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Poly-N-isopropylacrylamide (PNIPAM) microgels are versatile colloidal-scale polymer networks that
exhibit unique responsiveness to external stimuli, such as temperature. While the synthesis of PNIPAM
microgels is well-documented, there is limited exploration of how their structural properties can be
modified by subtle changes in the polymerization process. In this work, we carefully investigate how
varying the time of addition of a common initiator, such as potassium persulfate, during the
polymerization process allows a precise control over microgel architecture. Our findings, based on a

Received 12th October 2024, combination of numerical simulations, scattering, and rheology experiments, reveal that delayed initiator

Accepted 19th January 2025 addition results in a more heterogeneous network, characterized by a less extended corona. In contrast,
more homogeneous microgels are obtained by adding the initiator all at the start of the synthesis. In this

way, the internal mass distribution of the particles can be tuned, highlighting the importance of
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1 Introduction

Microgels are colloidal-scale polymer networks that represent the
prototype model system for soft repulsive particles.'™ Their ability
to respond to external control parameters, such as temperature in
the case of the widely investigated poly-N-isopropylacrylamide
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synthesis timing for optimizing microgel conformation and functionality in tailored applications.

(PNIPAM), makes them very valuable for a wide range of
applications,”® from nanosensing” to biomedicine.®

The experimental synthesis of PNIPAM microgels is well-
documented in the literature®'® and follows a general recipe,
that is used by the large majority of the research groups world-
wide. It is well-known that such a synthesis protocol gives rise to
polymer networks, that are not homogeneous. Rather, they are
characterized by a so-called core-corona structure, due to the
fact that crosslinkers, usually N,N-methylenebisacrylamide (BIS)
molecules, react significantly faster than NIPAM monomers in
the polymerization process. In this way, microgels comprise a
denser, inner part that is richer in crosslinkers (the core), and a
fluffier, external shell (the corona), where only few crosslinkers
are present. This characteristic structure has been revealed by
neutron and X-ray small-angle scattering experiments at high
dilution, measuring the microgels form factors, that are well-
described by the celebrated fuzzy sphere model.***

The synthesis protocol can also be adapted to modify the
overall internal conformation of the particles. To this aim,
some studies have focused on the possibility to obtain more
homogeneous microgels. This can either be achieved by start-
ing with oligomers rather than monomers in the reaction
batch™® or via continuous monomer feeding."* Another possi-
bility is to act on the initiator of the polymerization process.
However, no specific differences in structure or swelling prop-
erties have been reported if different types of initiators, such as
potassium persulfate (KPS) or ammonium persulfate (APS),
were employed.">*® Similarly, for anionic or cationic initiators
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like 2,2-azobis(2-methylpropionamidine) dihydrochloride (AIBA), it
was shown that the microgel properties are largely unaffected."”

Nevertheless, a less investigated aspect is the addition time
of the initiator, which is typically introduced into the reaction
batch either in a single shot or in a controlled way within a
fixed amount of time. This subtle change in the protocol could
have non-trivial effects on the resulting particles, since one
could expect that a drop-by-drop addition would create more
nuclei, leading to smaller microgels, as compared to a one-time
addition that could form a lower number of polymerization
centers. In addition to size modifications, the initiator time
could also favor a different internal organization of crosslinkers
and monomers, thus affecting the features of the core-corona
structure. Expectations would be in favor of more homoge-
neous microgels with a more controlled drop-by-drop addition,
while a more heterogeneous structure could be expected with
the initiator being added altogether.

In this work, we aim to systematically explore this effect by
preparing microgels with different amounts of initiator time
taad, leaving unaltered all the other parameters in the synthesis.
The parameter ¢,qq represents the duration of the continuos
feeding of the KPS initiator, ranging from ¢,qq4 = 0.2 min, where
all KPS is added at the same time, up to t,qq = 9 min, where KPS
is added at an approximate rate of 0.27 mM min~'. The
microgels hydrodynamic size and internal structure are deter-
mined by means of dynamic light scattering (DLS) and small angle
neutron scattering (SANS) techniques, respectively. To interpret the
results, we rely on computer simulations based on a monomer-
resolved microgel model, recently established in our group,'**®
which was shown to be able to capture the internal structure of
microgels at different crosslinker concentration.'® To capture the
subtle variation of the structure with different initiator addition
times, we slightly modify our in silico assembly procedure to
account for modifications of the core-corona ratio within the
particles. The microgel modeling is further aided by rheological
measurements from which we extracted relevant information on
the number of polymerization nuclei in the reaction batch. In this
way, we are able to fully describe the observed experimental
variations given by the addition of KPS from t,qq = 0.2 min up to
taga = 9 min.

Our findings reveal interesting features for the obtained
microgels. Specifically, we find that when the initiator is added
during a very short time interval, polymerization occurs on few
nuclei in the reaction batch, following our initial expectations,
giving rise to overall larger microgels. At the same time, such
particles present a quite extended core with respect to the total
size of the microgels and thus a more homogeneous structure.
On the contrary, our analysis evidences the tendency for the
formation of smaller particles when initiator is included within
longer times. This is related to the possibility of creating
multiple polymerization centers over time so that, at fixed
amount of added monomer, the particles have a smaller
hydrodynamic radius. In the latter case, crosslinkers are more
confined within the inner part of the microgels, resulting in a
more heterogeneous structure with a smaller core as compared
to the former scenario. The interpretation of the experimental
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results, which only show a moderate variation with increasing
addition time, is facilitated by the adopted simulations. These
complement the measurements by offering an insightful micro-
scopic perspective.

