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Thermoset materials often involve the addition of molecular and nanoparticle additives to alter various
chemo-physical properties of importance in their ultimate applications. The resulting compositional het-
erogeneities can lead to either enhancement or degradation of thermoset properties, depending on the
additive chemical structure and concentration. We tentatively explore this complex physical phenomenon
through the consideration of a model polymeric additive to our coarse-grained (CG) thermoset investi-
gated in previous works by simply varying the size of additive segments compared to those of polymer
melt. We find that the additive modified thermoset material becomes chemically heterogeneous from
additive aggregation when the additive segments become much smaller than those of the thermoset
molecules, and a clear evidence is observed in the spatial distribution of local molecular stiffness esti-
mated from Debye—Waller factor (uz). Despite the non-monotonic variation trends observed in dynamical
and mechanical properties with decreasing additive segmental size, both the structural relaxation time
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and moduli (i.e., shear modulus and bulk modulus) exhibit scaling laws with (u?). The present work high-
lights the complex role of additive size played in the dynamical and mechanical properties of thermoset
polymers, which should provide a better understanding for the glass formation process of cross-linked
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1. Introduction

Cross-linked polymers have been widely used in various appli-
cations due to their light weight, superior mechanical pro-
perties, and thermal and chemical stability.”> However, for
some cross-linked polymers, their normally highly cross-linked
nature results in some inherent disadvantages, such as brittle-
ness, poor fatigue resistance and low impact resistance, which
severely impedes their further applications.? The introduction
of additives provides a promising strategy to tune the
dynamics and mechanical properties of cross-linked
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polymers.*”” For example, plasticizers reduce the glass tran-
sition temperature (Tg) and improve the flexibility and ductility
of polymers,®° while anti-plasticizer additives normally result
in a decrease in T, and the fragility of glass formation, but an
increase in the stiffness of polymer material to which they are
added in the glassy state.''

Numerous previous studies have indicated the addition of
additives provides a promising strategy to tune the mechanical
properties of polymers based on the additive distribution in
the polymer matrix. In particular, the introduction of additives
into epoxy resins could efficiently improve the fracture tough-
ness, impact resistance and heat stability of cross-linked poly-
mers by the phase separation occurred at the micro and
nanoscale.”>™° As an specific example, Zhang and coworkers
systematically investigated the influence of frequently used
thermoplastics, such as hydroxyl terminated polyethersulfone
(PES),> polysulfone (PSF)"* and polyetherketone cardo
(PEK-C),”° on the phase morphology and mechanical pro-
perties of epoxy resin. With the increasing content of thermo-
plastics, the phase structure of blends presented uniformly
dispersed particles, bi-continuous and phase inverted struc-
tures, where the greatest enhancement effect in the fracture
toughness and impact strength were obtained in epoxy/ther-
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moplastic blends with a bi-continuous phase structure. Apart
from the toughening effect, the additives also showed poten-
tial for tuning the microstructure of epoxy resin. Recently,
Zhao et al.*" introduced fumed silica into epoxy resin to fine
control the microstructure of polymer blends by phase separ-
ation, where the structure of epoxy resin was improved to form
a porous material with smaller pore size as the content of
fumed silica increased, and at the same time, the fumed silica
could be removed without affecting the matrix and skeleton
structure of the porous material.

Even if there is no phase separation between polymer
matrix and additives, varying the additive chemical
structure,”**** concentration,?* 2° size,?”?° stiffness*°*? and
the polymer-additive interaction strength,****** can also
influence the relaxation dynamics and mechanical properties
of thermoset materials. In particular, additive size can exert a
complex influence on the performances of glass-forming
polymers. Cheng et al.>® systematically compared the effect of
nanoparticle size on the structural dynamics of poly(2-vinyl-
pyridine) where the T, and fragility of glass formation were
found to exhibit dramatic changes with the increasing con-
centration of attractive nanoparticles having a size on the
order of the polymer segments, while only small property
changes were found when SiO, additive particles having a
diameter of 25 nm were added. Ash and coworkers®® investi-
gated how the size of alumina nanoparticles influenced the
mechanical properties of poly(methyl methacrylate), where
the introduction of relatively large 38 nm alumina nano-
particles resulted in a brittle-to-ductile transition of the com-
posite thermoset material in uniaxial tension, along with an
increase in the strain of failure. On the other hand, 17 nm
additives showed similar brittle behavior as neat poly(methyl
methacrylate). It is notable that the smaller 17 nm additives
tended to aggregate, so that these particles could not be uni-
formly dispersed. Finally, experiments performed by Serenko
et al.*’ indicated that the aggregation of rigid polyphenylene
dendrimers caused degraded polymer properties in compari-
son to the pure polymer material.*®*° It is evidently impor-
tant to better understand the relationship between additive
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size and additive-polymer matrix interaction on phase separ-
ation and the influence of additive phase separation on the
thermodynamical, dynamical and mechanical properties of
polymers in order to improve the functional performance of
cross-linked polymer materials.

