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ABSTRACT: Due to their excellent mechanical properties, epoxy composites are
widely used in low-density applications. However, the brittle epoxy matrix often
serves as the principal failure point. Matrix enhancements can be achieved by
optimizing polymer combinations to maximize intermolecular interactions or by
introducing fillers. While nanofillers such as clay, rubber, carbon nanotubes, and
nanoplatelets enhance mechanical properties, they can lead to issues like
agglomeration, voids, and poor load transfer. Quantum dots, being the smallest
nanofillers, offer higher dispersion and the potential to promote intermolecular
interactions, enhancing stiffness, strength, and toughness simultaneously. This study
employed molecular dynamics simulations to design graphene quantum dot (GQD)
reinforced epoxy nanocomposites. By functionalizing GQDs with oxygen-based
groups—hydroxyl, epoxide, carboxyl, and mixed chemistries—their effects on the
mechanical properties of nanocomposites were systematically evaluated. Results show
that hydroxyl-functionalized GQDs provide optimal performance, increasing stiffness and yield strength by 18.4 and 56.1%,
respectively. Structural analysis reveals that these GQDs promote a closely packed molecular configuration, resulting in reduced free
volume.
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1. INTRODUCTION

Epoxy-based composites are used in a plethora of applications,
including adhesives, piping, electronics, and structures. These
composites are popular due to their superior material
properties, such as high specific strength and stiffness. The
epoxy matrix, a thermosetting polymer, forms the main
component of the composite and is responsible for transferring
load within the material. However, the cross-linked network of
epoxy polymers often makes the neat matrix the focal point of
failure due to poor crack resistance. Therefore, superior
polymer matrix composites require thermoset matrices with
better mechanical properties. Various studies have explored
different approaches to enhance the toughness of thermosets.
These approaches include adding second phase polymers (e.g.,
rubber, thermoplastics, core—shell polymers, liquid crystals,
hyperbranched polymers) and other second phases, such as
fibers, nanoplatelets, nanotubes, and quantum dots.!

These toughening approaches fundamentally involve molec-
ular-level interactions through bonded interactions such as
covalent bonds and nonbonded interactions: hydrogen bonds,
ionic interactions, 7—7x interactions, and van der Waals
interactions.”” For example, Cheng et al.’ developed a three
component thermoset that improved the tensile strength by
101%. The three components included the primary epoxy resin
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(diglycidyl ether bisphenol A, DGEBA), a linear amine
hardener (hexamethylenediamine, HDA) and a multifunc-
tional hardener (5-amino-1H-benzotriazole, BTraz). The
introduction of BTraz initiated hierarchical hydrogen bonds
in the polymer network which helped in dissipating energy.
The 40% BTraz material generated the best tensile properties
(strength = 117.7 MPa and elongation = 14.9%). In a separate
study, similar approach was implemented by inducing multiple
supramolecular mechanisms.” A 2-phenylimidazole (PID)
molecule was added to a DGEBA resin to promote 7-7
stacking, hydrogen bonding and ionic bond formation.” The
results showed that a PID molar ratio of 0.6 in the epoxy
generated a tensile strength of 65.4 MPa (a 54% increase) but
reduced the strain at break. With a PID molar ratio of 0.5 the
recorded toughness was the highest at 164.7 MJ/m? compared
to the unreinforced system at 17 MJ/ mS.
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In addition to tailored thermoset chemistries that enhance
mechanical behavior, nanomaterials are used to strengthen and
toughen polymers. These nanomaterials include clay, rubber,
glass, and carbon-based materials.” " For example, clay fillers
(at ~5% wt) can increase tensile modulus and strength by ~38
and ~42%, respectively, in epoxy.u_13 In contrast, rubber
(<10% wt) reduces epoxy stiffness of epoxy by 3—10% and
strength by 2—20%;'*~"” but it enhances the toughness by
300% with a rubber particle size of ~15 nm."

Carbon nanotubes (CNTs) and graphene nanoplatelets
(GNPs) can enhance the tensile properties of epoxy at
relatively low filler fractions (<5% wt)."”*° These enhance-
ments range from 2—30% in stiffness and 10—60% in strength.
While beneficial at optimal concentrations, these fillers can
cause issues like poor bonding, agglomeration, voids, misalign-
ment, and waviness in the nanocomposite.””'~* Achieving
these improvements depends on consistent filler quality and
preparation, filler—matrix chemical compatibility, composite
fabrication processes, accurate measurements, and other
human factors.

