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Abstract
Understanding the interactive behavior of Janus particles (JPs) is a growing field of research. The enhancement in bind-
ing energy, in comparison to homogenous particles, and the dual characteristic of JPs open up new possibilities for novel 
applications. In many such applications, interfacial materials become subjected to flows that produce dilational and shear 
stresses. Therefore, it is important to understand the impact that the Janus character brings to interfaces. In this work, we 
study the microstructure of two-dimensional (2D) JP monolayers formed at the air–water interface and examine the shear 
viscoelasticity with an interface rheometer that was adapted for in situ surface pressure control via a Langmuir trough. We 
extend concepts from bulk rheology to data obtained from interfacial rheology as a tool to understand and predict the mon-
olayer’s viscoelastic behavior. Finally, by calculating the time relaxation spectrum from the measured 2D dynamic moduli, 
we conclude that a phenomenon similar to glass transition is taking place by analogy.

Keywords  Janus particles · Particle-laden fluid interfaces · Interfacial rheology · Time-pressure superposition · BSW 
spectrum

Introduction

The behavior of colloidal particles in vicinity of fluid inter-
faces has intrigued scientists since the early 1900s (Ramsden 
1904; Pickering 1907). By binding to the interface, particles 
replace the energetically unfavorable contact area between 
the two fluids with a solid–fluid interface, thus reducing the 
overall free energy of the system. The large binding energy, 
relative to the thermal energy, causes particles to irrevers-
ibly adsorb at the interface (Park and Lee 2014; Kaz 2011; 
Zang et al. 2010; Komura et al. 2006; Bresme and Oettel 
2007). In a vast range of applications, particles are used to 
engineer the performance of interfacial systems including 
pharmaceutics, food stabilization, oil recovery, and personal 
care products (Mendoza et al. 2014; Binks and Horozov 

2006; Aveyard et al. 2003; Crossley et al. 2010; Chen et al. 
2018a, b; Qian et al. 2019; Binks 2017; Liu et al. 2018; Kim 
et al. 2011). In many such applications, interfacial materi-
als become subjected to shear flows and the interface does 
not remain static; therefore, the response of particle-laden 
interfaces under applied stresses is of critical importance 
for the stability of interfacial systems. As such, parameters 
including particle size, wettability, and concentration have 
been employed to alter the stability of emulsions and foams 
(Vishal and Ghosh 2019; Hu et al. 2018; Weston et al. 2015; 
Zhou et al. 2011; Owoseni et al. 2016; Xue et al. 2016; Arab 
et al. 2018; Katepalli and Bose 2014; Fan and Striolo 2012; 
Hunter et al. 2008; Spicer and Gilchrist 2015). Bulk rheo-
logical studies have been used to understand the properties 
of colloidal systems. For example, Katepalli et al. (2017) 
investigated the rheological behavior of Pickering emulsions 
stabilized by either spherical or fractal-like particles. It was 
demonstrated that by tuning the interparticle interactions of 
fractal-like particles from repulsive to attractive, the emul-
sion viscosity increased by one order of magnitude, whereas 
for spherical particles no appreciable difference was found 
(Katepalli et al. 2017).

The two-dimensional rheology of interfaces has been used 
to corroborate stability mechanisms impacting the resulting 
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performance of multi-component systems. Cicuta et  al. 
(2003) showed that the elastic modulus of highly concen-
trated protein monolayers (β-lactoglobulin) at an air–water 
interface scales linearly with surface concentration. The 
authors relate this result to a parallel in 3D, where com-
pressed emulsions at concentrations above the random close 
packing exhibit a similar behavior (Cicuta et al. 2003). Soft-
glassy behavior, reported to occur for asphaltene-populated 
hexadecane–water surfaces (~ 2 molecules/nm2), is shown to 
be responsible for the prevention of drop coalescence (Sama-
niuk et al. 2015). Similarly, unique rheological features have 
also been reported for particle-laden interfaces by altering 
the interparticle interactions via particle size, wettability, 
roughness, and shape, and the fluid properties such as pH 
and electrolytic strength (Manga et al. 2016; Alvarez et al. 
2012). For instance, Van Hooghten et al. (2013) reported 
that rough carbon black particles (33 and 62 nm) present at 
an octane–water interface formed a monolayer that exhibited 
an attractive glassy behavior, which aged with time yielding 
a more elastic interface (Van Hooghten et al. 2013). Maestro 
et al. (2015) demonstrated that hydrophobic modification 
of silica nanoparticles (diameter of 30 nm) with surfactants 
increased their surface coverage and switched the surface 
behavior from fluid-like to solid-like, with 2D glass proper-
ties (Maestro et al. 2015). Shear-thinning behavior has been 
reported for percolating particle-laden interfaces at sur-
face coverages below jamming (Barman and Christopher 
2014). Polystyrene particles (diameter 3.1 ± 0.2 μm) were 
studied at the air–water interface (3-phase contact angle of 
�E = 117°), where the presence of a monovalent salt in the 
sub-phase (0.4 M NaCl) screened the repulsive interparticle 
interactions and allowed for the formation of dense particle 
aggregates strongly bound to the interface. Shear-thinning 
behavior at low surface coverage ( �= 0.6) was attributed 
to the breakup of initially densely packed aggregates into 
smaller disordered clusters upon increasing the shear rate. 
At higher surface coverages ( �> 0.7), some degree of shear 
induced ordering of particles into hexagonal packing was 
observed. The existence of a slip plane separating high and 
low shear rate zones was an indicator that the shear thin-
ning behavior stems from yielding of the particle layer at the 
interface (Barman and Christopher 2014). Shape anisotropic 
particles have also been studied at air–water interfaces (Bel-
tramo et al. 2017; Bertsch et al. 2018; Trevenen et al. 2022). 
Beltramo et al. (2017) demonstrated a significant yield 
stress in interfacial networks of shape anisotropic particles 
(polystyrene ellipsoids 2.48-μm long and 0.45-μm wide), 
much higher than for spherical particles at the same inter-
facial coverage (Beltramo et al. 2017). This was sufficient 
to halt bubble dissolution and can be utilized in the design 
of Pickering foams with excellent stability to reduce bub-
ble Ostwald ripening. A more comprehensive review on the 
rheology of particle-laden interfaces can be found elsewhere 

