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Abstract A sponge phase (L3 phase) was observed in
aqueous solution of a nonionic surfactant polyethylene
glycol ether of tridecyl alcohol with the average 3 of ethylene
oxide (CH3(CH2)12(OCH2CH2)3OH, abbreviated as
Trideceth-3) with tetradecyldimethylamino oxide

(CH3 CH2ð Þ13 N↑O CH3ð Þ2, abbreviated as C14DMAO). The
L3 phase can be transferred to planar lamellar phase after the
bilayer was protonated by the formic acid formed through the
hydrolysis of methylformate. The addition of surface charge
into the nonionic L3 phase through electrostatic repulsion on
the ionic head groups will suppress the Helfrich undulation
and induce the transition to planar lamellar phase. The planar
lamellar phase can be transformed into multilamellar vesicles
under shear. Rheological properties show that both of the stor-
age modulus and the loss modulus of the lamellar phase were
increased with the increment of surface charge density. The
phase transition from L3 phase to vesicles was characterized
by rheological measurements, 2H NMR spectra, and transmis-
sion electron microscope (TEM) observations. To our best
knowledge, this is the first example of a controlled phase

transition in nonionic surfactant mixtures through protonation
and shear forces. The procedure provides a direction on how
to achieve phase transition in surfactant solution by changing
the conditions and an application of phase transition of con-
trolled materials.
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Introduction

For mixed systems consisting of small particles and surfac-
tants, it is a tremendous challenge to control the morphology
of the colloid aggregates, especially for bilayer membranes. A
multitude of self-assembled structures including micelles,
nanodiscs, vesicles, liquid crystals, and fibers were produced
in surfactant solutions [1–5]. L3 phase, i.e., the so-called
sponge phase, is a low viscosity, slightly turbid, and optically
isotropic phase which shows flow birefringence [6, 7]. From
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the structure point of view, L3 phase is a three-dimensional
random multiply connected bilayer dividing the spaces into
Binside^ and Boutside^ regions [7–22]. A symmetric
sponge phase has equal amounts of inside and outside re-
gions; however, in an asymmetric sponge phase, these re-
gions are different in amounts. Freeze-fracture transition
electron microscope (FF-TEM) micrographs clearly show
that the bilayers are indeed multiply connected and have a
saddle-shaped microstructures with a negative Gaussian
curvature [16, 23].

The L3 phases in surfactant mixtures have been inves-
tigated widely. They consist mainly of ionic surfactant,
alcohol (i.e., cosurfactants of alcohols having C4-C8 al-
kyl), and water (or oil) mixtures in dilute solution [24,
25]. However, Hoffmann et al. investigated nonionic sur-
factant C14DMAO mixed with hexanol as a cosurfactant
to observe sponge phase with increasing hexanol in the
spherical aqueous micellar solution of C14DMAO, and
observed a phase sequence of vesicle phase (Lαl)-lamellar
phase (Lαh) with flat bilayers-sponge phase (L3). This
phase sequence is due to an increase in flexibility of the
bilayers with increasing amount of the cosurfactant [26,
27]. In addition, other scholars observed a remarkable
characteristic behavior of phase transition from L3 to Lα

under shear forces in C14DMAO and hexanol mixtures in
aqueous solution [17, 28, 29]. Basically, the appearance of
a L3 phase is correlated with the presence of a lamellar
phase, which strongly indicates that the structure of ag-
gregate is locally formed bilayer membrane. On the basis
of detailed diffusion measurements, it was suggested that
L3 consists of disordered lamellar structures [30], which
along with the bending energy of uncharged nonionic sur-
factant bilayers can be influenced by various additives.
Under the controlled shear strain, orientated lamellar
phase can transfer into densely packed onion, leading to
a more negative Gaussian curvature modulus of mem-
brane [31–36]. Porcar et al. studied the shear-induced
transitions by the small angle neutron scattering studies,
which complement the electron microscopy studies [37–39].

In the present report, L3 phase was observed in aqueous
solution of nonionic surfactants Trideceth-3 mixed with
nonionic surfactant C14DMAO. Trideceth-3 is a typical
nonionic surfactant with a preference to form flat bilayers,
which can close to vesicles by introducing charges [40].
Upon the addition of C14DMAO to the aqueous solution of
Trideceth-3, the behaviors of phase transition among Lα,
L3, and L1 were observed. Interestingly, the phase transi-
tion from L3 phase to planar lamellar was observed by
introducing charges from formic acid formed by
methylformate hydrolysis, but not shear forces in the sys-
tem, i.e., HCOOCH3 + H2O → HCOOH + CH3OH and
CH3 CH2ð Þ13 N↑O CH3ð Þ2 + HCOOH → CH3 CH2ð Þ13 N↑OHþ

CH3ð Þ2 + HCOO−. Under shear forces, the phase transition

from Lαl to vesicle phase was obtained. Our study shed
light on our understanding of L3 phase and bilayer
morphology.

