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Abstract

We report spontaneous formation of multilamellar vesicles (MLVs) from low con-

centration (< 30 wt%) aqueous micellar solutions of sodium linear alkylbenezene

sulfonate (NaLAS) upon cooling, employing a combination of optical microscopy

(OM), Small Angle Neutron Scattering (SANS), and Cryo-TEM. Upon cooling,

MLVs grow from, and coexist with, the surfactant micelles, attaining diame-

ters ranging from hundreds of nanometers to a few micrometers depending on

the cooling rate, whilst the d-spacing of internal lamellae remains unchanged,

at ' 3 nm. While microscopic flow and fluid properties of the mixed MLVs

and the micellar phase significantly differ for various rates of cooling, the corre-

sponding nano-scale structure of the surfactant aggregates, resolved by SANS,

remains unchanged. This finding proves the existence of a thermodynamic equi-

librium between the two phases for each set of temperature and concentration

in the mixed phase region of the phase diagram. Under flow, MLVs aggregate

and consequently migrate away from the channel walls, thus reduce the over-

all hydrodynamic resistance. Our findings demonstrate that the molecular and

mesoscopic structure of ubiquitous, low concentration NaLAS solutions, and in
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turn their flow properties, are dramatically influenced by temperature variation

about ambient conditions.

Keywords: microfluidic, phase behaviour, surfactant, Multilamellar vesicles,

linear alkylbenzene sulfonate, SANS, micelles

1. Introduction

Surfactants are the key components of commonly used detergents and numer-

ous household products. [1, 2] Among these, anionic surfactants and especially

the commercially significant biodegradable linear alkylbenzene sulfonates (LAS)

comprise up to 30% of the total weight of the household cleaners. [3, 4] LAS5

exhibits a rich phase behaviour with distinct bulk properties, such as viscosity

and optical transparency, associated with various self-assembled phases. [5] Al-

though the location of the boundaries between the different phases of LAS is

system-specific, the transformation pathways between the different phases are

shared by many other chemical and biological systems. [6, 7, 8, 9, 10, 11, 12]10

Previous investigations of the phase behaviour of LAS were mainly dedicated

to higher concentrations (> 30 wt%), for which a densely packed planar lamellar

phase Lα coexists with a micellar phase L1 at room temperature. [13, 14, 15]

For intermediate LAS concentrations (40 to 60 wt%), a nearly composition-

independent line in the phase diagram, around 50◦C, defines the boundary be-15

tween an opaque planar lamellar phase (Lα in Fig. 1) with a uniform d-spacing

(32−34 Å), and a semi-transparent lamellar phase (L′α in Fig. 1). The d-spacing

of the L′α phase was found to significantly increase upon heating the solution,

especially at lower LAS concentrations (up to around 44 Å at 35 wt% of LAS).

[14]20

Applying shear stress or addition of salt to the planar lamellar phase of an-

ionic surfactants, such as LAS, is known to promote the bending and wrapping

of the bilayers, and thus transform them into multilamellar vesicles (MLVs).

[16, 17, 18, 15] These onion-like liquid crystalline droplets typically have diam-

eters ranging from tens of nanometers to a few micrometers.[19, 20, 21, 22, 23]25
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The MLVs formed under shear are not, however, thermodynamically stable and

revert to the original equilibrium planar lamellar phase in the absence of shear.

To the best of our knowledge no report of spontaneous formation of vesicles in

LAS systems is available in the literature. MLVs were mainly found to form

spontaneously from the micellar phase in catanionic and zwitterionic surfactant30

solutions. [24, 25, 26, 27, 28]

Despite decades of research into phase behaviour of LAS and its numerous

industrial applications, fundamental understanding of LAS phase behaviour at

lower concentrations and temperatures remains elusive. At such concentrations

(< 30 wt%), the behaviour of aqueous solutions of LAS is estimated by ex-35

trapolation of the trends from solutions of higher concentration. [13] However,

physical and functional properties of LAS solutions in this regime were observed

to be significantly different from those expected from the characterised micel-

lar and lamellar phases described before. [29, 30] In particular, Pommella et

al. recently reported complex rheological and flow behaviour for the aqueous40

solution of 30 wt% LAS at 25 ◦C. The non-planar lamellar nano-structure of

the surfactant solution under these conditions, which induced such flow be-

haviour, was assumed to be generated by the shear applied during the sample

preparation.[30] Here, we show that the significant change in the macroscopic

and flow behaviour of LAS, including rheology of solutions, is linked to the spon-45

taneous self-assembly of the surfactants into non-planar bilayers, as opposed to

the deformation of a thermodynamically stable multi-lamellar phase that was

assumed to form at concentrations 20 - 70 wt% for temperatures below 40 ◦C.

[14] To investigate this spontaneous transformation and its potential impact on

the physical properties of LAS solutions, we study the phase behaviour of LAS50

at weight concentrations below 30 wt% in deionised water and temperatures

ranging between 0 to 40 ◦C, as illustrated in Fig. 1. LAS is used in its common

neutralised form here, thus being referred to as sodium alkylbenzene sulphonate

NaLAS from here on.

