Open Access Article. Published on 05 May 2021. Downloaded on 5/10/2026 12:48:38 AM.

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

(cc)

Soft Matter

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2021,
17,5581

Received 21st January 2021,
Accepted 3rd May 2021

DOI: 10.1039/d1sm00111f

rsc.li/soft-matter-journal

1 Introduction

Interface-induced hysteretic volume phase
transition of microgels: simulation and
experimenty
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Thermo-responsive microgel particles can exhibit a drastic volume shrinkage upon increasing the
solvent temperature. Recently we found that the spreading of poly(N-isopropylacrylamide) (PNiPAmM)
microgels at a liquid interface under the influence of surface tension hinders the temperature-induced
volume phase transition. In addition, we observed a hysteresis behavior upon temperature cycling, i.e. a
different evolution in microgel size and shape depending on whether the microgel was initially adsorbed
to the interface in expanded or collapsed state. Here, we model the volume phase transition of such
microgels at an air/water interface by monomer-resolved Brownian dynamics simulations and compare
the observed behavior with experiments. We reproduce the experimentally observed hysteresis in the
microgel dimensions upon temperature variation. Our simulations did not observe any hysteresis for
microgels dispersed in the bulk liquid, suggesting that it results from the distinct interfacial morphology
of the microgel adsorbed at the liquid interface. An initially collapsed microgel brought to the interface
and subjected to subsequent swelling and collapsing (resp. cooling and heating) will end up in a larger
size than it had in the original collapsed state. Further temperature cycling, however, only shows a much
reduced hysteresis, in agreement with our experimental observations. We attribute the hysteretic
behavior to a kinetically trapped initial collapsed configuration, which relaxes upon expanding in
the swollen state. We find a similar behavior for linear PNiPAm chains adsorbed to an interface.
Our combined experimental — simulation investigation provides new insights into the volume phase
transition of PNiPAm materials adsorbed to liquid interfaces.

stabilizers®'° or vehicles for drug-delivery, due to their ability
to take up and release molecules on demand.*'' From a

Soft microgels consisting of a swollen polymer network possess
fascinating properties. Their soft nature allows them to
undergo significant deformations, for example when adsorbed
to an interface."” In addition, stimuli-responsive properties can
be encoded in their molecular structure, allowing microgels to
undergo sharp transitions between swollen and collapsed
states upon an external stimulus.* This dynamic behavior
has important consequences. From an applied side, stimuli-
responsive microgels serve as dynamic and reversible emulsion
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fundamental side, soft microgels serve as model systems
for classical many-body systems to model atomistic physical
phenomena such as melting of crystal lattices,'*"* solid-solid
phase transitions,'* or complex self-assembly.'>™”

Among the most prominent microgel systems are cross-
linked poly(N-isopropylacrylamide) (PNiPAm)-based microgels,
which exhibit a drastic volume shrinkage in aqueous dispersion
above 32 °C."®?° During this volume phase transition, non-
polar groups of the PNiPAm microgel aggregate and bound
water is expelled from the macromolecule to increase the
entropy of the system.>'®?° This volume phase transition has
been extensively explored through experimental studies,>>°">
computer simulations®**~*® and statistical theory.**™**

However, in many actual applications such as emulsion
stabilization®® or surface patterning’>*>*® microgel particles
are exposed and attracted to a liquid interface, where the
spatial isotropy of the microgel is broken and a more complex
behavior results. Therefore it is important to understand their
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structural and dynamical properties when confined to a liquid
interface. In fact, it was shown that at liquid interfaces, microgels
deform into a fried-egg-like structure®*~*° where the core
possesses a disk-like shape and the surrounding dangling
polymer chains form a quasi two-dimensional layer close to the
interface, termed the corona. Correspondingly, the volume
phase transition is strongly modified due to the presence of the
interface. Recent experiments®®™> have analyzed the volume
phase transition at the interface and showed that the volume
phase transition in the lateral direction is strongly hindered by
the presence of the liquid interface. In addition, a hysteresis
behaviour upon swelling and deswelling of microgels dependent
on whether the microgels were deposited in the swollen or
collapsed state was found.”®>® Though monomer-resolved
computer simulations have considered the microgel structure
at an interface,>®**> the hysteretic behaviour was not yet
reproduced in computer simulations.

