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ABSTRACT 

Hypothesis: Dynamics of polymer-coated silica composite nanoparticles (CPs) during bubble 

coarsening is highly dominated by the behaviour of the polymer layer, while in-situ particle 

aggregation would lead to accelerated bubble coalescence. 

Experiments: CPs-stabilized foams were prepared in 0.1 M and 0.55 M Na2SO4 solution, referring 

to the 0.1 M and 0.55 M foam/bubble respectively. The 0.1 M to 0.55 M transition foam was also 

prepared. High resolution Cryo-SEM was originally used to investigate the CPs behaviour at the 

bubble-stabilizing interface during bubble coarsening and accelerated coalescence. 

Findings: The 0.1 M bubble-stabilizing interface buckles in uniaxial compression due to 

coarsening, with the CPs being observed to desorb from the interface. While the CPs were 

visualized to rearrange into crumpled particle multi-layers surrounding the shrinking 0.55 M 

bubbles, due to the adhesion between interpenetrating polymer chains and the unique lubrication 
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effect of the PVP layers. The 0.1 M to 0.55 M transition foaming behaviour was also studied. 

Cracks and voids were observed at interfaces surrounding the transition bubbles driven by in-situ 

particle aggregation, resulting in accelerated bubble coalescence during the transition process. 

Keywords: Polymer-coated particles; Cryo-SEM; Particle-laden interfaces; Particle rearrangement 

 

1. INTRODUCTION  

Smart foams and emulsions are finding more applications in biomedicine (e.g., controlled release), 

materials science (e.g., all-liquid materials and template for porous materials), agricultural science 

(e.g., pesticide spraying) and formulated products.[1-3] Contrary to classical surfactant-stabilised 

systems, particle-laden interfaces are typically not in global thermodynamic equilibrium and can 

be kinetically arrested, especially when interfaces are formed by mechanical forces and particles 

are trapped during formation.[4] The adsorption of particles at interfaces offers resistance against 

deformation coarsening and coalescence, and it is possible to kinetically arrest non-equilibrium 

constructs, resulting in vastly expanded design parameters.[5]  

 

There is a good understanding of and available measurement techniques for the effects of particle 

size and three phase contact-angle controlling the adsorption energy. For instance, interfacial 

behaviour of particles has normally been studied at 2D planar interface, e.g., using interfacial shear 

rheometer and Langmuir trough.[6, 7] Research has found that coalescence of foams and 

emulsions is determined by the shear rheology of particle-laden interface, where bubble/droplet 

coalescence can be highly restrained once the interfaces become elastically dominant (G’ >> G’’, 

where G’ and G’’ are the shear elastic and viscous moduli, respectively).[8] While bubble/droplet 

coarsening is usually linked to compression elasticity of the interface.[9] Furthermore, structure of 

the interfacial film is able to monitor in-situ using Brewster angle microscopy (BAM), with a 

resolution up to 2 μm. Whereas for any sub-micron structures, the Langmuir-Blodgett (LB) method 

can be used to recover the film from the interface, which can then be examined using SEM or TEM 

to get information of nanoscale structure.[4] 
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Particle shape, size, and surface chemistry (charge, wettability, patchiness) control 

foam/emulsions stability and properties and there is existing know-how on how to design particles 

with specific qualities.[10-14] Compared to hard particles, using deformable composite particles 

such as surfactant- and polymer-coated particle composites to stabilize interfaces provides 

additional tuning parameters, which can be triggered by temperature, pH, or light for example, to 

deliver function to foams and emulsions.[4, 10, 15] Composite particles are increasingly of interest 

because they lower surface/interfacial tensions and form strong protective viscoelastic barriers that 

inhibit coalescence of bubbles/droplets, with excellent viscoelasticity partly attributed to the 

particles ability to deform and interpenetrate neighbouring particles.[5, 7, 16-18] Recently, a novel 

kind of composite nanoparticles (CPs) was produced by coating silica nanoparticles with 

poly(vinylpyrrolidone) (PVP). Interfacial dynamics of the CPs indicated an ascendancy of the 

