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ABSTRACT

The general mechanisms of structure and form gdaerare the keys to understanding the
fundamental processes of morphogenesis in livingy mon-living systems. In our recent study
(Denkov et al.Nature528 (2015) 392) we showed that micrometer sizatkane drops, dispersed
in aqueous surfactant solutions, can break symnugtoy cooling and “self-shape” into a series of
geometric shapes with complex internal structubés phenomenon is important in two contexts, as
it provides: (a) new, highly efficient bottom-up papach for producing particles with complex
shapes, and (b) remarkably simple system, fronvighepoint of its chemical composition, which
exhibits the basic processes of structure and strapsformations, reminiscent of morphogenesis
events in living organisms. In the current study show for the first time that drops of other
chemical substances, such as long-chain alcohdgycerides, alkyl cyclohexanes, and linear
alkenes, can also evolve spontaneously into simig-spherical shapes. We demonstrate that the
main factors which control the drop “self-shapinafe the surfactant type and chain length, cooling
rate, and initial drop size. The studied surfacgtamte classified into four distinct groups, with
respect to their effect on the “self-shaping” phmeaon. Coherent explanations of the main
experimental trends are proposed. The obtainedtsespen new prospects for fundamental and
applied research in several fields, as they dematesthat: (1) very simple chemical systems may
show complex structure and shape shifts, similathtse observed in living organisms; (2) the
molecular self-assembly in frustrated confinemeatymesult in complex events, governed by the
laws of elasto-capillarity and tensegrity; (3) thafactant type and cooling rate could be used to
obtain micro-particles with desired shapes and aspaios; (4) the systems studied serve as a

powerful toolbox to investigate systematically gaghenomena.
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1. Introduction

The general mechanisms of structure and form géaerare the keys to understanding the
fundamental process of morphogenesis in living aod-living systems [1-6]. The classical
problem of crystal growth and shaping, studiedrag details along the last century [7-10], is only
a small subset of the mechanisms relevant to mgeatesis, structure formation, and control of
crystal habits in the biological world [11-12]. Beveral remarkable examples, such as simple
viruses and some bio-tissues (e.g., teeth enatnat) crystallization to minimum energy structures
is a key step in the overall process of shapestreadormation [13-17]. However, in most cases the
bio-composites (e.g. nacre) and structured bio&dgitaterials (e.g. structural color, skin epide)mis
rely on the formation, maintenance, and phase cbraf amorphous and partially ordered
metastable phases - processes which lead toctheariety of bio-structures we observe around us
and allow the exhibition of different propertiesrr chemically similar materials [18,19].

Turing’s 1952 paper “The Chemical Basis of Morphuogmgs” has established reaction-
diffusion mechanisms as the paradigm of complex pmagenesis in biology [1]. The
understanding of the biological mechanisms of mogeimesis has been greatly expanded in the last
decades and several fundamentally new processeadghogenesis in non-living systems were
described as well [2,3]. Symmetry breaking from mimg growth and nonlinear deformation
properties of materials was shown to be relevatott biological [4] and non-biological systems
[5,6]. These studies reveal that complex morphogijsnmay combine a variety of mechanisms,
some of them involving molecular and cellular t@ors and reactions, while others involving the
development of mechanical stresses and non-synualetieformations.

Therefore, there is a need to define new experiahesystems, which are as simple as
possible with respect to their chemical compositihile still exhibiting the basic processes of
morphogenesis in the living and non-living worlduc8 systems could serve as indispensable
toolboxes for in-depth investigation of the mainepbmena and the underlying mechanisms in
morphogenesis.

In addition to the fundamental interest in the pssof morphogenesis, there is a practical
motivation to create different shapes. Particlgpshia a key attribute, defining many properties of
the biological and non-biological dispersions oftjgées. For example, particle shapes control the
phenomena of colloidal aggregation [20], close-paglkand formation of hierarchical structures
[21], and affect strongly the macroscopic flow pedpes of particulate dispersions, such as the
rheological characteristics, dispersion jamming simelar-banding [22,23].

Two main approaches are widely used to controliggarshape and new ones are under
development. The first “classical” approach rebesselective adsorption of surfactants on the faces
of growing crystals and modification of their su#aenergy — faces with lower energy have a
preference for faster area increase [24,25]. Miaral nano particles with cubic, pyramidal,
spherical, ellipsoidal, rod-like, platelet-like anther shapes are synthesized by this approach [24-
27]. More complex shapes are obtained by usingeaticn seeds, and inducing growth of several
crystals from one region [28].



The second, more recent approach starts with liquaglets which are forced to acquire a
given shape in an external field and afterwards swmédified to fix this shape [29-32].
Predominantly spherical (e.g. latex particles, fedmunder the action of the capillary pressure),
elongated or fibrous solid particles were synthesin this way. The control over size and shape in
this approach is more independent of the moleadarposition and interactions, but the variety of
possible shapes is limited and regular geometape$ with sharp corners are hard to achieve.

The last decade has seen a rapidly growing irtémesynthesizing colloid particles with
more sophisticated shapes and structures (e.galéi-Janus particles, tetrahedral complexes, etc.)
which could be used for assembly of complex hidnaed structures [33-36]. There have been a
number of reports that combine physical confinenvéttt directed growth, which have achieved a
larger variety of shapes. These include electfieddl phase switching of confined liquid crystal
droplets [37], confinement of particles in dropldts generate directional clusters and patchy
particles [38,39], oriented attachment methods winegsocrystals can grow in highly parallel ways
to create various shapes [40,41], and controlledlesoence of particle-stabilized droplets to
generate non-spherical liquid shapes [42].

Recently, we reported [43] a novel bottom-up medrarfor morphogenesis within droplets
of linear alkanes, which leads to the formationmdérometer sized particles with different shapes.
This phenomenon is driven by the formation of airfslof intermediate rotator phases in cooled
alkane droplets — a process which was triggeredrégzing adsorption layers of long-chain
surfactants. These rotator phases (called alsatiplarystals” or “highly ordered smectics”) are
characterized with a long-range translational ordethe molecules, yet with some rotational
freedom around the long molecular axis in the cddmear alkanes [44]. We showed [43] how the
formation of anisotropic rotator phases, within tdoafines of the micro-scale fluid droplets, result
in a surprisingly wide array of regular geometri@ges, including regular polyhedra; hexagonal,
tetragonal and trigonal platelets, with and withidlogrs protruding from their corners. Furthermore,
we found that frozen solid particles with the redppe shapes can be produced by selecting
appropriate cooling rates.

In this way, we succeeded in making a non-triviidk between a novel process for making
complex shapes in materials science and the fundtain@iscovery that phase transitions confined
inside a drop could be a driving force for morphuogss [43]. The process opens new opportunities
for both scalable particle synthesis and studyihg structure/shape formation processes in
amazingly simple chemical systems.

In the current study we describe and explain thafetors which can be used to push this
process of drop “self-shaping” into desired direcs. First, we demonstrate that drops of other
substances, such as long-chain alcohols, triglgesrialkyl cyclohexanes, and linear 1-alkenes, can
evolve into similar non-spherical shapes. These results show that the observed phenomenon is
not very specific to the molecular structure of tilein the droplet or surfactant on the surfacd an
could open the door for a range of new studiebénareas of particle synthesis and morphogenesis
mechanisms. Second, we classify the surfactantBestunto four categories with respect to their
effect on the “self-shaping” phenomenon. Third, st®w that the evolution of high aspect ratio
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shapes includes a specific transition, in whickagilary instability leads to formation of very lgn
sub-micrometer in diameter fibers. The latter obson is explained with the appearance of two
rotator phases along the cooling process. Cohesgtanations of the main experimental trends are
proposed.

2. Materials and methods.

2.1. Materials.

For the dispersed phase in most experiments we lirssat hydrocarbonsfalkanes), with
chain-lengths between 14 and 20 carbon atoms (@s3tdrhese alkanes have the melting point of
their bulk phaseTy, in the range between 6 °C and 37 °C. Detailedrinétion for the chemical
purity, physical properties and producers of tli@aés used is presented in Supporting Information
Table S1 The main physical characteristics of all thesam¢s, relevant to the current study, show
only minor variation in the following ranges: mag®nsity,p = 758 to 776 kg/rh specific heat
capacity,Cp = 438 to 641 J/mol.Kkthermal conductivityk = 0.141 to 0.149 W/m.K, and thermal
diffusivity, x = 8.1x10® to 8.5¢<10° m?s. The hexadecane was further purified from itsegsived
state, to remove potential surface-active contatiaing before using it, by passing through a glass
column filled with Florisil adsorbent. The othekaihes were used as received.

As the dispersed phase in a separate series ofimgmes we used the following organic
substances: 1l-alcohols with 10, 12 and 14 carbamsat(l-decanol, 1l-dodecanol and 1-
tertadecanol); 1,2,3-triacylglycerides with 12,drt 16 carbon atoms in the fatty chains (trilaurin,
trimyristin and tripalmitin); pentadecylcyclohexarieheptadecene and 1l-eicosene. The chemical
structures of these substances are describ&dbie 1, while their producers and main properties
are presented ihable 2

As emulsifiers we used a wide range of water seludirfactants: the nonionic surfactants
polyoxyethylene alkyl ethers (EQO,) and polyoxyethylene sorbitan monoalkylategS@bEQ)
with n varied between 12 and 40, amdvaried between 2 and 50; anionic surfactants sodilkyl
sulfates (GSO4Na) with n varied between 12 and 18; and the cationic swfaatetyltrimethyl
ammonium bromide (CTAB). Detailed information fdret purity, HLB values of the nonionic
surfactants and surfactant producers is presemtdalle 3. All emulsifiers were used without
further purification. Their concentration in theuggus phase was fixed at 1.5 wt % for all nonionic
surfactants, and at 0.37 wt % for the ionic ond®sSE concentrations were chosen to be sufficiently
high, well above the critical micelle concentratioof the respective surfactants, to suppress the
possible drop-drop coalescence and surfactant timpl@ue to adsorption on the increased surface
of the deformed drops) during the experiments.

All aqueous solutions were prepared with deioneder, which was purified by an Elix 3
module (Millipore).



Table 1.Structural formulas of the non-alkane organic phasedied.

Chemical name

Structural formula

Chemical name

Stretural formula

1-decanol /\/\/\/\/\OH 1,2,3 - W\/\/\/\go
tridodecylglyceride | T %
(0]
P N N NN g . .
1-dodecanol OH (trilaurin) v\/\/\/\ojo
1—tetradecan0| /\/\/\/\/\/\/\OH 1,2,3 - \/\/\/\/\/\/\go
tritetradecylglyceride| J;
(0]
Pentadecylcyclohexane /\/\/\/\/\/\/\/O (trimyristin) vvwv\ojo
1—heptadecene /\/\/\/\/\/\/\/\ 1,2,3— \/\/\/\/\/\/\/\EO
trihexadecylglyceride) W %
O

1-eicosene

(tripalmitin)




Table 2.Properties of the non-alkane organic phases stdeddecane is presented for comparison).