Moreover, hybrid composites with multiple fillers of
different sizes (e.g., combination of CNTs and GNPs) have
shown significant improvements in proper-
ties,'22 7242072834736 However, they produce numerous
fabrication challenges stemming from low dispersion due to
filler agglomeration. One way to mitigate agglomeration is to
tailor the surface of the nanomaterials with various functional
groups. For instance, oxidized GNPs better disperse in epoxy
matrices and show enhanced properties compared to pristine
GNPs.'**125°%%7 Similar findings were reported with function-
alized CNTs.*>*%**37%0 These functional groups help
enhance interaction with the matrix resulting in a stronger
interface. One study reported enhanced stiffness and strength
of polyether ether ketone reinforced with carbon fibers.*' The
carbon fibers were coated with functionalized CNTs with
carboxyl groups and poly(ether imide). The functionalized
CNTs and poly(ether imide) introduced 7z—rx stacking and
hydrogen bonding with the matrix that enhances the properties
without adversely impacting the matrix properties.”’ Zhang et
al.*” investigated the effects of including functionalized CNTs
in an epoxy-carbon fiber composite. Two CNT's were used to
survey the extent of property enhancement. It was reported
that the CNTs with carboxylic acid groups (54 and 59%
increase in modulus and strength) generated better results than
aminated CNTs (36 and 36% increase in modulus and
strength). Further observations revealed that carboxylic acid
groups promoted better packing of polymer chains. One
unique approach that enhances matrix stiffness and strength
while enhancing toughness is to use quantum dots.

Quantum-dots (QDs) are nanofillers with sizes smaller than
20 nm, which is much smaller than any other nanofillers. Due
to their size, QDs provide higher surface—surface contact with
the matrix and enable more opportunities to promote
molecular interactions like hydrogen bonds. In addition,
quantum dots are photoluminescent, which makes the QD
nanocomposites automatically multifunctional. For example,
carbon-dot containing epoxy is shown to act as strain sensor.*’
Moreover, graphene quantum dots (GQDs) are more effective
in increasing thermal conductivity compared to GNPs.** Also,
GQDs can be used with other larger fillers to create hybrid
multiscale composites without significantly changing the matrix
viscosity.

QDs were reported to enhance the mechanical properties of
thermosets.””**™>* Gogoi et al.*’ reported an increase in
mechanical strength from 5.8 to 28.8 MPa by introducing 1.5
wt % of carbon QDs in a polyurethane matrix; also, a 30%
increase in elongation at break and a 300% increase in
toughness was observed. In another study, Karimi et al.”” used
0.1 wt % of ~2 nm sized graphene oxide QDs (GOQDs) to
enhance epoxy polymer properties. Compared to the graphene
oxide (GO) filled resin, the increase in strength and stiffness
was 69 and 27% respectively. The reported properties were
even higher than those of the neat resin. Moreover, MoS2 QDs
enhanced epoxy fracture toughness by 81%, flexural strength
by 66%, stiffness by 6%;*® epoxy was composed of diglycidyl
ether of bisphenol A (DGEBA) and diamino diphenylmethane
(DDM). The simultaneous enhancement of strength, tough-
ness, and stiffness are rare in material systems yet MoS2 QDs
resulted in such behavior through nonbonded interactions
below 1 wt % fraction.

Furthermore, Gobi et al.*® fabricated a GQD-epoxy
nanocomposite and reported an increase of 125% in strength
and increase of 153% in modulus for porous epoxy. The epoxy-
GQD nanocomposite displayed reduced performance beyond
2.5 wt % GQD due to agglomeration of ~16 nm diameter
GQDs. Another study reported increased strength of epoxy by
~25% using GQDs of ~18 nm diameter; further field emission
scanning electron microscopy characterization showed uniform
distribution of the GQDs in the matrix.”' Note that, in this
study an increase in cross-link density with the addition of 5 wt
% GQDs was also observed, the surface chemistry of the
GQDs were unknown.”’ The reinforcing effect of graphene
based QDs can be attributed to the high dispersibility in epoxy
polymers which enable intermolecular interactions through
large surface areas.

Despite the benefits, the underlying reasons for these
enhanced mechanical properties with QDs are unknown.
Specifically, the surface chemistry, diameter, number of layers,
wt %, mixing techniques of the QDs affect the nanocomposite
properties. At the nanoscale, molecular dynamics (MD)
simulations arise as the main approach to understanding the
molecular mechanisms behind improved properties. MD was
chosen over other modeling techniques, such as Monte Carlo
(MC) or finite element methods (FEM), due to its ability to
capture atomic-level interactions and time-dependent pro-
cesses. Unlike MC, which is suited for equilibrium property
evaluations, or FEM, which are ideal for macroscopic
continuum modeling, MD enables dynamic simulations at
the nanoscale with reactive force fields to account for chemical
bonding changes. This makes MD particularly suitable for
investigating the mechanical behavior of functionalized
graphene quantum dot nanocomposites.

MD simulations have been used to predict the mechanical
properties of epoxies and effect of hydrogen bonding on the
properties of polymers.””**~>° He et al.™* designed a high-
performance epoxy material with increased hydrogen bond
capabilities. The novel material displayed a 52.5% increase in
flexural modulus (5.1 GPa) compared to a commercial analog
(3.4 GPa). This enhancement was principally attributed to the
reduction in free volume due to close packing of the polymer
chains. Another study affirming this conclusion was reported
by Li et al.>> Three epoxy resins were modeled to investigate
hydrogen-bond-based stiffening. The material with the lowest
free volume displayed more hydrogen bond formation and the
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Figure 1. Individual chemistries of epoxy, pristine GQD, and oxidized GQDs.

