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ABSTRACT: Understanding and controlling degradation of
polymer networks on the mesoscale is critical for a range of
applications. We utilize dissipative particle dynamics to capture
photocontrolled degradation and erosion processes in hydrogels
formed by end-linking of four-arm polyethylene glycol precursors.
We demonstrate that the polydispersity and the fraction of broken-
off fragments scale with the relative extent of reaction. The reverse
gel point measured is close to the value predicted by the bond
percolation theory on a diamond lattice. We characterize the
erosion process via tracking the mass loss that accounts for the
fragments remaining in contact with the percolated network. We
quantify the dependence of the mass loss on the extent of reaction
and on the properties of the film prior to degradation. These results
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elucidate the main features of degradation and erosion on the mesoscale and could provide guidelines for future design of degrading

materials with dynamically controlled properties.

B INTRODUCTION

Controlled degradation of polymer networks plays a vital role
in a variety of applications ranging from the design of
degradable thermoset polymers' to controlled delivery of drugs
and biomolecules’ ™ and regulating growth of neural net-
works.” Of particular interest is photocontrolled degradation,
which permits spatially resolved dynamic control of physical
and chemical properties of the materials.””'> Notably, in a
number of the above applications, either the characteristic
features of degradable gels”®® or the dimensions of the entire
degradable gel particle” range between nanometers to microns,
the length scales referred to as mesoscopic. While analytical
models and continuum approaches'*™"? inform our current
understanding of hydrogel degradation, an understanding of
degradation and erosion at the mesoscale to date is
exceptionally limited despite the relevance of this length
scale to a plethora of applications.

The term degradation commonly refers to the reaction that
cleaves covalent bonds, while erosion refers to the mass loss
that accompanies degradation.'”'® Correspondingly, the
polymer network undergoing degradation is often character-
ized by the mass loss calpturin% erosion processes,”'>*”*" and
by the reverse gel point™”'>'**" capturing the critical extent of
degradation reaction. Similar to the gel point, which is defined
as a critical point of formation of an infinite percolating
network during gelation,”” the reverse gel point is a critical
point corresgonding to the disappearance of the percolating
network."'**° This point is characterized by a critical value of
the reaction conversion; the term reverse gel point is
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sometimes used interchangeably with gel point'> when
describing the degradation process. Notably, the disappearance
of the percolating network at the reverse gel point results in a
sudden drop in the mass of the polymer.'**°

To capture the polymer network degradation and erosion at
the mesoscale, diffusion of all the network fragments along
with reaction kinetics, hydrodynamic interactions, and network
topology and heterogeneities need to be taken into account.
We use dissipative particle dynamics (DPD)**™*° to model
these complex systems. DPD is a mesoscale approach utilizing
soft repulsive interactions between the beads representing
clusters of atoms; this approach has been widely used to model
a variety of complex systems,”** including dynamics of
hydrogels in various environments.”>~** To overcome
unphysical topological crossings of bonded polymer chains,
we recently adapted a modified segmental repulsive potential
(mSRP) formulation®* to model gels with degradable bonds.*

As a model system, we focus on hydrogels formed by the
end-linking of four-arm polyethylene glycol (PEG) macro-
molecular precursors,”’ ™ often referred to as tetra-PEG
gels.””**% Tetra-PEG gels fabricated by Sakai et al.*’ have
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been shown to form nearly ideal network structures exhibiting
superior mechanical properties prior to degradation. The near-
ideality of the tetra-PEG gels is attributed to the elimination of
a large fraction of defects during synthesis provided that the
stoichiometric ratio of two macromonomer precursors is equal
to one and that the overlap monomer concentration is used."’
The four-arm PEG precursors can be modified during their
synthesis to enable controlled degradation. Specifically, these
hydrogels can be made degradable by including ghotocleavable
functional groups, for example, the coumarin and nitro-
benzyl'>*">* groups, in the close vicinity of the end
functionalities responsible for gelation.*”>'~>*

In what follows, we characterize the degradation process via
tracking the time evolution of distribution of network
fragments. We show that the reverse gel point can be reliably
calculated from the reduced weight-average and z-average
degrees of polymerization of network fragments. Based on the
calculated reverse gel point, we define the relative extent of
reaction and show that the polydispersity and the fraction of
broken-off fragments scale with the relative extent of reaction
for the samples with various thicknesses and crosslink
densities. Furthermore, we characterize erosion from the
swollen polymer network via tracking the apparent mass loss
that accounts for the fragments remaining in contact with the
percolated network. The proposed framework allows one to
clearly distinguish the main features of degradation and erosion
on the mesoscale.

