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ABSTRACT

In several recent studies we showed that micrometer sized oil-in-water emulsion droplets from
alkanes, alkenes, alcohols, triglycerides or mixtures of these components can spontaneously
“self-shape” upon cooling into various regular shapes, such as regular polyhedrons, platelets,
rods and fibers (Denkov et al., Nature 2015, 528, 392; Cholakova et al., Adv. Colloid Interface
Sci. 2016, 235, 90). These drop-shape transformations were explained by assuming that
intermediate plastic rotator phase, composed of ordered multilayers of oily molecules, is formed
beneath the drop surface around the oil freezing temperature. An alternative explanation was
proposed by Guttman et al. (PNAS 2016, 113, 493; Langmuir 2017, 33, 1305) which is based on
the assumption that the oil-water interfacial tension decreases to very low values upon emulsion
cooling. Here we present new results, obtained by differential scanning calorimetry (DSC),
which quantify the enthalpy effects accompanying the drop-shape transformations. Using optical
microscopy we related the peaks in the DSC thermograms to the specific changes in the drop
shape. Furthermore, from the enthalpies measured by DSC we determined the fraction of the
intermediate phase involved in the processes of drop deformation. The obtained results support
the explanation that the drop-shape transformations are intimately related to formation of ordered
multilayers of alkane molecules with a thickness varying between several and dozens of layers of
alkane molecules, depending on the specific system. The new results provide the basis for a
rational approach to the mechanistic explanation and to the fine control of this fascinating and

industrially relevant phenomenon.



INTRODUCTION

Recently we showed* that micrometer in size emulsion droplets, stabilized by long-
chain surfactants, can spontaneously change their shape several times upon cooling, before the
ultimate drop freezing (solidification). A general drop-shape evolution sequence was observed in
which the droplets first transform from spheres into fluid polyhedrons that gradually flatten and
form hexagonal platelets. These hexagonal platelets can further evolve into either tetrangular
platelets which ultimately transform into rods and/or thin fibers, or into triangular platelets from
the acute angles of which protrusions may grow, see Supporting Information Figure S1. This
phenomenon was observed with a variety of non-polar (oily) substances, including n-alkanes, 1-
alkenes, 1-alcohols, triglycerides and their mixtures.!* Furthermore, we observed this
phenomenon with substances which do not create self-shaping drops (when used as single
components in the oily drops) after mixing them with a moderate amount, above ca. 15 vol. %,
of another substance which produce self-shaping droplets upon cooling.* The evolution
sequence, shown in Figure S1, is common for all tested emulsions. However, different stages of
this sequence could be reached in the moment of drop freezing, depending mainly on the specific
surfactant-oil combination, the initial drop size and the rate of emulsion cooling. Also, for small
initial droplets with diameter approaching that of the final rods and fibers, the evolution
processes are kinetically faster (under otherwise equivalent conditions) and the process of drop
flattening may merge with the elongation to rods and fibers. Depending on the specific oil-
surfactant couple used, the spontaneous transformations were observed to start at a temperature
which is a few degrees above, just around, or a few degrees below the bulk melting temperature
of the oily phase.?

This “self-shaping” phenomenon is of interest for several reasons. On one side, it
provides a new, highly-efficient method for producing micrometer-sized particles with complex
regular shapes. These particles could be polymerized, thus producing regular in shape polymeric
microparticles.® On the other side, these systems serve as a new type of versatile toolbox for
studying minimal in composition systems which show complex morphogenesis transformations,
thus providing insight into the mechanisms generating structure and shape in nature.?® In
addition, new low-temperature method for self-emulsification’® was discovered for some of
these systems, which is mechanistically based on the drop self-shaping phenomenon and is
applicable to temperature sensitive compounds such as some medical drugs, food supplements

and flavors.



The “self-shaping” phenomenon is far from trivial, because it involves a spontaneous
increase of the drop surface area with related increase of the system interfacial energy. The drop
deformation occurs against the capillary pressure which acts as to preserve the spherical shape of
the drops. To explain this non-trivial phenomenon, in our original studies® we proposed a
mechanism which includes the formation of molecular multilayers of plastic rotator phase,®*?
templated by the frozen surfactant adsorption layer, see Supporting Information Figure S1.
Indeed, such plastic rotator phases were detected in cooled alkane droplets by X-ray diffraction
in earlier studies.’*%® In our mechanism, the formed multilayer of plastic rotator phase
counteracts the finite interfacial tension of the drop surface (of the order of several to 10 mN/m)
due to its significant mechanical strength (viz. to its inherent plasto-elastic nature). We estimated
theoretically the thickness of the rotator phase by making a balance between the bending energy
of a plastic surface sheet and the surface energy of the deforming drops.! From this estimate we
calculated that the thickness of the rotator phase should be of the order of 15-300 nm.1216

An alternative explanation of the same phenomenon was proposed independently by
Guttman et al.}”'® These authors assumed that the interfacial tension of the cooled emulsion
drops approaches zero and, therefore, the observed drop shape transformations could be
effectuated by the mechanical strength of the surfactant adsorption monolayer, including
intercalated alkane molecules,® after its freezing on the drop surface.

However, in our previous study® we measured the temperature dependence of the
interfacial tensions of several systems undergoing such drop-shape transitions and our results
showed unambiguously that drop self-shaping is not related to ultralow oil—water interfacial
tension, because the drop-shape transformations typically start at temperatures at which the
interfacial tension is in the range between 4 and 8 mN/m for all systems studied by us.

The two alternative mechanisms inevitably focus on different key factors when analyzing
the fine details in the mechanism and the main factors for control of the self-shaping and self-
emulsification phenomena. The mechanism by Denkov et al. focuses on the conditions for
formation of rotator phases in the oily drops, whereas the mechanism by Guttman et al. focuses
on the conditions for obtaining very low oil-water interfacial tension. Thus, without having
clarity about the underlying mechanism, it is very difficult to approach in a rational way the key
questions at the current stage of understanding - how to control and to optimize the phenomena
of drop self-shaping and self-emulsification for specific systems and applications.

To clarify the detailed mechanism of the observed drop-shape transformations and to
determine the thickness of the surface molecular layers which are directly involved in these

transformations, in the current study we apply differential scanning calorimetry (DSC) to cooled



emulsions. DSC is a powerful and very sensitive technique for quantification of the enthalpies of
phase transitions.?’ This method is widely used for characterization and analysis of the phase
transitions in polymer, ceramic, organic and inorganic, food and pharmaceutical systems, and
even in biological organisms.?%32 DSC has been used also to study the phase transformations in
emulsions. 3340

The direct characteristics which can be obtained from a typical DSC experiment on
emulsions, consisting of one cooling and subsequent heating cycle, are the temperatures and
enthalpies of freezing and melting transitions, the emulsion type and the fraction of the dispersed
phase/medium which undergoes phase transitions.>33° As mentioned above, plastic rotator
phases were first detected by X-ray diffraction in cooled emulsions containing alkane droplets, in
studies which sometimes involved DSC measurements as well.'*° In these studies, the droplets
were not observed by optical microscopy and, therefore, it has remained unclear whether drop-
shape transformations occurred. DSC studies of similar emulsions were performed also by
Giilseren and Coupland.®® These authors studied emulsions containing much smaller droplets,
with sub-micrometer diameter, and alkanes with longer chain-length (compared to the emulsions
studied by us) for which the existence of rotator phases upon cooling had been detected earlier.!
Therefore, these previous papers do not provide direct answers to the research questions which
have motivated our current study.

Here we combine for the first time systematic DSC measurements on emulsions
containing “self-shaping” droplets with observations of the drop transformations by optical
microscopy. Thus we are able to determine the fraction of the drop material undergoing phase
transition in the temperature range in which the drop-shape transformations occur. The obtained
results show that the drop-shape transformations are caused by formation of ordered multilayers
of alkane molecules, with a thickness depending strongly on the specific alkane-surfactant

combination.

EXPERIMENTAL SECTION

MATERIALS

As dispersed phase we use two linear n-alkanes — hexadecane (CisHss4) and dodecane
(C12H26) both with purity of 99%, purchased from Sigma-Aldrich. Detailed information for the
physical properties of these alkanes is presented in Supporting information Table S1.
Hexadecane was purified from possible surface-active contaminations by passing it through a
glass column filled with Florisil adsorbent. Very similar results were obtained with purified and

non-purified hexadecanes. Therefore, the dodecane was used as received.



For emulsion stabilization we used the following series of water-soluble nonionic
surfactants (in parentheses — their trade name): the polyoxyethylene alkyl ethers C16EO20 (Brij
58), C16EO10 (Brij C10) and Ci6.18EOs0 (Lutensol AT50), and the polyoxyethylene sorbitan
monoalkylates C12SorbEO23 (Tween 20) and C16SorbEO20 (Tween 40). All surfactants, except
Lutensol AT50 (product of BASF), were purchased from Sigma-Aldrich and were used without
further purification. Information for the surfactant properties is presented in Supporting
information Table S2.