Table 1. Atomic Composition of Oxidized GQDs—Carbon (C), Hydrogen (H), and Oxygen (O)

material C(sp?) % C(sp) % H(-R) %

pristine GQD 80 0 20

e4OH-GQD 77.4 0 16.1
e8OH-GQD 75 0 12.5
s4OH-GQD 71.9 3.1 18.8
s8OH-GQD 64.7 59 17.6
s200H-GQD 47.5 12.5 15

m8OH-GQD 69.7 3 15.2
40-GQD 71 65 19.4
e4COOH-GQD 72.7 3 15.2
m40-4COOH-GQD 64.7 8.8 14.7
m60-60H-GQD 63.6 9.1 13.6

H(-OH) % O (epoxide) % O(—OH) % O(=0) %
0 0 0 0
3.2 0 3.2 0
6.3 0 6.3 0
3.1 0 3.1 0
5.9 0 5.9 0
12.5 0 12.5 0
6.1 0 6.1 0
0 32 0 0
3 0 3 3
2.9 29 2.9 29
4.5 4.6 4.6 0

highest tensile modulus of 2.45 GPa (~25% more than the
other resins).

MD was also used to investigate the effect of covalent bonds
in aminated-GQD epoxy nanocomposites.”” Keles et al.”” >’
reported aminated-GQDs improve epoxy stiffness by 6% and
strength by 17%. Computational studies provide a common
trend of property enhancements by improved polymer packing
and reduction in free volume pockets in the material.
Nonbonded interactions like hydrogen bonds, electrostatic
interactions, van der Waals forces, and m—n stacking are
credited for reducing the free volume.

Still, the effects of oxidized GQDs on the epoxy nano-
composite structure and mechanical properties are unknown.
To guide future experimental investigations, here for the first
time, we performed MD simulations that uncovered the effects
of both bonded and nonbonded interactions through epoxide,
carboxylic acid, and hydroxyl functionalization of the GQDs in
a bisphenol-F epoxy matrix. Various GQD configurations were
modeled by manipulating the functional groups’ locations at

the GQD edge and surface. Ten different GQD-epoxy
nanocomposites were synthesized, characterized, and tensile
tested using reactive MD, a total of 50 nanocomposites and
150 tensile tests.

2. MODELING METHODOLOGY

The modeled polymer matrix was EPON 862 resin (diglycidyl
ether bisphenol F or DGEBF) and Epikure W (diethyl toluene
diamine or DETDA) as the curing agent. The material is a
two-component thermoset with a difunctional resin monomer
and tetra-functional hardener monomer. Figure la shows the
molecular structure of the two components and Figure 1b—1
shows the GQD structures. The GQD models were oxidized
by attaching epoxide, carboxyl acid, and hydroxyl functional
groups. A total of ten unique chemistries were explored. The
properties of neat epoxy and pristine GQD-epoxy systems57
were used to benchmark the predictions. The ten modeled
GQDs can be broadly classified into two groups — bonded and
nonbonded GQDs. The nonbonded GQDs structures are

14211 https://doi.org/10.1021/acsomega.5c00013
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Table 2. MD Prediction of Physical and Mechanical Properties- Young’s Modulus (E), Yield Strength (o,,), Poisson’s Ratio

(v), Fractional Free Volume (FFV), and Tensile Strain (£)

cross-link density mass density

model (%) (g/cm®) E (GPa)
epoxy”’ 81.77 + 1.55 1.226 + 0.003 2.94 + 0.06
GQD”’ 86.88 + 0.83 1.226 + 0.001 2.64 + 0.08
e40H-GQD 86.98 + 1.08 1.239 =+ 0.003 3.18 + 0.04
¢80OH-GQD 84.69 + 0.73 1237 £ 0002 298 + 0.06
s40OH-GQD 89.58 + 1.23 1233 + 0.003 3.27 + 0.05
s8OH-GQD 85.42 + 0.00 1.233 + 0.003 3.48 + 0.05
s200H-GQD 84.17 + 0.71 1236 + 0004 274 + 0.03
m80OH-GQD 90.31 + 0.97 1232 + 0.004  3.42 + 0.07
s40-GQD 91.8 + 1.84 1235 =+ 0.002 3.19 + 0.05
e4COOH-GQD 8520 + 1.30 1.233 + 0.003 291 + 0.04
m40-4COOH-GQD 85.0 + 0.83 1.229 + 0.002 3.15 + 0.05
m60-60H-GQD 84.90 + 0.00 1.233 + 0.003 3.1 + 0.06

v FFV

o, (MPa) v &= 0% e =10% change(%)

