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Abstract

Studying the behavior of anisotropic particles at fluid interfaces is a rapidly expanding

field, as understanding how the introduced anisotropy affects the resulting properties

is essential in the engineering of interfacial systems. Surface anisotropic particles,

also known as Janus particles (JPs), offer new possibilities for novel applications due

to their amphiphilicity and stronger binding to fluid interfaces compared to homoge-

neous particles. Introducing surface anisotropy creates complexity as the orientation

of interfacially bound particles affects interparticle interactions, a contributing factor

to the microstructure formation. In this work, we have investigated the microstruc-

ture of JP monolayers formed at the air–water interface using particles with different

degrees of amphiphilicity and examined the response of the networks to applied

compressions. Our findings demonstrate that JPs amphiphilicity is a crucial factor

governing their orientation at the interface, which in turn dictates the complexity of

the capillary interactions present and the mechanical properties of the ensuing

networks.
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1 | INTRODUCTION

Since the initial observation of particles adsorption onto the surface

of droplets and bubbles by Ramsden, which led to the stabilization of

emulsions and foams, scientists have been intrigued by the behavior

of colloidal particles in proximity of fluid interfaces.1,2 The engineering

of interfacial systems, composed of colloidal particles, has a wide

range of applications, including but not limited to pharmaceutics, the

food industry, oil recovery, and personal care products.3–7 When par-

ticles bind to a fluid interface, the energetically unfavorable contact

area between the two fluids is replaced by solid–fluid interfaces,

resulting in a decrease in the overall free energy of the system. The

equilibrium contact angle of a particle at a fluid interface (θE ) can be

calculated by the minimization of the free energy of the system.8 For

homogeneous particles this results in the well-known Young's equa-

tion (cosθE ¼ σp1�σp2
σ12

) where the factors that determine the interfacial

positioning of the particles (θE) are the interfacial tension between the

two fluids σ12ð Þ and the surface tension of the particle with both fluids

σp1ð and σp2Þ.9–11 Due to their large binding energy (ΔEd) calculated

using Equation (1), relative to the thermal energy, particles are consid-

ered to be irreversibly adsorbed onto the fluid interface.12–16

ΔEd ¼ πR2σ12 1� cosθEð Þ2 ð1Þ

As such, parameters including particle size (radius R), surface

chemistry, and concentration have been used to alter the stability of

emulsions and foams.17–26

Recent advances in synthesis and fabrication techniques have

enabled the introduction of surface anisotropy onto colloidal particles

as a means to incorporate additional functionalities into interfacial

systems such as controllable assembly27 and tunable optical

properties,28 and has enabled their use as carrying agents in drug

delivery.29 The presence of anisotropy on particle's surface results in

orientation-dependent interactions between interfacially trapped
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particles, which not only represents a significant advancement from a

fundamental science perspective, but is also crucial from a practical

standpoint, as many real-world applications involve particles with het-

erogeneities and nonidealities.30–35 Therefore, the interfacial behavior

in a system of particles that possess different surface chemistry on

each face, also known as Janus particles (JPs), cannot be fully

described by our understanding of homogeneous particles. Similar to

how the equilibrium contact angle for a homogeneous particle is

derived, the equilibrium position of a JP at a fluid interface can be pre-

dicted by minimizing the free energy of the system with respect to

the particle's immersion angle at the interface.36,37 Because JPs carry

a dual chemistry—a polar face with a contact angle θP and an apolar

compartment with a contact angle θA—they possess an amphiphilic

character.38,39 The degree of amphiphilicity, Δθ, for a Janus particle is

defined as Δθ¼ θA�θPð Þ=2. The surface boundary partitioning the

polar and apolar faces is indicated by the angle α; values of α¼0� or

α¼180� correspond to a homogenous particle, whereas α¼90�

refers to a Janus particle with two equal-sized patches of different

wettability.40 For a JP (α¼90�) with a highest degree of amphiphilicity

(Δθ¼90�) and with an upright orientation at the interface (Janus

boundary parallel to the fluid–fluid interface, δ¼0), a threefold

increase in the desorption energy is predicted in comparison to a neu-

trally wetting homogeneous paticle.10

Nevertheless, JPs might not always be in an upright configuration

when their orientational freedom is considered.41 To better under-

stand the implications of the JP orientation at fluid interfaces, one can

estimate the energy required to move an interfacially bound Janus

particle to the bulk using the following expression42,43:

ΔEd ¼ σ12 Aa2cosθAþAp2 cosθP�Aið Þ ð2Þ

where Ai is the fluid–fluid interfacial area removed in presence of the

particle, Ap2 and Aa2 are the areas of the polar and apolar regions on

the JP that are in contact with the apolar phase (e.g., air or oil), respec-

tively. Furthermore, tilted particles not only are associated with

changing the desorption energy of the JP, but can generate asymmet-

ric deformations of the contact line depending on their tilt angle at

the interface (δ).43 This is due to the fact that a tilted Janus particle

exposes both of its two different wetting surfaces to the subphase.

The resulting asymmetric deformations of the fluid interface can thus

drastically modify the dominant interparticle interactions as will be

discussed further.

As in many multiphase fluidic systems, particles are incorporated

to provide interfacial stability, and in some cases rendering additional

functionalities, gaining a fundamental understanding of interparticle

interactions taking place at the interface, and the key factors contrib-

uting to those interactions, are critical in engineering of such sys-

tems.44 The various forms of interparticle interactions that are

considered in the literature can be broadly classified into two catego-

ries: attractive and repulsive.13 Charged colloids like silica particles,45

when trapped at the air–water interface may experience a long-ran-

ged repulsive interaction due to the dissociation of surface groups

exposed to the polar medium, which creates an asymmetric ionic

cloud around the particle relative to the interface plane.11,46–54 In

contrast, the retarded van der Waals (VDW) forces responsible for

attractive interactions are typically short-ranged, effective over few

tens of nanometers for micrometer-sized colloids.55 In case of Janus

particles, the cap thickness has been found to play a significant role

on the strength of VDW interactions and is the dominant short-

ranged force for aggregation in bulk.56,57 However, an unexpected

long-ranged attraction has been reported for interfacially trapped par-

ticles, which has been attributed to capillary forces resulting from the

distortions imposed on the interface by the particles.52,58–66 This

strong long-ranged interaction has no analogy in bulk aggregation and

can originate from a number of factors. Weight of the particles,66,67

electrostatic stresses caused by the particles' dipolar field,68,69 and

particles surface roughness, chemical inhomogeneity, and shape

anisotropy can cause the meniscus to take an irregular shape.60,70–72

A mathematical approach has been developed to model these

capillary interactions, where the deformation of the contact line

around the particle surface is captured as a summation of multi-

poles.62 These deformations give rise to capillary interparticle interac-

tions that can be estimated by Equation (3a) as follows60:

