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Introduction

Scaling dynamics of particles confined at
fluid—fluid interfaces

b

Eduarda B. Oliveira, and

Sepideh Razavi (2 *@

@ Elton L. Correia,® H. Henning Winter

Particle-laden fluid interfaces exhibit complex linear viscoelastic behavior resulting from collective
particle dynamics confined to two dimensions. While interfacial rheology has been widely used to
characterize such systems, a consistent framework for comparing relaxation behavior across different
particle—laden interfaces remains limited. In this work, we investigate the interfacial shear rheology of
hydrophobically modified silica particle monolayers at air—water and oil-water interfaces via small
amplitude oscillatory shear measurements. Dynamic moduli obtained at different particle surface con-
centrations are combined into master curves via time—surface concentration superposition, and the vis-
coelastic response is analyzed in terms of relaxation time spectra obtained using the parsimonious
spectral approach. The resulting spectra are well described by a truncated double power-law form
analogous to the Baumgartel-Schausberger—Winter spectrum originally developed for bulk viscoelastic
We refer to this representation as a two-dimensional BSW (2dBSW) spectrum and
demonstrate that it captures the dominant relaxation features of the interfacial networks studied here.

materials.

To further examine the scope of this approach, published interfacial rheology data for particle—laden
interfaces with varying particle attributes and subphase conditions are reanalyzed within the same fra-
mework. Despite wide variations in particle type and interfacial environment in these publications, the
relaxation spectra collapse onto a common self-similar form consisting of two power law columns of
relaxation modes, with the longest relaxation time reflecting the strength of interparticle attractions. This
apparent universality suggests that the linear viscoelastic response of particle—laden interfaces is gov-
erned by generic network features, making 2dBSW a useful and transferable description of their linear
viscoelasticity.

colloidal particles, this desorption energy can exceed thermal
energy by several orders of magnitude, resulting in effectively

The early 20th-century discovery that solid particles can stabi-
lize emulsions and foams by adsorbing to the surfaces of
droplets and bubbles laid the foundation for a field that
continues to attract widespread application." Stabilization of
fluid interfaces is essential to numerous technologies, includ-
ing drug delivery, food formulation, oil recovery, and personal
care products.>™® In particle-laden interfaces, stabilization
arises from a reduction in interfacial free energy, as adsorbed
particles replace areas of direct contact between immiscible
fluids. The energy required to desorb a particle trapped at an
interface depends on the interfacial tension of the two fluids,
the particle’s contact angle at the interface, and its size. For
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irreversible binding to the interface."* ™’

In many practical systems, fluid interfaces are subjected to
stresses such as compression, shear, and/or stretching. The
resulting behavior depends on various particle attributes such
as wettability, shape, and surface roughness. All of these
particle attributes strongly affect the viscoelastic properties of
interfaces."® ! Therefore, interfacial rheology serves as a valu-
able tool for characterizing such dynamics in particle-laden
interfaces.?® For instance, Van Hooghten et al. studied the
effect of carbon black particles with engineered surface rough-
ness at an oil-water interface.”’ They demonstrated that an
enhanced lateral capillary attraction between these particles
leads to the formation of strong elastic interfacial layers. By
varying the volume of the spreading particle dispersion, the
study further examined how rheological properties evolve
with changes in surface concentration. Similarly, Beltramo
et al. examined the dynamics of spherical polystyrene-
polyvinylpyrrolidone (PS-PVP) particles at the air-water
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interface at different surface coverages.>® They reported that
the elastic modulus increased with particle concentration,
indicating the development of a stronger interfacial network
as the interface became more densely populated. Further
investigations focused on interface aging and subphase com-
position, identifying phenomena such as time-dependent stif-
fening and electrostatic screening.*>> Remarkably, despite the
diversity of particle types and conditions studied, these rheo-
logical measurements often collapse onto master curves, point-
ing to universal behaviors governed by fundamental relaxation
mechanisms. At sufficiently high surface coverage, particles
confined to fluid-fluid interfaces experience strong geometrical
constraints imposed by their neighbors. These constraints lead
to transient mutual trapping of particles, — caging while being
caged — and giving rise to heterogeneous dynamics character-
ized by a broad distribution of relaxation modes. Such caging
phenomena are well known in bulk colloidal glasses, but their
role in two-dimensional, interfacially confined systems is only
beginning to be clarified.*®

In a recent study, Correia et al. investigated monolayer
assemblies of Janus particles at the air-water interface at
varying surface pressures, treating their interfacial dynamics
by analogy with bulk liquid behavior, as described by the well-
established framework of linear viscoelasticity.”” Drawing a
parallel to the well-known time-temperature superposition
principle, they introduced a time-pressure superposition
approach to extend the experimental frequency range accessi-
ble via small-amplitude oscillatory shear (SAOS). They obtained
the two-dimensional relaxation time spectrum by applying the
Baumgirtel criterion.”®?° Notably, these experimentally deter-
mined relaxation time spectra closely resemble the BSW spec-
trum (Baumgirtel-Schausberger-Winter model), that had
previously been known to belong to some monodisperse soft
materials.***" The emergence of a BSW-type relaxation spec-
trum in these interfacial particle monolayers can be interpreted
as a signature of cage-dominated dynamics.

Inspired by this approach, in this study we compare the 2D
viscoelastic response of silica particle networks at the air-water
and oil-water interfaces and investigate whether such a bulk-
inspired model can describe the interfacial rheology of these
systems, as well as other particle-laden interfaces reported in
the literature. By analyzing the data through the lens of relaxa-
tion time spectra, we assess whether cage-controlled dynamics
constitute a generic organizing principle for the linear visco-
elastic response of particle-laden fluid interfaces, independent
of particle chemistry, geometry, or subphase.

