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Surfactant molecules have been extensively used as emulsifying agents to stabilize immiscible fluids.
Droplet stability has been shown to be increased when ordered nanoscale phases form at the interface of the
two fluids due to surfactant association. Here, we report on using mixtures of a cationic surfactant and long
chained alkenes with polar head groups [e.g., cetylpyridinium chloride (CPCl) and oleic acid] to create an
ordered nanoscale lamellar morphology at aqueous-oil interfaces. The self-assembled nanostructure at the
liquid-liquid interface was characterized using small-angle x-ray scattering, and the mechanical properties
were measured using interfacial rheology. We hypothesize that the resulting lamellar morphology at the
liquid-liquid interface is driven by the change in critical packing parameter when the CPCl molecules are
diluted by the presence of the long chain alkenes with polar head groups, which leads to a spherical micelle-
to-lamellar phase transition. The work presented here has larger implications for using nanostructured
interfacial material to separate different fluids in flowing conditions for biosystems and in 3D printing

technology.
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Amphiphilic systems using oil, water, and surfactants
have been utilized in a variety of applications ranging from
oil recovery and drug delivery, to food and personal care
products [1-4]. The main objective of amphiphilic surfac-
tant systems is to increase emulsion stability and control
colloidal structures at the nanoscale [5,6]. Beyond emul-
sion stability and colloidal morphology control, mixtures
containing immiscible fluids and surfactantlike molecules
exhibit intricate phase diagrams containing various mor-
phologies and phase behavior of different universality
classes [7-10]. Furthermore, nontraditional amphiphiles
can be used to impart responsive behavior in colloidal
systems [11] and contribute to innovations in biomedical,
energy, and separation technologies [12-21]. Since the
pioneering work on surfactant association structures by
Friberg and co-workers, extensive work has been con-
ducted over the past 50 years in the area of nanostructured
phases that form between two interfaces (fluid-fluid and
fluid-gas) [22-27]. In most cases, the static structure was
investigated, while little attention has been focused on the
in situ structural self-assembly process of surfactant asso-
ciation at interfaces. This includes oppositely charged
surfactant systems, also referred to as a catanionic system
[28-32], which form double-chained surfactants that
resemble zwitterionic amphiphiles and lead to stiff and
ultrastable membranes [6,33-36]. Most cationic and
anionic surfactants components are assembled in aqueous
systems [28-31]. However, immiscible catanionic systems
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have recently attracted much attention where a hydrophobic
fatty acid is used in place of anionic surfactants [33,37-44].
Unlike many immiscible multicomponent systems, fatty
acid catanionic systems only require a combination of three
components. Since fatty acids have dual properties as an oil
phase and amphiphile, this could offer new possibilities in
designing bulk proton conductors [40].

In general, studies on such systems have been mainly
conducted under static conditions and at thermodynamic
equilibrium. However, research on dynamic phenomena in
which structural self-assembly stabilizes the interface under
nonequilibrium conditions is still in its infancy. This is
despite the fact that in situ self-association of amphiphilic
molecules has been widely observed for a variety of
practical or industrial applications including oil recovery
[45-47], flow instabilities [20,48-51], biological systems
[52-54], and rare metal extraction [55]. There has yet to be
a fundamental study on dynamics of interfacial material
formation between associating surfactants at immiscible
liquid interfaces, and the connection between structure and
property relationships, in addition to the underlying mecha-
nism of structure development at the molecular level.
Stabilizing immiscible fluid interfaces with associating
surfactants that self-assemble rapidly and form elastic
materials have many exciting applications such as sepa-
rating fluids for encapsulation of desired cargo for drug
delivery, or for printing three-dimensional structures to
resemble biosystems such as veins and arteries.

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.178003&domain=pdf&date_stamp=2019-05-03
https://doi.org/10.1103/PhysRevLett.122.178003
https://doi.org/10.1103/PhysRevLett.122.178003
https://doi.org/10.1103/PhysRevLett.122.178003
https://doi.org/10.1103/PhysRevLett.122.178003

PHYSICAL REVIEW LETTERS 122, 178003 (2019)

Here, we show how immiscible mixtures containing a
cationic surfactant [cetylpyridinium chloride (CPCl)] and a
long chain alkene with a polar head [e.g., oleic acid (OA)]
will stabilize aqueous-oil interfaces via a spherical micelle-
to-lamellar phase transition. The lamellar phase creates an
interfacial material that spontaneously forms when an
aqueous solution of CPCI encounters OA. We hypothesize
that the lamellar morphology that self-assembles at the
aqueous-oil interface is driven by the change in critical
packing parameter of the CPCIl molecules that form the
aqueous micellar solution. Amphiphiles that form micelles
in water have a critical packing parameter, v/agyl, < %,
whereas lamellar structures have v/ayl. ~ 1, where ag, v,
[, are the surface area of the hydrophilic head group, the
hydrocarbon chain volume, and critical length, respectively
[6]. The change in v/ayl,., favoring the lamellar morphol-
ogy, when CPCI encounters OA is predicted to occur due to
the dilution of the CPCI surfactant molecules via OA
association, which minimizes the electrostatic interactions
between pyridinium head groups. The system undergoes
distinct flow instabilities from droplets to flowing columns
by injecting a CPCI solution into an OA reservoir, where
the interface is stabilized by a lamellar nanostructure. The
formation of nanostructured interfacial materials exhibiting
elastic mechanical properties will allow for the rapid
printing of self-supporting structures.

