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Context/Motivation of Research

How can we take first principles (ab initio) methods
for the molecular dynamics (MD) simulations of:
A+BC->BC + A’

AB + C 3 atoms
AC +B 6 species
A+B+C 5 channels
ABC

and extend it to:
C,H, + O, - products
or
HMX(B) > HMX(8)
HMX(8) > HMX(NO,)
HMX(NO,) 2 N,O + NO + CO + (intermediate products)
N,O + NO + CO > N, + CO, + (final gas products)




Overview of Complex Reactions

pyrolysis
=)  soot
Okv Z, :

C,H, + O,—>C,H, + 20-—>C,Hy; + OH+ Q ——

7\ Q/—» CO + H,0

—p CO, +H,0
ns - us

time
oxidation
~102 elementary steps

exponential growth of species with steps: OH, C,H,;, C,H;00,
H,CCH,, ...

~108 unique chemical species

Combustion and detonation processes
Oxidation and pyrolysis of fuels
HMX/RDX decomposition




Current Theory (Kinetics)

» postulated kinetic mechanism
« fit rate constants or
« experiments of elementary reactions or

» ab initio MD or

+ transition state theory
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igure 2. Flow diagram illustrating the fecative reaction scheme
‘eneration

Numerical Approaches to Combustion Modeling

REACTIONS
1H2,02, H,0H and O reactions

21468 151 34300 [Emdec ot al. 1982]
170E13 0.0 47780.0 ! [Miler and Melius

Hi0220H10 191E14 0.0 16440.0 | [Emdee et al. 1992]
Hi02:M<HO2:M  141E18 -080 001 [Baukch otal. 1994]

2
H/1 25/ H20/6.0/ CO211.80/ I relative to N2, based on Baulch
etal. 1972

2Hal-H24M 1.00E18 10 0.0! [Miler and Melus 192]
2HsH2=2H2 920E16_-06 0.0 [Miler and Meilus 1992]

2HsH20=H2¢H20  G.OVE19 -125 0.0 Miler and Melius
1992]

2HiCO2-H2/CO2 549620 20 00! [Millr and Melius
192

HiOHM-HZ0:M  221E22 -20 0.0 [Bauichetal. 1992] for

N2

H2/1 25/ H20/6.0/ CO2A1.90/ 1 reative 1o N2, based on Baulch

etal. 1972

HiOsM=OHM 602616 -06 0.0 [Miler and Meilus 1992]
0/5.0/

Ha
OH/H202-H204HO2  70BET2 0.0 14300 [Emdee etal

192
OH{OH-0+H20  123E4 262 -187801 [Emdee otal 1992]
O+HO2=OH402  174E13 0.0 -400.0 | [Emdce etal. 1992]
O+H2=OHH 513E4 267 62900 [Emdee etal. 1992]

0+04M-02+M 504E13 0.0 17900 [Tsang and Hampson
1986] corrected for N2

H/1.25/ H20/6.0/ CO211.80/ I relative to N2, based on Baulch
etal. 1972

O:OH:M<HO2:M  100E17 00  0.0! Zhangand McKinnon
1995

1HO2 peroxyl reactions.

3.00E13 0.0 107001 [Bauichetal 1992]
661E13 0.0 21300 ! [Emdee etal. 1992]
140E14 00 107301 [Millr and Melius

750E12 0.0 0. [Millr and Melus

200E12 0.0 00! [Miler and Meiius

1H202 reactions

H202:M-OHIOHM  121E17 0.0 455100 [Baulch etal.
1992]for N2
H2/1 25/ H20/6.0/ CO211.90/ 1 reative 1o N2, based on Baulch

479E13 0.0 79500 ! [Emdee ot al. 1992]
T00ET3 00 35900 [Emdee otal. 1982]
9S5ES 20 397001 [Emdee etal 1992
H20240-02:H20  955E6 2. 3970.0 | [Emdee olal. 1992]




Current Theory (Dynamics)

Classical MD simulations with ReaxFF for potential

RDX decomposition
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Challenges/Opportunities of MD
Studies

Challenges for ab initio MD studies: Bath gas collisional
1. System Size processes
~103 unique species 0,—0,, CO—CO,, ...
NAtoms ~103 Reactive processes
2. PESs C,H; + O, > C,H;0,, ...
+ Reactive and non-reactive PESs JFE

large dimensionality ax“ =ulp- [ZT’ +2V,  +J +K ’]— 28'PFP}+ Von
i

3. Time Scale
ns > ps Computational scaling factors: O(N) to O(N?)

Opportunities:

1. Mechanism N

~ 1x105 for 100 ps

evaluations

+ Species
+ Branching ratios
2. Kinetics

+ Dynamics determining kinetics
rather than kinetics
determining dynamics

3. Energetics




MD by Time Dependent Groups

group Nj 1 group Ny group Ny co
Vtotal (1) = Z ZV,a(t)+— IS Zmeﬁ(t)
2 0 am
H_j ~ ~ ~/

Group interactions Group-group interactions|
(QM/QM/QM...) (MM)

Governed by spatial cutoffs * Qutside of spatial cutoffs
Differing levels of ab initio ~ ° €SS important to reactive
theory over differing groups systems

> Fast-access PES database > forcefields
> Interpolation >low level ab initio

Salazar, M.R. J. Phys. Chem. A 2005, 109, 11515.