Materials and methods
Particle surface modification

Hydrophobically modified silica particles with a nominal dia-
meter of 1 pm (Fiber Optic Center, New Bedford, MA, USA) were
used in this study. The surface modification was achieved via
silanization with dimethyldichlorosilane (DMDCS, Sigma
Aldrich, St. Louis, MO, USA). The protocol involved drying 1 g
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of the as-received hydrophilic particles at 60 °C overnight,
dispersing them in 10 mL of cyclohexane (Fisher Scientific),
and sonicating the mixture with the silane reagent for
30 minutes in an ultrasonic bath (Fisherbrand™ 11203 Series,
Waltham, MA, USA). The treated particles were collected by
centrifugation (7000 rpm for 5 minutes, Legend X1R, Thermo
Scientific) and thoroughly washed twice with cyclohexane,
followed by two additional rinses with chloroform and anhy-
drous ethanol (Fisher Scientific). After drying under vacuum at
room temperature overnight, the resulting particles - functio-
nalized using a 10~* M concentration of DMDCS - exhibited a
moderate degree of hydrophobicity. All glassware was cleaned
by soaking overnight in a 1 wt% KOH solution in isopropyl
alcohol (Fisher Scientific) and thoroughly rinsed prior to use.
Ultrapure water (18.2 MQ cm) was obtained from a Milli-Q™ 1Q
7000 system (Millipore Sigma, Burlington, MA, USA) and used
throughout the study.

Interfacial shear rheology measurements

To probe the mechanical response of the particle-laden inter-
faces, interfacial shear rheology experiments were conducted
using a stress-controlled rheometer (DHR-2, TA Instruments)
equipped with a double wall ring (DWR) geometry. The DWR
consisted of a ring (1 mm thick) with inner and outer diameters
of 69 mm and 71 mm, respectively, placed inside a double-wall
cup (62 mm inner diameter, 79 mm outer diameter). The
instrument was calibrated in precision mode four times to
maximize sensitivity. Particle-laden monolayers were formed
by first introducing 20 mL of deionized water into the DWR cup
and depositing a defined volume of the particle dispersion at
the air-water interface using a 50 pL Hamilton syringe. The
spreading medium consisted of a particle dispersion in 70/30%
ethanol/water solution at a concentration of 50 mg mL ™.
Particle surface concentrations were adjusted by varying the
deposited volume. The applied spreading volumes of 29, 44,
and 58 pL corresponded to nominal particle surface concentra-
tions of 0.077, 0.116, and 0.154 mg cm >, respectively, calcu-
lated assuming negligible particle loss to the subphase upon
deposition. After allowing 30 minutes for the spreading solvent
to evaporate, the ring was gently lowered until a sharp increase
in axial force indicated contact with the interface. The ring was
then lowered an additional 500 pm to center it at the interface.
For experiments at the oil-water interface, dodecane was care-
fully added atop the interface, and the system was allowed to
equilibrate for 15 minutes prior to rheological testing. Oscilla-
tory shear measurements were performed at each surface
concentration. For each condition, amplitude sweeps at
0.628 rad s~ were conducted to determine the linear visco-
elastic regime. Frequency sweeps at 0.01% strain, well within
the linear range, were performed on freshly prepared samples.
The operational window for the measurements was validated
using the framework proposed by Ewoldt and co-workers.*?

2D colloidal dynamics model

The small-amplitude oscillatory shear (SAOS) data form the
basis for determining the two-dimensional relaxation time

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Workflow for determining the 2D-parsimonious spectrum from (a) 2D-SAOS data on a particle assembly at the interface, obtained using DWR. (b)
Dynamic mechanical data are (c) evaluated using the Baumgartel criterion, (d) mapped into a discrete relaxation time spectrum with N relaxation modes,
g;. (e) converted into a discrete relaxation time spectrum and its corresponding continuous spectrum, and (f) tested for consistency with the Kramers—

Kronig condition.®*

spectrum. SAOS experiments (Fig. 1a) on the surface assembly
yield the surface storage and loss moduli, G* and G* respec-
tively, as functions of the angular frequency, o (Fig. 1b). These
dynamic moduli are related to the surface relaxation time
spectrum, H%(t), through:

Once the discrete spectrum is established, it is converted
into a continuous relaxation time spectrum following the
method of Baumgértel and Winter, and subsequently evaluated
for Kramers-Kronig consistency.*®**

Given the relaxation time spectrum from experiment and
analysis, the stress can now be calculated for any flow, 7°(¢'), as

, tmax g w2
s _ Stogs 1 .
G* (w) L . H (r)1 o (1) follows:
Tmax t 4
d as(t):J gHs(r)J dt’i)s(t’)exp<f—t [) (3)
ooy [edr T o T —00 T
¢ (0 = | O ©)

Here, 7 denotes the relaxation time, 7., is the upper cutoff
of the relaxation time spectrum, and H°(t) represents the
distribution of relaxation modes contributing to the interfacial
response. The surface moduli vary significantly with surface
pressure (II) and surface coverage (I'). The dynamic moduli
obtained at different surface coverages can be shifted and
merged into master curves (Fig. 1b), which serve as the input
for mapping into a relaxation time spectrum (Fig. 1d).