Aqueous surfactant solutions containing spherical
micelles have been previously shown to develop various
interfacial instabilities when the micelles come into contact
with a second solution such as NaSal solution or fatty acid
[48-50]. Here, we show that similar interfacial instabilities
form when a CPCI solution is injected into OA. By
injecting CPCI solutions with varying concentrations into
an OA reservoir at a fixed flow rate, different states can be
made, as shown in Fig. 1. The description of the exper-
imental setup has been previously published [48].

At 0 mM CPClI, surface-driven pinch-off is observed. At
a surfactant concentration greater than the critical micelle
concentration (CMC = 0.9 mM [56]), the droplets become
smaller and deformed, while increasing in number, as
shown in Fig. 1(b). Further increase of the CPCI concen-
tration results in a transition from droplets to columnlike
geometries. At 190 mM, the column surface is unstable and
forms a wavylike shape [Fig. 1(c)], while at 425 mM the
column has smooth surface and buckles [Fig. 1(d)]. The
structural changes with respect to CPCI concentration as
shown in Fig. 1 are hypothesized to be a result of an
interfacial material that forms at higher CPCI concentra-
tions. Therefore, we decided to investigate the interfacial
material that forms at the liquid-liquid interface to under-
stand why immiscible fluids are stabilized at increased
CPCl concentrations. This enables the identification of
mechanisms underlying the observed interfacial dynamics.

We used small-angle x-ray scattering (SAXS) to deter-
mine the morphology of the interfacial material. We were
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FIG. 1. Photographs showing the distinct structural changes
when CPCl solutions of varying concentration are injected into an
oleic acid reservoir at fixed CPCl injection rate of Q = 100 ml/h:
(a) 0 mM CPCl, (b) 50 mM CPCI, (c) 190 mM CPCl, and
(d) 425 mM CPCL

able to create and characterize interfacial materials by
quickly adding OA to a CPCI solution while in a quartz
capillary tube (see Supplemental Material [57]). On addi-
tion of the OA to the CPCI solution, a white interfacial
material began to form instantly, which allowed for direct
SAXS characterization of the material. The thickness of the
interfacial material increases with time while in the capil-
lary. The interfacial material thickness for 50 mM CPCI/OA
is roughly 0.1 mm after 20 min, and increases to roughly
0.3 mm after 3 h (see Fig. S1 of the Supplemental Material
[57]). Figure 2(a) shows the SAXS measurements for the
oil phase, the aqueous phase, and the interfacial material at
different time points for the 190 CPCl solution. The upper
layer (OA phase) shows a typical scattering pattern for a
fluid with no inherent nanostructure. For the CPCI sol-
utions, the SAXS patterns exhibit a structure factor indica-
tive of a disordered spheroidal micellar phase, which is
similar to previously published works [58,59]. Even though
the beam size (0.6 x 0.5 mm) is larger than the interfacial
material thickness, the isotropic scattering shown in Fig. S2
of the Supplemental Material [57] indicates that there are no
scattering artifacts as a result of the simultaneous illumi-
nation of the different liquid-film interfaces.

The scattering patterns at the interfacial layer is drasti-
cally different from the OA and CPCI phases. The SAXS
patterns suggest that the interfacial material possesses a
lamellar nanostructure (LAM, ¢/q* = 1, 2 where ¢* is the
first reflection). We hypothesize that the lamellar phase is
comprised of CPCI/OA bilayers alternating between layers
of water. The lamellar domain spacing (d) is calculated
using d = 2z /¢* which constitutes one layer of each water
and CPCI/OA bilayer. For the 190 mM CPCI solution, the
lamellar spacing is calculated to be 14.0 nm. The lamellar
phase located between the CPCl and OA phases does not
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FIG. 2.

(a) SAXS patterns showing the interfacial structure of the 190 mM CPCI solution and OA at different times () after contact.

