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. Introduction: ReaxFF
o Some advanced exercises, new features

. Acceleration techniques
o fbMC, GCMC, CVHD, bond boost => polymer structures

. Refitting a force field for parameterization (slides, input files)
o Scripting on Windows

o Adding geometries, conformers, reaction pathways, bond scans
o Optimizing the force field, checking errors & improving
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http://downloads.scm.com/distr/Advanced-ReaxFF-Tutorial.pdf
http://downloads.scm.com/distr/CMA-ES-FIT.zip

. ADF: powerful molecular DFT
o Spectroscopy: NMR, EPR, VCD, UV, XAS

o Advanced solvation / environments A

Time B4 o
. BAND: periodic DFT U  —
o (2D) Materials o BSESEEAST ,.o,x
- DFTB: fast approximate DFT
- ReaxFF: Reactive MD New
o Dynamics of large complicated systems ? o 0""
X I 1
N PP 4
.+ COSMO-RS: fluid thermodynamics -
o VLE, LLE, logP, solubility e,
o
. Integrated GUI — use out of the box ’
nm KM mm m

. Scripting: workflows & automation
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d’x/dt? = F(x)
F(x) = - dV(x)/dx

Molecular dynamics: Newton’s equations of motion
Movement of atoms: solve numerically + propagate,

Properties: reaction rates, diffusion coefficients, stress-strain, ....
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Crystallization TiO, nano-particles in water Pd-catalysed CO oxidation GCMC+ReaxFF
Nano Lett. 14, 1836-1842 (2014) J. Chem. Phys., 139 044109 (2013)
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http://dx.doi.org/10.1021/nl404533k

. Simulate complex systems at realistic scales

A.C.T. van Duin et al ,J. Phys.
Standard forcefields VS ReaxFF Chem. A 2001, 105, 9396-94009.

VY -\

Ceo e ceoe e

Harmonic potentials based on atom distance, Non-harmonic potentials based on bond orders,

bond breaking impossible, e.g. bond breaking/forming possible, e.g.

E o« (distance)? E, o -(bond order) x exp[ (1 - bond order) ]
c-¢ -0 -

a triple “bond” will always
stay a triple “bond”...

dynamic bond orders:
depending on distance

= oo !
E :B‘ond order ‘
é I

. I . 1 ‘Double pi bond |
o—@ e 0 - LN SN —
1 1.2 1.4 16 1.8 2 22 24 26 2.8 3
_ | C-C distance (&)
(E - ) (Ebond - O) A.C.T.van Duin et al,J. Phys. Chem. A 2001, 105, 9396-9409.

See ReaxFF intro slides
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https://www.scm.com/wp-content/uploads/TCCM--ReaxFF--Carstensen.pdf

* No discontinuities in energy or forces
* No pre-defined reaction sites or types

* Only 1 atom type per element

L system — Ebond T E Ip TE over | under T E _I_ E _I_
E _|_ E _I_ Etors TE conj H—bond T E vdWaals _I_ L Coulomb
Pbo.2 1 | Pros ot \ Phos
i I r. r.
BO,-J-(I‘H-) = €XP |Ppo,1 (J) + exp Pros J ) + exp pbo,s , ( J )
b rD b , rD,T[ b rD,]TT[
In: distance between atoms, r Parameters = 16
OUt: 1, 2, 1‘42 etc... Dho:l’pbai p:u& D:njri‘- DI:Jr:*:: pbo:é.rﬂ’ rU.n* rt’.ﬁ.m

vall,ml .. .

1" 27 37 47 5

CDI‘FECtIOr‘I tEFmS f f f Bou*(ru] - BO,;(I'U) ' fi(BOJ) ) fg(BOij) ' fg(Bdi])
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ReaxFF parameters, transterability

many elements studied
each pair needs bonded terms
validate force field o Available

B
GUI checks H M Not yet available H..EE.
training data crucial EEHEE
application specific Eﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂlﬂﬂ
H B BB BHOBHH

New parameters E o s || f | o |k PR LA | o | &

Ba Ta Re s I'_Ig. 1L
ADF 2013: 17 sets, 19 elements Ra | .. Db Bh | Hs Hﬂ cn | Nh

> AD '
o ADF 2014: 38 sets, 29 t | |
Spereneens pARRRRRRDRERROE
o ADF 2017: 79 sets, 38 elements HHHHHHHHH
O

O

van Duin, Goddard, others
RXFF consulting
MCFF optimizer
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https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/

ChemTraYzer: Automated rates & pathways

New in 2018: Analyze surface reactions Molecule gun: depositing molecules on surfaces