Here we present extensive Brownian dynamics simulations
to confirm and investigate the hysteresis on a monomer-
resolved scale. The microgel particle is modelled by a coarse-
grained polymer network with effective beads.>*** The interface
is described by an external effective potential attractive for the
beads. Within our simulations we are able to reproduce and
quantify the hysteresis behavior and the corresponding
structural change of the microgel particle. In our protocol the
microgel particle is first equilibrated in the bulk either in the
collapsed (high temperature) or in the swollen (low temperature)
state and then brought to the interface and “equilibrated” there
again. Fig. 1 schematically outlines the temperature cycling
experiments used for this investigation. A swollen particle
adsorbed to the interface responds reversibly to further
collapsing and swelling (resp. heating and cooling) cycles. An
initially collapsed particle adsorbed to the interface, however,
experiences structural changes upon temperature -cycling.
Instead of reversible regaining its initial size, the microgel
remains significantly more expanded after undergoing a
temperature cycle. We attribute this hysteretic behaviour to an
initial kinetically trapped collapsed state. This behavior is purely
induced by the interface, as a similar temperature cycling of a
bulk microgel does not show any hysteresis. We investigate these
interfacial volume phase transitions as a function of crosslinker

volume bulk surface inhterface
reversible area ysteretic
interfacial | heating
swollen swollen i S 2. cooli
state [ . cooling
state N -
initial 1. cooling
collapsed
collapsed
state
state
temperature temperature

Fig. 1 Schematic visualization of the interface-induced hysteresis effect
(right) compared to the bulk behavior (left). Bulk: reversibility between the
swollen and collapsed state within a cooling—heating cycle for a microgel
particle. Interface: hysteresis in the first cooling—heating cycle of an
interface-adsorbed microgel particle. For subsequent cycles reversibility
occurs.
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density. In both experiments and simulations, we find that less
crosslinked microgels exhibit a larger hysteresis. In addition, we
show that even linear PNiPAm chains adsorbed to an interface
undergo a hysteretic behavior upon temperature cycling, indicating
that the hysteresis does not only depend on the architecture of the
microgel, but originates from the molecular nature of the polymer
itself.

2 Materials and methods

We adopt the modelling proposed in ref. 25 and 55-57 describing
a microgel particle on a monomer-resolved level with no explicit
solvent. In detail, the microgel particle consists of two types of
beads, monomers and crosslinkers, which define its internal
architecture. A monomer is covalently linked to either a neigh-
bouring other monomer or to a crosslinker by springs and the
maximum number of these bonds is two. A crosslinking bead, on
the other hand, has four of such bonds. In terms of all other
interactions (next nearest neighbour interactions, etc.) monomers
and crosslinkers do not differ. The covalent bonds are described
by a finite-extensible-nonlinear-elastic (FENE) potential®>®®
(see ESIT) with a characteristic energy scale ¢, a maximal bond
expansion R, = 1.5¢ and an effective spring constant & = 15¢/6.
The remaining bead-bead interactions are modelled by a
repulsive Week-Chandler-Andersen (WCA) potential®>* given
explicitly in the ESI{ which contains the size ¢ of the repulsive
monomers as a length and the repulsion strength ¢, as the same
energy scale as for the FENE potential. Henceforth we choose o
and ¢ as units of length and energy.

To incorporate the thermoresponsivity of the microgel particle
effectively, a further attractive bead-bead pair potential® is added
given by

1
if r <260

—oe
1 2 Nt

Va(r) = § Zae {cos (y(—) +ﬁ> — 1] if 260 < r < Ryo 1)
2 o
0 otherwise

-1
|
with y = rc(2‘25 - 23) and f = 2n — 2.25y.>® Importantly, the

effective attraction strength is controlled by the parameter o,
which mimics the quality of the solvent in an implicit manner.
The value « = 1.55 describes a strong attraction (relative to the
bead repulsions) imitating poor solvent conditions**** and
therefore mimicking the collapsed state of the microgel. For good
solvent conditions the value o = 0 is used such that there is
no attraction at all,>®>® reflecting the swollen state. In our
simulations, we varied the effective attraction strength o between
the two extreme cases in the range 0 < « < 1.55 and refer to the
o = 0 case as the “fully swollen state” and the « = 1.55 case as the
“fully collapsed state”. As the solvent quality is controlled by
temperature in the experiments, @ = 0 corresponds to a low
temperature, below the volume phase transition of the PNiPAm
microgels, and « = 1.55 to a high temperature situation above the
volume phase transition. For the connection between the effective

This journal is © The Royal Society of Chemistry 2021
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attraction strength o and the temperature dependence on PNiPAm
microgels we refer to ref. 25. The internal architecture of the
microgel particle is as in ref. 23, 25 and 55 and depends on
the crosslinker density. In our simulations we represent each
microgel particle by a total number of N = 5500 beads, which
includes a fraction of homogeneously distributed crosslinkers.
The percentage of crosslinkers is an important parameter in our
simulations and will be systematically varied between 0 and 4.5%.