Specific
. Molecular Melting _ heat Thermal Thermal
Chemical . _ . Mass densityp, _ - e
formula weight, Mw, Producer Purity point, Ko/t capacity, | conductivity, | diffusivity,
m
g/mol Tm,°C I Cr, K, Wm.K | x,nfls
J/mol.K

n-hexadecane [45] fHs4 226.4 Sigma Aldrichi > 99% 18 763 (36C) 507 0.144 8.4x10°®

1-decanol [45] CioHaOH| 1583 Aldrich 99% 6.6 826 (25C) 374 0.164 | 8.4x10°

1-dodecanol [45] C12H250H 186.3 Sigma 99% 24 822 (36C) 453 0.168 8.4x10°®

1-tetradecanol [45] | CuHz2OH |  214.4 Merck | > 98% 36-39 817 (48C) 530 0.169 | 8.4x10°

1-heptadecene [45] | CirHss 238.5 | TCIChemicals>99.5%| 11-11.5 783 (25C) 513 0.150 | 8.9x10°

1-Eicosene [45] CacHao 280.5 | TClIChemicals >97% | 28.5-29 | 815 (36C) 618 0.153 | 8.5x10°

1,23-tridodecylglyceride| 1\ o | 639.0 Alfa Aesar | >99% 46.3 | 902 (50C)[45] | 1305[45]| 0.168[46]| 9.1x10°

(trilaurin)

1,2,3-tritetradecylglyceride - o | 7232 | Sigma Aldrich > 99% 57 872 (60C) [45] | 1500 [45] | 0.166[46] | 9.2x10°
(trimyristin)

1,2,3-rinexadecylglyceride -\~ | g07.3 | TCI Chemicals 99% 65.7 | 874 (70C)[45] | 1674[45]| 0.164[46]| 9.0x10°
(tripalmitin)

Pentadecylcyclohexane| . ., 294.6 | TCI Chemicals > 98% 29 823 (30C) 678 0.157 | 8.3x10°

[45]




Table 3.Properties and structural formulas of the surfastased (all characteristics are taken from therg@gons provided by the surfactant

producers).
Non-ionic surfactant Number of C | Number of EO
Producer HLB Structural formula
(trade name) atoms, n groups, m
Brij 52 16 2 5
Brij C10 16 10 12
Brij S1C 18 10 Sigma - Aldrich |12
Brij 35 12 23 16
Polyoxyethylene Brij 58 16 20 15.7
Py @]
alkyl ethers C,EO, an 78 18 20 15.3 CnH2n+’f{/ \/1;0'_1
Lutensol AT25 16-18 25 BASF 16
Lutensol AT50 16-18 50 18
Nonidac 22-30 22 30 Sasol 16
Performathox 480 20-40 40 New Phase Tech. 16
Tween 20 12 20 16.7
Polyoxyethylene HoT™>° _J‘Oﬁo
YOXYEY Tween 40 16 20 15.5 (e OV?\
Sorbitan monoalkylate T 60 S 0 Sigma - Aldrich 149 , OH
ween . 0l__CpqHan.
CnSOrbEOp, = ) o~ hf iHzn
with XHy+ZHWE
Tween 80 dSuble bond 20 15.0
lonic surfactant Nufmber of C Hydrophilic Producer Purity
atoms, n head group
SDS 12 S@Na' Sigma 99 % 0
Anionic DS 14 SQNa' Merck > 99 % CnHanO—ﬁ-ONa
ODS 18 SQNa' Merck ©
(|3H3 Br
Cationic CTAB 16 N' (CHs)a(Br) Sigma > 99% HoC(HChs— "= CHa
CH,
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2.2. Emulsion preparation.

All emulsions were prepared by membrane emuldifioain which drops with a relatively
narrow size distribution were generated [47,48]e Ton-polar (oily) phase was emulsified by
passing it through the membrane pores under peessoto the continuous phase (aqueous
surfactant solution). We used a laboratory Microkémbrane emulsification module from Shirasu
Porous Glass Technology (SPG, Miyazaki, Japan)kiwgmwith tubular glass membranes of outer
diameter 10 mm and working area of approx. 3.dttembranes with mean pore diameter of 2 pm,
3 um, 5 um or 10 um were used for preparing emulswatis different drop diameters. Typically,
drops with diameter around 3 times bigger tharpibre diameter are produced by this method [47].
When preparing emulsions with substances whiclsalid at room temperature, we melt them by
heating before emulsification and maintain suffitig high temperature in the laboratory to avoid a

liquid-solid phase transition during emulsification

2.3. Optical observation of the drop shape transformations.
The emulsions, prepared as described in Sectignage transferred into glass capillaries
with rectangular cross-section: 50 mm length, 1 wmidth and 0.1 mm height, enclosed within a

custom-made cooling chamber, with optical windowarsrhicroscope observation, Seigure 1.

water :
o N thermostatic
>4 water chamber .
emulsion

thermostatic

capillary
(A) (B)

Figure 1. (A) Schematic presentation of the cooling chambeade of aluminum, with cut optical
windows, used for microscope observation of the Isiom samples. (B) The emulsions studied
were contained in glass capillaries with rectangueoss-section, placed in the thermostatic
chamber and observed through the optical windowk [4

The observations were performed with an opticakosicope Axioplan or Axiolmager.M2m
(Zeiss, Germany) in transmitted, cross-polarizedtaviight. Long-focusx20, x50 or x100
objectives, combined with built-in cross-polariziagcessories of the microscope, were used to
observe the drops upon sample cooling. In moshefetxperiments we used an additiokhallate
(compensator plate) which was situated betweepakerizer and the analyzer, the latter two being
oriented at 90 with respect to each other. Theplate was oriented at 4%vith respect to both the

polarizer and the analyzer. Under these conditibaediquid background and the fluid objects have



a typical magenta color, whereas the birefringea@as appear brighter and may have intense colors
[49,50].

The temperature of the cooling chamber was coetldtly cryo-thermostat (Julabo CF30)
and measured close to the emulsion location usirgglidrated thermo-couple probe, with an
accuracy oft 0.2 °C. Experiments were carried out at different caplmates, varied within two

orders of magnitude — from 0.03 K/min to 2 K/min.

To quantify the drop deformation along the coolprgcess, we used the drop aspect ratio,
defined as follows. As a reference drop size wel tise diameter of the initial spherical drop. After
the occurrence of drop shape transformations, waesored the longest length of the observed two-
dimensional (2D) projection of the drop, déigure 2 for illustration. Typically, we followed the
shape evolution of 5 to 10 drops in a given expenin For each drop we made multiple
measurements in consecutive moments along the sreapformation path. Thus we accumulated
statistically relevant information about the asp&tio of the deformed drops, defined as the ratio
between the drop length in any moment of the erpant and the initial drop diameter. Momeént
0 in all graphs below is the moment at which thistfdrop shape transformation is detected. The
last point of each curve (shown with bigger symlaoighe graphs) represents the drop deformation
in the moment just before drop freezing into tmalffisolid particle.

Figure 2. Sample images, used in the study of the kinefickap shape evolution. The white lines
or curves represent the measured “length” of tlog dn a given moment of the experiment. As a
measure of drop deformation, we use the aspeotA&i lengthtl,. Scale bars, 20 um.

Theoretical estimates of the tinte, required to cool the center of an emulsion dragh w
diameterd = 40 um to 95% of a temperature difference induced asut$ace, assuming negligible
drop heating due to phase transitions or to viséocison inside the drop (both processes generate
heat), indicate that this time is around 5 ms [51]:



Here y is the thermal diffusivity of the dispersed phaBeie to the low cooling rates in our
experiments, we assume that the temperatures afirtidets and of the continuous phase were
virtually the same. This assumption does not inthit all observed phenomena are equilibrium
ones, as some of the drop shape transformationid take a very long time (e.g., the extrusion of
the thin threads from the corners of the defornmegx

Note that only the dispersed phase underwent pinassitions during our experiments and
solidified at the end. The continuous medium (agseurfactant solution) always remained liquid.

2.4. Interfacial tension.

The hydrocarbon-water interfacial tensiop, was measured by drop-shape analysis at
different temperatures [52]. The shape of millimes&zed pendant oil drops, immersed in the
surfactant solution, was recorded and analyzedbyaplace equation of capillarity to determine
the oil-water interfacial tension (instrument DSA10y Kriss, Germany). The thermostating cell
TC40 was used to vary the temperature of the medsystem with a precision 6f0.5°C. For the
liquid alkanes, for all surfactant solutions stutjiewas measured to be in the range between 2 and
10 mN/m in the entire range from room temperaturevrd to the temperatures of the observed

pendant drop freezing.

3. Experimental results.

In the current section we present the main resatitgined with different combinations of
surfactants and organic phases. As a referencéasid for discussion, we describe in Section 3.1
the main evolution scheme of the deforming dropletsobserved with-alkanes. In Section 3.2 we
demonstrate that similar phenomena could be obdemith other organic substances. In Sections
3.3 to 3.5, we describe the effects of surfactackraalkane chain-lengths, cooling rate and drop
size. In Section 3.6 we consider the subtler effext the surfactant head-groups. The unified

explanation of all these observations is preseint&gction 4.

3.1 General drop-shape evolution scheme

We illustrate the general drop-shape evolution sehavith results obtained upon cooling of
hexadecane emulsion drops, dispersed in agueouosodf the nonionic surfactant,gEO,. The

following series of transformations is observec @gure 3, Video 1andVideo 2):
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When the sample reaches some specific temperatnge which depends on the alkane and
surfactant used, spontaneously, shape changesrappkea initially spherical drop. For hexadecane
drops stabilized by EO, this temperature i$4 = 11°C, well below the melting temperature of
bulk hexadecanel, = 18°C. For many of the other surfactants studiesvdver, the drop shape
transformations started at temperatures which wirge to or even higher (up to 23) thanT,.
Note that the phenomenon of surface freezing fogdi alkanes, at higher temperatures than the
melting/freezing temperature of the bulk alkanes haen reported before [53,54]. Therefore, it is
not surprising that the drop shape transformatiomsld start at temperatures which are several
degrees higher than,.

The overall sequence of shape transformations pdsceas follows. First, several vertexes
(convex tips) are seen to appear simultaneousltherdrop surface, and the drop projection area
soon acquires the shape of a hexagon. These obieassindicate the formation of polyhedrons,
e.g. icosahedrons or octahedrons (regular bodidssad by triangular faces) [43,55]. Three bright
and three dark spots are alternatively seen, rmexthd vertexes of the observed hexagon. These
spots of different brightness indicate that thréehe vertexes are close to the wall of the glass
capillary, to which the drop is attached under lammy, whereas the other three vertexes are

situated in a lower plane, on the other side ofpibighedron.

[
‘f
Slow cooling > — Q
‘ TR
/ @ \\\7
b
— — &

SN
S
\ ™~
—

/

:\\
Moderate coollng@ _’g /*O""”

Stage 1 (phase R) Stage 2 (phase R.,)

Figure 3. General evolution scheme for the drop-shape tramsftions upon cooling of micrometer
sized hydrocarbon drops, dispersed in surfactaltisns, as observed with linear alkanes. The
scheme is adapted from ref. [43] and expanded bldmg new information from the current
study. Rotator phasecRforms on the edges of the geometric shapes infitse stage of the
evolution. In the second stage, rotator phage ferms very thin (sub-micron) fibres from the
corners of larger structures, see text for furthgranations.
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With time, the polyhedron gradually flattens, fonmia flat hexagonal prism (hexagonal
platelet). Under the microscope, this process apgpaa the hexagon increases significantly its
projected area and the bright and dark spots ghgdilisappear (merge with hexagon corners), thus
indicating that all six vertices become very cltsehe same focal plane. For the larger drops and
moderate cooling rates, this process might invalientermediate stage in which the drop surface
becomes strongly corrugated and the drop acquieeshape of a strongly deflated football balloon
— see the lower branch in the transition “spherénexagonal platelet” ifrigure 3 andVideo 3.

Afterwards, these corrugations gradually disappeara flat hexagonal platelet is formed.