Compared to experiments, computational simulations
provide details at a molecular scale that can be helpful in
developing and understanding structure-property relation-
ships of complex polymer materials, although the inherent
limited simulation timescale can be a serious drawback in
practice. For example, the increased local shear modulus in
the vicinity of nanoparticle surface indicated that there was a
glassy layer surrounding the nanoparticle, and the shear
modulus of the glassy layer gradually decreased as the par-
ticle size got smaller.”” Recent molecular dynamics (MD)
simulations performed by Starr and coworkers®®*' also
demonstrated that the length scale of interfacial zone
describing the range of altered dynamics around model nano-
particle additives decreased with the decreasing nanoparticle
size at a strong interfacial interaction. Apart from nano-
particle additives, Zirdehi et al.*®*° found that altering the
segment size of model polymeric additive molecules over a
wide range had a significant effect on the relaxation
dynamics of polymeric and other model glass-forming
materials, in which the relaxation time at low temperatures
and characteristic temperatures of glass formation both
exhibited a non-monotonic dependence on the additive
segment size at a fixed additive concentration. They specu-
lated that the non-monotonic size-effect might be attributed
to the local packing efficiency and coupling of the dynamics
between the polymer matrix and additives. A similar non-
monotonic variation in relaxation time of coarse-grained (CG)
polymer melts with spherical particle additives having a
range of sizes was observed recently by McKenzie-Smith and
coworkers,*” where the relaxation time of polymer melts was
well-described by the localization model (LM) emphasizing
average molecular displacements on a picosecond timescale,
i.e., “dynamic free volume”. In addition, MD simulations on
binary mixtures of particles having different sizes have pre-
viously indicated that a large size ratio of particles promoted
a tendency towards phase separation.*®** In view of these
observations on how varying particle or additive segment size
affects the performances of polymer matrix,*®*”*>4° we infer
that varying the segment size of molecular additives could
induce significant alterations in mechanical and dynamical
properties even when the polymer-matrix interaction strength
is relatively attractive as consequence of the normally low
entropy of mixing of polymer materials. Such an effect can be
expected to be particularly large when there is a large asym-
metry in the additive and matrix bead sizes. We thus arrive at
a simple CG model for exploring the influence of additive
size on the glass-forming properties of thermoset materials
with additives.

In our pervious works, we systematically investigated
the influence of cross-link density, cohesive interaction
strength and chain stiffness on the relaxation dynamics and
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mechanical properties of pure cross-linked polymers using
CG-MD simulation, where qualitative trends were found
to accord rather well with experiments on thermoset
materials.’*** Recent MD simulations on the glass formation
of cross-linked polymer/additive mixtures having a wide
range of cross-link densities indicated that introduction of
additives can lead to a decrease in the characteristic tempera-
tures and fragility of glass formation, and these changes are
often accompanied by significant changes in the material
moduli.>®

Considering the practical significance of additives on the
mechanical properties of thermoset materials, we systemati-
cally explore the structure, structural relaxation dynamics and
mechanical properties for glass-forming cross-linked polymers
with polymeric additives having variable additive segment
size, but a fixed concentration to keep the simulations within
manageable proportions. The findings of our exploratory study
provide key physical insights into how additive segment size
affects the segmental dynamics and mechanical properties of
cross-linked polymer materials. This knowledge should be
helpful in arriving at a better control of molecular parameters
of real thermoset materials.
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2. Model and simulation details
2.1 Coarse-grained (CG) model

The molecular models of cross-linked polymer and additives
are represented by a widely used bead-spring model in the
CG-MD simulations on glass-forming polymers.>* The cross-
linked polymer is composed of 686 linear chains with a chain
length of 15 beads and 343 tetra-functional star cross-linkers.
In addition, 200 linear additive molecules consisting of 15
beads with varying bead size are introduced into the system,
i.e., the mass fraction of additive particles defined as the ratio
of the mass of additive particles to the total mass of particles
in the polymer/additives mixture is kept constant at ~20%.
The linear chains, cross-linkers and additives are initially ran-
domly mixed in a large simulation box with periodic boundary
conditions in all directions (Fig. 1).

The non-bonded interactions are represented by the stan-
dard truncated and shifted Lennard-Jones (L]) potential,

I [ R R e G N T

s T2Te

Fig. 1 The molecular structures of linear chain (cyan beads), cross-linker (orange beads) and additive (purple beads). The molecules are homoge-
nously mixed in an amorphous simulation box with periodic boundary conditions. Subsequently, the linear chains and cross-linkers are cross-linked

to a polymer network.

This journal is © The Royal Society of Chemistry 2024
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where r is the distance between two beads, r. = 2.5¢ is the
cutoff distance, ¢ governs the effective van der Waals radius,
and ¢ describes the cohesive energy strength of the cross-
linked polymers and additives. To investigate the effect of
segment size of additive on the glass formation of cross-linked
polymers, the bead size of cross-linked polymers o}, is fixed at
1.00, while the bead size of additives o, varies from 0.3¢ to
1.00, and the o, in the additive-polymer interaction is defined
as the average of ¢, and o, following the standard Lorentz rule.
The cohesive interaction strengths for additive-additive and
polymer-polymer are chosen to be 1.0¢, while the cohesive
energy between additive and polymer is set to be 1.5¢ to
promote enthalpically dispersed state.*> The bond connectivity
along neighbouring beads is maintained via the harmonic
spring potential,

Unarm(F) = %kb(r ) )

where the force strength k, = 2000e/6” and the equilibrium
bond length r, = 0.976, which is chosen to avoid crystallization
and form an amorphous material.*>*° The bending constraint
is modeled by a simple cosine angular potential,®”»>®

Ubena(0) = ko[1 + cos ()] 3)

where the bending strength k, = 0.2¢ representing a relatively
flexible chain, 0 is the angle composed of three consecutive
bonded particles. All the quantities are expressed in the stan-
dard reduced LJ unit for convenience. The basic quantities,
including length o, energy ¢ and mass of each bead m, and
other units of interest, can be derived from these fundamental
units. For example, time 7z, temperature T and pressure P can
be described in units of 7;; = (mo*/e)"’?, T = e/kg and P = €/c°,
respectively. The thermodynamic, segmental dynamics, and
mechanical properties of thermoset material with molecular
additives are next analyzed following exactly the same pro-
cedures as considered previously for the pure thermoset
materials.*”~*°

