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Hypothesis: The counterintuitive temperature-controlled self-faceting of water-suspended, surfactant-
stabilized, liquid oil droplets provides new opportunities in engineering of smart liquids, the properties
of which are controllable by external stimuli. However, many emulsions exhibiting self-faceting phenom-
ena have limited stability due to surfactant precipitation. The emulsions’ stability may be enhanced, and
their inter-droplet electrostatic repulsion tuned, through controlled charge screening driven by varying-
concentration added salts. Moreover, in many technologically-relevant situations, salts may already exist
in the emulsion’s aqueous phase. Yet, salts’ impact on self-faceting effects has never been explored. We
hypothesize that the self-faceting transitions’ temperatures, and stability against surfactant precipitation,
of ionic-surfactants-stabilized emulsions are significantly modified by salt introduction.
Experiments: We explore the temperature-dependent impact of NaCl and CsCl salt concentration on the
emulsions’ phase diagrams, employing optical microscopy of emulsion droplet shapes and interfacial ten-
sion measurements, both sensitive to interfacial phase transitions.
Findings: A salt concentration dependent increase in the self-faceting transition temperatures is found,
and its mechanism elucidated. Our findings allow for a significant enhancement of the emulsions’ stabil-
ity, and provide the physical understanding necessary for future progress in research and applications of
self-faceting phenomena in salt-containing emulsions.
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1. Introduction

Oil–water interfaces, decorated by adsorbed ionic surfactants,
are ubiquitous in science and technology, and play an important
role in living matter [1–3]. The adsorption of water-dissolved ionic
surfactants to such interfaces strongly depends on the presence
and the precise concentration of salt in the aqueous medium [4–
7]. While the role of salt concentration in surfactant adsorption
has been extensively studied for disordered oil–water interfaces
[8–10], no such studies exist for interfacially-frozen systems, where
the two liquid bulk phases are separated, below an onset temper-
ature Ts, by a crystalline monolayer of a self-assembled mixture of
alkane and surfactant molecules [11–14]. Interfacial freezing (IF)
occurs for a wide range of common oil:water systems [15], over
a temperature range of coexistence between the crystalline mono-
layer and the liquid bulk phases of up to [16] 20 �C, both emphasiz-
ing the large technological importance of IF. Recent experimental
evidence [17,15,18] proves that the IF crystals drive, and fully con-
trol, droplet shape transformations in oil-in-water [11,19–22] and
water-in-oil [16] emulsions. These temperature-tunable transfor-
mations, where liquid droplets adopt faceted shapes (Fig. 1a-c)
while remaining fully liquid [19,23], enable new strategies in syn-
thesis of faceted colloidal particles [24,25], and allow these dro-
plets to be decorated by precisely self-positioned particles [26–
28] or ligands, enabling self-assembly into higher-hierarchy struc-
tures with precise inter-droplet positions and bond orientations.
Future progress in many of these promising directions may require
tuning the electrostatic field of the droplet by dissolving salts in
the aqueous medium, as shown in a recent particle-on-droplet
self-positioning study [28]. Moreover, future applications of dro-
plets’ self-shaping phenomena for high-efficiency industrial emul-
sification [29], may dictate the use of salt solutions. Finally, the
lifetimes of many of the ionic-surfactant-stabilized self-faceting
emulsions studied to date are limited by surfactant precipitation.
Fig. 1. Similar faceted shapes and shape transitions are observed for both the salt-
free (a-c) and the salt-containing (d-g) emulsions. For all of these systems, the
spherical droplets transform into icosahedra (a,d) on cooling below Td . Then, on
further cooling, the icosahedra distort into few-lm-thick platelet-like tailed shapes,
having parallelogram (b,e), triangular (c,f), hexagonal (g), and other polyhedral top-
view shapes. Salt concentrations are: 250 and 100 mM NaCl in (d) and (e),
respectively, and 200 mM CsCl in (f) and (g). The inset to (d) shows an icosahedron
in a 500 mMNaCl sample. The wetting by the oil droplets of the top wall of the glass
capillary becomes significant at cs > 500 mM, as demonstrated by the slightly-
distorted shape of this icosahedron.
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Adding salt to these systems may significantly increase their stabil-
ity. All these directions in research and technology require the
influence of salt on IF and self-shaping of emulsion droplets to be
fully elucidated. Yet, no systematic studies in this direction have
been published to date.

