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The presence of dynamic covalent bonds allows vitrimers to undergo topology alterations and display
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self-healing properties. Herein, we study the influence of varying the concentration of dynamic bonds

on the macroscopic properties of hybrid vitrimer networks by subjecting them to triaxial stretching

tests using molecular simulations.

Results show that the presence of dynamic bonds allows for

continuous stress relaxation in the hybrid networks leading to delayed craze development and higher
stretching as compared to permanently crosslinked networks. The work highlights the ability of glassy
vitrimer networks to relax tensile stress during deformation successfully.

Vitrimers are crosslinked polymeric networks that undergo melt-
like flow facilitated by associative bond exchange reactions. 3
They undergo topology-altering reactions in response to stimuli,
such as temperature, stress, pH, or light, allowing them to deform
while simultaneously preserving network integrity, and showcas-
ing versatile properties such as solvent resistance, welding, self-
healing, and recyclability. 414 These properties, although inter-
esting, underscore intricate correlations between bond exchange
rates on kinetics and their effect on the network’s macroscopic
properties.

The ability of vitrimers to relax applied stress by undergoing
bond exchange adds another dimension to their mechanical be-
havior. However, a drawback is that these networks exhibit sig-
nificant creep at low temperatures and have low melt viscos-
ity at high temperatures, making them difficult to process using
conventional thermoplastic processing techniques.12*8 A possi-
ble solution is to create hybrid vitrimer networks consisting of
both dynamic and permanent covalent linkages. In this regard, a
modified Flory-Stockmayer theory suggests that a hybrid vitrimer
network typically requires at least 67 mol% of dynamic covalent
bonds to suppress creep, yet recent experimental findings indicate
this requirement can be reduced to as low as 20 mol%.1712l Simi-
lar works have examined the effect of mechanical deformation on
transient networks and self-healing gels containing exchangeable
bonds highlighted the effect of associative bonds on the materials’
response.29"23 The rate of topology rearrangements in vitrimers
can be influenced by adjusting the kinetics of bond exchange reac-
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tions, which can be achieved by either varying the concentration
of reactive sites or by modifying the network architecture.2% Net-
work architecture dictates the spatial distribution of reactive sites
within the network leading to the formation of reactive chain-
ends, and network defects such as loops, dangling chain ends, and
or free chains.22/2% It has been well established that a gradient or
block arrangement of reactive sites, or incorporating loop defects,
accelerates the stress relaxation in associative networks. 2425127
The concentration of dynamic bonds, however, affects the rate at
which the reactive sites find each other, a prerequisite for success-
ful bond exchange, and thus their variation has a direct impact on
the network’s response to applied deformation.

In this study, we seek to answer the following questions: (1)
How does varying the concentrations of these linkages affect the
melt behavior of hybrid networks, an essential property for repro-
cessing? and (2) How does the concentration of dynamic linkages
affect the stress response of the networks under tensile deforma-
tion? Our results demonstrate that increasing the concentration
of reactive sites leads to a remarkable change in the properties
of the resultant glassy hybrid networks, such as delayed develop-
ment of craze fibrils, and also enhances the ability of the network
to withstand higher strains before fracture. Exploring this corre-
lation between the mechanical response of glassy vitrimers and
the concentration of reactive sites holds significant promise for
tailoring vitrimer networks for targeted applications.

A hybrid molecular dynamics (MD) and Monte Carlo (MC)
methodology developed in our previous works is used for simulat-
ing the bond exchanges in hybrid vitrimer networks,28%31 and de-
tails of the model are given in the ESI}. To create these hybrid net-
works, different concentrations of bonds between the crosslinkers
and polymer chains were randomly assigned as reactive as shown
in Fig[l] The ratio of the total reactive bonds to the total num-
ber of bonds between the polymer and crosslinker is termed as
&. & values were varied between 0 and 1, where a & value of 0
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represents a permanently crosslinked network, i.e., an ideal ther-
moset, whereas a £ value of 1 represents an ideal vitrimer, where
all the crosslink sites can freely participate in the bond exchange
reactions.

We begin the analysis by determining the primary and sec-
ondary transition temperatures for the hybrid networks. Here,
we report the scaled volume V as a function of temperature as
the hybrid networks are quenched from 7= 2.0 down to 7' = 0.1
in Figl2A. The scaled volume increases as a function of temper-
ature and the hybrid networks at higher & values show larger
increases in V in the melt state. An increase in & signifies en-
hanced vitrimer-like characteristics of the network that result in
the observed increase of V. To elucidate this effect, we also re-
port the excess volume Vg, normalized with the volume of the
thermoset network (Vrpermoset), as @ function of £, calculated as
Ve = (Witrimer — VThermoset)/ VThermoset, calculated at 7' =2.0 as an
inset of Fig[2A. Initially, the Vi steadily increases with & and then
plateaus around & =2 0.8. Determining the critical £ beyond which
the V for the hybrid networks’ stabilizes is a crucial insight into
the network strands’ mobility and relaxation characteristics. The
glass transition temperature, T, is determined as the point of in-
tersection of the fitted lines in the glassy and rubbery regimes of
V as seen in FiglJA. T, of all the networks are about T = 0.45
which is attributed to the absence of bond exchange reactions at
lower temperatures. The restricted mobility of the network chains
in the glassy regime hinders the interaction between the reactive
sites and results in negligible topological rearrangements.