Overall, these results provide a better understanding of the
processes taking place during the experimental synthesis, and
offer a guide on how to leverage the initiator addition time for
obtaining microgels with different sizes and architectures.

2 Materials and methods
2.1 Experimental section

2.1.1 Reagents. N-Isopropylacrylamide (NIPAM) (Sigma-
Aldrich, St. Louis, MO, USA), purity 97%, was purified by
recrystallization from hexane, dried under reduced pressure
(0.01 mmHg) at room temperature and stored at 253 K. N,N-
Methylenebisacrylamide (BIS) (Sigma-Aldrich, St. Louis, MO,
USA), electrophoresis grade, was purified by recrystallization
from methanol, dried under reduced pressure (0.01 mmHg) at
room temperature and stored at 253 K. Sodium dodecyl sulphate
(SDS), purity 98% and potassium persulfate (KPS), purity 98%
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used as received. Ultrapure water (resistivity: 18.2 MW cm ™" at
room temperature) was obtained with Arium pro Ultrapure water
purification Systems, (Sartorius Stedim Biotech SA, DE). All the
other solvents (Sigma Aldrich RP grade) were used as received.
Dialysis membrane, SpectraPor 1, MWCO 6-8 kDa (Spectrum
Laboratories, Inc., Piscataway, NJ, USA) was soaked in distilled
water for 2 h and then thoroughly rinsed before use.

2.1.2 Microgel synthesis. Several PNIPAM microgels were
synthesised using the same conditions for the precipitation
polymerization, but changing the addition time of the initiator.
In particular, NIPAM (0.137 M), BIS (1.87 mM) and SDS
(0.17 mM) were solubilized in 230 mL of ultrapure water into
a 250 mL jacket reactor. The solution was deoxygenated by
bubbling nitrogen for 1 h and then heated at 343 K. Initiator
KPS (2.44 mM) was dissolved in 10 mL deoxygenated water and
added to initiate the polymerization. The addition was per-
formed with a syringe pump, dropping the same amount of
solution in five different times (0.2, 0.5, 1, 4 and 9 min), in
order to obtain five different PNIPAM samples. Then, for each
sample, the reaction was left to proceed for 4 h. The crude
dispersions were purified by dialysis (MWCO 6-8 kDa) with
distilled water with frequent water change for 2 weeks, they
were recovered and the microgel concentrations were calcu-
lated by gravimetric analysis to be 1.3 £+ 0.1 wt% for each
sample. In addition, to assess size effects of the present results,
we also synthesised microgels with the same amounts of
NIPAM and BIS in the absence of surfactant. In this case, the
addition time was 9 minutes only.

2.1.3 Dynamic light scattering. DLS measurements were
performed on PNIPAM microgels in H,O at concentration of
0.01% by weight and at temperatures ranging from 293 K to
313 K, with a 2 K temperature step. Measurements were carried
out using polarized monochromatic incident laser beam with

This journal is © The Royal Society of Chemistry 2025
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wavelength 4 = 642 nm. Scattered photons were collected, by a
single mode collecting fiber, at 90° scattering angle and the
resulting information was expressed in terms of intensity auto-
correlation function, g,(¢). The latter was analysed using a
stretched exponential function as g,() = 1 + b[e”“P], where
7 is the relaxation time, f# the stretching exponent and b a
scaling factor. If f ~ 1, as in the case of all the samples
investigated in the current work, the solution can be considered
monodisperse and 7 represents the average relaxation time. An
alternative modeling approach, namely the modified cumulant
method,* was also applied to the data to ensure the robustness
of the analysis. As detailed in the ESI, T the parameters obtained
from this method confirmed that the samples can be consid-
ered monodisperse, with no significant deviations observed
compared to the results from the stretched exponential model.
The hydrodynamic radius of the particles can be then derived
through the Stokes-Einstein relation as Ry = kgT/6mnD,, where
kg is the Boltzmann constant, # the viscosity of water and D, the
translational diffusion coefficient of the microgel particles. The
latter is related to the relaxation time 7 through the relation 7 =
1/(g*D,), where g = 1.84 x 10> A" in the present case. For all
investigated samples, this g value is far from any minima of the
form factor, leading to a scattered intensity sufficiently high to
ensure an adequate signal-to-noise ratio.

2.1.4 Small angle neutron scattering. SANS experiments
were carried out at the Institut Laue-Langevin (ILL, Grenoble,
France) using the D22 small-angle diffractometer. The instru-
ment was equipped with two detectors, a front one, fixed at
1.4 m from the sample position and a rear one that was placed
at two distances, namely 5.6 m and 17.6 m from the sample
position. By using two incident wavelengths, namely 2 = 6 A (for
the 5.6 m configuration) and A = 11.5 A (for the 17.6 m
configuration, with no beam-stopper) it was possible to collect
data in a g-range from 9.4 x 107° A~ to 0.68 A™'. In these
configurations, the instrumental resolution, usually reported as
Ag/q ranged from ~20% for the lowest g-values down to ~4%
at high gs. In order to better resolve the sharp features expected
in the experimental data, the beam aperture was reduced
to 10 mm diameter. Microgel dispersions were prepared as
described for DLS experiments but at a 0.3% weight concen-
tration and using D,O instead of H,O as dispersing medium to
enhance the scattering signal from the polymer and reduce the
incoherent background level.”’ SANS measurements were per-
formed on samples prepared with KPS added in 0.2, 1 and
9 minutes as well as for the surfactant-free samples with KPS
added in 9 minutes. Samples were placed in quartz cuvettes
(Hellma, Germany) with 2 mm path length. Cuvettes were then
loaded in a multi-position thermostated rack. Measurements
were performed at 293 K and 313 K.