The study presented here employs systematic temperature-
dependent interfacial tension measurements and optical micro-
scopy of oil-in-water emulsions to elucidate the influence
of monovalent (NaCl and CsCl) salts on the IF transitions and the
IF-induced self-shaping of droplets. The oil used is n-hexadecane
(CH3(CH2)14CH3; denoted as C16). The oil droplets were stabilized
by the cationic surfactant octadecyltrimethylammonium bromide
(CH3(CH2)17N(CH3)3Br; denoted as C18TAB). This alkane:surfactant
combination is, arguably, the most intensively studied system
exhibiting IF [19,23,20,30,17,31]. We demonstrate that IF, and
self-shaping phenomena, persist from zero to a very high salt con-
centration (cs � 1:5 M) with the self-faceting onset temperature Td

monotonically increasing with cs. The ionic non-ideal adsorption
theory (iNAS) [32,33], is found to account well for the observed
salt-dependent variations of the transition temperatures and the
interfacial tension, c. We also demonstrate that adding salts to
the aqueous phase dramatically improves the stability of these
emulsions. Our work provides a basis for future implementation
of self-faceting and IF in salt-containing systems.
2. Experimental methods

2.1. Materials

Millipore Ultrapure 18.2 MX�cm water was used throughout.
The C18TAB surfactant (Sigma–Aldrich, 98% pure) was recrystal-
lized twice from a methanol-acetone solution, then twice from a
hexane–acetone solution. NaCl and CsCl (Sigma–Aldrich,
> 99:999%) were baked at > 400 �C, to remove organic impurities.
The aqueous C18TAB solution, at concentrations 0 6 cs < 1:5M of
dissolved NaCl or CsCl, was stirred for > 40 minutes at 50�C, to
ensure complete dissolution of the salt and the surfactant. C16

(TCI, > 98% pure) was percolated 2–3 times through a freshly acti-
vated basic alumina powder column to remove acidic polar
impurities.

2.2. Emulsion preparation

Emulsions were prepared by introducing 1–2 mass% C16 into a
salt-containing aqueous 1 mM C18TAB solution heated to J40�C,
then stirring on the MH-4D, Fried ElectricTM hot plate by a
10� 3 mm magnetic stirrer at 1200 rpm, for 1� 2 min. Longer
stirring splits the droplets further, increasing the interfacial area
per unit volume of the sample, and thus depleting the bulk surfac-
tant concentration by surfactant adsorption onto this larger inter-
facial area. In turn, this depletion may reduce the surfactant’s bulk
concentration below the CMC (critical micelle concenrtation),
downshifting Td, and thus complicating comparisons between
studies of emulsions and of planar-interface cðTÞ measurements.
To avoid surfactant depletion, stock emulsions were also kept at
TJ40�C, well above any possible droplet facetting and splitting
transitions [17,19,23].

2.3. Optical microscopy

Emulsions were loaded by capillary suction into Vitrocom�

0:1� 2� 50 mm rectangular borosilicate glass capillaries, sealed
with instant Epoxy, and glued wide-face-down onto a rectangular
brass slide, having a long narrow slit for illumination and micro-
scopy imaging. The slide was then attached to a temperature-
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controlled baseplate, residing on the translation stage of an
inverted bright-field Nikon Ti-E optical microscope. TJ40�C, well
above the droplets’ Ts, was maintained throughout the process.
The baseplate’s temperature was controlled to < 0:01 �C by a Lake
Shore model 330 PID controller employing a 100kX precision ther-
mistor and Peltier elements. The typical temperature scan rate was
0:4 K/min, ensuring temperature equilibration, as demonstrated by
the scan yielding Ts and Td values coinciding with those measured
at lower (0:25 K/min) and slightly higher (0:5 K/min) scan rates.
The bright-field microscopy employed a dry Plan Apo 20x
(NA = 0.75) and a dry Plan Fluor 100x (NA = 0.9) objective and a
Nikon DS-Fi1 CCD camera for video acquisition.

