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Abstract

We present a simple method by which the dimensions of shear-induced multilamellar vesicles (MLVs), also known as onions, can be
measured during the shearing process itself. This approach is based on the use of a closely spaced train of magnetic field gradient pulses
applied during a CPMG echo sequence. The CPMG train compensates flow effects while the frequency-dependence of apparent diffusion
can reveal the onion size. We present here a simple phenomenological model for restricted diffusion in multilamellar vesicles, which may
be used to interpret the resulting diffusion spectrum. We demonstrate this approach with MLVs formed from the lamellar phase of

sodium dodecyl sulfate (SDS) in water and octanol.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Lamellar surfactant systems are planar aggregates of
amphiphilic molecules separated by layers of solvent [1-
3]. Here, we are concerned with lyotropic systems, where
topological characteristics of the phase are determined by
the relative amount of each species present in the system.
Ideally, a lamellar system forms a highly ordered smectic
phase, with a well-defined lamellar spacing. The presence
of defects on the membranes and distributions of angular
orientations of the lamellae are deviations from the ideal
case that are frequently observed in practical situations
[4,5]. For ionic surfactant systems, dilution of electrolytes
into the solvent reduces interlamellar electrostatic interac-
tions [6]. Helfrich interactions, arising from steric collisions
between neighboring membranes, are then dominant [7-9].
In this paper, we are particularly interested in the effect of
shear on lamellar systems. The smectic distance of a Helf-
rich stabilised system is a solid-like property of the phase.
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Its preservation drives lamellar reaction to a perturbation
and the behaviour of a well-aligned smectic system in a
flow field is strongly dependent upon the direction of the
deformation with respect to the orientation of the bilayers
[4]. It has been shown that at low deformation rates, shear
flow may induce lamellar orientation [11-13], most com-
monly with lamellae directors oriented along the velocity
gradient direction (parallel direction or so-called (“c-orien-
tation”). Shear may also damp bilayer fluctuations [14].
Furthermore, evidence from light scattering studies sug-
gests that shear can reduce defects in the lamellar structure
[4,10].

If the shear rate is sufficiently high, spherical vesicles
may be formed by shear-induced buckling of the mem-
branes [16]. Onion formation has been confirmed experi-
mentally using various techniques and chemical systems
[17-21]. The newly formed multilamellar vesicles (MLV)
have proved to remain stable over several days after ceas-
ing shear [21]. However, it is of some interest to use exper-
imental methods which are capable of determining onion
dimensions during the shearing process itself, so that for-
mation processes may be studied.
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The object of the present paper is to demonstrate a new
NMR method for the measurement of multilamellar vesicle
dimensions under shear. Our approach is based on the use
of multiple pulses of magnetic field gradients inserted in a
Carr-Purcell-Meiboom-Gill echo train, whose refocusing
properties remove dephasing effects due to inhomogeneous
flow, but retain the incoherent dephasing associated with
molecular diffusion [22-24]. This diffusion of water, being
confined to onion bilayers, is strongly restricted and has
a time-dependence of mean-squared displacement which
depends upon onion size. In our multiple gradient pulse
CPMG method, the natural domain of description is the
frequency domain of the velocity autocorrelation function
(the so-called diffusion spectrum). This method has been
extensively discussed by Stepisnik [26], and demonstrated
by Callaghan and Stepisnik, and numerous subsequent
studies [27-31]. In this paper, we describe a simple phe-
nomenological model for restricted diffusion and derive
formula for the diffusion spectrum and its dependence on
onion size. We present here NMR evidence for onion for-
mation in the lamellar phase of SDS/water induced by
shear applied via a Couette Cell located in the NMR spec-
trometer. The fluid phase is located between two concentric
cylindrical tubes of 16 mm (OD) and 18 mm (ID), the inner
cylinder being rotated at a frequency tuned by the experi-
menter (strain-controlled experiment). In Section 2, we
illustrate onion formation using NMR deuterium spectros-
copy, while in Section 3, we focus on the restricted diffusion
of solvent molecules embedded within the lamellae.

