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ABSTRACT: The introduction of molecular additives into
thermosets often results in changes in their dynamics and
mechanical properties that can have significant ramifications for
diverse applications of this broad class of materials such as
coatings, high-performance composites, etc. Currently, there is
limited fundamental understanding of how such additives influence
glass formation in these materials, a problem of broader
significance in glass-forming materials. To address this fundamen-
tal problem, here, we employ a simplified coarse-grained (CG)
model of a polymer network as a model of thermoset materials and then introduce a polymer additive having the same inherent
rigidity and polymer−polymer interaction strength as the cross-linked polymer matrix. This energetically “neutral” or “self-
plasticizing” additive model gives rise to non-trivial changes in the dynamics of glass formation and provides an important theoretical
reference point for the technologically more important case of interacting additives. Based on this rather idealized model, we
systematically explore the combined effect of varying the additive mass percentage (m) and cross-link density (c) on the segmental
relaxation dynamics and mechanical properties of a model thermoset material with additives. We find that increasing the additive
mass percentage m progressively decreases both the glass-transition temperature Tg and the fragility of glass formation, a trend
opposite to increasing c so that these thermoset variables clearly have a competing ef fect on glass formation in these model materials.
Moreover, basic mechanical properties (i.e., bulk, shear, and tensile moduli) likewise exhibit a competitive variation with the increase
of m and c, which are strongly correlated with the Debye−Waller parameter ⟨u2⟩, a measure of material stiffness at a molecular scale.
Our findings prove beneficial in the development of structure−property relationships for the cross-linked polymers, which could help
guide the design of such network materials with tailored physical properties.
KEYWORDS: cross-linked polymers, thermosets, molecular additives, glass formation, segmental relaxation,
molecular dynamics simulations, fragility

1. INTRODUCTION
Cross-linked thermosetting polymers are widely used in
various engineering and technological applications owing to
their excellent mechanical properties, thermal stability, and
chemical resistance.1,2 As polymer melts approach their glass
transition temperatures (Tg), they experience a “solidification”
process that is marked by a rapid drop in their relaxation
dynamics and chain mobility, accompanied by an increase in
stiffness. This behavior is commonly observed in glass-forming
(GF) liquids, and this phenomenon can be observed through
the processes of fast cooling,3 sufficient pressurization,3 or the
curing of the thermoset through cross-linking at a fixed
temperature (T),4,5 a process referred to as “chemical
vitrification”. Despite the general ubiquity of glass formation
in condensed materials, many aspects of this process remain
insufficiently understood in terms of the fundamental origin of
this transition or even the practical correlative understanding

of the influences of the molecular structure and thermody-
namic conditions on relaxation and diffusion and the
mechanical properties of condensed materials. This is evidently
a serious practical problem impeding the rational design of
materials that have the properties required for material
applications.

Considerable efforts have been made in simulating polymer
GF materials with the aim of better comprehending how
fundamental molecular parameters and thermodynamic
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conditions [e.g., additives,6,7 molecular chemistry,8,9 cross-link
density,10,11 cohesive energy,12 chain stiffness,13 polymer
topology (e.g., star, linear, branched, or cyclic architectures,
and polymers with side groups),14−18 and applied pres-
sure19,20] influence thermodynamic and mechanical properties
and relaxation in GF materials, such as Tg,

21,22 relaxation
time,20,23 dynamical heterogeneity,11,24,25 and mechanical
properties.26,27 Due to the great importance of thermosetting
materials in engineering and structural applications, in
particular, exhaustive experiments have been performed to
investigate the segmental relaxation dynamics of cross-linked
thermosetting materials.4,5,11,28−32 In particular, experimental
studies based on model poly(methyl methacrylate) and
polyvinyl ethylene have indicated that increasing the cross-
link density of the network resulted in an increase in Tg and
fragility of glass formation that quantifies the strength of the
temperature dependence of the relaxation time below the
Arrhenius temperature TA, along with the temperature range
over which the glass transition takes place.28,32 Apart from
cross-link density, it has been shown that the chemical
composition and monomer characteristics of GF polymers
have a significant impact on influencing the fragility and
relaxation dynamics. Specifically, it has been observed that
polymers with greater packing frustration and rigidity tend to
exhibit higher fragility of glass formation.20,23,33 Some general
trends of the physics of glass formation have been established
based on significant collective scientific effort.
It has been observed that the incorporation of polar

additives and nanoparticles (NPs) into thermoset polymers
as well as the use of highly polar cross-linkers can lead to
noteworthy alterations in the thermomechanical properties.
For example, Reza et al.34 employed SiC NPs coated with
octaisobutyl polyhedral oligomeric silsesquioxane (OI-POSS)
via a sonochemical process to establish a compatible interface
between the particles and a thermoset polymer. Transmission
electron microscopy (TEM) analysis of the OI-POSS-coated
SiC NPs revealed enhanced attachment between the two
particles. Incorporation of SiC and OI-POSS-coated SiC into
the epoxy system resulted in improved flexural strength, shear
modulus, and Tg, compared to the neat epoxy resin.35 One of
the important and rather general influences of adding polar or
hydrogen-bonding additives as a cross-linking agent or charged
or polar molecular species36 to a polymer material is the
increase of the cohesive density energy of the material. Xia and
co-workers37 have recently shown that increasing the strength
of the cohesive interaction can lead to a significant increase in
Tg while at the same time leading to a significant decrease in
the fragility of glass formation in the thermoset material. This
competing effect has been observed recently in polymer
network materials with cross-links intended to model charged
physical cross-links found in mussels.38 These results
collectively reveal another apparently general behavior of GF
materials, changes in Tg and fragility are related to factors
altering the cohesive interaction strength of the material.
The recent work exploring the influence of cohesive

interaction strength on glass formation indicates that computa-
tional research based on coarse-grained (CG) polymer models
provides an excellent opportunity for the further exploration of
structure−property relationships in thermoset polymer materi-
als, and this naturally brings us to a computational
investigation of the role of molecular additives in the properties
of thermoset materials since such additives are normally
encountered in applications of these materials.