ΔUcap

πσ12
¼H2

ASAþH2
BSB�HAHBG cos mBφB�mAφAð Þ�1

2
mAH

2
AþmBH

2
B

� �

ð3aÞ

where ΔUcap ¼Ucap Lð Þ�Ucap ∞ð Þ is the energy of capillary interaction

and L is the center-to-center distance between interacting particles A

and B. Considering Y as the index for particles A and B, mY is the

mode of deformation (mY ¼ 1, 2, 3, …) corresponding to dipole, quad-

rupole, hexapole, etc., HY is the undulation amplitude for particle Y,

and φY is the azimuthal angle of particle Y , or the rotation angle in the

interfacial plane referring to the orientation of the surface deforma-

tion. SY is related to the mode of deformation and approaches mY=2

at long distances, and G is the prefactor that accounts for the multi-

pole interactions, descriptions of both are as follows:

SY ¼
X∞

n¼1

n
2
coth n τAþ τBð Þ½ �A2 n,mY ,τYð Þ ð3bÞ

G�
X∞

n¼1

nA n,mA,τAð ÞA n,mB,τBð Þ
sinh n τAþ τBð Þ½ � ð3cÞ

A n,mY ,τYð Þ¼
Xmin m,nð Þ

k¼0

�1ð Þm�k mþn�k�1ð Þ!
m�kð Þ! n�kð Þ!k! βmþn�2k ð3dÞ

β¼ exp �τYð Þ ð3eÞ

τY ¼ arccosh
L2þ r2A� r2B

2LrY

 !
ð3fÞ

where A n,mY ,τYð Þ is a constant independent of the approach angle, τY

is one of the bipolar coordinates related to the interparticle distance
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and their size, and β comes from the differentiation of the integral

form of A n,mY ,τYð Þ bringing the dependence on τY to the summation.

For monopole–multipole interactions, another relation must be

used.60

For isotropic spherical particles of radius smaller than 10 μm, the

monopolar contribution (m = 0) is much smaller than the thermal

energy and can be neglected, as illustrated in Figure S1.73 For isotro-

pic homogeneous particles bound to a fluid interface, the dipolar con-

tribution (m = 1) to the capillary interactions is also not considered

since the resulting torque would rotate the particles and cancel the

dipole moment generated by the distorted interface.60 The attractive

potential between two particles at a separation distance of r is there-

fore known to be dominated by higher order poles (m≥2), such as

quadrupolar deformations, shown to scale as U/ r�4 at large separa-

tion distances.60–62 This is true not only for spherical colloidal parti-

cles but also shape anisotropic particles, such as ellipsoids, for which

the interparticle capillary interactions are dominated by the quadrupo-

lar mode.72,74–76

Introducing the Janus character is shown to drastically change the

microstructure generated by particles straddling the interface,65 due

to stronger capillary interactions.77–79 Moreover, there is evidence

that interfacially trapped JPs can interact through different polar

orders (quadrupolar and hexapolar) at the same time.80 Furthermore,

the Janus character brings additional complexity when describing the

resulting capillary interactions as the orientation of the JPs axis with

regards to the plane of the fluid–fluid interface (δ) will affect the

deformation of the contact line around the particle, and thus

the terms that remain dominant in the description of the capillary

interactions (i.e., m=1 may not be ignored for JPs). As previously

reported, JPs may assume different orientations at the air–water sur-

face.65,81 The distribution of tilt angles, captured for interfacially

bound Janus particles, brings a unique character to JP monolayers,

because in tandem with the higher order interactions such as quadru-

polar (U/ r�4) and hexapolar (U/ r�6), dipolar capillary interactions

(U/ r�2) can also be present.43 The mixed modes of interactions may

even generate strong repulsion if the interfacial undulations around

interacting particles are not matching as they approach each other,82

phenomenon previously reported for particle rafts at fluid–fluid inter-

faces.83 Therefore, understanding the network of interactions with

the many modes of capillary interactions present in JP monolayers is

not trivial. Even more interesting is the concept that by manipulating

the JPs characteristics, such as the degree of amphiphilicity, one can

tune the strength of these interactions.43,65 Thus, a JP present in a

populated monolayer might experience a complex network of interac-

tions, involving distinct modes of interaction, at different distances

from its neighbors. Nevertheless, not much is known about the rela-

tion between the complex arrangement of JPs monolayers at a fluid–

fluid interface and the modes of capillary interactions at play.

In this work, we focus on monolayers of Janus particles, formed

at the air–water interface, to shed light on how the JP amphiphilicity

affects the resulting interfacial microstructure and its mechanical

response. First, we examine the mechanical differences between

monolayers formed by JPs of different amphiphilicities at the

air–water interface. Next, we investigate the response of such

microstructures when subjected to compression/expansion stresses,

as a function of their packing fraction. We then interpret the mea-

sured response in terms of how the strength and sign (i.e., attractive

vs. repulsive) of the interparticle interactions present at the interface

alter with the JP amphiphilicity. In order to link the role of particle

amphiphilicity on the orientation of JPs at the interface, we analyze

the microstructures obtained at the interface via image analysis and

determine the orientation distribution of JPs at the interface. We

relate the obtained information on the orientation distribution to

the nature and strength of the capillary interactions involved, and

the measured mechanical properties. We use Surface Evolver to

estimate the desorption energy associated with such interfacially

bound JPs, trapped at different orientation angles with regards to

the interface, to underscore the importance of particle amphiphili-

city. Next, we use the information obtained from the image analy-

sis, on the orientation angle of the particles at the interface and

the interacting neighbors, to calculate pairwise capillary interac-

tions within the network and the energy landscape of the net-

works obtained with each JP amphiphilicity. Finally, we discuss the

relevance of our findings to the complex capillary interactions pre-

sent in JPs monolayers and the significance of the JP amphiphili-

city on the capillary interactions present at the interface and its

consequences for the mechanical properties of the network in

response to applied stresses.

2 | MATERIALS AND METHODS

2.1 | Janus particle fabrication, surface
modification, and characterization

To fabricate the Janus particles, hydrophilic silica particles (1 μm, Fiber

Optic Center) were assembled onto a 2D PVC film by transferring the

particles from air–water interface to the air–solid interface using a

Langmuir trough.84 Next, the monolayers were transferred to physical

vapor deposition machine (Lesker Nano36 Evaporator, Kurt J Lesker)

onto which a thin adhesive layer (5 nm) of titanium was deposited fol-

lowed by a 10 nm layer of gold. Resulting JPs were labeled as C0 as no

further modification was carried out on the gold cap. To enhance the

JP amphiphilicity, gold faces were further modified with butanethiol

and octanethiol (Sigma–Aldrich) by soaking the coated films in 10 mM

solution of the thiol in ethanol (Fisher Scientific) overnight. The result-

ing JPs were labeled as C4 and C8, respectively. All particles were

removed from the substrate and suspended in ultrapure Deionized

(DI) water via sonication, followed by a filtration using a hydrophilic

PC membrane filter (10 μm, Isopore™) to remove large aggregates and

gold flakes. After these steps, the dispersions were centrifuged at

3000 rpm for 5 min (Legend X1R, Thermo Scientific) followed by the

aspiration of the supernatant. The JPs were set to dry under vacuum

overnight. DI water (18.2 MΩ cm) used throughout the study was

generated via Milli-Q® IQ 7000 Ultrapure Lab Water System

(Millipore Sigma).
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The JP degree of amphiphilicity (Δθ) is quantified via the mea-

surement of wettability on each face of the particle. Specifically, the

wettability of the silica and gold faces were estimated by measuring

the 3-phase contact angle of water droplets deposited on base-

cleaned glass substrates and glass substrates passed through the same

gold deposition and surface modification as the particles. The water-

drop shape profile obtained in each measurement was fitted and ana-

lyzed using a tensiometer (Biolin Scientific), from which the 3-phase

contact angle of the polar (θP) and apolar (θA) faces of the JPs were

estimated.