PVP-PVP interaction to regulate the viscoelasticity of CPs-stabilized films. Hence, the CPs-

stabilized foam showed stimuli-responsive behaviour for different electrolyte concentrations, due 

to the alteration of PVP-PVP interaction.[19] More recently, we found that mobility of the CPs at 

interfaces is also strongly dominated by the compliance of the PVP layer. Therefore, changing 

PVP-shell-thickness of the CPs would also modulate interfacial dynamics of the CPs and the 

related foam stability.[5, 17] However, behaviour of the CPs at bubble-stabilizing interface (curved 

interface) during bubble coarsening and coalescence is still poorly understood.[20] 

 

In the current study, to better understand the underlying bubble coarsening mechanism, high 

resolution Cryo-SEM was originally used to investigate the behaviour of CPs at the bubble-

stabilizing interface during coarsening. Also revealed is the mechanism of accelerated bubble 

coalescence induced by in-situ particle aggregation. 

 

2. MATERIALS AND METHODS 

2.1 Materials. Silica nanoparticles (diameter of ~ 29.5 nm measured by SEM), PVP (MW of 

40 kDa) and Na2SO4 were purchase from Sigma-Aldrich, Alfa Aesar and Sigma-Aldrich, 

respectively. Deionized water was utilized for all the tests presented in this work.  
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2.2 CPs preparation. The CPs were produced by decorating the silica nanoparticles with PVP 

via hydrogen bond, forming a core-shell structure.[21] The successful formation of the CPs was 

proved by TEM study (Fig. S1), where the silica particle-core and the PVP-shell can be clearly 

observed. Hydrodynamic diameter of the CPs were measured to be ~52 nm in Milli-Q water 

(Malvern Instruments, UK), with a hydrated PVP-shell thickness of ∼9 nm.[21] It should note that 

the PVP-shell thickness would decrease with increasing electrolyte concentration, which will be 

discussed in more details below. 

 

2.3 Interface characterization. Surface pressure–area (𝛱  – A) isotherms were used to 

characterize compressibility of the interfacial CPs film, where the air-aqueous interface was built 

inside a Langmuir trough. Moreover, the interfacial CPs films were recovered by the LB method 

at different surface pressures, and the structure of which was imaged using the SEM. More details 

about the interface characterization can refer to Yu et al. [5, 17, 21] 

 

2.4 Foam Studies. 2.4.1 Preparation of the 0.1 and 0.55 M foams. The 0.1 M and 0.55 M 

foams/bubbles were generated by fierce handshaking of the CPs suspension (1 wt%) for one 

minute, where the Na2SO4 concentrations in the suspension were 0.1 M and 0.55 M, respectively. 

Height of the foams was measured over time to evaluate the foam stability. Meanwhile, foam 

coarsening was studied by sealing some foam samples inside flat-edged capillary tubes, while size 

of the bubbles was monitored over time using an optical microscope. More details on foam 

preparation and characterization, including the Cryo-SEM study, can be found in the Supporting 

Information and in Yu et al.[21]  

 

2.4.2 Preparation of transition foams. The 0.1 M to 0.55 M transition foaming behavior was 

studied by generating foams at 0.1 M Na2SO4 followed by increasing the bulk electrolyte 

concentration to 0.55 M in-situ, as shown in Scheme S1 (Supporting Information). Injection of the 

additional Na2SO4 solution was carried out using a syringe with a long needle. The injection speed 

was carefully controlled to minimize the disturbance to the existing foams. The remained foams 

after injection was named the transition foams. The final electrolyte concentration and liquid 
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volume in the transition foam sample were 0.55 M and 10 ml, respectively. Height of the transition 

foams was measured over time to characterize the foam stability. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Interfacial behaviour of CPs during bubble coarsening 

3.1.1 Coarsening of the 0.1 M foam. The CPs were proved to be excellent foaming agents, with 

foam stability controlled by the electrolyte concentration (Na2SO4).[21] Using high resolution 

