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Revealing the chemical and physical mechanisms underlying symmetry breaking and 

shape transformations is key to understanding morphogenesis
1
. If we are to synthesize 

artificial structures with similar control and complexity to biological systems, we need 

energy- and material-efficient bottom-up processes to create building blocks of various 

shapes that can further assemble into hierarchical structures. Lithographic top-down 

processing
2
 allows a high level of structural control in microparticle production but at 

the expense of limited productivity. Conversely, bottom-up particle syntheses
3-8

 have 

higher material and energy efficiency, but are more limited in the shapes achievable.  

Linear hydrocarbons are known to pass through a series of metastable plastic rotator 

phases before freezing
9,10

. Here we show that by using appropriate cooling protocols, we 

can harness these phase transitions to control the deformation of liquid hydrocarbon 

droplets and then freeze them into solid particles, permanently preserving their shape. 

Upon cooling, the droplets spontaneously break their shape symmetry several times, 

morphing through a series of complex regular shapes owing to the internal phase-

transition processes.  In this way we produce particles including micrometre-sized 

octahedra, various polygonal platelets, O-shapes, and fibres of submicrometre diameter, 

which can be selectively frozen into the corresponding solid particles. This mechanism 

offers insights into achieving complex morphogenesis from a system with a minimal 

number of molecular components. 

We illustrate the capabilities of this new approach by using droplets of different linear 

hydrocarbons with 14–20 carbon atoms (namely from tetradecane to eicosane). The alkanes 

were pre-dispersed as droplets in 1.5 wt% aqueous surfactant solution, which can afterwards 

be transformed into a variety of solid particles with different shapes through the choice of 

appropriate surfactants and controlled cooling rates (Fig. 1 and Extended Data Fig. 1). Figure 

2 shows how the choice of surfactant can influence the particle shape and aspect ratio. Upon 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Apollo

https://core.ac.uk/display/83938144?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.nature.com/nature/journal/v528/n7582/abs/nature16189.html#videos


N. Denkov, S. Tcholakova, I. Lesov, D. Cholakova, S. K. Smoukov Nature 2015, 528, 392-395. 

 DOI: 10.1038/nature16189 

 

Page 2 of 16 

freezing, many of the obtained thin, high-aspect-ratio structures develop a puncture hole in 

their interior, due to the volumetric shrinkage accompanying solidification. 

 

 

 

 

 

 

 

 

 

 

Figure 1 Schematic of the shape transformations observed during cooling of emulsion 

droplets of pure hydrocarbons in water, in the presence of 1.5 wt% surfactant. a, Under 

slow cooling the spheres transform consecutively into regular octahedra, hexagonal platelets, 

triangular (or tetragonal) platelets, platelets with long asperities and, eventually, thin fibres. b, 

Under moderate cooling the droplet surface corrugates and forms a hexagonal platelet with 

protrusions, before forming the regular hexagonal platelet. c, Hexadecane liquid droplets in 

Brij 58 solution at different stages. d, Solid particles with different shapes, obtained at 

appropriate cooling rates. Scale bars, 20 m. 

 

Our experiments show that the drop-shape transformations and the final shape of the 

frozen particles depend most importantly on three factors: surfactant type, cooling rate, and 

initial droplet size. We outline the main effects of these control factors and, afterwards, we 

explain the basic mechanism of the drop shape evolution. 

Surfactants are amphiphilic molecules with a hydrophilic head-group (ionic or non-

ionic) and hydrophobic alkyl chain. While only two of our surfactants were ultra-pure (CTAB 

and C14H29SO4Na with purity >99%), our experiments with more than ten surfactants of all 

types (anionic, cationic and non-ionic) showed the same general sequence of shape 

transformations (Fig. 1). These transformations occurred only when the surfactant chain 

length was similar to or longer than the length of the hydrocarbon molecules in the droplets. 