(Derkach et al. 2009; Fuller and Vermant 2012; Jaensson and 
Vermant 2018; Correia et al. 2021).

With the recent advancements in synthesis and fabrica-
tion techniques, colloidal particles can be rendered chemi-
cally anisotropic where one face of the particle has one 
chemistry and the other has another chemistry (Pawar and 
Kretzschmar 2010; Zhang et al. 2017; Duguet et al. 2016; 
Walther and Müller 2013; Lattuada and Hatton 2011). Such 
Janus particles (JPs), named after a two-faced Roman God, 
are particles that possess dual surface characteristics. This 
opens up another avenue for tuning the behavior of particles 
at fluid interfaces. Due to the Janus “motif,” these particles 
can exhibit an enhanced binding energy to the interface com-
pared to a similar sized homogeneous particle (Binks and 
Fletcher 2001), and their surfaces can be designed to provide 
added functionalities such as optical, magnetic, and catalytic 
properties that are anisotropic and directional (Jones et al. 
2010; Kim et al. 2013; Shah et al. 2015; Kang and Honciuc 
2018; Chen et al. 2018a, b; Nai et al. 2017). The use of JPs in 
interfacial applications is of particular interest (Kumar et al. 
2013; Bradley et al. 2017; Razavi et al. 2015) since they can 
combine the colloidal-scale properties of particle stabilizers 
(i.e., large desorption energy from fluid interfaces) (Binks 
and Fletcher 2001; Binks 2002) with the molecular-scale 
properties of surfactants (i.e., amphiphilicity and reduction 
of interfacial tension) (Tu and Lee 2014; Glaser et al. 2006; 
Park et al. 2013; Fernández-Rodríguez et al. 2016; Fernan-
dez-Rodriguez et al. 2015; Razavi et al. 2020).

The study of JP-laden interfaces is an active area of 
research to discern the impact of JP attributes such as 
amphiphilicity and roughness on the microstructure of the 
resulting network and its interfacial rheology, which can be 
utilized in engineering the performance of resulting inter-
facial systems (Kobayashi et al. 2020; Bianchi et al. 2015; 
DeLaCruz-Araujo et al. 2016; Huang et al. 2019; Kobayashi 
and Arai 2017; Paiva et al. 2020; Wu et al. 2020). Using 
a multicomponent Lattice-Boltzmann method, simulations 
have shown that not only the Janus character and amphiphi-
licity of the particle affect the rheological properties of the 
interfacially trapped particle monolayer, but an applied shear 
flow itself has an impact on the configuration of particles and 
their assembly. The authors observed the directed assembly 
of a cluster of randomly oriented spherical JPs into ordered 
structures at a sheared interface between two immiscible 
fluids (Rezvantalab et al. 2016). Irrespective of the particle 
size and for intermediate surface coverages (32–65%), the 
capillary-induced interactions—resulting from the overlap of 
the deformed fluid interface under shear flow—yielded par-
ticle chain formation normal to the shear direction. Despite 
the computational studies available on JP-laden interfaces, 
which indicate their unique rheological properties, experi-
mental studies are still lagging behind. A recent investigation 
has shown that introducing JPs, at very low concentrations, 
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to a monolayer populated by homogeneous particles (1:40 
Janus-homogeneous ratio) can increase the surface elastic 
response by one order of magnitude. The change in surface 
behavior was attributed to the augmented capillary interac-
tions introduced by the JPs’ presence in the monolayer (Qiao 
et al. 2022). A few studies have assessed the response of 
JP monolayers to dilational stresses (Fernández-Rodríguez 
et al. 2018; Kadam et al. 2018). For instance, the behavior 
of poly(methyl methacrylate)/poly-tert-butylmethacrylate 
(PMMA/PtBMA) Janus particles (diameter of 172 nm) at 
both air–water and decane–water interfaces was studied in 
comparison with those obtained from PMMA and PtBMA 
homogeneous particles. Comparing the surface compres-
sion isotherms for the Janus system with their homogeneous 
counterparts revealed that besides having the highest surface 
pressure at the entire range of area, Janus particles exhibited 
a higher static compressional modulus ( �0s ), indicating the 
presence of a stronger network (Fernández-Rodríguez et al. 
2018). While the shear rheology of particle rafts composed 
of homogeneous particles has been examined in the litera-
ture and the role of particle shape anisotropy on the result-
ing shear rheology has been highlighted, to the best of our 
knowledge, experimental studies on the shear rheology of 
interfaces populated by JPs, which are dominated by capil-
lary interactions, have not yet been reported.

