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The shear-induced transformations between oriented planar lamellae and a state of closely packed

multilamellar vesicles (MLVs) in a lyotropic nonionic surfactant model system were studied by the

combination of nuclear magnetic resonance (NMR) spectroscopy and diffusometry with magnetic

resonance imaging (MRI). 2HNMR imaging confirmed the discontinuous nature of the transition from

onions to planar lamellae, revealing the spatial coexistence of both states within the gap of the

cylindrical Couette geometry. On the other hand, NMR diffusion measurements in three principal

directions and at various values of strain strongly suggest that a multi-lamellar cylindrical or undulated

intermediate structure exists during the continuous and spatially homogeneous transition from planar

lamellae to MLVs.
1. Introduction

The lyotropic lamellar (La) phase is well known for its complex

response to shear flow.When shear is applied at a constant rate the

equilibrium La structure consisting of extended stacks of bilayers

may be transformed to a particular defect structure resembling

close-packed multilamellar vesicles (MLVs). This phenomenon

was first investigated in detail by Roux and collaborators.1–4 The

MLVs, also knowas onionsor spherulites, are fairlymonodisperse

in size with a radius in the range from hundreds of nanometres to

tens of micrometres that is tunable by the applied shear rate.

Due to their amphiphilic constituents the surfactant bilayers

form a barrier to both hydrophilic and hydrophobic molecules.

Therefore MLVs, which are metastable and may persist for long

times, are investigated as possible containers and delivery

systems for drugs and nanoparticles.5–14 They also show potential

as microreactors.15,16

The initial formation of the onion structure from the ‘‘normal’’

La phase is accompanied by an increase in viscosity. However,

once the onions have been formed, the system becomes shear-

thinning and the viscosity decreases as the onion radius RMLV
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becomes smaller with increasing shear rate, often following

a power law, RMLV f _g�a, with a z 0.5.2,17 Periodic structures

may be formed due to the low MLV polydispersity.18–23 Electron

microscopy shows there are no solvent-filled voids in the system.

Space is completely filled by the lamellar phase and the onions

have polyhedral shapes.24

Shear-induced MLVs have been found in many La phases,
25–29

independent of the type of surfactant used. They have been

observed in systems containing anionic,1–4,19,30–39 cationic,40–43

nonionic17,23,44–49 or mixed cationic/anionic surfactants50 as well

as in lamellar phases formed by polymeric surfactants of the

block copolymer51–53 or the side-chain polymer type.54,55 They

occur in simple binary systems,17,44–49 in surfactant/water systems

with additional cosurfactant and/or salt1,19,30–32,34–36,38,39 and in

multi-component oil-swollen systems.2–4,30,33,37

The stability regions of both planar lamellae and MLVs as

a function of shear rate and temperature can be readily obtained

from, for instance, the 2H NMR line shapes of D2O-enriched

samples17,44 and mapped in a so called orientation or shear

diagram.2,56 Moreover, transient processes under shear flow, such

as the formation ofMLVs from initially planar lamellae (lamellae-

to-onion) or the reverse transformation (onion-to-lamellae) canbe

followed by time-dependent 2H NMR experiments.57 The shear-

induced transitions in surfactant systems may be continuous or

discontinuous.4,58 In a previous work, while using a well-docu-

mented nonionic surfactant model system composed of 40 wt% of

triethylene glycol mono n-decyl ether (C10E3) in water,46,56,57,59–70

a fundamental difference in mechanism was found when

comparing the transition from planar lamellae to MLVs with the

opposite transition, fromMLVs to planar lamellae.57

In C10E3/water (40 wt%), onions occur only below a certain

temperature at sufficiently high shear rates.56 At higher
This journal is ª The Royal Society of Chemistry 2011
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temperatures the application of shear leads to aligned layers

whose normal is parallel to the velocity gradient (‘‘gradient’’ will

refer to the gradient in velocity of the flow field, not to the

‘‘magnetic field gradient’’ used elsewhere in this paper). Thus, by

a proper choice of shear rate and temperature a well-defined

initial state of either aligned layers or onions can be prepared.

Subsequently, after a change of shear rate and/or temperature,

the temporal evolution to the other state can be studied.57 Our

investigation by means of 2H NMR spectroscopy has shown that

the lamellae-to-onion transition is a continuous process with

a homogeneous generation of defects throughout the sample

until the steady state of the fully developed onion structure is

reached. On the other hand, when shear rates and temperatures

outside the metastable regime for onions are applied to the onion

state, the shear-induced transformation of the onions back to

aligned layers is heterogeneous and goes through a regime of two

coexisting states, resembling a nucleation-and-growth process.

