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Reversible crosslinkers can enable several desirable mechanical properties, such as improved toughness
and self-healing, when incorporated in polymer networks for bioengineering and structural applications.
In this work, we performed coarse-grained molecular dynamics to investigate the effect of the energy
landscape of reversible crosslinkers on the dynamic mechanical properties of crosslinked polymer
network hydrogels. We report that, for an ideal network, the energy potential of the crosslinker
interaction drives the viscosity of the network, where a stronger potential results in a higher viscosity.
Additional topographical analyses reveal a mechanistic understanding of the structural rearrangement of
the network as it deforms and indicate that as the number of defects increases in the network, the
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viscosity of the network increases. As an important validation for the relationship between the energy
landscape of a crosslinker chemistry and the resulting dynamic mechanical properties of a crosslinked
ideal network hydrogel, this work enhances our understanding of deformation mechanisms in polymer
networks that cannot easily be revealed by experiment and reveals design ideas that can lead to better
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1. Introduction

Polymer networks are important for applications ranging from
biomedical engineering scaffolds," to structural vulcanized
rubber tires,’ to active materials for gas separations.* This wide
applicability is largely due to the structural and mechanical
tailorability of polymer networks,” which can be tuned by a
number of properties, including chain length, branching, and
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performance of the polymer network at the macroscale.

molecular composition. While this range of tunability enables
polymer networks to be engineered for several applications, it
also presents a design challenge, where predicting the mechan-
ical properties of a polymer network from fundamental mole-
cular design is non-trivial.® This prediction is even more
complicated for dynamic mechanical properties of polymer
networks, where important parameters such as viscoelasticity
for cell engineering” or mechanical toughness® for structural
engineering applications require careful accounting of time
and relaxation parameters to accurately model.

One method to decouple the influence of molecular design on
the dynamic mechanical properties of polymer networks involves
the use of ideal reversible polymer networks, which are well-
controlled polymer networks with well-defined polymer lengths,
network architectures, and crosslink functionalities.>™® Such an
ideal network allows the investigation of the effects of these
aforementioned parameters on the resulting viscoelasticity of a
network. For example, several experimental efforts have revealed
that the viscoelasticity of polymer network hydrogels can be tuned
solely by changing the crosslinker chemistry, such as metal-
coordination bond'*™° or dynamic covalent bond chemistry.>°
Several computational efforts to fundamentally understand simi-
lar relationships have also been conducted, with a few notable
examples including analytical®* or Monte-Carlo models®* of the
reaction kinetics of reversible bonds for self-healing polymer
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Fig. 1 Polymer network setup. (A) Overview of simulation set up to probe the effect of crosslinker energy landscape on dynamic mechanical properties
of ideal polymer hydrogel. The mechanical experiment measures the dynamic mechanical properties of an ideal metal-coordinated polymer network
through a rheometer. The dynamic mechanical properties are related to the energy landscape of the crosslinker chemistry (metal—coordination bond).
Based on early experimental works, 4-arm PEG-imidazole crosslinked with metal ions is represented. Here, the imidazole crosslinks via the nitrogen
group to the Ni* metal ion in a metal-(ligand), interaction. The network stoichiometry has a crosslinker/network functionality of 2, hence the decision to
model the network as pairwise interactions. While modeled based on the imidazole-family crosslinkers, the work here is widely applicable to several
chemistries. (B) Equilibrated polymer network with polymer (blue) and crosslinker (orange) demonstrated. Crosslinker beads are enlarged and water
beads are not shown for clarity. Polymer network is based on the crystal unit cell of an Ag,O tetrahedral crystal. (C) Example of defects (green beads) in
network include the dangling crosslinks (no bonding partner) or clusters of bonds (more than 1 bonding partner). The ideal network has 2.7% defects
based on the individual bond crosslinks. (D) Percent of defects in network based on strength of interaction potential between crosslinking beads.
Increasing the strength of the interaction potential reduces the total number of defects by reducing the number of dangling bonds present in the
network.