2.2 Simulation details

All the MD simulations were performed in large scale atomic/
molecular massively parallel simulator (LAMMPS) software.>”
The mixture of linear chains, cross-linkers and additives were
first relaxed in a constant-pressure and constant-temperature
(NPT) ensemble at a high temperature T = 1.5¢/kg and a
pressure P = 0.0¢/c® for ¢t = 10%z; to ensure that the linear
chains, cross-linkers and additives were homogenously
mixed. Then, the mixture was progressively cooled down to
T = 1.0¢/kg over a period of ¢ = 10%z;. Finally, the system was
equilibrated at T = 1.0¢/kg in NPT ensemble for ¢ = 2 x 107y,
following a canonical (NVT) ensemble for ¢ = 10%ry.
Subsequently, a cross-linking and multiple relaxation algor-
ithm proposed by Varshney et al.°° was utilized to cross-link
the linear chains and cross-linkers into a polymer network,
which has successfully captured the thermodynamics and
mechanical properties of highly cross-linked polymers.®®°
The end beads in linear chains and cross-linkers were set as
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the reactive beads, which could form new chemical bonds,
where the stoichiometric ratio of reactive beads in linear
chains and cross-linkers was 1:1. When the distance of two
end beads located in linear chains and cross-linkers respect-
ively was less than 1.36, a new covalent bond was introduced
between the two beads. Then a NPT relaxation was performed
at T = 1.0¢/kg over a period of t = 5 x 1037LJ to reduce the
energy fluctuations resulted by the new formed covalent
bonds. The cross-link density defined as the ratio of reacted
end beads to the total number of ends beads of linear chains
was 94% for the final cross-linked polymers.

Three models were independently established and cross-
linked to get rid of the effect of configuration and cross-linked
structure. After cross-linking the polymer, we systematically
modified the additives size in the cross-linked polymer/addi-
tive mixtures varying from 0.3¢ to 1.0¢ in order to investigate
the effect of additive size, while the additives mass fraction,
polymer-additives interaction strength parameter &,, and
cross-link density of cross-linked polymer were all fixed. The
mixtures were first relaxed using NPT ensemble at a high
temperature T = 2.0¢/kg, while the pressure varied in the range
from 10.0¢/6” to 0.0¢/6” for two cycles over a period of 10%z.
Then, the cross-linked polymer/additive mixtures with varying
additive size were sufficiently relaxed at a constant pressure P =
0.0¢/6” for ¢t = 2 x 10%z;; in NPT ensemble, followed by a NVT
relaxation over a period of 10%z;. For the equilibrated systems,
a quenching process from a high temperature T = 2.0¢/kg to a
low temperature T = 0.1¢/kg in a stepwise fashion with a temp-
erature step size of AT = 0.05¢/kg was performed. At each temp-
erature, the polymers were successively relaxed in NPT ensem-
ble for ¢t = 2 x 10“1LJ and in NVT ensemble for 104TLJ, then the
configurations were collected at the end of each run. The
mixture systems with different additive bead size are denoted
as o, = x, which means that the bead size of additives is x in
the corresponding cross-linked polymer/additive mixture
model.

3. Results and discussion
3.1 Thermodynamical properties

We first analyze the influence of additive size on the funda-
mental thermodynamical properties, including density p,
reduced thermal expansion coefficient a; and dimensionless
isothermal compressibility x;, which are summarized in
Fig. S1 in the ESI.t Compared to pure cross-linked polymer
without any additives, the introduction of additives leads to an
increase in p and a slight decrease in a;, and ;. Additives with
smaller bead size result in a remarkably large p but a similar

*

a, and Kk as the pure polymer.

Besides the basic thermodynamical properties, the static
structure factor characterizing the material “structure” in
terms of local density variations is measured at T = 1.0¢/kg for
cross-linked polymer/additive mixtures with a wide range of

additive bead size. The static structure factor S(g), which

This journal is © The Royal Society of Chemistry 2024
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describes the mean correlations in the positions of segments,
is defined as,

Sela) = <Z"§"jexp[—iq- (7 - rk>1>

JEa k€a

(4)

where o denotes the species of particles (i.e., Sin(q) denotes
S(g) of the whole cross-linked polymer and additive mixtures,
Sp(g) denotes partial S(g) of polymer-polymer in mixtures, and
S.(q) denotes partial S(q) of additives-additives in mixtures),
i = /1, g = |q| is the wavenumber, r; is the coordinate of par-
ticle j, and (...) denotes the usual thermal average. The additive
segment size exhibits an obvious influence on the position
and amplitude of the first peak of S,,(q) for cross-linked
polymer/additives mixtures (Fig. 2a). The wavenumber at
which S;,,(q) reaches its first peak shows a non-monotonic vari-
ation with the decreasing additive size, where the wavenumber
decreases gradually with the increasing bead size for bead size
larger than 0.60, while a reasonably opposed trend is observed
for smaller bead size (see right inset of Fig. 2a). The additive
having a similar relative bead size leads to an increase in the
amplitude of first peak of S,,(q), while smaller bead size
reduces the amplitude of S,,(q) obviously. In addition, the
introduction of additives with bead size o, = 0.30 results in a
large increase in S;,(g) at the limit of g close to 0 (see the left
inset of Fig. 2a), which may be related to additive aggregation
resulted from the large asymmetry between the cross-linked
polymer and additive bead sizes. Sanz et al.®® investigated the
impact of fullerene on the structure of polystyrene-fullerene
mixtures using small angle neutron scattering experiments,
where the scattering intensity at low wavenumber remarkably
increased as the fullerene agglomeration increasing with
increasing fullerene concentration. Similarly, Banerjee et al.®*
observed large composition fluctuations in the region of
sufficiently small g at low temperatures in Kob-Andersen mix-
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tures consistent with phase separation. The time-resolved light
scattering and X-ray scattering experiments also indicated that
the scattering intensity increased continuously from the begin-
ning of phase separation.®> %’