To mimic the effect of an air-water interface, we follow
ref. 50 and add an external potential; the potential is defined
such that the interface normal is along the z direction.
Explicitly, for each bead, the external potential is a combination
of an effective Lennard-Jones potential on the water side and a
steep linear potential on the air side. We introduce a typical
range . for the effective bead-interface interaction and a

1 .
shifted z-coordinate Z by Z = z — 260.; the derivative of the
potential (i.e. the force) is defined to be continuous at a
matching point Z, < 0. In detail,

Vii(2) >z,
Vext(2) = z 2
‘ AT LAl PP
dZ =,
with the Lennard-Jones potential
N Oext\ 12 (Oext)©
Vii(Z) 748“1{(7) (%) } 3)

where ¢ is an attraction energy strength. Therefore the inter-
face tries to pin all beads to the position Z = 0 where the
potential is minimal. Physically this attraction towards the
interface results from surface tension reduction by reducing
the bare air-water interfacial area when a bead is adsorbed at
the interface. The large difference in the bead chemical
potential between the air and the water phase is reflected by
the steep increase of Vey(2) for Z < Z,. In the following we have
chosen ¢ = 5.5¢, to ensure a sufficiently strong adsorption
strength towards the interface (a calculation for comparison
with the experiment can be found in the ESIt), and oex = 0.50
corresponding to a relatively deep and stiff minimum around
Z = 0. A harmonic expansion around the origin Z = 0 yields a
large spring constant of 22¢/c> which is enforcing a bead
monolayer as observed by the very thin corona formed by
polymer chains expanding at the liquid interface. Finally we
have chosen the matching position z,, i.e. the point where the
Lennard-Jones behavior changes to a constant force, as %, =
—0.010.

We simulate the bead dynamics as Brownian dynamics with
an implicit solvent, whereby the short-time bead self-diffusion
coefficient D, sets a characteristic Brownian time scale 1z = Dy/o”.
The latter defines our unit of time in the following. A finite time
step of At =0.0000515 is used to integrate the equations of motion
with an Euler forward scheme. All of the Brownian dynamics
simulations are performed with the HOOMD-Blue package® and
are visualized by OVITO.*

In our modelling it is important to distinguish between a
solvent bath temperature T7* - which sets the Brownian

This journal is © The Royal Society of Chemistry 2021
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fluctuations - and the implicit temperature influence on
the effective bead-bead attraction strength o. Since the
temperature change is small compared to the absolute room
temperature, we have fixed the solvent bath temperature to
kgT* = ¢ throughout all of our simulations but changed solely
the effective attraction strength o, in agreement with typical
protocols in the literature.>>* For simplicity, there is no
distinction between the interactions of the beads in the inter-
face and in the bulk.

Our simulation protocol is as follows: first we equilibrate the
microgel particle in the bulk (i.e. in the absence of the interface
external potential (2)) and thus gain an equilibrated initial bead
configuration. This is done separately for the “fully swollen
state” with o = 0 and for the “fully collapsed state” with « = 1.55.
We then instantaneously expose the initial bead configuration
to the potential (2) such that the z-coordinate of the center of
mass of the particle is a distance of 10¢ apart from the interface
position at Z = 0. We then relax the system for a long waiting
time ¢, of typically 5 x 10°t5. The relaxed configuration is - in
the presence of the interface - subject to a sudden change in
the attraction parameter o from 0 to 1.55 or, respectively from
1.55 to 0. Physically this means that the solvent quality tem-
perature is abruptly changed from high to low (or vice versa).
We then allow the system to undergo relaxation for another
waiting time; this relaxation process is referred to as “collapsing”
(if « has been suddenly increased), or as “swelling” (if o has been
suddenly decreased). Finally we reverse o to its initial value, thus
establishing one “cycle”. After a third waiting time the resulting
configuration is compared to the first configuration at the same o
relaxed at the interface from its initial bulk state. If there is a
significant difference in the extent of the configuration, the
system is called hysteretic. The protocol is repeated several times
leading to a “cycling process” which is composed of alternating
“swelling” and “collapsing” processes. Appropriate averages
are taken to ensure that the behavior does not suffer from
peculiarities of the initial configuration.

