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Abstract 
 
The context of this work is the development of open source software to support 

researchers to quickly build systems of molecules for molecular dynamics (MD) 

simulations. The goal is achieved through the integration of three open source programs 

by judicious modifications and creation of new source code, which allows the creation of 

molecular models, MD cells and the LAMMPS geometry input files. The software-

changes work together supporting an easy and intuitive process for simulation system 

creation. Creation of multiple MD cells for research simulations becomes quicker and 

provides needed standardization to the simulation process. The researcher can select from 

atomistic force fields or modify the software to use other force fields. The software has 

been validated by generating the glass transition temperature (Tg) and the bulk modulus 

for a cross-linked epoxy system composed of Diglycidyl Ether of Bisphenol-A and 

Isophorone diamine (DGEBA/IPD). The Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) software is used to conduct the molecule dynamics 

simulations. 
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1. General Introduction 

The context of this work is the development of open source software to support 

researchers in quickly building systems of molecules for molecular dynamics (MD) 

simulations. The ultimate goal is to turn this proof-of-concept software into releasable 

software for the MD community to use on a daily basis. The software development 

lifecycle (SDLC) is composed of gathering requirements, design and coding of software 

and testing of software against a standard to determine the correctness of the software. 

Software testing, on a research level, validated the Diglycidyl Ether of bisphenol A and 

isophorone diamine (DGEBA/IPD) system simulation results against published simulated 

and experimental results. 

Molecule dynamics does for the design of molecular systems what finite element 

analysis does for building macro structures.  Molecular dynamics simulations allow the 

designer to develop concepts and run “experiments” in the computer: however; as only 

some attributes of nature can be simulated in a timely fashion calculations do not yet 

reproduce what occurs in the test tube.  The adage, “Garbage in garbage out” applies. 

Nature never checks herself with computer models and is often cruel towards those who 

insist on mocking her with computer simulations. 

Molecular Dynamics simulations allow researchers to see the interactions at the 

atomic and molecular scale. Molecular dynamics is the calculation of the atom positions 
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and velocities in a three-dimensional (3D) space. Movement of atoms in a molecule 

governs the shape of the molecule. For example, cyclohexane exists in the chair, boat and 

twisted-boat conformations over time as energy is exchanged with the molecule and its 

environment. The interactions between molecules are based on nonbonded (e.g. van der 

Waals and Coulombic) forces. Nonbonded forces are based on atoms attracting and 

repelling one another based on an equilibrium distance between atoms. As molecules 

change their conformations the distance between atoms, from one molecule to another, 

the external forces on all molecules change over time. Molecular dynamics simulations 

are based on Newton’s equations of motion coupled with a model of how bonded and 

nonbonded atoms move relative to the forces applied commonly referred to as a force 

field. The term “force field” is misleading because the “force field” equations really 

calculate the potential energy of the system of atoms. The physical properties of the 

system depend on the force field. 

Molecules are confined to a 3D-space that is periodic, non-periodic in nature or a 

combination of the two cases.  This work addresses the periodic case. Non-periodic 

boundary conditions allow research at the surface of liquid and solids with matter in all 

phases. The volume of a simulation is often referred to as a cell, MD cell, box or system. 

Molecules are given an equilibrium structure in terms of their potential energy in the gas 

phase and packed into the MD cell as close as possible without creating large repulsive 

forces between molecules. Setting pressure and temperature for such a simulation allows 

the volume of the simulation to change over time. The new calculated volume at 298K 

and 1atm hopefully will be close to the experimental volume thereby providing realistic 

density values of condensed matter. Simulations conducted are of a cross-linked epoxy 
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system, DGEBA/IPD assumed to be in the range of 298K to 600K at 1atm. The high 

temperatures are mainly required for equilibrating the initial system through simulated 

annealing and for calculating the glass transition temperature (Tg) of DGEBA/IPD, while 

high pressure (~5000atm) is required to calculate the bulk modulus. 

Leveraging open source software (OSS) allows researchers to quickly build 

molecules and systems of molecules for MD simulations similar to those available in 

expensive commercial software packages. Significant modification of the open source 

software was required for this work. Three open source software tools were modified to 

accomplish this goal: NanoEngineer-1(NE-1), PACKMOL and MSI2LMP.  The 

commercial software companies, accelrys (accelrys, 2012), Materials Design (materials 

design, 2012), and SCIENOMICS (SCIENOMICS, 2012) offer their respective products 

Materials Studio, MedeA and MAPS to quickly accomplish the same for considerable 

amounts of money and come with significant scientific support and consultation. One of 

the many goals of this software development effort is to make the software available to 

the LAMMPS user community via sourceforge (sourceforge, 2012) . LAMMPS has 

developed a significant user-base and many users answer both software and scientific 

questions on the LAMMPS portal. LAMMPS is short for Large-scale Atomic/Molecular 

Massively Parallel Simulator developed and maintained by Sandia National Laboratories. 