Upon further cooling, two (seéideo 1) or three (se¥ideo 2) of the hexagon sides disappear
gradually, while the remaining four or three si@espectively) elongate, thus forming a tetragonal
or a triangular platelet. This process is statdtiand depends on the cooling rate, drop size,
surfactant type, and some other factors. Undesthéir conditions being equivalent, slower cooling
of intermediate size droplets (10-20 pum in dianmeiecreases the probability for formation of

triangular platelets, at the expense of the tetrabones.

Next, from the acute angles of the platelets rd-tisperities emerge (two from the tetragonal
and three from the triangular platelets). The etifuof the triangles continues with the growing of
rod-like asperities with diameter ef 5 um for hexadecane, until the drop finally freezear (f
comparison, the asperity diameteri8 + 1 um for pentadecane andL + 0.5um for tetradecane,
seeVideo 2). Alternatively, the tetragonal platelets may Spoeously elongate in one direction,
while shrinking in the other, without growing roiétd asperities. When reaching a certain critical
ratio between the length and the width of the egpam tetragonal platelets (about 225 for
C16/GeEOy0), a capillary instability is observed (s¥&eo 1) — a large fraction of the oil phase
segregates into one or several ellipsoidal drops) ivhich several very thin fibers, with diameter <
1 um, continue to protrude. The extrusion of these ¥iin fibers from the ellipsoidal drops may
continue for many minutes, with fibers connectitigediipsoidal droplets formed from an initial
“mother” drop. The evidence that there is no fibreakage and complete drop detachment is that
all these ellipsoidal drops merge back into theginal “mother” drop, if they are heated before th

complete freezing of the drop material.

For a given system and cooling protocol, the obegrprocesses are highly reproducible.
Depending on the cooling protocol and the othetofacdiscussed below, the deformed drops could
freeze in any of these deformed states, thus fiiegr shape into frozen solid particles. Choosing
different surfactants, one could observe diffeder@nches of the general evolutions scheme and

different shapes before the complete drop freezdeagrigure 4 for examples.
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Figure 4. Images of ensembles of several drop shapes, cdplorg the evolution process shown
in Figure 3. (A) Hexagonal platelets; (B) Parallelograms; B2cteria-like droplets with long tails;
(D) Fluid rods in coexistence with frozen paral@giams of toroidal topology. The drops in (A), (B)
and (D) are from hexadecane, whereas the dropgS)iare from pentadecane. The surfactant used
in (A) is C;eSOorbEQy, in (B) and (D) GsSorbEQ,, and in (C) GsEO,0. Scale bars, 50m.

3.2 Self-shaping for other hydrophobic phases

Similar drop shape evolution was also observed witier hydrophobic compounds, from
molecular classes known to form rotatory plastiaggs [56-61]. The chemical structures of the
molecules which undergo similar drop-shape tramsstiare shown iffable 1 and include three 1-
alcohols with 10 to 14 carbon atoms, three tridggkerides with 12 to 16 carbon atoms in the acyl
chains, pentadecylcyclohexane, and two linear éradk with 17 and 20 carbon atoms, respectively.
Images of deformed drops from these phases arenshiokigure 5. These images prove that the
self-shaping phenomenon is relevant to a wide tyané compounds and is not limited to linear

alkanes for which it was first reported [43].

16



//
J
v’

(A) (B) (C) (D) (E)

Figure 5. Panel of images of self-shaped deformed drops fooganic liquids with different
molecular structures. (A) 1l-heptadecene; (B) lsmoe; (C) pentadecylcyclohexane; (D) tri-
tetradecylglyceride; (E) 1-decanol. The drops fii@gwD) are dispersed in solution ofi§SorbEQy
nonionic surfactant, (E) in nonionicEQO,o. Scale bars, 10 pm.

Our experiments showed that the general evolutthierse and the main trends, reported for
alkanes, were followed with all these other computsurAs in the case of alkanes, the drop-shape
evolution is more pronounced for smaller drops,dpwooling rates, and larger difference between
the lengths of the surfactant tail and oil/alkybeh) see Sections 3.3-3.5 and 4.3 below. Specific
deviations occur mostly in the onset temperature dofp deformation, the drop freezing
temperature, and the final drop deformation in t@ment of solidification. With some of these
compounds, such as the triglycerides and alcohiblsyas more difficult to induce shape
transformations, compared to the linear alkanesaller droplets and lower cooling rates were
needed, under otherwise equivalent conditions. Witle others (the alkenes and the
alkycyclohexane) we did no observe a significarifteddnce, as compared to linear alkanes, if

appropriate surfactant and cooling rate are applied

The fact that shelf-shaped drops are obtained wvtiecanol containing 10 carbon atoms,
almost half the chain length of thgsEO, surfactant used to stabilize the decanol dropscates
that 1-decanol assembles in bilayers, as it wasrteg to be the case for alcohol rotator phases
[56]. This explanation is confirmed by the facttthhge needed surfactants with even longer tails of
22 carbon atoms to induce drop-shape transformation the alcohols with 12 and 14 carbon

atoms.

3.3. Role of the difference between the chain-lerit of n-alkane and surfactant tail.

In the following sections 3.3-3.6, we report restdiftom the systematic series of experiments,
performed withn-alkanes (tetradecane to eicosane), aimed to\ckef main factors controlling the

drop “self-shaping” process.
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When the alkane molecule is longer than the swafadtil by more than three carbon atoms,
the drops freeze in a spherical shape, regardfebe @onditions used, séégure 6A. Examples of
this rule include systems with all types of surdants, e.g. hexadecane (C16) drops, stabilized by
C12SorbEQq, Ci2EOx3 or CoH2sSOiNa surfactant. Drop-shape transformations wereohserved
either for any of the oils with gsSorbEQ surfactant (commercial name Tween 80) with a doubl
bond in the middle of the surfactant tail. The dettoond kink seems to prevent ordering in the
adsorption layer, even though the alkane is shoftee drop freezing in these systems typically
occurred in the range between 5 and@pwell below the hexadecane melting temperaie 18
°C. The latter “supercooling” effect is well knoworfemulsions and extensively studied in the
literature [62-64]. It is due to the low probalyilitor bulk nucleation in micrometer sized alkane
droplets, due to their small volume, and is theefosed to study quantitatively the nucleation
phenomena.

In contrast, the drop shape transformationgigure 3 were observed with ah-alkanes
between 14 and 20 carbon atoms, when the emulsvens stabilized by surfactant with chain-
length similar to or longer than the molecular kngf the dispersed alkane (deigures 4, 6B, 6C
andFigure 8 below). The related phenomenon of surface nucleatiothbyreezing long chains of
the surfactants in the adsorption layers, formethatoil-water interface, is also well known in
literature and widely studied [53,54]. However, thep shape transformatiorsigure 3) and their

relation to the surface nucleation by surfactasogation layers were reported only last year [43].

Figure 6. Pictures of solid particles obtained with differeeombinations of oils and surfactants:
(A) C20/CieEOz0, (B) C16/G6SOrbEQy, (C) C16/GeEO20. Scale bars, 50 um.
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When the same surfactant is used to stabilize eomslof differentn-alkanes, the droplets
deform more before freezing, if a shorter alkanased. This trend is illustrated Figure 7 with
data for the evolution of C14, C16 and C17 droplstsbilized by GEO,o (dini = 31um). One sees
that the evolution of the three samples is ratliféerent — C17 drops freeze soon after acquiring a
polyhedral shape, at an aspect radB = 1.3 + 0.2, whereas C16 drops evolve to elongated
tetragonal platelets witAR= 12+ 3, Figure 7B. Under similar conditions, C14 drops evolve easily
along the entire evolution scheme, Eigures 3 and 7B reaching very large aspect ratiéddR >
400, due to the formation of long thin fibers. O tother end of tha-alkane molecular length,

C20 drops do not deform at all before freezing whils surfactantRigure 6A).

These and other experiments showed clearly tleatchiain-length difference between the
linear alkanes in the droplets and the hydrocahofactant tails in the adsorption layer is one of
the key factors in the observed phenomena. Theelotige surfactant tail in comparison to the
alkane molecules, the more pronounced are the shlape transformations observed. The initial
drop size and the cooling rate turned out to bedther crucial factors — they are considered in the
following two sections. The explanations of allgbesffects are presented in Section 4.

100

C14

Aspect ratio, length/d;;
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Time, s
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Figure 7. (A) Evolution of C14 (green squares), C16 (redles) and C17 (blue triangles) drops
with di;; = 31 um in G¢EO,p solution, at a cooling rate of 0.43 K/min. (B) f®ies of frozen
particles of C16 and C17, and two images (at loamed higher magnification, respectively) of a
C14 drop, discharging thin long threads. Note tie conical tips on the drop surface from which
the threads are extruded. Scale bars, 20 um.
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3.4 Effect of the cooling rate

Lower cooling rates favored droplets proceedingough shape transformations further
along the evolution scheme fiigure 3, before they froze than at higher cooling ratéss Effect is
visualized inFigure 8 with hexadecane droplets df,; = 31 + 3 um, stabilized by GEOx
surfactant. At a cooling rate of 1.4 K/min, all gdeoreach the stage of flat hexagonal platelets and
then freeze, forming solid hexagonal platelets. kvt cooling rate is below 1 K/min, tetragonal
platelets are predominantly formed and rod-likeeaisies appear and grow from the platelet tips
with acute angles=(60°), before the droplets freeze. At cooling ratesdowhan 0.5 K/min, the
tetragonal platelets deform further and many ofrtheach the next stage of the evolutionary
scheme, forming ellipsoidal drops which releasa fibers. At the lowest cooling rates studied (<
0.2 K/min) all drops evolve to the final stageghe evolutionary scheme, forming either triangular
platelets with rod-like asperities or ellipsoidabgs releasing thin fiber&igure 8).

0.08 K/min
thin threads
A

(A)

Figure 8. (A) Typical pictures from the moment just befoneat freezing of hexadecane droplets,
stabilized with GgEO,o surfactant, for initial drop diameted; 31 um. The experiments are
carried out at different cooling rates, as indidate the pictures. (B) Pictures of the respective
frozen particles, obtained from the droplets shawf®). Scale bars, 5Qm.

The drop evolution could be quantified by plottitg drop aspect ratio (AR) as a function
of time, AR(t), or temperatureAR(T). Using such plots, ifrigure 9 we illustrate the effect of the
cooling rate for the systems imagedHigure 8. Figure 9A presents the drop length, as a function
of time, for three cooling rates. The last (biggawnts in the respective curves indicate the mdamen
just before drop freezing into the respective sshdpe. One sees that the drops reach significantly
larger lengths at lower cooling rates, before tifreiezing into solid particles. At a cooling rate o
0.16 K/min or lower, we obtain frozen particlestwi total length o£ 2 mm, starting from a drop
with an initial diameter of 31 um. This length corresponds to triangular plateleits very long
rod-like protrusions. Even longer fibers, up to 6#n in length, were detected in some of the
systems at the final stage of the evolution pracess
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Length, pm

These results prove that the observed shape trareions are not caused by a temperature
difference between the drops and the aqueous mesdiotinerwise, these transformations should be
more pronounced at a higher cooling rate.
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Figure 9. Evolution of the shape of C16 drops.(et 31 um) in aqueous solution ofigEO. (A)
Drop length, as a function of time of drop deforimat (B) Aspect ratio as a function of time. (C)
Aspect ratio as a function of the sample tempeeatiMomentt = O corresponds to the first drop-
shape transformation detected. The last (largeizi&) points in the respective curves represent the
drop deformation just before drop freezing.