For each sample, the scattering intensity I(q) was obtained
from the radial averaging of the 2-D detector images using the
GRASP?? software. Absolute scattering units (7.e. cm ') normal-
isation was achieved by accounting for the measured neutron
flux and for the sample and empty cell transmission values.

Experimental data acquired for the empty cell and for the
pure D,O were subtracted from those of the sample to the data

This journal is © The Royal Society of Chemistry 2025
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analysis, which was then performed using the SasView
software.”® SANS intensity versus g curves were analyzed using
a model based on the fuzzy sphere form-factor.'* This model
includes the fuzzy-sphere form factor Py n0(g) (eqn (1)), the gel
network density fluctuations contribution Pg,.(q) (eqn (2)) and
a flat, g-independent, background (bkg).

In detail, the fuzzy-sphere form-factor was expressed as'"

Pinho(l]) =

(SLD, — SLD,)’

3[sin(¢R) — qR R
sin(g >(qRq)3 cos(¢R) exp<

where SLD,-SLD; is the contrast term*' (ie., the difference
between the scattering length density of the polymer, SLD,,, and
that of D,0, SLDg). Such a model corresponds to a radial
density profile featuring a core-corona architecture, with a
polymer-rich core and a less dense spanning corona. In analogy
with the definitions used in the numerical simulations reported
in the present work, R represents the particle core radius, and R +
205 represents the total particle radius, where g is the width of the
smeared particle surface. These quantities are the experimental
counterparts of C and Z, as defined in the numerical section.

It is worth noticing that for o¢ = 0, Pjyn0(g) corresponds to the
form-factor of a homogeneous spherical particle of radius R.

The gel network contribution was modeled using a Lorent-
zian function

1

Pruet(q) = 75575
llCl( ) 1+g2({2

(2)
where ¢ is the correlation length of the density fluctuations.
This contribution is absent for particles in the collapsed state,
as the gel network becomes too compact to be resolved in SANS
experiments. The expression for the total theoretical scattering
intensity was

Im(Q) = C'Pinho(q) + Iﬂuct(o)'Pﬂuct(q) + bkg (3)

where c is the particle number density, If,.(0) is the scattering
intensity at ¢ = 0 for the Lorentzian component, and bkg
corresponds to the incoherent g— independent background
signal. Finally, the expression for I,,,(¢) (eqn (3)) was convoluted
with the instrumental resolution, R(g), provided as part of the
data reduction step.

1(q) = In(q) ® R(q) (4)

The resulting expression (eqn (4)) was fitted to the experi-
mental data using a least-squares minimization method. This
procedure led to the determination of R, ay, &, ¢, Inue(0), and
bkg. Importantly, this model does not include any polydisper-
sity function to account for size variations, thus assuming a
monodisperse particle population.

2.1.5 Rheology. Rheological measurements were performed
using a stress-controlled rotational rheometer Anton Paar
MCR102 equipped with a cone-plate geometry. The plate has
24.964 mm diameter, 1.998° cone angle and 104 pm truncation.
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Temperature control was maintained using a Peltier system, and
solvent evaporation was prevented by saturating the atmosphere
surrounding the sample with water and by using an evaporation
blocker around the plate and an isolation hood. Before each
measurement, samples were pre-sheared at a shear rate of
7 =500 s~ " for 30 seconds to obtain a reproducible initial state
by erasing any previous mechanical history. After loading, the
sample was allowed to equilibrate thermally for a few minutes
before starting the measurement. The flow curves of viscosity as a
function of shear rate are described by means of the Cross model:**

Mo — N

T T G o
where 7, and 7, represent the limiting viscosity at zero and infinite
shear rates, respectively, while 7. is a critical shear rate and m is a
positive power exponent. To estimate an effective packing fraction
Qesr, Viscosity measurements were performed in dilute conditions
as a function of the weight concentration C,. Specifically, the
dependence of the relative viscosity i, = n/ns, with ng the solvent
viscosity in the absence of the microgels, on the packing fraction
degr is given at low concentrations by the Einstein-Batchelor
equation:*

nr(({beff) =1+ 2-5¢eff + 5-9‘/)eff2- (6)

Here, we use the linear relation ¢.¢ = kC,, to convert weight
concentration into packing fraction, following previous
works.”®*” In this way, we can estimate the shift parameter k
that depends on the specific microgel considered. Indeed, this
parameter expresses how microgels of different internal archi-
tecture correspond to different occupied volumes, and thus
different effective packing fractions.

2.2 Numerical section

2.2.1 In silico microgel assembly. The microgel polymer
network is assembled in a spherical confinement of radius Z,
starting from N patchy particles of diameter ¢ and mass m (the
units of length and mass in simulations, respectively) with valence
two and four, which mimic respectively the connectivity of mono-
mers and crosslinkers in standard PNIPAM microgels. Assembly
simulations are performed for with the 0xXDNA simulation package
on GPUs?® until almost the totality of possible bonds (>99.9%) are
formed. Details on interaction potentials and parameters used for
the assembly can be found in ref. 18. In addition, the assembly is
carried out in the presence of a radial force that acts on particles
with valence four,"” which allows to tune their position within the
network, thus resembling the different reactivity of crosslinkers as
compared to monomers. The designing force reads as

. —kri if0<r<C
Ja= )

—gi fC<r<2,

with C < Z an intermediate length within which crosslinkers are
mostly confined, and k = 4.5 x 107> and g = 0.008 two phenom-
enological constants."”” For a given N, Z is also fixed in such a
way that the monomer number density pmen remains constant.
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Hence, we always ensure that

