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Incorporating ionic co-monomers into polymer microgels can alter their swelling behavior and introduce pH-
responsiveness; however, their effect on the internal microgel structure remains poorly understood. Here we
present a comprehensive study of poly(N-isopropylacrylamide-co-acrylic acid) microgels, revealing that the in-
corporation of ionic groups significantly alters their internal architecture. Using dynamic and static light scatter-
ing combined with small-angle X-ray scattering, we observe pronounced differences in form factors and swelling
behavior between neutral and ionic microgels. These findings can be rationalized by monomer-resolved simu-

lations, which reproduce the experimental form factors only when charge-induced alterations to the network
architecture are explicitly accounted for during in silico synthesis. Our results demonstrate that electrostatic in-
teractions modulate not only the swelling behavior but also the internal monomer density profile, highlighting
the need to integrate and extend current modeling approaches for charged microgels.

1. Introduction

Microgels are soft colloidal particles composed of crosslinked poly-
mer networks that can be made responsive to various stimuli, such as
temperature, pH, ionic strength, and electric fields [37,39]. These par-
ticles can swell or shrink in solvents, and their tunable properties make
them valuable model systems to study condensed matter physics prob-
lems [31,35,36] as well as excellent candidates for various applications,
including drug delivery [22], tissue engineering [26], catalysis [20],
and sensing [37]. Most research has focused on homopolymer micro-
gels, such as the widely studied poly(N-isopropylacrylamide) (pNIPAM)
and their temperature-dependent swelling behavior. In the case of the
most widely used synthesis techniques, these microgels inherently em-
bed ionic molecules stemming from the initiators that trigger the poly-
merization reaction; however, their concentration is typically low, and
the resulting charges are concentrated at the surface. As a result, charge
effects on the swelling behavior are often considered negligible, and mi-
crogels are generally treated as neutral [23,30], although this assump-
tion has been questioned, particularly at low ionic strength [14,25].
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In recent years, ionic microgels containing weak acidic or alkaline
monomers have gained significant attention [10,33,34,49,50,53]. They
are typically synthesized via a one-pot precipitation polymerization pro-
cess, in which ionic comonomers such as acrylic acid (AA) are incorpo-
rated into the polymer network. The primary polymer is often pNIPAM,
and the resulting co-polymer with acrylic acid is commonly referred to
as p(NIPAM-co-AA) or simply as pNIPAM/pAA microgels [19,33]. These
hybrid microgels can modulate their net charge in response to pH vari-
ations, due to the pH-dependent ionization of the acidic groups, which
release H* ions upon dissociation. Consequently, ionic groups play a
crucial role in influencing the swelling behavior and heterogeneity of
microgel networks in response to changes in pH, temperature, and salt
concentration [12,48].

Previous simulation studies [4] showed how the presence of charged
monomers strongly influences the swelling and structural properties of
polyelectrolyte nanogels, regulated by a strong interplay between de-
gree of ionization, ionic strength and network topology. Other works
focused on larger microgels [5-8,29], in which the extent of the external
double layer is smaller than the particle size, differently from nanogels.
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These works analyzed the effect of ionization and salt concentration on
the swelling and structural properties of microgel particles at high di-
lution, with different approaches based on a variety of assumptions on
the inner conformation of the polymer network. Despite this amount
of knowledge that allowed to understand the complex mechanisms that
links ph and ionic strength with microgel swelling behavior, a compre-
hensive validation of these models with experiments directly looking
into particles inner structure is still lacking for ionic microgels.

The swelling behavior of p(NIPAM-co-AA) microgels is strongly in-
fluenced by the deprotonation of AA groups [19,20]. In dilute condi-
tions, it is governed by the pK,, which is approximately 4.25 [33]. How-
ever, for polyelectrolytes (including microgels), electrostatic interac-
tions usually increase the effective pK, relative to that of AA monomer.
As a result, substantial dissociation of ~-COOH groups occurs only at pH
values well above the monomer pK,. The presence of negatively charged
groups (—COO™) in the polymeric network leads to swelling of the mi-
crogel through two complementary mechanisms [1]. First, the nega-
tively charged carboxylate groups on the polymer chains generate strong
Coulombic repulsion, which drives chains apart and causes expansion
of the network. Second, dissociated counterions, balancing the inner
charge of the polymer network, induce an additional contribution to the
osmotic pressure, known as the Donnan effect. Altogether, these elec-
trostatic and osmotic contributions significantly enhance the swelling
behavior of the microgel at a higher pH even above the lower critical
solution temperature (LCST) of pNIPAM Tj gt =~ 33°C. As a result, the
volume phase transition (VPT) of the microgels occurs at a higher tem-
perature Typr. Instead, when the pH is well below the monomer pK,, the
majority of carboxylic groups remain protonated (COOH). Under these
conditions, ionic microgels show swelling behavior similar to that of the
“neutral” ones, ie homopolymer microgels with charges provided only
by the ionic initiator [21], with Typr ~ T;csr [19,20,30].

