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ABSTRACT: Two recent studies (Denkov et al., Nature 2015, 528, 392 and
Guttman et al. Proc. Natl. Acad. Sci. U.S.A.2016, 113, 493) demonstrated that
micrometer-sized n-alkane drops, dispersed in aqueous surfactant solutions, can
break their spherical symmetry upon cooling and self-shape into a variety of
regular shapes, such as fluid polyhedra, platelet-shaped hexagons, triangles,
rhomboids, toroids, and submicrometer-diameter fibers. In the first study, the
observed phenomenon was explained by a mechanism involving the formation of
interfacial multilayer of self-assembled alkane molecules in the so-called rotator
phases, templated by the frozen surfactant adsorption layer. Such phases are
known to form in alkane droplets under similar conditions and are sufficiently
strong to deform the droplets against the capillary pressure of a finite interfacial
tension of several mN/m. The authors of the second study proposed a different
explanation, namely, that the oil−water interfacial tension becomes ultralow upon
cooling, which allows for surface extension and drop deformation at negligible
energy penalty. To reveal which of these mechanisms is operative, we measure in the current study the temperature dependence
of the interfacial tensions of several systems undergoing such drop-shape transitions. Our results unambiguously show that drop
self-shaping is not related to ultralow oil−water interfacial tension, as proposed by Guttmann et al. These results support the
mechanism proposed by Denkov et al., which implies that the large bending moment, required to deform an oil−water interface
with an interfacial tension of 5 to 10 mN/m, is generated by an interfacial multilayer of self-assembled alkane molecules.

■ INTRODUCTION
In two recent studies,1,2 it was shown experimentally that
micrometer sized n-alkane drops, dispersed in aqueous
surfactant solutions, can break symmetry upon cooling and
self-shape into a variety of regular forms. This phenomenon is
important for two wide research areas because it provides (1) a
new, highly efficient bottom-up approach for producing
particles with complex shapes and (2) a system, remarkably
simple in chemical composition, that exhibits the basic
processes of structure and shape transformations, reminiscent
of morphogenesis events in living organisms.
This self-shaping phenomenon is far from trivial because it

involves a spontaneous deformation of the drop surface in the
process of drop cooling, against the capillary pressure that acts
to preserve the spherical shape of the drop. Drop deformation
rarely happens spontaneously because any deformation of the
surface of spherical drops increases the surface area and leads to
a concomitant penalty by increasing the drop-surface energy.
To explain their experimental results, the authors of the

original papers1,2 proposed two alternative mechanisms in their
studies. One of the mechanisms2,3 assumes that the interfacial
tension becomes ultralow upon cooling (and even becomes
transiently negative), which allows for surface extension and
deformation at minimal or vanishing energy penalty. The
alternative mechanism1,4 assumes the formation of molecular
multilayers of a rotator phase5−7 at the drop surface being

templated by the frozen surfactant adsorption layer, which
counteracts a finite interfacial tension (rotator phases were
previously detected8−11 by X-ray and DSC methods in such
alkane droplets). As estimated in ref 1, such multilayers with a
thickness of several hundred nanometers may have a
cumulative bending moment that is sufficiently high to deform
an oil−water interface with interfacial tension greater than 5
mN/m.
In more recent studies,3,4 the two research groups further

elaborated their arguments in defense of their original ideas. Of
special interest is ref 4, where it was shown experimentally that
the observed phenomenon is not limited to drops of linear n-
alkanes, as reported in the original papers, but is also observed
with several other classes of molecules, such as triglycerides, n-
alcohols, n-alkenes, and alkylcyclohexanes. In this study,4 drop
self-shaping was observed with more than 60 different
surfactant−organic liquid combinations, all of them following
the same general evolution path, as described in ref 1. With
respect to their effect on drop deformations, the surfactants
studied were classified into four distinct groups (denoted as A
to D). These results showed that the self-shaping phenomenon
is much more general than initially thought.
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To reveal which of the two proposed mechanisms1,2 is
relevant to this phenomenon, in the current study we measure
the temperature dependence of the interfacial tensions of
several systems undergoing such drop-shape transitions. One of
the systems has the same composition as the single system
studied in ref 2. The other systems are taken to represent the
four groups of the surfactants, studied in refs 1 and 4. Thus, we
cover the entire range of systems shown to exhibit this
phenomenon so far.

