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Thermoresponsive Copolymer Microgels Synthesized via
Single-Step Precipitation Polymerization: Random or Block

Structure?

Letizia Tavagnacco, Elena Buratti, Jacopo Vialetto, Francesco Brasili, Elisa Ballin,
Kuno Schwiirzer, Jitendra Mata, Graziano Di Carmine, Monica Bertoldo, Ester Chiessi,

Marco Laurati,* and Emanuela Zaccarelli*

The inner structure of polymeric microgels critically influences their
responsiveness and potential applications, yet remaining challenging to
resolve at molecular resolution. In this work, a structural characterization of
thermoresponsive copolymer microgels is provided by integrating small-angle
neutron scattering (SANS), dynamic light scattering (DLS), and nuclear
magnetic resonance (NMR) measurements with multi-scale simulations.
Specifically, Poly(N-isopropylacrylamide-co-N-isopropylmethacrylamide),
P(NIPAM-co-NIPMAM), copolymer microgels, in which a random monomer
distribution is conventionally assumed, are considered. By synthesizing
different samples, including isotopically labeled microgels via selective
deuteration, the microgels swelling behavior is probed and distinct
polymer-specific signatures are revealed. To elucidate their internal
distribution, monomer-resolved microgel simulations are performed across
different copolymer models. A direct comparison between experimental and
numerical form factors provides evidence of preferential organization into
block structures, challenging the prevailing view of random distribution.
13C-NMR experiments confirm NIPAM-rich blocks and atomistic simulations
link this unexpected block-like architecture to distinct local hydrogen-bonding
patterns. This integrated approach provides the first direct evidence of
preferential block formation in P(NIPAM-co-NIPMAM) microgels. Beyond this
system, these results establish a generalizable strategy for unveiling hidden
structural order in copolymer microgels, offering new strategies to tailor their
design and to enhance control of material responsivity.

1. Introduction

Thermoresponsive microgels represent
a promising class of soft colloids, inter-
nally composed of cross-linked polymer
networks. These systems function as
smart polymeric materials, exhibiting a
sharp and reversible volume change at the
so-called volume phase transition temper-
ature (Typr). The characteristic response
to external stimuli arises from the lower
critical solution temperature (LCST) phase
behavior of the constituent polymer. The
thermoresponsiveness of polymers in solu-
tion remains a central focus of research for
the design of materials tailored to specific
functions. Indeed, responsive polymeric
materials are increasingly contributing
to a broad range of applications, such as
drug delivery, diagnostics, tissue engi-
neering, as well as optical systems, and
biosensors.' Among thermoresponsive
polymers, poly(N-isopropylacrylamide)
(PNIPAM) is the most intensively stud-
ied because its lower critical solution
temperature in water is ~305 K[!
close to the physiological temperature.

The inner structure of polymeric par-
ticles plays a crucial role in determining
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their behavior and functionality, as it governs their mechan-
ical response and their physical and chemical interactions.
It is well-established that the synthetic methods used in the
preparation of microgels strongly influence the resulting inter-
nal architecture.[®”] Small angle neutron scattering (SANS) ex-
periments have shown that the experimental procedure com-
monly used for synthesizing PNIPAM microgels, based on
precipitation polymerization,!®! yields particles with a non-
uniform internal distribution characterized by a core—corona
morphology.’! This structural heterogeneity arises from a sig-
nificantly faster reaction kinetics of the cross-linker, typically
N,N-methylenebisacrylamide (BIS), as compared to that of the
N-isopropylacrylamide (NIPAM) monomers. Recently, in silico
microgels(!®! have successfully been put forward and shown to re-
produce the internal structure of PNIPAM microgels with quan-
titative accuracy.[1112]

Incorporating different comonomers into microgels allows
one to tune their morphology and the interactions occurring
both within and among the particles. This, in turn, enables
to tailor the material responsivity, broadening the range of
possible applications. Several thermoresponsive copolymer mi-
crogels have been synthesized, providing the possibility to
vary the volume phase transition temperature in a controlled
way.[1314 In particular, Ty,; can also be adjusted by changing
the comonomer content.l'>!°l A commonly used comonomer is
N-isopropylmethacrylamide (NIPMAM), which differs from NI-
PAM only for the presence of an additional methyl group in the
a carbon of the carbonyl, as shown by the chemical structure
reported in Figure la. This structural modification results in a
higher LCST of ~317 K,'”] about 10 K above that of PNIPAM.
However, the introduction of an additional monomer may influ-
ence the internal structure of the resulting microgels. A pioneer-
ing neutron scattering work on copolymer microgels composed
of equimolar amounts of NIPAM and NIPMAM, P(NIPAM-co-
NIPMAM), was put forward several years ago,!*®! but the miss-
ing selectivity of the measurements with respect to the two poly-
mers did not allow to discriminate their relative arrangements,
particularly at low temperatures, where hydrophobic interactions
do not play a major role. This study was unsurprisingly not fol-
lowed by subsequent investigations of these specific microgels
aimed to address the distribution of the constituent copolymers
within the microgel. Instead, a Fourier-transform infrared (FTIR)
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spectroscopy study on copolymer microgels based on NIPMAM
and NIPAM has demonstrated that the internal architecture of
copolymer microgels has also a fundamental importance in de-
termining their phase behavior.['] Specifically, it was found that
while statistical copolymer microgels lead to a cooperative phase
transition corresponding to a collapse at a specific temperature,
some core-shell microgel particles exhibit a linear response of the
hydrodynamic radius with temperature.'”! Conversely, copoly-
mer microgels based on N-vinylcaprolactam (VCL) and NIPAM
or NIPMAM with various compositions, also probed by 'H trans-
verse magnetization relaxation, were found to have a similar in-
ternal structure, characterized by fuzzy surfaces and dense cores,
in which the two monomers were homogeneously present, inde-
pendently of the chemical composition.l?*?!] Furthermore, while
coarse-grained and atomistic simulations have both been exten-
sively applied to investigate the phase behavior of hopolymer
PNIPAM and PNIPMAM, 22l numerical studies specifically tar-
geting copolymer systems are still lacking.

