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ABSTRACT

Core-shell (CS) microgels—comprising a solid core chemically linked to a crosslinked polymer shell-are an
important class of stimuli-responsive colloids widely employed for both fundamental and applied studies.
Despite extensive experimental investigations, their numerical modeling remains underdeveloped; in particular, a
detailed, temperature-resolved insight of their effective interactions is missing. While pairwise descriptions known
for standard microgels are expected to be partially extensible to CS-microgels, the effect of the solid core and in
turn, the extent and character of many-body contributions remain elusive. To clarify these open issues, this work
introduces a computational method to generate realistic CS-microgels at different crosslinker concentrations,
accurately reproducing the structure of experimental silica core-poly-N -isopropylacrylamide (pNIPAM) shell
microgels at different temperatures across the Volume Phase Transition (VPT) and for different shell-to-core
ratios. After validating the model, effective interactions between CS-microgels are calculated, extracting not only
two-body interactions but also providing the first quantitative investigation of three-body effects in any microgel
system. The present findings show that, albeit small, the latter contributions are non-negligible and exhibit an
intriguing sign reversal: while being predominantly attractive at low temperatures, they become repulsive at
high ones, nearly canceling out at the VPT. These results reveal a subtle interplay between microgel architecture,
temperature and many-body correlations, with direct implications on the design of responsive soft materials and
their mutual interactions.
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1. Introduction

Core-shell (CS) microgels are a versatile class of colloidal parti-
cles that combine the rigidity of a solid core with the softness of a
crosslinked polymer shell [1]. From a technological point of view, the
relative ease with which the characteristics of CS microgels can be con-
trolled during synthesis results in a wide range of applications across
disciplines [2,3]. Examples of the design possibilities available when
working with these particles include the freedom to choose the core-
to-shell ratio, the crosslinking content [4], as well as the shape of the
core, which can even be anisotropic [5]. In terms of composition, the
choice of poly- N -isopropylacrylamide (pNIPAM) for the shell is a rather
obvious one, providing thermal responsivity to the CS-microgels. In par-
ticular, the network undergoes a transition from a swollen to a collapsed
state when increasing the temperature, with the effect being the most
predominant around the so-called volume phase transition temperature
VPTT ~ 32°C [6]. Equally important is the selection of the core material,
for instance, silica is preferred for the assembly of photonic crystals [7],
while gold is used for nanoplasmonics [8]. Hybrid microgel particles in-
corporating active (e.g., optically or magnetically) nanoparticles such as
gold or silver, have also found applications in the field of sensing [9,10]
and catalysis [11]. Because “core-shell microgel” is used ambiguously
in the literature-sometimes also for microgels with a densified poly-
mer network at their center—we note this broader usage here but, for
clarity, we use core-shell microgel exclusively to denote particles with
rigid/non-polymeric cores and do not consider densified-soft-core mi-
crogels.

In addition to their potential applications, CS-microgels serve as im-
portant model systems for fundamental research due to their complex
structural and rheological behaviors [12]. In particular, investigations
have focused on the arrangement of these microgels at liquid-liquid in-
terfaces [13,5], where the relative affinity of the core and shell to the
two liquid phases can be tuned [14]. Furthermore, recent work has ex-
plored the fluid-crystal transition of silica-core, pNIPAM-shell microgels
using small-angle scattering experiments, distinguishing their behavior
from that of standard hard-sphere colloids [15]. Notably, unlike con-
ventional microgels, CS-microgels enable a direct determination of the
actual volume occupied by these deformable soft particles. This property
makes them ideal model colloids for experimentally identifying phase
transition boundaries, which are driven by temperature variations and
reflect the well-known tunable nature of effective interactions in micro-
gels [16].

Despite the huge amount of experimental works, numerical simula-
tions of CS-microgels are still scarce due to the lack of an established
coarse-grained model at the monomer scale, that would allow for an
accurate and efficient modeling at the single particle level. Few earlier
efforts were based on the use of an ordered underlying topology of the
polymeric shell [13,17], which is quite different from the disordered
nature of the shell synthesized in experiments.

To fill this gap, in this work we build on our well-established in silico
microgel model [18], previously shown to quantitatively describe the
experimental form factors of pNIPAM microgels across the VPT [19],
and extend it to the case of core-shell ones. We thus broaden our numeri-
cal protocol to prepare CS-microgels with realistic internal structures at
different crosslinker concentrations and core-to-shell ratios, and com-
pare the simulation results with available experimental data from the
literature. In all cases, we find an overall excellent agreement with ex-
periments, thus providing a reliable model for CS microgels in silico.

The validated model provides an invaluable platform for investigat-
ing the effective interactions between CS microgels. The presence of a
well-defined, non-deformable core is particularly convenient, as it per-
mits integrating out the degrees of freedom of the polymeric network
and deriving a core-only, coarse-grained description in the spirit of the
effective one-component Hamiltonian for colloidal systems [20,21]. In
particular, the rigid core furnishes natural reaction coordinates (the
core centers), which makes constrained sampling and force-based ex-
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traction of two- and three-body contributions numerically simpler than
in microgels with architectures lacking a rigid reference component.
These interactions are not only essential for constructing coarse-grained
(single-site) models that retain the key features of the underlying mi-
crogel architecture while enabling simulations of many-body systems at
larger scales or higher concentrations, but their understanding is also
crucial to rationalize experimental behavior. By means of constrained
Molecular Dynamics simulations, we thus first extract the effective two-
body interactions of CS microgels, confirming their temperature depen-
dence and revealing an approximate Hertzian-like repulsive behavior
below the VPT, which, as expected turns into an attractive interaction at
higher temperatures. In addition, for the first time, we study the triplet
interactions of such deformable colloids, identifying a subtle tempera-
ture dependence: the three-body contribution, which becomes relevant
at close interparticle distances, exhibits a sign reversal—being predomi-
nantly attractive in the swollen state and repulsive in the collapsed one,
passing through an apparent zero-crossing. We finally propose plausible
explanations for this intriguing behavior.