2. Experimental evidence for onion formation

In the present study, the chemical system is a mixture of
sodium dodecyl sulfate (SDS) surfactant molecules and
octanol diluted in brine. The respective concentration of
each species is 6.5 wt% SDS, 7.8 wt% octanol, 85.7 wt%
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brine at 20 g L', For those mass ratios, a lamellar phase
of soft bilayers is formed [32], where the layer spacing is
d=15nm and the layer thickness 6 =2nm [19,20].
Fig. 1 shows the evolution of the D,O NMR spectrum as
shear is increased. This was obtained by replacing water
molecules H>O) by heavy water molecules (D,O). We are
sufficiently far from phase boundary that this replacement
is not expected to affect the lamellar phase. The NMR
experiments were carried out at 7T field strength. The
splitting of the spectrum at low shear rates, reflecting
ordering of the initial lamellar phase, gradually disappears.
At y = 1.5s7!, it is replaced by a unique peak, suggesting
probing by the D,O molecules of all possible orientations
with respect to the polarising magnetic field By. This is a
clear indication of the formation of approximately isotro-
pic vesicles at this shear rate [12,13]. This is may provide
an indication of the formation of approximately isotropic
vesicles at this shear rate [12,13] although, it is also possible
that these changes of the deuterium spectrum under shear
reflect destruction of the bilayers. As we shall show in the
diffusion measurements performed here, the former expla-
nation is more likely to be correct.

We now turn our attention to the diffusion of solvent
molecules embedded within the shear-induced structures.
In the measurements presented here, signal arises from a
volume of sample within the Couette Cell where solvent
diffusion along the directions Ve, 7, respectively radial
and tangential to the Couette Cell, and the direction
V x @ aligned along the main axis of the Couette Cell,
can be accessed separately (see Fig. 2a). Note that in
hydrodynamic language Vi is the gradient of flow direc-
tion, © is the flow direction and V x ¥ is the vorticity
direction.

The corresponding results, displayed in Fig. 2b), confirm
the formation of near spherical vesicles: diffusion becomes
closer to isotropic as shear is increased. However, diffusion
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Fig. 1. D,O NMR spectra of a lamellar phase subjected to various shear rates: splitting of the spectrum at ) = 1.5 s

~!, reflecting ordering of the lamellar

system at this shear rate, is gradually replaced by a unique peak as the applied shear rate is increased. This evolution is typical of the transition from a

lamellar to an isotropic phase.
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Fig. 2. Anisotropic diffusion coefficients for various applied shear rates: in
those experiments, signal arises from a volume of sample where diffusion
along the gradient-of-flow (V.5), flow (%) and vorticity (V x 7) directions
can be distinguished (a). The cartesian axes assigned to each direction are
also shown. As 7 is increased, diffusion coefficients along those three
directions tend towards a common value, confirming the formation of
near-isotropic vesicles (b).

remains faster along the flow direction as the vesicles are
formed y = 1.5s7!. This will be treated in more detail in
Section 4, where we relate solvent diffusion to the shape
of the onions.

Note that the details of shear-dependent rheology and
shear-dependent onion size will be discussed in a subse-
quent paper. Here we develop the diffusion spectrum model
and prove its application to onion size measurement in Sec-
tion 4.

3. Diffusion spectrum of an onion phase

The idea behind the diffusion spectrum as measured by
multiple gradient pulse CPMG techniques has been dis-
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cussed in detail in earlier papers [26-31]. The crucial theo-
retical tool in calculating the diffusion spectrum is the
velocity autocorrelation function (VACF). Hence, all
description of the diffusion dynamics must be cast in these
terms. Furthermore, since the diffusion spectrum is the
Fourier transform of the VACF, we must have knowledge
of the VACF from zero time out to infinite time. In conse-
quence, all transitions in the restricted motion of the molec-
ular diffusion under study must be represented in the
hierarchy of timescales. In what follows we build up, step
by step, a description of the diffusive process from the
shortest to longest times.