■ EXPERIMENTAL SECTION
Materials. We use hexadecane as the organic phase in all of the

experiments here because this is the main organic phase studied in refs
1−3. Hexadecane was purified from surface-active contamination by
passing through a glass column filled with Florisil adsorbent. It has a
melting point of the bulk phase of Tm = 18 °C. The interfacial tension
of the clean hexadecane−water interface was measured at 25 °C by the
pendant drop method, described later in this section. The
experimental data shown in Figure S1 (Supporting Information)
demonstrate that the interfacial tension stays at 52 ± 0.5 mN/m for a
period of as long as 15 min. This result is a clear indication that the
hexadecane and water phases used are very pure with respect to
surface-active contamination.
As surfactants we used the following water-soluble substances (in

parentheses, trade name and company obtained from): nonionic
surfactants polyoxyethylene alkyl ether C18EO20 (Brij 78, Sigma-
Aldrich), C16EO20 (Brij 58, Sigma-Aldrich), C16−18EO50 (Lutensol
AT50, BASF), and polyoxyethylene sorbitan monoalkylate
C18SorbEO20 (Tween 60, Sigma-Aldrich). We also used cationic
surfactant octadecyltrimethylammonium bromide (C18TAB, TCI
Chemicals). The purity of C18TAB was >98%, and the nonionic
surfactants were of commercial grade. All surfactants were used
without further purification. Information for the surfactant producers
and properties is presented in Table S1 in Supporting Information.
All aqueous solutions were prepared with deionized water (with

resistivity >18 MΩ·cm), which was purified by an Elix 3 module
(Millipore).
Emulsion Preparation. All emulsions were prepared by

membrane emulsification in which drops with a relatively narrow
size distribution were generated.12−15 The hexadecane phase was
emulsified by passing it through the membrane pores under pressure
into the continuous phase (aqueous surfactant solution). We used a
laboratory Microkit membrane emulsification module from Shirasu
Porous Glass Technology (SPG, Miyazaki, Japan), working with
tubular glass membranes with an outer diameter of 10 mm and a
working area of approximately 3 cm2. Membranes with a mean pore
diameter of 10 μm were used to prepare emulsions with a drop
diameter of ∼32 ± 3 μm. For some of the surfactants, experiments
with smaller drops (5, 10, or 15 μm in diameter) were performed.
Optical Observation of the Drop-Shape Transformations.

For microscope observations, the emulsions were transferred in glass
capillaries with a rectangular cross-section (50 mm length, 1 mm
width, and 0.1 mm height) enclosed within a custom-made cooling
chamber, with optical windows for microscope observation (Figure 1).
The observations were performed with optical microscope Axioplan or
AxioImager M.2m (Zeiss, Germany) in transmitted, cross-polarized
white light. Long-focus objectives ×20, ×50, and ×100, combined with
built-in cross-polarizing accessories of the microscope, were used to
observe the drops upon sample cooling. An additional λ plate
(compensator plate) was situated between the polarizer and the
analyzer, the latter two being oriented at 90° with respect to each
other. The λ plate was oriented at 45° with respect to both the
polarizer and the analyzer. Under these conditions, the liquid
background and the fluid objects have a typical magenta color,
whereas the birefringent areas appear brighter and may have intense
colors.16,17

The temperature of the cooling chamber was controlled by a cryo-
thermostat (Julabo CF30) and measured close to the emulsion

location using a calibrated thermocouple probe with an accuracy of
±0.2 °C. Experiments were carried out at a cooling rate varied
between 0.1 and 1.5 K/min.

We estimate theoretically the time, τ, required to cool an emulsion
drop with diameter d ≈ 40 μm, assuming negligible drop heating due
to phase transitions or viscous friction inside the drop (both processes
generate heat). The time for the temperature at the drop center to
equilibrate to 95% of the temperature difference from the surface is
around 5 ms, as shown in eq 1:20
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Here χ = (κ/ρCp) is the thermal diffusivity of the dispersed phase, and
κ, ρ, and Cp are its thermal conductivity, mass density, and heat
capacity, respectively. For planar slabs, to find the time for the
temperature in the center to equilibrate to 90% of the difference from
the outside, the same equation (eq 1) holds if one replaces the drop
diameter with the slab thickness.20 When our particles flatten, their
thickness becomes significantly smaller than the initial drop diameter,
so the equilibration time is even shorter. Because of the low cooling
rates in our experiments and most deformations occurring on time
scales of seconds to minutes, we assume that the temperatures of the
droplets and of the continuous phase were virtually the same. This
assumption does not imply that all observed phenomena are
equilibrium ones because some of the drop-shape transformations
could take a very long time (e.g., the extrusion of the thin threads from
the corners of the deformed drop).