The intricate interplay between electrostatic interactions and poly-
mer network rearrangement adds complexity to microgel behavior, pre-
senting a significant knowledge gap. Although the influence of ionic
groups on the swelling behavior is known, it is often assumed that no sig-
nificant alterations take place in the microgel’s internal structure. In this
scenario, the presence or absence of charges should only modulate elec-
trostatic repulsion, which affects the rearrangement of the co-ion and
counter-ion cloud, while the network itself should remain unchanged.
However, this assumption has not yet been tested through a combined
experimental and theoretical study, able to resolve in detail the micro-
scopic structure of the microgels across the VPT.

Here, we demonstrate that pNIPAM microgels with a 5% crosslinker,
synthesized both with and without an ionic comonomer, exhibit signif-
icant and unexpected differences in their internal structure. We system-
atically analyze the pH- and temperature-dependent form factors ob-
tained through static light scattering (SLS) and small-angle X-ray scat-
tering (SAXS). Notably, a comparison of the experimental form factors
of the ionic microgels (at pH 7 and pH 3.5) with those of the neutral ones
reveals that the presence of charged monomers strongly influences the
internal network structure. This is further corroborated by the observa-
tion that the core—shell structure of the microgel at pH 3.5 differs signifi-
cantly from that of the neutral microgel, contrary to expectations, given
the near-complete charge neutralization at low pH in microgels contain-
ing AA groups. To shed light on the structural details of the microgel
architecture at the molecular level, we compare experimental results
with theoretical form factors derived from advanced in silico model-
ing under conditions that match the experiments [11,29]. This compar-
ison demonstrates that the simulation protocol originally developed for
neutral microgels is inadequate when ionic monomers are present. Our
findings provide strong evidence that the internal network organization
of neutral and ionic microgels is fundamentally different. We propose
a tentative interpretation of these results in terms of altered (in-silico)
synthesis conditions induced by the presence of ionic comonomers, lay-
ing the basis for experimental verification. Although beyond the scope
of the present work, this needs to be verified in the future.
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2. Materials and methods
2.1. Synthesis

Ionic p(NIPAM-co-AA) microgels were synthesized using precipita-
tion polymerization, following the procedure reported in our earlier
works [15,19,33]. In a typical polymerization process, NIPAM was used
as monomer, N,N’-methylene-bis-acrylamide (BIS) as crosslinker, AA as
ionic comonomer, and potassium persulfate (KPS) as initiator. The reac-
tion mixture, containing the NIPAM, BIS and AA was purged with argon
for 40 min and maintained under an argon atmosphere throughout the
synthesis at a constant temperature of 70°C. Before starting the reac-
tion, the pH of the reaction mixture was ~3.5, lower than the pK, of
AA monomers. To maintain consistency with earlier works, we did not
use any buffer to control pH during the reaction and still we are able
to obtain reproducible microgels, as shown in Fig. S1[27]. Polymeriza-
tion was initiated by adding KPS (0.036 g dissolved in 5 g of water).
The polymerization process continued for 4 h and was ended by turning
off the heat while maintaining the temperature at 70°C. The suspen-
sion was then allowed to cool under constant stirring overnight. Next, it
was filtered through glass wool, and purified by repeated centrifugation,
removal of the supernatant, and subsequent re-dispersion in Milli-Q wa-
ter. The suspension was further dialyzed using Milli-Q water to ensure
purity. Ionic microgels were prepared with 5mol% BIS. For the prepa-
ration of neutral microgels, AA was omitted, while all other synthesis
parameters remained unchanged. Table S1 in the Supplementary Mate-
rial (SM)[27] summarizes the synthesis parameters.

2.2. Experimental characterization

Prior to characterization, all samples were thoroughly deionized us-
ing mixed bed ion-exchange resins to ensure a constant and low back-
ground ionic strength. This ensures ionic strength between 10~’M and
10~°M, corresponding to nearly zero-salt condition. SLS and dynamic
light scattering (DLS) experiments were carried out using a 2D light
scattering setup (LS Instruments, Switzerland) at a laser wavelength of
543 nm, to measure microgel form factors P(q) and hydrodynamic radii
(Ry), respectively. SLS data were obtained in the angular range between
20° and 140°. The reported form factors are the averages of five indepen-
dent SLS measurements. For R;; measurements, the normalized correla-
tion functions were analyzed using a second-order cumulant fit, where
the estimated decay constant, I' = D, ¢%, provides the free diffusion con-
stant D). From this, Ry; was determined using the Stokes-Einstein equa-
tion, Dy = kgT /(6znRyy) [33], where kj is the Boltzmann constant, T
is the absolute temperature and 7 is the viscosity of the solvent water.
Ry was measured at fixed scattering angles from 20° to 40° in steps of
5°, and the resulting values were averaged. The de-ionized samples ex-
hibit a nominally neutral pH (~ 7); no additional pH adjustment was
carried out. Samples with pH 3.5 were prepared by adding HCL to the
microgel suspension [19,33]. As shown in Fig. S2[27], a deswelling
effect is observed in Ry; for the 0.01 wt% sample at pH 7, while the
results for 0.001 wt% and 0.003 wt% overlap, indicating that in this
range the swelling is independent of microgel concentration. Conse-
quently, all light scattering experiments shown in Fig. 1 were conducted
at 0.001 wt%.