1094 + 1.59 042 + 0.01 1.76 + 0.05 241 £+ 0.08 37.39
103.42 + 1.57 0.38 + 0.01 1.95 + 0.06 2.37 + 0.0S 21.24
117.73 £ 1.70 0.33 + 0.01 1.83 + 0.10 242 + 0.09 32.07
118.25 £ 2.51 0.4 +0.01 1.87 + 0.07 2.51 = 0.10 34.55
121.37 £ 2.10 0.38 + 0.01 2.01 + 0.14 2.52 + 0.08 25.88
132.69 + 1.79 0.32 + 0.01 1.77 £ 0.10 2.39 £ 0.03 34.68
170.76 + 1.37 0.31 + 0.01 1.86 + 0.11 2.58 + 0.09 38.23
13472 + 1.86 0.35 + 0.01 2.13 + 0.12 2.79 £ 0.10 30.78
129.51 £ 2.77 0.35 + 0.01 1.90 + 0.12 2.64 + 0.06 39.00
14547 £ 2.18 0.37 + 0.01 2.09 + 0.09 247 £ 0.07 18.22
145.26 + 3.13 0.35 + 0.01 2.16 + 0.07 2.62 + 0.05 21.11
108.65 + 1.34 0.35 + 0.01 2.11 £ 0.20 242 £+ 0.05 14.89

shown in Figure 1b—h. The bonded GQD structures are
shown in Figure li—l, which also depict the crosslinked
polymer chains. The locations of the functional groups are
GQD edge (e), GQD surface (s) and a mixture of edge and
surface or (m). All the functional groups and their locations on
the GQD were carefully chosen as reported in the
literature.””%" Table 1 provides the atomic composition of
the different GQD structures. For each GQD structure, five
replicates were built with identical chemical compositions but
varying distributions. The 12 material systems studied are as
follows:

a. Epoxy: neat bisphenol-F diglycidyl ether (DGEBF) and
diethyl toluene diamine (DETDA) as shown in Figure
la.

b. GQD: hydrogen terminated GQD as shown in Figure
1b.

c. é4OH-GQD: hydroxylated GQD with four hydroxyl
groups on the edge and rest of the edge carbons
terminated by hydrogen as shown in Figure Ilc.

d. e8OH-GQD: hydroxylated GQD with eight hydroxyl
groups on the edge and rest of the edge carbons
terminated by hydrogen as shown in Figure 1d.

e. s4OH-GQD: hydroxylated GQD with four hydroxyl
groups on the surface and the edge carbons terminated
by hydrogen as shown in Figure Ie.

f. s8OH-GQD: hydroxylated GQD with eight hydroxyl
groups on the surface and the edge carbons terminated
by hydrogen as shown in Figure 1f.

g s200H-GQD: hydroxylated GQD with 20 hydroxyl
groups on the surface and the edge carbons terminated
by hydrogen as shown in Figure 1g.

h. m8OH-GQD: hydroxylated GQD with four hydroxyl
groups on the edge and on the surface; rest of the edge
carbons terminated by hydrogen as shown in Figure 1h.

i. s40-GQD: epoxidized GQD with four epoxide rings on
the surface and the edge carbons terminated by
hydrogen as shown in Figure 1i.

j. e4COOH-GQD: carboxylic acid GQD with four groups
on the edge and the rest of the edge carbons terminated
by hydrogen as shown in Figure 1j.

k. m40-4COOH-GQD: oxidized GQD with four epoxide
rings on the surface, four carboxylic acid groups on the
edges, and the rest of the edge carbons terminated by
hydrogen as shown in Figure 1k.

14212

1. m60-60H-GQD: oxidized GQD with six epoxide rings
on the surface, six hydroxyl groups on the edges, and rest
of the edge carbons terminated by hydrogen as shown in
Figure 1L

The all-atom simulations were performed using LAMMPS
open-source software.”’ The Interface force field based on the
polymer-consistent force field (PCFF-IFF) was used to model
the interatomic interactions for all the individual molecular
structures during initialization and cross-linking.”>** For
mechanical simulations, the ReaxFF force field was used to
accurately capture the molecular response to the applied
strain.”* All the MD simulations were performed on Anvil, a
high performance computing cluster (HPC) at Purdue
University, Indiana, USA®® through NSF ACCESS® and on
the College of Engineering HPC at San Jose State University,
California, USA. The LUNAR package was used to construct
the starting structures.”” LUNAR is an open-source, standalone
toolkit which stands for LAMMPS Utility (for) Network
Analysis (and) Reactivity. Using this toolkit, PCFF-IFF
parameters where assigned to the molecules and cross-linking
files for REACTER®® were generated. REACTER was used to
simulate chemical cross-linking. The individual epoxy mono-
mers were mixed in a simulation box with a mixing ratio of 2:1.
This selected ratio ensures maximum cross-linking in the
system.”” The cross-linking reaction for all the systems
involved the two-step amine-epoxide reaction which is well
documented.”” The GQD structure was inserted into a mixture
of ~5600 polymer atoms. The total number of models
generated was S0 (10 unique GQDs with S replicates each).