Interfacial Tension. The hexadecane−water interfacial tension, γ,
was measured by drop-shape analysis at different temperatures.18,19

The shape of millimeter-sized pendant oil drops, immersed in the
surfactant solution, was recorded and analyzed by the Laplace equation
of capillarity to determine the oil−water interfacial tension (DSA100
instrument by Krüss, Germany). The TC40 thermostatting cell was
used to vary the temperature of the measured system with a precision
of ±0.2 °C. The time required to cool a drop of millimeter size was
estimated to be τ ≈ 5 s (eq 1).

In a typical experiment, the temperature was decreased with a rate
mimicking that in the actual experiments with slowly cooled emulsions
(between 0.1 and 0.5 K/min). In separate experiments, the actual
temperature at the position of the pendant drop was measured by a
calibrated thermocouple. Also, for some of the systems a discrete set of
decreasing temperatures was used, with equilibration of 15 or 60 min
at each temperature. For a given temperature, the interfacial tensions
measured at a constant cooling rate and at a fixed temperature were in
agreement, with the tension measured at constant temperature being
the same or only slightly lower (up to 0.5 mN/m) because a very slow
rearrangement of the molecules may take place in the frozen
adsorption layers. The latter difference was observed at the lowest
temperatures only, and the deformation of the emulsified drop in the
same solution had already started at higher temperatures.

Figure 1. (A) Schematic presentation of the cooling chamber, made of
aluminum, with optical windows cut out, used for microscope
observation of the emulsion samples. (B) The emulsions studied
were contained in glass capillaries, placed in the thermostatic chamber,
and observed through the optical windows.
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Because the experiments at a constant cooling rate better mimic the
actual experiments with cooled emulsions, we show these data for the
interfacial tension in Figures 2−4 and S2−S3.

■ RESULTS AND DISCUSSION
In Figure 2, we show the experimental data for the interfacial
tension of hexadecane drops, immersed in a 1.5 wt % (13 mM)
aqueous solution of nonionic surfactant C18EO20, which
induces drop-shape transformations starting at Td above the
bulk oil melting temperature, Td > Tm (belonging to surfactant
Group A, as defined in ref 4). At 19 ± 0.2 °C, there is a break
point in the curve of interfacial tension vs temperature, and the
slope changes from negative at higher temperature to positive
at lower temperature. The 1 mm pendant drop, cooled at 0.15
K/min, freezes at 16 °C when the interfacial tension is still
higher than 3 mN/m; see the solid black circle in the data for
the interfacial tension in Figure 2. At this temperature, the
emulsified drops have the shape of a hexagonal platelet.
As insets in Figure 2, we show the images of emulsified

hexadecane drops with an initial diameter of 31 ± 2 μm in the
same surfactant solution. Remarkably, the deformation of the
emulsified drops starts at Td = 22 ± 0.5 °C when the interfacial
tension is rather high, 6.0 ± 0.2 mN/m (see the red full circle
in the data for the interfacial tension). The emulsified drop
acquires the shape of a flat hexagonal platelet at 18 ± 0.5 °C
when the interfacial tension is γ = 4.2 ± 0.3 mN/m. The
emulsified drop preserves this shape until its final freezing at 14
°C. These results clearly show that the deformation of the
emulsified drops does not require ultralow interfacial tension γ
(<0.1 mN/m) as suggested in ref 2.
We performed similar experiments with surfactant