The diagnostics to identify hysteresis is done via monitoring
the lateral radius of gyration, Ry,(f), as a function of time ¢.
The lateral (or projected) radius of gyration is defined as

1
N 4

1

(xi(1) = Xo(£))*+(vi(t) — Yo(1))? (4)

M=

Rlatz(l) -
1

with 7(t) = (x(¢)),y(¢),2(t)) as the location of the bead i, and
Ro(t) = (Xo(1), Yo(1), Zo(1)) :%%rﬁ(t) is the instantaneous
i=1
center of the microgel particle. Finally, we can also infer the
lateral osmotic pressure from the fraction of beads in the
interfacial region. Here, by definition, a bead is in the
interfacial region if its Z-coordinate lies between —0.5¢ and
0.50. We also analyze the internal core-corona structure in
more detail by using a “hull parameter’” A(r), which brings us
also into a position to extract a core radius R. and an outer
corona radius. Details of the procedure are described in the
ESL{
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2.1 Experiments

PNiPAm microgels crosslinked by N,N’-methylenebis
(acrylamide) with different crosslinking densities are synthesized
by precipitation polymerisation according to a previously
published protocol.*" The cycling experiments involving the
differently crosslinked microgels are conducted in a similar
fashion as developed in an earlier publication.>® When starting
from the collapsed state, 0.05 w% microgels dispersed in an
ethanol/water mixture (1:1) with a temperature of 70 °C are
spread at the air/water interface on a Langmuir-Blodgett trough
(KSV Nima), which is preheated to the initial temperature of
60 °C. Similarly, when starting from the swollen state, the
microgel dispersion is spread at room temperature. The trough
is heated using a thermostat by increasing the temperature by
10 °C every 10 minutes. Conversely, the trough is passively cooled
by switching off the thermostat. The interfacial arrangement as a
function of temperature is then deposited onto a silicon wafer
(0.5 x 10 cm?) lifted at 0.1 mm min " through the interface, while
the corresponding surface pressure is measured using the
Wilhelmy plate method. The microgels are characterized ex situ
by image analysis of scanning electron microscopy (Zeiss Gemini
500) images of the transferred interfacial layer. From these
images, the size of the microgel core is quantified by a custom-
written Matlab software.>

3 Results and discussion
3.1 Non-hysteretic microgel swelling in the bulk

First, as a reference, we simulate the bulk behavior of a
microgel. Fig. 2 shows the time evolution of the radius of
gyration during swelling and collapsing together with typical
initial and final simulation snapshots before and after the
swelling and collapsing processes. The initial configurations
(marked with (b) and (d)) are equilibrated for a long relaxation
time of typically 50007z, and are therefore practically fully
relaxed. After a sudden increase (or decrease) of effective
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Fig. 2 (a) Volume phase transition of a microgel in bulk. Radius of gyration
Rq (in terms of the bead size ¢) as a function of time t for a microgel particle
in the bulk for both a collapsing process (yellow line) and a swelling
process (green line) with the corresponding error bars in black as obtained
by simulation. The processes start from equilibrated configurations (shown
as typical simulation snapshots (b) and (d)). Typical snapshots (c) and (e)
after a long simulation time of 25007 are also given. There is no notable
hysteresis in the bulk. The data are obtained for a crosslinking density of
4.5%.
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attraction o (mimicking an increase or decrease the temperature,
respectively) the radius saturates quickly (i.e. within a relaxation
time of roughly 10007g) indicating equilibration. After a long
relaxation for a simulation time of about 2500ty two final
configurations marked with (c) and (e) in Fig. 2 are reached.
These two final configurations (c) and (e) are similar to the initial
conditions (d) and (b) in Fig. 2, ie. both swollen and both
collapsed configurations exhibit a similar radius of gyration.
Importantly, this implies that swelling and subsequent
collapsing are completely reversible in this bulk experiment on
the accessible time scale of the simulation, or in other terms,
there is no hysteresis. This non-hysteretic bulk behavior in size is
in agreement with experiments.*> Once the reversible behavior
of the volume phase transition is established, one can trivially
add a cycle of subsequent swelling and collapsing processes,
which always results in an equilibrated state. Likewise, one can
perform a multi-cycle process by adding many subsequent
swelling and collapsing processes. Again one finds reversible
behavior such that after each cycling process the system is in the
same equilibrated state. The latter feature will change signifi-
cantly at interfaces which we shall show next.

