T=40°C.
Ip is the lattice parameter which is equivalent to the parameter a in the H
phase and the value d in the L, phase.

a Lattice Parameter ~ Correlation length ~ &/Ip Phase
&) &A) (approx.)

0.0 47.25 1436.8 30 H

0.1 51.11 1350.0 26 H

0.2 41.26 1052.6 25 I+L,

0.3 38.06 1312.0 34 I+L,

0.4 38.32 1279.0 33 I+1L,

0.5 39.58 1189.0 30 I+L,

0.6 43.45 780.6 18 I+L,
0.7-1.0 - - - I+L,+L,
1.1 41.58 64.0 2 I+L,

1.2 41.47 68.9 2 I+L,

1.3 41.72 86.0 2 I+L,

This results in a dimensionless value, denoted as £ that is

(%, Ip is the lattice parameter), which is essential for facilitating com-
parison.

The variation in the correlation length, denoted by ¢, relative to the
lattice parameter of the phase, across the different phases of the SDS-
PTHC-water system as « increases from 0.0 to 1.3 and at &, =50 &
T =40°C, is detailed in the table [Table 2]. It is observed that in the
H phase, the correlation length is approximately 1400 A, leading to
the formation of around 30 correlated cylindrical micelle units within
the cylindrical plane. Additionally, in the I + L, phase, the correla-
tion length is found to be slightly shorter at about 1200 A, indicating
the presence of approximately 30 correlated bilayers along the normal
to the bilayer surface. Nonetheless, it has been noted that the correla-
tion length within the I + L, phase is significantly reduced to around
70 A, corresponding to about 2 correlated bilayer units. This suggests a
short-range positional order within this phase. Moreover, the substantial
number of associated units observed in both the H and I + L, phases
(L, phase with excess water) confirms a long-range positional order
within these phases. For a deeper understanding of the electronic distri-
bution 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. [26]; the details of this reconstruction
can be found below.

By employing the method of inverse Fourier transformation, the scat-
tering amplitude, denoted by F(hkl), of aliquid-crystalline (mesophase)
phase is linked to its electron density profile, represented by p(x,y, z)
as;

p(x,9,2) = 2 Fs(hkl)e2/ri(hx+ky+lz) 6}
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,(hk/)|. The magnitude |F,(hkl)| ex-
hibits a direct proportionality to the square root of the intensity, I(hkl),
of the reflected X-ray radiation. Thus;

F,(hkl) = | F,(hkD)|e®"D = \/I(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,
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this issue becomes amenable to solution, indicating that ®(hk/) may
only assume values of 0 or z. 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 (i.e., p(—x,—y,—z) = p(x, y, z). Conse-
quently, any phase value ranging from 0O 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.

Fig. 4(A,B) presents the reconstructed electron density maps for
the H phase, which were observed at ¢ = 0.0 and 0.1, ®; = 50, and
T = 40°C. These reconstructions are derived from the pertinent in-
formation derived from the Miller indexing of the peak, including its
intensity, multiplicity, and phase as outlined in table [Table 1]. High-
lighted in deep pink are the regions of highest electron density, while
those represented in deep green denote the regions of lowest electron
density. The depicted maps illustrate a 2D hexagonal lattice arrange-
ment, as observed in regions of low electron density, which align with
the alkyl chain of the surfactant, SDS.

The discussion previously covered the SDS-PTHC-water system at
various molar ratios (¢ = 0.2, «a =0.3, « = 0.4, a =0.5) and ®, = 50
& T =40°C, the L, phase is found to be stabilized along with the ex-
cess water. The reconstructed electron density maps for the L, phase
at these compositions have been provided in the figure [Fig. 4(C, D) &
supporting Figure S5], along with related parameters such as peak in-
tensity, Miller indices, multiplicity, and phase of the peak, as detailed
in the accompanying table [Table 1]. The maps display a stripe-like
pattern, characterizing the distribution of water and bilayer regions, re-
spectively, with the former represented by areas of high electron density
and the latter by areas of low electron density. Therefore, low electron
density bilayers become apparent as a one-dimensional periodic lamel-
lar structure within the context of a high electron density water matrix.