2.4. Static light scattering

A goniometer-based PhotocorTM static and dynamic light scatter-
ing setup was employed. The sample was contained in a 20 mL vial
immersed in a refractive-index-matching toluene bath, the tem-
perature of which was controlled to 0:1 �C by a water circulator.
The scattered intensity of a 633 nm He-Ne laser beam was mea-
sured at an angle of h ¼ 40�, corresponding to a wavevector of
q � 9 lm�1. Surfactant precipitation is indicated by a significant
increase in the scattered intensity.

2.5. Interfacial tension measurements

The Wilhelmy plate method [13,19,20,34,35], with a 41-mm
circumference glass plate, was employed for these flat-interface
C16:C18TAB-solution measurements. The sample, contained in a
glass beaker, was held inside a two-stage oven, with an inner
temperature-controlled (�0:01�C) cell residing inside a passive
outer aluminum cell. For each sample, all glassware contacting
the sample were cleaned with fresh hot Piranha, then thoroughly
rinsed with Millipore water. No such precautions were needed in
our studies of emulsions, where the total oil–water interfacial area
is much larger, reducing the sensitivity to possible impurities. As in
Fig. 2. (a) The temperature dependence of the interfacial tension, obtained for the
interface between C16 alkane and a C18TAB (0.3 mM) surfactant solution, for three
different NaCl concentrations: cs ¼ 0; 0:3, and 1 M (see labels). The Ts values, where
the IF takes place, are marked by up-pointing arrows. Note the identical slopes
obtained for all the three plots at T < Ts , indicating that the entropy loss, and thus
the structure of the interfacial crystal, are independent of cs . The cs-independent
slopes, combined with the dramatic decrease in cs 
 cðTsÞ with the NaCl concen-
tration, lead to a significant increase in TSE(down-pointing arrows) for the high-cs
samples. (b) The measured decreasing csðcsÞ values (symbols) are fitted by the iNAS
theoretical model, with the adsorption coefficient either taken to be cs-independent
(blue dashes) or assumed to vary linearly with cs (solid red curve).
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our previous, salt-free, cðTÞ measurements [11,14,16,19,20], the
C18TAB concentration was set to c ¼ 0:3 mM, slightly higher than
the CMC. Increasing c further, does not change the interfacial ener-
getics, but significantly reduces the solutions’s stability by causing
surfactant precipitation on the experimentally-relevant time
scales. Note that no such destabilization occurs in our emulsions,
where the nominal C18TAB concentration is c ¼ 1 mM � CMC
(see Section 2.2), since the emulsion’s total interfacial area per unit
volume is considerably larger than that of the flat interface used in
the cðTÞ measurements. Thus, the adsorption of C18TAB to the dro-
plets’ interfaces depletes its bulk concentration [14], bringing it
close to the CMC, and no noticeable precipitation occurs during
our experiments.

A cðTÞ scan starts by loading the C18TAB solution into the bea-
ker, and lowering the Wilhelmy plate into it to full immersion.
C16 is then added on top of the solution and the plate lifted to have
its bottom edge touching the oil–water interface. The pull applied
by the interface on the Wilhelmy plate is measured by an elec-
tronic PrecisaTM semi-micro balance. A LabView program scans
the temperature, records and divides the measured pull force by
the plate’s circumference to obtain c. The scan employs
0:1� 0:14�C steps, waiting 30s after each step. 20 measurements
are averaged at each temperature, so that smooth cðTÞ curves are
obtained (see, e.g., Fig. 2a). The standard error of c is negligibly
small on this scale.
3. Results and discussion

