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ABSTRACT
We propose an experimentally-inspired model of gels and microgels with sliding cross-links,
and use this model to study the mechanical and structural properties with molecular dynamics
simulations. In the model, the gels and microgels are made of linear polymer chains with
threaded rings capable of sliding along the chains and bulky end-groups keeping the rings
threaded mimic polyrotaxanes; they are covalently linked to each other not through the
backbones but through the rings. Both gels and microgels are shown to be much softer in the
regime of intermediate and large deformations and also much stretchable than the
topologically equivalent chemical counterparts. The physical reason for that is the mobility of
the cross-links which leads to the formation of long, longitudinally oriented “subchains”
between cross-linked rings upon uniaxial deformation. The microgels are tested for
adsorption on a solid flat surface and for interaction with colloidal particles of different sizes.
We demonstrate that the sliding microgel is subjected to stronger flattening on the surface
than the chemical one. Enforced penetration of solid particles into the sliding microgel
without breaking of covalent bonds is predicted even if the size of the particles is comparable
or larger than the mesh size of the chemical microgel and smaller than the size of
polyrotaxane. This penetration is accompanied by the disappearance of the trace (cavity): the
microgel is characterized by adaptive porosity tunable to the guest-object.
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Introduction
Polymer networks swollen in solvents are usually called polymer gels. Despite the simple
chemical structures, they reveal sophisticated physical properties. In particular, it is believed
that the gels behave as viscous polymer liquids at the length scales smaller than the mesh
size, where the subchains do not “feel” connectivity into the network, and they are soft solids

change the volume, i.e., swell and collapse in response to a weak variation of external
conditions such as temperature, pH, solvent composition, light intensity, and magnetic and
electric fields. Such stimuli-responsive function of the gels has found a large number of
applications in various areas. In particular, the gels are used as “smart” systems in medicine,
as electromechanical systems, sensors etc.2–7 Miniaturization of the gels down to the nanoand microscales essentially decreases the time of the response and allows their functioning at
the corresponding scales. Such soft nano- and microgel particles are of high interest as
delivery carriers,8,9 stimuli-responsive stabilizers of emulsions,10,11 scavengers,12,13 in
membrane technologies14 and many others.15
The physical reason for such unique behavior of the (nano)gels is an entropic nature of
their elasticity in contrast to traditional low-molecular-weight solids, for which the
interactions between atoms/molecules are responsible for the elasticity. Stretching subchains
of the polymer network from a compact coil up to fully extended conformation reduces their
entropy and, as a result, produces a restoring force. This feature allows polymer networks to
be stretched to significant degrees without breaking, which is crucial in artificial tissue and
muscle engineering.6,7
However, for a number of possible applications some mechanical properties of
conventional (hydro)gels, such as stretchability and toughness, need to be improved.7,16 To
this end, some novel gels types have been proposed, including double-network
interpenetrating gels with different subnetworks16–21, nanocomposite gels22–24 and slide-ring
(or sliding) gels25–30. The latter systems have a unique structure: they are made of
polyrotaxanes (polymers with threaded rings capable of sliding along the chain and bulky
end-groups keeping the rings threaded)31,32 that are covalently linked to each other not
through backbones but through the rings. Thus, the resulting gels have mobile “cross-links”,
which can slide along the chains. Structural and mechanical properties of such systems have
been studied experimentally in a number of works.25,26,33–36 In particular, small-angle neutron
scattering (SANS) studies revealed that uniaxially stretched sliding gels show normal
butterfly pattern in contrast to the conventional chemical gels that demonstrate abnormal
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butterfly pattern.33 Such difference means that the sliding gels have more homogeneous
structure when elongated, which was attributed to the mobility of the rings. In other words,
the sliding gels are closer to the ergodic systems in comparison to the chemical gels
possessing quenched inhomogeneities. These results were later confirmed by small-angle Xray scattering studies.34 Mechanical tests revealed an anomalous dependence of osmotic
conventional chemical gels.26 A theoretical model explaining the mechanical behavior of the
sliding gels was proposed by Mayumi et al.25 That model took into account a presence of
significant amount of uncross-linked rings in the sliding gels; it was predicted that the
alignment entropy of such rings has a significant impact on the elasticity. The influence of the
uncross-linked rings on the stretching profile of a single polyrotaxane molecule was also
studied theoretically in Ref. [37]. The formation of the cyclodextrine-polymer inclusion
complex has been recently studied by means of Monte Carlo simulations and statisticalmechanical theory.38
Despite the promising properties of the sliding gels known to date, a number of features is
yet unexplored. Furthermore, understanding the behavior of such systems on the molecular
level is practically absent. In particular, computer simulations studies of the sliding gels are
scarce. Koga and Tanaka in their work39 studied a simple model of polymer gels with trifunctional sliding junctions (i.e. each chain end was cross-linked to another bead and could
slide along that chain). The mechanical behavior of these slip-link gels was compared to the
corresponding chemical gels, and the slip-link gels were found to be softer, and the Young’s
moduli ratio was found to be in agreement with the slip-link model;40,41 the distribution of the
sliding junctions along the polymer chains drastically changed upon system deformation.
However, the studied structure of the networks was significantly different from those
obtained in the experimental works30,42 because in the latter the rings were cross-linked to
each other. Therefore, there is obviously a need for thorough computer simulation studies of
sliding gels, which can help to understand and predict new properties of these unique
systems. Furthermore, in a recent work by Kureha et al.43 rotaxane cross-linked microgels
were developed; it was shown that such systems have intriguing properties, and the computer
experiments could help evaluating their advantages over traditional microgels.
In the current paper, we developed an experimentally-inspired detailed model of sliding
gels and microgels, and used this model to study mechanical and structural properties. In
particular, we have demonstrated that the sliding gels are much softer at intermediate and
high deformations and also much stretchable in comparison to the equivalent chemical gels.
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The physical reason for that is the mobility of the cross-links which leads to the formation of
long, longitudinally oriented “subchains” (strands) between cross-linked rings upon uniaxial
deformation. Microgels on the basis of the sliding cross-links vs chemical microgels were
tested for adsorption on a solid surface and interaction with colloidal particles of different
sizes. We have demonstrated that the sliding microgel is subjected to stronger flattening on