All aqueous solutions were prepared with deionized water with resistivity > 18 MQ-cm,
purified by Elix 3 module (Millipore). The surfactant concentration was 1.5 wt % in all systems
studied, emulsions and surfactant solutions, except for Brij C10 (0.75 wt %), always being well

above the critical micellar concentration (CMC) of these surfactants.

METHODS
Emulsion preparation.

All emulsions were prepared by membrane emulsification in which drops with relatively
narrow size-distribution are generated.*?*® The polydispersity index, defined as o = dyvsa/dvso,*®
was 1.14 + 0.04 for all studied emulsions. We used a laboratory Microkit membrane
emulsification module from Shirasu Porous Glass Technology (SPG, Miyazaki, Japan), working
with tubular glass membranes of outer diameter 10 mm and working area of approx. 3 cm?. The
non-polar (oily) phase was emulsified by passing it through the membrane pores under pressure,
into the continuous phase (aqueous surfactant solution). Membranes with mean pore diameter of
1 pum, 2 pm, 3 um or 10 um were used to prepare emulsions with different mean drop diameters.
Typically, drops with diameter around 3 times bigger than the pore diameter are produced by this
method.**

DSC experiments

All DSC experiments were performed on Discovery DSC 250 apparatus (TA Instruments,
USA). A sample of the studied emulsion (oil weight fraction, ®, between 0.3 and 10 %) was
weighted and placed into a DSC pan (Tzero pan, TA Instruments). Hermetic lid and Tzero
sample press (Tzero hermetic lid, TA Instruments) were used to seal the DSC pan before
measurements. The samples were cooled and heated at a fixed rate. Based on the results from
preliminary experiments, this rate was fixed at 0.5 °C/min in all measurements used to determine
the thickness of the multilayers. The reason to choose this rate is that the enthalpy peaks are
sufficiently large while the cooling is still sufficiently slow to allow extensive drop shape

evolution before the final drop crystallization. The DSC curves upon both cooling and heating



were recorded. We performed one cooling and one heating cycle only, because of the possible
drop-drop coalescence during the heating process. For all studied systems, at least three
independent samples were tested (usually, between 5 and 10) to obtain sufficient experimental
data for statistical analysis and for checking the reproducibility of the final results.

The integration of the DSC curves was performed using the built-in functions of the
TRIOS data analysis software (TA Instruments). No baseline subtraction or any other data
manipulation was made to determine the peak areas in the thermograms. The horizontal dashed
lines drawn in the thermograms, as shown in the figures throughout the paper, are used as guides
to the eye only. To allow direct comparison between the various thermograms, in all figures the
thermograms are shifted in vertical direction so that the baseline value is set at zero and the y-
axis is rescaled, so that the total peaks’ area corresponds to the total bulk melting enthalpy of the
oil contained in the emulsion sample (as determined upon heating). All these changes affect the
visual representation of the DSC data in the figures only — they do not affect in any way the peak

areas ratios determined by the built-in TRIOS data analysis software of TA Instruments.

Optical observation in a capillary.

For microscope observations'™* of the self-shaping drops, a specimen of the studied
emulsion was placed in a rectangular glass capillary with length of 50 mm, width of 1 mm and
height of 0.1 mm. This capillary was enclosed within a custom-made metal cooling chamber,
with optical windows for microscope observation, see Supporting information Figure S2. The
chamber temperature was controlled by cryo-thermostat (JULABO CF30, Cryo-Compact
Circulator). The temperature in the sample during the experiment was measured using a
calibrated thermo-couple probe with an accuracy of + 0.2°C. The thermo-probe was inserted in
one of the orifices of the aluminium thermostating chamber and mounted at a position, where a
capillary with the emulsion sample would be normally placed for microscope observations. In
the neighbouring orifices the actual capillaries with the emulsion samples were placed. The
correct measurement of the temperature was ensured by calibrating the thermo-couple with a
precise mercury thermometer in the range of temperatures measured. After freezing the oily
drops, we heated them up until the melting process was observed. We always observe the
melting process at temperatures very close, within + 0.2°C, to the reported melting temperature
of the bulk oil, Tm, see Supporting information Table S1. The rate of emulsion cooling during
these optical observations was the same as in the DSC experiments with the same emulsion, thus

allowing comparison of the obtained DSC thermograms with the drop shape transformations.



All optical observations were performed with Axiolmager.M2m microscope (Zeiss,
Germany). We used transmitted, cross-polarized white light, with included A-compensator plate,
situated after the sample and before the analyser, at 45° with respect to both the analyser and the
polarizer. Under these conditions the liquid background and the fluid objects have typical
magenta color, whereas the frozen birefringent areas appear brighter and may have intense
colors.**8 We used transmitted light when taking images for determination of the drop size
distribution. Long-focus objectives x20, x50 and x100 were used.

We note that although the oil weight fraction in the studied emulsions is relatively low,
the emulsion droplets are able cream upwards in the capillary, under the action of buoyancy.
Therefore, the microscopy images presented throughout the paper show a relatively dense
monolayer of droplets that creamed from the entire emulsion layer, thus forming a layer with an

increased local concentration of the drops.

Optical observation in a DSC pan

To check for the actual behaviour of the studied emulsion droplets during cooling and
heating in the DSC experiments, we performed additional optical observations of emulsion
samples, placed in a DSC pan. These experiments were performed as follows: two open DSC
pans, containing equivalent emulsion samples, were placed in a metal cooling chamber,
connected to a thermostat. One of the pans was used for optical observations in white reflected
light, while in the other pan we inserted a thermo-couple probe to measure its temperature in the
course of the experiment, see Supporting information Figure S3. We performed cooling and
heating cycles, at rate of 0.5 °C/min, similar to those in the actual DSC experiments and in the
observations with glass capillaries. We observed the same drop-shape transformations at the
same temperatures in both experimental setups (with DSC pans and with optical capillaries).
However, the images from the observations in reflected light with DSC pans are not as clear as
those obtained with the glass capillaries, because the optical system is much superior in the latter
experiment. Therefore, we use images from the experiments with glass capillaries to illustrate the
observed drop-shape transformations.

Based on the fact that we observe the same drop-shape transformations in both types of
experiment (with optical capillaries and with open DSC pans) we accept that the same
transformations occur in the closed pans during the actual DSC experiments which are

performed under the same conditions — same temperature range, same scan rate, etc.



Determination of the drop-size distribution in emulsions

The drop-size distribution in the studied emulsions was determined from microscope
images. Drop diameters were measured using the Image Analysis Module of Axio Vision
Software. More than 10,000 drops were measured in each sample and the mean volume-surface

diameter d., =ZNidi3/Z N.d? was determined (N; is the number of drops with diameter d).

We note that the mean drop size, dz», appears in the estimates of the thickness of the layer of
plastic rotator phase, hpi, approximately as 1/dsz, because we determine hpL by comparing the
ratio of the peak related to formation of rotator phase at the drop surface (proportional to d?) and
the peak related to the freezing of the entire drop content (proportional to d®). Therefore, the final
result depends on the specific surface area of the drops which is, by definition, proportional to
1/d3.. As we measure dsy of the initial drops before starting the cooling-heating cycle in the DSC
experiments or optical observations, we use hereafter the notation dini = d3 of the initial drops,
determined as explained above.

Illustrative histograms of the drop size distributions by number and by volume are
presented in Supporting Information Figure S4 for emulsions of hexadecane, stabilized by
C16EO20 and C16SorbEO2o surfactants. From such histograms, demonstrating the narrow size
distribution of the produced emulsions, we can estimate that the error introduced in the layer
thickness by the inaccuracy of the measured dini is around 1% for the 9.5 and 33 um drops and

around 3.5 % for the smallest drops studied.

RESULTS AND DISCUSSION

In this section we present our results from the DSC measurements and connect them to
the drop-shape transformations, observed by optical microscopy. Using the ratios between the
areas of the enthalpy peaks in the DSC thermograms, we determine the fraction of the
intermediate plastic rotator phase, formed in the course of emulsion cooling, prior to the
complete freezing of the oily drops.

In the discussion below, we use the classification of the oil-surfactant systems,
introduced in our previous study, Ref. 2. We classified the various surfactants into four distinct
groups, depending on the onset temperature of drop transformation, T4, as compared to the
melting temperature of the bulk oil, Trm. Briefly, the surfactants which do not induce drop-shape
transformations upon cooling belong to Group D. These are surfactants with too short
hydrophobic tails and/or with very large head-groups. Therefore, their adsorption layers do not

freeze at the surface of the cooled drop before the complete oil freezing inside the drops. As a



result, the adsorption layers of these surfactants are unable to trigger the formation of plastic
rotator phase at the drop surface for the respective oil. In groups A to C we place surfactants
which induce drop shape transformations upon cooling: surfactants in Group A are those for
which T¢ > Tm; Group B contains surfactants for which Tq =~ Tm, and Group C contains
surfactants for which Tq < Trm; for more details see Ref. 2 and Supporting Information Table S3.