B METHODS

Dissipative Particle Dynamics. The main features of the
DPD approach are briefly outlined below. More details on
DPD methodology can be found in the original publica-
L 24,5455 1. .
tions, while latest developments are surveyed in the
recent reviews.””*° The beads in DPD represent collection of
atoms, and the motion of these beads is governed by the
Newton’s equations of motion >

dr, dp

—_—— v.l —_—— H

a7 dt (1)
where r, v, p; = mv, and F, are the position, velocity,

momentum, and total force corresponding to bead i. The total
force acting between the nonbonded beads is given as F; =
Y(Fj + F + F}), where the sum is taken over all the beads
w1th1n an 1nteract10n distance r, which defines an intrinsic
length scale of the model, and F-C P j, and F are the
conservative, dissipative, and random contrlbutlons to the total
force.”™>> We use the typical soft repulsion form of the
conservative force”*

[1 - —] (<)
Fi;: = c

0 (r,>r)

ij = 'c

(2)
where a; is the parameter which defines the magnitude of
repulsion between the beads i and j, r; = Ir;l is the distance
between these beads, r; = r; — r; and ¢; r]/r
We chose a; = 78 (m reduced DPD units) for the
interaction between the beads of the same type. This choice
is based on the compressibility of water and corresponds toa
coarse-graining of three water molecules into one bead.”® The
repulsion parameter for the dlssmnlar beads is chosen based on

the affinity between these beads as”* a; = a;; + 3. 27, where y;;
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is the Flory—Huggins polymer—solvent interaction parameter.
The affinity of PEG beads to water beads is set by the choice of
the repulsion parameter between the polymer and water beads
as a,, = 79.5 based on the PEG—water Flory—Huggins
interaction parameter,'” y = 0.45. The degradable end groups
are assumed to have the same solubility as a PEG monomer
and hence the same interaction parameter is used for these
beads.

The dissipative and random contributions to the total force
are written as™* F) = —ya*(ry)(e;vy)e; and Fy = oaw(ry)-
Ci}»At_l/ 2e,»)., correspondingly; here, ¥ and ¢ are the strengths of
the dissipative and random forces, v; = v; — v; is the relative
velocity, {j; is a symmetric Gaussian distributed random
variable with zero mean and unit variance, and At is the
simulation time step. Unlike the conservative force, the
dissipative and random forces are not independent but
coupled to satisfy the fluctuation—dissipation theorem.>> The
strength of random force and the weight function are chosen

**6=3and w(ry) = (1 - 7> for r; < r. and zero otherwise.

The cutoff distance r,, temperature, and mass of a bead are set
at 1.0 in reduced DPD units,”>** and the bead number density
in the simulation box is set at 3. The simulation time step is set
at At = 0.02. The above choice of the degree of coarse-graining
results in a dimensional value of ® r_ ~ 0.646 nm. Similarly, the
dimensional unit of time is obtained by relating diffusion
coefficient of water beads with a known value of diffusion
coefficient of water as”® 7 ~ 88 ps. All quantities presented
here are in reduced DPD units, with . as the unit length, 7 as
unit time, and k3T as the unit of energy.

Bonds between the beads are introduced via the harmonic
potential

2
Ubond rb)

Ky
=50 3)
where Ky is a spring constant and r, is an equilibrium bond
distance taken as®’ K, = 1000 and r, = 0.7, respectively. It is
worth noting that high values of the spring constant were
recently used in DPD simulations of various systems.”*~ ot

The use of the mSRP™ results in an additional force

S
di;'/ dc)eij

SRP __
=

bij(l - (4)

acting between the centers of the bonds provided that the

distance between these centers, d; = Id;], is below the cutoff

4,
d—" in eq 4. We use b; = 80 and the cutoff

i

distance d; ei]S-
distance d. = 0.8 in the simulations below, and these
parameters were previously shown to minimize topology
violations in the original framework.”> We also conducted a
series of additional simulations tracking the dynamics of
entangled polymer loops to validate the effective minimization
of bond crossings (see section S2 in the Supporting
Information). In addition, we confirmed that with the chosen
parameters, both the bond length distribution and the mean-
squared internal distances for beads separated by a fixed
number of bonds remain largely unaffected by the mSRP
potential (see Figure S3 in the Supporting Information).

To 1nte§rate dynamic equations, the LAMMPS simulation
package >%3 with the mSRP code™ is used. All visualizations of
the hydrogel network were performed using the visual
molecular dynamics software.”* The trajectories used for the
analysis below are saved every Aty = 5000 time steps.
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Figure 1. (a) Fragment of the polymer network with degradable bonds (bonds between red and blue beads), initial configuration prior to
equilibration. Tetra-functional centers and PEG beads are shown in yellow and cyan, respectively, and water beads are shown as blue dots. (b—d)
Snapshots of degradation of a reference hydrogel film (parameter set A in Table 1) with the degradation rate k = 4.5 X 10~ at t = 0 (b), t = 10,000
(c), and t =20,000 (d). The largest connected cluster is highlighted in each snapshot, remaining polymer beads are shown as translucent and in less

saturated color. Water beads are hidden for visual clarity.