3.1. Time-dependence of the solvent diffusion coefficient

We begin by setting up a coordinate system for the
description of diffusion in an MLV onion. The Fig. 3 shows
the relevant geometry, in (a) the multi-bilayer structure,
with (b) a chosen shell of radius r in which a local section
of water layer is shown. We choose to describe diffusion
coefficients respectively perpendicular and parallel to the
bilayer normals as D,(f) and Dj(z). The spherical polar
coordinate geometry is shown in (c). In the NMR experi-
ment the magnetic field gradient, used to encode for
motion, is applied along some pre-determined axis. We will
label this axis z for simplicity. The quantity measurable in
NMR, D,,, is the local projection of D, () and Dj(#) along
that o direction (see Fig. 3). We here focus on a small seg-
ment of fluid layer in the radius r shell at polar and azi-
muthal angle coordinates (©,®) and in order to
correspond with Fig. 3 we set o to be z. Then for diffusion
along z the displacements are azimuth independent and
given by:

D..(t,0) = D, (t) cos® O(t) + Dy (t) sin” O(z) (1)

For spherical multi lamellar vesicles, the three directions of
the cartesian system are equivalent. We will find experi-
mentally however that under shear flow conditions, distor-
tion is observed, as indicated by differing diffusive
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Fig. 3. A Multilamellar Vesicle (a): the interlayer spacing value d ~ 10~% m leads to a typical decay time for diffusion perpendicular to the membranes
1o ~ 1078 s too short to be accessible by our sequence (b). The much higher onion size R ~ 10~ m leads diffusion parallel to the membranes to decay over
a timetg ~ 1072 s. For simplicity, we describe motions along the z-direction, where the displacements are azimuth independent (c).
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behaviour when the o axis is selected to lie along the flow,
flow-gradient or vorticity directions.

In order to derive the velocity autocorrelation function
at all times, we attempt to write down the observation
time-dependent diffusion coefficient, since we will use the
result,

((0.(0)) = 2P0 ©)

We begin at the shortest time, much shorter than the time
1. for molecules to diffuse the water thickness d. Few water
molecules will have a chance to collide with the bilayer, and
so D () and Dy(¢) reduce to the free diffusion coefficient D
of the solvent. However, as time passes, an increasing num-
ber of molecules encounter the bilayers in their displace-
ments perpendicular to the membranes. To encompass
this behaviour we write:

D, (t) = Dyerm + (D~ Dperm)eirLC (3)

where the decay time 7. &~ % of D (¢) is the time required
by the water molecule spins to travel over one interlayer
distance. Dperm is the permeation coefficient of the water
molecules through the various defects present on the mem-
branes. Note that Eq. (3) is phenomenological. It expresses
the correct limiting cases as ¢ « 7, and ¢ » 7.. The details of
the crossover may not be exact, but the essential physics is
represented in terms of a mathematical function which is
easily handled in subsequent analytic manipulations. This
simple device we shall follow in the higher time scale hier-
archies as well.

Of course the NMR experiment has contributions from
all segments (@, ®) within a shell of radius r, as well as
from all shell radii. Consider first the case of a shell of par-
ticular radius. Provided that diffusion distances are suffi-
ciently short so that a unique @ can be ascribed to each
water molecule we may write:

o Du(t,0)P(0)dO

[rP(©)de
[ (D.(¢) cos® @ + Dy (t) sin® @) sin @ dO
B [ sin6do

i) +2D,0)
=5 “)

where P(@) = sin® is the polar angle distribution. Suppose
instead we allow for longer times, such that water mole-
cules explore differing (@, @) coordinates. An exact expres-
sion for D,,(¢) taking the diffusion of molecules over ranges
of (@, ®) is possible, but we prefer simpler device, namely
to write a simpler analytic expression which correctly con-
tains the limits and the physics of the crossover. The char-
acteristic crossover time is now 14 ~ %, Consider first the
short time behavior ¢« 74. In this case, combining Egs.
(4) and (3), allowing Dy(t) = D, we have:

(Das(1)) =

Dyerm + (D — Dperm)e % + 2D
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Fig. 4. Time-dependence of solvent molecules diffusion coefficient: the
first decrease is due to decay of D, (f)towards Dperm (Eq. (3)) and occurs
over a time scale too short to be observable with our technique. The
second decay occurs at a time scale observable experimentally. Here, D
and Dy, are respectively set to 2 x 1072 and 3 x 107" m? s~! arbitrarily.