networks, theoretical models for isolating the properties of This work investigates the effect of the crosslinker energy
reversible crosslinks within a polymer network,"” and hybrid landscape on the dynamic mechanical properties of an ideal
computational models on the role of crosslinker strengths on reversibly crosslinked polymer network using coarse-grained
the toughness of networks.”*® These models have enabled simulations. Further, the molecular visualizations allow for a
detailed molecular understandings on the role of crosslinker mechanistic understanding of the structural rearrangement of
on network dynamic mechanical properties. Our previous work the network as it deforms as a function of the crosslinker
also sought to bridge these two approaches by using the interaction potential. Altogether, the goal of this work is to
calculated energy landscape of a few crosslinker chemistries make a fundamental contribution in understanding the design
to predict the experimental relaxation time of an ideal polymer principles and mechanisms of deformation that cannot easily
network crosslinked by those chemistries.”” Given these be revealed by experiment, in order to achieve better perfor-
advances, in this work, we expand our previous investiga- mance of the polymer network at the macroscale and suggest
tion”” to understand the impact of the energy landscape of future design ideas.

the crosslinker on a larger crosslinked polymer network using a

coarse-grained model (Fig. 1(A)). The coarse-grained model

allows access to larger length and time scales to more directly 2  Results and discussion

relate the effect of the energy landscape of the individual

crosslinker chemistry with the dynamic mechanical properties To model the coarse grained ideal reversible polymer network,
of the network. A thorough understanding of such a landscape we build a hydrogel network similar to our earlier experimental
can aid in the design of polymer networks with specific ~work,'> where a tetrahedral polymer network with monodis-
dynamic mechanical properties. perse 10 kDa 4-arm star-PEG molecules is constructed
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Fig. 2 Effect of crosslinker energy landscape on viscosity of polymer network. (A) Examples of changing crosslinker energy landscape potentials applied
in this work. A standard Lennard-Jones interaction is used, with changing interaction strengths, which changes both the depth of the well, and its width.
(B) Representative data collection of viscosity over simulation time, normalized by the total length of the simulation at each respective shearing speed.
The data shown is for the Lennard-Jones crosslinker interaction strength of 100 kJ mol™ . Once the final 50 ns of the viscosity plateaus, the values are
averaged and plotted in (C), which shows the effect of the crosslinker interaction potential on the resulting viscosity of the network as a function of

shear rate.

(Fig. 1(B)). The polymer beads and water molecules are coarse-
grained such that each polymer bead represents one monomer
of PEG, and each water bead represents four molecules of
water. To describe the chemical interactions of the polymer
network, we use the force field parameters discussed in Lee
et al.,”® as these parameters have been validated for the con-
formation and hydrodynamics of PEG in water. The terminus of
each of the arms of the PEG polymer is modeled as a second
bead type, which represents the interaction between the metal
ion and coordinating ligand. The bead pairwise interaction
parameters are tuned to represent that interaction. Note that
metal ions are not explicitly modeled, but rather are effectively
modeled through changing the interaction type of the terminus
(coordinating ligand) of the PEG star polymers.

No explicit bonded interactions are defined between the
crosslinker bead types to allow the dynamic breaking and
reforming of crosslinks. As such, to ensure that the network
stably equilibrates while remaining percolated, an artificially
high potential of 10000 kcal mol™" between the crosslinker
beads is used, before being switched to the potentials explored
in this study after equilibration. Note that because the cross-
linker interaction potentials are not explicitly defined as being
bonded, there are some network defects that emerge even in
our ideal network, which are representative of defects in
experimental hydrogels.>® These defects, a dangling or clus-
tered bond, are illustrated in Fig. 1(C). These crosslink types are
considered defects because the 4-arm ideal network hydrogel is
modeled such that each network junction has only two cross-
linker beads in one binding interaction. If the bond is broken
(i.e. there is only one bead present), the bond is considered
dangling. If the bond has more than two binding partners, the
bond is considered a defect with the clustered bond. In other
simulations not explored in this work, the clustered defects
could be considered as alternative binding arrangements for
the crosslinker, such as when the metal is bound to 3 or 4
ligands. The number of defects in each equilibrated network

© 2024 The Author(s). Published by the Royal Society of Chemistry

changes as a function of the crosslinker interaction strength
(Fig. 1(D)). Specifically, the number of defects increases as the
pair potential strength decreases, primarily driven by the
increase in dangling bonds as the lower pair potential
strengths. Despite the defects, all networks remain fully perco-
lated, and the defects reported for the non-ideal network
are slightly higher than other quantifications of defects in
literature.***!