A thorough analysis of the SAXS data pertaining to the L, phase is
undertaken through the application of a methodology crafted by Pabst
et al. [23]. It is important to note that the L, phase can be understood
either through the convolution of the bilayer electron density profile by
a series of parallel planes, each spanned by a distance corresponding
to the lamellar periodicity, or through the convolution of a bilayer by a
set of one-dimensional lattice points, also separated by distances match-
ing the lamellar periodicity [Fig. 5]. It is the former interpretation that
Pabst et al. opt for, aiming to formulate a theory that elucidates the scat-
tered intensity profile, which results from the interaction between the
L, phase and X-rays of wavelength 4, alongside the scattering wave-
vector g = 4z Sin®) ' \where 20 is the scattering angle.

The Fourier transform of the electron density profile across the bi-
layer is referred to as the form factor amplitude, denoted by f(g), while
its squared value is directly proportional to this amplitude, termed the
form factor, F(q). Similarly, the Fourier transform of the array of par-
allel planes, referred to as the structure factor amplitude, s(q), and its
squared value, known as the structure factor, S(g), exhibits a propor-
tional relationship. Furthermore, the scattered intensity, 1(g), resulting
from the phase is directly proportional to the product of the form fac-
tor, F(q), and the structure factor, S(q). The equation for the scattered
intensity, 1(q), from the L, phase is expressed as:

(1-N)S@If @I + Na’lf(‘])lz]
q q

The entire expression is subject to division by g, which represents the

denominator of the aforementioned equation, because of the geometric

considerations used in present SAXS experiments. This factor is intri-

cately linked to both the geometry of the detection device employed for

data collection and the nature of the sample being analyzed. The partic-

1(q) = scale[ 3
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Fig. 4. Reconstructed electron density maps of the SDS-PTHC-water system at: (A) « = 0.0, ®; =50 & T =40°C corresponding to the H, (B) a =0.1, &, =50
& T =40°C 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. a is the lattice parameter. (C) @ = 0.2, ®; =50 & T = 40°C corresponding to the L, phase and (D) @ =0.3, &, =50 & T' = 40°C corresponding
to the L, phase. d is the lamellar periodicity. Deep pink represents the highest electron density and deep green is the lowest.

ular shape of the detector, described as being two-dimensional, and the
captured SAXS patterns of the L, phase (as well as L, phase), which
are unoriented, result in the determination of the geometric factor be-
ing equivalent to g. The S(q) symbolizes the structure factor associated
with a sequence of parallel planes, while f(q) denotes the amplitude of
the form factor of the bilayer profile. The final component of equation
[Equation (3)] pertains to diffuse scattering, a phenomenon that is of-
ten neglected when structural information is solely derived from Bragg
peaks. In this context, N, represents the fraction of diffuse scattering.

The form factor amplitude, f(q) is derived from the Fourier trans-
form of the electron density profile, denoted as p(z), across the bilayer.
In this context, z denotes the axis that is perpendicular to the bilayer
plane and the profile, p(z) is characterized by three Gaussian functions,
each encapsulating distinct regions of the molecule. The two Gaussian
functions, which are symmetrically situated with respect to the bilayer
center and correspond to the head-groups of SDS molecules, are de-
scribed by a Full width at half maxima (FWHM), o¢;, situated at a
distance z = +z; from the center. The third Gaussian function, which
corresponds to the terminal methyl groups, is defined by a FWHM o, at
the center of the bilayer (z =0).

(z— zh)2 (z+zh)2 72
p(z)= pPcH, tPn [exp(— Thz )+exp(— W ) +p,. [exp(— m )]
(©)]

In this context, the electron densities of both the head group, denoted
as py,, and the hydrocarbon tail, represented by p,., are determined in
relation to the methylene electron density, symbolized by pcy,. This

framework results in the formulation of the form factor amplitude as
outlined below.