(b) SAXS patterns showing interfacial nanostructure formed with CPCl solutions of varying concentrations at extended times.
(c) Averaged interfacial moduli of four frequency sweep measurements at fixed 0.1% strain and immediately after sample loading for

190 mM CPCI/OA.

change appreciably over time, as the primary scattering
peak moves slightly to lower ¢. This is different from the
overall thickness of the interfacial material discussed ear-
lier. The lamellar morphology is observed at different CPCI
concentrations, as shown in Fig. 2(b). The domain spacing
initially decreases with increasing CPCl concentration
(from d ~ 26 nm for 50 mM to d ~ 14 nm for 190 mM).
Then the domain spacing stays relatively constant for the
concentrations 190 and 425 mM. We posit that the decrease
in the lamellar domain spacing with increasing CPCl
concentration is due the greater availability of the CPCl
molecules with respect to the water content. For example,
the thickness of the hydrophobic domains is not expected to
change with CPCl concentration, as the length of the
hydrophobic chains dictate the hydrophobic domain thick-
ness. Therefore, the decrease in the domain spacing is
assumed to be a result of less water separating the hydro-
phobic layers.

Motivated by the structure of the interfacial material
formed between the oil and aqueous phases, the mechanical
response was characterized using interfacial rheology
employing double-wall-ring geometry (DWR). Figure 2(c)
shows the frequency sweep measurements at 0.1% strain and
the fixed angular frequency of 5 rad/s (linear viscoelastic
region) for 190 mM CPCIL. There is a larger storage modulus
G’ than loss modulus G”, while both moduli remain
insensitive to frequency. This reveals typical solidlike vis-
coelastic behavior for the interfacial material. Similar behav-
ior is observed for 425 mM (see Supplemental Material [57],
Fig. S4). We also observe an increase in moduli with
increasing the CPCI solution concentration. However, the
reason for the increase in the modulus with increasing CPCl
concentration is not easily discernible as the interfacial
material thickness increases over time. Previous experimen-
tal and modeling results indicate that catanionic bilayers

exhibit increased bending moduli due to the electrostatic
ordering of cations and anions in the membrane, which could
potentially play a role in our system [34,60]. Further analysis
is needed to fully determine if the increase in the modulus is
indeed a result of CPCl concentration, which would effect the
interfacial material thickness or molar ratio between CPCI
and OA in the self-assembled bilayer.

We hypothesize that the continuous self-supporting
tube is more uniform at increased CPCl concentrations
[Fig. 1(d)] due to an increase in the mechanical properties
of the interfacial layer. The claim is supported by both the
SAXS and the interfacial rheology experiments. All three
CPCl concentrations show that the interfacial layer exhibits
a LAM morphology, while interfacial rheology experi-
ments show that the 425 mM CPCI sample exhibits the
largest modulus. Therefore, the LAM morphology con-
tributes to the mechanical properties associated with the
interfacial material, but there must be additional factors at
play giving rise to the smooth self-supporting tube. The
question to answer is then, “If the morphology of the
interfacial material is not leading to a smoother column
surface, then why would the mechanical properties be a
factor, and why would the interfacial modulus increase with
increasing CPCl concentration?”” One possibility is that the
lamellar phase forms more rapidly, and as a result, thickens
at a greater rate at higher CPCI concentrations. This would
occur because there are more micelles per volume
at increased CPCl concentrations (see Supplemental
Material [57]). The second possibility is that the CPCl/
OA molar ratio in the bilayer membrane contributes to the
bending rigidity. Modeling results indicate that the bending
moduli of catanionic bilayers is sensitive to the molar ratio
between cation and anion surfactants [34]. Here, proton
nuclear magnetic resonance ('H NMR) experiments con-
firm that there is an increase in the CPCL:OA ratio with

178003-3



PHYSICAL REVIEW LETTERS 122, 178003 (2019)

increasing CPCI concentration (see Supplemental Material
[57]). We do not currently have experimental results to
support one possibility over the other, but we are actively
working in this area.

The SAXS results in Fig. 2 support our hypothesis that
the lamellar morphology formation occurs via a micelle-to-
lamellar transition due to the dilution of the cationic head
groups of CPCI when they come in contact with OA. The
work shown here follows an established model developed
by Jonsson and Wennerstrom for water-soap-alcohol mix-
tures in which the alcohol acts as a cosurfactant [61]. The
thermodynamic model by Jonsson and Wennerstrom incor-
porates the electrostatic contribution of the charged sur-
factant (e.g., CPCl) to the free energy and the chemical
potentials, and shows how the addition of a cosurfactant
dilutes the ionic surfactant, which increases the hydro-
carbon volume and minimizes the free energy of the polar-
apolar interface.

We would like to differentiate the system shown here
from catanionic systems that form soft glassy materials at
liquid-air interfaces [33]. In the previously reported system,
catanionic vesicles dispersed in aqueous solution aggregate
at the air-water interface over time yielding a solidlike
lamellar interface. In our system, we have a morphology
transition at the liquid-liquid interface that occurs within
seconds, which is different from the phase transition of the
catanionic vesicles at a liquid-air interface over the matter
of weeks [33].