In the long time case, consider first the long time behavior
t» 14, Dy,(t) must reach the limiting case of Dpem, since
only permeation through the bilayers can permit diffusion
on a greater distance than r. For convenience we can assign
this timescale as 74 ~ 2’72). Following the phenomenological
approach of Eq. (3) an expression which encompasses both
limits is:

¢ T
(D)) = Dy + (D — D) 25 (©
The time-dependence of {(D,,()) is illustrated in Fig. 4, with
the ordinate written D(¢) since for spherical onions no axis
distinction need be made. Here, we are concerned with
water molecules D ~23x 10" m?s™! diffusing between
bilayers separated by a distance d ~ 10~®m (see Fig. 3)
leading to: 7. ~ 10~%s, much shorter than any timescale
accessible with our NMR-diffusion sequence (~107"s).
Solvent collision with the membranes on their trajectories
perpendicular to the bilayers is therefore not observable
experimentally. However, a typical value for the onion
layer radius is r ~ 107®m, leading to: 74 ~ 107> s. Decay
of solvent diffusion parallel to the membranes occurs on
a timescale accessible by NMR-diffusion techniques and
may therefore be observable.

Finally our analysis requires that we average our expres-
sion over all shell diameters » up to the onion size R.
Onions consist of concentric spherically-shaped bilayers
and separated by a distance d ~ 10 nm. In practical terms,
the sphere radius therefore ranges from the nanometer
scale up to the onion outer radius R ~ pm. Note that for
Dperm < D, we might naively expect water molecules
trapped within a shell of radius r to explore the full shell
dimensions before migration through a bilayer to a neigh-
boring shell. However the ratio of the time taken for inter-
bilayer collisions to that for diffusion around the sphere is
on the order of ‘f—z ~10* In practice we find
Dperm ~ 1072D so that we might expect significant bilayer
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permeation. However permeation merely translates the
water molecule location from a shell of radius » to one of
radius r + d or r—d, and given d « r, no significant change
to the diffusion behaviour which is characterised by the
correlation time 74(r). Hence, it is reasonable to assert that
a given local value of 74(r) prevails in the entire azimuthal
exploration of the onion. That means we must average
NMR signals acquired from layers with different 74(r) val-
ues rather than average 74(r) itself across the distribution of
layers. We thus obtain an expression based on our calcula-
tion of the diffusion spectrum for a single shell, making
radial averaging the final step.

3.2. Onions and the diffusion spectrum

The velocity autocorrelation function of the solvent
molecules at times # much greater than the solvent molecule
collision time 7 is [31]:

(0,(1)0,(0)) = %

D_Derm 1 _ 2 L
= _% (_e Tc +_e Td)

In order to correctly differentiate and then obtain the Fou-
rier spectrum, we must also account for the region in the
vicinity of the time origin where intermolecular collisions
prevail. Here (v,(¢)v,(0)) = %e_%. Accounting for this con-
tribution to the diffusion spectrum, the quantity measur-

able in NMR (1 » 1¢) is:

Do) = /0 " (04(6)0,(0))e dt

D — Dperm
3

1 2

=D~ 2 2
1+ (wte)” 1+ (01q)

(7)

As 14(r) so D,.(w) is a function of radius r. Eq. (7) requires
averaging over the local layer radius within the multilamel-
lar vesicle. An interesting question arises as to the lower
limit. It could be argued that there will be a maximum cur-
vature possible that may imply a lower limit to the radii
and lead to a finite sized inner water-filled core. We might
estimate this limiting inner radius to be much smaller than
the outer dimensions of the onion, perhaps even on the or-
der of the lamellar separation d, but certainly sufficiently
small that the volume contribution is very small, and, on
the experimental timescale the diffusion of water in this in-
ner core is restricted by the surrounding lamellae and so lit-
tle distinguished from interlamellar water. Setting the lower
limit radius as zero,

