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Abstract

Assemblies of nanoparticles (NPs) at liquid interfaces hold promise as dynamic

“active” systems when there are convenient methods to drive the system out

of  equilibrium  via  crowding.  To  this  end,  we  show  that  oversaturated

assemblies of  charged NPs can be realized and held in that state with an

external electric field. Upon removal of the field, strong interparticle repulsive

forces  cause  a  high  in-plane  electrostatic  pressure  that  is  released  in  an

explosive emulsification.  We quantify  the  packing of  the assembly as  it  is

driven  into  the  oversaturated  state  under  an  applied  electric  field.

Physiochemical  conditions  substantially  affect  the  intensity  of  the  induced

explosive  emulsification,  underscoring  the  crucial  role  of  interparticle

electrostatic repulsion. 

Keywords:  out-of-equilibrium  assembly  •  nanoparticle-surfactants  • in-situ

small-angle X-ray scattering • explosive emulsification • liquid/liquid interface

Introduction

Out-of-equilibrium self-assembled structures underpin many “active” systems

that mimic living systems1-4.  Many intricate structures and functions within

living organisms are a result of non-equilibrium assemblies on length scales

ranging  from  the  molecular  to  cellular  levels5-7.  However,  unlike  self-

assembled systems at  equilibrium,  where  thermodynamic variables  dictate

the packing and saturation conditions, out-of-equilibrium assemblies can be

kinetically  trapped  in  states  or  structures  well-below  or  well-above  the
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equilibrium saturation point. 

Out-of-equilibrium self-assembled  structures  can  be  generated  through

the use of an external field. The field may be in the form of a time-varying

temperature, or the use of an applied field, e.g., an electric  8-11/magnetic12-14

field, light3, 15, 16, chemical fuel17, or fluid flow18-20, that forces a non-equilibrium

packing  of  the  assembly.  Depending  on  the  components  comprising  the

assembly, the spatial arrangements of the components in the non-equilibrium

assembly can impart properties or functions far different from the assembly at

equilibrium. Subsequent to the removal of the field, the system attempts to

relax to the equilibrium state, but how rapidly this relaxation occurs will be

system- and condition-dependent. If non-equilibrium assemblies are vitrified

or jammed21, 22, relaxation is markedly slowed or arrested. If non-equilibrium

assemblies  are  ordered  or  there  are  strong  interparticle  interactions3,

relaxations can also be exceedingly slow. 

To realize the out-of-equilibrium assemblies at the interface, one needs to

first control the adsorption of NPs to the immiscible liquid/liquid interface and
prevent aggregation-induced irreversible close packing. Diffusion-driven23 and

ethanol-induced24-26 adsorption  to  the  liquid  interface  are  among  the  most

widely  used strategies.  Spontaneous  self-assembly  is  the  most  convenient

method, however, this approach has often led to inhomogeneous ordering of

NPs as well as the appearance of void areas with low area coverage ratio23.

Here,  we  exploits  the  electrostatic  interactions  between  the  charged  NPs

dispersed in the aqueous phase and surfactants dissolved in the other liquid

phase,  along  with  complementary  counterions  forming  the  nanoparticle-

surfactants (NPSs)21, 22, it has been discovered that NPs can create a densely

packed 2D film at the liquid/liquid interface27. This arrangement allows for the

adjustment of interparticle interactions by modulating the electrostatic forces

between them simply through the addition of electrolytes28, pH adjustments29,

30,  or concentration changes31. This method is readily accessible to achieve

dense  packed  NPs  assemblies  at  the  liquid/liquid  interface  and  does  not

depend  on  the  incorporation  of  low-dielectric  solvents.  Therefore,  in  this

manuscript, we adopted this method to facilitate the spontaneous adsorption

of NPs at a water/oil interface.  

