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ARTICLE INFO ABSTRACT
Keywords: Hydrocarbons are well-known insoluble oils which are rarely considered as stimuli to trigger molecular self-
Catanionic surfactant system assembly transition. We report in this work that hydrocarbons are a class of distinct stimuli for the self-

Structure of hydrocarbon
Soluble location
Aggregate behavior

assembly transition in the catanionic surfactant systems. Particularly, the cyclic hydrocarbons and chain-like
ones has exactly opposite impact. By solubilizing in the palisade region of surfactant bilayers, the cyclic hy-
drocarbons would increase the volume of the hydrophobic part of the surfactant, thus increasing the packing
parameter and leading to structures with smaller curvature. On the contrary, the chain-like hydrocarbons will be
insolubilized in the interior of the hydrophobic domains formed by surfactant, which therefore swells the sur-
factant bilayers and increases the curvature of the outer layer. As a result, the self-assembly would change into
structures with larger curvature. For this reason, addition of cyclic alkanes, such as ethylcyclohexane and eth-
ylbenzene, leads to the transition from vesicles to lamellae, whereas addition of chain-like ones, such as octane,
results in the transition from vesicles or lamellae to nanoemulsions. It is noticed that the saturation state of the
hydrocarbons is not relevant to the self-assembly transition, and whether the alkanes are cyclic or chain-like is
the determinative factor that decides which direction the self-assembly would transform to. We expect the
current study is very promising in guiding enrichment and separation of organic matters.
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1. Introduction

Surfactants have drawn much attention from researchers and have
been widely utilized in many fields, such as industrial manufacturing
[1-4], agricultural production [5-10] and fundamental research [11,
12] owing to their ability to form a rich variety of self-assembled
structures, such as micelles [13], vesicles [14-16] and lamellae [17].
Transitions between these self-assembled structures are often accom-
panied with useful applications [18,19]. For example, vesicular transi-
tions from isolated to densely packed states can cause phase separation
to give aqueous surfactant two-phase (ASTP), which is very promising in
extracting various biomolecules and separation of conductive carbon
nanotubes from the semi-conductive ones [20,21]. Therefore, tailoring
the morphology of surfactant self-assembly in a controllable manner is
highly desired.

Catanionic surfactant systems (mixed cationic/anionic surfactant
systems) are well-known for their abundant self-assembled structures
that are sensitive to mixing ratios [12,22,23]. Self-assembly transition
may occur if an external stimulus triggers the change of the mixing ratio
between the two oppositely charged surfactants [24]. This is particularly
true at molar ratios close to charge balancing [25]. Compared to
numerous studies about the effect of light [25,26], temperature [27,28],
salt [29-31], and pH [21,32,33] on the self-assembly transition in cat-
anionic surfactant systems, little attention has been paid on the impact
of hydrocarbons [34], since they are usually considered as insoluble oils,
rather than external stimuli.

In fact, hydrocarbons indeed play important roles in the self-
assembly transformation in catanionic surfactant systems. For
instance, Mao et al., [35,36] found that catanionic vesicles could turn
into rod-like micelles and eventually to spherical micelles on addition of
octane, but drastic enlargement of vesicles and the formation of lamellar
structures were observed if toluene was added. The opposite trend of
self-assembly transition indicated that the polarity or structure of hy-
drocarbons might be very crucial in tailoring the self-assembly mor-
phologies in catanionic surfactant systems. Nevertheless, so far, the
study in this regard is far less than enough.

To investigate the decisive factor of apolar hydrocarbon in regulating
the self-assembling behavior of catanionic surfactants, herein we
compared the effect of two categories of hydrocarbons, namely, chain-
like and cyclic ones, on the self-assembly transition in the catanionic
surfactant systems of dodecyl dimethyl benzyl ammonium chloride
(BDDAC)/ sodium octyl sulfonate (SOSO3) at molar ratios close to
charge-balance. To this goal, we either started from the ASTP, or from
the homogenous system at the edge of ASTP. We found that hydrocar-
bons with cyclic structures, regardless their polarity, tend to decrease
the curvature of the self-assembled structures, whereas the chain-like
alkanes would increase the curvature. The polarity, or the saturation
status of the hydrocarbons was not relevant to the self-assembly tran-
sition. This fact indicated that cyclic hydrocarbons would be solubilized
in palisade layer of the surfactant bilayers which would increase the
volume of the hydrophobic chains and sufficiently shield the net charges
between the ionic surfactant heads, leading to the growth of the self-
assembled structures. On the contrary, the chain-like alkanes would be
solubilized in the interior of the hydrophobic region, which swelled the
interior, and resulted in larger curvature in the outer layer. As a result,
the size of the self-assembled structures tended to be diminished. For this
reason, addition of cyclic hydrocarbons to a homogeneous catanionic
surfactant vesicular system would cause ASTP, whereas addition of
chain-like alkanes to the same system would result in homogeneous
phases composed of nanoemulsions. We expect the current findings
would have potential applications in the field of separation and nano
encapsulation.
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2. Experimental section
2.1. Materials