Cryo-SEM imaging, behaviour of the CPs at bubble-stabilizing interface was studied. Immediately 

after foaming, most of the bubbles in 0.1 M Na2SO4 (the 0.1 M bubbles) were measured to be 50-

250 μm in size (Fig. S2). Fig. 1a shows a Cryo-SEM image of a CPs-stabilized bubble in the 

freshly prepared 0.1 M foam, while Fig. 1b shows high magnification Cryo-SEM images of the 

CPs-laden interface in Fig. 1a. The CPs were found to be closely-packed at the interface, 

approaching a ~ 100% apparent particle surface coverage (Fig. 1b), although a few black points 

were seen between the CPs, which may indicate some nanoscale vacancies in-between (see inset 

of Fig. 1b). 
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Figure 1. CPs-laden interfaces surrounding (a, b) newly-prepared and (c, d) aged air bubbles in 

0.1 M Na2SO4. (b) Higher magnification image of the 0.1 M bubble-stabilizing interface in Fig. 

1a, the inset shows a zoomed-in image. (d) Higher magnification image of the interface in Fig. 1c. 

An aged 0.1 M bubble is shown in Fig. 1c as an inset. 

 

Behaviour of the CPs at a planar air-aqueous interface was also studied using a Langmuir trough 

(Fig. 2a). Surface pressure of the CPs layer increases upon compression, suggesting an 

increasingly compacted CPs network. The interfacial CPs films were recovered via the LB method 

at various surface pressures (detailed elsewhere[21]), and their structures were imaged using SEM. 

A porous CPs network was observed at 3 mN/m in Fig. 2b-1, before the CPs film being further 

densified at 4 mN/m, approaching a closely-packed particle monolayer (Fig. 2b-2). Further 

compression leads to extrusion of excess CPs from the particle monolayer, forming a patchy 

particle multilayer at 5 mN/m (Fig. 2b-3). If we compare the structure of CPs films that formed at 

curved (Fig. 1b) and planar (Fig. 2b) interfaces, it may indicate that surface pressure of the CPs-

stabilized interface surrounding freshly-prepared 0.1 M bubbles is higher than 3 mN/m while 

below 5 mN/m. 

 

 

Figure 2. (a) 𝛱 – A isotherms of CPs-laden interfaces at 0.1 M. (b, c) SEM images of 0.1 M CPs-

stabilizing films recovered by LB method from a planar interface at 𝛱 = 3, 4, 5 and 10 mN/m, 

respectively.   
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The CPs films were found to be ‘pseudo-solid-like’ at 0.1 M Na2SO4, and neither bubble 

coarsening nor coalescence was inhibited in this condition.[21] The freshly prepared 0.1 M foams 

(Fig. S3a) were left undisturbed at room temperature for 0.5 hour, after which the aged foam 

samples were frozen for imaging by the Cryo-SEM. Fig. 1c and 1d show low and high 

magnification images of an aged 0.1 M bubble, on which substantial wrinkles were clearly 

observed. Those wrinkles suggests reduction of bubble surface area due to coarsening, leading to 

compression of the bubble-stabilizing film. The compressional behaviour of the 0.1 M CPs-laden 

planar interface was studied using a Langmuir trough, with similar crumpling CPs layers being 

observed when surface pressure > 9 mN/m (Fig. 2c).[21] Crumpling of the CPs-laden interface 

confirms its viscoelastic property, which also suggests that surface pressure of the 0.1 M bubble-

stabilizing-film may be higher than 9 mN/m during bubble shrinking. Although bubble coarsening 

also leads to bubble expansion, bubble coarsening and coalescence take place simultaneously in 

this case, making it is difficult to identify the coarsening effect on bubble expanding. Hence, only 

shrinking bubbles were studied for the 0.1 M foam. 