The present study focuses on the behavior of JP monolay-
ers at the air–water interface and their rheological response 
to applied shear stain and stress. Our goal is to examine the 
rheological properties of JP monolayers formed at different 
surface concentrations and demonstrate how existing knowl-
edge on 3D bulk rheology can help to gain understanding of 
the dynamics of particle-laden interfaces and provide predic-
tive capabilities for other linear viscoelastic material func-
tions. Our data on frequency dependent interfacial rheology 
demonstrates that the 2D networks of JP-laden air–water 
interface undergoes a transition that resembles a glass at 
increased surface pressures.

Methods

Two‑dimensional viscoelasticity

In analogy to linear viscoelasticity in three dimensions 
(Ferry 1980; Tschoegl 2012), two dimensional linear vis-
coelasticity can be expressed with a stress �s(t):

where 𝛾̇s(t�) is the rate of deformation in the interfacial layer 
at past times −∞< t′  < t , and

(1)𝜎s(t) = ∫
t

−∞

dt
�
G

s(t − t
�) 𝛾̇s(t�)

is the interfacial relaxation modulus. The interfacial relaxa-
tion time spectrum Hs(�) quantifies the distribution of relax-
ation modes that contribute to Gs(t) . The largest relaxation 
time, �max , belongs to the slowest relaxation mode at long-
time stress relaxation.

For practical purposes, the interfacial relaxation modulus 
may be described by a discrete spectrum with the relaxa-
tion strength of gi corresponding to the relaxation time �i 
as follows:

Small amplitude oscillatory shear (SAOS) results in 
dynamic moduli:

These modeling equations will be applied to interfacial 
rheology experiments in the following manner. The partic-
ulate monolayer has no permanent connectivity and rheo-
logically will be treated as a liquid where the equilibrium 
modulus is zero, G0

s = 0. Just like in 3D rheology of viscoe-
lastic liquids, the relaxation time spectrum, Hs(�) , is the only 
material property needed for a quantitative description of the 
two-dimensional linear viscoelasticity of a complex liquid.

Experimental tools and techniques

Interfacial shear rheology setup

A stress-controlled rheometer (DHR2) equipped with the 
double wall ring (DWR) geometry, mounted inside a Lang-
muir ribbon trough (L × W = 364 × 75 mm2), was used to 
generate the particle-laden interfaces and examine their 
response to shear at different states of compression (see 
Fig. 1a). The surface pressure ( � = �0

a,w
− �a,w)—defined 

as the difference between the air–water surface tension ( �0

a,w
 ) 

and the effective surface tension in presence of the particles 
( �

a,w)—was measured by a platinum Wilhelmy plate placed 
parallel to the barriers. The custom design of the jig for 
the rheometer to accommodate the integrated trough/DWR 
setup, and the 3D-printed DWR geometry, followed the pio-
neering work of (Vandebril et al. 2010). The DWR used 
in this study is a two-dimensional double-Couette fixture 
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(cup) with 39-mm inner diameter, 60-mm outer diameter, 
and the dimensions of the ring are 47 mm inside diameter 
and 49 mm outside diameter. The instrument was calibrated 
in precision mode 4 times to reach a higher sensitivity. The 
Boussinesq number (Bq) is commonly used to evaluate the 
balance between surface and subsurface drag (Brenner 2013; 
Fitzgibbon et al. 2014). To ensure that the subsurface drag 
is not impacting the generated data, one has to use a geom-
etry that maximizes the contact with the surface minimizing 
the effect on bulk flow (Bq > 1). The DWR geometry used 
in the current study along with the measured surface vis-
cosities yielded Bq > 10 in all cases. Experimental results 
were analyzed and plotted with the “Interactive Rheology 
Information System” (IRIS) as outlined in a recent review 
by (Poh et al. 2022).

Janus particle fabrication and surface modification

Hydrophilic silica particles (1 μm, Fiber Optic Center) are 
assembled onto a PVC film via a technique called Auto-
mated Langmuir–Blodgett, which is a continuous version 
of the well-known Langmuir–Blodgett method to make 
a uniform coating on a substrate by transferring the par-
ticles from air–water interface to the air–solid interface 
(Li and Gilchrist 2016). Janus particles were obtained by 
placing the particle sheets in a physical vapor deposition 
machine (Lesker Nano36 Evaporator, Kurt J Lesker) and 
depositing a thin layer of gold (10 nm) mediated by a thin 
(5 nm) adhesive layer of titanium (see Fig. 1b). To enhance 
the hydrophobicity of the gold patch, the coated particle 
monolayers were further modified with octanethiol (Sigma 
Aldrich) by soaking the slides in 10-mM solution of the 
thiol in ethanol (Thermo Fisher Scientific) overnight fol-
lowing the procedure used by (Razavi et al. 2019). Next, 
the particles were washed off the substrate and dispersed 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, and 
finally centrifuged at 3000 rpm for 5 min (Legend X1R, 

Thermo Scientific). After removing the supernatant, the 
particles were set to dry under vacuum overnight. DI water 
(18.2 MΩ.cm) used throughout the study was generated via 
a Milli-Q® IQ 7000 Ultrapure Lab Water System (Millipore 
Sigma).