2. Methods
2.1. In Silico synthesis of core-shell microgels

In order to construct the CS-microgels, we slightly adjust the method
introduced in Ref. [18] for standard microgels to take into account the
presence of a spherical rigid core of radius R,. The latter is built adopt-
ing a rigid-composite-bead representation, in which small particles are
distributed on the surface of the “large” core and treated collectively
as a rigid body. Then, we rely on the self-assembly of patchy particles
onto the core. To this aim, a binary mixture of patchy particles of mass
m and diameter ¢ — the unit of length — is employed to assemble the
disordered polymeric network in a spherical volume of radius Z > R,.
Patchy particles have four and two patches each, representing crosslink-
ers and monomers, respectively. In addition, the core beads are also
decorated with a single patch, onto which monomers or crosslinkers can
bind. All patchy interactions are identical and details of the employed
potential can be found in previous works [18,19]. A swap bonding mech-
anism [22] is also used to speed up the self-assembly process.

The total number of particles N is chosen to set a reduced number
density po® = No /[47/3(Z3 — R%)] ~ 0.08 in the shell, which has been
established previously by comparison to experiments for standard and
hollow microgels [19,23]. The molar concentration of the crosslinkers
¢ varies between 1 and 15%, which is the range typically explored in
experimental systems [24,15]. To reproduce the well-known inhomo-
geneous distribution of crosslinkers within the microgel, due to their
faster reactivity with respect to NIPAM monomers, we also apply a phe-
nomenological force on the crosslinkers [19].

Brownian Dynamics simulations of the assembly are performed us-
ing the oxDNA simulation package [25] at fixed low temperature T =
0.0le/kp, where kp is the Boltzmann constant and e sets the scale of in-
terparticle interactions. While the core-forming particles are kept fixed,
the overdamped Langevin equations of motion of the remaining parti-
cles are integrated with a timestep 6¢ = 0.002z, where 7 = \/mo?2 /e is
the time unit and m the mass of the patchy particles. The simulations are
left running until almost all particles (96 — 99.8%, depending on system
parameters) are connected into the largest cluster. At this point, the sim-
ulation is stopped and only such largest cluster is retained, comprising
the particles from the shell network and the solid core. Interestingly, we
find that a full core coverage is never achieved. Instead, only a fraction
of the core particles form bonds with the shell particles. This fraction
ranges from 20 to 70%, depending on the simulation parameters.

2.2. Core-shell microgel simulations

Following the assembly, the obtained CS-microgel is fixed with the
resulting topology by substituting patchy interactions with the stan-
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Fig. 1. Structure of CS-microgels in the swollen state. (a) Average density profiles of CS-microgels with varying crosslinker concentrations c at « = 0, showing the
overall (symbols) and crosslinker (dashed lines) distributions as a function of radial distance r;; from the center of mass of the solid core. The vertical grey dashed
line marks the core radius R_; (b) hydrodynamic radius Ry, as a function of ¢ and corresponding R /R, ratio reported in the inset; (c) Representative snapshots of
CS-microgels, where the polymeric shell (interconnected blue beads) is sliced to reveal the rigid solid core (cyan spheres).

dard bead-spring potential for polymeric systems [26] as in previous
works [18,19]. This amounts to excluded volume interactions, modeled
by the Weeks-Chandler-Andersen (WCA) potential, among all beads,

12 6
4e <£> —<£> +e ifrij§21/6a
¢WCA(rij)= rij Tij (€]

0 otherwise ,

where ¢ sets the energy scale and r;; = |r; —r;| is the distance between
i and j beads, plus a Finite-Extensible-Nonlinear-Elastic (FENE) contri-
bution for bonded beads, which reads as,

F..
bpeng(rj) = —kpR31In [1— (RL:)>] if r;; <Ry 2
where k. = 15¢/62 is the bond constant and R, = 1.5¢ is the maxi-
mum allowed bond distance. In order to implicitly take into account the
change of affinity between the solvent and NIPAM upon increasing tem-
perature, we use the solvophobic potential ¢, (r; ;) [27,28]. This can be
written as,

—€a ifr,-j <264

1 rij 2
Do(rij) = Eea cos {<?> +r -1

0 otherwise ,

if2'%c <r,; <Ry  (3)

where ¢ = [7(2.25- 21/3)]_1, y =27 — 2.25¢, and a controls the
strength of the attractive interaction. The solvophobic parameter a can
thus be interpreted as an effective temperature, and as established in
previous studies on several types of microgels [19,23], good solvent
conditions are attained at @ = 0, while the collapsed state is reached for
a ~ 0.8 — 1.0, with the VPT occurring around « ~ 0.6 [29]. It should be
noted that even though the cores of the assembled CS-microgels gener-
ally do not reach “full coverage”, i.e., that only a fraction of the discrete
surface sites on the rigid core forms covalent bonds with the shell net-
work, these bonds anchor the shell to the core permanently, effectively
preventing any sliding of the shell over the core or monomer penetration
into the core.