 

Individual particles can be clearly recognized in Fig. 1d, with diameter (d) of the CPs measured to 

be ~ 32.1 nm. While wrinkle wavelength (λ) of the interface surrounding bubbles was measured 

to be 1.7 ± 0.3 μm (Fig. 1c), in good agreement with that measured at planar interface (2.5 ± 0.7 

μm) in Fig.2c. For particle-laden interfaces (air-liquid/liquid-liquid) under compression, the 

scaling relationship between the wrinkle wavelength and the particle diameter was reported to be: 

λ ~ d
0.5.[22] Insert our values (d ≈ 32.1 ×10-9 m, λ ≈ 1.7 × 10-6 m) into this relationship, yielding λ 

≈ 0.01d0.5. Interestingly, unlike the densely packed CPs film surrounding fresh bubbles in Fig. 1b, 

vacancies of particle were observed in Fig. 1d for aged bubbles. Particle packing density at the 

interface tends to increase during bubble shrinking, until a critical point is met, where excess CPs 

would be extruded from the interface. Although the CPs were characterised to be hydrophilic 

(apparent contact angle < 90°),[4] no particle desorption was observed in the Langmuir trough 

study when the critical point was exceeded, in which case the excess CPs were extruded into the 

air phase, as being approved by Fig. 2b-3. However, it should be noted that particle extrusion also 

increases heterogeneity of the structure of the CPs-laden interface, since more and larger voids 

appear in Fig. 2b-3 (𝛱 = 5 mN/m) compared with those in Fig. 2b-2 (𝛱 = 4 mN/m). By contrast, 
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the CPs layers buckled towards the aqueous phase in a foam during bubble coarsening (Fig. 1c), 

making it much easier for the CPs to be extruded from the interface (to the aqueous phase) under 

compression, leading to particle desorption (Fig. 1d). 

 

3.1.2 Coarsening of the 0.55 M foam. Aggregation of CPs became pronounced in 0.55 M 

electrolyte because of the adhesion between interpenetrating polymer chains (Fig. S1b). 

Adsorption of the fractal CPs aggregates at the interface upon foaming led to a porous structure as 

shown in Fig. 3a-b, with the apparent particle surface coverage measured to be ~ 95%.[23] Pore 

size of the interface was measured using a reported thresholding method by ImageJ (more than 

1000 pores were considered)[23], suggesting that ~ 70% of the pore size is less than 0.2 μm2, 

whereas the other ~ 30% is in the range of 0.2 μm2- 0.8 μm2 (inset of Fig. 3b). Structure of the 

0.55 M bubble-stabilizing film was also studied via imaging from the inside of the bubbles, where 

voids were observed throughout the internal film of the 0.55 M bubble (Fig. 3c-d), further 

confirming the porous structure shown in Fig. 3a-b.  

 

The CPs-laden interface became solid-like in 0.55 M Na2SO4 (G’ >> G’’), and coarsening was 

recognized to be the predominant mechanism for foam collapse.[21] Smaller bubbles (< 300 μm 

in size) shrinking while larger bubbles (> 700 μm in size) expanding over time were observed due 

to coarsening. Although aggregation of the CPs at 0.55 M increases interface viscoelasticity, the 

PVP shells produce a unique lubricating effect between CPs, facilitating mobility of the CPs once 

a critical stress is exceeded.[23, 24] Upon bubble shrinking, the CPs aggregates were observed to 

form a crumpled particle multilayer surrounding the shrinking bubbles (Fig. 3e), before the CPs 

aggregates finally precipitated once the shrinking bubble vanished (Fig. 3f).  
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Figure 3. (a) Interfaces surrounding newly-prepared 0.55 M bubbles. (b) Higher magnification 

image of the 0.55 M bubble-stabilizing particle network in Fig. 3a, the inset shows the pore size 

distribution and fraction. (c) Low and (d) high magnification Cryo-SEM images showing the 

internal structure of the 0.55 M bubble-stabilizing film (observed from the inside of 0.55 M 

bubbles). (e) Crumpled CPs multi-layers surrounding a shrinking 0.55 M bubble. (f) Digital photo 

showing precipitation of the CPs aggregates from the 0.55 M foam. 
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Surface expansion of the 0.55 M bubbles were also studied (Fig. 4). As shown in Fig. 4a-c, bubble 

expanding and shrinking takes place simultaneously. For bubbles being sealed inside a flat-edged 

capillary tube, the expanding bubbles would be flattened once size of the bubble is greater than 

the inside thickness (0.5 mm) of the capillary tube, forming a cylinder-like construction (inset of 