The mapping procedure minimizes the deviation between
the experimental data and the spectrum fit, as illustrated in the
Baumgiirtel plot (Fig. 1b). As shown by Baumgértel and Winter,
increasing the number of relaxation modes N improves the fit
only up to a critical point, beyond which additional modes
begin to represent experimental noise rather than true material
behavior.?® To avoid such overfitting, the parsimonious spec-
trum model identifies the optimal number of modes, Ny, near
this transition point, as indicated in Fig. 1lc. This value is
determined using the IRIS-Hub software and reflects the qual-
ity of the SAOS data, where higher noise levels typically result in
a lower Nyp.”®

This journal is © The Royal Society of Chemistry 2026

This equation holds as long as the deformations are kept to
small strains within the linear viscoelastic regime.

The viscoelastic data, as represented by the 2D parsimo-
nious spectrum, reveal two dominant relaxation modes, which
can be modeled as the linear superposition of two power laws
truncated at the longest relaxation time, 7y, beyond which
Maxwell flow sets in (terminal zone). The resulting continuous
spectrum, namely the 2dBSW spectrum, is illustrated in Fig. 2.

The complete set of parameters defining the 2dBSW spec-
trum consists of ng, ng, Hg, Tr, and Tmax. Using these five
parameters, the relaxation time spectrum can be expressed as:

. ng T —nR
H5(1)=H]55(5> +H§(a)

This is valid for T < 7y,,x, With the following definition applied:
1

o\ —

— — HE ng
Tmax = TE = TR i
R

(4)

(5)

The ratio of characteristic times, 7g/7g, quantifies the rela-
tive contributions of elastic (slow) and viscous (fast) modes.
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Fig. 2 Definition of the 2dBSW spectrum as linear superposition of two
power laws that intersect at H* = Hx and © = tg. The spectrum is truncated
at the longest relaxation time t¢ = tmax beyond which Maxwell terminal
behavior prevails. For shorter relaxation times, the spectrum follows a
power law with a slope of (—ng). For longer relaxation times, it follows a
power law with a slope of (+ng). The intersect of the two power law
asymptotes defines the Rouse time, tr, as marked in the figure. In the
context of interfacial particle networks, tr may be interpreted as a
characteristic timescale of oscillatory Brownian dynamics.
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A large value of this elasticity parameter indicates an interfacial
monolayer dominated by elastic behavior. Together with the
exponent ng, the elasticity parameter establishes a direct rela-
tionship between the two relaxation strengths:

- m (%) ©

R

The two power laws intersect at t = tg, where H® = Hy.

Within a cage-based framework, the two principal branches
of the 2dBSW spectrum can be interpreted as distinct modes of
particle motion. The short-time power-law regime reflects loca-
lized fluctuations of particles within the transient constraints
imposed by their neighbors, occurring too rapidly for stable
cages to form. In contrast, the long-time regime captures
cooperative restructuring processes involving cage deformation
and eventual escape.

The storage modulus of the elasticity-dominated compo-
nent, neglecting the viscosity-dominated contribution, is
given by:

In the high-frequency limit, wtz > 1, the frequency-
(wr)?

1 + (w1)?

gration range. As a result, the storage modulus approaches a

constant value and levels off into a plateau. This limiting value

defines the two-dimensional plateau modulus:

dependent factor, — 1, saturates over the entire inte-

Hy

Gy =G (0 — 00) =
ng

8

The plateau modulus is a central quantity in polymer
rheology, where considerable effort has been devoted to its
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identification and interpretation.® In the context of two-
dimensional dynamics, it plays an equally fundamental role,
emerging naturally within the 2dBSW framework as a defining
material parameter. It corresponds to the asymptotic value at
which the storage modulus G* data levels off at high frequen-
cies, excluding any additional upturn associated with fast
modes in the spectrum. In this way, it is easily estimated from
SAOS data.

The conventional BSW spectrum (three-dimensional) was
originally identified as a model describing the relaxation beha-
vior of long, linear, flexible polymers*® and was later supported
by molecular dynamics theory.>>*° Beyond polymer melts,
BSW-type spectra have also been observed in other disordered
liquids composed of uniform structural constituents.>*773°
With the 2dBSW spectrum a steady shear viscosity can be
expressed as:

TE HSTE
s — dtH® — E
7= | et =2

HS l—ngr
1 Hize (f> ©)

l—l’lR TR

The 2dBSW parameters were determined by modeling the
experimentally determined dynamic moduli with the G* and
G*" using the constitutive expressions defined by the 2dBSW
relaxation time spectrum. These expressions incorporate both
power-law asymptotes, their intersection at tg, and truncation
at the longest relaxation time, g, capturing the full viscoelastic
response of the interfacial assembly.

Because the integral transformations of the 2dBSW spec-
trum into G° and G* do not have closed-form analytical
solutions, numerical evaluation was required. Numerical eva-
luation of the integral transformations and visualization of the
resulting moduli were performed using the IRIS-Hub software
package.’® For a given relaxation spectrum H%(t), the corres-
ponding storage and loss moduli were computed across the
experimental frequency range using the standard linear viscoe-
lastic relations described above. The discrete relaxation spec-
trum obtained from the experimental SAOS data was then
represented using the analytical form of the 2dBSW spectrum,
which is defined by five parameters (ng, ng, Hg, g, and tg).

The parameters of the 2dBSW spectrum were determined
through an iterative graphical procedure. Starting from an
initial estimate of the spectral shape obtained from the calcu-
lated parsimonious relaxation spectrum, the parameters were
adjusted so that the analytical 2dBSW spectrum reproduced
the main features of the discrete spectrum. For each para-
meter set, the corresponding dynamic moduli G¥ and G¥
were computed and compared to the experimental SAOS data.
The parameters were refined iteratively until the model curves
simultaneously reproduced the discrete relaxation spectrum
and the experimental frequency-dependent moduli over the
full measured range.