The partial static structure factor curves of polymer—
polymer in polymer/additives mixtures, S,(g), with a wide
range of additive segment size is reasonably consistent with
the pure polymer melt, and only a small difference in Sp(q) at
small g for mixtures with additive bead size larger than 0.8¢ is
observed (Fig. 2b). The similar Sy(g) curves indicate that the
additive aggregation induced by altering bead size of additive
would not remarkably affect the local density fluctuations of
polymer-polymer part in polymer/additives mixtures.*?
Similarly, Zirdehi et al.*® analyzed the partial radial pair distri-
bution functions for glass-forming polymer materials in the
presence of additives with various bead sizes, which was
directly related to the static structure factor. They found that
the additive size had a negligible influence on the monomer-
monomer pair distribution functions, but an obvious effect on
the monomer-additive and additive-additive pair distribution
functions, in accord with Fig. 2.

3.2 Dynamical properties

Next, we explore the influence of additive size on the relaxation
dynamics based on the structural relaxation time z,,. 7, is deter-
mined from the time at which the self-part of intermediate
scattering function Fy(g, ¢) measuring the correlation of posi-
tions of polymer segments with time evolution decays to 0.2,

1 /& ,
Fs(q,0) =N<Z exp{—iq - [r;(?) rj(O)}}> ()
j=1
where the wavenumber g = |g| is chosen to be the position of
the first peak of S(g) for our polymer/additive mixtures with
varying additive segment size (right inset of Fig. 2a), and r;(z)

(b) . : :

2.0

15
=
=18

“ 40

05

0.0

0 5 10 15 20
q

Fig. 2 The static structure factor S(q) at T = 1.0¢/kg for pure polymer and polymer/additive mixtures with varying additive bead size ,. (a) The S.,(q)
of polymer/additive mixtures. The right inset descripts the wavenumber at which S,,(g) reaches its first peak, where the dashed line shows the first
peak position of pure polymer. The left inset describes Si,(g) at the limit of g close to 0 for systems with small additive segment size. (b) Partial Sy(q)

of polymer—polymer in polymer/additive mixtures.
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is the coordinate of particle j at the time ¢. The average is over
all beads and over distinct starting times.

Fig. 3a summarizes the 7, as a function of 1/T for mixtures
with a wide range of additive segment size, where 7,, increases
significantly upon cooling as observed in various glass-
forming liquids.®®”" The introduction of polymer additives
having a segment size that is no larger than those of polymer
particles results in a remarkable slowing down in the struc-
tural relaxation dynamics for cross-linked polymer/additive
mixtures, as observed by McKenzie-Smith et al. in the linear
polymer melts with nanoparticle additives.”> A strong slowing
down in relaxation dynamics was also demonstrated by Cheng
et al.®® using broadband dielectric spectroscopy when nano-
particles with nearly equivalent size to the polymer segments
were progressively added into the poly(2-vinylpyridine)
polymer. Whereas, a faster relaxation dynamic was reported in
linear polymer/additive mixtures upon introducing additives
with varying bead size, where the additives were represented
by single spherical particles and the interaction strength in
additive—polymer, additive-additive and polymer-polymer
were identical.®

The relaxation time of polymer/additive mixtures shows a
non-monotonic dependence on the additive size,”®*® and we
further analyze the effect of bead size on the relaxation time of
polymer/additive mixtures in Fig. 3b. The polymer/additive
mixture with additive bead size 5, = 0.8¢ exhibits the slowest
relaxation dynamics, and the relaxation time of polymer/addi-
tive mixtures (open symbols) and the partial relaxation time of
cross-linked polymer in mixtures (solid symbols) progressively
decrease when the bead size is larger or smaller than the criti-
cal size 0.80. The difference in the relaxation time between
pure polymer without additives and polymer/additive mixtures
is substantially reduced with the decreasing additive bead
size.*® In addition, there is no obvious difference in the relax-
ation time of polymer/additive mixtures (open symbols) and

100 L

2.0

10-1 L 1

1:5
T

25
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the partial relaxation time of cross-linked polymer in mixtures
(solid symbols) when additive bead size is larger than 0.4,
while the cross-linked polymer part in mixtures exhibits
obviously faster relaxation dynamics than the whole polymer/
additive mixtures for mixtures with additive aggregation (i.e.,
0. < 0.30), indicating a remarkable slowing down of the
dynamics arising from the molecular additive. The similar
trends are also observed in cross-linked polymer/additive mix-
tures with lower cross-link densities (Fig. S2 in the ESIf),
where decreasing cross-link density of polymer leads to faster
relaxation dynamics for the whole mixtures and part of cross-
linked polymer. This variability in the segmental dynamics
could be altered by varying the intermolecular interaction
strength between polymer and additives.*”> Hence, we empha-
size that the trend observed is only limited for the range of
bead size investigated, CG models of cross-linked polymer and
additives, and intermolecular interaction strength used in the
present work. The effect of a wider range of bead size on the
relaxation dynamics for cross-linked polymers with varying
intermolecular interaction strength and cross-link density
deserves a systematical study in the future.