C18SorbEO20, which induces drop-shape transformations
starting at Td around the bulk oil melting temperature, Td ≈
Tm (belongs to Group B in the classification from ref 4). As
seen in Figure 3, the deformation of the emulsified drops in this
system starts at temperature Td = 18.5 ± 0.5 °C when the
interfacial tension is γ = 7.3 ± 0.2 mN/m. The emulsified drop
acquires the shape of a planar platelet in the temperature range

of 16 to 17 °C when the interfacial tension is still higher than γ
= 7 mN/m.
Next, we performed similar experiments with the system

studied in ref 2hexadecane drops in a 0.5 mM aqueous
solution of C18TAB surfactant. This concentration of C18TAB
falls in the range for this surfactant studied in ref 2 (between 0.3
and 1 mM). The results shown in Figure 4 demonstrate that

the drop deformation starts at temperature Td = 23 ± 0.5 °C
when the interfacial tension is 4.0 ± 0.5 mN/m. The emulsified
drop acquires the shape of a planar platelet in the temperature
range of 21 to 22 °C when the interfacial tension is around 2
mN/m. From the comparison of the results for the interfacial
tension and the drop images shown in Figure 4, we can
conclude that this surfactant also induces drop deformations at
Td higher than the melting temperature of the hexadecane, Td >
Tm ≈ 18 °C (i.e., it belongs to Group A in our classification).
It is worth noting that we do not see a direct general

relationship between the onset of microdrop deformation and

Figure 2. Interfacial tension as a function of temperature for a
hexadecane drop, immersed in a 1.5 wt % (13 mM) aqueous solution
of nonionic surfactant C18EO20, as measured by the pendant drop
method. The insets show microscope images of deformed emulsion
drops captured at different temperatures. Note that the drop
deformation starts at Td = 22 ± 0.5 °C when the interfacial tension
is 6.0 ± 0.2 mN/m. The pendant drop freezes at 16 °C when the
interfacial tension is still >3 mN/m, and the emulsified drop takes the
shape of a hexagonal platelet at this temperature. Scale bars are 20 μm.

Figure 3. Interfacial tension as a function of temperature, as measured
by the pendant drop method, for a hexadecane drop immersed in a 1.5
wt % (13.5 mM) aqueous solution of nonionic surfactant
C18SorbEO20. The insets show microscope images of deformed
drops captured at different temperatures. Note that the drop
deformation starts at Td = 18.5 ± 0.5 °C when the interfacial tension
is 7.3 ± 0.2 mN/m. The 1 mm pendant drop freezes at 16.5 ± 0.5 °C
when the interfacial tension is still >7 mN/m, and the emulsified drop
has a platelet shape at this temperature. Scale bars are 20 μm.

Figure 4. Interfacial tension as a function of temperature, measured by
the pendant drop method, for a hexadecane drop immersed in a 0.5
mM aqueous solution of cationic surfactant C18TAB. The insets show
microscope images of deformed drops captured at different temper-
atures. Note that the drop deformation starts at Td = 23 ± 0.5 °C
when the interfacial tension is 4.0 ± 0.2 mN/m. The last measurement
with the 1 mm pendant drop is at 21 °C when the interfacial tension γ
is still 2 ± 0.3 mN/m, and the emulsified drop has the shape of a
flattened platelet at this temperature. Scale bars are 20 μm.
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the change in the slope of the interfacial tension versus
temperature that corresponds to the start of the surface phase
transition for the millimeter-sized oil drops used in the pendant
drop method2,3 (Figures 2−4). This lack of correlation
indicates that the drop deformation most probably starts with
the formation of local surface nuclei, without a complete
prefreezing of the adsorption layer that would be detected by
the pendant drop method. Furthermore, we may hypothesize
that the formation of such surface nuclei and/or their further
development into a bulk rotator phase should be easier for the
smaller droplets, as evidenced by the fact that the large
millimeter-sized pendant drops do not deform at the
temperatures at which the micrometer droplets have evolved
deep into the self-shaping phenomenon. The role of drop-
surface curvature for surface nucleation, rotator phase
formation, and related drop-shape transformations in these
systems is discussed in detail in section 4 of ref 4.
All of these results convincingly demonstrate that the

deformation of the emulsified drops does not require ultralow
interfacial tension γ (<0.1 mN/m) and in all of the systems
reported so far transformations start at γ > 4.0 ± 0.2 mN/m.
This result has a very important consequence because it sets a
lower limit for the bending moment that is needed to deform
the oil−water interface in these systems. As explained in ref 1,
one needs a bending moment that is sufficiently high to
counterbalance the capillary pressure of the curved drop surface
(eq 2):