Table 1. Simulation Parameter Sets for Initial Hydrogel Films Used in This Work

parameter unit cell beads in one total polymer
set N, repeats precursor beads
A (ref) 6 8X8x4 13 24,960
B 6 8§X8X3 13 18,304
C 6 8X8XS 13 31,616
D 6 8X8X6 13 38,272
E 10 8§ X 8X4 21 40,320
F 14 8 X8 X4 29 55,680

tetra-arm precursors degradable simulation box total water

(No) bonds size beads

1920 3584 42 X 42 X 50 239,640
1408 2560 42 X 42 X 50 246,296
2432 4608 42 X 42 X 60 285,904
2944 5632 42 X 42 X 70 332,168
1920 3584 57 X 57 X 60 544,500
1920 3584 66 X 66 X 60 728,400

Modeling Degradation Reaction. To simulate the bonds
breaking, we use a stochastic process, similar to that used
previously for various reactive systems.sg’és’66 We set the
probability of bond breaking, P, and the reaction time step 7..
Herein, we use 7, = 10At¢, similarly to the choice of reaction
time step in previous DPD simulations of various reactive
systems.”*”"~%? At each reaction time step a random number
is generated for each degradable bond; if this number is lower
than P, the bond is broken. We recently modified the mSRP
framework to switch the additional forces (corresponding to
the pseudo-beads) off upon bond breaking.® In our
simulations, the time evolution of the fraction of degradable
bonds intact at a given time, p(t), accurately reproduces first-
order degradation reaction kinetics p = exp(—kt) with the rate
constant k = P/7,; no fitting is required.46 For a number of the
polymer networks undergoing controlled photodegradation,
the de§radation rate constants are within the range
of 7313270 1 71 ¢ 1073 s, that is, the degradation occurs
orders of magnitude slower than the characteristic diffusion
times on the relevant length scales.*® Hence, low degradation
rates are chosen in our simulations, ensuring that our system
remains in a kinetically limited regime.***’

Construction of the Initial Network Structure. The
initial configuration of the tetra-PEG network is modeled as a
diamond-like lattice.*®”" The choice of diamond lattice ensures
a junction functionality of four, corresponding to the network
formed by the four-arm precursors. The centers of the tetra-
arm precursors are placed at the lattice sites and the precursor
arms are then formed by placing N,/2 beads (N,/2 — 1 PEG
beads and one end functionality bead) along the directions
from each lattice site to its nearest-neighbors. Thus, there are
N, beads between the centers of two bonded precursors. Two
neighboring end functionalities are then connected, which
results in an initial unit cell of the polymer network. Hydrogel
films are made by replicating the polymer unit cell and are
referred to as X X Y X Z, where X, Y, and Z denote the number
of replicas in %, y, and z directions, respectively. The unit cell is
replicated up to the simulation box faces in x and y directions
with beads connected across these faces (i.e., beads at the +x
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face are connected to the beads at the —x face). In the z
direction, the unit cell is replicated within the simulation box
to allow space for swelling. Mere repetition (without bonding
across the periodic box) of the unit cell results in precursors
having a functionality less than four at the z-faces of the
network. These partial precursors are deleted to yield the
hydrogel film structure containing an integer number of
precursors;46 however, such deletion results in dangling
polymer chains at the z-faces. Figure la shows a part of this
initial network structure prior to the network equilibration.
PEG beads and the end groups of both precursors are shown in
cyan, red, and blue, respectively, and the water beads are
shown as points in Figure la for clarity of representation. The
bond between the end functionalities is set to be degradable
corresponding to a cleavable site ically located in the
proximity of the end functionality."”>” While herein we focus
solely on a tetra-functional polymer network, it is worth noting
that both the network connectivity and a fraction of degradable
bonds can be readily tailored during the hydrogel syn-
thesis; ***”* for example, by using linear linkers of various
lengths’”> or by using star-shaped precursors.”” The corre-
sponding variations in the network architecture prior to
degradation can potentially be translated into the DPD
framework in a straightforward manner by choosing different
functionalities of the network junctions and specifying
corresponding degradable bonds for each system of interest.

All parameters used for creating the initial polymer networks
in this work are listed in Table 1. The simulation box size for
films with higher N, was increased in the horizontal direction
to ensure free swelling (see Supporting Information, section
S1). Additionally, the box size was increased in the z-direction
for films with higher N, or larger thickness to ensure sufficient
swelling and accurate calculation of cluster sizes.

B RESULTS AND DISCUSSION

Cluster Distribution and Reverse Gel Point. In the first
series of simulations, we characterize the dynamics of the
degradation process of the swollen network. The film is
equilibrated prior to degradation as detailed in section SI1 of

https://doi.org/10.1021/acs.jpcb.1c09570
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Figure 2. (a) Evolution of the size of the largest cluster (in black) and number of clusters in the system (in red) for the degradation simulation
shown in figure 1. (b—d) Distribution of cluster sizes at time instants ¢ = 10,000 (b), t = 20,000 (c), and ¢ = 30,000 (d), and the same time instants
are marked in (a). Insets in (b—d) highlight the distributions of clusters with a large number of precursors (>20 precursors).
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Figure 3. Time evolution of (a) weight-average degree of polymerization, DP,, (left axis) and fraction of bonds broken, 1 — p (right axis), (b)
normalized reduced DP;, for five independent simulations for each degradation rate, and (c) reduced z-average degree of polymerization, DP;, and
DP, for a single simulation run for each degradation rate. (d) Measured reverse gel points p? (solid bars) and pZ (striped bars). Time evolution of
(e) number-average degree of polymerization, DP,, and (f) polydispersity index, PDL Each curve in (a), (e), (f), and each data point in (d)
represent average over five independent simulations, and error bars represent the standard deviation. Each curve in (b), (c) represents a single
simulation, and the data in (b) are normalized by the maximum value in each simulation. Gel film with N, = 6 and reference parameter set (set A)
is considered. Black, red, and green colors in (a—f) correspond to degradation rates k; = 1.5 X 107, k, = 3.0 X 1075, and ky = 4.5 X 1075,
respectively. These rates were obtained by setting P = 3 X 1075 6 X 107%, and 9 X 107 with 7, = 0.2. The degradation rate constants are provided

