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Abstract

The morphology of core-shell microgels under different swelling conditions and as a
function of the core-shell thickness ratio is systematically characterized by mesoscale hy-
drodynamic simulations. With increasing hydrophobic interaction of the shell polymers,
we observe drastic morphological changes from a core-shell structure to an inverted mi-
crogel, where the core is turned to the outside, or a microgel with a patchy surface of
core polymers directly exposed to the environment. We establish a phase diagram of
the various morphologies. Moreover, we characterize the polymer and microgel con-
formations. For sufficiently thick shells, the changes of the shell size upon increasing
hydrophobic interactions are well described by the Flory-Rehner theory. Additionally,
this theory provides a critical line in the phase diagram separating core-shell structures
from the distinct two other phases. The appearing new phases provide a novel route to

nano- and microscale functionalized materials.

Microgels comprised of crosslinked polymers are a distinct type of smart materials. Their
structures adapt to external stimuli by swelling or shrinking in response to changes in tem-

perature, pH, ionic strength of the solution, or solvent composition.! This renders them ideal



candidates for a broad range of applications such as drug delivery,?® sensing,® or food ad-
ditives.” Even more, the possibility to change the microgel composition during the synthesis
opens an avenue for novel applications. An example is the synthesis of core-shell microgels,
which are typically comprised of polymers with distinctly different properties, e.g., their
hydrophobicity.®? While the core can accommodate different active materials the shell can
be switched between a swollen or collapsed state upon an external stimulus for controlled
release or uptake of molecules. Hence, recently considerable effort has been put into the
development of methods for efficient and controlled manufacturing of such particles and the
characterization of their internal structural properties.®!!

The rational design of tailored core-shell particles for specific applications requires a
fundamental understanding of the detailed structural properties under different swelling
conditions. Structural characterization of microgel particles is experimentally possible by
scattering measurements,'*!3 however, these methods are yet unable to provide detailed
morphological information, especially for highly inhomogeneous and anisotropic structures.
Here, computer simulations are an excellent tool to shed light onto the structural properties
of microgels. Correspondingly, a broad-range of simulation studies have been performed to
investigate the swelling behavior of gels and microgels.'*2® In particular, novel core-shell
morphologies have been found by Brownian dynamics simulation in Ref. 28, with a possible
“inversion” of the microgel, where core polymers are expelled from the interior. Here, we
employ a hybrid simulation approach combining the multiparticle collision dynamics (MPC)
method?3! for the fluid with molecular dynamics simulations to systematically charac-
terize the morphologies of core-shell microgels. The simulation approach has successfully
been applied to study structural and dynamical properties of a wide range of polymeric sys-
tems.?? 4? By systematically varying the hydrophobicity of shell polymers and the thickness
ratio between the core and shell, we establish a phase diagram of the emerging structures
and characterize the polymer and microgel conformational properties, with distinct inverse

and patchy phases. Moreover, we characterize the structural properties by applying the



Flory-Rehner (FR) theory, %46 which has been applied successfully to describe the swelling
behavior of microgels. 4754

Our core-shell particles are comprised of 1236 neutral, tetrafunctionally crosslinked linear
polymers each with a length of N,,, = 20 monomers. The monomers are point particles, which
are connected to neighboring monomers through a harmonic potential with equilibrium bond
length [. Non-bonded and hydrophobic interactions are accounted for by a Lennard-Jones
potential (LJ). We consider a core-shell structure, where core monomers are in good solvent
conditions. Shell monomers experience hydrophobic interactions and the solvent quality is
controlled by varying the interaction parameter ¢ of the LJ potential. The composition of
a microgel is characterized by the shell-polymer fraction Xy = Ngen/N, where N and Ngyen
are the total number of monomers and those in the shell, respectively. Further simulation
details and parameters are presented in the supplementary material and Refs. 27,31,38,43.

An analytical analysis of the microgel conformations is performed by the Flory-Rehner
(FR) theory. Here, the osmotic pressure of the core-shell system is given by motal = Teore +
Tonell- 10°5 Assuming the system is in thermal equilibrium, this equation can be solved for
Tiotal = 0 to obtain the volume fraction, and hence, the radius of the microgel core and the
shell. The solution method and the parameters of the model are described in the supporting
information.