Figure 9B presents the same experimental results, with #ntcal axis being the aspect
ratio of the droplets (AR = drop length / initiadogh diameter), presented on a logarithmic scale. At
high cooling rates, the droplets reach an aspéct sharound 4-5 (platelets, séégure 8 for 1.44
K/min), while at slower cooling rate&R exceeds 80 (long fibers, see the data for 0.160a08
K/min in Figure 8).

Figure 9C shows the same data as a function of temperatoreghis particular surfactant,
C16EO.0, the hexadecane drops start to deform when tregugrercooled by 7-8 degrees below the
melting point of the bulk hexadecan&,(= 18 °C). Regardless of the cooling rate, the drop
deformations start at approximately the same teatpe¥, T4 = 10.5+ 0.5 °C). If the cooling rate is
faster than the kinetics of the shape transformatiahere is less time for the drops to evolve,
though they reach lower temperatures before frge®eaching these lower temperatures leads to
nucleation and arrest of the drop shapes in intdiaie aspect ratios, due to drop solidification. In
contrast, during slow cooling, the shape changesirom a narrower temperature range of 1-2
degrees before the drops freeze completely, yalrb@ets achieve shapes with much higher aspect
ratios because of the additional time they hawevtilve at these temperatures.

3.5 Effect of the initial drop size

To clarify the effect of drop size, several selé€xperiments were conducted with initial
drop diameters varied between 2 and 80
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When using low cooling rates (< 0.1 K/min) and appiate surfactants with sufficiently
long tails, we observed shape changes in dropsnaiitie entire studied drop size range. Droplets
bigger than 10@um were not studied, due to the limitation of oupesmental set up — the height of
the glass capillaries used is 1 and the larger drops would be deformed by thdlagpwalls.
Such large drops would be deformed by gravity/bnoyaas well, thus compromising the
experiment.

Remarkably, when the experiments were conducteld switaller drops (e.gdini < 15um),
we observed much easier drop shape evolutiondr@s evolved to the last stages in the evolution
scheme at low and moderate cooling rafégure 10illustrates the growth of aspect ratio with time
for several diameters of hexadecane drops, stabdiliyy GsSorbEQ, surfactant. The initial part of
the curvedAR(t) is virtually the same for all drops with diffettanitial diameters. However, for the
cooling rate of 0.44 K/minHigure 10A) a significant difference in the curves is obsdraéter the
drops reach the platelet shape. The large drdps>(15 um) freeze at this stage, AR = 4.5,
whereas the smaller droplets continue deforminigigber ratios. The cooling rate must be at least
one order of magnitude lower for the largest dropseach larger deformations. The smaller
droplets reach a deformation of 3% (the full symbols in the curves for 7 and@d drops) when
a capillary instability occurs and a fraction oé thil separates into one or several ellipsoidapsiro
connected by thin filaments (the last evolutiorgetan Figure 3), resulting in the high aspect ratios
(Figure 10A, empty symbols). These droplets continue to reld¢laisefibers and the deformation
increases. Because of the extensive fibers foldimd) the small fiber diameter (0£70.2 um), a
direct measurement of the fiber length is not gmesHowever, comparing the volume of the initial
drop with that of the ellipsoidal drops and thenagder of the fibers formed, we estimated that the
drop aspect ratio approaches 100 in this stagee(tipty symbols for 7 and 10n drops inFigure
10A).
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Figure 10.(A) Deformations of droplets of C16 imgSorbEQ solution, cooled at a cooling rate of
0.44 K/min. The drops have different initial drdpes as shown on the curveB) Deformations of
C16 droplets in gSorbEQg solution, but at a cooling rate of 0.16 K/min. Tineet microscope
images show deformed drops of different initialndeer,diy;.
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These results illustrate the fact, found also imynather experiments from these series, that
a threshold size exists for drops to deform at\eemicooling rate. The bigger drops reach the
platelet stage and freeze, whereas the smallesdroptinue to deform into the later stages of the
evolution scheme. For the system C16 iSOrbEQ, and a cooling rate of 0.44 K/min, the
threshold drop diameter to transform beyond plé&gele around 13t 3 um. Our experiments
showed that the cooling rate must be lower tharkdn2in for drops withdi,; = 16 um to reach the
next stages of the evolution scheme with formatibrods and fibers, sdegure 10B.

We conclude from all these experiments that acallitdrop size and a critical cooling rate
exist, associated with the transition from the stafplateletsAR = 4) into the stage of elongated
rods and thin fibersAR > 10). Smaller droplets and lower cooling rate®fahe transition into the
final stages of highly deformed droplets, see $adtifor further discussion of these trends.

3.6 Effect of the surfactant head group

Beside their chain length, surfactants are chatizet also by their head-group properties —
e.g., charge (nonionic, anionic, cationic or zwitiric), size or chemical structure. Below we
compare the results obtained with several typesigactants, to clarify how these attributes affect
the observed phenomena, Jeble 3

(a) Nonionic surfactants with 20 ethoxy groupshie hydrophilic head

First, we compare the results obtained withED,, (see section 3.3), with those obtained
with C;6SorbEQ,. These two nonionic surfactants have the sameopybic chain length and
equal number of ethoxy groups in their hydropHileads, se@able 3. They differ, however, in the
presence of a sorbitan ring in the head group:68@bEQ, and in the different structure of their
ethoxy fragments — linear chain of 20 EO groupsCigEO,, vs. four separate fragments of
approximately 5 EO groups im§SorbEQq.

Figure 11A presents a comparison between the aspect ratidsexddecane droplets,
stabilized by GSorbEQ, and G¢EO,, as a function of temperature, at a cooling rdt®.a6
K/min and di,; = 31 pm. One sees significant differences in the behawiothe two samples.
Although the droplets stabilized by;dSorbEQ, start to evolve at a temperature close to the
melting point of bulk hexadecan&yq = T, and their shape evolves over a considerably wider
temperature range of 6-8 degrees, the maximum tspgc which they reach i8R =5+ 1
(platelets, se€igures 4A and6B). For comparison, much larger deformatioAR = 90+ 10, are
observed with the other surfactantE0,o, at a cooling rate of 0.16 K/min, because theejdas in
the latter system emit thin long threads from thaeinte angles, as discussed in Section 3.2.

Figure 11B compares the deformations of the drops in the nmbimefore their freezing, for
surfactants GEO,y, CisSorbEQy and GsSorbEQ, One sees that the surfactants, containing a
sorbitan ring in their hydrophilic head, producdidgarticles very similar in shape (hexagonal
platelets) if the cooling rate is higher than 0/mia anddi,; = 30 um. To reach the next stages of
the evolution scheme, we need to cool these emnmalsiba very low cooling rate, < 0.04 K/min.
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Figure 11. (A) Comparison of the individual droplet deformatipnachieved from two
monodisperse emulsions with drop diamedgr ~ 31 + 3 um, stabilized by &GSorbEQ, and
C16EOy0, as a function of the sample temperature. Coobitg is 0.16 K/min. (B) Final aspect ratio
in the moment just before drop freezing, for drgpleith diameted;,; ~ 31 + 3um, which are
cooled at different cooling rates and stabilized/asious surfactants.

Figure 12.Images of (A, C) fluid and (B,D) frozen hexadecaneplets, stabilized by two different
surfactants, both with well visible frames of cdiical rods along the edges of the hexagons,

stabilized by (A,B) GSorbEQ and (C,D) GsEO,. Scale bars, 20m.

Additional experiments with the other surfactansee( subsections (b) and (c) below)
revealed that all studied surfactants could besiflad into four distinct groups. In one of these
groups we could combine 1§50rbEQy and GgSorbEQy with Ci6EO;,, while the other group
comprises @GEO,; and CTAB (shown later as groups B and C in TableBéside the other
differences, these groups differ also with respgecthe mechanical rigidity of the plastic crystal
rods, forming a plastic frame at the periphery lué platelets or protruding from the drops as
asperities and fibers. The rods formed in the preseof the first group of surfactants were very
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rigid, thicker, and remained straight when encotmgeother rods upon their expansion or freezing,
as illustrated irFigures 12, 4DandVideo 4. Furthermore, for these surfactants, after thiel rigd
frame at the drop periphery stretches the liquidriar so thin that it punctures in its centralioeg

the droplets retain their outside shape and irtiegorming a toroidal in shape fluid drop, with a
round hole in the middle, whose periphery in tutarts to deform Kigure 13). This would be
possible only if the frame of the plastic crystadls was strong enough to counteract the interfacial
tension, trying to restore the spherical shapehefdrops. In contrast, the rods stabilized by the
second group (EO, and CTAB) were softer and easily bent {¢ideos1 and?2).

Thus we see that the surfactant may affect strotigdyinitial temperature at which the drop
deformations starfly, the range of typical drop shapes observed, amdhilckness and rigidity of
the rod-like and fiber-like structures formed.

(A) (B)

Figure 13.Images of flattened torroidélid drops, with a hole in their central region, staat by

(A) C16SOrbEQp and (B) GeEO,. These holes confirm the liquid nature of the riote the rigid
outside frame of the shapes, and are different fifeerholes that form upon freezing of the shapes
into crystals (e.g. Figure 12D). Scale barspfQ

(b) Role of the hydrophilic head-group size fgEQy, nonionic surfactants

In the experiments with the nonionic surfactantsEQ,o and Ge.1£O.5 we observed similar
series of transformations, under equivalent cooaidti In particular, the temperature at which the
drops started deforming was simildg = 11°C, and the drops easily acquired high aspditisra
although the entire process developed within 1-8reks of cooling before drop freezing, see
Figures 8and11A.

On the other hand, experiments with othgEQ,, surfactants, having smaller or larger head
groups and/or longer alkyl chain-length, led toyvdifferent results. As mentioned already, the
surfactant GEO,, with a very small head-group, showed results médieg those with the
sorbitan-containing surfactants — the drop shapestormations began at = T, and continued
along a temperature range of 6-8 degrees, up telpia withAR= 5, sed-igure 13B. These results
clearly demonstrate that the reported differencesvéen surfactant-stabilized C16 emulsions,
exemplified in behavior by eEO,o and GeSorbEQ surfactants, are not related to the presence or
absence of the sorbitan ring, but rather thandifarent packing and different freezing point bét
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surfactant at the surface (and probably relatetthdd different packing and transition temperature
for the oil phases template underneath), see Seétio

Surfactants GEOy, CisEOip and GgEO,g, characterized by longer tail or smaller EO head
group (as compared to the referencgEQ,;) showed rather different behavior from all the
surfactants aboveV{deo 3). First, the onset of drop deformation starts atmmach higher
temperature, in the range 20 tc°@3 After reaching the stage of a flat platelethia evolutionary
scheme, the oil layer in the center of the platédetvery thin and very often breaks. As a
consequence, the deformed drop breaks abruptlynifigr two or several new droplets with
spherical shape. Note that the restoration of titeescal drop shape, after plate puncture in its
center, shows that the interfacial tension of thtes@s is not equal to zero, as it pulls back tfepd
into a shape with minimal surface area. The newpldte transform their shape again and after
reaching the flat platelet stage, another brealeagat is possible. Several consecutive cycles of
these shape transformation/breakage events carbderved during a single cooling procedure,
between one and ten times for most of the droplétas, an efficient process of self-emulsification
occurs without any mechanical energy applied tcetinelsion.