in units of reduced simulation time, 7'

the Supporting Information. Figure 1b shows the equilibrated
hydrogel film prior to degradation. The affinity of PEG beads
to water beads is chosen based on the PEG—water Flory—
Huggins interaction parameter (see Methods). Snapshots in
Figure 1b—d illustrate the process of degradation and erosion
of the hydrogel film. After the degradation begins (e.g., after
switching the light on for a photodegradable network),
degradable bonds break according to the degradation rate
constant, k. As a result, fragments break off from the film and
are shown as translucent and in less saturated color in Figure
1¢c,d; water beads are not shown for clarity.

To track the degradation process, we first define a
topological cluster as a group of bonded beads; correspond-
ingly, the cluster size is defined as the number of tetra-arm
precursors within the cluster. Prior to the degradation, there is
a single topological cluster encompassing all the precursors
within the hydrogel matrix. Evolution of both the size of the
largest cluster, Np(t) (black curve, left axis), and the total
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number of clusters during degradation (red curve, right axis) is
shown in Figure 2a. At early times, relatively small fragments
leave the hydrogel, while the size of the largest cluster does not
change significantly. This is evident from the simulation
snapshot in Figure lc and the corresponding distribution of
cluster sizes in Figure 2b. Specifically, along with the large
number of smaller fragments, only one large cluster
corresponding to the degrading hydrogel film exists in the
system (inset in Figure 2b). Overall, the small clusters
dominate the distribution throughout the degradation process
(see all distributions in Figure 2b—d). As seen in the snapshot
Figure 1, several of these small clusters leave the hydrogel film
and are dispersed in the surrounding solvent, contributing to
an overall mass loss.

Notably, this topological characterization does not allow us
to distinguish between the smaller fragments leaving the film
and the fragments that broke off but remain within the film and
hence do not contribute to the mass loss. Additional

https://doi.org/10.1021/acs.jpcb.1c09570
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characterization needed to quantify mass loss and erosion is
detailed below. As degradation proceeds, multiple larger
clusters appear in the system (Figure 1d), while the size of
the largest cluster sharply decreases (Figure 2a). During this
sharp decrease, the percolating hydrogel network vanishes;
beyond the reverse gel point, the largest cluster no longer
represents the original degrading film. The existence of many
relatively small clusters at late times is evident from the
distributions in Figure 2c,d. Correspondingly, the largest
cluster in the snapshot in Figure 1d (shown in more vivid color
and seen through some of the translucent beads representing
smaller clusters) is indeed relatively small and consists of only
736 precursors (or 38.33% of the total number of precursors).
As degradation continues, the larger clusters disintegrate into
smaller clusters and eventually into the single precursors.

To characterize the degradation process quantitatively, we
carried out five independent simulations each at three different
degradation rates. The averaged results from these simulations
are summarized in Figure 3, where all error bars denote
standard deviation over five independent simulations. To
characterize reverse gelation, we use measurements similar to
those that have been used to characterize gelation.”””*~"®
Accordingly, the weight-average degree of polymerization,
Zn(t)i*
ny(t)i’
where i is the number of beads in a cluster, n,(t) is the number
of clusters with i beads at time ¢, and summation is taken over
all the clusters. The values of DP,, (Figure 3a) are high at early
times corresponding to the existence of the percolating
network. After an initial slow decrease, there is a sudden
drop in DP,, which is delayed at lower degradation rates
because longer time is needed to break the same number of
bonds.

The fraction of the bonds broken in the same systems, 1 —
p(t), is shown on the right axis in Figure 3a; this value ranges
from zero to one and represents an extent of the degradation
reaction. While DP,, diverges at the gel point in analytical
gelation theories,”””””® it remains finite throughout simu-
lations of finite-size systems during gelation” or reverse
gelation. Thus, to identify the reverse gel point in our finite-
size simulations, we use the reduced weight-average degree of
polymerization, DP;, defined as

DP,, is defined at each moment in time as DP,(¢) =

DP* (1) = 'n(t)i*
T S (t)i

©)

where the summation is taken over all the clusters excluding
the largest cluster.

The reduced weight-average degree of polymerization
exhibits a peak at the gel point during the gelation process
in finite-size systems.”*”’>*" The curves of the same color in
Figure 3b correspond to five independent simulation runs for
each degradation rate k and are normalized by the highest
value of the DP, in each independent simulation. At the initial
stages of degradation, DP}, has a low value because the gel
constitutes the only large cluster in the system. As degradation
proceeds, DP}, exhibits a peak similar to that observed at the
gel point in simulations of gelation.”*”’*®" This peak
corresponds to the disintegration of the percolating network.
The time instant corresponding to peaks in DP}, £, allows us
to identify a reverse gel point by calculating the corresponding
critical value of the fraction of degradable bonds intact as
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p" = exp(—kt) (6)
Alternatively, reverse gel point can be identified from the
analysis of the z-average degree of polymerization,
Zni(t)i‘;
DP,(t) = SR
point according to the analytical theories of gelation.
our finite-size simulations, DP,(t) shows a behavior similar to
DP,, although it decreases slower than DP, (Figure S4,
Supporting Information). Using analogous arguments as for
DP;, we define the reduced z-average degree of polymer-
ization, DP%, at each time instant as