Molecular Dynamics (MD) simulations of CS-microgels are per-
formed in the canonical ensemble using the LAMMPS simulation pack-
age [30]. The core-forming beads are kept frozen and only the equations
of motion of the beads comprising the polymeric network are integrated
with a timestep 6¢ = 0.0027, using a Nosé-Hoover thermostat to maintain
the temperature at T' = 1.0e/kp. Unless stated otherwise, the simula-
tions are conducted for 2 x 107 steps, with statistics on observables
accumulated over the final 1.5 x 107 steps. For the quantities reported
throughout, we compute standard errors (SE) from a five-block analysis

of each trajectory (SE =SD/ \/g), where SD is the sample standard de-
viation of the block means. Since the resulting error bars are typically
smaller than the symbol size, we do not display them for clarity.

3. Results
3.1. Characterization of core-shell microgels

We begin by analyzing the structure and swelling behavior of CS-
microgels with a fixed core radius, R, = 3.660, assembled under a
confining spherical region with Z = 330, at different crosslinker con-
centrations ¢ = 1,5, 10, 15%. Depending on c, the resulting number of
crosslinked monomers composing the polymeric shell varies around
N ~ 1.1 x10* = 1.2 x 10*. The core dimensions and the shell thickness,
AR, are chosen to mimic the experimental silica-PNIPAM CS-microgels
with ¢ = 15% recently used by Hildebrandt et al. [15] to study the tem-
perature induced fluid-solid transition in dense packings.

The internal distribution of monomers within the different CS-
microgels in the swollen state, i.e., for & = 0, can be appreciated in
Fig. 1(a), where we report the density profiles

N
1 1 -
pz(ris): Q(r,‘s) <;6(|ri_rc|_ris)>v (4)

where 1 denotes the bead species, either crosslinker (CL) or all bead
types (P), r; is the position of bead i, and 7, is the position of the center
of mass of the solid core. The quantity Q(r;,) is the volume of a spher-
ical shell of thickness Ar;, at radial position r;,, i.e., Ar;, = 47rriAr,-S.
Angle brackets (-) indicate a time average. By inspecting the crosslinker
profiles pc;(r;) (dashed lines in Fig. 1(a)), we can see that they are
primarily located toward the inner section of the CS-microgel shell. An
interesting feature is that, in the close vicinity of the solid core around
ris ~ R, the polymeric network forms some layers, that eventually dis-
appear at a large distance. This layering near the solid core aligns with
previous experimental findings, which show that to properly fit the mea-
sured form factors of silica-PNIPAM CS-microgels in the swollen state,
the model must include a dense layer near the silica core [24]. It is clear
that although the confinement Z is identical during the assembly of the
CS-microgels, the overall dimensions of the resulting particles are sen-
sitive to the value of c¢. More specifically, as the amount of crosslinker
increases, the pp(r;,)-profiles decay to zero over shorter distances, indi-
cating more compact shell structures. The characteristic way in which
such profiles decay at large r;, in particular, the “tails”, is the result
of the fluctuations of the corona, including the loose dangling chains
in its outer part, which can be appreciated in representative simulation
snapshots shown in Fig. 1(c).
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Fig. 2. Swelling curves of CS-microgels. Normalized hydrodynamic radius
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Fig. 3. Density profile of CS-microgels across the swelling curve. Average
density profiles of CS-microgels with crosslinker concentration ¢ = 5% for dif-
ferent values of a across the swelling curve, showing the distribution of all
monomers as a function of radial distance r;; from the center of mass of the
solid core. The vertical gray dashed line marks the core radius R,.

To determine the effective size of the CS-microgels, we compute their
hydrodynamic radii as [31,32]

-1

Ry = <2 / ! a0 > ®)
) \/ (@ +6)(@ +0)(a +0)

where a; = m for i =1,2,3, and the A; are the eigenvalues of the
gyration tensor built on the convex-hull vertices of the CS-microgel.
This procedure was previously shown to yield results in good qualita-
tive agreement with experiments for standard microgels [32]. Because
the rigid spherical core lies strictly inside this hull, it does not contribute
hull vertices and therefore does not enter the semi-axes a; explicitly. Any
influence of the core on Ry is indirect, via its mechanical constraint on
the shell that shapes the outer hydrodynamic envelope.

The hydrodynamic radius, as well as the ratio Ry /R,, for each
CS-microgel are reported in Fig. 1(b). As expected, Ry increases as ¢
decreases for swollen CS-microgels assembled under identical confine-
ment Z and density p conditions.

Turning to examine the temperature behavior of the CS-microgels,
we calculate the swelling curves as the ratio between the overall hy-
drodynamic radius for a given value of the solvophobic parameter a,
Ry (@), over its value in the swollen state at @ = 0, where it takes the
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largest value Ry (a =0) = Ry 4 The results are shown in Fig. 2, where
we also include for reference the swelling curves of standard microgels
assembled in the absence of a solid core at the same Z and p, for c =1
and 15%. It is evident that the behavior exhibited by the CS-microgels
largely aligns with that of standard microgels, with a VPT that is vir-
tually independent of ¢, occurring at an effective temperature a = 0.63,
and a collapsed state reached at @ ~ 0.8. Since the solid core is effectively
“insensitive” to changes in temperature, CS-microgels can be intuitively
expected to show a less pronounced reduction in Ry with « compared to
their coreless counterparts, especially when the ratio Ry /R, becomes
small. Nevertheless, for the present system, such differences are barely
noticeable, probably due to the relatively large Ry /R, ratio.