γ≥K r r/ /B
3

(2)

Here, KB is the bending elasticity constant, r is the characteristic
radius of curvature of the deformed drops, KB/r

3 is an
approximate estimate of the bending moment that drives the
drop-surface deformation, and γ/r is the capillary pressure that
opposes drop-surface deformation. Taking the typical values of
γ ≈ 5 mN/m and r ≈ 1 μm, one estimates for the bending
elasticity constant KB ≥ γr2 ≈ 5 × 10−15 J. The latter value is 3
to 4 orders of magnitude higher than the bending moment of
frozen surfactant or lipid monolayers and bilayers, KB ≈ 10−18

to 10−17 J.2,21,22 Therefore, one cannot explain the observed
drop deformations with the bending moment of the frozen
surfactant monolayers or bilayers.
As explained in ref 1, a sufficiently high bending moment

could be created by a subsurface multilayer of self-assembled
alkane molecules. This explanation is supported by the
experimental fact8−10 that the hexadecane drops may undergo
a phase transition from liquid into so-called plastic phases
around the melting temperature of hexadecane, Tm ≈ 18 °C.
These plastic phases are a kind of smectic phase (lamellar
multilayers) with long-range translational order of the
incorporated molecules (Figure 5). They are called also rotator

phases in the literature because the alkane molecules in these
phases are not completely frozen and have rotational mobility
around their long axes.5,6,23 These plastic phases appear as
intermediate stable or metastable phases between the isotropic
liquid phase, observed at temperatures above Tm, and the
completely frozen solid phase, observed at lower temperatures.
Typically, the temperature range of the appearance of the
plastic rotator phases is from several degrees above Tm down to
several degrees below Tm. Furthermore, these plastic rotator
phases were observed in hexadecane drops only when the latter
were dispersed in solutions of long-tail surfactants (C16 or C18),
the same as the surfactants that drive the observed drop-shape
transformations.1,4,8

The numerical estimates show1 that a thin plastic sheet of
ordered alkane molecules, templated by the surfactant
adsorption layer and having a thickness of hPL ≈ several
hundred nanometers, may have a sufficiently high bending
moment to explain the observed experimental results. These
estimates are based on the fact that KB is proportional to hPL

2

for phases with a long-range molecular order, as it is the case
with the plastic phases.22 On the other hand, there is an upper
limit for the thickness of such potential stiff layers placed by the
curvature of the edges of the platelets and of the threads
protruding from their corners, both being observed to have a
radius of <3 μm.
Let us note that the other arguments, used by Guttman et

al.2,3 to support their mechanism, also suffer from serious
deficiencies. For example, these authors used the expression2,3

γ = −
T

S
d
d I (3)

to interpret their data for the change in interfacial tension with
temperature in order to prove that only an adsorption
monolayer is frozen on the interface and no plastic phase
multilayer has been formed. Here, γ is the interfacial tension, T
is the temperature, and SI is the excess of surface entropy, viz.,
the excess entropy of molecules in the surface layer as
compared to that of molecules in the bulk phases. In fact, eq 3
is valid for a one-component system only, i.e., for the interface
between a one-component liquid phase and a vacuum or gas
phase containing vapors of the same liquid. This equation
cannot be applied to the emulsions considered in our studies1−4

because the complete equation for an oil−water interface in the
presence of surfactant molecules has two additional terms:24

γ = − −
Γ μ

−
Γ μ

T
S

T T
d
d

d
d

d
dI

S s A A
(4)

Here, ΓS and ΓA are the adsorptions of surfactant and alkane,
respectively, and μs and μA are their chemical potentials. This
equation is strictly valid for a tricomponent system in
equilibrium (water, alkane, surfactant) with a planar alkane−
water interface and a dividing surface chosen to coincide with
the so-called equimolecular surface of water, at which water
adsorption is identically zero.24 The complete analysis of the
experimental data by eq 4 is beyond the scope of the present
study because other effects could be important, e.g., the effects
of interfacial curvature or the temperature dependence of the
chemical potential μs(0) of the surfactant dissolved in the
aqueous phase, and would require additional terms to be
included.24 However, even just the terms in eq 4 are sufficient
to demonstrate that the arguments by Guttman et al.2,3 are (at
least) incomplete because the term ΓSdμs/dT ≈ −ΓSkB ln xS ≈
10ΓSkB ≈ +0.5 × 10−3 J m−2 K−1, omitted by these authors, is

