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a b s t r a c t

The temperature dependent rheological and structural behavior of a long-chain C16E4 (tetraethylene
glycol monohexadecyl ether) surfactant in D2O has been studied within the regime of low shear range.
In the absence of shear flow, the system forms a lamellar liquid crystalline phase at relatively high
temperatures. The present paper reports on the shear-induced multi-lamellar vesicle (MLV) formation
in C16E4/D2O at 40 wt.% of surfactant in the temperature range of 40–55 �C. The transition from planar
lamellar structure to multi-lamellar vesicles has been investigated by time-resolved experiments com-
bining rheology and nuclear magnetic resonance (rheo-NMR), rheo small-angle neutron scattering
(rheo-SANS) and rheometry. The typical transient viscosity behavior of MLV formation has been discov-
ered at low shear rate value of 0.5 s�1.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Shear-induced structures and structural changes in complex
fluids are interesting and important topics in colloidal sciences
[1–10]. An example is the stability of multi-lamellar vesicles
(MLVs) upon shearing and temperature variations [11,12]. Knowl-
edge about the MLV formation mechanism is important for
various applications, which often depend on the viscosity and rely
on the vesicle structures. Closed bilayer structures, such as MLVs,
are useful to encapsulate drugs, proteins and DNA [13]. The
rheological properties of lyotropic liquid crystal phases are often
affected by their mechanical history, as the lamellar phase
structure show a rich variety of shear-induced orientation states.
These shear-induced structures in lamellar phases are often sum-
marized in the so-called orientation diagrams first introduced by
Roux and co-workers [14]. MLVs often occur when a defective
lamellar phase is subject to a shear flow. The formation of MLVs
is accompanied by a shear thickening. By increasing the shear
rate further, shear thinning is caused in the MLV region as the
MLVs become smaller [3,14]. When the shear rate is increased,
some layers are stripped off and this causes a decreasing of the
size of MLVs which may vary from hundreds of nanometers to
tens of micrometers. Obviously the vesicle number density
ll rights reserved.
increases and the total bilayer area can be considered constant
[12]. Shear-induced MLVs can be stable for a long time, but they
do not correspond to the thermodynamic equilibrium structure of
the lamellar system [15–18]. Combining different structural tech-
niques such as X-ray, neutron and light scattering, and NMR (all
of these rheo tools equipped), make it possible to investigate fluid
structures under flow like MLVs [1–3,8–30] and to determine
their characteristic dimensions [10–12,18,20,22–30].

In many nonionic surfactant aqueous systems of the CnEm type
(CnH2n+1(OC2H4)mOH) a lamellar phase occurs over a wide temper-
ature and concentration range. Within this phase region, a
relatively limited area exists where MLVs can be formed by shear.
Although a large literature on MLV formation in CnEm (with n = 10
or 12) water systems has been produced [9,11,12,15,18–23,26], not
so much attention has been given to the study of the long-chain
systems (i.e. n = 16) [28,29].

In the present article the mechanism of the MLV formation has
been studied for the long-chain surfactant C16E4, when dissolved in
D2O. At the temperature of 55 �C and at constant shear rate of
0.5 s�1, the system does show a complete MLV formation while a
coexistence region of MLVs and planar lamellae occurs at 40 �C
applying the same shear rate. Consequently, we observed that tem-
perature causes an inverse effect respect to surfactant with shorter
chains (C10E3 and C12E4).

We also found an intermediate multi-lamellar cylinders (MLCs)
state, in agreement with earlier studies on CnEm/D2O systems
[22,23].
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Fig. 1. Transient viscosity under constant shear rates (0.1, 0.2 and 0.5 s�1) of
40 wt.% C16E4/D2O system at 40 �C.

Table 1
Steady state viscosity values of the triplicate experiments at 40 �C.