These previous experiments have not allowed us to determine

whether domains of aligned layers start to grow from different

locations in the sample or whether there is a preferred nucleation

site, for example, at the boundaries of the shear cell. In this

contribution, we answer this question by means of spatially-

resolved 2H NMR spectroscopy71,72 (2H NMR imaging) as well as

spatially-resolved pulsed magnetic field gradient NMR dif-

fusometry73,74 (diffusion imaging). The large anisotropy of the

diffusion tensor in the lamellar phase makes NMR diffusometry

auseful tool for probing structural details of the lamellar phase.75–80

A second question, which can also be tackled by means of

NMR diffusometry, concerns the pathway of onion formation

from the aligned La phase. Despite the large number of investi-

gations it still remains a puzzle how onions are actually formed

from extended stacks of planar bilayers. The formation of an

intermediate structure of multilamellar cylinders was suggested

by Zipfel, Nettesheim and collaborators.59,60 During the transi-

tion from the aligned lamellar state to onions, they found

a reproducible intermittent plateau in the curve of increasing

viscosity measured as a function of strain. Scattering experiments

carried out on this intermediate state are consistent with

a structure of multilamellar cylinders aligned along the velocity

direction. Here, we will report on NMR diffusion experiments

which may shed more light on this intermediate structure and the

process of onion formation.

The outline of this paper is as follows: in the experimental

section, after a short description of the sample preparation and

the experimental setup, the fundamentals of the 2H NMR

imaging and diffusion imaging will be presented. The subsequent

results and discussion section consists of two parts. First we

study the spatial dependence of both the lamellae-to-onion and

the reverse transition investigated by 2H imaging as well as

diffusion imaging. Second we report on the existence of an

intermediate structure during the lamellae-to-onion transition as

obtained by diffusion imaging.
Fig. 1 Schematic illustration of the Couette geometry used (left). The

right figure depicts the active sample volume (white strips in the slice)

after double slice selection in the diffusometry experiments.
2. Experimental

2.1 Surfactant system

C10E3 with a purity higher than 99.8% was purchased from

Nikko Chemical Co. (Tokyo, Japan). Deuterium oxide (D2O)
This journal is ª The Royal Society of Chemistry 2011
was obtained from Sigma Chemicals (Steinheim, Germany).

Samples containing 40 wt% surfactant were prepared by weigh-

ing the desired amounts of surfactant and water into vials,

mixing and centrifuging them in order to remove air bubbles. All

samples were prepared with a ratio D2O/H2O of 9 : 1 by weight.
2.2 Rheo–NMR devices and NMR apparatus

For all experiments, concentric cylinder rheo–NMR Couette

devices were used, as depicted in Fig. 1 (left part).

Two shear cells were constructed of standard glass NMR

tubes. The inner rotating tubes had diameters of 16 mm and

20 mm and rested inside the outer stationary tubes of diameter

18 mm and 23 mm, resulting in fluid gap widths of 1 mm and

1.5 mm, respectively. Teflon spacers in the gap between cylinders

ensure concentricity and smooth rotation of the inner cylinder.

The sample is placed in the gap between the two tubes. The outer,

stationary tube is held by the NMR coil assembly while the inner

tube is turned by a stepper motor via a gear box and a rigid

mechanical drive shaft.81 The stepper motor is able to apply

rotations in the frequency range 0.1 Hz to 14 Hz. Two gear boxes

with the ratios 25 : 2 and 50 : 1 were utilized to access shear rates

of interest for the different experiments. These gap-average shear

rates were calculated according to the following equation82

_g ¼ riui

ro � ri
(1)

valid for small gap sizes. The radii of the outer and inner cylin-

ders are ro and ri, respectively, while ui is the inner cylinder

angular velocity.

Two Avance spectrometers (Bruker) have been used, both

operating at a 1H resonance frequency of 400 MHz. A Bruker

Micro2.5 three-axes micro-imaging system provided magnetic

field gradients of up to 1.45 Tm�1 for imaging as well as diffusion

encoding.
2.3 NMR imaging

NMR imaging is used for the acquisition of spatially resolved 2H

quadrupole splittings (as a measure of molecular order) as well as

diffusion coefficients in the three principal directions (as

a measure of anisotropy). This research is as much about the

NMR methodology as it is about the rheological properties of
Soft Matter, 2011, 7, 4938–4947 | 4939
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the surfactant system. We therefore will provide experimental

details for both methods used in this subsection. However, the

rheology results in section 3 stand on their own and may be

interpreted without going into the details of the NMR

experiments.