The present work addresses these long-standing questions,
aiming to provide a fundamental understanding of the internal
architecture of thermoresponsive P(NIPAM-co-NIPMAM) mi-
crogels. To this end, we rely on a combined multi-scale exper-
imental and numerical investigation, focusing on microgels at
equimolar composition. The structural characterization of such
microgels remains a fundamental challenge due to their inter-
nal heterogeneity and the limited resolution of traditional experi-
mental methods. In this study, by synthesizing different samples,
including isotopically substituted ones by selectively deuterating
one of the two constituent repeating units, we carry out Dynamic
Light Scattering (DLS), Nuclear Magnetic Resonance (NMR) and
small-angle neutron scattering (SANS) experiments. Thanks to
the use of this multi-technique approach, we are able to probe the
overall swelling behavior of the microgels, as well as the evolu-
tion of their internal architecture as a function of temperature, re-
vealing important signatures of the individual polymers. To shed
light on their internal distribution, we then perform monomer-
resolved microgel simulations across different copolymer mod-
els, i.e. random, block, and core-shell distributions. The direct
comparison between experimental and numerical form factors
under carefully designed neutron scattering contrast conditions,
allows us to identify a preferential distribution of P(NIPAM-co-
NIPMAM) microgels into block structures. This finding is strik-
ing given the chemical similarity of NIPAM and NIPMAM and
the use of a one-step synthesis copolymerization, which over-
turns the prevailing assumption of random distribution. To vali-
date these results, we then perform *C-NMR experiments, which
unambiguously reveal the presence of a large amount of NIPAM
blocks, while NIPMAM is organized within a more random en-
vironment. Finally, we resort to atomistic molecular dynamics
simulations of copolymer chains, which also support preferential
block organization and highlight a correlation between hydrogen
bonding capability of the constituent polymers in the copolymer
environment. Overall, our findings offer a detailed microscopic
picture of the internal architecture of thermoresponsive copoly-
mer microgels, showing evidence of an unexpected scenario in
their relative arrangement. Beyond clarifying the internal archi-
tecture of a widely used copolymer system, our findings point
to a general phenomenology. Furthermore, these results estab-
lish a generalizable methodology to probe the inner structure of
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Figure 1. a—c) Chemical formula of the repeating units of the polymers obtained from the indicated monomers. d) "H-NMR spectra at 25°C of microgels
dispersions in D,O. Red letters indicate peak assignment with respect to the repeating units in a). e-g) SANS scattering profiles in D,O as a function of
temperature for P(H-NIPAM-co-H-NIPMAM), H-H (e), P(H-NIPAM-co-D-NIPMAM), H-D (f) and P(D-NIPAM-co-H-NIPMAM), D-H (g). Lines are fits to
the fuzzy sphere + blob scattering model of Eq. 2. Experiments are performed at 20°C (light gray squares, purple lines), 35°C (gray circles, blue lines),
37.5°C (dark gray triangles, light blue lines), and 50°C (black diamonds, green lines). Data at different T values are vertically shifted for clarity.

copolymer microgels, potentially applicable to different kinds of
microgels. Given the wide interest on these systems for various
purposes,!132-21 it is mandatory to take into account the possibil-
ity of an altered structure with respect to a fully random picture,
in order to control and optimize the responsivity and usage of
the materials.

2. Results and Discussion

2.1. Preparation and Characterization of P(NIPAM-co-NIPMAM)
Microgels

Equimolar copolymer microgels with different isotopic (hydro-
gen/deuterium) compositions were synthesised in order to dis-
tinguish the individual contribution of NIPAM and NIPMAM us-
ing neutron scattering experiments. Specifically, microgels were
prepared at constant crosslinker concentration (¢ = 5 mol%)
by copolymerizing (i) hydrogenated NIPAM and NIPMAM
(P(H-NIPAM-co-H-NIPMAM), H-H), (i) hydrogenated NIPAM
and deuterated NIPMAM (P(H-NIPAM-co-D-NIPMAM), H-D),
and (iii) deuterated NIPAM and hydrogenated NIPMAM (P(D-
NIPAM-co-H-NIPMAM), D-H). The corresponding chemical
structures are shown in Figure la—c. Details of the microgel syn-
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thesis and of the preparation of deuterated monomers are re-
ported in section “Models and Methods” and in the Support-
ing Information. DLS confirmed the thermoresponsiveness of
the microgels (see Figure Sla, Supporting Information), which
present a single transition temperature in H,O at 38.4 + 0.1°C
for H-H, 39.1 + 0.1°C for H-D and 39.9 + 0.1°C for D-H, as es-
timated by fitting the deswelling curves with a sigmoidal func-
tion. The Ty of the H-H microgels approximately corresponds
to the average of the transition temperatures of the homopolymer
microgels.[26:27]

"H-NMR (Figure 1d; Figure S2, Supporting Information) was
used to quantify the molar fraction of the two components in the
H-H copolymer microgel by using Eq. 4 (see details in Materials
and Methods). We obtain a NIPAM fraction of 49% and a cor-
responding NIPMAM fraction of 51%, in good agreement with
the targeted 50-50% composition. The 'H-NMR spectra of D-H
and H-D copolymer microgels further indicate that when using
deuterated monomers a comparable composition is obtained in
the resulting microgels.

SANS experiments were performed on dilute suspensions
of P(NIPAM-co-NIPMAM) microgels in D,0. Inclusion of
deuterated NIPAM and NIPMAM allowed us to perform con-
trast variation and investigate the copolymer microstructure
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within the microgel. Indeed, while fully hydrogenated copoly-
mer microgels P(H-NIPAM-co-H-NIPMAM) present a full con-
trast for both components, in partially deuterated copolymer
microgels (P(H-NIPAM-co-D-NIPMAM) and P(D-NIPAM-co-H-
NIPMAM)) the deuterated species is nearly contrast-matched
in D,O. Figure le-g displays the experimental SANS inten-
sity profiles measured for the copolymer microgel suspensions
at four characteristic temperatures corresponding to different
phase states: the swollen state (20°C), the transition region (35°C
and 37.5°C), and the collapsed state (50°C). For all copolymer
microgels, intensities for T = 20°C show a g-dependence that is
characterized by an initial decrease leading to a minimum, fol-
lowed by a maximum and a power-law dependence at the largest
g-values. This g-dependence is similar to that observed previously
for homopolymeric PNIPAM microgels with a core-corona struc-
ture, typically described using a fuzzy sphere model.’! A shift
of the form factor minima to higher g values with increasing
temperature, and a sharpening of the following maxima is ob-
served, revealing progressive particle shrinkage and compaction.
The experimental SANS intensities of dilute suspensions can be
expressed as:

I(q) = ¢V (Ap)*P(q) 1)

where ¢ is the particle volume fraction, V is the volume and Ap
= p, — p, is the contrast between the scattering length density
of the microgels (p,) and the solvent (p). The particle form fac-
tor was modeled using the fuzzy sphere function of Eq. 2, with
the fits shown as solid lines in Figures 1(e-g). The fitting results
are in good agreement with the experimental data over the entire
explored g-range, indicating that all copolymer microgels have
fuzzy surfaces and dense cores. The fitted parameters are listed
in Table S2 (Supporting Information).

As expected from the qualitative discussion of the SANS in-
tensities, the particle radius and the fuzziness decrease for all
samples with increasing T. We notice that very similar fit param-
eters are obtained for the fully hydrogenated and for the partially
deuterated microgels, supporting the closely comparable inter-
nal structure of the three samples. In addition, the mesh size es-
timated from the polymer scattering term, ¢, seems to display
maximum values close to the VPT temperature, in analogy with
other copolymer microgels.[?®]

2.2. P(NIPAM-co-NIPMAM) Microgels From Monomer-Resolved
Simulations

Having established the global core-corona structure of all synthe-
sised P(NIPAM-co-NIPMAM) microgels, we now turn our atten-
tion to investigate the inner topology of the polymer network, in
order to understand the local distribution of each copolymer. To
this aim, we exploit monomer-resolved simulations of copolymer
microgels having the same copolymer ratio of 50% as in the ex-
periments. This coarse-grained model also accounts for the pres-
ence of a disordered network with the experimentally observed
core—corona distribution.