Previous simulation studies have indicated that the
segmental dynamics and mechanical properties of thermoset
polymers can be significantly altered through the incorporation
of diverse additives that modify intermolecular interactions
within thermosetting polymers.6,7,39,40 For example, Riggleman
et al.39 explored the effect of antiplasticizer molecular additives
on the efficiency of molecular packing and elastic properties for
a CG GF polymer melt, where the introduction of
antiplasticizer additives was found to lead to an increase in
the packing efficiency and increased bulk and shear moduli of
the polymer material in the glassy state. Starr and Douglas40

studied the impact of NPs on the fragility and cooperative
string-like motion in a model GF polymer melt by CG
molecular dynamics (MD) simulation, where the significant
changes in both the fragility and the average length of string-
like motion depended on the NP−polymer interaction and NP
concentration. Stukalin et al.41 systematically explored the
plasticization and antiplasticization of polymer melts from a
theoretical standpoint by altering the cohesive energy of the
diluents utilizing the generalized entropy theory (GET) of the
dynamics of GF polymer fluids. These analytical computations
indicated that a plasticization effect occurred when small
additives with weakly attractive interactions were introduced
into the polymer matrix, while antiplasticization was observed
for additives that were relatively small to the polymer segments
and had a relatively strong attractive cohesive interaction with
the polymer matrix in comparison to the polymer−polymer
interaction strength. The GET calculations were thus broadly
in accord with the simulations of Riggleman et al.39

Mangalara and Simmons42 later employed MD simulations
to show that oligomeric diluents could cause substantial
changes in a polymer’s Tg and fragility, changes that reflected
changes in the diluent chemical bulkiness, degree of polymer-
ization, and molecular stiffness. They also found that the
relaxation time of polymer was linked to variations in the high-
frequency glassy modulus and Debye−Waller parameter ⟨u2⟩
and its relation to relaxation through the localization model of
glass formation. As a natural continuation of these former
computational studies aimed at glass formation in thermoset
materials, we investigate the influence of additives with regard
to the dynamics and mechanical responses of a CG model over
a wide range of T, additive mass percentage, and cross-link
density to better understand how these molecular parameters
influence basic trends in glass formation in this class of
materials.

In our previous studies, we have systematically investigated
how the cross-link density and cohesive energy influence the
segmental dynamics and the mechanical and thermodynamic
properties of the same model thermoset material examined in
this current study, but where there was no molecular
additive.37,43 Comparison to these observations allows us to
assess the effect of additives on the dynamic and mechanical
properties of cross-linked thermosets. The main purpose of
these previous works43 was to achieve a better understanding
of the influence of the primary molecular factors determining
the glass formation in network polymers, such as cross-link
density,43 cohesive energy strength,37 and chain stiffness, on
segmental dynamics and mechanical properties. In the present
work, we extend this systemic study of molecular parameters
on glass formation in thermosets to include a molecular
additive. Our restriction to a molecular additive in the form of
relatively short polymer chains having an identical polymer−
polymer interaction as that between the polymer network
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segments is made in our initial study since changing this
interaction would inevitably change the cohesive interaction
strength of the material. We have avoided altering the
molecular rigidity since molecular rigidity is also a significant
factor altering the properties of GF liquids.13,42,44 Finally,
altering the polymer mass is known to alter the density of
polymer materials, so we restrict our additives to have a f ixed
molecular mass. Despite these strong restrictions on the nature
of the molecular additives, we find that increasing the additive
concentration significantly alters the mechanical properties and
segmental relaxation dynamics of the thermoset material. We
note that our study of a neutral small additive can be achieved
in practice by simply diluting the GF polymer material by the
monomer or an oligomeric form of the high mass polymer
material. There is a long history of studying this type of
“blend” in relation to trying to understand shifts of the glass
transition with molecular additives and in connection with
understanding alterations of Tg with changes in molecular
mass.45,46 Recent observations have shown that the addition of
this type of self-plasticizing additive can greatly decrease the
fragility of glass-formation which only a modest decrease of the
glass transition. By way of the GET model discussed above,
which really explains our simulation observations, at least
qualitatively, we contrast the predictions of this type of
“entropy theory” with the Gibbs and Dimarzio theory47 which
posits that glass formation corresponds to a second order
phase transition at which the configuration entropy vanishes.
Although this model does not describe the dynamics of glass
formation, this model makes non-trivial prediction of the
change of glass transition with molecular additives. Below, we

observe a similar propensity of our “neutral” oligomer
molecular additive to reduce the fragility of glass formation
in our polymer model.

In future work, we plan to systematically explore the
influence of the molecular rigidity of the additive and the
strength of the intermolecular interaction of the additive
molecules with each other in comparison to the interaction
strength between the network segments and also the strength
of the interaction between the network segments and the
additive molecules (This effect was recently explored when the
additive was taken to be a functionalized segment of the
polymer49). All these molecular parameters are predicted by
the GET to be important in understanding glass formation in
polymer materials with additives.41 Evidently, the parameter
space governing the properties of these materials is rather large,
and we must add additional relevant molecular variables to this
parameter space. The present study is just one in a series aimed
at understanding the most important molecular parameters of
greatest importance for understanding and rationally engineer-
ing these complex materials, which is a suitable purpose for CG
modeling.

2. MODEL AND SIMULATION DETAILS

2.1. Coarse-Grained Model
As shown in Figure 1a, the bead−spring CG cross-linked
polymer model48 utilized in this study consists of 1200 linear
chains (each chain consists of 10 beads), 600 tetra-function
star cross-linkers (each cross-linker consists of 5 beads), and
the corresponding quantity of additives with different additive
mass percentage (each additive consists of 5 beads) to discern

Figure 1. (a) Molecular structures of the cross-linker, linear chain, and additives, and snapshots of the cross-linked system with m = 5, 25, and 50%,
respectively. (b) Illustration of the cross-linked structure: red and blue beads represent reactive sites capable of undergoing cross-linking reactions
in the cross-linker and linear chain, respectively. Specifically, each red bead can react with only one blue bead, and each cross-linker can link with a
maximum of four linear chains. (c) Snapshot of dispersed additives within the matrix for m = 25%.
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the impact of smaller chain additives, in comparison to the
network chain length, on the network’s properties. It is evident
that additive sizes can induce more pronounced changes due to
spatial network constraints, which will be addressed in
forthcoming research. The additive mass percentage m is
defined as the mass of the additive divided by the total mass of
the entire system. The systems with m of 5%, 25%, and 50%
have 790, 5000, and 15,000 additive beads, respectively. In this
work, we vary the additive mass percentage by fixing the
number of networks and varying only the amount of the
additives. The molecular structure used in this study
incorporates additives with diverse mass percentages based
on the model established in our previous research studies.37,43

