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We perform extensive molecular dynamics simulations of an ensemble of realistic microgel particles in
swollen conditions in a wide range of packing fractions {. We compare neutral and charged microgels, where
we consider charge distribution adherent to experimental conditions. Through a detailed analysis of single-
particle behavior, we are able to identify the different regimes occurring upon increasing concentration: from
shrinking to deformation and interpenetration, always connecting our findings with available experimental
observations. We then link these single-particle features with the collective behavior of the suspension,
finding evidence of a structural reentrance that has no counterpart in the dynamics. Hence, while the
maximum of the radial distribution function displays a nonmonotonic behavior with increasing £, the
dynamics, quantified by the microgels’ mean-squared displacement, always slows down. This behavior, at
odds with the simple Hertzian model, can be described by a phenomenological multi-Hertzian model, which
takes into account the enhanced internal stiffness of the core. However, also this model fails when
deformation enters into play, whereby more realistic many-body models are required. Thanks to our analysis,
we are able to unveil the key physical mechanisms, shrinking and deformation, giving rise to the structural
reentrance that holds up to very large packing fractions. We further identify key similarities and differences
between neutral and charged microgels, for which we detect at high enough ¢ the fusion of charged shells,
previously invoked to explain key experimental findings, and responsible for the structural reentrance.
Overall, our study establishes a powerful framework to uncover the physics of microgel suspensions, paving
the way to tackle different regimes, e.g., high temperature, and internal architectures, such as for hollow and

ultralow-cross-linked microgels, where experimental evidence is still limited.

DOI: 10.1103/PhysRevX.14.041067

I. INTRODUCTION

Nowadays, a variety of colloidal particles can be syn-
thesized, with different shape, internal composition and/or
mutual interactions [1]. This versatility provides the possibil-
ity to control each of these properties at the single-particle
level with the ultimate aim to transfer them to the macroscopic
scale through a bottom-up approach [2]. However, this last
step is not always easy to perform, because it is often difficult
to simultaneously obtain detailed information at both micro-
scopic and macroscopic length scales. Thus, there is a
fundamental need for investigations able to bridge such scales
in order to finally predict the behavior of materials from the
features of individual building blocks.
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In this context, single-particle resolution experiments
come to hand. This type of study in colloidal suspensions
started with confocal microscopy experiments, which opened
up the possibility of studying static and dynamic behavior
of concentrated systems with single-particle precision. For
example, pioneering works revealed the role of dynamic
heterogeneities in hard-sphere colloids close to the glass
transition [3] or the occurrence of arrested phase separation in
depletion gels [4]. More recently, the spreading of super-
resolution microscopy [5] has enhanced the spatial resolution
reachable in experiments, providing a new important tool
which can be used either to extend the observation timescale
for glassy dynamics [6] or enable the visualization of
particles’ inner structure [7,8] and functionalization [9].

Among the tunable features of colloidal particles, a very
important one is softness [10], which can be defined as the
ratio between elastic free energy and thermal energy. Using
colloids of polymeric nature, several orders of magnitude
in softness can be spanned, ranging from chains to star
polymers, microgels, and more complex macromolecules.
It thus becomes possible to investigate concentrated states
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well above single-particle overlap. Among soft particles,
microgels are colloidal-scale polymer networks dispersed
in a solvent that recently emerged as favorite model
systems both for fundamental studies [11,12] and for a
variety of applications [13—16]. Indeed, microgels can be
made responsive to external stimuli, among which
the easiest one to control is the temperature. For example,
using a thermoresponsive polymer, such as poly(N-
isopropylacrylamide) (pNIPAM), a volume phase transition
is observed from swollen to collapsed microgels upon
increasing the temperature. This is an echo of the coil-to-
globule transition of the corresponding linear chains,
arising as a consequence of the change in polymer-solvent
affinity as the temperature increases. A recent review has
focused on the different experimental techniques nowadays
available to quantify softness in microgels [17], high-
lighting the growing interest in these systems.

Upon increasing concentration, microgels undergo dif-
ferent regimes, where they shrink, deform, or interpen-
etrate, forming ultradense states that have no counterpart in
hard-sphere-based colloids. To tackle these states, several
investigations have been conducted in dense conditions to
assess the properties of the overall suspensions, in particu-
lar, by rheology [18,19], imaging [20], and dynamic light
scattering [21]. To gain information on the single-particle
behavior, confocal microscopy [22] as well as a variety of
neutron-scattering techniques [23] have been employed.
For example, in the case of responsive microgel particles,
that are the focus of this work, a clever contrast matching
(zero-average contrast, ZAC) [24] or selective deuteration
of particles [25-27] was adopted in order to indirectly
determine the changes to their internal structure upon
crowding. These measurements are nowadays comple-
mented by a growing number of superresolution micros-
copy investigations [7,28,29].

Despite the abundance of experimental measurements,
simulation works devoted to described microgel collective
behavior have been so far quite scarce. Most of them were
based on simple coarse-grained effective models [30],
starting with the widely used Hertzian model. This two-
body potential, calculated for elastic spheres at low
deformation, is known to display a so-called reentrant
dynamical behavior with increasing packing fraction [31]:
The (self or collective) particle relaxation initially slows
down and then becomes faster again upon crowding. This
counterintuitive behavior has not been reported in microgel
suspensions [21,29], although the situation for microgels
adsorbed at liquid-liquid interfaces may be interestingly
different [32,33]. This lack of nonmonotonic dynamics
clearly suggests that the Hertzian potential is too soft to be
representative of microgels under dense conditions, as also
confirmed by explicit interaction potential calculations
[34]. Thus, additional contributions describing the complex
internal structure of real microgels should be employed to
improve the description. Among the proposed possibilities

to go beyond the Hertzian model, we mention the use of the
phenomenological multi-Hertzian model [35], the incor-
poration of isotropic volume changes in the Hamiltonian
[36,37], or the development of more complex toy models
including internal elasticity [38,39].

A different approach is instead to directly simulate
realistic models of microgels at different concentrations,
which is of course computationally more challenging. Only
a recent study of this kind exists [40], where extensive
simulations of microgels were performed with the aim to
establish a relationship between the bulk modulus of the
individual particles and that of the whole suspension under
different density and solvent conditions. However, the
performed study lacked full control of the internal structure
of the simulated microgels, consisting of homogeneous
chain assemblies. Conversely, we recently developed a
realistic microgel model [41], which at the individual level
is able to fully capture the typical core-corona structure of
pNIPAM microgels synthesized by precipitation polymeri-
zation that are the ones mostly used in the experiments. We
showed that the model is robust to cross-linker concen-
tration [42] and system size [43] variation; hence, also
microgels with a few thousand monomers each are able to
reproduce the main features that we aim to incorporate into
the simulations. Another important point that was over-
looked in Ref. [40] was that pNIPAM microgels always
carry an intrinsic charge due to the presence of ionic
initiators in the synthesis. This charge is mostly screened by
the counterions under dilute and swollen conditions, but
several studies have highlighted the role of counterion-
induced osmotic pressure on the behavior of concentrated
suspensions [27,44-46].

The present work fills the gap by performing extensive
molecular-dynamics (MD) simulations of an ensemble of
realistic microgels under swollen conditions in an extended
range of packing fractions. For the first time, we report
numerical results of suspensions of charged microgels and
carefully compare the results for neutral and charged
systems, highlighting the differences between them. Our
study provides an extensive characterization of both indi-
vidual structural properties and collective behavior as a
function of the increasing microgel concentration. We are
thus able to address the onset and relative interplay of
deswelling, faceting, and interpenetration under different
concentration regimes and find quantitative agreement with
available superresolution experiments. We also calculate
individual microgel elasticity and connect it with the
behavior of the whole suspension. We then examine in
detail how the collective structure and dynamics are
affected by crowding, again validating our model against
experimental measurements available in the literature,
clearly detecting the onset of structural reentrance, but
not of a dynamical one. Both phenomena occur independ-
ently of the presence of charges, but with important
differences in the microgel behavior when the latter are

041067-2



NUMERICAL STUDY OF NEUTRAL AND CHARGED MICROGEL ...

PHYS. REV. X 14, 041067 (2024)

FIG. 1.