We employ bright-field and cross-polarised optical microscopy to detect the55

phase transitions in aqueous micellar solutions of NaLAS at mesoscale, upon
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cooling at controlled rates. Using a combination of Small Angle Neutron Scat-

tering (SANS) and Cryogenic Transmission Electron Microscopy (Cryo-TEM),

we resolve the nanoscale structure of NaLAS phases under similar environmen-

tal conditions. Finally, we examine the behaviour of NaLAS solutions under60

well-defined hydrodynamic stress, using a microfluidic approach. Our goal is to

elucidate the phase transformations of NaLAS solutions across lengthscales and

exploit this knowledge to rationalise their complex flow behaviour.

2. Materials and Methods

Linear sodium alkylbenzene sulfonate was provided by Procter & Gamble65

as a 45 wt% concentrate. A large volume of this solution (0.5 L) was heated at

75 ◦C for 4 hours and homogenised regularly before sequentially preparing the

dilutions in deionised water (CENTRA, ELGA LabWater). The NaLAS sample

used here is a mixture of alkyl chains of C11 to C14 and different phenyl isomers

(2- to 7-phenyl), as described in an earlier work. [15]70

2.1. Quiescent measurements

Optical microscopy. Quiescent experiments (i.e., in the absence of flow)

were performed by placing a 3 µL droplet between two round cover slips of

19 mm diameter, thus providing a uniform sample thickness of approximately

10 µm. Linear cooling profiles were applied using a thermal stage (Linkam,75

LTS420) with rates ranging from 0.05 ◦C/min to 50 ◦C/min. Isothermal mea-

surements were performed by quenching the sample at αc = 50 ◦C/min to the

final temperature Tf and maintaining the final temperature Tf with an accu-

racy of 0.1 ◦C. Both polarised and bright-field microscopy images were captured

with an Olympus BX41M-LED microscope, using a 50X objective (Olympus,80

MPlanFL with NA 0.75) and a CMOS camera (Basler ace ac2040-90 uc), which

provided an overall spatial resolution of 0.3 µm per pixel. Bright-field mi-

croscopy images were used to determine the phase boundaries. Images were

recorded at the rate of 1 frame per second, whilst the temperature was linearly
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decreased at the rate of αc = 0.05 ◦C/min. The phase transition temperature85

Tc was defined as the point at which the relative difference of the average light

intensity between two consecutive images in a cooling sequence first reached 2%

(Fig. S1).

SANS measurements. In SANS experiments, the 45 wt % NaLAS aque-

ous solution (in H2O) was diluted in D2O to reach the desired lower concen-90

trations. Isothermal and linear cooling rate SANS experiments were carried

out on the D22 diffractometer (ILL, Grenoble, France) in quartz cells (1 mm

banjo, Hellma) with incident neutron wavelength λ = 6 Å and ∆λ/λ = 10%.

Isothermal measurements were performed at sample-to-detector distances of 1.4,

5 and 17 m yielding a Q-range of 0.0028-0.6 Å−1, whilst the resolved cooling95

measurements were carried out at a fixed detector distance of 5 m, yielding

a Q-range of 0.01-0.17 Å−1. Temperature control was achieved by circulat-

ing baths connected to the sample rack (F4-K, Haake) and measured with a

PT100 probe inserted into the rack, next to the sample of interest. Time re-

solved SANS experiments at fixed heating and cooling rates (0.5◦C/min to 50100

◦C/min) were performed on the LARMOR diffractometer (ISIS, Harwell, UK),

with a polychromatic λ=0.9-13.3 Å unpolarised and divergent incident beam

with sample-to-detector distance = 4.1 m, yielding a fixed momentum trans-

fer range of approximately 0.005 < q < 0.3 Å−1. Time-of-flight measurements

at the spallation neutron source allowed simultaneous measurement of the full105

q-range and a posteri time slicing of the data with event-mode. A custom

cell holder with thermal stage (Linkam) was used to accurately and precisely

control of heating/cooling rate during SANS measurements. The SANS data

from D22 were reduced with GRASP (V7.15CD), corrected by the empty cell

and electronic background subtraction before intensity calibration to absolute110

units (cm−1) by the direct beam flux. IGOR Pro (V6.37) was used to stitch

isothermal measurements at different detector distances, using the NIST SANS

reduction macros. The SANS data from LARMOR were reduced, using stan-

dard procedures, in MANTID.[? ] Data from both D22 and LARMOR were

fitted in SASView (V4.1.2).115
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Cryo-TEM measurements. To prepare the vitrified samples for Cryo-

TEM, 3 µl of the sample was placed on a copper TEM grid covered by a perfo-

rated carbon film in a controlled environment vitrification system (Vitrobot) at

the desired subcooled temperature and humidity. The grid was plasma treated

beforehand to increase its surface hydrophilicity and thus ensure the spreading120

of the sample. The excess solution was removed by blotting with filter paper,

after which the sample was immediately plunged into liquid ethane. Finally, the

specimens were stored in liquid nitrogen and examined with a Tecnai T12 TEM

at 120 kV and images were captured by a CCD camera (TVIPS, TemCam-F216).