Furthermore, for these surfactantgdEDio, C1sEO1p and GsEO,) flat platelets with different
shapes and deformed drops, decorated with shaipatadges like those shown Kigure 7B,
readily formed and extruded long thin fibers (didéene< 1.5um). These thin fibers become very
long, with aspect ratios well above 50. A capillargtability can be observed at this stage, leading
to formation of many small ellipsoidal drops, coocteel to each other by thinner fibers with
diameter< 0.5 um (the last stage in the evolution scheme). Theagenhal platelets may also
undergo capillary instability or may release thivefs until their final freezing.

Finally, surfactants of the €Oy, type, with excessively large surfactant head-gsouajd not
induce drop shape transformations. Examples asgdE040 and Ge-1dEOsq, containing 40 and 50
ethoxy groups, respectively. Whatever initial dreipe and cooling rate were used with these
surfactants, the alkane drops froze in a sphesicape, without any preceding shape changes. The
C16 drops withdi,; = 30 um froze when supercooled down to£12°C < T, which indicates that
surface nucleation still occurs (otherwise the drepzing would occur at even lower temperatures,
as for G, surfactants, cf. section 3.3). Rather than termgaa plastic crystal at the interface,
however, the surface nucleation induced a dirdetra solidification in this case.

(c) lonic surfactants

When using ionic surfactants with alkyl chain ldngtmilar or longer than that of the oil, we
observed the same drop deformations as with théoniensurfactants. For C16 drops with the
anionic surfactant gH37;SOsNa, the drop shape evolution was very similar & thescribed for the
group of nonionic surfactants includinggEQ,s, CigEO10 and GgEOqp, With respect to both the
drop shapes observed and the temperature at wigdhansformations starte@iy(= 21°C > Ty). In
contrast, the changes observed with the catiomfaciant CTAB were similar to those described
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for the group containing £EO,o, although the drop deformation temperature wasesdmt higher

(Tq = 14.5°C vs. 10-11°C for GgEO,g). Thus the ionic surfactants do not exhibit angtidct
properties, as compared to the nonionic ones. @oald be particularly careful, however, when
working with cationic surfactants, because we oftdrserved “sticking” and spreading of the
hexadecane drops over the (originally negativeBrgéd) glass surface — a process which could be
easily mistaken with the internally driven evolutisteps observed with the other surfactants.

Table 4. Groups of surfactants with respect to their effactthe drop “self-shaping” phenomenon
for hexadecane (see text for explanations).

Groups of stmaﬂral Temperatures of drop Inlfrz(szl’al
P o deformation,Ty, Preferred shapes Y
surfactants | characteristic and freezindT strength
of molecules gl (thickness)
and/or shortel o diameterss 1.5um
< C1sEOn0 EO chain d> I'm and< 0.5 um i .
o N\, _ _ Thin flexible
3 C18EO20 Ta=19.5+23°C | pifferent platelets layers
o) . T.= 10+ 15C and ellipsoidal
Long tail drops extruding
C1s$SOiNa anionic such fibers
Hexagonal platele
m | C16SOrbEQo Sortfh ri Tg=Tm Rods with diamete
orbitan ring =
%‘ C18S0rbEQ Tg= 17+ 19C SHm (X]?g()sr;?/g?s
5 | cuEo, Short EO T =12+ 13°C The platelets (_jp nat
chain f ' extrude asperities
from their corners
Larger EO Ta<Tm
arger Caao All shapes are
O C1E0z head and/or Ta= 10+ 11°C observed with a
o | Ci61EOss shorter tail T;=8+9°C transition from rods Intermediate
3 (C16) (nonionic) with diameter 5 (soft rods)
o Long tail - pum into fibers with
CTAB cationic Ta=14.5C (CTAB) diameter < 1 pm
T;=12.5C (CTAB)
Surfactants i T4 not observed
with C12-tail | S"O" !
| T; =5 to 8C for short
S | CooaEOm | Very large tails Spherical Not detected
o head-group
o | C16EOs0 Double bond Ts =9 to 13C for
C18S0MDEQo | 5 e tail large heads
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From all these experiments we conclude that fouegmies of surfactants could be
distinguished, based on their effect on drop shagresformations in C16 emulsions (Sesble 4):

Group A: Surfactants inducing drop shape transformatiopsvea the bulk oil melting
temperature, Ty > T,. For hexadecane drops, the surfactanigE@o, CisgEO10, CisEO,, and
CigH3;SOuNa fall into this group Ty = 21.5% 2°C > Ty, = 18°C). The drops typically form thin
flexible fibers with diametex 1.5 to 0.3 um, and various other shapes, suchagsqis, with and
without fibers protruding from their corners witbuge angles.

Group B: Surfactants inducing drop shape transformationsural the oil melting
temperature,Ty = T,. For hexadecane drops, the surfactanisS@bEQ, CisSorbEQ, and
Ci16EO; fall into this group Tq = 18 £ 1°C). They typically form hexagonal and other platele
(including fluid platelets which are punctured reir center) and relatively stiff rods with dianrete
=5+ 1 um, sedigures 12and13.

Group C: Surfactants inducing shape transformations atpé&aiureTy noticeably lower
thanT,. For hexadecane drops, the surfactants£0,s, C16EO, and CTAB fall in this groupTy
= 12+ 3°C < Ty, = 18C). These surfactants easily create shapes inrtie evolution scheme
(Figure 3), including various platelets, softer rods witlamieter= 5+ 1 um, and flexible fibers
with diameter < 1 um, sdeigure 8.

Group D: Surfactants which do not induce drop shape toansitions because their
adsorption layers do not freeze before the freeminthe bulk alkane (e.g., surfactants with short
chain-lengths or with tails containing double bgnds the surface freezing leads directly to a
liquid-solid phase transition, without formation & intermediate rotator phase able to deform the
drop surface (e.g.,44EOs0 and Gg.1E0s0), seeFigure 6A.

4. Discussion — mechanism of self-shaping

4.1. Main processes driving the observed drop shapensformations

The main processes which drive the observed drapeshransformations were revealed in
our recent study [43], seeigure 14. Briefly, the observed processes are triggeredaiphase
transition in the surfactant adsorption layer, attemperature close to the alkane melting
temperatureT,. As explained in ref. [43], the bending momentadingle adsorption monolayer,
even in a crystalline state, is insufficient toeetiiate the observed drop-deformations. Indeed, the
drop shape transformations start when the oil-wiaterfacial tensiony, is of the order of several
mN/m (typically, between 4 and 8 mN/m, see Sectighbelow). Such an interface could be bent
only under the following condition for the bendiagergy per unit are&g = Kg/r* > y. HereKg is
the bending elasticity constant of the interfacd s 1 um is the characteristic curvature of the
shaped droplet edges. Otherwise, for a lower benéinergy, the requirement for a minimal
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interfacial energy would pull the drop surface baxis initial spherical shape. Thus we estimate a
minimum value forKg = 10%* J, which is several orders of magnitude highenttiee known
bending constants of frozen lipid bilayers or scidat adsorption monolayet$g = 108 to 107 J
[55,65-66]. Therefore, the drop deformation maychased only by the presence of a multilayer of
ordered self-assembled molecules which are abtadate a sufficiently high bending moment to
curve the drop surface against the drop surfaceggrand capillary pressure which both act as to
preserve the spherical drop shape.

Plastic phase

Isotropic liquid
phase

IIIIII‘IIIIIIIIIIIIllIIIIlI\
drocarbon drop

Y S

Aqueous medium N

Surfactant\
adsorption
layer —

Figure 14. Schematic presentation of the mechanism of therebd phenomenaAj Triangular
platelet with protruding rods; (B) Cross-sectioraafod with an external cylindrical shell of plasti
rotator phase (red region) and inner liquid corell@wv region); (C) Cross-section of the platelet
body with plastic rotator phase at the plateleipgbery (red region) and liquid interior (yellow
region); and (D) Interdigitated arrangement of thefactant molecules (black tails) and alkane
molecules (in red) in the surface layer, templafungher ordered alkane layers (adapted from ref.
[43]).

Though it is not able to bend the surface by ifgbké “frozen” surfactant layer serves as a
nucleation template for the formation of a multéayf ordered alkane molecules (plastic rotator
phase, see Section 4.2 below for further explang}joat locations with higher curvature on the
surface of the alkane dropBigure 14 Taking into account [66] thad(s is proportional tohp?,
wherehp, is the thickness of the multilayer, generating ltleading moment, we estimated that
should be of the order of several hundred nanomdtrggenerate a bending moment, sufficiently
strong to curve the drop surface. Similar valuebgpfwere reported in independent experimental
studies for surface-induced liquid crystal sheetsals [67-68].

Furthermore, simple estimates show that the madeceihergy gain of the plastic phase
formation, Alo, is able to compensate the energy loss, relatdtdetancrease in the drop surface
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area,AA, upon drop deformation, as explained below. Ferptrpose of estimates, we assume that
the interfacial tensions of water-plastic phase aihglastic phase interfaces are equal and of the
same “order of magnitude” as the water-liquid oikrfacial tensiony~ 10 mN/m. Then the energy
penalty of drop deformation per unit area of thepdsurface could be estimated per one molecule
in the adsorption layer ag/& = 4x102* J= 1 kT, whereA; = 0.2 nnf is the area per molecule in the
adsorption layer [69] ankiT is the thermal energy (we include both the suafisicinolecules and the
interdigitated alkane molecules in the adsorptayef).

Since the formation of a plastic crystal in thepi® a phase transition, its energy change
can be calculated a8Ep. = Np Ao = (Ve/VMm)AMo, WhereNp, is the number of hydrocarbon
molecules included in the plastic phase whichum tcan be found as a ratio of the volume of the
plastic layer formed\Vp, and the molecular volume of the hydrocarbon mdés; V. For
supercooled drops, the change in the standard chémotential of the hydrocarbon molecules
upon the spontaneous phase transition from isatdapiid into a plastic crystal phasilo = (Up. -
HoiL), is a negative value. Therefore, the energy gathe process of formation of the plastic phase
is the one that compensates for the expansioreadribp surface area and the related increase of the
drop surface energy. One can estimate the enerngypga unit volume of the plastic phase as
Apo/Vv and by multiplying it by the layer thickness wet glge energy gain per unit area of the
deformed surfacdp Apo/Vv. Noting thatVy = IAg, wherel = 2 nm is the length of the alkane
molecule in the plastic phase ahgl/l 0 107 is the number of layers of alkane molecules in the
surface plastic sheet (from the previous estimbts/&), one could estimate what valueAph is
sufficient to compensate for the positive valugy.of

Ao = - 2yAdl/hp, = - 4x10%% J= - 0.01kT

Note thatApo has both enthalpic and entropic sub-componentg. ddntribution of the
entropic component is positive upon a phase tiansithich increases the molecular order, as it is
the case for the liquid-to-rotator phase transjtgindied in our experiments. Therefore, the emtrop
component opposes this phase transition. A negatitiealpic component, which is equal or bigger
in magnitude than the entropic component, is neédedunterbalance the entropic component and
to induce such a phase transition. Each of theagpithand entropic components is of the order of
kT around the liquid-rotator phase transition, assuesd by DSC [70]. The estimated small value
of = -0.01 kT is the difference between these two componentsdet to compensate for the
increased surface area of the deforming dropldissTwe see that a tiny fraction of the thermal
energy,kT, gained as a change of the Gibbs energy per nlelesusufficient to overcome the
increase in drop surface energy and to make singtdiquid droplets favorable.

