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The linear viscoelastic properties of a nonionic lamellar phase in C-orientation were studied as a function of
temperature by small-amplitude oscillatory measurements in the frequency ran@e-z5An almost solidlike elastic
response was observed at all studied temperatures, from 42%0.20 this range, the elastic modulus was found
to increase strongly with decreasing temperature. The elasticity is attributed to screw dislocations connecting layers
in the stack, and the data thus suggest that the density of screw dislocations decreases with increasing temperature.
The lamellar phase forms an “onion” texture when continuously sheared at lower temperatures. It is argued that a
possible origin for the shear-induced “onion” texture is the instability of the screw dislocations in shear flétd. By
NMR experimentation, we also find the formation of a random mesh phase at lower temperatures. The presence of
equilibrium bilayer perforations, however, does not correlate with the “onion” stability.

Introduction Other authors proposed that shear-induced transformations
are also dependent on defets?® which are expected to exist
in these systems in order to relax external and internal stresses.
These low-energy defects can assume different topologies within
asmectic lamellar system; forinstance, the lamellar system which
is a one-dimensional (1D) crystal of parallel layers that are two-
dimensional (2D) liquids possesses a translational symmetry and
thus exhibits dislocations (screw and edge dislocati®fs)324
The influence of flow in these defective systems is poorly
understood, butindeed defects strongly influence the rheological
properties. In theory, a 1D stack of 2D fluid layers, (bhase)
in a perfectly ordered and oriented state should not be able to
store elastic energy, which means that a liquid response would
Se expected since the layers should be free to slide past one
another in the shear flow axis. Oswald and Alfdinave shown
that the line tension of a screw, tending to maintain the helical
axis perpendicular to the layers, is opposed by viscous forces.
They predict a critical shear rate beyond which the defect becomes
unstable and should disappear, returning the lamellar phase to
a “C” orientation (the normal to the layers along the velocity
gradient) without defects. Basappa et’alhowed that a defective
lamellar system can be stabilized by partiétegving rive even
to higher elastic properties, higher storage moduti$, (vhen
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Ci10Ezin water. The motivation behind the work is to understand
the properties of lamellar phases in general, but in particular, we

The shear-induced transformations and ordering in “complex
fluids”, such as in lyotropic liquid-crystalline phases, thermotropic
liquid crystals, and polymers melts is of both practical and
fundamental interest:> One of the most interesting shear effects
is the transformation from planar lamellar phases to multilamellar
vesicles (MLV or “onions”). Although there is a lot of work
concerning the shear-induced formation of MEW? the
mechanism governing this transformation is not yet fully
understood. The different stationary states induced by shear, like
MLVs, are separated by out-of-equilibrium transitions which
result from hydrodynamical instabilities within the lamellar phase.
This seems to be a complex process and depends, for instanc
on the applied shear stress and shear stfditiThe transition
from planar lamellae to a MLV phase has been proposed to be
a consequence of a mechanical flow instability of the planar
lamellae at higher shear rat&s!® For instance, Zilman and
GraneR”proposed that the coupling of short-wavelength thermal
undulations and strain lead to a coherent stripe buckling of the
lamellae that eventually results in MLV formation.
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wantto investigate possible correlations among the details ofthe 10 [~y
lamellar phase structure, including equilibrium “defects”, and
the formation of shear-induced multilamellar vesicles, often I
referred to as “onions”. In the wateC;0E3 system, “onions” 8 |-
can form at lower temperatures while the lamellar structure -
remains stable in shear flow at higher temperatures near the r
lamellar-to-“sponge” phase transitiéh28 Onion formation in
this system has been studied both in continuous shear and wit
large-amplitude oscillatior?:3°

Experimental Section

steady viscTPa.s

Materials. Triethylene glycol monm-decyl ether (GEs) was | %&%
purchased from Nikko Chemical Co. (Tokyo, Japan) with a purity N\
higher than 99.8%. Deuterium oxide4D) was obtained from Sigma 2
Chemicals (Steinheim, Germany). All samples were prepared by
weighing the desired amount of surfactant and water, followed by
amixing procedure in the vortex, centrifuge, and oscillatory platform. -

All samples were prepared with,D. 0 S
2HNMR. NMR experiments were carried outin a Bruker DMX100 0 500 1000 1500 2000 2500 3000 3500
NMR spectrometer operating at 15.371 MHz in a 2.3 T magnetic time /s

field. The quadrupolar splitting values in the lamellar and random- Figure 1. Steady viscosity as a function of time for the 40 wt %

mesh phases were recorded using the quadrupolar-echo sequenc€,E; sample as loaded in a polycrystalline state. This pre-shear

The temperature of the sample was achieved and maintained usingreatment (shear rate of 10'sduring 1 h at 42°C) was applied to

an airflow system, to an accuracy #fl °C. all samples before the oscillatory tests, to ensure, as much as possible,
Rheometry. The rheology experiments were performed on a reproducible initial conditions in all cases.