Because both the storage and loss moduli are considered
simultaneously during this comparison, the fitting procedure
inherently accounts for the complete frequency-dependent
viscoelastic response without preferential weighting of either
modulus.

This journal is © The Royal Society of Chemistry 2026
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This procedure corresponds to the inspection-based fitting
approach originally used in the development of the BSW
spectrum for bulk viscoelastic systems, where the analytical
spectrum is adjusted to reproduce the calculated relaxation
spectrum and the associated dynamic moduli.>® Because the
analytical form of the 2dBSW spectrum imposes strong con-
straints on the spectral shape through the power-law regimes
and characteristic relaxation times, the resulting parameter
sets are well constrained by the experimental dynamic moduli
data. In practice, the slopes of the dynamic moduli and the
position of the terminal crossover strongly restrict the range of
parameter combinations capable of reproducing the experi-
mental response.

A summary of the all the experimental data sets examined in
this study can be found in Table 1, whereas the values for the
2dBSW parameters obtained from this analysis are shown in
Table 2 in the Results section.

Results
Experimental results

The linear viscoelastic (LVE) regime of the particle-laden
interfacial networks was determined through strain amplitude
sweeps, which are provided in Fig. 3a. Both the air-water and
oil-water networks sustained oscillatory shear up to a strain
amplitude of approximately 0.03%. However, notable differ-
ences emerged between the two systems: at comparable particle
surface concentration, the storage modulus of the particle
network at the air-water interface was nearly an order of
magnitude greater than that at the oil-water interface, reflect-
ing the formation of a stiffer and more elastic network. Based
on these results, small-amplitude oscillatory shear (SAOS)
experiments were performed at a strain amplitude of 0.01%,
well within the LVE regime for both interfaces (Fig. 3b and c).

For both systems, the dynamic modulus increased system-
atically with particle surface concentration, consistent with the
development of stronger interfacial connectivity as the inter-
faces became more densely populated.>® The frequency depen-
dence of both storage and loss moduli retained the same dual
self-similar shape across surface concentrations, suggesting
that the underlying relaxation mechanism remains unchanged
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while the overall network strength scales with surface coverage.
The rheology exhibits time-(surface) concentration superposi-
tion in agreement with the previously found time-(surface)
pressure superposition.*’ In order to extend the experimental
frequency window, the data sets were merged into master
curves via time-surface concentration superposition, using
I' =0.116 mg cm > as the reference state (Fig. 4a).

The resulting master curves for both the air-water and oil-
water systems exhibit the hallmark features of the 2dBSW
model. The storage modulus displayed a downward curvature
towards low frequencies, while the loss modulus rose with
decreasing frequency before reaching a maximum and subse-
quently declining. A key distinction between the two systems
lies in the slope of the loss modulus as it increases towards
lower frequencies, a difference that becomes more pronounced
when examining the corresponding relaxation time spectra
(Fig. 4b). These behaviors are consistent with the presence of
multiple relaxation modes spanning a broad range of time-
scales, as captured by the 2dBSW framework. These results
suggest that a common set of fundamental relaxation processes
govern the viscoelastic response of particle-stabilized networks,
despite differences in the magnitude of their elastic and
viscous moduli.

Applicability of 2dBSW spectra to published SAOS data

The foundation for the present analysis lies in the work of
Correia et al., who first demonstrated that interfacial SAOS data
could be interpreted through a relaxation spectrum analogous
to that of three-dimensional BSW framework.*' This finding
established that the underlying spectral organization is inde-
pendent of spatial dimensionality. Oliveira et al. extended this
approach to particle-laden oil-water interfaces, demonstrating
that the 2dBSW framework applies and sensitively distin-
guishes the dynamics of silica particles of differing
wettability.*” They found that, despite differences in particles
degree of hydrophobicity and the resulting interfacial network
structure, the frequency sweeps collapsed onto master curves
analogous to BSW-type dynamics. Encouraged by these find-
ings, we formalize the 2dBSW relaxation spectrum and examine
its broader applicability to particle-laden interfaces across a
wide range of particle size, shape, roughness, chemistry, and

Table 1 Summary of literature data analyzed. Information is provided on the type and size of the particles examined, the fluids used in the interfacial
assembly, and the technique utilized in the characterization of the networks’ interfacial rheology

Authors Year Particles Interface Method
Correia et al.*' 2023 Silica/gold Janus particles (D = 1 pm) Air/water Stress-controlled rheometer
equipped with a DWR geometry
van den Berg et al.** 2018 Cellulose nanocrystals (rod-like particles Air/water Stress-controlled rheometer
with D = 5-7 nm and L = 50-3000 nm) equipped with a bicone geometry
Zhang et al.” 2016 Hydrophobic silica nanoparticles Air/aqueous Stress-controlled rheometer
(D =34 nm) (5 mM to 2 M Na,S0,) equipped with a DWR geometry
Oliveira et al.* 2026 Hydrophobic silica particles Dodecane/water Stress-controlled rheometer
(D=1 pm) equipped with a DWR geometry
van Hooghten et al.”! 2013 Rough carbon black particles n-octane/aqueous Stress-controlled rheometer
(Du,cp1 = 62 nm and Dy cp, = 33 nm) (0.05 M NacCl) equipped with a DWR geometry
Beltramo et al.** 2017 Polystyrene-polyvinylpyrrolidone spheres Air/water Stress-controlled rheometer

(D =820 nm)