22
2

02
2

On

1(@)=2V27 0, pylexp(=0)] costgzy) + V2r oc p, lexp(~

)]
)

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~ @/207 @t g =(d/20%n ®)

k=1
In the context of this model, N denotes the mean number of co-
herent (correlated) scattering bilayers present within the stack. The
constant y signifies Euler’s constant, while d represents the lamel-
lar periodicity. Furthermore, the Caille’s parameter, denoted by 5 =
(¢*k g BT)/(8% \/ﬁ), encompasses the following variables: K and B,
which correspond to the bending and bulk moduli, respectively, of the
lamellar stack, kg is the Boltzmann constant. Model parameters such
as 6y, 0., Pp> Pe> Zp»> M, in conjunction with N and N, are fine-tuned
to achieve the optimal alignment between the observed and calculated
intensity profiles.

The SAXS pattern of the L, phase, occurring at « = 0.3, & =50,
and temperature T = 40 °C, is exquisitely represented by this model. The
data is represented by a half filled deep cyan diamond, with the curve fit-
ting it marked in red [Fig. 6A]. The electron density profile derived from
the model is depicted in red in the inset of the figure [Fig. 6A (inset)],
and the relevant model parameters are elaborated in table [Table 3].
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Z-axis (across the bilayer)

Fig. 5. (A) The lamellar (L,) phase which is the set of bilayers separated by water can be considered as the convolution of bilayer with the set of imaginary points
(circles in bright yellow color) separated by a distance equal to the lamellar periodicity (d) or (B) can be also considered as the convolution of the bilayer electron
density profile across the bilayer with the set of parallel planes (plane in deep blue color) separated by a distance equal to the lamellar periodicity. (C) Bilayer electron
density profile across the bilayer can be model as the combination of three Gaussians (curve in orange color); The two Gaussian functions, which are symmetrically
situated with respect to the bilayer center and correspond to the head-groups of SDS molecules, the third Gaussian function, which corresponds to the terminal

methyl groups, at the center of the bilayer.

The electron profile across the bilayer is represented in relation to the
C H, group electron density, which is arbitrarily designated as zero and
depicted as a black, dotted line. The corresponding calculated form fac-
tor (F(q) = f(¢)?) variation is illustrated using a half-filled diamond
symbol with black coloration and structure factor (S(g)) is depicted in
such a diamond symbol with red coloration as represented in figure
[Fig. 6B]. The structure factor exhibits two distinct, highly correlated
peaks, whereas the form factor experiences more gradual variation. It
should be noted that the theoretical intensity is directly related to the
product of the form factor and structure factor.

The SAXS data from the L, phase was attempted to be aligned with
the predicted scattering patterns from the sponge phase, as outlined in
the reference [27]. However, it proved to be challenging to identify a
suitable combination of model parameters that would yield a satisfac-
tory fit. Furthermore, the mesh size in the sponge phase, defined by the
position of the broad peak, typically corresponds to 1.5 times the lamel-
lar periodicity of the L, phase at a given water content. Conversely, the
average spacing of the L, phase is found to be comparable to the L,
phase periodicity. These discrepancies lead us to dismiss the hypothesis
that the L, phase represents a conventional sponge phase.

