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GRAPHICAL ABSTRACT

Scaled sketch of a discotic lyotropic nematic phase made of bicelles, formed when mixing two synthetic alkyl ether carboxylic acid surfactants, CsEgCH,COOH and
C18:1E2CH2,COOH, in adequate mole ratios.
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ARTICLE INFO ABSTRACT

Keywords: Motivation: Surfactants like CgEgCH,COOH have such bulky headgroups that they cannot show the common

Nematic gel sphere-to-cylinder transition, while surfactants like C;g.1E2CH2COOH are mimicking lipids and form only bi-

Small-angle scattering layers. Mixing these two types of surfactants allows one to investigate the competition between intramicellar

:E’gg ]];1:)220 VG segregation leading to disc-like bicelles and the temperature dependent curvature constraints imposed by the
mismatch between heads and tails.

Polyoxyethylene alkyl ether carboxylic acid 3 . . . . .
Lyotropic liquid crystal Experiments: We establish phase diagrams as a function of temperature, surfactant mole ratio, and active matter

Molecular segregation
Bicelle
Discotic nematic phase

content. We locate the isotropic liquid-isotropic liquid phase separation common to all nonionic surfactant
systems, as well as nematic and lamellar phases. The stability and rheology of the nematic phase is investigated.
Texture determination by polarizing microscopy allows us to distinguish between the different phases. Finally,

SANS and SAXS give intermicellar distances as well as micellar sizes and shapes present for different composi-
tions in the phase diagrams.

Findings: In a defined mole ratio between the two components, intramicellar segregation wins and a viscoelastic
discotic nematic phase is present at low temperature. Partial intramicellar mixing upon heating leads to disc

* Corresponding author.
E-mail address: werner.kunz@ur.de (W. Kunz).

https://doi.org/10.1016/j.jcis.2024.01.014

Received 8 December 2023; Received in revised form 28 December 2023; Accepted 3 January 2024

Available online 8 January 2024

0021-9797/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).


mailto:werner.kunz@ur.de
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2024.01.014
https://doi.org/10.1016/j.jcis.2024.01.014
https://doi.org/10.1016/j.jcis.2024.01.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2024.01.014&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

P. Denk et al.

Journal of Colloid And Interface Science 659 (2024) 833-848

growth and eventually to a pseudo-lamellar phase. Further heating leads to complete random mixing and an
isotropic phase, showing the common liquid-liquid miscibility gap. This uncommon phase sequence, bicelles,
lamellar phase, micelles, and water-poor packed micelles, is due to temperature induced mixing combined with
dehydration of the headgroups. This general molecular mechanism explains also why a metastable water-poor
lamellar phase quenched by cooling can be easily and reproducibly transformed into a nematic phase by
gentle hand shaking at room temperature, as well as the entrapment of air bubbles of any size without encap-
sulation by bilayers or polymers.

1. Introduction

‘Bilayer micelles’, abbreviated as ‘bicelles’, made of bilayers of
defined size limited by an outer rim, were first identified by Sanders and
Schwonek in 1992 [1]. Classical bicelles are formed by mixing a long-
chain lipid, such as dimyristoylphosphatidylcholine (DMPC), and a
short-chain lipid, such as dihexanoylphosphatidylcholine (DHPC), in
water in adequate mixing ratios. Typically, the lipid mixture forming
bicelles contains around 65-85 % of the long-chain lipid [2-4]. The
packing conditions can be rationalized using the geometrical chain
packing model introduced by Israelachvili et al. [5]. A precise definition
of the spontaneous packing parameter py and a comparison with other
types of packing parameters are given in Note S1. The long-chain lipid
has a spontaneous packing parameter pg ~ 1 and favors low curvature in
a bilayer packing, while the short-chain lipid has a lower pg and favors
higher curvature. Therefore, intramicellar molecular segregation results
in the formation of disc-like bicelles consisting of a bilayer disc that is
limited by a half-toroidal rim. Since their discovery, bicelles have gained
significant interest in biochemistry and biophysical chemistry, because
they mimic biological membranes and are often orientable in magnetic
fields, making them attractive vessels for NMR studies of membrane
proteins [1,4,6-10]. Various different morphologies are found in sys-
tems containing disc-like bicelles, such as perforated or unperforated
uni- and multilamellar vesicles, ‘infinite’ lamellae and perforated
lamellae, branched and unbranched worm-like micelles, and ribbons
[3,4,7,8,11,12]. Apart from worm-like micelles, all these structures are
related as the curvature for the long-chain lipid approaches zero, the
difference being the degree of intramicellar segregation of the two
lipids. If the rim-forming short-chain surfactant is completely mixed into
the bilayer, i.e., if there is full intramicellar random mixing, vesicles or
‘infinite’ lamellae are formed. Ribbons and perforated lamellae can be
rationalized as intermediate states between disc-like bicelles (discs) and
‘infinite’ lamellae. If disc-like bicelles start to merge due to a reduction
in intramicellar segregation, the remaining high curvature rims either
form holes in an extended lamella or limit the bilayers into ribbons. In
fact, disc-like bicelles are usually found only below the chain melting
temperature of the long chain surfactant, above which other morphol-
ogies emerge [3,8]. Due to the rich phase behavior, the term ‘bicelle’ is
often used to refer to systems made of a hydrophobic and a more hy-
drophilic lipid, independent of the structures’ morphologies. In this
work, we use the term ‘bicelle’ for its original disc-like morphology.
Typical diameters of such disc-like bicelles are in the range of 15-50 nm,
the thickness typically being around 4-6 nm [8]. Nematic or smectic
phases of bicelles are often induced by bicellar orientation in strong
magnetic fields [2,4,7,8,13].

Bicelles not only can be formed with lipids, but also with other
synthetic surfactants, see for example ref. [14,15]. An early example of
synthetic (lipid-free) bicelles with a diameter of around 50 nm made of
sodium decyl sulfate, decanol, and sodium sulfate in water that can be
magnetically oriented into a discotic nematic phase was given by Law-
son et al. [16] and verified by others [17,18]. In fact, these synthetic
bicelles, though not termed ‘bicelles’, were found even before the clas-
sical lipid bicelles were described. Although disc-like micelles are rela-
tively rare, several examples are known [19-26], many of which may be
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considered as synthetic bicelles. Synthetic bicelles can also be formed in
catanionic mixtures, for which intramicellar molecular segregation into
a bilayer and a rim was shown [27-29]. If the number density of discs is
sufficiently high, a discotic nematic phase is formed [20-23,25,30-32].
Usually, discotic lyotropic nematic phases are found as a transition state
between an isotropic micellar phase and an ‘infinite’ lamellar phase,
whereas calamitic lyotropic nematic phases are found between an
isotropic micellar phase and a hexagonal phase made of ‘infinite’ rods
[31,33]. The isotropic-nematic-lamaellar/hexagonal transition then in-
volves micellar growth to increase anisotropy until the smaller micelles
merge into ‘infinite’ lamellae or cylinders. For the system cesium pen-
tadecafluorooctanoate/D20O it was shown that all three phases, the
isotropic phase, the discotic nematic phase, and the lamellar phase, are
made of the same small (diameter < 10 nm) disc-like micelles [34]. In
this case, the isotropic-nematic-lamellar transition is rather an isotropic-
nematic-smectic transition, where the lamellar phase is a smectic phase
made of layered discs. Discotic lyotropic nematic phases made of dis-
coidal micelles or bicelles are usually of low viscosity, slightly shear
thinning, and only slightly viscoelastic [35-38]. Packed onion-like
multilamellar vesicles (MLVs) on the other hand are known to form
shear thinning viscoelastic gels that are capable of entrapping air bub-
bles [39-41].

Long lasting entrapment of objects between 1 pm and 1 mm in size is
still a problem with classical micelles or microemulsions. Polymeric
formulations have either no threshold, below which an elastic gel allows
for quasi-‘infinite’ entrapment, or long relaxation times, making mixing
difficult. In the present paper, we show that upon mixing two
commercially available extended carboxylate surfactants, namely Aky-
p0® LF2 (CgEgCHzCOOH) and Akypo® RO 20 VG (Cls:lEZCH2COOH),
in the right concentration and temperature range, a new viscoelastic
water-swollen nematic phase of synthetic bicelles is obtained. The un-
derlying mechanism is molecular segregation inside each bicellar disc. A
possible advantage of the nematic phase over packed MLVs is its
continuous aqueous phase. The defects in the nematic order are spaced
by at least three to five times the size of the bicelles, which are the
fundamental structural units. Any object larger than the spacing be-
tween defects is efficiently entrapped, since displacement of the
entrapped object requires displacement of the defects, which requires
much more than 1 kg-T [42]. Efficient entrapment that can be used in
applications could even be experimentally proved using visible air
bubbles under soft centrifugation in the presented study. A nematic
phase with similar properties, obtained by mixing lauric acid, Neodol
91-8 (Co.11Eg), and a fragrance oil, was recently reported by Tchakalova
et al. [43].

In this work, we determine phase diagrams as a function of tem-
perature, surfactant composition, and active matter concentration,
covering a wide range of temperatures, the whole range of possible
surfactant compositions at a fixed active matter concentration, and the
whole range of active matter concentrations at a fixed surfactant
composition. We identify the microstructures by means of small-angle X-
ray scattering (SAXS), small-angle neutron scattering (SANS), and op-
tical birefringence. Further, we examine the rheology of the nematic
phase and the effect of NaCl and NaOH on the nematic phase formation.
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2. Experimental section
2.1. Materials

The surfactants octaoxyethylene octyl ether carboxylic acid,
CgEgCH,COOH (M = 541 g-mol’l), commercialized under the name
Akypo® LF2 (90.0 wt% active matter, 0.9 wt% NaCl, 9.1 wt% water),
and dioxyethylene oleyl ether carboxylic acid, C;8.1E2CH>COOH (M =
415 g~mol*1), commercialized under the name Akypo® RO 20 VG (95.8
wt% active matter, 0.1 wt% NaCl, 4.1 wt% water), were a generous gift
by Kao Chemicals GmbH (Emmerich am Rhein, Germany). The hydro-
phobic chain of C;g.1E2CH2COOH is a mixture of various hydrocarbon
chains. C;g:1 denotes an oleyl ((Z)-octadec-9-enyl) chain and is the most
abundant chain with a fraction of at least 75 %. While the proportion of
the (E)-isomer is unknown, the (Z)-isomer is expected to be the pre-
dominant species. Saturated myristyl, cetyl, and stearyl, as well as other
unsaturated species, mainly Cjg.x, make up for the other 25 % of the
chains, the cetyl group being the most abundant after Cig.; with a
fraction of around 10 %. Both surfactants are technical products with a
broad distribution of the degree of ethoxylation, typically containing
small amounts of glycolic acid, formic acid, diglycolic acid, polyethylene
glycol, carboxymethylated polyethylene glycol, nonionic polyoxy-
ethylene alkyl ethers, and various esters of the type CgEyCH2COOE;Cg or
C18:1ExCH2COOQE Cy3:1, respectively, as impurities. No differences in
phase behavior were observed if using different batches of the
surfactants.

