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Out-of-equilibrium molecular systems hold great promise as dynamic, reconfigurable matter that 

executes complex tasks autonomously. However, translating molecular scale dynamics into 

spatiotemporally controlled phenomena at mesoscopic length scales remains a challenge. In living 

cells, reliable positioning processes such as the centering of the centrosome involve forces that result 

from dissipative self-assembly. We demonstrate how spatiotemporal positioning emerges in synthetic 

systems where self-assembly is coupled to molecular fluxes originating from concentration gradients. 

At the core of our system are millimeter long self-assembled filaments and Marangoni flows induced 

by non-uniform amphiphile distributions. We demonstrate how repulsive and attractive forces that 

are generated as filaments organize between source and drain droplets sustain autonomous 

positioning of dynamic assemblies at the mesoscale. Our concepts provide a new paradigm for the 

development of non-equilibrium matter with spatiotemporal programmability.  

Living matter is driven by well-regulated systems of chemical reactions that coordinate self-

assembly, process information and transmit signals to organize cellular components in time and space.1  

Functions that emerge from these systems offer great inspiration for the design of self-organizing systems 

that display behavior such as motion2–5, pattern formation6 or complex shape transformations.7–10  Whereas 

the molecular assembly of static, equilibrium structures is now well-understood, it is clear that the 

development of functional matter with life-like features requires a paradigm where molecules are guided 

along their assembly pathways under out-of-equilibrium conditions.11–18  In nature, for example, the 

construction of the cellular cytoskeleton shows how coupling of molecular assembly to dissipative chemical 

reactions leads to self-organization: microtubuli only appear within a time- and space frame that integrates 

tubulin activation, (de)polymerization and diffusion rates.19  This concept has inspired the temporal 

programming of synthetic analogues, varying from 1D nanofibers to macroscale gels that form and fall 

apart as dictated by the kinetics of the underlying chemical reactions.20–26 

Spatial programmability in self-organizing systems, however, is more challenging to establish, 

especially if one aims to translate interactions at the (supra)molecular level into spatiotemporally controlled 
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phenomena at mesoscopic length scales.  Typically, spatial control in synthetic systems involves external 

stimuli that contain spatial information, such as concentration gradients27, external fields28–30 or localized 

photo-control.31  Nature, however, demonstrates how spatial self-organization emerges from the bottom-

up: multiple dissipative assembly and diffusion steps together constitute complex positioning processes of, 

for example, the centrosome – involved in chromosome segregation during cell division.32  In synthetic 

systems, reaction-diffusion33 and convection34 have been identified as driving forces in the emergence of 

spatial patterns from initially homogeneous conditions.  Although the complexity of these features is far 

from the complexity found in nature, these results exemplify that fluxes that maintain concentration 

gradients serve as a means to coordinate spatial differentiation – prerequisite to obtain spatial self-

organization.  We reasoned that fluxes which coordinate the positioning of their own driving forces enable 

a general design principle to program positioning routines in molecular systems.  Here, we demonstrate 

how the coupling between self-assembly at the molecular scale and self-sustained fluxes resulting from the 

concentration gradients that evolve around the self-assembled features, enable autonomous positioning of 

dynamic assemblies in analogy to the centrosome.  

Marangoni flows lead to repulsive and attractive forces in a dissipative system 

The design of our system relies on the amphiphile tetra(ethylene glycol) monododecyl ether 

(C12E4OH), which undergoes molecular self-assembly and, at the same time, shows interesting surfactant 

release/depletion dynamics at air-water interfaces.  Linear amphiphiles such as C12E4OH are known to form 

a laminar phase of closely packed bilayers in aqueous solutions.35–37 At the edge of concentrated amphiphile 

droplets, the spaces in between these bilayers take up more water; the resulting pressure forces the packed 

bilayers to buckle and filaments, consisting of packed cylinders of amphiphile bilayers, grow at the 

boundary of the amphiphile droplet (Fig. 1a).  In literature, small angle X-ray scattering studies combined 

with freeze-fracture transmission electron microscopy on cross-sections have shown that these protrusions 