ADFmovie 2016.202+ (r51425): methane.rxkf - % —
“. File View Select Properties Energy Terms Histograms Graph Help ‘ “‘
% .
o
T oy
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parameterize
ReaxFF force field

fbMC: speed

S up kinetics “ GCMC: speed
MD + foMC u up thermo
0.40 =
Reactants

O 0.30 =
£

0.20 +

0.10 -

0.00 T T T 1

0 100 200 300 400 “
Added C atoms Model Catalyst ~Stable In Kinetics
Situ” Structure
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https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/
https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/
https://www.scm.com/doc/Tutorials/ReaxFF/Burning_methane.html
https://www.scm.com/news/reaxff-analyze-surface-reactions/
https://www.scm.com/doc/Tutorials/ReaxFF/Bouncing_a_buckyball.html
https://www.scm.com/doc/ReaxFF/FFOptimizer.html

. First equilibrate your system before your production run

o Usually thermostats equilibrate within some dozen ps, barostats take longer
o For your equilibration, save less frames (Output frequency in Details-> MD)
o If equilibrated, restart (Details->Restart) or just copy-paste last geometry

o Check if your system properly equilibrates => damping constants

manual

. After importing a structure (cif, database, ..): relax the system
o Geometry optimization with loose criteria

o ORrun afew ps NpT trajectory with a 0.05fs time step at 5K and O pressure

. Avoid having lattice vectors < 10 A

.- See our FAQs, e.g on ReaxFF force field availability / suitability
.- Contact support@scm.com

AMS hands-on workshop, 22+23 October, Tsinghua © SCM 10

@ sCM



https://www.scm.com/doc.trunk/ReaxFF/Ensembles.html#ensembles
https://www.scm.com/faq/reaxff-faq/
mailto:support@scm.com

Try at home - Exercise 14: seeing local temperature variations

. Start with the methane burning tutorial

(or with the mo

o Also local c

ecule gun; see also news item with tutorial on visualizing local T)

ocumentation! (Search in GUI)

o Perhaps reduce the # of steps

. To visualize local temperatures: eaxeF  Main  Model

o Properties -
o Tick Average local temperature

Properties Details

Atomic properties

> Atomic Properties

Average local temperature: Yes

o Set the awareness radiusto 3.0 A Sphere radius: 40 A

o Local T in ADMovie: view -> color atoms by -> Local T

©
33333
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https://www.scm.com/doc/Tutorials/ReaxFF/Burning_methane.html
https://www.scm.com/doc/Tutorials/ReaxFF/Bouncing_a_buckyball.html#the-bouncing-buckyball
https://www.scm.com/news/visualization-local-temperatures-atomic-properties-adfmovie/

O
o

Reactants >
| GC-MC

Model Catalyst

Stable “In

Situ” Structure
T.P. Senftle, RJ. Meyer, M.J. Janik, A.C.T. van Duin, J. Chem. Phys., 139 (2013) 044109

Reactive MD under actual conditions

GCMC: What is stable (p,T)?
ReaxFF; What is active?

Kinetics

ReaxFF + GCMC

tutorial

o SCM
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https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/

ReaxFF. GCMC battery voltages

At home: Exercise 15: advanced GCMC battery discharge tutorial inserting Li in' S

Based on: M. M. Islam, A. Ostadhossein, O. Borodin, A. T. Yeates, W. W. Tipton, R. G. Hennig, N. Kumar, and A. C. T. van Duin, ReaxFF
molecular dynamics simulations on lithiated sulfur cathode materials, Phys. Chem. Chem. Phys. 17, 3383-3393 (2015)
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https://www.scm.com/doc/Tutorials/Advanced/ReaxFF_batteries_voltage_profiles.html
http://dx.doi.org/10.1039/C4CP04532G

At home: Exercise 16: advanced tutorial Li diffusion (same Sz coords as exc. 15)
.- A more robust way to make the Li,,S system (step In step 2.2):

O

O

O

Take the optimized Li0.4S system, change the lattice c-vector to 38 while ticking 'Adjust atoms’

Delete all Li atoms (select one, then select atoms of some type)

Now use Packmol (‘Builder) to add 154 Li atoms... & do a longer NpT run (15000 steps? — check Energy)
Or even better: take one of the GCMC structures from Exercise 15

To properly anneal — a slow cooling rate is recommended (rather than the fast one used here)

Check p, T and E during NpT equilibration — stop when it looks ‘flat’ and ‘Update Geometry’

Arrhenius plot for calculating Li Diffusion Coefficient
in UQAS
0.0012 0.0014 0.0016 0.0018

L L L
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D [mis,)
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L e U ——

Arrhenius plot for calculating Li Diffusion Coefficient in

Liy2S
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https://www.scm.com/doc/Tutorials/Advanced/ReaxFF_batteries_diffusion_coefficients.html
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Neyts et al.,, J. Am. Chem. Soc. 133, 17225 (2011)