Such long-chain surfactants can freeze in the adsorption layer on the drop–water interface, 

or 
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before the freezing of the alkane in the droplet interior
10

, and thus have a critical role in the 

formation of drops with non-spherical shapes. The use of surfactants with shorter chain 

lengths led to drops freezing into spherical solid particles, without any peculiar shape 

transformations. 

The rate of cooling is another crucial factor in the observed phenomenon. Upon slow 

and moderate cooling rates (below about 4 K min
−1

), the spherical hydrocarbon drops undergo 

a series of shape transformations. Figure 1 illustrates the case of hexadecane drops in water 

containing 1.5 wt% of the non-ionic surfactant Brij 58. Initially, the spherical drops transform 

into regular octahedra (regular polyhedra whose surface is shaped by eight triangular facets) 

that then transform into flat platelets with a hexagonal base. Upon further cooling, these 

hexagons transform either into triangular or tetragonal platelets, the ratio of which depends on 

the surfactant, the cooling rate, and the initial size of the droplets. Subsequently, rod-like 

asperities with diameters of around 5 m appear and grow into long filaments from the 

platelet tips. Finally, if the cooling is sufficiently slow (less than 0.5 K min
−1

), these asperities 

elongate further to form very thin fibres with diameters of around 0.5 m. When the cooling 

rates were varied between 0.01 and 2 K min
−1

, each transformation took between 30 s and 

several minutes (see Supplementary Video 1). Depending on the cooling rate, the drops 

freezing into solid particles occurred at different stages of this evolution path—slower cooling 

led to freezing at a later stage. Thus, using an appropriate intermediate cooling rate, we could 

transform an intermediate drop shape into a solid frozen particle with the same shape (Figs 1 

and 2; alternatively, one can apply step-acceleration cooling to freeze the deformed drops). 

For example, using Brij 58 as surfactant, at 0.2 K min
−1

 cooling with 30 µm droplets, we 

obtained 25 ± 5% triangles and 75 ± 5% rhomboids that evolve into rod-shape particles and 

then finally into fibres, as determined from observations of over 100 droplets in more than 10 

independent experiments. For comparison, when using 10 µm droplets with Tween 60, at 

0.2 K min
−1

 cooling, we could yield more than 90% rod-shape particles. 

Drop size was another important factor. The images shown in Figs 1 and 2 are 

obtained with drops of initial diameter around 20 m. Very similar results were obtained with 

drops of diameter between 1 and 50 m. At low cooling rates (0.01–2 K min
−1

), both small 

and large drops evolved in shape when appropriate surfactants were used. However, at higher 

cooling rates the big drops tended to freeze into spherical solid particles without shape 

transformations, while the smaller drops readily evolved in shape. Thus we could induce 

shape transformations of drops with diameter 1–50 m in a wide range of cooling rates (0.01–
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2 K min
−1

). Note that the small droplets with micrometre size are involved in intensive 

Brownian motion that, however, does not suppress the shape transformations. The 

investigation of submicrometre droplets was postponed for a separate study because the 

observation of their evolution requires much more sophisticated experimental methods. 

 

 

 

 

 

 

 

Figure 2 Choice of surfactant and cooling rate can determine particle shape and aspect 

ratio. a–e, Microscope images of deformed liquid droplets (top) and of the solid particles 

obtained from these droplets (bottom), upon cooling of hexadecane-in-water emulsions, 

stabilized by various surfactants: a, b, Tween 60; c, d, Tween 40; e, Brij 78. The numbers 

indicate the aspect ratio. The aspect ratio of the various shapes along the drop evolution 

(compare with Fig. 1) depends on the specific surfactant used to stabilize the drops. Scale 

bars, 20 µm. 

 

The observed numerous shape transformations are surprisingly governed by a single 

mechanism. It was deduced from the experimental observations described earlier as follows.  

