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Part I: General Concepts and Comparison to 
other Simulation Methods

Part II: ReaxFF as Reactive Force Field



Notice

The material presented in Part I and II is mainly based on the following 
presentations:

van Duin,  A. C. T. Lecture Notes CH121 CalTech (2008) - Applications of the ReaxFF 
reactive force  Field and Reactive force fields: concepts of ReaxFF

van Duin,  A. C. T., Chenoweth, K., and Goddard, B. Interatomic Potentials 
Workshop July 2008, Oxford - ReaxFF force fields

van Duin,  A. C. T. ARL workshop August 2008. - Using the ReaxFF program. 

Quenneville, J.,  Summer School on Computational Materials Science 
July 31 - August 11, 2006 · University of Illinois - Reactive Empirical Force Fields 



Part I: General Concepts and 
Comparison to other Simulation 
Methods



Approaches to reactive MD

III. Empirical bond-order based force fields – Force Field 
Methods with ability to simulate reactions 
- Tersoff /Brenner /AIREBO (Tersoff, PRL 1988; Brenner, PRB 1990, 

Stuart et al., JCP 2000)

- LCBOP (de Los et al., PRB 2005)

- EDIP (e.g. Bazant and Kaxiras, PRL 1996)

- ReaxFF (e.g. van Duin et al. JPC-A 2001)

I. Computational Expensive QM/MD (e.g. Raty et al., PRL 2005)

II. Semiempirical Methods – speed up QM with empirical assumptions              
- CINDO/MINDO/AM1/MOPAC 

(e.g. Pople and Segal, JCP 1966; Stewart, J. Comp. Chem. 1989)
- Tight-binding (e.g. McMahan and Klepeis, PRB 1997)
- Analytical Bond Order Potentials  (e.g. Pettifor and Oleinik, PRB 1999)



Model Comparison

from Steve Stuart, Clemson University



Benchmark Results
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Quenneville, J., (2006). 

- ReaxFF is 10-50 times slower than 
non-reactive force fields (serial, 1 
CPU & 4000 Atoms ):
[ van Duin, A. C. T. , CMDF 
workshop, August 23 2005, 
Materials Simulation Center, 
California Institute of Technology - 
ReaxFF reactive force field: A new link from 
QM to MM ]

- Simulation sizes up to a half 
million atoms on 510 CPU (2 GHz, 
8GB per node) (Quenneville, 2006)

-Parallel ReaxFF: Part of LAMMPS 
(http://lammps.sandia.gov/) 

2008: Simulations > 1 million atoms possible with 
sweetspot of about 5000 atoms per CPU
Additional improvement with new ReaxFF version
in LAMMPS expected

http://lammps.sandia.gov/


ReaxFF/Ab Initio Comparison
ReaxFF can decribe a wide variety of chemical reactions.

Strachan, et al, JCP, 122, 054502 (’05).

e.g., 
unimolecular 

decomposition 
of RDX

(Original slide from Quenneville presentation)



Part II: ReaxFF as Reactive 
Force Field



Application Possibilities

http://www.mne.psu.edu/vanduin/distributions.html

For example: proteins, metal systems, fuel cells 
and combustion

Status 2008 based on 
description at Interatomic 
Potentials Workshop 
2008

http://www.mne.psu.edu/vanduin/distributions.html


Selection of published ReaxFF parameters and 
applications (Interatomic Potential Workshop 08, 

Oxford
• H/C/O: - van Duin, Dasgupta, Lorant and Goddard, JPC-A 2001, 105, 9396 (original ReaxFF)

- Chenoweth, van Duin and Goddard, JPC-A 2008 (combustion)
• Si/SiO2/SiC - Buehler, Tang, van Duin and Goddard, PRL 2007, 90, 165502. (crack popagation)
• High energy - Nomora, Kalia, Nakano, Vashista, van Duin and Goddard PRL 2007. 99, 148303.

(parallel ReaxFF)
• Al/Al2O3 - Zhang, Cagin, van Duin, Goddard, Qi and Hector, PRB 2004,69,045423
• Ni/Cu/Co/C - Su, Nielsen, van Duin and Goddard, PRB 75, 2007
• Pt/PtH/PtC (fuel cell anode)  - Ludwig, Vlachos, van Duin and Goddard, JPC-B 2006

- Sanz-Navarro, Astrand, Chen, Ronning, van Duin, Jacob and Goddard, 
JPC-A 2008

• Na/Al/Mg/H - Cheung, Deng, van Duin and Goddard, JPC-A 2005, 109, 851
- Ojwang, van Santen, Kramer, van Duin and Goddard, JCP 2008.

• B/N - Han, Kang, Lee, van Duin and Goddard, JCP 2005, 123,114703
- Han, Kang, Lee, van Duin and Goddard, JCP 2005, 123,114704

• Li/LiC - Han, van Duin and Goddard, JPC-A 2005, 109, 4575
• Mo/V/Bi/O/C/H - Goddard et al Topics in Catalysis 2006, 38 (1-3) 93-103.