Periodic boundary conditions along all axes of the simulation
cells are used to create representative bulk systems. The
topology schematic of the polymer network structure with
additives is illustrated in Figure 1b. To provide a clearer visual
representation of the additives, Figure 1c shows a snapshot of
the additives (from the 25% additive mass percentage system)
within the simulation box, where the spatial distribution of the
additives in the system can be observed.
The nonbonded interactions are described using the

conventional truncated and shifted Lennard-Jones (LJ)
potential,

l
m
ooooooo

n
ooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz i

k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ=
+ <

U r r r r r
r r

r r

( )
4 ,

0,

LJ

12 6

c

12

c

6

c

c

(1)

where r is the beads distance, rc = 2.5 σ is the cutoff distance, σ
dictates the effective van der Waals radius and signifies the
distance at which the Lennard-Jones potential is zero, and ε
characterizes the depth of the potential well-connected to the
strength of cohesive interactions. In this work, we assigned
uniform values of σ = 1 and ε = 1 for all pairs within the
system. This choice ensures that the interaction parameters
remain consistent and allows for a standardized assessment of
the system’s behavior. The bonds between adjacent beads are
modeled using the finitely extensible nonlinear elastic (FENE)
potential,
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where K = 30 ε/σ2 and R0 = 1.5 σ. The first term is
characterized by attraction, while the second LJ term is marked
by repulsion, featuring a reduced cutoff distance of Rc = 21/6σ.
The restriction on bending is simulated through a straightfor-
ward cosine angular potential,

= [ + ]U k( ) 1 cos( )bend (3)

where kθ describes the rigidity associated with bending, and θ
represents the angle formed by three consecutively bonded
particles. To investigate the impact of the additive mass
percentage and cross-link density on flexible chains, we set the
chain stiffness parameter kθ of all chains as 0.2 ε. To simplify
the calculations, all calculation quantities are expressed in
reduced LJ units, with the length (σ), energy (ε), and mass
(m0) of each bead normalized to unity. A range of derived
units can be derived from these basic units: e.g., the

temperature can be T = ε/kB, and time in the unit of τ =
(m0σ2/ε)1/2.
2.2. Simulation Details
All CG-MD simulations are conducted using the Large Scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software.49 The initial mixture of different components
undergoes equilibration and relaxation in an isobaric−
isothermal ensemble (NPT) at a temperature of T = 1.0 and
zero pressure, where a well-dispersed mixture system is
achieved. Then, an iterative algorithm involving multiple
cross-linking and relaxation steps developed by Varshney et
al.50 is utilized to interconnect the linear chains and cross-
linkers to form three-dimensional networks, effectively
capturing the thermodynamical and mechanical properties of
cross-linked thermosets.37,43,50,51 In each iteration, when the
distance of the unreacted reactive bead pairs (a blue bead in
the linear chain and a red bead in the cross-linker in Figure 1b)
is less than the cutoff distance, a new bond is formed between
the two reactive beads. Subsequently, an energy minimization
procedure and an NPT relaxation process are carried out to
reduce the energy fluctuations resulting from the introduction
of new chemical bonds. When the reaction ratio of reactive
beads exceeds 98% or there are no new bonds created, the
cross-linking and relaxation cycle algorithm stops. The
computational time for each iteration is 400 τ. The schematic
of the cross-linked network is shown in Figure 1b, where the
chemical bonds formed between the blue and red beads signify
that these reactive sites have undergone a reaction. Conversely,
blue beads that are not linked to red beads indicate that the
linear chains have not yet reacted with the cross-linker. The
ratio of the total number of cross-links formed to the maximum
number of cross-links that can be formed is defined as the
cross-link density (i.e., conversion rate) in this work.52,53

To explore how the relaxation dynamics and mechanical
properties of cross-linked thermosets are affected by the cross-
link density and additive mass percentage, we build nine
systems with varying combinations of these parameters. First,
these systems undergo equilibration in the NPT ensemble at a
temperature of T = 1.6 for a duration of t = 4 × 104 and then
relaxation with the NVT ensemble takes t = 2 × 104. Following
this, a stepwise quenching process is applied from T = 1.6 to T
= 0.1 with an incremental temperature step size of ΔT = 0.1.
At each temperature, the system is allowed to relax for t = 2 ×
104. Configurations are recorded at the end of each run, and
the thermodynamic properties are averaged over a time
interval of t = 8 × 103. The systems with different cross-link
densities (c) and additive mass percentages (m) are system-
atically simulated for investigations.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Properties
To examine the impact of the cross-link density and additive
mass percentage on the thermodynamic properties of cross-
linked thermosets, we estimate three fundamental quantities
that characterize the thermodynamics of these materials,
including the number density (ρ), thermal expansion
coefficient (αp), and isothermal compressibility (κT). The
results of thermodynamic properties as a function of T are
summarized in Figure S1 in the Supporting Information. As
expected, the increase of c and decrease of m lead to a
noticeable elevation in ρ, as well as a substantial reduction in
αp and κT above Tg.

54,55 It should be noted that the influence
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of the additive mass percentage parameter m on the
thermodynamic properties is comparable in order of
magnitude as the effect of the cross-link density c.
Figure 2a shows the relationship between ρ and T for cross-

linked systems with different values of c and m. Across all

systems, ρ exhibits a nearly linear decline as T rises at lower
temperatures, followed by a more pronounced decrease above
Tg. Furthermore, it is observed that ρ increases with higher
values of c in systems with a constant m, a phenomenon
extensively documented in cross-linked epoxy networks54,55

and our previous cross-linked thermoset system without
additives.37,43 We also find that ρ increases with the decrease
of m for systems with fixed c, mainly because the addition of
additives makes the whole system expand; especially, a short
chain length is chosen for the additives. The dimensionless
properties αp* and κT* (αp* = Tαp and κT* = ρkBTκT), which are
important properties in GET13, are shown in Figure 2b,c. Both
αp* and κT* increase obviously with elevating temperature
above Tg, well consistent with that observed in the linear
polymer melts and GET predictions.13,19,56 Moreover, the
higher c system shows a smaller αp* and κT* because of the
suppressed mobility of particles, which has been reported in

our previous study on the cross-linked system without
additives.37,43 For systems with fixed c, the higher additives
mass percentage leads to a larger αp* and κT* because of
higher particle mobility. Our prior study has extensively
addressed the influence of changing c on the thermodynamic
properties.43 In addition, an obvious bulge in κT* was observed
near Tg, which may be attributed to small particles in the
system, such as additives with short chain length or low cross-
link density networks. A similar tendency has also been
observed in our previous cross-linked thermosets without
additives, especially the system with a low cross-link density
such as c = 0.04 and c = 0.23.43