Simulation and analytical results for the ratio of the radius of gyration of the core Ry core
and that of the whole microgel R, are presented in Fig. 1 for various interaction strengths
e/kgT and shell polymer fraction X;. For microgels with large X, FR theory and simu-
lations exhibit approximately the same swelling behavior, where Ry core/Rg first increases
with increasing e, passes through a maximum, and decreases again. Experimental data
exhibit a similar behavior.®? The initial increase is attributed to the fact that at low in-
teraction strengths the shell compartment undergoes more morphological changes compared
to the core compartment, while at higher interaction strengths, the core compartment also

collapses resulting in a decrease of the Ry core/ R, ratio. In contrast, the simulation data
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Figure 1: Ratios Ry core/Rs of the radius of gyration of the core and the overall R, of
the microgel obtained by simulations (filled circles) and Flory-Rehner theory (solid lines)
as function of the interactions strength e/kgT and various shell-polymer fractions X, =
Nghen/N, where N and Ny are the total number of monomers and those in the shell,
respectively. In case of simulations, € = 0 corresponds to self-avoiding polymers, both in the
shell and the core.

of core-shell microgels at smaller X ratios deviate from the FR prediction, and Ry core/ Ry
exhibits a strong increase with increasing ¢.

The snapshots of Fig. 2 provide a hint on the observed unusual swelling behavior of the
core of microgels. Interestingly, we obtain complex non-homogeneous morphologies with
decreasing X,. Aside from the conventional core-shell structure (Fig. 2a), two other mor-
phologies emerge, namely, a microgel with an “inverted core” (Fig. 2b) and a microgel with
a “patchy surface” (Fig. 2c¢).%

The dependence of the microgel’s morphology on the solvent conditions can be character-
ized by a phase diagram (cf. Fig. 3), where we classified the various morphologies by visual
inspection. For small interaction strengths or high shell volume fractions, the microgel is
more or less spherically symmetric with the core fully covered by the shell. However, for
certain parameters the isotropic structure breaks down and the competition between ex-
pansion of the core and contraction of the shell leads to the formation of non-homogeneous
and anisotropic structures. For small X, values, upon increasing the interaction strength,
first the polymers of the shell start to form small clusters, but due to the repulsion by core

monomers and geometrical restrictions by bonds, these clusters cannot merge to form a uni-
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Figure 2: Snapshots of core-shell microgel morphologies for various shell polymer fractions
X and €/kgT = 1.0. Decreasing volume fractions yield a crossover from a microgel with
(a) isotropic core and shell to an (b) inverted core-shell or (c) patchy surfaces. The light-
blue monomers belong to the shell, the blue monomers to the core, and red ones indicate
crosslinks and chain-end monomers.

form shell, but rather form a patchy surface (see Fig 2c). A larger value of €/kgT implies
a stronger attraction of shell polymers such that they collapse all-together and form one
cluster by simultaneously expelling (part of) the core polymers (see Fig 2b for illustration).
At higher ratios X (X = 0.9), this “core-shell inversion” happens directly without entering
the patchy phase, when increasing the interaction strength.

The fact that at low X,-values formation of an isotropic core and shell, respectively,
is not simply possible at all interaction strengths suggests that the thickness of the shell
should exceed a certain value to ensure a uniform coverage (i.e., no patchy surface). This
is confirmed by FR theory (see Fig. 3). The dashed line in Fig. 3 shows that all the parti-
cles with a shell thickness of approximately 11.0/ or higher form a homogeneous core-shell
structure, in contrast, particles with shell thicknesses smaller than the threshold value form
non-homogeneous morphologies and the predictions of the FR theory breaks down. However,
the FR theory as such is unable to distinguish between patchy and inverted structures (dot-
ted line in Fig. 3) and more advanced models are required for an analytical description. It
should also be noted that the indicated critical thickness is only valid for the specific system
studied here and can be different for microgels with different polymer lengths and crosslink

densities.
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Figure 3: Phase diagram of core-shell structures in terms of the shell volume fraction X
and interaction strength ¢/kgT. The dashed line indicates to the isoline for a thickness of
11.01 (see Fig. S2 in the SI) and the dotted line is a hypothetical line separating the patchy
and inverted phase.

As a result of the core-shell inversion, some of the chains in the core and shell compart-
ments are considerably stretched. To characterize the chains deformation, we calculate the
distribution function of the end-to-end distance R.. in the core and shell, respectively. Fig-
ure 4 presents results for ¢/kpT = 1.0 and various X, values. For a homogeneous core and
shell (X, = 0.95), the core compartment is completely collapsed and polymers in the core
and shell exhibit approximately the same mean end-to-end distance. For core-shell microgels
with an inverted morphology (X, = 0.9 and 0.78), a second peak at a large distance appears,
which indicates that some of the polymers in both compartments are in an extended confor-
mation. The enthalpic energy gain from the collapse of the shell compensates the entropic
cost of stretching a group of polymers such that the inverted morphology is geometrically
feasible. Additionally, in particles with a patchy surface (X; = 0.64), polymers in the core
compartment show an average end-to-end distance larger than that of polymers in the shell.
The open patches allow the core polymers to explore more space and to assume more relaxed
conformations (cf. Fig. 2).