2.2. Microscopic flow analysis125

Flow behaviour of NaLAS solutions were investigated in microchannels fabri-

cated in polydimethylsiloxane (PDMS) using conventional soft lithography. [31]

The open microchannels (width × height = 6000 × 60 µm2) were bonded to a

glass cover slip that was brought in contact with the thermal stage to create a

thermal boundary similar to that of the quiescent measurements. Shallow and130

wide microchannels were chosen here in order to increase the area exposed to

the temperature control stage and minimize the temperature non-uniformities

across the depth of the channel. NaLAS solutions were injected into the chan-

nels at constant flow rates using a syringe pump (Harvard Apparatus, 33 DDS).

Pressure was measured at the inlet of the channel using a microfluidic inline135

pressure sensor (Elveflow, MFP), while the outlet was kept at atmospheric pres-

sure. Flow visualisation was performed in both bright-field and cross-polarised

settings, as described before.

3. Results and discussion

3.1. Phase behaviour140

The phase behaviour of aqueous NaLAS solutions has been previously stud-

ied at relatively higher concentrations (> 30 wt%) and temperatures (20-90 ◦C).

[13, 14] A broad two-phase region with coexisting micellar L1 and lamellar
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Lα phases was reported for the range of 30 to 60 wt% NaLAS concentration,

see Fig. 1. In this region, a nearly concentration-independent phase boundary145

was found to separate a tightly packed optically opaque mixed lamellar phase

(L1+Lα) with d-spacing around 32 − 34 Å at lower temperatures (T < 40

◦C) from a translucent lamellar phase referred to as L′α. The latter was char-

acterised by a varying d-spacing with temperature and NaLAS concentration.

In this work, we measure for the first time the phase boundaries in the 5-30%150

NaLAS concentration range and 0-40 ◦C temperature range, reporting nano- and

micro-scale solution behaviour, as depicted in Fig. 2. The observed boundaries

are slightly offset (by approximately 5% NaLAS towards lower concentrations)

from a previously reported extrapolated boundary, [13] which is unsurprising

given the uncertainties associated with extrapolation, the different experimen-155

tal methods, and variation of isomeric and chain length distributions between

surfactant batches and grades.

Our optical microscopy measurements reveal round birefringent droplets of

lamellar phase (termed Lα) with symmetric Maltese crosses, formed from the

optically transparent isotropic micellar L1 solution of NaLAS upon cooling, see160

Fig. 2. The phase boundary depicts the temperature at which the initial forma-

tion of droplets is observed in OM measurements, when cooling the samples at

very low rates (αc < 0.5 ◦C/min). The growth rate of the droplets was found

to depend on the rate of cooling, however, the temperature at which the phase

separation first occurs remains unchanged for sufficiently small cooling rates165

(Fig. S2).

SANS measurements show distinctive scattering patterns for conditions be-

low and above the phase boundary, in agreement with OM results. The spon-

taneous formation of lamellar droplets is accompanied by the appearance of a

sharp Bragg peak at high-Q, and an upturn at low-Q in the SANS profile (Fig. 2,170

bottom right/left). The SANS measurements confirm the coexistence of the mi-

cellar L1 (peak at intermediate-Q ) and the lamellar Lα (at low-Q and high-Q)

phases below the phase boundary. With the lowest accessible Q-values in our

experiments, no plateau in the scattering intensity was observed in the low-Q
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region and therefore determination of the aggregate size could not be resolved.175

However, evidence from OM and SANS measurements indicate the formation of

multilamellar vesicles (MLVs), further confirmed by electron microscopy which

reveals the internal structure of MLVs. Therefore, in this work, Lα refers to the

lamellar phase in the form of MLVs from here on, unless otherwise indicated.

For concentrations below 10 wt%, the solution remains in the micellar phase180

and no transition to the lamellar phase is found upon cooling down to 0◦C,

whilst above 30 wt% NaLAS concentration, the system exhibits coexistence of

MLVs and bulk lamellar and micellar phases (Fig. 1).

3.2. Formation of MLVs from micellar phase

The symmetric Maltese cross patterns found within the droplets (Fig. 2) are185

characteristic of the formation of concentric multilayer lamellar MLVs.[12] This

is further confirmed by our Cryo-TEM measurements, which resolve the internal

structure of MLVs, as shown in Fig. 3.