Numerous experiments and simulation works have pre-
viously demonstrated that the structural relaxation time of
broadly glass-forming liquids follows Arrhenius law at high
temperature, while a non-Arrhenius regime is observed below
the onset temperature.***"**7° Here, we examine the validity
of non-Arrhenius regime for 7, at low T based on the Vogel-
Fulcher-Tammann (VFT) relation, In(z,/70) = DT/(T — To). In
particular, the Vogel temperature T, at which the relaxation
time 7, extrapolates to infinity characterizes the end of glass
transition process, and the kinetic fragility parameter K = 1/D,
describes the steepness of T-dependence of 7, near glass tran-
sition temperature T,. The inset of Fig. 3a shows that the
T-dependent relaxation time follows the VFT relation for mix-
tures at their glassy states, which indicates that the VFT

IaII polymerl I I I
—o— -®--T=055 e WS
—O—-e--T=060  _
—
102p & ]
o /D /
o _u o= o T~
= =
o—/—*s/.
107 g m e
10} E
0.2 0.4 0.6 0.8 1.0
lop

(a) The structural relaxation time z, as a function of 1/T for polymer/additive mixtures with varying additive bead size ¢,. The inset descripts

the VFT collapse of T-dependence of z, for various ¢, for mixtures at their glassy states. Dashed line indicates the VFT relation, In(z,/zo) = DTo/(T —
To). (b) 7, as a function of o, for polymer/additive mixtures (open symbols) and partial 7, of polymer (solid symbols) in polymer/additive mixtures. The

dashed lines indicate 7, of the pure polymer without additives.
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relation can describe the segmental relaxation behaviors at low
T well for cross-linked polymer/additive mixtures with a wide
range of additive bead size.

To avoid extrapolation in the simulation estimates of Ty, T,
here is defined by the temperature at which z, reaches to
10’7y which we refer to as the “computational T,”.*" This Ty
estimation is significantly different in magnitude, but seems
to vary nearly proportionately to the T, determined from the
empirical definition often utilized in experiments, i.e., 7,(Ty) =
100s or the “kink temperature” in the variation of density with
T at a much slower cooling rate than that utilized in our
simulations.***”** The results of Fig. 4a indicate that both T,
and T, show a non-monotonic variation with the decreasing
additive size. Additives having a similar size as the polymer
segmental size (6, = 0.8¢ and o, = 1.00) result in significant
increases in T, and T, while these characteristic temperatures
of glass formation gradully decrease for additives having a size
smaller than the polymer segments. The slower relaxation
dynamics and an increase in T, were also observed in poly(2-
vinylpyridine) with the introduction of oligomeric nanoparticle
with a diameter indentical to the polymer segment size, and
the increase amplitude of T, became larger when the additive
concentration increased.>”

It is notable that the additives having a bead size
identical to the polymer segments exhibit a similar fragility
parameter K with the pure polymer (Fig. 4b). Similar to
the characteristic temperatures, the fragility of mixtures
decreases progressively with decreasing bead size of addi-
tives for additives with smaller bead size than those of
polymer matrix. Thus, compared with the pure polymer
without any additives, the introduction of additives having a
smaller bead size than the polymer segments leads to an
increase in Ty, but a decrease in fragility for polymer/addi-
tive mixtures. Apart from the kinetic fragility parameter K,
the characteristic temperature ratio, a measure of tempera-
ture width of glass transition, is also often used to character-
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ize the degree of T-dependence of 7, for polymeric glass-
formers.'"**7 A larger T,/T, is observed with increasing
additive size until 6, = 0.8¢ (inset of Fig. 4b), indicating a
narrower temperature width of glass transition and thus a
more fragile glass former. The characteristic temperature
ratio To/T, exhibits a consistent variation trend with the
kinetic fragility parameter K, as observed in a wide range of
polymers and their nanocomposites.>*>%7°

Except for the structural relaxation time z,, the mean-
square displacement (MSD) of segments is also calculated to
further explore the effect of additive bead size on the dynamics
at the timescale of picosecond for polymer/additive mixtures.
The Debye-Waller parameter (1) is determined from the MSD
at t = 1y for pure polymer and polymer/additive mixtures with
varying additive bead size (Fig. S3 in the ESI}). As shown in
Fig. 5a, the pure polymer exhibits a larger (u®) over a wide
range of temperatures than (u*) of the polymer/additive mix-
tures, indicating a faster dynamic for pure cross-linked
polymer, qualitatively consistent with the trend observed in z,.
Desai et al”> found that the chain diffusion coefficient,
another mobility measure, showed an obvious decrease relative
to that in the pure polymer when the polymer-nanoparticle
interactions were strongly attractive. We infer that the slower
segmental dynamics in polymer/additive mixtures may be
ascribed to the strongly attractive interaction between polymer
and additives, where an acceleration in dynamics of polymer
mixtures was observed for an identical or weaker polymer-
additive interaction strength.”®”? In addition, the mobility of
mixtures exhibits slight variation with the additive size for
additives with size larger than 0.4¢. The inset of Fig. 5a ana-
lyzes the effect of additive bead size on the (u*) of mixtures
and the part of additives in detail. The average mobility of
additives (open symbols) progressively increases with the
decreasing bead size of additives, except an unexpected
reduction in additive mobility for ¢, = 0.3¢ at a low tempera-
ture (T = 0.5¢/kg). With the additive bead size decreasing, the
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(a) The glass transition temperature T, (blue square) and Vogel temperature Ty (red circle) for polymer/additive mixtures with varying addi-

tives bead size o,. The colored dashed lines descript the corresponding temperature of pure polymer without any additives. (b) The fragility para-
meter K as a function of o, for polymer/additive mixtures. The inset descripts the characteristic temperature ratio To/T,. The dashed lines descript

the value of pure polymer.
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molecular mobility of additives increases progressively. At the
same time, the decreasing additive size also leads to a
decrease in the interaction strength between additive and
cross-linked polymer (Fig. S4 in the ESIT), which results in
the occurrence of additive aggregation for mixtures with
sufficiently small additive size (o, = 0.36). The additive aggre-
gation further decreases the additive mobility significantly,
leading to a reduction in the Debye-Waller factor of additives.
Thus, a non-monotonic variation in (x*) is observed at low
temperatures.

