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We investigate by means of small angle neutron scattering experiments and numerical simulations
the interactions and inter-particle arrangements of concentrated dispersions of copolymer poly(N-
isopropylacrylamide)—poly(ethylene glycol methyl ether methacrylate) (PNIPAM—-PEGMA) microgels
across the volume phase transition (VPT). The scattering data of moderately concentrated dispersions
are accurately modeled at all temperatures by using a star polymer form factor and static structure
factors calculated from the effective potential obtained from simulations. Interestingly, for temperatures
below the VPT temperature (VPTT), the radius of gyration and blob size of the particles significantly
decrease with increasing the effective packing fraction in the non-overlapping regime. This is attributed
to the presence of charges in the system associated with the use of an ionic initiator in the synthesis.
Simulations using the experimentally corroborated interaction potential are used to explore the state

Received 30th January 2023, diagram in a wide range of effective packing fractions. Below and slightly above the VPTT, the system

Accepted 30th April 2023 undergoes an arrest transition mainly driven by the soft repulsion between the particles. Only well above
the VPTT the system is found to phase separate before arresting. Our results highlight the versatility and
potential of copolymer PNIPAM-PEGMA microgels to explore different kinds of arrested states balancing

attraction and repulsion by changing temperature and packing fraction.
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1 Introduction

Microgel particles are cross-linked polymer networks of colloi-
dal size. Their internal polymer structure can be sensitive to
external stimuli, such as temperature,' pH,” or external fields,’
by accurately tailoring its physicochemical properties. This
results in colloids with variable physical and chemical proper-
ties, which offer the possibility to explore fundamental physics
problems, and can be exploited in multiple applications. One of
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the most studied types of microgels is made of thermorespon-
sive poly(N-isopropylacrylamide) (PNIPAM), which exhibits a
volume phase transition (VPT) at temperature T, ~ 32 °C.*°
Thus, the size and stiffness of the particle can be tuned by
changing the temperature.® In particular, for T < T, microgels
are soft and display a spherical core-corona architecture,
whereas for T > T, the stiffness increases and the particles
undergo a collapse,””® which is an echo of the underlying coil-
to-globule transition of PNIPAM chains. This is driven by a
change in the polymer affinity to the solvent,” which also
results in the modification of microgel-microgel interactions
at the colloidal length scale. In particular, experiments show
the onset of an effective attraction in the collapsed state,
signaled by aggregation and phase separation in highly con-
centrated suspensions.'®'! The adaptability of PNIPAM micro-
gels has contributed to their wide diffusion in applications
such as drug delivery,">"? regenerative scaffolds,'* biosensing"®
and inks for bio-interfaces design,'® to name a few.
Furthermore, PNIPAM microgels can be programmed to have
specific stimuli-response and/or additional properties through
the inclusion of a second type of polymer. This inclusion can
be realized in different ways: one possibility is that the second

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0001-8750-8875
https://orcid.org/0000-0002-9410-3953
https://orcid.org/0000-0003-4733-0368
https://orcid.org/0000-0002-0725-0980
https://orcid.org/0000-0003-0032-8906
https://orcid.org/0000-0003-1334-5940
http://crossmark.crossref.org/dialog/?doi=10.1039/d3sm00120b&domain=pdf&date_stamp=2023-05-08
https://doi.org/10.1039/d3sm00120b
https://doi.org/10.1039/d3sm00120b
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00120b
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM019020

Open Access Article. Published on 02 May 2023. Downloaded on 7/30/2025 9:34:00 PM.

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

(cc)

Paper

component is incorporated in the form of a separated shell or
core, giving rise to so-called core-shell microgels. The second
polymer can be non-thermoresponsive like poly(ethylene glycol)
(PEG) or its methacrylated variant PEGMA, providing a more
biocompatible shell for biomedical applications.’”'® Alterna-
tively, it can also be thermosensitive, leading to core-shell
microgels exhibiting a complex swelling behavior that cannot
be approximated as the sum of the transitions from each
polymer.'®" Also classified as core-shell microgels are systems
where PNIPAM acts as a shell surrounding hard particles,
i.e., non-thermoresponsive ones such as gold or polystyrene
silica.>®** The resulting microgel acquires new functionalities
thanks to the stimuli-responsive shell.>* The second component
can be also incorporated within the PNIPAM network, leading in
this case to so-called copolymer microgels. It is possible to
produce interpenetrating network (IPN) microgels, where the
networks of PNIPAM and the additional polymer are chemically
non-crosslinked with one another.>®?® In this case, a micro-
phase separation is induced by playing with the stimuli-response
of each polymer type, generating a non-uniform collapse.>”®
A different scenario occurs when polymer chains, rather than a
full network, are attached within the PNIPAM network.'®732
In the case of a thermoresponsive copolymer, such as poly(N-
isopropyl-methacrylamide) (PNIPMAM) or poly-N,N-diethyl-
acrylamide (PDEAAM), microgels present anomalous deswelling
and variation of the VPT temperature.”*>° Instead, addition of a
non-thermoresponsive, hydrophilic comonomer like PEGMA
leads to a shift of the VPT temperature to larger values and to
a progressive reduction of the magnitude of deswelling,'”** that
was attributed to a changed balance in hydrophobicity and
hydrophilicity. In these microgels PEGMA is expected to be
mainly concentrated on the exterior of the particle, due to
precipitation of PNIPAM under the synthesis conditions."”**>"
However NMR studies in ref. 31 indicate that at least a fraction of
PEGMA becomes immobilized during collapse across the VPT.
Recently, through a combination of SANS measurements and
monomer-resolved simulations, we confirmed that PNIPAM-co-
PEGMA copolymer microgels exhibit a heterogeneous collapse,
with the formation of two denser regions, responsible for the
shift of the VPT transition to higher temperatures.** In the same
work we also showed that the experimental particle form factor
can be best described assuming that part of the PEGMA, mostly
distributed on the periphery of the particle, is contained within
the PNIPAM network, coherent with indications of ref. 31.
Furthermore, simulations evidenced the presence in this case
of an enhanced attraction above the VPT temperature, different
from ionic copolymerized microgels*® in which the effective
attraction emerging from the solvophobicity of the cores can
be partially shielded, preventing or retarding phase separation in
highly concentrated suspensions. While previous studies
allowed a thorough characterization of the single particle shape
and responsiveness, essentially unexplored remains the effect of
copolymerization on the inter-particle interactions at moderate
and high particle concentrations and as a function of tempera-
ture. This is crucial for applications of copolymer microgels in
developing electronic and photonic devices,*>*® drug delivery®®

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

and cultivation of adherently growing cells.’” In addition, the
presence of PEGMA paves the way toward biomedical applica-
tions,***° due to its non-cytotoxicity*' and, thus, increased
biocompatibility.