The low-Q upturn and the high-Q Bragg peak in the isothermal SANS pro-

files for 15 and 20 wt% of NaLAS in Fig. 3 correspond to Porod scattering from190

the large droplets and the regular repeating spacing between bilayers of sur-

factant molecules in the lamellar phase, respectively. At a similar temperature

(T = 5.6 ◦C), only a micellar phase with a peak at intermediate-Q is found for

lower concentrations (5 wt%). The d-spacing of the lamellar structure found

in the TEM measurements agrees favorably with that obtained from the SANS195

data and remains unchanged for the range of concentrations and temperatures

tested here, 30.2 ± 0.2 Å. This value also agrees well with the d-spacing found

for MLVs formed upon shearing and addition of salts to solutions of NaLAS at

higher concentrations (> 45 wt%). [15]

Similarly, continuous cooling of the solutions at lower rates (αc ≈ 0.1 ◦C/min)200

shows simultaneous growth of micro-scale liquid droplets and formation of lamel-

lar structures below the phase transition temperature Tc, for a fixed concentra-

tion of NaLAS (Fig. 4a). Alongside the appearance of the high-Q Bragg peak

of the lamellar phase, the intensity of the micellar peak in the scattering pro-
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file continuously decreases, whilst its location moves towards lower values of Q,205

as expected for a decrease in micellar concentration, see the inset in Fig. 4a.

Next, we track the scattering intensity at Q = 0.01 Å−1 and Q = 0.2 Å−1, that

correspond to the larger scale compact shape of the MLVs and their internal

lamellar structures, respectively. Fig. 4b shows that the initial appearance and

the growth of these two structures occur simultaneously, within the temporal210

resolution of our SANS experiments. Moreover, the temperature at which the

initial growth of both structures is observed in the SANS profiles coincides with

the corresponding phase transition temperature detected by optical microscopy.

3.3. SANS data analysis

The total scattered intensity obtained in SANS measurements at tempera-215

tures below the phase boundary (L1 + Lα) can be decomposed into two major

contributions: (1) micelles at intermediate-Q range (0.01 Å−1 < Q < 0.3 Å−1),

and (2) MLVs at low-Q (Q < 0.01 Å−1) and high-Q ranges (0.18 Å−1 < Q <

0.01 Å−1), see Fig. 5a. The micellar contribution is fitted using an ellipsoidal

core-shell model for the form factor and the Hayter-Penfold rescaled mean spher-220

ical approximation (RMSA) to model the structure factor. Although RMSA was

originally developed for spherical particles, it has been shown to hold for ellip-

soidal particles with relatively larger inter-micellar distance. [32] The fit to the

scattering pattern from the micelles presented in Fig. 5a yields an equatorial

core radius of 12 Å, shell thickness of 5 Å and average core radii ratio of 2.8,225

corresponding to a prolate ellipsoid. The best micellar fit is obtained using scat-

tering length densities SLDcore = -0.46 ×10−6 Å−2 and SLDshell = 1.69 ×10−6

Å−2. These fitted values are consistent with our estimation of SLDs based on

geometric calculations, considering sodium benzenesulfonate as the shell and an

average of 12 carbons in the alkyl chain as the core. Details of these estima-230

tions are provided in Supporting Information, Section 3. The fitted micellar

charge remains approximately unchanged (at about 19 e−) for concentrations

tested here. The ellipsoidal core-shell model was found to provide a satisfactory

fit to our scattering data at different concentrations and temperatures, while
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model fits to polydisperse spherical micelles consistently provided poorer agree-235

ment with the experimental data. At all concentrations of NaLAS tested here,

the volume fraction of micellar phase estimated through this fitting procedure

closely follows the volume fraction of the surfactant in the mixture considering

the density of the NaLAS, thus suggesting that majority of surfactant molecules

participate in the formation of micellar aggregates, see Fig. S4.240

The lamellar signal is well described by a power law I(Q) ∼ Q−4 compatible

with polydisperse densely packed sharp droplets (d̄ > 100 nm) at low-Q [33]

and a Gaussian distribution around the Bragg peak associated with the bilayer

structures at high-Q. The Gaussian curve is fitted to the scattering intensity

in the corresponding Q range, after subtracting the fitted micellar contribution245

I(Q)tot−I(Q)L1
, as shown in Fig. 5b,c. At any given temperature and concen-

tration the complete fit to the SANS profile is obtained by summation of these

contributions, as illustrated in Fig. 5b.

Upon continuous cooling of the sample, the Gaussian fit to the lamellar

contribution of the scattered intensity is found to remain centered around a250

fixed wavevector Q∗ corresponding to a d-spacing= 30.2 ± 0.2 Å, whilst its

maximum intensity increases as the fraction of MLVs increases at the expense

of surfactant micelles in the solution (Fig. 5c,d). Below the corresponding phase

transition temperature (Tc ≈ 8 ◦C), the contributions of the lamellar structures

at high-Q exhibit a shape-invariant Gaussian profile when normalized by the255

maximum scattered intensity Imax obtained at Q∗, as illustrated in Fig. 5c.

3.4. Growth and dissolution of the MLVs

Cooling. In order to characterise the microscopic growth of MLVs, a series

of cooling and heating ramps were imposed on 15 wt% NaLAS solutions under

quiescent conditions. Upon continuous linear cooling, the final diameter of260

the MLVs and their growth rate were found to be controlled by the rate of

cooling αc (Fig. 6a). This process appears well described by a nucleation and

growth mechanism. At lower rates of cooling (αc < 1 ◦C/min) a limited number

of nucleation sites are present and droplets slowly (< 0.1 µm/s) grow up to
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10 µm in diameter until they reach the limited thickness of the sample in our265

experiments (t ≈ 10 µm). Consequently, the detection of the phase separation

in its initial stages is not possible with the naked eye under these conditions, as

the bulk sample remains optically transparent due to the small number density

and the low growth rate of the droplets. In contrast, at higher rates of cooling

(αc > 1 ◦C/min), the number density of MLVs significantly increases relative to270

the former case, whilst the diameter of the droplets remains smaller than 5 µm.