Here, we predict that there is a rapid micelle-to-lamellar
morphology transition due to the presence of the OA
cosurfactant, and over time, the thickness of the interfacial
material grows due to the OA molecules diffusing into the
CPCI micellar phase, and leading to the formation of a
successive lamellar layer underneath as illustrated in
Fig. 3(a). In Fig. 3(a), the lamellar structure is aligned
parallel to the interface. However, it is likely that there are
lamellar domains randomly oriented as the two-dimen-
sional scattering pattern (Fig. S2 of the Supplemental
Material [57]) is isotropic.

Although previous work suggests that the OA is ionized
[37,42], which would lead to an electrostatic interaction
between the cationic and anionic surfactants causing a
change in the critical packing parameter, we predict that the
self-assembly process in the work described here is due to
the cosurfactant effect [62]. To test if the cosurfactant effect
is indeed causing the micelle-to-lamellar morphology
change, we used oleyl alcohol (OAL) and oleylamine
(OAM) as the oil instead of OA. Both OAL and OAM
are neutral and will not have electrostatic interactions
between CPCIl. When a solution of CPCI (100 mM) was
added to either an oil reservoir of OAL or OAM, a similar
interfacial material formed and resembled the same
material when OA is used (see Fig. S1b of the
Supplemental Material [57]). Interestingly, the interfacial
material formed using OAL and OAM exhibited a lamellar

FIG. 3. (a) Schematic illustration of the possible interfacial
material formation and the time evolution of the OA/CPCl
solution interface; (b) the packing parameter estimation respon-
sible for the structural transition.

morphology, as determined by indexing the SAXS pattern,
for both OAL and OAM [Fig. 4(a)]. Therefore, we suggest
that when the CPCI micelles interact with an oil that acts as
a cosurfactant, we can stabilize liquid-liquid interfaces with
ordered nanostructures.

By invoking the packing parameter argument, we sug-
gest that the micelle-to-lamellar morphology transition is a
result of an increase in v/ayl, from ~1/3 (micelle) to ~1
(bilayer) due to the dilution of the cationic head groups, as
shown in Fig. 3(b). While we propose that the lamellar
morphology should have a packing parameter of approx-
imately 1, alternative mechanisms might involve the for-
mation of vesicles first, and then the transition to lamellar
structures. Additional work is needed to specifically
determine the role the packing parameter plays in the
morphology transition, and ways to control the final
morphology.

We can take advantage of the rapid self-assembly
behavior in our system to print liquid-in-liquid structures.
For instance, Fig. 4(b) shows a manually printed spiral by
injecting 425 mM CPCI into OA reservoir. This offers a
novel method to print complex objects in liquid-liquid
environments suitable for biomaterials such as veins,
arteries, and cell membranes, as well as intricate liquid
electronics. Beyond surfactants, nanoparticles have also
been shown to aggregate at the interface of immiscible
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FIG. 4. (a) SAXS patterns for interfacial material formation of

100 mM CPCI solution with OAM (blue) and OAL (red). (b) A

self-supporting spiral tube made with manual injection of

425 mM CPCI solution in OA using a 27G needle.

fluids as well and form bicontinuous jammed emulsions
(bijels) [16,63,64]. Russell and co-workers have recently
introduced a method that takes advantage of nanoparticle
jamming at an interface to print desired structures [65,66].
In the work described here, instead of utilizing nano-
particle-polymer or nanoparticle-surfactant jamming, we
are able to use self-assembled surfactant-cosurfactant
association to create well-defined ordered nanostructures
with tunable domain spacing.

In conclusion, our experiments probe the interfacial
material formation in an aqueous-oil system, which causes
changes in the interfacial instabilities and is dependent on
the concentration of the CPCI solution. The interfacial
material exhibits typical elastic behavior and is character-
ized as having a lamellar nanostructure with a domain
spacing of approximately 20 nm. Our studies reveal that the
micelle-to-lamellar structural transition is due to a cosur-
factancy effect in which the CPCI molecules are diluted by
the OA molecules, which in turn leads to the formation of
an interfacial material exhibiting a lamellar morphology
that is able to stabilize immiscible liquid-liquid interfaces.
The surfactant concentration can be used as a convenient
parameter in such systems to stabilize highly nonequili-
brium shapes such as self-supporting structures in liquid-
liquid environments. The diversity of possible stable
morphologies can lead to new routes in fluids separation
and encapsulation in drug delivery, bioprinting, and
processing applications.

All of the SAXS measurements were taken at the
Materials Characterization Lab (MCL) in the Materials
Research Institute (MRI) at Penn State University. This
work was supported using start-up funds from the
Penn State University and University of Missouri-
Kansas City.
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