Supplementary Materials

Atomistic to Mesoscopic Modelling of
Thermophysical Properties of Graphene-Reinforced
Epoxy Nanocomposites

Supplementary Note S1: Crosslinking mechanism

i.  Atomistic model of epoxy
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Figure S1. Cross-linking protocol for hardeners containing amine groups.
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Figure S2. Charge update (Aq) of atoms after cross-linking process (values in eV).

ii.  Mesoscopic model of epoxy

Polymer o Description of bead
E 1 Beads containing unreacted epoxy group in
DGEBA
G 2 Oxyphenylene groups in DGEBA
B 3 Bead containing central dimethyl group in DGEBA
Ad 4 Primary amine group in DETA
Ae 5 Secondary amine group in DETA
Epoxy resin Ay 6 Amine group in DICY
(EPO) Y 7 Non-amine group in DICY
E’ 8 Beads containing reacted epoxy group in DGEBA
Ad1l 9 Primary amine group in DETA — reacted once
Ad2 10 Primary amine group in DETA — reacted twice
Ael 11 Secondary amine group in DETA — reacted
Ayl 12 Amine group in DICY — reacted once
Ay2 13 Amine group in DICY — reacted twice

Table S1. List of beads for coarse-grained (CG) model of epoxy resin.
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Figure S3. Cross-linking mechanism of CG beads.
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Figure S4. Mapping scheme for cross-linked groups of epoxy resin.



Supplementary Note S2: Mesoscopic model of graphene
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Figure S5. Optimization of the values of R and D for the TersoffCG potential.

Parameter Tersoff potential TersoffCG potential
m 3 3
Y 1 1
A5(A7Y) 0 0
c 38049 38049
d 4.3484 4.3484
cos 6, -0.57058 -0.57058
n 0.72751 0.72751
B 0.00000015724 0.00000015724
(A~ 2.2119 1.10595
B(kcal/mol) 7995.2 31980.8
R(A) 1.95 3.90
D(A) 0.15 0.30
LAY 3.4879 1.74395
A(kcal/mol) 32137.67024 128550.68096

Table S2. Parameters of Tersoff and TersoffCG potentials for graphene.



Supplementary Note S3: Epoxy resin CG force field (EPO-CGff)

E-G E-G-B E'—Ael - Ad1l EE-G-B Ad — Ael — Ad2
G-B G-B-G E'—Ael—-Ad2 Ay2-Y-Ay Adl - Ae — Ad
Ad - Ae AY-Y - Ay G-E —-Ad1 Ayl-Y-Ay Ad2 — Ael — Ad2
Ay-Y Ad — Ae - Ad G-E —-Ad2 Ayl-Y-Ayl Ad — Ae — Ad2
E'—Adl E'—Adl - Ae G-FE -Ael Ayl-Y—Ay2 Adl - Ael - Ad2
E'—Ad2 E'—Adl-Ael E'—-Ayl-Y Ay2 —-Y —Ay2 Ad2 — Ae - Ad1l
E'—Ael E'—Ad2 - Ae E—-Ay2-Y E'—Ad2-F Ad — Ael - Ad1l
E—Ayl  FE —Ad2-Ael G-F —Ayl E—Ay2-F Ad2 — Ae — Ad2

E'— Ay2 E'—Ael—Ad G-F-Ay2 Ad—Ael-Ad |

Table S3. List of potentials in the developed EPO-CGff force field for bonded interactions (bonds and angles).

E--E E-Y G-Y Ad - Ad Ae - Y
-G GG BB Ad - Ae Ay - Ay
-B G-B B---Ad Ad - Ay Ay - Y

E---Ad G- Ad B--- Ae Ad - Y Y- Y

E- Ae G- Ae B-- Ay Ae - Ae

Table S4. List of potentials in the developed EPO-CGff force field for non-bonded interactions.

i.  Bond potentials
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ii.  Angle Potentials
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iii.  Non-bonded potentials
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])

G-B 20.0

0 1\
oo\
R

G--Ad 20.0

15.0

10.0 N\
5.0 \"
0.0 M\

GAe 20.0

15.0

N
NN

-5.0

23



Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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iv.  Stability of developed EPO-CG force field
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Figure S6. Density versus time in cross-linked CG epoxy system.
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Supplementary Note S4: Epoxy graphene composites CG force field (EPO-GRP-CGff)

i.  Non-bonded potentials

Non-bonded
E--Gr B Gr Ae - Gr Y- Gr
G- Gr Ad - Gr Ay - Gr ‘

Table S5. List of potentials in the developed EPO-GRP-CGff forcefield for non-bonded interactions.