2.2 | Monolayer preparation at the air–water
interface

To prepare the particle dispersions, JPs were suspended in a

30/70 wt% water/isopropyl alcohol (Fisher Scientific) mixture at

a concentration of 37.5 mg/mL. A NIMA Langmuir trough (Biolin

Scientific) was filled with 160 mL of DI water and the trough area was

set at 150 cm2, that is, the open barrier state, in all experiments. To

ensure the absence of impurities at the air–water interface, the trough

was closed to 60 cm2 and the change in the surface pressure (Π),

defined as the difference between the air–water surface tension (σ0)

and the effective surface tension in presence of particles (σeff ) was

monitored. If the surface pressure remained negligible (Π < 0.3 mN/m),

the experiment proceeded. The spreading solution was deposited at

the interface in a dropwise fashion using a 50μL syringe (Hamilton)

where the particles spread at the interface via the action of Maran-

goni flows. To attain a similar range of surface pressures for all particle

amphiphilicities studied, the volume of the spreading solution was

adjusted to 200, 250, and 300μL for C0, C4 and C8, respectively. A

30min wait period was considered to allow for the solvent evapora-

tion before proceeding with the measurements. The trough area Að Þ
was compressed at 10mm/min and the surface pressure Π Að Þ was

monitored via a Wilhelmy plate. The compression was followed by an

expansion of the interfacial area at the same rate to probe the hyster-

esis of the JP interfacial network. The monolayers were subjected to

3 cycles of compression and expansion. In conjunction with the

compression–expansion cycles, an inverted microscope (IX73 Olym-

pus) was utilized to simultaneously capture the microstructure formed

by the particles at the air–water interface, using a 20� objective (6.6–

7.8 WD, 0.45 NA), and through a custom-designed window machined

in the center of the trough.

2.3 | Analysis of surface pressure isotherm

To extract information on the mechanical properties of the network,

the resulting surface pressure isotherms were further analyzed to cal-

culate the isothermal surface compressibility coefficient, κs0 ¼� ∂Π
∂ lnA

� �
T

of the interfacial network as a function of the JP amphiphilicity.85 To

further examine the link between JP amphiphilicity, the overall inter-

particle interactions experienced by the particles within the network,

and the resulting surface pressures, a surface equation of state was

used to interpret the surface pressure isotherms.86 As shown by

Fainerman et al., the surface pressure of a micron-sized particle mono-

layer can be related to the particle surface coverage and interparticle

interaction parameter via the following equation:

�Πω0

kT
¼ ln 1�θð Þþθ 1�ω0

ω

� �
þaθ2 ð4Þ

where ω0 is the molecular area of the solvent, ω is the fluid–fluid

interfacial area occupied per particle, and θ is the particle surface cov-

erage. Therefore, using the information on the total area occupied by

the particles at any time, one can calculate θ. We estimated the total

area occupied by particles assuming an arbitrary value for the surface

coverage at the inflection point (θIP) of the isotherm. The Frumkin

interaction parameter (a) captures the nonideality (i.e., positive for

attractive and negative for repulsive interactions), and is related to the

enthalpic contribution to the interactions.86 We assumed that the ω0
ω

ratio goes to 0 since ω�ω0, and used both a and θIP as fitting param-

eters, to estimate the limiting surface coverage and interaction

parameter that best represents the surface pressure data obtained for

JPs with different degree of amphiphilicity. From the maximum sur-

face coverage in 2D (i.e., θIP) that best fits the experimental data, the

area occupied by the particles at the inflection point of the isotherm

can be estimated. From the total area occupied by particles, we can

calculate the number of particles trapped at the surface. Next, the

binding efficacy of JPs can be estimated by dividing the total number

of particles trapped at the interface by the total number of particles

deposited at the interface from the spreading solution.

2.4 | Analysis of particle orientation distribution

To evaluate the orientation distribution of the JPs residing the

air–water interface, deposition of interfacially trapped particles on a

silicon wafer was carried out following an earlier work.9 Briefly, a sili-

con wafer was placed at the bottom of the trough at the beginning of

the experiment. After the particles were spread at the interface, a

30 min wait period was allowed for the evaporation of the spreading

solvent. Next, the monolayer was compressed until a surface pressure

of 5 mN/m was reached. The JP network was then transferred from

the air–water interface to the silicon wafer substrate by gently aspi-

rating the water from the side of the trough outside the barriers and

lowering the interfacial plane until the particle monolayer came in

contact with the silicon wafer. The deposited particles were then

imaged via the environmental Scanning Electron Microscope (Thermo

Quattro S field-emission SEM) equipped with a backscatter detector,

which exhibits different brightness for materials of different density.

The distribution of particle orientations was obtained by analyz-

ing 	50,000 particles, for each amphiphilicity studied, using the HEXI

software via brightness thresholding of the particles.87 Particles that

showed up brighter in the SEM images (i.e., in contact with the air

phase) were counted as Janus cap up and those dimmer were counted

4 of 17 CORREIA and RAZAVI
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as Janus cap down (i.e., facing toward the water subphase). To differ-

entiate the tilted particles, we used the standard deviation of the pixel

brightness in each particle as the criterion, since a wider spread in the

brightness population is expected for a tilted particle compared to

vertically aligned particles. More details on the particle thresholding

can be found in Figure S2. Once the orientation (δ) of all particles is

determined, one can calculate a 2D-alignment factor S¼ 3cos2δ�1
2

D E
as

a means of quantifying the overall orientation of the JP cap in the par-

ticle monolayers formed by different amphiphilicities.88 To calculate a

2D alignment factor (S), the value of particle tilt angle (δ) was simply

assumed to be 0�, 90�, and 180� for cap up, tilted, and cap down

Janus particles, respectively. Therefore, a monolayer populated only

by vertically aligned particles (cap up and cap down) corresponds to

S¼1, whereas for a monolayer comprised of particles in sideways

configuration the 2D alignment factor is S¼�0:5.