Figure 5. Schematic presentation of the mechanism of formation of a
rotator-phase multilayer, templated by a frozen surfactant adsorption
layer.1,4
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comparable in magnitude and opposite in sign to the excess
interfacial entropy, SI ≈ −0.9 × 10−3 J m−2 K−1, considered in
refs 2 and 3. Here, kB is the Boltzmann constant and xs is the
mole fraction of surfactant in the aqueous solution. In this
estimate, we have assumed an ideal surfactant solution with
adsorption ΓS ≈ 5 μmol/m2. Although the latter assumptions
might not be perfectly valid, slight deviations from the values
assumed would not change the order-of-magnitude estimate of
the additional term in eq 4, related to surfactant adsorption, so
it should not be ignored. Until the opposite is proven, similarly
there are no reasons to expect that the other term in eq 4,
related to the adsorption of alkane molecules, could be
neglected either or that it could counterbalance the term
related to surfactant adsorption. The terms related to the
changing curvature add further complexity to the thermody-
namic analysis of the system.
We have reason to express concern about the measurements

by Guttman et al.2,3 of the interfacial tension from the size of
the wetting film formed between an oil drop and the glass wall
of the container in which the emulsion droplets are enclosed.
The equation used by Guttman et al.2,3 to interpret the
respective experimental data is based on the balance of the
buoyancy force (which pushes the drop upward) and the
repulsive disjoining pressure (exactly equal to the capillary
pressure of the drop, 2γ/R) inside the film area, which creates a
repulsive force and stops the drop from rising:

ρ π π γ γ ρΔ = ⇒ = Δg R r
R

g
R
r

4
3

2 2
3

3
F

2
4

F
2

(5)

Here, Δρ ≈ 230 kg/m3 is the difference in mass densities of the
aqueous and hexadecane phases, g is the acceleration due to
gravity, R is the radius of the spherical drop, and rF is the radius
of the planar wetting film. This equation is valid only in the
absence of attractive interactions between the drop and the
solid surface; otherwise, an additional attractive term appears to
complete the force balance.25−27 In the experiments by
Guttman et al.,2,3 however, the bare glass is negatively charged,
whereas the drop surface is covered by an adsorption layer of
positively charged surfactant molecules. In such systems, the
film could have a much larger radius than the one predicted by
eq 5 because the additional attractive force between the
oppositely charged surfaces expands the contact area, as this is
the energetically favored equilibrium configuration.27 This
interaction is the main reason for the use of cationic polymers
and surfactants as flocculants for negatively charged particles.
To check how eq 5 describes our experimental data, we tried

this method for hexadecane drops, dispersed in an aqueous
solution of nonionic surfactant C18SorbEO20, at several
temperatures, including 19 °C, which is just at the onset of
drop self-shaping transitions in this system. The nonionic
surfactants are known to create steric and electrostatic
repulsion between surfaces28,29 so that no attraction between
the oil droplets and the glass surface appears in this system and
eq 5 is valid. In Figure 6A, we show a micrograph image in
reflected light of the contact zone between a hexadecane drop
and a glass solid wall (the upper wall of the glass capillary,
containing the emulsions in our experiments) exactly in the
moment when the drop deformations start. One sees the
central contact zone, appearing as a bright circular spot, and the
Newton fringes around it that indicate the changes in the local
thickness of the oil−water−glass wetting film in the contact
zone. From the position of the fringes and the known

wavelength of light (λ ≈ 555 nm), one could restore the
profile of the oil−water interface in the contact zone.30 The
profiles obtained at four of the temperatures studied (Figure
6B) show that the droplet has preserved a spherical shape,
without any visible flattening in the contact zone, down to the
temperature of the self-shaping transitions despite the presence
of the bright area in the contact zone, seen in Figure 6A. In fact,
the four profiles taken at 22.5, 21, 19.5, and 19 °C coincide with
each other in the framework of our experimental accuracy.
Although the central bright zone could be mistaken for a planar
wetting film, the restored profiles show that the drop is not
deformed before the self-shaping process starts, which means
that the drop interfacial tension is not ultralow at the onset of
the shape transitions. From eq 5, one could estimate that the
drop shown in Figure 6 has an interfacial tension of γ > 0.2
mN/m for all temperatures studied (in agreement with γ ≈ 8
mN/m from our independent measurement, Figure 3);
otherwise, the wetting film would be large enough to be
detected with the optical resolution of the microscope used (ca.
1 μm). Similar results were obtained with all of the other
surfactants studied.
The other type of experiment, used by Guttman et al. to