Once the network is equilibrated, the pairwise potential of
the crosslinker beads is changed to smaller interaction poten-
tials to determine the effect of the crosslinker interaction
potential (Fig. 2(A)) on the resulting viscoelastic properties of
the network. Changing the crosslinker interaction potential
primarily reflects varying degrees of bond strengths. To repre-
sent a range of bond strengths, ranging from hydrogen bonds
around 10 k] mol ! to covalent bonds around 500 kJ mol *,**3
crosslinker interactions of 0, 10, 100, and 500 k] mol ' were
used. Due to the simulation being a shear, rather than oscilla-
tory shear simulation, viscosity is calculated (see Methods)
instead of dynamic modulus or relaxation time, and viscosity
is used as a proxy for the dynamic mechanical properties of the
network. The ideal and non-ideal networks were simulated
under varying shear strain rates and the resulting steady state
viscosities of the networks were evaluated. Fig. 2(B) and (C)
show the effect of crosslinker interaction potential on the
resulting viscosity of the ideal polymer network. Both types of
networks demonstrate a decrease in viscosity as the shear rate
increases. This is consistent with the behavior of a non-
Newtonian shear-thinning hydrogels, where viscosity decreases
due to the reversible crosslinking mechanisms.**

In both networks, it is found that increasing the interaction
potential of the crosslinker increases the viscosity of the net-
work (Fig. 2(C)). This difference in viscosity between the differ-
ent interaction potentials increases as the shear rate decreases.
This is expected, as the lower shear rates more directly probe a
regime where the hydrogel dynamic properties should be

Mater. Adv., 2024, 5,1991-1997 | 1993
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Fig. 3 Effect of defects on viscosity of polymer network. (A) Defects in network based on individual crosslinks for 10~° fs~* engineering strain rate across
different interaction potentials. The defects increase over simulation time. (B) Comparison of viscosity of network with 2—-3% initial defects versus ~30%

initial defects for an interaction potential of 100 kJ mol™.

dictated by the breaking and reforming of the crosslinker.
When the energy barrier between the crosslinker is higher, it
takes more energy for the bond to break, resulting in a higher
viscosity of the material. This conclusion aligns with the work
of Iyer et al, which conducted an analogous experiment in
oscillatory shear and found that at lower frequencies, the loss
modulus of a system increases with increasing interaction
potential.>® These results are also in agreement with the work
of Zhang et al. that shows that viscoelastic properties of the
network (storage and loss modulus) increase at high fre-
quency.'® Interestingly, Zhang et al. also show that the cross-
link lifetime depends on its density. This could be explored in a
future work, where ideal and non-ideal networks are compared
while each individual cross-link is tracked.

As the network deforms, the defects in the network increase
(Fig. 3(A)). As in Fig. 1(C), the number of defects increase more
quickly for simulations with weaker interaction potentials. We
computed defects based on both individual crosslinks and
bond cluster, but no relevant difference was noticed. It is worth
noting the similarity of this result with previous work by Iyer
et al. on the effect of interaction strength on the behavior
of a network of cross-linked polymer-grafted nanoparticles
(PGNs).>® Tyer et al. noticed that a network with weaker bonds
compared to stronger bonds breaks more easily, resulting in
more holes in the network.*®

The non-ideal polymer network has a higher viscosity than
the ideal network (Fig. 3(B)). In the non-ideal network, the
presence of defects and multifunctional sites seem to have a
larger effect on the resulting viscosity of the network, which in
turn makes it difficult to directly parse out the contributions of
the crosslinker potential to the network dynamics. Such net-
work defects may be why it is more difficult to predict the
imidazole network dynamics from the crosslinker chemistry
energy landscape directly.””

In order to better understand the percolation of the polymer
network as a function of crosslinker potential, topological

1994 | Mater. Adv, 2024, 5,1991-1997

analyses were also conducted. Modeling the network as a series
of line-based graphs, percolation was analyzed by characteriz-
ing the connectivity and convolutedness of the network (Fig. 4).
Connectivity indicates the fraction of shortest-walks that are
fully percolated through a network, compared to the total
number of tested paths. Convolutedness is a measure of how
much of the network must be explored to travel from one end to
the other. Convolutedness and connectivity were found to be
inversely related (Fig. 5), indicating that networks with less
connectivity require more complicated paths to traverse. No
strong trend in connectivity or convolutedness was observed
over time in any network. Networks increased in connectivity
and decreased in average convolutedness with stronger inter-
action potentials.

