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Theoretical methods for calculations
Which method to use? Why we need classical potentials?

Accurar.y —

HY-EY¥

Ci arrefgl;tﬁads

(MP2, CC5D, C1)

Dens r%:uncﬂond

o
Aromistic MM

L‘o.me-’m‘ms

Centinuum mechanics

Cost of Calculation —

leeping.github.io/forcebalance/doc/html/

» Several different levels of accuracy depending on
the approximations
* A more accurate method is more time consuming

Computational time (cost of calculation) increases as:
» the accuracy inceases
* the system size increases

Method Cost Example for N=10
CCSD(T) o N’ T~ 4 months
CCSD and MP4 o N6 T~ 12 days

MP2 o« N° T~ 28 hours

HF > DFT >TB o« N2-N3 T~1.5-20min
Classical Potentials o N-N?2  T~10-100 sec

Conclusion: The system size selects the method



Theoretical methods for calculations
Which method to use? Why we need classical potentials?

» Several different levels of accuracy depending on
the approximations

* A more accurate method is more time consuming
102 Finite Element
Method

Computational time (cost of calculation) increases as:
10°+ Mesoscale * the accuracy inceases

E (DPD, Brownian)
Large-Scale - . o
S Molecular Dynamics Coaroe- the system size increases
O 408 Grained MD _
e
o \ Method Cost Example for N=10
- ]
2 106 L Atomistic CCSD(T) o< N’ T~ 4 months
= Molecular 5 5
= Dynamics *-=<-====- CCSD and MP4 < N T~ 12 days
10° uantum MP2 o< N> T~ 28 hours
hemistry , , , , , HE > DET ) s _ 50 m
107 0 100 109 10°® 107 10 > >TB o« N°-N T~1.5-20 min
time (seconds) Classical Potentials «N-N2 T~ 10-100 sec

Greathouse et al, Minerals 4, 519 (2014 Continuum mechanics &N T~10sec

Conclusion: The system size selects the method



Theoretical methods for calculations
Which method to use? Why we need classical potentials?
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Main parameters to be taken in account

e Size of the system
* Properties to be calculated

» Information to be extracted decreases as less
accurate methods are used (e.g. quantum
mechanical character is lost in calculations using
classical potentials).

» Properties that require large system simulations
can not be calculated using accurate methods
(e.g. melting temperature, dislocations, etc)

» Calculations may be different, not only due to the
accuracy of the methods, but also due to the size
of the simulated system.

For example ...



Theoretical methods for calculations
Which method to use? Why we need classical potentials?

Main parameters to be taken in account
e Size of the system
* Properties to be calculated

» Information to be extracted decreases as less
accurate methods are used (e.g. quantum
mechanical character is lost in calculations using
classical potentials).

» Properties that require large system simulations
can not be calculated using accurate methods
(e.g. melting temperature, dislocations, etc)

» Calculations may be different, not only due to the
accuracy of the methods, but also due to the size
of the simulated system.

e Approximations are unavoidable for the study of large systems.
* Improving the accuracy of approximations (e.g. classical potentials)
for large systems is essential.




Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials



Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Pair potentials or=¢=) Uy;.
<]

e Exp-6 potential 4
(C-C, C-H, C-Cl, C-Br, C-N, C-S, Uij = Be=Cri — -
C-O, C-N interactions) (1967-197 -
* Giglio et al Uij = %E_E"J - ri;_
(C-C, C-CH,, C-Cl, C-S) (1970-1973) Y 7
* Gamba -Bonadeo y,, — Be ¢y _ i; T g Ll

(C‘C,C‘N,C‘H) (1981) Tij Tij

(for benzene and azabenzene)

All these potentials suffer from the absence of
n-body terms, n>2.

They are nor reliable for graphene.



Classical potentials for Carbon materials

Many body potentials &=¢:+¢:s=3 U+ ¥ Wize,

* Simple «old» potentials i i<ieh
* Molecular Mechanics potentials * Keating potential (for covalent 1
semiconductors) 3-body
* Bond Order Potentials (BOPs) 0. 5% 2 pay terms
17 = IEREJ {?‘fj R‘IJ} i

* ReaxFF potentials

: : : 33
* Machine learning potentials Wik = —5———(ris - Tie — Ryj - Ru)*
ER{}'R::J:
3a 2 2\ 2 2
* 4R R (rig — Rig)(rie — Rix) -
- Atoms j and k are the first neighbors to atom i.
- R; is the equilibrium distance in the bulk.
P. N. Keating, Phys. Rev. 145, 637 (1966).
V. K. Bashenov, D. |. Marvakov, and A. M. Mutal, Phys. Stat. Sol. (b) 86, K7 (1978).
R. M. Martin, Phys. Rev. B1 , 4005 (1970)



Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Many body potentials

Bt ] <<k

(for cubic

 Murrell et al | potential
crystals)

Uii = —=D(1 + agpij)e™"*"i
Wijk = D - P(Q1,Qa, Q3)e™"%1
P(Q1,Q2,Q3) = Co + C1Q1 + C2Q7 + C3(Q3 + Q3)
+ CaQ7 + CsQi(Q3 + Q3) + Ca(Q3 — 3Q3Q3),

- 1 1 1
; ,

1 V3 UF v’? gt
Q=19 F “FE||~
Qa ﬁ _L 44 3

V3 /B V6 |

Tij —Te
PM1L=Pj, PR=pPik, P3= Pk, Py = -
&

J. N. Murrell and R. E. Mottram, Mol. Phys. 69, 571 (1990).
J. N.

b=gotds=3 Us+ Y Wi,

Murrell and J. A. Rodriguez-Ruiz, Mol. Phys. 71, 823 (1990).



Classical potentials for Carbon materials

Many body potentials

e Simple «old» potentials
* Molecular Mechanics potentials .
* Bond Order Potentials (BOPs)

Murrell et al | potential

Uii = —=D(1 + agpij)e™"*"i
Wise = D - P(Q1. Q. Qa)e™

b=gotds=3 Us+ Y Wi,

Bt ] <<k

(for cubic
crystals)

* ReaxFF potentials
* Machine learning potentials

(Gh, Q2,(s)

= Cp + C1Q1 + C2Q] + C3(Q3 + Q)
+ CaQy + Cs(Q3 + Q3) + Co(Q3 — 30202,

 Murrell et al Il potential F:
P(Q1,Q2,Qs) = Cs + C1Q1 + C2Q? + C3(Q2 + QF) + C4@? Qs
+ CsQ1(Q3 + Q3) + Co(Q3 — 3Q1Q3) + CrQ}

+CsQHQ3 + Q3) + Ca(@F + Q3)* + Cro0@1(QF — 3Q3Q3).

M= g
A. R. Al-Derzi, R. L. Johnston, J. N. Murrell, and J. A. Rodriguez-Ruiz, Mol. Phys. 73, 265 (1991).
B. R. Eggen, R. L. Johnston, S. Li, and J. N. Murrell, Mol. Phys. 76, 619 (1992).

-1 1 I
V3 V3 VB

1 1 ||
0 v Al IR
vZo 1 P
LV3 B V6 |

Tij — Te
22 = Mk, P13 = ks g = - .
L]



Classical potentials for Carbon materials

Many body potentials

¢='ﬁ'l+'¢ﬂ+'¢'3+

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

- Fit of the phonons in graphite.

- Applied to calculate the vibrations of Cg.

C. Lobo and J. L. Martins, Z. Phys. D 39, 159 (1997)

* Lobo - Martins potential (for graphene

and fullerenes)
N

$1= D Dy,

=]

Di=ry +r1;3 +_|’r'3-

”dangling bond vector”

z Z z{rl.t Lij — 1']:.}2 o= 1.421 A

1=-1 ,:=1 \ Keating type

over first neighbors, potentials

N 8 '
¥
T2 ZZTD D‘E+EZZ i  Rij — Rp)*?
1-1 k=1 i=1 j=1
over second neighbors Ry = 'I.F"ETD.
i A2 i,.: Nearest
$a = ( 4 Tik + —r‘g) neighbors
ZE: E 2" of atom i

1i=1 j=1 .k—':;;|+1

over first neighbors.



Classical potentials for Carbon materials

Molecular Mechanics (MM) potential
General Form  pggnd

e Simple «old» potentials

: : Bond angl
* Molecular Mechanics potentials stretching C,)Onengrngge
* Bond Order Potentials (BOPs) / /
* ReaxFF potentials E=Y Kyb-b)" + ) Kyf-b)
honas angles

* Machine learning potentials
E¢:n[l + cos(ng — &,)]

difedrals

Dihedral angles impraners i
contribution
Improper angles /
contribution Charge
contribution Interatomic

contribution



Classical potentials for Carbon materials

e Simple «old» potentials

Valence Force Field MM Potential
(for tetrahedrally coordinated systems)

* Molecular Mechanics potentials

* Bond Order Potentials (BOPs)

* ReaxFF potentials
* Machine learning potentials

'I*=¢z+qﬁ'3+¢'4=z{fij+ Z Wijk"i‘ Z Eijkh

T icick icjckal
1 2
Uij = Efr{ﬂ‘-"ij:l 1

1
Wik = i""gfﬁ{ﬂﬂjik]z + ferlrijArg + o fra( Ary + Arg ) A8

Ziint = 7o foo A A + ABra ABy; + A8 ABLik) .