Below we show and discuss separately the experimental results, obtained with
representative oil-surfactant pairs from these groups.

In Figure 1 we present the DSC thermogram, obtained with hexadecane (C1s) drops for
which T ~ 18°C, dispersed in C16.18EOso surfactant solution. For this oil-surfactant pair, the
surfactant falls into Group D, because it has very voluminous head-group of 50 ethoxy units and
it does not induce drop shape transformations upon cooling.? As seen from the DSC curve, we
observe one main peak with Gaussian shape, centered around 6°C, and two small peaks around
15°C.

In the microscope observations in capillary we saw freezing of a very small fraction of
the oily droplets to start in the temperature range between 9.3 and 7.5 °C, but the main fraction of
the oil drops were seen to freeze around 6°C, see Figure 1b-d. These optical observations can be
directly related to the peaks in the measured DSC thermogram. As seen in Figure 1, the DSC
signal starts to deviate slightly from the baseline at a temperature of 9-10°C, while the main
peak, caused by the bulk freezing of the emulsion drops, is observed at a temperature around
6°C. The Gaussian shape of the main DSC peak is expected — although the drops are relatively
monodisperse, the nucleation in the individual drops occurs at slightly different moments,
resulting in a drop freezing within a certain temperature range, rather than at fixed
temperature.32-33

The observations in a glass capillary did not show any sign of drop freezing at 15°C.
However, when we performed optical observations in a DSC pan, we observed multiple oil
lenses floating on the surface of this particular emulsion sample, as well as some very big
emulsion drops, Figure le-g. Both the oil lenses on the emulsion surface and the large emulsion
drops were freezing at a temperature around 15 °C. Thus, we conclude from these observations
that the DSC peaks, observed around 15°C, are due to crystallization of Cie in the large oil lenses
and the large oil drops, at temperatures slightly lower than Tm, as a result of the moderate

undercooling (by around 3°C) of the oil in these large entities.
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Figure 1. DSC thermogram and microscopy images for Cis drops with initial drop size, dini
=~ 10 pm, stabilized by Ci6-18EOs0 surfactant (Group D). (a) DSC thermogram upon cooling;
(b-d) Microscopy images in transmitted polarized light, showing the process of drop freezing
upon cooling. The cooling experiment is performed in glass capillary. (b) The first freezing
process is observed at temperature 9.3°C, however as seen in this picture only a very small
fraction of the drops has frozen down to 7.1°C. (c-d) The main freezing process is observed
between 6.5°C and 5.6°C. (e-f) Cooling experiment of the same sample, contained in a DSC pan.
The drops are observed in reflected white light. The small peaks, observed in the thermogram
around 15°C are due to the freezing of the oil lenses and some large drops, formed after drop-
drop coalescence. (e) Oil lenses are observed at the top of the sample, placed in a DSC pan. (f)
Fluid big drop. (g) The drop freezes at a temperature 15.3°C. All experiments (both DSC and

optical observations) are performed at 0.5°C/min cooling rate. Scale bars, 20 pum.
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Similar DSC results and explanations were reported by Shinohara and co-authors.*® They
present DSC data, obtained at a cooling rate of 2 °C/min, for C1e drops with initial diameter, dini
= 32.6 £+ 3.2 um, stabilized by 1 wt. % aqueous solution of Tween 20 surfactant (C12SorbEO2o).
This surfactant also belongs to Group D, according to our classification, because its C1» tail is by
4 carbon atoms shorter than the alkane chain-length. Therefore, this surfactant does not induce
drop shape transformations upon cooling of hexadecane emulsions, as confirmed in our
experiments. For this system, Shinohara and co-authors observed two exothermic peaks — one at
14.5 °C interpreted as bulk Cie crystallization and a second broad peak with a maximum around
5.5 °C, corresponding to crystallization of the alkane in the oily drops, see Figure 2 in Ref. 15.
We also performed DSC and microscopy experiments with the same system - Cie drops,
stabilized by C12SorbEO2o surfactant. The DSC results were very similar to those reported in
Ref. 15. The optical observations of the emulsions in the DSC pan showed that oil lenses were
formed on top of this sample as well, see Supporting Information Figure S5. The peak around
15°C is associated with the freezing of these lenses.

We studied several other oil-surfactant pairs from Group D and observed the same
phenomena with all of them. This type of behavior is caused by the fact that the surfactants in
these emulsions do not form densely packed adsorption layers, due to their relatively short
hydrophobic tail and/or relatively large hydrophilic head. As a result, the surfactants do not
stabilize well the respective emulsions and oil lenses emerge on the emulsion surface and/or
drop-drop coalescence is observed.”® The formed larger entities (oil lenses/drops) freeze at
temperatures around and slightly below Tm, while the main fraction of the drops freeze at much
lower temperature, without undergoing drop-shape transformations. Formation of oil lenses
and/or huge emulsion drops was not observed for any of the other tested systems from Groups A-
C.

Group B: Surfactants which induce drop self-shaping at Tq¢ = Tm

The data interpretation for surfactants inducing drop-shape transformations is most
straightforward for the surfactants from Group B. Therefore, we present first the results for an
emulsion which is representative for this type of systems: Cis drops with dini * 9.5 + 0.1 pm,
stabilized by C16SorbEO2. The respective DSC curve and microscopy images are shown in
Figure 2.

Before discussing the results for this system, we should emphasize that we do not observe
any measurable peaks in the cooling DSC thermograms of the surfactant solution of

C16S0rbEO2 without dispersed oil, see Supporting Information Figure S6. No peaks are
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observed in the temperature interval 0-30°C also for emulsions containing drops of shorter-chain
alkanes (e.g C12), stabilized by a long-chain surfactant in which the oil drops freeze at much
lower temperatures, see Supporting Information Figures S7. Thus, we can conclude that all
peaks observed in the thermograms presented below are due entirely to the enthalpy release upon
ordering of the alkane and surfactant molecules in the emulsion drops, viz. these peaks do not
contain any enthalpy contribution generated by changes in the surfactant aggregates (micelles) in
the aqueous phase.

The cooling thermogram of Cie drops dispersed in C16SorbEO2o solution shows four
major exothermic peaks, Figure 2a. The first peak starts sharply at 15.2 + 0.2°C (data from 4
independent measurements), for this particular sample the peak starts at 15.4°C and returns back
to the baseline at 14.8 °C. The second peak starts from around 14°C and continues down to 11°C
where the third major peak starts to develop. The third and the fourth peaks largely overlap and
return back to the baseline at 5 °C. The total area of these peaks corresponds to the total enthalpy
of complete freezing of the dispersed alkane. The freezing of all drops at the lowest temperature
is confirmed by optical observations. Therefore, by comparing the measured enthalpy in the
emulsion experiments to the enthalpy of freezing of pure hexadecane (= 235 J/g),° we can
calculate the actual oil weight fraction, @, in the emulsion studied:

H

q) — Hm, emulsion (1)

m, bulk oil

We note that we do not use the calculated oil weight fraction anywhere in the data
interpretation. We always use the ratio between the enthalpy peaks measured in specific
temperature range upon cooling, and the total enthalpy of drop melting measured upon heating of
the same sample. Typical emulsion heating thermograms are presented as Figure S8 in the
Supporting information.

The two overlapping peaks at the lowest temperature in Figure 2a correspond to the
complete freezing of the deformed hexadecane drops into crystalline phase, cf. Figure 2f,g. Note
that the temperature of the rotator-to-crystal phase transition differs significantly from the
temperature of the liquid-to-crystal phase transition only for the alkanes with thermodynamically
stable (or metastable) bulk rotator phase, like that in the interior of the mixed alkane drops.'%
The rotator phase in bulk hexadecane is thermodynamically classified as “transient” and it is
very short leaving.!? Therefore in Figure 2a, we do not observe a separate rotator-to-crystal

phase transition from the liquid-to-crystal phase transition inside the interior of the hexadecane
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drops — the first formation of true crystal phase in the drops acts as a nucleus for the complete

crystallization of the hexadecane drop interior into the final, truly crystalline form.
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Figure 2. DSC thermogram and microscopy images for Cis drops with dini = 9.5 + 0.1 pm,
stabilized by C16SorbEO20 surfactant (Group B). (a) DSC thermogram, obtained at 0.5 °C/min
cooling rate; (b-g) Microscopy pictures showing the different stages of the drop shape evolution
upon cooling; cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures
above 17°C. (c) Drop shape transformations start around 15.2 + 0.2°C (data from 4 independent
measurements), for this particular sample the peak starts at 15.4°C. At this temperature the DSC
curve starts to deviate from the baseline. (d) At temperature around 14.2°C flattened polyhedrons
are formed. (e) The decrease of the temperature leads to further evolution in drop shape. At
temperature around 12.2°C, drops have evolved up to the stage of tetragonal platelets. (f) Some
rare drops were observed to freeze at 11°C < T < 12°C, while most of the drops elongate into
long fibers. (g) The thin elongated fibers freeze (crystallize) completely at T ~ 6.5°C. Scale bars,
10 pm.
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On the other hand, we do not observe any freezing (crystallization) of the drops in these
emulsions down to 12 °C — neither in the capillary experiments nor in the DSC pan experiments.
Therefore, the peaks observed above 12 °C, are related entirely to enthalpy released in the
process of molecular rearrangement of the hexadecane in the non-frozen oil drops (with a
possible contribution from the freezing surfactant adsorption layer). Let us relate now these
peaks to the observed shape transformations in the deforming drops, Figure 2.