(D)) = / D(0)P(r)dr

Where P(r) = %2 is the probability density for a solvent

= e
molecule to be'located between r and r + dr. We get:

D_Dperm 1
3 14 (o)’

— (D= Dyern) (}e g)B*{Ztan‘l <1R\/%>
+2tan! (1 +R\/%> +In (%D— R@JFRZ)
—In (2£+2R\/§+R2>} (8)

Note that the analytic form of Eq. (8) is a consequence
of the simple exponential correlation function assumptions
in our model. We make no claim that Eq. (8) is precise,
although its closed form does make the fitting of diffusion
spectra data much easier. Note further that a lack of
knowledge of the details of the region I to region II cross-
over at wt. ~ 1, does not affect the accuracy of the region
II from of the expression. In other words the form of D(w)
is independent of 7. when wz. < 1.

An illustration of the diffusion spectra of solvent mole-
cules diffusing within MLVs is shown in Fig. 5 for different
onion radii R. The effect of onion size R is clear and follows
our expectations: the decay of D,,(®) towards D e, occurs
at higher frequencies (i.e. shorter times) as the onion size is
reduced. In the following, we test the relevance of our phe-
nomenological model on diffusion spectra obtained experi-
mentally. The onion radius R is a free parameter used for
the fitting of the data.

(Das(w)) =D

4. Experimental: measurement of onion size under shear

Here, experimental diffusion spectrum data are pre-
sented for the sodium dodecyl sulfate (SDS) surfactant sys-
tem (see Section 2). The pulse sequence used is shown in
Fig. 6, and further details concerning its use, as well as
the resilience of the method to shear flow, can be found
in reference [15]. According to the diffusion spectrum for-
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Fig. 5. An illustration of the diffusion spectrum for an onion phase,
obtained using numerical methods: the effect of the onion size is clearly
visible: the bigger the onion the lower the frequencies (the longer the time)
required for solvent diffusion to decay to the permeation value.
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Fig. 6. Multi Pulsed Gradient Spin Echo experiment: the repetitive train
of repeated four diffusion-encoding gradient pulses enables for the
measurement of diffusion while compensating for flow artifact (for further
details see [15]). The diffusion-encoding gradient, G,, may be applied along
any of the Cartesian axes. It is followed by slice selective rf/gradient pulse
combinations enabling for the selection of a volume of sample where
diffusion along the V7, ¥ and V x @ directions can be distinguished
(Fig. 2a). d is in the range 1-3 ms. The slice thickness are | mm normal to
x and 30 mm normal to z.

malism developed by Callaghan and Stepisnik, motion is
encoded over a duration 7, the observation time of the
NMR sequence [31,32]. The measurement is repeated for
different values of T and the measured diffusion coefficients
are plotted versus a frequency v = 27" The resulting diffu-
sion spectrum D,.(w) of the solvent molecules may display
features typical of the lamellar phase under study [14].
For the data presented here: 8 ms < 7' < 200 ms, leading
to: 31s'<w<785s” . The applied shear rate is
7 = 1.5s7", for which D,O spectroscopy indicates that iso-
tropic structures are formed (see Fig. 1). Shear was applied
for 1.5 h prior to the start of the experiments. Previous tests
have proved that flow artifacts are negligible under those

Do (107°m2s71)

0 | | |
0 200 400 600 800

w(s™)

Fig. 7. Diffusion spectrum of an onion phase: diffusion is measured along
the flow-gradient (V), flow (%), and vorticity (V x 7) directions. The solid
lines represent fitting of the data with Eq. (8). Note that error bars in the
measured diffusion coefficients are on the order of 1-2%, the size of the

data points.