The structural changes are reversible, in particular the inversion process. To confirm

the reversibility, we consider an inverted state with Xy = 0.90 and ¢/kgT = 1 as starting
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Figure 4: Distribution functions of the end-to-end distance for polymers in the (a) core and
(b) shell for various shell-thickness ratios and the interaction strength of ¢/kgT = 1.0. (a)
The nonmonotonic variation of the distribution function with X, is a consequence of the
larger conformational freedom of polymers in the inverted state (X = 0.78 and 0.9).

configuration, and then reduce the interaction strength to ¢/kgT = 0.75, well within the
isotropic core-shell region of the phase diagram (cf. Fig. 3). Our simulations indeed show a
gradual restructuring of the microgel (cf. SI movie). The core compartment is step-by-step
covered by the outer polymers and the shell is reformed. The entropic part of the free energy
of the shell monomers exceeds the enthalpic contributions and an isotropic core-shell microgel
is formed. A subsequent increase of the interaction strength to ¢/kgT = 1.0 leads again to
an inverted core-shell microgel (cf. SI movie). The radius of gyration of the microgel and
the eigenvalues of the radius of gyration tensor during the inversion cycle are displayed in

Fig. 5. The Figure indicates a two-stage process in the formation of the core-shell structure.
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Figure 5: Reversibility of core-shell inversion process illustrated for X, = 0.90. At ¢t = 0,
the interaction strength between core monomers is changed from ¢/kgT = 1 to 0.75 and, at
t/T = 2100, back to 1. The black line represents the radius of gyration of the whole core-shell
particle normalized by its value in swollen state. Ay, A9, and A3 are normalized eigenvalues
of the radius of gyration tensor sorted according to their magnitude. 7 is the time unit of
the simulation.

Quickly after changing the interaction strength from e/kgT = 1.0 to 0.75 (0 < t/7 < 50),
R, increases while the eigenvalues remain essentially constant. This initial fast increase in
size is due to swelling of the shell induced by the decreased attraction between the shell
monomers. During the second step, in the time interval 100 < ¢/7 < 800, the radius of
gyration gradually increases until a plateau value is reached. The eigenvalues, which are
quite different in the inverted conformation, increase or decrease, respectively, and become
rather similar as a more isotropic morphology is formed. The (average) eigenvalues are not
identical at equilibrium, which reflects the fact that the structure of a microgel is fluctuating
in time and is statistically never an exact sphere. Obviously, the process is reversed, when
switching the interaction strength from e/kgT = 0.75 to 1.0. Here, again a two-step process
occurs, with an abrupt initial collapse followed by a gradual decrease of R, and splitting of
the eigenvalues during the formation of the highly anisotropic inverted core-shell morphology.
Thereby, the average initial and final radius of gyration and the respective eigenvalues are
equal within the statistical accuracy of the simulation. This indicates the formation of

statistically equivalent structures.



In summary, we have investigated the morphology of core-shell microgels for different
swelling degrees of the shell and various thickness ratios between shell and core. We find
major reversible structural changes of the core-shell morphology upon changes in the hy-
drophobic interactions of the shell. Both, the observed inverted structure, with the core part
of the microgel particle expelled from its interior, as well as the patchy surface structure,
with core parts at the outer surface, provide a novel route to functional materials. In the
isotropic core-shell structure, the core is protected and shielded from the environment. By
changing the environmental conditions, core chains can be exposed directly to the environ-
ment by forming anisotropic and inhomogeneous morphologies. Hence, small molecules can
be released or absorbed by diffusion or reactions at functional sites may occur. Moreover, the
reversibility of these structural changes, provides a route to protect the core against unfavor-
able environments. Naturally, the degree of morphological changes depends on the polymer
length and crosslink density. For very short polymers (extremely high crosslink density), no
morphological changes can be expected. Hence, variation of the polymer length provides a
means to control the appearing structures. We believe that the presented mechanism for
core-shell microgel morphological transitions will be beneficial in the endeavor of designing

new functional materials.
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