The JP degree of amphiphilicity ( Δ� ) is linked to the 
difference in the wettability of the polar face (i.e., silica 
surface, �p ) and the apolar face (i.e., gold patch, �a ) as fol-
lows Δ� =

(

�a − �p
)

∕2 . To quantify the wettability of each 
face and assess the JP amphiphilicity, measurements of the 
3-phase contact angle were carried out using water droplets 
deposited on base-cleaned glass substrates and glass sub-
strates that had gone through the same gold deposition and 
surface modification steps as the particles. Next, the drop 
shape profile was fitted and analyzed using a tensiometer 
(Biolin Scientific). The water contact angle on untreated 
glass slides and gold-coated slide were measured to be �p = 
27 ± 4° and �a = 76 ± 6°, respectively. Upon treatment of the 
gold-coated slides with octanethiol, the water contact angle 
increased to 102 ± 3°. Therefore, using the values of �p = 
27 ± 4° and �a = 102 ± 3°, the amphiphilicity is estimated to 
be Δ� = 38 ± 5° for the Janus particles of this study.

Monolayer preparation

To prepare the particle dispersions, JPs were suspended in 
a 30/70 wt% water/isopropyl alcohol (Thermo Fisher Sci-
entific) mixture at a concentration of 3.75 g/mL. Initially, 
the trough area in the open-state was set at 150 cm2 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 was monitored. If the surface 
pressure remained negligible ( � < 0.3 mN/m), deposition 
of the particles at the interface was carried out as follows. 
Two hundred microliters of the suspension was deposited at 
the air–water interface in a dropwise fashion using a 50-μL 
syringe (Hamilton) and the particles spread at the interface 
via the action of Marangoni flows. A 30-min wait period was 

Fig. 1   a DWR geometry 
mounted in a Langmuir ribbon 
trough used to measure the 
shear rheology of Janus particle 
monolayers at the air–water 
interface. b Scanning electron 
microscope image of Janus 
particles with gold caps identi-
fied by the energy-dispersive 
X-ray spectroscopy analysis and 
colored in yellow. Scale bar is 
500 nm
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added to allow for the solvent evaporation before proceeding 
with the measurements.

Interfacial rheology measurements

After preparing the JP monolayer at the air–water interface 
on the trough in the open-state (i.e., total surface area of 150 
cm2), the double wall ring (DWR) was slowly lowered to 
contact the interface via capillary action. The axial load on 
the ring was carefully monitored while lowering it towards 
the interface; a sudden increase in the measured force indi-
cated the onset of contact between DWR and interface. Once 
the initial contact was made, the ring (1-mm thick) was low-
ered for an additional 500 μm so that the DWR was centered 
at the interface. The integrated trough/DWR setup enabled 
us to achieve specific surface pressure values and carry out 
rheological measurements on particle networks at different 
surface coverages. The monolayer was compressed at a rate 
of 25 cm2/min until reaching a desired surface pressure. The 
particles were then allowed to relax and reorganize until 
the surface pressure stabilized (~ 10 min) prior to carrying 
out the rheological experiments. Strain amplitude sweep and 
small amplitude oscillatory shear (SAOS) measurements 
were carried out using this integrated setup to characterize 
the JP monolayer. The operating windows for the oscilla-
tory measurements that lead to valid reproducible results 
are calculated following the work of Ewoldt and coworkers 
(Renggli et al. 2020). These ranges are color coded in the 
reported figures. In brief, the data falling in the green range 
represents an acceptable data set, the data falling in the yel-
low region represents probably acceptable data, and the rest, 
falling in the orange region, needs to be handled with care.

Microstructure characterization

In order to link the monolayer microstructure, correspond-
ing to different surface pressures, with the resulting interfa-
cial rheology of such network, analogue experiments were 
carried out via a custom-built trough/microscope setup. A 
NIMA Langmuir trough (Biolin Scientific) equipped with 
an imaging window machined in the center was mounted 
on top of an inverted microscope (IX73 Olympus), the 
interface was prepared following the exact steps provided 
earlier, and the imaging of the particle-laden interface was 
carried out using a 20 × objective (6.6–7.8 WD, 0.45 NA). 
It is important to note that shear stresses can be generated 
during monolayer compressions on a Langmuir trough. A 
shear-stress-free “Quadrutrough” has been recently devel-
oped to overcome this issue (Tein et al. 2022).