Vitrimers also exhibit a secondary transition temperature,
known as the topology freezing temperature, T,, which demar-
cates the point at which the bond exchange reactions become
ubiquitous throughout the network. 132833 1n previous works, we
have successfully established a method to determine 7, using
the coefficient for thermal expansion «, given by o = % (g—‘T/)P,
where T, is determined as the local plateau of the o as a func-
tion of T, as seen in Fig. Here, we report the T, in the
range of 0.85 < T, < 0.9. The hybrid networks with lower & (i.e.,
0.05 < & < 0.3) show transition about T, = 0.9, whereas hybrid
networks with a higher & have a T, = 0.85. The range of T;, al-
though narrow, corroborates that the secondary transition and,
thus, the topology rearrangements are controlled by the rate at
which the reactive sites encounter each other.2? At higher &, the
reactive beads find each other at a faster rate, and thus, the hybrid
networks show, although marginally, a reduced T7;,.

Using simulation trajectories of the central crosslinker beads in
the melt state, i.e., at a temperature of 7 = 0.8, we compute the
mean squared displacement (MSD) of the hybrid networks.2! The
MSD is determined as (A2(At)) = LYV <\ri(t+t0)fr,-(t0)\2>,
where r; represents the position vector of the central crosslinker
beads at a time ¢, and N is the total number of central crosslinker
beads in each network. At short times (Fig), all the hybrid
networks show similar mobility, which can be attributed to the
thermal motion of the constituent network beads since the anal-
ysis is performed in the melt regime. Eventually, the thermoset
(i.e., & = 0) reaches a rubbery plateau, represented by the lev-
eling off of the MSD at longer times. The rigid network bonds
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Fig. 1 Simulation box snapshot of hybrid vitrimer network. Here, the
blue bead bonded pairs represent the permanent linkages, and the green
bead bonded pairs represent the dynamic linkages. Here, the orange
beads represent the linear polymer chains rendered using OVITO.

restrict segmental motion, and cannot undergo network topology
alteration due to the absence of bond exchange. Although reac-
tive beads are present in the networks with £ = 0.5 and 0.1, their
low concentration hinders any real segmental relaxation from oc-
curring, and thus, their MSDs are marginally higher than that of
the thermoset. The rapid increase in the frequency of bond ex-
change reactions due to ample dynamic links is described by the
increase in the MSD for £ > 0.5, indicative of the liquid-like flow
of the vitrimer networks. We infer that a hybrid network requires
upwards of 50 mol% of reactive sites to retain its characteristic
flow behavior required for reprocessing, positively correlating to
existing studies on partial vitrimer networks. 12

To quantify the heterogeneity in the dynamics of the hybrid
networks and their deviation from the Gaussian behavior, we
calculated the non-Gaussian parameter, ap, given by op(Ar) =
% — 1, where o = 0 highlights Fickian diffusion while
higher values indicate a non-Gaussian behavior of the distribution
of displacement.@ We observe that an increase in the concentra-
tion of dynamic bonds increases the o up to a limiting value of
& = 0.3 which showed that hybrid networks with £ < 0.3 exhibit
heterogeneous dynamics even within the melting regime. Akin
to the MSD, an increase in the dynamic bonds concentration al-
lows the network to show higher segmental relaxation resulting
in a drastic drop in a, and a transition towards Gaussian dynam-
ics 371381

We simulate the tensile deformation by triaxial stretching the
simulation box primarily in the x direction at a constant dimen-
sionless strain rate of £ = 1073 while maintaining constant di-
mensions along the y and z directions. We investigated the ef-
fect of the applied stress on the mechanical and bond exchange
characteristics of the hybrid networks by deforming them in the
glassy regime. We report the tensile stress in the primary stretch-
ing direction oy, as a function of the strain €, as seen in FigA.
The representative stress-strain curves response for all & values
demonstrate an initial linear elastic regime (Fig[3]A). The compa-
rable magnitudes for the yield stress for all the hybrid networks
indicated that the network strands were completely stretched
and any further straining would induce plastic deformation in
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Fig. 2 (A) Scaled volume, V, and (B) coefficient of thermal expansion, ¢, as a function of temperature, T, for hybrid vitrimer networks with different
fractions of dynamic bonds &. The inset in (A) shows the excess volume Vi as a function of & at T =2.0. T, is determined as the local plateau in
the a plot occurring beyond the T,. (C) MSD of hybrid networks at different &, in the melting regime, T = 0.8. Here, diffusive motion is indicated
by the dashed line representing a slope of unity on the log-log scale. (D) Time dependence of the non-Gaussian parameter, 0. The inset shows the

maximum value for o as a function of &.

the network.2? Another notable inference from the comparable
yield stress magnitudes was that the vitrimer networks have not
yet experienced significant topological rearrangements which are
corroborated by the cumulative bond exchanges (Fig.S1.A of the
ESIY).

