PHYSICAL REVIEW LETTERS 131, 258202 (2023)

Interfacial Fluid Rheology of Soft Particles
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In situ interfacial rheology and numerical simulations are used to investigate microgel monolayers in a
wide range of packing fractions, {,p. The heterogeneous particle compressibility determines two flow
regimes characterized by distinct master curves. To mimic the microgel architecture and reproduce
experiments, an interaction potential combining a soft shoulder with the Hertzian model is introduced. In
contrast to bulk conditions, the elastic moduli vary nonmonotonically with {5, at the interface, confirming
long-sought predictions of reentrant behavior for Hertzian-like systems.
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Although softness is a concept used in everyday life, its
impact on the macroscopic response of a material is still
far from being fully understood [1]. Colloidal suspensions
are fundamental model systems used to investigate phase
transitions and the behavior of complex fluids [2-4].
Polymer-based colloids, particularly microgels [5], allow
us to investigate the effect of particle compressibility [6]
on fundamental problems such as crystallization [7-9],
glass transition [10—13], and flow of non-Newtonian fluids
[14—17]. Microgels have also been employed to investigate
crystallization in 2D [18-21]. In fact, they spontaneously
adsorb at interfaces reducing the interfacial tension between
two liquids, undergoing a strong deformation and enhanced
stretching [22]. They can be considered a model system for
soft particles with nonhomogeneous compressibility, due to
their underlying core-corona structure [23,24], allowing us
to introduce particle softness in the study of the phase
behavior and flow properties in the two-dimensional inter-
facial plane.

Several recent ex sifu experimental observations have
reported that microgels crystallize in hexagonal lattices and
undergo a solid-to-solid transition with increasing concen-
tration [25,26]. The structure of the monolayer has also
been addressed in situ [27,28], where important differences
have been observed with respect to ex sifu measurements. It
thus appears fundamental to address the properties of the
monolayer by in situ techniques [29,30] and by appropriate
theoretical modeling [22,31,32].

Here, poly(N-isopropylacrylamide) (pNIPAM) micro-
gels are confined at the oil-water interface and their flow
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properties are investigated in situ. To this aim, amplitude
and frequency sweeps, as well as flow curves, are measured
using a rheometer with a custom-made double wall-ring
accessory and a purpose-built Langmuir trough [30,33].
We measure both the storage modulus and the apparent
yield stress of the monolayer and find that they undergo
a nonmonotonic variation with increasing generalized
packing fraction. This is in contrast to what is observed
in bulk [12,34,35], where higher particle density leads to a
monotonic increase of these quantities [12,36,37].

Experiments are supported by computer simulations in
equilibrium, based on a coarse-grained model where a soft
shoulder complements the Hertzian interaction (SSH
potential), capturing the main features of the monolayer
phase behavior. This model is further used to simulate the
flow of the monolayer, confirming the nonmonotonicity of
the yield stress with increasing particle density. Finally, we
relate the flow behavior to the different regimes of the
compression isotherms and identify the onset of two
different master curves. Our results highlight the impact
of particle softness on the flow of the monolayer and the
importance of inhomogeneous compressibility, which gives
rise to multiple and unusual rheological regimes in ultra-
dense conditions.

We perform experiments on 5 mol% cross-linked micro-
gels at an oil-water interface at 20 °C. In Fig. 1, we report
the compression isotherms of the microgels at the interface
as a function of their interfacial generalized packing
fraction {,p, which corresponds to the area occupied by

© 2023 American Physical Society


https://orcid.org/0000-0001-8750-8875
https://orcid.org/0000-0001-5841-2815
https://orcid.org/0000-0003-2468-9351
https://orcid.org/0000-0003-0032-8906
https://orcid.org/0000-0002-8988-330X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.258202&domain=pdf&date_stamp=2023-12-22
https://doi.org/10.1103/PhysRevLett.131.258202
https://doi.org/10.1103/PhysRevLett.131.258202
https://doi.org/10.1103/PhysRevLett.131.258202
https://doi.org/10.1103/PhysRevLett.131.258202

PHYSICAL REVIEW LETTERS 131, 258202 (2023)

500 40
400
20

&~
&m 300 9
s =
> >
Y 200} 10 %ﬁ

100 lg

0 4

0.5 10

FIG. 1. Compression isotherms reporting the surface pressure
7 (squares) and plateau of the elastic modulus G, (circles),
normalized by kzT/&%, as a function of generalized packing
fraction ¢, p. Lines are guides to the eye. Different colors identify
different regimes of the compression isotherms.

the microgels using their interfacial radius in the dilute limit
R>p ~350 nm [see Supplemental Material (SM) [38]
Eq. (S1)]. This is estimated using atomic force microscopy
(AFM) images of isolated microgels (Fig. S1) [1,23]. The
surface pressure 7 vs {,p behavior is consistent with
previous measurements [1,25,39], which have identified
five regimes corresponding to different compressions of the
particles and to the formation of hexagonal lattices with
different nearest neighbor distances (NND) [25]; see
Figs. S2-S4.