The aim of the present work is that of elucidating the inter-
actions of copolymer microgels of PNIPAM-PEGMA. In particular,
we explore a range of temperatures crossing the VPT as a function
of microgel concentration. This procedure combines small-angle
neutron scattering (SANS) experiments and numerical simulations.
SANS measurements at different concentrations are described by
using the static structure factors obtained from the effective
interactions calculated through monomer-resolved simulations.
We find that below and close to the VPTT, the interactions are
soft and repulsive, so that a star polymer or Hertzian description
well captures the structure of the resulting copolymer microgels.
We also find a general reduction of the microgel size that happens
before particle overlap with increasing concentration. On the other
hand, above the VPTT, the size reduction is less pronounced owing
to the more compact conformation. We further use the calculated
effective interactions to study the static and dynamic properties of
concentrated dispersions as a function of packing fraction at these
different temperatures, finding the onset of dynamical arrest at
relatively large packing fractions below the VPTT. Such onset is
shifted to lower concentrations as T increases. At the highest
studied T phase separation also occurs, thus retarding the domi-
nant role of attraction with respect to standard PNIPAM microgels.
Our results link the microgel morphology controlled by tuning the
internal polymer network and its effects on the behavior of
PNIPAM-PEGMA copolymer microgel dispersions.

2 Materials and methods

2.1 Experimental system

2.1.1 Microgel synthesis. Copolymer PNIPAM-PEGMA
microgel particles were synthesized following a ‘“one pot”
soapless emulsion polymerization method.** All reagents were
purchased from Sigma-Aldrich. N-Isopropylacrylamide (M, =
113.16 g mol ') was purified by recrystallization in petroleum
ether at 35 °C. The crosslinker ethylene glycol dimethacrylate
(EGDMA, M, = 198.22 g mol "), the initiator Ammonium
Persulfate (APS) (M, = 228.18 g mol ") and the poly(ethylene-
glycol) methyl ether methacrylate (PEGMA, M, = 950 g mol ')
were used as purchased. The synthesis was carried out using a
1 L jacketed glass reactor (Syrris, model Atlas Potassium,
Royston, UK) to improve temperature and stirring control.
The particles were synthesized with a proportion in weight
equal to 30% PEGMA and 70% PNIPAM. Initially 3.5 g of
PNIPAM were dissolved in 40 ml of water and mixed with the
EGDMA crosslinker (1 mol% vs. polymer content). The so-
obtained solution was bubbled with nitrogen for 30 minutes
to remove any dissolved oxygen while stirred at 350 rpm in a
cold bath at 15 °C. After 20 minutes, 1.5 g of PEGMA pre-
dissolved in 10 ml of water was added to the solution and the
bubbling was maintained for 10 additional minutes. The
obtained mixture was added to 438 ml of preheated water
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(85 °C) and stirred at 350 rpm for 30 minutes. APS (2 wt% vs.
PNIPAM) previously dissolved in 12 ml of water was added to
initiate the reaction. The polymerization was carried out for
45 minutes, after which the solution was placed in a cold bath
to stop the polymerization process. The dispersion was purified
via dialysis, using a dialysis membrane with molecular weight
cut-off of 12-14 kDa and performed against distilled water for
7 days. The microgels were recovered by freeze drying. "H-NMR
chracterization was performed to assess the effective incorpora-
tion of PEGMA in the synthesis, finding a final weight propor-
tion of 66% PNIPAM and 34% PEGMA in the microgels (see
ESL 1 for more details, including the measured spectrum).
Particle characterization performed by dynamic light scattering
showed that the hydrodynamic radius Ry; &~ 166 nm in water at
low temperature 7, with a polidispersity of about 25% (size
distribution reported in the ESIt). The VPT occurs at T, =
36 °C, leading to Ry ~ 90 nm at high 7.** This value of T, also
later referred as VPTT, is sensibly higher than that usually
found for standard PNIPAM microgels in water (T, ~ 32 °C), in
agreement with previous findings,'”*" where it was attributed
to a changed balance in hydrophilicity and hydrophobicity.
Recent work on PNIPAM-AAc microgels showed that changes in
the VPT of PNIPAM can occur when segments smaller than
10 monomers are present, due to copolymerization.** The
probability of such segment length is essentially negligible in
our case according to the molar fractions of PNIPAM, PEGMA
and crosslinker used in the synthesis. However, since the
probability calculation assumes a homogeneous distribution
of the components, that is not realistic in our case, small
segments of PNIPAM might be present in the corona due to
the higher local concentration of PEGMA.

We report in the ESI{ also a SEM image of a representative
PNIPAM-PEGMA collapsed particle confirming that there is no
evidence of a PNIPAM(core)-PEGMA(shell) internal structure of
the particles.

2.1.2 Preparation of dispersions. Dispersions with w/w
concentrations ¢ = 0.83, 2.75, 3.43 and 4.99% were prepared
by redispersing the dry microgel powder in deuterated water
(D,0). After water addition, samples were heated up to 30 °C
and mixed first in a vortex shaker and later with a magnetic
stirrer until complete homogenization. Samples were then
transferred to cuvettes for measurement. The effective volume
fractions (¢egr) of the samples at T = 20 °C were determined
according to Qe = [Meon/(Meon + Msory)] X [D(T = 20 °C)/
Dmin]3144 being T the temperature, m.,; and mg,, the mass
of the colloids and solvent, respectively, and Dy,;, the mini-
mum diameter of the particles in the collapsed state at high
temperature. The diameter at 7 = 20 °C and the minimum
diameter in the collapsed state were determined by modeling
the temperature dependence of the particles diameter with a
logistic function.”* Note that since even in the collapsed state
at high temperatures the particles still contain a small amount of
water,”>*® the value of Dy, estimated through the described
procedure is slightly overestimated. The estimated effective
volume fractions for samples at 7= 20 °C are ¢eg = 0.06, 0.19,
0.24 and 0.34.
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2.2 Numerical simulations

We consider copolymer PNIPAM-PEGMA microgels that were
previously assembled following two steps,” and whose final
structure was fixed using the Kremer-Grest bead-spring
model.”” Thus, all particles interact via a Weeks-Chandler-
Andersen (WCA) potential, defined as:

12 6
e (%) " () i< 2
Vweal(r) = g g

0 otherwise

(1)

where oy, is the unit of length and ¢ controls the energy scale.
Furthermore, bonded particles also interact via a FENE

potential Vegng:
r1?
R 2
ROCTm:| ) 0%m ()

where kg = 15 is the dimensionless spring constant and R, = 1.5
is the maximum extension of the bond. Additionally, the
characteristic thermoresponsive behavior of the PNIPAM poly-
mer is captured by adding an effective attraction among its
monomers:

Veene (r) = —ekp Ry 1n<1 — {

—eu 1fr§ 21/6O'm
1 )2 .
Vo(r) = 5%é |cos 5(6—) +8 | —1| if 2%, <r < Room,
m
0 otherwise

(3)

with § = n(2.25 — 2% and f = 2n — 2.256."® Here, the
parameter « modulates the solvophobicity of the beads, playing
the role of an effective temperature in the simulations.*®*°
Indeed, we have V,(r) = 0 when « = 0, reproducing good solvent
conditions, whereas the VPT transition for a homopolymer
microgel occurs at a critical value o, ~ 0.65.°>>' On the other
hand, for PEGMA monomers the effective attraction due to
thermoresponsivity is ignored because it is well-known that, for
this polymer, solvent quality effects become evident at a much
higher temperature than for PNIPAM ones,>” well outside the
temperature range investigated in this work.

According to our previous study in ref. 32, here we focus on
the case where PEGMA chains are attached within the polymer
network since this conformation was found to reproduce the
experimental particle morphology. For this type of copolymer
microgels, the effective interaction between two microgels was
evaluated by using the umbrella sampling technique at differ-
ent values of o, where a series of independent configurations
along a reaction coordinate are sampled by using a bias
potential.>®*** In our case, we have considered the centers of
mass distance between two copolymer microgels as the reaction
coordinate, with the bias potential being harmonic. Then, we
evaluate the bias probability distribution Py(7,4;) of finding the
macromolecules’ centers of mass at distance r given the equili-
brium length of the spring y; from our simulations. Later, the
contribution from the bias potential is removed, Py(r,4,) and

This journal is © The Royal Society of Chemistry 2023
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subsequently unbiased probability distributions are merged
into P(r) via a least-squares method. In this way, the potential
of mean force is expressed as

Ver(r) = —kgT[P(7)] + C, (4)

being C a constant that fixes the condition Veg(r — o0) = 0.

For o = 0.0, the effective interaction numerically calculated is
well-fitted by a Hertzian model, that is usually employed for
microgels,*>* which is expressed as

BVu(r) = UL — r/on)”?0(1 — r/ow), (5)

where U is the Hertzian strength linked to the particle elasticity
and oy represents the particle diameter. The Heaviside step
function 0 ensures the interaction vanishes at distances r > ;.
From the fit we find U = 674.1e.

Instead, evidence of an effective attraction is already found
for o ~ 0.5, well below the PNIPAM VPTT, while the evaluation
of the potential was possible until « = 0.7. We could just use the
calculated potential as a numerical table, but it is more
practical to adopt a phenomenological analytical form. To this
aim, we fit the numerical potential with the expression,

BVeir(r) = 44o {(6{)% - <ﬂ> Al}

r r

Ae
cos <A3 (L) +A4) - As] if r <rew,
of
(6)

where the first term acquires a generalized Lennard-Jones
shape, with 4, (in units of &), and A, as fit parameters, and
the second term adopts the functional form described in
eqn (3), with A, (in units of ¢), A3, A, and A5 as fit parameters.
The values of the fit parameters are reported in Table S3 (ESIt),
while o represents the characteristic size of the copolymer
microgel. We note that we could also describe the potential
with the sum of a Hertzian plus an attractive contribution, but
it appears that the former term is not able to properly capture
the calculated excluded volume contribution when particles
become attractive, as discussed in the SM. So, for simplicity,
we stick to the phenomenological form of eqn (6), without
assigning any particular meaning to the fit parameters.

Using the Hertzian potential in eqn (5) for « = 0.0 and the
attractive potentials Veg(7) in eqn (6) for different values of o, we
then perform Langevin dynamics (LD) simulations, where the
total force on the i-th particle is expressed as

+ A>

F; = F¢ + FP + FX. (7)
Here, FY = —VV.g(r) represents the conservative force. The
second term represents the drag force, defined as FP = —&myv;

with friction coefficient fixed to be & = 10m;/¢, m; specifies the
mass and v; is the particle velocity. Finally, Fy is the random
force characterized by (F}) = 0 and (FR(£)FR () = 6¢k,To(t — t).

In all cases, we consider N = 2000 polydisperse particles
whose diameters are described by a Schultz distribution® with
unitary mean and standard deviation equal to PD = 25%,

This journal is © The Royal Society of Chemistry 2023
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matching the experimental polydispersity. The packing fraction

is thus defined as ¢ = g<a3>%, where V represents the volume

of the simulation box. Since the temperature effects are
encrypted in the effective potential interaction, we always
maintain the temperature T = ¢/k;, in our simulations. All beads
have unit mass, and the integration time step is &/p =

0.002+/(m(a?))/(kgT). The Langevin equation was integrated
using the self-adaptive OVRVO scheme, which is suitable for

both equilibrium and nonequilibrium dynamics.?”-*®

2.3 Small-angle neutron scattering (SANS)

2.3.1 Measurements. SANS measurements were performed
at the NG7 SANS beamline (NCNR at NIST, Gaithersburg, USA)
using three different configurations: (i) 1.33 m Sample-to-
Detector Distance (SDD) and incident wavelength 4 = 6 A,
(ii) 4 m SDD and 2 = 6 A, and (iii) 13.17 m SDD and 4 = 8.4 A.
The combination of the three configurations gives a wave vector
range 0.001 A™* < Q < 0.4 A™*. Measurements were performed
at 20 °C, 30 °C and 40 °C.