The requirement for a long surfactant-chain length indicates that the shape 

transformations are triggered by the freezing surfactant adsorption layers, formed on the 

hydrocarbon–water interface. Numerical estimates described later demonstrate that these 

adsorption layers do not possess a sufficiently high bending moment to deform the 

hydrocarbon drops. Therefore, before freezing, the formation of mesomorphic hydrocarbon 

phases, just inside the surface of the liquid drops, is required to trigger the observed 

transformations. Indeed, the drop-shape transformations start around the freezing temperature 

of the bulk hydrocarbon phase transition (18 °C for hexadecane). In this temperature range, 

linear hydrocarbons form so-called ‘rotator’ mesomorphic phases, which represent a class of 
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plastic phases in which the molecules possess long-range translational order, yet rotate freely 

around their long axis
9,10

. Owing to their positional long-range order, the rotator phases 

generate non-isotropic elastic stresses, which are sufficiently high to deform liquid drops, 

overcoming their interfacial tension
11

. 

Images of deformed drops clearly illustrate the elastic nature of the liquid material 

confined inside the drops (Fig. 3 and Supplementary Video 2). For non-elastic materials, the 

long filaments growing from the tips of the triangular platelet shown in Fig. 3a would be 

unstable and should break into small spherical droplets through so-called ‘Plateau–Rayleigh’ 

capillary instability, under the action of capillary pressure, which destabilizes cylindrical 

liquid jets
12

. The angular doughnut-shaped droplets, shown in Fig. 3b, would also be unstable 

in shape, unless the drop material possesses elasticity to counteract the capillary pressure, 

forcing the common liquid drops to acquire a spherical shape. 

 

 

 

 

 

 

 

Figure 3 Illustrative examples of liquid drop shapes that would be unstable in the 

absence of elastic properties of the fluid drop material. a, Image of a triangular platelet 

with very long cylindrical asperities, protruding from the platelet tips. b, Image of rhomboid-

shaped liquid drops, some with a hole in their centre, a shape clearly not governed by surface 

tension only. Such images prove that the fluiddrops contain plastic phases, while still 

containing liquid inside (the oval shape in the puncture determined by surface tension). The 

coloured, bottom-most shape is the only one frozen. Scale bars, 50 µm. 

 

The simplest possible explanation of the observed non-spherical drops could be that 

the rotator phases, structured inside the entire volume of the drop interior, create high elastic 

stresses that deform the drop surface. However, some of our results contradict this simplest 

explanation. For example, the optical microscopy observations of the liquid droplets of 

various shapes under cross-polarized light showed only faint colours, in contrast to the 

a b 
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characteristic intense colours that are typically observed for thick non-isotropic liquid crystal 

layers
13

. If the interior of the deformed liquid drops were entirely filled with an anisotropic 

plastic phase, the liquid drops would have appeared more coloured in cross-polarized light. 

We do observe the appearance of beautiful intense colours, but only in the moment of 

complete freezing of the droplets, indicating the formation of crystal domains in the frozen 

particles (Figs 1 and 2).
 

From these results we concluded that the freezing surfactant adsorption layer induces 

the formation of a thin layer of a hydrocarbon plastic rotator phase of thickness hPL, adjacent 

to the drop surface, which in turn, drives the observed drop-shape transformations (Fig. 4). 

Surface-induced formation of liquid crystal phase layers has been observed previously
14,15

 

and, as shown later, such plastic interfacial sheets possess a sufficiently large bending 

moment, able to counteract the effects of the hydrocarbon–water interfacial tension that 

enforces the spherical shape of the common liquid drops. Being submicrometre in thickness, 

these sheets appear only with faint colours in cross-polarized light
16

, just as observed in our 

experiments. 