We focus on four distinct network topologies of P(NIPAM-
co-NIPMAM) microgels, each representing a limiting case sce-
nario for the internal copolymer organization, illustrated in
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Figure 2a-d. Specifically, we consider: (i) a random network,
where NIPAM and NIPMAM repeating units are randomly
distributed throughout the network, named hereafter random
(Figure 2b); (ii) a topology where each polymer chain included
between two cross-linkers is entirely assigned to a PNIPAM
or PNIPMAM homopolymeric segment, called block topology
(Figure 2c¢); (iii) a PNIPAM shell topology, for which NIPAM
repeating units are mostly distributed in the outer microgels
corona (Figure 2a) and (iv) a PNIPMAM shell one where the op-
posite structure is employed, with NIPMAM repeating units all
found in the outer corona (Figure 2d). The latter two cases (a
and d) would be realized if a demixing between the two poly-
mer blocks happens within the experimental synthesis, due to
a marked difference in reaction rates or to mutual interactions.
If this was the case, one would intuitively expect that the slightly
smaller NIPAM units, having also a faster reaction kinetics,!*’!
would go toward the center of the network in a PNIPMAM
shell arrangement. We report also the opposite scenario for a
full comparison of all possibilities. On the other hand, the for-
mer two options (b and ¢) would correspond to a full mixing
of the monomers, which would bind to each other either with
the same chemical affinity (random case) or with a strong prefer-
ence for the like-monomer (block case). Hence, the latter situa-
tion would correspond to the preferential formation of homopoly-
mer chains, which are then joined by crosslinkers in the mi-
crogel network. By constructing these extreme copolymer mod-
els, we aim to enhance their distinctive structural signatures,
thereby enabling a clearer discrimination among possible topolo-
gies within the finite size resolution of the coarse-grained mod-
els. While it is well-established that core-shell microgels con-
taining PNIPAM and PNIPMAM are synthesized via a two-step,
seed and feed, polymerization process,3®3! the limiting cases
presented here allow us to identify and characterize preferen-
tial organizational trends that could emerge even in a single-step
copolymerization.

We first monitor the swelling behavior of the four P(NIPAM-
co-NIPMAM) microgels topologies in equilibrium conditions,
systematically varying the solvophobic parameter a, which serves
as an effective proxy for temperature (see Methods and Sup-
porting Information for further details). To this aim, we cal-
culate the hydrodynamic radius using a numerical procedure
which has been previously validated,®”! in analogy to the DLS
measurements. As shown in Figure S1b (Supporting Informa-
tion), all different topologies display a sigmoidal dependence of
the hydrodynamic radius on the solvophobic parameter a. We
find that the VPT occurs within a range of a values that lie be-
tween those observed for PNIPAM and PNIPMAM homopoly-
mer microgels. Interestingly, in the case of shell arrangement
of either of the two polymers, the copolymer in the shell re-
gion is found to strongly influence the overall behavior, shifting
the occurrence of the VPT toward the corresponding homopoly-
mer system. Conversely, the random and block microstructures
are characterized by swelling curves that are intermediate be-
tween those of homopolymer PNIPAM and PNIPMAM micro-
gels, in qualitative agreement with the DLS experimental be-
havior, but virtually indistinguishable from each other. Hence,
on the basis of these results, it is impossible to discriminate
which internal structure would best describe the experimental
samples.
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Figure 2. Representative snapshots from the monomer-resolved simulations showing the different microgels architectures: a) PNIPAM shell, b) random,
c) block, and d) PNIPMAM shell. PNIPAM and PNIPMAM particles are shown in purple and yellow, respectively. Cross-linkers are shown in purple. The
inner part of the microgels structures is also highlighted with a sliced representation on the top panels. e,h) Comparison between experimental and
numerical form factors (P(g)) calculated for the four different structures. Experimental data are measured for fully hydrogenated polymer samples (H-H)
at 20°C (light gray squares), 35°C (gray circles), 37.5°C (dark gray triangles), and 50°C (black diamonds) and compared to numerical data calculated at
a = 0.0 (purple lines), @ = 0.6 (blue lines), @ = 0.8 (light blue lines), and @ = 1.5 (cyan lines). Data at different T values are vertically shifted for clarity.

The experimental data are shown after subtracting smearing and polydispersity from the fuzzy sphere model fits.

2.3. Inner Structure of P(NIPAM-co-NIPMAM) Microgels From
Form Factors

To make a decisive step forward into the knowledge of the inter-
nal architecture of P(NIPAM-co-NIPMAM) microgels, we com-
bine monomer-resolved simulations with SANS experiments us-
ing contrast variation. Figure 2e-h reports a direct compari-
son between the experimental form factors measured for P(H-
NIPAM-co-H-NIPMAM) microgels, where the smearing and the
polydispersity have been subtracted, and the numerical ones
computed for the four employed microgel topologies at the same
four representative temperatures as in Figure 1. These are com-
pared to the same values of the solvophobic parameter « for all
numerical models (see Figure S21b, Supporting Information) by
aligning the position of the first peak of the numerical form factor
with that of the experimental one. This procedure yields a unique
scaling factor, that allows us to convert numerical units into real
ones and that is maintained for all temperatures, in analogy with
previous works.[11]

The comparison of the P(q) for P(H-NIPAM-co-H-NIPMAM)
microgels, reported in Figure 2e-h shows that all four model
topologies reproduce the experimental data with an overall
good level of agreement, particularly for the lowest and the
highest studied temperatures. At intermediate temperatures,
some discrepancies emerge, especially for the PNIPAM shell
(Figure 2e) and PNIPMAM shell (Figure 2h) topologies. How-
ever, the presence of some sharper and deeper peaks in the
numerical P(q) may be attributable to a weak polydispersity
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of the experimental microgels, which is not accounted in the
in silico description. Overall, the comparison suggests that
the block and random topologies are both able to provide an
accurate description of the experimental SANS form factors
for P(H-NIPAM-co-H-NIPMAM) microgels. Again, these non-
selective measurements cannot distinguish between the two
arrangements.

