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Thermoresponsive microgels are one of the most investigated class of soft colloids, thanks to their ability to undergo
a Volume Phase Transition (VPT) close to ambient temperature. However, this fundamental phenomenon still lacks
a detailed microscopic understanding, particularly regarding the presence and the role of charges in the deswelling
process. Here we fill this gap by combining experiments and simulations to show that the microgel collapse does
not happen in a homogeneous fashion, but through a two-step mechanism, entirely attributable to electrostatic effects.
The signature of this phenomenon is the emergence of a minimum in the ratio between gyration and hydrodynamic
radii at the VPT. Thanks to simulations of several microgels with different cross-linker concentrations, charge contents
and charge distributions, we build a unifying master-curve able to predict the two-step deswelling. Our results have
direct relevance on fundamental soft condensed matter science and on microgel applications ranging from materials to

biomedical technologies.

PACS numbers: 82.20.Wt 61.25.Hq

INTRODUCTION

Responsive particles have recently captured the interest of
scientists working under many diverse fields'™. Indeed, their
ability to adapt to the environmental conditions has enormous
advantages for potential applications from biochemistry to
nanomedicine®3, but also as smart sensors for various ana-
lytes®~!1. The versatility of these soft objects lies in the mani-
fold routes in which the chemical components can be synthe-
sized and in the transfer of the single-particle properties to the
mesoscopic and macroscopic level.

In particular, most of these responsive particles are macro-
molecular colloids, whose inner structure relies on a poly-
meric system which controls the behavior at the colloidal
scale. The prototypical example, that is most actively stud-
ied in the literature nowadays, is that of microgel particles,
i.e. colloidal-scale realizations of a crosslinked polymer net-
work!>13. In their most elementary version, these microgels
are composed by a single monomeric component. Among all
possible polymers, Poly(N-isopropylacrylamide) (pNIPAM)
is thermoresponsive and undergoes a solubility transition from
good to bad solvent conditions at a temperature 7, ~ 32°C.
The counterpart of this phenomenon for pNIPAM microgels
is called Volume Phase Transition (VPT), by which particles
are able to reversibly swell and de-swell across T¢.

Microgels can be routinely synthesized in a wide range of
sizes roughly going from 50 nm to 100 pm in diameter, reason
for which they are applicable to a variety of purposes and can
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be investigated with different experimental techniques, from
neutron'# and x-ray scattering!> up to optical methods and mi-
crofluidics'®. In addition, their complex internal structure and
collective behaviour, involving particle deformation and in-
terpenetration, can nowadays be resolved with single-particle
detail thanks to recent advancements in super-resolution mi-
croscopy!’20. The possibility to be studied with these fasci-
nating tools make them also one of the favorite model systems
for fundamental science both in bulk suspensions'>?! and ad-
sorbed at interfaces?>~23.

For all the above reasons, it is legitimate to say that the vol-
ume phase transition occurring in pNIPAM microgels is one
of the most studied phenomena in soft condensed matter. De-
spite the huge amount of experimental and theoretical work
on this topic, that is witnessed by the large number of recent
reviews20=33, there are still fundamental aspects of the VPT
that remain poorly understood. In particular, pPNIPAM micro-
gels are often treated as neutral systems, since electrostatic
interactions are usually thought not to play an important role
in their behaviour, apart from the stabilization against aggre-
gation given to the suspension. However, the typical batch
synthesis procedure of pNIPAM microgels usually includes
charged compounds, in particular those from the initiators of
the polymerisation process. While their presence may be ef-
fectively neglected or screened out by the addition of salt!?,
there are recent works that pointed out a relevant effect of pe-
ripheral charges in concentrated suspensions®*. At present,
the influence of these charges on the VPT has not been clari-
fied yet.

One of the reasons for which these aspects have not been
investigated so far may be the lack of detailed numerical sim-
ulations able to treat a single microgel in a realistic way.
To address these gaps, we recently developed a computa-



tional method>” to assemble disordered networks with desired
crosslinker concentration and a core-corona structure that
closely reproduces experimental behaviour'>3. After impos-
ing the correct internal structure, we extended our method to
properly include the presence of charged monomers with ex-
plicit counterions®’, again validating our results in the pres-
ence of explicit solvent and comparing with available ex-
periments38. For these reasons, we are now in the condi-
tion to carefully assess the effect of initiator charges on the
deswelling mechanism of pNIPAM microgels across the VPT.

By combining simulations with static and dynamic light
scattering experiments, here we show that the presence of
these charges strongly affects, from a qualitative point of view,
the deswelling transition, inducing an inhomogeneous two-
step collapse of the microgels with increasing temperature.
This is due to the different solvophobicity of pNIPAM and
charged groups, respectively, which manifests in the emer-
gence of a minimum in the ratio between the gyration R, and
hydrodynamic Ry radii at the VPT. First of all, we show that
such a minimum is absent for neutral microgels. Second, we
analyse in detail the role of the charge distribution throughout
the microgel network. In this way, we provide evidence that
the initiator groups are preferentially located on the surface
of the microgels, as previously hypothesized®*, but never di-
rectly proven so far. In order to be able to predict the onset
of the two-step deswelling, we further study different com-
binations of degree of crosslinking, microgel size and charge
distribution, establishing clear trends in the occurrence of the
minimum in R, /Ry with increasing charge content and de-
creasing crosslinker concentration. Notably, we finally obtain
a master-curve for the observed minimum for all simulated
microgels when we plot it as a function of the average charge
content per chain on the microgel surface, which turns out to
be the simplest indicator of the presence of the two-step col-
lapse.

Our work sheds light on the fundamental electrostatic inter-
actions influencing microgel deswelling, which are crucial to
correctly describe their assembly and collective behaviour at
high temperatures. In addition, it opens up the possibility to a
priori design microgels with desired characteristics and tun-
able onset of two-step deswelling, which could be exploited
to enhance or adjust the potential applications of microgels as
smart micro-objects.

RESULTS
Experimental results: swelling curves and R;/Ry

The ratio between gyration and hydrodynamic radii is a rel-
evant quantity in polymer science, widely used as a shape in-
dex**!. These two lengths differently characterize the aver-
age polymer distribution inside the macromolecular volume.
While R, is the radius obtained from the standard deviation of
the mass distribution around the centre of mass, Ry is an ef-
fective size extracted from the self-diffusion coefficient D of
the particle. For hard spheres (HS) moving in an ideal contin-

uous solvent, considering a uniform distribution of the mass
within the particle, a value of R, /Ry ~ 0.77 is found*?. For
pNIPAM microgels obtained through radical polymerisation,
this quantity at low T is usually smaller than the HS value*?,
since particles consist of a denser core with a density profile
gradually fading into the corona. The latter is characterized
by the presence of long external chains, the so-called dangling
ends, that eventually manifest in an increase of the measured
Ry, because of their contribution to the drag, but would not
affect the value of Rg44. At high temperatures, instead, where
microgels are completely collapsed, the ratio should tend to
the homogeneous HS limit. Since these two lengths carry
complementary information, it is instructive to compare their
behaviour for microgels across the VPT, in particular to cap-
ture the occurrence of internal inhomogeneities of the macro-
molecular structure upon collapse.

We start by showing experimental results for the size vari-
ation of microgels in Fig. 1, where both R, (a) and Ry (b)
are reported as a function of temperature 7 for the different
microgel suspensions investigated in this work. We consider
pNIPAM microgels synthesized with a fixed amount of potas-
sium persulfide (KPS), which brings into the network a neg-
ative charge for each radical unit used in the polymerisation
reaction. We use a reference sample (i) with a molar frac-
tion of KPS equal to Ixps = 1.6% and a crosslinker concen-
tration ¢ = 5.25%, in surfactant free conditions, while varying
crosslinker content, initiator content and type respectively for
three other samples, to systematically assess the effect of each
aspect. Namely, we also investigate: (ii) Ixps = 1.6% and
¢ = 1.37% (with added surfactant, see Methods), primarily to
assess the role of crosslinker; (iii) Igps=8.0% and ¢ = 5.25%
to evaluate the role of the amount of initiator; (iv) microgels
where ammonium persulfide (APS) instead of KPS, is used as
initiatior, giving the same charge to the polymer network and
differing only on the counterion species (NH;" versus K*). For
the latter case, the amount of initiator and crosslinker are the
same as in the reference sample (Iaps = 1.6%, ¢ = 5.25%).

We observe in Fig. 1(a) that both ¢ = 5.25% samples with
initiator amount of 1.6% have a comparable gyration radius,
of roughly 150 nm. Instead, the sample with enhanced KPS
amount has a much larger gyration radius (~ 250 nm). Con-
cerning the hydrodynamic radius, we find that all three sam-
ples with ¢=5.25% are found to have a comparable size, close
to 300 nm, and a similar swelling ratio roughly equal to 2.
We notice as well that microgels with c=1.37% are sensibly
smaller, due to the addition of surfactant, and display a larger
swelling ratio, as expected for loosely crosslinked microgels.
From the swelling curves, we estimate the VPT temperature T,
using a phenomenological function, as described in the Sup-
plementary Material (SM). First, we find that the VPT tem-
perature associated to R, depends on the amount of initiator,
since T, ~ 31°C for Ixps aps = 1.6%, while it is ~ 2°C higher
for Ixps = 8%. This result can be rationalized by consider-
ing the electric charge brought by initiator molecules. Indeed,
in agreement with previous studies on charged microgels®%+>,
a shift of 7, to higher values is found when the amount of
charges increases. Second, we observe that, for all studied
samples, the VPT transition is encountered at a lower tem-
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FIG. 1. Swelling curves and R, /Ry from experiments. (a) Gyration radius R,, (b) hydrodynamic radius Ry and (c) ratio between gyration
and hydrodynamic radius R, /Ry as a function of temperature. Symbols are experimental data, while lines are guides to the eye. The dashed
line in panel (c) indicates the HS value for R, /Ry. For the sake of clarity we do not report error bars. The values of R,, and by consequence
Rg /Ry, are affected by a relative error not exceeding the 30% of the best-fit values for the swollen microgels synthesized in absence of
surfactant, while the uncertainty is less than 10% for collapsed microgels and for the smallest microgels in the entire temperature range

investigated here (see Methods).

perature, by ~ 1.0°C, for R, with respect to Ry. This could
be tentatively interpreted in terms of the presence of charged
molecules preferentially within the surface of the network, as
previously hypothesized*®, an aspect that will be further ana-
lyzed later.