DP,, similar to DP,, diverges at the gel
278 1

()i
ppi(r) = S
2n(t)i

(7)

where the summation is taken over all the clusters excluding
the largest cluster. The DP] curves for one representative
simulation each at the three degradation rates are plotted along
with the corresponding DP, curves in Figure 3c. The time
corresponding to the peak in DP}, f, provides a second
measurement of the critical conversion at the reverse gel point
p% = exp(—k£Z). Note that the peak value of DP, is higher than
that of DP,. The values of pY and pZ obtained from the
positions of the peaks in Figure 3b,c (averaged over five runs
for each degradation rate) are provided in Figure 3d. These
results show that either measurement, pY or pZ, can be used to
accurately identify the reverse gel point. An increase in
standard deviation for the highest degradation rate constant
can be attributed to the fact that the data are sampled for the
analysis every 5000 time steps (Aty;, see Methods) for all three
cases; hence, the deviations at the higher reaction rates can
potentially be reduced at the cost of increased computation
time if the data are sampled more often.

Note that our measured reverse gel point is significantly
higher than the value predicted by the mean-field theories for
the gel point of tetra-functional networks’””® (p. = 0.33). This
could be attributed to the significant difference between the
initial network structure prior to the degradation and Bethe
lattice postulated in the mean-field models. The assumption of
absence of any intramolecular connections used in these mean-
field theories is not expected to hold for networks because
existence of intramolecular connections is an essential
characteristic of any network architecture.®” Recall that the
initial structure in our simulations corresponds to a diamond-
like lattice. Hence, the percolation problem closest to our
simulations is that of bond percolation on a diamond lattice,*’
which predicts p. = 0.39 for the gelation problem (marked by
the dashed line in Figure 3d). Notably, the measured reverse
gel points in Figure 3d are somewhat higher than the
theoretical limit of p. = 0.39 corresponding to an infinite
network. This could be attributed to the finite network size and
is consistent with prior studies of gelation in a finite-size
network, where the gel point was shown to increase with the
decrease in total number of macromers forming the network
with respect to the gelation point of the infinite network.””*

In experiments, values close to the diamond lattice
percolation problem have been observed for the gelation of
tetra-arm PEG precursors near the overlap concentration,****
while higher values were observed at lower concentrations. A
delay in the gel point is often attributed to an increased
tendency of intramolecular reactions.*”*>*~*’ Recent work by
Lang and Miiller”® suggests that such an attribution may not be
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Figure 4. Characterizing mass loss from degrading network. (a) Fractional mass loss from the largest topological cluster (black curve) and the
largest agglomerate (red curve) measured up to the reverse gel point (¢ = 20,500) for the N, = 6, 8 X 8 X 4 hydrogel film, degradation rate is k = 4.5
X 107°. The dashed line represents the fraction of degradable bonds intact, p(t), for the same simulation run. Snapshots of the degrading film at (b)
t = 10,000 and (c) ¢t = 18,000 [corresponding time instances are marked in (a)]. The fragments within the interaction distance with the largest
agglomerate, including the fragments that are stuck inside the film, are highlighted in red with the rest of the polymer shown as translucent. (d)
Number density distribution of all polymer beads in the vertical direction averaged over the xy plane (solid line), largest cluster (dashed line), and
largest agglomerate (filled circles) at ¢ = 0 (black), t = 10,000 (red), and ¢ = 18,000 (green).

sufficient as the gel point delay is not fully explained by
intramolecular reactions. A number of recent studies on
gelation, both computational and experimental, are surveyed
by Lang and Miiller in the same publication.”® In contrast to
the numerous publications focusing on characterizing gelation
process, analysis of the kinetics of controlled network
degradation along with the measurement of reverse gel point,
specifically for the systems formed by two tetra-arm precursors
(often referred to as A4B4 network), is exceptionally limited.
Li et al.>® had reported a reverse gel point ranging within
0.43—0.48 for the tetra-PEG networks formed at a fixed
polymer concentration but with various stoichiometric ratios.
In the latter work, the authors argued that their observed
reverse gel points™ are close to the reverse gel points predicted
by the site and bond percolation models on the diamond
lattice. The diamond lattice model and corresponding reverse
gel point have also been used by Reid et al. in their model”" to
explain experimental data of degradation behavior of tetra-arm
PEG gels.

To characterize the dispersity within the degrading system,
we track the number-average degree of polymerization,

DPn(t) _ Ené(it)i

(Figure 3e), and a polydispersity index (also
DP, ()
DP,(t)
the degradation process. Similar to DP,, DP,, initially has a
large value owing to the existence of the percolating network.
As anticipated, DP, decreases faster compared to DP,. The
PDI exhibits a peak close to the reverse gel point and decreases
to one at the end of the degradation process. The peak in PDI
is observed prior to the disappearance of the percolating
network (average value of the reverse gel point is marked by
the circle of the corresponding color in Figure 3f). The
analogous trend was previously observed in simulations of
gelation where the PDI peak was observed after the gel point.*’
The trend in PDI is also evident from the time evolution of the
cluster size distributions in Figure 2b—d.