When NPs are oversaturated at an interface due to the application of an

external field, their stability post-field removal is influenced by their binding

energy to the interface and their interactions with each other. Usually, NPs

have a  low binding energy,  leading to  their  ejection from the interface to

alleviate stress32. Previous studies have reported that voltage-tunable charged

NPs array at liquid/liquid interface could create an electro-tunable quasi-two-

dimensional  plasmonic  platform  by  adjusting  its  packing  density  at  the

interface.32-34 The application of an electric field can either drive these charged

NPs toward the interface or pull them away, dependent on the orientation of

the  field.  At  the  interface,  a  potential  energy  well  compels  the  NPs  to

overcome electrostatic repulsion among themselves, thereby elevating their
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reversible packing density. However, by attaching ligands to form NPSs, this

binding energy increases, preventing ejection and arresting the system in a

jammed non-equilibrium state.21,  22,  35 If  the  NPSs  are  charged,  the  strong

interparticle  electrostatic  repulsion  leads  to  explosive  emulsification  after

rapid field removal36.  Here, the rapid ejection of  hundreds of  thousands of

charged  microdroplets  decorated  with  a  jammed  layer  of  NPSs,  forms  a

charged plume that propels the parent droplet by electrostatic forces, turning

it into an "active droplet"37. 

To better understand the behavior of NPS assemblies, it is important to

link their macroscopic behavior to nanoscopic structure. Due to the small size

of  NPs,  the  available  experimental  techniques  for  in-situ  investigation  of

assemblies  at  liquid/liquid  interfaces  are  limited.  Liquid  cell  transmission

electron microscopy offers one method, but it is hindered by the requirement

of thin liquid layers and difficulties in applying a field38. Open cell scanning

electron microscopy can detail NP or NPS assemblies on a surface, but cannot

easily  access  a  liquid/liquid  interface39,  40. The  Surface  enhanced  Raman

scattering (SERS) signal of the molecules near the gold NPs (Au NPs) allows

for  the  detection  and  identification  of  molecular  species  at  very  low

concentrations41,  42,  but  it  is  limited  to  only  detect  a  target  with  Raman
signals43-45.  UV-vis  measurement  can  extract  NP spatial  information through

localized plasmon coupling between the NPs, yet its sensitivity diminishes at

greater interparticle distances46-48.  In-situ grazing incidence small-angle X-ray

scattering, however, is ideally suited to characterize the in-plane and out-of-

plane packing of NPS assembled at a fluid-fluid interface.27, 49-53 

Here,  in-situ X-ray  scattering  is  used  to  elucidate  the  NPS  packing

microstructure at a water/toluene interface under an applied electric field in

real time (Fig. 1(a)). The distance between NPSs is found to decrease with

external  electric  field  intensity  as  the  NPS  packing  densifies  until

oversaturation. The balance between electrostatic repulsion between NPSs at

the interface and their response to the applied field determines the level of

oversaturation and the intensity of the explosive emulsification realized after

field removal. Increasing ligand concentration intensifies this emulsification,

especially  under  alkaline  conditions.  However,  if  ligand  concentration

surpasses a threshold, oversaturation of  the NPSs cannot be achieved and

only spontaneous emulsification is found. 

Results and Discussions
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FIG 1. (a) In-situ X-ray scattering experiments on NPS assemblies at the water/oil bilayer

interface while subjected to an external electric field. (b) Interfacial tension IFT vs interface

aging time measured by the pendant drop tensiometry under no field. The concentration of

Au NPs is 3.6 nM and that of the PS-triNH2 is 1 mg mL–1. (c) 1D X-ray scattering spectra of

bulk  oil,  bulk  Au NPs  phase and interfacial  region of  a  water/toluene bilayer.  (d)  Time

evolution of the structure factor, S(q), of the bilayer interface packed Au NPSs monolayer at

different aging time without an electric field. (e) The relationship between the mean peak

position,  q*, and center-to-center interparticle distance,  d, between the NPSs with time.

The inset shows the 2D X-ray scattering signal obtained from an interface laden with Au

NPs after aging for 20 min.  