Molecule gun + fobMC video
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https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/
https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/advanced-2-day-reaxff-workshop/
http://dx.doi.org/10.1021/ja204023c
https://www.youtube.com/watch?v=lq2nueKRCEE

Collective-Variable driven Hyperdynamics (CVHD)

o Metadynamics meets hyperdynamics; learn CV ‘on-the-fly’
o Boosts: 10° — 10° for pyrolysis / combustion

—_—— .
. . 30 t MD <——> CVHD

Bias potential ,

AV(n) - |

ﬁ} ____________________________ Static bias or — 20 |
metadynamics Lo : Next week: tutorial

=< 10 ,

Global CV 7 c |

|

|

0 L |

X Pyrolysis |

& Combustion,

Local distortions X P A— Arbltrary S&I-Z of local = 10 . 1 L L } L L L 1 1 1 L 1 1
propertless 0 0‘0005 0.001 0'0015

T-1(K2)
Bal & Neyts: J. Chem. Theory Comput. 11, 4545 (2015); Chem. Sci., 7, 5280 (2016)

(" Reactive Parallel Replica Dynamics\

o
=

Under development: P
+ Multi-replica methods (T-REMD, PRD) = i, e

nnnnnnnnnnnnnnnnnn
aster. i =
ReaxFF-Reactive MD
ptomic coordinates —»Bond order{BO)-» Enarg e O

By =10 BOY F(BOY) - DI BOY - D BOY BMD simulations at
high T

o Easy set-up, no bias (NB: PRD needs pre-defined event)

Cluanturﬁ —
Ab initio, DFT = Lo

mmmmmm , bond formation) — 5.
L

-k
::.
ik
th

Time Scale of a Reacting System

Angstrom Micrometres

. (Path sampling approaches: TPS, TIS, ....) Length Scale of A Reacting System

J. Phys. Chem. Lett. 4, 3792 (2013)
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https://pubs.acs.org/doi/10.1021/acs.jctc.5b00597
http://dx.doi.org/10.1039/c6sc00498a
https://www.scm.com/adf-modeling-suite/adf-hands-on-workshops/reaxff-acceleration/

- 'Bond boost’ (van Duin)
o Cross-link polymers (irreversible) — can be extended to other reactions

o Pre-defined reaction sites, associated rate?

)
9
Cross-linking ratio Density
0 20 40 60 80 100 120 0 20 40 60 80 100 120
0.95 PR SN T (NN TN NN N T TN (NN TN (NN TN NN N NN TN (NN TN NN TN NN WO M 0.95 1.2 [ TR TR AN TR WU TN NN TN TN SN N SO TN MO (NN MO TN MO N NN NN NN M 1.2
] Exp:  0.60-095 : ] Exp-1.18 ke/l O8E |
1 Models: 0.70-0.85 " i N
0.9 — — 0.9 9= -
e - : . -
8 ac - — -
= (.85 - — 0.85 % 0.8 — — 0.8
e 5 i 2 - s
I i > - F
[~ - £
= B 2 - -
w -
§ 0.8 —_ I 0.8 g 0.6 4 — 0.6
5 i 2 =
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Exercise 17: start with bond boost tutorial
- Add boost potential when reactions are ‘close to reaction’, but not over barrier!

. Track bond distances of certain atoms |'||
L . . Ry—_ 30-70
. For epoxy polymerization this looks like C i N—R
. For small systems it's easy to set up in GUI \D/u'g'_f_' _____ F{M -
. For bigger systems use python scripting - 30-80
. Also check out mechanical polymer properties preliminary complex

van Duin et al., J. Phys. Chem. A (2018)

SCM Eile Edit Select Atoms Bonds View Help ‘

ReaxFF Main Modal-l'roporﬁu Details Q
Bond Boost (i ]
Boost lifetime: ' 10000 iterations
_+ | Detect initial configur
tom types (names and regions) Rmin, Rmax A §
j 1: N-AlIN v | 2:CCT ; é\
= || 2ccT v | 3:0-All0 N 1.2 3.0 ¢ L ¢ L
RN 4‘ = || 3:0ual0 v | 4:H-AIH - 3.0 8.0 8xBisF 4xDETDA
*}é = || 4:H-AIH v | 5:N-AlN v 08| 15 |
+ | Add boost
,g' Atom1 Atoma - - [ bond-boost.py] ~ 1h per structure (on 4-cores)
‘h =] N [+ ] 2 v 1.5 400. 0.75
'ﬁ =]l 30 |v| & 300
=] 2:c 3:0 2.5 100.0 0.75
*0
L e e e k8 X-link ratio =0.81  X-link ratio = 0.69  X-link ratio = 0.63 X-link ratio = 0.88  X-link ratio = 0.81
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https://www.scm.com/doc/Tutorials/Advanced/ReaxFF_polymers_bond_boost.html
https://www.scm.com/doc/Tutorials/Advanced/ReaxFF_polymers_mechanical_properties.html
http://dx.doi.org/10.1021/acs.jpca.8b03826