This limitation is overcome by focusing on partially deuterated
microgels. Starting with P(H-NIPAM-co-D-NIPMAM) microgels,
for which the PNIPAM component is predominantly visible, the
SANS P(g)s, again after removing resolution and polydispersity
effects, are directly compared to simulations in Figure 3 (top row).
These plots confirm that both shell structures (Figure 3a for PNI-
PAM shell and Figure 3d for PNIPMAM shell, respectively) clearly
fail to reproduce the experimental behavior, not being able to
capture even the correct shift of the position of the first peak of
the form factors. In particular, for the PNIPAM shell topology,
the predominant localization of PNIPAM in the outer shell re-
sults in a more collapsed structure, reflected by the shift of the
form factor peaks to higher q. Conversely, for the PNIPMAM
shell topology, the swelling behavior driven by the PNIPMAM-
rich shell yields peaks at lower values, corresponding to an over-
all more swollen structure than that observed experimentally. In-
stead, both the random (Figure 3b) and block (Figure 3c) topolo-
gies are able to correctly capture the relative positions of the peaks
upon deswelling. The differences between these two models with
respect to experiments are more subtle and amount to a better
description of the overall peaks shape and large g-decay. For both
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Figure 3. Comparison between experimental and numerical form factors (P(q)). Experimental data are measured for P(H-NIPAM-co-D-NIPMAM) mi-
crogels (top row) at 20°C (light gray squares), 35°C (gray circles), 37.5°C (dark gray triangles), and 50°C (black diamonds) and and for P(D-NIPAM-
co-H-NIPMAM) microgels (second row) at at 20°C (light gray squares), 35°C (gray circles), 37.5°C (dark gray triangles), and 45°C (black diamonds).
The experimental data are shown after subtracting smearing and polydispersity from the fuzzy sphere model fits and are compared to numerical data
for the four different models: a,e) PNIPAM shell, b,f) random, c,g) block, and d,h) PNIPMAM shell, calculated at a = 0.0 (purple lines), @ = 0.6 (blue
lines), a = 0.8 (light blue lines), and @ = 1.5 (cyan lines). Data at different T values are vertically shifted for clarity. The inset of each panel includes
a representative snapshot from the monomer-resolved simulations calculated at « = 0.7, a condition representing the transition region. PNIPAM and
PNIPMAM particles are shown in purple and yellow, respectively. Cross-linkers are shown in purple; i-m) Estimated mean errors between experimental

and numerical form factors in q range 0.05-0.5 nm~".

features, the block model seems to perform better than the ran-
dom one in comparison to experiments.

We complement these observations by also monitoring the
SANS form factors measured for P(D-NIPAM-co-H-NIPMAM)
microgels, which primarily characterize the behavior of the
PNIPMAM component, that are reported in Figure 3 (second
row). Again, we find that the experimental P(q) strongly devi-
ates from the simulated shell models, with a notable shift of the
peaks positions to opposite directions as for P(H-NIPAM-co-D-
NIPMAM) microgels. The results for random and block topolo-
gies again confirm the previous observations. Indeed, while the
random topology (Figure 3f) still captures the qualitative trend of
the SANS P(q) and matches the shift of the first peak position
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with increasing temperature at low g value, it fails to accurately
reproduce the features at intermediate and high g. In contrast,
the block topology shows an overall semi-quantitative agreement
with the experimental form factor across the full q range. Given
that the measured form factors pertain to three different experi-
mental samples and the simulations are performed with a unique
model able to describe all three microgels, we believe that the
present findings are robust against statistical error and strongly
indicate that the block topology is the most accurate to reproduce
the experimental behavior of P(NIPAM-co-NIPMAM) microgels.
These results point to the fact that there is a significant presence
of local domain structuring, where identical polymer units (ei-
ther NIPAM or NIPMAM) preferentially bind in sequence within
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the copolymer network, rather than being homogeneously dis-
tributed as in a fully random structure. To provide a quantitative
evaluation of the accuracy of the different models, we plot the es-
timated mean errors between experimental and numerical form
factors in Figure 3i-m. We find that, except for the high-T H-H
case, the error is minimized by the block configuration, which
overall performs significantly better than the random case.

It is important to note that the block topology model used for
this analysis was developed to represent an extreme case of the
microgel internal architecture, wherein the monomers are locally
organized into domain structures. In particular, the choice to de-
fine domains consisting of polymer segments located between
two cross-linkers was made somewhat arbitrarily, with the aim
of generating sufficiently large regions. This approach is nec-
essary considering the smaller size of the numerical microgels
as compared to their experimental counterparts. To further ex-
plore the role of domain size, we designed an additional topol-
ogy, referred to as small block, characterized by blocks contain-
ing roughly ten consecutive monomers of the same type, ran-
domly distributed throughout the microgel network. The com-
parison between experimental and simulated form factors, re-
ported in Figure S19 (Supporting Information), shows that the
small block topology also provides a satisfactory description of the
experimental SANS data. Of course, it is to keep in mind the
coarse-grained nature of the employed models: here each bead is
a group of monomers with size roughly equal to the Kuhn length
of the polymer. Hence to assign a block of several monomers
does not necessarily lead to a 1:1 correspondence with the atomic
scale but rather to an arrangement where a majority of the two
species is present within the bead. These findings strengthen
the hypothesis that preferential formation of homopolymer do-
mains occurs within the microgel network. However, the analy-
sis of the form factor alone does not allow for an unambiguous
determination of the precise domain size. Such heterogeneities
in the polymer network could arise from differences in the ho-
mopolymerization and copolymerization propagation kinetics of
the two monomers.**] In fact, monomers with comparable re-
activity are inserted equally into propagating chains resulting in
random sequences. Instead, when monomers have different re-
activity, the more reactive monomer is inserted preferentially, giv-
ing rise to long sequences, until its concentration in the reaction
medium decreases. For the PNIPAM and PNIPMAM system, it
has been shown that NIPAM exhibits a higher propagation rate
than NIPMAM,[??! which could promote the formation of such
heterogeneities in the resulting microgel network.

2.4. Molecular Insights From P(NIPAM-co-NIPMAM) Atomistic
Chains

We now use atomistic molecular dynamics simulations to look
for a molecular rationale for the preferential formation of do-
main structures within the microgel network. To this aim, we
investigate the solution behavior of polymer chains composed
by 90 repeating units. We employ a three-times larger system
as compared to the conventional model of 30 repeating units!>]
and average results over two independent replicas to probe a rep-
resentative ensemble of configurations. We examine the behav-
ior of a random and block P(NIPAM-co-NIPMAM) chain with a
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comonomer molar ratio of 1:1, as well as homopolymer PNIPAM
and PNIPMAM chains. In particular, we design the block copoly-
mer chain with two regions of each polymer composed by 45 re-
peating units. To characterize the coil-to globule transition, we
monitor the radius of gyration and the solvent accessible surface
area (SASA) as a function of temperature in equilibrium condi-
tions. As reported in Figures 4a and 4D, all chains display a reduc-
tion in size and SASA induced by temperature, with a sigmoidal
dependence. The temperature range in which extended confor-
mations are predominantly populated is larger for PNIPMAM, as
compared to PNIPAM, while the random and block chains exhibit
an intermediate behavior in between the two pure polymers. In
all systems, the size of both globular and coil states increases with
the addition of PNIPMAM. To probe the molecular interactions
driving these transitions, we also report the temperature depen-
dence of the number of hydrogen bonds (HBs), i.e., polymer—
polymer and polymer—water interactions in Figure 4c,d, that are
also described by a sigmoidal function. From the global sigmoidal
fit of all the observables, we obtain an estimate of the critical tem-
perature, with T, values 0f 298 + 2 K, 307 + 3 K, 304 + 2K, and 303
+ 1K, for pure PNIPAM, pure PNIPMAM, for the block and for
the random chains, respectively. These transition temperatures
are consistent with the experimental findings, with the critical
temperature of the copolymers being intermediate to those of
PNIPAM and PNIPMAM, as detected for the T, ;1 of copolymer
microgels. Figure 4c,d also reveals that PNIPAM and PNIPMAM
have, respectively, the highest and lowest tendency to form both
polymer-polymer and polymer-water HBs. Moreover, the block
copolymer again behaves in an intermediate fashion, as found
for the structural observables. The intermediate behavior found
for polymer-water HBs is consistent with the characterization of
the interactions occurring between water and the polymer carried
out by analyzing the N-H bond using FTIR measurements.!¢]
However, it is striking to observe that the random chain does not
share the same “intermediate” behavior, but rather it is character-
ized by a number of polymer-polymer HBs much closer to that
of pure PNIPAM and by a number of polymer-water HBs more
similar to pure PNIPMAM. These findings suggest that, at the
molecular level, a random distribution of monomers does not
adequately capture the experimental behavior. Instead, the for-
mation of contiguous blocks of the same monomers appears to
be a more realistic representation of the chains forming the mi-
crogel network.

