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RMDff: A smoothly transitioning, forcefield-based
representation of kinetics for reactive molecular dynamics
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RMDff is a new forcefield that smoothly couples the reactive intersections of potential energy surfaces to model chemical
reactions. The method uses switching functions to accomplish a smooth transition from reactant to product atom types. This
paper demonstrates and tests RMDff for homolytic scissions. The reaction networks are described by localized events
involving only a few atoms, so that the complex mechanisms employed in conventional kinetics modeling are not needed.
Unlike quantum chemical calculations, which are feasible only for small molecules, this new valence-bond forcefield can be
coupled with Reactive Molecular Dynamics to describe chemical reactions in large domains.
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1. Introduction

A fundamental, microscopic understanding of kinetics

in polymer decomposition cannot be obtained using

current experimental techniques. Understanding of these

phenomena would provide useful insights into many

chemical processes, such as materials flammability. The

“Reactive Molecular Dynamics” (RMD) method of

Nyden et al. [1–5] allows investigation of the

microscopic reactive environment. It couples forcefield

molecular dynamics with an algorithm that describes

chemically reactive trajectories. Although reactive

events are rare on the time scale of molecular

dynamics, RMD simulations can be run for sufficiently

long times to observe individual reactions and the

conformational changes that accompany them.

A full molecular-orbital approach would be ideal

because it is inherently more accurate and there is no

explicit specification of the covalent bonding, but such

calculations are impractical for large systems [6,7].

On the other hand, empirical reactive forcefields, such

as ReaxFF [8,9] and REBO [10–13] are quite heavily

parameterized and not easily tailored to individual

situations that might be desired to represent energetics

including transition states. Since RMDff requires less

parameterization, it represents a compromise solution to

the description of chemical reactivity in large molecules

and nanostructures.

A valence-bond reactive forcefield was developed for our

previous RMD code, MD_React, using a modified version of

the consistent valence forcefield (CVFF) [3]. Reactions

occur between explicitly bonded and non-bonded atoms.

Bonding is thus reevaluated at every time step, and the

lowest-energy bonding is selected before execution of the

next time step. The intermediate molecular structure must

also conform to the following constraints: (i) connectivity to

an atom must not exceed unity plus its maximum valence

and (ii) the sum of bond orders of all bonded atoms to the

central atom must be less than the valence. This model

allows for the chemical structure to change throughout the
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dynamics, thereby describing the time evolution of reaction

products and intermediates.

Our present method uses localized descriptions of

reactive events to describe the chemical transitions that

occur during a reaction. This approach is derived partially

from previous efforts to model transition-state structures

from forcefield methods [14–17]. In those studies, several

groups have devised methods to determine the minimum

energy path between a reactant and product using

forcefield representations of the potential energy. Also of

note is the work of Truong and coworkers [18,19], who

have developed the Reaction Class transition-state theory.

This analysis relates the kinetics of reactions for larger

molecules to gas-phase reactions of simple molecules. A

combination of these two ideas suggests that accurate

chemical representations of forcefield-based reactions can

be developed and implemented for use in RMD from

simple localized valence-bond representations.

The objective of this work is to develop an initial

form of RMDff, a chemically accurate, forcefield-based

model for representing reactions within a dynamic

simulation. RMDff employs a standard equilibrium

forcefield representation of the atomic interactions in

the vicinity of the equilibrium products, where these

forcefields are known to provide adequate chemical

accuracy. Switching functions are employed to facilitate

smooth transitions between the reactant, transition state

and product structures within the context of a complete

and generic reactive potential energy surface (PES).

2. Computational details

2.1 Quantum chemical calculations

The ab initio calculations for parameterization and

comparison were performed using the Gaussian 98 [20]

and 03 [21] programs. All geometry optimizations and

frequency calculations were completed using the

UB3LYP/6-311þþG(2d,p) level of theory. The energies

of the optimized structures were determined from

UCCSD(T)/cc-pVTZ calculations using an initial guess

of a mixture of HOMO and LUMO orbitals.