3.1. Shape transitions in emulsion droplets

3.1.1. Salt-free emulsions
We discuss first salt free emulsions, to establish baselines for

the salt-laced ones. Salt-free C16 emulsion droplets, suspended in
aqueous C18TAB solutions at concentrations exceeding the CMC
(	 0:2 mM), exhibit an IF transition at [19,20,23] Ts � 26 �C, form-
ing a mixed C16:C18TAB crystalline monolayer covering their sur-
faces, thus reducing their interfacial entropy. The entropy
reduction renders the slope of c positive at T < Ts; dc=dT �
0:8 mN m�1K�1, causing c to reach zero on cooling to [19,20,23]
TSE � 20 �C (Fig. 2a, blue circles). The hydrocarbon molecular tails
comprising the IF crystal are fully extended (i.e. in a full-trans con-
formation) and interface-normal oriented, forming a laterally-
hexagonal lattice fully covering the droplet’s surface [13,36]. How-
ever, Euler’s polyhedral formula [37,38] requires an hexagonal lat-
tice fully covering a closed surface to include exactly 12 five-
coordinated lattice sites, known as disclinations, with the rest of
the lattice sites being six-coordinated [15,23,39]. The extensional
stress induced in the IF crystal by the disclinations is minimized
by maximizing their separation on the droplet’s surface, so that
the disclinations self-position at the vertices of the spherical-
droplet-inscribed icosahedron [15]. The stress may be further
reduced by the disclinations’ buckling out of the droplet’s spherical
surface [31]. Since such a buckling increases the surface area of the
droplet, this shape transition is energetically unfavourable at
T ¼ Ts, where c > 5:5 mN/m (in a salt-free system). However, the
reduction of c on cooling below Ts, due to the positive dc=dT , tips
the energy balance, so that a sphere-to-icosahedron transition
takes place at [20] T ¼ Td � TSE þ 0:1 �C, with the icosahedron’s
12 vertices formed by the buckled-out disclinations [40] (see
Fig. 1a).

Finally, on rapid cooling to T < TSE, the slope of cðTÞ renders c
transiently negative [17], leading to icosahedrons’ distortion into
platelet- and rod-like tailed objects [31] (Fig. 1b-c), which have a
larger surface area A for a given volume, thus reducing the total
surface energy cA (< 0). This increase in the total interfacial area



Fig. 3. (a) The temperatures of the sphere-to-icosahedron transitions, Td , exhibit a
significant, roughly-linear, increase with the aqueous phase salt concentration, cs .
Remarkably, a stronger increase is observed for the CsCl-containing samples,
compared to the NaCl-containing ones (see labels). The error bars reflect the
statistical uncertainty in Td among similarly-prepared samples. (b) The same data
as in (a), plotted as a function of the aqueous-phase Debye length, LD (note the
logarithmic LD scale).
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of the emulsion, with the consequent adsorption of C18TAB from
the bulk to the newly-created interface, depletes the bulk C18TAB
concentration and allows the system to reach an equilibrium
[19,20,23], where c ! 0. The present study aims at exploring the
evolution of the effects presented above upon significantly increas-
ing the ionic strength of the aqueous phase by the introduction of
monovalent salts. The results are presented in the following
subsections.

3.1.2. Salty emulsions
To study the impact of salts on the droplets’ IF and shape tran-

sitions, we followed the evolution with temperature of C16 droplets
suspended in NaCl-containing C18TAB solution, using bright-field
microscopy. Upon cooling, the droplets were found to undergo a
sphere-to-icosahedron transition at Td (Fig. 1d), then to higher
aspect ratio objects, such as polygonal platelets (Fig. 1e), and rods
(Supplementary video 1). Thin tails were also found to emanate
from the platelet’s sharpest vertices (Fig. 1e). The platelets com-
monly undergo spontaneous self-division transitions, splitting into
multiple ’daughter’ droplets, each of which then undergoes a sim-
ilar sequence of shape transformations and often self-divides fur-
ther [17].

The observed shapes and shape transitions were similar to
those reported above for the salt-free C16:C18TAB emulsions
(Fig. 1a-c), suggesting that the structure of the interfacially-
frozen monolayers governing these transitions is not significantly
altered by the presence of NaCl. Moreover, in salt emulsions, where
CsCl was used instead of NaCl, the observed shapes and transitions
were also very similar (Fig. 1f-g; Supplementary video 2). Impor-
tantly, for cs > 0:5 M of either salt, the large droplets (> 10 lm
in diameter) were observed to wet significantly the top wall of
the sample-containing borosilicate glass capillary (VitrocomTM).
Elucidation of the precise mechanism driving this wetting transi-
tion is beyond the scope of the present study, and may possibly
be related to the recently-discovered hydrophilic-hydrophobic
transitions of glass surfaces [14]. Importantly, while the large dro-
plets are significantly distorted by this wetting (see inset to
Fig. 1d), the smallest optically-resolvable droplets remain undis-
torted up to at least cs ¼ 1:5 M. This finding indicates that the
intrinsic physics of droplets’ self-shaping, unperturbed by the wet-
ting, is cs-independent.