In order to support this rather unexpected result, we further
ask ourselves why such a random arrangement does not show an
intermediate behavior, in line with expectations and experiments,
whilst the block arrangement does. To this aim, we examine how
the local environment affects the probability to form hydrogen
bonds of individual repeating units. We focus on polymer-water
HBs, as they are significantly more numerous than polymer—
polymer HB interactions, thereby providing better statistical ac-
curacy. Figure 5a shows the probability distribution of polymer—
water hydrogen bonds for each NIPAM (denoted as P) and NIP-
MAM (denoted as M) repeating unit, classified on the basis of
their neighboring repeating units and then averaged over all
chain types. We then follow HBs formed by a NIPAM unit in
a PPP, MPM and PPM environment, as well as those formed
by a NIPMAM unit in a MMM, PMM and PMP configuration.
The results clearly show that when NIPAM is linked to two other
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Figure 4. Temperature dependence of a) radius of gyration; b) solvent accessible surface area; c) number of polymer-polymer hydrogen bonds; and d)
number of polymer-water hydrogen bonds per residue calculated from atomistic molecular dynamics simulations for a polymer chain composed by 90
repeating units of PNIPAM (gray squares), PNIPMAM (dark blue triangles) and a copolymer with a composition 1:1 and a random (light blue diamonds)
or block (blue circles) microstructure. Data are averaged over two independent replicas.

NIPAM units (PPP), the highest average number of polymer-
water HBs is formed (~2.0) and also the largest probability of
finding 3 HBs per residue is detected. Instead, when one (PPM)
or two (MPM) adjacent units are substituted with NIPMAM, a
weak decrease in the average number of polymer-water HBs is
detected (down to ~1.93). In contrast, a NIPMAM unit linked to
two NIPMAM units (MMM) forms a significantly lower num-
ber of polymer-water HBs (~1.75). Strikingly, this tendency is
enhanced by the presence of linked NIPAM residues (PMM and
PMP), which strongly affects NIPMAM behavior, further reduc-
ing its hydrogen bonding capability down to ~1.54. Hence, at
odds with expectations where surrounding NIPMAM with NI-
PAM would improve its affinity to water for a possible coopera-
tive effect on water-polymer hydrogen bonding, this appears to
Dbe not the case and we actually find that a continuous alternation
of NIPMAM with NIPAM units further inhibits its H-bonding
ability with respect to water.

The clear dependence of the hydrogen bonding capability
on the local monomeric sequence highlights the importance of
the copolymer configuration. Due to the different response to
the local environment, the block copolymer chain (Figure 5b) is
thus able to form a number of polymer-water hydrogen bonds,
which is intermediate between the two pure polymers. Differ-
ently, the random copolymer chain, due to frequent alternation
of monomer types (Figure 5c), is subjected to a significant re-
duction of polymer-water interactions leading to a behavior more
similar to that of a PNIPMAM homopolymer. These findings sug-
gest that the interplay between local monomer composition and
hydrogen-bonding behavior plays a crucial role in the hydration
properties of copolymer chains and may influence the formation
of contiguous domains of the same monomer type at the molec-
ular level.

2.5. Confirmation of Partial Block Structure by *C-NMR
Measurements
To validate the findings obtained from atomistic molecular dy-

namics simulations and to investigate the possible sequences
within the microgel network, detailed *C-NMR measurements

Small 2025, 21, e09795

09795 (8 of 13)

were carried out. As expected, the spectra of the copolymer mi-
crogels (Figures S9- S11, Supporting Information) show more
signals than the simple superposition of those of the two ho-
mopolymers (Figures S7 and S8, Supporting Information). This
is due to the fact that the repeating units of NIPAM and NIPMAM
can be linked either to identical units or to those of the other
monomer. For a detailed analysis of the copolymer structure, the
carbonyl signal between 175 and 178 ppm was selected, being
the cleanest and most suitable one for a deconvolution process.
As a first step, it was verified that the carbonyl signals of NIPAM
and NIPMAM microgels exhibit comparable intensity, in order to
ensure their suitability for a quantitative estimation of the copoly-
mer composition. To this end, a *C spectrum was recorded for a
mixture of the two homopolymer microgels, PNIPAM and PNIP-
MAM, with a known molar composition of 60% PNIPAM and
40% PNIPMAM (Figure S12, Supporting Information). The de-
convolution of the two carbonyl peaks (Figure S13, Supporting
Information) yielded an area ratio of 60% for PNIPAM (signal at
175.29 ppm) and 40% for PNIPMAM (signal at 178.06 ppm), thus
confirming the composition of the test mixture and supporting
the use of the carbonyl signals for further quantitative analysis.
In all the copolymer microgels (Figure 5; Figure S9- S11, Sup-
porting Information), it can be observed that the carbonyl peak is
actually composed of six distinct signals. The absence of two sep-
arate peaks, as seen in the spectrum of the homopolymers mix-
ture, allows us to rule out the possibility that the microgel struc-
ture consists of two distinct blocks, one formed exclusively by
PNIPAM and the other exclusively by PNIPMAM. Nonetheless,
among these six peaks, the contributions corresponding to the
homopolymer signals can still be identified at around 175.2 ppm
and 178.0 ppm, indicating the presence of homopolymeric NI-
PAM and NIPMAM sequences, respectively. These have been la-
belled in Figure 5d as PPP and MMM, in agreement with the ear-
lier discussion. In between these two signals, the other possible
combinations of each repeating unit linked to a different neigh-
boring units can be observed: PPM at approximately 175.8 ppm,
MPM at approximately 176.1 ppm, PMP at approximately 176.9
ppm, and MMP at approximately 177.4 ppm. In the assignment,
possible additional peaks due to deuterated units were neglected,
as they were assumed to be almost superimposed on those of the
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Figure 5. a) Probability distribution of the number of polymer-water hydrogen bonds formed by each repeating unit in the atomistic chains as a function
of the neighbouring repeating units: (PPP) a NIPAM unit in between two NIPAM units (purple pentagons), (MMM) a NIPMAM unit in between two
NIPMAM units (yellow diamonds); (MPM) a NIPAM unit in between two NIPMAM units (dark violet circles); (MPP) a NIPAM unit in between a NIPAM
and a NIPMAM unit (violet hexagons); (MMP) a NIPMAM unit in between a NIPAM and a NIPMAM unit (orange triangles); and (PMP) a NIPMAM unit
in between two NIPAM units (red squares). Data are calculated at 298 K and averaged over all model systems and for the two replicas. Vertical lines are
averaged distribution values. Representative snapshots from atomistic simulations showing b) a block and c) a random P(NIPAM-co-NIPMAM) chain in
the coil state. Oxygen, nitrogen, hydrogen, NIPAM carbon, and NIPMAM carbon atoms are shown in red, blue, white, purple, and yellow, respectively.
d) Signals of carbonyl peak in *C-NMR spectra of PNIPAM, P(H-NIPAM-co-H-NIPMAM), P(D-NIPAM-co-H-NIPMAM), P(H-NIPAM-co-D-NIPMAM),