2.3.2 Data analysis. The SANS scattered intensities mea-
sured for microgel dispersions with different packing fractions
can be expressed as:*°

1(Q) = ¢ V(Ap)’P(Q)S(Q) (8)

where ¢ is the particle volume fraction, V the particle volume,
Ap = p; — p, the scattering length density difference between
the microgels (p;) and the solvent (p,), P(Q) the particle form
factor, and S(Q) the structure factor. In previous work®> we have
shown that, due to the small degree of cross-linking of the
PNIPAM component (1 mol% cross-linker content), the particle
form factor can be described using the star polymer form factor

model of Dozier and coworkers,**®! that consists of two terms:

sin(utan='(Q¢))

0&(1 + szz)#/z 9)

P(Q) = A, exp {—%QzR;} + A,

The first term describes the Guinier regime and provides an
estimate of the particle size through the radius of gyration R,.
The second term is used to model the blob scattering of the star
arms and allows to determine the blob size ¢. This represents
the characteristic length scale at which the granular polymer
structure becomes relevant. The exponent p is defined as
u = 1/v — 1, with v the Flory exponent. It provides therefore
information on the solvent quality conditions. The amplitudes
A; and A, weight the contributions of the Guinier form factor
and blob scattering terms of the model.

For T = 40 °C an additional blob term was included in the
expression of the form factor to take into account the possible
presence of structural heterogeneity of the corona induced by
the presence of PEGMA inside the network that hinders the
deswelling transition of PNIPAM. The expression of the form

Soft Matter, 2023,19, 3614-3628 | 3617
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factor reads in this case:
sin(u; tan~'(Q¢,))
Q¢ (1+ Q)"

4 sin(u, tan~1(Q¢&,))
3 /2
Q& (14 Q2¢2)"

P(Q) = A exp {—%QZR;} + A4
(10)

where the last term is the second blob scattering contribution.
Static structure factors S(Q) at different packing fractions were
calculated theoretically by solving the Ornstein-Zernike equa-
tion with the Rogers-Young closure for the effective potential
obtained by umbrella sampling simulations, and for the
star polymer potential proposed by Likos and coworkers,®>
defined as

r 1
—In|— | +— for r < 38
(O_sg) 1+ \/7/2 eff
SP (. _SP
oo/ exp VI(r SP“eff) for r > oF
L+ /f/2 20

eff

BVsp(r) = 1—58]"3/2

(11)

where f is the number of star arms, called functionality, and
oot is the characteristic size of a star polymer. For each sample
a set of structure factors was calculated for different values of
the effective packing fraction. The numerically calculated struc-
ture factors S(Q) were interpolated on the experimental Q values
and multiplied by the model form factor to fit the data in
SasView.®® The fitted effective packing fraction, ¢, that takes
into account the shrinking of the microgels at higher T and is
thus a true packing fraction similar to the simulation one, was
obtained from that of the structure factor that provides the best
fit of the SANS data. In particular, for the star potential we used
f =500, according to previous work.>>

)
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For the potential calculated for o = 0.7, the copolymer
microgel collapses (see Fig. 1(a)), and we find the occurrence
of phase separation also at very low packing fractions. This is
also confirmed by the calculation of the second virial coefficient
normalized to the hard sphere value, Bj, also reported in
Table S3 (ESIT). To compare to experimental data, which do
not show phase separation in the SANS investigated range, we
adopt an interpolation of the effective potential in the range
o € [0.5, 0.7]. In order to choose the right value of o we use the
following additional information from experiments: (i) at 40 °C
the system presents phase separation at a packing fraction
¢etr ~ 1.6, amounting to ¢ 2 0.18, as indicated by the strong
increase of turbidity and by additional velocimetry measure-
ments, which show the occurrence of total slip in the sample, a
typical response of attractive samples;®* (ii) at 30 °C full phase
separation is never observed, although at large packing
fractions the system displays characteristic features of gelation.
Taking into account these facts, we consider effective potentials
at a value of o for which these features are approximately
reproduced and, at the same time, that are able to fit the
experimental SANS data. The interaction potentials that fulfill
these requirements correspond to roughly o = 0.5 for 30 °C and
o = 0.58 for 40 °C and are shown in Fig. 1(b).

3 Results
3.1 Effects of concentration below the VPTT

The experimental SANS scattering intensities measured at
T = 20 °C for increasing ¢es (Fig. 2) show the progressive
appearance of a peak in the region for Q < 1072 A~ that
indicates the increasing contribution of interactions through
the structure factor S(Q). The peak moves to larger Q values with
increasing ¢.¢ as a consequence of the reduced inter-particle
average distance. However, we notice that the whole intensity

Fig. 1

(b) 20 T 1 T 1 ©) T T T T T 20
0=0 —— Fiteq.(10) A 3 0.58 (Interpolation)
05 — Fiteq.(11)
I3 0.7 — Fi:eg.(n) 5 —115
2 10 1 r 0E
K |1 %
@ 5 1 F 15 @
0 o # B v 0
_5 | L | L | L | | L | L | L | _5
0.8 1.0 1.2 14 0.8 10 1.2 14
/0 /0

(a) Snapshots from monomer-resolved simulations for copolymer microgels at « = 0 and « = 0.7. Here, light and dark green colors correspond to

the PEGMA and PNIPAM monomers, respectively. (b) Effective potential Veg(r) obtained by umbrella sampling (symbols) and their respective fits (lines) as
a function of the effective temperature o. (c) Only fVeg(r) extracted from the fits are shown, with the additional curve for 0.58 obtained by interpolation.
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10™
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Fig. 2 SANS scattering intensities /(Q) for ¢ = 0.06, 0.19, 0.24, 0.34, as
indicated, and T = 20 °C (a) and 30 °C (b). Lines represent fits in which the
structure factor S(Q) has been calculated by modeling the interactions
through the effective potential obtained from simulations for & = 0 (a), or
o = 0.5 (b). Data and fits for ¢ = 0.19, 0.24 and 0.34 were vertically shifted
by factors 2, 4, 8, respectively, for better visualization.

curve progressively shifts towards larger Q values, which indicates
that the particle size also reduces with increasing ¢ One can
also note the growth of a shoulder at around Q ~ 7 x 107> A™*
with increasing packing fraction. This is reminiscent of what was
observed for the form factor when increasing T across the VPT,*>
where it was associated to the progressive shrinking and compac-
tion of the particles and the formation of a non-uniform density
profile due to the presence of the PEGMA within the PNIPAM
network. For samples with ¢ > 0.19 some extra scattering in
the region of low Q-values before the structure factor peak might
be the result of inhomogeneities and partial aggregation. This
extra scattering was not considered in the modeling presented in
what follows. Similar behavior was observed for the measure-
ments at T = 30 °C, that are reported in Fig. 2b.