Traces of remaining impurities, such as NaCl, as well as hydrophilic
impurities, can be removed by cloud point extraction. For experimental
details and problems arising for C;g.1E2CH2COOH, see Note S2. If not
stated otherwise, to reduce the amount of hydrophilic non-surfactant
impurities and NaCl, while at the same time ensuring reproducibility,
CgEgCH,COOH was used after purification by cloud point extraction and
C18:1E2CH2,COOH was used as received. In the latter case, the water
content was accounted for in any calculations.

A further way to purify the surfactants is to remove nonionic impu-
rities by ion exchange. The method used and adapted in this work was
described and evaluated by Cattelaens et al. [44]. Experimental details
are given in Note S2. The process was shown to be effective for the
removal of nonionic impurities from ethoxylated and non-ethoxylated
carboxymethylated fatty alcohols [44]. Potentiometric pH titrations of
CgEgCH2,COOH before and after ion exchange, see Fig. S1, clearly
indicate an increase in acid fraction. If a constant average molar mass of
541 g~mol_1 is assumed for CgEgCH,COOH, an increase in acid fraction
from 82 mol% to 95 mol% is obtained. Note, however, that the molar
mass and its possible change during purification are not known pre-
cisely, and more analytical data would be necessary to deduce precise
acid fractions. An increase of the physical density after the purification
process, see section 2.5, is also in agreement with the removal of the less
dense nonionic impurities.

2-propanol (p.a., >99.8 %) was purchased from Fisher Scientific
(Pittsburgh, Pennsylvania, USA). KOH (p.a., >85.0 %), 1M hydrochloric
acid, and squalane (for gas chromatography) were purchased from
Merck (Darmstadt, Germany). 1M NaOH solution and NaCl (p.a., >99.5
%) were supplied by Carl Roth (Karlsruhe, Germany). D,O (99 % D) was
supplied by Eurisotop (Saint-Aubin, France). Ultrapure water from a
Millipore purification system (resistivity > 18 MQ cm) was used for all
systems containing water.

2.2. Phase diagram determination

All phase diagrams were determined in a temperature range of 10 °C
to 95 °C using a Julabo (Seelbach, Germany) F32-HD refrigerated and
heating circulator. Occasionally, phase transitions were evaluated below
10 °C for a better determination of phase boundaries. Samples were
prepared in 16x100 mm test tubes with sealed polypropylene screw
caps. Prior to the recording of phase diagrams, samples were usually
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heated to 50 °C and mixed with a vortex mixer during re-cooling. Phase
boundaries were determined by visual observation with an accuracy in
temperature of + 1 °C during heating. The temperature was adjusted in
steps of 1 °C and samples were left to equilibrate for at least 10 min. An
equilibration time of 10 min was found to be more than sufficient for all
observed phase transitions and the same phase boundaries were found
during cooling. In case of inhomogeneity, samples were agitated using a
vortex mixer and left equilibrated again before evaluation of the equi-
librium phase. To allow full macroscopic phase separation, some sam-
ples were left equilibrated for up to 72 h. To distinguish different liquid
crystalline and isotropic phases, samples were observed between crossed
polarizers. In addition, polarizing microscopy was performed using a
Leitz (Wetzlar, Germany) Orthoplan polarizing microscope equipped
with a JVC (Yokohama, Japan) digital camera (TK-C1380) and a Linkam
(Epsom, UK) LTS350 heating/freezing stage comprising a TMS90 tem-
perature controller (+0.5 °C) and a CS196 cooling system. To be able to
investigate both phases of biphasic samples at room temperature,
complete phase separation was facilitated by centrifugation with a 3-
18KS centrifuge from Sigma Laborzentrifugen (Osterode am Harz,
Germany).

The focus of this work is a mixture of two commercial ethoxylated
alkyl ether carboxylate surfactants, namely, Akypo® LF2 (CgEgCHa.
COOH) and Akypo® RO 20 VG (C;g:1E2CH2COOH). In binary mixtures
with water, both surfactants individually exhibit remarkably simple
phase behaviors. The only feature in the phase diagram of purified
C18:1E2CH2COOH in water, see Fig. 1A, is the formation of a semi-
crystalline lamellar Ly phase at lower temperatures up to around 90
wt% of surfactant (2.5 water molecules per headgroup). First, increasing
the water content leads to an increase of the melting temperature of the
Lg phase, until a maximum of around 48 °C is reached around 80 wt% of
surfactant (6 water molecules per headgroup). Further addition of water
does not influence the melting temperature of the Ly phase, and a dilute
aqueous phase separates from the Ly phase. This indicates that the L
phase is most stable at a certain degree of headgroup hydration, and any
excess water is expelled from the Lg phase. Depending on the hydration
of the carboxylic acid group, the available number of water molecules
per ethylene oxide (EOQ) group at 80 wt% surfactant is between 2 and 3,
which is in good agreement with the most common hydration number
for the inner hydration shell of EO reported in literature [45-47].
Beyond basic hydration of the headgroups, C;g.1E2CH2COOH and water
are not miscible. It is important to note that in most cases throughout
this work, C1s:1E2CH2COOH was used as received, and no Lg phase is
observed without purification in the examined temperature range. The
phase diagram is identical, only that the surfactant-rich phase is an
isotropic liquid over the whole temperature range. Probably, the ester
impurities, see section 2.1, destabilize the Ly phase.

The binary phase diagram of the more hydrophilic CgEgCH,COOH is
shown in Fig. 1B. As discussed in detail in previous papers [48,49],
CgEgCH2COOH does not form any liquid crystalline phases and the only
observed feature is a lower critical temperature (clouding). The indi-
cated tie lines (dotted horizontal lines) in the biphasic region were
determined by measuring the water contents of the two separated
phases. Note, however, that in previous papers CsEgCH,COOH was used
as received, whereas CgEgCH2COOH used in this work was purified by
cloud point extraction, see section 2.1. The different shape of the
clouding curve is mainly caused by the removal of NaCl (initial NaCl
content of 0.01 g NaCl per 1 g of surfactant) during cloud point
extraction. Note that both surfactants are used in their acidic form with a
pH around 2.2 at 20 wt% of surfactant. As will be elucidated in this
work, the phase behavior becomes more diverse as a function of the
surfactant ratio, when both surfactants are mixed. Most interestingly, a
self-thickening, shear-thinning nematic gel with fast relaxation time can
be obtained. In the following, the surfactant composition will be given as
R(C;8:1E2CH2COOH), where n is the amount of the respective surfactant
in mol, which is calculated using the average molecular mass given in
section 2.1.
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Fig. 1. (A) Binary phase diagram of Akypo® RO 20 VG (C;5.1E2CH,COOH) in water after purification by ion exchange and cloud point extraction. Without puri-
fication, the Ly phase is not formed within the observed temperature range, and an isotropic liquid phase is observed instead. (B) Binary phase diagram of Akypo®
LF2 (CgEgCH>COOH) in water after cloud point extraction. The two empty stars indicate points, where tie lines (horizontal dotted lines) were determined. 1¢ I:
monophasic isotropic liquid. 2¢ I/I: two isotropic liquids in equilibrium. In the notation 2¢ I/1, the former I regards the top phase, whereas the latter I regards the
bottom phase. Lg: semi-crystalline lamellar phase. Dashed lines indicate extrapolations of the phase boundaries based on the data, but are not connecting two

data points.
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2.3. Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) data were performed on the ID02,
TRUSAXS, beamline at the ESRF, Grenoble, France. The X-ray energy
used was 12.23 keV, corresponding to a wavelength, A = 0.101 nm. A
single sample-to-detector distance of 0.8 m was used, covering a g-range
of 0.072 - 7.5 nm ™}, where q is the magnitude of the scattering vector
and is given by q = 4n/A-sin(6/2). All measurements were carried out in
quartz capillaries of diameter ¢ = 1.5 mm, with the exception of sample
20M*, for which a capillary with ¢ = 2 mm was used. 2D SAXS patterns
were recorded by a Dectris (Baden-Daettwil, Switzerland) Eiger2 4M
pixel array detector and the sample transmission was simultaneously
measured. To obtain sufficient statistics for good data quality, 12 frames
of 1s exposure time were averaged, and samples underwent a radiation
damage test to ensure this did not cause damage to the sample. The
resulting 2D images were normalized to an absolute intensity scale and
azimuthally averaged to obtain the 1D profiles. The 1D SAXS patterns
were then subtracted using a capillary of water adjusted by a factor to
account for the temperature. Scattering was isotropic in all cases.

2.4. Small-angle neutron scattering

Small-angle neutron scattering (SANS) data were collected on in-
strument D33 at the Institut Laue-Langevin — The European Neutron
Source (ILL, Grenoble, France). Samples were poured in 1 mm pathway
quartz cuvettes of type 120 from Hellma GmbH (Miillheim, Germany),
kept on a thermalized sample-changer. A single configuration with a
wavelength of 4.62 A (relative FWHM 10 %) was used. The beam was
entirely collimated, and the rear detector was placed at a distance of
13.3 m from the sample, the four front panels being at distances of 1.7 m
(top and bottom) and 1.9 m (left and right). Data were processed with
GRASP 10.16b [50], using the monitor as normalizer, correcting for the
flat field, transmission, background noise as measured with sintered
10B,C at the sample position, and subtracting the contribution from a
cuvette filled with D;O. Absolute scale was obtained from the mea-
surement of the attenuated direct beam on the detector, with a known
attenuation coefficient. If not stated otherwise, given data are radially
averaged. Some samples exhibit anisotropic scattering, but only the
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scattering intensity, not the features of the scattering curve, were found
to depend on the azimuthal angle.

2.5. Density measurements

The physical densities of CgEgCH2COOH after cloud point extraction,
vacuum dried C;g.1E2CH2COOH, CgEgCH>COOH and C;g.1E2CH>,COOH
after purification by ion exchange and cloud point extraction, as well as
various other mixtures, were measured using a density meter DMA
5000M from Anton Paar (Graz, Austria), which operates with the
oscillating U-tube method. To be able to extrapolate the surfactants’
densities for any temperature, the densities were measured in steps of
5 °C between 20 °C and 50 °C. A condition for each measurement was
temperature stability with a maximum deviation of + 0.002 °C. The data
and their linear relations are given in Fig. S2.

2.6. Molecular volumes and scattering length densities

The molecular volumes and scattering length densities (SLDs) of the
surfactants, also split into a hydrophobic and a hydrophilic moiety, and
water (H20 and D,0) are given in Note S3, including details on their
calculation.

2.7. Conductivity and potentiometric pH measurements

Potentiometric pH measurements and automated titrations were
performed using a 905 Titrando high-end titrator for potentiometric
titration equipped with a flat membrane pH glass electrode and an 800
Dosino dosing unit from Metrohm (Herisau, Switzerland). Conductivity
measurements were performed using a conductivity measuring cell (cell
constant ¢ = 0.8 cm™!) with an integrated Pt1000 temperature sensor
from Metrohm. To be able to calculate the reduced molar conductivity
for a titration of a sample containing 20 wt% surfactant mixture with
NaCl solution, the same titration was performed with pure water as
analyte. To allow for sufficient mixing during titrations involving the
nematic phase, a slow titration speed, typically 0.06 mL-min~!, was
chosen.