– also called “myelins” – consist of packed cylinders of amphiphile bilayers, separated by water with a 

spacing in the order of 10–100 nm.38,39  To initiate the assembly of C12E4OH into filaments, a 0.5 μL source 

droplet of 40 v/v% C12E4OH in a water/ethanol mixture was deposited on the air-water interface of an 

aqueous sodium alginate solution (see Methods).  Optical microscopy images reveal a blobbed surface of 

the droplet and after a few minutes multiple, approx. 10–50 μm thick filaments emerge, that grow in all 

directions and extend for several millimeters (Fig. 1b, Supplementary Movie 1).  As the amphiphile has a 

density < 1 g mL–1, the filaments float at the air-water interface.  Upon deposition of the droplet, the surface 

tension drops instantly from 72 mN m–1 (pure water) to 29 mN m–1 (Supplementary Fig. 1), indicating that 

individual amphiphile molecules are released from the source droplet. The surface concentration of these 
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amphiphiles approaches saturation, as a surface tension of 27 mN m–1 has been reported in literature for 

C12E4OH beyond its critical micelle concentration.40   

We observed that the initial decrease in surface tension reversed over time, when amphiphiles 

slowly dissolved into the underlying aqueous phase (Supplementary Fig. 1). This inspired us to introduce 

a drain droplet of a hydrophobic liquid that would deplete the amphipiles from the interface, thus setting 

up a permanent gradient in amphiphile distribution at the air-water interface. Hence, an out-of-equilibrium 

system with a stable Marangoni flow would be established.  When the rate of amphiphile release from the 

source (1) is larger than depletion at the drain (2), the Marangoni flow pushes the source and drain droplets 

apart (Fig. 1a bottom).  At the same time, the self-assembled amphiphile filaments are extruded from the 

droplet by the Marangoni flow towards the drain, and get absorbed by the drain droplet upon arrival (3, Fig. 

1a bottom). As can be seen in Fig. 1c (Supplementary Movie 2), filament absorption pulls the drain, a 

droplet of oleic acid with sodium oleate, towards the source, which means a net force is exerted on the drain 

droplet during absorption.  As we will show below, matching the rates of processes 1–3 results in dynamic 

self-positioning of the source and drain droplets.   
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Fig. 1 | Marangoni flows and filaments direct positioning.  a, In the source droplet (red sphere), C12E4OH forms 

closely packed bilayers.  At the droplet boundary, the amphiphiles take up water (light blue), the packed bilayers 

buckle and form filaments consisting of bilayers, as schematically represented in the top left.  Concomitantly, 

individual amphiphile molecules are released form the source to the air-water interface, and subsequently deplete at 

the drain (orange sphere), such that a Marangoni flow emerges that pushes the drain and source droplets apart 

(bottom left, 1, 2).  The drain is however pulled back to the source upon absorption of the filaments (bottom right, 

3). A dynamic organization emerges when the repulsive (Marangoni flow) and attractive forces (filament 

absorption) match.  b, Optical microscopy images of filament extrusion from the amphiphile source droplet floating 

at an aqueous sodium alginate solution.  The left scale bar represents 200 μm; the right scale bar 1 mm.  c, Upon 

filament absorption, the drain droplet is pulled towards the source – positioned in the bottom with respect to the area 

featured in the microscopy images.   The left scale bar represents 1 mm.  

 

Balancing the repulsive and attractive forces 

 To assess how this Marangoni flow relies on both the rates of amphiphile release from the source 

droplet and depletion at the drain droplet, we developed a kinetic model that predicts the surface tension 

when both an amphiphile source droplet and a drain droplet are present at the air-water interface.  In the 

model (schematically presented in Figure 2a and elaborated in the Methods Section), As equals the density 
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of amphiphiles present in the source droplet and filaments, Γ the density of amphiphiles present as surfactant 

at the air-water interface, θ the density of vacant sites at the air-water interface, Ad the density of 

amphiphiles in the drain and Am the density of amphiphiles dissolved in the underlying aqueous phase, 

respectively – all densities (in mol cm–2) are averaged over the whole area.  The irreversible release of 

amphiphiles from source droplet and filaments to the air-water interface is described with rate constant k1 

(reaction 1 in Fig. 2a); the irreversible depletion at the drain with rate constant k2 and rate equation dΓ/dt = 

–k2·(Γ – Γeq) (reaction 2); and the depletion from the air-water interface to the underlying aqueous phase 

with rate constant k3 and equilibrium constant K3 (reaction 3).  The surface tension value is derived from 

the amphiphile density at the air-water interface via the Frumkin adsorption isotherm.40   

