
Molecular Dynamics Simulations of Epoxy Resin Systems
Stephen Wu1, Lam Tran2

1City University of Hong Kong, 2University of Pennsylvania

Dr. Lonnie Crosby
Joint Institute for Computational Sciences
lcrosby1@utk.edu

Mentor:
1. M. Valiev, E. Bylaska, N. Govind, K. Kowalski, T. Straatsma, H. V. Dam, D. Wang, J. Nieplocha, E. Apra, T. Windus, and W. de Jong, Computer Physics Communications 181, 1477 (2010).
2. G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al‐Laham, W. A. Shirley, and J. Mantzaris, The Journal of Chemical Physics 89, 2193 (1988), http://dx.doi.org/10.1063/1.455064.
3. G. A. Peterssonand M. A. Al‐Laham, The Journal of Chemical Physics 94, 6081 (1991), http://dx.doi.org/10.1063/1.460447.
4. A. D. Becke, The Journal of Chemical Physics 98, 5648 (1993), http://dx.doi.org/10.1063/1.464913.
5. K. Vanommeslaeghe, E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim, E. Darian, O. Guvench, P. Lopes, I. Vorobyov, and A. D. Mackerell, Journal of Computational Chemistry 31, 671 (2010).
6. W. Yu, X. He, K. Vanommeslaeghe, and A. D. MacKerell, Journal of Computational Chemistry 33, 2451 (2012).
7. K. Vanommeslaegheand A. D. MacKerell, Journal of Chemical Information and Modeling 52, 3144 (2012), http://dx.doi.org/10.1021/ci300363c.
8. K. Vanommeslaeghe, E. P. Raman, and A. D. MacKerell, Journal of Chemical Information and Modeling 52, 3155 (2012), http://dx.doi.org/10.1021/ci3003649.
9. C. G. Mayne, J. Saam, K. Schulten, E. Tajkhorshid, and J. C. Gumbart, Journal of Computational Chemistry 34, 2757 (2013).
10. L. Martínez, R. Andrade, E. G. Birgin, and J. M. Martínez, Journal of Computational Chemistry 30, 2157 (2009).
11. J. M. Martínez and L. Martínez, Journal of Computational Chemistry 24, 819 (2003).
12. M1002/M2046 Technical Data, accessed at http://www.prosetepoxy.com/wp-content/uploads/M1002-M2046_Toughened-Laminating-Epoxy.pdf

References

Epoxyresinsare applied in a wide range of applicationsdue to their use-
dependent mutability and their high strength, excellent adhesionand low
shrinkage. Given that epoxy resinsare used in important fields like high-
performanceaeronautics,it is important to understandtheir chemistryat a
microscopiclevel to prevent larger-scale failures. In our project, we use
molecular dynamics (MD) simulations to replicate the epoxy-amine
crosslinkingreaction that confers upon a epoxy resin system its desired
properties using both nonreactiveand reactive force field. Varyingover a
manufacturer-given range of molecular componentsand the coordinate of
the crosslinkingreaction, we hope to quantify physicalproperties of the
epoxyresin systemsuchas its isothermalcompressibility,thermal expansion
coefficientandchemicalpartition. In findingthesevalues,we canunderstand
anddeterminethe suitabilityof usingthe resinin different environments.

Abstract

Introduction

We used the GROMACSand LAMMPSMD simulation with both the
CHARMM36 nonreactiveforce field and the ReaxFFreactiveforce field in our
project. VMD was used for visualizationof individual moleculesand the
output trajectoriesof the MD simulations. Thestepswe weretook asfollows:
ÅParameterizationof atom types, bond (stretch), angle (bend), dihedral

(torsion)andimproperdihedraltypesunderCHARMM365,6 (Figure 3) ;
ÅStructuraloptimization(Figure 4) andpartial chargedistributionanalysis1,2;
ÅPackingof molecules into initial simulation box (Figure 5) and energy

minimization3,4,11;
ÅEquilibration of molecules under NVE, NVT, and NPT ensembleswith

temperaturerescaleevery100steps9;
ÅReactedgroupactivation(Figure 6) andpartial chargerearrangement10;
ÅCrosslinkingformation (Figure 7) andprotonation;
ÅRe-parameterizelocalcrosslinkingstructureunderCHARMM367;
Stepswe areabout to take:
ÅRe-equilibrationandMD simulationof volumechange8;
ÅDataanalysis: free energycalculationwith umbrellasampling,etc.
This generalprocedurewas used to gaugethe stability of the cross-linked
product, to set up an umbrellasamplingsimulationwith minor input changes
to measurechangesin free energy along the reaction coordinate, and to
quantify fluctuationpropertiesof the system.

Methods and Materials

Commercialepoxyresinsare complicatedsystemsinvolvingprecisemixtures
of different types of baseresins,curativesand additional modifiers. In our
project,we’veonly modeled the major BADGE-type base resin and amine
curativeof the M1002/M2046Pro-SetEpoxyResinSystem. Nonetheless,we
wereableto simulatethe basiccrosslinkingof 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 crosslinking,and determine
the valueof fluctuationpropertiesthat canaffect applicationsof the resin. By
the end of our project, we hope to quantify these values to determine
suitabilityfor its industrialapplicationasanaluminumplateadhesive.

Conclusions and Future Steps

Epoxyresinsare molecularsystemsthat includean epoxide-group (Figure 1)
containing base resin and a curative, with additional modifiers sometimes
includedfor other properties. Specifically,the M1002/M2046Pro-SetSystem
we areworkingwith consistsof a BADGE(diglycidylether of bisphenolA) type
base resin and an amine-type curative and is intended for usage as an
adhesive. Curingan epoxyresinconfersthe systemits hardnessandresistant
propertiesand involvesthe crosslinkingbetweenthe epoxygroupof the base
resin and the amineof the curative. Curingcan occurover a wide rangeof
temperaturesand rates, and the physicalproperties of the systemchange
dependingon the extent of the crosslinking,which forms large, relatively
immobilemolecularcomplexes.

We would like to explore the evolution of our epoxy resin systemover the
reaction coordinateof the cross-linking reaction usingMD simulations. MD
simulationssolvingNewton’sequation for individual atoms, given a set of
potential functionsand parametersgivenby quantum mechanics,over 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 cancalculatephysicalpropertiessuchasthe change
in free energyover the reactioncoordinateand the extent to which shifts in
temperatureor pressureaffect the overallvolumeof the curedsystem.

We are still in the intermediate stagesof our project, but we have already
madesomegoodprogress. Severalsystemswere constructed,parameterized
and optimizedin terms of eachmoleculesand tested both nonreactiveforce
field in GORMACSand Reactiveforce field in LAMMMPS. Apart from these,
we’veconstructed activated molecules as shown in (Figure 6),and
reparametrizedthem into CHARMM36 force field. We’vealsowrote energy-
minimized crosslinkingbond topological file including atom positions and
partial chargesfor the parameterizationafter crosslinkingprocess.
From the activatedstructuresin we’vegeneratedan initial small-scale(<10
molecule) crosslinking reaction stable under the microcanonical NVE
ensembleandan approximationof the canonicalNVTensembleby fixingand
rescalingtemperature every 100 steps. We are currently working on scaling
crosslinkingformation undersameconditionto constructpolymerstructure.

Current Results

Figure 1. Epoxide group Figure 2. Epoxy-amine crosslinking

Figure 3. Parameterization –stretch, bend, torsion

Figure 4. Structural optimization
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Figure 6. Epoxide and amine group activation

Figure 5. Simulation box Figure 7. Sample crosslinking C-N bond
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