2.5 | Calculation of desorption energy at different
orientation angles via Surface Evolver

JPs possess chemical anisotropy, which generates deformations on

the air–water interface due to the entrapment of particles in a tilted

orientation. Vertically aligned particles will likely generate deforma-

tions associated with the surface roughness present at the Janus

boundary (commonly described via quadrupolar and hexapolar

modes), whereas tilted particles introduce dipolar deformations. Fol-

lowing the work of Rezvantalab et al.,43 the Surface Evolver soft-

ware89 was employed to model a system of a single Janus particle

straddling a fluid interface at an arbitrary orientation angle δ. The soft-

ware can be used to model interfacial deformations that are induced

by various forces and constraints present in the system. In our system,

the surface energies, which are dependent on the wettability of the

particle hemispheres, were considered the governing force. Once

the geometry is created, one can refine the mesh and minimize the

surface energy until convergence is achieved. The software considers

the surface tension between the fluids as 1, which was converted

afterwards to the surface tension of water (σ0 ¼72:8mN=m). To

model the JPs of various amphiphilicities, we set the contact angles of

the hemispheres to the experimentally measured values, held the

particle position constant, and incrementally increased the tilt angle.

Once the mesh is converged, the contact area between each hemi-

sphere and the subphase was exported and Equation (2) was applied

to calculate the desorption energy (ΔEd) associated with each orienta-

tion angle (δ).

3 | RESULTS AND DISCUSSION

3.1 | Janus particles degree of amphiphilicity

The degree of amphiphilicity (Δθ) is a measure of the Janus character

of the particle. In the system under study, the hydrophobicity of the

gold cap was tuned by attaching thiol molecules to the surface. There-

fore, by introducing thiols with longer carbon chains onto the gold

cap, JP amphiphilicity can be gradually increased, while retaining the

wettability on the hydrophilic silica side. Examples of water droplets

formed on the unmodified glass substrate, gold coated substrate and

thiol modified gold substrates, and the resulting contact angles mea-

sured in each case are provided in Figure 1. Based on this information,

the degree of amphiphilicity were estimated for C0, C4 and C8 parti-

cles, as provided in Table 1.

3.2 | Surface pressure isotherms

The surface pressure (Π)—area (A) isotherm for the three systems

under study are provided in Figure 2A. It can be noted that each curve

goes through an inflection point which is associated with an area (AIP)

that is smaller for C0, intermediary for C4, and larger for C8. This can

be attributed to each amphiphilicity having a different binding efficacy

(Table 1). The binding efficacy is estimated based on the number of

particles trapped at the interface divided by the number of particles

deposited onto the fluid interface. Particles with higher amphiphilici-

ties presented a higher binding efficacy, which is in agreement with

previous studies on interfacial monolayers of Janus particles.9 The

area at the inflection point (AIP) was then used to normalize the

F IGURE 1 Wettability of glass substrates,
modified in an analogous fashion to the particles,
and measured via the contact angle of water
droplets deposited on the substrate. The
representative particle surfaces are also provided
above each panel. From left to right, (A) the
untreated base-cleaned substrate, (B) unmodified
gold coated substrate, (C) gold-coated substrate
modified with butanethiol, and (D) gold-coated
substrate modified with octanethiol. Janus
particles are composed of a hydrophilic silica
surface mimicked by the glass substrate shown on
panel (A) and a gold cap, unmodified or thiol-
modified, as shown in panels (B)–(D).
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surface area in each isotherm, results of which are displayed in

Figure 2B. The inflection point of the isotherm has been associated

with the point at which the monolayer has reached its maximum pack-

ing in two-dimensions. Compressing the monolayer past the inflection

point of the isotherm is shown to result in the collapse of the interfa-

cial network either by expelling the particles from the interface or

buckling of the particulate layer.90

Comparing the three isotherms, it can be observed that by com-

pressing the interfacial monolayers, the surface pressure picks up for

C0 Janus particles at larger normalized areas, which indicates the

formation of an open fractal network due to the directional

dependece of interparticle interacitons.91 There is a clear progression

from C0 to C4, and then to C8, where C8 does not resist compression

up to areas close to the inflection point, which indicates a dominance

of short-ranged interactions. Plotting the isothermal 2D compressibil-

ity modulus (κs0) with the normalized area in Figure 2C, further

illustrates that resistance to the applied compression initiates at larger

normalized areas for the particle monolayer formed by the C0 JPs, fol-

lowed by the networks of C4 and C8 particles, respectively. It should

be noted that κs0 reaches a maximum at the inflection point of the iso-

therm as expected, from which one can obtain the maximum resis-

tance to compression exhibited by the monolayers. Surface

compressibility values show a direct relationship with the degree of

amphiphilicity, as shown in Table 1. This indicates that JP of higher

amphiphilicity yield monolayers that exhibit a larger resistance to the

applied compression when compared at the maximum particle surface

coverage obtained in 2D.

After reaching their maximum resistance to compression at the

inflection point, the monolayers yield to the applied stress and

undergo a collapse process, which is evidenced by the “shoulder”
recorded on the surface pressure isotherm. To illustrate the micro-

structural changes within the network in response to the applied

TABLE 1 Janus particles under study and their characterization as follows: degree of amphiphilicity (Δθ), binding efficacy at the interface,
isothermal 2D compressibility modulus of the particle network, network compaction between cycles 1 and 3, and parameters obtained from the
fitting of the surface pressure isotherms to the Frumkin equation of state, that is, the surface coverage at the inflection point (θIP) and the overall
interparticle interaction parameter (a).

Particle Δθ Binding efficacy Maximum κs0 (mN/m)

% compaction

from cycle 1 to 3 θIP a

C0 25 ± 5� 79.2% 170 ± 9 10.4% 80.0% �0.04

C4 32 ± 4� 85.5% 228 ± 43 9.9% 88.4% 0.59

C8 38 ± 4� 88.3% 308 ± 47 4.7% 91.0% 1.09

F IGURE 2 (A, B) Display the surface pressure (Π) isotherm for Janus particle monolayers of different amphiphilicity as a function of trough
area (A) and area normalized by the inflection point area (AIP), respectively. (C) Surface compressibility modulus (κs0) of the monolayers for JPs of
different amphiphilicity. Data belonging to C0, C4, and C8 particles are illustrated using black squares, red circles, and blue triangles, respectively.
Snapshot of monolayer beyond collapse for (D) C0, (E) C4, and (F) C8. Scale bar is 10μm.
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compressions, the corresponding videos (sped up 3�) are provided in

Supporting Information. Figure 2D–F displays snapshots of the micro-

structure after the inflection points of the isotherms have been reached.

The monolayer formed by C0 JPs possess particle clusters that, upon

compression, do not combine to form larger aggregates resulting in areas

devoid of particles that persist (Figure 2D). In contrast, C8 monolayer is

more uniform and shows wrinkles once compressed beyond the collapse

point (Figure 2F). It should be noted that monolayer formed by C4

exhibits an intermediary behavior, with both characteristics, where local

wrinkles are observed before the holes between clusters get filled up by

particles and disappear completely (Figure 2E).