We analyzed the average intensity, together with the corresponding
standard deviation at each q using the well established fuzzy-sphere
model [32], which allowed us to determine the radius of the microgel
core R, and the shell fuzziness ¢ by fitting P(q) to the function | f @l

3sin(gR,) — 3gR. cos(gR,) ox

with
(qo)?
@R P (‘ 2 ) W

which we also convolve with the suspension polydispersity (polydisper-
sity index, PDI). This procedure gives a set of best-fit values for the core
radius, shell thickness, and polydispersity. The parameters derived from
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the SLS and DLS analyses, with the corresponding error bars, are sum-
marized in Table S2[27].

SAXS experiments were performed at the ID02 beamline of the Eu-
ropean Synchrotron Radiation Facility (ESRF). We measured highly di-
luted microgel dispersions (0.1 wt %) to exclude any contribution from
interparticle correlations to the acquired patterns and thus to directly
measure the microgel form factor P(q), where the vector ¢ is defined
as g = (4z/A)sin 0, 20 is the scattering angle and 4 is the wavelength of
radiation. The samples were filled with capillaries (2mm in diameter)
and placed at the sample to detector distance of 31 m. Experiments
were conducted at selected temperatures between 25 and 41° C using
a Huber Ministat 230 thermostat. After each temperature change, the
samples were left to thermalize for 10 min before measurements. The
exposure time for the acquisitions was set to 0.5 s and, for each tempera-
ture, we acquired 10 scattering patterns using a two-dimensional Eiger2
X 4M detector (Dectris, Baden, Switzerland). This allows measurements
in the range of q between 0.02 and 3.8 nm~!. Scattering patterns of a
capillary filled with water were recorded for background subtraction.
The processing and averaging of the scattering patterns was performed
with the SAXSutilities2 software [42]. When averaging, any scattering
curve not perfectly superimposed on the acquired overall set, due to
possible residual equilibration or other experimental perturbations, was
discarded.

2.3. Numerical simulations

For numerical simulations, we use a coarse-grained model of the mi-
crogels, consisting of a disordered network of fully bonded N = 112k
spherical beads. Each of these monomers has diameter ¢,, and mass m,
which set the length and mass units, respectively. The in silico synthe-
sis protocol assembling the microgels has been previously reported in
Refs. [11] and [28]. The former reference describes a homogeneous as-
sembly, while the second one introduces the presence of an effective
force acting on the crosslinkers to give rise to the characteristic (het-
erogeneous) core-corona structure of pNIPAM-BIS microgels. Once the
assembly is performed, the network is made permanent and interact-
ing with the standard potential empolyed for polymers in good solvent.
In particular, monomers interact via the bead-spring model established
by Grest and Kremer [43], consisting of a steric repulsion for all beads
and a bond term for connected ones. The bonds cannot break during
the course of a simulation. The steric contribution is modeled by the
Weeks—Chandler-Anderson (WCA) potential:

if r<2l f’am

Vivea() = 48[<%)lz_(%>6]+5 @
0 if r>2Y%,

where r is the center-to-center distance between a given pair of interact-
ing beads and ¢ sets the energy scale. The bonded interaction is given
by the Finitely Extensible Nonlinear Elastic (FENE) potential [29,44]:

2
r >], r < Rpo,, 3

Veeng(r) = —¢kpRp? In [1 - (
RFO-m

with Ry = 1.5 and ky = 15. The FENE potential links monomers to two
neighbors, representing segments of polymer chains, whereas crosslink-
ers are connected to four monomers. The fraction of crosslinkers is set
to ¢ = 0.05, as in experiments. To mimic charged monomers, we provide
a varying fraction f of beads with a negative charge. In particular, we
used f = 0.075 for pH 7 ionic microgels, similar to the nominal amount
of added AA in experiments, and f = 0.03 for the same at pH 3.5. We also
tested f = 0.10 and f = 0.05 and found no significant differences in the
results. The experimental charges, that originate from covalently bound
COOH groups, experience local fluctuations within the network, since
the deprotonation/protonation state of AA is dynamically depending on
pH. To simulate such dynamical charge fluctuations charge regulation
mechanisms have been developed [5,9], consisting in Monte Carlo or
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hybrid algorithm that allow to simulate the protonation/deprotonation
dynamics at fixed pH. Within the current simulation approach, we do
not introduce such charge regulation mechanisms for a matter of con-
venience, since we use parallelized full Molecular Dynamics algorithm,
given the need to simulate large sized systems, thus we assumed a fixed
charge distribution in the course of the simulations and average over
different distribution realizations. This is not qualitatively affecting our
results, since we study the system only at pH that is small (large) with
respect to the pK, of AA, when acidic monomers are almost all (de-)pro-
tonated.