2.8. Karl-Fischer titration

Volumetric or coulometric Karl-Fischer titration was used to check
water contents of the surfactants and separated phases. Volumetric Karl-
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Fischer titration was performed for higher water contents using a KF
titrator 870 KF Titrino plus from Metrohm, while coulometric Karl-
Fischer titration was performed for lower water contents using an 899
Coulometer from Metrohm, equipped with a platinum indicator and a
platinum generator electrode without a diaphragm. Water contents were
measured at least five times and averaged.

2.9. Threshold of bubble rising

Air bubbles of different sizes were introduced into a nematic gel
containing 20 wt% surfactant mixture with R(C;g:1E2CH2COOH) =
0.655 by simple shaking by hand. At rest, air bubbles are infinitely
entrapped, i.e., they do not rise. If buoyancy is increased by centrifu-
gation, bubbles start to rise above a certain threshold. A 3-18KS
centrifuge from Sigma Laborzentrifugen, equipped with a swing-out
rotor 11,180 and round buckets 13190, was used to increase the cen-
trifugal force step by step. In total, 4 centrifuge tubes with conical
bottom (15 mL) were filled with 10 mL of nematic gel each and various
bubbles were monitored by taking photographs after each centrifugation
step. The rotation of the rotor was increased in steps of 100 RPM at
25 °C, starting at 100 RPM. The threshold for a given bubble is then
narrowed down to a range between the centrifugation step where the
bubble starts to rise and the preceding step. The threshold can be used to
calculate the pressure exerted by the nematic gel on the air bubble.
Further details are given in Note S4.

2.10. Rheology

All rheological measurements were performed at 25 °C with a Kin-
exus lab + rotational rheometer with Peltier plate temperature control
from Malvern Panalytical (Malvern, UK). Prior to sample loading, the
sample was shaken by hand and air bubbles were avoided on sample
loading.

A cone-plate setup consisting of an upper 40 mm stainless steel cone
with an inclination angle of 4° and a stationary lower 70 mm stainless
steel plate was used for recording flow curves. The gap size was set to
200 pm and shear ramps were applied with shear rates in the range of
1-107%s7! < y <1000 s~!. Typically, the shear ramp was performed

80 T T T

Journal of Colloid And Interface Science 659 (2024) 833-848

within 40 min and 20 points were recorded per decade. No thixotropic
or rheopectic behavior was found when first increasing the shear rate,
and subsequently decreasing it.

Oscillatory rheology was performed with a parallel plate setup
consisting of an upper 40 mm stainless steel plate and a stationary lower
70 mm stainless steel plate. Measurements were performed with two
different gap sizes of 500 pm and 1000 pm. Strain controlled amplitude
sweeps were performed to determine the linear viscoelastic region at
constant angular frequencies of ® = 6.28, 10, 62.8, and 100 rad-s~ L.
Frequency sweeps were performed at constant complex strains of
y*=0.1, 0.2, 0.5, and 1.0 %.

3. Results and discussion
3.1. Phase diagrams

The recorded phase diagram of the CgEsCH2COOH/Cjs.1E2CHa.
COOH surfactant mixture as a function of the surfactant composition R
(C18:1E2CH2COOH) at a constant total surfactant content of 20 wt% is
shown in Fig. 2. Both surfactants are used in their acidic form, resulting
in a pH around 2.2 at 20 wt% of surfactant. The apparent pK, of
CgEgCH,COOH at 5 wt% of surfactant is around 3.9, the apparent pK, of
C18:1E2CH2COOH is unknown, and the apparent pK, of the mixture with
R(C18.1E2CH2COOH) = 0.655 at 20 wt% is around 4.6. Given the
apparent pK, of 4.6, the expected degree of acid dissociation is less than
0.5 %, rendering the surfactants with a surface charge density of less
than —1.9-10~3 C m~2 pseudo-nonionic. In order to be able to assess
possible influences of the nonionic impurities, especially esters, the
same phase diagram was recorded using both surfactants after purifi-
cation by ion exchange (see section 2.1) and is shown in Fig. S3. The
principal phase behavior is found to be similar in both cases, the main
differences being a shift of the phase boundaries to slightly higher values
of R(C;8.1E2CH2,COOH) and higher temperatures after purification. As
mentioned in section 2.2, Cys.1E2CH2COOH purified by ion exchange
can form a Lg phase in presence of water, whereas unpurified
C18:1E2CHCOOH cannot.

The same is true for mixtures with R(C;g.1E2CH,COOH) > 0.9, which
can form a Ly phase if the surfactants are used after purification by ion

20M at 25°C (14 N):
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Fig. 2. Phase diagram of the CgEgCH,COOH/C;.1E2CH>COOH surfactant mixture in water at a fixed total surfactant content of 20 wt%. The mixing ratio of the two
surfactants, given as R(Cys.1E2CH,COOH), is varied. 1¢ I: monophasic isotropic liquid. 2¢ I/I: two isotropic liquids in equilibrium. In the notation 2¢ I/, the former I
regards the top phase, whereas the latter I regards the bottom phase. L,: lyotropic lamellar phase. N: lyotropic nematic phase. The colored crosses indicate samples
measured with SAXS. The three images depict sample 20M (20 wt% surfactant, R(C;g.1E2CH,COOH) = 0.655) between crossed polarizers at 25 °C (1¢ N), 35 °C
(1¢ L), and 40 °C (1¢ I). Pictures were taken during heating of the sample from 10 °C. After 30 min of equilibration at the respective temperature, the cylindrical
glass tube (diameter ~ 1.6 cm) containing the sample was placed horizontally (perpendicular to the direction of gravity) between crossed polarizers. The same phase

diagram with both surfactants purified by ion exchange is shown in Fig. S3.
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exchange. Apart from a small biphasic isotropic domain at low tem-
peratures around R(C;g:1E2CH2COOH) = 0.2, which only appears in
presence of the more hydrophobic ester impurities, the mixture is a
single isotropic micellar phase below the critical temperature up to
approximately R(C;g.1EoCH,COOH) = 0.5. At R(C18:1E2CH;COOH) = 0,
CgEgCH,COOH forms small spherical micelles (aggregation number
Nagg =~ 30, radius r ~ 2.5 nm [48,49]) and the lower critical solution
temperature (LCST) is reached at 66 °C. With increasing fraction of the
hydrophobic C;g.1E2CH2COOH, the critical temperature decreases to
48 °C at R(C18:1E2CH2COOH) = 0.5. It is to be expected that the two
surfactants form mixed micelles, progressively deviating from the
initially spherical shape. Applying the geometrical chain packing model
introduced by Israelachvili et al. [5], CgEgCH2,COOH with its short Cg
chain and large headgroup has a spontaneous packing parameter pp < 1/
3, thus packing into spherical shape, and C;g.1E2CH>COOH with its long
Cyg:1 chain and relatively small headgroup has a pg close to 1, thus fa-
voring lamellar packing. Therefore, a progression towards an (oblate)
ellipsoidal shape can be expected.

Following the transition 1¢I 2¢ I/Taround R
(C18:1E2CH2COOH) =~ 0.5, the complete phase sequence at room tem-
perature is 2¢ I/1 - 2¢ Ly/I - 1$p N - 2¢ /N - 2¢ Ly/I - 2¢ I/1, where
I denotes an isotropic, Ly a lamellar, and N a nematic phase. In the used
notation, the first letter refers to the top phase, while the second letter
refers to the denser bottom phase. In absence of ester impurities, see
Fig. S3, the 2¢ I/N domain does not appear, suggesting that the small
isotropic phase contains hydrophobic ester impurities that are not sol-
ubilized in the nematic phase. Further, the nematic phase usually tran-
sitions into two isotropic phases via 1¢ N - 1¢p Ly — 11 - 2¢ I/],
where 2¢ L,/I may appear as a coexistence domain in a narrow con-
centration or temperature range during the transition 1¢ Ly — 1¢ L. The
appearance of an excess phase containing hydrophobic ester impurities
in the 2¢ I/N domain slightly alters the phase sequence. A surfactant
partitioning seems to occur in the 2¢ I/I domain above R(Cjg.1E2CHa.
COOH) = 0.5, where a smaller, turbid, less dense upper phase separates
from a larger (>80 vol%) bottom phase. The bottom phase at R
(C18:1E2CH,COOH) = 0.524 contains 17 wt% of surfactant, while the top
phase is richer in surfactant, suggesting that micelles in the bottom
phase contain a larger fraction of the hydrophilic CgEgCH,COOH, while
the top phase is a dispersion of hydrated insoluble C;g.1E2CH>COOH. On
heating, the mixing of the two surfactants is expected to be facilitated,
explaining the transition to the 2¢ Ly/I domain by incorporation of
enough CgEgCH2,COOH into the Cjg.1E2CH,COOH-rich upper phase to
achieve a water-soluble lamellar phase. The subsequent transition to a
nematic phase can also be explained by further mixing of the two sur-
factants until the two separate phases, i.e., the C;g.1E2CH2COOH-rich
lamellar top phase and the CgEgCH,COOH-rich isotropic micellar bot-
tom phase, merge into a single phase of mixed aggregates. At sufficient R
(C18:1E2CH,COOH), an increase in temperature and an increase in R
(C18:1E2CH,COOH) have similar effects.

This complex phase sequence can be rationalized by considering
partial molecular segregation of the two surfactant species. Whereas
there is no segregation in the isotropic mixed micellar phase for
R(Cy5:1E2CH2COOH) < 0.5, on increasing R(C;g:1E2CH2COOH) there is
first intermicellar segregation into two different phases, i.e., two
different microstructures, because intramicellar segregation is impos-
sible for small spheroidal aggregates due to the cost in entropy being too
high, and eventually, around R(Cjg.;E2CH2COOH) = 0.6, the two
different microstructures mix to form a single species of larger aggre-
gates, where intramicellar segregation occurs. Cjg.1E2CH2COOH, fa-
voring lamellar packing, is preferably populating regions of low
curvature, while CgEgCH>COOH, favoring spherical packing, preferably
populates regions of high curvature. Thus, packing considerations sug-
gest disc-like structures, also referred to as bicelles in literature. Mo-
lecular segregation was shown for catanionics [27-29], and is also the
reason for the formation of bicelles when mixing a lipid with another
(lipid) surfactant, which favor different curvatures [4,7-10,15]. When
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starting in the nematic phase, e.g., at R(Cy5.1E2CH,COOH) = 0.66
(sample 20M indicated in the phase diagram), the observed phase
sequence with increasing temperature is similar to the sequence
observed at constant temperature with increasing R(C;g:1E2CH2COOH):
1¢ N - 1 Ly » 1¢ I — 2¢ I/I with a narrow transition zone during the
transition 1¢ Ly — 1¢ I, where both phases are in equilibrium. This
sequence can also be explained by an increase in intramicellar surfactant
mixing, i.e., a decrease in intramicellar segregation, on increasing
temperature or R(C;g:1E2CH2COOH). A sufficient degree of mixing leads
to merging of the bicelles into soft, highly undulating pseudo-lamellar
structures, which then finally transform into mixed micelles in the
isotropic phase. The eventual phase separation into two isotropic phases
at a critical temperature is in most cases a classical cloud point. How-
ever, at high values of R(Cyg.1E2CH2COOH) and lower temperatures, the
two surfactants possibly partition between the two phases, with an
aqueous phase containing CgEsCH2COOH-rich aggregates on the one
hand and a hydrated C;g.1E2CH,COOH phase on the other hand. A
separation into a dilute aqueous phase and a surfactant-rich phase
containing both surfactants fully mixed would then be expected at
higher temperatures.