 

 

 

 

 

 

 

 

 

Figure 4 Schematic presentation of the drop-shape deformation mechanism, driven by 

the formation of interfacial plastic phases. a–c, Cross-sections of a platelet-shaped particle 

with protrusions (a) are shown in (b, c). In the presence of appropriate surfactant, thin plastic 

phases (brown regions) with thickness hPL, bending elasticity constant KB and characteristic 

curvature of the shaped droplet edges, r , form at the hydrocarbon–water interface, adjacent to 

the surfaces with high curvature. The low-temperature-induced, highly curved plastic phases 

form an energetically favourable expanding frame at the drop edges, which drives the 

observed shape transformations. For clarity, the figure is not to scale. 
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The thickness of these plastic interfacial sheets, hPL, could be estimated by considering 

the balance of the bending and surface area energies of the drop surface. The surface area 

energy is represented by the interfacial tension, , which was measured to be between 5 and 

10 mJ m
−2

 for the surfactant-containing systems studied. The bending energy per unit area of 

the hydrocarbon–water interface could be estimated
17,18

 as EB ≈ KB/r
2
, where KB is the 

bending elasticity constant and r ≈ 1 m is the observed characteristic curvature of the shaped 

droplet edges. Such stable, highly deformed droplets could be formed only if the highly 

curved phases are energetically favourable, and if EB is comparable or bigger than the surface 

tension  (both measured in J m
−2

), which would pull the surface back to the lower spherical 

curvature. This leads to the minimum estimate for KB ≈ 10
14

 J, a value much higher than the 

known
17,18

 bending constants of frozen lipid bilayers or surfactant adsorption monolayers, 

KB ≈ 10
18

 J. Taking into account
18

 that KB is proportional to hPL
2
, we estimate that 

hPL ≈ 300 nm for the observed deformed drops. Similar values of hPL were reported in 

independent experimental studies
14,15

 for surface-induced liquid crystal sheet phases. As 

already explained, the bending forces resulting from h ≈ 1.5–3 nm for surfactant monolayers 

and lipid bilayers
17,18

, and the respective bending moment of KB ≈ 10
18

 J, are far too weak to 

deform liquid drops for the interfacial tension values measured in our systems. 

The elastic layers seem mostly localized at the shape edges and are characterized also 

by their ‘spontaneous curvature’
17,19

, that is, the curvature that the interface would acquire if 

no other forces (besides the local intermolecular forces) were involved. All our observations 

show that the shape transformations are driven by the growth of edges with high spontaneous 

curvature (small radius of curvature) in one direction, thus forming cylindrical structures in 

the drop edges. These energetically favourable, cylindrical plastic crystal phases grow in 

length, thus forming elastic frames that overcome the interfacial tension and stretch the 

droplets to flatter shapes with high aspect ratios. Indeed, as illustrated in Fig. 3 and 

Supplementary Video 2, upon puncture, the inside of the rhomboid liquid droplets acquire the 

minimum circumference dictated by interfacial tension, while preserving intact the outside 

shaped frame. Figure 1 and Supplementary Video 1 show how the plastic crystals grow and 

disproportionate into different straight edges to form droplet shapes with longer and longer 

circumferences, until finally forming highly elongated drops and thin fibres of radius less than 

0.4 m. Such fibres contain all the material in a single ‘edge’ region, probably all composed 

of a rotator phase and providing an estimate for the spontaneous curvature of these phases. 
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Our observations with droplets of several linear hydrocarbons show that no specially 

designed molecules are needed to observe this drop ‘self-shaping’ phenomenon. By selecting 

hydrocarbons with appropriate chain length, we varied the temperature range for the liquid 

drop transformations: the tetradecane drops had non-spherical shapes in a range of 0 to 3 °C, 

hexadecane drops in a range of 9 and 18 °C, and eicosane drops in a range of 30 to 35 °C. 

The growth of smectic liquid crystalline fibres in CTAB solutions above the critical 

micellar concentration has previously been observed
20,21

. However, in these papers only one 

type of structure was observed (rod-shaped particles) whereas we are able to produce particles 

with a wide variety of shapes in a controlled manner. The drop-shape sequence of 

transformations we observe is much richer and probably different in mechanism from those 

observed previously
20,21

. Also, hexagonal drop shapes of lyotropic liquid crystal phases have 

been observed before
11

. However, the full array of complex shapes shown in Figs 1 and 2, and 

the possibility of transforming between them and of capturing them in a frozen state, are 

novel (see also Extended Data Figs 1 and 2). 