Although the geometric shapes observed for the salt-free and
the salt-containing emulsions are similar, the transition tempera-
tures exhibit a significant increase as a function of cs (Fig. 3a). Since
for optically-resolvable droplets the difference between Td and TSE

is [19] < 0:3 �C, too small to be shown on the present scale, in view
of the statistical error bars associated with both Td and TSE, we only
show Td in Fig. 3a. While the observed increase in Td is less dra-
matic than that of the previously-studied long-chain alcohol-
doped emulsions [16,14], the use of these salts may be instrumen-
tal for stabilizing these systems in situations where long-term
samples’ stability is an issue (see next paragraph). Note that the
self-faceting transition in salt-free, near-CMC, C16:C18TAB systems
occurs at Td � 20 �C, far below the Krafft temperature [41] of
C18TAB (Tk � 37 �C). Thus, the self-faceted salt-free emulsions are
only stable for about an hour, after which surfactant precipitation
out of the aqueous phase sets in. The introduction of the presently-
studied salts into the system plays, therefore, a dual role: it
increases Td, while at the same time decreasing [41] Tk. Thus, the
lifetime of the high-cs self-faceted emulsions is much longer than
that of their salt-free counterparts, rendering the salt-containing
emulsions amenable to long-time experiments and applications.

To investigate the stability of the salt-containing emulsions, we
measured the time-dependence of the static light scattering, IðtÞ,
from the corresponding aqueous solutions. A salt-free, 1 mM aque-
ous solution of C18TAB, premixed at a high temperature and cooled
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down rapidly to 20 �C, exhibits after only one hour a dramatic
increase in IðtÞ, indicative of surfactant precipitation (Fig. 4, solid
brown triangles). Since no self-faceting phenomena occur in salt-
free C16:C18TAB emulsions at T > 20 �C, our observations set a
	 1 hr stability limit on self-faceting in these systems. Unsurpris-
ingly, the time-lag prior to the onset of surfactant precipitation is
even shorter (	 30 min) for salt-free solutions kept at T ¼ 16 �C
(Fig. 4, solid blue circles). While some increase in stability may
be achieved by reducing the C18TAB molarity, this reduction may
lower Td, so that the lifetime of self-faceted emulsions would not
be extended. Instead, we increased the stability of these emulsions
significantly by introducing salt at a low concentration into the
aqueous medium. Specifically, a 1 mM C18TAB aqueous solution,
doped by 0.02 M of NaCl, is stable at 20 �C for at least 2:5 days.
A significant increase in stability is observed at T ¼ 16 �C as well
(Fig. 4, open symbols), emphasizing the high importance of under-
standing the effects of salts on the self-faceting phenomena.

We hypothesize that the monotonic increase of Td with salt
concentration, observed in Fig. 3a, is due to the screening of the
electrostatic repulsions between the charged, surface-adsorbed,
C18TA+ cations. To test this hypothesis, we plot our Td values vs.
LD, the aqueous-bulk’s Debye charge-screening length [42,43].
Assuming that the (monovalent) salt ions are fully dissociated in



Fig. 4. Light scattering intensity, IðtÞ, exhibits a substantial increase for salt-free
1 mM C18TAB aqueous solutions (solid symbols), indicative of surfactant precip-
itation occurring after only a short lag time at the indicated incubating temper-
atures (see labels). A time-independent IðtÞ is observed for similar solutions, doped
with 0.02 mM NaCl (open symbols), demonstrating that the stability has been
dramatically improved by the doping. Note the break in the x-axis scale.
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our concentration range (cs < 1:5 M), the Debye length is given by