Simulations provided us with deeper insight into how the different processes affect the self-

organization.  As shown in Figure 2b, the surface tension is predicted to drop from 72 mN m–1 to 28 mN 

m–1 when the amphiphile source droplet is applied at t = 0 s.  Deposition of a drain droplet at t = 10 min 

switches k2 = 0 (no drain) to k2 > 0 (drain effective).  When the amphiphile depletion at the drain outpaces 

the release of new amphiphiles from the source, that means: k1·As·θ < k2·(Γ – Γeq), a new steady state sets 

in at a higher surface tension value.  This fast amphiphile depletion results in a strong Marangoni flow 

towards the drain (regime 1 in Fig. 2c), which was observed when oleic acid was deposited as a drain: the 

surface tension increased, the drain instantly attracted filaments and pulled the droplets together, leading to 

merging of source and drain within a few seconds (Fig. 2d, Supplementary Movie 3, Supplementary Fig. 

2).  These observations suggest that a stable self-organization of source and drain droplets requires a 

reduced uptake of amphiphiles at the drain, such that k1·As·θ > k2·(Γ – Γeq) and the surface tension remains 

constant after deposition of the drain.    

To reduce the amphiphile depletion rate (i.e. k2), we included sodium oleate (10 wt%) in the oleic 

acid drain.  Upon deposition, the surface tension remained constant, indicating that the amphiphile release 

from the source was faster than the depletion at the drain, i.e. k1·As·θ > k2·(Γ – Γeq) (Supplementary Fig. 2). 

As a result, the Marangoni flow pushed the drain away from the source, following regime 2 (Fig. 2e, 

Supplementary Movie 3).  However, when the drain was deposited such that it hit a number of filaments 

originating from the source, the filaments tethered to the drain (regime 3).  Upon absorption of these 

filaments, the drain was kept in position and the droplets maintained a center-to-center separation of 1-4 

mm over the course of more than 1 hour, while filaments were slowly transferred from source to drain (Fig. 

2fg, Supplementary Fig. 3, Supplementary Movie 3).  Together, these results demonstrate that if k1·As·θ > 

k2·(Γ – Γeq) and the filaments tether to the drain, the positioning of free-floating source and drain droplets 

is maintained by the balance between i) the Marangoni flow which pushes the drain away, and ii) the 

absorption of filaments, which causes the drain to be pulled along these filaments toward the source.    
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Fig. 2 | Droplet positioning relies on balanced rates of amphiphile release, depletion and filament absorption. 

a, Kinetic model, describing 1) the release of amphiphiles from the source (red sphere) to the air-water interface, 2) 

depletion of amphiphiles at the drain (orange sphere), and 3) depletion of amphiphiles to the underlying aqueous 

phase.  b, Simulations of surface tension kinetics upon deposition of the source and drain droplets.  The surface 

tension increases only if the uptake of amphiphiles at the drain outpaces the release of amphiphiles from the source 

(blue curve).  c, Three different regimes can be classified: d, In regime 1, the drain (asterisk) merged with the source 

droplet.  e, In regime 2, the drain was slowly pushed away from the source.  f, In regime 3, the filaments connected 

the source to the drain, such that it was kept in position.  g,  Time-dependent center-to-center source-drain distance: 

the green curve corresponds to the experiment shown in (e); the purple curve to the experiment shown in (f) and the 

grey curves to separate experiments performed under similar conditions (Supplementary Fig. 3). The scale bars 

represent 1 mm. 
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Autonomous positioning of multi-droplet systems  

To demonstrate how the well-balanced coupling between self-assembly and gradient-driven 

molecular fluxes in regime 3 drives autonomous positioning, we established the positioning of a free-

floating source droplet in a ring of fixed drain droplets – resulting in assemblies that self-organize in analogy 

to the centrosome.  The drain droplets were positioned at the tips of six pins, hexagonally positioned on a 

5.8 mm diameter ring placed in the aqueous solution.  When the source droplet was deposited, it moved 

around and occasionally bounced into one of the drains. However, when long filaments started to grow, 

tethering of filaments to the drains aided in the positioning of the source droplet, which maintained its 

position within the hexagon over the course of more than 1 hour (Fig. 3a-d, Supplementary Movie 4, 