Our approach can be used to produce ‘shape-on-demand’ particles, noting that high-

aspect-ratio micro/nanoparticles show preferential internalization in tumour cells
22

 and that 

tissue/organ uptake can be shape specific
23

. A combination with microfluidic techniques
6,24,25

 

seems particularly suitable to explore the full range of such opportunities and the self-shaping 

method’s governing mechanism of symmetry breaking. By controlling the local temperature 

profile in the microfluidic channel, custom shaped particle populations or mixtures of specific 

shapes and various sizes could be produced. The obtained shaped particles and fibres could be 

used to build hierarchical structures or as sacrificial templates for the production of porous 

materials with complex morphologies. 

We report a novel bottom-up mechanism for morphogenesis and an energy- and 

material-efficient method for the formation of micro- and nanoscale liquid drops and solid 

particles with complex shapes. The ability of a single fluid phase to form spontaneously the 

wide variety of shapes we report could decrease the perceived informational complexity of 

many structures
26

. This shape-shifting is probably used in nature, it is of clear relevance to the 

emerging field of active matter, and is expected to be applicable to other rotator-phase- and 

plastic-phase-forming molecules and biomolecules. 

The morphogenesis mechanism we present is expected to stimulate research in a 

number of fields, as the observed phenomena combine several active research areas, such as 

capillarity and elasticity, liquid crystal and plastic phases in confined spaces, and surface and 
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bulk nucleation. The process is probably a good platform for investigating phase equilibria, 

the role of confinement and the melting of two-dimensional crystals, as well as the interplay 

between liquid crystal defects and surface bending elasticity resulting in shape changes
27,28

. It 

is of particular interest for elucidating novel mechanisms of symmetry breaking that 

contribute to understanding the fundamental processes of morphogenesis. 
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METHODS 

The alkanes (>99% purity) were purchased from Sigma-Aldrich, and further purified 

by passing several times through columns of Florisil to remove the polar components. In the 

absence of surfactant, hydrocarbon–water interfacial tension was measured to be always 

above 50 mN m
−1

 as known for pure alkanes. The hydrocarbon–water interfacial tension 

(water containing 1.5 wt% surfactant), , was measured by drop-shape analysis (instrument 

DSA100 by Krüss) to be in the range between 5 and 10 mN m
−1

 for all surfactant systems 

studied, in the entire range from room temperature down to the temperatures of drop 

deformation and freezing. 

The original hydrocarbon-in-water emulsions were prepared by membrane 

emulsification with 2, 3, 5 or 10 µm pore-size glass membrane (SPG) in 1.5 wt% solutions of 

Brij 58 (Fig. 1), Tween 40, Tween 60 or Brij 78 (Fig. 2 and Extended Data Fig. 1), CTAB 

(Extended Data Fig. 1) or other surfactants (images not shown). All surfactants were chosen 

to be water soluble with high hydrophilic–lipophilic balance (HLB >14), so the surfactant 

would be almost exclusively in the water phase. Extended Data Table 1 summarizes the HLB 

values. 

The emulsion cooling was realized in rectangular glass capillaries with length of 

50 mm, width of 1 mm and height of 0.1 mm, enclosed within a custom-made metal cooling 

chamber, with optical windows for microscope observation (Extended Data Fig. 4). The 

chamber temperature was controlled by cryo-thermostat (Julabo CF30) and measured close to 

the emulsion location, using a calibrated thermo-couple probe with an accuracy of ±0.2 °C. 