Fig. 1(c) shows Ry /Ry as a function of T for all samples.
At low temperatures, all studied microgels display a lower
ratio with respect to the HS limit, indicating a less homo-
geneous mass distribution. We observe a higher value for
R, /Ry both for loosely crosslinked microgels (c=1.37%) and
for those that carry a high amount of charges (Ixps = 8%). The
fact that in the former case the particles have a more compact
shape, as suggested by the value of R;/Rpy at low T, may be
caused by the presence of surfactants. Instead, for the lat-
ter case the larger number of chain ends (constituted by the
initiator molecules) may result in shorter chains, which, com-
bined with the small crosslinking effect of KPS*’, may lead
to higher monomers density in the corona, thus giving rise to
more homogeneous particles. However, for large 7', microgels
become compact and all curves tend to converge toward the
homogeneous HS value. Although experimental uncertain-
ties prevent us from drawing conclusions on the specific val-
ues and trends observed for the different samples, we clearly
identify that all samples display a minimum in R, /Ry close to
the VPT temperature estimated from the hydrodynamic radius
(see Table S1). In particular, the three microgels with the same
initiator amount display a minimum close to 7. ~ 32°C, which
is instead found at a slightly larger temperature for microgels
with Ixps = 8%. Interestingly, in this case, the minimum is
rather shallow, as opposed to those of the other samples where
it is more pronounced.

The presence of a minimum in R,/Ry has been previ-
ously observed in a few experimental studies*®*°, including

one from some of the present authors® for large and loosely
crosslinked microgels. Most of these previous studies re-

ported only a few data points around the VPT, so that the pres-
ence of the minimum was hinted, but not totally evident. In
the present work, the fine resolution in temperature allows us
to unambiguously observe the minimum for all samples. Such
a minimum in Ry /Ry can be interpreted in terms of a non-
uniform collapse of the microgels, that could be intuitively at-
tributed to the underlying inhomogeneous core-corona struc-
ture of the microgels. However, an alternative explanation
could be found in the role played by the initiator charged
groups on the deswelling behaviour>*°. In particular, argu-
ments in favour of a specific distribution of these charges have
been put forward*®312 suggesting that during polymerisa-
tion, the charged groups try to minimize their mutual electro-
static repulsion by remaining far from each other, thus being
located mostly at the periphery rather than in the core of the
microgels. However, no direct evidence for the location and
the arrangement of these groups has been provided so far. This
hypothesis certainly needs further investigation, as discussed
in the following sections.

Numerical results: unveiling the role of charges

To provide a microscopic understanding of this issue, we
rely on numerical simulations. We focus on microgels that
closely match the experimental ones, by imposing very simi-
lar crosslinking contents, namely c=1.25% and 5%. We com-
pare the case of perfectly neutral microgels with charged ones,
having the same charged monomers fraction (f = 3.2%) as
the initiator groups in experimental systems. For this specific
value of f, we also vary the charge distribution by consider-
ing a random arrangement of the charges either throughout the
network, hereafter named random charge distribution, or only
onto surface chains (see Methods), that we refer to as surface
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FIG. 2. Swelling curves and R, /Ry from simulations. (a) Gyration radius Rg, (b) hydrodynamic radius Ry and (c) ratio between gyra-
tion and hydrodynamic radius R, /Ry as a function of the solvophobic parameter o for microgels with N ~ 42K monomers at comparable
crosslinker concentrations used in experiments, ¢ = 1.25% (open symbols) and ¢ = 5.0% (closed symbols). Data refer to neutral microgels
(f =0, triangles) and to charged microgels with f = 0.032, corresponding to the initiator amount in experiments, but with two different charge
distributions: random (circles) and surface (squares), as described in the text. The horizontal dashed line indicates the corresponding HS value.

charge distribution. In this way, we are able to assess how the
deswelling behaviour is affected by the charge arrangement
upon increasing temperature.

Our modelling is based on a coarse-grained representation
of a disordered microgel network with a realistic core-corona
distribution, that is able to faithfully reproduce experimental
form factors across the VPT!3. In the presence of charges,
our treatment explicitly includes the presence of counterions,
as these turn out to be crucial to provide a proper description
of the local inhomogeneities arising in the network’’. In ad-
dition, charged monomers do not change their affinity to the
solvent as we vary the temperature in order to properly cap-
ture the experimental situation3®. A detailed description of the
model is provided in Methods.

Numerical results for the radius of gyration R, of the micro-
gels are reported in Fig. 2(a) as a function of the solvophobic
parameter ¢, which plays the role of an effective temperature
in simulations. As expected, the gyration radius is found to
be mostly influenced by the crosslinker concentration, with
R, being much larger for ¢ = 1.25% than for ¢ = 5%. On
the other hand, the presence of charges has a small effect on
the gyration radius, which increases only slightly with f. No-
tably, the effect of charge arrangement within the network is
almost absent, being R, very similar for random and surface
distributions.

The estimates of the hydrodynamic radius for the in silico
microgels, as defined in Methods, are reported in Fig. 2(b)
as a function of the solvophobic parameter ¢, displaying a
behaviour that looks rather similar to that of R;. An important
difference, however, arises when comparing the two different
charge distributions. Indeed, we find a significant increase of
Ry in the presence of a surface charge distribution compared
to the case with random charges due to the accumulation of
charges in the corona of the microgel which keeps the latter
much more expanded.

Having calculated both gyration and hydrodynamic radii, it

is now possible to examine the ratio Ry/Ry also in simula-
tions. This is shown in Fig. 2(c) as a function of «. First of
all, we notice that our numerical definition of Ry allows us to
obtain estimates for the ratio R, /Ry that are, within statistical
uncertainties, in reasonable agreement with experimental ones
and that correctly tend to the HS value at large « in all cases.
While we observe the emergence of a minimum in R, /Ry un-
der specific conditions of charge content f and charge distri-
bution, it is important to highlight that such a minimum is to-
tally absent for perfectly neutral microgels, independently of
the value of c. This result allows us to unambiguously exclude
that the appearance of the minimum stems from the underly-
ing core-corona topology of the microgels. Rather, it turns
out to be related to the presence of the initiator charges, which
therefore plays an explicit role in the VPT of pNIPAM mi-
crogels. Such a role, not often recognized in the literature
up to now, appears to be important to properly capture the
internal modifications of the microgels upon collapse. This
is also confirmed by electrophoretic mobility measurements
across the VPT for a subset of the samples investigated in this
work, as reported in Fig. S1 and also previously discussed in
Refs. 033,

By examining in more detail the specific features of the mi-
crogel for which a minimum in R, /Ry is present, we find that,
for both studied values of ¢, microgels with charges arranged
on the surface display a very pronounced minimum that oc-
curs roughly at the VPT in agreement with experimental find-
ings. Instead, for randomly located charges, the presence of
a minimum is evident only for c=1.25%, while it is absent
for ¢ = 5.0%. Since a minimum is observed for all samples
in experiments, this suggests that initiator charges are not ran-
domly spread throughout the network, but rather they are pref-
erentially located close to the microgel surface.
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FIG. 3.

Local swelling curves. Normalized volume for the three different regions, defined as V;(¢t)/V;(0) where V; refers to the volume

of the ith region, labeled as i =I, II, III for core, inner and outer corona regions, respectively. Panels in the top row refer to microgels with
¢ = 1.25% and different charge realizations: (a) neutral (f = 0), (b) surface charge distribution (f = 3.2%) and (c) random charge distribution
(f =3.2%). Panels in the bottom row refer to microgels with ¢ = 5.0% and different charge realizations: (d) neutral (f = 0), (e) surface charge
distribution (f = 3.2%) and (f) random charge distribution (f = 3.2%). Black lines are obtained from evaluating the volume ratio of spherical
regions corresponding to the gyration radius (dotted line) and to the hydrodynamic radius (dashed lines).

Microscopic origin of the two-step collapse

In order to unveil the microscopic mechanism that gives
rise to the presence of a minimum in R, /Ry, we analyse the
microgels by selecting different regions within their volume
and calculating their relative swelling in a so-called “local
swelling” approach. In order to define the internal regions,
we fix the number of particles within each region and assign
them on the basis of their distance from the centre of mass. In
this way, upon varying o, we monitor the true volume varia-
tion of a given portion of the microgel. The three regions are
defined as follows: (region I) the core region roughly having
the same volume as a sphere of radius equal to the gyration
radius; (region II) the inner corona region, corresponding to
an intermediate shell, whose volume —together with that of
the core— roughly coincides with that delimited by the hydro-
dynamic radius, and (region III) the outer corona shell. More
details on the choices of the three regions are given in Meth-
ods and in the SM (see Fig. S2).

We start by discussing the behaviour of the neutral micro-
gel. For both values of the examined crosslinked concen-
trations, reported in Fig. 3(a) and (d), we observe that the
deswelling transition, monitored by the volume change of
each region, occurs roughly at the same value of the solvo-
phobic parameter for all regions. These results indicate that
a purely neutral microgel deswells in a homogeneous fash-
ion, independently on the internal structure and thus on its
intrinsic core-corona topology. This is due to the fact that all
monomers experience the same affinity to the solvent, which
induces a simultaneous collapse of the whole particle. No dif-
ference is observed between the two values of ¢, except for a
more pronounced swelling ratio for the less crosslinked mi-
crogels, as expected.