Interestingly, the clouding temperature shows re-entrant behavior: it
increases from 48 °C around R(C;g.1E2CH,COOH) = 0.5 to 57 °C at R
(Cy18:1E2CH2COOH) = 0.56, before decreasing again with increasing R
(C18:1E2CH2COOH). In absence of ester impurities, this local maximum
of the critical temperature is shifted to 67 °C at R(C;5.1E2CH2COOH) =
0.62 and almost matches the critical temperature at R(C;g.1E2CHa.
COOH) = 0. The increase of the critical temperature coincides with the
appearance of lyotropic liquid crystalline (LC) phases and the position of
the local maximum in R(C;g,1E2CH,COOH) matches the first appearance
of the nematic phase. Critical temperatures are related to dehydration of
headgroups and significantly differ for the two surfactants. In absence of
intramicellar segregation, the critical temperature shows a sigmoidal
shape, decreasing with increasing fraction of the hydrophobic surfac-
tant. The intramicellar segregation present in the bicellar nematic
domain is the origin of the re-entrant behavior that is clearly shown in
Fig. 2.

The nematic phase is viscoelastic, capable of entrapping air bubbles,
and strongly shear thinning, see rheology data in Figs. S4 and S5. As can
be seen in Fig. S4 and Table S1, the obtained flow curves of a nematic
gel containing 20 wt% of surfactant mixture with R(C;g.1E2CH2COOH)
= 0.655 show two shear thinning domains that can both be fitted with
the Herschel-Bulkley model [51], giving two different yield stresses, one
being slightly above 1 Pa and the other one being around 10 Pa. A
possible explanation for this behavior is that first larger nematic do-
mains start to move above the first yield stress, before microscopic do-
mains or individual discs start to move relative to each other above the
second yield stress. Macroscopic viscoelasticity and air bubble entrap-
ment can be seen in Video S1. Due to the shear thinning character, the
gel-like mixture can be easily pipetted or mixed. After shaking of a
nematic gel, bubbles are fixated instantaneously, suggesting that the
viscoelastic structure is restored in less than 1s. The macroscopic
appearance of a nematic gel with R(C;g.1E2CH2COOH) = 0.655 between
crossed polarizers at 25 °C can be seen in the first image in Fig. 2. When
going to the pseudo-lamellar phase above 34 °C, the viscosity decreases,
gel-like viscoelastic behavior is lost, and the optical appearance changes
(see second image in Fig. 2). In the isotropic phase above 39 °C (see third
image in Fig. 2), a low viscosity is maintained. A full sequence of images
taken between crossed polarizers between 10 °C and 40 °C is shown in
Fig. S6. Within the nematic domain, both birefringence and viscosity
increase with increasing temperature.

A nematic phase is found in a range of 0.55 < R(C;g:1E2CH2COOH)

< 0.73, where for R(C;g:1E2CH2COOH) > 0.688 a small isotropic excess
phase coexists with the nematic phase due to the presence of ester im-
purities, see Fig. 2. A reference mixing ratio of R(C;g.1E2CH2COOH)
= 0.655, well inside the nematic domain, was chosen so that the mixture
is monophasic and nematic already at low temperatures (>5°C). In
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absence of impurities, a monophasic nematic region is observed for 0.60
< R(C1g:1E2CH2COOH) < 0.90 and the reference mixing ratio was
increased to R(C;g:1E2CH2COOH) = 0.706, due to the shift of the phase
boundaries to higher values of R(Cyg.1E2CH2COOH), see Fig. S3. Pseudo-
binary phase diagrams of the surfactant mixtures in water at a constant R
(C18:1E2CH2COOH) = 0.655 with impurities and at a constant R
(C15:1E2CH2COOH) = 0.706 without impurities are given in Figs. 3 and
S7, respectively. The principal phase behavior is the same in both cases.
The nematic phase is stable in an exceptionally large concentration and
temperature range, extending from 8 wt% surfactant up to around 55 wt
% surfactant. Below 8 wt% (and above the critical micelle concentration),
permanent birefringence and viscoelasticity are lost and the mixture is of
low viscosity and flow birefringent. In presence of the hydrophobic ester
impurities (Fig. 3), the flow birefringent phase is in equilibrium with a
small volume of an isotropic phase, whereas in absence of the impurities
(Fig. S7), only the flow birefringent phase is observed. Thus, the small
isotropic phase found in presence of impurities is probably an excess
phase, containing mainly hydrophobic ester impurities. Over the whole
nematic domain, the same phase sequence as described above is found on
increasing temperature: 1¢p N —» 1¢ Ly — 1¢p I > 2¢ [/Twith asmall 2¢ L,/
I domain during the transition between the lamellar to the isotropic
phase. The lamellar phase is confirmed by polarizing microscopy, see first
image in Fig. 3, where typical Maltese crosses are observed.

The phase sequence is modified above 30 wt% of surfactant, where
the additional formation of a different lamellar phase prior to reaching
the isotropic phase is observed at higher temperatures. The same
lamellar L, phase in equilibrium with a smaller isotropic phase is formed
at room temperature on increasing the surfactant concentration beyond
55 wt%. The lamellar (smectic) nature of this phase is confirmed by
polarizing microscopy, see second and third image in Fig. 3, where
typical Maltese crosses can be seen before its complete melting into an
isotropic phase at higher temperatures. In contrast to the lamellar phase
found at lower surfactant mixing ratios, see Figs. 2 and S3, which is less
dense than the coexisting isotropic micellar phase, the lamellar phase
following the nematic phase at high weight fractions is denser than the
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coexisting isotropic phase. Since the surfactant mixture is only slightly
denser than water if most of the CgEgCHCOOH is mixed with
C18:1E2CH2COOH, this observation suggests that the lamellar phase
contains a large fraction of both surfactants. Even further increasing the
surfactant concentration, a single isotropic, hydrated surfactant phase is
obtained above 85 wt% of surfactant. The eventual phase separation
into two isotropic phases at higher temperatures, observed up to 85 wt%
of surfactant, corresponds to the classical clouding phenomenon found
for nonionic ethoxylated surfactants [52], where a surfactant-rich phase
separates from a dilute aqueous phase. This is confirmed by the deter-
mination of a tie-line at 20 wt% of surfactant and 60 °C, see dotted
horizontal line in Fig. 3.

3.2. Dilution of bicelles to an isotropic fluid

On dilution of the nematic phase to below 8 wt% of surfactant, the
nematic phase transitions into an optically isotropic fluid that is easily
identified between crossed polarizers to be a flow birefringent phase.
The nematic order is lost upon dilution as soon as rotational freedom is
gained by an increase of the average spacing between the bicelles
beyond the average diameter of the bicelles present. At rest, the mixture
appears isotropic because the bicelles can freely rotate, but when
applying shear, the bicelles can be momentarily oriented in the direction
of the applied shear, resulting in flow birefringence. The dilute flow
birefringent state can be used to analyze the form factor of the micro-
structures by small-angle scattering. Since the flow birefringent state is
only monophasic in absence of ester impurities, samples containing 5 wt
% of surfactant purified by ion exchange are used. Since the physical
density of the surfactant mixture is close to 1 g-cm™>, the volume frac-
tion equals the weight fraction in Hy0.

For investigation by SAXS versus temperature, sample 5M_a_0.706
was used, where ‘SM’ stands for 5 vol% surfactant mixture in H,O, ‘a‘
indicates that only the carboxylic acid surfactants after purification by
ion exchange were used, and R(C;g.1E2CH2COOH) = 0.706. Scattering
was recorded at various temperatures between 5 °C and 60 °C. The
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Fig. 3. Pseudo-binary phase diagram of a CgEgCH,COOH/C;.1E;CH2COOH surfactant mixture with a fixed surfactant composition R(C;g.1E2CH,COOH) = 0.655 in
water as a function of the surfactant concentration. 1¢ I: monophasic isotropic liquid. 2¢ I/1: two isotropic liquids in equilibrium. In the notation 2¢ I/1, the former I
regards the top phase, whereas the latter I regards the bottom phase. L,: lyotropic lamellar phase. N: lyotropic nematic phase. Flow-BR denotes flow birefringence.
The colored crosses indicate samples measured with SAXS using a color code related to temperature increase. The empty star indicates a point, where a tie line
(horizontal dotted line) was determined. The shown polarizing microscope images were taken between crossed polarizers at a 100x magnification and sample
thicknesses of 0.48 mm (70 wt%) and 0.96 mm (20 wt% and 80 wt%). The scale bars indicate a length of 100 pm. A similar phase diagram with both surfactants

purified by ion exchange is shown in Fig. S7.
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resulting scattering curves are shown in Fig. 4A. The respective points in
the phase diagram are indicated in Fig. S7. As can be seen in the phase
diagram, the critical clouding temperature is reached at 62 °C and
sample 5M_a_0.706 is monophasic and flow birefringent over the whole
temperature range covered by SAXS.

The scattering curves represent a form factor oscillation with a
constant position of the maximum around q = 1.1 nm™! over the whole
temperature range. At 5 °C, there is a sharp local minimum around q =
0.30 nm ™!, and probably a sharp second local minimum around q = 4
nm ! that is not resolved. Up to 20 °C, the minima stay sharp, while the
first one slightly shifts to approximately q = 0.23 nm~'. Further
increasing the temperature leads to an increasingly less pronounced
form factor oscillation with increasingly flat minima. At 40 °C, only a
weak first local minimum is observed at q = 0.20 nm ! and a still sharp
second local minimum is resolved for the first time around q = 4 nm ™.
For the highest measured temperature 60 °C, which is close to the
critical solution temperature, the minima are still at a similar position
but are much weaker compared to lower temperatures. The flattening of
the minima suggests an increasing variation in aggregate thickness with
increasing temperature. The oscillation in the form factor and the exact
positions of the minima originate from the core-shell structure of the
aggregates [53]. Changes of the structure factor can be excluded as the
reason for the flattening of the minima, since the region sensitive to the
structure factor is at lower q (<0.1 nm™!). This can be seen in Fig. 4B,
where deviations from the form factor fits occur only at low q. The
increasing variation in apparent aggregate thickness is a result of a
decreasing intramicellar molecular segregation of the two surfactant
species CgEgCH,COOH and C;g.1E2CH2COOH with increasing tempera-
ture. In the case of bicelles, i.e., discs with a C;g.1E2CH,COOH-rich flat
bilayer part and a CgEgCH,COOH-rich curved rim, decreasing segrega-
tion leads to an increasing bicelle radius because less relative volume of
rims results in larger discs. However, despite being partially mixed into
the flat bilayer part, CsEgCH2COOH with its much larger headgroup still
is the main component of the rims. Thus, mixing of the two surfactants
with big and small headgroups may be the origin of strong fluctuations,
i.e., undulations, in the bilayer part.