measure the interfacial tension, is also not convincing. The
Wilhelmy plate method is appropriate and is widely used for
measurements of the liquid−air interfacial tension because it
requires perfect wetting of the Wilhelmy plate by the liquid.
This wetting could be achieved for a liquid−air interface with
special treatment of the plate surface or by using plates
prepared from filter paper, but it is highly problematic for oil−
water interfaces in the presence of cationic surfactants. Good
wetting is expected to be a serious issue in the latter systems
because the cationic surfactants are often used as hydrophob-
izing (opposite to wetting) agents.21 Therefore, the data from
the Wilhelmy plate measurements, reported by Guttman et
al.,2,3 also cannot be accepted without doubt, unless the authors
prove that the Wilhelmy plate was perfectly wetted by the water
phase in the entire range of measurements made by them.

Figure 6. (Left) Micrograph image of the wetting film formed when a
hexadecane drop, immersed in a 1.5 wt % C18SorbEO20 solution, is in
contact with the glass surface of the capillary used for drop
observations. Reflected light is used to detect the interference Newton
rings in the contact zone, which can be used to restore the shape of the
oil−water interface in the contact zone. This image is taken at 19.0 °C,
in the moment at which the first drop deformation events occur.
(Right) Restored drop profiles in the contact zone, as determined at
22.5, 21, and 19.5 °C. These profiles coincide with each other in the
framework of the experimental accuracy, and no visible planar film
could be detected. If there is a planar film, its diameter is below 1 μm,
which means that the drop interfacial tension is above 0.2 mN/m at all
temperatures studied, including that of the drop-shape transition
onset. For comparison, the black curve is a plot of a spherical surface
with the measured drop diameter.
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Finally, for a surfactant monolayer to be able to bend the
interface against the capillary pressure forces, the interfacial
tension should be on the order of 10−3 mN/m or lower. Such
low interfacial tensions could be measured with a very limited
number of methods, e.g., by the spinning drop method. Unless
such special methods for ultralow tensions are applied, the
measurements could not give reliable results for such systems.
On the other hand, even the lowest interfacial tension

measured in our systems at the onset of drop self-shaping, ∼1
mN/m, would require a molecular multilayer, with a bending
moment by a factor of at least 102 to 103 higher than the
bending moment of the strongest monolayers known so far and
used by Guttman et al.2,3 in their estimates to explain the self-
shaping phenomenon. The plastic interfacial sheet of self-
assembled alkane molecules, detected years ago by X-ray and
DSC methods in such alkane droplets,8−11 consists of
molecular structures that could certainly possess such a high
bending moment and explain the drop self-shaping phenom-
enon.

■ CONCLUSIONS
The experimental results presented in the current study
demonstrate unambiguously that the drop-shape transforma-
tions, observed in refs1−4, do not require ultralow interfacial
tension, as suggested in ref 2. Instead, these transformations
typically start at temperatures at which the interfacial tensions
are in the range of 4 to 8 mN/m.
As estimated in ref 1, the bending constant of a single

surfactant monolayer or bilayer (on the order of 10−18 J) is far
too weak to cause the observed drop-shape transformations.1−4

A bending constant on the order of 10−15 to 10−14 J is needed
to effect this process. As explained in ref 1, this is possible for a
multilayer of alkane molecules self-assembled into the so-called
rotator phases.5,6,23 As a result of their long-range order, the
rotator phases are rather stiff and are therefore often called
plastic phases in the literature.6,23 We emphasize that such
phases were experimentally detected in hexadecane drops8−11

under similar conditions (C16−C18 surfactants at temperatures
around the hexadecane melting temperature) well before the
drop self-shaping phenomenon was discovered.1

In conclusion, the presented results strongly support the
mechanism described in ref 1.
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