New experimental results from the current studgvalus to reveal further important elements
in the underlying mechanism. Below we first introduseveral relevant phenomena, related to
rotator phases and surface nucleation (refs. [484539-74]). Afterwards, we use these phenomena
to explain the main experimental trends.
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4.2. Surface nucleation and rotator phases

Surface nucleation is a widely studied phenomenam alkanes and other hydrophobic
molecules [73,74]. Numerous experiments with btdhihterfaces [54] and drops [72] have shown
that the surfactant chains freeze in the adsorpéiger, in perpendicular orientation to the surface
plane. Since the area per molecule of the surfectdypically, between 0.3 and 1 An{75] is
much larger than the cross-section of the alkankeentes in the rotator phases, 02@.01 nni
[69], interdigitated alkane molecules in betweea furfactant tails are certainly included in the
frozen layers. From these areas per molecule oulel @stimate that the ratio of the interdigitated
alkane molecules to surfactant molecules is betwke@nand 4:1 for the various systems, see
Figures 14Dand15. The mixed layer of long surfactant tails andiidigitated alkane chains serves
as a two-dimensional nucleus for growing of a ne@ing bulk phase. Depending on the structure
of the surface layer, it could serve as a temgtatdifferent metastable or stable bulk phases.
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Figure 15. Schematic presentation of the molecular packin@\)npseudo-hexagonal rotator phase
Ri; (B) orthorhombic solid phase; (C) rotator phase &d (D) triclinic solid phase. All phases are
lamellar, with molecules directed perpendiculady B) or tilted (C, D) to the lamellar planes. The
molecules in the non-frozen phases (A, C) have sootational freedom along the longest
molecular axis. All these phases were reportedhferalkanes in the range studied here, except for
the rotator phase\Rwhich was reported for longer alkanes only (C28) 20 far.

The rotator phases appear as intermediate phasas latg- and intermediate-chain alkanes
are cooled, along their transition from isotropéuid phase to a completely frozen solid phase.[44]
Several rotator phases were described which difféneir stability (stable, metastable or transient
andthe positional arrangement of the alkane moleddiés'1]. Most of these phases were observed
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with alkanes of longer chains (C22 to C45) tharséhstudied here (C14 to C20). In the following
discussion we focus mainly on the rotator phasekwhias observed with alkanes within the range
of chain-lengths studied here. This phase is ugl@llled in the literature “pseudo-hexagonal”
rotator phase and is denoted a$/]. This phase is a lamellar structure, with dfieane molecules
stacked perpendicularly to the lamellar planesaidg able to rotate or vibrate around their long
axis, sed-igure 15A. For hexadecane the period of lamella spacingZié @m in the Rphase [72].
Upon cooling, the alkane molecules could freezéhauit changing their tilt with respect to the
lamella plane, into the so-called “orthorhombicligghase Figure 15B.

When bulk alkanes in the range C14 to C20 wereieatiythe Rphase was observed as stable
or metastable, only with alkanes having an odd ramalf carbon atoms (e.g., C17 and C19) [71].
The bulk hexadecane and the other alkanes with ewetber of carbon atoms in this range (C14 to
C20) usually pass from an isotropic liquid phasa,tkansient (very short-lived) rotator phase, into
a solid triclinic phase with tilted molecules withspect to the lamellar plangsdure 15D). This
tilt leads to a smaller lamella period, e.g. 2.8®for the triclinic hexadecane crystal [72]. Ndatt
structurally more similar to the triclinic phase amother rotator phase with tilted molecules,
denoted as Rin the literature [44]Figure 15C. Phase R was observed with a wide range of
alkanes with longer chains (C22 to C28). It appearthe last intermediate phase between the other
rotator phases occurring at higher temperaturéoRy/) and the final solid phase [44].

On the other hand, if surfactants with long sudatttails, such asigand Gs, are used to
stabilize micrometer-sized emulsion dropspRase appears spontaneously in emulsion drope of t
alkanes with even number of C-atoms (C16, C18 a2@),Gas shown by SAXS, WAXS and DSC
data by Ueno et al. [72]. The appearance of rotpt@ses in drops of these alkanes could be
explained only by assuming that the curved dropases favor thermodynamically the molecular
self-assembly into plastic rotator phases for tlatlsanes. Furthermore, solidification of the formed
R, phase into an orthorhombic solid phasigure 15B (instead of the triclinic solid phaseigure
15D) was reported in such drops. The explanation gj¥&his that the frozen adsorption layer with
perpendicularly oriented molecules (with respecthi® drop surface) serves as a template for the
growth of the Rrotator phase and subsequent freezing into thetatally similar orthorhombic
solid phase in the hexadecane droplets.

As explained in Section 4.3 below, we have substbexperimental evidence that two rotator
phases may appear before the oil freezes in thenadx$ shape-changing drops. Thereforeafka
higher temperature rotator phase, andaR a lower temperature rotator phase (or thaictiral
analogues, as explained in Section 4.3B below)tl@emost probable phases encountered in our
experiments.
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4.3 Explanations of the main observed trends.

(A) Onset of drop deformation and general evolusoheme

The fact that we need long-chain surfactants tggén the observed phenomena proves that
the process certainly starts with a phase tramsitiothe surfactant adsorption layer. The drop
deformation starts with formation of convex pikes the drop surface which, within seconds,
transform into the tips of a regular polyhedrone3é pikes are of micrometer size and are too large
to be the actual surface nuclei. Therefore, thaékespcontain an already confined rotator phase.
Note that the deformation of the drop surface imesla penalty for the increased surface area and
the related increase of surface energy. As denaiesirin Section 4.1 the self-assembly of the
molecules in the rotator phase leads to energysgalrich easily overcome the energy loss, created
by the surface stretching — a very small fractibthe thermal energiT per self-assembled alkane
molecule is sufficient to ensure a sufficient eyeggin.

Our observations show that, once the processtiatet, the alkane molecules spontaneously
self-assemble into cylindrical rods of a plastitator phaseFigure 14. In this way, a frame of
gradually elongating, interconnected cylindricallsas formed at the drop surface, which expands
with time via incorporating more and more molecuiesn the liquid interior of the drops. This
process gradually stretches the drop surface aates a series of symmetry breaking events in the
frame. This evolution through multiple shapes iaths that the additional energy of extending the
plastic phase cylinder is comparable to the intgafaenergy which modulates it. The balance of
these energies (and the related forces) bringstatheucomplex shape evolution, sketched in
Figure 3.

We are still unable to predict theoretically thdl fsequence of events — the respective
theoretical modeling is a challenging task whicheyond the scope of the current study. We note,
however, that the observed shapes satisfy theiplenof “tensegrity” — a branch of science and
engineering, named as a portmanteau of the temsitieal integrity” [76]. In accordance with the
laws of tensegrity, the compression created byritegfacial tension of the stretched drop surface i
counter-balanced by the mechanical strength oféfeassembled frame of plastic crystal rods. As
a result, most of the observed shapes are Plgpohybedrons or flat platelets (hexagons, triangles)
in which the respective stresses are balanced.

One very particular feature of our system is that“tensegrity” rods can spontaneously grow
or shrink via exchange of molecules with the adjadiguid phase and with the other plastic rods.
The fact that the rods meeting at the platelet@sriare able to balance the force of the interfacia
tension, and may reversibly shrink or grow around équilibrium shape (e.g. of hexagonal or
triangle platelets) is evidence that the force &xkby the growing plastic crystal edges is of the
same order of magnitude as the force generatetebgit-water interfacial tension in the presence
of surfactant. The effect of interfacial tensiomdae expressed via the capillary pressure of the
deformed interface?; = yir = 10* Pa, where = 1 um is the characteristic radius of curvaturénhef
platelet edges and of the rods and fibers. Thezetbe frame is able to “push” the surface with a
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pressure of the same order (or higher) and withrékpective forceF; = Pr? = 108 N, whereF; is
the force of the condensing rotator phase agdesttoplet surface, in direction perpendicular to
the rod axis.

The energy of the alkane molecules, self-assemhleéide cylindrical domains is lower than
that of the molecules in the isotropic liquid phaseeSection 4.1and Figure 16A. The latter
statement is supported by the numerous experimehsarvations that the flat region in the center
of the evolving platelets thins down to thicknessagch are much smaller than the diameter of the
plastic rods forming the frame — see for exampéeithage inFigure 12where the cylindrical rods
have a diameter of 5 um, whereas the thicknesiefcéntral region was estimated from drop
volume conservation to be ordy0.4 um. In other words, the curved cylindricalspiaregions at
the drop periphery “suck out” molecules from thatcal planar region which remains in a liquid
state during this process. Similarly, the rod-lksperities and fibers growing from the platelet
edges, suck-out molecules from the liquid droprioteas seen ivideo 1andVideo 2

(B) Two stages in the evolution scheme - two rotaitases involved

One generic feature of the evolution scheme, esprethrough the changes in the drop aspect
ratio AR(t) or AR(T) (seeFigures 9and10), could be used to analyze further the role ofrttator
phases in the observed phenomena. The graphs taeoexolution of the drop aspect ratio vs. time
(Figures 9-1Q show two distinct regions of drop shape evolufionsmall and large aspect ratios,
respectively. In the first region the transformasiare relatively slow and we could stop, and drive
forward and backward the drop shape using finerobof temperature. This region includes the
stages of the polyhedra and the platelets, inctudive systems in which cylindrical rods with
diameter of several micrometers are extruded fiwosr sharp tipsRigure 3, Stage 1

The second region starts with the stage in whidirsicrometer fibers are formed, and it is
gualitatively different. These fibers might appedther as a result of capillary instability of the
thicker cylindrical rods\(ideo 1), or could be extruded from platelet corner tigthveharp angles
directly or from the conical tips on the surfaceedlipsoidal drops (in both last cases the angle at
the fiber extruding tip is around 3015°, Video 2). As seen fronfrigures 9and10, the aspect ratio
in the second region increases by an order of madmifaster as compared to the first region. More
importantly, we could not control the observed psxc of capillary instability — the thick rods
expanded and evolved into thin fibers at all capliates we tried. Furthermore, upon heating we
observe a different pathway in the shape trangtierthe thin fibers do not reverse back to the
thicker cylindrical rods from which they have appmzh Upon slow heating, the thin fibers do
retract and are directly sucked back into the tdaidiiops, but they skip the intermediate geometric
shape changes. These observations provide evidesicthe transition between the thicker rods and
thin fibers is not reversible in the time-scaleoaf experiments.

Based on the above observations, we assume tles tive distinct regions in the evolution
scheme correspond to the presence of two rotatasgsh The rotator phase formed at higher
temperature is expected to be similar tpbdecause this is the only rotatory phase repddethe
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alkanes studied (in bulk or in drops). For the temperature phase, we speculate that it is probably
a cylindrical analog of phase,Rdescribed above, because its tilted layer stradgiintermediate
between Rand the solid triclinic phase, typical for thedem C16 and C18 alkanes.

We should note that the preferred cylindrical coafhent of the self-assembled molecules
requires rotator phases with structures which areexactly identical to the |Rand R, phases
(which are planar by definition)igure 16A. The cylindrical arrangement corresponds to less
molecules in the inner layers, at the same areanméecule in the respective layers, $agure
14D. For example, if we have hexadecane multilayeth meriod of 2.26 nm, for a radius of layer
curvature= 1 pm each next inner layer should have 0.226 %efenolecules. To account for this
required difference in the structures of the ratgioases observed in the bulk alkanes and in the
small alkane droplets, we denote the latter phasd®;, and R, where the subscript “C” denotes
“cylindrical”.