To produce the bulk system including the GQD, the model
was densified to the liquid density of the polymer. The system
density was increased from 0.09 — 0.10 to 1.17 g/cm>.®’ The
simulation was performed using the NVT ensemble at room
temperature conditions. A Nose-Hoover thermostat and a 1 fs
(fs) time step was implemented with a constant deformation
rate of 10 A/ns. The dense model was annealed by cooling the
system from 500 to 300 K with a constant cooling rate of 50
K/ns. Postannealing, the model was cross-linked by elevating
the system temperature to 500 K. REACTER was
implemented to achieve a fully cross-linked system. The
average cross-link density for all the models is listed in Table 2.
Out of the ten modeled GQD-epoxy systems, the s40-GQD,
e4COOH-GQD, m40-4COOH-GQD, and m60-60H-GQD
models were the only ones with covalent bonds present

https://doi.org/10.1021/acsomega.5c00013
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between the GQD and epoxy atoms. The cross-linked models
were reannealed using the same settings as before. Next, the
model was relaxed using the NPT ensemble at 300 K
temperature and 1 atm pressure. The relaxed model was
imported into ReaxFF by rerelaxing it at 300 K temperature
and 1 atm pressure.

The fully equilibrated models were then simulated for the
mechanical response. A uniaxial strain was applied to the
models in the x-, y-, and z-directions. Thus, for each model,
three stress—strain responses were computed. Therefore, for
the 50 material systems, a total of 150 stress—strain data sets
were generated. A strain rate of 2 X 10® s™" was applied with a
0.1 fs time step. The individual stress—strain data was
generated by exporting the average virial stress data for the
model.

Free volume analyses were performed using the LUNAR
package. LUNAR uses the grid-probe approach to compute the
free volume in an MD simulation box.”' The governing
principle is identical to the positron annihilation lifetime
spectroscopy (PALS) measurement, where positrons (diame-
ter = 1—1.1 A) are inserted into a material and are annihilated
upon contact with electrons.”> If voids are present, the
positrons have a longer lifetime, which is measured to establish
the relative amount of free volume in the material. In MD, a
probe or dummy atom is inserted into the MD unit cell in
user-defined locations or at grid points. The calculation is
sensitive to the grid spacing and the probe diameter.”””* For a
given set of these parameters, the free volume is defined by the
locations in which the probe does not overlap with any atoms.
The atom diameter is defined by the van der Waals radii
provided by the force field. For this study, a grid spacing of 0.3
A and a probe diameter of 0.6 A were used. The selected probe
size confirmed exclusion of empty pockets within the phenyl
rings and similar intramolecular spaces from the free volume
calculation.”

3. RESULTS AND DISCUSSION

We simulated S0 different nanocomposites with 10 unique
GQD chemistries. The mass density of the models was
computed with ReaxFF. The density predictions do not show
any significant dependence on the GQD system. Table 2 lists
all the density values for the different modeled systems. The
predicted mass density values for the neat epoxy using the
same ReaxFF parameter set has been reported by Keles et al.”’
The experimentally measured mass density for this material is
in the range of 1.193—1.200 g/cm>.”®’®”” The overprediction
of the mass density using ReaxFF is well documented
elsewhere.””®” For the s8OH-GQD and m60-60H-GQD
systems the computed standard deviation in cross-link density
was zero since all the replicates displayed an identical number
of bond formations. Although the cross-link density number
was the same, the participating reactive sites varied between
the replicates. Because all the systems displayed a high amount
of cross-linking, the largest molecular network always
embraced the simulation box boundaries, which ensured
effective load transmission through the molecular network.
The mechanical properties for all 12 systems (including
epoxy and pristine GQD) are included in Table 2. The MD
predicted Young’s modulus (E) for all the oxidized GQD
systems was in the range 1.43—5.76 GPa. Experimentally
measured mechanical properties for the different GQD systems
discussed herein are not available in the literature because no
studies have been performed on these systems with the same

exact chemistry. However, the epoxy resin used in this study
has been studied extensively.””’®”® The experimental value of
E reported is in the range of 1.6—3.3 GPa.’®’®’® These
measurements were recorded at experimental strain rates of
107*—10* s, Although the MD simulations employed a strain
rate of 10° s, the predicted stiffness is consistent with the
previously published MD studies.®>%%7*%

Compared to neat epoxy, a maximum increase in E of 18.4%
was computed from the GQD-epoxy models. The maximum
predicted value was from the sSSOH-GQD system (18.4%) with
the m80OH-GQD system (16.3%) also displaying similar
predictions. Both these systems involve a GQD-epoxy interface
with hydroxyl groups across the basal plane. Some of the
material systems with covalent bonds between the GQD and
the epoxy also displayed a heightened stiffness. The s40-GQD
system showed an increase in stiffness (8.5%) and the
e4COOH-GQD showed a decrease in stiffness (1.0%). The
addition of four carboxylic acid groups in the m40-4COOH-
GQD system did not provide any improvement over the s40-
GQD. The m60-60H-GQD system also showed an improve-
ment in stiffness (5.4%).