Fractional Mass Loss. We now turn our focus onto
characterizing erosion, which can be defined as the loss of
material due to the fragments leaving the original matrix.'>"®
In experiments, the fractional mass loss from the material, ()
=1 — m(t)/my, where mj is the initial mass of the material and
m(t) is mass of the material at a time t from the start of the

referred to as dispersity), PDI(t) = (Figure 3f), during
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degradation process, can be tracked during the degradation."

Unlike the apparent first-order degradation kinetics observed
in experiments,53’70’92 the fractional mass loss in experiments
shows more complicated behavior, with early time slow mass
loss followed by an accelerated mass loss attributed to reverse
gelation."””” The fast mass loss can be modeled as a
discontinuity at the reverse gel point where the entire hydrogel
film becomes soluble and hence complete mass loss occurs
(m(t) = 0)."

We first measure mass loss from the largest topological
cluster up to the reverse gel point by measuring the mass of
topological clusters that detach from the largest cluster due to
bond breaking. Because the mass of all beads is the same in
DPD simulations (see Methods), we calculate a fractional mass
loss as f(t) = 1 — Np(t)/N, (black curve in Figure 4a, t. =
20,500), where Np(t) is the size of the largest cluster
(expressed in the number of precursors), and N, = N1(0) is
the total number of precursors. Thus, f 1 denotes the fraction of
polymer beads that are no longer bonded to the hydrogel film.
Two mass loss regimes can be distinguished in this fractional
mass loss data. A slow mass loss regime is initially observed as
only small fragments leave the hydrogel network. This slow
regime occurs even though a significant fraction of degradable
bonds have broken (the fraction of degradable bonds intact for
the same simulation until the reverse gel point is shown in
Figure 4a, dashed curve). For example, in the simulation in
Figure 4a, at t = 10,000 only ~5% of the mass is lost (f(t) ~
0.05) ,while ~35% of the degradable bonds have broken [this
time instant is marked by a circle (I) in Figure 4a]. In this
regime, erosion primarily occurs from the surface where the
tetra-arm precursors have lower connectivity to the film. Some
precursors get detached but remain within the bulk of the
largest cluster as discussed below. However, bonds breaking in
the bulk primarily contribute to reduction in the number of
elastically active polymer strands and hence to the decrease in
crosslink density and corresponding swelling of the hydrogel
film, as seen in Figure lc. The initial slow mass loss from the
topological largest cluster notably accelerates before the
reverse gelation occurs primarily due to the detachment of
larger fragments that consist of several tetra-arm precursors, as
seen in Figure 1d.

The above definition of f(t) is purely topological and does
not account for spatial distribution of the clusters. Con-
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Figure 5. Snapshots of the degrading film for parameter sets B (a, d), C (b, e), and E (c, f) (see Table 1). Polymer fragments that either remain
stuck within the percolated film or remain within the interaction distance from it are shown in red. Water beads and fragments that are no longer
within the interaction distance with the film are hidden for clarity of representation. The beads representing the largest topological cluster are
translucent. The snapshots in the top row (a—c) are taken at t = 10,000, corresponding to the fraction of degradable bonds intact p = 0.64. The
snapshots in the bottom row (d—f) are taken at t = 18,000, corresponding to p = 0.44.