structure of the sliding microgels was demonstrated to improve the absorption of solid
particles: big enough particles can penetrate into the microgels without breaking of covalent
bonds with further “overgrowth” of a trace-cavity. On the contrary, chemical microgels does
not reveal uptake of the nanoparticles whose size is comparable to the mesh size of the
network.

Method
In this work we used molecular dynamics (MD) simulations to study sliding gels and
microgels. In order to create the gels structure, we followed the procedure mimicking the
experimental synthesis of such systems.30 We started with a solution of polyrotaxanes with
the chain length of N=400, each chain carrying 60 rings consisting of 6 beads (thus resulting
in the inclusion ratio of ~21% given that the ring beads are larger than the chain beads, see
below). These values correspond well with the experimental ones: for example, in ref. [30]
PEG chains with molecular weight of 20000 g/mol were used, which corresponds to the chain
length of around 450 monomer units, and in the majority of works on sliding gels28,30,33,36 the
inclusion ratios values are ~17-28%. The ends of the polymer chains were capped with bulky
beads preventing the rings from falling off the chain (unthreading); an example (snapshot) of
such chain is presented in Fig. 1.
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Fig. 1. Snapshot of a typical conformation of polyrotaxane chain used in this work. The chain
backbone is depicted in cyan, the rings are red and the bulky beads at the chain ends are blue.
Polyrotaxane chains were placed in the simulation box together with cross-linker
beads (the number of which was varied), the chains were relaxed which was followed by the
cross-linking procedure. Each cross-linker bead had functionality of two and could form
bonds with the beads constituting the rings, i.e. every cross-linker could be connected to two
ring beads; each ring bead could form no more than one bond with cross-linker beads.
Additionally, the cross-linkers were not allowed to form both their bonds with the same ring
(i.e. all the cross-linkers connected two rings). Standard Monte-Carlo algorithm for creating
bonds was used,44,45 and the reaction was carried out until no free cross-linker functionalities
were present; after that the system was additionally equilibrated and ready for the
investigation. The cross-linking procedure took place at the chain volume fraction of 0.15;
the number of polyrotaxane chains was equal to 1225 in all cases, and therefore the total
number of beads belonging to the chains was equal to ~931000. Such large systems ensured
good statistics: the results presented below do not change within the averaging error if
another random realization is used.
In order to create a microgel, the same cross-linking procedure as for periodic gels
described above was used except it was carried out in a spherical cavity; we studied an
intermediate case of 10 cross-linkers per chain. The resulting system was a spherical microgel
containing around 943000 beads.
We used the Kremer-Grest46 coarse-grained model to simulate non-phantom polymer
chains; coarse-grained models imply that each bead represents a group of atoms (usually
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statistical segment when polymer chains are considered), and the internal degrees of freedom
are omitted in order to speed up the calculation. The standard 12-6 Lennard-Jones potential
was utilized:

where r is the distance between the centers of two beads and Rc is the cutoff radius, that was
set to R c = 21/6 σ for all pairs of beads. Thus, the used potential was purely repulsive to
simulate good solvent conditions. The value of ε was chosen to be 1.0kbT. The beads
constituting the rings were 1.4 times larger than the monomers in order to allow the rings to
slide along the backbones (i.e. σring=1.4σmonomer), and the bulky beads at the ends of the chains
were twice larger than the monomers (i.e. σbulky=2σmonomer). The cross-linker beads had
smaller size of σcross-linker=0.6σmonomer. In what follows, we use σmonomer and kbT as the length
and energy scales, respectively, while the time unit of the simulation can be expressed as τ =

σmonomer(m/kbT)1/2, where m is the mass of each bead which was used as the mass unit.
The FENE potential was used to simulate bonds:

r2
1
U FENE = − kR02 ln(1 − 2 )
R0
2
where k is the spring constant and R0 is the maximum bond stretching. Following Ref.[46], we
used k=30 and R0monomer =1.5 for the bonds between monomers; for the bonds between the
beads that constitute rings an increased value of R0ring =1.4*1.5=2.1 was used to compensate
the increased radius of such beads. The bonds that connect the bulky end group to the main
chain had the value of R0bulky equal to 2.25, and the bonds between the cross-linkers and the
ring beads had the value of R0cross −lin ker equal to 1.5 (arithmetic mixing rules were used in both
cases).
The procedure of obtaining the gels was the following: the polyrotaxane chains together
with the cross-linker beads were placed into the simulation box at a low number density of
0.007. The system was relaxed during 20*106 steps to ensure the random distribution of the
rings along the chains (which was checked by calculating the strand-length distribution
similar to Fig. 4, see below) and the correct chain conformations. Then the system was slowly
compressed (during 10*106 steps) until the target number density of 0.15 was reached, after
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which the system was additionally equilibrated for 5*106 steps. The cross-linking stage
together with the subsequent relaxation took 4*106 steps each. We found no changes in the
systems properties upon increasing the equilibration time; one should note that since the
systems under consideration are gels with low volume fraction of the polymer, their

Results and Discussion
Gels
Softness. First of all, the proposed model was applied to study the mechanical properties of
the gels. Four systems with different amount of cross-linkers per chain (7.5, 10, 15 and 25)
were prepared in simulation boxes periodic in all dimensions. After finding the equilibrium
swollen gel size (by defining the box size at which the system pressure is equal to zero),
constant volume uniaxial stretching was performed in order to measure the stress-strain
curves. Each point on the stress-strain curves was equilibrated for 2*106 integration steps
which was found to be sufficient as the results did not change upon increasing the eqilibration
time. We used the standard way to calculate the true stress (determined by the instantaneous
load acting on the instantaneous cross-sectional area) using the virial theorem described
elsewhere.45,48 The obtained curves are presented in Fig. 2, top.
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Fig. 2. Top: Stress-strain curves for sliding gels with different amount of cross-linkers per
chain. Bottom: comparison of stress-strain curves obtained for chemical and sliding gels with
the same amount of cross-linker. The stress averaging error is within 5%.
As it was expected, increasing the cross-linker density makes the gel stiffer. More
importantly, computer simulations allowed us to directly assess the effect of sliding links
between the chains constituting the gels. In order to do that, we additionally cross-linked each
ring to the closest monomer belonging to the chain carrying that ring; by doing that we
simply remove the ability for rings to move along the chains upon gel deformation, but do not
change the network topology. This is an obvious advantage over experimental investigations
where during comparison of sliding gels with chemically cross-linked gels it seems almost
impossible to separate the impact of sliding junctions from the differences caused by
topological and chemical distinctions between those types of gels. For convenience, in what
follows we will refer to the gels with immobilized rings as “chemical”. It is worth noting that
the equilibrium swelling ratios of the chemical gels were equal to those of the corresponding
sliding gels because the rings were immobilized in the equilibrium swollen states of the
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sliding gels and the network topology was not changed. Fig. 2, bottom, presents the
comparison between stress-strain curves obtained for the systems with 7.5 and 15 cross-linker
beads per chain.
We can see an interesting feature: at relatively low extension ratios (λ=1.0-1.4) the
difference between the chemical and sliding gels is rather small - the Young’s moduli