 The researcher can select either the published COMPASS (Sun, 1998) or CFF91 

(Sun, 1998). Published COMPASS is available in the papers published by Sun and other 

researchers. COMPASS is short for Condensed-phase Optimized Molecular Potentials for 

Atomistic Simulation Studies and is owned by accelrys.  CFF91 (Maple, Dinur, & 

Hagler, 1988) is distributed with LAMMPS in the tools directory as well as by accelrys. 
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CFF91 is short for Consistent Force Field, 1991. Whenever COMPASS is referenced in 

this work it refers to the published COMPASS force field. There are many other 

published force fields available for use. Any of the following force fields, AMBER 

(Flowers, 2012), CHARMM (CHARMM FF Parameters, 2012), OPLS (Wikipedia, 

OPLS, 2012), DREIDING (Mayo, Olafson, & Goddard III, 1990) and others can be 

integrated into NE-1.  The main purpose of providing COMPASS and CFF91 was to 

demonstrate the integration of multiple force fields into NE-1. The scientific reason for 

selecting atomistic force fields for this work is to allow more detailed calculation of 

physical properties and for future calculation of the mean squared displacement (MSD) of 

water in a cross-linked epoxy.  

LAMMPS is used in this work to simulate the DGEBA/IPD system and is used 

daily to simulate millions of atoms on systems with thousands of processors. Some 

LAMMPS simulations run for a year!  LAMMPS is executed on an Intel i7 four-core 

processor and runs in parallel using OpenMPI for this work. Testing with hyper-threading 

was disappointing as simulation times did not decrease, but may require the USER-OMP 

package to be installed.  

The software heavy processes in purple and the human heavy processes in blue 

are shown in Figure 1.1. The black arrows show the data flow, in all cases files 

containing data, from one process/program to another.  NanoEngineer-1 uses a file format 

called molecular machine part file (MMP). NanoEngineer-1, PACKMOL and MSI2LMP 

(Molecular Simulations, Inc. to LAMMPS – MSI became accelrys) all were modified to 

understand the modified MMP file format developed for this work. MSI2LMP creates 

native LAMMPS geometry input files (LGIF). LAMMPS generates thermodynamic 
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(log), trajectory and restart files. The log file contains thermodynamic data such as 

temperature, pressure, volume, etc. Trajectory files allow the user to see the movement of 

molecules over the duration of the simulation since they contain atom positions over time 

through the use of the Virtual Molecular Dynamics (VMD) open source program. The 

restart files allow the user to restart a simulation in the event of a power failure. The 

restart feature saves the user from rerunning the last 6 months of calculations due to a 

power failure. The human heavy processes are accomplished with a text editor. The red 

arrows show human decisions and how they affect the input data to Execute LAMMPS 

process. The user must create LAMMPS command input files (LCIF) by typing them in. 

LAMMPS has a 929 page user manual detailing commands. The LAMMPS command 

input file used to equilibrate the DGEBA/IPD system is over 10 pages. The LAMMPS 

geometry file for a 569 atom oligomer is 210 pages and the 5 oligomer system file is over 

2000 pages! The input files and associated data, raw and refined, must be distributed on 

DVD.  The first three purple processes and their associated software represent the scope 

of this work. LAMMPS execution and the associated human processes in blue are 

required for all MD simulations and are the same processes the user would carry out 

using a commercial software package. 

  Multiple confirmation criteria for validating simulation results are 

required. In the case of MD calculations viewing the trajectory files generated by 

LAMMPS provides insight into the correctness of force field information used to create 

the initial geometry. As an example, running a molecular mechanics (MM) energy 

minimization will allow a trajectory file to be created, which can be viewed using the 

VMD software. The trajectory file format is simple and the software modifications to 
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MSI2LMP generates a trajectory file from NE-1 or PACKMOL data thereby providing 

another check on geometry structure via the VMD tool. LAMMPS generates trajectory 

files during simulation when commanded. Initial results in this work showed benzene 

rings bent in half and other obvious distortions to the DGEBA structure. Obviously, the 

force field data was not correctly populated into the LAMMPS geometry input file 

(LGIF). PACKMOL generates the final MD cell geometry file in new MMP file format. 

This intentional design feature allows the final MD cell geometry to be viewed in 

NanoEngineer-1 and allows the researcher to manually modify the final MD cell 

geometry prior to simulation.  
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Figure 1.1 –MD Simulation Process Flow. 
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2. Literature Review 

2.1 Introduction 

There are two major purposes of this literature review. The first is to understand 

the testing criteria of the software and the second understanding the features of 

commercial and open source software currently supporting MD simulations though an 

exhaustive search was not conducted. The software validation or testing criteria consists 

of two tiers: actual software validation per existing tenants of software engineering and 

the review of MD simulation results. The software development lifecycle (SDLC) 

consists of creating requirements, developing a design, coding the software and finally 

testing the software. The requirements are developed directly from features defined in 

commercial and open source software. The three selected open source software have 

existing designs, which will be modified to meet new requirements. Review of the 

NanoEngineer-1, PACKMOL and MSI2LMP code was a significant part of the literature 

search.  

The testing criteria required review of force fields in terms of how they affect 

simulation results and how they can be integrated into the software, defining a target 

epoxy system for simulation in order to confirm the software can model real-world 

systems, defining crosslinking for the purposes of building an initial system for 

simulation, defining validation criteria for measuring the open source software’s 
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performance in terms of calculating physical properties, and identify the necessary 

simulation procedures that must be applied to the MD simulation to calculate the desired 

thermodynamic properties. 

2.2 Background  

Molecular dynamics is the solving of Newton’s equations of motion over a span 

of time to collect the positions and velocities of the atoms. Atoms translate, rotate and 

vibrate due to the bond and nonbonded forces inherent in the atoms of a molecule and 

between molecules. An interesting phenomenon of MD calculations is when atoms are 

too close together and the repulsive forces cause the atoms to fly away from one another.  