We now turn to the surface-charged microgel with f =
3.2%, whose local swelling behaviour is reported in Fig. 3(b)
and (e). In this case, it is evident that the collapse of the three
regions does not occur simultaneously, with the core (region
I) showing a deswelling transition which takes place at a sen-
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FIG. 4. Snapshots of randomly charged microgels across the VPT illustrating the local swelling Simulation snapshots for randomly-
charged microgel (f = 3.2%) with two values of crosslinker concentration ¢ for different values of the swelling parameter & from the swollen
to the collapsed state. From left to right, for c = 1.25%, oc = 0,0.48,0.74,0.90, 1.20, while for ¢ = 5%, a = 0,0.48,0.74,0.80, 1.20. Monomers
are colored according to the region they belong to: cyan indicate the core region, blue the inner corona region and purple the outer corona

region. All snapshots refer to equilibrium states.

sibly lower value of o with respect to the outer corona (region
II). In addition, a clear difference is now present for the two
values of ¢ regarding the inner corona region (region II): while
its collapse is approximately the same as that of the core for
¢ = 5% (panel e), a clear delay in « is present for the less
crosslinked microgel (panel b). In the latter case, a clear se-
quence of inflection points is found when going from the inner
to the outer region. Similarly to the neutral case, we still ob-
serve that the behaviour of the sphere of radius R, roughly
follows that of the core, while that of radius Ry is very close
to that of the corona region. These results clearly show that
the development of a minimum in the ratio between R, and
Ry, as reported in Fig. 2, can be easily interpreted in terms
of the different collapse behaviour that involves, respectively,
the core and the corona region, the latter intended as a whole.

We thus refer to this phenomenology for simplicity as a
‘two-step’ collapse, although the number of steps may depend
on the level of heterogeneity of the underlying microgel. Its
microscopic origin can thus be traced back to the different
affinity of the charged monomers with respect to the solvent
and to their different electrostatic screening conditions. In-
deed, since charges remain solvophilic at all values of o and
are accumulated in the corona, this provides the microgel with
a heterogeneous collapse mechanism which differentiates the
core (wWhere charges are absent) from the corona (where most
of the charges are located).

While surface-charged microgels unambiguously show a
two-step collapse for both studied c values, the situation is

different for randomly-charged microgels with f = 3.2%, re-
ported in Fig. 3(c) and (f). Indeed, these microgels display
a different behaviour according to the value of ¢: while for
¢ = 1.25% the outer corona is found to undergo a deswelling
transition at a larger value of o with respect to the core, this
is not the case for ¢ = 5%. This is reflected in the occurrence
of a minimum in R, /Ry only for the randomly charged case
with ¢ = 1.25%, while this is absent for ¢ = 5%, as previ-
ously shown in Fig. 2(c). To further confirm that the presence
of the minimum is associated to a non-homogeneous inter-
nal deswelling of the microgels, we report the snapshots of
randomly-charged microgels for the two studied c-values in
Fig. 4. Starting with the ¢ = 1.25% microgel, we clearly see
that long dangling chains remain in rather extended configu-
rations even when the internal portions of the networks have
already collapsed. This is also evident at & values slightly
above the VPT, where both core and inner corona are found in
a compact spherical shape, while the outer chains are still pro-
truding out of the sphere, giving the microgel an anisotropic
global structure. It is instructive to focus on the outer corona
monomers at intermediate values of ¢, where the external
chains are formed by a mixture of collapsed and extended re-
gions, due to the different solvophobic interactions of charged
and neutral monomers, respectively. Although the charge dis-
tribution is random, the large amount of long chains in a low-
crosslinked microgel (see Fig. S3) makes it favourable to have
several charged groups in these regions. This is responsible
for the onset a minimum in R,/Rpy, precisely by the same



09 LB B L B L B L I B L B B [ B B L R L B B
sc=1250 f=1.0% | ac=12500 f=3.2%| se=30%  f=10%| ¢ Ao 003
08 ”C=§"8277° o Se=10% |
o c=5.0% - / Jve= ©-10.02
:: rl ’ =5.0070 =
o 0.7 i 22 3.0% | g
0.6 -0 2e=125%0 019
0.5 B & o
O 4 |(.a). N | L |(b). PP B | L |(?). PP B | e (C.l). I R R R R
70 0.5 1 0 0.5 1 0 0.5 1 0 5 10 15
o [0 (0 f [070]

FIG. 5. Ratio Ry/Ry for randomly-charged microgels as a function of the solvophobic parameter o for (a) f = 1.0%, (b) f = 3.2% and
(¢) f =10% and different values of c. Dashed lines indicate the HS value; (d) Depth of the minimum in R, /Ry, Apin, as a function of f
for different crosslinker concentrations. The swelling curves referring to Ry and Ry for the microgels shown in panels (a-c) are reported in

Fig. S5.

mechanism occurring in surface-charged microgels. However,
such behaviour is not observed for ¢ = 5%, where the larger
amount of crosslinkers strongly limits the chain length in the
corona region, thus inhibiting the mutual influence of charges
on the dangling chains. This is clearly visible in the snapshots
of Fig. 4, illustrating a rather homogenous deswelling for the
¢ = 5% randomly charged microgel at all values of «. Further-
more, we notice that around the VPT the external monomers
approximately fill the whole surface, completely covering the
inner part of the microgel. This is not observed for ¢ = 1.25%
where a large portion of core region is still exposed, signaling
a rather anisotropic collapse. For comparison, correspond-
ing snapshots for surface-charged microgels are reported in
Fig. S4.

On the basis of the above evidence, we are now able to as-
sociate the presence of the minimum in R, /Ry to the two-step
collapse of the microgel, differentiating core and corona be-
haviour. While the underlying topology is not responsible for
the two-step mechanism, it facilitates the onset of the mini-
mum even for randomly-charged microgels at low-crosslinked
concentrations, due to the more heterogeneous nature of the
network under these conditions.

Effect of crosslinker concentration and charge amount on the
minimum in R, /Ry for randomly charged microgels

In the previous subsection we provided evidence that the
presence of charged groups is a necessary condition for the
occurrence of a minimum in R,/Ry, but also that this is
found to depend on the specific charge distribution and on the
crosslinker concentration. While for microgels decorated with
surface charges for f = 3.2%, we observed the minimum for
both studied values of ¢, which can be intuitively understood
in terms of the delayed collapse of charged surface chains, the
situation turned out to be more complex for randomly-charged
microgels. Indeed, in this case, the minimum was found to be
either present or absent upon variation of ¢, as shown in Fig. 2
and explained in Fig. 3. To shed light on this aspect, we now

focus on microgels with random charge distributions and in-
vestigate the effect of varying f as well as ¢. The behaviour
of Ry /Ry as a function of effective temperature « is reported
in Figs. 5(a-c) for a large variety of microgels, with ¢ varying
between 1.25% and 10% and f exploring a range from 1% to
10%.

We observe that, upon decreasing ¢ and leaving f un-
changed, the minimum becomes more and more evident, in
agreement with unpublished experimental results*’. In addi-
tion, Fig. 5 shows that the minimum is more pronounced with
increasing f at the same value of ¢, also shifting to larger and
larger values of . In all cases, the decrease of R, /Ry at
the minimum is also accompanied by its decrease at low ¢,
indicating that the growth of Ry is not compensated by that
of R, under these conditions. At large o most curves tend
to recover the HS value, except for the most charged micro-
gels, that are expected to completely collapse at much larger
effective temperatures, beyond those explored in the present
simulations. This is in agreement with previous studies®*3
that showed a systematic shift of the VPT temperature with
increasing charge content. Indeed, it is important to notice
that the present results could be relevant not only for pNI-
PAM homopolymer microgels, but also for ionic ones, e.g. in
the presence of a co-polymer such as polyacrilic acid, where
charges should be randomly-located throughout the network,
for which a two-step behavior of the R swelling curves>* was
reported at high charge content.

From all data in Fig. 5(a), we can build a plot represent-
ing the depth of the minimum Ay, (defined in Methods) as a
function of charge content, reported in Fig. 5(b), for different
values of ¢, identifying regions in the (¢, f) parameter space
where no minimum is observed (homogeneous deswelling), as
opposed to others where this is present (two-step deswelling).
Clearly, no minimum is found for low ¢ and low f. However,
for very large c, the minimum is also inhibited even for very
large charge content, such as 10%. Indeed, the highest charge
content usually found in experiments is ~ 10 +20%*, be-
ing it hard to reach such values for pure pPNIPAM microgels,
because of the termination effect of the initiator on chains.
The latter, probably causing the shortening of the external
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of the microgel; (b) distribution N(gcp,) of the number of charges per chain (gcp,) for surface and randomly charged microgels.

chains, could be also the reason for which the most charged
experimental sample analysed (Igps = 8.0%) shows a more
compact structure at low temperatures (see Fig. 1(c)), while
in simulations R, /Ry decreases by increasing f. At the same
time, we correctly observe for this sample that the minimum
broadens by increasing charge content, as observed in simula-
tions. Finally, the results in Fig. 5 allow us to exclude the pres-
ence of a minimum in R, /Ry for highly cross-linked charged
microgels. It would be interesting to test these predictions in
experiments, for which, to our knowledge, no data for R, /Ry
are yet available for ionic microgels.

Varying the charge distribution

We have previously shown that the minimum also arises in
randomly-charged microgels above a certain charge fraction
for each considered c¢. This indicates that a fundamental role
is played by charges located on the corona, where the screen-
ing action of counterions is lower than in the core of the par-
ticles. Moreover, the dependence of the minimum on ¢ could
be interpreted as a sign of the fact that the average length of
polymer chains, being determined by c¢ for a fixed number of
monomers, plays its own role, too. Intuitively, we expect that
on the surface, where chains interact less among each other
with respect to the core, charge correlations along the same
chain would act against chain collapse, resulting in the ob-
served retarded deswelling. This viewpoint could suggest that
if only one (uncorrelated) charge per chain was present, a min-
imum will not be observed even in surface-charged microgels.

With this picture in mind, we now aim to determine and possi-
bly quantify whether a minimum amount of charges per chain
exists for the onset of the minimum in R, /Rp.

To test the validity of these assumptions, we perform ad-
ditional simulations for the ¢ = 5% microgel with surface
charges in which we vary ad hoc the charge distribution.
While in Fig. 2 we focused on a surface charge distribution
in which the charges are located at random on the surface
monomers, we now analyse the swelling behaviour of micro-
gels where charges are still located on the surface but with the
additional constraint that a fixed number of charges per (sur-
face) chain should be present, varying this number from one
to three.