[44]: LD ¼ ½ð�r�0kBTÞ=ð2NAe2csÞ�1=2, where �r; �0;NA; kB, and e are,
respectively, the dielectric constant, vacuum permitivity, Avo-
gadro’s number, Boltzmann constant, and the elementary charge.
The self-faceting temperatures in Fig. 3b exhibit at low LD a sharp
decrease followed by a plateau for LD > 1 nm (Fig. 3b). With the
	 0:48 nm lattice constant of the monolayer [45,46] and a 0.5–
0.6 surfactant fraction within the monolayer [13], the average sur-
factants’ headgroup separation is 	 0:6 nm. Since the fraction of
the ionized headgroups may be smaller than 1, the average separa-
tion between the C18TA+ cations is expected to be of the order of
1 nm, coinciding with the break in the TdðLDÞ plot (Fig. 3b). When
LD is much larger than the separation between the cations, the
repulsion between the cationic headgroups is not very sensitive
to LD. Thus, the strong decrease of TdðLDÞ for LD < 1 nm and its flat-
tening out for LD > 1 nm are consistent with our hypothesis that
the added salt efficiently screens the electrostatic repulsions
between the C18TA+ cations and leads to the observed increase in
TdðcsÞ.
Fig. 5. (a) The loss of interfacial entropy upon the IF, DS, exhibits only a weak
dependence on salt concentration, cs . Note that for cs ¼ 1:5 M, the positive-slope
temperature range of cðTÞ is very narrow, yielding significantly larger error bars for
the corresponding DS. (b) The IF temperature, Ts (green hexagons), shows a weak
minimum at cs � 0:3 M, but ultimately returns to its salt-free value, at higher cs .
This behavior contrasts the strong monotonic increase of TSE . As a result of these
two trends, the temperature range where the frozen interface exhibits a positive
non-zero c is strongly reduced, from 6 �C for cs ¼ 0 M, to 1:1 �C for cs ¼ 1:5 M. The
lines are guides to the eye.
3.2. Surface thermodynamics

3.2.1. Surface tension measurements
To reveal the thermodynamic mechanism of the salt-induced

increase in Td, we measure the temperature dependence of the
interfacial tension cðTÞ. Such measurements probe directly the
interfacial entropy, which changes abruptly at the IF transitions
[20,34]. Since in situ cðTÞ measurements of individual emulsion
droplets are highly challenging, we measured cðTÞ of a planar liq-
uid–liquid interface between bulk C16 and a bulk salt-containing
C18TAB aqueous solution, employing the Wilhelmy plate method
discussed above. Previous measurements, carried out for salt-free
systems, demonstrate that the in situ cðTÞ of emulsion droplets
fully agrees with the values obtained for the planar interface
[19,20].

A few representative scans of cðTÞ for different concentrations
are shown in Fig. 2a, exhibiting the typical features indicative of
the IF: a near-zero slope at high temperature region, typical of dis-
ordered interfaces, a much higher positive slope at low tempera-
tures, typical of the frozen interfaces, and a sharp transition
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between these two regimes identifying Ts, the onset of IF in
Fig. 2a (marked by "). Similar behavior of cðTÞ has been observed
for other (liquid–liquid and liquid–vapor) interfaces, undergoing
an IF transition [11,12,16,19,20,34–36,45,47,48].