The optical observations were performed with Axioplan and AxioImager M2.m 

microscopes (Zeiss) in transmitted, cross-polarized white light, with included compensator 

plate situated after the sample and before the analyser, at 45° with respect to both the analyser 

and the polarizer. Long-focus objectives ×20 and ×50 were used. The drop diameter was 

determined from microscope images. 

The average ‘height’ of the deformed drops was calculated by dividing the total 

volume of the drop (calculated from the radius of the initial spherical drops) by the projected 

area of the non-spherical drop shapes, measured from the microscope images. In this way the 

aspect ratios, shown in Figs 1 and 2, were determined. 
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Supplementary Videos 
 

Supplementary Video SV1. Video with the shape transformations of hexadecane-in-water 

drops, stabilized by the nonionic surfactant Brij 58 and cooled with rate of 0.4 K/min. This 

video illustrates the drop-shape evolution shown in Figures 1 and 2. 

 

Supplementary Video SV2. Video with the shape transformation of hexadecane-in-water 

drops, stabilized by the nonionic surfactant Tween 60 and cooled with rate of 0.4 K/min. This 

video demonstrates the formation of doughnut-shaped drops which could exist only if the 

drops contain liquid-crystalline material with certain elastic properties. 

 

Extended Data Figures 

 

Extended Data Figure 1 Solid particles with various shapes. a–h, The shapes were 

obtained by freezing of deformed hexadecane (a–d), heptadecane (e), tetradecane (f), or 

eicosane (g, h) drops in emulsions, stabilized by 1.5 wt% of different surfactants: a, non-ionic 

Tween 60; b, c, non-ionic Brij 78; d, cationic CTAB; e, f, non-ionic Tween 40; g, h, Brij 78. 

Scale bars, 20 µm. 
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Extended Data Figure 2 Snapshot images of multiple hexadecane particles, obtained in 

1.5 wt% solutions of various surfactants. a–h, Tween 60 (a–e), Brij 58 (f) and Tween 40 

(g, h). a–d, Consecutive images from the evolution of emulsion droplets stabilized by 

Tween 60. e, Rod-like particles before freezing. f, Frozen triangular particles. g, Frozen 

tetragonal platelets. h, Frozen toroidal particles. The initial drop sizes of the particles are 

indicated on the pictures. Cooling rates are 0.5 K min
−1

, except for h, 2 K min
−1

. 
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Extended Data Figure 3 Images proving that the deformed drops are still fluid. 

Extending drops collide with each other and bend, as shown with the black arrow. Images of 

hexadecane drops in 1.5 wt% aqueous solution of Brij 58, cooled with rate of 1 K min
−1

. 

 

 

Extended Data Figure 4 Experimental setup. a, Schematic presentation of the cooling 

chamber with optical windows, used for microscope observation of the emulsion samples. b, 

The studied emulsions are contained in glass capillaries, placed in the thermostatic chamber 

and observed through the optical windows. 

Extended Data Table 1 Hydrophilic–lipophilic balance values of the used non-ionic 

surfactants 
 

 
 
 

 

 

 
 
 

HLB, hydrophilic–lipophilic balance. 
 
 

Surfactant HLB value 

Brij 58 15.7 

Brij 78 15.3 

Tween 40 15.5 

Tween 60 14.9 
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Appendix 1: Estimates of the energy balance upon drop deformation due to plastic layer 

formation: 

 

The formation of thin plastic phase at the drop surface and the concomitant drop 

deformation are related to changes in the drop free energy which might be estimated as 

follows: 

The increase in the drop surface area, A, leads to an increase of the total drop surface 

energy ES = A, where  is the interfacial tension. For simplicity here we assume that 

interfacial tensions of liquid oil-water and plastic phase-water interfaces are equal and neglect 

the interfacial tension between liquid oil and plastic phase. On the other hand, the formation 

of a thin plastic layer in the drop interior is a phase transition with an energy change of EPL 

= NPLµ0 = (VPL/vM)µ0, where NPL is the number of hydrocarbon molecules included in the 

plastic phase which, in turn, can be found as a ratio of the volume of the formed plastic layer, 

VPL, and the molecular volume of the hydrocarbon molecules, vM. For undercooled drops the 

change in the standard chemical potential of the hydrocarbon molecules upon the spontaneous 

phase transition from isotropic liquid into plastic phase, µ0 = µPL - µOIL, is a negative value. 