The behaviour of R,/Ry for these cases is reported in
Fig. 6(a). We clearly find confirmation that there is no min-
imum when only one charge per chain is present, even if
they are all located on the surface (as shown by the charged
monomers radial distributions in Fig. S6). A tiny mini-
mum starts to appear when two charges per surface chain are
present and finally a well-defined minimum occurs for three
charges per chain. The systematic increase of the number of
charges per surface chain makes the behaviour of R, /Ry more
and more similar to the originally considered case of surface
charges that are randomly distributed throughout the corona,
thus mimicking the experimental situation of pNIPAM with
a given amount of initiator arranged on the outer part of the
microgel surface in a disordered fashion. Not only the mini-
mum becomes more pronounced, but its position also moves
towards larger effective temperatures.

These trends are confirmed by increasing the charge con-
tent to f = 10%, also shown in Fig. 6(a), for which we do
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FIG. 7. Snapshots highlighting charged beads. Simulation snapshots representing slices of microgels with f = 3.2% and ¢ = 5% with ran-
dom (top row) and surface (bottom row) charge distribution referring to different values of the swelling parameter o = 0,0.48,0.74,0.80, 1.20
from the swollen to the collapsed state (from left to right). Charges belonging to the same chain are shown with the same color and enhanced

size, to improve their visualisation, while uncharged monomers are grey.

not observe a total collapse of the microgel at high o (see
Fig. S7), but still we find a rather deep miminum for ¢ ~ 1.0.
Such a minimum appears to be wider with respect to that oc-
curring at low f values, but the total hindering of the collapse
indicates that probably such surface-charged microgel is not
realizable in the experiments, given the high charge content.
Hence, in addition, we analysed mixed charge distributions
with f = 10%, where different amount of charges were lo-
cated at random and on the surface, respectively, also reported
in Fig. 6(a). These systems display an intermediate behaviour
between the random and the surface charged ones.

It is important to notice that, in the case of standard surface
charge distribution with f = 3.2% discussed above, the av-
erage charge per surface chain is roughly equal to ~ —1.4¢*
only. However, the minimum is much more pronounced in
this case than when the charge is set to be —3¢*. In this case,
the variance of the number of charges per chain is not neg-
ligible, as displayed in Fig. 6(b). In this plot, we report the
distribution of the number of charges per chain for random
and surface charges with varying ¢ and f, showing that all
curves referring to microgels not displaying the two-step col-
lapse are rather well-described by a single exponential decay,
while those with a well-developed minimum reveal the onset
of a tail in the distribution. This suggests the development of
a characteristic correlation between charges on long chains,
which makes the heterogeneous deswelling mechanism much
more efficient. The standard deviation of the distribution of
charges per chain is further enhanced at ¢ = 1.25%, due to the
underlying network topology, making the minimum in R, /Ry
always more pronounced for low-crosslinked microgels than

for the corresponding ones at higher c.

To visualize what happens at the level of single chains, we
show in Fig. 7 the snapshots of a slice of a microgel for dif-
ferent values of a. In particular, we compare random and
surface charge distributions with f = 3.2% and ¢ = 5.0%,
and we draw with the same color charges belonging to the
same chain. In this way, we aim to visualize the presence
of multiple charges per chain and how the deswelling pro-
cess is affected. We see that for randomly-charged micro-
gels the charged chains, despite a few isolated cases, play a
minor role in the overall collapse of the network, probably
because they are rare and pulled by the neighboring neutral
monomers towards the collapsed network with increasing .
Instead, for surface charged microgels, there are many more
charged chains, each in turn with several charged monomers
which prevent the chains from a full collapse. These micro-
gels are thus found to maintain an extended conformation up
to large values of «, even beyond the VPT. Hence, prior to
the final collapse at very large «, the microgel clearly looks
like an inner compact sphere decorated by many non-compact
chains (see, for instance, Fig. 7(s.IV)).

Predicting the two-step collapse: a simple indicator

To take full advantage of the predictive ability of the sim-
ulations, we are now in the position to establish an indicator
that may be useful in predicting the appearance of the min-
imum in R,/Ry. Since we demonstrated that the two-step
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FIG. 8. Prediction of two-step collapse. Depth of the minimum A;, as a function of the average charge of the surface chains, considering
(a) bare {gch)out or (b) effective charge <q§£f>out. The choice of the latter gives rise to a master plot that is followed by all simulated charged
microgels, independently of crosslinker concentration, charge content and charge distribution. Lines are guides to the eye.

collapse is due to the explicit presence of charged groups in
the microgels and preferentially to their arrangement on the
microgel corona, we propose to identify the average num-
ber of charges per chain on the microgel surface, defined as
(gch)out as the observable that controls the onset and the de-
velopment of the minimum. To verify that this is the case,
we plot the dependence of the minimum depth Ap, as a func-
tion of (gch)our in Fig. 8(a). We find that microgels with the
same charge distribution, either surface or random, indepen-
dently of their values of ¢ and f, display characteristic be-
haviours that are roughly monotonic in {gch)out, €xcept when
this is very large in the case of randomly charged microgels
(see below). We also notice that no minimum is observed
when (gch)out < 1, meaning that on average more than one
charge per surface chain is needed in order to develop the on-
set of the two-step collapse. Then, as (gch)out increases, the
depth of the minimum gets more and more pronounced both
for surface-charged microgels and for those where we impose
a fixed number of charges per chain. A similar behaviour is
observed for microgels with random charges at low f con-
tent, and thus low (gcp)ou. However, when this increases, we
find first a sudden growth of Apni,, which even exceeds that
of surface-charged microgels at the same (gch)out, followed
by a drastic reduction and a highly non-monotonic behaviour,
calling for a further refining of the chosen indicator.

To this aim, we exploit the explicit charge treatment in our
simulations and consider the screening effect of the counteri-
ons, so that rather than the bare charge, we consider an ef-
fective charge per surface chain (qgmom (see Methods and
Fig. S10). Therefore, in Fig. 8(b) we plot the minimum depth
Amin as a function of (qgg)out. Remarkably, a master plot is
found where data for all simulated microgels (24 different sys-

tems in total) fall on the same curve manifesting the same be-
haviour. We notice that a couple of points are found to slightly
deviate from the master curve, which may well be attributed
to the statistical uncertainty of our calculations, which are car-
ried out for a single topology and charge realization for each
microgel. However, it is noteworthy that the use of the effec-
tive charge is able to completely remove the non-monotonicity
of the data for randomly charged microgels as a function of
bare charge, indicating the correctness of our procedure at
least on a qualitative basis. In this respect, we remark that
this is due to the fact that screening effects are much more ef-
fective for random rather than for surface charged microgels,
which can be intuitively understood in terms of an overall re-
duced electrostatic repulsion experienced by the counterions
when charges are distributed throughout the entire network,
thus facilitating the microgel collapse.

DISCUSSION

In this work, we thoroughly investigated the swelling be-
haviour of microgels across the VPT upon varying crosslinker
concentration and charge distribution. The study was moti-
vated by experimental measurements of gyration and hydro-
dynamic radii that showed the appearance of a characteris-
tic minimum in the ratio R, /Ry at a temperature close to the
VPT one. Such a minimum indicates that a different rate of
collapse with increasing temperature takes place between the
inner mass of the microgel, quantified in size by the gyration
radius, and its outer mass, associated to the hydrodynamic ra-
dius. A similar evidence was also reported in few previous
works*84% but its microscopic origin was not investigated in



detail so far. The new measurements reported in this paper for
four different samples unambiguously reveal the presence of
such a minimum. In a previous experimental work by some of
us>’, the minimum was tentatively associated to the presence
of initiator charges, manifesting their effect under collapsed
conditions even for simple pNIPAM microgels. This conjec-
ture was supported by electrophoretic mobility measurements
also displaying a rapid increase of the signal for temperatures
above the VPT, thus providing evidence that, in the high tem-
perature regime, pNIPAM microgels have to be considered
as charged micro-objects**>33%, However, a legitimate doubt
concerned whether the minimum in Rg,/Ry would be solely
due to charges or could be attributed to other ingredients, such
as the inhomogeneous core-corona topology of pNIPAM mi-
crogels synthesized by precipitation polymerisation methods.
For these reasons, the primary purpose of the present work
was to correctly assess the role of charges on the occurrence
of the minimum.

We thus performed an extensive set of simulations for sev-
eral realistic microgels, with different crosslinker concentra-
tion, charge content and distribution. First of all, we found
that the minimum does not occur for purely neutral microgels,
even for very low cross-linked concentrations (like ¢ = 1.25%,
the lowest value investigated in this work), where the inho-
mogeneous internal structure of the microgels is enhanced.
Hence, we can safely exclude that the two-step collapse is as-
sociated to the topology, whereas it must be attributed to ad-
ditional interactions emerging at the VPT which modify the
homogeneous deswelling that would take place in a perfectly
neutral microgel. Incidentally, it is important to notice that,
to our knowledge, it is currently not possible to synthesize
strictly uncharged microgels made of pNIPAM, the only ex-
ample being for microgels made of (non-thermoresponsive)
polystyrene®’, thus preventing confirmation of the present
numerical predictions. Alternatively, experiments could be
performed in the presence of added salt that would screen
electrostatic interactions®, though at the same time favoring
microgel-microgel aggregation at high temperatures.

The additional mechanism giving rise to the two-step
deswelling is thus attributed to electrostatic effects. In par-
ticular, charged initiator groups present within the network
interact with the solvent in a different way with respect to NI-
PAM monomers as temperature increases, since they always
maintain a solvophilic character, thus acting against collapse.
When the amount of initiator is very low as in common syn-
thesis procedures, these effects can be very subtle and may
well depend on the location of these charges. Therefore, it is
important to discriminate between random location of charges
throughout the network and surface arrangement at the periph-
ery of the corona. Indeed, the latter case seems to be appropri-
ate to model charged initiators which start the polymerisation
process and then possibly remain confined in the outer part of
the microgel to minimize mutual electrostatic interactions. In
this way, being localized on the surface, upon particle collapse
the charged groups would start to strongly feel a mutual re-
pulsion, thus influencing more strongly the corona deswelling
as demonstrated in the previous sections. On the other hand,
a random distribution of charges would ‘dilute’ the effect of
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the electrostatic contribution throughout the whole particle in-
cluding the core, unlikely affecting the collapse of the particle
during the VPT. The latter situation would thus be more ap-
propriate to describe co-polymerised pNIPAM microgels, in
the presence of a second component with ionic character such
as PAAc.