When all forces on all the atoms individually sum to zero the system of atoms is 

considered to be at equilibrium (Wu & Xu, 2006). It is critical to not confuse the 

equilibrium condition with the minimum system energy. The equilibrium condition has 

many configurations and is defined as zero forces and moments on each atom in the 

system. Just as a truss system has beams and points where beams are pinned together the 

same situation occurs in the system of molecules with atoms and bonds, including 

nonbonded contributions. System minimum energy exists as many minimums on the 

potential energy surface of the system where bond lengths and angles are the variables in 

configuration space. There is one global minimum with many local minima.    

Equation 2.1 shows the pressure calculation performed by LAMMPS and other 

MD software for a 3D system. The first term is the kinetic energy and the second term is 

the virial as discussed by (Wu & Xu, 2006). The number of atoms (N), the Boltzmann 

constant (Kb), temperature (T) and system volume (V) are required for calculating the 

kinetic energy while the per atom force (fi) and the distance between atom pairs (ri) are 
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required to calculate the virial. The virial is defined as the derivative of the system 

internal energy with respect to the strain (Wu & Xu, 2006). 

 

Equation 2.1 Molecular Dynamics Pressure Calculation 

Other definitions of system equilibrium are defined in the literature to meet the needs of 

the work conducted. Convergence of the dependent state variable or other property is 

usually used to define equilibrium. An example would be to define the temperature and 

pressure of a system and watch the volume of the system converge to a mean value. The 

problem with atoms moving too far in too short a time is it wastes computation time 

needed to achieve equilibrium for study. Balancing repulsive and attractive forces per 

atom is the goal. The natural repulsive and attractive forces are quantified by a force 

field. Whether covalent or Lennard-Jones in nature the force between atoms is modeled 

with a polynomial function. 

 Molecular mechanics (MM) energy minimization is used to create an initial 

system with a minimum potential energy. Bond lengths, angles, dihedrals (torsion), 

impropers (out-of-plane)  and distances between atoms are adjusted to reach a minimum 

energy within a molecule. All MD procedures start with MM. Molecular Mechanics 

energy minimization reduces high bond energy and suffers from the local minimum 

problem. The minimum energy found is one of many and most likely not the global 

minimum. LAMMPS provides five minimization methods. The Polak-Ribiere conjugate 

gradient (CG) provides the added benefit of changing the size of the MD cell as the atoms 

ࡼ =
ࢀ࢈ࡺ
ࢂ +  (࢘

ࡺ



∙  ࢂ/( ࢌ



 

11 

are moved when used in conjunction with the LAMMPS “relax box” option to apply an 

external pressure tensor to the system. This feature helps to bring the system simulation 

pressure to the user-specified set point. The temperature is assumed to be zero in the 

Polak-Ribiere method. LAMMPS also minimizes energy based on nonbonded forces 

between atoms in the system subject to the cutoff specified for atom pairs based on Van 

der Waals and Coulombic interactions. LAMMPS also implements the fast inertial 

relaxation engine (FIRE) method to minimize energy. The method uses an NVE (constant 

number of atoms, volume and energy) ensemble to calculate position, velocity and forces 

for every atom in the system. Essentially, the system does have a temperature during the 

FIRE minimization due to the NVE ensemble. System temperature changes in a chaotic 

manner during this method and, though slow to converge, does provide lower potential 

energies compared to other methods. 

 As the MD simulation progresses, energy is exchanged between potential and 

kinetic energy. Obviously, temperature is another way of looking at the atom velocities of 

the system. An adiabatic system is isolated from its surroundings and the energy of such a 

system would ideally remain the same over time. Calculations of such a system fall 

victim of round off errors and the system energy does change over time. The NVE 

ensemble is the adiabatic system. When a system is run adiabatically the temperature will 

converge to some value based on the geometry of the system. Energy can be permanently 

removed from the system by rescaling the velocities of the atoms. Velocity rescaling is 

another tool to help prevent atoms from flying away from each other and is performed 



 

12 

after MM energy minimization. Quenching is the rapid cooling of a material. Velocity 

rescaling is referred to as quenching due to energy being removed from the system. 

The constant number of atoms, volume and temperature, NVT, ensemble is used 

to equilibrate a system to a set point temperature where pressure will be defined in terms 

of system temperature and volume as if the system were an ideal gas. The virial must also 

be considered in the pressure calculation of the system as per Equation 2.1. Under NVT 

the system exchanges energy with a temperature bath. Running the system under the 

NVE ensemble initially will provide the equilibrium temperature of the system. Knowing 

the equilibrium temperature then allows one to know if energy will be added to or 

removed from the system when coupled with the temperature bath using a thermostat to 

control the flow of energy. The Nose-Hoover thermostat is the default for LAMMPS.  

The constant number of atoms, pressure and temperature, NPT, ensemble is used 

to equilibrate a system to a set point temperature and pressure. The NPT ensemble is used 

to change the volume of the system. The NPT ensemble is important in the calculation of 

the system density and the bulk modulus. The NPT ensemble can be thought of as a 

system connected to a temperature bath for the exchange of energy while the system is 

maintained in a volume with a movable piston thus allowing the system volume to 

change over time to maintain a constant system pressure. Temperature and volume are 

the better behaved state variables in MD simulations while pressure is dependent on 

system size. “Instantaneous pressure [or stress tensor] of a simulation cell... will have 

mean squared fluctuations” according to David Case quoting Section 114 of Statistical 

Physics by Landau and Lifshitz. A system of 60,000 atoms will experience 30bar 
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instantaneous pressure fluctuations, however, much larger fluctuations are observed in 

practice. A 54 million atom system is required to reduce the pressure fluctuations to 

~1bar.  The Nose-Hoover barostat is the default in LAMMPS. 