3 N 3
i 0.08077, (8)

meH:

whose value was validated against experiments at different cross-
linker concentrations.">"

In this work, for capturing the dependence on the initiator
addition time ¢,q44, we introduce a few differences with respect
to this previously established assembly protocol. First of all, we
change the value of C with respect to Z in order to vary the
confinement of the crosslinkers. Secondly, we act on the short-
time (bare) diffusion coefficient D, of the Brownian thermostat
in the simulations used for the assembly. In fact, we observed

that by setting Dy = 0.16+/¢/m, as in the previously established
method,"? the results were rather independent of C. The use of
Dy = 1.00\/e/m appears to fix this issue. For consistency, we
note that the method put forward in ref. 12 with C = Z/2 and
Dy = 0.1g/¢/m yields statistically identical assembly results to

the case where C = 0.65Z and Dy = 1.0a+/¢/m reported in this
work. This choice, as shown below, corresponds to the experi-
mental case t,qq = 9 minutes.

In addition, in order to be consistent with rheological
measurements, which provide indirect information on the
packing fractions of the different samples, as discussed in
detail below, we also vary the number of monomers N, and
thus Z, ensuring the validity of eqn (8). For convenience, all
relevant assembly parameters for the microgels discussed in
the present work are summarized in Table 1, together with the
assigned names to the samples. In this respect, the subscript
refers to the size of the microgel based on the number of
particles (s = small, m = medium, 1 = large), while the apex,
where present, is related to the size of the spherical region
defined by C, that is roughly the core radius. We note that the
experimental value of ¢,qq4 is not present for the cases that
cannot be directly compared to experiments, due to the lack of
neutron scattering and viscosity measurements for the inter-
mediate samples.

2.2.2 Coarse-grained bead-spring microgel model. Once
the networks are assembled, the interactions between all
monomers are based on the well-established bead-spring
model. Beads interact via a Weeks-Chandler-Anderson (WCA)

Table 1 Parameters for the assembly of in silico microgels, reporting
microgel given names, corresponding experimental initiator addition time
taaq. initial number of monomers N in the assembly, core radius C, overall
spherical microgel confinement Z, and the core-to-microgel assembly
ratio C/Z

Name taaa [min] N C [o] Z [o] Cclz
M, 9.0 168k 51.6 79.4 0.65
M, 1.0 230k 66.1 88.1 0.75
M0 — 336k 50 100 0.50
M0 — 336k 60 100 0.60
M0 — 336k 70 100 0.70
M, 0.2 336k 80 100 0.80

This journal is © The Royal Society of Chemistry 2025
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potential®®

AN12 N6 ' .
Vwea(r) = 48{(1_) _<7) :| +¢ if r <260 o

0 otherwise,

with ¢ setting the energy scale and r being the distance between
two particles, which is added to the Finitely Extensible Non-
linear Elastic (FENE) potential®® in case particles are bonded:

r 2
11— (—
(ROG)
with kr = 15 determining the stiffness of the bond and R, = 1.5
the maximum bond distance. To take into account the effect of
temperature on the responsiveness of the microgel, we consider
an additional solvophobic potential,*’ which mimics the

reduced affinity of the monomer to the solvent with increasing
temperature, of the following form:

VFENE(”) = —SkFR02 In if r< Ryo, (10)

—&u if r < 2Y/6g,

Va(r) = %as [cos(y(r/a)* + B) — 1] if 2Y/%¢ < r < Ryo,

if r > Ryo.
(11)

with y = 1(2.25-2"*)7%, with § = 2n — 2.25y. The V,, potential is
modulated by o which controls the strength of the monomer-
monomer attractive interactions. For o = 0, the microgel is
maximally swollen and no attraction in present. Conversely,
upon increasing o, the microgel collapses experiencing an
effective attraction. Previous works have determined that the
volume phase transition occurs at « ~ 0.65.">'®

2.2.3 Simulations. Molecular dynamics simulations are
run in the NVT ensemble ensuring a reduced temperature
T* = kgT/e = 1, with kg the Boltzmann constant and T the
temperature, by means of a Nosé-Hoover thermostat. Each
microgel is placed in the center of a cubic simulation box with
side 5000 and periodic boundary conditions. After the assembly,
we carry out an equilibration run for at least 1 x 10°3t, with &t =

0.0027 and t = y/mo? /¢ the unit of time. A subsequent produc-
tion run is carried out for at least 5 x 10°3t All microgels
simulations are performed using the LAMMPS package.*”

2.2.4 Calculated quantities. In order to compare with
experiments, we calculate the numerical form factors as

P@) = 3 ({17 7)) (12)

where r; is the distance between monomers 7 and j, while the
angular brackets indicate an average over different configura-
tions and over different orientations of the wavevector ¢. In real
space, we calculate the radial density profiles of the microgel as

) = <}V25<m ol - >>
i=1

with 7oy the distance from the microgel center of mass. Finally,

(13)
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we estimate the hydrodynamic radius of our microgels to
compare with DLS measurements, exploiting the method
recently put forward in ref. 16. In brief, the hydrodynamic radius
is calculated following Hubbard and Douglas as done in ref. 33:

-1

(14)

o0 1
= 2“0 N IR

where a, b, ¢ are the principal semiaxes of the instantaneous
ellipsoid approximating the microgel, calculated through the
convex hull of the microgel. This method yields a reliable
estimate of Ry, that was validated in previous works against
experiments,*¢**

2.2.5 Comparison between SANS data and simulations.
The easiest way for comparing our simulations and experi-
ments is to overlap the numerical form factors P(g) with the
experimental scattering intensity I(q) by re-scaling the former
along the vertical and horizontal axes. However, it is worth
recalling that SANS data cannot be directly compared with
numerical P(g) due to smearing caused by limited instrumental
resolution. Deconvolution of experimental data is possible but
not trivial. For this reason, we decided to compare the numer-
ical P(q) with the model I;,(q) (see eqn (3)) resulting from the
analysis of the experimental data. Because of the good agree-
ment between model curves and SANS data observed during
data analysis, this choice does not pose any issue.