The present simulation results clearly show that, for the typ-
ical amounts of initiators used in synthesis of pure pNIPAM
microgels (f = 3.2%) and standard crosslinker concentration
(c=5%), a random distribution of charges does not give rise
to a minimum in R, /Ry, while this is present when charges
are distributed only on the surface. Actually, the minimum for
random charge arrangement only manifests at much higher
f or lower ¢, a numerical prediction that awaits for experi-
mental confirmation. Indeed, no measurements of R, /Ry are
currently available in the literature for ionic microgels and it
would be important to clarify this point in the near future.
Instead, we have shown that microgels with surface charge
distribution are the appropriate model to describe the occur-
rence of the minimum in pNIPAM microgels, in agreement
with experimental measurements and with previous hypothe-
§ig#6:52.58

Another important point to be addressed in the future is
to systematically vary the amount of initiator as well as the
crosslinker concentration. The former parameter is relatively
unexplored and it will be interesting to see to which extent
it can be exploited, given that too large amount of initiator
could give rise to synthesis by-products that would not neces-
sarily be part of the microgel network. In addition, it could be
possible that above some threshold, the charges would start to
penetrate in the interior of the microgel giving rise to ‘mixed’
surface-random distribution, as discussed in Ref.’!. Indeed,
looking at the experimental behavior for Ixps=8% (Fig. 1),
we observe that this sample displays larger values of Ry /Ry
at low temperatures and a shallower minimum at the VPT, in
qualitative agreement with the effect of mixed charge distri-
butions shown for the numerical data in Fig. 6. These findings
seem to suggest that increasing the initiator molar fraction in
the synthesis does not simply give rise to an augmented charge
distribution peaked at the microgel periphery, but presumably
homogenizes the initiator (and possibly the mass) distribution
radially within the microgel. That said, a systematic experi-
mental study of microgels with large differences of initiator
fraction is needed to further substantiate this conjecture. Con-
cerning the crosslinker concentration, we expect that for low
¢ values microgels possess an extended corona with long dan-
gling chains decorated with charged initiators, favoring the
onset of a more pronounced minimum in R, /Rg. On the con-
trary, for larger and larger c, it is likely that charged groups
will permeate the inner structure, giving rise to mixed distri-
butions for which the depth of the minimum could saturate and
tend towards the behaviour observed for randomly charged (or
ionic) microgels.

The numerical results of the present work will provide a
framework to interpret data thanks to the master curve re-
ported in Fig. 8, where we have been able to rationalize the
behaviour of R, /Ry for all different microgels within a single
description. This was possible thanks to the use of a proper



indicator that is able to quantify the two-step deswelling pro-
cess, i.e. the screened average charge per surface chain
(¢eh)oue- Unfortunately, at present, it appears difficult to es-
timate such an effective charge in experiments. However, it is
important to notice that in experimental realizations of pNI-
PAM microgels, the charged initiator molecule should be pre-
dominantly found at a chain end, since a NIPAM monomer
can in general form only one additional bond, after it is bound
to the initiator. Nevertheless, at first sight our numerical find-
ings, indicating that multiple charges per chain are needed in
order to reproduce a two-step collapse, could seem not to be
fully compatible with experiments, where chains carry at most
one charge. To reconcile the two, a possible explanation could
be based on the fact that crosslinkers and initiators are more
chemically reactive than NIPAM>, hence in the first stages
of the synthesis one or two very short chains, each with a
monovalent charge, could bind to a crosslinker, which in turn
could be successively incorporated in a longer chain, effec-
tively having more than one charged unit. Also, the difference
in the reaction rates of the compounds may lead to a cluster-
ing of charges resulting in inhomogeneous distributions. In-
deed, charge correlations among neighbour chains would have
a similar effect on the swelling behavior as multiple charges
per chain, giving rise to so-called nano-domains, which were
experimentally observed to act against deswelling in recent
high-speed Atomic Force Microscopy measurements®®, but
not directly related to charged groups. In this respect, fu-
ture works aimed to assess in a more quantitative way the
distribution and local arrangement of charges should be ac-
tively performed. In particular, super-resolution or confocal
microscopy experiments®! could be helpful when combined
with selective labeling of the surface or even of the initia-
tors, as well as studies where the average bare charge and
screening electrostatic conditions of the polymer chains would
be systematically varied, as recently done in Ref.®?. Finally,
also neutron scattering measurements, where differentiations
of the molecular components could be achieved by contrast
variation*+93-4 would be very valuable.

In the end, the outcomes of this work will also be relevant
for the study of effective interactions and of the collective be-
haviour of pNIPAM microgels at high temperatures, where
numerical/theoretical works are currently lacking. While it is
now established that the effective potential for swollen condi-
tions can be described by a soft repulsion, which builds on
the Hertzian model?""%, at high temperatures attractive in-
teractions should become important®®®, being mediated by
the electrostatic interactions of the initiator. It will be there-
fore also necessary to assess whether these will contribute in
a significant way to the collective and rheological behaviour
of dense microgel suspensions.
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MODELS, MATERIALS AND METHODS
Synthesis

Surfactant-free radical polymerisation has been used to synthe-
size poly-N-isopropyl-acrylamide (pNIPAM) microgels. Different
batches have been prepared, varying the properties of the initiator,
in order to obtain particles with different charge content. Specifi-
cally, we used methylene-bis-acrylamide (BIS) as crosslinker agent
and two cationic initiators: potassium persulfate (K,S,0g, KPS) and
ammonium persulfate ((NHy),S,0g, APS). Three different batches
with ¢ = 5.25mol% of BIS have been synthesized with the follow-
ing initiator content and type: 1.6%mol of KPS; 1.6%mol of APS;
8.0%mol of KPS. Since our main focus is to scrutinize the role of
initiator charges, we primarily use microgels obtained via surfactant-
free emulsion polymerization, which allows us to minimize the im-
pact of residual ionic surfactants on microgel deswelling. However,
we also carried out one synthesis in the presence of surfactant and
used the sample after purification. This allowed us to test the pos-
sible impact of surfactant addition, while at the same time reducing
both the microgel size for low crosslinker content and the associated
error on the R, measurement. In this way, we obtained a batch of
smaller particles, which has been prepared through the addition of an
amount of 0.85mol% of sodium dodecyl-sulfate (SDS). In this case
microgels are synthesized with ¢ = 1.37mol% of BIS and 1.6mol%
of KPS. All samples have been further purified through 3 consecutive
cycles of centrifugation and supernatant replacement with deionized
water. Finally, 2 mmol of sodium azide NaN3 have been added to the
final samples to prevent bacterial growth.

Experiments

To characterize the structure of particles in suspension we em-
ployed static and dynamic light scattering (SLS, DLS). For all the
samples an aliquot of the mother batches (1wt% of NIPAM) has been
diluted 60 times so to reach a mass fraction of 0.017wt% of NIPAM,
equvalent to microgel volume fractions lower than 0.4% as deter-
mined by viscosimetry following the method detailed in Ref.%”. All
the scattering experiments have been performed by using the same
laser source (A = 532nm). Before each data acquisition, each sample
has been thermostatted for 20min via a recirculating bath with 0.1°C
accuracy and light has been collected by varying the scattering angle
for SLS measurements with 1° accuracy. We extracted the average
gyration radius of microgels, fitting the low scattering-vector part of
the intensity /(g) with the functional form (Guinier approximation):

_ (aRg)?
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where /(0) is a constant depending on the number of particles in the
scattering volume and on the scattering factor of a single particle®®,
while Ry is their radius of gyration, defined as:
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and ¢ is the magnitude of the scattering vector. The Guinier ap-
proximation provides estimates for R, with deviations not exceeding
30% for isotropic particles and a fitting range such that gR, < 209,
Such uncertainty must be taken into account when the microgels
synthesized in the absence of surfactant are in the swollen state,
although Eq. 1 reliably fitted the available data in the entire range



55um~ 1< g < 2/R,. For collapsed microgels, data could be ro-
bustly fitted by Eq. 1 in a g-range such that gR; < 1 and the uncer-
tainty is just given by the fit error, the latter being less than 10% of
the best-fit value of R,. For all the samples, /(¢) has been measured
over a range of scattering wave-vectors going from g = 5.55um™! to
q=730um™".

Through dynamic light scattering we measured the autocorrela-
tion function of the scattered intensity at a fixed value of ¢ = gprs-
At high dilution conditions (non-interacting particles limit and gaus-
sian approximation) this can be put in relation with the square of
the self intermediate scattering function FS(ZI,I)Z, which for simply
diffusive systems has the functional shape of a convolution of expo-
nential decays, taking into account the effects of polydispersity. The
analysis of Fg(cY,t)2 has been performed by cumulant analysis, up to
the second central moment of the distribution of decay rates:

2 2
. . t
Fy(Gpis,1)? o< e 24bisD" (1 + % +0(f3)) (3)

where D is the average self-diffusion coefficient and p; is related to
the second moment of the distribution of D of the molecules in the
sample. Using Stokes formula we obtain the average hydrodynamic
radius as Ry = kgT /(6wnoD), and the corresponding dispersion is
Ory = /MoRu/ (l_)quLS), where kg is the Boltzmann’s constant, T
the bath temperature and 1 is the zero-shear viscosity of the sol-
vent. For microgels with ¢ = 1.37% we measured the intensity time-
correlation function at gprg = 22um™!, corresponding to an angle
of 90°, while for microgels with ¢ = 5.25% we gathered data at both
gpLs = 22;.1m*1 and gprs = 15.7pm’1 (the latter corresponding to
an angle of 60°) in order to possibly detect and reject spurious effects
of polydispersity when gpp s was close to a value correspondent to
the first minimum of the microgel form factor.