The highest-temperature peak appears at the temperature, at which we observe the initial
drop-shape changes. As seen in Figure 2c, at a temperature of 15.1°C all drops have evolved into
regular polyhedrons. Thus we conclude that the first peak is related to the process of polyhedron
formation. The second peak corresponds to the next stages of the drop shape evolution, in which
the polyhedrons flatten and hexagonal platelets are formed, cf. Figure 2d. Upon further cooling,
the drops transform into tetragonal platelets. The subsequent stage is elongation of the tetragons
and their transformation into thin fibers. However, some drops freeze in the shape of elongated
prisms, before transforming into fibers, cf. Figure 2f.

The enthalpy, measured from the beginning of the drop shape transformations up to the
formation of tetragonal platelets at temperature of 12.2°C, is around 3.8 % = 0.6 % from the total
enthalpy measured in the whole DSC experiment (average from 4 independent measurements),
see also Supporting information Figure S8. This means that ~ 3.8 % of the total enthalpy has
been released along the transition from isotropic liquid phase into a phase with higher order,
before any freezing of the oily drops is observed. From the optical observations, we can calculate
the average geometric parameters of the platelets formed at this temperature, see Figure 3a. The
side lengths of the platelets are 12.5 £ 2 um, while their obtuse angle is 120 + 8°. The three
dimensional shape of the platelets is shown schematically in Figure 3b. For the following
estimate, this shape can be approximated in the following way: the periphery of the platelet is
approximated with a cylinder of radius, r, while the volume of the inner part of the platelet is
represented as a plane-parallel platelet, Figure 3c,d. As the drops change their shape at fixed
drop volume, the average thickness of this central part of the tetragonal platelets can be
calculated from the volume conservation principle, see Supporting Information Section 1 for
more details. Thus, from the measured geometrical parameters and the enthalpy of the tetragonal
platelets, we can estimate the thickness of the new phase, formed at the drop surface in the
process of drop-shape transformation. We have made these estimates using two different
assumptions to capture the upper and the lower boundaries of the rotator phase thickness:

As an upper limit for the estimate of the thickness of the formed rotator phase (Model 1),

we assume that the latter is formed only at the platelet periphery (along the curved perimeter
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edges), while no rotator phase is formed on the flat surface in the central part of the platelet,
Figure 3c. This assumption is supported by the symmetric drop breakage observed upon cooling
of such platelets’® — indeed, if rotator phase was formed in the central region, it would stabilize
the particles against puncturing of the platelet in this central region. Under this assumption, the
volume of the formed rotator phase, VeL, may be estimated as explained in Supporting
Information, Section 2a. In these estimates important parameters are the thickness of the plastic
(rotator) phase, hpr, and the thickness of the plane-parallel body in the particle center, hm, which
may vary in the general case between hn — 0 (very thin central part) and hm =~ 2r (flat platelet)
in this consideration, see Figure 3c. The fraction of the formed rotator phase (compared to the
total drop volume) is equal to the ratio of the enthalpy released down to the temperature at which
the deformed drop is analyzed and the total enthalpy of complete drop freezing, corrected by a
constant, k:

VoL
Y/

total

_ k HPL’tlwn toT=12.2°C ~ 0.038k ) (2)

total

where 0.038 = 3.8 % is the measured fraction of the total enthalpy. The parameter k takes into
account the fact that the enthalpy of formation of the rotator phase (per molecule) is a fraction of
the total enthalpy of complete freezing of the molecules included in the rotator phase. This
parameter represents the ratio between the enthalpy of formation of the crystalline phase to the
enthalpy of formation of the rotator phase, in both cases starting from liquid phase, for the same
alkane amount. From the literature data® we know that the enthalpy of formation of the rotator
phase is around 80% of the total enthalpy of complete oil freezing for pentadecane and

heptadecane. Therefore, we assume k ~ 1/0.8 = 1.25 in our estimates. The total volume
V., =7d% /6, is the volume of the initial drop. Substituting the experimental parameters in eg.

2, we can estimate the fraction of the rotator phase formed. As average values from our
measurements we take dini = 9.5 + 0.1 um. The value of hm may vary significantly during the
cooling process. In order to estimate the thickness of hp, we assumed a certain ratio for the
thickness of the middle platelet over the cylinder radius, hm/r, and checked which value of the
thickness of the rotator phase would satisfy the equation for the rotator phase volume (equation
S10 in Supporting information), while the values of hm and r satisfy simultaneously equation for
the total platelet volume (equation S6 in Supporting information). In this way we determined the
possible variation of hp. which satisfies all experimentally determined quantities, in the range of
reasonable values of the ratio 0 < hm/r < 2. From these calculations we found that the hy varies in

range between 0.4 um for h, = 0.2r and 3.2 um for h, = 1.9r. Respectively, the values of r vary
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between 2 and 1.7 um. The mean value of hy for the whole range is 1.8 & 1.2 um, while for r it is
1.85 £ 0.3 um. Performing these calculations, we found that the thickness of the plastic phase
falls in the range between 49 + 5 nm for hm = 0.2r and 70 = 5 nm for hm = 1.9r. The standard
deviations are calculated by making calculations for more than 15 deformed drops using each of
the above assumptions. Thus, we see that the most probable value of hp. is around 55 + 15 nm,
where the standard deviation accounts also for the uncertainty in the values of hm. Further
variations of hy in the entire range between 0 and 2r do not change this main result of the
calculations and the related conclusions. The lamellar spacing for hexadecane molecules in
pseudo-hexagonal rotator phase is 2.26 nm,®* which means that the estimated thickness
corresponds to a multilayer of ~ 24 + 6 parallel layers of ordered hexadecane molecules,

corresponding to the range between 18 and 30 ordered alkane layers.
thL
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Rotator phase

1hp
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Figure 3. Calculation of the rotator phase thickness for tetragonal platelets (Group B). (a)
Microscopy image of fluid tetragonal platelets obtained upon cooling of Cis emulsion sample
stabilized by C16SorbEO2 surfactant. The initial drop size is dini = 9.5 pum, drops are cooled at
0.5 °C/min. Scale bar, 10 um; (b) Sketch of a fluid platelet; (c-d) Sketches of two alternative
models used to estimate the thickness of the rotator phase, formed at the platelet surface: (c)
Model I: Geometrical model in which it is assumed that the rotator phase is formed only at the
platelet periphery (in the regions of high interfacial curvature) while the alkane in the inner part
of the drop is in a liquid state; (d) Model II: Geometrical model using the assumption that a
homogeneous layer of rotator phase is formed over the entire surface of the deformed drop. See
text for more details.

To estimate the lower limit of the rotator phase thickness from the measured DSC peak
areas, we adopted an alternative assumption (Model Il) — namely, that a homogeneous layer of
rotator phase is formed over the whole surface of the platelet, Figure 3d. We should note that the

available experimental results do not support this assumption. Nevertheless, it could be used to
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find the minimal possible thickness of the rotator phase in these emulsions. Under this

assumption, V, =Sh, , where S is the surface area of the platelet. The total volume of the

rotator phase and the related thickness hpL in this model are estimated as explained in
Supporting Information Section 2b. Using the same assumptions as in the previous model,
with the same r values which vary between 1.7 and 2 um, we estimated the thickness of the
rotator phase to fall in the range between 40 + 7 nm for h,, = 0.2r and 51 + 6 nm for hy = 1.9r.
Thus we see that the most probable value of hp. in this model is around 45 + 13 nm.

Similar, though less precise estimate could be made for the thickness of the rotator phase,
formed at the very early stage of polyhedrons formation, Figure 2c. For this estimate we assume
that homogeneous rotator phase is formed on the entire surface of the polyhedrons and the
respective enthalpy is reflected only in the first peak, observed at around 15°C. Thus we
estimated the thickness of the rotator phase to be =~ 36 nm for assumed icosahedral shape of the
deformed drop and ~ 32 nm for assumed octahedral drops. The latter, very close values show
that this estimate is weakly affected by the assumed specific shape of the polyhedrons.
Furthermore, the agreement in the values for hp. with the estimate performed above for the
platelets, shows that all these estimates are robust with respect to specific details in the
assumptions made.

DSC and microscopy experiments were performed also with smaller emulsion drops, dini
~ 3 um, from the same emulsion system: Cis drops, dispersed in CisSorbEO2o surfactant
solution. The DSC curve and the respective microscopy images are shown in Figure 4. The main
observed difference between the two latter systems (9.5 um vs. 3 um drops) was in the kinetics
of the drop shape evolution, as explained in Ref. 2. The smaller drops evolved much faster, viz.
for shorter time under otherwise equivalent conditions, up to the last stages of the evolutionary
scheme, forming triangular platelets and long thin fibers, Figure 4d-f.