Fig.  1(a)  illustrates  the  in-situ X-ray  scattering  measurements  on  a  dense

assembly of spherical Au NPs at a water/toluene bilayer interface with/without

an external electric field. A planar interface is prepared between an aqueous

dispersion  of  carboxyl-functionalized  Au  NPs  and  a  toluene  solution  of  ω-

(diethylene  triamine)-terminated  polystyrene  (PS-triNH2)  that  is  used  to

facilitate  the  adsorption  of  the  NPs  to  the  interface.  PS-triNH2 possesses
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several  pKa  values,  approximately  at  4,  7.5,  and  10,  attributable  to  its

triamine structure, and the carboxylic acid-functionalized Au NPs display a pKa

value at approximately 5. At a neutral pH of 7, the majority of the carboxylic

acids on the surface of the NPs are deprotonated, rendering the NPs strongly

negatively charged (Fig. S1). Surfactant molecules spontaneously adsorb to

the interface to reduce the interfacial tension (IFT) (Fig. S2), which shows an

increase as the pH rises due to the reduced protonation at higher pH levels.

Concurrently,  the amine groups within the ligand become protonated upon

contact with the interface, leading to the acquisition of a positive charge. The

strong electrostatic interactions between the negatively charged Au NPs and

the cationic surfactant, PS-triNH2, leads to a substantial enhancement in the

binding energy per NP by anchoring the NPs to the absorbed ligands at the

interface, which facilitates the densification of the assembly and reduces the

IFT substantially (Fig. 1(b) and Figs. S2–S3). All the IFT data mentioned in this

paper is measured by the pendant drop tensiometry. 

Absent an external field, it is observed that the IFT of the interface decorated

with NPSs is gradually decrease with time, and the change in the IFT should

be directly related to the packing density of the NPSs at the interface. The IFT

initially shows a rapid decrease (<12 min), as the NPSs form and assemble at

the interface. It then shows a more gradual decrease (12–28 min), as more

NPSs  form  and  assemble  at  the  interface,  where  the  amount  of  space

remaining at the interface is reduced and the adsorption is slowed. Further

reorganization of the NPSs at the interface due to interparticle interactions,
e.g., capillary forces54-56, that densifies the assembly further give rise to the

step decrease in the IFT (~30 min), after which the IFT plateaus at a value of

~13.5  mN m–1.  The  balance  between  electrostatic  repulsion  and  capillary

attraction  among  the  NPSs  establishes  the  equilibrium  distance  between

particles.

During the in-situ scattering measurement, as the X-ray beam is scanned

vertically from the toluene to water phases, the interface is located from a

sharp decrease in the transmitted intensity. To be noted that the scattering

experiments were not performed on a pendant drop due to the absorption of

the X-rays, but at the interface between an oil/water bilayer. Attempts were

made to replicate the conditions of  the pendant drop studies.  The Au NPs

dispersed in the aqueous phase are first characterized by X-ray scattering, as

shown in Fig. S4. The dispersion of NPs in the aqueous phase shows a series of

maxima as a function of the scattering vector, q = (4p/l) sin q, where 2q is the

scattering  angle  and  l is  the  wavelength, characteristic  of  the  sphere

scattering function, while the scattering from the toluene solution of the  PS-

triNH2 ligands  monotonically  decreases  as  a  function  of  q,  as  would  be

expected. The scattering from the interfacial region, while closely resembling

the  scattering  from  the  aqueous  dispersion  of  NPs,  shows  some  distinct

differences (Fig. 1(c)). Here, the incident X-ray beam, ~0.5 mm in diameter,

intercepts not only the assembly of NPs at the interface, but also the liquid
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phases above and below the interface. Even though the thickness of the NPSs

assembly is small in comparison to the beam diameter, the areal density of

the  NPSs  is  orders  of  magnitude  higher  than  the  number  of  NPs  in  the

dispersion intercepted by the beam (Fig. S5). The in-plane scattering, I(q), can

reasonably be treated as the product of the form factor P(q), characteristic of

the NP size and shape, and structure factor S(q), characteristic of the in-plane

packing of the NPSs. The scattering from NP dispersion in the aqueous phase

gives P(q). Therefore, the structure factor of the NPS assembly at the interface

can be well approximated by S(q) = I(q)/P(q)57.   