2.3.1 2H NMR imaging. Molecular ordering in complex

systems can be monitored through the 2H NMR spectra of

D2O-enriched samples, where the quadrupolar interaction

produces a peak splitting proportional to the local order.83

Spatially resolved spectra across the fluid gap may be obtained

by means of 2H NMR imaging71,72 for samples prepared with

D2O.

One-dimensional (1D) NMR images containing the spectro-

scopic information in each pixel of the image were acquired. Due

to the fast T2 relaxation of the MLVs (5 ms), the NMR signal

must be acquired fairly quickly after the initial excitation,

making the short pulse sequence shown in Fig. 2 an attractive

option for acquisition of 1D 2HNMR images. In addition the use

of phase encoding retains spectral information. The Couette cell,

depicted in Fig. 1, is a three dimensional object. However, by

shifting the curved cell bottom outside of the active region of the

rf-resonator, the acquired signal is invariant along the vorticial

direction (z), reducing the spatial dimensionality to a 2D cross-

sectional annulus in plane perpendicular to the z-direction. The

sequence in Fig. 2 acquires a projection of this 2D annulus onto

a line in the x,y-plane via application of a phase encoding

magnetic field gradient in the x-direction prior to signal acqui-

sition. The experiment produces two-dimensional data files with

1024 acquisition points in the time domain (FID) and 128 points

in k-space.73,84 Fourier transformation (FT) of the time domain

signal yields the deuterium spectra (frequency domain) while FT

of the k-direction yields the said projection with a resolution of

approximately 161 mm pixel�1 (20 mm field of view). Such

a spatial resolution permits around 6 pixels across the annular

gap of the Couette cell. A total of 4 scans were acquired for each

k-space magnetic field gradient step.

To extract the desired 1D 2H NMR image, the obtained 1D

projection may be subjected to an inverse Abel transformation

(IAT) because of the cylindrical symmetry of the object.85 The

resulting 2H NMR image (1D in space) contains the desired

spatially resolved spectral information in dependency on the

distance to the axis of rotation. One could, in principle, apply

the so called Hankel transformation (HT) directly to the

k-space data and obtain the wanted 2H NMR image. However,
Fig. 2 Rf and magnetic field gradient pulse sequences for 2H NMR

imaging. The 1D image is purely phase encoded in x-direction.

4940 | Soft Matter, 2011, 7, 4938–4947
we followed the approach of Major et al.85 to use the FT first as

this allows for a baseline correction and the centering of the

projection profile which ensures cylindrical symmetry. For the

final step in the data processing we did not use, in contrast to

Major et al.,85 the IAT, as we found this transformation

susceptible to experimental noise because of the first derivative of

the projection profile used in this transformation.85 Instead, we

used the inverse FT, transforming the corrected data back into

k-space and applied the HT subsequently. One example of the

result of this procedure is represented in Fig. 3. On the top part of

the figure, we can observe the spectrum of a planar lamellar

phase at 36 �C in the frequency domain (cut represented by the

horizontal dashed line) while on the lateral right side of Fig. 3,

the 1D profile across the cell with peaks indicating the position of

the annular gap is demonstrated (cut represented by the vertical

dashed line).
2H NMR imaging was used for the investigation of the tran-

sition from the lamellar state to MLVs by placing the filled

Couette cell in the micro-imaging probe and setting the sample

temperature to 42 �C. A shear rate of 5 s�1 was applied for

60 min. Under such conditions the expected structure is

a lamellar phase in the c-orientation (also called parallel orien-

tation, layer normal parallel to the velocity gradient, here

perpendicular to the static magnetic field). Once the c-orientation

was achieved, shear was stopped and temperature decreased to

36 �C. Strain (g ¼ _gt) was applied in several steps (‘‘start–stop’’

experiment) to complete the transition using a constant shear

rate of 5 s�1. Five initial steps of g ¼ 600 (each step took 120 s)

were applied, followed by one step with g ¼ 6000 (20 min) and

a final step of g ¼ 27000 (90 min), resulting in a total strain of

36000. After each strain step, a 2H NMR image, containing the

spatially resolved quadrupole splitting, was taken over a period

of about 25 min.