¢ =0.87 £=2.52

Representative snapshots of neutral microgel suspensions at packing fractions { = 0.39, 0.87, and 2.52, from left to right,

respectively. Box dimensions are reproduced with the right proportions so that deswelling of the microgels can be visualized.

taken into account. Such decoupling of the reentrance
between statics and dynamics was previously unreported,
and we explain it here with the help of a multi-Hertzian
model, which allows us to grasp the physical motivations
of such behavior. We are thus able to connect the physical
mechanisms responsible for structural reentrance, thereby
providing a novel, comprehensive picture of the single-
particle and collective behavior of concentrated microgel
suspensions. Our work offers a clear framework to
robustly interpret experimental data and to capture a
minimal-level description of the complex phenomenology
of these fascinating systems.

II. RESULTS

We start by reporting snapshots of the system in Fig. 1
for neutral microgels at three studied packing fractions ¢, as
defined in Eq. (8): below random close packing, just above
it, and at a very high one. These are representative of the
typical states encountered in the experimental phase dia-
gram of the system: fluids, crystals [47], and glasses [22],
in analogy to hard-sphere systems but occurring at much
larger volume fractions due to the softness of the inter-
actions. In our simulations, we find that, as soon as the
packing fraction increases above random close packing, the
microgels get in contact and start to accommodate them-
selves in order to more efficiently fill the space. This is
accomplished through several different mechanisms,
involving volume or shape change and, alternatively,
interpenetration with other microgels. For charged micro-
gels, similar mechanisms occur, with the main difference
that non-negligible electrostatic interactions are found to
play a role at all £, including low ones.

A. Individual microgel size and structure

We initially focus on reporting the behavior of individual
microgels, particularly by looking at the concentration
dependence of their size and at the evolution of the internal
single-particle structure quantified by the form factors

(see Sec. IV). This is a useful starting point that allows
us to directly connect with small-angle neutron-scattering
experiments performed on hydrogenated microgels dis-
persed in a sea of deuterated ones [26,27]. To have an
estimate of the microgels size as a function of the packing
fraction ¢, we calculate the gyration radius R, and estimate
the hydrodynamic radius Ry, both reported in Fig. 2 for
neutral and charged microgels. In the figure, we also
compare data obtained with a different number of micro-
gels (N =27 and N = 108) and for two different charge
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FIG. 2. Gyration R, (a) and hydrodynamic Ry (b) radii as a
function of the packing fraction { for neutral and charged
microgels having both a random and surface charge distribution.
Data for two system sizes with N = 27 and N = 108 microgels
are compared, showing no detectable size effects. Dashed lines
indicate isotropic shrinking behavior: Ry, Ry ~ {~/3,
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distributions: a random one, where charges are evenly
located throughout the whole microgel, and a surface one,
where they are positioned on the microgel external surface
[45], intended as more representative of the location of the
ionic initiators after pNIPAM-based microgel synthesis.

For neutral microgels both R, and Ry are found to be
constant up to particle contact corresponding to random
close packing ( ~ 0.74). This clearly indicates no particle
deswelling at low packing fractions, contrary to what
happens in charged microgels, irrespective of charge
distribution. In this case, both observables slightly decrease
already at small concentrations. Hence, although this is a
minor effect of the order of 5% of the overall size of the
particles, the shrinking is clearly detectable in the presence
of changes, due to a variation of the screening conditions
induced by counterions with increasing microgel concen-
tration [44]. Conversely, experimental works have reported
contradictory results on this point: In some cases [24,26], a
flat behavior of the particle size is reported, similar to the
neutral simulations. In particular, Ref. [24] investigates
microgels in the presence of added salt, which is likely to
be more similar to the neutral case examined here. Other
studies instead clearly report deswelling even at low ¢ [27]
as for ionic ones. In addition, a recent work on copolym-
erized microgels containing pNIPAM [48] has detected
quite a significant shrinking happening well below particle
contact. Focusing on larger values of , we observe a much
more significant shrinking in all cases. Above contact, this
is compatible with isotropic shrinking, i.e., as approxi-
mately £='/3. The dependence on ¢ for both R, and Ry
indicates that, despite corresponding to quite different
measures of the sizes of the microgels, they undergo a
similar behavior as packing fraction increases. This is
confirmed by the data obtained for different system sizes
(N =27 and N = 108), which clearly show no dependence
at all for the individual microgel size at all studied . From
now on, unless otherwise stated, all results refer to
simulations with N = 108 microgels. In addition, we notice
that the random case is always intermediate between
neutral and surface ones; hence, from now on, our more
extended analysis will focus only on the latter two cases.

In order to make a more direct connection with experi-
ments, we next calculate the average form factors P(g) of
the individual microgels as a function of { reported in Fig. 3
for neutral and surface-charged microgels. In both cases,
P(g) remains rather unchanged with increasing ¢ up to
effective packing fractions close to 1. For larger ¢, the first
peak starts to move to larger ¢ values and to increase in
height, with noticeable changes in the slope of data after the
first peak. In this respect, the form factors start to resemble
those of more collapsed microgels, possibly also deformed,
as we will see later on.

To compare our results with available small-angle x-ray-
scattering or small-angle neutron-scattering experiments,
we fit the form factors with the extended fuzzy sphere
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FIG. 3. Average form factors P(g) for N = 108 (a) neutral and
(b) surface-charged microgels at different packing fractions ¢.

model [Eq. (11)] as described in Sec. IV. In this way, we
extract an estimate of the total radius R, as well as the core
radius R and of the half-width of the fuzzy shell o,. All
of these observables are reported as a function of  in Fig. 4.
The fitting procedure has been repeated for simulations of
systems with both N =27 and N = 108 microgels, and
again we find that the results are very similar for both sizes,
so that we can consider our simulation size appropriate for
this kind of study. Figure 4(a) shows the results for Rp,
which is completely constant below particle contact for
neutral microgels, in agreement with the findings of Fig. 2,
while a small decrease is observed for charged ones. In both
systems, a more pronounced shrinking starts to occur above
particle contact, which happens at slightly higher packing
fractions for charged microgels. The observed deswelling is
again compatible with isotropic shrinking, similar to what
is observed for R, and Ry. Figure 4(b) displays the size of
the core separately, where the core radius R, is shown to
remain constant up to much larger values of ¢, exceeding
the particle contact, for both neutral and charged microgels.
Then, isotropic shrinking of the cores is found to occur only
for { = 2. Instead, the external shell, whose extension is
quantified by o, starts decreasing earlier, just above
contact. Evidently, the initial decrease of the microgel size
around particle contact is determined only by the shrinking
of the shell. Only later, the cores come into play. This is
also reflected in the behavior of o4, which is not found
to be compatible with an exponent —1/3 at all £, but only in
its initial shrinking trend. Later on, when isotropic core
shrinking happens, the shell is found to decrease even
more, with a behavior roughly compatible with an exponent
of approximately —1/2. This may be due to the softer
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FIG. 4. Parameters extracted from the fits of the form factors
with Eq. (11) as a function of {: (a) total radius R, (b) core radius
R, and (c) half of fuzzy shell thickness o,¢. Data corresponding
to two system sizes are reported: N =27 and N = 108. The
vertical lines in panels (a) and (c) represent the approximate start
of isotropic shrinking for neutral microgels ({ ~ 0.7, dashed
lines) and for charged ones ({ ~ 0.9, dotted lines), while the ones
in panel (b) denote the start of the core shrinking, roughly taking
place for ¢ = 1.2 for neutral (dashed) and ¢ = 1.5 for surface
(dotted) microgels. Dashed-dotted lines at high { represent the
expected isotropic shrinking behavior (approximately {~'/3). The
extension of the shell in panel (c) is found to decrease much faster
at very large (.

character of the corona, that at extremely large packing
fractions becomes completely deformed and collapses
onto the core.