In Fig. 3, we show how the density profile of the CS-microgel with
¢ = 5% evolves with the solvophobic parameter a along the swelling
curve, ranging from « = 0.2 to a = 1.0. We first note that below the
VPT, i.e., for a < 0.6, the density profiles resemble those at @ = 0: they
exhibit layering near the solid core, followed by a compact region and
a gradual decay around r;; ~ 10—12 . Above the VPT, the compact re-
gion extends over a larger distance and it is followed by a sharper decay,
while the layering near the core remains pronounced. The observation
of persistent layering contrasts with experimental findings in Ref. [24],
where CS-microgels with a similar ¢ appeared to undergo a transfor-
mation in the collapsed state—losing the dense core-adjacent layer and
instead displaying a nearly uniform (“box-like”) density profile. How-
ever, the CS-microgels studied in Ref. [24] possessed a relatively smaller
shell-to-core ratio. In the following section, we demonstrate that such a
transformation can indeed occur in CS-microgels with comparable geo-
metric characteristics.

3.2. Validation of the assembly method: comparison to experiments

To validate our assembly method, we consider three silica core-shell
microgels studied experimentally in the literature, that differ among
themselves in both architecture and composition. We refer to these mi-
crogels as CS;, CS,, and CS5 and their parameters are as follows: C.S;:
Ry(a=0)/R, = 7.6, c =15%; CSy: Ry(a =0)/R, = 3.6, c =5.4%;
and CS5: Ry(e=0)/R,. = 2.5, c =5.4%. CS, corresponds to the CS-
microgel with ¢ = 15% described in the previous Subsection, designed
to model the experimental system recently studied by Hildebrandt et
al. [15]. The parameters for C.S, and C.S; are instead designed to mimic
experimental CS-microgels reported by Dubbert et al. [24]. We note that
for these latter ones, to ensure a large enough shell, the assembly is
performed around a core with a larger radius (R, = 14.46¢) than that
of C§,, as visible from the representative snapshots of the three CS-
microgels in the swollen state displayed in Fig. 4(b).

To compare the calculated swelling curves of the three CS-microgels
with experimental results, obtained via temperature-dependent dy-
namic light scattering measurements [15,24], we use a linear mapping
between the solvophobic parameter « and the absolute temperature, as
done in previous works [19,33].] Once « is mapped to T, we simply
scale our simulation length units, o, to the experimental ones (here in
nm). The swelling curves of the three model CS-microgels are compared
with the corresponding experimental ones in Fig. 4(a), which show the
transition from the swollen state (S) at low temperatures to the collapsed
state (C) for high temperatures. The VPT temperatures are Typr = 308 K
for CS; and Typr ~ 305 K for CS, and CS;. In our model units, the
transition still occurs around a ~ 0.6 and the collapsed state is reached
at « ~ 0.8. Clearly, since the amount of crosslinker is larger in C.S; than

! To determine the coefficients A and B of the linear mapping, T = A+ Ba (in
K), we match the swollen state at @ = 0 (temperature T;) and at @ = aypr =
0.63 (temperature 7*), yielding A =T, and B = (I'* — T;))/aypr. The resulting
parameters are: CS;: A =290.33K, B=28.28K; CS, and CS;: A =289.16K, B=
25.38 K. These findings are fully compatible with the («,7T) mapping already
established for standard microgels [19,33].
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Fig. 4. Comparison to experimental data. (a) Hydrodynamic radius, Ry, of CS-microgels C.S;, CS,, and C.S; as a function of temperature, T'. Open symbols
correspond to experimental data, taken from Ref. [15] for C.S; and from Ref. [24] for C'S, and C.S; microgels; whereas lines are the results of simulations. The
transformation from simulation units to real (experimental) units is described in the text. (b) Slice view of typical equilibrium configurations for the three CS-
microgels under consideration. (c) Form factors, I(g), of CS-microgels in their low-temperature swollen (S) and high-temperature collapsed (C) states. Open symbols
represent experimental SANS/SAXS data from Refs. [15,24], while lines correspond to (scaled) simulation data computed using Equation (6). (d) Radial polymer
volume fraction profiles, n(r;,), of the three CS-microgels in the S and C states obtained from MD simulations. The vertical gray dashed lines mark the core radius.

in CS, and CSj, the de-swelling is slightly more pronounced in the
latter ones. This trend is well captured by our numerical CS-microgel
model, which yields an overall good agreement with experimental data.