Concluding, based on the experimental observatiemsassume thatdrphase is formed
first at higher temperature [44fpllowed by the transition - Rcy, when the thin fibers appear
The energy landscape of the various phases anctldted phase transitions [71] are illustrated in
Figure 16B. The Ry phase has properties intermediate between ghpHase and the solid, so we
postulate its free energy slope is between those fihases. The approximate intersections in
Figure 16B are drawn in a way allowing us to reproduce thgeoled phase transitions, which start
at different temperatures with the various surfiaictgpes, as explained below.
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Figure 16. Energy diagrams for the liquid (L), solid (S) aratator phases (R) involved in the
observed phase transitions, wit® denoting the energy difference with respect torttator phase
Rci. (A) The energy of the rotator phase decreasesithis formed next to a curved interface
which makes the cylindrically packed version of tb&ator phase & more stable than the solid or
liquid for temperatures nedy, (B) From the experimental results one can dednaetwo rotator
phases are involved in the drop shape transitidespted as & and Ry. The intersections are
approximate and are drawn in a way to allow repcoty the observed phase transitions, which
start at different temperatures with the variousasant types, cf. with Table 4 and Figure 17.
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(C) Effect of the surfactant type

The data inTable 4 indicate that the surface nucleation, which trigghe drop deformation
phenomenon, depends strongly on the type of sariacsed. As already mentioned, all surfactants
studied could be grouped into four groups:

Surfactants containing sorbitan ring (e.gisSOrbEQg) and those with small head groups
and/or longer tails (6EO,, Ci6EO1o, CisEO1p and GgEO,g) induce drop shape transformations at a
temperature above and around the alkane meltingasature,T,,. Hence, these surfactants create
easily a surface nucleus with appropriate structor@duce the formation of thecRrotator phase
around the curved interface. Upon further cooliRg,phase transforms into the other rotator phase
(presumably By) and the drops finally freeze. These are the stafa ingroups A andB and their
phase transitions are illustrated on the energyrdias inFigures 17Aand17B, respectively.

Surfactants GEO,, Ci6EO5 and CTAB fgroup C) behave differently, as they induce drop
shape transformations at temperatures which arebetw the alkane melting temperatufg, <
Tm. Therefore, these surfactants do not create acairiucleus with appropriate structure to induce
the Ry phase aroundy,. It is still an open question whether they forntlsunucleus at a lower
temperature or, alternatively, they create a nucheu directly growing the & phase. From the
fact that these surfactants first lead to the fdiwnaof micrometer in diameter asperities, which
afterwards undergo a transition into thin fiberg assume that thecRphase is induced first,
although at a lower temperatukgdure 170C).

Surfactants with short chain length.§; those with excessively large head groups(&Dd
EGOs0), and those with a double bond in the middle efrthlkyl tail (Gsg) do not induce drop shape
transformations and the drops freeze directly swbd alkane spheroids, typically at significant
supercooling. Obviously, these surfactants are len@bnucleate rotator phases in the appropriate
temperature range and a hexadecane solid phasedslydformed, as a result of either bulk or
surface nucleatiorgfoup D; Figure 17D).

Note that the supercooling effect, which leadsrnt@waolution not via the lowest energy phase
path Eigure 17C-D), is a well pronounced phenomenon for emulsions,  the low probability
for nucleation in the small emulsion droplets [69-6As a result, metastable phases with higher
energy might be easily formed in the emulsion detplif the barrier for their formation is lower
than the barrier leading to the phase with lowast@y. This situation is illustrated Figure 18 for
a rotator phase (with higher energy and lower bgrnvhich might appear first as a metastable
intermediate phase, instead of the stable solidelaith lower energy and higher barrier).

Note also that the structure of the solid phaseha completely frozen drops could be
different, depending on the surfactant templatiogpling conditions and drop size. If the solid
phase is nucleated in the liquid drop interior Kbnucleation) or from a & rotator phase with
tilted molecules, a triclinic solid phase is exgetto appear. If the solid phase is nucleated thenm
Rc) phase with perpendicular molecules, then the dnthrabic solid phase could appear. Indeed,
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Shinohara et al. [77] reported the formation ofhalid phases, triclinic and orthorhombic, in thei
experiments.

It is worth emphasizing that the cooling rate of@min, used in the experiments which
demonstrated the existence of thepRase in hexadecane emulsion droplets [72], wasively
high, when compared to the rates needed to proteedgh the complete evolution scheme in
Figure 3. Therefore, if any shape changes occurred (nairteg) during the experiments in ref.
[72], they would have been only part of the fifstge of this scheme. Additional phenomena (e.g.,
the occurrence of & or other rotator phases) could be observed istmee experimental methods
were applied at a lower cooling rate and with défe surfactants.
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Figure 17. Arrows showing the phase paths upon emulsion rgplin the presence of stable
intermediate rotator phases Rand Ry, drop deformation starting at temperatlig and drop
freezing at temperaturg. (A) Minimum energy path L R¢—Rcy— S, corresponding to drop
deformation starting afy > T, and corresponding to surfactants frgnoup A in Table 4. (B)
Evolution path for drop deformation starting &t= T, (group B). (C) Evolution path for drop
deformation starting aty < Tr, (group C). In (B) and (C) supercooling in the transition- R¢
occurs, while the overall sequence of transitienthé same as in (A). (D) direct solidification-IS
after large supercoolingoup D).
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Figure 18. Energy diagram, illustrating the possibility farmation of a metastable phase, when
the barrier to nucleate it is lower, compared ® Ilarrier to nucleate and reach the globally stable
state for a given temperature. The case of staibié and metastable rotator phase is shown here,
but similar diagrams may apply for the transitigmgolving two rotator phases. The barriers are
lower for transitions between phases which arectirally similar (e.g. Rto orthorhombic solid
phase or Rto triclinic solid phase).

(D) Effects of the drop size and cooling rate

The results from all our experiments showed that,af given surfactant and a given alkane,
bigger deformations are achieved with smaller drtgpland at lower cooling rates. Indeed, the
cooling of a mixed size population of drops ledd&formation onset at approximately the same
temperature, however, the smaller droplets evolaadh faster and further along the evolution path
before they froze.

The effect of drop size is related to the effectwivature on the energy of the plastic rotator
phase. As already explained, stable and metastatator phases with C16, C18 and C20 alkanes
were reported only in emulsion droplets, wherealy tnansient, very short-lived rotator phases
were reported for bulk alkanes of this moleculaesj71]. This means that the drop surface
curvature is essential to reduce the energy ofstoamation to these rotator phases, as shown in
Figure 16A. One could expect that the optimal curvature édator phase formation is close to that
of the spontaneously forming rod-like and fiberli&sperities, i.e. around 3 to 5 um in diameter for
the R, phase and below 1 um for the lower-temperatuggaophase (presumably:§.

Concerning the effect of the cooling rate, égure 9, it clearly shows that the rates used
(although being the slowest ever reported in sutldiess) are still too fast to allow the
establishment of a true equilibrium, especiallyigh aspect ratios when long cylinders and fibers
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are extruded from the drops. The main reasonshar@dculiar rheological properties of the plastic
rotator phases and the high aspect ratio of thelelo— the relaxation times for such systems could
be very long and the equilibrium might be difficolt impossible to achieve in the experimentally
accessible time scale. Therefore, we expect thatdilops would follow the entire path in the
evolution scheme, if cooled sufficiently slowly. the real experiments, however, the drops are
supercooled without being able to relax to the eepe equilibrium shape — as a result, the drops
end up being trapped and then frozen in a shapevaydalong the transformation scheme.

4.4. Critical comparison of our experimental resuls with the explanation assuming ultra-low
interfacial tension

At the end of the discussion section, let us mengioecent study [55], published soon after
our previous paper [43], and reporting similar afzagons with the system C16/4TAB, which we
did not specifically study. This system is very #ganto ours and, not surprisingly, many of the
experimental observations resemble those repontedfi [43] and in the current study. However,
the major points in the mechanistic explanatiothefobserved phenomenon, proposed in ref. [55],
differ qualitatively from our explanations. In pattlar:

(1) Ultralow interfacial tensiony(« 1 mN/m) was reported by Guttman et al. [55] atgeratures
below the freezing temperature of the surfactasogation layer. Even temporary negative
tension was proposed to explain the formation dflikke asperities.

(2) Guttman et al. [55] did not consider the posshilior formation of rotator phases in the
hexadecane drops. Instead, the measured ultrakanwdoial tension was used to explain that
there should be a very small or non-existent enpepalty for increasing the surface area of
the droplets.

(3) The observed drop deformations were explained with assumed tendency of the frozen
surfactant monolayer to acquire a flat shape. rigiliof the spherical drops with flattened
facets of frozen surfactant layer was assumedptagxthe formation of icosahedral droplets at
the onset of drop deformation.

Because the experiments in ref. [43] are performél different substances, we would not
perform an exhaustive analysis of the differencatsvben the various systems we studied and the
system studied in ref. [55]. Instead, we demonstizlow that the explanations, proposed by
Guttman et al. [55] for their system, could notlexpthe phenomena observed in our experiments:

Interfacial tension. We measured the interfaciaien of a large number of systems, using a
drop shape analysis of pendant drops, immersedriaciant solutions, in the temperature range in
which the drop deformations were observed. We meexer observed ultra-low interfacial tension
(lower than ca. 1 mN/m) like that reported in [8b] — seeFigure 19 with illustrative data for two
of the samples studied. Furthermore, our measursneérihe interfacial tension of such drops did
not show any specific kink in the curvgd) around the onset temperature of drop deformafign,
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— seeFigure 19 This lack of correlation betwegiiT) and Ty indicates that the drop deformation
may start with the formation of a local surface lrus, without a complete pre-freezing of the
adsorption layer that would be detected by the @enhdrop method. Furthermore, the formation of
such surface nuclei and/or their further developm o a bulk rotator phase should be easier for
the smaller droplets with higher surface curvatums, evidenced by the fact that the large
millimeter-sized pendant drops do not deform attémeperatures, at which the micrometer droplets
have evolved deep into the self-shaping phenomenon.

The fact that the platelets transform immediatelgkoto spherical drops upon droplet breakup
in most experiments (séédeo 3), is another direct proof that the platelets do mave ultralow
interfacial tension. Note that the drop breakupYideo 3 occurs most probably via puncturing in
the platelet central region (where the thinnest pathe platelets is formed) which is not seen in
this movie, but is well seen in other systems —esgd-igures 12and13. Furthermore, the initial
circular shape of the holes formed in this prodssgFigure 13A for example), is another proof
that the interfacial tension is not ultra-low irefle systems. The hexagonal shape of the holes, like
those shown ifrigure 13B develops afterwards, as rods of plastic phase fortine region of high
interfacial curvature at the hole periphery.

Therefore, we could not explain the observed changénh the ultralow interfacial tension,
with the “tiling hypothesis”, and with the bendingpment of the surfactant monolayer (it is far too
weak), as proposed in ref. [55].
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Figure 19. Interfacial tension as measured by the pendanp danethod, as a function of
temperature, for hexadecane drops immersed inghecais solutions of two different surfactants,
as indicated in the figure. The experimental emodetermining the interfacial tension 4s0.1
mN/m. The vertical dashed line denotes the meltamt for hexadecane (), which coincides
with the initial droplet deformation temperature foese surfactant3{= T, + 1°C, explained also
in Table 4).
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Formation of cylindrical asperities. The formatiohcylindrical borders of the platelets and
of the rod-like asperities shows clearly that orgtems exhibit a spontaneous curvature with radius
in the micrometer range. The assumption for then&dion of flat interfaces, proposed by Guttman
et al. [55], could not explain the formation of thieserved cylindrical objects.