3 Results and discussion
3.1 Experimental characterization

We synthesize five different microgel batches by adding N-
isopropylacrylamide (NIPAM) as monomer, N,N-methylene-
bisacrylamide (BIS) as crosslinking agent, and potassium
persulfate (KPS) as initiator of the polymerization process.
The five batches differ for the rate of addition of KPS, which
is carried out in 0.2, 0.5, 1, 4 and 9 minutes, respectively. The
detailed procedure for the microgel synthesis is described in
the Methods section.

For characterizing the obtained microgels, we first investi-
gate their hydrodynamic size by DLS. The hydrodynamic radius
Ry as a function of KPS addition time ¢,44 is shown in Fig. 1(a)
and (b) at 293 K and as a function of temperature 7, respec-
tively. It is clear how the inclusion of the initiator at different
times has a strong effect on the overall size of the particles,
since Ry drops by about 25% if the addition is carried out in
less than a minute or in 4 minutes. Smaller differences are
instead noted at longer addition times, with Ry that changes
from 206 to 197 nm for ¢,4q4 = 4 and 9 minutes, respectively.

The response to temperature is typical of other responsive
PNIPAM microgels, with a swollen state at low temperatures
and a collapsed state at high temperatures. However, we
observe a more subtle temperature dependence for different
microgel batches. In fact, as shown in Fig. 1(b), different size
ranges are explored for different addition times. This is
reflected in the overall swelling ratio 4 = Ry(T = 293 K)/Ru(T =
313 K) (see inset in Fig. 1(b)) which goes from about 2.3 for
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(a) Hydrodynamic radius Ry for PNIPAM microgels at 293 K as a function of the KPS addition time t,qq, Obtained from DLS measurements on

dispersions at concentration of 0.01 wt%. (b) Hydrodynamic radius Ry of PNIPAM microgels as a function of temperature T. In the inset, the swelling ratio

/ as a function of the KPS addition time t,qq is shown.

small ¢,44 to about 2.1 when the addition of KPS is carried out
for longer times, indicating an increasingly reduced shrinking
capability. Despite this, we note that the synthesis procedure
does not affect the volume phase transition temperature of the
microgels, which remains close to 305 K, as expected.

For three of the five samples we also carry out rheological
measurements. The relative viscosity 7, as a function of weight
concentration Cy, is reported in Fig. 2 for batches with initiator
addition time t,qq = 0.2, 1 and 9 minutes. In all cases we note a
similar trend, with the viscosity growing for increasing concen-
trations. Coherently with expectations, the highest value of
viscosity is reached for the sample with ¢,q4 = 0.2 and with the
greatest hydrodynamic radius. As shown in Fig. 2, the relative
viscosity data can be fitted by means of eqn (6), which allows us
to extract the conversion parameter k, reported in the inset for
the three investigated samples. Its decreasing trend as a function
of t,qq is similar to that observed for Ry shown in Fig. 1(a).

® 0.2min
= 1 min
A 9min

I I (N SO U U SN S
10 01 02 03 04 05 06 07 08 0.9
C, [%]
Fig. 2 (a) Relative viscosity #,e| for dispersions containing PNIPAM micro-
gels synthesised with KPS added in t,qq = 0.2,1 and 9 min, as a function of
weight concentration C,,. Inset: Shift parameter k, obtained by fitting #e(
according to egn (6). The solid black line is a guide to the eye.
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3.1.1 Insights on the microgel structure and morphology
by small-angle neutron scattering measurements. We now
report the experimental SANS data measured at 293 K and
313 K for microgels synthesised with KPS added in t,4q = 0.2,1
and 9 min in Fig. 3(a)-(c), respectively. We also show the
corresponding best fits obtained using eqn (4) and the
“resolution-free” model intensity contributions, I,(g), com-
puted using eqn (3), i.e. without accounting for the instrumen-
tal resolution R(q).

As derived from the analysis of the SANS data reported in
Fig. 3(a)—(c), in the collapsed state all microgels can be described
as homogeneous spheres with a total radius'" decreasing from
112 + 3 nm for the sample prepared at ¢,q4 = 0.2 min to 86 £+ 2 nm
for the sample prepared at ¢,qq = 9 min (Fig. 3(d)). In this model,
the fuzziness and the presence of a detectable gel network can be
suppressed by setting o¢ = 0 in eqn (1) and Ig,(0) = 0 in eqn (3). At
T =293 K, the microgel form factors are well described by eqn (3).
For these swollen microgels, SANS experiments allows us to
determine the extension of the corona and that of the core radius,
respectively, thanks to the use of the fuzzy sphere model. Also in
this case the total radius (R + 20y) of the particles decreases as the
addition time increases. The opposite trend is found for the core-

corona ratio, , shown in Fig. 3(e). Indeed, the extension of

R
R+ 20¢
the corona, gy, is found to be similar for all investigated samples,
while larger changes are observed in the extension of the microgel
core radius, R. Such decreasing trend in the core-corona ratio
reveals that the structure of the microgel gets more heterogeneous
as tyqq increases. For the samples in the swollen state it is also
possible to detect the presence of the Lorentzian contribution
(eqn (2)) originated by the gel network density fluctuations.
Because of the explored g-range, the correlation length ¢ could
not be determined with high accuracy, resulting ~4 + 2 nm for
all investigated samples.