Supplementary Fig. 4).  When no drain droplets were deposited at the pins, the source droplet moved out 

of the hexagon (Fig. 3cd, Supplementary Fig. 5).  Together, these results imply that the Marangoni flow 

drags the filaments towards the drains.  Potentially, this flow also drags the source altogether towards one 

of the drains. However, when tethering of filaments to all drains has been established, drag of the source 

towards one drain is inhibited by its connection to the other drains.  The robustness of this self-positioning 

was exemplified by depositing a new source droplet in the hexagon.  The filaments expelled the new droplet 

from the hexagon, allowing the original system to recover (Fig. 3e, Supplementary Movie 5).  
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Fig. 3 | Autonomous positioning of dynamic assemblies in a ring of drain droplets.  a, Optical microscopy 

recording of a free-floating source droplet self-positioning in between six drain droplets that were placed at the tips 

of hexagonally positioned pins – as indicated by the orange spheres in the left pane.  b, Schematic representation of 

the process: The Marangoni flow towards the drains moves the source droplet around (top pane), and drags the 

filaments towards the drains (bottom pane).  c, Upon tethering to the drains, the filaments stabilize the positioning of 

the source droplet (top pane), whereas in the absence of drain droplets (bottom pane) the source droplet moves out 

of the hexagon.  d, Time-dependent distance between the source droplet center and the hexagon center.  The red 

curve corresponds to the experiment shown in (a), the grey curves correspond to separate experiments performed 

under similar conditions (Supplementary Fig. 4).  The blue curve corresponds to the experiment that was conducted 

without drain droplets (Supplementary Fig. 5)  e, The filaments of the central source droplet expelled a new source 

droplet (indicated with #) that was deposited in the hexagon at t’ = 0 s. The scale bars represent 1 mm. 
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Finally, we studied how Marangoni flow and filament self-assembly coordinate complex 

positioning in situations where all elements are mobile, i.e. free-floating.  When a drain droplet was 

deposited in between two source droplets of pure C12E4OH, filaments from both sources were observed to 

grow toward the drain, and mediate the positioning of the droplets, as shown in Figure 4a (Supplementary 

Movie 6).  Positioning follows the steps schematically outlined in Figure 4b-f:  First, the opposing 

Marangoni flows from both sources repel the drain droplet from both sources (Fig. 4b). As the drain starts 

to “eat” the filaments that have arrived at the drain, it draws itself along these filaments to the respective 

source (Fig. 4c).  As the drain gets closer to the source, more filaments tether to the drain: the capacity of 

the drain to absorb these filaments (mainly absorbing on one side of the drain) however is limited and hence, 

the growing filaments push the source away from the source (Fig. 4d).  In the meantime, filaments that 

grow from the opposite source droplet arrive and tether to the backside of the drain (Fig. 4e).  Their 

absorption causes the drain to be pulled back, such that it positions itself in between the source droplets 

(Fig. 4f).  The resulting self-organization remained stable over >5 hours (Supplementary Fig. 6); NB the 

increased filament density was obtained by increasing the C12E4OH content to 100% in the source droplets.  

Importantly, the positioning relies on the balance between repulsion and attraction.  When larger 

amounts of sodium oleate were included in the oleic acid drain (15 wt%, 20 wt%, Supplementary Fig. 7), a 

smaller number of filaments tethered to the drain, indicating that sodium oleate suppresses the capacity of 

the drain to attract and absorb filaments. Furthermore, when two drain droplets (10 wt% sodium oleate in 

oleic acid) were deposited in between the sources, instead of one, the overall filament absorption capacity 

increased and the drains ended up in a position much closer to the first source – comparable to the situation 

in Fig. 4d.  An increase in the amount of sodium oleate led to a positioning of the two drain droplets further 

away from the sources, corroborating that the reduced absorption capacity decreased the attractive forces 

(Supplementary Fig. 8).  To assess the versatility of this positioning mechanism, we deposited a drain 

droplet off-centered to the source droplets.  As shown in Figure 4g (Supplementary Movie 7 and 

Supplementary Fig. 9), even though the Marangoni flows initially repelled the drain away from both source 

droplets, tethering of the filaments drew the drain back such that it, ultimately, ended up in between both 

source droplets – in analogy to the mechanism outlined in Figure 4b-f.  
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Fig. 4 | Capture and positioning of droplets by balancing Marangoni flow and absorption of filaments. a, 