For scission reactions, the geometry was optimized

by holding the dissociating bond length fixed and

allowing all other modes to relax to equilibrium. The

Counterpoise Basis-Set Superposition error was cor-

rected in dissociations by the method of Boys [22].

Changes in zero-point energy were taken into account

by a multiplicative factor, scaling the dissociation

energy to the value with the zero-point energy

correction applied. For carbon-carbon dissociation in

ethane, a comparison between the scaled and exact

zero-point energy from a UB3LYP/ 6-311þþG(2d,p)

calculation is applied to the energy calculations shown

in figure 1. The change in zero-point energies during

homolytic bond dissociations appears to be represented

accurately by this approximation.

2.2 MM3 forcefield

The MM3 forcefield [23–25] is used to represent the atomic

interactions in this study. This forcefield has been

demonstrated to provide reasonably accurate results near

equilibrium of molecular conformations with an average

conformational energy error of 1.5 kJ/mole for hydrocarbons

and a total error of 2.6 kJ/mole [26]. Other comparisons of

the MM3 forcefield have demonstrated that it is capable of

representing a wide range of chemical complexity [27–30].

Parameters for the hydrogen-hydrogen model were not

available in the MM3 forcefield, so they were taken from

UB3LYP/6-311þþG(2d,p) optimization calculations. On

the basis of these calculations, the force constant was

determined to be 6.59 £ 102 N/m and the equilibrium

bond distance 0.0744 nm.

3. Results and discussion

3.1 Dissociation of bonds using the MM3 quartic bond
potential

The MM3 forcefield uses a quartic bond-stretching

potential, which is inadequate for the description of

chemical bond dissociation. Consequently, a correction

was applied to represent any bond stretches by a hybrid

between the MM3 quartic and Morse potentials. At a bond

distance greater than rs, the MM3 quartic bond potential is

switched to a Morse-type potential.

In order to ensure continuity and smoothness of the

forces, the values of the energy and first and second

derivatives of the MM3 quartic and Morse potentials are

required to be equal at rs. Because the parameters of the

MM3 quartic potential are used in the vicinity of the

equilibrium conformation, there are four parameters to be

determined from three equations. The single degree of

freedom was chosen to be the dissociation energy, DE, of

the Morse potential. These values were calculated from

CBS-QB3 ab initio calculation [3] and were corrected for

zero-point energy by setting it equal to DH8(T ¼ 0K). The

parameters of the modified-Morse-potential portion of the

composite bond potential are shown in table 1.

Figure 1. Correcting the energy of CZC dissociation in ethane (A) for
the change in zero point energy explicitly by the zero point energy at each
geometry (W) and by scaling the dissociation energy (line).
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3.2 The homolytic scission model

The reaction coordinate (RC) is a measure of the location

of the transient structures on the PES relative to the

positions of reactant(s) and product(s). For each reaction,

a mathematical function for the RC is developed. The

forward reaction begins at RC ¼ 0 and ends at RC ¼ 1.

Because the reactions are descriptions of the complete

PES, the reverse reaction is described by starting at

RC ¼ 1 and proceeding to RC ¼ 0.

Reaction potentials were developed initially for simple

homolytic scissions. For these reactions, the RC of interest

is the bond distance between the dissociating atoms. The

RC is represented by a simple linear function,

RC ¼ mr þ b ð1Þ

where m and b are parameters. The RC parameters are

given in table 2 for HZH, CZH and CZC scission

reactions. Bounds on the active RC range (RC ¼ 0 and 1)

are set to 5 and 99% of the dissociation energy,

respectively.

Switching functions are used to transition smoothly

between the atom types that describe the reactant(s) and

product(s), capturing transitions such as sp3 to sp2

hybridization changes in carbon as a bond breaks. In

each case, the switching function creates a transition for

any forcefield term where a change in atom type is

encountered. The switching functions are unity at

RC ¼ 0 and transition to zero at RC ¼ 1. A suitable

switching function is:

SðRCÞ ¼ 0:5½1 2 tanhðaðRC 2 RC0ÞÞ ð2Þ

where S(RC) is the value of the switching function as a

function of RC, a is the steepness parameter, and RC0 is a

parameter such that S(RC0) ¼ 0.5.