For the opposite transition we prepared MLVs initially at

36 �C with a constant shear rate of 5 s�1 during 1 h. Then, shear

was ceased and temperature increased to 42 �C. Several strain
Fig. 3 Example of data processing for 2H NMR imaging: both an

example of the spectrum (insert on top) and a 1D profile across the

Couette cell (insert on the right side) are represented corresponding to the

horizontal and vertical cuts (dashed lines), respectively.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Rf and magnetic field gradient pulse sequences for diffusion

imaging. Two magnetic field gradient pulses of duration d and separation

D are applied in either x, y or z-direction and increased successively in

amplitude. Two soft 180� pulses are used complementary in combination

with magnetic field slice gradients in the y and z-direction to select

a specific volume of spins.
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steps (at a shear rate of 0.5 s�1) were applied to complete the

transition from MLVs to planar lamellae, starting with five steps

of 30 strain units each (each step took 60 s). This was followed by

one step of g¼ 50, three steps of g¼ 100, one step of g¼ 400 and

a final step of g ¼ 900, resulting in a total strain of 1800. In

between each strain step, and as done for the lamellae-to-onion

transition, 2H NMR imaging experiments were performed.

2.3.2 Diffusion imaging. Diffusion imaging was performed

based on the reasonable assumption that the water self-diffusion

coefficient, Dw, in the different spatial directions, should depend

on the surrounding structure and spatial orientation in which the

water is diffusing. For ideal planar lamellae oriented as shown in

Fig. 4 with the layers parallel to the walls of the Couette cell, Dw

is expected to be ‘‘free’’ in the vorticity and velocity directions

and restricted along the velocity gradient direction. On the other

hand, one should not expect any spatial dependence of Dw for

MLVs. In contrast, a cylinder-like intermediate should give rise

to a different distinct diffusion behavior again. In this case, Dw is

expected to be ‘‘free’’ along the cylinder axis and restricted in the

remaining spatial directions.

The pulse sequence used for the diffusion imaging is shown in

Fig. 5 and incorporates a standard pulsed gradient stimulated

echo (PGSTE) sequence with frequency encoding to obtain 1D

images at proton resonance frequency and slice selection in two

dimensions.86 In the PGSTE sequence, a pair of trapezoidal

narrow magnetic field gradient pulses with amplitude g (in either

the x, y or z-direction) and duration d (set to 10 ms) encode for

spin displacement over a controlled observation time D (set to

20 ms). After the initial p/2 rf excitation pulse, the first pulsed

magnetic field gradient is applied during the transverse evolution

delay s1, imparting a phase shift dependent upon position. In

a stimulated echo sequence, a second p/2 rf pulse stores the

magnetization along z during s2, where it is subject only to T1

and not to T2 relaxation. A third p/2 rf pulse brings the

magnetization back into the transverse plane, and in
Fig. 4 Possible lamellae topologies and their orientation in the labora-

tory frame (from left to right): planar lamellae (in the so called c-direc-

tion), multilayered cylinders and MLVs. Note that x, y, and z refer to the

pulsed magnetic field gradients as used in the diffusion imaging experi-

ments. With respect to the shear frame (see schematic Couette cell on

top), x, y and z correspond to the velocity gradient, velocity and vorticity

directions, respectively.

This journal is ª The Royal Society of Chemistry 2011
combination with the second pulsed magnetic field gradient

causes the signal to re-phase. Any residual phase shift in the

signal is due to motion of the spins from their original position.

Diffusive motion causes a phase spread that results in attenua-

tion of the echo signal, which when fitted with the Stejskal–

Tanner equation87

E ¼ E0 exp

�
�DðgdgÞ2ðD� 1

3
dÞ
�

¼ E0e
�Db (2)

yields the diffusion coefficient D. g is the gyromagnetic ratio and

E0 the signal amplitude without pulsed magnetic field gradients

applied. It is convenient to introduce the so called b-factor, as

given by eqn (2), which represents all parameters controlled by

the experiment.

Due to the cylindrical symmetry of the Couette cell, double

slice selection was adopted in order to measure and distinguish

directional diffusivities in the sample under study. By applying

the pulsed magnetic field gradients in either the x, y or z-direction

the corresponding diffusion coefficient can be determined (while

the sample is under rest) and assigned to either the velocity,

velocity gradient or vorticity axes in the shear frame as explained

by Callaghan.81 After application of the magnetic field gradient

pair, a p rf soft pulse is applied in conjunction with a magnetic

field gradient in the y-direction to select only spins in a slice in the

x,z-plane with a thickness Dy ¼ 1 mm. This slice is positioned

across the center of the cell selecting two opposite strips from the

annular gap. A second p soft pulse, applied simultaneously with

a magnetic field gradient in the z-direction, selects spins further in

a slice of thickness Dz ¼ 10 mm transverse to the first one so that

the signal comes from a small fraction of the total sample. This

double slice selection scheme ensures that the NMR signal

emerges only from a subsection of the sample with negligible

curvature. Fig. 1 (right part) schematically illustrates the selected

volume of spins (two white strips). The NMR echo is then
Soft Matter, 2011, 7, 4938–4947 | 4941
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Fig. 7 Signal intensities as obtained by integration over the 1D profiles