According to one study, the binding energy of a polymer
molecule and flat sp® surface is higher than that in the
transverse direction of the surface.”’ Binding energy is defined
as the energy difference between the case where two molecules
are adjacent and the case where they are not. Higher binding
energy means higher interaction. ReaxFF simulations revealed
higher binding energy of DETDA molecule and a flattened
CNT at the CNT surface over the rounded edge.®’ Since the
sp> graphitic surface is energetically more favorable than the
edge, the GQD-polymer interactions were stronger at the
surface. Furthermore, the addition of hydroxyl groups on the
surface amplifies the interfacial interaction by forming
hydrogen bonds.*”** Computational studies between pristine
graphene and graphene oxide suggest epoxy monomers prefer
hydroxyl groups.*”** Similarly, the addition of hydroxyl groups
on the GQD surface (s4OH-GQD, s8OH-GQD, s200H-
GQD, and m80OH-GQD) enabled intermolecular interactions
between the GQDs and the epoxy atoms. In all the models,
hydrogen bonds were formed between the hydroxyl groups on
the GQDs and the hydroxyl (from reacted epoxide) and amine
groups in the epoxy. A decrease in stiffness (10.2%) was also
observed in the pristine GQD models.”” But also, with the
s200H-GQD models a decrease in stiffness (6.8%) was
observed. This decrement can be a result of oversaturation of
the GQD surface which was not observed with the other
surface hydroxylated GQDs.

The MD predicted yield strength (o,,) for all the systems
was in the range 27.98—272.70 MPa. The experimental value
for the neat epoxy is in the range 36—90 MPa.””’®”® Unlike
the stiffness results, the maximum strength increases of 56.1%
were displayed by the s200H-GQD material system compared
to neat epoxy. In comparison, the m8OH-GQD model showed
a 23.1% increase and the s8OH-GQD model showed a 21.3%
increase. The rest of the systems showed relatively lower
enhancements. The pristine GQD model was the only system
which showed a reduction in the strength of the epoxy by 5.5%
and the m60-60H-GQD showed a ~ 0% change. Overall, the
nonbonded systems with hydroxyl groups on the basal plane
(s40H-GQD, s80H-GQD, s200H-GQD, and m8OH-GQD)
displayed higher strength output. Again, the presence of
functional groups at energetically favorable locations aided in
the increased strength predictions.81 For the bonded models,
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Figure 2. (a)—(d) Representative stress—strain response for all the GQD systems, with the color coding showing the GQD nanostructure for each
stress—strain response in the bottom. (For interpreting the color references in this figure, the reader is referred to the web version of this article.)

the increases in strength were promising from the GQD
models with the carboxylic acid groups on the edges. Both the
e4COOH-GQD and m40-4COOH-GQD systems showed an
increase of 32.8 and 33.0% respectively. The Poisson’s ratio
(v) remained unaffected by the different configurations of
GQD and ranged between 0.31—0.42.

Comparing the three hydroxylated GQD cases — edge,
surface and mixed functionalization, the surface models
showed highest increases in the mechanical properties. The
e80H-GQD models showed the lowest enhancements, lower
than e4OH-GQD models. The higher amount of functionaliza-
tion on the edges was detrimental to the mechanical response
of the epoxy. On the contrary, with the m8OH-GQD the
hydroxyl groups were present on the edges and the surface and
the addition of the four groups on the surface bumped up the
stiffness and strength by 7.5 and 14.4% compared to the
e40OH-GQD models. The surface for all the hydroxylated
GQDs predominantly consists of sp* carbons which in addition
to hydrogen bonds also enable 7-7 stacking with phenyl rings
in the polymer and attract electronegative groups like amines.
The s200H-GQD models included an oversaturated surface
with 20 hydroxyl groups. The enhancements were significant in
terms of strength but none in stiffness. The s200H-GQDs
made the material elastic but tough.

The s40-GQD and m60-60H-GQD systems include
epoxide groups on the surface that form a covalent bond
with the epoxy. The presence of covalent bonds mildly
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enhances the mechanical properties of the epoxy. The
nonbonded systems with hydroxyl groups display better
mechanical properties. The m60-60H-GQD model predicted
no improvement in strength and small increase in stiffness.
This material system consisted of the highest number of
functional groups on surface and edges. The oversaturation of
the functional groups caused steric hindrances which impacted
the mechanical properties. Like the s40-GQD, the m40-
4COOH-GQD also consists of four surface epoxide groups but
additionally also includes four carboxylic acid groups on the
edges like e4COOH-GQD. The inclusion of the edge
carboxylic acid groups does have a positive impact on the
yield strength of the nanocomposite.