As the networks are strained further, the tensile stress de-
creases, marking the nucleation of crazes by virtue of cavita-
40742l These crazes populate the bulk of the network and
develop into craze fibrils on further elongation which is charac-
terized by a plateau of oy, in the stress-strain curve (Fig[3A).
The termination of this plateau indicated that the crazes in the
network were fully developed which is interestingly postponed
for hybrid networks with & > 0.5.21 The hybrid network’s ability
to relax the stress by topological rearrangements prevents crazes
from breaking down to form cracks and greatly reduces the num-

ber of load-bearing strands, analogous to networks with loop de-
fects. 25139143144

tion.

As we further stretch these networks, oy, increases indicat-
ing strain-hardening behavior. We infer from the nature of this
stress-strain curve that glassy hybrid networks exhibit character-
istics synonymous with glassy polymers above the critical entan-
glement density that dissipates energy through molecular disen-
tanglement and molecular scission.#2 Beyond this threshold, oy,
drops to zero indicating the rupture of the inter and intra-chain
network bonds (Fig. S1.B, and C of the ESIt). The deformation
energy added to the networks during the stretching experiment
enables the bond exchange reactions. We observed that the net-
works with a higher & exhibit a diminished secondary peak oy
because these networks with 0.5 < & < 1 efficiently relax imposed
stress, while also reaching higher strains before eventual fracture
demonstrating increased stretchability typically observed in vit-
rimers whereas the fracture toughness in hybrid networks with
0 < & <0.1 relies heavily on the imposed displacement rate 4240
The dynamic nature of the crosslink sites provides a toughening
mechanism to the vitrimer networks which can be compared to
mechanochemically weak crosslinkers.4Z We supported these in-
terpretations by examining the cumulative bond exchanges and
the bonds broken for 4 < & < 6 (Fig. S1.B, and C of the ESIY).

We perform the shear creep tests following the test procedures
mentioned in our previous publication.®Y The hybrid networks

were subjected to low (oy, = 0.1), and high (o, = 1.0) shear
stresses to determine the shear creep compliance, J(r) = (1) / Oyy,
presented as a function of time (Fig.S2 of the ESI{). Under low
stress, the deformation experienced by all hybrid networks is low
as this stress is not significant enough to allow enough stress-
induced bond exchanges (Fig.S3.A of the ESIt). The phenomenon
of stress-induced bond exchange and the additional model for
network relaxation were seen clearly at higher stress. Thermosets
are known to attain equilibrium creep compliance due to the con-
stituent permanent linkages. Interestingly, increasing the & up
to 0.5 induced a significant amount of bond exchanges (Fig.S3.B
of the ESIT) in the network, yet the creep compliance achieved
a limiting value. Further, an increase in £ increases the creep
compliance indicative of steady deformation in the network. This
inference, combined with the MSD and tensile deformation sim-
ulations, concludes that a & of 0.5 is ideal for enabling the hy-
brid network to retain its rubbery characteristics while exhibiting
improved mechanical properties like enhanced stretchability, de-
layed fracture, and also suppressing shear-induced creep. 1517

We finish by noting that using hybrid MD-MC simula-
tions, 2873148l we studied the effect of varying concentrations of
reactive sites on the dynamic and mechanical properties of hy-
brid vitrimer networks. The ability of vitrimer networks to effec-
tively relax stress by bond exchange reactions has already been
well understood and this property paves the way for interesting
mechanical behavior. Understanding this relationship is crucial
for designing hybrid vitrimer networks that can display desirable
mechanical and creep-resistant properties, and still be reprocess-
able. Under triaxial stress, glassy hybrid vitrimer networks exhibit
strain-hardening behavior similar to highly entangled polymer
glasses. A high concentration of reactive sites effectively allows
the hybrid networks to relax stress, delay craze development, and
enhance elongation at fracture.
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Fig. 3 (A) 0y as a function of strain, €. Inset shows o, at lower strain. (B-D) Simulation box snapshots of the triaxial stretching experiment for
a network with £ =0.5. The color of the beads is representative of the stress per particle, represented by a color scale bar on the right. Here, the
blue color represents low stress per particle and the red represents higher stress per particle. (B) Represents the simulation box before the triaxial
stretching experiment at € 0. (C) Represents the nucleation of crazes in the network through cavitation € 2 1. (D) Represents the eventual fracture
in the network at € 7. The chains under stress due to elongation are consecutively in red due to high per-particle stress. Due to the stress relaxed
by bond exchange, blue beads representing low per-particle stress are observed in hybrid vitrimer networks.
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