To gain an understanding on how the strength of interparticle

interactions is altered by the JP amphiphilicity, we applied an equation

of state, proposed by Fainerman et al.,86 to the measured surface

pressure isotherms using both the surface coverage at the inflection

point (θIP) and the interaction parameter (a) as fitting parameters. The

results are provided in Table 1 and are shown in Figure 3, where

the comparison between the experimental data and the resulting fit

are plotted for all amphiphilicities as a function of the particle surface

coverage (θ), which was estimated based on the area occupied by par-

ticles at the inflection point, calculated from θIP. In agreement with

the results shown in Figure 2, the surface pressure obtained for the

C0 monolayer is always higher than the other two JP amphiphilicities

when compared at a similar surface coverage. In other words, obtain-

ing similar surface pressures requires the lowest surface coverage in

the case of C0 particles. This may be due to the slightly repulsive inter-

action parameter (a¼�0:04) in case of C0 particles, which indicates

that the network is overall resisting the applied compression. In con-

trast, C8 particles show the lowest surface pressure at the same sur-

face coverage, resulting from the overall attractive interactions

(a¼1:09). Moreover, the limiting packing fraction (θIP) associated with

C0 is the lowest value (θIP ¼80%), indicating a more open network,

devoid of particles, which corroborates with the idea that particle

rafts are not attracted to each other. On the other hand, the maximum

packing obtained in monolayers formed by C8 particles corresponds to

a hexagonal closed pack arrangement in 2D and is equivalent to 91%.

This difference in θIP is evidenced on the recorded videos of the

monolayer compression provided in Supporting Information.

It is worth noting that the fitting on C0 is not optimal. This could

be attributed to the complexity of interactions that are occurring at

different length scales, that is, interactions of different magnitude,

strength, and sign may be taking place at different interparticle dis-

tances as will be discussed later.

3.3 | Isotherm hysteresis

Since interfaces are often subjected to repeated external stresses,

additional analysis arises from the cycles of compression and expan-

sion undergone by these monolayers, as they can offer valuable infor-

mation regarding the hysteresis involved in these systems. Figure 4

shows the comparison between the isotherms obtained on cycle

1 and cycle 3 for interfacial layers formed by the JPs of different

amphiphilicity. The data is illustrated as a function of the compression

ratio (A0=A), defined as the ratio between the initial area at the open-

barrier state (A0) and the area at any point (A) during the experiment,

which can be useful with regards to hysteresis analysis.92 From these

curves we can learn information regarding the induced monolayer

compaction (comparing different compressions), and overall interparti-

cle interactions (from the differences between compression and

expansion isotherms). As shown in Figure 4A, for interfacial layers

formed by C0 JPs, there is a minor shift in the isotherm toward smaller

normalized trough areas from cycle 1 to 3, which could be attributed

to either particle loss from the interface or the compaction of the

monolayer upon compression. The former scenario is excluded in this

case as the maximum pressure reached at the closed-barrier state

remains the same across all three cycles.90 For C4 and C8 monolayers,

there is a similar shift to the right comparing the compressions in cycle

1 to cycle 3, as illustrated in Figure 4B,C. Using the inflection point

from compressions 1 and 3, one can calculate the network compac-

tion in response to cyclic deformations as A3rd
IP �A1st

IP

� �
=A1st

IP , results

of which are provided in Table 1.

When comparing the compression to the expansion for each

cycle, C0 monolayers behave similarly, depicted by similar shapes,

regardless of the cycle number, with the expansion curve always

exhibiting smaller surface pressures than the compression. Interest-

ingly, the expansion surface pressure does not drop to 0 mN/m

immediately after the area has reached values larger than the col-

lapse area, indicating that the network is opening and exhibiting a

solid-like behavior.63 In contrast, C4 and C8 monolayers exhibit hys-

teresis at the first cycle. However, for the third cycle the compres-

sion and expansion legs of the isotherms overlap each other

indicating that larger aggregates are being formed and are not break-

ing apart after the expansion, which could be resulting from the lack

of repulsion between the particles. C4 monolayers also experience a

F IGURE 3 Surface pressure (Π) isotherms as a function of surface

coverage of particle (θ) obtained for JP monolayers of different
amphiphilicities at the air–water interface. C0 particles are shown in
black squares, C4 particles in red circles, and C8 particles in blue
triangles. The experimental data are shown in lighter tones and the
best fit from the Frumkin equation of state (Equation 4) are shown in
a darker tone. The function only fits the data for θ ≤ θIP since at higher
surface coverages the monolayer is not a 2D structure.
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similar but less drastic version of the phenomenon taking place in C0

in which the surface pressure does not instantaneously drop to

0, whereas the surface pressure for C8 reaches 0 mN/m as soon as

the area is larger than the collapse area.

When analyzing κs0, for the monolayer formed by C0, shown in

Figure 4D, there are clearly two regions, corresponding to a plateau

on the lower surface concentrations (on the left) and the peak at the

inflection point. The fact that κs0 for both compression and expansion

cycles have a comparable shape and similar values indicates that the

particles within this monolayer are interacting repulsively, and once

the expansion is taking place the same particle clusters that were

resisting the compression push each other away. In contrast, for the

monolayer formed by the C8 particles, the compressibility modulus

from the first compression shifts to smaller areas and remains rela-

tively the same from the first expansion onwards as depicted in

Figure 4F. This can be attributed to a large degree of compaction tak-

ing place within the monolayer, where the particles that were pushed

together remain in the form of compact aggregates, due to the attrac-

tive nature of their interactions. This is also evidenced in the maxi-

mum compressional modulus where the 3rd cycle reaches a higher

value (	476mN/m) than the 1st (	308mN/m), as the monolayer is

compacted upon compression, and thus is harder to compress. Finally,

the monolayer formed by C4 particles exhibits an intermediary behav-

ior; analogous to the C8 system, the interfacial layer compacts to some

degree in response to the applied compression in the first cycle, as

shown in Figure 4B, whereas the shape of the compressional modulus

is sustained indicating some repulsiveness in the interparticle interac-

tions, as can be seen in Figure 4E.

3.4 | Microstructure analysis

To better understand the impact of JP amphiphilicity on the microstruc-

ture of the monolayers formed at the interface, imaging of the interface

was conducted in tandem with the compression of the layer. The

acquired data allows us to simultaneously track the surface pressure and

visually inspect the resulting microstructure. When comparing the mono-

layers formed by JPs with different degrees of amphiphilicity, at the same

surface pressure of 5 mN/m, different microstructures are shown to be

present at the interface as depicted in Figure 5. The least amphiphilic C0

JP system appears to consist of mostly open air–water areas devoid of

particles, with some smaller dendritic particle chains and some larger

aggregates of more densely packed particles (Figure 5A). As the particle

degree of amphiphilicity is increased, by moving from C0 JPs to C4 JPs

(Figure 5B), a decrease in the number of particle chains is observed,

whereas the aggregate size and the connectivity of particle rafts

increased. The packing in C4 particles appears to be more compact in

comparison with C0 particles. For the largest amphiphilicity studied, the

surface network of C8 particles is predominantly covered by large, inter-

connected aggregates and the bare air–water surface area was the least

in this case (Figure 5C). These results agree qualitatively with Figure 3,

where the surface coverage is inversely proportional to the degree of

F IGURE 4 Surface pressure (Π) isotherm plotted as a function of the compression ratio (A0/A) for compression (square closed symbols) and
expansion (diamond open symbols) legs of cycles 1 and 3 for the monolayers formed by (A) C0, (B) C4, and (C) C8 Janus particles; the
compressional surface modulus (κs0) for each particle monolayer are presented below the isotherms corresponding to (D) C0, (E) C4, and (F) C8

Janus particles. Data belonging to C0, C4, and C8 particles are shown in black, red, and blue color, respectively.
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amphiphilicity when compared at similar surface pressures. Furthermore,

Figure S6 shows a comparison between the obtained microstructures

across different surface pressures and at a similar surface coverage; while

the structure formed by C0 particles exhibit more openings within the

clusters, the C8 monolayer depicts a network that is packed more uni-

formly. The different degree of amphiphilicity present in the particles

could impact their orientation at the interface, as further analyzed in the

next section, which, in turn, alters the sign and magnitude of the resulting

interparticle interactions that govern the assembly of the interfacial net-

work yielding the captured microstructures.