To understand how the compression of the microgels
affects the elasticity of the monolayer, in situ oscillatory
frequency sweeps were performed in the linear viscoelastic
regime (Fig. S5) to measure the variation of the storage G’
and loss G” interfacial moduli (Fig. S7). For all measured
{sp, the monolayer can be considered a solid with G’ > G”.
While G’ remains almost constant, G” shows a local
minimum at a characteristic frequency w,,. This behavior
is consistent with the corresponding bulk measurements
for microgel suspensions in the glassy state [12,34].
Conventionally, the plateau of the elastic modulus G, is
defined as G, = G'(w,,) [12].

In bulk (3D), G;" is usually normalized by the character-
istic modulus associated with entropic elasticity kzT/R3,
where kj is the Boltzmann constant, T the temperature, and
R;, the hydrodynamic radius of the particles [12,36,37].
Such a normalization gives one an idea of the relation
between the internal energy of the system and the thermal
fluctuations. If G3° > kzT/R;, thermal fluctuations are
negligible and the physics determining the properties of the
suspension is related to the particle deformation or inter-
penetration with its neighbors [34,40—42]. At the interface,
we can perform a similar normalization using the ratio
between kg7 and the square of an appropriate characteristic

length. The particle radius is a natural first choice, but in the
present study it always leads to G, > kzT'/ R2, even at the
lowest studied packing fraction, where the system is
already a solid in the form of a hexagonal crystal [25].
This suggests that thermal fluctuations are always irrelevant
for the monolayer and that its overall elastic properties are
controlled by length scales much smaller than the particle
size. Indeed, by considering the mesh size of the microgels
(6~ 10 nm) [6] as the characteristic length, we obtain
G,&/kgT ~1. This means that the elasticity of the
monolayer is mainly determined by the capability of the
particles to stretch at the interface, which is related to
the deformability of the network, expressed by & [1].

In Fig. 1 (right y axis), the normalized values of G, are
plotted as a function of {,p. In contrast to that observed in
bulk [8,10,34], the evolution of G, with {p is non-
monotonic. In particular, G, (circles) grows during regimes
ITand IV (1.0 S &p < 1.6 and 3.6 < {Hp < 5.0), while it
decreases in regime I1I, in correspondence of the plateau of
the measured compression isotherms (squares). Regimes 11
and IV correspond to the compression of regions of
the microgels with different softness (external corona and
core) [6,43]. Figure S3 shows the values of the NND
obtained from the analysis of AFM micrographs in dry state
(Fig. S2). The values of NND vary as '/ (solid line) in
regime II (circles), as expected for particles interacting via
soft repulsive potentials. To provide a microscopic inter-
pretation of the nonmonotonic behavior of G ,, we first note
that in region II, the coronas of the microgels are still
partially swollen, but the compression of the monolayer
progressively compacts them. However, until region III is
reached, there is no microgel for which the corona is
completely collapsed, with others still retaining a partial
swollen corona (see AFM micrographs in Fig. S2). From
the AFM images, it seems that particles with a collapsed
corona form clusters, Fig. S2. However, recent studies have
shown that the presence of clusters might be due to the
monolayer deposition on a solid substrate [27,28].
Independently of the presence of the clusters, the key
aspect that characterizes regime III is that there are three
different kinds of contact between microgels: (i) partially
compressed corona-partially compressed corona; (ii) parti-
ally compressed corona-core; (iii) core-core (with potential
presence of clusters). Thus, under these conditions, the
monolayer has a more heterogeneous structure with core-
core contacts continuously replacing corona-corona ones.
This determines a less efficient transmission of the stress
throughout the system, that we attribute to the fact that
corona-corona contacts would ensure a higher degree of
connectivity within the monolayer as compared to hard
core contacts. This effect results in a decrease of G,. We
further note that, if the clusters are present, they might also
play a role in the decrease of G, similarly to that reported
for depletion gels [44-46]. The following rise of G, in
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region IV is caused by a further increase of the packing
fraction {,p that brings the cores in closer and closer contact.