Annealing is the process of heating a material past some critical temperature and 

then cooling it to some temperature below the critical temperature. In the case of an 

epoxy the glass transition temperature Tg is the critical temperature. Annealing, often 

referred to as simulated annealing, is another process used to prepare a system for MD 

simulations. Annealing raises the system temperature above Tg and allows the system to 

bypass high energy barriers that force MM energy minimization into local minima. A 

global minimum is not guaranteed by simulated annealing. The rate of heating and 

cooling can be important in an annealing process (Varshney, Patnaik, Roy, & Farmer, 

2008).  

2.3 Force Fields 

The force field converts geometry into potential energy. The bond lengths, angles, 

dihedrals, cross-terms, and force-at-a-distance contributions (e.g Van der Waals and 

Coulombic) are used to compute the potential energy of the system. The consistent family 

of force fields (CFF) includes CFF91, PCFF and COMPASS. All three were developed 

by accelrys. CFF91 and PCFF are available for use outside of Materials Studio.  (Tack & 

Ford, 2008) reported system density values closer to experimental values using CFF91 

compared to results using COMPASS – see Figure 2.7 (Tack & Ford, 2008). All three 
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force fields are described with the equations in 

 

Equation 2.2 through Equation 2.7.  
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Equation 2.2 Consistent Family of Force Fields (CFF) Potential Energy for Covalent 
Bonding (Cerius, 1998) 
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Equation 2.2 details the potential energy of valence bonded atoms in a molecule and 

Equation 2.3 through Equation 2.7 defines the potential energy for nonbonded 

interactions. Figure 2.1 shows the mechanical behavior of the valence and nonbonded 
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potential energy terms. The potential energy expression in 

 

Equation 2.2 accounts for bond lengths (b), angles (θ), dihedrals (ϕ), out-of-plane angles 

(χ) as well as cross-coupling terms all of which are valence terms. Cross-coupling terms 

are important for predicting vibration frequencies and structural variations due to 

conformational changes (Sun, 1998). All force field equations contain equilibrium bond 

lengths and angles where the potential energy contribution becomes zero. For example 

equilibrium bond lengths (b0), angles (θ0), dihedrals (ϕ0), out-of-plane angles (χ0) values 

are specific to the nature of the participating atoms. The equilibrium bond length (b0) 
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between a hydrogen and a carbon atom will be different than the same value (b0) between 

two carbon atoms.  

Equation 2.3 accounts for the Coulombic energy (Eelec) and Equation 2.5 accounts for the 

Van der Waals (EvdW) energy. Equation 2.4 details the calculation of atom charges (qi) 

calculated per atom (i) by summing the bond increments (δij) for the atoms (j) valence 

bonded to atom (i).   

 

Equation 2.3 Coulombic contribution to the potential energy where qi is the charge 
on atom i (Cerius, 1998) 

 

Equation 2.4 Total calculated atom charge based on summation of bond increments 
(Cerius, 1998) 

Equation 2.5 accounts for the Van der Waals energy and uses a soft Lennard-Jones 9-6 

function. The nonbonded terms are used for interactions between pairs of atoms separated 

by two or more atoms and for atoms in different molecules (Cerius, 1998).  

 

 

Equation 2.5 Van der Waals potential energy contribution (Cerius, 1998) 

 

Equation 2.6 and Equation 2.7 define the 6th-order combination rules that are used to 

calculate ri,j values from ri values, which are parameters calculated for the force field and 
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are maintained in a table for a force field. Materials Studio and LAMMPS calculate Eelec 

and EvdW using the Equation 2.3 through Equation 2.7. 

 

Equation 2.6 Off diagonal atom pair parameters for Van der Waals calculation 
(Cerius, 1998)  

 

Equation 2.7 6th-order mixing potential energy for unlike atom pairs (Cerius, 1998) 

 

 Force fields, from a software perspective, are large text files of sequential 

data organized around atom types, bonds, angles, dihedrals, Wilson out-of-plane, cross-

coupling terms, Van der Waals and Coulombic parameter values corresponding to the 
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constants in the equations in 

 

Equation 2.2 through Equation 2.7. See Appendix D for force field file details.  

As an example a generic sp3 carbon is bonded to an aromatic carbon, their atom 

types are “c” and “cp” respectively. In the case of the bond between the two carbons the 

force field parameters are shown in Table 2.1. 

 

 

Table 2.1 - CFF91 force field covalent bonding parameters. 
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Covalent Bonding 
Version Reference I J b0 (Å) K2  

(Kcal/Å2) 
K3 (Kcal/Å3) K4 

(Kcal/Å4) 

1.0 1 c cp 1.5010 321.9021 -521.8208 572.1628 
 

The versions of the parameters are maintained so that new parameters can replace 

the previous version but older simulations can be repeated using the previous parameters. 

The reference identifies the publication and author who calculated the parameters. The 

atom types are given along with the parameters. The parameters in Table 2.1 match the 

coefficients shown in Equation 2.2 for the quartic bonding term. Table 2.1 shows two 

atom types common in the DGEBA molecule. Each unique pair of covalently bonded 

atoms is given a unique bond type in LAMMPS thus allowing the force field parameters 

shown to be used in a simulation. The parameters are written to the LAMMPS geometry 

input file (LGIF) prior to the simulation by the MSI2LMP software.  