PNIPMAM microgels from top to bottom, respectively, with peaks assignment due to the different sequences, PPP, PPM, MPM, PMP, MMP, MMM,
from right to left. e) Percentage distributions of the different sequences, obtained from the deconvolution of the carbonyl signal in the three copolymers.

hydrogenated ones. This assumption is supported by the absence 3, Conclusion

of hydrogens or deuterons directly bonded to the analyzed car-

bon, and by the lack of other clearly distinguishable contributions I this work, we have put forward a comprehensive investiga-
besides the six ones marked in Figure 5d. The deconvolution of ~ tion, integrating small-angle neutron scattering, DLS and NMR

these signals allowed us to determine the contribution of each ~ measurements with multi-scale numerical simulations, to unveil

sequence to the overall peak, with their respective percentage ar-
eas reported in Figure 5e. It is evident that NIPAM has a higher
tendency to form block-like sequences as compared to NIPMAM,
since the PPP contribution is consistently larger than the MMM
contribution. Conversely, NIPMAM shows a preference for bond-
ing with NIPAM repeating units, leading predominantly to the
formation of MMP or PMP sequences. This distribution is ob-
served in all three copolymers, thus demonstrating a consistent
pattern of bond formation within the microgel.
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the internal architecture of copolymer microgels, specifically of
P(NIPAM-co-NIPMAM) type. To this aim, we synthesized copoly-
mer microgels at equimolar composition with carefully designed
isotopic composition (hydrogen/deuterium), allowing us to dis-
tinguish PNIPAM and PNIPMAM contributions via SANS exper-
iments. The measured form factors were then directly compared
to distinct copolymer topologies in monomer-resolved simula-
tion, which allowed us to identify the block topology as the most
accurate representation of the experimental scattering profiles.
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We stress that, while also a random topology would be satisfac-
tory for P(H-NIPAM-co-H-NIPMAM), it is the use of selective
scattering that has enabled us to distinguish the subtle differ-
ence between the two arrangements. These results support the
formation of local domain structures within the microgel net-
work, suggesting that repeating units of the same type (either
NIPAM or NIPMAM) preferentially cluster together rather than
being randomly and homogeneously distributed. This behavior
can be rationalized by considering the different polymerization
kinetics of the two monomers: specifically, NIPAM is known to
exhibit a higher propagation rate than NIPMAM,?! favoring the
formation of contiguous sequences of the same polymer dur-
ing synthesis. However, this is the first report of this kind in
the literature of copolymer microgels synthesized via a one-step
precipitation polymerization process. For this reason, we chal-
lenged them very seriously by (i) performing atomistic molec-
ular dynamics simulations of isolated copolymer chains and
(ii) carrying out careful *C-NMR measurements of the microgels
in comparison to the respective homopolymers. These two addi-
tional investigations reinforce the hypothesis of block formation.
Indeed, simulations clearly demonstrate that a block copolymer
configuration more accurately captures the coil-to-globule transi-
tion as compared to a random model. Finally, the close inspection
of the carbonyl peak of the 1*C-NMR spectra shows clear evidence
of NIPAM block formation, while NIPMAM is organized in a
more random structural environment. The asymmetry of block
formation is present in all microgel samples, including deuter-
ated ones, providing robustness to the results. This observation
is well compatible with the larger reactivity of NIPAM, which is
more prone to form the blocks within the polymerization reac-
tion. Indeed, the most realistic microstructure of polymer chains
exhibits a gradient composition, beginning with block-like PNI-
PAM sequences and gradually transitioning to a more random
P(NIPAM-co-NIPMAM) distribution. This evolution results from
the increasing concentration of the less reactive monomers in
the reaction medium. Although NIPMAM monomer is inher-
ently less reactive, its growing excess as the reaction progresses
increases its probability of incorporation into the polymer chain.
Interestingly, the atomistic approach additionally provides a clear
molecular picture of the consequences of this domain forma-
tion, highlighting a pronounced dependence of polymer-water
hydrogen bonding on the local monomeric sequence. Specifi-
cally, the ability of individual monomers to form hydrogen bonds
with surrounding water molecules is significantly influenced by
their neighbouring units, thereby favouring the formation of con-
tiguous regions composed of the same monomer type within the
copolymer network.

While our analysis provides evidence for the presence of com-
positional heterogeneities, the precise size and the spatial extent
of these local domains remain unresolved. The determination of
the domain size is beyond the resolution of SANS form factor
analysis and NMR capability, thus representing a challenging di-
rection for future experimental efforts, potentially requiring com-
plementary techniques with higher spatial resolution. To verify
what happens at the synthesis level, it would also be useful to in-
vestigate the kinetics of the two monomers consumption, as well
as the exact microstructure. Surely, the present results encour-
age the investigation of other copolymer microgels by similar
analysis of the internal structure to probe the generality of such
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a feature when mixing co-monomers with different polymeriza-
tion reactions. It would thus be important to re-assess copoly-
mer microgels made of NIPAM/NIPMAM and VCL?*?!l with the
present understanding to verify whether this phenomenon is of a
more general nature and may be found in the majority of copoly-
mer microgels.

In summary, these findings establish a multi-scale methodol-
ogy, which allows to probe the inner structure of copolymer mi-
crogels. Beyond clarifying the specific internal architecture of a
widely used copolymer system, our work points to a general phe-
nomenology, extendable to different kinds of microgels. Thus,
the present study has the potential to radically shift the common
understanding and interpretation of copolymer microgels from a
simple random mixing of the two polymers to a more structured
type of material, that could be promising for enhancing the con-
trol of material responsivity and functional behavior.