- Chenoweth, van Duin, Oxgaard, Cheng and Goddard, accepted in JPC-A.
• Cu/Zn/O/H - Raymand, van Duin, Baudin and Hermannsson, Surface Science 2008

- van Duin et al., in preparation.
• Y/Zr/Ba/O/H - van Duin,, Merinov, Jang. and Goddard, W.A. JPC-A 2008. (fuel cell membrane)

- van Duin, Merinov, Han, Dorso, Goddard, W.A. accepted in JPC-A



Difference reactive/non reactive

Non reactive:
- Can be parameterized to describe structures and 

energies close to equilibrium
- Expansion with anharmonic terms improves 

reliability and application range
- Does not dissociate bonds properly
- Often potential is build up as sum of bonded and 

non bonded interactions with following contributions 
(bonds+bends+torsions)+(Coulomb+VdW)

Bonded Non bonded



ReaxFF Potential Energy Function
Esystem = Ebond + Elp + Eover + Eunder + Eval + Epen + Ecoa + EC2 + Etriple + Etors + 

Econj + EH-bond + EvdWaals + ECoulomb

- Ebond : bond energy; attractive term, directly derived from bond orders
- Elp : Lone pair energy; penalty for breaking up lone pairs in O, N
- Eover : Overcoordination energy: penalty for overcoordinating atoms
- Eunder : Undercoordination energy: stabilizes undercoordinated atoms
- Eval : Angle strain; equilibrium angle depends on bond order central atom
- Epen : Penalty for ‘allene’-type molecules (H2C=C=CH2)
- Ecoa : Angle conjugation; stabilizes –NO2 groups
- EC2 : C2 correction: destabilizes C=C
- Etriple : triple bond related, first mentioned in publications from 2008
- Etors : Torsion energy: bond-order dependent V2-term
- Econj : Torsion conjugation: general conjugation stability
- EH-bond : Hydrogen bond
- EvdWaals : van der Waals: calculated between every atom
- ECoulomb : Coulomb interaction: calculated between every atom; polarizable charges 

get updated every iteration



ReaxFF general energy terms

• Covalent material: Esystem = Ebond +Eover + 
Eval + Etors + EvdWaals + ECoulomb

• Metal alloys: Esystem = Ebond +Eover + 
EvdWaals + ECoulomb

• Metals: Esystem = Ebond +Eover + EvdWaals

• Ionic Material: Esystem = ECoulomb + EvdWaals

• Noble Gases: Esystem = EvdWaals



ReaxFF flow diagram



ReaxFF – Key features
- To get a smooth transition from nonbonded to single, double and

triple bonded systems ReaxFF employs a bond length/bond order
relationship [1,2]. Bond orders are updated every iteration.

- All connectivity-dependent interactions (i.e. valence and torsion
angles) are made bond-order dependent, ensuring that their energy
contributions disappear upon bond dissociation.

- Nonbonded interactions (van der Waals, Coulomb) are calculated 
between every atom pair, irrespective of connectivity. Excessive 
close-range nonbonded interactions are avoided by shielding.

- ReaxFF uses a geometry-dependent charge calculation scheme
that accounts for polarization effects.

1:Tersoff, PRB 1988
2: Brenner, PRB 1990



Bond Order Scheme

Uncorrected bond orders derived from interatomic distances, 
distinguished between sigma, pi and double pi bonds

Bond order correction: - in order to avoid over coordination

Mathematical describtion: supplemental information of
Chenoweth, K., et al., The Journal of Physical Chemistry A, 112(5):1040 
– 1053



Bond Order Correction

Idea: remove unrealistic weak bonds, leave strong bonds intact 
-> overcoordination disappears



How to create awareness for a new 
chemical environment



How to create awareness for a new 
chemical environment

Steps: 
1. Atom type description (only for types which have not 

yet been parameterized)
2. Description of Structures: 

means: declare all possible bond types and related 
data which can occur during simulation, otherwise 
the simulation fails

3. Fit the force field sections: 
bond dissociation for wanted types 
introduce the potential for angles 
describe reaction coordinates

4. Optional: include charges for key atoms, vibration 
frequencies for crystal structures, …



Concept
• build a QM-based database (training set) that described reactive 

and non-reactive aspects of the material and optimize ReaxFF to 
reproduce these QM-data.

• Bigger (more extensive) training sets yield more transferable force 
fields (but longer development time!)