3.1.1 Modeling: effective potential from simulations and
star polymer potential. The results of modeling the scattering
intensities at T = 20 °C using eqn (8), in which the static
structure factor was calculated for the effective potential deter-
mined for simulations with o = 0, are reported in Fig. 2a. For all
experimental intensities a satisfactory description of the data is
obtained, except for small discrepancies in the region of the
lowest Q-values where, as already commented, additional
effects which are not included in the model might be present.
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Comparable results are obtained for T = 30 °C with o = 0.5,
shown in Fig. 2b. A satisfactory description of the data is also
obtained using structure factors calculated using the star
polymer potential (see ESIt). The parameters obtained from
the fits at 7= 20 °C and 30 °C are reported in Table S1 of the
ESL.¥

3.1.2 Dependence of the fit parameters on concentration.
We now discuss the concentration dependence of the para-
meters obtained from the fits reported in the previous section.
Fig. 3 shows the dependence of the fit parameters Ry, &, 1y and
¢ on the effective packing fraction ¢.¢, estimated as reported in
Section ‘‘Preparation of dispersions”. For both potentials and
explored temperatures the value of R, is found to decrease
considerably with increasing ¢.¢, reducing to about half of its
value when going from ¢eg = 0.06 (R & 800 A) to Pesr = 0.34
(R; ~ 400 A) (Fig. 3a). The reduction can be described by an
approximately linear dependence on ¢.g. It is interesting to
observe that the investigated samples present effective packing
fractions which are still quite moderate, being ¢.g = 0.34 the
maximum investigated packing fraction. Therefore, particle
deswelling and deformation due to particle contacts should
not play a significant role on the observed shrinking. However,
the particles were synthesized using the ionic initiator ammo-
nium persulfate, that induces the presence of charges through
SO;~ groups, which concentrate mostly at the ends of the
PNIPAM chains, ie. on the surface of the particles. Most of
the associated NH," counterions are bound to the gel network
forming a cloud that extends outside the gel. In addition,
a small fraction is freely moving outside and mainly contributes
to osmotic pressure at sufficiently small microgel concentrations.
Previous works®*®® have shown that at sufficiently large packing
fractions the clouds of the microgels overlap and percolate, and
the number of free counterions increases, providing an addi-
tional contribution to the osmotic pressure that increases outside
the particles. This generates an unbalance in the osmotic
pressure inside and outside the particles, that can lead to
deswelling when it becomes comparable or larger than the
bulk modulus of the particles.®>®® We can therefore speculate
that the observed reduction in R, is induced by charge effects.
Compared to the studies in ref. 65 and 66, significant deswel-
ling is observed at smaller ¢.¢ in our case. This might be due to
the fact that the copolymer particles studied in this work
present a significantly different internal structure compared
to microgels obtained using bis-acrylamide (BIS) as cross-
linker. Indeed, EGDMA is expected to react significantly faster
than BIS with PNIPAM.%”*® This leads to particles with small
cores that contain most of the crosslinker, and extended, poorly
crosslinked coronas. The internal structure of the particles
should be then similar to that of a star polymer, as supported
by the fact that the particle form factor measured by SANS is
better described by a star-polymer model compared to the fuzzy
sphere model conventionally used for microgels. Due to the
presence of charges on the external part of the corona, our
particles could thus resemble star polyelectrolytes®® or DNA
coated star-like colloids.”””" The star-like conformation with
the extended and poorly cross-linked corona, together with the
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lower degree of crosslinking (1% crosslinker vs. 2% crosslinker
concentration), is expected to be reflected in a larger softness
than microgels investigated in the previous studies. Using the
approach proposed by Scotti and coworkers,®® we estimated the
osmotic unbalance due to free ions for a change in packing
fraction from 0.06 to 0.34, the extreme values of ¢.; measured
(see ESIT). By equating this value to the variation of elastic
energy corresponding to a deswelling ratio AR/R ~ 0.5, as
observed in the experiments, we obtain a value of the bulk
modulus of the microgels K ~ 1.4 kPa, that is comparable to
that of ultra-low-crosslinked microgels”® and thus reasonable
also for our system. Finally, we note that a star-like internal
structure, in which the corona is always significantly larger
than the core, could imply a comparable softness of particles
with different sizes (according to the large size distribution).
This seems to be reflected in the small variations of polydis-
persity obtained from the fits (see ESIt).

Concerning the blob size, one observes (Fig. 3a) that it
remains almost constant up to ¢eg = 0.19 (&, ~ 200 A) and
then reduces down to about one fourth for ¢eg=0.34 (¢; & 50 A).
Moreover, the relative shrinkage of the blob, &/, at high ¢eg
values becomes larger than that of the core, Ry/R (Fig. 3b), where

3620 | Soft Matter, 2023,19, 3614-3628

Ry and & are the values of Ry and ¢ obtained at the smallest
measured ¢.g. According to the Daoud and Cotton model of a
star polymer,”® the blob size and radius of gyration should be
linked through the expression & = 2R,/ \/f being f the number
of arms of the star. The different dependence on ¢ observed for
R, and ¢ thus suggests that the effective value of f for the
microgels changes with changing packing fraction, which
reflects a change in the conformation of the polymer chains
for the different values of ¢ In particular, the stronger
reduction of ¢ at large ¢ would correspond to an increase
in f, that is consistent with a compaction of the microgel due
to collapse. Note also that the relative variation of ¢ and R,
appears similar to that of the corona and core observed for
T-induced deswelling of PNIPAM microgels with the same kind
of ionic initiator.”

The coefficient u; remains approximately constant as a
function of ¢.s for both temperatures. At T = 20 °C we found
U = 0.66, which corresponds to good solvent conditions (v = 3/5).
It increases slightly for 7 = 30 °C, as expected from the closer
vicinity of this temperature to the LCST. Finally, the packing
fraction used to calculate the structure factors used to model the
data, ¢, shows a different trend for the two interaction potentials

This journal is © The Royal Society of Chemistry 2023
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(Fig. 3d). For the star polymer potential it is approximately equal
to ¢esr, except for the most concentrated sample, where it is
slightly smaller. Instead, for the calculated effective potential in
Fig. 1, ¢ is initially slightly smaller but comparable to ¢, while it
remains almost constant around ¢ = 0.16 for ¢.s = 0.2. This
trend might be reflecting the progressive reduction in particle
size that we associated with charge effects, that competes with
the increase in particle number density.