S(q) for the in-plane scattering of the assembly of NPSs at the interface is

shown in Fig. 1(d) as a function of time. A distinct maximum in S(q) is evident,

characteristic of the average center-to-center distance  d between the NPSs.

The  peak  position,  q*,  shifts  to  higher  q over  time,  corresponding  to  a

decrease in the center-to-center distance from 28.3 nm to 21.5 nm, as shown

in Fig. 1(e). The progressive increase in the integrated area and decrease in

the full width at half maximum under the interference maximum signify an

increase  in  the  number  of  NPS  assembled  at  the  interface  and  an

enhancement in the in-plane correlations within the self-assembled NPS array

(Fig.  S6).  After  the  formation  and  assembly  of  the  NPSs  at  the  interface,

scattering rods  are evident,  characteristic  of  an  Au NPS monolayer  at  the

interface (inset in Fig. 1(e)). The broad size distribution of the NPs prevents

the long–range structural ordering of the interfacial assembly even at high

areal densities (Fig. S7). A plot of the IFT and NP interparticle distance as a

function time clearly shows the close correlation between the two (Fig. S8).

The  application  of  an  electric  field  enables  the  manipulation  of  the

packing of the NPSs at the interface, leading to an oversaturation assembly.

With a negatively charged interface, the NPs are stable until the voltage is

turned off, whereupon a burst of microdroplets are explosively ejected from

the interface (Figs. 2(a)–(b) and Movie S1). Irregular shape microdroplets, e.g.,

cylindrical, triangular, and ellipsoidal, are seen under optical microscopy (Fig.

S9),  demonstrating  that  NPS  assemblies  on  the  microdroplet  surfaces  are

jammed, preventing them from relaxing to a spherical shape58, 59. The number

and speed of the jettisoned microdroplets increases with increasing applied

voltage, due to the oversaturation of the NPSs at the interface driven by the

negative potential drop across the interface. This phenomenon was previously

analyzed through IFT data to indirectly infer the packing density37, while we’re

trying to quantitively characterize this behavior here.

In situ small angle X-ray scattering is used to investigate the packing of

the NPSs at the water/toluene bilayer interface under an applied electric field,

as shown in Fig. 1(a). When subjected to an external electric field (with the

aqueous  phase  negatively  polarized),  cations  are  moved  away  from  the

interface  while  the  negative  ions  and  NPs  are  propelled  towards  to  the

interface, leading an intensified electrostatic repulsion between the NPSs at

the interface. The external field has the potential to overcome this repulsion,
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thereby  enhancing  the  density  of  interfacial  packing.  Meanwhile,  the

water/toluene  interface  becomes  progressively  more  negatively  charged,

inhibiting the further approach of negatively charged NPs once the repulsion

between the negatively charged interface and the NPs becomes stronger than

or equal to the force exerted by the external field (Fig. S5). To be noted that

an applied field also enhances the transport of uncharged PS-triNH2 to the

interface due to electrohydrodynamic flows generated on both sides of the

interface60.  Although  the  capillary  tube  and  the  pendant  droplet  exhibit

different meniscus formations, the particles involved are significantly smaller

in  comparison.  As  a  result,  the effect  of  curvature can be assumed to be

ignored during data analysis. As the applied external field is increased in a

stepwise manner, the position of the interference maximum shifts to higher q

(Fig.  2(c)–(d)),  showing  that  the  areal  density  of  NPSs  at  the  interface

increases. Since the interfacial area has not changed, this result also indicates