Some selected plots of the form factors with the Guinier fits and
of the autocorrelation functions of the scattered intensity with the
respective fits through Eq. 3 are shown in Fig. S8. The polydis-
persity indexes of the samples PDI = u,/ (Dql%LS), calculated at
T ~25°C, are: (i) 0.065 for the microgels with ¢ = 1.37mol% and
Ixps = 1.6mol%, (ii) 0.148 for the microgels with ¢ = 5.25mol% and
Ixps = 8.0mol%, (iii) 0.074 for the microgels with ¢ = 5.25mol%
and Igps = 1.6mol%, and (iv) 0.005 for the microgels with ¢ =
5.25mol% and Iaps = 1.6mol%.

Numerical simulations

We simulate single monomer-resolved microgels exploiting a re-
cently developed protocol®> that is able to generate fully-bonded,
disordered polymer networks. By appropriately tuning the inter-
nal polymer distribution, the model faithfully reproduces measured
swelling properties and form factors of neutral microgels across the
VPT'S. The resulting network structure is made of equal-size beads,
representing polymer segments with their hydration shells of di-
mensions comparable to the Kuhn length, interacting with the well-
established Kremer-Grest potential’?. In this model, all beads experi-
ence a steric repulsion, modeled with the Weeks-Chandler-Anderson
(WCA) potential:

4e((9)2-(9)°|+e if r<2o
r r . 4)
0 if r>21%c

Vwea(r) = {

where € and o are respectively the energy and length units. In addi-
tion, connected beads also interact via the finitely extensible nonlin-
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ear elastic potential (FENE):

2
VreNE(r) = —SkpRozlog [1 — (L) :| , r<Ryo (®)]
Ryo

where Ry = 1.50 is the maximum bond distance and kg = 15 is a
stiffness parameter influencing the rigidity of the bond. These bonds
cannot break during the simulation, mimicking strong covalent bond-
ing. Beads that are linked via FENE to two neighbours represent NI-
PAM monomers, while those mimicking crosslinkers have fourfold
valence. We analyse in detail values of the crosslinker fraction sim-
ilar to the experimental ones, i.e. ¢ =1.25% and 5.0%. In order to
be more quantitative on the c-dependence of results, we also provide
specific additional results for ¢ = 3.0%, 7.5% and 10%.

We then consider that microgels obtained via free-radical poly-
merisation embed a certain amount of ionic groups in their backbone,
in this case SO, which result from the dissociation of APS/KPS af-
ter a further thermal splitting of the ions 52082", starting the reac-
tion and remaining attached to the network. We model electrostatics
providing a fraction f of the beads with a negative charge and in-
serting an equivalent number of counterions with positive charge to
preserve the overall electro-neutrality. Counterions interact sterically
among each other and with microgel beads through the WCA poten-
tial. Their diameter is set to o, = 0.10 to avoid spurious effects from
excluded volume in the collapsed state>”, while electrostatic interac-
tions are given by the Coulomb potential, here expressed in reduced
units:

_ 94;9 e

e*zr,- j

where g; and ¢ are the charges of the beads, and e* = \/47gy€, o€ is
the reduced unit for the charge, embedding the vacuum and relative
dielectric constants, & and &.. g; and g; are set to the values —e*
or +e* whether it refers to charged beads or counterions. For differ-
ent values of ¢ we consider several values for the fraction of charged
monomers, namely f = 1.0%,2.0%,3.2%,10% and 20%, as well as
neutral microgels (f = 0). We analyse in detail the case f = 3.2%,
corresponding to an initiator concentration Igps = 1.6%mol, that
matches the nominal charge content of some of the experiments per-
formed. Finally, we also consider f = 10%, which is a relatively high
charge fraction that should mimic the experimental situation with a
nominal initiator content of Iy = 8.0%mol, assuming that in a syn-
thesis process with a large quantity of highly reactive initiator rad-
icals, a non-negligible amount of charged groups would end up in
low molecular mass byproducts, that will be removed by filtration at
the end of the process. For comparison, we also studied the neutral
case, i.e. f =0, in order to highlight effects entirely attributable to
charges.

In our simulations the solvent is implicitly taken into account
through an effective potential which mimics the gradual change in
the affinity of the polymer for the solvent by raising temperature:

Veoul (7i) (6)

—ea if r <2160
_J1 r)2 _ £n1/6
Vo(r) =< saeqcos |y(£) +B| -1} if2Y/°c <r<Ryo (7)
if > Ryo

where o is the solvophobicity parameter representing the effec-
tive temperature, which is varied from o = 0 (good solvent condi-
tions) to & 2> 1.40 (bad solvent conditions) to reproduce the swelling
curve from the swollen state to the most collapsed ones. 7y =

~1
T (% 721/3> and f =271 — %y are constants defining the func-
tional shape of the potential’!. We showed in a previous work>® that,

for a correct description of charge effects, only neutral monomers



should interact with the additional Vj, potential. Instead, charged
monomers retain a solvophilic character at all temperatures, i.e. for
the interaction among charged beads and other charged or neutral
ones we always set o = 0.

The thermodynamic temperature in simulations is set to kgT /€ =
1.0 for all the runs. The equations of motion are integrated through a
Nosé-Hoover thermostat in the constant NVT ensemble for the equi-
libration, and through a Velocity-Verlet algorithm in the constant-
energy ensemble for the production runs, with an integration time-
step At = 0.0027, where T = y/moc2 /¢ is the reduced time unit. All
simulations are performed with the LAMMPS package’?.

For all the simulations we consider microgels consisting of N ~
42000 monomer beads, synthesized in a spherical cavity of radius
Z = 500", For all the studied values of f we analysed a ran-
dom charge distribution, with charged beads randomly distributed
throughout the network (except on crosslinkers), and for some f val-
ues we also studied a surface distribution, with charged beads dis-
tributed only onto the surface chains. To this aim, starting from an
equilibrated neutral configuration, either we randomly pick up a bead
and assign it a charge —le until the overall charged fraction reaches
the desired value (random distribution) or we randomly choose the
beads in the exterior corona only, such that 7; — ¢, > R, (Where 7y,
is the centre of mass of the microgel). In few cases we also anal-
ysed other distributions, such as mixed distributions, where part of
the monomers is distributed randomly throughout the network and
the remaining according to the foregoing procedure. We also consid-
ered surface chain distributions, where we assigned a fixed number
of charges to each chain starting from those whose centre-of-mass
distance from the microgel’s centre is greater.

Long-range Coulomb interactions are computed with the particle-
particle-particle-mesh method’?. The equilibration of each system
is carried out for 20007. Subsequently, a longer production run of
60007 from which we extracted the equilibrium averages of the main
observables of interest, such as the gyration radius R, and the density
profile, defined as the average density at a fixed distance from the
centre of mass:

Ny 7 — P | —
ps(r)—<2i16(rl Fem| V)> @)

N

Here, the subscript s indicates the species of particles considered.

We notice that the calculation of the hydrodynamic radius in sim-
ulations is not straightforward as that of the radius of gyration. In-
deed, a proper estimate of Ry would require the knowledge of the
long-time dynamics of the microgel in the solvent, to extract its self-
diffusion coefficient, which is currently beyond our computational
capabilities for a realistic, monomer-resolved particle. To avoid this,
we previously resorted to an operative definition of Ry, defined as the
value where the monomer density profile assumes a given threshold
value, e.g. p(R*) = 107357315,

Here instead, we introduce a different way to define Ry, by which
we instantaneously approximate the microgel to an effective ellip-
s0id® and then calculate the hydrodynamic friction using the ap-
proach developed by Hubbard and Douglas’. Specifically, for each
instantaneous configuration, we first compute the convex hull con-
taining all the beads of the microgel and then evaluate the gyration
tensor of all the simplices it is made of. Finally, we determine the el-
lipsoid having the same gyration tensor as previously done in Ref.%%.
To compute the hydrodynamic friction § of each ellipsoid we ex-
ploited the relation’*:

£ =61nCq =67NRy 9)

where 7 is the solvent viscosity and Cg is the electrostatic capaci-
tance. This relation has been shown to well approximate the friction

14

acting on brownian rigid particles and to be valid for objects of ar-
bitrary shape*!. Eqn. 9 is based on a solution of the Navier-Stokes
equation for steady flow of rigid particles with stick boundary con-
ditions, where the hydrodynamic interactions are described by the
isotropic angular averaged Oseen tensor’*. In this approximation,
the Navier-Stokes equation for the momentum flux density assumes
the same form of the Poisson’s equation for electrostatics, thereby
the hydrodynamic radius becomes mathematically equivalent to the
electrostatic capacitance, which for rigid ellipsoids is’*:

-1

! de (10)

/o V(@ +6)(b2+6)(c2+6)

CQ_2|:

where a, b, c are the principal semiaxes.

In the SM, we compare different approaches to the calculation of
Ry, showing that they all provide similar qualitative results for the
onset of a minimum in Rg/RH close to the VPT. However, the ap-
proach here described provides the most reliable results, also in terms
of the limits of Rg /Ry in the fully swollen and fully collapsed config-
urations. We thus adopt such definition throughout the manuscript.

Finally, to evidence the differences in the local structure at dif-
ferent distances from the centre of mass of microgels, we also calcu-
lated the local swelling curve as the volume of three different regions,
defined on the basis of the quantity of monomers they contain. Or-
dering the polymer beads according to their distance from the centre
of mass, at each time we can associate the most inner fraction of
monomers fi,1 = 0.65 of beads to the core (region I), the subsequent
fraction fi ;1 = 0.20 of them to the inner corona shell (region II),
and the farthest fraction of fy, ;1 = 0.15 beads to the outer corona
shell (region III). We chose the fraction fi, in such a way that the
core region show an overall constant density profile at all ¢ and o
values. Consequently, we picked up the values of fi, 11 and fi iy in
such a way that the monomers density profile at the boundary sep-
arating the two corona shells takes a value close to half the average
density of the core region, to separate the more crosslinked inner
part of the corona from the most external region with low density
dangling chains (see Fig. S2). In this way, we can well define bound-
ary surfaces between the regions, since the beads do not have a fixed
position in the polymeric network (they can pass by the boundary
among two contiguous regions several times along a trajectory) and,
most importantly, we can follow the collapse of all the three regions
across the VPT without definition ambiguities. The volumes of the
three concentric regions, and their outer surfaces, is calculated as the
convex hull enclosing all the beads associated to them.