The smaller size of the droplets and consequently larger curvatures together

with their larger number density and higher growth rate, leads to turbidity that

is clearly visible by the naked eye.

Droplet diameter and area coverage obtained by OM during linear cooling275

ramps are reported in Fig. 6b. At low rates of cooling, droplets grow slowly

into a ‘pancake’ shape in our thin sample setup, and consequently the area

coverage measured by OM closely represents the volumetric concentration of

the MLVs (φ ≈ A%). At higher rates of cooling, where droplets are smaller

and not deformed by the confinement, the apparent area coverage measured280

by OM largely overestimates the volumetric concentration of the MLVs, due to

the finite visibility depth of the approach. Therefore, we expect quantitative

agreement between SANS and OM data only at lower rates of cooling, for which

the OM projected area reflects MLV concentration.

Heating. Two distinct trends were found during the heating cycle at a fixed285

rate (αh = 1 ◦C/min): (i) The number density of larger droplets (formed at

low αc) remained largely unchanged, while their size decreased over time; (ii)

by contrast, the number density of smaller droplets decreased whilst the size

of undissolved droplets remained approximately constant. Droplet formation

appears fully reversible and the solution returns to homogeneity (micellar L1)290

upon heating back to room temperature (Fig. 6a).

Similar to other nucleation and growth processes, the apparent phase tran-

sition temperature upon cooling decreases with increasing rate. [34] Likewise,

as the heating rate increases, higher temperatures must be reached for complete

dissolution of the droplets, resulting in a wider apparent metastable zone width295
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(MSZW), see Fig. 6c. [35]

Thermal reversibility. In order to assess the reversibility of the micellar-

to-MLV transformation, a series of thermal ramps and isothermal measurements

were carried out by SANS, as shown in Fig. 7. We find that, regardless of ther-

mal pathway (i.e. cooling and heating profile) both the micellar and lamellar300

Bragg peak position and intensity remain unchanged, upon thermal equilibra-

tion over 30 minutes. As expected from the OM observations, the low-Q upturn

associated with the MLV formation is impacted by thermal rate, albeit slightly.

With absolute calibration of the SANS data, we thus show that for a given con-

centration and temperature there is a well defined volume fraction of micellar305

and lamellar phase that coexist at equilibrium.

3.5. Micellar to lamellar phase transformation and coexistence

The maximum scattered intensity associated with the micellar contribu-

tion, accompanied by the increasing intensity of the Bragg peak, in our SANS

measurements indicates the transformation of the micellar phase into MLVs310

(Fig. 8a). Assuming that the lamellar phase is generated by surfactant molecules

from micelles and considering a similar packing volume for the molecules, the

volume of the lamellar phase can be roughly estimated by the loss of the volu-

metric concentration of the micelles calculated by fitting the SANS data in the

two-phase region (Fig. S5).315

Transformation pathways, especially for the formation of unilamellar vesicles

have been the topic of multiple studies in last two decades. To form vesicles,

micelles are typically expected to first grow into disk-like bilayers, that extend,

fuse and bend to form closed unilamellar assemblies. [36] In such a condition,

the topological fate of the lamellar phase depends on the balance between the320

unfavourable energy at the edge of the growing bilayer disks and the bending

energy required to form spherical lamellar droplets. [37, 38, 11, 39, 40] Other

proposed pathways involve initial elongation of the micelles into longer rod-like

structures, that eventually develop into unilamellar or multilamellar vesicles.

[12] In our OM experiments, MLVs are observed to form in at least two distinct325
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coexisting pathways (see sample OM videos in the SI): (1) Round sub-micron

birefringent droplets appear spontaneously and grow gradually. The Maltese

cross feature is clearly detected from the beginning of this process, suggesting

a multilamellar structure within the droplets. (2) Extended vesicles (100s µm)

with thin lamellar shells are initially formed. These thin structures then become330

the source for the formation of multiple MLVs growing from their shells until

the entire body of the vesicle disappears. Within the temporal resolution of our

isothermal SANS measurements, the exponent of the power law fitted to the low-

Q range changes from β = 0 (micellar) to β = −2 (unilamellar vesicles) within

the first few minutes of the experiments. This observation can be associated335

with the formation of relatively thin large vesicles. Later in time, the low-Q

curve continuously moves upward until reaching β = −4, suggesting that the

number of the bilayers within vesicles is increasing and the structures become

more compact.[33] Eventually, due to the coalescence of the tightly packed MLVs

at later stages, a coarsening phenomenon associated with −4 < β < −2 is found340

due to the generation of less compact, more diffuse and polydisperse structures

(Fig. 8b). Possible transformation pathways suggested by our OM observations

and SANS measurements are schematically illustrated in Fig. 8c.