B. Individual microgel deformation

Having evaluated the individual particle size as a
function of ¢, quantifying the isotropic deswelling that
takes place with increasing concentration, we now focus on
the assessment of particle deformation. To this aim, we
evaluate the deformation parameter S, defined in Eq. (12)
that is an adimensional function of microgel volume and
surface that is equal to 1 for a sphere and lower for other
geometries. This quantity is the 3D analog of the ratio used
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FIG. 5. Deformation parameter S, as a function of the

nominal packing fraction { for neutral and surface-charged
microgels, considering all beads (surface only), only beads
within [, = R, + o4,¢ (neutral and surface), and only core
beads (surface). The vertical lines represent different thresholds
discussed in the text: contact (dashed, {~0.7), start of
deformation for neutral (dashed, {~0.9), and for surface-
charged microgels (dotted, { ~ 1.1); end of deformation (dot-
dashed and gray region, { ~ 2.2).

in superresolution experiments of Ref. [28]. First of all, we
calculated S, for each microgel considering all beads, as
reported in Fig. 5, and with this procedure found the
counterintuitive result that the microgels appear to be more
anisotropic at low than at high £. This is due to the presence
of the dangling chains around the microgel, which provide
an important contribution to the volume when the micro-
gels are isolated, thus making them fluctuate a lot in shape
and being instantaneously (but not on average) rather
anisotropic. Instead, when they get in contact with each
other, the external chains deform very easily, and hence the
microgels retain a more spherical shape. The enhanced
sphericity is signaled by the increase of S,, which,
however, is always found to be much smaller than 1.
This picture contradicts the standard expectations, as well
as experimental observations [20,29] on particle deforma-
tion of concentrated microgels at high £, due to the fact that
such external chains cannot be easily detected in experi-
ments, given their very low density. The role of dangling
chains is a matter of debate [49,50], not being easily
quantifiable in experiments, while they can be visualized in
simulation studies like the present one. Turning back to the
deformation assessment, the important insight that we
obtained from these results is that the dangling chains
contribution should not be considered to compare with
microscopy experiments and, for this reason, we neglect the
outer chains in the calculation of the deformation param-
eter, considering only a subset of the beads that are more
representative of the size of each microgel. To find such an
estimate, we rely on the knowledge obtained by the form
factors and use the length [, = R, + o4, corresponding to
the core radius plus half of the fuzzy shell width, as a
threshold length above which we discard the most external
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and very-low-density beads, to calculate the microgel
volume. We stress that we use the value of [, estimated
in dilute conditions, keeping it constant at all ¢, in order to
be able to meaningfully detect the deformation of the
coronas that are gradually collapsing onto the core with
increasing packing fraction.

Within /;,, we then calculate S, and find that its behavior
qualitatively reproduces the experimental one, whose value
is initially close to the spherical limit and stays constant
up to and above particle contact ({ ~ 0.7 for neutral and
¢ ~ 0.9 for surface-charged microgels). Indeed, only after,
we see that the anisotropy parameter starts to decrease, in
an almost linear fashion in the range 1.1 < ¢ < 2.0. This is
then the strongest deformation regime, which ends roughly
at { ~ 2.5, above which, §, reaches a final plateau. The
behavior of S, is very similar for both neutral and charged
microgels, apart from a slight shift in { of the different
regimes. These results are once more in remarkable agree-
ment with superresolution experiments by Conley et al.
[28], who also found three regimes for their 2D deforma-
tion data: a low-{ plateau up to { ~ 1, a linear decrease, and
then a high-¢ plateau for { 2 2. Similar behavior was also
observed by Bouhid et al. [20] upon imaging concentrated
microgels. Instead, the simulation results reported by
Nikolov et al. [40] were not able to identify the third
high-{ regime reported in the present work as well as in
experiments. This was perhaps due to the fact that these
authors used a different variable to quantify anisotropy,
namely, the ratio between surface and volume, which
cannot reach a plateau at high packing fractions. Indeed,
this quantity was then found to display a minimum for
¢ ~ 1 that should correspond to the onset of deformation,
but did not saturate at high ¢ [40]. Therefore, we conclude
that S, (or its 2D analog used in Ref. [28]) is a more
appropriate quantity to monitor individual particle defor-
mation and capture the different experimental behaviors.

Having set a threshold for determining particle defor-
mation, we then perform its calculation considering only
the core beads to get an assessment of the core deformation.
This is also reported in Fig. 5 for the surface microgels
only, due to the similarity between the two sets of data. We
find that core deformation is practically absent everywhere,
except for a very minor increase, signaled by a decrease of
the relative S, for 2 2.0. Hence, we can conclude that
this phenomenology is almost absent for microgels at the
studied cross-linker concentration.

C. Microgel overlaps, faceting, and effective
packing fraction

It is now instructive to look directly at the microgels to
visually assess the progressive changes as { increases. To
this aim, we report in Fig. 6 representative pairs of neighbor
microgels at several different packing fractions. We start
by discussing the neutral case for ¢ just below contact
(Ieftmost panels), where the microgels are not yet touching.

In the top row, we report the full monomer representation,
highlighting in a different color the dangling chains that we
do not include in the deformation analysis discussed above,
i.e., those that are found at a distance from the microgel
center of mass greater than /;,. As it can be seen in Fig. 6,
these are very peripheral chains that protrude outside the
microgel, therefore yielding deviations from the spherical
shape at low ¢. To better visualize this, in the second row
we show the surface mesh of the microgels, calculating it
over all beads including such outer chains, which highlights
the asphericity of the surface close to these protrusions,
thus explaining the low-anisotropy parameter S, observed
when considering all the beads in Fig. 5. Instead, when we
exclude them from the calculation of the surface mesh, it is
evident that the rest of the microgel is much more compact
and overall spherical at low ¢, as illustrated in the third row
of Fig. 6. Hence, we can now look at what happens with
increasing (: clearly, above contact the microgels start to
shrink, maintaining their spherical-like shape and only later,
for { =z 1.2, they look evidently deformed and also start to
facet. At this point, looking closely at the snapshots in the
first row, it appears that along the sides where they are in
close contact with their neighbors, they also start to
interpenetrate, but this mechanism is never completely
dominant. This may also be due to the relatively large
cross-linking ratio and small size of the investigated micro-
gels, so that in the future it will be interesting to compare this
behavior with that of microgels having ¢ ~ 1% or below.

Turning to examine the surface-charged snapshots in the
last row of Fig. 6, it is clear that they remain overall larger in
size at all studied packing fractions. The outer chains, as
expected, are much more extended in this case, which further
disfavor interpenetration. Indeed, such chains are more likely
found to be within the interstitial space, as also visible in the
snapshots. However, the degree of deformation of the
microgels qualitatively appears to be similar to the neutral
case, in agreement with the behavior of S, in Fig. 5.

We now summarize the above results by reporting the
evolution of the effective packing fraction, usually denoted
as ¢, as a function of the nominal packing fraction . While
the latter quantity is obtained from the individual particle
size in the dilute limit [Eq. (8)], the former is obtained by
using Ry({), i.e., the hydrodynamic size at each state point
[Eq. (9)], thus providing a better estimate of the volume
effectively occupied by the particles. The parameter { is
more widely used, since it is more easily accessible in
experiments, while ¢ at large concentrations can be
determined only by some clever estimation, as for example,
variational contrast scattering experiments [24]. Figure 7(a)
reports ¢ as a function of ¢, confirming that ¢ coincides
with { at low densities, but its slope decreases with
increasing ¢, in agreement with previous works [40,51,52].
The deviation between effective and nominal packing
fraction occurs right at particle contact for neutral microgels,
but slightly earlier for charged ones due to the anticipated
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Neutral microgels

£=1.19 £=1.69 (=252 (=400

Charged microgels

FIG. 6. Snapshots representative of microgel neighboring pairs at increasing ¢ from left to right (see legends). Top row: slice (to
improve visualization) of neutral microgels with different colors distinguishing the inner beads considered in the deformation analysis
(red and orange) and outer beads excluded from it (blue and green, whose distance from the microgel center of mass is greater than
I, = R. + 04yt)- Second row from top: surface mesh enclosing all the beads of the same microgels of the first row to highlight the
anisotropic contributions of the outer beads, especially at low packing fractions. Third row from top: surface mesh of the inner beads
only, showing the volume variation of the microgels with increasing ¢ that is quantified by the anisotropic parameters reported in Fig. 5.
Fourth row: same as the third one but for surface-charged microgels.