Optical microscopy recording of a drain droplet (indicated by orange sphere) positioning in between two source 

droplets (indicated by red spheres).  b-g, Proposed mechanism that mediates the positioning: b, The Marangoni 

flows repel the drain (orange) from the two sources (red).  c, The drain “eats” the filaments, and gets pulled along 

these filaments toward the source where these filaments originate from.  d, The large amount of filaments tethered to 

the drain, which has a limited overall filament absorption capacity, inhibits the drain to stay too close to the source.  

e, Filaments that originate from the other source arrive and tether to the backside of the drain.  f, Absorption of 

filaments from both directions mediates positioning of the drain in between both sources.  g, After deposition of the 

drain droplet off-centered to the two source droplets, absorption of filaments drew the drain towards the top source.  

Subsequently, upon tethering of filaments from the bottom source, the drain was positioned in between the two 

source droplets.  The scale bar represents 2 mm.      

a 

g 
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Conclusion 

We have demonstrated a system that displays mesoscale self-organization, driven by self-sustained 

out-of-equilibrium fluxes of amphiphiles that mediate the positioning of their origin.  On the one hand, 

Marangoni flows push source and drain droplets apart when the rates of amphiphile release and depletion 

from the air-water interface match. At the same time, the amphiphile molecules self-assemble into filaments 

which grow along these flows and tether the drain to the source, such that pushing flows and tethering 

assemblies together keep the droplets in position and self-organization is sustained.  

Concentration gradients offer a general design principle to provide spatial differentiation at 

mesoscopic length scales. We note that droplet-based systems – often in combination with dynamic 

nanostructures such as surfactants, nanoparticles or non-equilibrium assemblies – are gaining popularity as 

a platform to explore the emergence of complex, collective behavior in multi-component systems, with 

interest varying from origin-of-life contexts41,42 to multiphase reactors43, sensors44,45, reconfigurable 

objects46,47, optics48 and maze solving.49,50  The concept of self-assembling, wire-like structures that are 

transferred amongst droplets and concomitantly aid in their positioning can become useful in scenarios 

where transfer of signals adds programmable coordination in self-organization behavior.  Additional 

feedback mechanisms, e.g. by delivering chemicals that enhance or counteract a local depletion of 

surfactants, might enable autonomously operating systems that form and re-wire connections along 2D 

substrates – opening new possibilities in dynamic, smart materials.  
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Methods 

Materials. Tetra(ethylene glycol) monododecyl ether (≥ 98.0%) was purchased from Sigma-Aldrich and 

Santa Cruz Biotechnology Inc. (Dallas, TX). Sodium alginate and (+)-sodium L-ascorbate (≥ 99.0%) were 

purchased from Sigma-Aldrich, oleic acid from Fisher Chemical (≥ 70.0%) and Fluorochem (95%), ethanol 

(absolute for analysis) from Merck and sodium oleate (95%) from ABCR GmbH (Karlsruhe, Germany). 

All materials were used as received. 

Source and drain solutions. The amphiphile source solution was prepared by mixing 40 v/v% 

tetra(ethylene glycol) monododecyl ether C12E4OH, 15 v/v% ethanol and 45 v/v% water (unless stated 

otherwise).  The drain solutions of oleic acid with sodium oleate were prepared upon dissolving sodium 

oleate in oleic acid upon sonication.  The sodium alginate solution was prepared by dissolving sodium 

alginate in water (6.25 mg/mL).  For the experiments that involved a drain droplet, also (+)-sodium L-

ascorbate (3.4 mg/mL, 17 mM) was included in the sodium alginate solution.  

Study self-organization with microscopy. Optical microscopy images and movies were acquired with an 

Olympus IX71 dark field inverted microscope equipped with a Phantom Vision camera, and an Olympus 

IX73 dark field inverted microscope equipped with a Point Grey Grasshopper3 camera. A 2x objective was 

used, unless stated otherwise.  The frame rate was chosen appropriately; movies over the time course of 

approx. 1 hour were acquired at a frame rate of 1 fps.  The composed microscopy image in Fig. 4a was 

assembled manually.  To follow the positioning of the free-floating source and drain droplets over time 

(Fig. 2g and Fig. 3d), we analyzed the movie frames using Matlab (R2017a) and assessed the position of 

the circular droplets using the imfindcircles function.   