Additional methods of topology analysis including calcula-
tion of mean curvature, atom density, continuity and valence
were applied to the network (ESIt).

3. Conclusions

This work set out to understand the relationship between the
crosslinker chemistry energy landscape and the dynamic
mechanical properties of a polymer network crosslinked by
these chemistries. We found that for an ideal network, the
energy potential of the crosslinker interaction has a strong
effect on the resulting viscosity of the network, where a stronger
interaction potential results in a higher viscosity. These viscos-
ity values are differentiated even further as the shear rate
decreases. Further, as the number of defects increases in the
network, the viscosity of the network increases. It is worth
noting here that these results complement the extensive efforts
undertaken by previous works to evaluate the role of interaction

23,24,35,36 and offer

potential on network mechanical properties,
new insight simplifying the relationship between viscosity,

interaction potential, and ideal networks.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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under deformation.

The simulations presented here offer an important step for
an initial validation for the relationship between the energy
landscape of a crosslinker chemistry and the resulting dynamic
mechanical properties of crosslinked ideal network hydrogel.
Due to the long simulation runtimes of the shear simulations,
only a select number of shear-rates were tested with standard
static shear simulations. Running simulations at lower speeds
will take significant computational time, but may start to show
a plateau in viscosity to yield a zero-shear viscosity value. The
zero-shear viscosity value can more directly be compared to the
relaxation time t measured in the experimental hydrogel net-
works as a measure of network dynamic mechanical
properties.'*'*> An alternative way to compute a more directly
relatable quantity to experimental hydrogel networks would be
to use oscillatory shear simulations. The resulting storage and
loss modulus, and correspondingly relaxation time 7, can
be more directly measured through such a simulation. This

© 2024 The Author(s). Published by the Royal Society of Chemistry

method was not explored in this present work due to challenges
with long simulation times required for appropriate results.
The potentials explored in this thesis are simple Lennard-Jones
type interactions, and additional simulations can be conducted
to evaluate the effect of changing the shape of the potential,
such as by adding additional metastable states. Altogether, this
section presents preliminary insights on the role the cross-
linker potential plays on the dynamic viscosity of the hydrogel
network and suggests several future directions for study.

4. Methods

Development of initial single 4-arm polymer

The ideal network polymer hydrogel was created by tessellating
128 4 arm PEG polymers. The 4-arm polymer was created
via a MATLAB script, (cg_tetrahedron_v2.m which yields

Mater. Adv,, 2024, 5,1991-1997 | 1995
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Fig. 5 Connectivity vs. convolutedness for models with interaction
potentials of 0, 10, 100, 500 kJ mol™. As the interaction potential
increases, the connectivity of the network goes up, while the convoluted-
ness goes down. This implies that a stronger potential holds the network
together more robustly.

singlepoly.data), which creates the initial tetrahedral polymer
structure based on the molecular weight of the 4-arm PEG
polymer used in Khare et al.>” The ends of each 4-arm polymer
are described by a second type of bead, which is given a
different Lennard Jones pair-wise potential. The polymer itself,
excluding the crosslinker beads, is composed of all the
same beads, where each polymer bead represents C-O-O, and
233 atoms comprise of one polymer with a molecular weight of
10000 g mol . The beads are described by the potential in Lee
et al. who developed force field parameters to model the
hydrodynamic properties of PEG in water.”® All simulations
are implemented in LAMMPS, where the harmonic bond style,
harmonic angle, Fourier dihedral, and Lennard Jones/cut pair
styles are used to implement the force field parameters of Lee
et al.*® The initial polymer structure is briefly minimized and
equilibrated for 2 ps with a 1 fs timestep under NVE conditions
(shortrelax.in) to relax the polymer.