3.2 Liquid interface-induced hysteresis of microgel
morphology

3.2.1 The swelling and collapsing process at the interface.
Next, a microgel with an equilibrated bulk configuration is
placed at the interface in silico (as described in Materials and
methods) and relaxed there for a long initial relaxation time of
50007p. Subsequently, a swelling and collapsing process is
initiated by an instantaneous change in the solvent quality,
encoded in the effective attraction «. The evolution of the lateral
radius of gyration following this change of « is presented in
Fig. 3 for both a swelling and a collapsing event. Similar to
Fig. 2, typical initial and final snapshots are given in Fig. 3 both
with a top view onto the microgel and a lateral view from the
side. The side view clearly shows the oblate core-corona
morphology®>®> of the microgel, which is induced by lateral
stretching caused by the reduction of the bare water-air inter-
facial tension. This is also accompanied by the fact that the
lateral radius of gyration is significantly larger than its bulked
value shown in Fig. 2. The important message taken from Fig. 3
is the presence of a hysteresis, observed from the difference in
the collapsed dimensions for the two phase transition scenarios.
In particular, the collapsed state (e’), reached after a relaxation
time of 25007 from an initially swollen microgel at the interface,
is much less contracted than the starting collapsed configuration
(b’) from the initial interfacial adsorption of a bulk collapsed
microgel. This difference is clearly evidenced by the different
lateral radii of gyration, and is also consistent with previous
experimental findings.>***%

The hysteretic behavior found for the volume phase transition
at the interface in the collapsing process is in contrast to the
swelling process where the swollen end state (c’) practically
exhibits the same lateral radius of gyration as the initial state
(d’) of a microgel adsorbed to the interface from a swollen bulk
conformation. The clue to understand this difference lies in the

This journal is © The Royal Society of Chemistry 2021
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(a) Volume phase transition of a microgel at an interface. Lateral radius of gyration R\ (in terms of the bead size ) is shown as a function of time t

for a microgel at the liquid interface for both a collapsing process (yellow line) and a swelling process (green line) with the corresponding error bars in
black as obtained by simulation. The processes are started from configurations relaxed at the interface for a total time of 500075 (shown as typical
simulation snapshots (b’) and (d’). Typical snapshots (c’) and (e’) after a long relaxation time of 250075 are also given. There is a notable hysteresis for the
collapsing but not for the swelling process. The data are obtained for a crosslinking density of 4.5%.

nature of the starting state (b’). In the collapsed state at the
interface, the equilibration is kinetically hindered by the
strong attractive interactions between the beads. Therefore we
hypothesize that they are kinetically trapped since they cannot
escape quickly to relax all constraints. If a swelling process is
induced by improving the solvent quality, these constraints are
released and the microgel relaxes faster to its equilibrium state.
Again we emphasize that the allotted relaxation time at the
interface for the collapsed state is long as compared to the
typical time for swelling and collapsing in the simulation but not
enough to achieve full equilibration. This ‘“explosion” in
relaxation time scales for interfacially collapsed states is in
accordance with the experimental findings in literature.’®>>*
Since the bead interactions are not affected by the interface,
some parts of the polymer chains move back into the bulk as the
attraction decreases which is probably due to the simplified
assumption that the bead-bead interactions is the same in the
interface and in the bulk. In the experiments typically a more
complex relationship is encountered.>

3.2.2 Temperature cycling. We now go one step further and
study a periodic sequence of swelling and subsequent collapsing
processes in a cycling way. In particular, this procedure allows
investigation whether the swollen state arising by swelling from
an initial collapsed state is hysteretic upon further periodic
decrease and increase of solvent quality (or temperature).
Simulation data for such a cycling process are given in Fig. 4a.
These data show an almost hysteresis-free behavior after one
cycle. This gives evidence that the hysteretic behavior is mainly
attributed to the collapsed initial state (b’). Once this adsorbed,
collapsed microgel is swollen, the resulting interfacial state can
almost reversibly be collapsed and swollen again without
showing any further hysteresis in radius of gyration.