Experimentally, microgel density profiles are typically not directly
measurable but can be inferred from the form factors, measured via
neutron or X-ray scattering as a function of the wavenumber q. To
demonstrate the robustness of our method, we compute the form fac-
tors of CS-microgels and compare them with experimental SANS/SAXS
data. To accurately capture the core-shell architecture in our calcula-
tions, we regard each microgel as a binary system composed of N,, = N
monomers and a single core particle (N, = 1), with respective diameters
o and d, =2R,. In this way, the scattering intensity /(g), defined as the
time-averaged squared magnitude of the scattered field as a function of
the momentum transfer, ¢, in reciprocal space reads:

N, 2 N, 2
I(q)= <bfn(q) <Zcos<q-r,)> + <Zsin<q-r,-)>
j=1 Jj=1

N, 2 /N, 2
+ bg(q) <z cos(q - rk)> + (Z sin(q - rk)>
k=1 k=1

Ny, N,
+ 2b.(@)b,(9) Y cos(g - 1)) Y cos(q - ry)
j=1 k=1

Nm NC
+ 2b.(9)b,,(q) Y sin(q - r;) Y sin(q- rk)> : 6)
i=1 k=1

J
where g is the scattering vector, b,(q) and b.(¢g) denote the single-
particle scattering amplitudes of the monomer and solid core, respec-
tively; each equals the scattering-length density (SLD) contrast multi-
plied by the particle volume and sphere form factor. Assuming that the
monomers and the solid core are perfectly spherical, the amplitude for
species 1 with corresponding radius R,, is calculated as

3
R)3

b(q)=R}A, R Sn@R) 4R, cos@R ), @
where A, =n, — n is the SLD contrast and n, and n, correspond to
“material properties” of the particle and the suspension medium, respec-
tively. In the case of light scattering, these represent refractive indices,
while for scattering of X-rays or neutrons, they correspond to electron
or nuclear scattering length densities [34]. Furthermore, in order to ac-
count for the experimental resolution of the measurements, Ag/q, which
essentially dampens the peaks in the I(g) curves, we apply a Gaus-
sian smoothing (correction) to our numerical data. More specifically,
for each point, ¢;, we compute a Gaussian-weighted average over N
shifted versions of the function I(q) as: 1(g;) = ij_i"l w(dg; ) (g; + dq)),
where w(dq;) are Gaussian weights, and dg; are the shifted points. In
practice, in order to match the experimental /(g) at low temperatures (S
state), we optimize the ratio of the SLD contrasts to the medium and set
the resolution to a typical experimental value of Aq/q ~ 10%. After scal-
ing the numerical data to match the /(g)’s in the S-state, we use the same
constants to scale the curves computed for the C-state at high tempera-
ture. In the case of C.S|, the experimental temperatures for the S and C
states are Tg = 293.15 K and T;; = 313.15 K [15], respectively, while for
CS, and CSj, such temperatures are Tg =293.15 K and 7; =323.15 K.

In Fig. 4(c), we report a comparison between the form factors of the
three simulated CS-microgels and the corresponding experimental data
reported in Refs. [15,24]. The Figure includes profiles for both the S
and C states. We note that the smoother appearance of the experimen-
tal C'S, and CS; curves may reflect a combination of polydispersity in
core size and shell thickness; differences between the C.S| (SAXS) and
C.S,/CS; (SANS) measurements could also play a role. In all cases, the
simulated and experimental results show good qualitative agreement,
particularly in the low- and intermediate-q regions. Minor discrepancies
become noticeable at high g (small length scales), arising from limita-
tions in spatial resolution inherent to the coarse-grained nature of the
numerical model. As discussed in the previous section, fits to the ex-
perimentally measured SANS-1(q) profiles of CS-microgels in Ref. [24]
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Fig. 5. Effective two-body interactions of CS-microgels. (a) Two-body mean forces Frff) as a function of the separation distance for different a values across
the swelling curve. Symbols correspond to values obtained from constraint-bias MD simulations, whereas dotted lines for a < 0.60 are Hertzian force fits. (b) The
corresponding effective two-body potentials @@ as a function of the separation distance, R,;, scaled by the approximate temperature-dependent CS-microgel
diameter 2R (a). In the insets, the potentials are magnified to better visualize the minima of the curves for « = 0.8. The dashed lines (and the solid black lines in

the insets) correspond to Hertzian potential fits for « = 0.60.

suggest that, in the case of relatively thin polymer shells and low c,
the density profiles lose the layering near the solid core when transi-
tioning from the swollen to the collapsed state. Specifically, the system
reported in Ref. [24] corresponds to the C.S; microgel considered in
the present work. In Fig. 4(d), this scenario is indeed verified, as the
volume fraction profiles, defined as #(r;) = np(r,-s)a3 /6, clearly show
that the “big” layer in the vicinity of the solid core characterizing the
S-state, is essentially absent in the C-state. Interestingly, we find that
in the case of C'S,, a very similar behavior arises, while in the sample
C.S, the strong oscillations persist across the swelling curve, pointing
to a non-trivial dependence of the monomer organization on the geo-
metric parameters. We attribute the persistence of oscillations in C.S)
to its thicker, more highly crosslinked corona, which helps maintaining
a sharper core-corona interface and preserves short-wavelength density
correlations across the VPT. Altogether, these observations validate the
ability of our assembly method to generate “realistic” CS-microgels.

3.3. Effective core-shell microgel interactions

Having validated our assembly method, we now proceed to analyze
the effective interactions of CS-microgels. We focus on a single CS-
microgel architecture, namely C.S;, at two crosslinker concentrations
¢=5% and 15%.

