Molecular Dynamics Simulations of Epoxy Resin Systems

Epoxyresinsare applied in a wide range of applicationsdue to their use
dependent mutability and their high strength, excellentadhesionand low
shrinkage Giventhat epoxy resinsare usedin important fields like high
performanceaeronautics,it is important to understandtheir chemistryat a
microscopiclevel to prevent largerscale failures In our project, we use
molecular dynamics (MD) simulations to replicate the epoxyamine
crosslinkingreaction that confers upon a epoxy resin system its desired
properties using both nonreactiveand reactive force field. Varyingover a
manufacturergiven range of molecular componentsand the coordinate of
the crosslinkingreaction, we hope to quantify physical properties of the
epoxyresin systemsuchasits isothermalcompressibilitythermal expansion
coefficientand chemicalpartition. Infindingthesevalueswe canunderstand
anddeterminethe suitability of usingthe resinin different environments

Introduction

Epoxyresinsare molecularsystemsthat includean epoxidegroup (Figure 1)

containing baseresin and a curative, with additional modifiers sometimes
iIncludedfor other properties Specificallythe M1002M 2046 Pro-SetSystem
we are workingwith consistof a BADGHEdiglycidylether of bisphenolA) type
base resin and an aminetype curative and is intended for usage as an
adhesive Curingan epoxyresinconfersthe systemits hardnessand resistant
propertiesand involvesthe crosslinkindoetweenthe epoxygroup of the base
resinand the amine of the curative Curingcanoccurover a wide range of
temperaturesand rates, and the physicalproperties of the systemchange
dependingon the extent of the crosslinking,which forms large, relatively
Immobile molecularcomplexes

We would like to explorethe evolution of our epoxyresin systemover the
reaction coordinate of the crosslinking reaction usingMD simulations MD
simulationssolvingN e wt aaquatisn for individual atoms, given a set of
potential functions and parametersgiven by quantum mechanicsover very
short (1fs) time steps Integrating the steps together, we can model the
trajectories of the atoms over a longer time, visualizingthe initial bond
breakageand later polymerizationthat characterizesthe crosslinking From
our MD simulations,we can calculatephysicalpropertiessuchasthe change
In free energyover the reaction coordinateand the extent to which shiftsin
temperatureor pressureaffectthe overallvolumeof the curedsystem

Figure 1. Epoxide group Figure 2. Epoxyamine crosslinking
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Methods and Materials

We used the GROMACSnd LAMMPSMD simulation with both the 0 0 :

CHARMNM6 nonreactiveforce field and the ReaxFkeactiveforce field in our V—\DO“Q‘D D{_ (_ (_D

project VMD was used for visualizationof individual moleculesand the fu— . |

output trajectoriesof the MD simulations Thestepswe were took asfollows: Propane, 2,2-bis[p—(2,3-Epnxyprnpnxy)phenvlg _ @Jﬁj

A Parameterizationof atom types, bond (stretch), angle (bend), dihedral (70-100%) “
(torsion)andimproperdihedraltypesunder CHARMNM36>8 (Figure 3) : N N Phenol-formaldehyde polymer glycidyl ether

A Structuraloptimization(Figure 4) and partial chargedistribution analysi$?; 2 ")‘ﬁ_f (10-20%)

A Packingof moleculesinto initial simulation box (Figure 5) and energy ”’f;—f’”/'\/ " ‘
minimizatior$*1L; ' )\/D\/LHNH?

A Equilibration of moleculesunder NVE, NVT, and NPT ensembleswith Benzenamine-formaldehyde polymer -
temperaturerescaleevery100steps; (15-35%) Ff;":;f:f Pylenediamine

A Reactedyroupactivation(Figure 6) andpartial chargerearrangement: /O/\O\ N D

A Crosslinkingormation (Figure 7) and protonation:; o " .

A Reparameterizdocalcrosslinkingstructureunder CHARMM6': 4, 4’-Methylenebiscyclohexanamine isophoronediamine (10-30%)

Stepswe areaboutto take: (10-30%)

A Reequilibrationand MD simulationof volumechangé;

A Dataanalysisfree energycalculationwith umbrellasampling etc.
his general procedurewas used to gaugethe stability of the crosslinked Current Results
product, to setup an umbrellasamplingsimulationwith minor input changes

to measurechangesin free energy along the reaction coordinate, and to
guantify fluctuation propertiesof the system

We are still in the intermediate stagesof our project, but we have already
made somegood progress Severalkystemswere constructed,parameterized
and optimizedin terms of eachmoleculesand tested both nonreactiveforce
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fleld In GORMACS&nd Reactiveforce field in LAMMMPS Apart from these,
a w e ' \canstructed activated molecules as shown in (Figure 6),and
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reparametrizedthem into CHARMNMG force field. We ’ als®wrote energy

minimized crosslinkingbond topological file including atom positions and

FCO  Anges U pinedrais partial chargedor the parameterizationafter crosslinkingorocess

Fromthe activatedstructuresin w e ' gemreratedan initial smaltscale(<10

molecule) crosslinking reaction stable under the microcanonical NVE

Hommim ?H ensembleand an approximationof the canonicalNVTensembleby fixingand
A rescalingtemperature every 100 steps We are currently working on scaling

Figure 3. Parameterization- stretch, bend, torsion
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: H : crosslinkingormation undersameconditionto constructpolymerstructure.
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| H Conclusions and Future Steps

Commerciakpoxyresinsare complicatedsystemsinvolving precisemixtures
of different types of baseresins,curativesand additional modifiers In our
project, w e ° anly modeled the major BADGHype baseresin and amine
curative of the M1002M 2046 Pro-SetEpoxyResinSystem Nonethelesswe
were ableto simulatethe basiccrosslinkingpf the baseresinandthe curative,
gaininga better understandingof how an epoxyresin cures We show that
moleculardynamicssimulationsare an appropriate meansto visualizethe
crosslinkingreaction integral to resin curing, see how the chemistryof the
systemchangesdependenton the extent of the crosslinkingand determine
the valueof fluctuation propertiesthat canaffect applicationsof the resin By
the end of our project, we hope to gquantify these valuesto determine
Figure 5. Simulation box Figure 7. Sample crosslinking € bond suitability for its industrialapplicationasan aluminumplate adhesive
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