The L, phase may encompass bilayer-like aggregates, as inferred
from the observation of flow-birefringence within this phase and the
parallel similarity in average spacing to that of the L, phase period-
icity. The manifestation of a broad peak within this phase, in contrast
to that observed in the L, phase, may result from the irregular stack-
ing of these aggregates. Given that the number of correlated bilayers
(N) in the model for the L, phase is a variable parameter, it can also
serve to elucidate the irregular stacking of bilayers. Therefore, we have
delineated the SAXS data corresponding to the L, phase, utilizing the
aforementioned model. It is imperative to note that within the L, phase,
the parameter denoted by #, the Caille parameter, is merely a fitting pa-
rameter devoid of the physical significance it attains in the L, phase

This model aligns particularly well with the SAXS pattern observed
for the L, phase observed at a = 1.3, @, =50, and 7' =40 °C, as depicted

in figure [Fig. 6C] where data is shown by half filled diamond in deep
cyan color along with fit in pink color. The accompanying table, labeled
as [Table 3], outlines the corresponding model parameters, while figure
[Fig. 6C (inset)] illustrates the electron density profiles inferred from
the analysis. The corresponding calculated form factor, represented by
F(q)or(f(g)?), is depicted in a half-filled diamond with a black color and
structure factor (S(g)) is shown in such a half-filled diamond symbol
with a red color, as display in figure [Fig. 6D]. Conversely, the structure
factor, along with the form factor, displays a broad and smooth variation
with respect to the wave vector. Despite the L, phase being associated
with thirty correlated bilayers, the L, phase exhibits only two distinct
correlated bilayers.

To conduct a comparative analysis of the theoretical electron den-
sity variations across the bilayer in both the L, and L, phases, we have
plotted the electron density profiles of the two phases together, shown
in the figure [Fig. 7]. As observed, there is a gradual and nuanced alter-
ation in the electron density profile during this transition from the L,
to L, phase. This suggests that the L phase can be characterized by
a disordered arrangement of bilayers, exhibiting short-range positional
correlations.

Moreover, the thickness of the bilayer, denoted as d, is determined
through the equation dy =2 z, + 0, as described in the framework
given by Pabst et al. [23]. By applying this relation to the L, and L,
phases, it was found that the bilayer thickness is approximately 32.14 A
and 35.82 ;\, respectively, in these phases. Consequently, this yields an
approximate size for the SDS molecule, ranging from 16.07 A in the L,
phase to 17.91 A in the L, phase. Nonetheless, the SDS micelles present
challenges in accurately determining their size within a solution. How-
ever, both experimental evidence and theoretical calculations suggest
that the radius of these micelle spheres ranges from approximately 16A
to21A [28], our derived value is in agreement with both theoretical and
experimental determinations.

The phase behavior of the current system can be succinctly described
as follows: At a specific value of @, =50 and T'=40°C, it transitions
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Fig. 6. (A) Small angle X-ray scattering data of the L, phase shown as half-filled diamond in deep cyan color along with fit curve in red color and the derived electron
density profile across the bilayer is shown in the red color in inset and (B) Showing the variation of the corresponding form factor (F(q) = f(¢)?), illustrated using
a half-filled diamond symbol with black coloration and structure (S(g)) is depicted in such a diamond symbol with red coloration, (C) Small angle X-ray scattering
data of the L, phase shown as half-filled diamond in deep cyan color along with fit curve in pink color and the derived electron density profile across the bilayer is
shown in the pink color in inset and (D) Showing the variation of the corresponding form factor (F(q) = f(q)%), illustrated using a half-filled diamond symbol with
black coloration and structure (S(g)) is depicted in such a diamond symbol with red coloration.

Table 3

Values of parameters obtained from the fit of the small angle X-ray scattering data at
@, =50 and 7' =40°C of the SDS-PTHC-water system to the model of lamellar phase
as described by Pabst et al. using three Gaussian profile of the bilayer.

a o) o R) /e B n N N, d@)  Phase
0.3 1.74 3.02 -1.44 15.20 0.031 30 0 38.06 I+L,
1.3 2.12 2.73 -0.97 16.85 0.278 2 0.4 41.72 I+L,

through a sequence of phases: H — I + L, — I + L,, with an increase
in concentration of PTHC. As a hydrotrope, PTHC exhibits a tendency to
aggregate near the interface between water and oil, altering its interface
curvature. The addition of PTHC modifies the morphology of the cylin-
drical micelles formed by SDS at ®, =50 and T' = 40°C, resulting in a
reduction in their curvature. This leads to the formation of worm-like
micelles that retain the H phase and are organized in a 2D hexago-
nal lattice structure. Nonetheless, the L, phase gains prominence once
PTHC is introduced beyond a certain threshold, attributed to a notable
reduction in micelle curvature. The addition of more PTHC further dis-
rupts the long-range organization of L, and solidifies the L, phase of
short range positional order.