Physica UDS 200 rheometer using the cone and plate geometry

(MK22/M, 1° cone angle). The instrument is equipped with a I .

temperature control unit that was calibrated to give a temperature " === = G (42°C down)
in the sample chamber within 0°C of the set value. A solvent trap $$99838883888898838800 | | g g’;’:g:z‘)”n)
was used to prevent water evaporation. A pre-shear treatment was B L L L L L L L L NPt
applied at 42C with a constant shear rate of 16-n order to have o ™1 cocoocoonooococeannnond | e G (32°Cdown)
awell-defined and reproducible initial state in the experiments. The & ¢ G (32°C up)

. . . . - » G"(32°C down)
viscoelastic properties of the system were studied by small-frequencye > G"(32°C up)
oscillatory tests where the linear regime was previously verified by £ e® | = G (20°C down)
stress sweep tests at the different temperatures used. All oscillatory JCee eee e G"(20°C down)
tests were performed under controlled stress conditions. Sene ceo® iok Z gl;

A A
. . eeeee‘ADD‘ﬁbzgighzg
Results and Discussion 10+ Ackppedkta
gﬁg,zEAf
Viscoelasticity and Screw DislocationsThe phase diagram
of the GoEz—water system can be found elsewh&rand the 1 0

concentration used in the present work is within the described frea/Hz

lamellar phase. Here, we mainly focus on a lamellar phase Figure 2. Linear moduli,G' andG", vs frequency for the 40 wt
composition of 40 wt % of GEs in D,O, corresponding to a % Cy0E3 sample at three selected temperatures: 20, 32, a6 42
surfactant volume fraction of approximately 0.44. Because of Eriﬁo%flellri;?r%nizfzvée;ﬁéiﬁ:gtgf?e%% ?ﬁcﬁgzgggqgg;?;uggcvl‘(’as
the structural anisotropy, the rheology of alamellar phase depends 42 o

on the orientation in the rheometer, and it is therefore preferred

to work with a well-oriented lamellar phase. For a 40% Sample, 300 S, which in part may be due to evaporation_ This was not
a lamellar phase oriented with normal in the gradient direction jnvestigated further, as the main importance here is that the
(C-orientation) is obtained when shearing the sample around 42yiscosity is low, demonstrating the presence of a C-orientation.
°C. In Figure 1, we show the evolution of the viscosity a2 This pre-shear protocol was used for all samples, as it allows a
of aninitially polycrystalline sample when sheared at a constant we||-defined and reproducible initial state.

rate of 10 s*. As the lamellar domains orient in the shear flow,  Thelinear viscoelasticity was investigated by small-amplitude
the apparentviscosity decreases. After approximately 3000 straingscillations at different temperatures in the range 22°C, for

units (300 s), the viscosity has reached a low value, indicating the frequency range 0:% Hz. In Figure 2, we present the
that essentially a single orientation has been obtained, which infrequency dependence of the stora@d énd loss G"") moduli,
previous scattering experiments has been identified with the respectively, at three temperatures: 20, 32, an8iData at
C-orientatior®2We note that ViSCOSity increases SlOle after ca. 42 and 32C were repeated twice, as repeated experiments were
performed with a temperature cycle. The temperature was first

205i7i7LeégéD-i Olsson, U.; Mortensen, K.; Zipfel, J.; Richtering, Mingmuir lowered from 42°C and then after 26C increased again back
(28) Oliviero, C.: Coppola, L.; Gianferri, R.; Nicotera, |.; OlssonGhlloids to 42°C- The_ beha\_/ior is essentially reverSib_Ie upon temperature
Surf., A2003 228, 85. cycling. A slight drift may be observed, a@ is ca. 20% lower

w (Eggg‘megﬁ%%g"lgfggge" J:; Olsson, U.; Renth, F.; Lindner, P.; Richtering, \yhan returning to 42C compared to the first initial measurement.