cðTÞ is the interfacial free energy excess (per unit area) over the
bulk’s, so that its temperature-derivative dc=dT yields the entropy
difference between surface and bulk [34,35]. Since no bulk phase
transition occurs at T ¼ Ts, the loss of surface entropy upon IF is
DS ¼ ðdc=dTÞT<Ts � ðdc=dTÞT>Ts . Although originally derived for
two-component systems, this relation holds also for multi-
component ones, such as ours, where either the oil-solubility of
both water and surfactant is very low, or for any oil:water system
where the surfactant:water solution is ideal [20]. Our samples ful-
fill both conditions for the full cs range studied. The measured DS
shows only a weak cs dependence, as demonstrated in Fig. 5a.
Specifically, while the salt-free sample yields DS � 0:8 mJ m�2 K�1,
the value at cs ¼ 1:25 M is higher by only 	 40%. For a comparison,
the IF bilayer, forming at the free surface of an octadecanol
melt yields [49] DS � 1:8 mJ m�2 K�1, almost twice our DS.
A four-layer IF crystal formed at the octadecanol:hexacosanol
mixture’s surface yields [49] DS � 4:4 mJ m�2 K, roughly fourfold
our DS. The much smaller cs-variation of our DS in Fig. 5a implies
only relatively minor changes in our IF layer upon varying cs, and
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excludes the formation of additional layers. This conclusion is fur-
ther supported by the measured Ts, which exhibit a very weak NaCl
cs dependence(Fig. 5b, green hexagons). While a slight Ts reduction
occurs at cs � 0:3 M, the salt-free Ts value is recovered at higher cs.
Notably, the near-independence of Ts on cs does not necessarily
mean that the system’s free energy is cs-independent, since Ts is
controlled by the free energy difference between the interfacially-
molten and the interfacially-frozen system, so that a simultaneous
shift of both free energies would keep Ts constant. In particular, if
the separation between the ionized surfactant headgroups does
not significantly change upon the interfacial freezing, since the
alkanes’ interdigitation between the surfactant molecules takes
place both above and below Ts (and thus the chain-chain spacing
determines also the surfactants’ charged headgroup spacing), no
Ts-shift would result from the salt-induced enhancement of the
electrostatic screening. These arguments can also rationalize the
recent observation that in a similar (but salt-free) system Ts is
insensitive to the specific type of the surfactant’s counterion[50].
Remarkably, this situation contrasts with the thermodynamic bal-
ance leading to the Krafft temperature precipitation of the surfac-
tant, upon which a drastic change in the separation between
surfactant molecules takes place, resulting in a strong dependence
of the Krafft temperature on the type of the counterion[50]. Finally,
note that while Ts is nearly cs-independent, a strong monotonic
growth intriguingly occurs in TSE (Fig. 5b, red squares) and Td

(Fig. 3a), both of which are central to the physical properties of
these emulsions.

The constant ðdc=dTÞT<Ts , causes c to vanish at
TSE ¼ Ts � cðTsÞ=ðdc=dTÞT<Ts (Fig. 2a). Since both Ts and
ðdc=dTÞT<Ts do not significantly vary with cs, the main cs-
dependence of TSE is due to cðTsÞ (denoted here as cs), which
strongly decreases, monotonically, with increasing cs (Fig. 2b).
Remarkably, since Ts is almost cs-independent and is precisely at
the boundary between the interfacially-frozen and the
interfacially-molten states, csðcsÞ is almost identical with an iso-
therm, cðT ! Tþ

s ; csÞ, of an interfacially-molten system. Such iso-
therms are extensively discussed in the literature
[5,6,32,33,51,4,8,7]. The decrease of c with cs in such isotherms,
is mainly attributed to the increased salt-provided electrostatic
screening of the surfactant’s charged heagroups, which, in turn,
increases the surfactants’ interfacial adsorption and consequently
decreases c.

3.2.2. Theory: the csðcsÞ isotherm
While many previous studies of these isotherms employed

pseudo-nonionic models, where the effect of charge on adsorption
and tension is ignored, we describe our data by a more advanced
model, known as iNAS (ionic non-ideal adsorption) theory, which
explicitly takes the electrostatic interactions into account
[32,33,51,52]. The interfacial adsorption C is described here by
the so-called, Combined isotherm, explicitly accounting for the
effects of both the interfacial potential / and the pair-interaction
energy of adsorbed surfactant molecules, AF:

C ¼ Cm
Kac0

exp zF/
RT þ AF

C
Cm

� �
þ Kac0

2
4

3
5: ð1Þ

Here Cm; c0;Ka; z ¼ þ1; F and R are, respectively, the maximal sur-
face density of a close-packed C18TAB monolayer, estimated
[53,36] as � 5:2� 10�6 moles/m2, the bulk concentration of free,
unmicellized, C18TAB, it’s interfacial adsorption coefficient, the
surface-adsorbed C18TA+ charge (in e units), the Faraday and the
gas constants. To solve Eq. 1 for C and /, we use the Gouy-
Chapman theory, relating / to the interfacial charge density,
ð1� bÞC, where ð1� bÞ is the ionized fraction of the interfacial
136
monolayer, with b ¼ 1 corresponding to a completely uncharged
monolayer. Finally, C, thus obtained, is plugged into the Gibbs
adsorption isotherm, yielding the interfacial tension, c (see Supple-
mentary Information).