To evaluate the orientation of the Janus particles residing 
the air–water interface, deposition of interfacially trapped 
particles on a silicon wafer was carried out following the 
work of Razavi et al. (2019). Briefly, a silicon wafer was 

placed at the bottom of the trough at the beginning of the 
experiment. After the deposition of particles at the inter-
face and reaching a surface pressure of 5 mN/m via com-
pression, the JP network was transferred from the air–water 
interface to the silicon wafer substrate by gently aspirating 
the subphase from the side of the trough, outside the bar-
riers, until the particle monolayer came in contact with the 
substrate. The deposited monolayer was then imaged via 
the environmental scanning electron microscope (Thermo 
Quattro S field-emission SEM). The distribution of the par-
ticle orientation was obtained by analyzing ~ 50,000 parti-
cles using the HEXI software via brightness thresholding of 
the particles (Domonkos et al. 2022). To examine whether 
the use of a spreading solvent in the deposition of particles 
at the interface, and the associated Marangoni flows, result 
in ordered crystalline domains, we applied the procedure 
provided by Juarez et al. (Juárez and Bevan 2012) to the 
captured SEM images to determine the ensemble average of 
the order parameter C6. In short, C6 represents the number 
of hexagonal close packed neighbors around each particle. 
By averaging over all particles, we estimate < C6 > , which 
equals 0 for disordered fluid configurations and 6 for an 
infinite plane of hexagonal close packed particles. Further 
details on the calculation of < C6 > are provided in the “Sup-
plementary information”.

Experimental results

Surface pressure and microstructure of Janus 
particles at the air–water interface

The surface pressure isotherm and the accompanying micro-
structure formed by the Janus particles at various surface 
pressures are provided in Fig. 2a. As the surface area avail-
able for the particles was reduced by closing the barriers, 
from 150 to 60 cm2, the surface pressure increased. The 
microstructure present at lower surface pressures (1 mN/m 
and 5 mN/m) illustrates large particle clusters with an area 
spanning open network. Additional pictures of the micro-
structure at 1 mN/m are provided in the “Supplementary 
information” Figure S1. The formation of area-spanning 
dendritic structures by JPs at a fluid interface has been 
reported by Park et al. (2011) and is attributed to the pres-
ence of capillary interactions between Janus particles. 
Compressing the monolayer further to surface pressure of 
10 mN/m and above resulted in the disappearance of the 
open spaces and yielded a dense surface monolayer that is 
highly populated by the particles. The surface pressure iso-
therms obtained from these experiments were in good agree-
ment with measurements carried out on the ribbon trough. 
The analysis of JPs’ orientation distribution with regard to 
the plane of the interface, performed on the SEM images, 
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examples of which are provided in Fig. 2b and Figure S2, 
shows that 78% of the particles resided at the interface with 
their gold cap orienting upwards (i.e., the Janus boundary 
was aligned with the air–water interface). It should be noted 
that the ensemble averaged value of C6, obtained over all 
particles in the monolayer captured within the SEM images, 
is calculated to be ~ 2.0 ± 0.1, indicating an amorphous 
structure.

Surface shear rheology of Janus particles at the air–
water interface

To identify the linear viscoelastic regime (LVE) for 2D 
interfacial networks, images of which are provided in Fig. 2, 
strain amplitude sweeps were performed at 1 rad/s, and in 
the oscillation shear strain range of 0.001–100%, results of 
which are provided in Fig. 3. It was found that the connectiv-
ity of the JP surface layer is strong enough to support shear-
ing up to a shear strain amplitude of about 0.04%. With the 
knowledge obtained on the LVE region, the JP monolayer 
was subjected to a shear frequency sweep and its dynamic 
response was calculated from the instrument torque. The 
measured dynamic moduli are shown in Fig. 4 at various 
surface pressures, which are related to the surface packing of 
JPs. Small-amplitude oscillatory shear (SAOS) experiments 
provided reliable modulus data, Gs′ and Gs′′ , by choosing a 
shear strain amplitude of 0.03%, which is in the LVE regime 
as determined earlier (see Fig. 3). The dynamic modulus 
increases in value as the surface pressure is increased as 
displayed in Fig. 4.

With the exception of the lowest surface pressure (5 
mN/m), which showed particle-void domains within the 
microstructure (cf. Figure 1), all Gs′ and Gs′′ data assume 
the same shape, for all surface pressures studied, and can 
be merged into a single set of master curves via a time-
pressure superposition (t � s). The t � s process follows 
the classical pattern of 3D time–temperature superposition 
(Ferry 1980). Data at surface pressure of � = 30 mN/m 
were chosen as reference state for generating the master 
curves. This required the time shift (horizontal shift fac-
tor, a� ) and the modulus shift (vertical shift factor, b� ) 
values of which are provided in Fig. 5. The resulting mas-
ter curves belonging to the various surface pressures are 
illustrated in Fig. 6a and expressed as complex viscosity 
in Fig. 6b. Both shift factors are about equally involved. 
In this way, the time-pressure superposition (t � s) of JP 
monolayer dynamics varies from traditional time–tempera-
ture shifting where the vertical shift factor for Gs′ and Gs′′ is 
close to unity for many viscoelastic materials (3D).