in Fig. 6. The slope of the fit yields the water self-diffusion coefficient,Dw.
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acquired under the influence of a magnetic field gradient which

allows one to obtain 1D profiles across the cell. The data files are

two-dimensional with 512 points in the time domain (echo) and 8

points in q-space.73,84 A total of 4 scans were acquired for each q-

space magnetic field gradient step. Note that the pulse sequence

does neither allow the simultaneous measurement of Dw in the

gradient, velocity and vorticity directions independently nor the

measurement under shear. Hence, the start–stop experimental

protocol was adopted.

Fig. 6 and Fig. 7 exemplify how Dw regardless of the direction

of the diffusive process was extracted; 1D Fourier trans-

formation of the time domain data (the echo) lead to a 1D

intensity profile across the geometry of the Couette cell for each

value of the applied magnetic field q-gradient (Fig. 6).

Subsequent integration of the intensities across the gap yield

NMR signal amplitudes for each of the pulsed magnetic field q-

gradients applied. Dw was extracted by fitting the spin echo

attenuation versus b as given by eqn (2) and as shown in Fig. 7.

Note that each individual diffusion experiment in any of the

spatial directions took approximately 10 min (for 8 magnetic

field q-gradient steps and 4 scans). Therefore, there were intervals

of approximately 30 min between each strain value. Increasing

the number of scans (to improve the signal-to-noise ratio) or

magnetic field q-gradients (to get more points in the attenuation

decay curve) would require an increase in the diffusion experi-

ment time. We have verified that the structure is quenched in

a particular state without noticeable stress relaxation within that

30 min delay in between each strain step. Since the structural

transformations induced by the applied strain are metastable

during the transition, a longer diffusion measurement would not

allow the distinction or detection of any structural evolution.60

The sample preparation protocol for the study of the lamellae-

to-onion transition was identical to that described for 2H NMR

imaging in section 2.3.1. After lamellar orientation at 42 �C (5 s�1

for 60 min), shear was stopped and the temperature was then

decreased to 25 �C. The transition from planar lamellae toMLVs

was again followed using a ‘‘start–stop’’ experiment where

a certain shear rate was applied for a finite period of time fol-

lowed by diffusion measurements without shear individually in

each of the spatial directions until the transformation was

completed. Experiments by Medronho et al.57 indicated that the

hypothetical cylindrical intermediate structure appears after

3000 strain units (for shear rate 5 s�1 this means t ¼ 600 s) so it
Fig. 6 1D intensity profiles after 1D FT of the NMR echo for the

oriented planar lamellae before strain was applied (magnetic field q-

gradient applied in velocity direction).

4942 | Soft Matter, 2011, 7, 4938–4947
was important to focus our study on the initial part of the

process. A shear rate of 5 s�1 was applied for 60 s during the first

10 min (10 steps of 300 strain units). Then, two steps of 3000

strain units each were applied followed by a step of 9000 strain

units and finally a step of 18000 strain units. Thus, the total strain

was 36000 strain units which, under these conditions, is expected

to be enough to complete the transition of planar layers into

MLVs.

The opposite transition from MLVs to planar lamellae was

followed in a similar way. MLVs were initially prepared at 36 �C
at a constant shear rate of 5 s�1 during 1h. Then, shear was ceased

and temperature increased to 42 �C. Since the process is even

more rapid in this direction57 we reduced the shear rate to 1 s�1

resulting in five initial strain steps of only 60 strain units each

(each step takes 60 s). This was followed by one step of g ¼ 100,

three steps of g ¼ 200, one step of g ¼ 800 and a final step of

g ¼ 1800, resulting in a total strain of 3600. In between each

strain step a diffusion measurement without shear, individually

in each of the spatial directions, was performed.

3. Results and discussion

3.1 Spatial dependence of the transitions

3.1.1 Lamellae-to-onion transition. In Fig. 8 we present

waterfall plots of five selected strains. Each individual plot

represents the 2H spectra as a function of the gap position.