The SEM images of the monolayers are used to further investi-

gate the role of particle amphiphilicity on the orientation distribution

of particles and its connection to the microstructure formation at the

interface (Figure 5D–F). The monolayers were deposited onto the sili-

con wafers at a surface pressure of 5 mN/m. The SEM pictures were

used since the gold caps, which appear brighter, can be distinguished

from the silica cores. From these images, we observe that not all parti-

cles are oriented with their caps pointing upwards, toward the air

phase, which is predicted to be the preferred orientation for a single

Janus particle residing an interface when the rotational freedom of

the particle is not cosidered.10 It is possible to observe that there is a

difference in the number of particles residing at various orientations

depending on the degree of amphiphilicity. It is important to note that

the process of drying could induce capillary interactions and disturb

particle orientations. However, as previously reported, Janus particle

clusters tend to maintain their orientation upon drying.79

The particle orientation distribution for the three systems was quan-

tified and the results are shown in Figure 6. The percentage of cap up-

particles with increasing the JP amphiphilicity improved from 66 ± 2% for

C0 samples to 80 ± 2% for C8, whereas the number of tilted particles

reduced in half. These findings are in agreement with previous results

reported elsewhere,79 where highly amphiphilic particles presented a

higher orientational order when compared to homogeneous parti-

cles.65,79,93 In addition, the 2D alignment factor, calculated for the differ-

ent amphiphilicities, illustrated that the presence of more tilted particles

was associated with a less ordered monolayer as there is a direct correla-

tion between S and Δθ (see Table 2). Since the particle orientation dis-

tribution is governed by the surface energies between the particle

surfaces and the two phases present, the calculations of surface ener-

gies were carried out as a function of JP amphiphilicity, and its orien-

tation at the interface, as discussed in the next section.

3.5 | Desorption energy calculations for individual
particles at different tilt angles

The role of amphiphilicity in the particle orientation can be assessed

by applying the thermodynamics derivation of desorption energy

F IGURE 5 Representative optical micrographs of interfacial monolayers formed by (A) C0, (B) C4, and (C) C8 Janus particles of different
amphiphilicity. Representative SEM pictures of the clusters formed by the Janus particles of different amphiphilicity (D) C0, (E) C4, (F) C8. Images
belong to monolayers at 5 mN/m. Scale bar is 10 μm.
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(Equation 2) to particles at different tilt angles and amphiphilicity. One

can calculate the desorption energy assuming that the fluid interface

remains flat irrespective of JP tilt angle at the interface (Figure 7A, full

lines). However, because of the anisotropy in chemistry present on the

surface of Janus particles, one needs to account for the induced deforma-

tions of the air–water interface generated by JPs entrapment in a tilted

orientation, which affects the resulting wetted areas on each face of the

particle. Deformation of fluid interface ensued from JP tilt angle at the

interface can be investigated using the Surface Evolver software.

Figure 7B illustrates the deformation of the air–water interface in

response to a Janus particle trapped at the interface with various tilt

angles (δ) for a C8 particle with θa ¼30� and θp ¼100�. The orientation

angle varied from the cap-up orientation (i.e., Janus boundary aligned

with the plane of the interface, δ¼0�) to sideways orientation

(δ¼90�). These calculations were carried out for all three JPs trapped

at different tilt angles at the interface. The change in the desorption

energy of the JP, considering the interfacial deformation, is plotted in

Figure 7A as a function of JP tilt angle at the interface.

When comparing the calculated desorption energies for particles

bound to a flat fluid surface to the scenario where the surface

deforms in response to the particle tilt, it should be noted that the

deformations of the interface are more thermodynamically favorable

since they are associated with more negative desorption energies.

Furthermore, for each JP amphiphilicity, the desorption energy

becomes less negative as we move from a vertically aligned particle

(δ¼0�) to a tilted particle (δ¼90�) indicating that the tilted state is

less favorable. Finally, a higher degree of amphiphilicity yields a higher

desorption energy for any tilting angle, as expected.

By analyzing the results obtained from the Surface Evolver

(Figure 7A, discrete points), it can be noted that the desorption energy

is nearly constant for all particles as we move from δ¼0� up to a criti-

cal angle (δc) shown by the arrows. C0 exhibits a higher δc, followed by

C4 and C8, which indicates that C0 is more likely to assume higher tilt

angle at the interface compared to the higher amphiphilicity particles.

Moreover, the difference between the desorption energy associated

with a particle residing at the interface with a cap-up orientation com-

pared to sideways configuration, with a 90� tilt angle, is directly pro-

portional to the particles amphiphilicity. This attribute can be the

driving force for the observed particle orientation distributions

(i.e., Figure 6) and how they change with JP amphiphilicity. Under

these conditions, we can expect a higher population of particles strad-

dling the interface with their caps oriented upwards for the more

amphiphilic system (C8), as observed from the SEM pictures of

Figure 5D–F. Nonetheless, the high count of cap-down particles can-

not be explained from thermodynamics point of view, as this configu-

ration is the most energetically unfavorable orientation. We offer two

possible explanations for this observation. The first is based on the

nonideal fabrication process, where the presence of multilayers in

some locations on the substrate could block the particles residing on

the lower planes from getting exposed to the metal coating and there-

fore leave those particles unmodified. The second possibility is that

even though these particles are Janus, they might get trapped in a

metastable orientation, due to the energetic Marangoni flows associ-

ated with their deposition, at the air–water surface. We believe that

both possibilities could be taking place in our system.

3.6 | Pairwise capillary interactions

In addition to the impact of amphiphilicity on assumed tilted orienta-

tions at the interface, which could result in the deformation of the

F IGURE 6 (A) Particles orientation distribution for different amphiphilicities. Gold color represents particles residing with their Janus cap
aligned with the interface and pointing up toward the air phase, gray pertains to particles sitting with their Janus cap aligned with the interface
and pointing down toward the water phase, and the diagonal stripes of gold and gray belong to the particle population with a tilted Janus cap.
(B) Schematic showing the orientation angle (δ) and the 2D alignment factor (S).

TABLE 2 The 2D alignment factor (S), the normalized stored
energy per particle (ΔUcap

πσ12H
2), and the corresponding energy in kbT for

monolayers obtained with each particle system.