The same data are presented in three different ways, 
always in conjunction with the respective spectrum predic-
tions (Eq. 6). The loss tangent, displayed in Fig. 6c, has 
the typical format as expected for a liquid. The choice of 
surface pressure � = 30 mN/m as reference state is purely 
arbitrary. The data can now be shifted to other surface 
pressures, even to � values in between, where no experi-
ment has been executed. This free use of the data is pos-
sible because of the known t � s shift functions, values of 
which are provided in Fig. 5.

The validity of the Gs� , Gs′′ data was confirmed using the 
Kramers–Kronig check (Winter 1997), which involves the 
calculation of the relaxation time spectrum. At first, the 
data of Fig. 6 were modeled with the parsimonious model 

Fig. 2   a Surface pressure isotherm for the Janus particle monolayer 
at the air–water interface; examples of the microstructure formed at 
different surface pressures and captured by an inverted optical micro-
scope are provided along the isotherm; from right to left the micro-
graphs belong to the surface pressures in increasing order as follows: 
1 mN/m, 5 mN/m, and 10 mN/m, respectively. Scale bar is 11 μm. b 
Illustrative SEM picture of Janus particle monolayer at 5 mN/m along 
with the distribution of the Janus cap orientation with regard to the 
plane of the interface (i.e., cap up, sideways, and cap down). Scale 
bar is 10 μm

Fig. 3   Dynamic moduli of the JP monolayer at � = 30 mN/m, meas-
ured at � = 1 rad/s, with increasing shear strain amplitude �s . Colored 
bars on the horizontal axis depict the operating windows as fol-
lows: measured stress/inertia stress is (orange) < 5, (yellow) > 5, and 
(green) > 10
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of Baumgärtel and Winter (1989, 1992), which seeks a dis-
crete relaxation time spectrum (Eq. 3), with the least num-
ber of discrete modes for optimal fit (avoiding over-fitting) 

and converts this spectrum into an approximate continu-
ous form. The pattern of the parsimonious spectrum for 
the JP monolayer suggests a power law format. Inserted 
into Eqs. 4 and 5, the continuous relaxation time spec-
trum of the parsimonious model (Baumgärtel and Winter 
1989, 1992) was able to fit the experimental Gs� and Gs′′ 
of Figs. 3 and 6a. The shape of the parsimonious relaxa-
tion time spectrum (Fig. 7), having a dominant positive 
slope and a fairly abrupt cutoff, indicates the possibility 
of a power-law spectrum very much like the BSW spec-
trum of a colloid near its glass transition (Siebenbürger 
et al. 2009; Winter 2013). This is expressed as a linear 
superposition of two power laws. The long-time relaxation 
behavior (α-mode) belongs to large scale rearrangements 
in the surface layer, while localized particle rearrange-
ments and their short time characteristics give rise to the 
faster β-mode:

(6)H
s(�) = H�

s

(

�

�
max

)

n�

+ H�
s

(

�

��

)−n�

Fig. 4   Dynamic moduli at 
increasing surface pressure 
(shown by the arrow) of � = 
5, 10, 15, 20, 30, 40, and 50 
mN/m; a storage modulus, b 
loss modulus. Colored bars 
on horizontal axis depict the 
operating windows as follows: 
measured stress/inertia stress is 
(orange) < 5, (yellow) > 5, and 
(green) > 10
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Fig. 5   Horizontal shift factors a� (closed symbol) and vertical shift 
factor b� (open symbol). The reference state is � = 30 mN/m

Fig. 6   a Dynamic modulus data 
merged onto � = 30 mN/m; 
b�G

s�

(�) closed symbols, 
b�G

s��

(�) open symbols. b 
Complex shear viscosity from 
master curve at  � = 30 mN/m. 
c tan �s for master curve with 
experimental data as red open 
circles. The lines belong to the 
power law relaxation time spec-
trum (Eq. 6), as discussed in the 
text, with parameters listed with 
Fig. 7
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valid for � ≤ �
max

 . Beyond that upper time limit, �α = �
max

 , 
the spectrum does not exist, Hs(τ) = 0 , for τ > τ

max
 . τβ 

denotes the minimum in the spectrum where the two pow-
erlaws meet. This spectrum was found to closely reproduce 
the experimental data as shown in Fig. 6 for the � = 30 
mN/m interface. An overlay of the parsimonious spectrum 
and the BSW spectrum compares the two in Fig. 7.

The pair of master curves of dynamic moduli for all sur-
face pressures (see Fig. 6a), shifted to 30 mN/m, includes 
the crossover between Gs′ and Gs′′ , which characterizes the 
frequency at which the surface behavior is switched from 
viscous-dominant to elastic-dominant, all while remaining 
in the liquid state. It has become common practice to define 
a nominal longest relaxation time based on the frequency of 
the Gs�

= G
s�� crossover.