 Researchers either assign atom types to atoms in a molecule or allow 

software to do so. If software assigns atom types the researcher should review the 

assignments. Every pair of covalently bonded atoms has a bond type defined by the two 

atom types assigned. Every three covalently bonded atoms have an angle type and for 

every four covalently bonded atoms has a dihedral angle type. An atom type may cover a 

broad category such as a generic sp3 Carbon or a specific aromatic Carbon “cp”. Atom 

type assignment on the surface appears to be straight forward. Sun et. al. went further in 

defining an equivalence table, which substitutes one atom type for another based on the 

environment of the atom. The categories are nonbonded, bond, angle, dihedral and out-
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of-plane. Table 2.2 shows examples from the COMPASS equivalence force field table 

(Sun, 1998). The CFF91 force field also contains such a table. 
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Table 2.2 - Software equivalence table substitute chemically equivalent atom types. 

Equivalence Table for COMPASS 
Atom Type Nonbonded Bond Angle  Dihedral Out-of-

plane 
c3a c3a c3a c3a c3a c3a 
c43 c43  c4 c4 c4 c4 
 

According to the data in Table 2.2 an aromatic Carbon (c3a) must have unique 

parameters for all cases: nonbonded through out-of-plane. The software, MSI2LMP, 

reports missing parameters to the user. In the case of a Carbon attached to three heavy 

atoms (c43) it must have unique parameters for the nonbonded case where the other atom 

is identical. In all other cases the parameters for the generic Carbon (c4) will be used 

(Sun, 1998). The researcher must be concerned with the software replacing atom types. It 

is up to the researcher to detect such replacements and decide if the replacement will 

work as expected. The replacement of critical atom types could lead to unexpected 

results. Literature researched for this work did not address such concerns.  

A second equivalence table, shown in Table 2.3, is also part of CFF91 and 

addresses atom type substitutions for cross-coupling terms and is used by Materials 

Studio, but MSI2LMP does not use it. The table contains numbers and symbols that may 

be used by MS. Being proprietary may make it difficult to integrate into MSI2LMP and 

may affect the simulation results. Tack and Ford did simulate a five oligomer system 

using MS with unpublished COMPASS and a 10 oligomer system using LAMMPS with 

CFF91 (Tack & Ford, 2008). If they had simulated identical systems using the same force 

field under MS and LAMMPS one could make inferences about how MS handles the 

missing cross-coupling terms reported by MSI2LMP.  
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Table 2.3 - Second equivalence table not used by MSI2LMP. 

Auto Equivalence Table for CFF91 
Atom 
type 

NonB Bond 
Inc 

Bond Angle 
End 

Atom 

Angle 
Apex 
Atom 

Dihedral 
End 

Atom 

Dihedral 
Center 
Atom 

OOP 
End 

Atom 

OOP 
Center 
Atom 

C= C= C= C=_3 C_ C=_ C_ C=_3 C_ C=_ 
 

 

Figure 2.1 - Mechanical descriptions of the force field valence terms, cross-coupling 
terms and Van der Waals (Cerius, 1998). 

 

2.4 Target System Definition Diglycidyl ether of bisphenol A and Isophonone 
(DGEBA/IPD)  

The molecular structures of DGEBA and IPD are shown in Figures 2.2 and 2.3 

respectively. The crosslinked epoxy system created from a large collection of DGEBA 

monomers and crosslinking molecule, IPD, is based on the reaction of the epoxide ring at 

the two reaction-sites per nitrogen in the IPD structure. 
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Figure 2.2 - Diglycidyl ether of bisphenol A (DGEBA) Epoxy Monomer Resin. 

 
Figure 2.3 - Isophorone diamine (IPD) Crosslinker (curing agent). 

Figure 2.4 shows the reaction between bisphenol A and an epoxide to form the 

DGEBA monomers or resin. A 100% crosslinked system will contain completely reacted 

IPD molecules attached to four unique DGEBA molecules. Typically R is –CH2Cl as in 

epichlorohydrin, then the by-product is HCl. An excess of epichlorohydrin is used to 

limit the extent of reactions of the type shown in Figure 2.4 (Predecki, 2012).  

 
Figure 2.4 - Synthesis of DGEBA from Bisphenol A. 
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The geometry of such a network could theoretically go on forever in all three 

dimensions. Each hydrogen atom per nitrogen on the IPD molecule provides an identical 

reaction site to react with an epoxide ring on the DGEBA molecule: however; once a 

DGEBA molecule reacts at one site the reaction rate constant at the sister site will be 

different for the second reaction. Also, the reaction rate differs per nitrogen due to one 

being attached directly to the ring and the other is attached to a methyl group attached to 

the ring. Figure 2.5 shows the reaction between the monomer and the crosslinker.  

 

 
Figure 2. 5 - Amine reaction with DGEBA. 

In Figure 2.6 a secondary reaction does occur between DGEBA molecules to 

form short polymer chains (Tack & Ford, 2008). The reaction requires one DGEBA 

monomer to be partially formed thus having a hydroxyl group to react with a completely 

formed DGEBA. 
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Figure 2.1 Secondary reaction: DGEBA with Bisphenol A. 