Optimizing ReaxFF parameters

- Parameters are

Interdependent

non-linear

many

not always physically interpretable

- Highly complex global optimization problem

@ sCM
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Monte Carlo with Simulated Annealing

L -(X.":TS — X.":ReaxFF)- :

Error = E
o

i=1 L -

Energy [kcal/mol]

X; 15 = reference
Xi ReaxFF = current ReaxFF
o; = weight

References include:

e Atomic charges

e Heat of formation

e Geometries (Bond/Angle/Dihedrals)
e Cell parameters

e Energies

Error

J. Comp. Chem. 34, 1143-1154 (2013)

DFT X

[ ReaxFF [
I & A\ RMS Err.: -9.8 kcal/mol -
|- = t}
o )
-1500 F
S /’G{
¢ 5
2000 F :
B ﬂﬁg
%{ ! "%..r
2500 F . i 54 ~y
o o
_3(}[!] | 1 ] 1 1 I 1 1
0 1 2 3 4 5 0 7 n g
Structure #
Ge+00 e
e+ MG " ParSearch —%—  _
Tei06 b PR . 4
¢ Parabolic Search
GG
Se+ §
Je+06 |
Je+06 - H, <
Je+n - -

le+06n - 7

[l

0 100 200 300 400 500 600 700 8000 900 1000

Iteration
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http://dx.doi.org/10.1002/jcc.23246

Generate points using multivariate
Gaussian distribution with
covariance matrix C

MCFF. TS = silica. Min = 95334.763841

Order the points by their objective
function value
Assign weights, decreasing from
the best point to the median

MCFF. TS = silica. Min = 32331.015943

Set new distribution center to
weighted average of successful
points

Update covariance matrix

MCFF. TS = silica. Min = 23525.990564

1047 4 1047 4
A ~
5 g S
S g ui
w
B 1046 - = . 106 ;
10%6 = M
1 — s
—
5 . 1015 o *
1045 =
e— TQ
1045 -
—t——r—r—r—t—r—r—r—r— T f—T—r—T—T—— —t— T I —— ————r—r—— Tt T
0 2000 4000 6000 8000 10000 0 5000 10000 15000 20000 0 10000 20000 30000 40000 50000
Iteration Iteration Iteration
CMAES. TS = sllica. Min = 11984.5697935 CMAES. TS = sllica. Min = 40883.1356291 CMAES. TS = silica. Min = 64438.5750001
1048 10%8
8 — runi0 = — runi.10 — rund.10
w — run1 & — run1.1 B — rund.1
— run2 — runi.2 W o7 — und.2
— run3 — runi.3 — run9.3
rund | runi.4 rund.4
1007
P runs 1047 | runi.§ rund.5
i runé run1.6 rung.6
run? ' unl.7 rund.7
Pl } rung runi.@ rund.8
« ’ rung runi.9 rund.9
10%6
| 1076 <
‘ 10%6
)|
10°5 ‘
- l
— )4 10% Il
| 1045 }I
hﬁ'_— - | L. e——
10° ® T " >
t f t t t 1 t t f f f 1 t t t t t
0 2000 4000 8000 8000 10000 ] 2000 4000 6000 B000 10000 0 2000 4000 6000 B000 10000

lteration

lteration

lteration

MCFF

CMA-ES
(Shchygol et al. arxiv)
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Exercise 18: refine ReaxFF parameters

. Follow the tutorial package to build your training set (trainset.in & geo)

o Take care with adding the geometries into one file and editing the trainset

.- Add geometries

- Add conformers

- Add bond scans

+ Run CMA-ES optimization
. Test errors

. Try to further refine

. See also: Co training set

Followed by:

Moded:

Periodicity:

Tokal charge:

1. Setup dftb3 calculation
- DFTB3+D3-BJ/ 30b-3-1

| -Task: PESscan

-Clickon™"."
* X

Frame

3, Distance N(11)—H(21): 0.800 & _ Ene -30 42248 Hartree
< <4< » > -

...........

3333333

\
3333333

4444444

-30.45

-------

2. Setup bond scan

- Hold down SHIFT, select N & H

- Click on + button next to N(11)...
-Scan from 0.8 - 1.8 A, in 15 steps

—@ - Save and Run

rrrrrrrrrrrrr
rrrrrrrrrrrrrrrr

nnnnnn

. View -> Converged Geometries Only

3. Visualize results

@ sCM
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https://www.scm.com/amsterdam-modeling-suite/adf-hands-on-workshops/reaxff-parameterization/
https://www.scm.com/doc/ReaxFF/CMAESFFOptimizer.html
https://www.scm.com/doc/Tutorials/Advanced/ReaxFF_parametrization_generate_trainingsets.html