3.6. MLVs under flow

Generally, the transformation of planar lamellar phase into MLVs was found345

to enhance the solution “flowability and firmness”, in industrial parlance, whilst

decreasing its adhesion to the boundaries of the transport conduits. [17] Recent

comprehensive rheology measurements of HLAS at concentrations and tem-

peratures relevant to our range of interest, showed significant shear-thinning

behaviour with multiple power-laws associated with different ranges of shear350

rate ranges.[30] This behaviour was attributed to the presence of MLVs that

were assumed to form due to the application of shear to the planar lamellar

phase.[30] However, our quiescent experiments showed that MLVs form sponta-

neously within the micellar phase of NaLAS upon crossing the phase boundary.

In order to investigate this spontaneous phase transformation upon cooling, we355
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performed microfluidic experiments that models confinement effect, while allow-

ing design of well-controlled complex shear fields and simultaneous visualisation

of the flow.

Comparison between our OM and SANS measurements presented in Fig. 6,

7 and 8, suggest that despite the concentration equilibrium between the La360

and Lα phase at a given temperature, microscopic properties of the MLV phase

are strongly influenced by their pathway of formation, here the rate of cooling.

Therefore, we expect the flow properties of the MLV phase to be a complex

function of shear stress, cooling rate, geometrical confinement relative to the

size of the droplets and time. In order to isolate the effect of flow on the effective365

viscosity of the NaLAS solution in the MLV phase at different temperatures,

we deliberately choose our experimental control parameters not to include any

deformation of the MLVs and consider quasi-isothermal conditions. We use a

shallow (60 µm) and wide (6000 µm) geometry of the channel here to achieve a

uniform temperature in the direction of the flow, as well as over the cross-section370

of the channel. Furthermore, the larger width of the channel compared to the

typical diameter of the MLVs (up to 1-10 µm) ensures no significant deformation

of the droplets due to geometric confinement. Based on estimations of the

kinetics of the micellar-MLV transformations from our previous measurements

presented in Fig. 6, we apply a well controlled temperature profile to the bottom375

wall of the microchannel (detailed in Fig. 9a, top) and a flow rate of 10 µL/min.

These temperature limits allow all the tested samples of different concentrations

(10, 15 and 20 wt%) to experience a phase transition from the micellar L1 to the

coexisting micellar/lamellar phase L1 + Lα. The residence time of the sample

in the channel is typically around 50 seconds, thus the relatively low cooling380

rates (here αc = 2 ◦C/min) ensures that considering the fluid experiences a

maximum temperature variation below 1.6 ◦C during its flowing time in the

channel. This provides quasi-isothermal conditions, while allowing for a longer

induction time ti necessary for the formation of the MLVs at higher subcooled

temperatures Tf , see Fig. S4 for measurements of Ti versus Tf . Lower rates385

of cooling are not employed since the appearance and growth of the MLVs are
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not homogeneous in the field and droplets grow to a size that is comparable

to the dimensions of the channel, thus their deformation under flow becomes

significance. For the current settings, the relative increase in the diameter of the

MLVs during this residence time is less than 5%, therefore, droplets effectively390

maintain their size during cooling, whilst the sample temperature determines

their number density. We use measurements of the pressure drop ∆P for the

flow of the surfactant solution at a constant rate (Q = 10 µl/min) in the channel

as an indirect tool for quantifying the effective viscosity of the fluid and thus

the “flowability” of the solution at different temperatures. Depending on the395

concentration of the solutions, three distinct trends of ∆P are found (Fig. 9a).

The results are rescaled based on the smallest ∆P obtained for the purpose of

comparison between the different concentrations.

At 10 wt% NaLAS, the changes in pressure drop during cooling are within

measurement uncertainty. Upon reaching the phase transition temperature400

(Tc = 5 ◦C, see Fig. 2) a detectable jump is observed, which is reversed upon

heating above this temperature. Under these conditions, the pressure drop pro-

file tracks the phase transition temperatures. At higher concentrations, 15 wt%,

the effective viscosity of the sample and consequently the pressure drop in the

channel rise immediately upon cooling and largely follow the temperature pro-405

file. The effective viscosity profile exhibits a degree of asymmetry which we

rationalise by the asymmetric kinetics of the growth and the dissolution of the

MLVs. At even higher concentration, 20 wt%, the effective viscosity and the

pressure drop appear non-monotonic in time, due to an interplay between high

density MLV formation and migration under flow. We observe that ∆P ini-410

tially increases with cooling from 1© to near the phase boundary at 2©, where it

reaches a maximum associated to the formation of homogeneously distributed

MLVs at high number density. These aggregate and thus migrate towards the

center of the channel (with low shear stress), illustrated in Fig. 9b, thereby

reducing the effective solution viscosity and overall pressure drop in 3©. This415

behaviour is reminiscent of the Fȧhræus-Lindqvist effects observed in blood flow

in small capillaries, [41] in which red blood cells move away from the walls, to-
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wards regions of lower velocity gradient.[42] During heating, the aggregates first

break apart and cause a relative increase in ∆P indicated by 4©, followed by a

gradual decrease, as isolated droplets dissolve back into solution, shown by 5©,420

returning to the starting value of the cycle at 30 ◦C.