Development of polymer network

To create a percolated polymer network, this relaxed polymer
was tessellated based on the crystal structure of an Ag,O tetr-
ahedral crystal (https://wiki.aalto.fi/display/SSC/Ag20), which
allows a network functionality of 2, required to mimic the
functionality of the experimental polymer hydrogel. The poly-
mer is then copied, displaced, and rotated to build the polymer
lattice (displace.in, combinel.in, displace_unit.in, combine2.in
sequentially). 88613 water molecules are added (see density
calculation in fraction_constituents_peg water.m, create_ wa-
ter.in).>” The water beads represent 4 water molecules per bead
and are also described in Lee et al.>® Then the water, and
polymers are combined (displace_linker.in, combine3.in sequen-
tially) to create the final polymer lattice with water molecules
(polybox_wlink.data). The periodic boundary dimensions need
to be adjusted by measuring the minimum and maximum
dimensions of the box using VMD (VMD command: set sel
[atomselect top all]//measure minmax $sel). Functionality, water

1996 | Mater. Adv, 2024, 5,1991-1997
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density, and the molecular weight of the polymer can be
changed to model other networks.

Equilibration of polymer network

The polymer network is equilibrated under fully periodic con-
ditions with a 1 fs timestep at 296 K for 0.15 ns under NVT
conditions, followed by ~10 ns equilibration at NPT until the
pressure at 1 atm, total energy, and radius of gyration of a
selection of polymers reaches a stable value. To keep the
network fully crosslinked without defining explicit bonds
between the polymers, a high interaction potential of a Lennard
Jones with an energy of 10000 kcal mol™*, Sigma of 4 A, and
cutoff of 6 A is used. The cutoff is selected to minimize the
number of cluster defects. The coordinates of the equilibrated
network are saved. These equilibrated coordinates undergo
further equilibration at NVT for ~1 ns at the desired inter-
action potential of crosslinks before undergoing shear simula-
tion. The interaction potentials of 0, 10, 100, 500 kJ mol ! are
used with a ¢ distance of 4 A and a Lennard Jones cutoff of 6 A.

Non-equilibrium molecular dynamics shear simulations

For the non-equilibrium molecular dynamics shear simula-
tions, varying shear rates are imposed on the equilibrated
network under different crosslinker potentials (nemd1.in). The
NVT integration with the SLLOD equations of motion (fix nvt/
sllod) are used with the fix deform command to generate a
velocity gradient with the desired strain rate (fix deform xy
${xyrate} erate remap v). The shear is applied in the x-y plane to
represent shear stress. After a brief run of 0.5 ns after equili-
bration, the simulation is run for each strain rate until the
viscosity plateaus for at least 50 ns, resulting in shear simula-
tions running from 100 ns to over 1500 ns. The viscosity is
calculated by dividing the xy component of the pressure tensor
by the strain rate (v_srate) and the length of the box ly (-pxy/
v_srate/ly). A timestep of 2 fs is used across all simulations, and
viscosity values are averaged every 0.2 ns. Defects, specified as
crosslinks without exactly 1 neighboring crosslink within 5 A,
are calculated every 200 ns using a MATLAB script.

Topological analysis

To investigate if and how the different interatomic potentials
influence the geometry and topology of the devised models
during shear deformation, we performed topological analyses.
For this, the polymer networks were imported as graphs and
converted to line-based geometries. Each line consisted of a
straight edge between two nodes representing the position of
atoms in the polymer network. All topological analyses were
conducted using the Visual Effects software Houdini (SideFX,
Toronto).

To visualize the networks, colors were assigned to each node
and edge according to their distance from the origin in Carte-
sian space. Edges were converted to 3D mesh geometries using
a marching cubes algorithm®® with a radius of 0.5 A for general
visualizations.

In order to assess percolation within the polymer network,
shortest walks were computed between distant points at the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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network’s periphery (Fig. 4). The successful calculation of a
path between these two points indicates network percolation. A
connectivity matrix was constructed from 1020 point-to-point
connections longer than 100 A along the network’s periphery,
and the endpoints of each line were used as start and end
points for the calculation of a shortest walk using the heat
equation for calculating geodesic distance.*® For every success-
ful path, the path’s length was divided by the distance between
the end points in order to create a metric of “convolutedness”.
Higher measures of network convolutedness indicate that to
travel from one end of the network to the other, a greater
portion of the network must be explored. This occurs when
there are fewer viable paths through the network.

Connectivity was measured as a fraction of viable shortest-
walks to the total number of tested paths in the original
connectivity matrix (Fig. 4). A connectivity value of 1 indicates
that every one of the 1020 pairs of start and end points tested
resulted in a viable path through the network, while lower
values indicate less connectivity and a greater number of
isolated regions in the network.
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