3.3.1. Two-body interactions

We start by determining the effective pair forces of two CS-microgels
as a function of the separation distance between the centers of their solid
cores, R;; =|R;;| =|R;—Ry|, using constrained-bias MD simulations
where the mean force profile, corresponding to the (negative) gradi-
ent of the effective two-body potential, F Ef)(Ru) =—-Vg, ; @ (R 1)
is measured [35]. To sample the mean force in a MD simulation, the
centers of mass of the CS-microgels’ cores, R; and R, are kept fixed,
and the (scalar) mean force is calculated as the average force in the di-
rection of their connecting line as:

1

F,(,,2)(RIJ):§<(FJ_FI)'RIJ/RIJ>NVT,R,,RJ’ ®

where F; and F; are the total instantaneous (vectorial) forces acting on
the cores of CS-microgels I and J, respectively. The effective two-body
potential is directly obtained by integration of the mean force along R;

OD(R; ;)= / F@(R) )dR),. 9)
Rpy

The effective two-body forces and their associated potentials of mean
force for CS-microgels with ¢ = 5% and 15% are shown in Fig. 5(a) and
(b), respectively, for different a values. In the latter plots, to give an im-
mediate sense of the spacing between microgels, the distance is scaled
by the value of the approximate particle diameter at the corresponding
effective temperature, i.e., 2Ry (a), above which the potential goes to
zero. As expected, for both considered CS-microgels at temperatures be-
low the VPT (a < 0.6), the interactions are purely repulsive when the
polymeric shells start to overlap for R;; S2Rpy ().

For standard microgels, it has been demonstrated that in the low-
deformability limit, and thus, for low densities, ®® can be described
by a simple Hertzian model [36] for elastic spheres, whose generic pair
forces can be written as [37]

5€n

R, 1
FH(RIJ)=§E 1——] H(-Ry;/oy), 10)

OH

where o is the effective elastic diameter, ey is the strength of the in-
teraction, and H (x) is the Heaviside function. In addition to the clear
dependence of the effective elastic diameter on temperature, e is also
temperature-dependent and further affected by the crosslinker concen-
tration as it is a function of the elastic moduli of the material [36].
To assess the validity of the Hertzian model, we fit the two-body mean
forces extracted from the MD simulations using Equation (10) via the ej;
parameter and fixing o (@) = 2Ry («). We find that the Hertzian forces
match quite well those obtained from the MD simulations at intermedi-
ate and long distances, as shown by the dashed lines in Fig. 5(a). This
range of forces where the agreement is attained roughly corresponds
to 1.5Ry(a) S Ryy S 2Ry (), within which the potentials of mean
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force satisfy d)ff)(R 17) S 10 kgT, as exemplified by the CS-microgels
at @ = 0.60 in Fig. 5(b). At shorter distances, the measured forces (and
potentials) increase more steeply than predicted by the Hertzian model,
similarly to standard microgels [36]. However, we note that the agree-
ment improves when increasing ¢ and therefore the stiffness of the
microgels. Hence, despite the layering effects in the polymer distribu-
tion, the Hertzian model still describes reasonably well the effective
interactions of CS-microgels in the large-separation (high dilution or
low-number-density) regime.

At high temperatures (o = 0.80), the effective two-body interac-
tions no longer follow the purely elastic Hertzian behavior. Instead, the
®? (R, ;) curves become non-monotonic and develop an attractive well,
due to the worsening of the affinity of the monomers to the solvent [38].
Interestingly, the reduced distance at which the effective pair potential
reaches its minimum, Rj J /2Ry (a)), depends on the crosslinker con-
centration, shifting to smaller values as ¢ decreases. Since the probed
value of a corresponds to the fully collapsed state in experiments—
where the polymer’s affinity for the solvent is severely reduced—the
depth of the effective attraction is quite large, reaching values around
~ =50k pT. Under these conditions, the sampling of the effective forces
may be inefficient, but we trust that we have obtained the right quali-
tative behavior.

3.3.2. Three-body effects

Next, we examine three-body contributions. We note that our goal
is not to construct a closed-form, many-body coarse-grained poten-
tial for microgels, but to establish unambiguously that their effec-
tive interactions are not pairwise additive in the concentrated regime
where shells interpenetrate and deform. To this end we focus on a
clean diagnostic-three-particle configurations on an equilateral trian-
gle, where triplet effects are generally most pronounced. [39,40] As
illustrated in Fig. 6(a), under this symmetric situation, previously con-
sidered to study triplet interactions in star polymers [39], the cores of
the CS-microgels I, J and K, are located at the corners of an equi-
lateral triangle of side R;; = R;x = R;x = R, while the distance of
each particle to the triangle center, C, is R;o = Rjc = Rgc = R. Due
to simple geometrical arguments, under the pairwise approximation,
the total effective force on a particle in such configuration is simply
F,f)p(R) = \/§F,(,,2)(R), where the superscript “p” is used to indicate
that this corresponds to the total force as evaluated using the effec-
tive pair potential. The actual mean force, incorporating three-body
contributions, F,E,3)(R), is directly sampled via constrained-bias MD sim-
ulations as the average force over the particles in the direction of the
circle center:

3
3 1
FO(R) = §;<Ff'Rfc/Rfc>NVT,R,,R,,RK~ an

A simple transformation F,f) R) —» F,(,,3) (R) allows for a direct com-

parison with F,S)P (R). The calculated effective forces on a CS-microgel
in the triangle configuration are shown in Fig. 7(a) (dashed lines, 3B),
in which we also include the corresponding results for the reference
case based on the purely pairwise force (symbols, 2B). The direct com-
parison allows us to immediately observe that three-body contributions
are nonvanishing in both considered CS-microgels, otherwise, F,£,3)(R)

would be identical to F,f)" (R), with larger deviations between the two
descriptions occurring as the particles become more confined within the
triangle. This is due to the greater number of polymer beads from dif-
ferent microgels’ shells interacting near the center of the triangle (see
Fig. 6(b)).