Integration of a pristine GQD with the epoxy resulted in a
decrease of stiffness and strength. The pristine GQD provided
minimal intermolecular interaction due to lack of any chemical
groups that provide bonded and nonbonded exchanges. The
GQD functioned more as a defect than enhancement.”’ Figure
2 shows the stress—strain response of the representative GQD-
epoxy systems along with the individual molecular models of
oxidized GQD and the corresponding color coded borders.
Representative stress—strain response curves in Figure 2 were
selected based on average responses across replicates to ensure
reliability and reproducibility. Figure 2a shows the comparison
of mechanical response from e4OH-GQD, s4OH-GQD,
m80OH-GQD, and the pristine GQD systems. The mechanical
response from the m8OH-GQD is substantially better than the
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Figure 3. Location of large free volume voids in the MD simulation cell with the GQD location for (a) e4OH-GQD,(b) m8OH-GQD, (c) s200H-

GQD, and (d) m60-60H-GQD.

other three GQD models. This difference can be attributed to
the greater number of functional groups and the location of the
functional groups on the basal plane of the GQD. Figure 2b
compares the e8OH-GQD, s8OH-GQD, s200H-GQD, and
the pristine GQD systems. The e8OH-GQD results show some
stiffer regions in the lower strain zone, but the strength remains
relatively unaffected by the inclusion of the functional groups
on the GQD edge. The same cannot be said about the s8OH-
GQD and s200H-GQD models with surface groups. The
increase in the yield strength is extensive, albeit the stiffness for
the s200H-GQD models remains unaffected.

Figure 2c includes the stress—strain response from the
covalently bonded GQD models s40-GQD, e4COOH-GQD,
and m40-4COOH-GQD with the pristine GQD system. The
s40-GQD results show some improvement in mechanical
properties over the pristine GQD case, but with the e4COOH-
GQD system the increase in strength is more profound. The
m40-4COOH-GQD models combine the two configurations
and show greater improvement in both E and o,,. Figure 2d
compares the pristine GQD with the s40-GQD, and m60-
60H-GQD systems. The m60-60H-GQD system shows no
effect of functionalization on the mechanical response of the
nanocomposite. The m60-60H-GQD models involved the
highest branching at the GQD surface due to the covalent
bonding between the epoxide groups and the hardener
molecules. Postreaction, the attached hardener can still react
with the epoxy molecule to complete the two-step epoxide-
amine reaction, thus increasing the atom density in the
interfacial region. The covalent bonds at the interface restrict
optimal molecular conformations and create steric hindrances.
In comparison, although the s200H-GQD model consists of
the highest functional groups, the nonbonded configuration
allows unrestricted atomic movements and enables molecular
interactions like hydrogen bonding. In general, oxidizing the
GQD by different oxygen groups (epoxide, carboxylic acid, and
hydroxyl) helps enhance the interface between the epoxy and
GQD. The mechanical property predictions show that the
hydroxyl groups on the surface and the carboxylic acid groups
on the edges provide good material enhancements.

Keles et al.”” observed that the orientations of graphene
quantum dots (GQDs) did not have a significant impact on the
mechanical properties of the nanocomposites. This is likely
due to the effective dispersion and uniform intermolecular
interactions promoted by the GQDs within the epoxy matrix,
which mitigate the effects of anisotropy. For the present work,
similar analyses were performed to verify this observation and
confirmed that the output properties exhibit minimal depend-
ence on GQD orientation.

The free volume was computed for all the simulated models
at 0% strain and at 10% strain. Free volume was computed to
confirm polymer chain packing due to heightened intermo-
lecular interaction and the effective mechanical response.”*>
Table 2 lists the average fractional free volume (FFV) for all
the GQD systems along with the change in the FFV due to the
10% strain. The FFV for the equilibrated models was in the
range of 1.50—2.77%. An experimental study on a similar
epoxy system was conducted by Jean et al.** For bisphenol A
epoxy with an aromatic amine curing agent (DGEBA-DDS), a
FFV of 1.51—1.82% was reported which validates the predicted
FFV of neat epoxy in this study (1.62—1.90%). Also, Li et al.”
used a similar grid-probe approach to compute the FFV for the
exact same epoxy (DGEBF-DETDA) MD model. An FFV of
2—4% was reported in slightly different relaxation settings.”

The nonbonded GQD systems which include the pristine
GQD and edge, surface, and mixed hydroxylated GQDs
displayed lower FFV than the covalent bonded GQDs. The
edge hydroxylated GQDs displayed lower FFV than the surface
and mixed models. Since the functional groups were
concentrated on the edges, the pristine sp2 carbon surface of
the GQD allowed for better packing of polymer chains. The
neat packing enabled lower free volume pockets. With the
surface functional groups, the flat GQD surface was disturbed
by the poking hydroxyl groups. The higher density surface
models helped reduce the free volume by pulling more
polymer atoms toward the surface. Overall, the mixed m8OH-
GQD predicted the highest FFV due to the large span of the
GQD. The presence of hydroxyl groups on edge and surface
resulted in greater geometric variability and hence more
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Figure 4. Probability plots using Fréchet distribution of ten largest voids in all the modeled systems. Void distribution at 0% strain in black and at
10% strain in red. (For interpreting the color references in this figure, the reader is referred to the web version of this article.)

avenues for void generation. The covalently bonded GQD
systems recorded higher FFV values when compared to the
nonbonded GQD systems. The rigid networks created poor
atomic conformations near the interface. Moreover, the
interfacial bond density has a negative influence on the FFV
in the system. The lowest density of interfacial bonds was in
the s40-GQD models which showed lower FFV. The denser
systems like the m40-4COOH-GQD and m60-60H-GQD
display the highest FFV. Figure 3 shows the location of large
voids in the MD simulation cell for select models. From Figure
3a—c it is evident that the voids were developed in locations
where hydroxyl groups were absent. For example, with edge
models the voids around the GQD were along the surface and
vice-a-versa can be said for the surface models. In case Figure
3d, the covalent bonds on the GQD surface resulted in
undesirable atomic conformations which generated pockets all
around the GQD.