D. W. Bullett, J. Phys. C: Solid State Phys. 8, 3108 (1975).
M. J. P. Musgrave and J. A. Pople, Proc. R. Soc. A 268, 474 (1962).



Classical potentials for Carbon

materials

Wallis et al MM Potential

e Simple «old» potentials
* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

= Hntr& I Hnt.ar i Fwn]l:

—

1illl|::I:ITH'IL o VHDH-E + Fhend + Fwni + I"Jllr‘t.u:l:r:il:rn 1t IlljrI,.—_] §

0;=(0,+0)/2, g = (gg)"

Vinter = VRDX-Xe + Vie-Xe

Vroxxe aNd V. xe potentials
are represented by V,

Vwall =

(for hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX))
RDX potential (C, N, O, H - Xe)

21
va =) D1 -

im]

g~ @i(ri=r ]]2 (bond stretching),

46
1 L]
Viand = E Ekg,{ﬂ,- ~ ") (bending angles),
i=1

m—z “ky(% = 7)® (wagging angles),

im]

9 2
Viorsion = 3 _ 3 _ a; cos(j)

j=1 j=0

M- T T (%) (2

lrlj

(torsional angles),

ﬂ (nonbonded) .

E. P. Wallis and D. L. Thompson, J. Chem. Phys. 99, 2661 (1993).



Classical potentials for Carbon materials

. , Fthenakis et al MM Potential
* Slmple «old» pOtent'aIS (for graphene and sp? Carbon systems)

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs) U=U,, + Upeng + Uiors
* ReaxFF potentials

Vi(r) = D[e %) — 1],

k A 25
n0-3(0-3) 5(0-5)

Vi(en) = %Fl[l + cos()] —%Fg[l — cos(2m)|,

* Machine learning potentials

Z. G. Fthenakis et al, Phys. Chem. Chem. Phys. 19, 30925 (2017)



Classical potentials for Carbon materials

Other well known general MM potentials

e Simple «old» potentials
* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Y

Assisted Model Building with Energy
Refinement (AMBER)

Chemistry at HARvard
Macromolecular Mechanics (CHARM)
Optimized Potentials for Liquid
Simulations (OPLS-AA)

GROnNingen Molecular Simulation
(GROMOS)

Transferable Potentials for Phase
Equilibria (TraPPE)



Classical potentials for Carbon materials

Abel — Tersoff Bond order potentials (BOPs)

i i Abell showed that for covalent systems the
* Molecular Mechanics pOtentlaIS binding energy E, can be written as a sum

e Bond Order Potentials (BOPS) over nearest neighbors in the form

* ReaxFF potentials E,= Z Z I‘-*’Rliru} —’V“‘{ru}]

* Machine learning potentials f “”J/ \

Repulsion Attraction

e Simple «old» potentials

Bond order between

atomsiandj
* VAand VR are pair potentials J

* b;includes n-body terms (n>2)

-1/2 N

* |n a first approximation, bl-]- < N = local coordination

Abell G C, Phys. Rev. B 31 6184 (1985)



Classical potentials for Carbon materials

Tersoff potential (1 generation BOPs)

e Simple «old» potentials

* Molecular Mechanics potentials Oy = dp3 = z Usjox

* Bond Order Potentials (BOPs) i<k

* ReaxFF potentials Uik = folri;)(Ae™ '™ — Bye~2m4)

* Machine learning potentials )

B;; = Bue_‘)'-*’""”,-
cutoff ’(E ey / w(rg)]” ma -1
functi fe(r) = i—-isin[f{r—ﬂ}fﬂ] for R-D<r<R+D, E |¢+E ‘-'*
unction w(ry;)
0 forr> R4+ D. -IF'FE‘-J o

The simplest potential which includes three body terms initially parametrized

for Si (Tersoff J, Phys. Rev. Lett. 56, 632 (1986); Tersoff J, Phys. Rev. B 37, 6991 (1988) ), Three body
then for C (Tersoff J, Phys. Rev. Lett. 61, 2879 (1988) ) and for 3

Si-C and Si-Ge systems (Tersoff ], Phys. Rev. B 39 5566 (1989) ). m{r} = f.(r)e="" '”teraCt'O”



Classical potentials for Carbon materials

Similar approaches: Chelikowsky — Phillips
| | X I potential
* Molecular Mechanics potentials