Initially, only planar lamellae are present with the typical splitted

signal (doublet). Water molecules exchange rapidly with the

locally isotropic bulk but since their diffusive motion is perturbed

at the bilayer interface (at where they have a preferred orienta-

tion) a residual anisotropy is present giving rise to the observed

quadrupolar splitting, DnQ.

With increasing strain, the line shape evolves in two ways;

essentially the resonances are broadened and DnQ decreases.

While the former observation indicates that molecular reor-

ientational motion is slow the latter indicates an increase of

curvature in the system. Diffusion along curved layers is con-

nected to an extra rotational component leading to an additional

motional narrowing of the spectrum. As the transformation from

planar lamellae to MLVs evolves, eventually all orientations of

the interface normal with respect to the external magnetic field

can be experienced and the residual anisotropy can be averaged

to zero resulting in a collapse of the quadrupolar splitting and

a broad single peak in the finalMLV state. The data in Fig. 8 also
This journal is ª The Royal Society of Chemistry 2011
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Fig. 8 Continuous transition from planar lamellae to MLVs. The

deuterium spectra are shown as a function of the gap position (from the

inner moving wall to the outer fixed wall) for five selected strains of 0,

600, 1800, 3000 and 36000. The temperature is 36 �C.
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confirms that the transformation of planar lamellae intoMLVs is

continuous (no sudden changes in the spectra are observed) and

spatially homogeneous (the strain dependent structural changes

occur uniformly across the annular gap of the Couette cell). Such

changes with strain are consistent with our previous results based

on 2H NMR without spatial resolution as published by

Medronho et al.57 In particular quadrupolar splittings DnQ and
This journal is ª The Royal Society of Chemistry 2011
NMR line widths as extracted from this study are in accordance

to Medronho et al.57 and discussed there in detail.

These results are in total agreement to the signal decay we

observe with diffusion imaging for the lamellae-to-onion tran-

sition as shown, for instance in Fig. 6. The diffusion data were

acquired before strain was applied and represent the signal decay

as a function of magnetic field q-gradients applied in velocity

direction. The signal attenuation is homogeneous across the gap

indicating the diffusional behavior in the velocity direction is

independent of the position in the sample. Similar images have

been acquired in the gradient and vorticity directions, thus

confirming by means of diffusion imaging (as an independent

approach compared to 2H NMR imaging) that the formation of

onions is indeed a homogeneous process across the sample

volume. There is no indication of vorticity banding as observed

during the lamellae-to-onion transformation in the system

SDS/dodecane/pentanol/water.37

3.1.2 Onion-to-lamellae transition. As one can observe from

Fig. 9 the strain and spatially dependent spectra obtained during

the onion-to-lamellae transition differs significantly from the

reverse transition as discussed above in 3.1.1. Initially, the broad

singlet fromMLVs is observed uniformly across the annular gap

of the Couette cell. The kinetics of the transition is in accordance

with Medronho et al.57 Very little strain is needed to promote the

initial transition from MLVs to planar lamellae. Clearly, it is

a spatially inhomogeneous process with a preferential nucleation

of the aligned lamellar state (doublet) close to the inner rotating

cylinder. With strain the boundary between planar lamellae and

MLVs moves towards the outer stationary cylinder (along the

velocity gradient direction). The discontinuous nature of the

transition is obvious and confirms our hypothesis of a spatial

coexistence of both structures within the gap as suggested by

Medronho et al.57

The spatial resolution of the NMR image is restricted to 6

pixels across the gap, however, this is sufficient resolution to

characterize the spatially inhomogeneous transition since the

boundary between the onion and the planar lamellae state is not

sharp. The transition region covers two to three pixels. This can

be interpreted as a change of the density ratio between planar

lamellae (near the rotating cylinder) and onions (near the

stationary cylinder) after initial shear was applied. In this picture

one may expect to find small amounts of onions or incomplete

aligned layers even in regions mainly dominated by complete

aligned planar lamellae. Correspondingly, small amounts of

already disrupted structures may lead to the disturbance of

regions still dominated by onions.

The coexistence of the onion and lamellar state separated in

space should lead to distinct apparent diffusivities dependent on

the position in the sample and the direction of molecular

displacement. Diffusion imaging is suitable to measure the cor-

responding diffusion coefficients. In Fig. 10 we show the NMR

signal attenuation as a function of the q-space magnetic field

gradient applied in the vorticity, velocity and velocity gradient

directions, respectively. We also indicate the boundary between

the two states by black lines, which can be distinguished by

means of the difference in signal attenuation.