shrinkage of their corona, as an effect of the long-ranged  visualized in the snapshots, so that the packing fraction
electrostatic interactions. However, for both systems, we find evaluated from individual microgels becomes an overesti-
that ¢ rapidly exceeds 1.0, probably approaching a limiting ~ mation of the total packing fraction of the system.

value (Z1.5) at very large £. This suggests that, under very To address this point, we next evaluate the overlap
concentrated conditions, particles start to overlap, as also  packing fraction ¢,,. As explained in Sec. IV, this is
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FIG. 7. (a) Effective packing fraction ¢ calculated from the hydrodynamic radius of the microgels at each state point, as a function of
the nominal packing fraction { calculated using the hydrodynamic radius in dilute conditions. The black dashed line indicates ¢ = ¢
points, while the vertical dotted line denotes particle contact at { ~ 0.7 where deviations from this behavior start to take place for neutral
microgels. (b) Overlap packing fraction ¢,, as a function of ¢, where the additional triangles represent the volume fraction for which
three or more microgels overlap. The inset shows an enlargement of the low-density region in logarithmic scale on the y axis. Here the
vertical dotted line at { = 1 serves as a guideline to highlight that the onset of overlap exceeds 1% in the packing fraction (horizontal
line). (c) Example of three-microgel overlap occurring at { = 2.02 for surface-charged microgels, where these are almost faceted, with
overlapping regions along the edges of contact surfaces (see enlargement on the right). (d) Example of many-microgel overlap occurring
at { = 3.76 for surface-charged microgels, where they almost fill the whole space, and multiple overlaps appear at the vertices of contact
surfaces. Here, protruding external chains are present (see enlargement on the right). Still, at this ¢ the volume fraction occupied by
multiple overlaps is roughly only 1% of the total overlap volume. (e) True packing fraction ¢ — ¢, occupied by microgels (open
symbols) and occupied fraction of the total volume V., /L? (filled symbols) as a function of {; the black dashed line highlights ¢ = {.

calculated as the fraction of volume occupied by more than
a single microgel over the total one. With these calcula-
tions, we find that particle interpenetration starts at { 2 1.2
for neutral and ¢ 2 1.4 for charged microgels. This is
highlighted in the inset of Fig. 7(b), which displays the
onset of the overlap in logarithmic scale. Clearly, for { ~ 1
the amount of overlap is still well below 1% of the total for
neutral microgels, and even less for surface-charged ones.
These findings are again consistent with the fact that
deswelling happens well before interpenetration takes
place, in agreement with recent superresolution microscopy
experiments [29]. Indeed, this study also reported that
microgels first start to shrink at contact, while only later,
roughly for {2 1.1, particle interpenetration becomes
detectable. In addition, our simulations also reveal that
once overlaps appear, they grow quite significantly, so that
¢,y reaches values close to 0.3 for large {. The present
results are also in agreement with neutron-scattering experi-
ments performed in ZAC, which detected the onset of
interpenetration distinctly above contact [24]. Importantly,
in our simulations we are also able to distinguish between
the types of overlaps that we observed. To this aim, we
quantify the packing fraction of multiple overlaps, i.e.,
those occurring between more than two microgels in the
same volume portion, also shown in Fig. 7(b). They are
illustrated in Figs. 7(c) and 7(d), respectively, for three-
body (typically along the edges of facets) and many-body
(typically at the vertices of facets) overlaps. The contribu-
tion of such events to the total overlap volume fraction
seems to be quite negligible. This suggests that

interpenetration mostly occurs among two microgels in
the explored range of packing fractions.

Finally, the effect of interpenetration can also be clearly
seen by plotting the difference between the true individual
microgels packing fraction and the overlap one ¢ — ¢, in
Fig. 7(e). The removal of the overlap contribution, that is of
course double counted in the calculation of ¢ assuming
multiple overlaps give a negligible contribution, allows us
to retain a clear plateau value for large . This should
ideally tend to 1, but we actually find an overestimation of
about 10% due to the intrinsic difference between the
geometric volume (used to calculate the overlap packing
fraction) and the hydrodynamic one (used to calculate ¢
and ¢). These two estimates are often used interchangeably,
especially for soft particles, for which several definitions
of volume can be thought, not generally identical to each
other. To remediate this problem, we then simply calculate
the total packing fraction of the system as the total volume
occupied by all microgel beads V,, (based on the same
mesh construction algorithm) divided by the volume of the
box, also shown in Fig. 7(e), and we correctly recover that
it goes to approximately 1 for large packing fractions.
However, for small values of £, this estimate no longer lies
on the bisector, due to the difference with the hydro-
dynamic volume. Nonetheless, these calculations shed light
on the way microgels occupy the space with increasing {
and of the different mechanisms coming into play in the
different regimes. Interestingly, the final saturation of the
effective packing fraction roughly coincides with the end of
the deformation in Fig. 5, so that in this final regime
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microgels have filled all the available space, reaching their
maximum possible deformation. Hence, at even higher ¢,
they just continue to further isotropically shrink (at fixed
shape) and interpenetrate.

To summarize, both the present numerical analysis and
the superresolution experiments confirm that isotropic
shrinking is the first effect taking place upon increasing
¢, occurring right above particle contact. In a second step,
deformation and interpenetration, mostly in the form of
two-body interactions, enter into play almost simultane-
ously. Finally, at very large {, deformation stops, and the
physics of the suspension is completely dominated by
further microgel shrinking and by the large amount of
overlaps between the particles, also sometimes loosely
referred to as entanglements.

D. Bulk modulus of the individual microgels
and of the suspensions

These observations are also mirrored in the behavior of
the elastic properties of the individual microgels and of
the microgel suspension as a whole. Similar to previous
works [40,53], we report the bulk modulus of the individual
microgels K, as a function of { in Fig. 8(a). This is
evaluated in two ways: (i) from the volume fluctuations,
similar to previous works [34,54] and (ii) from isotropic
compression of the microgels, as also done earlier both in
bulk [34] and at interfaces [17,55]. The two methods should
yield the same results, but this is true only in a limited range
of packing fractions, namely, { < 1.0. Above this value,
when microgels start to deform and interpenetrate, the
results obtained with the two methods are remarkably
different. In particular, the estimates from volume fluctua-
tions for both neutral and surface-charged microgels seem
to saturate at a finite, low value of K, ~0.1kzT/ o
Instead, the data calculated via the compression for neutral
microgels show a much more pronounced increase of K,
which exceeds the other estimate by more than 1 order of
magnitude. Comparing to previous data, experiments
carried out in Ref. [53] through osmotic compression of

the microgels show a behavior of K, that is much more
similar to data from compression. This suggests that the
fluctuations route, amounting to spontaneous volume
changes, does not probe the same fluctuations as those
found when a physical compression, similar to the exper-
imental one, is employed. Indeed, this method is based on
the fluctuation-dissipation theorem and is strictly valid for
homogeneous closed systems only. Instead, in the present
work, we applied the method to soft particles whose
volume is not univocally defined, with different regions
having different densities and reasonably different elastic
properties [56], and counterions and other microgels’ beads
in the same volume are not taken into account.

Next, we evaluate the suspensions bulk modulus K that
is shown in Fig. 8(b). Again, we employ two different
methods: directly from the system pressure P, as K =
—V(0P/dV) and from box volume fluctuations in NPT
simulations. We find, as expected, that the two methods
yield identical results at all studied £, showing a variation of
K of many orders of magnitude as a function of (.
Interestingly, we find that at low £, surface-charged micro-
gel suspensions are stiffer with respect to isotropic com-
pression, but for {2 1.0 this trend is reversed, and the
neutral microgels become slightly more stiff, due to their
larger degree of interpenetration at same ¢.

Now looking at the ratio K/K, as a function of ¢ in
Fig. 8(c), using K, obtained from compression, we find
that it grows at first and then saturates for { 2 1.0 at a
constant value that is found to be approximately 1. This
happens exactly when deformation and interpenetration
enter into play, at which point the elastic modulus of the
single particle increases of about 1 order of magnitude with
respect to the dilute case, becoming comparable to the bulk
modulus of the whole suspension. This suggests that at low
£, where microgels are not in contact, the corona of the
microgels dominates the elastic response, while at high
densities, microgels become all connected through inter-
penetration, and they respond elastically as a whole. For the
matter of computational costs, we show this only for neutral
microgels, but we have no reason to expect a different
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FIG. 8.