• Things to include in training sets
- Bond dissociation
- Angle bending
- Under/overcoordination
- Key reactions, including transition states
- Charges
- Condensed phase data: Equations of state, heats of formation   

(experiment)



Example 1: Bond dissociation

• 50.0 + H2SiO opt/1 - H2SiO b1 13/1 -237.90
• 50.0 + H2SiO opt/1 - H2SiO b1 33/1 -0.01
• 50.0 + H2SiO opt/1 - H2SiO b1 53/1 -38.10
• 50.0 + H2SiO opt/1 - H2SiO b1 73/1 -17.90
• 50.0 + H2SiO opt/1 - H2SiO b1 93/1 -51.90
• 50.0 + H2SiO opt/1 - H2SiO b2 13/1 -86.90
• 50.0 + H2SiO opt/1 - H2SiO b2 33/1 -117.50
• 5.0 + H2SiO opt/1 - H2SiO b4 93/1 -147.20

Description in trainset.in

Interplay with params file: this file defines the section of the force field which 
should updated using the data provided in trainset.in

(van Duin, A. C. T., et al. 2003, JPC A, 107:3803 – 3811
ReaxFFSiO Reactive Force Field for Silicon and Silicon Oxide Systems.)



Example 2: Valence Angle
Description in trainset.in
Estimated from figure

Interplay with params file: this file defines the section of the force field which 
should updated using the data provided in trainset.in

(van Duin, A. C. T., et al. 2003, JPC A, 107:3803 – 3811
ReaxFFSiO Reactive Force Field for Silicon and Silicon Oxide Systems.)

# Si-Si-Si_angle
0.5     +   a5_7 /1   - a5_1 /1       -10.40
0.25   +   a5_7 /1   - a5_2 /1         -3.00
0.25   +   a5_7 /1   - a5_3 /1         -0.30
0.25   +   a5_7 /1   - a5_4 /1         -0.40
0.25   +   a5_7 /1   - a5_5 /1         -0.01
0.25   +   a5_7 /1   - a5_6 /1         -0.01
0.25   +   a5_7 /1   - a5_8 /1         -0.20
0.25   +   a5_7 /1   - a5_9 /1         -0.90
0.25   +   a5_7 /1   - a5_10/1        -3.90
0.5     +   a5_7 /1   - a5_11/1        -6.40



params
general concept
section element entry in/decrease ratio and finally search domain defined by min and max

Example from CHO force field development: 

1 4  1  0.2500                                              ! general
…
2  1  1  0.0050     1.2    1.7                          !C atom parameters
2  1  4  0.0050     1.6    2.1      
...
3  1  1  1.0000    80.0   250.0                      !C-C bond   
3  1  2  1.0000    80.0   250.0      
…
5  1  1  0.2500   5.0000 100.0000              !C-C-C equilibrium angle
5  1  2  0.2500   5.0000  45.0000    
5  1  3  0.2500   0.1000   7.0000    
5  1  5  0.2500   0.0050   3.0000    
5  1  6  2.5000   0.1000  70.0000    
5  1  7  0.2500   1.0010   3.0000   

…
6  1  1  0.2500    -0.25  2.5                          !C-C-C-C torsion
6  1  2  5.0000     5.0  80.0
6  1  3  0.1000    -1.0   1.0
6  1  4  0.1000     -2.5  -9.0
6  1  5  0.1000  -3.00    -1.000 



trainset.in
CHARGE
#Iden Weight Atom Lit
chexane 0.1 1 -0.15
ENDCHARGE
HEATFO
#Iden Weight Lit
methane 2.00 -17.80 !Heat of formation
ENDHEATFO
GEOMETRY
#Iden Weight At1 At2 At3 At4 Lit
chexane 0.01 1 2 1.54 !bond
chexane 1.00 1 2 3 111.0 !valence angle
chexane 1.00 1 2 3 4 56.0 !torsion angle
chexane 1.00 0.01 !RMSG
ENDGEOMETRY
CELL PARAMETERS
#Iden Weight Type Lit
chex_cryst 0.01 a 11.20
END CELL PARAMETERS
ENERGY
#Weigh op1 Ide1 n1 op2 Ide2 n2 Lit
#alfa vs. beta vs. gamma cleavage in butylbenzene
1.5 + butbenz/1 - butbenz_a/1 -90.00
ENDENERGY

KEYWORDS – I am unaware of the complete 
set since it has been extended since 2002

Example from user manual dating back to 2002



Training results

• For the presented training set:



Simulations and output of 
Standalone ReaxFF

• General output files:
- Connection table (fort.7, fort.8)
- Trajectory (xmolout)
- Molecular composition (molfra.out)
- run.log (generated by exe-script)
- output geometry in .bgf (fort.90, 

$DESCRP.bgf), .geo (fort.98, 
$DESCRP.geo), MOPAC (output.MOP) and 
.pdb (output.pdb) formats

(Lammps is limited to its own output files)



Examples from NASA Ames 
workshop 2006

- Si particle oxidation
- Si-unit cell minimization
- Creation of a 216-atom supercell
- Creation of a Si216-cluster
- Si216-equilibration at T=500K
- MD-anneal simulation of Si216-cluster
- Addition of O2: equilibration at T=1000K
- NVE-simulation of Si216-particle oxidation
- Si-surface impact on SiO2/Si
- Force field development

The following slides are taken from the original presentation,
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