The overall scattering contrast is quite low for X-rays, but several
orders of magnitude higher for neutrons. Additionally, SAXS is highly
sensitive to the internal core-shell structure, whereas SANS better
probes the overall structure. Therefore, SANS of sample d-5M_a_0.706, a
sample in D50 equivalent to sample 5M_a_0.706 in H,0, was recorded at
20 °C. ‘d-5M’ denotes that 5 vol% of surfactant mixture are dissolved in
D20. The phase behavior in D20 was found to be identical with a sig-
nificant general decrease of the critical temperature and all other phase
transition temperatures. In Fig. S8, a partial phase diagram covering
different mixing ratios of the surfactants at a constant surfactant content
of 20 vol% (=18.4 wt%) in D50, using surfactants purified by ion

Journal of Colloid And Interface Science 659 (2024) 833-848

exchange, is compared to the same phase diagram at 20 vol% (~20 wt%)
of surfactant in H,O. It is important to note that the difference is caused
by a solvent effect and not by a pH effect, as the equivalent pH in D,0 is
only slightly increased from around 2.2 to around 2.4. The reading of the
electrode calibrated in HoO, pH*, was converted to the equivalent pH
using ref. [54]. For sample d-5M_a_0.706, the critical temperature is
only 50 °C, compared to 62 °C for 5M_a_0.706. The neutron scattering is
shown in a Kratky-plot in Fig. 4B and is directly compared in log-scale to
the X-ray scattering of the equivalent sample in HyO in Fig. 4C. The
SANS curve follows a q~2 slope in the mid-q range (0.06-1.5 nm ™). In
the absence of long-range interference effects, such as Ornstein-Zernike
[55], this demonstrates the presence of large two-dimensional aggre-
gates: finite discs, large sheets, or ribbons. With the background
knowledge of the phase diagrams of the two surfactants and their
mixture in water, this is only compatible with the presence of disc-like
bicelles. The Kratky-representation allows for a more detailed look
and is used to compare the SANS data of d-5M_a_0.706 at 20 °C to the
data obtained for two additional samples with different surfactant
mixing ratios, see Fig. 4B. The samples d-5M_a_0.677 and d-5M_a_0.750
contain 5 vol% of surfactant mixture in D50, where R(Cig.1E2CHo.
COOH) = 0.677 and 0.750, respectively. Solid lines represent best fits to
an oblate core-shell ellipsoid form factor using the SasView package
(version 5.0.4) [56]. Details about fitting and obtained parameters are
given in Fig. S9 and Table S2. To avoid producing excellent fits with
unphysical packings by freely varying too many parameters [57], a
constrained fitting approach, as initiated by Hayter [58], is adopted.
Constraints are imposed by SLDs and micellar radii that must be self-
consistent with known molecular volumes and electronic densities, see
Note S$3. In all three cases, the best fit suggests a polar hydrophobic core
radius close to 2 nm, corresponding to the length of an oleyl C;g.; chain
[59,60]. It is worth noting that the fit is sensitive to the polar core radius,
which is visualized by the simulation (dashed line) in Fig. S9A. The
hydrophilic shell thickness is similar in all cases and varies from 2.3 nm
along the equatorial half-axis to 0.9 nm along the polar half-axis, in good
agreement with, respectively, the lengths of the —-EgCH>;COOH and
—-E2CHCOOH headgroups. The length of the EO-chain in the liquid state
is intermediate between the fully extended length (zigzag conforma-
tion), which is about 3.3 nm for -EgCH;COOH and 1.1 nm for
—E5;CH,COOH, and the meander conformation, which is about 1.9 nm
for -EgCH2COOH and 0.6 nm for ~E;CH;COOH [61]. The only param-
eter that changes between the three surfactant mixing ratios is the
equatorial core radius. For R(C;g:1E2CH>COOH) = 0.677, an equatorial
core radius of 23.8 nm is found, which increases to 24.6 nm at R
(C18:1E2CH,COOH) = 0.706, and to 27.1 nm at R(C;g.1E2CH,COOH) =
0.750. Since the obtained micellar dimensions reflect the molecular
dimensions of the two surfactants, these results are fully consistent with
intramicellar segregation of CgEgCH,COOH and C;g.1E2CH>COOH,
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Fig. 4. (A) SAXS data of sample 5M_a_0.706, containing 5 vol% surfactant mixture purified by ion exchange with R(C;g.1E2CH2,COOH) = 0.706 in H0, at different
temperatures between 5 °C and 60 °C. (B) SANS data of samples d-5M_a_0.677 (black), d-5M_a_0.706 (red), and d-5M_a_0.750 (blue) at 20 °C represented in a Kratky
plot. All three samples contain 5 vol% of surfactant mixture purified by ion exchange in D,O. The composition of the surfactant mixture is varied so that R
(C18:1E2CH,COOH) equals 0.677, 0.706, and 0.750, respectively. The lines represent best fits to an oblate core-shell ellipsoid form factor for d-5M_a_0.677 (dashed
line), d-5M_a_0.706 (solid line), and d-5M_a_0.750 (dotted line). For details, see Fig. S9 and Table S2. (C) Comparison of SANS of sample d-5M_a_0.706 (black) and

SAXS of sample 5M_a_0.706 (red).
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where C;g.1E2CH2COOH favors the polar positions of low curvature and
CgEgCH2COOH favors the equatorial positions of high curvature. The
increase of the equatorial radius with increasing fraction of
C18:1E2CH2COOH can also be explained by molecular segregation,
because additional C;g.1E;CH2,COOH favors the flat inner part of the
oblate ellipsoid, consequently increasing its size. Due to the large aspect
ratio (>12), these oblate ellipsoids resemble discs. However, the actual
structure of the discs may also differ from an oblate ellipsoid. Instead of
an oblate ellipsoid, where the hydrophobic core thickness, i.e., the polar
radius, gradually decreases towards the equatorial half-axis, a flat cy-
lindrical disc of constant thickness with an elliptical rim, i.e., a bicelle,
would also be feasible. Both geometries are ideal cases and, in reality,
the structure might be intermediate between the two ideal geometries.
Further deviations from a perfectly uniform structure can be expected
due to local variations in thickness of the flat disc part as a result of local
molecular segregation. Local molecular segregation leads to the for-
mation of regions of higher curvature, which can either be bumps pro-
truding from the discs, or small holes perforating the disc. The latter can
be rationalized as a rim of higher curvature, forming not only on the
edge of the disc but also inside the disc.

Perforated lamellar (also named “mesh” phases) and disc-like
structures have been reported in literature as intermediate states in
phase sequences involving discs [62-66]. As suggested by SAXS, see
above, these variations increase with increasing temperature, leading to
variations in the layer thickness, i.e., undulations. It remains unknown,
whether the formation of possible perforations is favored or disfavored
with increasing temperature, though a decrease in segregation with
increasing temperature should destabilize the internal rims and there-
fore the perforations. Despite the possible deviations from a perfect
bicellar structure, the discs are formed due to the two opposing curva-
ture contributions of the two surfactants, fully justifying the use of the
term ‘bicelle’ in this work.

As can be seen in Fig. S9B, the basic shape of the SANS form factor
can also be described with an inhomogeneous lamella form factor,
which, however, fails to fit all the features of the data, including the
minimum in the Kratky-plot. The best fit, reproducing at least the correct
position of the kink in scattering around q = 1.8 nm ™1, i.e., the minimum
in the Kratky-plot, gives a bilayer half-thickness of 1.2 nm. Such a small
half-thickness compared to the usual length of 2 nm for a C;g.; chain is
only possible if the alkyl chains are interdigitated. Interestingly, 1.2 nm
is almost precisely the length of a Cg chain [67], reducing chain packing
constraints for mixing the two surfactants in a microstructure. A non-
interdigitated half-thickness of 2 nm would shift the position of the
minimum to lower q, as visualized by the simulation given as a dashed
line in Fig. S9B. In fact, alkyl chain interdigitation is also required in the
proposed oblate ellipsoid, because only the polar half-axis matches the
Cig:1 chain length of 2 nm, but the thickness of the core decreases to-
wards the equator of the ellipsoid. Thus, the C;g.; chains can be safely
considered to be nearly fully interdigitated. A tendency towards inter-
digitation of the oleyl chain can also be inferred from the polymorphism
of oleic acid crystallization close to the melting point. The crystalline o
and y phases comprise stacks of oleic acid bilayers with separated car-
boxylic acid and methyl group planes, whereas the p phase comprises a
layered structure of fully interdigitated oleic acid molecules. In the
latter, carboxylic acid groups and methyl groups are alternating in the
same plane instead of forming two separate planes [68,69].

3.3. Effect of temperature on the nematic gel

After the identification of the form factor in the previous section, in
this section the effect of temperature on the nematic gel is elucidated. A
viscoelastic, gel-like nematic phase with permanent birefringence is
formed above 8 wt% and up to about 55 wt% of surfactant, see Fig. 3.
SAXS data of sample 20M, recorded during a temperature scan from 5 °C
to 60 °C, are shown in Fig. 5. Sample 20M contains 20 vol% (=20 wt%)
of surfactant mixture with the ‘reference’ surfactant composition R
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(Cy18:1E2CH2COOH) = 0.655 in H20 and has a pH of 2.24. The measured
points are indicated as colored crosses in the phase diagrams in Figs. 2
and 3. From 5 °C to 30 °C, the mixture is a nematic phase, and a structure
factor peak is seen in SAXS. The structure factor peak is barely visible at
5 °C and becomes more pronounced with increasing temperature, sug-
gesting that the ordering of the bicelles increases with increasing tem-
perature. This finding is in agreement with the macroscopic observation
of increasing birefringence and increasing viscoelasticity with
increasing temperature and corresponds to an increase of the average
bicelle diameter with temperature. When the disc diameter increases,
the rotation of the bicelles is progressively more hindered as the diam-
eter grows in relation to the average spacing of the bicelles. The increase
in size on the other hand can be explained by a decrease in molecular
segregation of the two surfactants. With increasing temperature, more
CgEgCH,COOH molecules are incorporated into the flat part of the
bicelle, which decreases the volume fraction of the rim and leads to a
growth of the bicellar diameter. Up to 25 °C, the peak position is rather
constant at ¢ = 0.280 nm™ !, corresponding to a repeat distance of
D* = 22.4 nm, which is smaller than the outer radius of around 26 nm
obtained from the form factor in SANS at 20 °C. Therefore, bicelles with
an equatorial radius of 26 nm seem to be a reasonable assumption even
at higher concentrations and in HyO. However, it should be noted that
the total surfactant concentration and the change of solvent from H5O to
D20 can influence the size of the bicelles. In surfactant systems, the
average size of aggregates tends to increase with increasing surfactant
concentration [34]. On the other hand, a decrease in diameter of clas-
sical lipid bicelles with increasing lipid concentration was reported. The
influence of concentration on bicellar size is, however, small compared
to the effect of the lipid composition [8,12]. An increase of the average
diameter beyond 26 nm with increasing surfactant concentration is to be
expected in the presented system, as the nematic phase exhibits signif-
icant viscoelastic gel-like behavior (Fig. S5), suggesting that the disc
radius is considerably larger than the repeat distance of 22.4 nm. A
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Fig. 5. SAXS data of sample 20M, containing 20 vol% surfactant mixture with
R(Cy5:1E2CH2COOH) = 0.655 in H,0, at various temperatures, taken during
heating from 5 °C to 60 °C and after re-cooling to 20 °C (gray dashed line). The
measured points are indicated in the phase diagrams in Figs. 2 and 3. At 5 °C to
30 °C, the sample is a nematic phase (1¢ N). At 35 °C, a pseudo-lamellar phase
(1¢ L) is formed, which transitions into an isotropic phase (1¢ I) at 40 °C. At
45 °C and above, phase separation into a dilute bottom phase and a surfactant-
rich top phase (2¢ I) occurs. Note that data for 55 °C and 60 °C are missing
because the beam did not hit the surfactant-rich phase during phase separation.
On another occasion, the same temperature scan, including 55 °C and 60 °C,
was measured for a similar sample, see Fig. S15. The same temperature scans
are given in Fig. S12 for samples 15M and 25M, containing 15 vol% and 25 vol
% of the surfactant mixture, respectively.
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further hint at disc growth with increasing surfactant concentration may
be the transition of the nematic phase to a lamellar phase around 55 wt%
of surfactant, see Figs. 3 and S7, which can be interpreted either as
‘infinite’ growth of the discs to lamellae, or as a dense lamellar packing
of large discs [70]. An effect of D50 is to be expected, because D50 shifts
all phase transitions to lower temperatures, and therefore, at the same
temperature, the degree of molecular segregation should vary in D30
compared to HyO.