We simulate both homogeneous and heterogeneous microgels with
different charge distributions, either by assigning charged beads ran-
domly (random charge distribution), or by assigning them randomly
only in the exterior corona of the microgel (surface charge distribution),
i.e., where the distance from the center of mass of the microgel is greater
than R,. We also employed mixed random-surface distributions. Only
the surface distribution was found to yield results in agreement with
the experiments in all cases.

We also insert counterions, positively charged beads with diame-
ter o, = 0.1 5,,, to ensure overall electroneutrality. Counterions interact
with all other particles in the simulation through the WCA potential.
Additionally, all charged particles interact with the Coulomb potential:

2
Viou(r) = 2,2 jTB kpT 4

where z; and z ; are the valences of the interacting beads (-1 for
the charged monomers of the microgel and +1 for counterions), iz =
&% /(4rege, kpT) = e*2 /(kpT) is the Bjerrum length, e* = \/4zeye,0,, kgT
the reduced charge unit, k7T the thermal energy, ¢, and ¢, the vacuum
and relative dielectric constants, and r is the distance expressed in units
of o,, respectively. At the experimental condition of our experiments, the
value of e* has the same order of magnitude of e, and fixing our reduced
energy unit to kT leads to A ~ o,,. The particle-particle-particle-mesh
method [51] is adopted to appropriately account for the long-range na-
ture of Coulomb interactions.

To model the change in solvent affinity of microgels induced by tem-
perature, we use an additional effective solvophobic potential V,, acting
only on neutral monomers [52], implicitly accounting for monomer—
solvent interactions [45]:

1
—€a if r<2ég,
1
Vo(r) = %a&[cos(yo(ram)z + fy) — 1] if 280, <r<Rgo, 5)
0 if r> Rgo,

Here y, = 7(2.25 —2'/3)~! and g, = 2z — 2.25y,. This is an attractive
term, whose strength is modulated by the solvophobic parameter «a,
which can be considered as an effective temperature. Therefore, a =
0 represents good solvent conditions, while the attraction between
monomers increases as a increases, leading to microgel shrinkage. The
general behavior echoes the worsening of the affinity of the polymer for
the solvent when the temperature increases [11,46]. Following previous
work [52,53], charged monomers on the microgel do not interact with
the solvophobic potential, even when temperature increases, to ensure
that their hydrophilic character is maintained throughout the investi-
gated temperature range.

NVT simulations of single microgels are then performed with the
LAMMPS simulation package [54] at the temperature fixed by kzT = ¢
in a cubic box with side L = 400¢,, and periodic boundary conditions.
The equations of motion are integrated with a time step At =0.002 7,

where t = 4/mo? /¢ is the reduced time unit. We use the Nosé-Hoover

thermostat in the constant NVT ensemble for equilibration (1000 ) and
the Velocity-Verlet algorithm in the constant-energy ensemble for the
production runs (20000 7). The latter are used to extract the equilibrium
averages of the observables of interest.

The hydrodynamic radius Ry; of microgels is computed from simula-
tions using the method presented in ref. [53]. Briefly, we approximate
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Fig. 1. (A) Swelling curves as a function of temperature, showing Ry measured by DLS as well as R, + 20 obtained by fitting SLS form factors to the fuzzy-sphere
model (Eq. (1)); R, is the core radius and o the fuzziness parameter. (B) comparison between the ratios 6/R, and R (T')/R (288K) (core swelling) as a function of
temperature in first and second graph respectively. In A and B, the vertical dashed line represents 7T;cg; of pNIPAM homopolymer. Microgel form factors P(q) as a
function of ¢ measured by SLS at T =313 K (C) and T = 293 K (D). The form factors are averaged over five repeated measurements. In C and D, solid lines are the

fits to the fuzzy sphere model.

the microgel as an ellipsoid with the same gyration tensor of the con-
vex hull containing all the beads of the microgel. We then calculate Ry
following the approach of Hubbard and Douglas [55]:

-1
1

Ry =2 / ae| (6)
0 V(@ +0)B+0)(2+6)

where a, b and ¢ are the principal semiaxes of the gyration tensor. The
form factors of the microgels are calculated at each wavenumber g as

_1 —iG 7
P@) = 2™, @
L]
where 7;; is the distance between the ith and jth monomer.
3. Results and discussion

We start by characterizing the swelling behavior of the microgels
using DLS and SLS at a very dilute concentration of 0.001 wt%, se-
lected based on tests across a range of concentrations between 0.001 and
0.01 wt% (Fig. S2[271]). DLS allows us to measure the hydrodynamic ra-
dius Ry, which represents the global size that governs particle diffusion
due to thermal motion, while SLS, along with SAXS, is sensitive to the
polymer density gradient inside the particle, providing insights into the
internal structure.