Sodium octyl sulfonate (SOSO3, 99%) was purchased from Macklin.
Benzyldimethyldodecylammonium chloride (BDDAC, 99%) was pur-
chased from TCI. Octane (AR) and ethylbenzene (AR) were obtained
from Sinopharm Chemical Reagent Co., Ltd. Ethylcyclohexane (99%)
was purchased from Aladdin. Pyrene and diphenylhexatriene (DPH) are
A. R. grade from Sigma. All reagents were used as received. Milli-Q
water of 18 MQ is used to prepare aqueous solutions.

2.2. Sample preparation

Desired concentrations of surfactant stock solutions were prepared in
volumetric flask. Samples were then obtained by directly mixing the
solutions of anionic and cationic surfactants at a desired mixing ratio
and concentration. BDDAC and SOSOs3 in the wide Ct (total concentra-
tion) of 20-100 mM was used in this study. After sealing, surfactant
solutions together with organic additives were vortically mixed and then
equilibrated in a temperature incubator at 25 °C for 3 days prior to the
observation and other experiments.

2.3. Negative-staining trans mission electron microscopy (NS-TEM)

NS-TEM measurements were taken by Tecnai T20 and functioned at
an accelerating voltage of 200 kV. A drop of the sample (~10 pL) was
placed onto a carbon-coated copper grid (300 mesh) and was stained
with 3% uranyl acetate for 3 min. Excess sample and staining agent were
removed by filter paper. All samples were allowed to dry in ambient air
at room temperature prior to the observations.

2.4. Freeze-fracture transmission electron microscopy (FF-TEM)

Freeze fracture and replication technique were performed to eval-
uate the microstructures of surfactant solutions. First, a specimen holder
with a small drop of the as-prepared solution was cooled by liquid ni-
trogen. Then, a high-vacuum freeze-fracture apparatus (Balzers BAF
400D) was employed to fracture and replicate the specimen. Finally, the
replicas composed of a thin layer of carbon were shifted onto copper
grids and were ready for the TEM measurement on Tecnai T20 (200 kV).

2.5. Rheology

The rheological properties of all the samples with a volume of 10 mL
were evaluated with a Thermo Hake RS300 rheometer at 25 °C.

2.6. Ultraviolet-visible spectrophotometer

UV-vis absorbance measurements were performed using a UV-1800
SHIMADZU spectrophotometer (Hitachi. Ltd., Tokyo, Japan), and 1 cm
quartz cuvettes were used. All spectral measurements were recorded at
25 °C.

2.7. Dynamic light scattering (DLS)
DLS data were recorded on a BI-200 SM instrument. The samples

were filtered by 800 nm filters prior to the observations. All measure-
ments were performed using deionized water at 25 °C.

2.8. Fluorescence spectrometry

Fluorescence spectra were collected on a Hitachi F7000 spectrometer
using a constant temperature bath to control the temperature to be
25 °C.
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2.9. Polarized optical microscopy (POM)

The representative photographs of samples with lamellar structures
under a polarization microscope were carried out by an Axioscope 5
POM.

3. Results and discussion

3.1. Phase behaviors and microstructures of BDDAC/SOSO3 mixed
system

The phase diagram of BDDAC/SOSOs catanionic surfactant systems
at 25 °Cis given in Fig. 1a. Precipitates occur in a broad range of xgppac
as the total surfactant concentration is lower than 80 mM, whereas the
precipitation region narrows at much higher concentrations. ASTP oc-
curs in both the BDDAC-rich and SOSOs-rich sides, which is labeled as C-
ASTP and A-ASTP, respectively. The representative photos of the phase
status for samples at Ct of 100 mM is given in Fig. 1b. At the BDDAC-rich
sides (xgppac>0.50), precipitates, which float at the surface of the sys-
tem, occurs at xgppac= 0.50. The initial transparent solution gradually
turns to opalescent, separates to ASTP, becomes homogeneous bire-
fringent, as the system composition is gradually approaching to
xgppac= 0.50 from both sides.