Bulk modulus as a function of ¢: (a) for individual microgels K, calculated from fluctuations and from isotropic compression

for neutral microgels, (b) for the whole suspension K calculated from the derivative of the pressure with respect to volume and from NPT

simulations, and (c) ratio K/K,. Lines are guides to the eye.
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behavior for the surface-charged case. We also remark that
Nikolov et al. [40] as well as experiments in Ref. [53]
found a similar behavior, suggesting a universal trend for
this observable and ruling out once again the ratio
obtained from volume fluctuations, which continues to
increase at large (.

E. Collective behavior: radial distribution functions
and mean-squared displacements

Having discussed the single-particle properties in detail,
as well as the influence of crowding by neighboring
particles on the internal structure of individual microgels,
we now turn to examine the collective properties of the
whole suspension. To this aim, we analyze two key
observables representative of static and dynamic behavior,
the radial distribution function g(r) of the centers of mass
of microgels and their mean-squared displacements
(MSDs), ARZ, (At) that are often discussed in experi-
ments, particularly in microscopy ones.

We start by reporting g(r) as a function of ¢ in Fig. 9 for
both neutral [Fig. 9(a)] and surface-charged microgels
[Fig. 9(b)]. In both cases, the main peak shifts to smaller
and smaller distances as { increases. However, strikingly,
the height of the peak at first increases and then decreases
at all subsequent packing fractions for both types of
microgels. This phenomenon, previously observed in con-
focal microscopy experiments [22,57] and also in their

counterparts obtained by the study of the form factors [26],
is here referred to as structural reentrance.

Next, we monitor the dynamics and report the MSDs of
the microgel centers of mass as a function of the time in
Fig. 9 for neutral [Fig. 9(c)] and charged [Fig. 9(d)]
microgels. It can be observed that, for both cases, the
microgels are able to reach a fully diffusive regime at long
times for low enough packing fractions. Then, their
dynamics significantly slows down as ¢ increases,
approaching dynamical arrest. This is indicated by the fact
that microgels are no longer able to displace lengths larger
than their average hydrodynamic radius (horizontal line in
the figures) within the simulated time window. The onset of
a glassy regime can be roughly estimated to take place for
{ ~ 0.8 for neutral microgels, while it happens at even
lower packing fractions for charged ones, due to the strong
additional electrostatic interactions.

Because of the large computational costs, we are not able
to better characterize these high-density glassy states, or to
properly calculate the self-diffusion coefficient close to
arrest in order to compare with available experimental
data [21]. However, this behavior is qualitatively similar
to that of the MSD measured with superresolution micros-
copy [28], wherein the plateau was found to dramatically
decrease with increasing {. However, we warn the reader
that our system at these high packing fractions is out-of-
equilibrium, and a true aging analysis should be performed,
which is beyond current computational feasibility. In order
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FIG. 9. Radial distribution function as a function of { for (a) neutral microgels and (b) surface-charged microgels; mean-squared
displacement (MSD) AR2 ., (At) as a function of the time for (c) neutral microgels and (d) surface-charged microgels for different values
of {. The horizontal lines denote the squared hydrodynamic radius of the microgels at infinite dilution, while black dashed and
continuous lines represent the ballistic and diffusive regimes, respectively.

041067-10



NUMERICAL STUDY OF NEUTRAL AND CHARGED MICROGEL ...

PHYS. REV. X 14, 041067 (2024)

to have a meaningful way to compare data at different
packing fractions, we prepared the different state points
following a similar protocol without increasing the equili-
bration time with increasing ¢, so that the data in Fig. 9 are
compared at the same waiting time. Despite the fact that we
cannot be quantitative on the dynamics and on its {
dependence, particularly to compare with the presence
of a second regime at high { as proposed by Philippe
et al. [21], we can still put forward the robust observation
that the MSDs are found to decrease monotonically with
increasing ¢, at any studied packing fractions, thus exclud-
ing a reentrant behavior of the dynamics in bulk microgel
suspensions. Hence, for both studied microgel types,
despite the presence of the structural reentrance, we do
not detect any dynamical reentrance.

F. Physical interpretation of the structural
but not dynamical reentrance

To shed light on the observed decoupling between statics
and dynamics, we first discuss simple effective coarse-
grained models. We start by considering the Hertzian
model [22,57], often invoked to describe microgel effective
interactions in good solvent because it is capable of
describing the structural reentrance. We confirm this ability
by comparing the monomer-resolved microgel data with
those obtained by simulations of a simple Hertzian model,
where Vy(r) =ey(1 —r/oy)>/?. Similar to previous

analyses carried out in Refs. [34,35,58], the Hertzian
diameter oy is set equal to the hydrodynamic radius of
the microgel for =0, and the packing fraction is
determined accordingly. We then use the Hertzian strength
€y, which depends on Young’s modulus of the microgels,
as a fit parameter and find that ey ~ 470kpT to match the
data at low {. Hence, we plot the position of the first peak
rmax and its height g(rp.) in Figs. 10(a) and 10(b),
respectively. We find that for charged microgels, the
behavior of r,, is consistent with an isotropic filling of
the available volume of approximately £~/ at all packing
fractions. For neutral microgels, this is roughly found only
above contact, with some deviations at low {. The Hertzian
predictions are found to quite well reproduce the behavior
of rpa. up to £ ~2. However, when we turn to look at
9(Fmax ) We see that Vi (r) can reproduce the simulation
behavior only up to particle contact. For larger ¢ values,
there is a much more dramatic decrease for the Hertzian
spheres than for the neutral microgels. Interestingly, the
Hertzian model further shows a minimum in g¢.,, at
intermediate ¢ (approximately 2.5), later followed by
another increase of the peak height at ever larger packing
fractions. This second increase of (7, ) is not observed in
monomer-resolved simulations, which instead display a
much less pronounced decrease at large {, with values always
larger than those predicted by V ;. These results confirm what
was found in earlier works where the effective potential
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FIG. 10. Evolution of the peak position rp,,, (a) and of the peak height g(rp..) (b) as a function of ¢ for simulations of neutral and
charged microgels, as well as for a Hertzian and multi-Hertzian models (see text). MH simulation results for (c) radial distribution
functions gMH(r) and MSD AR?,, (Af) (d) for different packing fractions.
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between two microgels was shown to deviate from the
Hertzian model close to particle contact [34]. In addition,
simulations for V(r) with the chosen repulsive strength
are in the region where a dynamical reentrance is also
present [31], at odds with the simulated microgels.

To grasp the physical meaning of the observed behavior,
we recall why Hertzian spheres undergo structural and
dynamical reentrance. Because of the soft elastic repulsion,
it is more favorable for the particles at high densities to
become slightly overlapped, which in the monomer-
resolved model is the effect given by particles shrinking,
and deformation at larger packing fractions. In this way,
they are able to free up some space in the available volume,
so that at the same time, they can retain a more diffusive
behavior. This implies that in the Hertzian model the
structural reentrance is necessarily coupled to the dynami-
cal reentrance of the MSD. However, for realistic micro-
gels, the mechanism at work is different, since, even though
particles are able to shrink, in doing so they have to retain
the more external chains within the microgel, so that its
inner part becomes stiffer and stiffer as ¢ increases. To
incorporate such an increase in the internal elasticity, it is
useful to resort to yet another simple, two-body potential:
the phenomenological multi-Hertzian (MH) model, previ-
ously employed to successfully describe the behavior
of microgel mixtures [35]. The MH effective potential
amounts to the sum of three different Hertzian contributions
to take into account corona-corona, corona-core (mixed),
and core-core interactions, as discussed in Sec. IV.