3.2. Segmental Relaxation Dynamics

The structural relaxation time τα is a fundamental quantity that
will be determined for the evaluation of basic dynamical
properties. Specifically, τα can be calculated by the self-part of
the intermediate scattering function Fs(q, t),

= { ·[ ]}
=

r rF q t
N

i tq( , )
1

exp ( ) (0)
j

N

j js
1 (4)

where q is the wave vector, rj(t) represents the position of
particle j at time t, and N is the total number of beads for both
cross-linked polymer and additives. The wavenumber is
selected as q = |q| = 7.1, a value closely approximating the
location of the first peak in the static structure factor. The
segmental relaxation time τα is defined as the time when Fs(q,
t) decays to 0.2, consistent with the common definition in a
wide range of polymeric glass formers.44,56,57 In particular, in
order to reduce errors in the estimation of τα, a time step of
0.002 or 0.01 is used in the high or low T, respectively.44 As
observed in various GF liquids,12,58−60 Fs(q, t) typically shows
a two-step decay, which includes a “fast β-relaxation”59,61 on
the picosecond timescale and an α-relaxation on a longer
timescale, during which Fs(q, t) gradually diminishes to zero, as
shown in Figure S2 in the Supporting Information.

Figure 3a describes τα as a function of 1/T for different c and
m. It is noted that τα increases significantly with decreasing T
for the cross-linked polymer, similar to what has been observed
for linear polymer melts with varying bending constraints and
cohesive energy.12,57 For fixed m, a higher cross-linked network
shows a greater τα, which is consistent with some experimental
findings for epoxy resins31,32 and MD simulations for single-
chain cross-linked nanoparticle melts.62 As c increases and m
decreases, there is a notable decrease in the segmental
mobility. These trends align with expectations drawn from a
wealth of experimental and simulation studies outlined in the
Introduction and in our prior works,37,43 and we next discuss
these trends.

Figure 3a shows that the T-dependence of τα obeys the
Arrhenius regime at high temperatures and exhibits non-
Arrhenius behavior at low temperatures, where the difference is
related to the c and m of cross-linked thermosets. The Vogel−
Fulcher−Tammann (VFT) relationship, τα = τ0exp[DT0/(T −
T0)], has successfully quantified the non-Arrhenius variation of
τα at low T for a range of GF liquids,18,20,62 where τ0 is a pre-
exponential constant, the fitted values T0 and K ≡ 1/D are
termed as the “VFT critical temperature” and the VFT-derived
“kinetic fragility parameter”, respectively (described in detail in
Figure 4a,c).13,57 As expected, the τα data of our model
thermosets with various c and m values follow the VFT
relationship rather well (see Figure 3b).

Figure 2. Different thermodynamic properties vs T under different c
and m: (a) number density, ρ; (b) reduced thermal expansion
coefficient, αp*; and (c) reduced isothermal compressibility, κT*. The
inset shows a curious nonmonotonic behavior of κT*.
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Our previous work on the cross-linked polymers with
varying c indicated that the structural relaxation time can
collapse onto a master curve when plotted against reduced
temperature (T − Tg)/Tg (Tg will be described in a later
section).43 Here, we further explore the effect of additive mass
percentage on the τα at reduced temperature (T − Tg)/Tg in
the low-T regime of glass formation (Tg < T < 1.2 Tg). As
shown in Figure 3c, the τα data of cross-linked polymers with
varying c and m collapse onto a master curve. This apparently
near universal scaling relationship indicates that the cross-
linked polymers with a range of c and m exhibit similar
segmental relaxation dynamics at the same relative temperature
distance from Tg, agreeing well with the empirical Williams−
Landel−Ferry (WLF) equation.63 A similar master curve of τα

at reduced temperature Tg/T was also found based on a
dynamic Tg definition in a dense cross-linked polymer network
with varying cross-link densities by Mei et al., based on both
experiments and CG-MD simulations, while there was no
master curve observed when Tg was defined from the variation
of thermal expansion coefficient.64 Based on the empirical
WLF equation,63 the relaxation time of various polymer
materials is solely dependent on the temperature difference
between T and Tg, i.e., T − Tg. Initially, it might appear
paradoxical that the fragility parameter appears to have no
bearing on comprehending the dynamics of glassy polymer
materials based on this result alone. However, recent research
by Dudowicz et al.65 demonstrated that when K and Tg exhibit
a proportional relationship, then the WLF scaling relationship
with near universal constants C1 and C2 (eq 5) could be
derived from the GET with constants specified. Interestingly,
the inset of Figure 3c provides evidence that this
proportionality relationship holds approximately. This inter-
relationship between fragility and Tg simplifies the character-
ization of these materials’ dynamics since the value of Tg at the
same time specifies the fragility in such materials. Guo and
Simon66 have recently tested six polymer materials to examine
the universality of this reduced variable scaling, where the
relationship was found to be widely applicable, but weakly
dependent on pressure. We emphasize that the reduced
variable scaling discussed here is not a typical feature of GF

Figure 3. Temperature-dependent structural relaxation time τα. (a) τα
vs 1/T for different c and m. τα is determined by the time when Fs(q,
t) decays to 0.2. The difference of each simulation is relatively small in
τα; hence, for the sake of clarity and conciseness, we have opted to
omit the error bars. (b) VFT collapse of the T-dependence of τα. The
dashed line indicates the VFT relation ln(τα/τ0) = DT/(T − T0). The
satisfactory alignment with the dashed line suggests that the Vogel−
Fulcher−Tammann (VFT) equation effectively captures the relaxa-
tion dynamics across all cross-linked systems with differing values of c
and m. The inset shows the VFT fitting accuracy. (c) τα as a function
of (T − Tg)/Tg. The dashed line indicates the WLF fitting curve. Inset
shows that K is proportional to Tg. The inset shows K as a function of
Tg.