Fig. 4d). Hence, structure of the flattened bubble-stabilizing interface can then be observed using 

an optical microscope. As shown in Figs. 4d-e, the CPs aggregates are found to be separated by 

CPs-free interface, which is expected since bubble expanding increases its surface area whilst 

reducing particle surface coverage. The patchy structure was also confirmed by confocal 

microscopy analysis by scanning the three-dimensional structure surrounding expanding bubbles 

(Fig. 4f). 

 

 

Figure 4. (a-c) Images of 0.55 M coarsening bubbles at various aging time after the foam being 

prepared. (d) Low and (e) high magnifications images showing structure of the flattened bubble-

stabilizing interface, the inset in Fig. 5d shows the flattened 0.55 M bubbles inside a flat-edged 

capillary tube. (f) Confocal microscopy image showing the three-dimensional structure 

surrounding an expanding 0.55 M bubble. 
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3.2 Interfacial behaviour of CPs during accelerated bubble coalescence 

 

Lifetime of the 0.1 M and 0.55 M foams were ~ 16 and ~ 250 hours respectively (Fig. S4). The 

0.1 M to 0.55 M transition foaming behavior was studied by generating foams at 0.1 M Na2SO4 

followed by in-situ increasing the bulk electrolyte concentration to 0.55 M, see Scheme S1 in the 

Supporting Information for more details. Higher concentration electrolyte would diffuse through 

the thin liquid films between the 0.1 M bubbles (Fig. S3a) and then affect the CPs behavior at the 

interface. Surprisingly, rapid bubble coalescence was observed for the transition foams, with all 

the bubbles disappeared within ~ 2 hours (Fig. S4), while the method for transition foam 

preparation was proven not to affect foam coalescence behavior (Supporting Information). 

Mechanism of the accelerated bubble coalescence were better understood by studying the 

interfacial behavior of the CPs using the Cryo-SEM (Fig. 5).  

 

 

Figure 5. (a) Cryo-SEM image of the interface surrounding a transition bubble, (b) cracks and CPs 

aggregates being observed in a higher magnification image. 

 

Preparing bubbles in 0.1 M Na2SO4 resulted in closely-packed CPs film (Fig. 1a and 1b). Size of 

the CPs and the silica particle core were measured to be ~ 32.1 nm (Fig. 1d) and ~ 29.5 nm, 

respectively, suggesting thickness of the PVP shell is ~ 1.3 nm. Hence, it can reasonably assume 

that distance between the CPs cores is in the range of ~1.3-2.6 nm at a 0.1 M bubble-stabilizing 

interface (Fig. S5a and S5b). Whereas patchy structure was observed on the transition bubble-

stabilizing interface (10 min after the electrolyte was added), showing an apparent particle surface 
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coverage of ~ 90% (Fig. 5). Attempts were made to measure the CPs size through high-resolution 

Cryo-SEM imaging; however, the CPs aggregated and deformed during the transition process (Fig. 

5b), significantly interfering with particle size measurement. A higher electrolyte concentration 

enhances affinity of CPs at the interface,[21] whilst leading to adhesion of interpenetrating PVP 

chains (Fig. S1b), and hence the likelihood of CPs desorption from the interface would be 

markedly minimized. Assuming the same amount CPs adsorbing at the interface, reduction of the 

particle surface coverage indicates decrease of the CPs size, which is calculated to be ~ 30.4 nm. 

The PVP shell thickness is thus reduced to ~ 0.5 nm due to its poor solubility in 0.55 M electrolyte, 

while distance between the CPs cores decreases to the range of ~ 0.5-1.0 nm on the transition foam 

interface (Fig. S5c and S5d ).  