To probe the effect of softness on the flow of the
microgel monolayer, we measured the flow curves at
different {,p, Fig. S8. These curves can be described by
o(y) = 6, + ky* + k'y?, where y is the shear rate, o, is
named (apparent) yield stress by analogy to solids, k and k'
are fitting parameters, and # and p €R and are empirical
parameters [47,48]; see Fig. S9 and SM [38] for more
details. This is the same functional form used to fit flow
curves of concentrated microgel suspensions in bulk
[12,37]. In the inset of Fig. 2, the triangles show the
variation of ¢, normalized by kT / &2 as a function of &,p.
The behavior of o, is similar to that observed for G, in
Fig. 1(a), spanning an increase of roughly one order of
magnitude upon initial compression, and undergoing a
nonmonotonic behavior at larger values of {,p.
Interestingly, both 6, and G, do not show an overall
increase between the lowest and highest studied {,p),
suggesting that within the explored range of packing
fractions, the system does not reach a jammed state,
according to the definition of Ref. [12].

After associating the different regimes of the compres-
sion isotherms with the nonmonotonic response of G ,, we
question whether this behavior affects the rheological
response of the microgels at the interface under flow. To
this aim, it is essential to define a unified scale that enables
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FIG. 2. Master curves obtained by the flow curves measured in
the different compression stages where the stress o is normalized
by the apparent yield stress o, and the shear rate y is normalized
by yg, where yg is the threshold strain amplitude between
liquidlike and solidlike behavior. Solid and dashed lines corre-
spond to /6, = 1+ k(y/r3)" + K (y/y3)? with p ~ 0.2 and u ~
1.1 and p ~ 0.3 and u =~ 1.65, respectively. Inset: ¢, normalized
by kpT /& as a function of the generalized area fraction, {,p. The
different regimes of the compression isotherms in Fig. 1 are
indicated by different colors.

the evaluation of the flow behavior across different regimes
and y. Following Cloitre and coworkers [12,49], we plot
6/o, Vs 7/v3, where y,  6,/G , [49]. The values of y, and
the corresponding errors have been determined by fitting
the two different slopes of the flow curves measured in the
amplitude sweeps (Fig. S5). As shown in Fig. S6(a), y,
rapidly increases in regime II before reaching a plateau in
regime III, and then decreasing in regime IV. Through this
analysis, Fig. 2 shows two distinct master curves: the first
one roughly corresponds to the monolayer in regimes II and
IV (triangles), while the second to regime III (squares) of the
compression isotherm. The normalization by 1/ yg is fun-
damental to obtain two well distinct master curves between
regimes II/IV and III, as shown in Fig. S6(b).

To shed light on the particle-to-particle interactions that
give rise to this behavior, we introduce a novel interaction
potential. This is needed since a simple 2D Hertzian model,
shown in Fig. 3(a), is too soft and fails to reproduce the
behavior of the moduli at high {,p, as well as the evolution
of NND with compression, see Fig. S3. We thus comple-
ment the Hertzian, which works very well up to regime II,
with a square shoulder potential [50,51], mimicking the
presence of a stiffer core, as illustrated in Fig. 3(a). This
also highlights the three characteristic lengths of the SSH
model: the compressible corona, dominating at low and
intermediate {,p, the standard core, e.g. determined by the
fuzzy sphere model where the square shoulder takes over
from the Hertzian, and, finally, an incompressible core,
emerging at very large packing fractions due to the fact that
the smallest value of the NND does not decrease any
further. Simulations with the SSH model, also accounting
for the experimental size polydispersity, are able to quan-
titatively reproduce the behavior of NND for both lengths,
as a function of {,p, as shown in Figs. S3 and S10 to S12.

We then perform simulations of the monodisperse 2D
Hertzian and of the polydisperse SSH models under steady
shear (details in the SM [38]). For each studied shear rate y
and {5p, the mean value of the shear stress o, at the steady
state is extracted. The resulting flow curves (Fig. S13) are
well described by the standard Herschel-Bulkley model,
ie.,o(y) = o, + ky". Figure 3(b) reports the yield stress o,
obtained from the fits of the simulated flow curves,
normalized by the maximum of o, for {,p ~ 5.5, that is
the maximum packing fraction probed in the experiments.
For the Hertzian model, we observe a transition from a
Newtonian fluid at low {,p in regime I to a viscoelastic
response with a nonmonotonic behavior of o, in regime II,
before recovering a fluid behavior at higher area fractions.
This reentrant behavior is a well-known hallmark for static
and dynamic properties of Hertzian systems [22,52,53],
but to our knowledge it was not previously reported for
elastic properties.

For the SSH model, we find an almost identical
qualitative behavior to the Hertzian up to regime III, that

is then followed by a second growth of o, in regime V.
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(a) Comparison between the 2D Hertzian potential (red curve) and the square-shoulder Hertzian model (SSH) (blue curve),

where we highlight the three different regions of the particle: corona (light blue), compressible core (green), and incompressible core
(gray). Corresponding colors are used in the background of the panel; (b) apparent yield stress ¢, normalized to the values of the first
maximum of 6, (6, jpeak) s @ function of {,p; (c) scaling flow curves, 6/, vs 7/ y%, obtained from simulations using the monodisperse

Hertzian (diamonds) and the polydisperse SSH (triangles) potential.