that the number of NPSs at the interface has increased. Absent an external

field, the equilibrium interparticle distance is ~21.5 nm (Fig. 1), ~40% of 2D

areal fraction. The high degree of deprotonation of the carboxyl ion groups at

a neutral pH enhances the interparticle electrostatic repulsion and inhibits a

denser packing of the NPSs (Fig. 1 and Fig. S1). However, when an electric

field  is  applied,  NPS  areal  density  significantly  increases,  overcoming  the

interparticle repulsion, up to several tens of nN,61 and reducing the distance

between them to 16.2 nm (71%), nearly the size of a single particle (Fig. 2),

which  results  in  the  accumulation  of  Coulombic  energy  within  the

oversaturated assemblies and rapid dissipation of the energy after removal of

external field. From the 2D scattering image, Bragg rods, interference maxima

extended normal to the plane of the interface) are clearly evident, which are

characteristic  of  the  monolayer  nature  of  the  NPS assembly.  Although the

electric  field  depletes  the  free  cations  at  the  interface  and  enhances  the

interparticle electrostatic  repulsion,  the external  electric  field  is  sufficiently

strong to overcome these and densify the NPS packing. It's worth highlighting

that the electric field strength has a significant impact on the oversaturation

ratio  of  NPS assemblies  at  the interface.  Notably,  the  q* position  remains

stable  even after  a prolonged aging period  (Fig,  S5 and  Fig. S10),  but  it

clearly shifts to a higher q position under the influence of a stronger electric

field. The increase in integrated peak area with increasing applied electric

field also clearly reflects the increase in the number of NPSs that are strongly

bound  to  the  interface34 (Fig.  S11).  With  the  anchoring  of  the  cationic

surfactants to the Au NPs, the binding energy per particle at the interface is

significantly increased, suppressing any desorption of the individual NPs from

the interface.  However,  when the field is  turned off,  the in-plane pressure

arising  from the  electrostatic  repulsion  between  the  NPSs  destabilizes  the

interface and triggers an explosive emulsification with hundreds of thousands

of microdroplets coated with a monolayer of NPSs being jettisoned from the

interface into the oil  phase (Fig. 2b). Notably,  reversing the field direction,
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with a positively charged needle, does not result in this behavior and barely

affects  X-ray  scattering,  showing  no  additional  Au  NPs  are  drawn  to  the

interface (Fig. S12). 

FIG. 2. (a) Schematic of the pendant droplet explosive emulsification experimental setup.

(b)  The  optical  image of  the  aqueous  droplet  (CAu= 3.6  nM)  immersed  in  a  PS-triNH2

solution (1 mg mL–1) in toluene after a bias voltage of –500 V applied to the needle is

turned off. (c) 1D scattering profile, I(q), and S(q), of the bilayer interface packed Au NPSs

monolayer, dependent on the external applied field. (d) The relationship between q* and d

with the applied electric field strength.

The degree of deprotonation of the carboxyl groups, which influences the

interparticle  electrostatic  interactions,  also  alters  the  ability  of  the  NPSs

assemblies to store the potential energy at the interface, and depends on the

pH of the aqueous phase. At lower pH values, most of the amine groups of the

ligands  adsorbed  at  the  interface  become  protonated,  granting  it  higher

interfacial activity (Fig. S2) and strong affinity towards the negatively charged

NPs.  Meanwhile,  for  the  carboxylic  acid-functionalized  NPs,  fewer  carboxyl

groups are deprotonated, resulting in a lower charge density (Fig. S1). This, in

turn,  considerably  diminishes the  electrostatic  repulsion  between particles,

and reduces the equilibrium interparticle distance. Absent an external field, at

pH of 4, the equilibrium center-to-center distance is ~17 nm, reducing the IFT
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to  ~12.1  mN  m–1 (Figs.  3(a)–(b)).  This  can  be  attributed  to  the  weak

electrostatic repulsion between neighboring Au NPs and the strong interfacial

activity of the polystyrene surfactants that strongly anchor the NPSs to the

interface. The application of  an electric  field only marginally enhances the

packing density of the Au NPs due to their inherent tightly-packed structure.