(30) Nettesheim, F.; Olsson, U.; Lindner, P.; Richtering,JVPhys. Chem. This may, however, be due to a slight loss of sample, as the
52(03%/3'91 /‘_3\32'3- lev. B. 3. Pharm. Ph 11978 30, 205 second experiment was perfordnd h after the first one (the
i, A.; Mulley, B. J. Pharm. Pharmaco , . .
(32) Zipfel, J.; Nettesheim, F.; Lindner, P.; Le, T. D.; Olsson, U.; Richtering, temperature CyCIe involved measurements at several other

W. Europhys. Lett2001, 53, 335. temperatures)a' is approximately an order of magnitude larger
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than G". Within the frequency windowG' is essentially 500 ————— 1 F—————— = ————
frequency-independent, whi®' approximately scales with©-, I
Both G' andG" decrease strongly with increasing temperature. (4.
At 20 and 42°C, the values differ approximately by a factor of 400
3. The spectra at different temperatures differ only by a i R
proportionality constant, while the frequency dependence remains
essentially the same. For our frequency window, we can write
G ~ Gy and G' ~ Guw%4 where the main temperature
dependence lies in the modul@s. L
The fact that we observe here a dominating elastic responseg ,qq | i,
may at first seem surprising. For a lamellar phase in the r n 4
C-orientation, we expect bilayers to be able to slide freely past I L]
each other, rheologically behaving as a Newtonian liquid. 100 |
Howerer, the results indicate the presence of bilayers that are L *
somehow connected. (4
Neighboring bilayers may be connected by passages as in the ol . Petete e 8,
“sponge” phase. However, such passages cannot explain the 0 10 20 30 40 50
observed elasticity. First of all, the passages are expected to

occu_rmorefrequentlyclosetothe Iamellar-to-”sponge"transitio_n Fiqure 3. Linear modulic' (filled svmbols) ands” (open svmbols

at higher temperaturgs. Sec_onc_i, since the bilayers are ﬂu'_d’re?:orded at4 Hz, vs tem[()eratur)e/. The zigure cg)naainsyresults)}rom
passages can freelysllqle,whlchmfactlsthe reasonwhy, in spiteyyo samples. With one sample (triangles), the temperature was
of multiply connected bilayer structure, a sponge phase behavesstepwise lowered from 42 t6°Z. In the second sample, atemperature
as a Newtonian liquié®Lamellar phases contain thermally excited cycle was performed. Starting from 42, the temperature was first
edge and screw dislocations that are expected to influence thestepwise lowered to 28C (squares), then increased back to°@2

flow. Meyer et al* have proposed that it is the concentration (circles), and the moduli were measured at the same temperatures
and mobility of screw dislocations that governs the viscosity of as during the temperature decrease.

the lamellar phase in the C-orientation. Screw dislocations are
oriented in the direction parallel to the director (average bilayer
normal) of the phase and connects a stack of layers. Finite-size
screws occur in pairs, connected by edge dislocations, forming
screw dislocation loops. At rest, the screw axis is parallel with

G' down (different sample)
AL, G" down (different sample)

>r Ol N
Q
[=
©

300

and G"/Pa
»

AAND D

TI°C

The Random-Mesh PhaseAnother structural property of
0Jamellar phases, which for non-ionic surfactants is known to
depend on temperature, is bilayer perforations. In order to see
whether the presence of perforations may influence the relative

the average layer normal. A shear deformation results in a tilt StaPility of onions and planar lamellae under shear, we have

2 i i i -
of the screw axis, which presumabily is the origin of the storage performed™H NMR experiments using ID at different tem-
of elastic energy. The elastic modulus is expected to depend onPeratures. The NMR experiment allows us to detect perforations,

the length and the number density of screws, the product of and the question is whether there exists a correlation between
which can be defined as the screw density |f’ the elastic the presence of perforations and the onion stability. Recent detailed
energy stored in a shear deformation is proportional to the total structurgl studies have resulted in a number .Of reports on pllayer
length of screw dislocations, we expes ~ ps. The observed perforations and lamellar-mesh phases, starting with the pioneer-