Experimental

Materials

Trideceth-3 was purchased from SASOL Germany GmbH. It
is a biphasic solution at room temperature due to the existence
of trace amount of Trideceth-5 and Trideceth-8 and stirred
before use. A 70% (w/v) C14DMAO aqueous solution was
from Wacker Company, Germany, and purified at least three
times using acetone. It was dissolved in deionized water that
had been distilled for three times.

Phase diagram

Phase behavior of the nonionic surfactant mixture was studied
by visual inspection using crossed polarizers of 400 solution
samples. The samples were obtained by dissolving various
amounts of C14DMAO and Trideceth-3 in aqueous solution.
The solutions were stirred and kept at 25 °C for at least
4 weeks for equilibration.

Conductivity

The conductivity of samples was measured at 25 °C using a
conductivity meter DDSJ-308A and a glass electrode DJS-
10C (Shanghai Jingke, China).

Rheological measurement

The rheological measurements were performed using a Haake
RS6000 rheometer with double-gap sensor (Z41° Ti for low
viscosity samples) at temperature controlledwithin ±0.1 °C by
a thermal controller (Haake TC81). The viscosity of samples
was determined in amplitude sweep tests conducted in a range
of frequency between 0.01 and 10 Hz. All samples for rheo-
logical measurements were prepared at least 4 weeks before.

2H NMR

2H NMR spectra were recorded on a Bruker AVANCE 400
spectrometer equipped with pulse field gradient module (Z
axis). The samples in which the water was replaced to deute-
rium oxide were added into a 5-mm BBO probe and the tem-
perature was controlled to ±0.1 °C by a thermal controller for
4 weeks for equilibration.
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Transmission electron microscopy

The phase structural transitions from sponge phase, planar la-
mellar phase to vesicles were characterized by freeze-fracture
TEM (FF-TEM) and cryo-TEM observation. For FF-TEM ob-
servations, a small part of sample was placed on a 0.1-mm-thick
copper disk covered with a second copper disk. This copper
sandwich was plunged into liquid propane, which had been
cooled by liquid nitrogen, to freeze the sample. Fracturing
and replication were carried out at −140 °C on a Balzers
BAF-400D equipment. Pt/C was deposited at angle of 45°.
The replicas were examined on a JEOL 100CX-II TEM oper-
ated at 100 kV. For cryo-TEM observations, specimens were
prepared using carbon film grids with hole size between 1 and
12 mm. In brief, one drop of sample solution was placed on a

coated TEM grid (copper grid, 3.02 mm, 200 meshes). Most of
the liquid was removedwith blotting papers to afford a thin film
stretched over the holes. The resultant specimens were instantly
snap frozen by plunging into liquid ethane in a temperature-
controlled freezing unit (Zeiss, Oberkochen, Germany). After
removing the remaining ethane using blotting papers, the spec-
imens were inserted into a cryo-transfer holder (Zeiss,
Oberkochen, Germany) and transferred to a Zeiss CEM 902
apparatus equipped with a cryo-stage. TEM analysis was con-
ducted with an accelerating voltage of 80 kVat 90 K. Zero-loss
filtered images (DE = 0 eV) were recorded under low-dose
conditions. The mean lamellarity was determined based on
the micrographs of three different areas of the specimen. All
vesicles within several holes of the carbon film grid were count-
ed and used to calculate the average number of small and large
vesicles.

Results and discussion

Phase behavior and properties of L3 phase

Phase behavior was studied by visual inspection and with
crossed polarizers. Figure 1 shows the section of the ternary
phase diagram of mixture of C14DMAO, Trideceth-3, and
H2O at low surfactant concentrations. One can see that the phase
diagram exhibits a number of phases and transitions, including
L1, vesicle, vesicle/L1, planar lamellar/L1, and L3 phases. The
formation of a two-phase system can be ascribed to the coexis-
tence of different aggregates and the different surfactant com-
positions, as well as the triggered difference of solution density
between the upper and the lower phase. L3 phase was in a very
narrow region and located in the Trideceth-3 rich region at
Trideceth-3 concentration of 2.75–7%.