We fit the theoretical cðcsÞ isotherm to the experimental data by
tuning the values of AF ; b and Ka. Assuming a cs-independent Ka, we
obtain Ka ¼ 4� 103 m3/mole, AF ¼ 54kBT and b ¼ 0, with the theo-
retical cðcsÞ matching the experimental isotherm reasonably well,
considering the statistical error bars (Fig. 2b, blue dashes). An even
better fit to the experimental data is obtained upon allowing Ka to
vary linearly with cs : Ka ¼ Ka;0 þ acs. Here Ka;0 and a are tunable

parameters, fitted to 4:15� 103 m3/mole and 0:21 m6/mole2,
respectively. With this choice, we obtain AF ¼ 79kBT, b ¼ 0 and
an excellent agreement with the experimental isotherm (Fig. 2b,
red line). Note, that our present assumption of a cs-dependent Ka

is consistent with previous studies of other similar surfactant sys-
tems [51].

The successful reproduction of csðcsÞ by the iNAS theoretical
model demonstrates that the main effect of the added salt is the
c reduction, occurring independently of IF. This reduction, and
the fixed (IF-caused) dc=dTT<Ts , yield a monotonic TSE and Td

increase, accounting for our observations for the NaCl emulsions.
Note, however, that the TdðcsÞ slope obtained for the CsCl emul-
sions is larger than that obtained for the NaCl ones (Fig. 3). This
sensitivity to the cation’s type cannot be explained by the iNAS
model. According to the classical adsorption models, the cations
are expelled almost completely from the C18TA+-rich, near-
interface, region. Thus, their effect on Td is highly surprising, and
calls for future studies[54].
4. Conclusions

We have demonstrated that liquid hexadecane (C16) emulsion
droplets, suspended in salt-containing octadecyltrimethylammo-
nium bromide (C18TAB) aqueous solutions, exhibit sphere-to-
icosahedron and other self-shaping transitions. Self-shaping phe-
nomena were proposed to make possible numerous technological
applications, such as highly efficient industrial self-emulsification
[29] and the precise positioning of surface ligands on liquid
[26,28] and solid[24,25,27] colloids, allowing higher-hierarchy
self-assembly of these colloids [15]. However, for these prospects
to be realized, the influence of salts on the self-shaping mecha-
nisms had to be determined since many industrial emulsions
include salt as an ingredient, so that an emulsification technology
which strongly depends on salt concentration is unlikely to
become widely-applicable. Similarly, the attachment of surface
ligands commonly requires the presence of salt to reduce electro-
static barriers for desirable surface adsorption of specific species
[28]. However, no systematic studies of salt effects on self-
shaping phenomena were hitherto reported in the literature. In
this study we report that the observed self-faceted shapes do not
significantly depend on the salt (NaCl, CsCl) concentration cs. How-
ever, the shape transition temperatures increase significantly with
increasing cs. This increase, combined with the salt-induced reduc-
tion of C18TAB’s Krafft temperature, significantly increases the sta-
bility of the self-faceting emulsions against C18TAB precipitation.
This increased stability, and consequent orders-of-magnitude
longer shelf lifetime, is important for the emulsions’ future scien-
tific and technological applications[24,15]. We have employed
the iNAS theoretical model to quantitatively describe the NaCl-
induced increase in the shape transition temperatures of the dro-
plets. However, classical theoretical models predict independence
of salt effects from the cation type, contrary to our observation of
a stronger transition temperatures’ dependence on salt concentra-
tion for CsCl-containing emulsions as compared to NaCl-containing
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ones. Furthermore, our present studies do not address the possible
dependence of both the self-faceting temperatures and the emul-
sion stability on the type of the anion. Anion-specific effects have
been demonstrated to control surfactant stability[50], ion binding
to cationic micelles[55], and other properties of these micelles.
Future studies, systematically exploring cðT; csÞ for a wide range
of different salts, may elucidate the origin of ion-specific effects
in our, and similar, emulsion systems, with potentially important
implications for emulsion technology.
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