Figure 4. (a) VFT critical temperature T0 as a function of c. (b) Glass
transition temperature Tg as a function of c. (c) Fragility parameter K
as a function of c. (d) Tg/T0 as a function of c. (e) VFT critical
temperature T0 as a function of m. (f) Glass transition temperature Tg
as a function of m. (g) Fragility parameter K as a function of m. (h)
Tg/T0 as a function of m.
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liquids, including polymeric ones. It should be noted that the
proportionality between Tg and fragility is certainly not
universal and the GET provides guidance on how to
manipulate molecular parameters in such a way that fragility
does not scale proportionately with Tg.

67

This more general situation can be naturally characterized
using a modified WLF equation (dashed line in Figure 3c)
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where the modified WLF equation becomes formally
equivalent to the VFT equation when C1

(g) = DT0/[(Tg −
T0) ln10] and C2

(g) = (Tg − T0)/Tg. According to Dudowicz et
al.,65 C1

(g) describes the dynamical range of glass transition,
and 1 − C2

(g) provides a measure of the fragility associated
with glass formation. C1

(g) and 1 − C2
(g) are near “universal”

constants in many GF materials,65 but these parameters in the
generalized WLF equation are variable fitting parameters in
materials for which either Tg is not proportional to fragility K
or for which the proportionality factor between Tg and fragility
has been significantly altered in comparison to the “typical” GF
materials studied by WLF.65 In the present simulated materials,
C1

(g) = 3.66 and C2
(g) = 0.21 for all of the cross-linked

thermosets considered.
As predicted by GET, the glass formation encompasses a

broad transition having both thermodynamic and dynamic
characteristics that must be characterized by multiple
characteristic temperatures.12,40,57,67 The effect of c and m on
the characteristic temperatures and fragility of glass formation
is next explored based on the VFT relation in order to better
understand the dynamical properties of GF cross-linked
thermosets with additives. Figure 4a shows the VFT critical
temperature T0 at which the structural relaxation time tends to
become infinity, characterizing the termination of glass
transition.68,69 A nearly linear increase in c is shown for
cross-linked polymers with a broad m range, and a similar
linear relationship was also observed in our previous cross-
linked polymers without additives.43 It is notable that the
progressive introduction of additives leads to an obvious
decrease in T0, well consistent with the faster relaxation
dynamics of cross-linked thermosets with more additives
exhibited in Figure 3a.
The glass transition temperature Tg can be determined via

the VFT equation for systems with different c and m.
According to the common experimental definition, Tg is
determined when the temperature at which the structural
relaxation time becomes to 100 s, i.e., τα(Tg) = 100 s.3

However, limited by the cooling conditions and simulation
techniques, it is difficult to reach equilibrium at low
temperatures for a model of GF liquids.43,60 In simulations
of glass formation, a very narrow temperature range near Tg is
typically used to ensure accuracy.12,18,57 To minimize the
uncertainty in extrapolating to estimate Tg via τα data at
significantly higher temperatures than experimental Tg, we
calculate “computational” Tg in this study. Specifically, we
define Tg as the temperature at which τα(Tg) = 103,
corresponding to a laboratory timescale of approximately 1
ns, which is appropriate for the cooling rate employed in our
simulations.15,16,70 Although there exists a substantial differ-
ence in timescales between the computational and exper-
imental measurements, previous works found a remarkable
linear relationship between them.43,60,71 A similar consistence

was also observed in the form of cross-link density dependence
of Tg by Mei et al. using elastically collective nonlinear
Langevin equation (ECNLE) theory, where Tg was defined
from different τα timescales over nine decades.64 Figure 4b
shows that Tg increases linearly with c, in agreement with the
trend reported in a broad range of epoxy resins and networks
polymers, where highly cross-linked thermosets usually
exhibited a higher Tg.

39 In addition, Tg decreases with an
increase in m for cross-linked systems with fixed c. As noted
earlier, Dalle-Ferrier et al.46 systematically investigated the
influence of self-plasticizing additives on Tg and fragility of
polystyrene−oligomer mixtures, where the oligomer additives
had the same chemical structure as polymer matrix. The
experimental results indicated that the addition of oligomers
resulted in a downward shift of Tg and fragility for blends. The
experiments performed by Ueberreiter and Kanig45 for the
polystyrene mixtures indicated that Tg decreased with an
increase in the number of end groups, and they suggested the
now widely held belief that the end groups of polystyrene acted
as “plasticizers”, and thus led to “self-plasticization” of the
polystyrene mixtures. In contrast, Riggleman et al.39 found that
the introduction of antiplasticizer additives led to a significant
increase in Tg, while leading to a decrease of the fragility of
glass formation at the same time when the additive was small
and had a strong affinity for the polymer matrix. The affinity of
the polymer additive can evidently have a large influence on
the glassy dynamics and we plan to investigate this system-
atically in future work.

Various methods have been introduced to estimate the
fragility parameter in glass formation studies, including the
relative values of characteristic temperatures,13,37,43 fragility
parameter K,13,37,43,62 and the conventional definition m.23,32

Starr and Douglas40 investigated the influence of NPs on
fragility using different estimation techniques, and they found
that fragility exhibited the same trend with increasing
nanoparticle concentration. In this study, we use the VFT
fragility parameter K ≡ 1/D to avoid the uncertainty of
estimating Tg based on a narrow range of τα. A higher value of
K indicates a highly fragile GF system. We prefer this approach
over using the “steepness parameter” mf, which requires data
near Tg, because of the limited T range well above Tg in the
present work.16,62 The fragility of cross-linked thermosets with
a fixed mass percentage (m) increases with increasing cross-
link density (c), consistent with trends observed in simulation
works37,43,62 and reported by Roland and Casalini.28,72 for
cross-linked poly(vinylethylene) networks using dielectric
spectroscopy experiments. Figure 4c shows that fragility
decreases as the mass percentage of additives increases over
a wide range of c. A similar trend was also observed by Dalle-
Ferrier et al.,46 where the addition of polystyrene oligomers
decreased the fragility of the polystyrene/oligomer blend while
maintaining the same glassy properties as pure polystyrene.
They also demonstrated that the change in fragility was
associated with structural phenomena occurring at a scale
significantly greater than that of the interchain or intermo-
lecular separation. In addition, it has been demonstrated that
the addition of oligomers,46 plasticizers, and antiplasti-
cizers39,41,73 can decrease fragility compared to pure polymer
melts.47 According to the GET, fragility is primarily governed
by packing efficiency at a molecular level, and polymers having
more rigid backbones and fewer additives are usually more
fragile.23,67 However, the relationship between fragility and
cross-link density is opposite to that between fragility and
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additive mass percentage, making it more difficult to predict
the relaxation in thermoset materials.
The characteristic temperature ratio Tg/T0 provides a