This journal is © The Royal Society of Chemistry 2026

equipped with a DWR geometry
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Fig. 3 (a) Amplitude sweeps (w = 0.628 rad s~%) for hydrophobically modified silica particles at a surface concentration of 0.116 mg cm~2 deposited at

the air—water interface (blue) and oil-water interface (green). Frequency
networks formed at (b) the air—water interface and (c) oil-water interface.
respectively. Color coded operating window is as follows: green range rep
data, and the data in the red range needs to be handled with care.
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Fig. 4

(a) Master curve for surface elastic modulus (solid symbols) and surface viscous modulus (open symbols) obtained from hydrophobically modified

silica particles at the air-water interface (blue) and oil-water interface (green) using the reference state (I' = 0.116 mg cm?). (b) Corresponding
relaxation time spectra, where symbols represent the parsimonious spectra and solid lines represent the continuous self-similar 2dBSW spectra.

subphase composition. To this end, we reanalyze published
SAOS data within the 2dBSW framework, assessing the
presence of its characteristic relaxation signatures. A summary
of the literature data analyzed here can be found in Table 1.
Janus particles at the air-water interface (Correia et al,
2023)*'. The Janus particles - 1 pm silica with gold-coated,
thiol-functionalized hemisphere - formed monolayers whose
dynamic moduli increased with surface pressure while main-
taining the same frequency dependence.*' Through time-pres-
sure superposition, the data collapsed into a master curve,
allowing the extraction of a relaxation spectrum, a precursor to
what we here define as the 2dBSW spectrum (Fig. 5). The
resulting G* and G profiles show all key signatures of the
2dBSW model, capturing both the low-frequency cutoff pattern
associated with the longest relaxation time and the onset of the

Soft Matter

high-frequency loss modulus upturn. This suggests that the
2dBSW framework can accurately describe viscoelastic
dynamics of particle-laden fluid interfaces.

Shape anisotropic particles at the air-water interface (van
den Berg et al., 2018)**. Inspired by this initial demonstration,
we apply the same framework to an interface laden with shape
anisotropic particles. The cellulose nanocrystals (CNCs) studied
by van den Berg et al had a rod-like shape, introducing
orientation-dependent interactions that dictate network
structure and rheological behavior at the air-water interface.**
Their alignment, rotation, and steric hinderance add new path-
ways for stress dissipation, with the resulting networks under-
going significant time-dependent stiffening. The interfacial
mechanics were characterized using frequency sweeps
performed at different surface layer aging times, capturing the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Correia etal. (2023); (a) master curve for network of Janus particles at the air—water interface. (b) Corresponding relaxation time spectrum, where
symbols represent the parsimonious spectrum and the solid line represents the continuous 2dBSW spectrum. The reference state used in shifting the

data is IT = 30 mN m~. Adapted from ref. 41.

evolution of the viscoelastic response. Despite this evolving
microstructure, the SAOS data collapsed into master curves
through time-dependent shifting, and the extracted relaxation
spectra remained consistent with 2dBSW model (Fig. 6). This
indicates that the framework remains applicable even for
anisotropic systems with complex aging behavior.
Nanoparticles under varying electrolyte concentration
(zhang et al, 2016)*°. Beyond particle geometry, network
formation and its resulting dynamics are also influenced by
the fluid phases composing that interface. In the work of Zhang
et al. (2016), electrostatics plays a key role in the behavior of
34 nm silica nanoparticles at the air-water interface under
varying electrolyte concentrations. Increasing ionic strength
suppressed electrostatic repulsion, allowing stronger interfacial
association and enhanced viscoelastic response.>® The interfacial
dynamics were probed using SAOS measurements, specifically
frequency sweeps were performed at different salt concentra-
tions while maintaining the same particle deposited amount.
When re-analyzed within the 2dBSW framework, the frequency-
dependent moduli collapse into master curves through
electrolyte-based shifting and yield relaxation spectra that follow
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the same characteristic trends observed in Correia and van den
Berg (Fig. 7). This demonstrates that while changes in the
subphase chemistry modulate the network mechanics, the
2dBSW model’s predictive framework remains valid.
Hydrophobic silica particles at the oil-water interface
(Oliveira et al, 2026)*>. Having shown that the same
underlying viscoelastic signatures emerge across variations in
particle geometry and subphase chemistry at air-water inter-
faces, we now turn to a different fluid-fluid boundary. Oliveira
et al. examined silica particles of varying wettability at the oil-
water interface using the same spectral analysis approach
introduced by Correia.*** The silica particles were hydropho-
bically modified to different extents, yielding particles with
estimated oil-water contact angles of ~85° and ~150°. Fre-
quency sweeps at different particle surface concentrations
revealed distinct viscoelastic signatures for the two particle
types, yet in both cases the data collapsed onto master curves
via time-surface concentration superposition (Fig. 8). These
results further support the idea that a common set of
fundamental relaxation processes governs the viscoelasticity
of particle-stabilized fluid interfaces across different fluid-fluid
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Fig. 6 van den Berg et al. (2018); (a) master curve for network of cellulose nanocrystals at the air—water interface. (b) Corresponding relaxation time
spectrum, where symbols represent the parsimonious spectrum and the solid line represents the continuous 2dBSW spectrum. The reference state is t =
38 hours. SAOS data were digitized from published measurements reported in ref. 24 and replotted here to construct the master curve and relaxation

spectrum using the analysis described in this work.
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Fig. 8 Oliveira et al. (2026); (a) master curves for hydrophobically modified silica particles (red — CA ~85° and blue — CA ~150°) at the oil-water
interface. (b) Corresponding relaxation time spectra, where symbols represent the parsimonious spectra and solid lines represent the continuous 2dBSW
spectra. The reference state is I' = 0.154 mg cm™2 for both particle types. Adapted from ref. 42.

boundaries. However, limitations arising from the restricted
experimental frequency window became more evident: the low-
frequency cutoff was captured only for one particle type,
suggesting that the maximum in G*(w) likely occurs at
frequencies lower than the accessible range. Likewise, the
high-frequency upturn associated with fast, local dissipation
mechanisms that was observed for Janus particles was not
resolved here. Consequently, the extracted spectra emphasized
long relaxation modes, with diminished information on fast
dynamics.