All experiments were performed according to standard procedures.
By analyzing the pH conditions of deprotonated (pH = 7) and proto-
nated (pH = 3.5) AA monomers and by tuning temperature over a wide
range, we investigate how the internal structure of the microgel depends
on its charge and solvent quality, which deteriorates above Tj gy Fig. 1
reports DLS and SLS measurements for pNIPAM-co-pAA microgels at
two different pH values, as well as for pure pNIPAM (neutral) microgels
[21]. In Fig. 1A we present data of Ry; as a function of temperature. The

form factors P(q), obtained by the angular resolved SLS data, are shown

in Fig. 1C and D, for two different temperatures, as a function of the scat-

tering wave vector g given by g = 2k sin g, with the scattering angle de-
27ny

noted by 0 and k = ; being the wavenumber for the laser wavelength
A in water, where n, = 1.33. They also exhibit significant differences in
their overall form factors as shown in Fig. 1C and D. As expected, ionic
microgels at pH 7 show swelling behavior different from the typical one
of neutral microgels, due to the influence of charges and counterions.
In particular, the experiments also reveal marked differences between
ionic and “neutral” microgels, even when the pH is reduced to 3.5, neu-
tralizing AA charges. Specifically, ionic microgels remain more swollen
at all temperatures, showing a larger Ry, and, more surprisingly, they
also exhibit significant differences in overall form factors, particularly
at temperatures below Typr.

To gain more insight into the modifications of the internal core-
shell structure of the microgels, we analyzed SLS data employing the
fuzzy-sphere model reported in Eq. (1) [32], allowing us to deter-
mine the radius of the core R, and the shell fuzziness 5. We find
that this model fits the experimental data rather well at all tempera-
tures and pH, despite the limited g-range probed. From these fits, also
shown in Fig. 1C and D, we can extract information about the separate
swelling of the core and shell regions, which cannot be obtained using
DLS alone. Table S2[27] summarizes the parameters obtained from the
fits.

We begin by analyzing the total size of the microgels, given by
R, + 20 (Fig. 1A). We find that R, + 20 is significantly smaller than Ry
for ionic microgels at pH 7. Examining the internal structure in more
detail, we observe that the ratio o /R, is higher for ionic microgels as
compared to neutral ones, particularly at pH 7 close to Tj gt (Fig. 1B),
due to the strong electrostatic repulsion from fully deprotonated COO~
groups which results in a more extended corona. In addition, counterion
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Neutral

T

Fig. 2. Sketch of the microgels internal structure in their swollen and col-
lapsed states, comparing neutral microgels with ionic AA-functionalized ones
in their protonated (pH 3.5) and deprotonated (pH 7) states. Top row: T < Typr,
swollen state; bottom row: T' > Typr, collapsed state. Black minus signs represent
initiator-derived charges, red circles are protonated COOH groups, yellow circles
with a minus sign are deprotonated COO™ groups, and blue plus signs are the
corresponding dissociated counterions. The red dotted line is a guide to the eye,
indicating the microgel Ry;. The sketch highlights the difference between the
charge-free core and the charge-rich shell, which influence the swelling behav-
ior of ionic microgels. While neutral microgels undergo a rather homogeneous
deswelling, ionic microgels at low pH show a final collapsed structure that is dif-
ferent from neutral ones due to the presence of ionizable groups, affecting the
internal network structure during synthesis. At high pH, ionic microgels display
a much reduced tendency to collapse, due to the presence of a large amount
of counterions in the periphery of the core, yielding the characteristic two-step
density profile reported in Fig. 4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).

depletion in the periphery can lead to a localized osmotic imbalance,
which may contribute to an enhanced swelling of the outer shell. This
is also valid at low pH, where the degree of ionization is significantly
reduced, but the ¢ /R, ratio is still larger than that of neutral microgels.
This is in agreement with the fact that the internal structure of the mi-
crogels at pH 3.5 does not exactly resemble that of neutral ones, as also
evident in the form factors reported in Figs. 1C,D. Moreover, a small
fraction of residual ionized groups and of their associated counterions
can still influence the shell extension.

In addition, at pH 7, the swelling ratio of the core -defined as
R.(T)/R.(288 K) and shown in Fig. 1B—remains nearly constant across
Ticst» exhibiting a sharp drop at the highest temperature investigated.
At this T, the neutral microgels retain a higher swelling ratio than
the ionic ones. In fact, for an initially expanded network (as seen at
pH 7 and low temperatures), the reduction in relative size is more
pronounced. Interestingly, this observation is reminiscent of the sharp
collapse-deswelling transition at intermediate pH (in our case, pH —
pK, ~ 2.75) recently described by Yuan and Curk [12]. The sharpness
of the collapse/expansion dynamics is a key parameter for pH-driven,
pH-responsive nanogel actuators. In summary, the SLS and DLS results
demonstrate that the volume phase transition (VPT) of ionic microgels
is shifted to higher temperatures, exceeding 40°C at pH 7.