To initiate the growth of the filaments, the amphiphile solution was deposited with a Gilson pipette at the 

interface of the sodium alginate solution in a polystyrene petridish (lid of a Falcon 35 mm dish, diameter 

38 mm, height 4.5 mm, used as received).  In order to prevent the droplet from moving towards the solution 

meniscus at the edge of the petridish, the petridish was filled completely with sodium alginate solution, 

such that a convex air-water interface was formed (5.5 mL, solution height 4.85 mm).  Prior to the 

deposition of the amphiphile droplet, the surface tension of the sodium alginate solution was decreased by 

adding a trace amount of amphiphile solution to the interface.  All experiments were performed at room 

temperature, as a minimum temperature of approx. 20 °C has been reported in literature for the laminar 

phase of C12E4OH, which is required to form the filaments (ref. 35).  The formation of the laminar phase of 

C12E4OH in our experiments was verified by the opaque appearance, to the naked eye, of the C12E4OH 

droplet after deposition at the sodium alginate solution.  
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In the experiment shown in Fig. 1b, 0.5 μL of the amphiphile solution was deposited.  The images shown 

in the left were acquired at a larger magnification (10x objective); to keep the amphiphile droplet in position 

while acquiring those images, the droplet (1.0 μL) was positioned at a metal pin (folded paperclip, diameter 

0.75 mm) that was inserted in the sodium alginate solution.  In the experiment shown in Fig. 1c, 0.5 μL of 

the amphiphile solution as well as 0.5 μL of the drain solution (10 wt% sodium oleate in oleic acid) was 

deposited at the sodium alginate solution. 

In the experiment shown in Fig. 2d, 0.5 μL of the amphihile solution was deposited, and 0.5 μL oleic acid.  

In Figs. 2e and 2f, 0.5 μL of the amphihile solution was deposited, and 0.5 μL of the drain solution (10 wt% 

sodium oleate in oleic acid).  

In Fig. 3, a 3D printed hexagon (see Supplementary Fig. 4, 3D printed via fused filament technique using 

polylactic acid, inner ring diameter 5.8 mm, pin height 5.2 mm, pin thickness 1.8 mm) was placed in the 

petri dish.  The sodium alginate solution was applied such that the hexagon pins were touching the air-water 

interface and the air-water interface formed a concave meniscus at the hexagon pins.  Then, the surface 

tension of the sodium alginate solution was decreased by touching the interface with a pipette tip with 

amphiphile solution; the drain droplets (1.0 μL, 10 wt% sodium oleate in oleic acid) were deposited at the 

tips of the pins, and the amphiphile solution (1.0 μL) was deposited in the center of the hexagon. 

In the experiments shown in Fig. 4, first two 1.0 µL droplets of pure amphiphile were deposited 

simultaneously at the sodium alginate solution, using a Gilson 8-channel multipipette. After 25 seconds, 

1.0 µL of the drain solution (10 wt% sodium oleate in oleic acid) was deposited at approximately equal 

distance to both source droplets (in the center of both source droplets for Fig. 4a; off-centered to both source 

droplets in Fig. 4g).  The optical microscopy images were acquired at 1.25x magnification. 

Surface tension experiments. The surface tension kinetics (Supplementary Figs. 1 and 2) were acquired 

using a KSV Instruments LTD surface tensiometer that measures the force exerted by the air-water 

meniscus on a platinum Wilhelmy plate (19.62 mm x 10 mm) inserted into pure MQ water.  For the 

experiment shown in Supplementary Fig. 1, first a Teflon Langmuir-Blodgett (LB) trough (7.5 cm x 32.5 

cm) was cleaned upon subsequent rinsing with water, ethanol and water, and drying using pressurized 

nitrogen.  Next, the through was filled with MQ water, and the barriers of the LB-setup were closed slowly 

in order to compress a monolayer of potential contaminants occupying the air-water interface.  Next, the 

upper layer of the water in between the barriers was removed upon suction, new water was added from 

behind the barriers to substitute the removed water, and the barriers were opened again.  The Wilhelmy 

plate was cleaned with water and ethanol, flamed until red hot, and inserted into the water, such that the 

water wetted the plate and formed a meniscus.  The surface tension was set at 72 mN m-1 for pure water, 
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and after two minutes, the amphiphile solution was deposited at the air-water interface, ca. 10 cm away 

from the Wilhelmy plate.  For the experiments in Supplementary Fig. 2, where the surface tension kinetics 

were followed upon successively depositing an amphiphile source droplet and a drain droplet, polystyrene 

petridishes (Falcon, diameter 35 mm, height 9.5 mm, used as received) were filled with 5 mL MQ water 

(solution height 5.2 mm).  The droplets were deposited such that they moved towards the meniscus at the 

edge of the petri dish, and did not get into contact with each other.   