The hysteretic behavior is reflected in the two length scales
characterizing the microgel particle, namely the lateral radius
of gyration Rj,; and the core radius R, as documented in Fig. 4a.
Indeed our analysis of the morphology by the hull parameter
A(r) (Fig. S2, ESIY) reveals a clear distinction between core and
corona for the different states in the cycling process and
documents that our simulation scheme reproduces the fried-egg
structure of a microgel at the interface."*”~*° The core region is

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Temperature cycling of a microgel at an interface. Cycling process
of swelling and collapsing for a microgel particle initially collapsed at the
interface. (a) Simulation data and (b) experimental data. A hysteresis within
the first temperature cycle can be clearly observed for both simulation and
experiment. The simulation data are obtained for a crosslinking density of
4.5% and the experimental data for a crosslinking density of 5%. The
corresponding effective attraction parameter o and the solvent temperature
are also shown as a function of time in (a) and (b) to illustrate the cyclic
nature of the process. Two different length scales are shown in the
simulation data in (a) which give the same qualitative trend, namely the
core size R. and the lateral radius of gyration Ri,.

much more compressed due to the interfacial attraction to the
beads. Therefore the effect of kinetic arrest in the core is much
more amplified when the particle is brought to the interface as
compared to the bulk situation. This gives a clue to understand
the underlying reason for the hysteretic behavior at the interface.

We compare the hysteresis observed in simulation with
experimental data, obtained for an interfacial assembly of
microgels on the air/water interface of a Langmuir trough
exposed to changes in the temperature of the water subphase.
The diameter of the microgel cores are quantified by image
analysis of scanning electron microscopy images after transfer
to a solid substrate. Interestingly, the experimental data shows
a similar hysteretic behavior, evidenced by a change in core
diameter between the initial adsorption in collapsed state and
the first temperature cycling as seen in Fig. 4b. However, in the
experiments the change of solvent quality (temperature) is not
stepwise but smoothened due to experimental constraints
(compare the gray line in Fig. 4b to the sharp jump of the
effective attraction « shown along with the simulation data in

Soft Matter, 2021,17, 5581-5589 | 5585
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Fig. 4a). Simulations with a multiple stepwise change in
effective attraction o have also been performed and are
compared with the sudden stepwise change for a crosslinking
density of 2.3%, see Fig. S1 ESL{ In this comparison, no
significant difference in hysteresis was found for the two
different forms of change.

3.3 Impact of the degree of crosslinking

3.3.1 Impact of the degree of crosslinking on the hysteresis.
We now investigate the hysteretic behavior as a function of the
degree of crosslinking. In Fig. 5 the interfacial volume phase
transition upon temperature cycling is compared for three
different crosslinking densities in simulation and experiment.
The relative amount of hysteresis is quantified as 1 — #, where #
is the ratio between the two microgel radii before and after the
first cycling process. For the simulations, the ratio # is taken as
Ry (t = 1000tp)/Ri (¢ = 60007g), see Fig. 5a, and for the
experiments we take for # the ratio of the two radii at times
210 min and 0 min, see Fig. 5b. In the absence of hysteresis, the
two radii coincide such that # is one and the amount of
hysteresis vanishes.

Both experimental and simulation data show that the relative
amount of hysteresis decreases with increasing crosslinking
density (Fig. 5c and d). We rationalize this behavior based on
an intuitive argument stemming from the kinetics of the initially
trapped state. For a more connected polymer network the
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microgel is more resistant against the stretching effect of the
interface and therefore it is stretched out less. This explains why
the hysteresis is smaller for higher crosslinking density.
Conversely, if the degree of crosslinking is small, long dangling
chains can be much more entangled and therefore contribute
much more to the amount of hysteresis. Indeed in the extreme
case of a single linear chain, additional simulation and
experimental data indicate that the relative amount of hysteresis
is even higher than the values found for the lowest crosslinking
density of one percent; for simulation data see again Fig. 5c.
The number of beads in the simulation of the linear chain is
identical to that contained in the microgel particle, namely
5500 beads.