Hydrotropes are closely related to the modulation of critical micelle
concentration and the morphology of micelle formation within surfac-
tant self-assembly [22,29-31]. For instance, p-toluidine halides have
been observed to significantly alter the viscoelasticity properties of an-
ionic surfactant solutions, which in turn is directly linked to changes in
the morphology of the surfactant solution. In this regard, S. K. Ghosh et
al. have documented the addition of PTHC to SDS at a fixed &, of 40,
which resulted in a transition from a hexagonal to a lamellar structure of

the surfactant solution, as the ratio of PTHC to SDS («) varied. This tran-
sition was observed through a nematic phase of rodlike micelles (N )
to isotropic (I) to a nematic phase of disklike micelles (Np) [22,31].
This study suggests that the morphology of surfactant micelles can be
easily adjusted by hydrotropes, thereby modifying the phase behavior
and rheological properties of concentrated surfactant solutions.

S. P. Gupta et al. have conducted research on the impact of SHN, a
hydrotropes, on the phase behavior of cetylpyridinium chloride (CPC),
a compound recognized for its antiseptic and antimicrobial proper-
ties, widely utilized in numerous over-the-counter products, including
mouthwashes, toothpastes, lozenges, throat sprays, breath sprays, nasal
sprays, and pre-moistened wipes. The study revealed that the mixture
of CPC-SHN-water displays a variety of intermediate phases, including
ribbon, cubic, random mesh, hexagonal ordered mesh, tetragonal or-
dered mesh, and nematic phase of rodlike micelles, as well as hexagonal,
lamellar phases [9]. Furthermore, it was observed that an increase in
SHN concentration led to the emergence of an isotropic phase of bi-
layer, which bears a striking resemblance to the ‘L.’ phase [32].

It has been established that the inter-lamellar correlations dimin-
ish to the short-range as the quasi-long-range positional arrangement of
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Fig. 7. Demonstrating the variation in electron density profile across the bilayer
as derived from the model, the curve represents the L, phase, depicted in red,
and the L phase, illustrated in pink. The electron density is depicted in relation
to the electron density of the C H, group, which has been arbitrarily assigned
a value of zero and represented as a black, dotted line. z referred to the axis
normal to the bilayer plane.

the L, phase is compromised by a particular density of unbound dis-
locations. The influence of dislocation loops on the L, phase has been
explored within the context of the smectic A - nematic liquid crystal
transition, as theorized in the references [33,34]. In such scenarios, dis-
location loops within a bilayer stack correspond to the pores or channels
may be observed in the bilayer.

In the context of the current study, it is anticipated that electro-
static interactions will be diminished at elevated concentrations of salt
(PTHC), thereby modifying the Gaussian curvature of the bilayer. This
modification is expected to confer a weakly negative Gaussian curvature
on the resulting structure, thereby enhancing the stability of the pores,
as has been observed in various systems capable of sponge formation,
such as listed in the reference [35]. Moreover, the formation of pores
and channels is also projected in this scenario.

The primary distinction that will be observed between the system un-
der investigation and those that lead to the formation of a L5 phase, is at-
tributed to the nature of inter-bilayer interactions. The system currently
under consideration is anticipated to undergo a phase characterized by
moderate swelling, owing to the attractive van der Waals interactions.
In contrast, systems experiencing significant swelling due to steric repul-
sion are expected to exhibit a phase characterized by sponge formation.