measure of the “breadth” of the glass transition, which is also
found to be related to the fragility of glass formation. A smaller
value of Tg/T0 usually indicates a narrower temperature width
of glass transition and thus a more “fragile” GF liquid. Figure
4d shows the effect of m on the temperature width of the glass
transition for the cross-linked polymers. The temperature
width becomes smaller for systems with an elevated c and a
reduced m, where a competing effect of c and m on the
temperature width of the glass transition is again observed. In
addition, a higher m of additives yields a stronger glass former,
while a higher c leads to a high fragility, consistent with the
observation in Figure 4c. To further show the effect of mass
percentage on the characteristic temperatures and fragility,
here we have also put the characteristic temperatures/fragility
as a function of mass percentage under different cross-link
densities in Figure 4e−h.
In brief, the characteristic temperatures (e.g., Tg and T0) and

fragility of glass formation increase linearly with the cross-link
density, while they exhibit a decreasing trend with an
increasing additive mass percentage. An increase in the mass
percentage of neutral polymer reduces the characteristic
temperature and fragility of the system and correspondingly
increases the plasticity, explaining the term “self-plasticizer”.
The competing effects of c and additive m on the characteristic
temperatures and fragility of glass formation result in a more
complicated prediction of the relaxation dynamics of GF cross-
linked polymers.12,69

3.3. Molecular Mobility
To better understand how the mass percentage of additives
influences the polymer dynamics, we next compute the
Debye−Waller factor ⟨u2⟩, which is closely related to the
local free volume of materials.74 ⟨u2⟩ can be derived from X-ray
and neutron scattering methods in experiments.75,76 In MD
simulations, ⟨u2⟩ can be calculated from the following equation
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where ri(t) is the coordinate of the ith monomer at time t, and
⟨r2(t)⟩ is obtained from the average of all beads. ⟨u2⟩ is
determined by the value of ⟨r2(t)⟩ at a caging time of t = 1 for
our model systems.
Considering the master curve of τα observed at the reduced

temperature (T − Tg)/Tg, Figure 5a estimates ⟨u2⟩ vs T/Tg for
different c and additive m. The ⟨u2⟩ curves also collapse onto a
master curve as a function of reduced temperature T/Tg for
cross-linked thermosets with a range of cross-link densities and
additives mass percentages, consistent with the universal curve
observed in the structural relaxation time in Figure 3c. The fit
to ⟨u2⟩ highlights that ⟨u2⟩ exhibits greater sensitivity to
changes of T above Tg. In addition, the ⟨u2⟩ increases
significantly with increasing T for cross-linked thermosets due
to the enhanced mobility of particles, as observed in linear
polymer melts.77 To better understand the influence of
additives on the dynamical response of thermosets, ⟨u2⟩ is
calculated as a function of c for different components (i.e., all
beads, only network, and only additives, respectively). Figure
5b shows a clear conclusion that the ⟨u2⟩ decreases
significantly with increasing c for all specific beads of cross-
linked thermosets, which further indicates that this is a system

of mutual influence. A similar phenomenon has also been
observed in Diels−Alder-based thermo-reversibly cross-linked
polymers,78 where higher dynamics occurred in the polymers
with a lower cross-link density. Based on the current settings of
chain length and size, it is observed that additives have higher
mobility than all beads and all beads have higher mobility than
the network structure. This implies that additives can be
considered to be accelerators of the system dynamics.
Furthermore, this acceleration effect is more pronounced in
highly cross-linked thermosets, as indicated by a wider range of
mobility.
3.4. Mechanical Properties
Understanding the mechanical properties of cross-linked
polymers is of vital importance to better improve and design
their performance for a wide range of applications. Several
basic mechanical properties are estimated for cross-linked
polymers for different c and m. The shear deformation is
conducted at a fixed strain rate of 5 × 10−4 20 times for each
condition. Figure 6a shows the shear simulation snapshots at
different strains, where the gray squares describe the original
simulation box. Figure 6b shows representative shear stress vs
strain curves of cross-linked polymers with different m at T =
0.45 and c = 0.54. The light-colored curves depict original
stress values, and the colored solid curves show the averaged
values. The shear modulus G is determined by fitting stress−
strain data in the linear regime. As the mass percentage
becomes higher by modifying m from 5% to 50%, the G values
and yield stress of the cross-linked thermosets are considerably
reduced. Figure 6c shows the relationship between G and T at
different mass percentages m and cross-link densities c, where
G in its glassy state decreases significantly as the T
increases.43,88 In addition, G increases significantly with
increasing c37,43 and decreasing m for cross-linked thermosets,
where these two variables have a competing effect. The
softening of cross-linked thermosets with the introduction of
additives is reminiscent of the plasticization phenomenon.84

The addition of small amounts of additives to a polymeric

Figure 5. (a) Debye−Waller factor ⟨u2⟩ vs T/Tg for different c and m.
(b) Debye−Waller factor ⟨u2⟩ vs c for different beads T = 0.45.
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system usually leads to a depression of Tg and a softening of
polymeric materials.79

In our previous studies on the cross-linked polymers without
additives,37,43 we found that G exhibited a universal scaling

relationship with the reduced temperature T/Tg, and next, we
investigate whether this reduced variable description remains
applicable when different m of additives are introduced.
Remarkably, we find that G indeed reduces to a master curve

Figure 6. (a) Simulation snapshots of the thermosets under varying shear strains. (b) Shear stress vs strain curves at T = 0.45 for cross-linked
thermosets with different m but a fixed c = 0.54. (c) Shear modulus G as a function of T. The dashed lines are fitting curves indicated by eq 7 for
different mass percentages. (d) Shear modulus as a function of T/Tg. The fitting parameters (G0, Δh, and Δs) are determined to be 14.2, −3.15, and
−7.07. The dashed lines are fitting curves indicated by eq 7. Results for m = 0% are only shown in this figure for the neat polymer reference case.