Rough particles at the oil-water interface (van Hooghten
et al., 2013)*". Additional insight into the role of particle
attributes comes from systems with more limited accessible
frequency ranges. Van Hooghten et al. compared carbon black
(CB) particles of different nanoscale roughness at the octane-
water interface.” Both particle types formed strong, elastic
networks through lateral capillary interactions, with elasticity
increasing with surface concentration. When interpreted within
the 2dBSW framework, the data collapse into master curves and
yield relaxation spectra that capture the dominant long-time

Soft Matter

relaxation modes (Fig. 9). However, the experimentally
accessible frequency window does not extend to sufficiently low
frequencies to resolve the downturn in G*'(w) or the crossover
frequency associated with the longest relaxation time. As a result,
while roughness-dependent differences in interfacial mobility are
still evident through variations in the magnitude of H®, the full
low-frequency structure of the spectrum cannot be directly
assessed. Although the experimental frequency window is
restricted, the data remains compatible with the 2dBSW
description. This example illustrates how particle morphology
can be meaningfully compared within the 2dBSW framework,
even when key spectral features lie outside the measurable range.

Spherical particles at the air-water interface (Beltramo et al.,
2017)*. The influence of experimental constraints on spectral
interpretation is further illustrated by the work of Beltramo
et al., who examined the behavior of spherical polystyrene-
polyvinylpyrrolidone (PS-PVP) particles (D = 820 nm) at the air-
water interface.”® Increasing surface coverage systematically
enhanced the surface elastic modulus, indicating progressive
network strengthening as the interface becomes more densely

This journal is © The Royal Society of Chemistry 2026
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Adapted from ref. 21.

populated (Fig. 10). When recast into 2dBSW framework, their
data collapses into a master curve with a limited frequency
window and relatively considerable noise levels. While this data
alone does not permit definitive conclusions, its qualitative
consistency with the 2dBSW framework underscores both the
potential generality of the model and the critical importance of
high-quality, broad-band rheological measurements.

Parameters of the 2dBSW spectrum

The empirical 2dBSW spectrum used in this work is defined by
five parameters: Hy, Tg, Tg, Tg, and ng. The most dominant
2dBSW features are what sometimes is called the alpha
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relaxation consisting of a power law with positive exponent
ng, lead relaxation strength Hy, and a longest relaxation time tg:
T

ng
HS(t) = H}, (E) fort < 1g

(10)

From a physical standpoint, the o-relaxation represents the
slowest structural rearrangements of the interfacial particle
network and can be associated with cage-breaking events, in
which particles collectively escape their local constraints.
Accordingly, the longest relaxation time, tg, can be viewed as
an effective escape time, characterizing the lifetime of load-
bearing particle cages before collective rearrangement. In

107!

H® [N/m]

T T T T T T T 17T

10°

107
10°

T

10’

T

10"
7[s]

Fig. 10 Beltramo et al. (2017); (a) master curve for PS-PVP particles at the air—water interface. (b) Corresponding relaxation time spectrum, where
symbols represent the parsimonious spectrum and the solid line represents the continuous 2dBSW spectrum. The reference state is 71% surface
coverage by particles. SAOS data were digitized from published measurements reported in ref. 23 and replotted here to construct the master curve and

relaxation spectrum using the analysis described in this work.

This journal is © The Royal Society of Chemistry 2026

Soft Matter


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sm00118a

Open Access Article. Published on 04 May 2026. Downloaded on 5/26/2026 5:07:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Soft Matter

Table 2 2dBSW fitting parameters for analyzed literature data. The ‘Condition’ column distinguishes multiple datasets within a given reference; studies

reporting a single dataset are labeled as ‘Single condition.’

Author Condition ng ng Hg [Pa m] r [8] Hg [Pa m] ¢ [s]
Correia et al.(Fig. 5) Single condition 0.3 0.7 3.31 x 107° 8.52 x 107° 3.32 x 1072 18.6
van den Berg et al.(Fig. 6) Single condition 0.23 0.7 5.00 x 107° 537 x 107° 4.14 x 107> 52.5
Zhang et al. (Fig. 7) Subphase with low salt 0.23 0.73 2.34 x 107° 6.60 x 107> 1.18 x 107> 75.8
Subphase with high salt 0.3 0.7 417 x 1073 2.95 x 1072 7.13 x 10> 380
Oliveira et al. (Fig. 8) S1 (high hydrophobicity) 0.28 0.34 2.75 x 10> 1.70 x 107" 2.26 x 107" 316
S4 (moderate hydrophobicity) 0.23 0.37 1.26 x 107> 3.90 x 107> 2.67 x 107" 2290
van Hooghten et al. (Fig. 9) CB1 (greater roughness) 0.16 0.7 4.16 x 1073 5.37 x 10°% 113 x 107" 48.9
CB2 (lower roughness) 0.13 0.7 6.60 x 107° 5.37 x 107® 9.19 x 102 33.8
Beltramo et al. (Fig. 10) Single condition 0.35 0.37 8.88 x 107° 2.33 x 107" 8.16 x 10" 289

SAOS, this manifests as a steady increase of G*' toward low
frequencies, accompanied by a decay of G*, with the two
moduli converging near o = 1/t and subsequently decaying.