The data set shown was obtained at 240 strain units. One

clearly observes a stronger attenuation of the NMR signal near
Soft Matter, 2011, 7, 4938–4947 | 4943
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Fig. 9 Discontinuous transition from MLVs to planar lamellae. The

deuterium spectra are represented as a function of the gap position (from

the inner moving wall to the outer fixed wall) for five selected strains of 0,

60, 90, 120 and 1800. The temperature is 42 �C.

Fig. 10 1D Profiles across the cell obtained from diffusion imaging

during the transition from MLVs to planar lamellae. Signal decays with

increasing q-values are mapped for a) the vorticity b) velocity and c)

velocity gradient direction at a strain of 240. The position of the

boundary between the lamellae and onion state in each of the three

directions is indicated by the black lines between the maps. See text for

more details.
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the inner wall in the vorticity and velocity direction (Fig. 10a and

10b), while the situation is opposite for the velocity gradient

direction in Fig. 10c). Here the signal is hardly attenuated near

the inner wall of the Couette cell despite the fact that the

maximum applied q-space gradient (0.44 T m�1) is more than
4944 | Soft Matter, 2011, 7, 4938–4947
twice as strong as compared to the q-gradients applied in the

vorticity and velocity direction (0.2 T m�1). One may easily

attribute this small signal attenuation to the restricted diffusion

perpendicular to the planar sheets of the lamellar state building

up near the rotating part of the Couette cell. In contrast, diffu-

sion paths are less obstructed along the plane of the lamellar

sheets which leads to the observed stronger signal attenuation in

vorticity and velocity direction near the inner Couette cell wall

(see Fig. 10a and 10b).

More quantitatively, diffusion coefficients may be extracted

for each pixel in the NMR image. One example in flow direction

is shown in Fig. 11 for a strain of 240. Based on the obtained

diffusivities it is now possible to determine the position of the

interface between the onion and the planar lamellae by first

calculating the averages of the diffusivities in both regions indi-

vidually. We may then define the position of the interface to be at

the point where the diffusivity reaches the intermediate value

between these two averages. Similar maps may be obtained in the

velocity gradient and the vorticity direction with coinciding

positions of the interface in all three directions for each indi-

vidual strain.

One may notice that diffusivities within the two regions in

Fig. 11 differ slightly from those of the pure lamellar or onion

states (see next subsection 3.2). We attribute that to already

disrupted vesicles in the onion state leading to an increased

diffusivity. Correspondingly, planar lamellae may not be

completely aligned,17,57,69 thus reducing the diffusion coefficient

in flow direction. This is in agreement with the spectra in Fig. 9
This journal is ª The Royal Society of Chemistry 2011
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Fig. 11 Diffusion coefficients across the gap in flow direction extracted

from NMR signal decays after an applied strain of 240. The position of

the interface is indicated.
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where features of onions can be seen at a gap position mainly

occupied by planar lamellae and vice versa.

As is obvious from Fig. 11, diffusion imaging enables one to

asses the inhomogeneous nature of the onion-to-lamellae tran-

sition. In Fig. 12 we plot the position of the interface as obtained

by diffusion imaging ( ). Independently, we determined the

position of the interface from the 2H NMR data as shown in

Fig. 9 by fitting the spectra with Lorentzian functions (see also

Medronho et al.57). The position of the interface (- in Fig. 12) is

subsequently interpolated where the integral over the two

lamellar Lorentzian lines is equal to the integral over the one

from the onion state.

A key feature of Fig. 12 is the propagation of the interface

between onions and planar lamellae with strain, independent of

the method used. Furthermore, 2H NMR as well as diffusion

imaging allow to conclude that the transition to perfectly aligned

planar lamellae is not completed even at strains as high as 3600.

This seems to be in contradiction to the last spectra in Fig. 9 at

a strain of 1800 at a first glance. However, a detailed analysis

reveals that the planar lamellae contribute less than 50% to the
Fig. 12 Position of the interface as obtained from 2H NMR imaging (-)

and diffusion imaging ( ) as a function of strain. The error bars indicate

half the pixel size.

This journal is ª The Royal Society of Chemistry 2011
signal at the stationary wall, which is still dominated by a broad

and very flat line.

The differences between the two NMR methods in deter-

mining the interface position may be due to the very different

properties the two methods are based on. Considering the fact

that we observe a gradual spatial transition rather than a sharp

boundary, diffusional properties of water may not change at the

same rate as compared to spatial orientation of lamellae.