For the JP monolayer of this study, the longest relaxation 
time is close to �

G
s�
= G

s�� only slightly smaller:

The value of this ratio depends on material specifics but 
is the same for all compositions of this study satisfying t � 
s. That includes the Janus dynamics (see Fig. 6). The BSW 
model (Eq. 6 with data of Fig. 7) provides the values of 
�
G

s�
= G

s�� and of �
max

 as appropriate for the experimental data. 
The values of �

max
 obtained for different surface pressures 

are provided in Fig. 8. The relation between �
max

 and � was 
generated by taking the �

max
 value at the reference state, 

(7)�
G

s�
= G

s�� =
2π

�
G

s�
= G

s��

(8)
�
max

τ
G

s�
= G

s��

= 0.42

�
max

 = 34 s at � = 30 mN/m, and shifting it in the same way 
as Gs′ and Gs′′ were shifted to generate the � = 30 mN/m 
master curve.

Linear viscoelastic properties of Janus 
particle‑laden interfaces

The known relaxation time spectrum can now provide pre-
dictive capabilities to be used to evaluate linear viscoelastic 
material functions such as the relaxation modulus Gs(t) , as 
defined in Eq. 2, and the creep compliance Js(t) . For this, we 
use the relaxation time spectrum as calculated with the parsi-
monious model in comparison to BSW. The time-dependent 
relaxation modulus and creep compliance (Fig. 9) are very 
similar for the two models of the relaxation time spectrum 
presented in Fig. 7.

The SAOS experiments did not allow us to increase the 
frequency to a level where more of the �-dynamics would 
govern as the geometry inertia takes place. It is outside our 
SAOS range, while barely showing the onset of �-dynamics 
as the upper end of the �-window. Dedicated high-frequency 
methods would be needed to learn more about the �-dynam-
ics, which is outside the focus of the current study. In con-
sideration of this limitation, little information is available 
here about the �-modes since Gs′ and Gs′′ data were taken 
in a frequency range were the �-modes dominate. Without 
accounting for the �-modes, the zero-shear surface viscosity 
reduces to:

The corresponding zero-shear compliance calculates as:

(9)�
0

s =
Hα

s�
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1 + nα
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Fig. 7   Continuous relaxation time spectrum Hs(�) as determined 
by parsimonious method (Baumgärtel and Winter 1989, 1992), 
shown with discrete points, and approximated as continuous func-
tion (Eq. 6), shown in dashed line. � = 30 mN/m data were approxi-
mated with Hα

s = 0.03 N/m; �� = 34.7 s; nα = 0.2 ; �β = 1.35 × 10
−3 

s; nβ = 0.7 , using a simplified Hβ
s = Hα
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Fig. 8   Dependency of the maximum relaxation time on the surface 
pressure of the JP monolayer
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These are a few examples. The choice of � = 30 mN/m 
is arbitrary. With the given spectrum, we can equally predict 
properties at the other surface pressures, or in between, as 
long as they satisfy the t � s. Material functions as shown 
here are useful for advancing application examples which 
were provided in the “Introduction.”

Discussion

The relaxation time spectrum of interfacial layers formed 
by Janus particles (Eq. 6) is new for 2D viscoelasticity, but 
it is exactly the same as was found earlier in 3D viscoelas-
ticity. There, it defines the dynamics of the colloidal glass 
transition in three dimensions (Siebenbürger et al. 2009). 
Macroscopically, the colloidal dynamics of the 3D glass 
transition is re-occurring in the two-dimensional viscoelas-
ticity of the Janus particle monolayer. From these findings, 
and due to the similarity to the 3D phenomenon, we infer 
that the interfacial assembly of Janus particles undergoes a 
transition analogous to a 2D glass.

As previously discussed by Winter (2013), the relaxation 
time spectrum for glass transition and gelation phenomena 
of bulk materials broadens and assumes a power law for-
mat. However, the power law exponent is positive for glass 
transitions and negative for gelation near the transition. This 
distinguishing difference originates from the fact that gel 
rheology is dominated by fast modes of relaxation, whereas 
glass transitions are dominated by slow modes of larger 
patches (Winter 2013). Therefore, the fact that Hs obtained 
for the Janus particle monolayer at 30 mN/m has a positive 
slope, corroborates the idea that a transition analogous to a 
glass is taking place.

The re-appearance of the BSW spectrum is really strik-
ing. There seems a common rheological pattern in viscoelas-
tic liquids when caging dominates their dynamics. The BSW 
spectrum has occurred in polymeric liquids with long lin-
ear flexible molecules of uniform length (Baumgärtel et al. 

(10)J0
s =

n�

H�
s

(

1 +
1

2n + n2

) 1990). There, polymer molecules are envisioned to be caged 
by neighboring molecules in a tube-like constraint (Doi and 
Edwards 1986). In this study, 2D dynamics of the Janus par-
ticles at the interface involves constraining by neighboring 
particles, which can be envisioned as two-dimensional cag-
ing. To go even further, the glass transition of colloids can 
also be envisioned as a caging process, which will occur in 
three dimensions and also is governed by BSW dynamics. 
Caging is the common feature that might connect all three. 
However, as the capillary interactions governing the mon-
olayer of JPs of this work are dependent on the orientation 
of the Janus patches as the particles approach each other, 
and because densification of the particles at higher surface 
pressures constrains their reorientation at the interface, both 
attractive and repulsive capillary interactions may be present 
between the particles throughout the interfacial monolayer. 
Therefore, the 2D cages present in our experiments are more 
complex and harder to define as further elaborated below.