than those of the chemical gels for 7.5 and 15 cross-linker per chain, respectively. These
numbers are significantly lower than those reported in the previous study by Koga and
Tanaka,39 which can be attributed to completely different network structures. However, at
higher extension ratios the difference starts to grow abruptly and the chemical gels show
stress values more than 5 times higher than the sliding gels with the same amount of crosslinkers at λ>2.4. More interestingly, the chemical gel with 7.5 cross-linkers per chain at λ>2.1
becomes stiffer than the sliding gel with twice as much cross-linkers. We can clearly see the
impact of mobile rings: the sliding gels are in fact super-elastic (i.e. can be stretched to high
deformation rates without applying large forces), their stress-strain responses demonstrate
much less hardening upon deformation compared to the chemical gels with the same network
topology.

Stretchability. We can also estimate the stretchability of sliding gels by studying the bond
energy of the systems: in our simulations we can assume that a gel starts to break when its
individual bonds start to stretch, manifesting the transition from entropic elasticity. Fig. 3
shows the stress-strain curves up to the break point for the system with 10 cross-linkers per
chain.
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Fig. 3. Top: stress-strain curves up to the break point for sliding and chemical gels with 10
cross-linkers per chain. We assumed that the gels start to break when the average bond
energy in a deformed state became 1% higher than that in the unstressed state. Bottom:
snapshots of the stretched gels before break.
We can readily see that the sliding gel is broken at an extension ratio almost twice
larger than the corresponding chemical gel, which indeed indicates excellent stretchability of
the sliding gels.

Ring distribution. In order to study the underlying reasons for the differences in the
behavior of the sliding and chemical gels, we investigated how the distributions of rings
along the polymer chains changes upon system deformation. To that end the average
distributions of the lengths of strands between every consecutive pairs of rings along the
chains in equilibrium and after uniaxial deformation, the results are presented in Fig. 4.
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Fig. 4. Top: Distributions of the strand length for sliding gels with different amount of crosslinkers per chain in the equilibrium state (λ=1, solid lines) and in highly deformed state
(λ=2.61, dashed lines); the curves are averaged over 80 instantaneous system configurations.
Bottom: Snapshots of a single polyrotaxane chain before (λ=1) and after uniaxial deformation
(λ=2.61). The chain backbone is depicted in cyan, the rings are red and the bulky beads at the
chain ends are blue. We can readily see clusters of rings appeared after deformation and long
strings devoid of rings connecting them.
First of all, we can see that in equilibrium (λ=1) the distributions are linear in logarithmic
scale (except for the strand lengths 1 and 2 because at such small distances rings start to
interact with each other) indicating that rings are distributed randomly along the polymer
chains (which is to be expected). The small differences observed between systems with
different cross-linking degree can be attributed to the fact that larger cross-linking degree
leads to larger amount of two consecutive rings being linked, which in turn increases the
number of short and long strands and decreases the number of strands of average length.
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When the sliding gels are deformed, the rings slide along the polymer chains in order to
release some stress stored in the network, which of course leads to redistribution of the strand
length. Indeed, we can see in Fig. 4 that the number of short and long strands noticeably
increased upon system deformation to λ=2.61, while the number of average-sized strands
decreased. This can be easily understood by examining the polyrotaxanes composing the gels

is presented in Fig. 4, bottom. When the rings move along the chain, some of them move
towards each other, which leads to the formation of clusters of closely located rings. The
strands between these become longer than they were before deformation; therefore, the
strands on average tend to either decrease or increase their length upon system deformation.
Fig. 4 also shows that the ring distribution along the chain alters more for more crosslinked systems, which can probably be explained by the fact that in such systems there are
more rings connected to rings belonging to other chains (i.e. links participating in network
connectivity), that “actively” change their position during system deformation.