The effect of temperature on (u”) is further explored in
Fig. 5b. When the additive bead size is identical to polymer
beads (i.e., o, = 1.00), the whole mobility of mixtures (solid
symbols) is always faster than the part of additives (open
symbols), indicating faster dynamics of cross-linked polymer
part than the additives in the mixtures. However, an opposing
trend is observed in the mixtures with o, = 0.4¢. Consistently, a
smaller 7, is observed in the part of cross-linked polymer than
that of the whole polymer/additive mixtures for o, = 1.00, while
the cross-linked polymer part exhibits a larger 7z, for mixtures
with o, = 0.40 (see Fig. 3b). As the additive bead size decreases
to 0.3, the whole mixture has a slower mobility than the addi-
tives for T larger than 0.8¢/kg, consistent with that observed in
the mixtures with 6, = 0.40. And the difference of mobility
between cross-linked polymer and additives gets larger with
increasing 7. When the T is cooled down below 0.8¢/kg, a
weakly faster mobility is observed in mixtures, contrary to that
observed in high T.

Despite the large timescale difference between segmental
relaxation and particle vibration, it has long been recognized
that there are correlations between high and low frequency
response.”*”7¢ Until now, different theoretical models were
developed to understand the correlation of structural relax-
ation time and rattling amplitude for glass formers in their
glassy state.””””° For example, Simmons and coworkers”® devel-
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oped a localization model to describe the scaling law between
structural relaxation time 7z, and Debye-Waller factor (u”)
based on a dynamical free volume argument,
7 = 7o exp|(uf/ (u?)"’] (6)
where 74, 2 and a are fitting parameters, and the parameter a
reflects the anisotropic shape of local free volume. In particu-
lar, the volume (#*)*? explored by a spherical particle in the
glass-forming liquid was interpreted as “dynamical free
volume”,”* and « values different from 3 were correspondingly
interpreted in terms of anisotropic “rattle volumes” on a
caging timescale explored by molecules of more complex
shape. Despite the sucessful application of the localization
model (LM) to various glass-forming materials,”®®' the model
remains a semi-empirical model. The fundamental origin of
the scaling law between (¥*) and 7, remains incompletely
understood.
Here, we examine the scaling relationship between (1*) and
7, for polymer/additive mixtures with a wide range of additive
bead size using the LM, where the exponent « is fixed as 3
(Fig. 6a). It can be seen that the LM (dashed line) can describe
the scaling law between («®) and z, well for pure polymer and
polymer/additive mixtures with various additive bead sizes,
which demonstrates that there are indeed close correlation
between fast § relaxation dynamics occuring at the timescale
of ps and structural relaxation occurring on a much longer
timescale. The fitting parameters 7, and u3 are summarized in
Fig. 6b. Both 7, and 2 exhibited a non-monotonic variation
with the additive bead size, where an extremum value was
reasonably observed at o, = 0.8¢. For additives with bead size
smaller than 0.8, the 7, gradually decreased while u2 roughly
increased with the increasing bead size of additives, consistent
with the trends observed in linear polymer melts with variable
additive size and polymer-additive interaction strength.*” In
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Fig. 5 (a) The Debye—Waller factor (u?) over a wide range of temperature T for polymer/additive mixtures with varying additives bead size o,. The
inset descripts (u?) as a function of ¢, for polymer/additive mixtures and the part of additives at different T. (b) (u?) as a function of T for polymer/
additive mixtures with varying o,. The inset descripts (u?) for polymer/additive mixtures with ¢, = 0.30.
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(a) Tests of the localization model predictions (dashed line) for pure polymer and polymer/additive mixtures with varying additives size o,.

The data show a good collapse onto the localization model. (b) The fitting parameters 7o and u% as a fucntion of o,. The dashed lines are the fitting

parameters of pure polymer.

addition, Pazmifio Betancourt et al.®® found that the exponent
a was approximately equal to 3 for polymer nanocomposites
with varying nanoparticle concentrations and for polymer thin
films with a wide range of thickness, as in the original compu-
tational study of z, versus (u*) for pure polymer melt by Starr
et al.”* Similarly, a series of works on the metallic and poly-
meric glass formers also indicated that the exponent a might
be a constant near 3.*>*%2 However, Simmons et al.®® later
found that o was apparently material-dependent due to the
presence of caging anisotropy as suggested in the LM”° and
the presence of anharmonic intermolecular interactions. Later
simulations further seemed to indicate that « depends on
chain stiffness,*"*>** material cooling rate,®> and cross-link
density,*” providing additional evidence that the fundamental
origin of the relation between 7, and (1) is uncertain.

3.3 Mechanical properties

It has long been recognized that the introduction of plastici-
zers would efficiently increase the flexibility of glassy polymers,
while the anti-plasticizers usually increase the stiffness of poly-
mers in their glassy state.'>®® Here, we analyze the effect of
additive bead size on the shear modulus over a wide range of
temperatures for cross-linked polymer/additive mixtures in
their glassy state, which is essential in the engineering appli-
cations. The shear deformation tests are performed indepen-
dently for five times for each system with a strain rate of 5 x
10~*r; ", and the shear modulus G is calculated from the
linear regime of shear stress-strain curves.