Accelerated MD with Chemistry
(AMolDC)
Sum over groups

sufficient data
o interpolate?

Input initial

. Direct dynamics
coordinates, T, and P

MakeGroups

b

[

T Td

11

@)

|

! PESDatabase
SRSt JEa /4 /

Link-listed subcells .
Interpolation

1 group Ny group Ny

I a m#l

group N
VTota[(t) = X zvia(t) +— X X X X Vla,mﬁ' )
i «a 2 B

‘Simulation time (ps)




Calculate Forces

perform MD
time step
I there

sufficient data
o interpolate?

Make groups in

time step
the simulation cell

limit reached?

interpolate
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MP2

Discontinuities of Vy,,,,
HF

at spatial cutoff
V(C,H,) + V(0,) # V(C,H; + O,), but
VV =0 ,therefore, AT =0

/hufﬂing of groups

VTotaI

Time
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V,dVidr (a.u)

lllustrative Simulations
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lllustrative Simulations (cont.)
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Reflective walls

Variable simulation cell size
T=1000K

P~10°% atm

Variable spatial cutoff (g)

N

Atoms

=300, P~1.3x103% atm
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T (Hartree)

Canonical (NVT) Simulations

220 Atom simulation
P ~ 1000 atm

T =1000 K

Time step = 0.25 fs
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Focus on thermalized region
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Canonical (NVT) Simulations
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Exceedingly discontinuous potential and
total energy;

however,

smooth and continuous kinetic energy,
smooth and continuous temperature,
and, therefore,

canonical (NVT) simulations.
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MakeGroups

perform MD
time step

Perform quantum
chemical calculation|

Have all
atomic forces
been calculated?

Is there
sufficient data
o interpolate?

time step
limit reached?

Insert data into

PES database
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Computational Scaling of
MakeGroups Module

MakeGroups(NSubCells,NGroups,

|
l Cost of MakeGr for
/J =440 sec. for 1000 MD step;

Groups,Members)
0 atoms

O(N)

Order of magnitude
reduction of cost
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Make groups in
the simulation cell

PESDatabase

perform MD
time step
Is there

sufficient data Perform quantum time step
o interpolate? chemical calculatior limi

interpolate
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PESDatabase Module

perform MD
time siep

Loop over subcells {
Loop over Groups in subcells {

G(P;Group = C,H,0)

PESDatabase for Complex Systems R
| | | | ]
A B /—j\—\ D E  Groups
Fast Sorting Routine 4.E.VE Grid
Interpolation —— G EVE. PG EVE, 1), ... e
Module ;
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perform MD
time step

Is there
sufficient data Perform quantum
to interpolate? chemical calculatio

time step
limit reached?

Have all
atomic forces
been calculated?

Make groups in
the simulation cell

Insert data into
PES database

Interpolation

20



Interpolation Methodology
Challenges

« diverse interactions m

o collisional processes

o reactive processes (
» diverse chemical species

o free radicals

o excited electronic states

o closed shell species
- diverse PES topologies

o flat asymptotic region

o barriers, TS regions
« diverse grid spacings

Solution:
Completely general adaptive interpolation methodology

21



Local, Optimized Interpolants

Local vs. global interpolation

v N, b speed vs. accuracy

E(p)= Zc,-[d,-p +r]>
i=1

\d121+r .o 1d12N+r e E,

Jddy +r - Jdjy+r|en] LEn

Optimization of local interpolants

_ oon| 1 oo |-

£ £
- T
Y
F. Colavecchia, W.J. Stevens, J.P. Burke,
M.R. Salazar, Chem. Phys. Lett,  \R. Salazar, G.A. Parker, and R.T Pack, J Highly repulsive Al* + H,
359, 460 (2002). Chem. Phys., 118, 5484 (2003).
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ReaxFF with AMoIDC

Need a smooth FF that can facilitate reactive events
Link ReaxFF with PESDatabase and interpolation

Investigations:
1. Accuracy of interpolants as function of:
Dimensionality
Grid density
2. Computational timings of:
PESDatabase
Interpolate
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Summary

1. Reactive PESs

2. System Size -

time-dependent groups

Varying levels of theory that change over the

groups (QM/QM/QM.../MM)
Reactive = higher levels
Collisional > lower levels

group N;

V’l‘m‘ul (t) = Z Zvia (t) +

=1

Assembly of total potential by

MakeGroups

» Linked-listed subcell division
PESDatabase

3. Time Scale

PESDatabase

Interpolate

» Multidimensional, local,
optimized interpolants
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