The DSC curve, obtained with these smaller drops, starts to deviate sharply from the
baseline at a temperature of 15 + 0.3 °C (data from 10 independent measurements), for this
particular sample the deviation starts at 14.7 °C and the maximum of the first peak is at 14.6 °C,
cf. Figures 4a and 4d. The microscopy observations showed that the drops started to deform
around 17 °C where the small deviation from the baseline does not allow us to measure reliably
the initial enthalpy effects, see Figure 4c. The first observed peak at ~ 15°C corresponds to the
drop shape transformation from regular polyhedrons into long rods and trigonal platelets, Figure

4d. These trigonal platelets freeze at a temperature of around 13.5°C, Figure 4e, while the rod-
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like droplets elongate further into thin fibers and freeze completely at a much lower temperature,

around 5.5°C, Figure 4g.
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Figure 4. DSC thermogram and microscopy images for Cis drops, dini = 3 pm, stabilized by
C16SorbEO20 surfactant (Group B). (a) DSC thermogram, obtained at 0.5 °C/min cooling rate;
(b-g) Microscopy pictures showing the different stages of the drop shape evolution upon cooling;
cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures above 17.5°C. (c)
Significant drop shape transformations start in the range between 17 and 15 °C. The initial weak
deviation of the DSC curve from the baseline is followed by a sharp deviation at 15 + 0.3 °C
(data from 10 independent measurements), for the thermogram presented on the figure, the curve
deviates sharply at 14.7 °C. (d) At temperature around 14.7°C rod-shaped entities are formed. (e)
At temperature around 13.5°C the drops have evolved into long rods and first drop freezing is
observed. (f) Thin fibers are formed around 12°C, along with additional drop freezing. (g) All

thin fibers freeze at temperature around 5.5°C drops. Scale bars, 10 um.
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From these results, we can calculate the thickness of the rotator phase in the thin fibers
like those shown in Figure 4d. By integrating the DSC peak down to 13.8°C, we calculated that
the enthalpy of formation of the fibers with length of around 15.2 + 2.3 pm is around 2.7 % + 0.8
% of the total enthalpy of all peaks (data from 10 independent experiments). In this case, the

ratio of the volume of the rotator phase to the total drop volume can be expressed as:

Ve _
V,

total

H PL, (ljflwn to T=13.8°C ~0.027k (3)

total

where the constant k = 1.25 has the same meaning and value as in eq. 2. To estimate the
thickness of the rotator phase formed on the fiber surface, we assume that it is formed along the
surface of the whole fiber and has uniform thickness. Thus we model the fibers as two coaxial
cylinders with different radii, the inner cylinder with radius riiq is filled with isotropic liquid oil,

while the space between the outer (with radius r) is occupied by plastic rotator phase, Figure 5.

— 1
Liquid alkane
L
Rotator phase
hPL= I rliq
r

liq

Figure 5. Calculation of the rotator phase thickness for the rod-like fluid drops (Groups B
and C). Sketch of the geometrical model used for calculation of the rotator phase thickness in
rod-like fluid drops. The rotator phase is formed with homogeneous thickness on the drop

surface, while the core of the drop contains isotropic liquid (see text for details).

As illustrated in Figure 5, the volume of the liquid phase is V,

2
iq = 7hi, L, the volume of

=ﬂ'd.3

the plastic phase is Vi, =7L(r*~ 2 ) and the total volume is V, 3 /6~ 7r’L, where L is

total

the length of the rod-like particle. In the last equation we have neglected the volume of the two

hemispherical caps at the rod ends, because the ratio r/d,; <<1. Using these relations and the

ini
fact that the rods at this moment are around 15 pm long, we calculate the thickness of the rotator

phase, h, =r-r,, to be around 9.4 + 3 nm, corresponding to a multilayer of around 4 + 1

molecules thick.
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We did not try to determine hp. for the drop shapes in the earlier stages of the drop
evolution, shown in Figure 4, because the molecular layers might be distributed non-
homogeneously on the drop surface for the more complex drop shapes and such an estimate
would inevitably involve some speculative assumptions.

In conclusion, the experiments performed with Cie drops, stabilized by Ci16SorbEO20
surfactant (Group B), show unambiguously that the drop shape transformations in this system are
caused by the formation of multilayers of ordered alkane molecules. The thickness of the layers
varies between ~ 10 nm for the smallest studied drops which transform into thin fibers and ~ 55

+ 15 nm for the intermediate in size drops which transform into tetragonal platelets.

Group C: Surfactants which induce drop self-shaping at Tqg < Tm

Similar experiments were performed with hexadecane drops with initial diameter, dini =
2.6 um, stabilized by C16EO2o surfactant. This is a surfactant from Group C in our notation,
because the drop-shape transformations start at T¢ < Tm, See Supporting information Table S3.
The DSC curve and the respective microscopy images are shown in Figure 6. As expected, the
first deviation from the baseline in the DSC signal is observed at ~ 10.5°C, when the drop shape
transformations start. The thermogram has two exothermic peaks, one broad peak from 10.5°C to
6.5°C and a second peak with higher intensity between 6.5 and 4°C. From five independent
samples, we calculated that the enthalpy of the first peak is around 16.5 + 1.2 %, while the
second peak has enthalpy around 83.5 % from the total enthalpy. This second peak corresponds
to the final freezing of the droplets, see Figure 6g. The Gaussian shape of this peak is expected,
because all drops that had not been frozen until that temperature had transformed into long fibers
with very similar shape and dimensions and, therefore, all they freeze at similar temperatures.

The interpretation of the first peak is not straightforward. As seen in Figure 6d, almost
all drops have evolved in shape into short rods at T =~ 9.8 °C. However, two of the particles in
this image had frozen at an earlier stage of their evolution. Statistical analysis over > 2 500 drops
showed that 8 = 2 % of the drops in these emulsions freeze at temperature around 10°C, while
the rest of the dispersed entities evolve into the later stages of the evolutionary scheme and
freeze around 5-6°C. On the other hand, the enthalpy of the first peak (16 %) is about two times
larger than that originating from the drops frozen at this stage (8 % frozen drops). Therefore, we
can conclude that about half of the first peak is due to the enthalpy released around 10°C in the
process of drop deformation without alkane freezing. In other words, about 8 % of the enthalpy
is due to the formation of ordered multilayers of alkane molecules in a rotator phase, causing the

drop shape transformations.
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Figure 6. DSC thermogram and microscopy images for Cis drops, dini = 2.6 pm, stabilized
by C16EO20 surfactant (Group C). (a) DSC thermogram, obtained at 0.5 °C/min cooling rate;
(b-g) Microscopy pictures showing the different stages of the drop shape evolution upon cooling;
cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures above 11°C. (¢)
Drop shape transformations start around 10.5°C and drops rapidly evolve into short rods. At this
temperature the DSC curve starts to deviate from the baseline. (d-e) With the decrease of the
temperature, the rod length increases, while the diameter decreases. (f) Thin long fibers are
formed from the rods. Some colored frozen drops are seen which had been frozen at higher
temperatures, ca. at T = 10°C. (g) Freezing of the fibers. At this temperature the second peak in

the DSC thermogram is observed. Scale bars, 10 um.

This data interpretation is supported also by the fact that the first peak in the thermogram
is observed throughout a wide temperature range, from 10.5 down to 6.5°C, and the DSC curve

returns to its baseline only after the final freezing of all drops, see the punctured black line in

22



Figure 6a. However, an initial freezing of the drops happens around 10°C only, whereas no
further freezing (crystallization) of drops is observed between 10 and 6.5°C, because all drops
that had acquired rod-like shape did not freeze down to 5-6°C, see Figure 6¢-f. This means that
the DSC signal observed between 10 and 6.5°C is entirely associated with the drop-shape
transformations, observed in this temperature range. From the area of this peak, assuming that
the rotator phase is formed as a thin layer over the entire surface of the rod-shaped droplets
(same assumption as that shown in Figure 5), we estimated the thickness of the rotator phase as
8 £ 2 nm (viz. 3 + 1 alkane layers). For this estimate we used dini = 2.6 um and L = 120 um. The
fiber length was estimated from the diameters of the drops formed after one freeze/thaw cycle in
this emulsion system. As explained in Ref. 7, the diameter of the drops formed after fiber
melting via Rayleigh-Plateau type of instability, is around 1.9 times bigger than the diameter of
the fibers from which they have been formed. As shown in Ref. 7, the drop diameter after one
freeze/thaw cycle in this emulsion is around 600 nm (by number), i.e. these drops are formed

from fibers with diameter of ~ 315 nm which corresponds to L ~ 120 um.