Kinetic model to simulate surface tension kinetics. The kinetic model that predicts the surface tension 

during the self-organization process involves the irreversible release of the amphiphile from the source 

droplet to the air-water interface with rate constant k1 (reaction 1 in Fig. 2a), the irreversible depletion of 

amphiphile at the drain droplet with rate constant k2 (reaction 2) and the reversible depletion of amphiphile 

from the air-water interface to the bulk phase of the aqueous solution with rate constant k3 and equilibrium 

constant K3 (reaction 3).  We simulated the density of amphiphile present as individual surfactant at the air-

water interface (Γ), based on which we computed the surface tension value (vide infra).  Furthermore, As 

equals the density of amphiphiles present in both the source droplet as well as the filaments, θ the density 

of vacant sites at the interface, and Am the density of amphiphiles in the bulk phase of the aqueous solution.  

All density parameters are in mol cm-2, and averaged over the whole area: our model does not involve 

spatial specification.   

Based on the reaction equations presented in Fig. 2a, we obtain the following rate equations: 

�1�     ���
��    =   −�� · �� · �               amphiphile in source droplet and filaments 

�2�     ��
��      =   −�� · �� · � + �� · � − ��� · �� · � + ���� − ����                             vacant sites at interface 

�3�     ��
��      =   �� · �� · � − �� · � + ��� · �� · � − ���� − ����                  amphiphile at air-water interface 

�4�     �� 
��   =   �� · � − ��� · �� · �                           amphiphile in aqueous medium 

  

To compute the surface tension γ (in mN m-1) based on Γ, we used the Frumkin isotherm, as reported by 

Hsu et al. (ref. 40): 

�5�    " =  "# + 10% · �&'( )*+ ,1 − �
�-

. − /
� , �

�-
.�0              Frumkin isotherm 
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Here, γ0 represents the surface tension of the clean air-water interface (72 mN m-1 for pure water); R the gas 

constant, T the temperature (T = 293 K), K the adsorption cooperativity factor (K = 1.875) and Γ∞ the 

maximum surface concentration (Γ∞ = 4.663·10-10 mol cm-2).40  

To simulate the surface tension kinetics, we defined the starting values for As, θ, Γ and Am. Initially, all 

amphiphiles are present in the source droplet, implying that As(t = 0) can be derived from the volume of the 

amphiphile source droplet and the area of the air-water interface, and Γ(t = 0) = 0 and Am(t = 0) = 0.  The 

density of vacant positions available at the air-water interface was derived from literature data on the 

equilibrium density of amphiphiles present at the air-water interface just beyond the critical micelle 

concentration (cmc).  Based on the Frumkin isotherm, and data reported by Hsu et al (ref. 40), we derived  

θ(t = 0) = 4.44·10-10 mol cm-2.   

The simulations shown in Fig. 2b were performed with k1 = 9.6·107 cm2 mol-1 s-1; k3 = 1.2·10-2 s-1;  

K3 = 1.1·10-9 mol cm-2; Γeq = 4.33·10-10 mol cm-2 and As(t = 0) = 5.42·10-8 mol cm-2.  For the regime where 

k1·As·θ < k2·(Γ – Γeq), the simulation was performed with k3 = 5 s-1; for the regime where k1·As·θ >  

k2·(Γ – Γeq), the simulation was performed with k2 = 0.05 s-1.  At t = 10 min, i.e. right before the transition 

from k2 = 0 to k2 > 0, As = 5.06·10-8 mol cm-2; θ = 1.09·10-12 mol cm-2 and Γ = 4.43·10-10 mol cm-2.  Hence, 

k1·As·θ = 5.29·10-12 mol cm-2 s-1. With k2 = 5 s-1, k2·(Γ – Γeq) = 4.79·10-11 mol cm-2 s-1 and with k2 = 0.05 s-1, 

k2·(Γ – Γeq) = 4.79·10-13 mol cm-2 s-1. These values imply that for both regimes, the given inequalities are 

met.   

 