sequently, it does not distinguish between the broken
fragments that are no longer in contact with the film and the
broken fragments that remain within the bulk or within an
interaction distance from the surface of the film. Hence, this
definition overestimates the actual mass loss from the film. To
estimate the mass loss only due to the fragments that no longer
interact with the film, we define a distance-based cluster or an
agglomerate as a set of beads each within r. from at least one
other bead in the agglomerate. We correspondingly introduce
mass loss from the largest agglomerate as follows: f,(t) = 1 —
Np(t)/N,, where Ny is the size of the largest agglomerate
(number of beads within the agglomerate normalized by the
size of the precursor). The evolution of f1, for our reference
case is provided in Figure 4a (red curve). The fragments that
remain in the bulk or at the surface of the topological largest
cluster are now incorporated into the distance-based largest
cluster (or agglomerate). These fragments are highlighted in
dark red and shown through the hydrogel film (the film is
shown as translucent) in the snapshots at £ = 10,000 (p = 0.64)
and at ¢ = 18,000 (p = 0.44) in Figure 4b,c, respectively. Note
that reliable calculation of the agglomerate sizes requires that
the simulation box size is large enough in the z-direction to
allow space for swelling and for the detached clusters to diffuse
away from the film. We chose the box size of 50 units in the z-
direction because calculation of fp, for the hydrogel film with
the reference parameter set is independent of the box size
above this value (Figure SS of the Supporting Information).
To characterize the spatial distribution of clusters during
erosion, we compare the number density distribution of all
polymer beads in the simulation box with the distribution of
those beads that form the largest topological cluster and the
largest agglomerate. Before any bonds are broken, the hydrogel
film constitutes the largest cluster (both topological and
distance-based). The number density of this equilibrated film
along the z direction (averaged over xy plane) is shown in
black in Figure 4d. The film thickness and spatial location prior
to the degradation can be clearly identified from the black
curve. As degradation begins, the film thickness increases due
to swelling; this is seen in the density distributions at t =
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10,000 (red curves in Figure 4d, p = 0.64). At this time instant
(early stages of degradation), the differences between the
density distribution of all polymer beads (solid line) and that
of the largest topological cluster (dashed line) and largest
agglomerate (circles) are minor. The distribution for the
largest agglomerate closely follows that for all polymer beads
(solid lines and circles), and the difference between the largest
agglomerate and largest topological cluster is caused by the
fragments highlighted in red in Figure 4b. Quantitatively, these
fragments constitute only 3.15% of the mass of the largest
topological cluster at t = 10,000. As the reverse gel point is
approached, the relative contribution of such fragments
increases to about 38.00% at t = 18,000 (p = 0.44, Figure
4c). At this later stage of the degradation, the density of the
largest topological cluster within the bulk region of the film
(green dashed line in Figure 4d) becomes notably lower than
the density of all polymer beads and the density of the largest
distance-based cluster (solid and dotted green lines,
respectively). The number density distribution of the largest
agglomerate matches the density distribution of all polymers in
the bulk region of the film (solid and dotted green lines overlap
within the bulk) but attains notably higher values than that for
the largest topological cluster close to film surface due to the
clusters that broke off but remain within the interaction
distance. Hence, fp, defined above accounts for the largest
topological cluster and the smaller topological clusters that are
either stuck within the film or remain within the characteristic
interaction distance. The latter contribution increases with
time as the surface-to-volume ratio of the degrading cluster
increases.

Effect of Sample Thickness and Crosslink Density.
Having established the essential characteristics of degradation
of a hydrogel film with the reference parameter set, we now
turn our attention to the effects of varying physical parameters
of the polymer network, specifically film thickness and
crosslink density. The detailed parameters are provided in
Table 1, and representative snapshots during degradation are
provided in Figure 5. First, we varied the film thickness at a
constant crosslink density (N, = 6) by varying the number of
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Figure 6. (a) Number density distribution of all polymer beads in the vertical direction averaged over x and y coordinates prior to degradation. (b)
Polydispersity index, PD], as a function of the relative extent of reaction, €. The inset shows maximum value of PDI as a function of a number of
precursors in the film, N, (c, d) Fractional mass loss from the largest topological cluster, f in (c), and from the largest agglomerate, fp, in (d) as
functions of the relative extent of reaction, €. The colors in (a—d) represent simulations with the parameter sets provided in Table 1 as follows: A

(black), B (red), C (green), D (blue), E (orange), and F (purple).

unit cell repetitions in the z-direction from three to six
(parameter sets A—D). The thickness of the film prior to the
degradation can be clearly seen from the number density plots
in the z-direction averaged over the x—y plane (Figure 6a).
Red, black, green, and blue curves in Figure 6 correspond to
sets A through D, respectively. In the second independent
series of simulations, we increased N,, effectively decreasing
the crosslink density while keeping the number of precursors
fixed. This corresponds to parameter sets A (N, = 6), E (N, =
10), and F (N, = 14), with corresponding data represented by
black, orange, and purple curves in Figure 6. Note that such an
increase in N, also effectively increases the sample thickness
prior to the degradation due to the more pronounced swelling
at a lower crosslink density. Notably, the pairs of simulation
parameter sets C, E and D, F are chosen to have matching
thicknesses (Figure 6a) but different crosslink densities. The
snapshots of the thinner and thicker films than that in the
reference case during the degradation (sets B and C), and the
snapshot of the sample with lower crosslink density (set E) are
shown in Figure S (a, d), (b, €), and (¢, f), respectively. These
snapshots represent a relatively early stage of degradation
(Figure Sa—c, top row, t = 10,000, p = 0.64) and time instant
close to the reverse gel point (Figure Sd—f, bottom row, t =
18,000, p = 0.44), respectively.

We now define the relative extent of degradation reaction in
analogy with the definition used to characterize the gelation
process.”” Recall that the extent of degradation reaction is 1 —
p; hence, the relative extent of reaction, €, defining a proximity
to the reverse gel point, can be expressed as

_h-r
l1-p (8)

The value of € is calculated for each simulation using the
corresponding calculated reverse gel point p. (=p¥) for that
simulation. € increases from —1 at the onset of degradation to
zero at the reverse gel point with positive values following the
reverse gel point. The quantities in Figure 6b—d are plotted as
a function of the proximity to the reverse gel point.

The trends in PDI discussed above (Figure 3f) hold for all
cases considered. Films with the larger number of precursors
show a higher peak in PDI, while an increase in N, (an increase
in the size of the precursors) has no impact on the PDL This is
anticipated because the PDI is normalized by the size of
individual precursors. The maximum value of PDI is plotted as
a function of the number of precursors in the inset of Figure 6b
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and increases approximately linearly with an increase in the
number of precursors, N;. When each PDI(¢) curve is
normalized on N, all curves approximately collapse into a
single master curve (Figure S6 in the Supporting Information),
indicating that the polydispersity index normalized on the
number of precursors depends only on the proximity to the
reverse gel point.