Group A: Surfactants which induce drop self-shaping at Tq > Tm

To complete this study with all different types of surfactant, here we present our DSC
and microscopy results for the surfactants which induce drop-shape transformations at Tq > Tn,
viz. for the surfactants from Group A. The studied emulsions contained Cis drops with dini = 33
um, stabilized by C16EO1o surfactant. In this system, the drop-shape transformations start at ~
23°C, while the drop freezing is observed predominantly in the range between 14 °C and 15 °C.
The drops in this system behaved differently compared to the systems discussed in the previous
paragraphs — first, polyhedrons with irregular shape and corrugated surface are formed and
several subsequent breakage events are observed upon cooling, see Movie S1. After each
breakage event, several smaller drops are formed while the main fraction of the oil remains in the
central (“mother”) drop.®

Two DSC thermograms, measured independently with this system, are presented in
Figure 7a,b. As seen in Movie S1 and in Figure 7d, the drop-shape transformations start well
above the temperature at which the process of freezing is observed (= 15°C). The first drops start
to change their shape at a temperature around 22.5°C, but the massive drop transformations are
observed in the temperature range between 22 and 21 °C. As expected, in the range 21 to 22 °C,
the DSC curve significantly deviates from the baseline well above the noise signal, forming

small but well reproducible and non-negligible peak. This peak was observed with all tested

23



samples (more than 3) from this type of emulsion. At temperatures below this peak we observe
continuous exothermic deviation of the DSC curve above the baseline which reflects the

continuous drop shape transformations in this temperature range.
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Figure 7. DSC thermogram and microscopy images for Cis drops, dini = 33 pm, stabilized
by Ci6EO10 surfactant (Group A). (a-b) DSC thermograms, obtained at 0.5 °C/min cooling rate
from two independent measurements for the temperature interval between 16 and 26°C. Note that
although the peak observed between 20 and 22°C is relatively small, it is well reproducible.
Furthermore, the curve stays above the baseline value at T < 22 °C which reflects the continuous
drop shape transformations in this temperature range. (c-d) Microscopy pictures showing the
different stages of the drop shape evolution upon cooling; cooling rate 0.5 °C/min. (c) Most of
the drops are spherical at temperatures above 22.5°C, see Movie S1. (d) All of the drops have
changed their shape at 21 °C. The thermograms are rescaled only with respect to the oil weight
fraction, the baselines have not been shifted to “zero” value.
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To estimate the rotator phase thickness in these emulsions, we used two alternative
assumptions. The first assumption is that a rotator phase with uniform thickness is formed on the
entire drop surface. This assumption allows us to calculate the lower limit of the rotator phase
thickness. As the initially formed shapes are irregular, we cannot calculate precisely their surface
area. Therefore, to estimate approximately the realistic range of surface areas of these drops we
calculated the surface area of several polyhedrons having the same volume. Assuming that the
spherical drop is transformed into regular polyhedron (icosahedron, octahedron or cube), we
found that the surface of the deformed bodies increases by less than 25 %, as compared to the
initial spherical surface. Therefore the thickness of the rotator phase is bound within the limits

Ve /S = ho 2V, /1.25S,, , where the Sin is the surface area of the initial spherical drop.

Comparing the volume of the rotator phase to the total volume and the areas of the peaks from
the thermogram, we obtained that the thickness of the plastic phase is 6.25 nm > hp > 5.00 nm
(2-3 layers). In this estimate we used dini = 33 um, k = 1.25 and enthalpy ratio (HpL/Htotal) ~
9.1x10%, as measured experimentally.

Alternatively, if we assume that the rotator phase is formed not as a homogeneous layer
on the entire surface of the polyhedral entities, but on the edges of the polyhedrons only
(assumption which corresponds much better to our explanation' for the origin of the drop shape
transformation), then we estimated that the rotator phase would be with thickness that is much
larger, between ca. 30 nm and 180 nm, depending on the specific assumptions made. This range
of hpL values was estimated assuming icosahedral shape of the deformed drops and some
additional assumptions for the specific shape of the strips of rotator phase, formed along the
edges of the icosahedral drop, see Section S3 of the Supporting Information for detailed
explanations. Two theoretical models have been tested to make these estimates and both models
gave similar results, as described in Section S3 of the SI. Therefore, for the emulsions stabilized
by surfactants from Group A we cannot make a final conclusion about the thickness of the
rotator phase, until we have additional experimental information about the distribution of the
rotator phase on the surface of the polyhedrons. Nevertheless, we conclude that neither of the
performed realistic estimates could explain the drop shape transformations as a result of freezing
of the adsorption monolayer only.

Thus, we can conclude from all performed experiments that the enthalpy of the peaks,
observed before the complete freezing of the alkane drops, is related to formation of multilayers

of ordered alkane molecules on the drop surface for all systems studied. The thickness of these
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multilayers depends significantly on the specific surfactant-oil pair. Some of the results indicate

that the thickness of the multilayer depends on the size of the deforming droplets as well.

THICKNESS AND MECHANICAL STRENGTH OF THE LAYERS OF ROTATOR PHASE
To preserve the observed characteristic curvature with radius r ~ 1 um at the edges of
shaped droplets, at a finite interfacial tension, y, we need to overcome the capillary pressure
which would otherwise unfold the shapes into spherical drops with minimal surface energy. The
balance of the bending moments created by the interfacial tension and the plastic rotator phase
requires that the bending elasticity constant of the plastic phase formed at the surface of the

shaped drops should satisfy the relation:1
Kg > yr? 4)

where Kg is the bending elasticity constant of the interface (including the multilayers of the
rotator phase).

In our original papers'31 we estimated the thickness of the layers of rotator phase, able
to deform the surface of the oil droplets with interfacial tension of ~ 5 mN/m, as being of the
order of 15 to 300 nm. This estimate was based on the model by Evans®® which analysed the
variation of the free energy of bio-membranes and of interlocked multilayers of lipids upon their
bending deformation. Assuming zero shear resistance of the molecular layers in the multilayer
structure, Evans® found a quadratic dependence of the bending elasticity constant, Kg, of

membrane layers on their thickness, h:%152
Kg ~ Kg1(h/h1)? (5)

where h; is the thickness of the contained monolayers and Kgi is their individual bending
modulus. For frozen (rigid) monolayer of surfactant/lipid/alkane molecules with thickness h; ~ 2
nm the bending modulus Kag is in the range between 108 and 10717 J.17-19

In his original study, Evans acknowledged® that the biological membranes have non-zero
shear modulus, but also suggested that the respective contribution to bending is small enough to
disregard it. The scaling expressed via eq. 5 has been used successfully to model numerous fluid
multilayer systems.>>* However, the experimental results, obtained in the current study, show
that the layers of plastic rotator phase are thinner and stiffer than the initial estimate proposed in
Refs. 1-2 which calls for reconsidering the assumptions made in the Evans’ approach.

Considering the other extreme of bending a fully solid isotropic layer, the bending

rigidity is proportional to h® according to Kirchhoff-Love theory of thin elastic shells,> rather
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than proportional to h?, as proposed by Evans®! and adopted by us in Ref. 1. The assumption that

Ksg is proportional to h® leads to the following estimate:
hpL > ha(yr?/Kgy)? (6)

where hz is monolayer thickness, y is interfacial tension, r is curvature at the droplet edges, and
Kg1 is monolayer bending elasticity constant. Taking a high estimate, Kg1 =~ 107 J, as proposed
by Guttmman et al.*”® and h; ~ 2 nm, yields minimum values for hp. ~ 16 nm for y ~ 5 mN/m
and hpL = 7 nm for y ~ 0.5 mN/m. Lowest values of y were measured with the surfactants from
Group A which may explain why the respective drops could deform even with thin multilayers of
rotator phase (2-3 layers only). Note that the assumption for drop shape transformation by a
single monolayer requires a value of Kg1 ~ 107® J even for interfacial tension as low as y = 0.1
mN/m — such a value of Kg; is an order of magnitude higher than the highest values reported or
proposed in the literature.!”*® Therefore, the only possibility for drop deformation by single
adsorption monolayer is to have an oil-water interfacial tension which is of the order of 102
mN/m or lower.

We should note that it was difficult to predict which of these two models, expressed via
eq. 5 or eg. 6, would predict better the behaviour of the plastic crystals without having
experimental results like those obtained in the current study. We have used in our previous
papers®? the model by Evans & Skalak,* as the internal structure of the rotator phase resembles
closer that of the bio-membranes, as compared to that of the isotropic solid shells. As explicitly
stated by Evans “...bending theory for a three-dimensional isotropic material is clearly
inappropriate to lipid bilayers”.>! The direct comparison of the predictions of these two models
with the current experimental results for the thickness of the rotator phase in the deformed drops,
allows us to conclude that the multilayers are strongly interlocked and have high shear
resistance, closer to those in solid crystals. Hence, Kirchhoff-Love model®* describes better these
results, whereas Evans model®! seems to overestimate the thickness of the rotator phase, despite
being appropriate for describing the mechanical properties of fluid bio-membranes and their

multilayers.