Particle S ΔUcap

πσ12H
2 ΔUcap�104 (kbT)

C0 0.77 �0.62 �3.5

C4 0.84 �0.81 �4.6

C8 0.88 �0.89 �5.1
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interface, one must also consider the role of particle roughness on

interfacial deformation. Since the Janus fabrication method is not

seamless (i.e., the Janus boundary introduces surface roughness

around the particle), vertically aligned particles (cap up or down) will

introduce a contact line deformation that is likely correspondent to

the shape of the Janus boundary.94 These deformations yield capillary

interactions between the interfacially bound particles. Previous stud-

ies have associated the interactions between these particles to be

quadrupolar (U/ r�4) and/or hexapolar (U/ r�6).65,80 While those

higher-order capillary interactions are associated with vertically

aligned particles, tilted JPs can also be present on the monolayer (see

Figure 5D–F), which adds the dipolar mode of interaction (U/ r�2) to

the system. In addition, defects on the Janus boundary may also

induce complexity on the pinning of the contact line around the parti-

cle surface. All of the beforementioned factors contribute to a unique

and complex monolayer at the interface and need to be taken into

consideration.

As mentioned earlier, interactions between nontilted JPs can be

estimated with quadrupolar and hexapolar interaction modes. These

interactions result in different packing arrangements; where quadru-

polar dominated systems will form square ordered clusters, hexa-

polar dominated monolayers will assemble in a hexagonal

arrangement.60,80 For our system, we observe amorphous clusters,

with occurrences of both arrangements locally (see Figure S3a).

The presence of tilted particles also impacts the overall packing,

which makes it nontrivial to determine a dominant mode of capil-

lary interaction. One way of approaching this problem is to analyze

the bond angles between neighboring particles to investigate

whether either squared or hexagonal arrangements are more fre-

quent.95 From the analysis carried out in Figure S3c, it can be seen

that for all the systems under study in this work, there is a higher

tendency of finding pairs with bond angles of 60� and 120�, which

originate from a hexagonal arrangement even though the

microstructure is overall amorphous, as seen in Figure 5D–F.

Therefore, for the sake of simplicity, further analysis of these JP

systems was carried out with the assumption that the vertically

aligned particles (δ¼0�) deform the contact line predominantly by a

hexapolar mode. It should be noted that quadrupoles are likely to be

present in the monolayers as well.

As shown in Equation (3), capillary interactions depend on the

approach angle between the particles. When looking into a pair of

similarly oriented particles, we can estimate the pair-interaction

potential dependence on the azimuthal angle (or approach angle, Δφ).

For a pair of particles deforming the interface in a hexapolar fashion,

the radial interaction map calculated using Equation (3) for different

center to center distances (r) and approach angles (Δφ), is shown in

Figure 8A. The values shown in the figure represent the total interac-

tion energy (ΔUcap) normalized by the surface tension (σ) and the

squared deformation amplitude (H2) assuming σ12 ¼72:8mN=m and

H¼32nm. For our system, H was estimated based on the roughness

of the core particle and the roughness introduced by the metal depo-

sition, following the work of Qiao et al.78 It is possible to notice that

there are three attractive and three repulsive domains, as expected.

Therefore, in a dilute regime (i.e., low particle surface coverage), when

two particles approach each other in a favorable configuration

(i.e., deformation modes are matching), attraction will be ensued. If

the particles approach each other in a unfavorable configuration,

assuming they are free to rotate in plane (radial movement on the

graph), they can align their deformations and switch to the attraction

region of the capillary interaction map.43,96 For instance, in a system

composed of two particles interacting via hexapolar capillary interac-

tions, the maximum in-plane rotation needed for a single particle to

switch the interaction potential sign, and move from maximum repul-

sion to maximum attraction, is 60�. Figure 8B shows a similar scenario

for two tilted particles deforming the interface in a dipolar fashion. In

comparison to the previous case, two tilted particles approaching each

F IGURE 7 (A) Desorption energy (ΔEd) of an interfacially bound particle calculated for different tilt angles (δ). Full lines represent cases where
the surface remains flat regardless of the JP orientation. Discrete points represent results where the deformation of the interface was considered
in the calculation of the desorption energy. Results for C0, C4, and C8 particles are shown in black squares, red circles, and blue triangles,
respectively. Arrows indicate δc for each system. (B) Surface Evolver snapshots and the resulting interfacial deformation induced by the JP tilt
angle at the interface displaying a particle with surface characteristics of a C8 JP on the polar and apolar faces. (C) The difference in the energy
required to desorb a tilted JP ΔEd [δ=90�] and a cap-up oriented JP ΔEd [δ=0�], from the interface, as a function of the degree of amphiphilicity
(Δθ) of the JPs.
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other in the most unfavorable orientation may need to rotate up to

(180�) to move from a repulsive domain toward an attractive range.

For a dilute system (i.e., low particle surface coverage) this is not an

issue. However, when considering populated surfaces, a complicated

network of interactions arises from the many-body interactions, which

could constrain the in-plane rotations.

From Figure 8, we can determine two possible scenarios for each

particle pair: the most attractive and the most repulsive paths, which

depend on the alignment of the surface deformations that are caused

by these particles. These scenarios are illustrated in Figure 9A,B for

particles interacting solely via hexapolar or dipolar modes, respec-

tively. For cap up particles interacting via hexapolar mode (Figure 9A),

F IGURE 8 Radial map of normalized pairwise capillary interaction for two particles as a function of center-to-center separation distance (r)
normalized by particle diameter (2R) distances and their in-plane approach angle (Δφ). (A) Two particles interacting through (A) hexapolar and
(B) dipolar capillary interactions. Regions shown in red (blue) represent repulsive (attractive) capillary interactions.

F IGURE 9 Cartoons showing the top-view of three particles trapped at the air–water interface, where upward (downward) surface
deformations are represented as a plus (minus) sign and in red (blue) color. Capillary interactions resulting between two pairs are provided in the
bottom panel for particles interacting either attractively (particles I and II) or repulsively (particles I and III) and are as follows: (A) hexapolar–
hexapolar, (B) dipolar–dipolar, and (C) hexapolar–dipolar. Scaling of capillary interactions with separation distance for each scenario is provided on
the plots. Interaction curves were calculated based on the numerical solution provided by Kralchesvky et al. for multipolar capillary interactions.60
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they may experience an attraction (particles IA–IIA) or a repulsion

(particles IA–IIIA) depending on how they approach each other. For

tilted particles interacting via dipolar mode (Figure 9B), we have a sim-

ilar scenario where matching deformations are attractive (particles IB–

IIB) and opposing deformations are repulsive (particles IB–IIIB). It is

also possible to observe that at smaller separation distances, vertically

aligned particles interact strongly, while the capillary interaction

between tilted particles is longer ranged.