This is evident from the shift of the scattering peak to higher q values, ranging

from 0.364 nm–1 to 0.389 nm–1, with the interparticle distance decreasing from

17.2 nm to 16.1 nm (Fig. S13). The narrowing of the Bragg peak also suggests

enhanced  nanoparticle  correlations  at  the  interface.  However,  the  weak

electrostatic  repulsion  between  the  Au  NPSs  reduces  the  accumulated

electrostatic  energy  at  maximum  packing,  weakening  the  explosive

emulsification behavior. 

Under alkaline conditions (Figs. 3(c)–(d)), PS-triNH2 maintains its interfacial

activity,  though  the  electrostatic  attraction  between  the  ligand  and

nanoparticles  diminishes  as  the  amine  groups  become  less  protonated.

Consequently,  the  areal  density  of  Au  NPSs  assembled at  the  interface  is

much lower, with an average interparticle distance of ~30 nm, corresponding

to a higher IFT of 15.3 mN m–1. In addition to the charge density of the NPs,

the interfacial activity of the polymer surfactant plays an important role in

generating  the  out-of-equilibrium  system.  The  adsorption  of  cationic

surfactants decreases with increasing pH due to the decreased protonation.

Consequently,  absent  electrostatic  attractions  from the  surfactants  at  the

interface, the negatively charged Au NPs tend to remain dispersed in the bulk

phase rather than adsorbing at the interface. Upon applying the electric field,

a  noticeable  shift  in  the  peak position  is  observed in  the X-ray  scattering

profiles. At low electric field strength (<0.8 kV cm-1), the peak position moves

towards higher q values, and at high electric field strength (>0.8 kV cm -1), the

interparticle  repulsion  becomes  stronger  due  to  the  depletion  of  the

counterions from the interface52, which drives the q back to lower values. This

non-monotonic behavior is not observed under neutral/acid conditions, due to

the  higher  interfacial  activity  of  the  cationic  ligands  that  anchor  to  the

interface with the protonation of the amine groups. To be noted that even with

a medium electric field (0.4-1.0 kV cm-1), the Au NPs still  remain dispersed

with  relatively  large  interparticle  distances  for  those  NPSs  formed  at  the

interface, ~27 nm, that minimizes the interparticle interactions. As a result,

while the high degree of deprotonation of the carboxyl group does enhance

the  interparticle  repulsion  in  an  alkaline  solution,  the large  interparticle

distances for  those  NPSs  formed at  the  interface reduces  the interparticle

interactions  even  under  the  field  (Fig.  S13),  weakening  the  explosive

behavior.      
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FIG. 3. (a) I(q) and, (b) S(q), of the NP-laden interface between water/toluene bilayer at pH

of 4 varying with the electric field strength. (c) I(q), and (d) S(q), of the NP-laden interface

between water/toluene bilayer and at pH of 10 varying with the electric field strength. The

inset the 2D X-ray scattering signal of the interface.

At high ligand concentration, well above the critical micelle concentration,

spontaneous emulsification occurs, limiting the areal density of the Au NPs at

the interface. Spontaneous emulsification begins at ~10.5 mN m–1, after an

aging  time  of  30  s,  (Fig.  4(a)).  Consequently,  while  the  adsorption  of  the

cationic ligand weakens the electrostatic repulsion, the interparticle distance

is limited to 21.8 nm due to the spontaneous emulsification (Fig. 4(b)). Under

the  influence  of  the  electric  field,  a  shift  towards  higher  q values  is  still

observed, reducing the interparticle distance to 20.8 nm, which is a curious

result due to the fact that both the number of NPs and also the area of the

parent droplet are decreasing during spontaneous emulsification (Fig. S14). 