Microgels
Adsorption on a solid surface. The revealed properties of the macroscopic sliding gels
make the structural units of such materials promising candidates for the design of microgels
with outstanding properties. After relaxation with free boundaries in order to find the
equilibrium swollen state, the microgel was placed near an attractive solid flat surface
interacting with the microgel with the 12-6 Lennard-Jones potential with the potential well
distance of σ=1 and the cutoff radius of Rcwall = 10 (thus keeping the long attractive tail of the
potential); the energy parameter εwall was varied from 1 to 3.5. The wall attracted only the
polymer chains but not the rings; for the rings a purely repulsive potential was used in order
to speed up the relaxation process. The systems were equilibrated for 10*106 steps for each
value of εwall. We investigated the adsorption of a microgel with sliding links and compared
its behavior with a corresponding (equivalent) chemical gel. The snapshots of the adsorbed
microgels at strong adsorption energy εwall=3.5 are presented in Fig. 5.
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Fig. 5. Snapshots of the adsorbed sliding (left) and chemical (right) microgels obtained at
εwall=3.5. The chain backbones are depicted in cyan, the rings are red and the bulky beads at
the chain ends are blue.
It is obvious that the sliding microgels due to its ability to redistribute cross-linking points
along the chains can cover significantly larger areas compared to the corresponding chemical
gels. It is worth noting that unlike uniaxial deformation, where the gel volume is deformed
homogeneously, the parts of the microgel that are in contact with the surface are deformed
significantly more than those located far from it in the adsorbed state. Fig. 6 demonstrates the
strand-length distribution of the adsorbed sliding microgel compared to that in the
equilibrium swollen state and uniaxially deformed state.
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Fig. 6. Distributions of the strand length for sliding gels obtained under equilibrium swelling
(λ=1) and uniaxial stretching (λ=2.61) in comparison with the same distribution obtained for
the adsorbed microgel at εwall=3.5.
We can clearly see that adsorption leads to a significant rings redistribution along the
chains (even more significant than observed after uniaxial deformation), which is the reason
why the sliding gels can cover significantly larger areas during adsorption compared to the
chemical gels with the same topology while having almost the same mechanical properties in
the equilibrium swollen state (see Fig. 2). We calculated the fraction of the adsorbed beads
(which are in direct contact with the solid surface) depending on the wall energy parameter
εwall (adsorption strength); the results are presented in Fig. 7.

Fig. 7. Fraction of adsorbed microgel beads depending on the adsorption strength parameter
εwall for sliding and chemical microgels. Inset: Ratio between the fractions of adsorbed beads
for sliding and chemical microgels.
They basically support the results obtained during uniaxial stretching: at low values of
adsorption strength the difference between the chemical and sliding gel is small (corresponds

14

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

DOI: 10.1039/C8SM00192H

Page 15 of 22

Soft Matter
View Article Online

DOI: 10.1039/C8SM00192H

to low values of λ), while at high values (corresponds to high values of λ) the sliding gel is
much softer than the chemical one. At very high values of εwall (3.5) a saturation is observed
(inset in Fig. 7), which can probably be attributed to the fact that due to the high deformation
of the microgel close to the adsorbing surface rings cannot redistribute along the chain further