The pressure drop thus depends on multiple factors: concentration of the

NaLAS solution, degree of sub-cooling, the flow rate and distribution of shear

stress in the flow. In the concentration and temperature range explored here,

deeper subcooling has qualitatively similar effects to increasing sample concen-425

tration, since they both lead to higher rates of transformation from the micel-

lar to MLV phase. In turn, this promotes formation of larger aggregates and

their migration away from the channel wall. Our spatiotemporal visualisation

of MLV formation under well-defined flow fields, rationalises the significance of

phase behavior in affecting macroscopic properties of the NaLAS solutions, such430

as hydrodynamic resistance and adhesion to the solid boundaries of processing

units.

4. Conclusions

We have mapped the phase behavior of the ubiquitous NaLAS water system

in the low concentration (< 30 wt%) and temperature (0 to 40 ◦C) regime,435

hitherto unexplored. Previous studies reported the formation of a planar lamel-

lar phase Lα within the micellar phase L1 upon cooling, that transforms into

multilamellar structures when exposed to a shear field. [14] However, here we ob-

served spontaneous transition from the micellar phase to MLVs (in the absence

of shear or salt addition) and characterised the transformation with an array of440

experimental techniques. In particular, we linked the microscale formation and

growth of the MLVs obtained in OM to the internal molecular structure of the

nanoscale self-assemblies obtained from Cryo-TEM and SANS, as well as their

macroscopic flow properties. The observed boundaries between the L1 and Lα in

the range of concentrations and temperatures studied here are slightly offset (by445

approximately 5% NaLAS towards lower concentrations) from a previously re-
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ported extrapolated boundary,[13] which is unsurprising given the uncertainties

associated with extrapolation, the different experimental methods, and possibly

surfactant grade examined. Upon cooling, we found micelles to gradually trans-

form into multilamellar vesicles, whose size and number density in the solution450

strongly depend on the rate of cooling. Our measurements show that formation

of MLVs result in significant reduction in micelle concentration, that may in turn

influence the emulsification efficacy of the solution. Comparison between our

OM and SANS measurements suggest that a specific equilibrium exists between

the concentrations of the micellar and the lamellar phase at a given tempera-455

ture. However, the microscopic properties of the lamellar phase in the form of

the MLVs are strongly influenced by the rate of cooling. This finding motivates

further investigations of the effect of cooling rate on the micro- and macroscopic

behaviour of NaLAS or model systems comprising similar phase behaviour in

the future. OM microscopy observations supported by SANS measurements460

suggest existence of vesicles with thin shells and compact multilamellar vesicles

at different stages of the transformation from the micellar to the MLV phase.

However, higher resolution in time is still required to fully describe the early

stage of the transformation process reported here. When cooling under flow,

formation of MLVs is clearly reflected in the overall pressure drop in the system,465

providing a potentially additional tool for mapping phase boundaries of the sys-

tem. Moreover, in such a conditions MLVs were found to migrate away from

the stationary walls of the microchannel, due to the non-uniform shear distribu-

tion in the cross-sectional plane. Therefore, the partial transformation from the

micellar to MLV phase, along with the effect of non-uniform shear stress on the470

migration of the microscopic structures, becomes an important factor in defin-

ing their macroscopic flow behaviour. The complex behaviour of MLVs under

flow observed here is in qualitative agreement with previous findings reported by

Pommella et al., however, further investigations are required to explore effects

of cooling rate, sub-cooled temperature, geometrical confinements and the time475

exposed to given shear conditions.
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Figure 1: Phase diagram of aqueous solution of NaLAS in the low concentration regime.

Images correspond to bright-field (right side) and cross-polarised (bottom) micrographs of

NaLAS solutions obtained by varying temperature and concentrations, respectively. At in-

termediate concentrations (> 30%), a nearly concentration-independent [14] phase boundary

separates an opaque lamellar phase Lα from a semi-transparent L′α. The region of interest of

this work is indicated by a dashed boundary in the phase diagram. Scale bar applies to all

micrographs in the figure.
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Figure 2: Phase diagram of aqueous solution of NaLAS at concentrations below 30 wt%.

Open triangles are obtained by tracking the average light intensity of bright-field optical

microscopy (OM), acquired while cooling the samples at the rate of αc = 0.05 ◦C/min. Closed

and open circles correspond to the micellar L1 and lamellar L1 + Lα phases, respectively

obtained in SANS measurements. Insets on the left and right side of the phase diagram

correspond to measurements using bright-field (top), and cross-polarised microscopy (middle)

and SANS (bottom), respectively. Crossing the phase boundary, birefringent spherical droplets

of highly concentrated surfactants are formed within the solution, accompanied by an increase

in forward scattering and the emergence of a sharp peak at Q∗ ≈ 0.02 Å−1 in SANS. Scale

bar applies to all micrographs in the figure.
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Figure 3: Self assembly of aqueous solution of NaLAS (below 30% weight concentration) from

micellar phase L1 and mixed L1 + Lα lamellar phase, resolved by Cryo-TEM and SANS.