. . i 5—-38 . .
strong temperature dependence @f thus indicates thaps ing work of Holmes et at>~38 In several nonionic surfactant

increases with decreasing temperature. This is consistent withwater lamellar phases, as in the waieh,Es and waterCaeFs
the recent findings of Navalliers et @.In a similar system, systems, the bilayers appear to be highly perforated at lower

containing the nonionic surfactant s mixed with a phos- temperatures while being essentially without perforations at higher
pholipid, they observe an increased screw density as the teMperatures. _S|gnatures of perforations are a broad d|ffl_Jse
temperature was lowered in the lamellar phase scattering maximum af-vectors around the first-order quasi
The variation of the viscoelastic spectrum with temperature %raagg p;egl@?“‘larl;g_'a:\cl)'\\/ﬂv ;’{ajye ofthe structural order parameter
is reversible. This was already demonstrated in Figure 2. To easured, €.g., ) .
show this reversibility for a wider range of temperatures, we Interestingly, arandom mesh structure also oc'cursmthe present
present in Figure 3 the temperature dependenc® ahdG" water—CioE3 Iamella_lr phase; however, perforations appear first
for a fixed oscillation frequency of 4 Hz. The data in Figure 3 below ca. 10C. In Figure 4, we present how tfié quadrupolar

represent the results of two separate experimental runs. Squar(?pmting’AVQ’ from the deuterated water varies with temperature
; s : 0 i irsti
and circular symbols represent an experimental run starting at othe 40wt /osampl'e. Cooling from 4.ZE’AVQ f|r§t|ncreases,
42 °C with the pre-shear, followed by oscillatory experiments. asis r_10rma||y found in surf_actant liquid crystalline phase_s, due
The temperature was then lowered in steps te2&fter which to an increased local ordering of water molecules hydrating the
the temperature was stepped up again. The triangular symbols (35) Funari, S. S.. Holmes, M. C.. Tiddy, G. J. I.Phys. Cher.994 98
represent a second run on a different sample, involving only a 3915 T P T A B R EIYS: '
stepwise decrease of the temperature, which was now extended (36) Funari, S. S.; Holmes, M. C.; Tiddy, G. J. X.Phys. Chem1992 96,
down t.0.2.°C. In Figure 3, we see that not Only do we observe 11(()5% Fairhurst, C.; Holmes, M.; Leaver, Mangmuir 1997 13, 4964.
reversibility as we vary the temperature, but also the data can (38) Burgoyne, J.; Holmes, M. C.; Tiddy, G. J. T.Phys. Cheml995 99,
be reproduced with a new sample. In both experimental runs,theﬁ()?gé)I ML Saeki AT 0 T K hi A Nakava K - Kato. T
. . . mai, M.; Saeki, A.; Teramoto, T.; Kawaguchi, A.; Nakaya, K.; Kato, T.;
viscoelastic spectrum in the range 85 Hz was recorded at  ,"" 5 Chem. Phys2001, 115 10525.
each temperature (not shown). The spectra remained qualitatively  (40) Imai, M.; Sakai, K.; Kikuchi, M.; Nakaya, K.; Saeki, A.; Teramoto, T.

J. Chem. Phys2005 122, 214906.
the same over the whole Iarge temperature range. (41) Imai, M.; Kawaguchi, A.; Saeki, A.; Nakaya, K.; Kato, T.; Ito, K.;
Amemiya, Y.Phys. Re. E 200Q 62, 6874.
(33) Snabre, P.; Porte, Gurophys. Lett199Q 13, 641—-645. (42) Baciu, M.; Olsson, U.; Leaver, M.; Holmes, NL.Phys. Chem. B00§
(34) Meyer, C.; Asnacios, S.; Kleman, Mur. Phys. J. E200], 6, 245. 110 16.
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Figure 4. Quadrupolar splittingsAvg, from D,O vs temperature. :

The solid line is the best fit of eq 2 to the data. As inserts, we also 5

show?H NMR spectra recorded at 2, 8, and 2@, respectively shear rate (S )

(bottom), and in the upper right corner the variation with temperature Figure 5. Partial dynamic phase diagram for the system of 40 wt

of the extracted order parameté&, (see text for details). % CyoEs in DO Open symbols represent boundaries determined
from viscosity data, and filled symbols were taken from rheo-SANS

surfactant layer. Near 1, however Avg shows a maximum, experiments (figure adapted from ref 28).

and a further decrease of the temperature results in a strong

decrease ofAvq. Such a decrease has been found to correlate significance. The values of the fit parameters are as follcavs:
with the formation of a mesh structutéln a two-state discrete = 757.4 Hz,b = 3.663 HzC, ¢ = 0.1726, andl; = 3.663°C.
exchange modelAvqg depends on (i) the fraction of water We stress, nevertheless, that the non-monotonic temperature
moleculesPy, that are perturbed by the bilayewater interfaces,  variation of Avg can be explained by two terms: one which
(ii) the local orientational ordering in the perturbed “hydration decays weakly with temperature, which we in fact expect due
layer”, characterized, e.g., by a “reference” quadrupolar splitting, to local thermal motions, and one increasing function which
AVOQ, and (iii) how the interface is curved in space. Molecular levels off at higher temperatures. The exponential function for
diffusion along a curved surface results in an averaging of the & obtained from the fitis shown as an insert (upper right corner)
quadrupolar interaction. The partial averaging due to diffusion in Figure 4.