The calculated radial distribution functions for the MH
model labeled as ¢M1(r) are reported in Fig. 10(c) for
various packing fractions. The peak position is now found
to be in quantitative agreement with simulations in the
whole investigated range, as also shown in Fig. 10(a), while
the peak height follows quite well the first initial decrease
of the simulations up to ¢z 1.5, followed by a second
increase. Hence, the MH model provides a noticeable
improvement with respect to the Hertzian model in terms
of capturing the behavior of the structural reentrance. Most
importantly, we then report the MSD of the multi-Hertzian
model in Fig. 10(b) for different packing fractions up to
¢ = 1.69, because after this value we always find crystal-
lization. Strikingly, no dynamical reentrance is detected in
qualitative agreement with the monomer-resolved simula-
tions. Hence, the simple MH model is able to describe the
main features of realistic microgels, despite the absence of
other relaxing modes such as deformation and interpen-
etration, that generate many-body effective interactions and
makes more difficult cage-escaping events. Neglecting
these complex effects, any simple coarse-grained model
will necessarily fail in comparison to the true experimental
data. Notwithstanding this, the MH model offers an
immediate physical interpretation of the decoupling
between structural and dynamical reentrances due to the
enhanced stiffness of the core, and even of the corona, as

the microgels become more and more dense. In the case of
charged microgels, it is more difficult to find a simple
coarse-grained model, since the electrostatic repulsion
needs to be described with further nontrivial degrees of
freedom. Despite the fact that such a repulsion dominates
over the elastic contribution at intermediate packing frac-
tions, determining a delayed structural reentrance, the
overall qualitative agreement with the behavior of neutral
microgels confirms that the softness of the microgels
coupled with their complex core-corona structure is mainly
responsible for the observed phenomenology.

G. Onset of structural reentrance: A closer look

We now try to grasp the physical origin of the structural
reentrance. Starting with the simpler case of neutral micro-
gels, we note that it takes place at { ~ 0.9, as soon as
particle deformation sets in and the Hertzian model starts to
deviate from the prediction. Hence, it is a combination of
softness and deformation which gives rise to the phenom-
enology. The first aspect is also captured by the Hertzian
model, which shares the reentrance feature with the
monomer-resolve microgels only at a qualitative level.
However, we can safely exclude any role of faceting and
interpenetration in the phenomenon, since they come into
place only at much larger ¢.

Turning to surface-charged microgels, the situation is
more intricate, and the reentrance takes place at a larger
packing fraction, around ¢ ~ 1.7, when deformation is
already in progress and the onset of isotropic shrinking
just starts. To shed light on why this happens, we report the
average radial density of charged beads psrpgsgre(r) and
counterions pcrger(r) as a function of the distance from the
center of mass, in Fig. 11. For small values of £, we clearly
distinguish a first peak in gsrp(7) localized at the position
of the microgel-charged shell. This peak is intersected by
the counterions distribution gc;(r), which is approximately
located at the double layer of the microgels, and then
followed by a second peak, which represents the average
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FIG. 11. Radial distribution functions of charged beads gsgg(r)

(solid lines) and counterions gcy(r) (dashed lines) multiplied by
their respective (identical) number densities psrr and pcy, as a
function of the distance from the microgel center of mass for
selected values of ¢ for surface-charged microgels.
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location of the external surface of the first neighbors. In this
regime, the mutual repulsion between the surfaces makes
them stiffer with respect to the neutral system at the same ¢.
A structural change of the charged distribution functions
is then detected close to the packing fraction at which the
reentrance of g(ry.,) occurs: As visible from the data in
Fig. 11, for 1.4 < ¢ < 1.7, the fusion among the first and
second peak of gsrp(r) clearly takes place. Thus, in this
regime of packing fractions, the charged double layer
disappears, and the charged surfaces of neighboring par-
ticles start to overlap, finally superimposing onto each
other. At even higher , we then mainly distinguish two
kinds of regions in the system by the charged radial
distributions: denser and more positive cores, full of
counterions, and the network of surface contact regions,
which is instead more negative due to microgel charges.
Importantly, a similar structural change was also detected in
experimental studies, which highlighted the role of counter-
ions screening and of their osmotic pressure on the swelling
behavior of pNIPAM microgels [59]. Also, the properties
of the counterion clouds of individual microgels have been
shown to undergo dramatic changes when they start to
overlap [44], in full agreement with the present work. The
above evidence shows that the structural reentrance for
charged microgels takes place in correspondence with the
merging of the charged shells of neighboring particles. This
suggests that for low packing fractions the interaction
between the microgels is mainly dominated by the electro-
static repulsion that keeps increasing while they approach
each other until the charged surfaces merge and counterions
are able to effectively screen them, while deformation and
shrinking of the polymer network play a minor role and
start to dominate only when screening become efficient.
Hence, the onset of the structural reentrance also takes
place in the presence of charges.

H. Crystallization

Finally, we report that for both studied types of micro-
gels, neutral and charged ones, we detect the onset of (at
least partial) crystallization of the suspension at very high ¢
values. Because of the underlying polydispersity of the
employed microgels and the small size of the sample,
crystallization was not signaled by a sharp decrease of the
energy [for which the bonded finitely extensible nonlinear
elastic (FENE) contribution is always dominant], but is
somehow visible from the splitting of the second peak of
g(r) [22] in some of the samples. For some systems where
this splitting was observed, we ran longer simulations in
order to be able to visualize the crystal. One representative
example is provided in the snapshot reported in Fig. 12,
where it can be seen that the centers of mass of the
microgels are found to occupy a cubic lattice. Again, these
findings indicate the realistic nature of our simulations,
which display all the main features observed in experi-
ments, including the onset of crystallization [22].

FIG. 12. Representative snapshot of the crystalline arrangement
of surface-charged N = 108 microgels at { = 2.39. Monomer-
resolved microgels are superimposed to a more coarse-grained
representation in terms of effective (cyan) spheres of size Ry ().
This helps to visualize the cubic lattice formed by the centers of
mass of such spheres.

II1. DISCUSSION

In this work, we reported extensive simulations of
suspensions of realistic microgels at varying packing
fractions in the swollen regime. This model system is of
high interest for the physics of glass transition, because, at
temperatures below the volume phase transition, microgels
are considered to be the prototype model of soft colloids.
Therefore, their study at low temperatures allows to unveil
important characteristics of the glass transition of soft
particles in general. For a long time, in this regime,
microgels have been thought to behave simply as Hertzian
spheres, but several recent works have shown how such a
pair potential is only adequate at low enough packing
fractions, where particles do not strongly interact with each
other. However, as soon as one reaches random close
packing, which can be vastly exceeded in soft particles, an
interesting region can be explored, where particles can
change size, shape, and interpenetrate, thus changing the
rheological response of the suspension as a whole. Under
these conditions, more complex descriptions are needed.
To this aim, novel microscopic insights have been
provided recently by the advancement of superresolution
techniques, which have shed light on several aspects of
concentrated microgel suspensions with single-particle
resolution [12,28,29]. At a more global level, neutron
studies with selective deuteration are also emerging as
key experiments to unveil single microgel behavior under
crowded environments [26].

Complementary to these approaches, there is a strong
need to perform state-of-the-art numerical simulations,
which allow us to follow the microgels at the microscopic
level, both individually and collectively. In the present
work, we were able to simulate up to 108 microgels, each
made of about 5000 beads, which, following previous
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works, have been shown to possess an underlying structure
similar to microgels synthesized in experiments [43].
Indeed, this is roughly the minimal size for which a
meaningful core-corona topology, such as the one deter-
mined by experiments [60], can be achieved. The computa-
tional effort was even greater in the presence of charges that
we added to a fraction of beads similar to that of recent
experiments [45], together with the corresponding counter-
ions. This aspect is often overlooked, due to the apparently
negligible amount of charges present, which is due to the
initiators of the polymerization reaction used in the
synthesis, usually thought to be effectively screened by
associated counterions. However, more and more recent
studies [27,44,45,59] pointed out that some features
observed in experiments cannot be explained without
accounting for electrostatic effects even for standard
(e.g., non-co-polymerized) pNIPAM microgels. Hence,
one of the main goals of the present study that was never
tackled before was to perform a careful comparison
between the behavior of neutral and charged-microgel
suspensions up to very high concentrations.