At a given temperature (here shown at 5.6 ◦C), only the micellar phase exists at a lower

concentration 5 % (red curve), whilst multilamellar vesicles MLVs coexist with the micellar

phase at higher concentration 15, 20 wt% (blue and green curves). The formation of MLVs

leads to the appearance of low-Q peak and high-Q upturn in the SANS scattering profile.

The sharp Bragg peak at Q ≈ 0.2 Å−1 corresponds to the d-spacing = 30.2 ± 0.2 Å of the

lamellar structure. The self-assembly of the lamellar structures into multilamellar vesicles

is confirmed by Cryo-TEM, that quantitatively corroborates the d-spacing of the internal

lamellar structure. The Q values indicated in schematics correspond to relevant length scales

of MLVs and lamellar spacing.
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Figure 4: Formation of microscale MLVs from NaLAS micellar solution. (a) Radially averaged

SANS data for an aqueous solution of 15 wt% of NaLAS at different temperatures, obtained

by decreasing the temperature in 0.5 ◦C steps with a waiting time of 5 min. (b) Evolution

of the scattering intensity at low-Q and high-Q ranges versus temperature. As the sample is

cooled across the phase boundary, a simultaneous rise in the scattered intensity at low-Q (c)

and high-Q (d) ranges is observed, associated with the microscale droplet formation and the

nanoscale lamellar structure, respectively.
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Figure 5: Decomposition of the SANS scattered intensity into the micellar and lamellar con-

tributions. (a) Radially averaged scattered intensity at T = 4.3 ◦C and 15 wt% of NaLAS

(full blue circles). A core-shell ellipsoidal model is fitted to the micellar contribution at

intermediate-Q (green solid curve). The low-Q and high-Q ranges, associated with the lamel-

lar phase, are fitted with a power law ∝ Q−4 and a Gaussian profile, respectively. The

Gaussian curve is fitted to the data after subtracting the micellar contribution from the scat-

tering intensity, as shown in the inset. (b) Representative fit to the scattered profile by adding

the three different components shown in (a). (c,d) The intensity of the high-Q lamellar peak

increases with decreasing the temperature, whilst the peak location intensity at Q∗ ≈ 0.207

Å−1 remains unchanged. The inset in (c) shows the shape-invariant behavior of the normalized

intensity of the lamellar phase high-Q contribution.
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Figure 6: Effect of cooling and heating rates on the growth and dissolution of the MLVs.

(a) Different cooling rates (αc = 0.1, 1, 10, 50 ◦C/min) are investigated for cooling aqueous

solutions of 15% NaLAS from 20 ◦C to 0 ◦C. During the cooling cycle, smaller droplets at

higher number density are formed at higher rates of cooling (left column). A heating ramp at

a constant rate of αh = 1 ◦C/min is applied to all samples, droplets are gradually dissolved

back into the solution at around room temperature. Scale bar applies to all micrographs in

the panel. (b) Quantitative measurements of the maximum diameter dmax of the MLVs and

their area coverage Amax% obtained by OM at different rates of cooling. In general, the

size of the droplets decreases upon increasing the cooling rate αc, whilst their apparent area

coverage increases. (c) The phase transition temperatures for the cooling Tc and the heating

Th cycles are significantly influenced by the rate α, especially for α > 1 ◦C/min.
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Figure 7: Reversibility and equilibration for different thermal profiles measured for aqueous

solution of 22.5 % NaLAS by SANS. (a) The temperature profile applied to the NaLAS sample.

(b) Identical micellar scattering profiles are obtained regardless of the thermal history applied

to the solution. (c) Identical micellar profile and Bragg peak, corresponding to a specific mixed

micellar and lamellar phase, are obtained regardless of the cooling rate. Slightly different

SANS profiles are observed at low-Q range. The states used in the legends of (b) and (c) are

identified in the temperature profile shown in (a).
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Figure 9: MLVs under flow and pressure drop measurements. (a) A well controlled temper-

ature profile (with αc = αh = 2 ◦C/min) is applied to the bottom wall of the microchannel

(top). The pressure drop ∆P is used to quantify the effective hydraulic resistance of the differ-

ent phases of NaLAS solutions flowing at 10 µl/min in the microchannel. Measurements of ∆P

are rescaled using the minimum base value obtained obtained for 5% NaLAS concentration.

Images show cross-polarised micrographs of the solution under flow at different temperatures

and pressures at corresponding circled numbers. Black and white patterns correspond to the

micellar and the lamellar phases, respectively. Yellow lines show the distribution of the MLV

concentrations from the wall to the center of the channel. (b) Schematic of the microchannel

and distribution of MLVs under flow. Small MLVs originally form and homogeneously dis-

tribute in the cross-section of the channel. As the number density of droplets increase, their

aggregates move towards the center of the channels.
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