Figure 7. (a) Simulation snapshots of the thermosets at different tensile strains. (b) Tensile stress vs strain at T = 0.45 for cross-linked thermosets
with different mass percentages m but a fixed cross-link density c = 0.54. (c) Young’s modulus E vs T. The dashed lines are fitting curves for
different m values indicated by eq 7. (d) E vs T/Tg. The fitting parameters (B0, Δh, and Δs) are determined to be 103, −1.48, and −3.89. The
dashed lines are fitting curves described in eq 7. Results for m = 0% are only shown in this figure for the neat polymer reference case.
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when both c and m are varied (Figure 6d). To check the
broadness of the applicability of the formula, we have added
the results for m = 0% (no additives, only networks), which
show that this formula is also applicable to the cross-linked
thermosets without additives. Similarly, Guo and Simon29

found that the viscoelastic bulk moduli at Tg were
approximately constant for cross-linked polycyanurate net-
works for various c using the dilatometer experiments under
variable conditions.
Numerous networks arise through a self-assembly mecha-

nism that entails thermally reversible binding of network
chains. This procedure encompasses the autonomous organ-
ization of network fibers, subsequently resulting in branching
and the formation of a network structure, potentially involving
other molecules that govern this fiber branching phenomenon.
In addressing this issue, Lin et al.80 approached it in a
comprehensive manner by employing streamlined models to
elucidate the genesis of elasticity and self-assembly. They also
derived a simplified “two-state” model that offers a practical
and applicable approximation for a wide range of real-world
scenarios, which we adopt as the basis for our analysis in this
context. Having a simple and general parametric description of
basic mechanical properties is crucial for material design and
characterization. Such a description can facilitate the evaluation
of these properties related to diverse molecular parameters,
cross-link density, and temperature. A simple model expression
for G was derived by Lin et al.80 through the application of
lattice rigidity percolation theory, a two-state bond model, and
others related to the development of a minimal model for
glassy materials

= = { + [ ]}G
G

h T s RT, 1/ 1 exp ( )/
0 (7)

where the extent of self-assembly Φ is the basic order
parameter governing self-assembly, the parameter G0 repre-
sents the value of G at low temperatures, while the empirical
free energy parameters Δh and Δs describe the likelihood of
the occurrence of stiff regions in the material, and R is the
fitting constant. Specifically, G0, Δh, and Δs are determined
through curve fitting to the modulus data. The fitting constant,
denoted as R and termed the gas constant, remains constant
with a fixed value of 1. The temperature-dependent behavior of
moduli in glassy materials, such as polymers, biomaterials, and
breakfast cereals,80−82 has been described by a closely related
phenomenological function termed the “Fermi function”. This
function has found wide applications in various studies. Lin et
al.80 demonstrated that the Fermi function could be deduced
from an approximation of the model described by eq 7. We
perceive this relationship for moduli in the glassy state as
analogous to the empirical VFT equation used to correlate
shear viscosity and diffusion for glass formers in the liquid
state.
Similarly, the tensile deformation is conducted at the same

fixed strain rate 20 times for each condition. The Young’s
modulus E is determined from the linear portion of the average
curves. Figure 7a indicates the snapshots at different tensile
strains. Figure 7b shows the stress vs strain curves of cross-
linked thermosets with additives at T = 0.45 and c = 0.54. The
light-colored curves describe the range of original stress values,
and the colored solid curves show the averaged values. Young’s
modulus E is derived by fitting data of the linear regime. As the
mass percentage increases from 5% to 50%, E and yield stress
of the cross-linked polymers gradually decrease. Figure 7c

shows the relationship between E and T at different mass
percentages m and cross-link densities c. As observed in shear
modulus G, E in its simulated glassy state also decreases
remarkably with increasing T. In addition, E increases
significantly with increasing c and decreasing m for cross-
linked polymers, where these two variables have competing
effects on E to similar degrees. Moreover, Figure 7d shows that
Young’s modulus also reduces to a master curve when both c
and m are varied, which shows a significant decreasing around
Tg. The universal scaling relationship can be described using a
similar semiempirical functional form indicated by eq 7, as that
observed in shear modulus (Figure 6d) and in our previous
studies.37,43

Given the practical importance of the bulk modulus B in
numerous structural applications, we carry out an examination
of c and T dependence of this elastic property. The bulk
modulus B can be estimated simply from the isothermal
compressibility κT. A significant decrease in B as T increases is
observed in Figure 8a, as commonly reported in polymeric and

metallic glass formers.39,77,83 According our the findings, there
is an increase in B as the cross-link density increases, and the
mass percentage of the additive decreases for cross-linked
thermosets. The tendency about cross-linked density has been
reported in our previous cross-linked thermosets system
without additives.37,43 It is worth noting that the impact of
these two variables on B is comparable in terms of magnitude.
The modulus variation is tested at reduced temperature T/Tg,
as shown in Figure 8b. The findings indicate that the bulk
modulus exhibits a two-stage curve splitting around Tg and can
be fitted using a universal curve with a semiempirical functional

Figure 8. Estimation of bulk modulus for systems with varying c and
m. (a) Bulk modulus B vs T. (b) B vs T/Tg. The fitting parameters
(B0, Δh, and Δs) are determined to be 103.4664, −1.4798, and
−3.8879. The dashed lines are fitting curves described in eq 7.
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form indicated by eq 7, similar to the one presented in our
prior works.37,43 In summary, the universal curve observed in
the different moduli (G, E, and B) at the reduced temperature
emphasizes the critical role played by Tg in the mechanical
properties. In general, an increase in the mass percentage of
neutral additives that acts as a self-plasticizer reduces the
mechanical properties of the cross-linked system.
Recently, it has been acknowledged that the mechanical

properties can be closely linked to molecular stiffness derived
via ⟨u2⟩ for a broad range of glass formers.77,84 Leporini and
Puosi85 previously constructed a master curve that related
modulus and ⟨u2⟩, describing various glass formers with
remarkable accuracy. In this study, we delve further into the
relationship between the mechanical properties and ⟨u2⟩ with
various c and m. Consistent with prior studies,37,43 we find that
linear relationships between G (or E) and local stiffness kBT/
⟨u2⟩ generally hold for all the simulated systems (Figure 9a,b).