4. Experimental Section

Synthesis of Copolymer Microgels: Equimolar copolymer microgels
with 5% crosslinker and 1% initiatior were synthesized via precip-
itation polymerization,3°! using N-isopropylacrylamide (NIPAM, MW
= 113.16 Da, Sigma, 97% purity) and N-isopropylmethacrylamide
(NIPMAM, MW = 127.18 Da, Sigma, 97% purity) monomers, N,N’-
methylenebisacrylamide (BIS, MW = 154.17 Da, Sigma, 99% purity)
crosslinker, Sodium dodecyl sulfate (SDS, MW = 288.38 Da, Sigma, 99%
purity) surfactant and potassium persulfate (KPS, MW = 270.32 Da,
Sigma, 99% purity) initiator. Briefly, all reagents except the initiator are
dissolved in 26.5 mL of deionized water to yield final concentrations of
160 mM monomer, 8 mM crosslinker, and 4 mM surfactant. The same
molar concentrations are used to synthesize microgels with deuterated
monomers, for which NIPAM-d,, and NIPMAM-d;, monomers were syn-
thesized at the Jilich Centre for Neutron Scattering according to the
procedures reported in the Supporting Information. In these cases, the
monomer compositions of the microgels are adjusted to have the same
scattering length density in SANS experiments, as follows: 16 mol% H-
NIPAM and 34 mol% D-NIPAM (NIPAM-d,o) for D-H sample, and 22
mol% H-NIPMAM and 28 mol% D-NIPMAM (NIPMAM-d;,) for H-D one.
The solution is loaded into a 50 mL two-necked reactor equipped with a
condenser and a magnetic stirrer, and thermostated using an oil bath. The
solution is then bubbled under a nitrogen stream for 1h at room tempera-
ture. Separately, the initiator is dissolved in degassed water at the concen-
tration of 36.9 mM. Subsequently, the temperature in the reactor is raised
to 70°C and the polymerization reaction is initiated by adding 1.2 mL of
the initiator solution at the rate of 1 mL/min. The final concentration of
the initiator in the reaction solution is 1.6 mM. The reaction is carried out
at constant temperature for 5 hours. The resulting microgels are purified
by dialysis against ultrapure water using a cellulose membrane (6-8 kDa
MWCO, Sigma) for two weeks, with the water replaced twice daily. The
microgel solutions are then freeze-dried and stored in the dark at 4°C.

SANS:  SANS measurements were performed at QUOKKA (ANSTO,
Sydney, Australia)[3¢] and at SANS-I (PSI, Villigen, Swiss),[3’] using the fol-
lowing configurations. For QUOKKA: (i) 1.35 m Sample-to-Detector Dis-
tance (SDD) and incident wavelength 4 = 5.5 A, (i) 12 m SDD and 4 =
5.5 A, and (iii) 20 m SDD and 4 = 8.1 A. The combination of the three
configurations gives a wave vector range 0.0007 A~1 < Q < 0.66 A~
For SANS-I: we used a constant 4 = 8 A for two SDD of: 4.5 m and 18
m. The combination of the two configurations gives a wave vector range
0.0024 A1 < © < 0.15 A=, For data measured at Quokka a macro in
Igor Pro software (Wavemetrics, Lake Oswego, Oregon, USA), originally
written by Kline,138] was used for data reduction, while BerSANSI3%] was
used at SANS-I. Dilute sample suspensions (0.1 wt% for D-H; 1% for
H-H and H-D) were measured at different temperatures between 20°C
and 50°C in quartz cells with a path length of 2 mm (Hellma GmbH &
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Co., Mullheim, Germany). We used a constant heating rate of 0.1°C/min
to heat up the samples to the desired measurement temperature. After
reaching it, the sample was additionally equilibrated for at least 5 min-
utes. All scattering data were normalized for the sample transmission and
background corrected using a quartz cell filled with D,O. All data were
analyzed within the SASView package using standard and user-written
functions.

The particle form factor in SANS experiments was described using the
fuzzy sphere model from Stieger et al.,[*] which is able to reproduce the
data under all studied conditions. No structure factor contributions were
detected at the concentration here investigated. The form factor model
reads as,

3[sin(@R) — QR cos(QR)] )

©9?\]*
(OR)? exP(‘ 2 )]

+A,

PQ) = A

]
T+ (Q¢)?

in which the first term represents the fuzzy sphere contribution, being R
the radius of the sphere and o the fuzziness parameter, while the sec-
ond term describes the polymer network scattering in the region at high
Q, with ¢ the correlation length of the polymer mesh. For the fits, the
model function was convoluted with the following experimental smearing
function:

12
NI a* |,
0= [ Pa-d)| | ew| -2 o G)

271:0'q, p

where o, is the standard deviation of the g resolution, which contains the
detector resolution and the beam wavelength spread contributions.[] In
addition, sample polydispersity was included considering a Schulz distri-
bution of the radius. Obtained values of the sample polydispersity are in-
cluded in Table S2 (Supporting Information). To facilitate the direct com-
parison with simulations, experimental data in Figures 2 and 3 refer to
the fit results via Eq. 2, where the resolution smearing and polydisper-
sity effects have been subtracted. An exemplary form factor with fit includ-
ing resolution smearing and polydispersity and after removal of resolu-
tion smearing and polydispersity is reported in Figure S17 (Supporting
Information).

Dynamic Light Scattering: Hydrodynamic radius (Ry) distributions are
measured by DLS using a NanoZetaSizer apparatus (Malvern Instruments
LTD) equipped with a He-Ne laser (5 mW power, 633 nm wavelength). The
scattered light is collected in quasi-backscattering geometry (at an angle
of 173°). The distribution of diffusion coefficients D of the particles is de-
rived by extrapolating the decay times from the acquired intensity autocor-
relation functions. Diffusion coefficients are then converted to intensity-
weighted distributions of Ry using the Stokes—Einstein relationship Ry
= kgT/67nD, where kgT is the thermal energy and 5 the water viscosity.
Temperature trends are acquired between 20°C and 50°C with 1°C steps,
by keeping the samples thermalizing for 5 minutes after each temperature
variation before performing the measurement. The values of Ry, reported
in the work and the associated errors are the average and standard devia-
tion, respectively, of a distribution obtained by at least 30 measurements.

NMR: "H-NMR and "*C-NMR spectra were recorded by NMR Ascend
500 MHz Bruker instrument equipped with iProbe BBFO 5mm BBF/1H
probe and autosampler, at room temperature. For measurements, we used
a sample concentration of 20-30 mg/mL in deuterium oxide. For the 1*C-
NMR analysis, the impulse angle was of 30°, the acquisition time of 0.7 s,
the delay of 0.1 s, number of scans of 200000 and temperature of acquisi-
tion of 25°C.

Following ref.[16] the fraction of PNIPAM fypam in the H-H copoly-
mer microgel was calculated in the "TH-NMR spectrum from the area un-
der the peaks in the range 0.5 — 2.5 ppm (see Figure 1 for assignment,
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where the peaks are labelled as b, ¢, d and e, respectively) using the
equation below:

A— APNIPMAM
Fripam (%) = A A 100 (4)
PNIPAM PNIPMAM

where A, Apnipmvam @nd Apyipam denote the area under the spectrum in
the region 0.5 — 2.5 ppm for the H-H copolymer microgels, homopolymer
PNIPMAM microgels and homopolymer PNIPAM microgels, respectively.