As in the case of two-body interactions, we find a different behavior
below or above the VPT. On one hand, the three-body contributions are
attractive when the CS-microgels are in the swollen state below the VPT
(@ < 0.60), where, as discussed above, the two-body potential is purely
repulsive at all distances. This implies that neglecting the three-body

Journal of Colloid And Interface Science 704 (2026) 139381

Fig. 6. Three-particle configuration used to determine the effect of three-
body interactions of CS-microgels. (a) The cores are placed at the corners of an
equilateral triangle of side R, while their distance to the triangle center, C, is R.
Note that to aid for a clear appreciation of the core-shell architecture of the mi-
crogel, the crosslinked polymeric network is shown only for a hemisphere. (b) At
short interparticle distances, three-body effective interactions arise from the si-
multaneous overlap of the polymeric coronas of three CS-microgels near the
center of the triangle formed by their centers. This is schematically illustrated in
the simulation configuration: semi-transparent gray spheres—representing the
effective particle diameter—highlight the three-body interaction region, with
each CS-microgel shown in a different color. In the zoomed-in image, monomer
sizes have been reduced for clarity.

contributions in a coarse-grained representation of the CS-microgels be-
low the VPT, as typically done, naturally results in an overestimation of
the net repulsive forces experienced by the colloidal particles. This over-
estimation arises from effectively double-counting overlapping volumes
within the pairwise approximation (see Fig. 6(b)). Another plausible ex-
planation for the physical mechanism giving rise to such an attractive
three-body contribution is that of a “shared deformation”. For instance,
when three CS-microgels come close together, two of them (say, I and
J) can simultaneously compress the third one (K), sharing the de-
formation of K in a cooperative way. This shared deformation would
then reduce the overall energetic cost compared to the sum of separate
pairwise compressions. Attractive effective three-body interactions were
also reported by von Ferber et al. [39] for star polymers in a good sol-
vent, where similarly the two-body interactions were purely repulsive.
Analogous behavior—repulsive pair interactions accompanied by attrac-
tive triplet interactions—has also been observed in systems of charged
colloidal spheres under nonlinear conditions, specifically at low salt con-
centrations and high charges [41].

On the other hand, above the VPT (a = 0.80), where CS-microgel
two-body potential are attractive, the three-body interactions become
repulsive (positive). The denser nature of CS-microgels under these
conditions hinders the efficient packing of more than two particles
into tight configurations, leading to an excess energy cost in triplets
compared to the sum of pairwise interactions. This repulsion can thus
be interpreted as arising from “geometric frustration”: when a parti-
cle approaches a dimer, their mutual attraction is constrained by the
excluded volume and rigidity of the collapsed shells, as well as by
the increasing steric repulsion from overlapping shells. These factors
prevent all three particles from simultaneously optimizing their pair-
wise contacts. This interpretation is consistent with previous findings
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Fig. 7. Effective two- and three-body forces on CS-microgels in a triangular configuration. (a) Mean force on CS-microgels with ¢ =5 and 15% in the three-
particle triangular configuration as a function of the mutual distance R (see Fig. 6), under the two-body approximation (2B) and by directly measuring the forces in
a three-particle simulation (3B), for various a across the swelling curve. (b) Effective force differences induced by three-body effects.

in other colloidal systems. For example, ligand-stabilized nanoparticles
in poor solvent conditions—where dispersion forces dominate the effec-
tive attractions—exhibit repulsive three-body contributions due to steric
effects [40,21,42]. Similar repulsive three-body terms have also been
reported in one-component effective Hamiltonians describing colloid-
colloid interactions in the presence of small depletants. In these sys-
tems, the three-body repulsion serves to correct for the overestimation
of cohesive interactions provided by the two-body Asakura-Oosawa po-
tential [43-46].

To better grasp the deviations between two and three-body contribu-
tions and this reversal of trends, Fig. 7(b) shows the difference between
the net two-body forces and the measured forces that include three-body

contributions, defined as AF, (R) = F(R) — F. P (R). Despite statisti-
cal uncertainties affecting the mean force measurements, a consistent
qualitative trend emerges for both CS-microgels: namely, an increasing
discrepancy at small R, and—more importantly—a notable shift in the
character of the three-body contribution. Specifically, this contribution
transitions from attractive below the VPT (AF,, < 0) to predominantly
repulsive in the collapsed state (AF,, > 0). Interestingly, the difference
seems to pass through zero around @ = 0.60 (AF,, = 0), where it van-
ishes over a significant range of mutual separation distances R in which
particles are already interpenetrating. We attribute this effect to the
balance between the two opposing tendencies above and below the
VPT: cooperative deformation, which promotes attraction, and steric
frustration, which induces repulsion. One can expect that if these con-
tributions nearly cancel each other close to the VPT temperature, the
resulting three-body correction would become negligible, making the
effective interactions appear almost pairwise-additive. While the under-
lying mechanism remains to be fully understood, this seems to be the
first observed instance of such a “cancellation” effect.