For neutral microgels, the present simulations have
enabled us to reveal with microscopic precision the differ-
ent regimes taking place upon increasing packing fraction
¢, which are found to be in remarkable agreement with
superresolution experiments by Scheffold and co-workers
[28,29]. In particular, the sequence in ¢ is the same in both
cases: shrinking, followed by deformation, then by inter-
penetration, until finally deformation stops. These are
graphically summarized in Fig. 13. Noticeably, our esti-
mates of the packing fraction values at which these take
place are in quantitative agreement with the experiments.

Instead, for surface-charged microgels we detect the same
sequence of regimes, but shifted to higher packing frac-
tions, due to the dominant role of electrostatic interactions
at low and intermediate {. This dominance comes to an end
roughly where the charged shells of neighboring microgels
merge together, a feature that we were able to detect by
looking at the charged beads and counterion distribution
functions, offering for the first time a microscopic obser-
vation of a complex phenomenon, often invoked to explain
experimental results [44,59]. In addition to these results
that are perhaps of specific interest only in the microgel
community, our simulations also shed light on the often
debated phenomena of structural and dynamical reentran-
ces, which are features often associated with the behavior
of soft spheres close to the glass transition. These concepts
derived from early works on the Hertzian model, where
they are coupled due to the softness of the underlying
interactions. While it is now quite established that micro-
gels behave as Hertzian particles only in a limited range of
packing fractions, our monomer-resolved simulations of
many microgels have allowed us to investigate these two
reentrances in detail. We find that the structural reentrance
occurs, but the dynamical one does not. This is in agree-
ment with experimental observations, although a simulta-
neous study of both statics and dynamics was never
reported within the same study for the same set of particles
in experiments. Hence, a clear confirmation of this scenario
was missing, which is now provided in the present work.
Furthermore, we have identified the physical reasons for
this behavior, namely, that not only softness is at play. It is
accompanied by deformation and also by the fact that as
long as particles shrink, their internal elasticity varies due to

N E . . . i + . .
= No shrinking Shell i $h§1| H Shell+05)re sh.rmkmg H Shgll core shrlpkmg
5 i shrinking : shrinking + } deformation mterpenetranpn
g H : deformation : interpenetration stop deformation
4 ~0.9 Structural reentrance K/Kp constant

Hertzian behavior

Shell contact |~ 0.7

€—— No dynamic reentrance (dynamical arrest) — >

Multi-Hertzian behavior | Many body description

Core contact~ 1'2| ~1.9 I Homogeneous densit\y

Charged

Shell shrinking

>

~0.9] ~14| [~20

Structural reentrance
fusion of charged shells
&—— No dynamic reentrance (dynamical arrest) ——>

Shell shrinking
deformation

Shell+core shrinking
deformation
_interpenetration

Shell+core shrinking
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FIG. 13.

Schematic representation of the different regimes of single-particle and collective behavior of neutral microgels observed in

the present simulations as a function of the nominal packing fraction ¢.
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the more external chains merging more and more, with the
corona vanishing as ¢ increases. This enhanced stiffness
can be qualitatively captured by a simple modification of
the Hertzian model, namely, the multi-Hertzian model,
which shows the structural reentrance without the dynami-
cal one, in agreement with the simulations. However, when
deformation becomes dominant, even this modification
fails, and more complex models will have to be considered
in the future to capture these many-body aspects.

All of these theoretical considerations strictly apply to
neutral microgels, while for charged ones a starting point
for a similar analysis could be a Hertzian model comple-
mented by a screened electrostatic repulsion [61], which is
beyond the scope of the present work. However, the
qualitative phenomenology is the same, confirming the
generality of this behavior for core-corona microgels,
independent of the amount of charged groups used in
the synthesis. Remarkably, the onset of the structural
reentrance in charged microgels takes place where the
charged shells of neighboring microgels fuse together,
which offers a clear physical explanation of the phenome-
non, due to the prevailing of soft over electrostatic
interactions. Importantly, the present work demonstrates
that it is possible to observe a structural reentrance, without
necessarily having its dynamical counterpart, issues that are
still debated in the literature, for microgels and other soft
colloids. This implies that microgels can accommodate at
increasing packing fractions, finding new ways of interact-
ing, which yield a different structural organization of their
nearest neighbors. This is however not accompanied by the
increase of available volume leading to a speedup of the
dynamics put forward by simple coarse-grained models,
such as the Hertzian model. Instead, particles do reac-
commodate, but in doing so they get more and more
arrested, also due to the underlying interpenetration mecha-
nism and related entanglements that increase the friction
among them. Importantly, the mechanism of structural
reentrance, albeit always present, is different in the pres-
ence of charges, because of the significant interactions
between charged coronas which undergo a clear fusion in
the interpenetration regime. It will be extremely interesting
to try to detect this effect in experiments, for example, by
means of selective labeling of the ionic groups.

In conclusion, the present results, being able to uncover
all the many detailed specificities of microgel suspensions
in swollen conditions, confirm the realistic nature of the
employed microgel model and offer the ideal framework to
start tackling the rest of the phase diagram, where several
questions still remain open and experimental observations
are still scarce. In particular, there is a strong need to
explore the temperature behavior where attractive inter-
actions start to play a role, and also the different features
that can arise by changing the topology of the microgels,
e.g., working with ultralow-cross-linked or hollow ones.
These investigations will be the subject of future work.

IV. METHODS

We performed MD simulations with N = 108 microgels
in a box with periodic boundary conditions. Each microgel is
modeled as a connected network of N,, ~ 5000 beads, with a
disordered topology, according to a recently proposed
coarse-grained model [41,43]. To monitor size effects, we
also performed selected simulations with N = 27 microgels.
In all cases, beads interact with the Kremer-Grest potential,
amounting to a steric repulsion plus a bond contribution
between bonded neighbors. The first term is modeled by the
Weeks-Chandler-Andersen (WCA) potential:

r

Viweal(r) = 46[(£)12 - ((_:)6] +e if r<2Vo, (1)

0 if r> 2%,

where ¢ is the energy unit, r identifies the distance between
two monomers, and o is the diameter of the monomer, which
is the unit length of the simulation. The bonding term is
implemented through the (FENE) potential:

2
VFENE(r) = —G’ICFRO2 log |:1 — <RL> :| R r< R06, (2)

00

where Ry = 1.5 is the maximum bond distance, and
krp = 15 is a stiffness parameter determining the rigidity
of the bond. We consider microgels with a cross-linker molar
fraction ¢ ~ 5.0%. Individual microgels are assembled using
the procedure put forward in Ref. [43], and we use 27
independent topologies (replicated by 4 for the N = 108
simulations) in order to reproduce the intrinsic polydispersity
of microgel suspensions.

The presence of charged initiator molecules in the
polymer network is taken into account in the model by
having a fraction f of network beads with a negative charge
and interacting via the Coulomb potential [45]:

qiq;0
VCoul(rij) = eizijﬂue’ (3)
ij

where ¢; and q; are the charges of the beads, and e* =

Vareye, o€ is the reduced unit of charge embedding the
vacuum and relative dielectric constants g, and &,. We
consider f = 3.2% with charges g; = —e* and we analyze
two different charge distributions as done in Ref. [45]: (i) a
random charge distribution, wherein charges are assigned
to fN,, monomers, randomly picked among non-cross-
linker beads, and (ii) a surface charge distribution, wherein
the same amount of charged beads are randomly spread
only in the microgel external corona, i.e., randomly
considering noncrosslinking beads whose average position
from the center of mass is found at a distance larger than
the gyration radius of the corresponding neutral microgel.
To preserve the overall electroneutrality, we insert an
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equivalent number of positive counterions with charge
q; = +e*, which sterically interact among each other
and with microgel beads through the WCA potential.
Their diameter is set to 6, = 0.16 to avoid spurious effects
from excluded volume [62].