3.2 Effects of concentration above the VPTT

The SANS intensities measured at T = 40 °C (Fig. 4) for increasing
¢etr show, as for the lower temperatures, changes in the region
Q < 1072 A7 associated with the effects of the structure factor
S(Q). However, in this case the variation is much more moderate
and does not result in a clear peak in I(Q). This can be attributed
to the particle deswelling that occurs above the VPTT, and the
consequent reduction of the effective volume fraction of the
system. In addition, one observes that the Guinier regime of
the curves shifts to larger Q values with increasing ¢, indicating
a further reduction of the particle size with increasing packing
fraction. Finally, one can notice the presence of a pronounced
shoulder around Q ~ 1072 A%, which has been associated in
previous work to the non-homogeneous density profile of the
particles at high 7, that is induced by the presence of the
unresponsive PEGMA in the interior of the PNIPAM network.*>
Note that the shoulder becomes increasingly pronounced with
increasing ¢.s, and that an additional small inflection seems to
develop around Q ~ 10~ A™* for the samples with larger ¢
3.2.1 Modeling: effective potential from simulations. For
T = 40 °C the SANS intensities were modeled using the form
factor of eqn (10), that contains an additional blob term used
to model the density heterogeneities discussed previously,
and structure factors S(Q) calculated for the potential obtained
from simulations with « = 0.58. The results of the fits were
satisfactory for all values of ¢.s (Fig. 4). Only in the region

10 3
- 2 -
e 10
[$]
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S 10
100 3
10" 3

1

10° 10
Q/AT

Fig. 4 SANS scattering intensities /(Q) for ¢ = 0.06, 0.19, 0.24, 0.34, as
indicated, and T = 40 °C. Lines represent fits in which the structure factor
S(Q) has been calculated by modeling the interactions through the
effective potential obtained from simulations for « = 0.58. Data and fits
for ¢err = 0.24 and 0.34 were vertically shifted by factors 2 and 4,
respectively, for better visualization.
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around the first inflection point after the Guinier regime, for
Q ~ 1072 A7, the model seems to predict a slightly smoother
decay than for the experimental data. The parameters obtained
from the fits are reported in Table S1 of the ESL.¥ The para-
meter trends are discussed in the next section. For the data at
40 °C we did not test the alternative use of the star polymer
potential to calculate the structure factor, since this does not
include an attractive component.

3.2.2 Dependence of the fit parameters on concentration.
Changes in the particle size as a function of ¢ are summar-
ized in the parameters Ry, {; and ¢, reported in Fig. 5a. One can
clearly see that while R, and ¢ still decrease with increasing
packing fraction, the variations are much less pronounced than
below the VPTT. This is even more clearly seen in Fig. 5b, that
reports the relative variations with respect to the values
obtained for the smallest ¢.¢ There one sees also that, as for
the lower temperatures, ¢; starts to decrease for ¢eg > 0.2.
However, this time no crossing between Rg/Rg and &,/&) is
observed. It is interesting also to note that the parameter &,
instead starts to increase for ¢y > 0.2.

The values obtained for the exponents p;, and u, (Fig. 5c)
shed some light on the different nature of the two blob terms.
Indeed p4, which was already associated to the blob scattering
of PNIPAM below the VPTT, attains now a value of about 2,
which is consistent with the poor nature of the water solvent at
T = 40 °C (v = 1/3). It is also approximately constant for all
samples. Instead u,, which is also constant for all values of ¢y,
presents a value of 0.66, which indicates good solvent condi-
tions (v = 3/5). This suggests that the second blob term can be
associated with the PEGMA chains. Results in Fig. 5b thus
indicate that the size of PEGMA blobs tends to slightly increase
with packing faction, possibly as an effect of a larger available
volume when the PNIPAM chains collapse.

Finally, the values of the fitting packing fraction ¢ are quite
small and slightly increase with increasing ¢ This is consis-
tent with the deswelling transition, that leads to a consistent
reduction of the packing fraction associated with the reduction
of the particle size. The fact that the value increases mono-
tonically is different from what observed at smaller tempera-
tures. This is however in agreement with the fact that the size
reduction induced by the increase of ¢.¢ is now much less
pronounced, and therefore does not dominate over the increase
in particle number density as for the lower temperatures.
Finally, we note that the highest measured ¢ is still below the
value at which we find indications of phase separation (~0.18),
consisting in a strong increase of turbidity and the onset of
total wall slip in velocimetry measurements, as already men-
tioned in section ‘“Data analysis” (data not shown).

3.3 Arrested states in copolymer microgels

The satisfactory comparison between measured and calculated
scattering intensities has validated the effective interactions
that we have estimated from simulations over the investigated
range of packing fractions. Now, we use simulations to extend
such range and to study theoretically the behavior of the
dispersions at higher packing fractions until an arrested state
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is formed or the onset of phase separation is detected. To this
aim, we perform LD simulations of polydisperse particles with
PD = 25%. We consider the three different effective interac-
tions, corresponding to the three temperatures studied in
experiments (« = 0.0, 0.50, 0.58). At T = 20 °C, the interactions
are fully compatible with a repulsive Hertzian model, described
in eqn (5). For the other two temperatures, an additional
attraction arises in the effective potential, and we use the
phenomenological expression given in eqn (6), with the para-
meters provided in Table S3 (ESIt). In the simulations, we
monitor both static and dynamic properties with varying ¢
until the system is not able to equilibrate any longer due to an
intervening arrest or phase separation.

First, we calculate the static structure factors S(Q) of the
polydisperse system, defined as

S(0) = ﬁ@j bi(Q)b;(Q) exp[—iQ - (r; —17)] > (12)

with r; indicating the position and »{Q) the scattering ampli-

tude of the i-th particle, the latter being different for each

3622 | Soft Matter, 2023,19, 3614-3628

particle size, following ref. 75, h2(Q) being averaged over all
particles and (---) the average over different configurations.
From Fig. 6a, we see that at low temperatures a non-monotonic
behavior of the main peak of S(Q) occurs for ¢ 2 0.50. This loss
of local order is typical of Hertzian systems, where a reen-
trant behavior of static correlations has been previously
reported.”®”” However, interestingly, the addition of a large
polydispersity in the present system introduces a novel feature
in the behavior of S(Q) with respect to monodisperse Hertzian,
namely that with the further increase of ¢ the first peak
eventually goes below 1. We thus wonder whether we are seeing
an unphysical behavior due to the pure Hertzian modeling.
Indeed, it is well-known that microgels have a complex inner
structure, with a more compact core, that has been for example
modeled as a multi-Hertzian to take this into account.”®
We thus repeat simulations for representative state points,
where we consider the addition of a steeper repulsion, model-
ing the inner core, at shorter distances, as discussed in more
detail in the ESL{ The size of the inner core is taken from
the experimental R,. We find that the effects of the core are
not observed in the investigated range of ¢ and its presence