Interaction with nanoparticles. The unique ability of sliding gels and microgels to change
the position of the cross-links can find its use in the area of encapsulation of various particles
and molecules, which is important for nanomedicine. Indeed, the gel strands can adjust their
length to create cavities inside the gel volume to hold particles, and these cavities disappear
when the particles are released from the gel, i.e. the gel does not take internal damage. In
order to demonstrate that, we performed a model encapsulation experiment. We took sliding
and corresponding chemical microgels (the same as in the adsorption test above), placed them
near a spherical solid particle and applied a small force of the same magnitude to each
microgel towards the particles. This experiment mimics, for example, long-range electrostatic
attraction of oppositely charged microgel and nanoparticle or foretic motion of nanoparticles
in external field. The particles positions were fixed in order to prevent the microgels and
particles moving together; the nanoparticles surface interacted with the gels through the 12-6
Lennard-Jones potential with the potential well distance of σ=1 and the cutoff radius of

Rcsurf = 21/6 (i.e. the nanoparticles were simulated as simple hard spheres); the energy
parameter εsurf was equal to 1. We studied the time evolution of the distance between the
centers of mass of the microgel and the nanoparticle for various nanoparticle sizes; typical
dependences are presented in Fig. 8.
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Fig. 8. The time evolution of the distance between the microgel and the solid nanoparticle for
sliding and chemical gels. The snapshots demonstrate the final state of the systems. The
microgels are semi-transparent and the chain backbones are depicted in cyan, the rings are
red and the solid nanoparticles are green.
We can see a dramatic difference: the final intercenter distance between the nanoparticle
and the chemical microgel nearly corresponds to the radius of the microgel meaning that the
nanoparticle remains at the periphery of the microgel. The nanoparticle cannot penetrate
inside the microgel probably because its size is comparable or bigger than the mesh size of
the swollen network. On the contrary, the nanoparticle easily penetrates inside the sliding
microgel. Due to mobility of the cross-links, this penetration does not lead to the break of the
chemical structure. Instead, the cavity-trace of the nanoparticle disappears after some time
restoring a homogeneous structure. If the nanoparticle size is small enough, it is possible to
force the nanoparticle to the center of the chemical gel as well. Nevertheless, the dynamics of
the encapsulation process was found to be significantly slower than for the sliding microgel.
For the case of very large particles (the size is comparable to the microgel size, i.e., it is much
larger than the size of the polymer chains comprising the gels) we cannot expect them to
reach the microgel center. However, the sliding microgels can cover the entire particle
surface due to their outstanding adsorption properties discussed above. Fig. 9 demonstrates a
difference between the sliding and corresponding chemical microgels covering a large
particle with attractive surface. For this test, we used the values Rcsurf = 10 and εsurf=3.5 to
simulate an attracting nanoparticle surface similar to that used in the adsorption study.
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Fig. 9. Sliding and chemical microgels covering a large particle with attractive surface: front
view (top) and side view (bottom). The surface interaction parameter was equal to εsurf=3.5.
We can see that the sliding microgel completely coats the particle, while it is not the case
for the chemical microgel, since large uncoated area can be seen. In agreement with the
results presented in Fig. 7, the sliding microgels can cover significantly larger particles and
provide their colloidal stability if the microgels have high enough affinity to the particles.
Therefore, sliding microgels hold a great potential to be used as carriers for various nano- and
micro-sized objects.

Conclusions
In this work we developed a detailed model of sliding gels (gels that are made of
polyrotaxanes in which the rings are cross-linked instead of the chain backbones). The model
was used to calculate the stress-strain curves of gels with different cross-linking degree under
uniaxial deformation. The behavior of the sliding gels was compared to that of the chemical
gels with completely identical topology and microstructure, which were obtained by
immobilizing the rings. It was found that the sliding and chemical gels have similar elastic
modulus. However, there is a significant difference between them at high extension ratios.
The sliding gels are up to 5 times softer than the corresponding chemical gels at intermediate
and high deformations. We compared the strain at break for sliding and corresponding
chemical gels and found that the sliding gels are broken at almost twice larger extension
ratios. This means that the sliding gels are much more stretchable than the chemical gels
while having similar rigidity at small deformations. The reason for that is the redistribution of
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the rings along the polymer chains upon the sample deformation. It turned out that the
number of short and long strands noticeably increased upon deformation indicating the
formation of clusters of closely located rings and long strands between them. This
observation was confirmed by visual investigating the position of rings on individual chains
before and after deformation.