10



FIG. 4. (a) Time evolution of the IFT at high ligand concentration of 10 mg mL –1 measured

by the pendant drop tensiometry. The inset image at the clear area displays the optical

image of the pendant aqueous droplet immediately after immersion into the toluene phase,

and  that  at  the  shaded  green  area  reveals  the  droplet  undergoing  spontaneous

emulsification. Scale bar: 500 μm. (b) S(q) of the NP-laden interface between water/toluene

bilayer, dependence on the external applied field, at pH 7 and a ligand concentration of 10

mg mL–1. (c) The dependence of the total number of the microdroplets jettisoned from a

pendant droplet during the explosive emulsification on both pH and ligand concentration.

(d) The dependence of the IFT value on both pH and ligand concentration measured by the

pendant drop tensiometry.

As previously mentioned, the efficient generation of an out-of-equilibrium

system  depends  on  the  physiochemical  conditions,  such  as  pH  and

component  concentrations.  We  quantified  the  intensity  of  explosive

emulsification formed at different pH and ligand concentrations (Fig. 4(c)). The

largest number of microdroplets jettisoned from the interface during explosive

emulsification  occurs  at  pH  10  and  a  ligand  concentration  of  5  mg  mL–1.

However,  as  the  ligand  concentration  is  decreased  below  this,  the  pH

associated with the maximum microdroplet formation gradually shifts towards

neutral  conditions. Thus,  explosive emulsification depends on the interplay

between  interparticle  interactions  and  the  areal  density.  As  the  ligand

concentration increases, more Au NPs adsorb to the interface, and form NPSs.
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This interaction weakens the electrostatic repulsion, leading to a weakening of

the explosive behavior. To compensate, the pH must be increased to mitigate

the adsorption of the ligands, thereby enhancing interparticle repulsion. By

doing so, the system is tuned to promote explosive emulsification. 

Based on the IFT data (Fig. 4(d)), a very low IFT is not required to induce

out-of-equilibrium  behavior.  On  the  contrary,  the  most  intense  explosive

emulsification at each concentration typically takes place at relatively high

IFTs, since the interface can accommodate a larger number of the excess NPs

from the bulk phase and store more potential energy. It is important, though,

that the Au NPSs not be too far apart to enhance the interparticle interactions.

Titration studies indicate that each individual NP bears ~200 carboxyl groups.

Consequently,  even  a  minor  reduction  in  the  interparticle  distance,  for

example, from 22 nm to 17 nm, can cause the potential energy to increase by

10–5 J, sufficient to offset the energy needed to expand the interface and to

propel  the  microdroplets  away  from  the  interface  at  high  speeds.

Nevertheless,  beyond  a  concentration  of  5  mg  mL–1,  spontaneous

emulsification  occurs,  due  to  micelle  solubilization62.  This  leads  to  a

weakening of the explosive emulsification and prevents any further decrease

in IFT with increasing ligand concentration. 

Collectively, we conclude that by adopting X-ray scattering method, in-situ

characterization of  interfacial  assembly microstructure with and without an

applied field is realized quantitatively, and further, our results indicate that

the  electric  field  can  store  Coulombic  energy  at  immiscible  liquid/liquid

interfaces by oversaturating the packing of charged NPSs. Physicochemical

conditions, e.g., pH and ligand concentration, can modify the binding energy

of NPSs to the interface, markedly influencing the explosive behavior. Higher

ligand  concentrations  enhance  explosive  emulsification  under  alkaline

conditions  more  significantly,  but  beyond  a  threshold  concentration,

spontaneous emulsification dominates, limiting NPSs densification under the

field. This research highlights the intricate balance of factors that influence

out-of-equilibrium  assemblies  at  interfaces,  and  also  emphasizes  the

importance of tailoring physicochemical conditions to achieve precise control

over explosive emulsification behavior, which guides further research towards

achieving  controllable  explosive  emulsification  and  designing  an  active

droplet  system  tailored  to  specific  needs.  This  process  of  explosive

emulsification  reveals  that  the  liquid/liquid  interface  acts  as  a  dynamic

reservoir, storing energy by accumulating an oversaturated layer of charged

NPSs,  showcasing  its  vast  potential  for  applications  in  self-propulsion

systems37 and remotely operated soft microrobots.
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