Before transitioning into a pseudo-lamellar phase at 35 °C, the
structure factor peak of the nematic phase becomes even sharper and its
position shifts to slightly lower q; = 0.257 nm™! (D;* = 24.4 nm) at
30 °C. Even a weak second order peak around q; = 2-q;, typical for
lamellar ordering [71], appears, indicating an increase in long-range
order. Before intramicellar segregation into a rim and a flat part disap-
pears completely, discs grow much larger, i.e., smaller discs merge into
larger ones, resulting in a quasi-lamellar organization of large discs.
When reaching the lamellar phase at 35 °C, the structure factor peak is
shifted to lower q = 0.221 nm ! (D* = 28.5 nm), broadened, and no
second order peak is visible. Hence, the formed lamellae are not infinite
but finite undulating pseudo-lamellae with a low degree of long-range
order. Undulations lead to a higher consumption of surfactant mate-
rial for the same average thickness, resulting in a larger average spacing.
A first evaluation to estimate the long-range order in smectics can be
made by using the Scherrer relation [72]: the ratio qmax/Aq(FWHM), i.
e., the ratio of the position of the structure factor peak maximum to the
full width at half maximum (FWHM). This ratio gives the coherence
length in number of layers before a defect occurs. The ratio is plotted as a
function of temperature in Fig. S10A. The higher the ratio is, the higher
is the long-range order. From 15 °C to 25 °C, the ratio is about 4 in the
nematic phase, meaning that on average four bicelles are stacked before
a defect occurs, increases to 7 at 30 °C, and eventually decreases to 2
when the pseudo-lamellar phase is reached at 35 °C. This progression
reflects the conclusions drawn above.

It is also worth noting that the bicelles in the nematic phase can be
oriented by shear. While usually no anisotropic scattering was observed
in SAXS, SANS measurements of corresponding samples in D20, see
section 3.4, at 20 °C showed significant anisotropy in scattering along
the direction of applied shear during cuvette filling. For SANS, cuvettes
with a thickness of 1 mm were used and cuvettes were not shaken after
cuvette filling, whereas for SAXS, capillaries with a thickness of 1.5 mm
were used and capillaries were shaken after filling. A 2D SANS pattern of
sample d-20M, containing 20 vol% of surfactant mixture with R
(C18:1E2CH2COOH) = 0.655, at 20 °C is shown in Fig. S10B. As can be
inferred from the scattering pattern, the scattered intensity is higher
along the direction of cuvette filling, the highest intensity being
observed in an azimuthal angle sector of 30°. This implies that the
bicelles are oriented along the direction of applied shear and are mostly
tilted by an angle ¢ < 15° relative to the direction of shear, showing that
the rotation of the bicelles is sufficiently hindered to retain the shear-
induced orientation.

When further heating the sample to 40 °C, the pseudo-lamellar phase
transforms into an isotropic phase, before at 45 °C phase separation
occurs above the critical solution temperature. Within the isotropic
phase, the structure factor peak flattens even more and is only weak and
broad, which is a result of the loss of long-range order. The peak position
is shifted to higher q = 0.322 nm~! (D* = 19.5 nm). As can also be seen
in SANS data of sample d-20M at 20 °C (1¢ N) and 33 °C (1¢ I), given in
Fig. S11, the form factor does not significantly change in the isotropic
phase. As mentioned above, all phase boundaries are shifted to lower
temperatures in D20, see Fig. S8. The SANS data at 33 °C can be fitted
with a core-shell ellipsoid form factor and a simple Hayter-Penfold
RMSA structure factor [58,73], see dashed line in Fig. S11 and
Table S2. The obtained parameters for the polar shell thickness (0.8
nm), the equatorial shell thickness (2.3 nm), and the polar core radius
(2.2 nm) are similar to those obtained for the form factors of 5 vol%
samples and are in agreement with the molecular dimensions, see
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section 3.2. The only significant difference is the equatorial core radius,
which is 11.8 nm in the isotropic phase at 20 vol% surfactant at 33 °C,
and therefore considerably smaller than a radius around 24 nm found in
the flow-birefringent phase at 5 vol%. Note that the surfactant ratio is
slightly different (R(Cyg.1E2CH2COOH) = 0.655 compared to 0.677) and
the potential effect of the surfactant concentration on the disc size is
unknown. For sample d-20M (D,0), the peak of the isotropic phase at
33 °C is located at q = 0.211 nm~! (D* =29.8 nm), while the peak
position in the nematic phase at 20 °C is located at slightly higher q =
0.259 nm ! (D* = 24.2 nm). Since a repeat distance of 24.2 nm is only
slightly smaller than the outer radius, including the shell, of the disc
observed at 5 vol% (=26 nm), while the sample is viscoelastic, the
average disc radius must be larger than 26 nm. An outer radius,
including the shell, close to 14 nm in the isotropic phase is considerably
smaller than the average spacing of 29.8 nm. As a result, the discs can
freely rotate, which is in agreement with the phase being isotropic. It is
important to note that the peak position of the isotropic phase in SANS of
sample d-20M (D0) is at slightly lower q than that of the nematic phase
at 20 °C (Fig. S11), while in SAXS the peak of sample 20M (H,0) is at
slightly higher q in the isotropic phase than in the nematic phase (Fig. 5).
At 33 °C, sample d-20M is very close to the phase transition from a
pseudo-lamellar phase to the isotropic phase (less than 1 °C), while at
40 °C, sample 20-M is at least 1 °C further above the phase transition
temperature. The same phase transitions and the same changes in SAXS
were also seen for samples 15-M and 25-M, containing, respectively, 15
vol% and 25 vol% of surfactant in HyO, see Fig. S12. In all cases, the
peak position in the isotropic phase varies relative to the peak position of
the nematic phase, and of the pseudo-lamellar phase. The peak in the
isotropic phase shifts to higher q, the farther away the temperature is to
the transition to a pseudo-lamellar phase. A shift to higher q corresponds
to a decreasing repeat distance as a result of a decrease in average size of
the micelles. The general progression of the repeat distance D%, i.e., of
the structure factor peak position is identical at all three concentrations,
15, 20, and 25 vol%, and is depicted in Fig. S13 for SAXS samples in
H>0.

At 45 °C and above, after reaching the critical clouding temperature,
micelles attract each other and a surfactant-rich isotropic phase sepa-
rates from an aqueous phase. With increasing temperature, the
surfactant-rich phase becomes increasingly dense by expelling more and
more water, which is indicated by a shift of the structure factor peak to
higher q. After re-cooling the separated phases to 20 °C (dashed line in
Fig. 5), the surfactant-rich top phase, containing about 65 wt% of sur-
factant, forms a lamellar phase made of ‘infinite’ sheets, much larger
than the observed spacing, which is sufficiently well ordered to produce
sharp first- and second-order Bragg-peaks. A comparison of SAXS of the
nematic phase at 20 °C and of the metastable lamellar phase after re-
cooling is also given in semi-logarithmic scale in Fig. S14. If the two
phases are re-mixed at 20 °C by shaking, the nematic phase is formed.
Note that the scattering curves of sample 20M are missing for 55 °C and
60 °C, because the beam did not hit the surfactant-rich phase. A similar
series of measurements for a similar sample (see figure caption),
recorded on another occasion, is given in Fig. S15, showing the same
phase behavior, including the two higher temperatures.

3.4. Effect of nematic gel dilution at room temperature

In Fig. 6, the effect of dilution on the small-angle scattering of the
nematic gel is depicted. SAXS of three samples 15M, 20M, and 25M,
containing 15 vol%, 20 vol%, and 25 vol% of surfactant mixture with R
(C18:1E2CH2COOH) = 0.655 in H0, is shown in Fig. 6A. SANS of the
corresponding samples in D20, d-15M, d-20M, and d-25M, containing
the same volume fractions of surfactant, is shown in Fig. 6B. The repeat
distance D*, extracted directly from the scattering curve, increases from
18.2 nm at 25 vol% surfactant to 22.4 nm at 20 vol% to 31.1 nm at 15 vol
% in SAXS, and from 19.1 nm to 24.2 nm to 32.9 nm in SANS. As can be
seen in a plot of D* versus the number density of surfactant molecules in
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Fig. 6. (A) SAXS data of nematic gel samples 15M, 20M, and 25M at 20 °C, containing, respectively, 15 vol%, 20 vol%, and 25 vol% surfactant mixture with R
(C18:1E2CH2COOH) = 0.655 in H»0. The same data can be seen in the temperature series given in Figs. 5 and S12. (B) SANS data of corresponding nematic gel
samples d-15M, d-20M, and d-25M at 20 °C, containing the same volume fractions of surfactant in D,O with R(C;g.1E2CH>COOH) = 0.655. (C) Repeat distance
D* = 21t/Qmax, Obtained from the peak maxima in (A) and (B), as a function of the number of surfactant molecules per unit volume N(surfactant). Dashed lines
represent linear fits of the data obtained by SAXS (red points) and SANS (black squares) with slopes of —1.04 and —1.05, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

maximum spacing is around 60 nm, the water layer thickness being in
the same order of magnitude as the bicelle diameter. The expected
minimum spacing before forming a lamellar phase around 55 wt% of
surfactant is close to 9 nm. Macroscopically, dilution leads to a decrease
in viscosity, viscoelasticity, and eventually in birefringence. This is a
result of the average spacing significantly exceeding the bicellar radius,
leading to free rotation of bicelles and a loss of preferential order. To the
best of our knowledge, we find here such a behavior by combining two