Exp no./shear rates 0.1 s�1 0.2 s�1 0.5 s�1

1 15.0 Pa s 11.9 Pa s 17.8 Pa s
2 15.2 Pa s 11.4 Pa s 17.1 Pa s
3 15.6 Pa s 11.1 Pa s 17.5 Pa s
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2. Materials and methods

2.1. Materials

Tetra-ethyleneglycol mono hexa-decyl ether (C16E4) has been
used as surfactant with a 40.0 ± 0.2 wt.% concentration in D2O.
C16E4 has been purchased from Nikko Chemicals Co., Ltd. (Tokyo,
Japan); D2O has been purchased from Armar Chemicals. Both
materials have a declared purity higher than 99.8%, and have been
used without further purification. Samples have been prepared by
simply mixing surfactant and D2O, helped by gentle shaking, and
left overnight. Normally this is sufficient to yield a homogeneous
lamellar phase at 40 �C.

2.2. Rheo-small angle neutron scattering (SANS)

Small-angle neutron scattering experiments have been per-
formed on the SANS-II instrument at the SINQ, Paul Scherrer Insti-
tute, Switzerland [31]. Time-resolved neutron scattering
experiments have been carried out in a q-range of 0.02–0.35 Å�1,
while the sample has been subjected to shear using a couette cell
with an inner rotating cylinder of 14 mm radius, and a gap equal
to 1 mm. The shear cell was mounted in radial beam position, with
the neutron beam passing through the sample along the velocity
gradient direction, i.e. the scattering is observed in the plane ex-
panded by the flow and the vorticity (neutral) directions perpen-
dicular to the shear-gradient [32].

The shear rate was calculated using _c ¼ 2pXðRÞðR0 � R1Þ, where
X is the angular velocity, R1=14 mm and R0 = 15 mm are the inner
and outer radii respectively, and R = (R0 + R1)/2.

The data have been corrected for background and empty cell
scattering according to the standard procedure. The high tempera-
tures and the long time of the experiments forced us to paid partic-
ular attention to control solvent evaporation as the accuracy of the
temperature control is ±0.1 �C. In the rheo-SANS experiments the
evaporation was avoided by using a sealed couette.

2.3. Rheo-nuclear magnetic resonance (NMR)

The rheo-2H NMR experiments have been carried out using a
cylindrical couette cell (9 mm inner radius, and 1 mm gap). This
cell is integrated into an NMR microimaging probe for a wide-bore
superconducting magnet. The axis of the shear cell is aligned par-
allel to the magnetic field. Shear is applied by rotating the inner
cylinder with an external stepper-motor gearbox assembly
mounted on top of the NMR magnet. The spectra were recorded
with a Bruker Avance 300 (Bruker, Germany) operating at a deute-
rium resonance frequency of 46.073 MHz. The evaporation was
avoided by using a sealed couette. Temperature was strictly con-
trolled (±0.2 �C).

The 2H NMR technique probes the motionally averaged electric
quadrupole couplings between the deuterium nuclei (spin I = 1)
and the electric field gradients at the sites of the observed nuclei
[33]. In the case of uniaxial symmetry, as for the lamellar phase,
the 2H spectrum consists of a doublet with a frequency separation
Dm given by [33,34] Dm ¼ 3

4 dðcos2 h� 1Þ, where h is the angle be-
tween the director (the symmetry axis of the phase) and the mag-
netic field and d is the motionally averaged quadrupole coupling
constant.

2.4. Rheology

The C16E4/D2O system is very sensitive to the applied mechan-
ical history and for this reason we have performed the rheological
measurements in triplicate with a stress controlled rheometer. The
rheology experiments have been performed on a Physica UDS 200
rheometer using the cylindrical geometry (Z3 DIN, inner radius
12.5 mm, gap 1 mm). In addition the rheometer has been equipped
with evaporation trap and temperature control of ±0.1 �C.
3. Results and discussion

3.1. Shear-induced transition in C16E4/D2O system

The time-dependent transient viscosity for a 40 wt.% C16E4/D2O
system measured at 40 �C is shown in Fig. 1. The viscosities have
been measured applying different shear rate values. It is remark-
able to note: (i) high viscosity values at low shear rate values, in
comparison with other CnEm surfactants [21]; (ii) a significant in-
crease in viscosity is observed at shear rate of 0.5 s�1.

The triplicate experiments show a similar behavior of the vis-
cosity and they reach a viscosity steady state value in the error
range of ±0.5 Pa s, Table 1.