High frequency data are notoriously difficult to gain from
experiments. Nevertheless, when the SAOS frequency window is
sufficiently broad, all five parameters of the 2dBSW spectrum
can be extracted: the prefactor Hg sets the overall magnitude of
the spectrum, while g marks the intersection of the two power-
law branches and may be interpreted as a short-time Brownian
particle motion. The exponents ni and ng define the slopes of
the short-time and long-time branches of the relaxation spec-
trum, respectively, thereby capturing the apparent broadness
and asymmetry of the spectrum. The longest relaxation time,
g, introduces the low-frequency cutoff and corresponds to the
slowest relaxation process of the particle interface. While the
exponents ng and ny encode the apparent breadth and asym-
metry of the relaxation spectrum, their precise physical inter-
pretation in terms of cage geometry or dynamical heterogeneity
remains limited by experimental bandwidth and data quality.

The identifiability of the 2dBSW parameters depends
strongly on the width of the accessible frequency window and
data quality. Most robustly resolved in SAOS data is the low-
frequency scaling exponent ng, reflected in the slope of G at
intermediate frequencies. Limited low-frequency resolution
constrains estimates of tg, while the absence of a clear high-
frequency upturn restricts the determination of 7x and ng. As a
result, some parameters may appear similar across systems
simply due to bandwidth limitations rather than true dynami-
cal similarity. Table 2 summarizes the fitted 2dBSW parameters
extracted for each dataset analyzed in this work, providing a
basis for the comparisons that follow.

Discussion

The agreement between the experimental results of Correia
et al. and Oliveira et al. sets the stage for the present investiga-
tion. These two examples illustrate a central point: despite clear
differences in particle chemistry and interfacial environment,
both systems conform to the same 2dBSW-type spectral form.
The underlying structure is thus independent of microscopic
detail, while the measurable response remains sensitive to it.
The repeated observation of a 2dBSW-type spectrum across
such disparate systems indicates that cage-controlled dynamics

Soft Matter

follows a universal scaling organization. This organization is
defined by the two mirrored 2dBSW power-law cascades of
relaxation modes, which appear as a generic feature of particle-
laden interfaces. In this sense, the 2dBSW spectrum provides a
universal framework for describing linear viscoelasticity in two
dimensions. At the same time, the parameters of the 2dBSW
spectrum are not universal. They depend on system-specific
details such as particle interactions, wettability, and interfacial
structure. The framework is therefore universal in form but
material-specific in its parameters - a distinction that was
examined throughout the reviewed literature data.

Motivated by this apparent universality, we examined pub-
lished 2D shear viscoelasticity data spanning a broad range of
particle-laden interfaces. The datasets encompass variations in
particle shape, size, roughness, and surface chemistry, as well
as differences in interfacial environment, including air-water
versus oil-water interfaces and the presence or absence of salts
in the subphase. These factors are known to influence inter-
particle interactions, network formation and dynamics, and
thus to affect the distribution of relaxation times. For example,
surface roughness and shape anisotropy promote jamming at
the interface, increasing elasticity and broadening the relaxa-
tion spectrum (Fig. 9), while surface chemistry (Fig. 8) and
subphase composition (Fig. 7) modify electrostatic interactions
and shift the distribution of fast and slow relaxation processes.
Importantly, while these attributes modulate the strength and
stability of particle cages, they do not appear to alter the
underlying hierarchy of relaxation processes encoded in the
2dBSW spectrum.

Beyond qualitative similarities, the 2dBSW fitting results
identify a parameter with clear physical significance: the long-
est relaxation time, tz. The parameter 1y represents the term-
inal timescale of the relaxation hierarchy and corresponds to
the slowest structural rearrangements of the interfacial net-
work. In particle-laden interfaces, particles are confined to a
quasi-two-dimensional environment and interact through
capillary, van der Waals, and/or electrostatic forces, leading to
transient cages formed by neighboring particles. Within this
framework, 7y reflects local relaxation associated with particle
fluctuations within these cages, whereas 1 corresponds to the
timescale required for cooperative rearrangements that enable
particles to escape their local confinement. Because such
events involve the coordinated motion of multiple particles,

This journal is © The Royal Society of Chemistry 2026
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Tg is more appropriately interpreted as a collective restructuring
time of the interfacial network rather than a simple bond
lifetime. This interpretation is consistent with the trends
observed across the datasets.

Across systems, tg consistently reflects the relative strength
of attractive interactions within the interfacial network. Inter-
faces dominated by strong attraction exhibit larger 7g, corres-
ponding to slower structural rearrangements and more
persistent load-bearing configurations, whereas more weakly
interacting or predominantly repulsive systems display shorter
1 and faster relaxation pathways. For example, i increases from
approximately 76 s to 380 s with increasing salt concentration in
the subphase for the interfacial particle network studied by
Zhang et al.,, consistent with enhanced attractive interparticle
interactions due to electrostatic screening (Table 2). A similar
trend is observed for particles of varying hydrophobicity in
Oliveira et al., where 7g increases from 316 s to 2290 s, reflecting
stronger capillary interactions in the latter case, and a greater
resistance to cooperative rearrangement (Table 2). Similarly,
Correia et al. has shown that 7y scales with surface pressure
(i.e., surface packing density of particles), with 1 increasing from
approximately 10 sat T=5mNm 'to45sat [T=50 mNm ".*
Taken together, these observations suggest that 7y primarily
captures the combined effects of interaction strength and degree
of confinement within the interfacial network.