To assess size effects, we also report form factors measured
by SANS for the surfactant-free microgels synthesized with ¢,44
= 9 minutes in the ESL} The results, reported in Fig. S1 (ESIY)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(a)—(c) Experimental scattering intensity measured on the D22 diffractometer for microgels synthesised in D,O with KPS added in t,qq = 0.2, 1 and

9 minin the collapsed (313 K, dark grey symbols) and in the swollen (293 K, light grey symbols) states. Thin solid lines represent the best fits obtained using
egn (4) with the resolution-free /,(q) curves, shown as thick dashed lines. (d) Total particle radius (R + 24¢) as a function of KPS addition time t,qq Obtained
from the fits of the SANS data (panels a—c) for the microgels in the collapsed (313 K, dark grey circles) and in the swollen (293 K, light grey circles) state. (e)

Core—corona ratio, R

20
temperatures. + 20t

are very similar to those of Fig. 3, particularly from the core-
corona ratio extracted from the fits and reported for the
surfactant-free microgels in Table S1 (ESIt) and for all other
samples in Table S2 (ESIt). This indicates that the resulting
microgels internal architecture is independent on the amount
of added surfactant.

3.2 Establishing a microgel model for describing the role of
the initiator addition time ¢,qq

Computer simulations represent an important tool for gaining
more detailed information on the architecture of the microgels
at the single-particle level. In silico synthesis in fact allows for a
one-to-one comparison with the form factors of the microgel
samples measured experimentally, with the advantage of being
able to directly study the effect of a change in a parameter on
the structure of the particle. In brief, a realistic model for
microgels can be obtained by the self-assembly of N patchy
particles under spherical confinement in such a way that a
crosslinked gel-like structure is obtained. The higher reactivity
of crosslinkers compared to monomers, which is typically
observed in experiments, can be mimicked by concentrating
specific particles in the center of the sphere during assembly by
means of an additional designing force fd, see eqn (7). There-
fore, by applyingfd within a radius C, we are able to effectively
obtain a more extended or restricted microgel core. Additional
details on the microgel assembly are reported in Methods.

It is important to note that the in silico synthesis we carry out
does not aim to reproduce the standard chemical protocol
followed in experiments. Rather, it is designed for describing
the overall structure of the particles, independently of the
followed procedure. For the case being, this does not translate
into having specific particles with the role of “initiator” in the
computational synthesis. Rather, the focus is centered to the
effect that the addition of initiator at different times has on
the final structure, and thus on crosslinker distribution, of the
individual microgels. Specifically, here we find that two para-
meters in the computational synthesis are particularly relevant

This journal is © The Royal Society of Chemistry 2025

as a function of the KPS addition time t,qq Obtained from the fits of the SANS data for the microgels for the two analysed

for reproducing correctly the microgel architecture obtained
experimentally upon changing t,4q, namely the size of the core
compared to the overall size of the particle and the ratio
between the number of monomers among different microgel
batches, as discussed in more detail in the following.

3.2.1 Setting the number of monomers. In order to deter-
mine the relative number of monomers belonging to each
microgel, we exploit the viscosity measurements whose results
are summarized in Fig. 2. In fact, the knowledge of & allows us
to extract the proportionality constant between the microgel
effective packing fraction ¢.¢ and their weight concentration
Cy, which reads as,?®*

k:d)eff :Nme K:Nme
Cy VM M

(15)

where Ny, is the number of microgels in the suspension, V;, the
volume of each microgel, V the total volume of the suspension,
M the total mass of monomer. We can then calculate the ratio

3
. Ladd, ladd,i
Nfadd,l Vﬁdd,: N <Rn‘; ’)

m

k’zldd,[
= = (16)
Jladd,j Nfudd,/ ladd,j tdd; [ maddi\>
J add,j
m Vm ™ v (Rm )

where Ry, is the radius of the microgels, and ¢,qq,;,) indicates
the initiator addition time of batch 7 orj. Since both k and Ry,
are known from experiments, we can now invert the relation
and calculate the number of microgels in each batch as,

}
faddy |~
1., dd.i addy
Nnc{ ' ktudd.i (Rm

= . (17)
ler'idd’/ k’udd.j (Rr[%ddjy
Using the experimental values, we finally have,
N'aa=02 5 0T N'aaa=1 5 0. 5 Nlaaa=9 (18)

with Ny, being inversely proportional to the number of mono-
mers N for each microgel at a fixed total mass M. In the
modeling, we thus take this into account in order to reproduce
the correct size dependence observed in the synthesis and
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assemble microgels with a different nominal number of mono-
mers N. In particular, fixing N“4™® x~ 168k, we obtain N**™"
230k and N™9%2 » 336k. For convenience, we name such
microgels M, M,,, and Mj, to indicate their small, medium and
large size, for an increasing N, as also summarised in Table 1.
We recall that the actual number of monomers incorporated in
the microgels after the assembly is usually slightly different
than the nominal one. Importantly, this analysis already gives
an indication of how the formation of microgels occurs during
the experimental synthesis, suggesting that in case the initiator
is added all at once, the polymerisation process is concentrated
in a smaller number of nucleation centers with more mono-
mers each. On the contrary, a slower inclusion of KPS over time
allows for the formation of a larger amount of nuclei, each
composed by a smaller amount of monomers.