The microstructures in these phases are further studied with TEM
and DLS. Spherical particles with the diameter of 5 nm are present in the
transparent homogeneous solutions with xgppac> 0.70 (Fig. S1a). In the
range of 0.70 > xpppac> 0.67 where the system is opalescent but still
homogeneous, and vesicles are observed (Fig. S1b). In the ASTP systems
with xgppac between 0.67 and 0.66, large vesicles with diameter of 2 pm
and small ones about 100 nm are found in the upper and lower phases,
respectively (Fig. S1c). The microstructures in the homogeneous bire-
fringent system (0.66 > xpppac>0.58) with Maltese crosses textures
under POM are the lamellar structures (Fig. S2a, Fig. S1d). The variation
of the self-assembled structures in the BDDAC-rich sides as the
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Fig. 1. (a) Phase diagram for BDDAC/SOSO;3; mixed systems at 25 °C. (b)
Photographs of BDDAC/SOSO3; mixed systems at different mixing ratios (Ct
=100 mM, 25 °C): (i) under visible light, (ii) under the polarizer. (c) Schematic
illustration of the aggregates in BDDAC-rich BDDAC/SOSO3 mixed systems (Cr
=100 mM, 25 °C).
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surfactant composition approaching to 1:1 is summarized in Fig. lc. In
the SOSOs-rich sides, similar self-assembled structures are observed
with increasing xpppac (Fig. Sle-f) and lamellae are collaboratively
confirmed by POM (Fig. S2b) and FF-TEM (Fig. S1le).

3.2. Phase behavior and organized assemblies transition in mixed
BDDAC/S0SO3 systems with organic additives

3.2.1. Homogeneous phase for addition of organic matters

Considering that phase transition occurs more easily between the
neighboring regions, we choose the homogeneous opalescent BDDAC/
SOSOs solution (Fig. 2a, left) at Cr = 100 mM and xgppac= 0.67 as the
start to investigate the influence of hydrocarbons on the self-assembly
transition. As revealed in Fig. 2b and Fig. S3a, the microstructures in
this system are vesicles with diameter less than 100 nm. Upon addition
of ethylcyclohexane (5 mM), the system is transformed into a stable
ASTP in 24 h (Fig. 2a, right) at 25 °C. NS-TEM (Fig. 2¢) and FF-TEM
(Fig. S3b) results reveal the presence of large fused vesicles with
diameter of 500 nm in the upper phase, whereas smaller vesicles about
100 nm are observed in the lower phase (Fig. 2d, Fig. S3c). In line with
this, the upper phase is shown to be viscous with Newtonian nature,
while the lower phase displays water-like fluid behavior (Fig. 54). As
ethylcyclohexane is replaced by ethylbenzene, similar ASTP and mi-
crostructures are observed (Fig. S5). However, as the cyclic hydrocar-
bons are replaced by chain-like ones, such as octane, the opalescent
homogeneous system becomes clear gradually, and the relative viscosity
and the turbidity decreases monotonously (Fig. 3a and Fig. 3b).
Rheology measurements reveal that the fluids are still Newtonian fluids
(Fig. S6). According to DLS analysis (Fig. 3c), the vesicles have trans-
formed into small particles with the average diameter about 9 nm,
which are independent on the angle of light scattering (Fig. S7). More-
over, when adding hydrocarbons with different structure into systems at
lower concentration Ct = 50 mM (xgppac=0.67), these systems follow
analogous regulation law to those mentioned above. The formation of
larger vesicles (1 ym) with a low curvature is more favored by cyclic
hydrocarbons, whereas small particles (9 nm) induced by octane are
verified (Fig. S8).

3.2.2. ASTP for addition of organic matters

Next, the influence of hydrocarbons on the C-ASTP with
xgppac= 0.66 and Ct = 100 mM (Fig. 4a, left) is studied. Upon addition
of 10 mM ethylcyclohexane or ethylbenzene, the C-ASTP turns to ho-
mogeneous phase with birefringence (Fig. 4a, right), which exhibits
shear-thinning behavior (Fig. S9a, b). FF-TEM study manifests that
Ethylcyclohexane or ethylbenzene has triggered the transition from
vesicles to lamellae (Fig. 4b, Fig. S10). X-ray diffraction (Fig. S11a)
reveals three Bragg diffractions peaks correspond to distances of 32.5,
16.0 and 10.8 A. These data are characteristics for the lamellar phases
[37], and the thickness of the lamellae is determined from the (001)
diffraction peak to be 32.5 A. This distance is approximately the sum of
the interlaced length of BDDAC and SOSO3; molecules, indicating the
lamellae are composed of the bilayers of the mixed BDDAC and SOSO3
molecules (Fig. S11b).