2.5 Crosslinked Epoxy Systems  
Crosslinking results in an epoxide ring on the DGEBA molecule reacting with an 

amine group on the IPD molecule. If every one of the four reactive amine sites react with 

a DGEBA molecule then the cross linking is defined as 100%. A 3D network of DGEBA 

molecules connected to IPD molecules are formed in the real world. An amorphous 

network of chains running out from a single IPD molecule would be entirely covalent in 

bonding. Since many IPD molecules are present in the curing of the DGEBA resin 

multiple such networks are formed and are intertwined. Such an intertwined collection of 

networks requires a full atom model where Van der Waals, Coulombic and valence force 

field data is available. Materials Studio and LAMMPS support the full atom model. In the 

real world the network spans far longer distances than can be simulated as most 

simulation MD cells are reported in the 20Å to 100Å range. Computational capability 

limits the MD cell size.  

Another approach to crosslinking was raised by Tack and Ford based on 

information from Hexion Specialty Chemicals where an oligomer of DGEBF and 
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DETDA was constructed on a ring topology (Tack & Ford, 2008). The 3-D network in 

the oligomer case does not extend to the same distances one expects for the 3-D network 

described above. Not having the Hexion information in hand makes it difficult to evaluate 

the chemical or structural physical evidence to support this topology.  

Regardless of topology or structure of the system the reactions at the amine were 

considered by some researchers. Once the reaction occurs with the primary amine it 

becomes a secondary amine with a slower reaction rate and more steric hindrance around 

the reaction site. Some researchers went as far as developing models for the crosslinking 

process in order to simulate the formation of crosslinks. Wu and Xu considered the 

primary and secondary amines to have the same reactivity (Wu & Xu, 2006) . Varshney 

et. al. looked at different and equal reaction rates for the basis of building system MD 

cells (Varshney, Patnaik, Roy, & Farmer, 2008). The secondary is reported to by 40% of 

the primary reaction.    

2.6 Molecular Dynamics Cell Geometry 

The literature contains three major MD cell creation approaches. The first 

approach is based molecular mechanics where the potential energy of the system is 

minimized (Theodorou & Suter, 1985) Amorphous Cell, software by accelrys, is known 

to use the work of Theodorou and Suter. The second approach simulates a reaction 

between the monomers or resin and the crosslinker molecule or curing agent.  The third 

approach takes the classic energy minimization problem and makes it a packing problem 

(Martinez, Andrade, Birgin, & Martinez, 2009). All methods have advantages and 

disadvantages and hybrid approaches could be created from these. 
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The first method is the ancestor to the current MM energy minimization included 

in most software like Materials Studio and LAMMPS. LAMMPS offers five MM 

options. Theodorou’s and Suter’s method was developed in 1985. It limited molecule 

configurations to rotations about bonds and did not allow bond lengths to change, but it 

did address Coulombic and Van der Waals forces in the minimization. Regardless of 

software tools used, additional software must be written by the researcher to crosslink 

epoxy monomers. The method is static in nature due to the structure being predefined and 

the atoms are rotated about bonds to seek a minimum energy. 

The second method depends upon executing an MD simulation of resin and 

curing agent molecules and at some user-defined number of time steps into the simulation 

a test for resin and curing agent molecule proximity is done to identify molecules most 

likely to react. A radius of 6Å - 10Å from the reaction site is used to form bonds between 

the epoxide and the amine. The MD cell energy is minimized after every bond formation 

(Varshney, Patnaik, Roy, & Farmer, 2008). Varshney et. al. conducted simulations where 

amine reaction kinetics were assumed to be identical and for a primary amine reaction 

much faster. This resulted in Varshney simulating all primary reactions occurring prior to 

any secondary reactions. Additional reaction schemes were conducted based on selecting 

pseudo random amine reactions with the goal being a final crosslinked epoxy where 

equilibrium could be achieved with less computational time. Yarovsky and Evans used a 

dynamic approach as well. The MD cell is subjected to MD until the level of crosslinking 

is achieved; also the ratio of resin to curing agent also helps to define the percent 

crosslinking (Yarovsky & Evans, 2002). The force field is expected to keep the 
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molecules from spearing one another and to prevent two or more atoms from having the 

same position in the MD cell. It would be interesting to see how many simulations would 

be required to generate a random oligomer as used by Tack and Ford (Tack & Ford, 

2008). 

The final method is based on a packing optimization approach where molecules 

are packed into a box with the constraint that any two atoms in different molecules must 

remain a user defined distance or more apart. The goal is to avoid high repulsive forces 

and hopefully reduce the computation time to reach equilibrium. Equation 2.8 shows the 

optimization cost function for such an optimization. The first term is concerned with the 

minimum distance requirement between atoms (dtol) of different molecules (distances 

between atoms in the same molecule are constrained by the molecule’s geometry) while 

the second term is concerned with the meeting constraints (system boundaries, etc) where 

the constraints are linear with respect to each atom. 

 

Equation 2.8 PACKMOL Cost Function: Minimize f(c,θ) for best packed MD Cell. 

The first term is quadratic due to the distance between atom pairs. The first term 

is linearized by placing atoms into bins. The binning algorithm drastically reduces the 

number of atom-to-atom comparisons since atoms in different bins cannot be close 

enough to violate the distance constraint.  
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The cost function is continuous and first-order differentiable, which is not the 

case for the potential energy equation terms shown in Equation 2.3 and Equation 2.5. 

Specifically, the EvdW and Ecoul terms create the problem for the energy minimization 

solution in method two when atoms are very close to one another (dtol = 0). The packing 

optimization approach does away with the MM energy minimization initially by creating 

an MD cell with no large repulsive forces. The MM energy minimization can then be 

done later with a better behaved starting geometry.  