Many of the observed bodies appear as rather-stfée for example owideo 4 which
shows the collisions of expanding cylindrical ro#¢e have not been able to measure directly the
stiffness of these objects yet, but the lack ofodehtions upon their collisions shows that these
rods do not have ultralow interfacial tension andesak bending moment — otherwise they would
be much more flexible.

Based on the above arguments we conclude that xperimental results could not be
explained by the assumptions made in ref. [55].

5. Conclusions.

More than 60 different combinations of organic ldgiand surfactants were investigated
(seeTables 1, 3 and Sito clarify the mechanism of the drop “self-shagirphenomenon,
described in ref. [43]. The main conclusions frdms study could be summarized as follows:

We show for the first time that this phenomenopassible not only with linear alkanes but
also with a wide range of other organic molecutepresenting the classes of long-chain alcohols,
triglycerides, alkyl cyclohexanes, and linear lem&s. This newly demonstrated variety of
chemical systems, exhibiting this phenomenon, hmthe possibility that it might be much more
general than initially thought [43] — the drop ‘fsghaping” spectacle might be typical for various
classes of chemicals which contain a sufficienting linear chain in their molecules and
appropriate packing dimensions.

All systematically studied alkane systems follovtkd general evolution scheme shown in
Figure 3. The main differences were in the onset tempezadfirdrop deformation, drop freezing
temperature, and the final drop deformation in thement of solidification. The drop-shape
evolution is more pronounced for smaller drops,dowooling rates, and for longer surfactant alkyl
tails compared to the oil alkane chain. These gdniends are explained by considering the
properties of the rotator phases, formed in alldioes.

Surfactants affect the overall process in threenmagpects: (a) the temperature at which the
shape transformations start; (b) the final aspeiod of the frozen particles; and (c) the appeaanc
of rods or fibers with micrometer or sub-micrometkameter, respectively. Depending on the
surfactant and cooling rate, one or another branclthe evolution could occur with higher
probability. On this basis, one can classify afl urfactants studied into four groups, as shown in
Table 4and explained in sections 3.4 and 4.3.
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The obtained results are important for severalaeseareas. First, we have demonstrated
that a remarkably simple chemical system (alkammp,ddecorated with an appropriate long-chain
surfactant) may show complex structure and shagesfiormations, similar to those observed in
living organisms. Second, the use of appropriatéastants and cooling rates could be the key for
driving the observed processes into a desired tihrecThird, the subtle interplay between the
molecular self-assembly into cylindrical plasticaghs, and the effects of frustrated confinement,
interfacial tension and surface curvature resuttdmplex elasto-capillary transitions, governed by
the laws of tensegrity, and provide a unique tamt-Wor studying these and other related
phenomena. Fourth, the method could be applied/mthesize a large variety of particles with
complex shapes, especially when combined with atiethods for particle synthesis. The fact that
this self-shaping phenomenon occurs with functiomallecules, such as alkenes and alcohols,
allows one to use chemical reactions for polyméioraof the deformed droplets and/or surface
modification of the obtained solid particles.
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Figure captions

Figure 1. (A) Schematic presentation of the cooling chambede of aluminum, with cut optical
windows, used for microscope observation of the Ision samples. (B) The emulsions studied
were contained in glass capillaries with rectanguleoss-section, placed in the thermostatic
chamber and observed through the optical windowk [4

Figure 2. Sample images, used in the study of the kinefickap shape evolution. The white lines
or curves represent the measured “length” of tlog dn a given moment of the experiment. As a
measure of drop deformation, we use the aspeotA&i lengthtly,. Scale bars, 20 um.

Figure 3. General evolution scheme for the drop-shape tramsfbons upon cooling of micrometer
sized hydrocarbon drops, dispersed in surfactaltisns, as observed with linear alkanes. The
scheme is adapted from ref. [43] and expanded bjdmg new information from the current
study. Rotator phasecRforms on the edges of the geometric shapes infitsie stage of the
evolution. In the second stage, rotator phage fRrms very thin (sub-micron) fibres from the
corners of larger structures, see text for furthgranations.

Figure 4. Images of ensembles of several drop shapes, cdpiorg the evolution process shown
in Figure 3. (A) Hexagonal platelets; (B) Parallelograms; Bateria-like droplets with long tails;
(D) Fluid rods in coexistence with frozen paraligams of toroidal topology. The drops in (A), (B)
and (D) are from hexadecane, whereas the dropS)iare from pentadecane. The surfactant used
in (A) is CieSOrbEQy, in (B) and (D) GsSorbEQ, and in (C) GEO,o. Scale bars, 50m.

Figure 5. Panel of images of self-shaped deformed drops fooganic liquids with different
molecular structures. (A) 1-heptadecene; (B) lsmoe; (C) pentadecylcyclohexane; (D) tri-
tetradecylglyceride; (E) 1-decanol. The drops fr@wD) are dispersed in solution of§S0rbEQg
nonionic surfactant, (E) in nonionicg4EO,o. Scale bars, 10 pm.

Figure 6. Pictures of solid particles obtained with diffiereeombinations of oils and surfactants:
(A) C20/G6EOy,, (B) C16/GeSOrbEQy, (C) C16/GeEO,. Scale bars, 50 pm.

Figure 7. (A) Evolution of C14 (green squares), C16 (rec¢les) and C17 (blue triangles) drops
with di;; = 31 pm in G¢EO, solution, at a cooling rate of 0.43 K/min. (B) fies of frozen
particles of C16 and C17, and two images (at loared higher magnification, respectively) of a
C14 drop, discharging thin long threads. Note ties conical tips on the drop surface from which
the threads are extruded. Scale bars, 20 um.

Figure 8. (A) Typical pictures from the moment just befoneaf freezing of hexadecane droplets,
stabilized with GgEO,y surfactant, for initial drop diameted; 31 um. The experiments are
carried out at different cooling rates, as indidata the pictures. (B) Pictures of the respective
frozen particles, obtained from the droplets shawff). Scale bars, 5Am.

Figure 9. Evolution of the shape of C16 drops.(¢ 31 um) in aqueous solution ofgEOy. (A)
Drop length, as a function of time of drop deforimat (B) Aspect ratio as a function of time. (C)
Aspect ratio as a function of the sample tempeeatMtomentt = O corresponds to the first drop-
shape transformation detected. The last (largeiz&) points in the respective curves represent the
drop deformation just before drop freezing.
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Figure 10.(A) Deformations of droplets of C16 ingSorbEQg solution, cooled at a cooling rate of
0.44 K/min. The drops have different initial drdpes as shown on the curveB) Deformations of
C16 droplets in gSorbEQy solution, but at a cooling rate of 0.16 K/min. Tineet microscope
images show deformed drops of different initialndeger,diy;.

Figure 11. (A) Comparison of the individual droplet deformatipnachieved from two
monodisperse emulsions with drop diamedgr ~ 31 + 3 um, stabilized by &GSorbEQ, and
C16EOy, as a function of the sample temperature. Coaobitg is 0.16 K/min. (B) Final aspect ratio
in the moment just before drop freezing, for dropleith diameted;, ~ 31 + 3um, which are
cooled at different cooling rates and stabilized/agious surfactants.

Figure 12.Images of (A, C) fluid and (B,D) frozen hexadecadneplets, stabilized by two different
surfactants, both with well visible frames of cyiical rods along the edges of the hexagons,
stabilized by (A,B) GsSorbEQp and (C,D) GsEO,. Scale bars, 2(m.

Figure 13.Images of flattened torroidéluid drops, with a hole in their central region, staat by

(A) C16SorbEQq and (B) G¢EO,. These holes confirm the liquid nature of the riote the rigid
outside frame of the shapes, and are different filmerholes that form upon freezing of the shapes
into crystals (e.g. Figure 12D). Scale barsufr0

Figure 14. Schematic presentation of the mechanism of therebd phenomenaAj Triangular
platelet with protruding rods; (B) Cross-sectioraafod with an external cylindrical shell of plasti
rotator phase (red region) and inner liquid corelléyv region); (C) Cross-section of the platelet
body with plastic rotator phase at the plateletigtery (red region) and liquid interior (yellow
region); and (D) Interdigitated arrangement of thefactant molecules (black tails) and alkane
molecules (in red) in the surface layer, templafingher ordered alkane layers (adapted from ref.
[43]).

Figure 15. Schematic presentation of the molecular packin@\)npseudo-hexagonal rotator phase
Ri; (B) orthorhombic solid phase; (C) rotator phase &d (D) triclinic solid phase. All phases are
lamellar, with molecules directed perpendiculady B) or tilted (C, D) to the lamellar planes. The
molecules in the non-frozen phases (A, C) have sootational freedom along the longest
molecular axis. All these phases were reportedhferalkanes in the range studied here, except for
the rotator phase\Rwhich was reported for longer alkanes only (C238) 2o far.

Figure 16. Energy diagrams for the liquid (L), solid (S) aratator phases (R) involved in the
observed phase transitions, wit® denoting the energy difference with respect tortiiator phase
Rci. (A) The energy of the rotator phase decreaseqithis formed next to a curved interface
which makes the cylindrically packed version of theator phase & more stable than the solid or
liquid for temperatures nedg, (B) From the experimental results one can dednaettvo rotator
phases are involved in the drop shape transitidespted as & and Ry. The intersections are
approximate and are drawn in a way to allow repcotty the observed phase transitions, which
start at different temperatures with the variousastant types, cf. with Table 4 and Figure 17.

Figure 17. Arrows showing the phase paths upon emulsion rgplin the presence of stable
intermediate rotator phasegRand Ry, drop deformation starting at temperatlig and drop
freezing at temperatur€. (A) Minimum energy path L Rc—»Rcy— S, corresponding to drop
deformation starting afy > T, and corresponding to surfactants frgnoup A in Table 4. (B)
Evolution path for drop deformation starting &t= T, (group B). (C) Evolution path for drop
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deformation starting aty < Tr, (group C). In (B) and (C) supercooling in the transition- Rg
occurs, while the overall sequence of transitienhé same as in (A). (D) direct solidification-IS
after large supercoolingoup D).

Figure 18. Energy diagram, illustrating the possibility farmation of a metastable phase, when
the barrier to nucleate it is lower, compared ® Ilarrier to nucleate and reach the globally stable
state for a given temperature. The case of stathie and metastable rotator phase is shown here,
but similar diagrams may apply for the transitiamgolving two rotator phases. The barriers are
lower for transitions between phases which arecsirally similar (e.g. Rto orthorhombic solid
phase or Rto triclinic solid phase).

Figure 19. Interfacial tension as measured by the pendanp danethod, as a function of
temperature, for hexadecane drops immersed ingheaoas solutions of two different surfactants,
as indicated in the figure. The experimental emodetermining the interfacial tension 4s0.1
mN/m. The vertical dashed line denotes the melgomt for hexadecane ), which coincides
with the initial droplet deformation temperature foese surfactantd{= T+ 1 °C, explained also
in Table 4).

Tables:
Table 1. Structural formulas of the non-alkane organic phatedied.

Table 2. Properties of the non-alkane organic phases stydexddecane is presented for
comparison).

Table 3.Properties and structural formulas of the surfastased (all characteristics are taken from
the descriptions provided by the surfactant protk)ce

Table 4. Groups of surfactants with respect to their effacthe drop “self-shaping” phenomenon
for hexadecane (see text for explanations).
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Highlights

- 5 classes of molecules, over 60 oil/surfactant combinations exhibiting self-shaping

- The role of surfactant structure packing for templating new phases upon cooling

- Molecular classification of four families of surfactants with corresponding behaviours
- Mechanistic role of a previously unknown second plastic crystal phase

- Coherent explanations of the above effects, based on thermodynamic principles