Overall, we find that whenever the differences between the two ap-
proximations are relevant, the relative magnitude of the triplet term,

AF,/ Ff)", varies significantly: it ranges between approximately 0.05
and 0.15 for attractive corrections, and between 0.08 and 0.25 for repul-
sive ones, indicating a relatively small but non-negligible contribution.
Interestingly, this range is comparable to that observed in star polymers
under good solvent conditions [39].

4. Discussion and conclusions

In this work, we have introduced a novel computational framework
for generating thermoresponsive CS-microgels in silico, incorporating a
solid core and a surface-anchored crosslinker polymer shell. Building
on previous works for standard microgels [18,19], we put forward the
hypothesis that our model can accurately reproduce key experimental
observables of CS-microgels. The present work confirms the ability of
our in silico microgels to capture swelling curves, density profiles, and
scattering form factors across the VPT, providing the robustness of the
model and underlining its relevance for the computational study of re-
alistic CS-microgel systems. Our simulations additionally put forward
a characteristic signature feature of the structural organization of the
polymeric shell in the swollen state, namely a core-induced layering,
which, depending on geometrical characteristics, particularly the over-
all particle to core radius ratio, Ry /R,, as well as the crosslinker con-
tent, may persist or disappear across the swelling curve. The structural
rigidity induced by the core-shell interface differentiates these systems
from standard microgels and could have important implications for ap-
plications at interfaces [14] or in the bottom-up assembly of functional
superstructures [47,48].

Using our monomer-resolved model, we have investigated the ef-
fective interactions of CS-microgels with relatively thick shells for two
different crosslinker concentrations typically employed in experiments.
We thus quantified both two- and three-body contributions at vary-
ing effective temperature across the VPT. Regardless of the crosslinker
concentration, the spherically-symmetric effective pair potentials are re-
pulsive at temperatures below the VPT, turning into attractive at higher
temperatures due to the increased solvophobic character. The predom-
inantly elastic response at low temperatures conforms well to Hertzian
predictions only at large enough distances, where the degree of in-
terpenetration between the soft colloids is small. However, at smaller
separation distances, such a description breaks down as in the case of
core-less microgels [36], likely due in part to the heterogeneous inner
structure of the polymeric shell and core contributions. Although the
CS-microgels studied here possess thick shells and exhibit two-body po-
tentials broadly consistent with those of core-less microgels at modest
overlaps, the influence of the core is expected to grow as the shell-
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to-core ratio decreases. At small separation distances, the calculated
interactions are significantly stiffer than those arising from the Hertzian
model, in analogy to standard microgels, for which such increased stiff-
ness has been qualitatively described by a phenomenological extension
of the model—the multi-Hertzian model [49]—which assigns varying
internal elasticity to particle interactions. Such improved description
qualitatively captures experimental behavior at moderate to high vol-
ume fractions, but still fails when deformation becomes dominant [50],
highlighting the breakdown of two-body approximations and the need
for more advanced descriptions that include higher-order interaction
terms.

To this aim, we provided the first quantitative investigation of three-
body effective interactions in microgels, demonstrating that these con-
tributions are not only non-negligible across the VPT but also undergo a
remarkable temperature-dependent sign reversal. At low temperatures
(swollen state), three-body effects are attractive, reflecting the flexi-
bility and easy interpenetration of the crosslinked polymeric coronas.
In contrast, at high temperatures (collapsed state), they become repul-
sive as a consequence of the reduced compressibility of the compact
shell. While the tunability of two-body interactions—from purely re-
pulsive to attractive—is well established in various types of colloidal
systems [51,52], to the best of our knowledge, this is the first reported
evidence of such tunability in the character of higher-order effective in-
teraction terms.

Intriguingly, near the VPT, these opposing contributions appear to
nearly cancel out over a wide range of interparticle separations, sug-
gesting that the transition marks not only a structural crossover within
individual microgels but also a point of minimal many-body influence
between them. This can be seen as the manifestation of the VPT in
microgels occurring close to the #-temperature of the underlying poly-
mer, which can be thought as a sort of Boyle temperature from the
point of view of effective interactions. This observation may thus justify
the use of effective pairwise interactions in theoretical and numerical
treatments near the VPT. However, we caution that contributions from
higher-order terms beyond three-body cannot be ruled out, especially at
high densities. Further investigation is required to fully disentangle the
complex and temperature-dependent role of many-body correlations in
the collective behavior of thermoresponsive colloids. We envision that
the ability to tune many-body effects via microgel architecture and tem-
perature could offer a powerful route for the design of smart materials
with specific self-assembling properties.

Overall, our framework provides a flexible and robust platform for
probing the rich physics of CS-microgels, both in bulk and at liquid-
liquid interfaces, in close connection with experiments. Beyond validat-
ing our model against experimental data, our findings also emphasize
the need to go beyond pairwise descriptions in coarse-grained mod-
els of soft colloids, especially when characterizing deformable systems
with complex internal structure. They also offer new insights into how
elasticity, morphology, and temperature jointly determine effective in-
teractions in such systems. In the future, machine learning approaches,
such as those recently applied to ligand-stabilized nanoparticles [21],
could be leveraged to construct computationally efficient coarse-grained
models of CS-microgels that systematically incorporate many-body ef-
fects. Such developments could open new avenues for studying the
collective behavior of CS-microgels, also under confinement or during
self-assembly into ordered superstructures via large-scale simulations.
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