cover significantly larger areas compared to the corresponding chemical gels during
adsorption on a flat solid surface which is also due to mobility of the cross-links. Enforced
penetration of nanoparticles into the microgels was tested. We showed that the nanoparticles,
whose size is probably in between the mesh size of the chemical microgel and the maximum
mesh size (which is obviously adjustable) of the sliding microgel, cannot penetrate into the
chemical microgel and can penetrate into the sliding microgel. Furthermore, penetration is
not accompanied by cavity formation: the sliding gel restores a homogeneous structure.
Summarizing, in this work we shed some light on the macro- and nanoscopic properties of
sliding gels. We hope that our work will further facilitate experimental investigations of these
gels and possible synthesis of sliding microgels because such systems, due to their
outstanding mechanical properties such as stretchability, can find their use in a variety of
demanding areas such as skin and tissue engineering or as carriers for drug delivery.

AUTHOR INFORMATION
*Corresponding author, e-mail: igor@polly.phys.msu.ru
ACKNOWLEDGMENT
The financial support of the Deutsche Forschungsgemeinschaft (DFG) within Collabolative
Research Center SFB 985 “Functional Microgels and Microgel Systems”, the Russian
Foundation for Basic Research and the Government of the Russian Federation within Act
211, Contract No. 02.A03.21.0011, is gratefully acknowledged. The research is carried out
using the equipment of the shared research facilities of HPC computing resources at
Lomonosov Moscow State University
REFERENCES
1

S. V. Panyukov and I. I. Potemkin, J. Phys. I, 1997, 7, 273–289.

2

L. Zha, B. Banik and F. Alexis, Soft Matter, 2011, 7, 5908.

18

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

We discussed on properties of swollen sliding microgels. Such microgels were found to

Page 19 of 22

Soft Matter
View Article Online

3

H. Saito, Y. Takeoka and M. Watanabe, Chem. Commun., 2003, 15, 2126.

4

F. Liu and M. W. Urban, Prog. Polym. Sci., 2010, 35, 3–23.

5

S. Ahn, R. M. Kasi, S.-C. Kim, N. Sharma and Y. Zhou, Soft Matter, 2008, 4, 1151.

6

N. A. Peppas, J. Z. Hilt, A. Khademhosseini and R. Langer, Adv. Mater., 2006, 18,
1345–1360.

7

P. Calvert, Adv. Mater., 2009, 21, 743–756.

8

A. J. Schmid, J. Dubbert, A. A. Rudov, J. S. Pedersen, P. Lindner, M. Karg, I. I.
Potemkin and W. Richtering, Sci. Rep., 2016, 6, 22736.

9

W. Richtering, I. I. Potemkin, A. A. Rudov, G. Sellge and C. Trautwein,
Nanomedicine, 2016, 11, 2879–2883.

10

T. Liu, S. Seiffert, J. Thiele, A. R. Abate, D. A. Weitz and W. Richtering, Proc. Natl.
Acad. Sci., 2012, 109, 384–389.

11

K. Geisel, A. A. Rudov, I. I. Potemkin and W. Richtering, Langmuir, 2015, 31, 13145–
13154.

12

A. M. Rumyantsev, R. A. Gumerov and I. I. Potemkin, Soft Matter, 2016, 12, 6799–
6811.

13

R. A. Gumerov, A. M. Rumyantsev, A. A. Rudov, A. Pich, W. Richtering, M. Möller
and I. I. Potemkin, ACS Macro Lett., 2016, 5, 612–616.

14

T. Lohaus, P. de Wit, M. Kather, D. Menne, N. E. Benes, A. Pich and M. Wessling, J.
Memb. Sci., 2017, 539, 451–457.

15

F. A. Plamper and W. Richtering, Acc. Chem. Res., 2017, 50, 131–140.

16

J.-Y. Sun, X. Zhao, W. R. K. Illeperuma, O. Chaudhuri, K. H. Oh, D. J. Mooney, J. J.
Vlassak and Z. Suo, Nature, 2012, 489, 133–136.