It is noteworthy that a ternary system comprising water, anionic sur-
factants with calcium or magnesium ions, and branching co-surfactants
presents an additional variant of the L; phase, as documented in the
references [36,37]. A distinguishing characteristic of this phase is the
observation of a broad correlation peak in its X-ray diffraction pattern,
which is found to be positioned near the location of a more pronounced
peak observed in the L, phase. Nonetheless, in the context of the L;
phase delineated in the preceding scholarly works, it is observed that the
d-spacing indicative of broad correlation peaks is approximately equiv-
alent to 1.5 times the lamellar periodicity of the L, phase, this suggests
a high degree of similarity between this variant of the L; phase and the
present L, phase.

It is frequently noted that the L; phase emerges when the physico-
chemical parameters of the system are modified to enhance the lipophilic-
ity of the dilute L, phase. In the case of non-ionic surfactants, increasing
their lipophilicity can be achieved by elevating the temperature or ad-
justing the ratio of the cosurfactant to the surfactant concentration, as
outlined in [38,39]. Nonetheless, the elevation of lipophilicity in the
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L, phase has been demonstrated to inhibit the formation of the L;
phase under certain other conditions, as reported in the reference [40].
Conversely, the presence of the L; phase is notably absent with al-
cohols of perfluorinated chain lengths or in those with longer chain
lengths, but it is commonly observed in zwitterionic surfactants featur-
ing intermediate-chain alcohols, as detailed in [41]. Within the frame-
work of the structure of the L; phase, researchers Cates et al. undertook
an independent theoretical investigation, while Porte et al. initiated the
first experimental analysis. Both groups suggested that the molecules of
both surfactants and cosurfactants present in the L; phase aggregate to
form a continuous network structure, as evidenced by their respective
findings in the references [42,43].

Furthermore, the L; phase is observed in the systems compris-
ing the bilayer-forming surfactant, dodecyldimethylammonium bro-
mide (DDAB), and the ionic polymer salt, polyelectrolyte sodium poly-
acrylate (PAANa), in conjunction with the collapsed lamellar (L,)
phase. It is noted that both low and high salt concentrations result in
lamellar structures exhibiting reduced periodicities, which are secured
by the presence of polymer bridging, and held together by van der Waals
attraction, respectively [44]. The sponge phase, characterized by the
swelling complex at intermediate salt concentrations, suggests that the
modification of the bilayer’s elastic moduli is a consequence of the poly-
mer adsorption process.

In the current system, a highly concentrated salt solution is capable
of dissolving a moderately concentrated phase labeled as L,, leading to
the emergence of the L, phase. Nonetheless, it has been observed that
co-surfactants, such as alcohols, are not indispensable for stabilizing the
L, phase. This observation implies that a sufficient concentration of or-
ganic salt alone is sufficient to neutralize the charges carried by the ionic
surfactant, thereby facilitating the formation of the L, phase, which is
characterized by short-range attractive forces. As previously stated, the
L, phase exhibits optical isotropic properties and potentially incorpo-
rates a structure of pores that may function as drug delivery systems for
therapeutically active substances.

4. Conclusion

In conclusion, the impact of PTHC, an organic salt, on the phase
behavior of SDS, an anionic surfactant, has been meticulously inves-
tigated. Through the application of POM and SAXS techniques, we
have conducted an analysis of the SDS-PTHC-water system operating at
T =40°C, &, =50 and various values of a. An analysis reveals that as
the concentration of PTHC increases, the system shows distinct phases
corresponding to H, I + L,, and I + L, phases. For both H and L,
phases, electron density maps have been precisely reconstructed. The
L, and L, phases have been comprehensively explained by the model
of lamellar phase, indicating that the L, phase is characterized by bi-
layer structures, thereby facilitating short range positional correlation.
This research underscores the potential for stabilizing the L, phase by
effectively neutralizing the charges of the ionic surfactant with high con-
centrations of organic salt.
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