The increase of viscosity likely denotes the formation of MLV as a
result of the shear, even though the viscosity is not as high as that
usually observed in the mechanism of the MLV formation [15,21].
The small increase of viscosity may be interpreted in terms of coex-
istence of MLV and lamellar phases. The MLV formation is further
confirmed by rheo-NMR experiments shown in Fig. 2. In fact the
characteristic ‘‘Pake’’ doublet of the planar lamellae turns into a
broad single peak as a consequence of the MLVs presence [19,20].
After 30,000 s under shear rate of 0.5 s�1 no substantial modifica-
tions have been observed on the spectra as it is possible to see in
the inset B in Fig. 2. Moreover the NMR line shape of the spectra
seems to confirm the MLV and lamellar phases coexistence.

The same experiments have been performed at 55 �C and the
transient viscosities, applying 0.1, 0.2 and 0.5 s�1 shear rates, are
shown in Fig. 3. The typical strain evolution of the complete MLV
formation [15,21] is reported at 0.5 s�1. On the contrary to what
has been observed at 40 �C, the increase in viscosity over time is
remarkable and it corresponds to a significant thickening behavior.



Fig. 2. Time evolution of 2H NMR spectra during the MLV formation from planar
lamellae at 40 �C and at constant shear rate of 0.5 s�1. The inset A shows the powder
pattern of the lamellar phase with no shear applied. The inset B shows a broad peak
attributed to MLV and lamellar phases coexistence after 30,000 s under shear rate of
0.5 s�1.

Fig. 3. Transient viscosity under constant shear rates of 40 wt.% C16E4 sample at
55 �C and relative SANS patterns for the transient viscosity obtained at 0.5 s�1 at
different times (strain units). Anisotropic 2D-scattering patterns have been
recorded in vorticity-flow (z–x) plane. The neutron beam passing through the
sample along the velocity gradient (y) direction.

Fig. 4. Evolution of SANS intensity at the lamellar Bragg peak in neutral and flow
direction in the radial beam at the shear rate value of 0.5 s�1.
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The triplicate experiments show a similar behavior of the vis-
cosity and they reach a viscosity steady state value in the error
of ±0.7 Pa s.

SANS experiments have been performed at low shear rate val-
ues within the q-range 0.02 Å�1 < q < 0.15 Å�1 where the first order
Bragg peak, observed at q � 0.09 Å�1, corresponds to the bilayer
spacing (d) of 6.9 nm. On the other hand at 40 �C a bilayer spacing
of 7.2 nm is observed and this temperature dependence behavior
of d-spacing is similar to the data on C16E6/D2O found by Penfold
et al. [35]. SANS spectra in the radial direction (perpendicular to
the direction of flow) have been recorded at intervals of 180 s, with
an acquisition time of 1 s. At the shear rate of 0.5 s�1 and after
360 s (180 strain units) a pronounced anisotropic scattering is ob-
served (Fig. 3).

The observed peak structure factor at lower strain value, arises
likely from a minor population of bilayers with their normal paral-
lel to vorticity direction (z) which is called ‘‘a’’ orientation [36].
However according to the reference [30], the ‘‘a’’ orientation is
attributed to a metastable state and it is reasonable to affirm that
part of the bilayers orient with their normal parallel to the velocity
direction (y), ‘‘c’’ orientation.
SANS patterns change from the anisotropic pattern to the iso-
tropic ring in time. These changes clearly demonstrate the forma-
tion of the isotropic MLVs. In fact the pronounced increase of
viscosity due to the mechanism of MLV formation, occurs between
4000 and 9000 strain units.

Usually the pathway of MLV formation reveals a characteristic
sequence of lamellae morphology changes. A pre-aligned lamellar
phase in the ‘‘c’’ orientation first undergoes to changes into mul-
ti-lamellar cylinders (MLCs) followed by MLVs [22,23].

3.2. Intermediate structure during the MLV formation

Fig. 4 shows the peak intensities along the neutral and the flow
directions plotted vs. the strain. The data reflect the gradual forma-
tion of MLVs in the system. The intensity in the neutral direction
reveals a maximum at around 3200 strain units (Fig. 4). This max-
imum may be due to multilamellar cylinder (MLC) formation as
observed previously in the analogous C10E3 and C12E4 systems
[23]. Further investigations, including tangential rheo-SANS and
rheo-SALS are, however, required to conclusively determine the
presence of this intermediate cylinder state. The observation that
some anisotropy remains in the SANS patterns after steady state
has been reached at approximately 8000 strain units may indicate
that either (i) cylinders are still present, (ii) the vesicles are signif-
icantly elongated or (iii) planar lamellae are still present.