CONCLUSIONS

In the current article, we present systematic and complementary DSC measurements and
optical observations of the drop self-shaping phenomenon. The obtained results show
unambiguously that the drop-shape transformations observed upon cooling are caused by the

formation of ordered multilayers of alkane molecules at the drop surface. The thickness of the
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formed multilayer of rotator phase depends strongly on the type of surfactant used for emulsion
stabilization and, to some extent, on the size and shape of the deformed drops:

For surfactants from Group B for which Tq = T (Where Tr is the melting temperature of
the bulk alkane), the thickness of the rotator phase varies, depending on the initial drop diameter
and the drop shape. For the polyhedrons and platelets, formed from 9.5 um drops, this thickness
is hpL = 55 £ 15 nm which corresponds to ~ 24 + 6 layers of molecules. For the elongated rods
formed from smaller drops, 3 um in diameter, the thickness of the rotator phase is estimated to
be ~ 10 nm, viz. around 4 + 1 molecular layers.

The drop transformations in the presence of surfactants from Group C for which Tg < T,
also induce measurable heat effects which, however, overlap partially with the freezing of a
small fraction of the alkane drops. From the obtained results we could estimate the thickness of
the rotator phase in these systems to be ~ 8 nm, viz. around 3 + 1 molecular layers.

For surfactants from Group A which induce drop shape deformations, starting at
temperature Tq > Tm, We could not estimate the thickness of the ordered layer, because the result
of this estimate depends very much on the assumptions made. By using different assumptions we
found that the thickness of the ordered layer in these systems could vary between 5 and 180 nm,
which correspond to between 2 and 80 molecular layers.

The results have also allowed us to determine whether the interlayer interactions in
plastic crystals are closer to those in solid crystal structures or to those in bio-membranes (our
original assumption in Ref. 1). Comparison of the model predictions to the obtained results
allowed us to conclude that the measured thickness of the rotator phase is better described by the
Kirchoff-Love theory of thin elastic shells® predicting Ks o hpi®, where Kg is the bending
elastic modulus and hp is the thickness of the plastic rotator phase, formed on the drop surface.
This information will be used to develop the thermodynamic model able to explain the self-
shaping phenomenon.

The obtained results provide directions for optimization and rational control of the
processes of drop self-shaping in the various systems and on the related process of drop bursting

(self-emulsification) observed’® in some of these emulsions.
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Figure captions - Supporting Information Video, Tables and Figures

Movie S1. Drop self-shaping observed upon cooling of 33 um hexadecane drops, dispersed in
0.75 wt. % C16EOq0 surfactant solution. The initial temperature in the sample is 23.9°C, the
cooling is performed at a cooling rate 0.5°C/min. Some isolated drops start to deform at
temperature around 23.5°C, but the main fraction of the drops start deforming around 22 =+
0.5°C. First complete freezing of a drop is observed at 15.4°C and most of the big drops freeze
down to 14°C. The smaller drops, obtained in the process of drop breaking during cooling, freeze
at slightly lower temperature.

Table S1. Properties of the alkanes studied.

Table S2. Properties and structural formulas of the surfactants used in the current study and in
our previous®? studies.

Table S3. Surfactant classification with respect to the temperature, Tq, at which the first drop
shape deformations are observed (after Ref. 2).

Figure S1. Drop shape evolutionary scheme and mechanism of drop-shape
transformations. (a) Drop-shape evolutionary scheme, showing the main stages through which
the drops pass upon cooling. (b) Schematic presentation of the mechanism, causing drop shape
transformations. A layer of plastic rotator phase of ordered alkane molecules is formed on the
drop surface, in the areas where the surface acquires a cylindrical shape with a radius of
curvature in the micrometer and sub-micrometer range. For more detailed information, see Refs.
1-6.

Figure S2. Experimental setup for optical observations in a glass capillary. (a) Schematic
presentation of the cooling chamber, made of aluminium, with optical windows cut out, used for
microscope observation of the emulsion samples. (b) The studied emulsions are contained in
glass capillaries, placed in the thermostatic chamber and observed in transmitted light through
the optical windows.

Figure S3. Experimental setup for optical observations in DSC pan. Two DSC pans, filled
with emulsion samples, are placed in a thermostatic metal chamber. In the first pan, a thermo-
couple probe is inserted in order to measure the temperature in the sample, while the sample in
the second pan is observed with an optical microscope, in reflected white light, while performing

cooling and heating of the emulsion.

Figure S4. Histograms of the drop size distributions measured for (a-b) C16/C16SorbEO20 sample
with d32 = 3 um, (c-d) C16/C16S0rbEO2 sample with ds3> = 9.5 um and (e-f) C16/C16EO20 Sample
with d32 = 2.6 um. (a,c,e) Drop size distributions by number. (b,d,f) Drop size distributions by
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volume. The dashed curves are fits to the experimental points by Gaussian distribution. For all

samples the uncertainty in the calculation of the mean volume-surface diameter is = 0.1 pum.

Figure S5. Microscopy pictures of Cis drops, stabilized by C12SorbEO2o surfactant. (a-c)
Drop freezing upon cooling in glass capillary. The drops are observed in transmitted polarized
light. (a) At temperature above 8°C all drops are spherical and liquid. (b) At temperature around
7°C some of the drops have frozen without any drop shape deformations seen. (c) All drops have
frozen in a spherical shape at temperature around 5°C. (d-e) Sample of the same emulsion placed
in a DSC pan and observed in reflected light upon cooling. (d) From the very beginning of the
observation, oil lenses are observed on the surface of the emulsion layer, due to coalescence of
some of the oil droplets with the water-air interface. (¢) At temperature around 15°C, these oil
lenses freeze, see the wrinkles on the surface of the frozen oils lens. Both experiments are
performed at cooling rate 0.5°C/min. Scale bars, 50 um.

Figure S6. Cooling thermograms of surfactant solutions. No measurable peaks are observed
in the DSC measurements of 1.5 wt % C16EO20 (red curve), 0.75 wt % C16EO10 (blue curve) and
1.5 wt % Ci16SorbEO2 (green curve). These control experiments, performed at the same
surfactant concentrations as with the respective emulsions, allow us to interpret the observed
peaks in the emulsions thermograms as emerging entirely from ordering the alkane molecules
inside the droplets. The heat flow is presented in 0.02 W/g range, similar to that used in Figure
7a,b from the main text and Supplementary information Figure S7, to illustrate the lack of any
detectable signal in this scale. The small shift between the absolute values of the heat flow signal
for the three surfactant solution sample is due to the small differences between the samples
weight: C16EO20 26.6 mg; C16EO10 22.9 mg and C16SorbEO2q 22.4 mg. Presented thermograms
are the one originally obtained from the measurement, no rescaling was done. Cooling rate in the
experiments: 0.5°C/min.

Figure S7. Cooling thermogram of Ci2 drops, stabilized by CisEO20 surfactant. Although
the emulsion is stabilized by surfactant with long hydrophobic chain length, the DSC
thermogram does not show any measurable peaks in the temperature interval between 0 and
23°C. Thus, the peaks in the thermograms presented in the main text of the article are entirely
due to the ordering of alkane molecules. The heat flow is presented in 0.02 W/g range, similar to
that used in Figure 7a and b from the main text, to illustrate the lack of any detectable signal in
this scale. The original signal obtained from the measurement is presented, no rescaling was

done, cooling rate 0.5°C/min.

31



Figure S8. Heating thermograms of emulsions, heating rate 0.5 °C/min. For all samples, the
heating peak is very sharp and observed in narrow temperature range. No other peaks are
observed upon heating of the samples. (a) C16/C16S0rbEO20 emulsion with dini = 3 £ 0.1 pm, the
cooling thermogram of the same sample is presented as Figure 4 in the main text. (b)
C16/C16EO20 emulsion with dini = 2.6 = 0.1 um, the cooling thermogram of the same sample is
presented as Figure 6a in the main text. The vertical dashed lines are only guides to the eye. The
thermograms are rescaled only with respect to the oil weight fraction, the baselines have not
been shifted to “zero” value.

Figure S9. Cooling thermograms from the main article with reference lines showing the
temperature interval over which the integration of the peak has been performed. All
thermograms are obtained at cooling rate 0.5 °C/min. (a) C16/C16S0rbEO20 emulsion with dini =
9.5+ 0.1 um, Figure 2 in the main text. The integration limit is set between the beginnings of the
deformations (initial peak at high temperature) down to 12.2°C, where tetragonal platelets are
formed. From this enthalpy we have estimated the thickness of the plastic rotator phase formed
on the tetragonal platelets surface. (b) C16/C16S0rbEO20 emulsion with dini ~ 3 + 0.1 pm, Figure 4
from the main text. The integration limits are set between the beginnings of the curve deviation
from its baseline value down to 13.8°C. From the obtained enthalpy we estimated the rotator
phase thickness in the 15 um rod-like particles. (c) C16/C16EO20 emulsion with dini = 2.6 + 0.1
um, Figure 6 from the main text. The integration limits are set between the beginnings of the
curve deviation from its baseline value down to 6.5°C. Here, around 8% of the peaks enthalpy is
due to the complete freezing of a fraction of the drops, while the rest of the enthalpy is due to
rotator phase formation. From this enthalpy we estimated the thickness of the rotator phase
formed on the surface of the long fibers, Group C. (d) C16/C16EO10 emulsion with dini = 33 £ 0.4
um, Figures 7a,b from the main text. The integration limits are set between the beginnings of the
curve deviation from its baseline value down to the end of the first distinct peak. Note that there
is small deviation in the temperatures at which the peaks begin in the two graphs; therefore, the
integration limits are slightly shifted in the two graphs, while keeping the width of the
temperature interval fixed at 1.2°C. For more details about the experimental conditions see the

main text.