Figure 4 shows the probability plots of the ten highest free
volume voids for all the models, 0% strain in red and 10%
strain in black. The GQDs with carboxylic acid groups display
no change in void volume and corresponding sizes due to
tension. The largest effect of tension on the FFV was observed
in the s40-GQD and s200H-GQD systems. Post tension, the
m60-60H-GQD models showed the lowest amount of FFV
change (14.89%). However, comparing the change in FFV for
the ten largest voids (Figure S) it was observed that the FFV
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Figure S. Deformation-induced change in FFV. (For interpreting the
color references in this figure, the reader is referred to the web version
of this article.)
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increases by 50% which is comparable to the rest of the
hydroxylated GQD systems. This indicated that the GQD
model with the higher covalent bond based branching
generated larger voids when put under tension. For the other
systems the applied strain to the system resulted in different
sized voids, among which the carboxyl acid group GQDs
produced the lowest changes in void volume.

The effect of deformation on the FFV content was more
apparent in the nonbonded models as seen in Figure 5. The
unconfined nature of the hydroxylated GQDs resulted in more
void generation when the model was deformed. The most
increase was observed in the s200H-GQD system. The
hydroxyl groups present in higher density induced advanced
molecular instability at the interface. The growth in larger
voids was about 70%. In the s40-GQD and m60-60H-GQD
systems, the covalent networks were concentrated on the
surface producing stiffer topologies. The large voids in these
systems grew by more than 50%. The same growth was less
than 40% for the carboxylic acid or edge functionalized GQD
systems. The covalent networks on the GQD edges pushed the
polymer atoms in outward direction from the GQD center.

Further simulation and experimental investigations are
needed to reveal the effect of quantum dot surface chemistry
on the mechanical behavior of thermosets and the underlying
molecular mechanisms for strengthening, stiffening, and
toughening. A recent study showed that covalent bonding is
effective in enhancing mechanical properties of a two-
dimensional (2D) covalent organic framework made through
the bonding of 2,5-dihydroxyterethaldehyde (DHTA) and
1,3,5-tris(4-aminophenyl)benzene (TAPB), which had a
fracture strength of ~ 750 MPa and stiffness of 10 GPa.*’
This shows that the large chemical space of quantum dots and
thermosets need further investigations to reveal the best
performing nanocomposites. A machine learning based frame-
work can be used to scan this chemical space to accelerate
explorations toward next-generation applications.

4. CONCLUSIONS

In this study, we simulated 50 nanocomposites with various
GQD chemistries and found that functionalized GQDs
significantly improved the mechanical properties of epoxy-
based composites. Surface hydroxylated GQDs provided the
highest increases in stiffness and yield strength due to
enhanced intermolecular interactions, while oversaturation of
functional groups could reduce stiffness. The findings under-
score the importance of functional group type and placement
in optimizing composite properties. The following conclusions
can be drawn from the current MD study:

1. Surface hydroxylated GQDs increase both Young’s
modulus and yield strength. The s200H-GQD showed
a peak increase in yield strength of 56.1% but reduced
stiffness by 6.8%. Conversely, s8OH-GQD exhibited
both increased strength (21.3%) and stiffness (18.4%).

2. Edge hydroxylated GQDs did not significantly affect
mechanical properties. The mixed hydroxylated GQD
(with both edge and surface hydroxyl groups) showed
an increase in Young’s modulus (16.3%) and yield
strength (23.1%), indicating that surface functionaliza-
tion plays a more crucial role.

3. Hydroxylated GQDs generally exhibited the lowest free
volume. The mixed hydroxylated GQD had the highest

free volume due to its extensive span and induced
conflicting polymer chain alignments, creating voids.

4. Covalent bonding generally improved mechanical
properties except for the m60-60H-GQD system.
Surface-bonded GQDs showed limited improvement
due to polymer chain attachment limiting contact. The
m40-4COOH-GQD model showed the best improve-
ment (7.1% increase in stiffness and 33.0% increase in
strength).

S. Nonbonded GQDs with hydroxyl groups on the basal
plane outperformed covalently bonded GQDs in terms
of mechanical property enhancement. The appropriate
amount of surface functionalization can lead to more
stable nanostructures.

Intelligent design of covalent networks in multi-GQD
models is essential to maximize mechanical properties.
Nonbonded GQDs with optimal surface functionalization are
viable candidates for fillers, introducing supramolecular
interactions akin to multicomponent polymer resins with
multifunctional additives while enhancing stiffness through
strong graphene lattice. Further studies are needed to discover
the QD chemistries that improve the mechanical properties of
the recyclable vitrimers, thermoplastics, and other multiscale
multifunctional composites.*>*’
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