We now propose a comprehensive interpretation of this complex ex-
perimental phenomenology, using the illustration in Fig. 2 as a guide.
Based on the model of Hoare and McLean [13], we assume that AA
monomers, which carry most of the charges, are predominantly located
in the loosely crosslinked corona surrounding the microgel core at low
temperatures. This assumption is also supported by the lower reactivity
of AA compared to BIS crosslinker and NIPAM monomers [56], and by
the tendency of AA monomers to maximize their mutual distance due
to electrostatic repulsion upon deprotonation at higher pH.
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In this picture, at low temperatures (first row in Fig. 2), the corona
is more extended due to two effects: (i) the polymer network is intrin-
sically less compact in regions rich in AA monomers, since their pres-
ence reduces the hydrophobicity during synthesis, leading to less dense
particle growth; and (ii) electrostatic repulsion between AA monomers
further stretches the network. This interpretation is consistent with the
values of /R, shown in Fig. 1B, which, at and below T; cgr are highest
for pNIPAM-co-pAA microgels at pH 7 and lowest for neutral ones. The
extended corona also influences the behavior of deswelling with increas-
ing temperature. In ionic microgels at pH 7, the shell remains swollen
up to approximately 35°C, due to the high ¢/R, ratio, thus increasing
Typr relative to Tjcgr. In contrast, neutral microgels exhibit substantial
shell contraction already around 30°C, with Typy & Tjcgr. Ionic micro-
gels at low pH display intermediate behavior, but do not fully resemble
the neutral case, owing to the persistent influence of AA monomers dur-
ing the synthesis on the structure. Moreover, the stretching of the shell
also impacts the core: the outward pull from the extended corona causes
the core to be larger in ionic microgels than in neutral ones.

The unexpectedly altered structure of ionic microgels, even when
carboxyl groups are protonated, raises questions about the origin of
these different swelling curves and density profiles. To shed light on
this, we performed numerical simulations in which the microgel is repro-
duced at a monomer-resolved level. In an earlier work [28], Ninarello
et al. compared neutral microgels to numerical model predictions and
demonstrated that the in silico data are able to successfully reproduce the
core-corona structure of the microgels. This was obtained through the
adoption of a network assembly process taking into account the ability
of crosslinking molecules to react much faster than NIPAM, thus ob-
taining a non-homogeneous internal structure of microgels [28]. This
protocol was validated against several experimental systems [16,17,24]
and was also extended to describe ionic microgels [29,34,53], but a
comparison of the internal structure with the experimental data is still
lacking. Because of the complex chemistry involved during synthesis,
little is known about the influence of Coulomb interactions during net-
work formation. As a result, previous numerical studies have typically
neglected the presence of charges during the formation of the network,
introducing them only afterwards, once the network has been generated.
This severely constrains the model, but vastly simplifies the procedure
and allows testing different charge arrangements in order to validate
the model against experimental data [53]. Here we face an entirely dif-
ferent kind of situation. In ionic microgels, charges are intentionally
copolymerized and designed into the network. As a consequence, we
find that introducing charges post-assembly in the simulations - mim-
icking the ionic AA groups in networks originally developed to describe
neutral microgels (i.e., with a heterogeneous distribution of crosslinkers
following the fuzzy-sphere scenario - fails to accurately reproduce the
experimental data, regardless of the arrangement (see Fig. S3[27]).

This is a novel and significant finding: the charges themselves influ-
ence the formation of the network within the synthesis and ultimately
determine the final architecture of the microgel, as illustrated in the
snapshots in Fig. 3. The top row shows a microgel assembled with a het-
erogeneous internal structure and decorated with negative charges aris-
ing from acrylic acid groups and initiators (A) under good solvent condi-
tions (a = 0.0). The corresponding slice in (B) shows that these charges
are predominantly located on the outer surface of the microgel. Upon
heating above the VPT, for a = 0.85 the microgel adopts the distinctive
structure shown in (C), characterized by a compact core surrounded by
an unusually large corona that remains swollen at all temperatures. This
very extended corona is too extreme and the simulated microgels display
form factors that do not agree with the data (see Fig. S4[27]).