For the simplest case, dissociation of a hydrogen

molecule, the energy is given by:

EH2Dissociation ¼ SðRCÞEbond þ ½1 2 SðRCÞ�ðEvdw

þ EbaseÞ ð3Þ

where Ebond is the H2 bonding potential, Evdw is the van

der Waals potential, and Ebase is the baseline energy value

from table 2. A single switching function is used to

represent all the atomic changes that occur during

dissociation of hydrogen.

The situation is more complicated for dissociation of the

CZC and CZH bonds in ethane. In the case of the CZC

bond, the carbon atoms change hybridization from sp3 to sp2.

This transition creates more complexity in the representation

of energetics. Thus, as the CZC bond breaks, HZsp3CZH

bond angles also transform to HZsp2CZH bond angles. The

HZsp3CZsp3C bond angles and HZsp3CZsp3CZH

torsions are smoothly turned off because these constraints

are not longer active in the resulting methyl radicals. At the

same time, necessary non-bonded interactions are turned on.

A similar set of changes occurs when the CZH bond

dissociates, except only one of the carbon atoms changes

hybridization. In larger molecules, any atom with connec-

tivity to another atom that alters its bonding would also be

included. For example, if the central CZC bond underwent a

scission reaction in n-decane, a CZCZCZC torsional

motion (plus HZCZCZC and HZCZCZH torsions, two

CZCZC and multiple HZCZH, HZCZC bond angles)

would also be turned off, as well as the non-bonded

interactions turned on.

Two switching functions, denoted as S1 and S2, are

needed to yield an accurate description of the changes in

the PES accompanying the CZC and CZH bond scissions

in ethane. S1 is used to model all bonded and non-bonded

interactions. It is also used for the transformation of any

angular or torsional terms that do not contain both of the

dissociating atoms. S2 is used to model the transition of

any angular or torsional term that contains both

dissociating atoms. Although both switching functions

depend on the same RC, they have different values of a

and RC0. S1 is a more gradual transition, while S2 is a

much quicker transition occurring very early in the

dissociation process. The distinction between the modes

associated with S1 and S2 is supported by changes

observed in the geometries obtained from quantum

chemical calculations.

Table 2. Parameters for HH, CH and CC bond scissions.

Parameter HH CC CH

RC region (nm) 0.085–0.375 0.169–0.393 0.124–0.370
m (nm21) 3.448 4.45 4.07
b 20.293 20.752 20.504
a1 5.164 14.05 5.50
RC0,1 0.491 0.610 0.502
a2 – 33.60 19.87
RC0,2 – 0.100 0.299
Ebase (kJ/mole) 436.8 364.0 401.7

Table 1. Parameters for hybrid quartic/Morse potential†.

Bonded atoms DE (kJ/mole) a (nm21) re (nm) rs (nm)

hZh 436.8 18.91 0.0740 0.0871
cgZh 406.3 17.44 0.1108 0.1251
c1Zh 394.6 17.77 0.1108 0.1249
c2Zh 406.3 17.44 0.1108 0.1251
c3Zh 418.0 17.13 0.1108 0.1254
c4Zh 433.8 16.73 0.1107 0.1257
cfZh 443.9 17.53 0.1097 0.1240
cZc1 348.5 18.59 0.1522 0.1655
cZc2 353.6 18.42 0.1522 0.1657
cZc3 356.1 18.34 0.1521 0.1657
cZcf 411.7 18.35 0.1496 0.1632
c1Zc1 353.6 18.42 0.1522 0.1657
c1Zc2 358.6 18.25 0.1521 0.1658
c1Zc3 361.1 18.17 0.1521 0.1659
c1Zcf 411.7 18.35 0.1496 0.1632
c2Zc2 363.6 18.09 0.1521 0.1659
c2Zc3 366.1 18.01 0.1521 0.1660
c2Zcf 411.7 18.35 0.1496 0.1632
c3Zc3 370.3 17.88 0.1521 0.1661
c3Zcf 411.7 18.35 0.1496 0.1632