3.3. Size determination of shear-induced MLVs by rheo-NMR

In Fig. 5 the 2H NMR line shape of heavy water in MLV system at
55 �C is analyzed quantitatively as reported in literature [18],
through which the MLV size can be determined. In first approxima-
tion the radius of the MLVs determined from the line shape simu-
lation is around 3 lm. A quadrupolar splitting of 480 Hz has been
measured. The d-spacing of the bilayer is determined by SANS pro-
file measured without shear rate, d = 6.9 nm. Taking into account
the approximations introduced, further investigations are needed
to determine the exact MLV radius.

3.4. Temperature effect on the MLV formation

Both temperature and the surfactant chain length are parame-
ters that control the transition from planar lamellae to MLVs. Con-
sidering the literature data for the short-chain CnEm aqueous
systems [23] upon increasing the temperature (changing the spon-
taneous curvature of the bilayer) at a constant shear rate, a coexis-



Fig. 5. The Lorentzian line shape simulation on the broad NMR peak of the MLVs.
The broad peak has been recorded at 8000 strain units (shear rate 0.5 s�1).
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tence region of MLVs and planar lamellae occurs. In C16E4/D2O sys-
tem the temperature has a marked effect on MLV formation, in-
deed a MLV phase occurs at high temperature, while at lower
temperature we observe a regime of MLVs and planar lamellae
coexistence. Furthermore in this system the temperature influ-
ences the strain required for the MLV formation. In fact the strain
required at 40 �C is 2500 strain units (Fig. 1), while it is 8000 strain
units at 55 �C (Fig. 3).

This is interpreted in terms of a higher bending rigidity of bilay-
ers, in lamellar phase, of the CnEm with shorter chains. By changing
the spontaneous curvature of the bilayer (i.e. increasing the tem-
perature), the applied shear flow is able to bend the lamellar bilay-
ers. The assumption of the higher bending rigidity of C16E4 can be
made considering the literature [37]. In fact it has been observed
that a higher value of ‘‘n’’ corresponds to a higher value of bending
rigidity, while the systems show an inverse relationship with ‘‘m’’.

4. Conclusions

Combined studies of rheology, rheo-NMR and rheo-SANS have
revealed that 40 wt.% C16E4/D2O system forms a MLV phase when
a shear rate of the order of 0.5 s�1 is applied. At approximately
8000 strain units the MLV formation is complete at the tempera-
ture of 55 �C, while at 40 �C the mechanism was complete reaching
the 2500 strain units although with a lamellar phase coexistence.
The same does not hold true for the short-chain CnEm water sys-
tems, which exhibit an opposite trend with the temperature [23].
This temperature effect is connected to the bending rigidity of
bilayers in lamellar phase. In particular bilayer rigidity of long-
chain surfactants can be considered higher than the short-chain
(like C10E3 and C12E4) surfactants [37]. Our results show a similar
behavior in temperature to C16E7 studied by Kosaka et al. [29].
Additional studies on long-chain CnEm surfactants are needed in or-
der to fully understand the temperature dependence of the MLV
formation.

Comparing our results with those of Nettesheim et al. [23] and
Gentile et al. [15], we conclude that, for C16E4, C12E5, C12E4 and
C10E3 water systems, the transition from planar lamellae to MLVs
follows a similar path, except for the temperature dependence of
the strain. Comparing the strain values needed for the MLV forma-
tion, we note that the C16E4 requires a higher strain than C12E5,
while a lower strain than C12E4 and C10E3. This comparison is made
at 55 �C for C16E4 and C12E5 and at 25 �C for C12E4 and C10E3.
In the present article we focused on the presence of the lamel-
lar-to-MLV transition in a long-chain nonionic surfactant C16E4 at
40 wt.% in D2O at low shear rate values. Moreover it was found
an inverse temperature relation of the MLV formation compared
to the short-chain nonionic surfactant.
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