To quantify the distributions of charges per chain, we first of all
calculate the chain length distribution, where each chain is defined
as the sequence of monomers between two crosslinkers, except for
dangling chains, which have only one crosslinker. We then count the
number of charged monomers for each chain (gcp). To build the mas-
ter plot in Fig. 8, we define the extent of the minimum A, as the
difference between the value of Rg/Ry at o = 0.5 and at its mini-
mum. We notice that in the region 0 < a < 0.5, R, /Ry is roughly
constant, but we avoid to use as a reference the value of Ry /Ry at
lower « values to avoid spurious effects not related to the VPT. In
addition, we define the average number of charges per chain on the
microgel surface, defined as (gcp )out, Where gy, is averaged only over
chains whose average centre of mass distance from the microgel’s
centre of mass is greater than R, . To take into account screening
effects by counterions, we also define the effective charge per sur-
face chain (qgflf)(,m, that is obtained by considering for each charged
monomer an average screened charge based on the integration of the
ion-counterion pair-distribution function up to a determined distance,
as discussed in the SM.
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Section 1. TRANSITION TEMPERATURES

Here we report the transition temperatures 7, of both R, and Ry for the experimental samples,
and the analogous effective temperatures o, for the simulated microgels. For numerical data we
simply calculate ¢ as the inflection point of a spline fit of the data. In experiments it is more

convenient to extract 7, from fits of the swelling curves through the phenomenological function
R(T) =Ry — ARtanh[s(T —T,.)] + A(T — T.) + B(T — T.)*> + C(T —T.)* (1)

that is able to accurately capture the behavior of both R and Ry in the whole investigated temper-

ature range, avoiding spurious effects from the large fluctuations.

Fits with Eq.1 Fit errors
¢ [%omol]|Ix [%omol] TCRg [°C]|TRx [°C] ATCRg [°C]|ATRH [°C]
525 |1.6(KPS)| 31.6 324 0.5 0.8
525 |1.6(APS)| 309 32.1 1.1 34
525 |8.0(KPS)| 333 33.7 0.4 24
1.37 |1.6 (KPS)|l 30.9 31.3 0.3 1.8

TABLE S1: Estimated values of the VPT temperature 7, obtained through fits of the swelling
curves for R, and R, with Eq. 1 (columns 3 and 4) and related errors (columns 5 and 6) for the
different microgel samples. Here, ¢ and Ix (X = KPS, APS) are the molar fractions used for,

respectively, the crosslinker and the initiator during the synthesis.

We avoid to use the Flory-Rehner equation, that involves numerous (7) free parameters, and
moreover it has been argued not to be able to quantitatively describe the experimental swelling
of PNIPAM microgels'. In Tab. SI the experimental transition temperatures for R, and Ry are
reported.

First of all we notice that the value of T, is similar for all three samples with ¢ = 5.25% of
crosslinker, as expected. In addition, we find that the VPT temperature is slightly lower for R,
with respect to Ry by about 0.5 +1.0°C. For the highly charged sample, with a nominal initiator
concentration of Ixps = 8.0mol%, we find a larger 7. for both R, and Ry , in agreement with

previous studies on charged microgels®>.



c[%]|f [%] | o | ok
125] 1.0 |0.66/0.69
30 | 1.0 [0.63]0.69
c[%)|f 1%]|| o | ok 50 | 1.0 [0.66]0.68
125 0 |o62/065] [125] 20 [0.70/0.77
30 | 0 loe4loes | 125 3.2 |[0.76]0.78
50| 0 ||0.68]0.69 30 | 32 [073]0.82
100 0 [0.60/0.65 50 | 32 [0.69]0.75
(@ neutral microgels. 10.0| 32 |0.69]0.72
30 | 10 [0.89]1.04
50 | 10 [0.79]1.04

TABLE S2: Estimated values of the solvophobic parameter o, at the VPT obtained through
splined fits of the swelling curves for R, and R;, for numerical microgels. Here, ¢ and f are the
crosslinker and the charged beads percentage, respectively. The fit error is negligible compared to

the discretisation error, for which an upper limit can be quantified as Ao, ~ 0.05.

This scenario is in qualitative agreement with simulations data, for which the values of ¢, are
summarised in Table S2. Similarly to what observed in experiments, the value of a, is found to
depend on the amount of charges on the microgels, while the dependence on crosslinker concen-
tration seems to be negligible. Indeed, for a given value of f, differences in the data are found to
be within the error, considering this to be of the order of 0.05, given the used sampling of ¢. In

particular, we find that it increases with increasing f and also moving from a random to a surface

(b) random charge

c[%]|f 1%]]| o | ok
1.251 3.2 |/0.72]0.87
3.0 | 3.2 ]/0.69|0.95
5.0 | 3.2 {/0.63|0.90
10.0 | 3.2 ||0.77]0.86
50 | 10 ||0.66| -

(c) surface charge

distributions.
¢ [%]|q* per chain [—ex] chg (fo
5.0 1 0.72|0.72
5.0 2 0.68/0.78
5.0 3 0.68/0.87

(d) charges on surface chains (f = 3.2%).

3

distributions.




distribution of the ionic monomers. Again, we also find that the estimated ¢, is slightly larger
when estimated from Ry than from R,. We note that for a microgel with ¢c=5% and f=10% ar-
ranged on the surface, a robust value of ¢ could not be estimated because we did not detect the

full collapse of the microgel.

Section 2. ELECTROPHORETIC MOBILITY

In Fig. S1 we show the T-dependence of the electrophoretic mobility u.; measured for three
of the samples discussed in the manuscript. In agreement with previous works*, we find that
a strong increase of L) is observed close to the VPT transition. In particular, we observe that
c=5% microgels (squares and circles in Fig. S1) at low T have much lower values of e with
respect to c=1.37% microgels (triangles in Fig. S1) at the same charge fraction. This may be due
to the larger size of the former, since in the swollen state they have lower diffusivity and better

screening conditions (lower surface-to-volume ratio). The transition temperature seems to increase
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FIG. S1: Electrophoretic mobility measurements as a function of temperature 7 on samples
with different size, charge and crosslinker content. The relative error on measurements is less

than 5% (not shown).

with increasing initiator concentration while not being affected from the crosslinker concentration.
Surprisingly, microgels with different initiator quantities but of roughly the same size show quite
similar values of ) . This may be due to different factors: on one hand, we expect that, for large
Ixps, a non-negligible part of the initiator comes out in low molecular weight byproducts, given

the high reactivity of these molecules, resulting in a bare charge for final microgels particles which
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is lower than the nominal one; on the other hand, the higher the bare charge, the stronger is the
electrostatic screening, resulting in an effective charge which is not proportional to the bare one, if
not for very low values. Further experiments assessing the dependence of L. on initiator content
in a more systematic fashion would be needed in order to properly understand this behavior, which

is beyond the scope of the present work.

Section 3. LOCAL SWELLING IN MONOMERS PROFILES

In Fig. S2 we show the monomer density profiles calculated from simulations of microgels
with ¢ = 1.25%,5.0% (top and bottom panels, respectively) and f = 3.2% randomly distributed
charges as a function of a. The coloured regions beneath the curves represent the three different
regions used in the analysis of the local swelling of Fig. 3 of the main text, highlighting the core
(region I, containing 65% of most inner particles), the inner corona (region II, consisting of 20%

of monomers nearest to the core beads) and the outer corona (region III, comprising the 15% most
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FIG. S2: Local swelling profiles. Monomer density profiles for a microgel with ¢ = 1.25% and
f = 3.2% randomly distributed charges (top panels) for effective temperature values
a =0,0.48,0.74,0.90,1.20, and for a a microgel with ¢ = 5.0% and f = 3.2% randomly
distributed charges (bottom panels) for effective temperature values @ = 0,0.48,0.74,0.80,1.20.
The different colors indicate the monomers corresponding to the three regions considered for the
analysis of the local swelling, region I (cyan), region II (blue) and region III (magenta). Vertical

lines indicate R, (red, dash-dotted) and Ry (black dashed) values.



exterior beads) of the microgels. Representative snapshots corresponding to microgels in each
panel of the figure are shown in Fig. 4 of the main text. As it can be seen, the gyration radius
R, roughly corresponds to the extension of the core region at all ¢ and « values, sharing similar
swelling properties as evident from Fig. 3 of the main text, while the hydrodynamic radius Ry
embeds also the corona regions, and its value is clearly dependent on the extension of the outer
chains, with differences among the cases ¢ = 1.25% and ¢ = 5.0%.

For completeness, we note that the non-monotonicities observable at low-distance are due to the
fact that these data are not averaged over multiple initial configurations. They would be removed
by considering several microgel topologies, as shown in our previous works’, and do not affect the

local swelling discussion.

Section 4. CHAIN LENGTH DISTRIBUTIONS
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FIG. S3: Chain length distributions for microgels with different crosslinker concentrations c.

Fig. S3 shows the number distribution of the chain length / of the microgels. The behavior
of all the curves is consistent with a superposition of two exponential distributions, one for low [
values, mainly accounting for the chains in the core region, and another for high values of /, which
is mostly given by the long chains that can be found in the corona of the microgels. This is due to
the radial distribution of the crosslinkers used in the assembly process of the network topology,

with the aim to realistically mimic the mass distribution of microgels. Of course, it is evident
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that as ¢ decreases, small chains become less and less populated while longer chains increase in
number and also in length. Again, the noise of the data at large [ would be easily improved by

considering averages over miltuple microgel topologies, as already done in Ref.>.