Fig. 1 Phase diagram of C14DMAO/Trideceth-3/H2O system at
25.0 ± 0.1 °C. At low C14DMAO concentration, the solutions undergo
transition from L3 phase to biphase planar lamellar (Lαl)/L3 and to planar
lamellar phase with domain-like birefringence in a very narrow region, as
shown as the inset on the right corner. With the increment of C14DMAO,
the solutions undergo transition from birefringent vesicle phase (Lαv) to
biphase vesicle (Lαv)/L1 and to L1 phase in a broad region

Fig. 2 Changes of conductivity with time after shaking L3 phase samples
containing 1.25% (w/v) C14DMAO and 3.75% (w/v) Trideceth-3 in water.
The samples were inspected with polarizers

Fig. 3 Stress and apparent viscosity of the aqueous sample containing
1.25% C14DMAO/3.75% Trideceth-3 as a function of shear rate. The
total time period for increase/decrease of the shear rate was 2 h for each
direction
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The samples at L3 phase can be prepared according to the
phase diagram in Fig. 1. The sample is a little bluish, low
viscosity, isotropic, and has flow birefringence.When samples

at L3 phase were sheared violently, the instantaneous birefrin-
gence can be observed more than 1 h later. Figure 2 shows a
typical diagram of the conductivity changing with time after
samples at L3 phase were vigorously sheared. Without shear,
the conductivity was about 67 μS cm−1. After shear, the con-
ductivity decreased to about 10 μS cm−1. After stopping the
shear process, the conductivity increased gradually to its orig-
inal value. It is considered that upon shear, the bilayers can be
oriented and fused into vesicles temporarily. The vesicles
could lower ions mobility, decreasing the conductivity. After
the shear was retreated, the bilayers came back to the original
state, thus increasing the conductivity.

The shear forces to the L3 phase samples temporarily
increased their viscosity. In order to demonstrate this phe-
nomenon, we characterized the apparent viscosity of
unsheared L3 phase samples as a function of shear rate
from about 0.01 s−1 up to a few thousand s−1 over 1 h
and then decreased again. The rheogram in Fig. 3 clearly
shows that after being sheared at high shear rate, the
returned apparent viscosity η is significantly increased, in-
dicating that the L3 phase with bilayers has been trans-
ferred into other aggregates such as vesicles.

Transition and microstructures from L3 phase to planar
lamellar phase

A 20 mmol L−1 methylformate was added into samples at
L3 phase. After that, L3 phase became planar lamellar
phase due to protonation of bilayer membranes by formic
acid produced by methylformate hydrolysis. In this pro-
cess, the shear forces were not introduced in the system.
Phase transition from L3 phase to planar lamellar phase is
shown in Fig. 4. It is clear from Fig. 4 that the domain-like
birefringence gradually spread to the whole phase with
methylformate hydrolysis. After complete protonation,
the charges on the amphipathic bilayer membranes render
the Gaussian modulus negative, thereby reducing the sta-
bility of L3 phase and increasing that of Lα phase [41, 42].
After the planar lamellar phase was sheared at 10 s−1 for
4 h, it is clear that the birefringent texture is different from the
one without shearing, indicating that the planar lamellar phase
was transformed into vesicle phase under shear.

Fig. 4 The photographs of phase
behavior over time after addition
of 20 mmol L−1 methylformate.
The last image was taken after
total protonation of sample. The
samples were inspected with
polarizers

Fig. 5 FF-TEM images of aqueous samples containing 1.25%
C14DMAO and 3.75% Trideceth-3 at the L3 phase (a), at the planar
lamellar phase (b) formed without shear forces through protonation by
the formic acid formed through methylformate hydrolysis, and at vesicle
phase (c) formed through shaking the planar lamellar phase
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FF-TEM and cryo-TEM are two powerful tools for unam-
biguously observing the structures of surfactant self-assembly
at hydrate state [43, 44]. The bicontinuous bilayer structure of
L3 phase was determined by FF-TEM, as shown in Fig. 5a. It
is clear from the figure that the bicontinuous bilayer structure
is as long as over several micrometers. The saddle point

structures can clearly be identified from the image at enlarged
scale. At such a point, the bilayers have both negative and
positive curvatures. Without the shear forces, the L3 phase
can be protonated by the formic acid formed through
methylformate hydrolysis, and transformed into planar lamel-
lar phase, as shown in Fig. 5b. After introducing shear force
into planar lamellar phase, a new phase consisting of vesicles
as shown in Fig. 5c can be formed.

Deuterium NMR is a well-established method to study
the microstructures of surfactant aggregates in solution
without destroying the essential properties of the sample
[45, 46]. For surfactant self-assembly, some characteristic
peaks have been summarized [31]. In the planar lamellar
phase solution, a doublet quadrupole splitting is usually
seen in the spectrum due to the long-range ordered an-
isotropic bilayer structure. In the vesicle phase, the water
molecules bounded at the interface of curved bilayers
exhibit local anisotropy but a long-range isotropy; therefore,
only a single peak is seen in the spectrum. In Fig. 6, the phase
transition from L3 phase to unsheared planar lamellar phase to
vesicle phase is characterized by 2H NMR, showing no dou-
blet splitting of L3 phase. This can be explained by that after
charging the bilayer membranes of the isotropic solution at L3

phase, the newly formed planar lamellar phase with shaking

Fig. 6 2H NMR spectra of L3 phase, planar lamellar (Lαl) phase, and vesicle (Lαv) phase

Fig. 7 The apparent viscosity of protonated planar lamellar phase
changing with time at constant shear rate 10 s−1
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shows obvious doublet splitting, indicating the formation of
high anisotropic solution at the flat lamellar phase. The dou-
blet splitting was not observed at vesicle phase after shaking
planar lamellar phase to transform into vesicles, as only one
2H NMR signal was observed. It is mainly due to the closely
packed spherical-like vesicles at the vesicle phase, which
should be a less anisotropic environment of the individual
water molecules without quadrupole coupling [47].