17

J. P. Gong, Y. Katsuyama, T. Kurokawa and Y. Osada, Adv. Mater., 2003, 15, 1155–
1158.

18

E. S. Dragan, Chem. Eng. J., 2014, 243, 572–590.

19

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

DOI: 10.1039/C8SM00192H

Soft Matter

Page 20 of 22
View Article Online

DOI: 10.1039/C8SM00192H

19

Q. Chen, H. Chen, L. Zhu and J. Zheng, Macromol. Chem. Phys., 2016, 217, 1022–
1036.

20

D. J. Waters, K. Engberg, R. Parke-Houben, C. N. Ta, A. J. Jackson, M. F. Toney and

21

J. P. Gong, Soft Matter, 2010, 6, 2583.

22

K. Haraguchi and T. Takehisa, Adv. Mater., 2002, 14, 1120–1124.

23

P. Schexnailder and G. Schmidt, Colloid Polym. Sci., 2009, 287, 1–11.

24

K. Haraguchi and H. J. Li, Macromolecules, 2006, 39, 1898–1905.

25

K. Mayumi, M. Tezuka, A. Bando and K. Ito, Soft Matter, 2012, 8, 8179.

26

K. Ito, Polym. J., 2012, 44, 38–41.

27

K. Mayumi and K. Ito, Polymer, 2010, 51, 959–967.

28

Y. Noda, Y. Hayashi and K. Ito, J. Appl. Polym. Sci., 2014, 131, 1–9.

29

K. Ito, Curr. Opin. Solid State Mater. Sci., 2010, 14, 28–34.

30

Y. Okumura and K. Ito, Adv. Mater., 2001, 13, 485–487.

31

A. Harada, Acta Polym., 1998, 49, 3–17.

32

A. Harada, J. Li and M. Kamachi, Nature, 1992, 356, 325–327.

33

T. Karino, Y. Okumura, C. Zhao, T. Kataoka, K. Ito and M. Shibayama,
Macromolecules, 2005, 38, 6161–6167.

34

Y. Shinohara, K. Kayashima, Y. Okumura, C. Zhao, K. Ito and Y. Amemiya,
Macromolecules, 2006, 39, 7386–7391.

35

K. Kato and K. Ito, Soft Matter, 2011, 7, 8737.

36

N. Murata, A. Konda, K. Urayama, T. Takigawa, M. Kidowaki and K. Ito,
Macromolecules, 2009, 42, 8485–8491.

37

M. B. Pinson, E. M. Sevick and D. R. M. Williams, Macromolecules, 2013, 46, 4191–
4197.

20

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

C. W. Frank, Macromolecules, 2011, 44, 5776–5787.

Page 21 of 22

Soft Matter
View Article Online

38

T. Furuya and T. Koga, Polymer, 2017, 131, 193–201.

39

T. Koga and F. Tanaka, Eur. Phys. J. E, 2005, 17, 225–229.

40

R. C. Ball, M. Doi, S. F. Edwards and M. Warner, Polymer, 1981, 22, 1010–1018.

41

S. F. Edwards and T. Vilgis, Polymer, 1986, 27, 483–492.

42

G. Fleury, G. Schlatter, C. Brochon, C. Travelet, A. Lapp, P. Lindner and G.
Hadziioannou, Macromolecules, 2007, 40, 535–543.

43

T. Kureha, D. Aoki, S. Hiroshige, K. Iijima, D. Aoki, T. Takata and D. Suzuki, Angew.
Chemie - Int. Ed., 2017, 56, 15393–15396.

44

A. A. Gavrilov, P. V. Komarov and P. G. Khalatur, Macromolecules, 2015, 48, 206–
212.

45

A. A. Gavrilov, A. V. Chertovich, P. G. Khalatur and A. R. Khokhlov,
Macromolecules, 2014, 47, 5400–5408.

46

K. Kremer and G. S. Grest, J. Chem. Phys., 1990, 92, 5057.

47

LAMMPS package, http://lammps.sandia.gov/.

48

C. Svaneborg, G. S. Grest and R. Everaers, Phys. Rev. Lett., 2004, 93, 1–4.

21

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

DOI: 10.1039/C8SM00192H

Soft Matter Accepted Manuscript

Published on 24 May 2018. Downloaded by University of Windsor on 25/05/2018 01:59:57.

Soft Matter
View Article Online

Page 22 of 22

DOI: 10.1039/C8SM00192H