experimental conditions [15]. The corresponding experi-
mental results are displayed in Fig. 7. Significant discrepan-
cies are observable between the three encoding directions.
In particular, for the high-frequency region of the spectrum
E>o0> f—:), solvent diffusion can approximately be writ-
tecn, following Eq. (6):

<DM> = %Dperm + %D (9)

Parameters obtained by fitting the diffusion spectra shown
in Fig. 7 are Dpeym, D and R. Dy, particularly affects the
spectrum at low frequencies, D particularly affects the spec-
trum at high frequencies, and R affects the “turnover fre-
quency”, in other words, the shape of the spectrum.
However in the case of the radius, the primary quantity
measured is a time constant and this is turned into a radius
via a knowledge of D.

Discrepancies between the three directions at high fre-
quencies seem therefore to indicate that there exist differ-
ences in permeation coefficients in the three directions.
The remaining discrepancy in the shape of the spectra must
arise from different apparent onion radii and hence vesicle
deformation. For the V¢ direction, fitting of the experi-
mental data with Eq. (8), we set: D=1.6x10"m?s,
in agreement with numerical values obtained experimen-
tally for solvent diffusion along the lamellae at low shear
rates. The corresponding vesicle radius is found to
be:Rg; = 6.9 um. For the # and V x ¢ directions, we
accommodate for deviations from the ideal spherical topol-
ogy by letting D take values Dy and Dg,;, respectively,
thereby altering the values of R; and Ry, ; obtained. These
deviations are recovered using the radial direction as a ref-
erence according to (see Eq. (8):

Dav&a
Rewe = Roe X \ 1163 10 m2 51 (10)

The fitting of the experimental data leads to (see Table 1):
D; =178 x10° ms ' and Dg,; = 1.8 x 10’ ms~!, lead-
ing to: Ry = Ry, ; ~ 7.3 um, thus indicating that the vesicles
might be slightly flattened along the V7 direction, consistent
with previous suggestions [21,25], although the effect is with-
in the range of our error estimates. Hence we make no asser-
tion here of significant deviation from spherical shape.
Note the value of the permeation coefficient along the
flow direction: Dperm = 2 X 10710 m?s71, considerably
higher than for the two other directions. Under the longest

Table 1
Characteristics of the shear-induced vesicles obtained by fitting of the
experimental diffusion spectra with Eq. (8)

Dperm (x107%m?s™") R (pm)
i 0.7+0.2 6.9+0.2
0] 2402 73402
VX 04+02 73402

Here we set D = 1.6 x 107 m? s~ ! in agreement with our measurement of
solvent diffusion parallel to the membranes, at shear rates below onion
formation.
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duration accessible in our experiments (7' = 200 ms), the
average distance traveled through the onions is therefore
~9 pm, on the order of the onion size. Probing by the spins
of different onions over the experimental time may there-
fore be of importance and should be accounted for in a
complete description of solvent motion. However, these
considerations are only relevant for the lowest accessible
frequencies. Moreover, since D, < 0.1Dj, in the time taken
to diffuse around the MLVs, the squared radial distance
permeated is <0.1/%. Hence, very little effect on 74 is
expected (7 ~ %) It should also be noticed that the diffu-
sion data presented here suggest that water molecules out-
side the onions contribute little to the signal. In particular,
the very slow diffusion observed at long frequencies, consis-
tent with the permeation value, suggests that there does not
exist a significant fraction of water outside the onions and
free to diffusive over long distances. Despite the simple
assumptions underlying our theoretical model, the agree-
ment between the experimental data and the fits obtained
from Eq. (8) is very satisfactory.

5. Conclusion

The formation of multilamellar vesicles has been shown
with the vesicle size measured by diffusion spectrum NMR,
based on a simple phenomenological model to account for
the effect of the onions on solvent diffusion. Solvent perme-
ation is found considerably faster along the flow direction.
A larger interlayer spacing or a greater number of defects
along this direction may be explanations for this fact. We
believe that the multiple gradient pulse NMR method
which we have used provides an effective tool for measur-
ing onion size under shear. A detailed study of shear-
dependent onion size will be the subject of a future article.
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