B 19.0 -}
14.0 \

9.0 \

oY

-1.0

G-Gr 20.0
15.0

or
5.0 \

B--Gr 20.0
15.0 \
10.0

5.0

0.0 - ‘ " ' ' ' \

-5.0

30



Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Interaction  Potential (energy [kcal-mol ] versus distance [A])
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Supplementary Note S5: Tabulated results

Properties

AA MD

CG MD Literature Ref

Density (g/cm?3)

1.155 (0.003)

1.24 (0.005) 1.07-1.20 [1]-[3]

Glass transition temperature (K)

387.87

390.40 380-390 [4]

Young’s modulus (GPa)

2.999 (0.010)

1.419 (0.043) 2.5-5 [1]-[3], [5]-I8]

Poisson’s ratio (-)

0.293 (0.010)

0.335 (0.012) 0.22-0.33 2], [5], [7]

Thermal conductivity (W/m-K)

0.163 (0.005)

0.099 (0.003) 0.18-0.2 [9], [10]

Specific heat capacity (kJ/kg-K)

35

0.55 1.0-2.0 [11], [12]

Table S6. Comparison of thermophysical properties of pure epoxy resin obtained from all-atomistic, coarse-grained
molecular dynamics and literature reference values.

Properties CG MD AA MD Ref Experimental Ref
Young’ modulus (GPa) 981-1009 500-1200 [13] 1000 [14], [15]
Poisson’s ratio (-) 0.14-0.16 0.14-0.39 [13] 0.19 [16]
Thermal conductivity (W/m-K) 520-546 800-1000 [17] 2000-5000 [18], [19]
Specific heat capacity (kJ/kg-K) 0.526 - 0.700 [20]

Table S7. Comparison of thermophysical properties of monolayer graphene sheet obtained from coarse-grained molecular
dynamics and literature experimental values.

Wh% CG MD Continuum (MF) Continuum (FE)
E (GPa) E (GPa) E (GPa)
0.0 1.419 (0.043) 1.419 1.419 (0.043)
0.5 1.452 (0.046) 1.442 1.436 (0.004)
0.8 1.462 (0.018) 1.461 1.453 (0.011)
1.0 1.466 (0.025) 1.464 1.459 (0.008)
1.5 1.496 (0.027) 1.497 1.490 (0.000)
2.0 1.549 (0.036) 1.530 1.519 (0.022)

Table S8. Comparison of Young’s modulus obtained from coarse-grained and continuum simulations.
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W% CG MD Continuum (MF) Continuum (FE)
Poisson’s ratio (GPa) E (GPa) E (GPa)
0.0 0.335(0.012) 0.335 0.335(0.012)
0.5 0.321 (0.006) 0.333 0.333 (0.000)
0.8 0.319 (0.005) 0.332 0.332 (0.000)
1.0 0.318 (0.006) 0.332 0.332 (0.000)
1.5 0.312 (0.004) 0.330 0.331 (0.000)
2.0 0.306 (0.014) 0.329 0.330 (0.001)

Table S9. Comparison of Poisson’s ratio obtained from coarse-grained and continuum simulations.

W% CG MD Continuum (MF) Continuum (FE)
A (W/mK) A (W/mK) A (W/mK)
0.0 0.099 (0.003) 0.099 0.099 (0.003)
0.5 0.104 (0.003) 0.108 0.107 (0.000)
0.8 0.114 (0.002) 0.111 0.109 (0.001)
1.0 0.116 (0.001) 0.113 0.111 (0.001)
1.5 0.118 (0.001) 0.118 0.115 (0.000)
2.0 0.120 (0.002) 0.123 0.120 (0.001)

Table $10. Comparison of thermal conductivity obtained from coarse-grained and continuum simulations.
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