Figure S10. Independently obtained cooling thermograms for the main emulsion systems
presented in Figures 2, 4 and 6 of the main text. The blue dashed curves reproduce the curves
presented in the main text. The percentage presents the oil weight fraction in the particular

emulsion sample tested. (a-b) Cooling thermograms of Cis drops stabilized by Ci1sSorbEO2o
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surfactant with initial drop diameter ds» = 3 pum: (a) two independently obtained cooling
thermograms of two samples prepared from the same original emulsion; and (b) four cooling
thermograms measured in experiments with four independently prepared original emulsions. (c)
Three independently obtained cooling curves of Cis drops with initial diameter ds2 ~ 2.6 um,
stabilized by C16EO20 surfactant. (d) Cooling thermograms of C16 drops with initial diameters dz;
~ 9.5 and d32~ 13.3 um, stabilized by C16S0rbEQO2o surfactant. The normalized areas of the initial
peaks used for determination of the rotator phase fraction are 3.8 % + 0.6 % from the total
enthalpy of drop freezing. For these emulsions, the bigger drops with ds2 ~ 13.3 um freeze a bit
earlier in their evolution, because the statistical process of drop freezing has higher probability in

the bigger drops [S1]. In all experiments, the cooling rate is 0.5°C/min.

Figure S11. (a) Sketch of the cutting required to connect the cylinders at the corners of the
particle. (b) Calculation of the sides of the middle platelet.

Figure S12. (a) Sketch of the particle cross-section. The volume of the cylindrical frame is
calculated as described in Section S1a, the volume of the middle platelet is calculated in Section
S1b, and the volume of the connections — in Section Slc. (b) Geometry of the connections*
cross-section.

Figure S13. (a) Sketch of the particle cross-section with rotator phase formed on the surface of
the entire cylindrical frame. (b) Geometrical sketch of the model, used to calculate the rotator
phase volume as defined in Model 1. See text for more details.

Figure S14. Schematics of the two geometrical models, used to estimate the thickness of plastic
rotator phase, located along the particle edges. (a) Model A: the cross-section of the rotator phase
is assumed to be a circular segment. (b) Model B: the cross-section of the rotator phase is
assumed to be a circular arc of homogeneous thickness. In both presentations, the volume filled
with rotator phase is illustrated with light brown color. See text for more detailed explanations.
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Figure captions

Figure 1. DSC thermogram and microscopy images for Cis drops with initial drop size, dini
=~ 10 pm, stabilized by Ci6-18EOs0 surfactant (Group D). (a) DSC thermogram upon cooling;
(b-d) Microscopy images in transmitted polarized light, showing the process of drop freezing
upon cooling. The cooling experiment is performed in glass capillary. (b) The first freezing
process is observed at temperature 9.3°C, however as seen in this picture only a very small
fraction of the drops has frozen down to 7.1°C. (c-d) The main freezing process is observed
between 6.5°C and 5.6°C. (e-f) Cooling experiment of the same sample, contained in a DSC pan.
The drops are observed in reflected white light. The small peaks, observed in the thermogram
around 15°C are due to the freezing of the oil lenses and some large drops, formed after drop-
drop coalescence. (e) Oil lenses are observed at the top of the sample, placed in a DSC pan. (f)
Fluid big drop. (g) The drop freezes at a temperature 15.3°C. All experiments (both DSC and

optical observations) are performed at 0.5°C/min cooling rate. Scale bars, 20 um.

Figure 2. DSC thermogram and microscopy images for Cis drops with dini = 9.5 + 0.1 pm,
stabilized by C16SorbEO2o surfactant (Group B). (a) DSC thermogram, obtained at 0.5 °C/min
cooling rate; (b-g) Microscopy pictures showing the different stages of the drop shape evolution
upon cooling; cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures
above 17°C. (c) Drop shape transformations start around 15.2 + 0.2°C (data from 4 independent
measurements), for this particular sample the peak starts at 15.4°C. At this temperature the DSC
curve starts to deviate from the baseline. (d) At temperature around 14.2°C flattened polyhedrons
are formed. (e) The decrease of the temperature leads to further evolution in drop shape. At
temperature around 12.2°C, drops have evolved up to the stage of tetragonal platelets. (f) Some
rare drops were observed to freeze at 11°C < T < 12°C, while most of the drops elongate into
long fibers. (g) The thin elongated fibers freeze (crystallize) completely at T = 6.5°C. Scale bars,
10 pm.

Figure 3. Calculation of the rotator phase thickness for tetragonal platelets (Group B). (a)
Microscopy image of fluid tetragonal platelets obtained upon cooling of Cis emulsion sample
stabilized by C16SorbEO2o surfactant. The initial drop size is dini = 9.5 pum, drops are cooled at
0.5 °C/min. Scale bar, 10 um; (b) Sketch of a fluid platelet; (c-d) Sketches of two alternative
models used to estimate the thickness of the rotator phase, formed at the platelet surface: (c)
Model I: Geometrical model in which it is assumed that the rotator phase is formed only at the
platelet periphery (in the regions of high interfacial curvature) while the alkane in the inner part
of the drop is in a liquid state; (d) Model Il: Geometrical model using the assumption that a
homogeneous layer of rotator phase is formed over the entire surface of the deformed drop. See
text for more details.
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Figure 4. DSC thermogram and microscopy images for Cis drops, dini = 3 pm, stabilized by
C16S0rbEO20 surfactant (Group B). (a) DSC thermogram, obtained at 0.5 °C/min cooling rate;
(b-g) Microscopy pictures showing the different stages of the drop shape evolution upon cooling;
cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures above 17.5°C. (¢)
Significant drop shape transformations start in the range between 17 and 15 °C. The initial weak
deviation of the DSC curve from the baseline is followed by a sharp deviation at 15 + 0.3 °C
(data from 10 independent measurements), for the thermogram presented on the figure, the curve
deviates sharply at 14.7 °C. (d) At temperature around 14.7°C rod-shaped entities are formed. (e)
At temperature around 13.5°C the drops have evolved into long rods and first drop freezing is
observed. (f) Thin fibers are formed around 12°C, along with additional drop freezing. (g) All
thin fibers freeze at temperature around 5.5°C drops. Scale bars, 10 um.

Figure 5. Calculation of the rotator phase thickness for the rod-like fluid drops (Groups B
and C). Sketch of the geometrical model used for calculation of the rotator phase thickness in
rod-like fluid drops. The rotator phase is formed with homogeneous thickness on the drop
surface, while the core of the drop contains isotropic liquid (see text for details).

Figure 6. DSC thermogram and microscopy images for Cis drops, dini = 2.6 pm, stabilized
by C16EO20 surfactant (Group C). (a) DSC thermogram, obtained at 0.5 °C/min cooling rate;
(b-g) Microscopy pictures showing the different stages of the drop shape evolution upon cooling;
cooling rate 0.5 °C/min. (b) All emulsion drops are spherical at temperatures above 11°C. (c)
Drop shape transformations start around 10.5°C and drops rapidly evolve into short rods. At this
temperature the DSC curve starts to deviate from the baseline. (d-e) With the decrease of the
temperature, the rod length increases, while the diameter decreases. (f) Thin long fibers are
formed from the rods. Some colored frozen drops are seen which had been frozen at higher
temperatures, ca. at T = 10°C. (g) Freezing of the fibers. At this temperature the second peak in
the DSC thermogram is observed. Scale bars, 10 um.

Figure 7. DSC thermogram and microscopy images for Cis drops, dini = 33 pm, stabilized
by C16EO10 surfactant (Group A). (a-b) DSC thermograms, obtained at 0.5 °C/min cooling rate
from two independent measurements for the temperature interval between 16 and 26°C. Note that
although the peak observed between 20 and 22°C is relatively small, it is well reproducible.
Furthermore, the curve stays above the baseline value at T < 22 °C which reflects the continuous
drop shape transformations in this temperature range. (c-d) Microscopy pictures showing the
different stages of the drop shape evolution upon cooling; cooling rate 0.5 °C/min. (c) Most of
the drops are spherical at temperatures above 22.5°C, see Movie S1. (d) All of the drops have
changed their shape at 21 °C. The thermograms are rescaled only with respect to the oil weight

fraction, the baselines have not been shifted to “zero” value.
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