 

Decrease of the CPs-CPs distance enhances the attraction potential between the silica particle cores. 

The interaction potential between silica particles was calculated to be approximately -5 kT at 0.55 

M electrolyte, when the separation distance between particles is ~ 1 nm.[25] The negative sign 

indicates the total interaction potential between particles is attractive. For extreme cases (see Fig. 

S5d), the potential required to separate the interpenetrating PVP layers is calculated to be ~ 1.3 kT, 

based on a simplified model we proposed (see the Supporting Information for more details). Hence, 

in the transition process, the attraction potential between the silica particle cores is able to 

overcome the adhesion between the interpenetrating PVP layers, forcing the CPs to rearrange and 

aggregate in-situ at the interface. Aggregation of the CPs results in particle-rich (particle 

aggregates or clusters) and particle-poor (cracks and voids) areas (Fig. 5b), and hence the densely-

packed CPs film that originally formed at 0.1 M (Fig. 1a and 1b) would crack in tension. It should 

be noted that neither particle desorption nor interface expansion can lead to film cracking, as has 

been proved in Fig. 1d and Fig. 4, respectively. Meanwhile, the osmotic pressure caused by 

electrolyte concentration difference between the bulk liquid and the foam may accelerate drainage, 

thinning the film between bubbles. Those cracks and voids (Fig. 5b) become vulnerable spots of 

the pseudo-solid-like particle films that initially formed at 0.1 M, leading to accelerated bubble 

coalescence (Fig. S4). 
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4. CONCLUSION 

 

Preparing multiphase materials (e.g., foams and emulsions) using composite particles (CPs) is 

extremely versatile as the interface provides an unique platform for particle assembly while 

different parts of the CPs can bring different functionalities.[4] While CPs are usually prepared 

via chemical grafting technique,[5, 7, 16-18] few studies consider the interfacial behaviour of CPs 

produced via physisorptions, an approach which is more applicable for mass production. 

Furthermore, dynamics of the CPs was usually studied at 2D planar interface using Langmuir 

Trough, interfacial shear rheometer and BAM, etc., to interpret the underlying mechanism that 

determines the stability of multiphase materials, whereas behaviour of the CPs at bubble-

stabilizing interface (curved interface) during coarsening and coalescence is still poorly understood. 

[4] 

 

In the current study, high resolution Cryo-SEM was originally used to investigate the behaviour 

of CPs at the bubble-stabilizing interface during coarsening and coalescence. We found that 

dynamics of the CPs during bubble coarsening is highly dominated by the behaviour of the 

polymer layer, while in-situ particle aggregation would lead to accelerated bubble coalescence. 

The 0.1 M bubble-stabilizing interface buckles in uniaxial compression due to coarsening, with 

the CPs being observed to desorb from the interface. Although bubble coalescence was inhibited 

at 0.55 M electrolyte, the CPs rearrange into crumpled particle multi-layers surrounding the 

shrinking bubbles, due to the adhesion between interpenetrating polymer chains and the unique 

lubrication effect of the PVP layers. The 0.1 M to 0.55 M transition foaming behaviour and the 

underlying mechanism were also studied. The interface cracks in tension that driven by in-situ CPs 

aggregation, leading to accelerated bubble coalescence. 

 

Building on the fundamental understanding of the CPs interfacial behaviour will enable the 

regulation of properties from multiphase materials prepared thereof. The unique core-shell nature 

of the CPs also enables distinct characteristics of particle-stabilized multiphase systems, such as 

stimuli-responsiveness or viscoelasticity, to be obtained and finely tuned by simple physico-

chemical adjustments of the CPs structure. Further research is planned to optimize the CPs 
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property to localise particles at the interface with much higher concentrations and adsorption 

strength, enabling non-equilibrium kinetically trapped stabilised states. This will impart enhanced 

interfacial and bulk mechanical properties, while offering a unique and material efficient route to 

structure otherwise all-liquid materials, either as a final product or an intermediate (e.g., via 3D 

printing). 
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