Compared to pure polymer, the introduction of additives
with a wide range of bead size leads to a significant increase in
the shear modulus for a strongly attractive interaction between
polymer and additives (Fig. 7a), in good agreement with the
addition of attractive nanoparticles into linear polymer
melts.”” The bead size of additives has a remarkable non-
monotonic influence on the shear modulus of polymer/addi-
tive mixtures, where the inset of Fig. 7a summarizes the influ-

This journal is © The Royal Society of Chemistry 2024

ence of additive bead size on the shear modulus of mixtures at
two different temperatures. For the bead size of additives
larger than 0.66, the shear modulus of mixtures roughly
increases with the decreasing additive bead size. Whereas, the
shear modulus G suddenly decreases when the bead size
decreased to 0.36, which may be attributed to the occurence of
additive aggregation resulted from the progressively decrease
of additive-polymer interaction strength (Fig. S4 in the ESIY).
Thus, the shear modulus of mixtures exhibits a non-mono-
tonic trend with the decreasing additive size. A similar vari-
ation trend is also observed in the bulk modulus B for mix-
tures in their glassy state (Fig. S5 in the ESIf), where the bulk
modulus is calculated from the reciprocal of isothermal com-
pressibility. Numerous experiments have demonstrated that
the phase separation could remarkably enhance the toughness
of epoxy, but would reduce the modulus and strength with
various degrees at the same time.">™*>'®

Apart from the scaling law between (ux*) and 7, the
mechanical properties, such as shear modulus, Young’s
modulus, bulk modulus and Poisson ratio, were all found to
have correlation with the Debye-Waller parameter (x>).*”~°° In
our previous works,*”™*° we have observed the linear scaling
relationship between shear modulus and (*) for pure cross-
linked polymers with a wide range of cross-link densities,
cohesive interaction strength and chain stiffness and for
polymer/additive mixtures with varying additive mass percen-
tage.® Here, we examine the validity of the scaling law
between shear modulus and {#*) for polymer/additive mixtures
with varying additive bead size in Fig. 7b. It can be seen that a
reasonably linear relationship between shear modulus G and
ksT/{(1*) is again observed for polymer/additive mixtures with a
wide range of additive bead size, regardless of whether there is
additive aggregation within the mixtures. The scaling law has
been observed in a wide range of metallic and polymeric glass
formers.®*~°' Most recently, Xu et al.®” also reported the same
linear relationship between the glassy plateau shear modulus
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Fig. 7 The glassy shear modulus G for pure polymer and polymer/additive mixtures with varying additives size o,. (a) G as a function of temperature
T. The inset descripts G as a function of a,. (b) G as a function of local molecular stiffness kgT/(u?). The dashed lines indicate the linear fitting.

and Debye-Waller parameter for linear polymer melts with
variable pressure, chain stiffness and chain length. Except for
the shear modulus, the bulk moduli of pure cross-linked
polymer and its mixtures also exhibit a scaling law with (1)
(Fig. S5b in ESIT).”® In view of the close relationship between
material moduli and the Debye-Waller parameter, ksT/(1>) is

often termed as “local molecular stiffness”.’**

3.4 Elastic heterogeneity

The atomistic MD simulation on the cross-linked poly(dicyclo-
pentadiene) networks demonstrated that the atoms in linear
segments exhibited a remarkably higher mobility than those
in cross-links.”* Similarly, the simulation work on the glass-
forming polymers also indicated that the mobility of particles
was heterogeneous, where the particle clusters could be extre-
mely immobile or mobile.""'*% Based on the analyses of local
molecular stiffness kgT/(u”), an extremely immobile cluster
usually corresponds to a stiff region, while the particles with
high mobility would lead to a local softness.’””°" Hence, the
dynamical heterogeneity resulted from the difference in par-
ticle mobility also termed as “elastic heterogeneity”. The shear
band formation of Zr-Cu metallic glasses was found to initiate
at the local soft regions, where the particles had a larger (u*)
describing the atomic displacement on a caging timescale.”
Fig. 8 shows the probability density distribution of local
molecular stiffness kgT/(u®) at a low temperature T = 0.5¢/kg,
in order to explore the role of additive size played in the elastic
heterogeneity for polymer/additive mixtures. The probability
density function of ksT/{(u*) of pure polymer without any addi-
tives (red curves) exhibits a Gaussian form, as observed in
cross-linked polymers with and without bending con-
straints.””™*° The addition of additives leads to an obviously
wider distribution than the slender shape observed in pure
polymer, indicating a greater degree of elastic heterogeneity in
polymer/additive mixtures. With the decreasing bead size of
additives, the shape of probability distribution gradually

16928 | Nanoscale, 2024, 16, 16919-16932
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Fig. 8 The probability density distribution of local stiffness kgT/(u?) at T
= 0.5¢/kg for pure polymer and polymer/additive mixtures with varying
additives size s,. The inset descripts the entire distribution of kgT/(u?)
for mixtures with ¢, = 0.36 and s, = 0.406.

departs from the Gaussian form and exhibits a log-normal dis-
tribution, along with the occurrence of a long tail. It is notable
that there is an extremely long tail for polymer/additive
mixture with additive bead size 6, = 0.30 (inset of Fig. 8),
which may be related to the sudden increase in the static
strcture factor at low wavenumber. We infer that the additive
aggregation results in the occurence of local extremely stiff
regions, and thus leads to a long tail in the large ksT/(u>).
Consistent with the ditribution of local stiffness in our present
work, de Pablo and coworkers also found that the local shear
moduli of polymeric glasses were inhomogeneous, and the
elastic heterogeneity increased with decreasing nanoparticle
size.”” In addition, the width of local stiffness distribution
decreases reasonably for the polymer/additive mixtures with

This journal is © The Royal Society of Chemistry 2024
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smaller additive bead size, corresponding to a stronger glass
former. A similar relationship between fragility and width of
local stiffness distribution was observed before in our pure
cross-linked polymer having the same monomer structure as
that used in the present work, but having a variable cross-link
density”” and chain bending stiffness.*® However, Xu et al.*®
recently reported the opposite trend in star polymer melts with
varying number of star arms in which the stronger glass
former exhibited a broader local stiffness distribution. This
kind of opposed correlation fragility and the breath of the
local stiffness distribution has also observed in our pure cross-
linked polymer melts with varying cohesive interaction
strength.*® Unfortunately, there appears to be no general trend
between the breath of local stiffness fluctuations (an attractive
and concrete measure of dynamic heterogeneity) and the
fragility.