Section 5. LOCAL SWELLING FOR SURFACE CHARGED MICROGELS

For completeness, we report in Fig. S4 the snapshots showing the local swelling of surface-

charged microgels for ¢ = 1.25% and ¢ = 5% with a charge fraction f = 0.032.

region I, inner corona
region lll, outer corona

®

FIG. S4: Snapshots of surface charged microgels across the VPT illustrating the local
swelling. Simulation snapshots for a surface-charged microgel (f = 3.2%) for different values of
the swelling parameter & from the swollen to the collapsed state. From left to right, for
c=1.25%, o = 0.0,0.48,0.80,0.90, 1.20, while for ¢ = 5%, a = 0.0,0.48,0.74,0.90, 1.20.
Monomers are colored according to the region they belong to: cyan indicate the core region
(defined as 65% of most inner particles), blue the inner corona region (consisting of 20% of
monomers nearest to the core beads) and purple the outer corona region (comprising the 15%

most exterior beads).



Section 6. EFFECT OF CHARGES FRACTION

In Fig. S5 we show the swelling curves of R, and Ry for randomly charged microgels, whose
ratio Ry /Ry is reported in Fig. 5(a) of the main text. The swollen size of microgels and the
transition temperature ¢/ increase as f increases, as shown in previous studies. The swelling

ratio, defined as the ratio between the swollen and the collapsed radius, is found to be inversely

proportional to ¢, as expected.
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FIG. S5: Swelling curves for randomly charged microgels. R, and Ry swelling curves for

randomly charged microgels with different crosslinker (c¢) and charge (f) content.




Section 7. CHARGED MONOMERS DISTRIBUTIONS IN MICROGELS WITH
CHARGES ON THE SURFACE

In Fig. S6 we show the radial distribution of charged monomers in the four kinds of surface

charges distributions with f = 3.2% displayed in Fig. 6 of the main text.

F — T T T T T~ T T T T T T3
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FIG. S6: Charged monomers radial distributions of surface charged microgels with
crosslinker concentration ¢ = 5.0% and charges fraction f = 3.2%. Different ways of distributing

charged beads on the microgels’ surface are considered.

Section 8. EFFECT OF CHARGE DISTRIBUTION

Fig. S7 shows the swelling curves of R, and Ry for surface charged microgels whose ratio
R¢ /Ry is displayed in Fig. 6 of the main text. Different ways to distribute charged beads on the
microgels’ corona are considered. We report the case of standard surface-charged microgels, for
which charges are randomly distributed in the region r > R, on a neutral equilibrated configuration
with the constraint that two consecutive beads on a chain cannot both be charged. In addition, we
consider f = 3.2% microgels in which charges are distributed in a constant number for each chain
on the most exterior chains. As we can notice, R, is almost not affected by the charge distribution,
while Ry significantly increases as the number of charges per chain grows. We also consider, for

the highly charged case (f = 10%) the case in which half of the charges are distributed randomly
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throughout the network, half on the surface (mixed distribution, also reported in Fig. 6 of the main
text). Also in this case the distribution has a negligible effect on the swelling properties of R,
, while having a strong effect on Ry , for which we cannot observe a transition in the range of

examined o values.
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FIG. S7: Swelling curves of surface charged microgels. R, and Ry swelling curves for surface
charged microgels with crosslinker concentration ¢ = 5.0% and charges fractions f = 3.2%, 10%.

Different ways of distributing charged beads on the microgels’ surface are considered.
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Section 9. GUINIER PLOTS AND CUMULANTS ANALYSIS
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FIG. S8: SLS and DLS measurements. (a) Intensity I(q) scattered by a sample of microgels
with ¢ = 5.25mol% and Ipps = 1.6mol% prepared as detailed in the main text at different
temperatures across the VPT. Here g = 47mngsin(6/2)/A is the magnitude of the scattering
vector, O the scattering angle, A = 532nm is the wavelength of the laser beam, and ny = 1.33 the
refractive index of the sample. The inset shows the low-g part of the scattering intensity, where
the Guinier regime is attained. The solid lines are non-linear regressions obtained via Eq. 1 of the
main text. (b) Intensity autocorrelation functions g2(t;¢gprs) — 1, proportional to the intermediate
scattering functions Fs(gpLs,?), measured at gpp.s = 22pm_1; solid lines are the best fits obtained

via Eq. 3 of the main text. Temperatures for both datasets are indicated in panel (b).

Section 10. ON THE ESTIMATE OF Ry

As reported in the main text, the hydrodynamic radius R is a measure of the diffusivity of the
particles, that is defined as the radius of a spherical particle moving in a continuous viscous fluid
with small Reynolds number (Stokes radius):

kT
~ 6nnD

2)

Ry

where D is the long-time diffusion coefficient, kg7 the thermal energy, and 1 the dynamic vis-
cosity. For suspensions of Hard Spheres (HS) Ry roughly corresponds to the geometrical radii of

the particles, while for polymeric soft particles, for which a sharp geometrical surface cannot be
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defined, it still depends on the extension of the external polymeric chains and their density. Since
in our simulations with implicit solvent treatment the diffusion coefficient cannot be computed,
and simulations in explicit solvent (with even coarse-grained particles) are out of our disposal of

computing resources, we are left to estimate Ry from static equilibrium properties.

Several approximated methods have been proposed to compute estimated values of Ry from
equilibrium configurations of polymeric particles, each with different limitations®. All of them
consider the solvent as a continuous medium flowing through and around the particles. We did
not consider methods based on the approximation of the macromolecule as a continuous porous

medium’-3

, since this approximation is not suitable for polymeric particles with low chains density
in the corona, such as microgels. We also avoided the use of the Kirkwood double-sum formula®,
which does not account for long range correlations in the hydrodynamic force field, and it has been
applied successfully only to simple polymer chains. The most accurate methods for estimating the
hydrodynamic radius are based on numerical or approximated steady-state solutions of the Navier-

Stokes equations for ensembles of spherical bead scatterers'%!!

, which are highly computationally
demanding for large sized macromolecules. In any case, for systems such as microgels, the main
effect on the diffusivity of the particles is given by the polymer chains on the corona, hence it is
convenient to define a particle surface® and then estimate Ry as the hydrodynamic radius associ-
ated to that shape. In this work we pursue that way, which represents a trade-off among accuracy

and computational feasibility.

Here we show the comparison among three methods to compute Ry by defining an effective
surface for the microgel. For the first one we approximate the microgel as a sphere of radius
Rﬁ, such that the equilibrium monomers density profile assumes the value p(RZ) = 103073 at
this distance from the center of mass, as also done in a previous work®. This definition results
to be rough as compared to the other two methods, because it does not account for thermal and
shape fluctuations. For the other two methods we compute for each equilibrium configuration a
surface mesh, approximating the microgel as a hard ellipsoid having the same gyration tensor of
the surface faces, of which we compute the hydrodynamic radius as explained in the main text.
The difference among them consists in the way the surface mesh is constructed. In one case the
convex hull has been computed, obtaining the estimated hydrodynamic radius RS, which is the
value used in the computations of the main text. The other case involves the computation of the
surface mesh with the Alpha-shape method!2, which is based on a Delaunay tassellation of the

microgels’ beads, thereby the space regions are considered as empty or occupied whether the
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radius of a circumscribing sphere is greater or smaller than a certain probing radius r,, after that
a surface mesh is constructed. At the same way, from this surface mesh (computed exploiting
the Ovito python package) is obtained the hydrodynamic radius estimate R%’, which obviously
depends on the probing sphere radius r,. The last two methods lead to comparable results, but the
convex hull method is parameter-free and the values of the ratio R,/ R%‘ at small and large values of
the solvophobic parameter o seems to be more in agreement with the experimental observations,

hence we decided to use that method throughout the manuscript.

R R R

.2% rand
.2% surf

FIG. S9: Comparison among different estimates of Ry . Top panels show the hydrodynamic
radius as a function of the solvophobic parameter a for microgels with c=5.0%. We consider
neutral ones and those with charge content f = 3.2%, distributed both randomly and onto the

surface. According to the methods described in the text, the different panels report: RZ (), Rg’f

(b) and R?IS (c). Bottom panels show the corresponding values of R, /Ry. The surface mesh used

to calculate R;‘IS (c,f) has been constructed using a probing radius of 120.

In Fig. S9 we show the comparison among the three methods by observing the different es-

timates of Ry (top panels) and the ratio R, /Ry (bottom panels) on microgels with crosslinker
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concentration ¢ = 5.0% (similar trends are observed for microgels with different values of ¢, not
shown), different charged beads fractions (f = 0,3.2%) and charge distributions (random, sur-
face). The calculation of Rg is found to be less accurate with respect to the other two methods,
due to the low statistics of monomers for densities p(r) ~ 107363, well in the outer corona re-
gion. In addition, the other two methods both tend to the correct HS value for R, /Ry at large o.
Importantly, all three methods give an overall qualitatively similar behavior, with the onset of a
minimum in R, /Ry for microgel with surface arrangement of charges, while the neutral microgel

does not show such a minimum for all three definitions of hydrodynamic radius.

Section 11. CHARGES SCREENING
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FIG. S10: g;.(r) of ions and counterions. (a,b) cross radial distribution functions g; .(r) for ions
and counterions for random and surface charged microgels with ¢ = 1.25%,5.0% and f =3.2%

at o =0 and a = 1.20. (c,d) Derivative of g; .(r) with respect to r shown in the top panels.

In the top panels of Fig. S10 the cross radial distribution functions g; .(r) for ions and counte-

rions are shown, for the swollen (a) and the collapsed (b) state. The vertical dashed line indicates
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the cutoff value of r* = 1.5, that we used to calculate the screened charge per chain used to predict
the presence of the minimum in R, /Ry , shown in Fig. 8 of the main text. As we see from the
bottom panels in Fig. S10(c,d), r* roughly indicates the distance at which the derivative of g; .(r)
becomes roughly zero. Integrating g; .(r) up to r* we estimate the amount of counterions which

can be considered as “bounded” to charged beads, that we use to compute the effective charges

eff
9ch-
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