The equations of motion are integrated through a
stochastic algorithm for the canonical sampling [63]
(constant NVT ensemble) with an integration time step

At = 0.002z, where 7 = /mo? /e is the reduced time unit,
and m is the mass of the monomer bead. All simulations are
performed with LAMMPS [64-66] at fixed temperature
kgT/e = 1.0. Long-range Coulomb interactions are com-
puted with the particle-particle-particle-mesh method [67].
Simulations are conducted for an equilibration time of
2 x 10*z (107 time steps), followed by a production run
of 2 x 10°7 (10® time steps) for systems with N = 27,
5 x 10*7 (2.5 x 107 time steps) for charged systems with
N = 108 and 10°7 (5 x 107 time steps) for neutral systems
with N = 108. We simulated the described systems for
various values of the total simulation box volume V to
assess the effect of the concentration of microgels on
collective and single-particle properties.

Additional simulations were performed for N = 5000
particles interacting either with Hertzian (V) or multi-
Hertzian model (V). The latter can be written as [35]

Vam(r) = VS + VRS VR (@)

where each term is a Hertzian potential for core-core, core-
corona, and corona-corona interactions. In particular,
Vrom? coincides with the simple Hertzian model described
in the text, so that with 6.yona = 6y and U.grona = Ups
while two additional parameters are introduced to describe
each added Hertzian term, i.e., relative length scales 6y,
O0mia» and their associated interaction strengths: U, and
U.q- We fix the core diameter o, = 0.670; using its
estimate obtained from the form factors fit in Fig. 3, with
Omid = 0.5(0core + 0cif) = 0.8350,. We then vary the
core-core Hertzian strength U, as a fit parameter in
order to find the best match with the g(r) calculated data for
monomer-resolved simulations for neutral microgels. Here,
the mixed interaction strength is again the average between
the other two. We find that the simulated data are in good
agreement with the MH model when U, = 3U_ qona-

A. Calculated observables

We calculate the radial size of individual microgels
through different quantities. An estimate of the overall
extension of the core of the particles is given by the average
radius of gyration:

Q
I
—
=z =
[~]=
M
=
>
=
SN
= |B
T
\/
“

where N, , are the number of beads of the N microgels
in the system, ?,»k is the position of the i;th monomer of the
kth microgel, whose center of mass (c.m.) is 7, 1, t, and ()
represents the ensemble average. This quantity represents
the standard deviation of the radial density profile of
microgels:

N Nk

pu(r) = <%Z

k=1 i,=1

(|7, = Fem.iel = r)>- (6)

Another estimate is given the hydrodynamic radius,
which also accounts for their most exterior and low-density
region. To estimate Ry in simulations, we adopt the method
recently put forward in Ref. [45], where

[+ 1 -1
A V(@ +0)(b* +6)(c* +0) de] - )

and a, b, c are the principal semiaxes of the gyration tensor
of the surface mesh enclosing the microgel. This is
estimated with the OvITO PYTHON package [68] using
the Alpha-Shape method [69], which is based on a
Delaunay tassellation of the space occupied by microgels
beads, then individuating filled and empty regions accord-
ing to whether the radius of a circumscribing sphere is
greater or smaller than a probing radius r, = 8.0c, which
in our case is a value that ensures the absence of inner holes
at diluted conditions. The (nominal) packing fraction is
thus defined as

4 N
é’ = gﬂRE‘I,O v

, (8)
where Ry is the hydrodynamic radius of the particles
under most dilute conditions. This definition of the
packing fraction is simply proportional to the number
concentration and is usually used to report in experimental
measurements, since it is easy to determine. However,
due to the deformability of microgels, we also evaluate the
effective volume fraction ¢ that is calculated by taking
into account the actual hydrodynamic size Ry of the
particles at each state point:

4 N

To probe the individual structure of microgels at different
packing fractions, we calculate their form factors P(k) with
k the wavenumber as

(IR .
P<k>=<ﬁ ) exp[ik-(fn,—a,>}> (10)
j oo
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averaged over all microgels in the simulations. In order to
compare with experiments, we then fit P(k) with a
modified fuzzy sphere model [43],

3(sin(kR.) —kR.cos(kR.))
Pl [T
<cos(kRC) _ 2sin(kR,) cos(kR.)— lﬂ
kR, k3R? k*R3

(kauf)2 2 1
X eXp <_ S2r +[1+M§2k2]l)/2’ (11)
3

where the last modified Lorentzian term takes into
account the network structure at large k& [70] based on
the assumption that spatial correlations decay according to
rP=3, where D is the fractal dimension of the correlated
domains and & being the length over which concentration
fluctuations are spatially correlated. In this way, we obtain
an estimate of the average core radius R, and of the average
total radius Rp = R, + 204,s, where oy, denotes the
extension of the corona.

To assess the structural changes occurring on single
microgels upon increasing packing fraction, we addition-
ally carried out calculations to evaluate variations of their
shape. To define a parameter that quantifies the deviation of
microgels’ shape from the spherical one, we construct the
surface mesh through the aforementioned method, but we
consider only the monomer beads that are found to be
inside a certain radius, which we calculate as
[, = Rc + o4y Here, R and oy, are obtained from
the fit of the form factor in dilute conditions. In such a
way, we can better define the surface of the particle to
more accurately estimate its instantaneous shape by
considering almost all its monomers except for the most
external ones, which belong to the fluctuating outer chains
and have a huge effect on the definition of the surface
mesh. We justify our choice by considering that these
dangling chains cannot be really detected in experimental
systems through imaging techniques due to the very low
contrast with the solvent [24,29]. Following the method
used in Ref. [28] to calculate the shape parameter, we thus
use an analog 3D quantity:

1 L6y7V;
=52 2

i=1 i

where §; is the enclosing surface of each microgel. We
note that according to this definition, S, = 1 for a sphere.
Our somehow arbitrary choice of [, is then validated
a posteriori by the results shown in Fig. 5, as discussed in
the text.

Having defined a surface with an enclosed volume for
each microgel, we then calculate the total overlap between
different ones, which quantifies their overall degree of

interpenetration. This is obtained as the fraction of total
volume occupied by more than a single microgel:

Voy ¥
¢0v = V. Voo = < U Vi(lh) n Vj(lh)>’
tot i=1.j>i

N

Vi = U (Vi(la)). (13)

i=1

where V(1) indicates the instantaneous volume of each
surface mesh. We use ¢,, as an estimate of the average
amount of interpenetration of the system.

To estimate the bulk modulus of individual microgels,
we perform two different calculations. First, we evaluate
spontaneous volume fluctuations of the microgels in the
concentrated suspensions, averaging the results over all
microgels as

kpT (V)
K,=——""-, 14

AR "
where V; is calculated as before through the surface mesh
of the microgels. Second, we run compression simulations
by imposing a harmonic force on the microgel F(r) =
—k(r — R)? with F(r) = 0 for r < R. Here, R is the radius
of spherical confinement, r is the distance of each monomer
of the microgel from the center of the sphere, and £ = 10.
For each considered value of R, we run five independent
simulations of different microgel topologies and average
results over them. We then calculate K, again with Eq. (14)
but within this constrained simulation and map the con-
sidered R to the nominal packing fraction { by matching
results to the fluctuation ones at low ¢ where the two are
identical. This method works only at not too small R when
we are in the linear regime. In addition, we have used it
only for neutral microgels, because of the problem of
treating the counterions in the charged case. The suspen-
sion bulk modulus is evaluated from the numerical deriva-
tive of the equation of state of our NVT simulations, i.e.,
K = —V(0P/aV). In order to reduce statistical noise in the
derivative, we also took the equilibrated configurations
from the NVT simulations and simulated them at their
equilibrium pressure. With these additional NPT simula-
tions, we could then directly estimate K from the box
fluctuations, analogous to Eq. (14). In this way, we verified
that the two approaches are identical and cleaned the
statistical noise occurring at low (.

To study the collective structure of the microgel sus-
pension, we calculate the radial distribution function g(r)
of microgel centers of mass. In addition, we also calculate
the radial pair distribution functions for charged monomers
gsre(r) and for counterions gcr(r) both with respect to
centers of mass, which are reported multiplied by their
(identical) number densities psrr = pcr = fN/V, which
by definition represent their average radial densities as a
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function of the distance from the center of mass of a given
microgel. Finally, the dynamics of the system is monitored
through the calculation of the mean-squared displacement
of microgel centers of mass:

R(An—R(0),  (15)

1 N
AR, (Af) ==Y
N i=1

where = indicates an average along the same trajectory.
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