3.2.2 Setting the core-to-corona ratio. Microgels with a differ-
ent core-to-corona ratio show different topologies and related form
factors. To study this effect, we assemble microgels with a fixed
number of monomers N and varying ratio between the core C and
the overall microgel Z radii, at fixed Z. Here, we consider M,
microgels with 0.5 < C/Z < 0.8 at fixed Z = 1000 in order to better
visualize changes between the different C employed. The value of
the core radius is placed as apex of each microgel name, see
Table 1. Representative simulation snapshots showing the full
particles and the corresponding microgel slices are displayed in
Fig. 4, highlighting the reduction in size of the core as C/Z
decreases. The respective form factors P(q) are reported in
Fig. 5(a), arbitrarily shifted on the y-axis for the sake of visual clarity.

Although the number of monomers is fixed, the microgels
exhibit a slight increase in total size as the core size decreases,

View Article Online
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as indicated by distance where the radial density profile approaches
zero (inset in Fig. 5(b)). The position of the first peak of P(q)
remains roughly constant, which is an indication that the radius of
gyration of the microgels is also quite constant (not shown). This
observation is not in contradiction with the increase in total size, as
for smaller cores, the particle becomes denser toward its center and
the overall extension of the particle can still be larger, driven by the
presence of a less dense, but more extended corona. Indeed, the
structure and extension of the corona change, as evidenced by the
appearance of two distinct gradient regions in the radial density
profiles. These correspond to the shift, toward higher wavenumbers
of the second and third peaks in the form factors for the M{*® and
M;>® samples reported in Fig. 5(a).

This picture suggests that if the crosslinkers are concentrated
in a larger and larger volume, the overall size of the particle
tends to be smaller than for the opposite case, where a more
spread and swollen structure is retained. This is confirmed by
the radial density profiles p(r) shown in Fig. 5(b), which provide
the same information in real space but allowing for a better
visualization of the variation of the core size with C. In addition,
the inset shows that the smaller the core, the greater the long-
distance tail of the profiles, indicating the growing size of the
particles. These results can also be visually detected by looking at
the snapshots of the corresponding microgels, where an overall
fluffier structure with longer outer chains is consistently
observed for microgels with a smaller core.

3.3 Comparison between in silico microgels and experiments

By combining the information derived in the previous sections,
it is now possible to obtain detailed models for each of the

/w/c?O /W/

full particle

slice

v

oz

Fig. 4 Representative simulation snapshots showing the (top row) full and (bottom row) sliced M3, ME®°, ME7© and M, microgels (from left to right) with
different core to microgel assembly radii C/Z. Dotted and dashed lines show the nominal particle and core radius, Z and C, respectively.
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Fig. 5 (a) Numerical form factors P(q) as a function of the wavenumber q and (b) corresponding radial density profiles as a function of the distance r for

the MICSO, Mf6°, Mf7° and M, in silico microgels. Inset: Zoom on the long distance tail of the radial density profile.

synthesized batches. In order to do so, it is straightforward to
compare the I,,(g) derived from the analysis of the experimental
data to the form factors calculated numerically. The determina-
tion of the I,(q) data is reported in the Methods section.
In order to determine the conversion unit between simulations
and experiments, we superimpose the first peak of the numerical
form factor onto the experimental one at the lowest investigated
temperature.'” Then, the same scaling factor, corresponding to
the measure of the bead size ¢ used in simulations, is retained
for all other temperatures.

Experimental and numerical form factors for initiator addi-
tion times of 0.2,1.0 and 9.0 minutes are shown with symbols
and full lines, respectively, in Fig. 6(a) for T = 293 K and in
Fig. 6(b) for 313 K. The numerical form factors are calculated for
microgels M, My, and My, as discussed in the previous section, in
order to account for the smaller amount of monomers present in
each of the experimental microgels for longer ¢,qq4. The size of
the core C is here adjusted as the main fit parameter for
matching at best the experimental measurements. A remarkable

agreement with the experiments is obtained for a progressively
smaller size of the core as the initiator addition time increases.
Correspondingly, the ratio between the core and the microgel
radii C/Z also decreases, going from around 0.8 to 0.65 from 0.2
to 9 minutes of initiator addition time. These findings are in
qualitative agreement with the analysis of the neutron scattering
data, showing that the core extension decreases as t,qq increases,
as reported in Table S2 (ESIf). It is important to note that the
same microgel model is also able to reproduce the form factors
of the surfactant-free microgel for t,44 = 9 minutes, as reported
in Fig. S1 (ESIt). This reassures us that the model is robust
toward size effects, independently on the internal microgel
architecture. Referring back to Fig. 3, it is evident that the form
factors exhibit a shift of the first peak towards higher wavenum-
bers as t,qq increases, consistent with a reduction in the size of
the particles. Besides, we also note a progressive disappearance
of the second peak of the form factors in the swollen state that
becomes almost invisible for the smallest microgels. The devia-
tions between numerical and experimental form factors found at

10i T LI '9' ] T Ml %Jll T T T T T I.Ill9 ] T '\;I 10i [ I T I T I T | T | T |_
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Fig. 6 Model scattering intensity /(g) (symbols) as a function of the wavenumber g obtained from the analysis of SANS data on PNIPAM microgels
synthesised with KPS added in 0.2, 1 and 9 min at 293 K and 313 K. Also shown are numerical form factors P(q) calculated from molecular dynamics
trajectories (lines) for M|(C = 0.802), M,(C = 0.752) and M¢(C = 0.652). Data are reported for (a) T = 293 K and (b) T = 313 K. Simulations data are shifted by
the common factor 2.45 nm that is the size of the bead used in the model. (c) Hydrodynamic radius Ry as a function of initiator addition time t,qq, that is
for M, M., and M microgels, respectively, in the swollen state. The dashed line serves as guide-to-the-eye.