The deviations between experiments and simulations in
regimes III and IV (see Fig. 2) are likely due to the coarse-
grained nature of the model, which does not incorporate
key polymeric aspects of the microgels. Indeed, it can be
seen also in the experiments that the difference between G’
and G” in regime III is smaller (see Figs. S5 and S7), but
the system remains solidlike probably because of entan-
glements between the coronas, a feature that cannot be
captured by a simple point-particle model such as the
present one. This difference may also explain the fact that
the growth of o, only occurs in regime V, rather than
already in regime IV as in experiments, confirming the
overall tendency of the simulations to retain a more
fluidlike behavior than the experiments. Nonetheless,
the reincrease of ¢, observed at larger {p is well captured
by the model, thanks to the presence of the inner core in
the SSH model. The comparison of the behavior of o,
with that of the mean-squared displacement (Fig. S12)
demonstrates that the nonmonotonicity of the moduli is the
manifestation of such reentrant behavior in the elastic
properties of the system.

We also analyze the scaling of the flow curves in
simulations, using the same normalization applied to the
experimental data in Fig. 2. The plot reported in Fig. 3(c),
although spanning a smaller range than experiments, indi-
cates that data in regimes II and IV/V roughly belong to the
same master curve. Therefore, the behavior of the flow
curves and the variation of ¢,, with {1, confirm that regimes
II and IV/V are similar in terms of their flow and elastic
properties. The rescaled flow curves obtained using the
Hertzian model are also reported in Fig. 3(c), being almost
indistinguishable from those of the SSH model up to regime
II. This confirms that before the corona compression, the
interaction between microgels can be approximated with a
simple Hertzian model, as predicted from numerical calcu-
lations of the effective potentials in the dilute limit [22].

In summary, we reported interfacial rheology measure-
ments of monolayers of soft microgels at an oil-water

interface. The experiments are compared to numerical
simulations where a Hertzian is combined with a square
shoulder potential, based on the core-corona structure of
the microgels [43]. We find the onset of a nonmonotonic
behavior of the elastic moduli with increasing packing
fraction due to the Hertzian contribution that is dominant at
not too large packing fractions. Hence, after an initial fluid
behavior (regime I), the system becomes viscoelastic
(regime II), but the moduli start to decrease again (regime
III), until a second increase is observed at very large {op
(regimes IV and V). Simulations with such interaction
potential qualitatively capture these features, except for the
solidlike character of regime III

The nonmonotonic dependence of the moduli on packing
fraction can also be interpreted in terms of the energy of the
system: when particles have comparable softness, either
before the microgel coronas start to be significantly com-
pressed, or after the microgels make core-core contacts, the
monolayer stores energy with increasing {,p. The sim-
ilarity between regime II and IV/V is further supported by
the behavior of their flow curves, which are reduced to the
same master curve. However, a different behavior (and
associated master curve) applies in regime III, where the
monolayer dissipates energy. This coincides with the onset
of a second characteristic nearest neighbor distance in the
radial distribution functions, highlighted by a plateau in the
compression isotherms and denoting the emergence of
core-core interactions. In this region, the contacts between
particles are of different kinds, being either corona-corona,
corona-core, or core-core. Such heterogeneities in the
monolayer structure, and the different types of contacts
between particles with different softness, decrease the
transmission of the stress through the interface leading
to the observed decrease in G ,. These findings indicate the
ability of the microgels to decrease stress thanks to
deformation, suggesting that they can effectively reduce
the viscous dissipation associated with the compression of
their volume, by extending in the aqueous subphase [54].
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The present work sheds light on the flow properties of
monolayers of soft particle at high concentrations. The fact
that the measured elastic moduli do not really exceed those
measured at the onset of elasticity suggests that the system
does not reach jamming in the investigated range of
packing fractions. This can be attributed to the role of
individual particle softness and to the additional degrees
of freedom of the particles outside the interfacial plane,
e.g., through protrusion in the aqueous phase [54]. This
peculiar feature of the interfacial behavior of microgels
calls for further in situ investigations, for example by
neutron reflectivity [24] or AFM [29]. These would clarify,
for instance, the role of clusters on the flow properties of
the monolayer and possible analogies with depletion
glasses [44-46], or shed light on the forces leading to
cluster formation with possible similarity to the structures
formed by proteins and antibodies at interfaces [55,56].

The supporting data for this Letter are openly avail-
able [57].
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