Janus particles at fluid interfaces tend to present micro-
structures dominated by capillary interactions (Park et al. 
2011; Guzmán et al. 2022). These capillary interactions 
are usually of high-order multipoles (either quadrupoles 
or hexapoles) as monopolar interactions are negligible for 
micron-sized particles (~ 10–7 kBT) and dipolar interactions 
are neglected for homogeneous particles (Danov et al. 2005). 
However, as shown in the SEM pictures of the microstructure 
and their analysis (cf. Figure 1b), not all the particles have 
their Janus boundary aligned with the surface. The presence 
of tilted particles introduces dipolar capillary interactions 
(Rezvantalab and Shojaei-Zadeh 2013), which in addition 
to the higher order capillary interactions dictate the overall 
microstructure. Moreover, while the capillary interactions 
between particles separated at large distances are attrac-
tive because the particles are able to reorient themselves 
with the generated torque, at smaller distances, and with 
the many-body interactions present in a dense monolayer, 
particles might not be able to reorient; thus, the lateral capil-
lary interactions in the near field can even be repulsive. This 
is also evidenced in Fig. 8, where by increasing the surface 
pressure the maximum relaxation time increases, indicat-
ing larger structures that take longer to relax. Therefore, a 

Fig. 9   The known relaxation 
time spectra allow predictions 
of other linear viscoelastic func-
tions for � = 30 mN/m dynam-
ics: a relaxation modulus, b 
creep compliance; dotted lines 
for parsimonious spectrum and 
continuous lines for BSW power 
law relaxation time spectrum 
(Eq. 6) and parameter values as 
listed in Fig. 7
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complex network arises from these capillary interactions, 
which yields the interfacial rheological behavior reported in 
this work. The role of the particle orientation distribution on 
the resulting microstructure and its consequence for inter-
facial rheology of the JP monolayer are under investigation 
for particles of different amphiphilicity and will be reported 
in a follow up publication.

As shown in Fig.  2, the particle surface coverage is 
increased by compressing the surface area, as expected. From 
the Langmuir trough measurements, it is possible to note that 
most of the surface is occupied by particles at 10 mN/m, indi-
cating that the surface coverage does not change consider-
ably upon further compression. However, from the rheologi-
cal measurements, there is an increase in Gs′ as the surface 
pressure is increased, which has been related to an increase 
in surface coverage (Beltramo et al. 2017). We attribute this 
difference in behavior to the high interfacial shear viscosity 
of the monolayer, which can lead to a heterogeneous pressure 
distribution along the interface, specifically through the side 
openings of the geometry cup. Therefore, differences could 
exist between the surface pressure inside the cup and the value 
obtained from the Wilhelmy plate residing outside the cup.

The shear response of monolayers at interfaces is fre-
quently weaker when compared to that of bulk materials. 
For that reason, measurements are usually taken close to the 
lower torque limits of rheometers. In addition, the subphase 
drag contribution might introduce noise into the system if 
one is operating at low values of Bq number (Renggli et al. 
2020). To account for the subphase contribution, flow field 
calculations were developed by Vandebril et al. to correct the 
apparent shear rate taking into account the coupling of bulk 
and interface (Vandebril et al. 2010). In short, the algorithm 
consists of solving the velocity profile at the interface and 
in the subphase numerically, and estimating the drag con-
tribution from the subsurface, which allows for its removal 
from the raw data. As stated in Vandebril et al., Bq > > 100 
is desired when conducting interfacial rheology measure-
ments to ensure negligible contributions from subphase drag 
(Vandebril et al. 2010). Therefore, we applied the subphase 
correction to decouple the interfacial contribution from the 
bulk generated drag and examine the significance of the bulk 
contribution in the generated data. The comparison between 
the raw data and the sub-phase corrected data is provided 
in Fig. 10, which illustrates that the master curve obtained 
from both data sets are in good agreement.

Conclusions

In this work, we measured the surface shear rheology of 
a Janus particle monolayer at the air–water interface as a 
function of the surface pressure. The interfacially trapped 

particle network was analyzed from different aspects, 
including the relation between the microstructure and sur-
face pressure, and the orientation distribution of the Janus 
boundary at the interface. Our results show that the major-
ity of the particles (78%) are residing the interface with 
their Janus cap aligned with the interface, which results in 
a compact network formed at the air–water interface via 
the effect of capillary interactions. Additionally, we dem-
onstrated how classical rheology analysis can be applied 
to the generated small amplitude oscillatory shear data 
obtained in 2D such as the Janus particle monolayers of this 
study. The data obtained at various surface pressures were 
collapsed into a master curve via a time-pressure superposi-
tion (t � s). By analyzing the time relaxation spectrum, we 
have found that a transition that resembles that of a glass 
transition is occurring in the interfacial network of Janus 
particles. The time-relaxation spectrum further provides 
us with predictive capabilities and allows us to describe 
additional linear viscoelastic material functions for two-
dimensional materials that can be useful in the rational 
design of formulations tailored to different applications.
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