Rheological properties of the phase transition process

Figure 7 shows the time-dependent apparent viscosity varia-
tion of planar lamellar phase exposed to a constant shear rate
of 10 s−1. Three regions could be determined. In the first
region (I region) shortly after shearing, a shear thinning prop-
erty is shown, indicating that the sample behaves like a plastic
fluid, such as the flat lamellar phase. It is considered that this
thinning is principally because of the formation of ordered
bilayer structures being aligned in the flow direction. In the
second region (II region), a shear thickening property is
shown, suggesting that some bilayers start to close at this
point, resulting in the formation of vesicles, which are more
viscous than the extended bilayers. In the region III, the vis-
cosity reaches a plateau, with viscosity further slightly increas-
ing over time.

Figure 8 shows the rheograms of the L3 phase with
bicontinuous bilayers, unsheared low viscosity planar lamellar
phase with stacked lamellae, and the vesicle phase with vesi-
cles obtained from the planar lamellar phase by applying a
constant shear rate at 10 s−1 for 4 h. As shown in Fig. 8a,
the L3 phase almost keeps its complex viscosity constant at
stress around 0.002 Pa and behaves as Newtonian fluid. The
loss modulus G″ is higher than the storage modulus G′, indi-
cating that the L3 phase has low elasticity. As shown in Fig.
8b, even the storage modulus G′ of the unsheared planar la-
mellar phase is higher than the loss modulus G″, their values
are very low, suggesting that the unsheared planar lamellar
phase is a weakly viscoelastic fluid. The complex viscosity
decreases with increase of the investigated frequency, indicat-
ing the fluid has a shear thinning property. After introducing
shear forces into the planar lamellar phase, the newly formed
vesicle phase consists of vesicles and is strongly viscoelastic,
as shown in Fig. 8c. The storage modulus G′ and the loss
modulus G″ are much higher than that of L3 phase and planar
lamellar phase. The complex viscosities decrease with a slope
of −1 over the whole frequency ranging from 0.01 to 10 Hz,
suggesting the presence of uni- and multibilayer vesicles [48].
Thus, the rheological properties could indicate that vesicle
phase behaves like a Bingham fluid with a yield stress value
and has viscoelastic properties.

Conclusions

A L3 phase of bicontinuous bilayers in an isotropic, low vis-
cosity aqueous solution of nonionic surfactant mixtures of
C14DMAO and Trideceth-3 can be transformed to planar la-
mellar phase by protonation then to vesicle phase under shear.
This study builds on previously investigation on sponge phase
and phase transition from L3 to Lα under shear forces of non-
ionic surfactant C14DMAO mixed with cosurfactant [17,
26–29], by expanding the phase transition from L3 to vesicle

Fig. 8 The oscillation rheograms of L3 phase (a) at constant stress of
0.002 Pa, planar lamellar phase (b) at constant stress of 0.1 Pa, and vesicle
phase (c) at constant stress of 0.01 Pa
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phase. The phase behavior and rheology properties of L3

phase formed by nonionic surfactants Trideceth-3 mixed with
nonionic surfactant C14DMAO aqueous solutions reported in
this paper. When the L3 phase was vigorously sheared, the
bilayers can be oriented and fused into vesicles temporarily.
After the shear was retreated, the bilayers came back to the
original state. We have systematically studied the phase tran-
sition and rheology properties of nonionic surfactants
Trideceth-3 mixed with nonionic surfactant C14DMAO aque-
ous solutions. Due to hydrolysis of methylformate in the L3

phase solution, the charged lamellar structures can be obtained
from L3 phase with a negative curvature and extended to flat
planar lamellar phase without shear forces. The flat planar
lamellar phase sample is weakly viscoelastic and highly an-
isotropic as indicated by the obvious double splitting in 2H
NMR spectra. Under shear forces, the flat planar lamellar
phase can close to vesicles with high viscoelasticity. An in-
crease of ionic strength results in decreases in elasticity and
viscosity of the solution.

We hope that the report could provide a guide for us on
how to achieve controlled phase transition in nonionic surfac-
tant mixtures and an application of phase transition of con-
trolled materials.
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