To remediate this situation, we assume that the presence of ionic
groups alters the polymerization process itself. Specifically, the elec-
trostatic interactions between these groups probably contribute to
maintaining a more homogeneous distribution of crosslinkers through-
out the microgel particles, preventing their typical accumulation toward
the center observed in neutral microgels. To test this hypothesis, we first
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A conventional

(heterogeneous)

a=0

homogeneous

Fig. 3. Simulation snapshots from simulation, drawn to scale, illustrating the different assembly methods used for ionic microgels with crosslinker concentrations
¢ =5%. Top row (A-C): conventional assembly of heterogeneous microgels, formed in the presence of a force acting on the crosslinkers, as described previously in
Ref. [28]. Surface charges (f = 0.075) are added to mimic experimental conditions at pH 7. The simulated microgel are shown at low temperature (« = 0.0) in full
(A) and as a slice (B) to improve visualization of the charge-free inner part, as well as at high temperature (« = 0.85, C). Bottom row (D-F): homogeneous microgels
are assembled without the force acting on the crosslinkers and charges are again placed only on the surface. (D) low temperature (a« = 0.0) in full and as a slice (E) as
well as at high temperature (« = 0.85, F). In all panels, neutral (NIPAM) monomers are represented in blue, while ionic (AA or initiator) groups in purple. The small
counterions are shown in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

assembled homogeneous microgels and subsequently introduced the
charges into the periphery. The bottom row of Fig. 3 shows a microgel
with the same charge content as the top row, but now homogeneously
assembled (D-F). The charges are again placed only on the surface, as
illustrated in the (E) slice. This microgel exhibits a much more spherical
shape than the previous one and, at high temperatures, collapses into a
more compact structure decorated with a few dangling external chains
bearing the charges (F). This modeling approach yields significantly im-
proved agreement with the SLS experimental data. In fact, using the
nominal molar concentration of crosslinkers and the known amount of
AA, we are able to reproduce the experimental form factors at pH 7 with
near-quantitative accuracy, as shown in Fig. 4A. Unfortunately, due to
the complexity of ionic microgels, our coarse-grained modeling does not
account for pH-dependent charge regulation, as achieved in Monte Carlo
simulations at constant pH [18]. As a result, we have to manually re-
duce the number of charges in the model to reproduce the experimental
observations at the lower pH.

In Fig. 4A, we therefore show a comparison between the model pre-
dictions and the SLS and SAXS experiments conducted at different tem-
peratures and at two different pH values - above and below the pK, of
the ionic microgels. The SAXS and SLS data were found to agree quanti-
tatively over the q range jointly covered by both techniques. The figure
also includes the form factors of the neutral microgels synthesized un-
der the same conditions, albeit without the addition of the charged co-
monomer. Numerically, neutral microgels are modeled using the stan-
dard protocol put forward in Ref. [28], that results in a heterogeneous
network. The effective temperatures « used in the model, which con-
trol the solvent quality of the polymer, are the same for ionic microgels
as those used for the neutral ones, making the model internally consis-
tent. By appropriate adjustment of the charge density, we find excellent
agreement between the experimental data and the model predictions,
validating the accuracy of our approach. In contrast, Fig. S5[27] shows
the results obtained when charges are directly added to the standard,
heterogeneous network, which fails to reproduce the experimental be-

havior. It is also interesting that, if we remove the charges altogether, we
obtain a different structure for neutral (initiator-only) microgels from
the experimental data, since the latter are described by a heterogeneous
crosslinker distribution. Interestingly, there is no way in which we can
reconcile the two numerical approaches: indeed, even if we put only
initiator charges on the homogeneous network, we do not recover the
structure of the heterogeneous network in the absence of charges. This
finding is illustrated in the SI, Fig. S4[27], where the direct comparison
of the form factors in the two cases is reported, showing a clearly dif-
ferent behavior. This implies that the presence of the ionic comonomer
necessarily alters the arrangement of the network during the synthesis,
as further illustrated in Fig. S5[27].

Fig. 4B shows the radial polymer density profiles obtained from nu-
merical simulations of the model, with homogeneous network and pe-
ripheral charges, that better reproduces experimental form factors. The
corresponding spatial distributions of counterions are also shown in the
figure alongside the polymer profiles. At pH 7 and for temperatures be-
low the LCST, the microgel exhibits a low overall polymer density with a
nearly flat core region, followed by gradual decay. This profile reflects a
diffuse core—shell interface and a loosely crosslinked shell, characteristic
of ionic microgels in their swollen state at high pH. Above the LCST, the
density of the polymer increases significantly, indicating a more com-
pact hydrophobic core, whereas overall the profile develops a clear two-
step decay: an initial sharp drop at the core-shell boundary, followed by
amore gradual decline. This feature likely reflects a heterogeneous poly-
mer distribution in the shell, possibly influenced by the extended coun-
terion cloud around the corona, through the Donnan effect. At pH 3.5
and below the LCST, the density profile shows a steeper decay than at
pH 7, indicating a more compact and homogeneous structure due to re-
duced electrostatic repulsion of protonated carboxyl groups. Above the
LCST, the overall density of the polymer remains high, similar to the case
at pH 7. However, the two-step decay becomes less pronounced but still
present, followed by a sharper drop, suggesting that the shell is signifi-
cantly diminished and the core becomes more uniformly dense. In con-
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Fig. 4. Modeling of form factors for ionic microgels at pH 7 and pH 3.5, as well as for neutral microgels with ¢ = 5%. Comparison to scattering results. A) Scattering
data are shown in the top to bottom graphs for T = 293, 303, and 313 K, respectively, and are compared in each case to numerical simulations at various « values.
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by 10 and 30 for pH 7 and 3.5, respectively, while the crosslinkers profiles are multiplied by 10 in all cases, to improve readability of the figure.
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Fig. 5. Swelling ratio from experiments (A) and simulations (B).