Mass loss from the largest topological cluster, f(¢), shows
the same trend for all the cases considered (Figure 6d). Large
error bars in Figure 6d indicate high variability between the
individual independent simulations for the same parameters;
however, average trends overlap for all the parameter sets
(various number and sizes of precursors). Hence, these results
show that the fraction of broken-off segments, or the mass loss
from the largest topological cluster, depends solely on the
proximity to the reverse gel point and does not depend on the
total number and size of the precursors for all the cases
considered herein. For all the cases considered, the average
values of f remain close to the apparent mass loss from the
largest agglomerate, fp,, for ¢ 5 —0.65 (Figure 6d,e).

With an increase in € until the reverse gel point is reached,
fp increases significantly slower than f. In the proximity of the
reverse gel point € & 0, the fractional mass of the broken-off
fragments is more than threefold of the apparent mass loss, fp.
Furthermore, erosion from the largest agglomerate distinctly
varies for some of the cases considered despite the high
variability of data from individual runs (Figure 6e). The mass
loss fp, close to the reverse gel point is lower for the films with
larger number of precursors (green and blue curves) or lower
crosslink density (orange and purple curves) compared to the
reference case (black). This distinction is clear in the
representative snapshots in Figures 5 and 4b,c. For the film
with the reference parameter set and the film with the smaller
number of precursors (Figures 4b,c and Sa,d, respectively), a
significantly smaller fraction of precursors interact with the film
after detachment compared to the film with more precursors
(Figure Sb,e) and the film with lower crosslink density (Figure
Scf).

To compare the effect of varying crosslink density at the
same initial film thickness, we compared the pairs of
simulations C, E and D, F. Both of these pairs have matching
thicknesses, as seen in Figure 6a, but different N, (N, = 6 in
sets C, D, N, = 10 in set E, and N, = 14 in set F). The mass
loss from the largest agglomerate shows similar trends for the
two simulations within each pair. This indicates that in the
considered cases, the crosslink density does not significantly
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affect the erosion trend, while the actual film thickness has a
more pronounced effect. Finally, all the trends observed hold
for three different degradation rate constants and various
simulation box sizes for our reference parameter set (see
section S4 in the Supporting Information). The degradation
rate constant and the chosen box size did not have an impact
on the mass loss from the largest agglomerate, indicating that
the detached fragments have sufficient space and time to
diffuse away from the largest agglomerate. However, a
significant fraction of these fragments remains within or in
the close proximity of the largest cluster representing a
degrading film near the reverse gel point.

B CONCLUSIONS

Herein, we utilized DPD simulations to capture degradation
and erosion of polymer networks on the mesoscale. We
characterized the degradation process via tracking the time
evolution of distribution of broken-off fragments. The reverse
gel point corresponding to the disappearance of the percolated
network was calculated using the reduced weight-average and
z-average degrees of polymerization. We then used this
calculated reverse gel point to define the relative extent of
reaction which identifies the proximity to the reverse gel point.
We demonstrated that the fraction of broken-off fragments
depends solely on the relative extent of the reaction for the
samples with various number of precursors, different film
thicknesses, and different crosslink densities prior to the
degradation. We showed that the polydispersity index exhibits
a distinct peak prior to the disappearance of the percolating
network and strongly decreases at the reverse gel point. The
observed peak in PDI scales approximately linearly with the
number of precursors; furthermore, the PDI normalized on the
total number of precursors depends primarily on the proximity
to the reverse gel point.

The reverse gel point measured in our simulations is
comparable to gredictions of bond percolation theory on a
diamond lattice.”> Small positive deviations from the analytical
value seen in our measurements are likely due to the relatively
small number of precursors.”” This analytical value also
describes the experimentally measured values of both the gel
point®** and reverse gel point™ of networks formed with
tetra-arm precursors. Notably, the measured value of the
reverse gel point is significantly higher than the value predicted
by the mean-field theories for the gel point of tetra-functional
networks.”””® This is attributed to the fact that the assumption
of absence of any intramolecular connections used in these
mean-field theories is not expected to hold for a network®”
prior to degradation. Relatively high reverse gel point observed
herein is consistent with the delay of the gel point durin§ the
gelation process in the presence of the finite-size loops.”

Furthermore, we characterized the erosion from the swollen
polymer network via tracking the apparent mass loss that
accounts for the fragments remaining stuck within or in
contact with the percolated network (fp). We showed that
while this apparent mass loss remains approximately the same
as mass loss from the largest topological cluster for low relative
extent of reaction (¢ < —0.65), an increase in e until the
reverse gel point is reached results in significantly slower
increase in fp than fr. In the proximity of the reverse gel point,
the fractional mass of the broken-off fragments is more than
threefold of the apparent mass loss, fp. Furthermore, we
quantified that the erosion process from the largest
agglomerate does not solely depend on the relative extent of
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reaction but also distinctly varies with the physical properties
of the gel such as sample thickness. Hence, both characteristics,
fp and fr, are necessary to quantify and predict the outcome of
the erosion process. These results elucidate the main features
of degradation and erosion on the mesoscale and could provide
guidelines for designing degrading materials with controlled
properties.
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