However, the ASTP system becomes water-like as chain-like hydro-
carbon, such as octane is added (Fig. 4¢, Fig. S9c¢). DLS (Fig. 4d) mea-
surement reveals particles in this water-like system are spherical
particles with hydrodynamic diameter about 10 nm. Since this size is
much larger than the BDDAC/SOSOs bilayer thickness of 3.25 nm, these
spherical particles are probably nanoemulsions of octane stabilized by
the BDDAC/SOSO3 monolayers, as demonstrated in Fig. 4d.

3.3. Mechanism of hydrocarbon-induced phase transition
The different impact of cyclic and chain-like hydrocarbons on the

self-assembly transition in the catanionic surfactant systems can be
attributed to their different locations in the hydrophobic surfactant
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(d) Lower phase

Fig. 2. BDDAC/SOSO3 mixed systems (Ct =100 mM, xpppac=0.67, 25 °C). (a) Photographs: left, without additives; right, addition of 5 mM ethylcyclohexane. (b)
NS-TEM result without organic matters. NS-TEM images for ASTP after addition of 5 mM ethylcyclohexane: (c) the upper phase; (d) the lower phase.
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Fig. 3. BDDAC/SOSO3 mixed systems (Ct =100 mM, xgppac=0.67, 25 °C) with varied octane concentrations. (a) The variations of relative viscosity, (b) absorbance

and (c) DLS.

domains. The well-known theory of the packing parameter p, proposed
by Israelachvili et al. has been widely and successfully used to explain
the transformations of organized assemblies [38]. According to Israel-
achvili et al. [38], p is defined as v/qpl., where v is the surfactant tail
volume, [ is the tail length, and ay is the mean area per molecule at the
aggregate surface. Usually, cyclic hydrophobic molecules are dissolved
in the palisade of the surfactant vesicles [36], causing the increase of v.
Therefore, an increase in the p can be expected, and formation of larger
aggregates with lower curvature is more favored (Scheme 1). However,

chain-like substances are generally considered to be solubilized in the
interior of hydrophobic region and tend to form an isolated oil droplet
between the two half bilayers formed by the tail-to-tail aligned surfac-
tants [35]. As a result, the local curvature of the surfactant bilayers was
increased, which finally enclose the oil droplet to form isolated micro-

emulsions (Scheme 2).

To further confirm the above postulation, we conducted the Fluo-
rescence Spectrometry to examine the position of cyclic probe (pyrene)
and chain-like molecular (DPH, diphenylhexatriene) in vesicles of



S. Jiang et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 648 (2022) 129231

NN
—lp

—a— 45°
—a— 00°
——135°

b

&

10 100 1000

Diameter (nm)

Fig. 4. BDDAC/SOSO3 mixed systems (Cr =100 mM, xpppac=0.66, 25 °C) with varied organic additives. (a) Photographs: without additives (left); after addition of
10 mM ethylcyclohexane at visible light (middle) and at the polarizer (right). (b) FF-TEM for addition of 10 mM ethylcyclohexane. (c) Photographs: left, without
additives; right, addition of 125 mM octane. (d) DLS results for addition of 125 mM octane at different angles.
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Scheme 1. Schematic illustrations of solubilization locations of ethylcyclohexane and ethylbenzene and phase transition.

BDDAC/SOSOg3 system. As shown in Fig. S12, I;/I5 ratio of pyrene is
1.12, indicating it is located in palisade of vesicles [39] and the fluo-
rescence anisotropy r of DPH is calculated to be 0.09 (Fig. S13), corre-
sponding to the value for inner hydrophobic microenvironment [40].
Analogously, we draw the conclusion that ethylcyclohexane and ethyl-
benzene are solubilized in palisade , while octane is in interior of hy-
drophobic region.

4. Conclusion
It can be concluded that the homogeneous phase-ASTP transition in

catanionic surfactant systems by addition of organic additives is closely
related to the structure of the additive. The rationale is that cyclic

hydrophobic molecules are inclined to be dissolved in the palisade of the
surfactant bilayers, which increases the volume of the hydrophobic
chains thus causing the growth of the self-assembled structures, whereas
the chain-like substances are immobilized in the interior of hydrophobic
region as an oil droplet. This separates the surfactant bilayers in the
middle, and increases the curvature of the outer layer leading to the
formation of nanoemulsions. We envision the current work opens a new
vista for efficient capture and controllable enrichment of some organic
matters.
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