trast, the neutral microgel displays a more extended decay in the low-
temperature regime, reflecting a diffuse outer shell and a gradual decline
in polymer density. At higher temperatures, the profile exhibits a single
sharp drop, characteristic of a collapsed, dense core with negligible con-
tribution from an outer shell. These findings clearly indicate that charge
coupling between counterions and the polymer matrix plays a key role
in shaping the internal microgel structure. In addition, we also report in
Fig. 4B the crosslinker density profiles at the lowest temperature. In all
cases, these follow rather closely the profiles of the whole microgel. This
then directly visualizes the difference in the internal structure between
neutral and ionic microgels, even at low pH, stemming from a differ-
ent crosslinker distribution. This seems to be result of the fact that the
fast polymerization kinetics of the crosslinker is somehow balanced by
the accumulation of charged groups in the surface of the microgel, thus
homogenizing the network in the ionic case with respect to the neutral
one. Evidently, this difference cannot be resolved by lowering pH, being
intrinsic of the different synthesis. Importantly these numerical results
await further experimental validation, since the current SLS measure-
ments are limited to a small wavevector range that is also compatible
with the fuzzy sphere model, as shown in Fig. 1. While SAXS data are
presently available only for the pH=3.5 data, where the two-step de-
cay is not completely evident, it would be important to measure these

profiles directly, for example through super-resolution microscopy ex-
periments, in order to visualize the internal arrangement of the charges
and of the whole network [2,3,24].

In Fig. 5, we give an overview of the temperature dependence of the
swelling ratio, derived from experimental and numerical swelling curves
of Ry. The comparison demonstrates that the simulation approach em-
ployed also qualitatively captures these trends for all three types of mi-
crogels. Quantitative discrepancies with the experimental data remain
due to the simplified model assumptions.

4. Conclusion

In conclusion, ionic microgels exhibit enhanced swelling under all
conditions as compared to their neutral counterparts. The most pro-
nounced swelling is observed in deprotonated microgels at pH 7,
and this behavior persists even under poor solvent conditions. Above
the lower critical solution temperature (7;cgr), some dangling chains,
carrying charged hydrophilic groups, still extend from the microgel
body, which explains the observed increase in hydrodynamic radius. The
corresponding radial density profiles reveal clear structural differences
between neutral and ionic microgels. At pH 7 ionic microgels display a
distinct two-step decay: a weakly swollen core and a highly swollen, ex-
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tended charged corona. Simulations are found to qualitatively support
this structural scenario, providing interesting insights on the modifica-
tions taking place during the synthesis process due to the presence of
a large amount of charged groups. Specifically, this leads to the need
of a revision of the existing monomer-resolved modelling, the so-called
in silico synthesis [11,28], when microgels are highly charged. Indeed,
while for neutral microgels, the few initiator molecules are located pref-
erentially on the surface, the simulation protocol needed to capture a
microgel network with the characteristic core-corona structure includes
the use of a phenomenological force on the crosslinkers [16,28]. In-
stead, when a signifcant amount of charged groups is included in the
synthesis, we do not need to add this force, since otherwise the micro-
gels become too heterogeneous, pushed by the long charged external
chains. To mimic the correct experimental situation, it is thus sufficient
to prepare a homogeneous network which is then stretched by the ad-
dition of the charges a posteriori. Hence, we speculate that the presence
of many charged groups on the surface of the microgels competes with
the tendency of the crosslinkers to accumulate in the core region, giv-
ing rise to an overall more homogeneous distribution of the crosslinkers
throughout the microgels that cannot be recovered even lowering pH for
ionic microgels with respect to neutral ones. Such different spatial dis-
tribution of the crosslinker with respect to the neutral microgels arises
indirectly from the difference in polymerization rate between AA and
NIPAm, as reported by Hoare and Pelton [57].

The robustness of these results is evidenced by the lack of agreement
of the form factors evolution with temperature for microgels prepared
without acrylic acid (neutral) and in the presence of 7.5% acrylic acid
at low pH (visible in Fig. 1 for experiments and in Fig. S3[27] for sim-
ulations). In the future, these findings will need to be further extended
by systematically varying the nominal amount of acrylic acid in order
to determine the best protocol in the moderate presence of charges. In
addition, similar experiments will need to be carried out for different
amounts of crosslinkers within the synthesis, in order to validate and/or
generalize the present results([27,38,40,41,47]). This will be the subject
of future work.
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