However, extending this interpretation across different sys-
tems reveals an additional contribution. For instance, both the
hydrophobically modified silica particles studied by Oliveira
et al. (Fig. 4) and the rough carbon black particles of van
Hooghten et al. (Fig. 9) form strongly attractive interfacial
networks and exhibit similar 2dBSW spectral shapes. Despite
this, 7g differs by orders of magnitude, with significantly larger
values in the Oliveira systems (Table 2). While wettability
variations within this system lead to systematic changes in g
(3162290 s), the much smaller range of 7g for nanoscale
carbon black particles (34-49 s) indicates that additional fac-
tors contribute to relaxation across systems. In particular,
hydrodynamic interactions introduce viscous resistance to par-
ticle motion and modify the rate of restructuring at interfaces,
as shown in simulations by Dani et al.** The larger particle size
of the hydrophobically modified silica particles studied by
Oliveira et al. (micron-scale) compared to the nanoscale carbon
black particles of van Hooghten et al. is expected to increase
hydrodynamic resistance to particle motion. In addition, differ-
ences in the oil phase further contribute to this effect: in the
systems studied by Oliveira et al. dodecane is used as the oil
phase, which is more viscous than the octane used by van
Hooghten et al., leading to greater viscous dissipation during
interfacial rearrangements. Together, the increased particle
size and higher oil viscosity enhance hydrodynamic interac-
tions, slowing cooperative rearrangements and shifting tg to
longer times. Importantly, these effects alter the relaxation
timescales without changing the underlying 2dBSW scaling
structure.

While tg provides a consistent and physically meaningful
measure of relaxation dynamics, the interpretation of the

This journal is © The Royal Society of Chemistry 2026
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remaining spectral parameters is more sensitive to experi-
mental resolution and fitting constraints and must therefore
be made with caution. A critical limitation of the existing
literature is the restricted quality and scope of many datasets.
Narrow frequency windows, experimental noise, and limited
resolution often constrain the number of resolvable relaxation
modes. Under such conditions, the relaxation spectrum cap-
tures only the dominant dynamical features, while finer details
remain unresolved. In particular, insufficient high-frequency
data restricts determination of 7y and ng. As a result, apparent
similarities in these parameters may reflect experimental lim-
itations rather than true dynamical equivalence. This high-
lights that, while the 2dBSW form captures the overall
structure of the relaxation spectrum, not all parameters are
equally reliable for physical interpretation. Nevertheless, the
2dBSW framework enables consistent comparison across sys-
tems, even when the original analyses employed different
rheological representations, revealing common spectral
features that might otherwise remain obscured.

The observed hierarchy of relaxation processes can be
further interpreted within the SCOPE (spectral classification
of processes and eigenmodes) framework.”® High-frequency
modes are governed by short-time relaxation processes asso-
ciated with intra-cage particle motion that rapidly equilibrates
local stresses, while low-frequency modes reflect long-time
relaxation processes corresponding to cooperative rearrange-
ments of the interfacial network. Within this picture, cage
escape emerges as a delayed, collective process governed by
the gradual buildup and release of elastic stresses, consistent
with the interpretation of 7 as a restructuring timescale of the
interface. Experimentally, these regimes are reflected in the
frequency dependence of the dynamic moduli: short-time intra-
cage dynamics dominate the high-frequency response, whereas
the approach to tg is marked by the convergence of G* and G¥"
and the onset of terminal relaxation behavior. Although the
relative magnitudes of G* and G¥ depend on the specific
system and frequency range, the SCOPE framework provides
a useful link between the distribution of relaxation modes and
observable rheological features.

Thus, our analysis shows that while particle properties and
subphase conditions modulate the quantitative viscoelastic
response, the 2dBSW spectrum captures the dominant relaxa-
tion behavior across a wide range of particle-laden interfaces.
This apparent universality has important practical implica-
tions: it suggests that the linear viscoelastic properties of
interfacial particle networks may be predicted from general
features of caging and network formation, rather than requir-
ing system-specific characterization in every case. Future pro-
gress will depend on high-quality experimental data with
extended frequency coverage to fully resolve relaxation spectra
and delineate the limits of this presumed universality. Systema-
tic variation of particle properties, combined with reduced
noise and broader dynamic windows, will further clarify the
mechanisms governing relaxation in 2D interfacial systems and
support the rational design of interfaces with tailored visco-
elastic performance.
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Conclusions

In this work, we demonstrated that the relaxation spectra of
particle-laden fluid interfaces can be successfully captured by
the 2dBSW framework. Application of this model to both our
experimental data and to selected literature studies revealed
striking similarities in the spectral features of diverse particle
systems, despite variations in particle size, shape, wettability,
and subphase. These findings suggest that the viscoelastic
response of particle-stabilized interfaces may follow a universal
rheological pattern, paralleling the behavior observed in bulk
three-dimensional systems. At the same time, our analysis
highlights important challenges. While the approach proved
robust, the extraction of relaxation spectra can be hindered by
experimental noise and by the relatively narrow frequency
windows typical of interfacial rheology measurements, both
of which limit the resolution of spectral features.

Altogether, the present results establish the 2dBSW model
as a powerful tool for probing the viscoelasticity of particle—
laden interfaces and open the door to a unified framework for
describing two-dimensional interfacial rheology. Future studies
that directly link relaxation modes to microscopic particle
dynamics - measuring cage size, lifetime, and heterogeneity
through particle tracking or scattering — will be essential to
establish a quantitative connection between the 2dBSW para-
meters and interfacial caging dynamics.
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