In the >C-NMR spectra, the deconvolution of the peaks was per-
formed using MestReNova software, as follows. Initially, the peak chemical
shifts were fixed at the exact values. Then, the fitting procedure, using a
Lorentzian peak shape, was performed allowing a maximum shift of +0.2
ppm. The fit was considered acceptable when the sum of the contribu-
tions of the NIPAM peaks (PPP, PPM, and MPM) matched the sum of the
NIPMAM peaks (MMM, MMP, and PMP), in agreement with the molar
ratio used in the microgel synthesis. The relative percentage contribution
of each sequence to the overall peak was then determined.

In Silico Investigation of Copolymer Microgels: We employ a monomer-
resolved model of copolymer microgels, composed of N ~ 42000 beads,
that is based on a recently developed in silico synthesis protocol.['®l This
procedure leads to the formation of fully bonded, disordered polymer net-
works that were shown to well reproduce the experimental swelling be-
havior of pure PNIPAM microgels.['"12] To extend it to copolymer micro-
gels, NIPAM and NIPMAM repeating units are both described by bivalent
patchy particles, while cross-linkers have four attractive patches. The self-
assembly of these particles is carried out in a confining sphere under the
influence of an external force acting on the crosslinkers only, which drives
the formation of a fuzzy sphere structure.l'" In order to reproduce the ex-
perimental synthesis conditions, the crosslinker concentration is set to ¢
=5.0% and the copolymer ratio is 50%.

The microgels polymer network is described by beads interacting with
the Kremer-Grest potential.[*?] Therefore, beads experience a steric repul-
sion, modelled by the Weeks-Chandler-Anderson (WCA) potential:

- 45[(5)”_(g)6]+5 1

0 if r>2%0

1
if r<2%c

©)

Viwea

where € and ¢ are the energy and length units, respectively. In addition,
bonded beads interact via the finitely extensible nonlinear elastic potential
(FENE):

r

2
Veene (1) = —ekeR log [1 - <—> :| r < Roo (6)

Roo

where Ryo is the maximum bond distance and kg is a stiffness parameter
that determines the bond rigidity. The covalent nature of the network is
mimicked by making bonds that cannot break during the simulation.

The solvent contribution is implicitly included through an effective po-
tential, which mimics the change in the polymer-solvent affinity by raising
temperature:

1
—ea if r<2%c

Vo (r) = %ae{cos [y(£)2 +ﬁ] - 1}

0 if r>Ryo

1
if 280 <r<Ryo (7)

where « is the solvophobicity parameter corresponding to the effective
temperature. The swelling curve of the microgels is obtaining by changing

the value of a from good (a = 0) to bad (a = 1.5) solvent conditions. Here
1\ -1
y=nx (% -23 ) and f =27 — %y are constants defining the functional

shape of the potential.[43]
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The four microgel models described in the main text are considered,
assigning different chemical nature of the NIPAM and NIPMAM repeat-
ing units. First of all, the bead size is set to ¢ = 1 for the former and ¢ =
1.04 for the latter to account for their steric volume difference. In addition,
the different volume phase transition temperature of 305 and 316 K is re-
alized for PNIPAM and PNIPMAM microgels, respectively, by assigning a
different value of a to each monomer, based on the relation between a and
temperature determined for PNIPAM microgels in ref.[10] as illustrated in
Figure S21 (Supporting Information). For mixed interactions occurring be-
tween PNIPAM and PNIPMAM beads the average value of « is used. The
value of « reported in the manuscript always refers to the PNIPAM a-value
for convenience.

The equations of motion are integrated through a Nosé—Hoover ther-
mostat in the constant NVT ensemble with an integration time-step At

=0.0027, where 7 = 4/ ngZ is the reduced time unit. Simulations are per-
formed with the LAMMPS packagel#4] in a cubic box with side L = 200 ¢ at
a fixed temperature kB—T = 1.0. The equilibration of each system is carried
out for 1- 1087, followed by a production run of 1- 107z.

To directly compare numerical results to the experimental measure-
ments, we computed the microgel form factor P(q) and hydrodynamic ra-
dius Ry. P(q) is given by

N

Pa) = X Cexp (~id 1)) 0
=

where q is the wavevector, rj is the distance between the monomers i
and j and the calculation is averaged over independent configurations.
In the case of partially deuterated samples, the form factor has been cal-
culated only for the beads belonging to the non-deuterated polymer, due
to the high difference in scattering between hydrogenated or deuterated

monomers. The hydrodynamic radius Ry is calculated as:[324%]

-1
1

Ry =2 " de 9
" [/o V(@2 + 0) (b2 + 0) (2 + 0) ®)

where the microgel is approximated as an effective ellipsoid with principal
semiaxes a, b and c.

Atomistic Molecular Dynamics Simulations of Copolymer Chains:  All-
atom molecular dynamics simulations are performed on a model single
chain composed by 90 repeating units in aqueous solution at infinite dilu-
tion. We consider pure PNIPAM, pure PNIPMAM and two different copoly-
mer models with a composition ratio of 50%: (i) a random model where
PNIPAM and PNIPAM repeating units are randomly distributed; and (ii) a
block model in which the chain is composed by two separate blocks of 45
repeating units. For all systems, the stereochemistry of the polymer chains
is set as atactic. PNIPAM and PNIPMAM are described with the force field
OPLS-AA,[#6] applying the modifications of Siu et al.[*’! TIP4P-Ice model
is used for waterl43] This computing setup has been effective in reproduc-
ing the pressure/temperature phase behavior of PNIPAM and PNIPMAM
aqueous solution.[22:49,50]

NPT MD simulations are performed at 0.1 MPa at different tempera-
tures from 283 to 323 K. Trajectories of 1 us are acquired at each tempera-
ture, in two independent replicas, using the GROMACS software package
(versions 2020.3 and 2022.3).15"52] The last 500 ns interval is used as the
production run, sampling 1 frame every 100 ps. The leapfrog integration
algorithml®3] was used with a time step of 2 fs. Periodic boundary condi-
tions and minimum image convention were applied. The length of bonds
involving H atoms was constrained using the LINCS procedurel>*] The ve-
locity rescaling thermostat coupling algorithm with a time constant of 0.1
ps was used to control temperature.[>>] Pressure was maintained using
the Parrinello-Rahman approach, with a time constant of 2 ps.3¢37] The
cutoff of nonbonded interactions was set to 1 nm, and electrostatic inter-
actions were calculated using the smooth particle-mesh Ewald method.[%8]

Statistical Analysis: Experimental scattering intensities (Figure Tc) and
parameters describing polymer chain conformations extracted from sim-
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ulations (Figure 4) are reported as mean values with error bars represent-

ing standard deviations. The mean error (ME) in panels i-| of Figure 3
i = 1 oyNe (PP )

has been calculated according to ME = - hI |Tm|, with N,

the total number of q values. Additional details on statistical analysis are

included in previous sections.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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