3.2 Intermediate structure

It has been suggested that an intermediate structure is present

during the transition from planar lamellae to MLVs.59 This

structure would be fully formed after 3000 strain units and

manifests its existence by a narrow, but reproducible, plateau in

a plot of viscosity vs. strain.59 Furthermore, at such deformation,

the small angle light and small angle neutron scattering patterns

are consistent with either a multilayered cylindrical intermediate

(MLC) or a ‘‘two-dimensional powder’’ of large domains.59From

our previous work,57 the ‘‘two-dimensional powder’’ state was

ruled out.

Fig. 13 shows the evolution of water diffusivities with strain

for the three spatial directions. Initially, as expected for the

planar lamellae oriented with the layers parallel to the Couette

wall, Dw in the gradient direction is more than one order of

magnitude smaller than Dw in the velocity and vorticity direc-

tions where the value is close to the ‘‘free’’ water self-diffusion

coefficient. When strain is increased a pronounced decrease inDw

in the vorticity direction is observed while Dw in the velocity

direction remains almost constant (until 2000 strain units). At

3000 strain units we observe a plateauing of Dw in the vorticity

direction to its final value while Dw in the velocity direction

decreased slightly. These observations are consistent with the

expected diffusion behavior for a cylinder-like structure oriented

along the velocity direction. Meanwhile, Dw in the velocity

gradient direction is only slightly increased, which can be

explained by the introduction of curvature while the intermediate

structure is being formed. Finally, when the transformation from

planar lamellae to MLVs is completed, Dw in all directions is

essentially the same. As previously discussed, this is expected for

MLVs due to their spherical symmetry.
Fig. 13 Dw as a function of strain in gradient (-), vorticity ( ) and

velocity direction (C) respectively. Temperature is 25 �C. The error bars
(most of them are smaller than the symbol size) were obtained from the

fitting procedure represented in Fig. 7.
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The data are robust and allow us to unravel further details of

the structural transformation. The diffusion has a high local

anisotropy and the diffusion coefficient parallel to the layers is

large enough that the water molecules diffuse for distances on the

order of or larger than the characteristic size of the structure. For

an observation time of 20 ms the mean square displacement is

approximately 6.3 mmwhereas the onion radius at a shear rate of

5 s�1 is about 5 mm.88 Under these conditions cylinders and

undulated structures can be distinguished. For cylinders, which

are aligned along the velocity axis, we expect a large coefficient

for diffusion parallel to the velocity direction and much smaller

but equal values for diffusion parallel to the gradient and

vorticity directions. For undulated structures diffusion parallel

to the direction of the wave vector is slowed down due to

the obstruction by the waves but still remains faster than

diffusion perpendicular to the layers. Inspection of Fig. 13 shows

Dvelocity > Dvorticity > Dgradient for strain values lower than 3000

which suggests undulations with a wave vector along the

vorticity axis, in agreement with theoretical predictions89,90 and

molecular dynamics simulations.91 Altogether, the diffusion

results are consistent with the following pathway of onion

formation: starting from flat layers, first an undulation with the

wave vector along the vorticity axis is introduced. Eventually,

undulations with wave vectors along the velocity directions are

added. The fission and fusion of bilayer membranes occurs in an

isotropic way such that initially cylinder-like structures are

formed. These are, however, not perfectly straight along the

velocity direction. Finally, further reorganization of membranes

leads to the isotropic onion structure.
4. Conclusions

Shear-induced structural transitions in a lamellar C10E3 surfac-

tant system were investigated. The continuous and homogeneous

nature of the transition from planar lamellae to multilamellar

vesicles (MLVs) and the discontinuous one, in the opposite

direction, was confirmed by 2H NMR and diffusion imaging.

Moreover, during the transition from MLVs to planar lamellar

structures, we proved that the nucleation and growth mechanism

does not occur randomly and distributed over the whole sample,

but starts from the inner moving Couette cell wall propagating

towards the outer cylinder cell wall as strain increases. Both

methods (2H NMR and diffusion imaging) are in reasonable

agreement regarding the position of the boundary between the

two structures as a function of the applied strain in the case of the

onion-to-lamellae transition.

Furthermore the properties of an intermediate structure

formed during the homogeneous lamellae-to-onion transition as

suggested by Zipfel et al.59 were studied. We employed diffusion

imaging to probe local anisotropy of the diffusive process as

dependent on the applied strain. The obtained data support the

picture of initial undulations followed by a cylinder-like inter-

mediate structure oriented along the velocity direction during the

continuous transition from planar lamellae to MLVs.
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