Fig. 6C, the swelling of the structures upon dilution is close to one-
dimensional swelling (slopes of —1.04 and —1.05). This is in agree-
ment with two-dimensional structures, such as the proposed stacks of
large discs or lamellar structures. Due the swelling relation and since
scattering curves do not significantly change apart from the structure
factor, the basic structural units remain unchanged on dilution. The
swelling is expected to persist to a minimum of 8 wt% of surfactant,
below which the mixture loses permanent birefringence. Thus, the
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Fig. 7. (A) pH (solid black line) and specific conductivity (dotted red line) measured during titration of a 20 wt% nematic gel (R(C;5:1E2CH2COOH) = 0.655) with
1M NaOH solution at 25 °C. Dilution due to titration leads to a progressive decrease of the surfactant content to 13.3 wt%. f(RCOO~ Na®) = n(RCOO™ Na™)/[n
(ROOH) + n(RCOO™ Na™")] is the fraction of ionic surfactants with sodium as counterion in the surfactant mixture and was corrected by the obtained apparent acid
fraction of 74.7 %. (B) Phase diagram at a constant surfactant concentration of 20 wt% with R(C;g.1E2CH2COOH) = 0.655 as a function of the degree of ionization. f
(RCOO~ Na") was varied by addition of NaOH. The dashed red line is probed in the titration in (A), with the difference of a gradually decreasing surfactant con-
centration in (A). (C) pH (solid black line) and reduced molar conductivity (dotted red line) measured during titration of a 20 wt% nematic gel (R(Cyg.1E2CH2,COOH)
= 0.655) with 5M NaCl solution at 27 °C. Dilution due to titration leads to a progressive decrease of the surfactant content to 12.1 wt%. The linear bottom x-axis was
calculated with an apparent acid fraction of 74.7 %, while the non-linear top x-axis gives the molar concentration of NaCl at various points. (D) Phase diagram as a
function of the NaCl concentration, recorded by adding NaCl to a mixture with an initial surfactant concentration of 20 wt% with R(C;g.1E2CH>,COOH) = 0.655. The
bottom x-axis gives the mole ratio of NaCl and carboxylic acid surfactants, considering an apparent acid fraction of 74.7 %, while the top x-axis gives the molar
concentration of NaCl. The dashed red line is probed in the titration in (C), with the difference of a gradually decreasing surfactant concentration in (C). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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single chain surfactants for the first time. This peculiar nematic phase is
only present because alkyl chains are interdigitated to produce stiffer
discs, as could be demonstrated by SANS/SAXS, and because intra-
micellar segregation of the two surfactants is efficient. These properties
probably allow for a series of formulations of low active matter content,
polymer-free, self-thickening hydrogels.

As can be seen in Fig. S16, the magnitude of the slope of the swelling
law increases with increasing temperature, which is in agreement with
increasing fluctuations in bilayer thickness due to increasing intra-
micellar mixing, as discussed in section 3.3. The most negative slope of
-1.33 is observed in the undulating pseudo-lamellar phase, indicating
the “loss” of material due to undulations, according to the Helfrich
model [74]. In the isotropic phase, the slope increases to —0.89 as a
result of smaller discs no longer swelling in one dimension only, since
the distance between neighboring discs in their equatorial plane can no
longer be neglected. Note that the slope in the isotropic phase is also
influenced by the change in micellar size, depending on the exact po-
sition in the isotropic domain of the phase diagram, see section 3.3.

3.5. Effect of NaOH and NaCl on the nematic gel

In Fig. 7A, the pH and specific conductivity measured during titra-
tion of a sample containing 20 wt% surfactant (R(C;g:1E2CH2COOH) =
0.655) with 1M NaOH solution at 25 °C are given. A phase diagram
versus temperature and the degree of ionization at a constant surfactant
content of 20 wt% with R(C;g.1E2CH,COOH) = 0.655 is shown in
Fig. 7B. As can be seen in both Fig. 7A and 7B, introducing electrostatics
by deprotonation of the surfactants’ carboxylic acid moieties de-
stabilizes the nematic phase. Despite the total surfactant concentration
decreasing to 13.3 wt% over the course of the titration in Fig. 7A, the
phase transitions are almost identical compared to a constant surfactant
concentration in Fig. 7B. At 25 °C, deprotonating only 5 % of the sur-
factants leads to the disappearance of the nematic phase. First, a
biphasic region with an isotropic top phase and a lamellar bottom phase
occurs, before two isotropic phases are formed above 8 % of deproto-
nation. When reaching a deprotonation of around 70 %, the mixture
becomes a single isotropic phase of low viscosity. This phase sequence
suggests that making the headgroups increasingly ionic results in a
structural transition towards increasingly globular micelles, as electro-
static repulsion between adjacent headgroups leads to an increase in
area per headgroup, and therefore to a decrease of the spontaneous
packing parameter. Up to around 15 % of deprotonation, the introduced
electrostatic repulsion can be compensated by headgroup dehydration
on increasing temperature. Around 15 % of deprotonation a temperature
of at least 90 °C is required to form the nematic phase. Despite the high
temperature, the mixtures appear to be strongly viscoelastic. Note that
the obtained apparent acid fraction of 74.7 mol% of the surfactant
mixture, calculated using the average molar masses of the surfactants, is
lower than the apparent acid fraction of around 82 mol% found for
CgEgCH2COOH (Fig. S1). This is in agreement with the higher content of
nonionic ester impurities expected for C;5.1E2CH2COOH, see section 2.1
and Note S2.

The pH and reduced molar conductivity of a mixture initially con-
taining 20 wt% of surfactant with R(C;g.1E2CH2COOH) 0.655
measured at 27 °C during titration with a 5M NaCl solution is given in
Fig. 7C. A phase diagram as a function of temperature and NaCl con-
centration, obtained by addition of NaCl to a mixture with an initial
surfactant concentration of 20 wt% with R(Cyg.1E2CH2COOH) = 0.655,
is given in Fig. 7D. NaCl has a salting-out effect on the surfactant
mixture, decreasing the phase transition temperatures by dehydrating
the surfactant headgroups without altering the phase sequence. The
nematic phase is stable up to at least 0.6M NaCl at room temperature,
and thus should be formed even in sea water [75]. The initial decrease of
the pH by around 0.3 pH units is partially a result of H' release as Na*
partially replaces H" as a counterion of the carboxylate groups. At
higher NaCl concentrations, the pH electrode reading is influenced by
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the salt, resulting in up to 0.2 pH units lower readings [76]. The reduced
molar conductivity, i.e., the ratio of the molar conductivity of the
mixture and the molar conductivity of brine containing the same salt
concentration, is below 0.1 in the viscous nematic gel, and sharply in-
creases in the pseudo-lamellar phase until it reaches a value of around
0.4 in the isotropic phase. A relative water self-diffusion of around 0.5
[77] and a reduced conductivity of around 0.5 [78] were reported for 10
vol% to 20 vol% of a Lg sponge phase formed by Ci2Es. The relative
water self-diffusion typically found in a micellar L; phase of globular
nonionic micelles of similar volume fraction is between 0.7 and 0.8 [79].
However, as pointed out by Photinos and Saupe [80], a slightly perfo-
rated lamellar structure and a layered structure of discs are not easily
distinguishable in terms of conductivity. Thus, it can be expected that
conductivities of an isotropic phase containing relatively large discs and
an isotropic sponge phase are similar as well.

The important conclusions to be drawn from this investigation are
the limiting salt concentrations for a possible viscosity control strategy
using salt, as commonly applied for sodium dodecyl sulfate (SDS) or
sodium dodecylbenzenesulfonate (SDBS), and that the nematic gel can
be transformed into standard globular micelles by adding 0.5 NaOH. It
should also be noted that NaOH and NaCl have opposing effects on
curvature, the former increasing it by introducing electrostatic repul-
sion, and the latter decreasing it by dehydrating headgroups and
screening electrostatics. Thus, the nematic phase can also be tweaked by
combining the additions of NaOH and NaCl.

4. Molecular segregation controlling bicellar size

As discussed in section 3, intramicellar molecular segregation is the
reason for bicelle formation. C;g.1E2CH;COOH favors a low curvature,
adopting lamellar packing, while CgEgCH,COOH favors a high curva-
ture, adopting spherical packing [48]. The former tendency is expressed
in the formation of a Ly phase in binary mixtures of C;g.1E2CH>COOH
and water, see Fig. 1A. On mixing of the two surfactants, CgEgCH,COOH
forms curved rims, limiting the size of the C;g.;E2CH2COOH bilayers.
The resulting shape is a bicelle, as sketched in Fig. 8, in which the two
surfactants are segregated. To quantify segregation, one can introduce
separate surfactant mole fractions for the bilayer disc and the spheroidal
rim.

The mole fraction Xgisc(CgEgCH2COOH) = ngjs.(CgEgCH2COOH)/
[ngisc(CgEgCH2COOH) + ngjsc(C18:1E2CH2COOH)] is the mole fraction of
CgEgCH2COOH in the flat disc part, while X;im(C18:1E2CH2COOH) is the
mole fraction of C;g.1E2CH2COOH in the spheroidal rim. For complete
intramicellar segregation, Xgqisc(CsEgCH2COOH) 0 and Xpim(-
C15:1E2CH2COOH) = 0, while for full intramicellar mixing the mole
fractions are given by R(Cjg.1E2CH2COOH), where xgisc(CgEgCHo.
COOH) =1- R(C]g;]EzCHzCOOH) and Xrim(clg;lEchzcooH) = R
(C18:1E2CH2COOH). For a given composition of the surfactant mixture,
the bicellar dimensions can be calculated as a function of Xgjs(-
CgEgCH,COOH) and X;im(C15:1E2CH2,COOH), see Note S5. For R
(C18:1E2CH2COOH) = 0.706, the calculated values of the bicellar hy-
drophobic core radius Reore are given as a function of xgisc(CgEgCHa.
COOH) and X (C18:1E2CHoCOOH) in Fig. 8. In the case of full
intramicellar mixing, indicated as a green line in Fig. 8, the core radius
diverges and cannot be predicted. The opposite case of complete intra-
micellar segregation would produce bicelles with Reore = 10.3 nm,
significantly smaller than Reore &~ 24 nm obtained from SANS fits, see
Fig. S9. Complete intramicellar segregation is only a hypothetical state,
as a certain degree of mixing of the two surfactants is to be expected due
to the entropy of mixing. For a core radius of 24 nm at 20 °C, indicated as
a blue plane in Fig. 8A, a variety of disc and rim compositions would be
feasible, as can be derived by considering the intersection of the plane
with the possible values for Reqre (black surface in Fig. 8A). The possible
combinations of the two compositions can be seen in the graph as a
projection of the intersection to the Xgisc(CgEgCH2COOH)-Xyim(-
C18:1E2CH2COOH)-plane (blue line). High values of
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Fig. 8. Calculated hydrocarbon core radius Reore Of @ bicelle consisting of a flat cylindrical disc and a spheroidal rim as a function of the surfactant mole fractions
Xdisc(CgEgCH2COOH) and Xy, (C18.1E2CH2COOH). Xgi5c(CsEgCH2COOH) = 1 - Xgi5c(C18.1E2CH2COOH) describes the mole fraction of CgEgCH,COOH in the flat disc,
and Xim(C18:1E2CH2COOH) = 1 - X,im(CgEgCH2COOH) describes the mole fraction of Cyg.1E2CH,COOH in the spheroidal rim. In the calculations, see Note S5, the
solvent-free hydrophobic core is considered. Thus, both mole fractions only take into account the two surfactants. A total surfactant composition as in samples
5M_a_0.706 and d-5M_a_0.706 is assumed (R(C;s:1E2CH,COOH) = 0.706). The vertical green line indicates, where Xg4isc(CsEgCH2COOH) = 1 - R(C15.1E2CH2COOH)
and X;im(Ci18:1E2CH,COOH) = R(Cy5.1E2CH,COOH) = 0.706, i.e., where the two surfactants fully mix. At these points, the calculation of Reore diverges and Reore
cannot be predicted. A scaled model of a bicelle with full intramicellar segregation is also shown. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Xrim(C18:1E2CH2COOH) are unrealistic, as that would imply a preference
of C18:1E2CH2COOH for high curvature. Thus, the most probable com-
binations of Xgisc(CsEgCH2COOH) and X;im(C18.1E2CH2,COOH) are those
with low values of X;in,(C18:1E2CH2COOH), which is indicated by a more
intense color of the blue line. If the rims are made predominantly of
CgEgCH,COOH, i.e., if Xpjm(Cq8:1E2CH2COOH) = 0, the predicted disc
composition for a core radius of 24 nm would be Xgisc(Cig:1E2
CH,COOH) = 0.8 > R(C;g.1E2CH2,COOH).