We further analyze the spatial distribution of kzT/(u*) of
mixtures and additives in an attempt to obtain a better intui-
tive understanding of elastic heterogeneity and its physical sig-
nificance. Fig. 9 shows the spatial distribution of kgT/(1*) at T
= 0.5¢/kg, where the red domains in the color map correspond
to relatively stiff regions while teal blue domains indicate
regions having a relatively low local stiffness. The color bar
scale is the same for all the systems in order to make direct
comparisons of the local stiffness of materials. The polymer/
additive mixtures obviously exhibit more stiff regions (red
domains) and more remarkable variation in local stiffness
than pure polymer, indicating a stiffer material and a greater
degree of local elastic heterogeneity, consistent with the vari-
ation of shear modulus and probability distribution of local
molecular stiffness. The influence of additives on the local

View Article Online
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elastic properties is reminiscent of anti-plasticizers, which
would lead to an increase in the moduli and a larger ampli-
tude of fluctuations in local elastic constants compared to
pure polymer.'"'? As the bead size of additives decreases from
1.00 to 0.60, the average value of local moelcular stiffness and
the degree of elastic heterogeneity both increase remarkably.
When the bead size of additives further decreased to 0.4s, the
molecular stiffness slightly decreases along with a relatively
well-distributed local stiffness. However, a large stiff (red)
region is observed, while other regions are relatively soft (teal
blue) for mixtures with o, = 0.36. We infer that the significant
decrease in shear modulus of the entire material may be
ascribed to the agglomeration of immobile particles.*

Fig. 10 further explores the spatial distribution of local
stiffness of additives for mixtures with o, = 0.3¢ and o, = 0.4¢
at T = 0.5¢/kg, where the symbol size and color both describe
the value of local stiffness indicating important heterogeneity
in moelcular stiffness, and the symbol position represents the
actual positions of additives in the mixtures. The additives
with small bead size (i.e., 6, = 0.30) exhibit obvious lower mole-
cular mobility than those with bead size o, = 0.40. According
to the spatial distribution of additives, the additives in the
polymer/additive mixture with o, = 0.30 tend to aggregate in
agreement with the huge increment of S(g) at g close to 0,
which resulted in significant reduction in the elastic modulus
of mixtures. In contrast, the additives are evenly distributed in
the mixture with o, = 0.40. As the bead size disparity between
cross-linked polymer and additives increases, the small size of
additives promotes the occurence of aggregation within the
polymer.®>® Similarly, Nie et al observed the emergence of
phase separation in binary mixtures of soft particles with big

20

16

ke T/<u?>

Fig. 9 The spatial distribution of local stiffness kgT/(u?) at T = 0.5¢/kg for pure polymer and polymer/additive mixtures with varying additives size o,.
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Fig. 10 The spatial distribution of local stiffness kBT/(uZ) of additives for polymer/additive mixtures with additives bead size ¢, = 0.36 and ¢, = 0.4¢.
The color and size both indicate the value of kgT/(u?). The position descripts the actual coordinates of additives in the mixtures. The color bar is the
same for all plots. In particular, the additives are aggregated in figure (a), while they are nearly evenly distributed in (b).

size disparity over a wide range of pressure and quench rate.**
Hence, in order to better improve the mechanical properties of
cross-linked polymers, it is essential to make a reasonable
choice of additive size to aviod additive agglomeration.

4. Conclusions

In the present work, we have systematically explored the effect
of additive segmental size on the dynamical and mechanical
properties of cross-linked polymers using a bead-spring CG
model of thermoset polymer and molecular additive. The
introduction of polymer additives having a wide range of bead
sizes was found to lead to a significant influence on thermo-
dynamic and dynamic properties of the thermoset material.
The comparison of structural relaxation time 7, demonstrates
that when the additives have higher attraction strength with
polymer than the additive-additive and polymer-polymer
interaction strength, the relaxation dynamics of polymer/addi-
tive mixtures significantly slows down, along with a larger
characteristic temperature (i.e., glass transition temperature T,
and Vogel temperature T;,) and a smaller fragility of glass for-
mation compared to the pure polymer without additives. The
structural relaxation time, characteristic temperatures and fra-
gility of glass formation all exhibit a non-monotonic depen-
dence on the bead size of additives, where they reach their
maximum values at the additive bead size 6, = 0.86. A similar
non-monotonic vairation is also observed in the variation of
Debye-Waller factor (#*) and shear modulus G over a wide
range of temperatures. It is notable that both 7z, and G exhibit
scaling laws with (#*) for polymer/additive mixtures with vari-
able additive bead size, consistent with that widely observed in
polymeric and metallic glass formers. In addition, the spatial
distribution of local moelcular stiffness calculated from (u*)
also indicates that such additives tend to aggregate when the

16930 | Nanoscale, 2024, 16, 16919-16932

bead size is sufficiently small. The observations of the present
work provide physical insights into how the additive size influ-
ences the dynamical and mechanical properties of cross-
linked polymers, which should be helpful in the rational
design of cross-linked polymer materials.
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