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Static structure factor S(Q) as a function of the packing fraction ¢ (top), and corresponding snapshots (bottom) for (a) « = 0.0, (b) « = 0.50 and
(c) & = 0.58. The core region reported for « = 0.0 is the one estimated from the experimental Rq. The arrow highlights the increase in ¢.

becomes evident only at much larger packing fractions, where
dynamical arrest has already taken place (as shown below).
Thus, the anomalous feature of S(Q) having the main peak
below 1 is the result of the combination of the Hertzian model
and the large polydispersity of the system, as also discussed in
the ESL. It is important to note that similar behaviors of S(Q) at
high concentrations have been previously reported for polydis-
perse eye-lens proteins’® and also, for anisotropic antibodies.*’
It remains to be investigated in the present systems whether
such features hold at high ¢, where steeper excluded volume
effects may enter into play and prevent the softening related to
the Hertzian modeling. This should be addressed in future
works by performing measurements of the system at higher ¢
or by trying to perform simulations of monomer-resolved
microgels, rather than of a coarse-grained model.

We now focus at intermediate temperatures (« = 0.5), where
the addition of a moderate attraction has significant effects on
the structure, as shown in Fig. 6b. In particular, we can
equilibrate the system up to ¢ ~ 0.62, above which the
dynamics becomes too slow (as discussed in the following)
and, contrary to the o = 0.0 case, we do not observe a reentrance
in the first peak of S(Q). Rather, the peak monotonically
increases as in standard fluids. This indicates that the attrac-
tion is compensating the Hertzian tendency to shrink and thus
induce a reentrant behavior. In addition, at high Q, we observe
a structure factor that is overall staying above 1, again contrary
to the case of « = 0.0 where it is largely below this. However, we
can exclude any sign of heterogeneity in the samples, as there is

This journal is © The Royal Society of Chemistry 2023

no upturn of S(Q) visible at low Q, as also evident from the
snapshots, shown in Fig. 6b. This is also confirmed by the fact
that the large-Q behavior of S(Q) tends to 1 in all cases.
Completely different is the situation at o = 0.58, shown in
Fig. 6c, where we clearly detect phase separation, that is evident
in the ¢ = 0.15 snapshot and also from the increase in S(Q — 0).
We did not follow the phase separation in detail and do not aim
to trace a rigorous boundary for it from simulations, but just to
qualitatively establish the behavior of the system for this value
of « in comparison to experiments, where also phase separation
at effective packing fractions above those studied by SANS was
detected. Interestingly, we again find homogeneous systems
for ¢ = 0.50, as shown from the behavior of S(Q) at low
wavevectors. In this case, we can equilibrate the system up to
¢ ~ 0.57.

On the basis of these results, we then monitor the dynamics
and approach dynamical arrest of the microgels outside the
phase separation region. First, we calculate the mean squared
displacement (MSD) (Ar*(t)), expressed as

(AP (1)) = <%Z [ri(2) — l'i(O)]2>-

i=1

(13)

MSD results are shown in Fig. 7a. At T = 20 °C, the system
begins to display signs of arrest at ¢ ~ 0.65, where a plateau in
the MSD develops, signaling the onset of caging. This plateau
becomes longer and longer until ¢ = 0.80, that is the highest value
of ¢ that we are able to equilibrate within our simulation time.

Soft Matter, 2023,19, 3614-3628 | 3623
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On the other hand, the arrested state at 7= 30 °C occurs at much
smaller packing fractions. However, it is interesting to note that
if we superimpose the MSD at ¢ = 0.63 for 7= 30 °C and ¢ = 0.80
for T = 20 °C, which share a similar value of the self-diffusion
coefficient, the two behaviors are quite similar to each other.
Hence, despite the clear differences observed in the behavior of
S(Q), the approach to dynamical arrest seems to be similar for
these two cases. Hence, the presence of attraction at the higher
temperature favours the formation of bonds between the micro-
gels and, thus, induces an anticipated arrest at a lower ¢, but
once this is obtained, the exploration of the cage, the average
localization and the time to diffusion are very similar between the
two states (with the exception of minor changes in the exploration
of the plateau, not visible due to the log-log scale). This is because
attraction is of very low-strength (with the minimum depth of the
potential ~—1kgT, see Fig. 1) and, therefore, both arrested states
are eventually dominated by the short-distance Hertzian repul-
sion. We also calculate MSDs for the non-phase-separating states
at o = 0.58, which suggest that at the end of phase separation the
system is still ergodic, becoming arrested for ¢p 2 0.55.

Next, we compute the collective intermediate scattering
function F.(Q,t), defined as

N
FilQ.0) = <%Zexp[io~ (1t + 1) - r;(z/))}>7 (14

3624 | Soft Matter, 2023, 19, 3614-3628

focusing on the wavevector corresponding to the main peak of
the static structure factor for both temperatures. The bottom
panels of Fig. 7 report the behavior of F.(Q,t), normalized by
its zero-time value, ie. F.(Q,0) = S(Q). Again we observe the
emergence of the characteristic two-step decay, signaling dyna-
mical arrest. The first step, occurring at short times, is a
consequence of the interactions of the particles with their
neighbors that form cages. On the other hand, the second step,
taking place at longer times, indicates the final a-relaxation of
the system, so that ergodicity is restored. For all studied values
of o, the system displays a similar dynamical behavior. Repeat-
ing the direct comparison between the curves for « = 0.0 and
o = 0.5 at the highest studied ¢’s, we again find that the final
relaxation is very similar between the two, but some differences
are present in the exploration of the cage, probably also due to
the underlying different structure. In particular, we notice that
the more attractive state displays a slower approach to the
plateau, characterized by a slightly larger value of F.(Q) at
intermediate times. This is consistent with expectations that
the presence of bonds between the particles slightly reinforces
the local cages where particles are initially trapped. Once
particles are able to get out of the nearest-neighbour cage,
the two dynamics become almost identical, again because
dominated by the Hertzian repulsion. For o = 0.58, we find a
similar behavior, characterized by a further increase in F.(Q) in
the plateau region, although occurring at a smaller ¢, which

This journal is © The Royal Society of Chemistry 2023
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(a) Self-diffusion coefficient D and collective relaxation time z, and (b) Dz, product as a function of ¢ at the three studied temperatures; (c) tentative

phase diagram. Horizontal dashed and full lines correspond to the VPTT for PNIPAM and PNIPAM—-PEGMA copolymer microgels, respectively. Likewise, the
black dotted line is a guide to the eye of the onset of the arrested state, whereas the orange dotted line indicates the approximate phase separation boundary.

confirms the increasing role of the attraction in driving the
dynamical arrest.