over the locally curved interface in a perforation can be  On the Shear-Induced Onion Formation. Shear-induced
characterized by the order parametr,bound by 0= & < 1, onion formation has been studied extensively in the present
whereS = 1 corresponds to the absence of perforationsgnd ~ System. Fora 40wt % sample, the lamellar phase in C-orientation
= 0to a completely isotropic distribution of orientations sampled is stable in shear flow for temperatures 40 °C. At lower

by the lateral interfacial diffusion. With these assumptions, we temperatures, the lamellar structure is unstable in shear flow,
can write and onion formation already occurs at a few reciprocal seconds.

The stability diagram has been determined previd@sind is
AVQ(T) = Pb(T)Ayg(T)sc(T) 1) shown ip Figure_5(reprinted from Oliviero, C Coppola, L.;
Gianferri, R.; Nicotera, I.; Olsson, UColloids Surf., A:
where all parameters are temperature-dependent. The parametefghysicochem. Eng. Aspe@B03 228 85, with permission from
are, however, expected to vary monotonically with temperature. Elsevier).
P, and Avg are expected to decrease with increasing temper- ~ The major objective of the present study was to investigate

ature. The non-monotonic variation Abq then implies tha& whether there exists a connection between the possibility of
increases with increasing temperature but levels off above a certairforming onions and the presence and stability of screw dislocations
temperature, here 10 °C. At higher temperatures, wheSe~ and bilayer perforations. Bilayer perforations and arandom mesh

1, Avg decreases approximately linearly with increasing tem- phase seem to occur, but only belowI Bilayer perforation
perature. Assuming a linear dependence in the whole temperaturdherefore cannot play a role in the observed onion formation at
range, we can find the variation §fby comparing the measured  20—30 °C. We have found that the lamellar phase shows
Avg with values obtained by extrapolation from the high- essentially an elastic response to a small shear deformation in
temperature data. A reasonable test function $oris an the frequency range 0-% Hz. The elastic modulus increases
exponentialS, = 1 — c exp{ —T/T¢}, wherecis a constant and ~ strongly with decreasing temperature. We attribute the elasticity
Tcis a characteristic temperature, below which perforations occur. to screw dislocations, connecting adjacent layers in the bilayer
Assuming this function fo&. and a linear temperature dependence Stack. The strong temperature dependence of the elastic modulus
for the productP,Avd, we have fitted the following function ~ then suggests that the screw density increases with decreasing

temperature. An increasing screw density with decreasing

Avg(T) = (@ — bT)(1 — cexp{—T/Ty}) 2 temperature has been observed in a similar system.

Nonionic surfactants of the ethylene oxide kind are special in
to the data in Figure 4. The best fit is shown as a solid line, and some ways. They may show a number of phase and structural
as can be seen, it describes the data well. This is a fit with four transitions when varying the temperature that are not simple
free parameters, and we of course should not overemphasize itorder—disorder transitions but rather reflect that the spontaneous
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monolayer curvatureo, varies strongly with temperatuféAt bilayer perforations and the random mesh phases do not correlate
lower temperatures$]o > 0, while the opposite holds for higher  with onion stability, as already stated above. The observed elastic
temperatures. At some particular temperattigeHo = 0. This response to small-amplitude shear deformations and the strong

occurs approximately at the temperature when a dilute lamellar temperature dependence of the elastic modulus is striking. The
phase transforms to the sponge phisehich in the present  observation is robust, in that it is reproducible and reversible
case is approximately 3TC. when cycling the temperature, demonstrating that layers in the
Lamellar phases often occupy larger areas in phase diagramsstack are connected, presumably by screw dislocations. It is
than neighboring hexagonal or cubic phases. The reason for itspossible that these screw dislocations, the density of which
“success” is the following. The three- and two-dimensionally increases as the temperature is lowered, play an important role
ordered cubic and hexagonal phases do not allow large structurain the flow instability of the lamellar C-orientation and the shear-
variations before losing their symmetry. The one-dimensionally induced formation of multilamellar vesicles.
ordered lamellar phase, on the other hand, may sustain larger
fluctuations (we may also compare the melting points of the  Acknowledgment. U.O. thanks the Yukawa Institute for
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