† Atom types are defined in table A1.
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The energetics of the fits obtained for HZH dissociation

in hydrogen and CZC and CZH dissociation in ethane are

shown in figure 2, and the switching functions are shown

in figure 3. Good agreement between the ab initio

calculations and the reactive forcefield is obtained,

although there is a slight non-monotonic deviation for

CZC scission (figure 2b). The use of the complete and

smooth PES allows this method to conserve energy.

Because the value of Ebase is tracked throughout the

simulations, energy is conserved even once a reaction is

completed. Therefore, the method is accurate for use in

NVE as well as thermostatted and barostatted calculations.

According to transition-state theory, the rate constant

depends on the rate of changes in the vibrational frequencies

of the reacting molecule. Therefore, if the reactive forcefield

is expected to give an accurate description of reaction

kinetics, it must also do a reasonable job representing force

constants throughout the reactive phase space. Frequencies

of the vibrational modes of ethanewere calculated by normal

mode analysis of the reactive forcefield with the slope of the

PES projected out. The structures were analyzed along the

minimum-energy path of the quantum chemical calcu-

lations, based on the assumption that these geometries

provide a reasonably close approximation to the minimum-

energy path of the reactive forcefield. Only those modes

which underwent significant changes are shown in figure 4.

Good agreement between the forcefield and ab initio

results was obtained for the CZH frequencies correspond-

ing to the static modes, which are not displayed. A

comparison between the frequencies derived from the

forcefield and those from quantum chemical calculations

indicate that the forcefield tends to underestimate the

actual frequencies. This is not surprising because, the

MM3 forcefield appears to underestimate the frequencies

of equilibrium ethane as shown in table 3. The switching

functions may actually cause some modes to be

completely turned off prior to the complete dissociation

of the associated modes. Several modes are still present in

the ab initio frequencies even as the reaction approaches

RC ¼ 1. Therefore, the forcefield may represent the

modes too loosely and could result in increased kinetic

rates compared to the results expected from ab initio

calculations. A significant jump in some frequencies occur

near RC0,1, where the meshing of the two forcefield terms

transition from bonded to non-bonded interactions.

A series of random geometric distortions were

introduced at random points along the minimum energy

path to test the robustness of the forcefield. Deviations were

kept small to prevent additional RC’s from becoming

active. The average variation in the bond lengths was

approximately^0.005 nm, while average deviations of the

bond angles and torsions were about ^58. Energies from

the forcefield are compared to values obtained from the

quantum calculations in figure 5. The forcefield tends to
Figure 2. Fits of (a) HZH, (b) CZC and (c) CZH dissociation energy
models (lines) to ab initio data (circles).

Figure 3. Switching function versus RC for HZH dissociation (dashed
line), CZC S1 switching function (thick line) and CZC S2 switching
function (thick dashed line), and CZH S1 switching function (thin line)
and CZH S2 switching function (dash-dot line).
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over-predict the ab initio energy by about 40 kJ/mole for

CZH bond scission and 45 kJ/mole CZC for bond scission.

This over-prediction in energy appears to be independent of

the RC. In figure 5(a), a notable distribution of forcefield

energy is observed at a quantum chemical energy of

0 kJ/mole. These deviations reflect those of the MM3

forcefield alone, as the CZC bond is not yet stretched

sufficiently to cause the reactive potential to be active.

Therefore, the deviations observed are the result of the

MM3 forcefield description.