Finally, we try to sketch a phase diagram using the information
inferred from the static properties at a single microgel and
dynamics features explored by numerical simulations of samples
with copolymer microgel. To determine the glass region, we first
extract the long-time self-diffusion coefficient defined as

: (15)

and we also calculate the o-relaxation time, t,, as F.(Q,t,) = 1/e.
Fig. 8(a) reports the behavior of D and 1, as a function of ¢ for the
three studied temperatures. We find that the dependence of the
data on ¢ is not satisfactorily fit by a power-law behavior, for
which we would probably need more state points close to arrest.
However, when we plot the product Dr,, shown in Fig. §(b), as a
proxy for the Stokes-Einstein (SE) relation (since the collective
relaxation time is well-known to behave similarly to the system
viscosity), we can assess the amount of deviation with respect to
SE, that is usually considered a feature of heterogeneous
dynamics occurring close to the glass transition. We find that
Dr,, deviates from a constant more steeply for the attractive cases,
in agreement with results on colloidal glasses.®' On the other
hand, the data for the purely repulsive case, where only the
Hertzian is present, display a much reduced deviation from

This journal is © The Royal Society of Chemistry 2023

Stokes-Einstein, reminiscent of previous work on soft and ultra-
soft potentials, such as star polymers.®

To have an operational definition of the glass transition,
since we cannot rely on the power-law fits, we consider the
system to be “arrested” within the simulation timescale when
D < 107 (in simulation units). Similarly, we attribute that the
onset of the nonergodicity corresponds with a relaxation time
7, 2 10°. With these definitions, we can draw a tentative line of
dynamic arrest of our copolymer microgels as a function of ¢ in a
summarizing state diagram, reported in Fig. 8(c), which confirms
the fact that by increasing T, the system arrests at a lower packing
fraction. In the figure, we also show the values of the VPTT for
pure PNIPAM microgels and for the present ones as a reference
and notice that the macroscopic phase separation region seems to
occur only above the VPT temperature. Simulations also suggest
that the arrest line meets the tentative binodal on its right-hand
side, leaving a liquid pocket at high ¢ and T in between the region
of phase separated states and dynamically arrested states.

4 Conclusions

In this work we reported an investigation, combining SANS
experiments and numerical simulations, of the temperature
and concentration dependent interactions and state diagram of

Soft Matter, 2023,19, 3614-3628 | 3625
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copolymer microgels made of PNIPAM and PEGMA. SANS data
measured for moderately concentrated dispersions below and
above the VPTT were accurately modeled at different packing
fractions by calculating static structure factors using the effec-
tive interaction potentials obtained from simulations. At T =
20 °C the system is well described by a Hertzian model with the
interaction being repulsive and rather soft, as indicated also by
the fact that use of the star polymer potential also provides a
good description of the experimental structure factors. Increas-
ing temperature, the interaction as expected becomes more and
more attractive. Already at T = 30 °C, well below the VPTT
occurring for PNIPAM-PEGMA microgels around VPTT ~
37 °C, we find evidence of a weak attraction ~ 1kgT at its
minimum. This indicates that the fraction of PEGMA chains
that resides in the interior of the microgel hinders a complete
collapse of the network and enhance the exterior hydrophobic
interactions rather than screening them. Further increase of T
above the VPTT induces the occurrence of phase separation
already at quite low packing fractions (~0.15-0.20). It will be
interesting in the future to compare these results with detailed
studies of PNIPAM homopolymer microgels.

The SANS experiments also allow us to get useful insights on
the modification of the interior structure of the particle as a
function of microgel concentration. In particular, we find the
interesting result that below the VPTT a significant reduction of
the particle core radius and polymer blob scattering is observed
well before particle overlap with increasing concentration.
On the basis of previous studies,®® we interpret this finding
as associated with a concentration dependent osmotic unba-
lance arising from the presence of residual charges on the
surface of the particles due to the use of an ionic initiator in the
synthesis. In comparison with previous investigations, the
reduction of the particle size appears to be more pronounced,
which could be attributed to the larger softness of the poorly
cross-linked particles used in this study, that is associated with
the star-like particle architecture. In agreement with this inter-
pretation, the reduction becomes almost negligible in the
deswollen, compact state above the VPTT.

Using the effective interaction potential validated by com-
parison with SANS experiments, we additionally performed
simulations to explore the state diagram of the system in the
region of large packing fractions at the three studied tempera-
tures. We find that, well below the VPTT (T = 20 °C), an arrested
state, dominated by the Hertzian repulsion, is formed at large
packing fractions qbfg 2 0.8, with the large value of d){g compared
to hard-sphere like particles arising from the pronounced
particle softness and polydispersity. This state is characterized
by a structure factor that becomes non-monotonic in its first
peak and goes below 1 at high concetrations. Instead, at
intermediate temperatures (T = 30 °C) an arrested state is
already formed at considerably smaller packing fractions,
qbg 2 0.63, due to the presence of the weak attraction induced
by the increasing hydrophobic character of the PNIPAM mono-
mers and the increased compactness of the particles. Finally,
above the VPTT for PNIPAM-PEGMA copolymer microgels
(T =40 °C), we find evidence of phase separation at low packing

3626 | Soft Matter, 2023,19, 3614-3628
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fraction, qﬁg ~ 0.15, whereas an arrested state emerges at qﬁg 2
0.56. An important difference in the numerical model with
respect to homopolymer PNIPAM microgels is found in the
o-values that are found to reproduce the experimental behavior.
While for PNIPAM microgels the VPTT, occurring at ~32 °C,
corresponds to roughly o ~ 0.65,>°*°" here we find that a
smaller value of « ~ 0.58 describes the data above the VPTT.
We recall that o quantifies the strength of solvophobic attrac-
tion between NIPAM monomers only and, thus, it is possible
that for copolymer microgels where also additional interactions
between PNIPAM and PEGMA are at play, the scale of such
effective temperature changes. It will be important to further
test this hypothesis for different kinds of copolymer microgels
in the future. Finally, it will also be interesting to investigate the
high concentration regime and the approach to the arrest in
future experiments in order to validate the numerical findings.
In particular, it would be intriguing to verify whether there
exists a pocket of liquid states at high ¢ and T, as well as the
anomalous behavior of S(Q) and to gain more complete infor-
mation about the tunable interactions of copolymer microgels
below and above the VPTT.
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