3.3.2 Comparison of a microgel and a linear chain in terms
of the surface pressure. We now consider the surface pressure
of an interfacial microgel layer as a function of temperature,
which can be measured in experiments. Care has be taken in
the interpretation of the effect of microgels on the surface
pressure, since the air/water surface tension also changes with
temperature. As the latter shows a monotonic decrease, we
attribute any deviation from such a linear behavior to the
microgel layer and therefore subtract the change in surface
pressure of water from the plotted data. Therefore, we refrain
here from a full quantitative comparison between experiment
and simulation but only consider qualitative trends.

In the experimental system, the decrease in surface tension
in the presence of microgels (or, the increase in surface
pressure) relates to the surface density of PNiPAm chains
adsorbed to the air/water interface. In simulations, the corres-
ponding quantity is the surface density of adsorbed beads, which
is directly accessible. Fig. 6a and c¢ compares the evolution of the
adsorbed microgel fraction determined in simulation with
the surface pressure measured in experiment as a function of
the effective attraction o or the temperature, respectively. The data
are obtained by starting with an interfacially adsorbed microgel
with high effective attractions o resp. high temperature T (solid
points). This initially collapsed microgel is then slowly swollen at
the interface by a decrease the attraction (resp. temperature), as
shown by blue points/blue line. The swelling increases the area
occupied by the microgel (see above), and thus decreases the
surface tension - or increases the surface pressure in experiment
(Fig. 6¢). Concomitantly, the swelling causes more beads to adsorb
to the interface as the system passes through the volume phase
transition (Fig. 6a and b).

Notably, the maximal number of adsorbed beads occurs
closely at o« &~ 0.6 where the bulk collapse transition
happens®**® and is thus correlated to the bulk volume transition.
Interestingly, in the simulation data, a slight decrease of the
adsorbed beads is absorbed when the attraction vanishes. This
is due to the fact that parts of the chains go back into the bulk due
to entropic reasons. The swollen microgels are subsequently
collapsed (or heated) again. The red data points/red line in
Fig. 6a—c show the associated evolution of the adsorbed fraction
of microgel beads (simulations) pressure
(experiments), respectively. In both experiment and simulation,
a hysteresis is observed, in agreement with the data shown before.

and surface

This journal is © The Royal Society of Chemistry 2021
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The fraction of adsorbed beads and the surface pressure increases
for this increase in « or temperature, compared to the initial
values at low temperature culminating in a maximum at a
temperature which roughly coincides with the bulk volume
transition. We interpret this maximum as a joint effect of the
interfacial attraction to the beads and the effective attraction
between the beads. When the bulk volume transition temperature
is reached from below, the bulk attraction wins and drags beads
from the interface into the bulk. We remark that upon cooling a
similar maximum is found in the simulations but not in the
experiments; the reason for this slight discrepancy remains
unclear.

Finally, as a reference, we also show data for a linear
polymer chain in Fig. 6d-f. The linear chain shows similar
trends in the surface pressure and the fraction of the adsorbed
monomers as the microgel, but there is no maximum in the
adsorbed bead fraction during the swelling process. Thus the
curves coincide nicely.

4 Conclusions

We used monomer-resolved computer simulations and air/
water-interfacial experiments to investigate the volume phase
transition of PNiPAm microgels in bulk and adsorbed to an
interface. Our results underline that the presence of an
interface significantly changes the volume phase transition.
Particularly, we found a significant hysteretic behavior for
microgels undergoing the phase transition at the interface.
A microgel adsorbed in the collapsed state to the interface does
not return to its initial configuration when subjected to a
temperature cycle. Instead, it relaxes into a more stretched

This journal is © The Royal Society of Chemistry 2021

configuration. An initially swollen microgel, however, under-
goes reversible transitions between collapsed and
swollen states upon temperature cycling. We therefore attribute
the hysteresis effect of the collapsed microgel at the interface
to a kinetically trapped initial state which can be released
by swelling the microgel. Essentially the same results can
also be observed for an oil-water interface.’>>* We find
that the hysteresis is more pronounced for weaker degree of
crosslinking and is even observed for linear PNiPAm chains.

Our results demonstrate that it is possible to model complex
polymer-interface phenomena via a comparably simple
model that balances internal and interfacial attractions. This
modelling approach may therefore also be transferred to other
stimuli-responsive polymer systems, curved interfaces, or more
crowded systems formed by multiple, overlapping interfacial
microgels.
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