An increase in temperature facilitates intramicellar mixing, reducing
the volume fraction of rims limiting the bicellar size, thus increasing its
core radius. This is visualized in Fig. 8B, where the red plane indicates an
arbitrarily chosen core radius of 40 nm at elevated temperature. The
possible rim and disc compositions for Reore = 40 nm are given as a red
line in Fig. 8B, where the blue line for R¢ore = 24 nm is also shown for
comparison. To increase Regre, Xqisc(CsEsCH2COOH) has to increase, i.e.,
more CgEgCH,COOH has to be removed from the rim and mixed into the
disc. For X;im(C18:1E2CH2COOH) ~ 0, Xgisc(C18:1E2CH2COOH) would
decrease from around 0.8 at 20 °C to around 0.75. Note that the required
change of X4isc(CsEgCH2COOH) to increase Reore Would decrease with
increasing X;im(C1s:1E2CH2COOH), as a state of full intramicellar mixing
would be approached.

(A) The blue plane indicates Reqre at 20 °C, as obtained from a fit of
the SANS data of sample d-5M_a to a core-shell ellipsoid form factor, see
Fig. S9A. The intersection of the blue plane and the black surface (R¢ore)
is shown as a projection to the xgjsc(CgEgCH2COOH)-Xim(C1g.1E2CHa.
COOH)-plane (blue line) and yields the possible combinations of Xgjsc(-
CgEgCH,COOH) and Xy (C18:1E2CH2COOH) to obtain a bicelle with
Rcore = 24 nm. The darker color of the blue line at lower values of
Xrim(C18:1E2CH2COOH) indicates that larger values for Xyim(Cig:1E2CHa.
COOH) are unlikely. (B) The red plane indicates Reqre at a higher tem-
perature, where R¢qre Was arbitrarily chosen to be 40 nm. In addition to
the blue x4isc(CgEgCH2COOH)-Xim(C18:1E2CH>COOH) projection from
(A), the intersection of the red plane and the black surface (Reore) is
shown as a projection to the Xgjsc(C$EsCH2COOH)-Xim(Cis:1E2CHa.
COOH)-plane (red line) and yields the possible combinations of Xgjsc(-
CgEgCH2COOH) and X;im(C18.1E2CH2COOH) to obtain a bicelle with
Reore = 40 nm.
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5. Conclusion and outlook

Synthetic (lipid-free), almost uncharged bicelles are formed by
mixing CgEgCHoCOOH and Cig.1E2CH>,COOH in appropriate ratios R
(C18:1E2CH2COOH). The bicelles are formed due to intramicellar
segregation of the two surfactants into a high curvature rim, favored by
CgEgCH2COOH, and a flat disc, favored by Cig.1E2CH2COOH. The
bicellar size at a given surfactant composition is controlled by the degree
of intramicellar segregation, which is influenced by temperature. For the
compositions investigated by small-angle scattering at room tempera-
ture, typical bicelle diameters are around 50 nm. In sufficient number,
above 8 wt% of surfactant, the bicelles form a discotic viscoelastic
nematic phase with a maximum swelling of 60 nm. The nematic phase is
surrounded by various lamellar phases. Above 55 wt% of surfactant,
bicelles either fully merge into ‘infinite’ lamellae or only partially merge
to form a lamellar-like stack of large discs [70]. On decreasing R
(C18:1E2CH2COOH) below the limit of the nematic phase, molecular
segregation is intermicellar, resulting in phase separation of a
C18:1E2CH2COOH-rich lamellar phase and a CgEgCH2;COOH-rich
isotropic phase. On increasing R(C;g:1E2CH2COOH) or temperature, the
nematic phase transitions into a pseudo-lamellar phase of large undu-
lating discs, followed by an isotropic phase of smaller disc-like micelles,
and eventually phase separation occurs on reaching the critical solution
temperature. The latter is the classical clouding phenomenon observed
for ethoxylated nonionic surfactants [52]. After phase separation above
the critical temperature, there is a metastable state of a concentrated
lamellar top phase and a dilute isotropic bottom phase after re-cooling,
which returns to the nematic equilibrium state on mixing the two pha-
ses. This should allow for a formulation of a concentrated lamellar phase
as a precursor to the viscoelastic nematic phase, achievable by simple
dilution.

Two possible applications of nematic phases of swollen bicelles were
tested:

(a) Incorporation of droplets of apolar hydrocarbon oils by disper-
sion in the nematic phase. However, even when adding very
apolar oils (high oil/water partition coefficient logP value) such
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as squalane, the nematic phase disappears. An exemplary phase
map obtained by successive addition of squalane to a nematic gel
containing 20 wt% surfactant with R(C;g.1E2CH2,COOH) = 0.643
is given in Fig. S17. A small amount of squalane (~3 wt%) is
solubilized in the nematic phase, before a transition to a lamellar
phase, followed by a transition to a microemulsion, is induced.
The microemulsion is stable up to around 12 wt% squalane,
above which phase separation occurs. The solubilization perfor-
mance tends to increase with increasing R(C;g.1E2CH2COOH)
within the nematic phase, e.g., the nematic phase and the
microemulsion persist up to 7 wt% and 20 wt% squalane,
respectively, at R(C;g.1E2CH2,COOH) = 0.688.

(b) We have evaluated the threshold between infinite entrapment
and floating of air bubbles introduced by simple shaking by hand
as described in the experimental section 2.9. Considering the
dynamic range of radii of air bubbles that could be tracked be-
tween 190 pm and 1070 pm, a slope of —1 is evidenced in Fig. 9.
This shows that the floating is driven by defects in the nematic
phase. To the best of our knowledge, the nematic phase is the first
fully open structure that shows a threshold without closed mi-
crocapsules, thus enabling capsule-free encapsulation. A nematic
phase with similar properties but made of sheets consisting of
small prolate micelles linked by carboxylic acid dimerization
[81] instead of large discs, thus requiring fatty acids as linkers,
was recently reported by Tchakalova et al. [43]. Since the disc
radius is typically 25 nm, air bubbles with a diameter of 1 mm
have a threshold linked to the number of defects in 1 mm?® of
sample. The number of defects is also linked to the color bands
shown in the polarized image of a nematic gel shown in Fig. 2A.
By extrapolation of the data in Fig. 9, we expect a threshold for
floating of an object of 8 pm radius to be of the order of 300 Pa.
Transposing this to typical capsules in this size range and a
conservative value of fragrance density of 0.8 g-cm ™3, suggests
that entrapment of such capsules would persist up to typical ul-
tracentrifugation. These values show that the threshold in Pa is
sufficient to encapsulate objects for a very long time, until
shaking or temperature increase releases objects from the shear
thinning nematic phase that is stable up to 34 °C in the examined

case.
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Fig. 9. Testing entrapment of air bubbles in a nematic gel containing 20 wt%
surfactant mixture with R(C;5.1E2CH>,COOH) = 0.655 at 25 °C. It reveals the
size dependence of the threshold between full entrapment and floating, deter-
mined by progressive soft centrifugation.
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The investigated nematic gels can be loaded with oils, but have a
relatively low performance in solubilization of oils compared to other
microemulsions [82,83]. They are good for encapsulating air bubbles as
well as any micron sized objects other than liquids that influence phase
behavior. Note that the low pH (x2.2) of the presented nematic gels can
be limiting for the selection of dispersible materials. However, we
recently observed that the same nematic gel can be achieved without
carboxylic acid groups, i.e., with Cyg.1E5 and CgEg, in which case the pH
can be freely varied. On the other hand, the presence of the carboxylic
acid groups allows for the implementation of at least a few percent of
counterions, which could potentially extend the field of application, e.g.,
to magnetic properties and catalysis. The nematic gel is easy to handle
since the viscosity is low when shear is applied. At zero shear, on the
other hand, viscosity is ‘infinite’, and the relaxation time for structure
restoration after applied shear is negligible (<1 s), see also Video S1.
This should make mixing with high pressure homogenizers very easy. In
addition, any solute released from an entrapped capsule is free to move
by diffusion in a totally continuous aqueous phase and does not have to
cross multiple bilayers in an uncontrolled way.

Other known gels used for encapsulating micron sized objects are
made of densely packed multilamellar vesicles (MLVs) formed in a va-
riety of charged and uncharged surfactant systems, mostly by applying
shear to a lamellar phase [84]. Such MLVs can possess viscoelastic gel-
like behavior similar to that of the herein reported nematic gel
[39-41], even with a yield stress comparable to the first yield stress
found in this work (=~ 1 Pa) [39]. Other reported discotic nematic phases
on the other hand are usually not or only weakly viscoelastic
[22,35,36,85]. The viscoelasticity in this system could be a result of the
relatively high volume fraction of large discs (radius > 25 nm, aspect
ratio > 10) with strongly hydrated headgroups.

In our system, combining CgEgCH2COOH and Cjg.1E2CH2COOH, the
presence of MLVs can be excluded as there are no higher order peaks in
the small-angle scattering of the nematic phase, which are usually
observed for MLVs [39,86-88], and at the same time linear swelling is
observed, which would not be expected for MLVs with too few layers to
produce higher order peaks. Further, Maltese crosses that are typically
observed in polarizing microscopy for MLVs [89-91] were not seen in
the nematic phase. In the pseudo-lamellar regime, there is strong static
birefringence that could only be observed if onion-like vesicles are of the
same size as the wavelength of light. In this phase, it should be possible
to produce MLVs by shearing or in extrusion processes used to mix
components in industry.
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