Whether a static or dynamic method is used all MD cell geometry methods 

require an MM energy minimization first step. Obviously, initial system configuration is 

as important as the actual MD simulations themselves and for crosslinked epoxy systems 

often times require MD simulations to build the initial system configuration. The method 

used by Tack and Ford to create a system of pre-crosslinked oligomers was adopted to 

reduce the complexity of testing the software (Tack & Ford, 2008). Private 

correspondence with the author of PACKMOL resulted in the design of a new feature for 

PACKMOL. The proposed new feature requires adding software changes to implement a 

dynamic constraint where molecules could be chained together as to simulate the growth 

of a network in terms of a polymerization of like molecules or the networking of resin 

monomers and curing agent molecules as per the DGEBA/IPD system. In terms of 

DGEBA and IPD; once the DGEBA molecule is placed in the MD cell an IPD molecule 

would be attached at its Nitrogen atom via a covalent bond to the last carbon atom on one 

end of the DGEBA molecule. The position of the hydrogen on the carbon would serve as 

the constraint to place one of the nitrogen atoms in the IPD molecule. This dynamic 
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constraint would create crosslinks and would create long chain polymers when using the 

same molecule.  

Tack and Ford describe important details of the MS Amorphous Cell software 

(Tack & Ford, 2008). Once the oligomers were placed in space, Amorphous Cell takes a 

sub-sample of the total system of oligomers. The sub-sample is cubed-shape and a 

measure of isotropic behavior is used by the software to identify the best candidate sub-

sample. The Tack and Ford work shows one sub-sample (Tack & Ford, 2008). A uniform 

density appears to be another criterion for sub-sample selection. Selecting a sub-sample 

also varies the number of atoms in the system. Tack and Ford report a system of 

approximately 10,000 atoms and the MD cell sizes are not reported. This approach may 

have impacts on system behavior under MM and MD and most likely reduces strain in 

the sample allowing it to achieve equilibrium sooner. Also, if the MD cell is populated in 

a biased fashion in terms of types of atoms then the Coulombic partial charge 

environment will be dependent upon the atoms selected. 

2.7 Validation Criteria for Open Source Software Performance 

Table 2.4 shows the experimental results for DGEBA/IPD and DGEBF/DETDA systems 

at 298K and 1atm. Specifics of the epoxy composition in terms of percent crosslinking 

were not reported. The density of 1.131gm/cc is reported in other research with DGEBA 

to IPD ratios of 16:8 while the researcher was constructing an initial crosslinked epoxy of 

93% crosslinked. Only resin and curing agent are present in the simulation and the 

simulations cited in the literature assumed the same composition.  
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Table 2.4 - 90% Cured epoxy systems at 298K and 1atm (Tack & Ford, 2008), (Wu & Xu, 2006). 

Property DGEBA/IPD 
(Experimental)  

DGEBF/DETDA 
(Experimental) 

Bulk Modulus (GPa) 5.01 2.9 
Elastic Modulus (GPa) 4.71 2.56 
Shear Modulus (GPa) 1.75 0.946 
Poisson’s Ratio -- 0.383 
Density (gm/cc) 1.131 1.16 
 

Figure 2.7 shows the expected behavior of an epoxy (DGEBF-DETDA) density vs 

temperature graph. Specifically, the change in slope denotes the glass transition 

temperature as Van der Waals forces melt and the epoxy becomes viscous. Figure 2.7 

was generated by a series of simulations using MS using the unpublished COMPASS 

force field and LAMMPS using the CFF91 force field (Tack & Ford, 2008).   

 

Figure 2.2 DGEBF-DETDA System Density vs Temperature (Tack & Ford, 2008) 
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2.8 Molecular Dynamics Simulation Procedures 

Repeatable experimental procedures are critical to reproduction of experimental results. 

Repeatable simulation procedures are required for MD simulations. The literature 

contains many procedures for the calculation of thermodynamic properties. Simulation 

procedures contain molecular mechanics energy minimization, the use of NVE, NVT and 

NPT ensembles to equilibrate the system and finally additional NVT and NPT ensembles 

are run to collect thermodynamic property data. The majority of researchers used 

Materials Studio Discover tool to run molecular dynamics. Yarovsky and Evans used the 

PCFF force field whereas COMPASS was the most commonly used. 

The literature reports the need to model the Van der Waals and Coulombic forces 

between atoms for epoxy simulations. Obviously, nonbonded interactions are weak, but 

there are many of them making them significant in providing physical properties such as 

density, and moduli. The glass transition temperature is the temperature where the Van 

der Waals forces “melt” and the material is held together by entangled molecules and the 

covalent bonds within molecules (Ashby & Jones, 2005). Both the COMPASS and 

CFF91 force fields provide for calculating Van der Waals and Coulombic forces (Sun, 

1998).   

Tack and Ford performed Ewald summation used for long-range Coulombic 

forces, and Van der Waals forces summation for short-range forces, due to their desire to 

use a common method across MS and LAMMPS. Ewald summation method is of order 

N(3/2) and the per atom charge information is maintained across all processors when 

LAMMPS runs on a multi-processor system resulting in slower performance. LAMMPS 

also provides a particle-particle-particle-mesh (PPPM) algorithm, which is Nlog(N) 
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where N is the number of atoms. Also, the atom charge information is maintained on the 

processor responsible for the atoms assigned to it making the calculation of long-range 

Coulombic forces and Van der Waals forces faster than the Ewald algorithm. A 

Nonbonded cutoff distance of 9.5Å was used by several researchers especially with 

Materials Studio and LAMMPS (Tack & Ford, 2008). A large cutoff results in more 

atoms in a region for computing nonbonded interactions. It is important to note, 

regardless of using Ewald or PPPM LAMMPS expects the overall system charge to be 

zero. LAMMPS reports non-neutral systems at the beginning of a simulation. 