This aligns with the “universal relationship” discovered in fully
flexible linear polymer melts85 and Al−Sm86 metallic glasses.
Douglas and Xu87 also reported a similar scaling relationship in
simulations of linear polymer melts, indicating that this
expression has some degree of universality over different
materials. Xu et al.88 utilized an approximate linear relation
between Gp and kBT/⟨u2⟩ in the GF polymer fluids having
variable pressure, chain rigidity, chain length, and temperature.
In the thermosets with additives, nearly all the data fall at the
same linear relationship. However, our previous studies on the
same networks but without additives37,43 showed that different
molecular parameter could influence the slope. Nevertheless,
the underlying mechanism remains to be further explored.
Considering the relationship between molecular stiffness and
⟨u2⟩, along with the customary interpretation of ⟨u2⟩ as an
indicator, we regard ⟨u2⟩ as a measure for local material

stiffness (as the definition of a local shear modulus at a
molecular level is mathematically ambiguous).
3.5. Dynamical and Elastic Heterogeneity

It is widely acknowledged that the drop of the rate of relaxation
dynamics upon cooling is linked to the emergence of
dynamical heterogeneity in supercooled liquids. These
heterogeneities are dynamical in nature, comprising domains
of particles with varying mobility, which exist for a limited
lifetime.9,39,77 Such dynamical heterogeneity is a prominent
feature of GF liquids, as well as thermoset polymers, as
established in prior studies.37,43 For example, Elder and co-
workers89 quantified this heterogeneity in cross-linked poly-
(dicyclopentadiene) networks using atomistic MD simulations,
where chemically unique atom groups exhibited different root-
mean-squared fluctuations, and atoms within linear segments
had greater mobility compared to those in cross-links.89 By
analyzing molecular motion at different length scales, they also
found that intrachain and interchain segmental motions were
related to the α-relaxation while localized motions were
associated with sub-Tg relaxations. As reported in our previous
research on networks,37,43 the incorporation of cross-links can
lead to an increased heterogeneity in the distribution of local
molecular stiffness in thermosets.

To better understand the influence of varying m and c on the
dynamical heterogeneity of cross-linked polymers, the color
maps of the local stiffness 1/⟨u2⟩ are plotted at a constant
temperature T = 0.45 (Figure 10). To facilitate a more
intuitive comparison among plots, the color bar scale is kept
consistent for all systems. Red regions in the color map
correspond to domains where the particles exhibit very low
amplitude motion, which indicates high local stiffness.
Conversely, regions that appear in teal green indicate relatively
soft regions with lower stiffness. Figure 10a shows the effect of
the additive mass percentage on the dynamical heterogeneity,
where increasing the additive mass percentage leads to a
progressive enhancement in segmental mobility. When the
additive mass percentage is relatively high (m = 50%), and the
temperature is fixed at T = 0.45, which is higher than Tg. The
particles show a reduced degree of heterogeneity and a smaller
local stiffness. As a consequence, the color map is
predominantly modified from red regions to teal blue regions
(Figure 10a). As the additive concentration m decreases, the
cross-linked network becomes significantly stiffer and more
heterogeneous. In Figure 10b, we observe that for systems with
fixed m, the highly cross-linked network exhibits higher local
stiffness and a greater level of heterogeneity, arising from the
limited mobility imposed by the cross-links.89 In addition, m
has a similar amplitude influence on the local stiffness
compared to c. An increase in the mass percentage of neutral
polymer that acts as a self-plasticizer increases the homoge-
neity of the system. It should be noted that in cross-linked
polymers with additives, various factors beyond just the
percentage of additives come into play. This encompasses
intermolecular interactions, the stiffness of additive chains,
chain length, and even the size of individual beads. These
elements are crucial in influencing the relaxation, dynamics,
and mechanical properties. Our forthcoming research endeav-
ors will delve deeper into these intricate relationships.

4. CONCLUSIONS
By employing a bead−spring CG modeling approach, we
systematically investigate the combined effects of cross-link

Figure 9. (a) G vs kBT/⟨u2⟩ for systems with varying c and m. The
solid lines indicate the linear fitting. (b) E vs kBT/⟨u2⟩ for systems
with varying c and m.
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density and additive mass percentage on the relaxation,
dynamics, and mechanical properties of cross-linked polymers
with additives. It is found that the additive mass percentage has
a competing effect but with similar degrees on the relaxation
dynamics compared to the cross-link density. It is notable that
the characteristic temperatures (i.e., the glass transition
temperature Tg and the VFT critical temperature T0) and
fragility of glass formation increase nearly linearly with
increasing cross-link density, while they exhibit a decreasing
trend with the increasing additive mass percentage. An increase
in the mass percentage of the neutral polymer that acts as a
self-plasticizer reduces the characteristic temperatures and
fragility of the system and correspondingly increases the
plasticity. Notably, apart from of the interplay between m and c
on fragility, the structural relaxation time data of cross-linked
thermosets, spanning a wide range of c and m, can be described
by a master curve when plotted against the reduced
temperature T/Tg, as informed by the modified WLF function.
The assessment of mechanical properties (i.e., G, E, and B)

indicates that the additive mass percentage also has competing
effects on the mechanical properties compared to varying
cross-link density. An increase in the mass percentage of the
neutral polymer that acts as a self-plasticizer reduces the
mechanical properties of the system. Consistent with our
recent studies, we observe a strong correlation between the
Debye−Waller parameter ⟨u2⟩ and the mechanical properties
of cross-linked polymers. The spatial distribution of local
molecular stiffness 1/⟨u2⟩ is evaluated to explore the combined
effect of cross-link density and additive mass percentage on the
dynamical heterogeneity. Decreasing the additive mass
percentage or increasing the cross-link density of cross-linked
polymers can then lead to higher local molecular stiffness and
an obviously increased level of dynamical heterogeneity. This
study offers valuable insights into the fundamental impact of

additive mass percentage and cross-link density on the
relaxation dynamics and mechanical properties of GF cross-
linked thermosets. These findings should prove beneficial in
the development of structure−property relationships for this
class of materials, as well as for other related network materials.
By identifying the key variables that affect the material’s
properties, this work provides a starting point for optimizing
the properties of GF cross-linked thermosets for various
applications. Additionally, the results presented here may help
guide future research into the design and synthesis of new
materials with tailored mechanical and relaxation properties.
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