Therefore, the energy gain in the process of formation of the plastic phase is the one that 

compensates the expansion of the drop surface area and the related increase of the drop 

surface energy. 

From the observed drop shapes we could estimate the molecular energy gain of plastic 

phase formation, µ0, in the systems studied. Upon flattening of a spherical drop with an 

initial radius R into a circular platelet with a thickness around 2r, where r is the characteristic 

radius of curvature of the platelet edges, one can estimate the radius of the formed platelet, RP, 

from the drop volume conservation. For simplicity in calculations, we present them for a disk-

shaped platelet with large aspect ratio, viz. with r/RP <<1. The estimates for other shapes of 

the deformed droplets are straightforward and lead to a different numerical pre-factor without 

changing the estimated order of magnitude and the conclusions. 

From the drop volume conservation we estimate RP as follows:   

 

(4/3)πR
3
  2πrRP

2
  hence  RP  (2R

3
/3r)

1/2
 

 

Thus one can estimate the increase of the drop surface area upon platelet formation: 

   

A  2πRP
2
 + 4πrRP - 4πR

2
  4πR

2
(R/3r - 1) 

 

where the assumption for a platelet with high aspect ratio, r/R << 1, was used. 

As explained in the text and illustrated in Figure 4, plastic layers are formed only in 

the regions with high curvature. For the platelets these regions are located at the platelet 

perimeter only. Therefore, the volume of the formed plastic layer could be estimated as 

 

VPL   2π
2
rRPhPL 
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where hPL is the thickness of the plastic layer formed. By comparing the surface energy loss 

with the plastic formation energy gain we can estimate the value of µ0 which is able to bring 

about the observed shape transformations: 

 

A  (VPL/vM)µ0 

 

hence 

 

µ0  2R
2
(R/3r - 1)vM/(πrRPhPL) 

 

Taking typical values of R = 5 µm, r = 1 µm, RP = 9 µm, hPL  0.3 µm,  = 10
-2

 J/m
2
, vM  

5×10
-28

 m
3
 (for hexadecane), one estimates  

 

µ0  -2×10
-23

 J  -0.005 kT 

 

where kT is the thermal energy. 

In a more formal and less physically transparent way, one can made the same estimate 

by considering the identity between the surface bending energy per unit area, introduced in 

the main text, EB  KB/r
2
, and the corresponding plastic phase formation energy which (per 

unit area of the drop surface) is estimated as µ0hPL/vM. Thus one estimates     

 

µ0  -KBvM/r
2
hPL  -2×10

-23
 J  -0.005 kT 

 

where the bending energy was assumed to be  10
-14

 J  for the reasons explained in the main 

text.  

Note that µ0 has both enthalpic and entropic sub-components. The entropic 

component is negative upon phase transition which increases the molecular order, as for the 

liquid-rotator phase transition, studied in our experiments. Therefore, the entropic component 

opposes this phase transition. A negative enthalpic component, which is bigger in magnitude 

than the entropic component, is needed to counterbalance the entropic component and to 

induce such a phase transition. Each of the enthalpic and entropic components is of the order 

of kT around the liquid-rotary phase transition, as measured by DSC
1
, whereas the estimated 

small value of  -0.005 kT is the difference between these two components, needed to 

compensate for the increased surface area of the deforming droplets. 

Let us emphasize that the above estimates are approximate and they aim only to 

demonstrate that the energy gain due to plastic phase formation is sufficient to explain the 

observed shape transformations. More complete analysis of the energy changes in the studied 

systems is postponed for a following, more detailed study.   
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