Molecular Mechanics (MM) energy minimizations are used by all researchers. 

Wu and Xu used MM energy minimization in Materials Studio. Their MM was 

configured to terminate after 10,000 steps or less (Wu & Xu, 2006). Several other 

researchers mention limiting MM to 10,000 steps. The details of MM are rarely 

mentioned in the literature reviewed. LAMMPS offers a FIRE MM method, though it is 

slow to converge, has taken 1,000,000 or more steps to converge finding much lower 

potential energies compared to MM limited to 10,000 steps.   

 Quenching refers to taking potential energy out of the system. Quenching works 

very much like MM energy minimization by reducing the system potential energy. Knox 

used velocity rescaling after MM energy minimization to quench the system. Atoms that 

were too close together, very high repulsive force situation or “bad contacts” were 

removed through quenching with small time steps. By scaling the time step 

logarithmically (e.g. 0.001fs, 0.01fs, 0.1fs and 1.0fs) for 10,000 steps each prevents 

atoms from getting lost moving from processor to processor (Knox, 2011).  
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Simulated annealing possibly helps to get a system to move to a global energy 

minimum configuration. Though not directly identified as simulated annealing, several 

researchers did employ it. Yarovsky and Evans were interested in imitating the curing 

regime of the system and used an NVT ensemble at 600K for 100ps followed by a NVT 

at 300K for 200ps (Yarovsky & Evans, 2002). Their simulation durations are short 

compared to other published procedures. Knox described a method of cyclic annealing; 

running NPT ensemble at 1atm and a cold temperature for 50ps, ramp the temperature 

from a cold temperature to a hot temperature for 50ps, run hot for 200ps and then ramp 

from a hot temperature to a cold temperature for 50ps followed by a MM energy 

minimization. The annealing was repeated five times (Knox, 2011).Wu and Xu prepared 

their system with the NVT ensemble at 600K for 100ps followed by NPT ensemble at 

600K and 0.1MPa (1bar) for 500ps (Fan & Yuen, 2007). 

System equilibrium is critical to collecting property data whether strain, stress, or 

thermodynamic data.  Yarovsky and Evans replicated the shrinkage of the epoxy system 

by using the NPT ensemble at 600K and 1atm for 100ps. This was followed by NPT at 

300K for 1ns for property collection (Yarovsky & Evans, 2002).  Knox used a NPT 2ns 

equilibration at the temperature of choice and 1atm prior to collecting property data. Tack 

and Ford simulated the crosslinked DGEBF/DETDA system to calculate thermodynamic 

properties (Tack & Ford, 2008). Tack and Ford equilibrated samples by running NVT for 

a minimum of 20 ps to set the temperature at 298K. Next the NPT ensemble was run for 

20ps to set the pressure at 1 atm. Each MD cell was subjected to dynamics using the NPT 
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Figure E.7 Preferences tooltip modification allows display of alphanumeric atom types 
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13. Appendix F – Acronyms and Symbols 

3D – three dimensions 

AP – Amidopolyamine 

AMBER - Assisted Model Building with Energy Refinement 

DREIDING – force field 

CAD - computer aid design  

CHARMM - Chemistry at Harvard Macromolecular Mechanics 

CFF91 - Consistent Force Field for the year 1991 

COMPASS - Condensed-phase Optimized Molecular Potentials for Atomistic 
Simulation Studies  

DDA - dicyandiamide 

DDM – 4, 4’-diaminodiphenyl methane 

DETA - Diethylenetriamine 

DGEBA - diglycidyl either of bisphenol A  

FEA – Finite Element Analysis 

FEM – Finite Element Methods 

FF – force field 

IMP – Imidazoline Polyamine 

IPD - isophonorone diamine  

KB – Boltzmann’s Constant 

LAMMPS - Large-scale Atomic/Molecular Massively Parallel Simulator 

GPa - Giga-Pascal 

lmp_gen – an open source tool created by the author for the purpose of creating a 
LAMMPS input file from a variant version of the Nanorex Molecular Machine Part file   

LGIF – LAMMPS geometry input file 
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MPa – Mega-Pascal 

MS - Materials Studio  

MD - Molecule Dynamics  

MM – Molecular Mechanics (usually refers to minimizing the potential energy) 

MMP – Molecular Machine Part file. Contains the molecule(s) created in the 
NanoEngineer-1 software tool 

MSD – mean squared displacement 

NanoEngineer-1 – Molecular CAD software created by Nanorex 

Nanorex – A company that GPL’d NanoEngineer-1 software 

OPLS - Optimized Potentials for Liquid Simulations force field 

OPLS-aa all atomic force field 

OPLS-ua united atom force field 

OSS – Open source software 

Qeq – The charge equilibration approach 

SAW – Self-avoiding walk or also referred to as a random walk from mathematics. Also 
open source software created by the author to create an MD cell.  

Tg – Glass Transition Temperature 

VMD - Visual Molecular Dynamics 

 