The interaction potential between a vertically-aligned particle and

a tilted particle is not trivial, even under the simplifying assumption

that upright particles do not deform the interface (i.e., smooth Janus

boundary), as shown previously by Rezvantalab et al.43 When consid-

ering that vertically-aligned particles deform the surface in a hexapolar

fashion, we arrive at a scenario with interaction profile depicted in

Figure 9C. For the attractive pair (IC–IIC), at large distances, the parti-

cles are attracted to each other, however their interaction energy

reaches a minimum before reaching close contact. Upon further

reduction in separation distance, particles start repelling each other.

This can be explained by acknowledging that when moving a hexapo-

lar particle closer to a dipolar particle, there is a distance at which

opposing deformations will overlap because the dipolar deformations

are wider than the hexapolar ones. This is exemplified by the pair IC–

IIC in Figure 9C, where the downwards interfacial deformation around

the dipolar particle matches the downwards deformation on the hexa-

polar particle. Nevertheless, if the particles keep approaching each

other, the downwards deformation of the dipolar particle will overlap

with the upwards deformations on the hexapolar particle, which is not

an energetically favorable state, as it increases the interfacial contact

area between the two fluids.

We have further analyzed the SEM pictures to examine pairwise

interactions present in monolayers formed by each particle amphiphi-

licity and for the different particle orientations. This can be conducted

by setting a threshold distance that characterizes the first shell of

neighbors (analysis can be found in Figure S4), followed by counting

each detected pair and comparing their assigned orientations to get

the number of interactions between each case (up–up, up–tilted, etc.).

As shown in Figure 10, majority of interactions are between particles

possessing cap up configuration, as expected. When considering C0

JPs, 	21.0% of the interparticle interactions are between the cap-up

and tilted particles, in contrast to only 	12.5% for C8 JPs. This indi-

cates that within C0 monolayer, there is a higher recurrence rate of

the complex scenario shown in Figure 9C. This is indeed expected as

the higher number of tilted particles are present in the interfacial net-

work formed by C0 particles, as displayed in Figure 6A, which in turn

results in a higher chance of interactions involving them.

Once the interacting pairs are identified, the pairwise interaction

experienced by each particle can be calculated in order to determine

the network of interactions present in each system. An assumption

that was made in these calculations was that the amplitude of defor-

mation is constant regardless of the particle orientation within the

monolayer. Since upwards and downwards surface deformations

around vertically aligned particles cannot be distinguished from an

SEM image, we also assume that these particles are always in the

most attractive configuration with respect to their pairs. Therefore,

pairs containing at least one vertical particle will follow the attractive

capillary interaction scenarios (blue curves) shown in Figure 9A,B. For

a pair of tilted particles, the sign of interfacial deformation can be

determined based on the cap direction and used in calculating the

magnitude and sign of the pairwise capillary interaction.

Figure 11 shows the normalized particle interaction energy as a

Voronoi diagram, where area surrounding each particle is colored with

respect to the amount of capillary interaction energy corresponding

to that particle resulting from its neighbors. The corresponding SEM

images used in the analysis of Figure 11 can be found in Figure S5. It

is worth noting that the cluster formed by C0 particles depicts a higher

occurrence of repulsive interactions (colored in red) when compared

to the C8 cluster, which is dominated by attractive interactions (blue).

From the capillary interaction energy values calculated for each

particle within the cluster, we can estimate an average energy stored

per particle (ΔUcap), results of which are provided in Table 2. There is

a direct correlation between the interaction energy (ΔUcap) and the JP

amphiphilicity (Δθ). All amphiphilicities yielded attractive interaction

energies, which is expected for a cluster that was self-assembled at

the air–water interface. These results are in agreement with the phys-

ics obtained from the fitting of the isotherms, where C8 particles were

found to exhibit stronger attractive interactions (a¼1:09) compared

to the other two amphiphilicities.

It should be noted that a number of assumptions were made in

the beforementioned calculations, as follows: (1) cap-down particles

are equivalent to cap-up particles in the calculation of pairwise inter-

action, which might not be true if those particles are indeed homoge-

neous untreated particles and not cap-down Janus particles; (2) all

amphiphilicities considered in this study will result in the deformation

of the surface with the same amplitude, whereas the

deformation should be dependent on the degree of amphiphilicity;43

(3) tilted particles are deforming the surface with the same amplitude

as the vertical ones; (4) the depression and rise of the fluid interface,

resulting from tilted particles at the interface, are of the same

F IGURE 10 Frequency of pairwise interactions for pairs of
different orientations as a function of JP amphiphilicity. From left to
right, up–up, up–tilted, up–down, tilted–tilted, tilted–down, down–
down. Data belonging to C0, C4, and C8 particles are shown in black,
red, and blue color, respectively. The data was obtained from SEM

images of monolayers deposited at 5 mN/m.
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magnitude; and (5) defects from the particle fabrication may introduce

various modes of capillary deformations (e.g., quadrupolar) that are not

considered in the calculations presented in this study. We are currently

investigating the impact of these factors on the resulting capillary interac-

tions, which will be the subject of a forthcoming publication.

4 | CONCLUSIONS

To shed light on the role JP amphiphilicity plays in the formation of an

interfacial microstructure and its mechanical properties, in this work,

we examined JP monolayers of different amphiphilicity subjected to

compression and expansion stresses. The analysis was carried out via

the measurement of surface pressure isotherms followed by their

characterization with an equation of state to highlight the impact of

JP amphiphilicity on the resulting interparticle interactions. We

further analyzed the role of JP amphiphilicity on the microstructure

formation by determining the orientation distribution of JPs at the

interface from the images of the particle networks at the air–water

interface. We employed Surface Evolver software to estimate the

desorption energy associated with such interfacially bound JPs,

trapped at different orientation angles with regards to the interface,

to underscore the importance of particle amphiphilicity. We found

that for higher amphiphilicity JPs, there is a larger energy penalty for

particles to assume a tilted orientation at the interface in comparison

to those vertically aligned. We postulated that the different orienta-

tion distribution captured for various degrees of JP amphiphilicity,

dictates the modes of capillary interactions that are present within the

monolayer. When comparing JPs of different amphiphilicities, we

conclude that the capillary interactions induced by the tilted JPs at

the interface and the resulting interfacial deformations are the main

contributing factor to such different self-assembly behavior at the

air–water surface and the accompanying response to the applied

compression, which is of significance for designing interfacial systems

for industrial applications.

Tuning the rheological properties of interfacial networks by

engineering the particle attributes that form the monolayer has

been envisioned in the field. For example, the rheological proper-

ties of interfacial monolayers formed by ellipsoidal particles, such

as their yield point, was reported to be higher at similar surface

coverages when compared to spherical particles, which in turn has

been shown to arrest bubble dissolution, a useful attribute in

designing stable Pickering foams.97 Moreover, the surface pressure

of JPs monolayers have also been shown to impact their resulting

interfacial rheology.98 Consequentially, this illustrates the oppor-

tunity to use the capillary interactions as a tool to tune the proper-

ties of interfacial systems.99,100 Understanding these concepts is

key in designing interfacial systems, by engineering the surface

attributes of particles, and is essential for numerous applications

of soft-matter, as listed in the New Directions for Chemical

Engineering.101
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