3.3 Testing transferability of the model

Dissociations of CZC and CZH bonds were tested in other

molecules to examine the transferability of the reactive

forcefield parameters. In each case, the RC and switching-

function parameters listed in table 2 were used to model the

scission reactions. It is important to note that the value of

Ebase represents the forcefield-based dissociation energy for

the molecular structure of interest. Although the MM3

potential contains a radical carbon atom type, it is

parameterized for hydrocarbon species as opposed to the

compounds we tested, which contain hetero-atoms. Because

the radical carbon and alkene sp2 carbon types for

hydrocarbons are similar with respect to bond angles and

torsions, we assumed that they would provide a reasonable

approximation to the radical carbon types for CHX species.

The switching functions, parameterized by our

calculations of the dissociation of the CZC bond in

ethane, were compared for propane, fluoroethane and

ethyl amine (figure 6a–c), while the switching functions

obtained from the calculations of the CZH bond

dissociation in ethane were compared for methane,

methanol and acetaldehyde (figure 6d–f). In general, the

model appears transferable to a variety of species.

Figure 4. Frequencies obtained from the reactive potential using MM3
(lines) and the frequencies from UB3LYP/6-31G(d) calculations for (a)
CZC and (b) CZH bond dissociation in ethane.

Table 3. Comparison of equilibrium ethane frequencies (cm21) from
ab initio and MM3 calculations.

UB3LYP/6-31G(d) MM3

304 164
825 516
826 521
993 647
120 647
1221 721
1410 795
1422 796
1502 830
1503 832
1505 836
1505 1187
3025 2973
3068 2994
3068 3050
3094 3111
3094 3115
3204 3115

Figure 5. Calculated energy as compared to ab initio energy for
randomly distorted structures near the bond scission minimum energy
path for (a) CZC scission and (b) CZH scission.
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The main source of error appears to be description of the

radicals (i.e. the simplified treatment of the radical carbon

type), as opposed to the switching function parameters. The

errors were small when minor substitutions were made to the

base chemical structure, but larger deviations were observed

for non-alkanes. For example, the forcefield energy over-

predicted the energy of acetaldehyde (HZCH2CHO). This is

not surprising because CH2CHO is resonance-stabilized and

is not well described by a simple sp2 radical carbon atom. For

ethylamine, the use of the switching function causes the

potential energy to overshoot the MM3 energy of the

dissociated radical by about 7 kJ/mole. While it is possible

that use of larger a in the switching function would force the

PES curve down, it may also be that the evolving radical is

resonance-stabilized by the lone pair on the nitrogen atom

[31,32]. In any case, it appears likely that a more accurate

model representation could be obtained by adjusting the

forcefield parameters to provide a better description of the

radical species.

4. Conclusions

A valence-bond representation of chemical reactions for

hydrocarbon systems, which we call RMDff, was introduced

in this paper. Accurate and smooth PES’s for scission

reactions were obtained through the use of switching

functions that allow the atom types in the reactant and

product to change with the chemical bonding. Good

agreement between the forcefield and ab initio PES was

demonstrated for bond scission reactions in hydrogen and

ethane. A comparison to other molecules reveals that the

parameters are transferable, with some slight deviations due

to the use of non-optimal parameters for the description of

Figure 6. Comparison of the CZC scission reactive potential in (a) propane, (b) ethyl amine and (c) ethyl fluorine and of the CZH scission reactive
potential in (d) methane, (e) methanol and (f) acetaldehyde.
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radicals. The new method provides an accurate description

of bond dissociations without the need for molecular-orbital

bond-order calculations.

The new method provides an accurate description of bond

dissociations without the need for molecular-orbital bond-

order calculations. RMDff provides a flexible methodology

for creating a smooth PES for a reactive potential. The use of

equilibrium forcefields allows for the base of the reactive

system to be developed from tested equilibrium forcefield

models. The use of atom types allows for high specification

in each reaction. The application of the switching functions

then permits reactions to be developed in a straightforward

manner connecting reactant and product descriptions in

accurate, smooth PESs. Because reactions are relatively rare,

the use of equilibrium forcefields as a basis for RMDff

allows accurate results in the simulations in the nonreactive

cases. Overall, RMDff provides a flexible method that can be

easily used to design a representation of reactions using

forcefields that have been previously developed and

validated.
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