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Epoxy Resins

e Epoxyresins are a class of thermoset polymers.

e The epoxy resins can cross-link with amine
hardeners, producing cured resins.

e Applications: adhesives, coatings, encapsulates,
casting materials, etc.
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Advantages of Computational Experiments

e Lack of materials costs

e F[asier to alter experiments

e Growth of supercomputing access / power has helped make experiments
have reasonable run time

Cons of Computational Experiments

e Reliant on experimental results for validation
e [Fasyto simulate unphysical situations
e Reaction mechanism is not carried out as it would be in a physical system



PRO-SET® M1002 Resin (Epoxy) and M2046 Hardener (Amine)
MSDS and Sigma Aldrich
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Binary System 1

"NH,
H,N
CH,
H3 CHs;
Propane, 2.2-bis[p-(2,3- Isophoronediamine

Epoxypropoxy Jphenyl [BADGE] [IPDA]



Binary System ¢

:6\%9: .‘NHE

H,N
CH;
(/‘Q‘ H, CH;
O: Isophoronediamine
[IPDA]

Diglycidyl ether of 1,4-butanediol (DGEBD)



Crosslinking Reaction

noncrosslinked carbon radicals

crosslinking percentage = 1 — , ,
gp g total potential crosslinks



Activated molecules
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Under the Hood of the Simulation -
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Encode Atoms (Parameterization)

e First letter is atomic element
o (CG321 ->Carbon

e [Letters and numbers after refer to
specific types of each atom.
o (G321 -> G321 type of Carbon
e Other encoding includes partial

charge

o (CG32120.06 -> Charge of 0.06
o (CG321Z-0.06-> Charge of -0.06
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Build Molecules in VMD
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Building Molecules in VMD
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Building Molecules in VMD

B vvo

By repeatedly replacing the
atoms with functional
groups, we can build
complicated molecular
structure.




Molecular Structure Optimization

e We adopted the NWChem program to perform structural geometry
optimization.

e The optimization is based on density functional theory (DFT), which is a
quantum mechanical method widely used in computational chemistry.

e Through the optimization, the molecules will become more stable.

m NWCHEM



Molecular Structure Optimization

Unoptimized PDGE Optimized PDGE



Pack molecules into a box

Humphrey, W., et al. (1996).

We built a simulation box with
Packmol program.

Crosslinking reaction will be
conducted within the box.

Periodic boundary condition will
be applied in the simulation.
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LAMMPS

e large-Scale Atomic/Molecular Massively Parallel Simulator
e Customizable to a wide variety of experiments and fields of study
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Simulation Procedure

1fs=10"s; Tps =107"%s
1. Set the length of a timestep to be 0.5fs.
2. Perform energy minimization on the simulation box.
3. Equilibrate the system at 800 Kelvin, 1 atm, for 100 ps in canonical (NVT)
ensemble followed by 400ps in isothermal-isobaric (NPT) ensemble.
4. Cool down the system from 800K to 10K with an interval of 10K. At each
temperature, run 10 ps of NVT ensemble followed by 40ps of NPT ensemble.

The volume is averaged over the last 2.5ps of the NPT simulation.



Issues Faced in LAMMPS

e Mistyping/ Improper reading of input
data types
e Atom Bonds not on processor 3
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http://drive.google.com/file/d/1hs4hUvRQWcwHDoVZrw1EYe1fEvHWZ94x/view

Cooling Down the System



http://drive.google.com/file/d/1tDaW2qum5pEMg0BOmUii3BrYvhggUGM2/view
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For the 90% crosslinked BADGE-
IPDA system, we measured the
glass transition temperature to be
524.06K (experimental value: 436K).

The thermal expansion coefficient
(a) we measured in glassy state is
2.72e-4 K1, while in rubbery state is
2.06e-3 KT,

1oV 0ln(V)
vl = o



Results: DGEBD-IPDA
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As for the 90% crosslinked DGEBD-
IPDA system, we measured the
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Results
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Why cooling down the system?

At low temperature, the kinetic
energy of molecules is low.

The system needs more time to
reach the equilibrium.

For heating up the system from low
temperature, if the simulation time
is short, we will obtain incorrect
results!



Glass Transition Temperature (Kelvin)

Results: Crosslinking percentage v.s. T,
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Thermal Expansion Coefficient (1/Kelvin)

Results: Crosslinking percentage v.s. o
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Future Work

Use the methods developed over the course of the summer to work on systems
that have unknown properties.

Find the reason why the glass transition temperatures are larger than the
experimental measurements.

Use larger volumes of the same system to see if results are replicable for
computations involving a larger system.

Investigate CGenFF in depth: Automatic Atom Typing Software.
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