This journal is © The Royal Society of Chemistry 2025

Soft Matter, 2025, 21,1571-1582 | 1579


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01200c

Open Access Article. Published on 27 January 2025. Downloaded on 4/30/2026 10:16:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.0 min, M,

View Article Online

Soft Matter

9.0 min, M,

full particle

slice

Fig. 7 Representative simulation snapshots showing the (top row) full and (bottom row) sliced M, M,,,, and M microgels (from left to right), with different
number of monomers N and core-to-microgel radii ratio C/Z, corresponding to different experimental initiator addition times t,qgq.

high wavenumbers are a consequence of the finite size of the
beads for in silico microgels as compared to the actual laboratory
ones."” The situation improves at high temperatures, where we
observe many characteristic oscillations of a fully collapsed
spherical microgel network.

Importantly, the present modeling is also able to reproduce the
experimental trend of hydrodynamic radius Ry observed in the
experiments. This quantity, calculated from molecular dynamics
trajectories of single microgels as described in Methods, is shown
in Fig. 6(c) for the cases under investigation. Consistently with
DLS results (Fig. 1(a)), we find that Ry of the simulations
significantly drops from the value it retains at the smallest
initiator addition time to the intermediate one (at 1 minute),
and then slightly decreases further when KPS addition occurs over
9 minutes. The relative decrease in Ry is also in qualitative
agreement with DLS experiments, showing a first reduction by
around 15% and a subsequent one by another 5-10%. The change
in size of the investigated microgels can also be visualized by
means of the simulation snapshots reported in Fig. 7.

4 Conclusions

In this work, we analyzed in detail the modifications of the
microgel conformation upon changing the time in which the

1580 | Soft Matter, 2025, 21,1571-1582

initiator is added to the standard chemical synthesis. Variations
at this stage in the protocol are expected to influence the
distribution of the crosslinkers within microgel particles and,
in turn, the overall microgel architecture. Despite being a small
variation in the synthesis procedure, the importance of this
study stems from the fact that in the literature microgels are
prepared almost interchangeably with either the addition of the
initiator in one-shot (low ¢,q4) or with the drop-by-drop (high
t.aa) protocol. This variation of the synthesis protocol deter-
mines subtle changes in the observed microgel structure, pre-
viously undocumented, thus requiring a careful modeling effort.

Therefore, the present work analyzes the effect of initiator
addition time by combining experiments and simulations. Our
findings show a non-trivial phenomenology. First of all, we find
that a fast addition time results in microgels having a larger
core with respect to the total size of the network, hence
denoting a more homogeneous structure. Instead, a longer
addition time yields a more marked difference between core
and corona and thus microgels with a more heterogeneous
network. To model this in simulations, we use a more compact
distribution of crosslinkers and thus a smaller core radius,
which naturally yields a more stretched corona. On the other
hand, an almost instantaneous addition of the initiator gives
rise to a large core, as also confirmed by simulations. Interest-
ingly, it is the first type of microgels—the more heterogeneous

This journal is © The Royal Society of Chemistry 2025
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one in terms of core-corona structure—to be larger in size
according to DLS, while the second ones are significantly
smaller.

To shed light on these interesting features, we analysed the
experimental synthesis in terms of the number of microgel
nuclei that are formed during the polymerisation reaction,
which is found to vary significantly with the addition time of
the initiator. This was indirectly observed by means of viscosity
measurements in dilute conditions. By combining all these
elements together, it was possible to capture the evolution of
the microgel structure with different initiator addition times,
which results from two distinct contributions. On the one
hand, there is a tendency for the microgels to become more
and more heterogeneous in terms of core—corona ratio as t,qq
increases and, on the other hand, we observe a decrease in
microgel size due to a reduced capacity to incorporate mono-
mers within the network. Although it might be expected that a
slower addition would result in a more homogeneous structure,
this is not confirmed by the data. Actually, it is the microgels
with the initiator added all at once to have a larger core with
respect to the corona, and thus being overall more homoge-
neous. However, this results in fewer microgel nuclei being
generated, which has a significant impact on the poly-
merisation process. In this respect, it would be interesting to
monitor the kinetics of reaction for the formation of these
particles. In addition, attenuation studies similar to those
recently performed in ref. 35, could be valuable to confirm
the present results.

It is important to note that the present findings are obtained
with the complementary addition of a fixed amount of surfac-
tant. Nonetheless, we have repeated the synthesis in its absence
for the case of initiator addition time of 9 minutes, and we
found no substantial differences. The corresponding form
factors, reported in the ESI, are also captured by the numerical
model with the same core-to-corona ratio as for the smaller
experimental microgels. Hence, we can conclude that the
current findings do not appear to be affected by the presence
of surfactant in the experimental synthesis.

In summary, we have shown that the addition of
the initiator at different times has relevant effects on the
polymerization process of microgels, and can be exploited
for fine-tuning the particles internal architectures and sizes.
These findings are found to be independent on the use of
surfactants in the synthesis protocol and thus unaffected by
microgel size. This provides a straightforward, additional
parameter in the experimental synthesis, enabling the opti-
mization of microgel preparation for specific applications. In
the future, it will be interesting to extend this study to
different types of microgels, also based on different mono-
meric units, such as PVCL,*® and crosslinking agents,37’38 in
order to investigate how these factors influence the internal
structure. By combining experimental and simulation
approaches, future work could aim to identify conditions that
promote either maximal structural homogeneity or inhomo-
geneity, further advancing the understanding of microgel
design.

This journal is © The Royal Society of Chemistry 2025
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