P E[{R}]= 3 [Aexp(—B,R})/R} g, exp(—B:Rjj)/R;]

* Bond Order Potentials (BOPs) i
go+g15;5;

!
L ¥

e Simple «old» potentials

* ReaxFF potentials
* Machine learning potentials Sy =1+ cos(36,,))
(fl0,:))=[f1/111,

[f(8,)]= % [0, ) expl — 2,05, ) exp( —A,R iy )

Used to study the formation of C,, ki,

R =(R;+Ry)/2.
J. R. Chelikowsky, Phys. Rev. B 45, 12062 (1992)



Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Similar approaches: Khor — Das Sarma

potential
(for tetrahedrally bonded C)

P == Z Uiiike

i<k
Uijie = Afii(rii)[e™®™ — gii(1 + hyjz)]

fif(rig) = e=Blru=Ra",

o —Ari; 0, = equilibrium angle
: B, = angle between
bonds ij and ik

[cos (B — ;) — 1.

By
Ze"
E itriz)
7
=2
ki, §

K. E. Khor and S. Das Sarma, Phys. Rev. B 38, 3318 (1988)



Classical potentials for Carbon materials

Similar approaches: Takai et al

e Simple «old» potentials

. . potential
* Molecular Mechanics potentials (for tetrahedrally bonded C)
* Bond Order Potentials (BOPs)
, P=dotds=) U+ Y Wi,
* ReaxFF potentials i< i<jck
* Machine learning potentials © 9 12
Ui = e0mes) - gy |3 - Larctalau(ry - )|

wﬂ'k - E[P‘F' H{Ei-:-ﬂﬂlsﬂk)]e_b: |:.I'-'?'ii-I-rii':-i-r':'l?l::Il1
g(8;,05,0,) = (cosf; + h)(cosf; + h)(cos @ + h).

T. Takai, C. Lee, T. Hahcioglu, and W. A. Tiller, J. Phys. Chem. 94, 4480 (1990)



Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Brenner potential (improvement of Tersoff)

for carbon and hydrocarbons

* b;j —>b;j=(b;;+b;;)/2 + corrections

(to avoid unphysical behavior of
Tersoff potential)

* If an sp? and an sp3 atom are bonded, the
Tersoff potential treats their bond as an
intermediate between a single and a
double bond, although the bond is better
described as a single bond.

* Non physical description for conjugated
and non conjugated bonds.

D.W.Brenner, Phys. Rev. B 42, 9458 (1990)



General form

Brenner potential for SN TDOD)
carbon and hydrocarbons ieh

‘=fu{r }ﬂ"'.'i’ /(8 —1e =Vl e =Ry Attraction pair potential

Number of H atoms bonded to atom i

~1/I5. 8 (r—R!® Repulsion pair potential B R
‘:fuiru DY /(S — e ¥ Bl =R P pairp X Syt
[ = hydrogen)
2 Sylny) s
i JT=carbon
1. r<R..
k] 'j
air =R ; Cutoff function Number of C atoms bonded to atom i
= (1 (2
Sytr) S RF =R l /2 Ry <r<ky (1st n.n. restriction)
- 1+ z f‘."_'rrk IF{IH_]'
0, F}Rff' N\ carbons ki# i j)

+ E f‘,f'[rj;lFl:IJ.;l

E,;, =(B;+B;)/2+F, JAverage bond order form + corrections carbons [( %4, )

/
" l, %4 %2

- —plel B, Flx e + ﬂ['ﬂ'{x _EI]IJ'FE. 2<X: <3
,.Iir H =i RJ' 1] | BOlId ( ik ) I | +cos ik ik
14 2, G lﬂui Lr:k[rri }‘f“ ' > H‘. @ k Z3
0, xj

B,=
ki#ij) order

\ Angle between bonds ij and ik

GolO)=ag|1+ck/di—cd/[d}+i 1 for Carbon

Xik :N:;m_fikl-r:k )

D.W.Brenner, Phys. Rev. B 42, 9458 (1990)



Brenner potential for

General form

EIJ = Z Z IFR[FU:I - bj'_.l'vﬂ‘:rjj”-

jl=i)

carbon and hydrocarbons "

For making the potential continuous, H;; and F; are selected as
two and three dimensional cubic splines to interpolate between
values at discrete number of neighbors.
Two different parametrizations have been determined:

Brenner |

Brenner Il
Also a third parametrization without the correction by, F; and H,

occurs (Brenner, in Atomic Scale Calculations in Materials
Science, vol. 141, MRS Symposia Proc. (1989) p.59

_u =(B;+B;)/2+ F,-verage bond order form + corrections
[tr, =R R ~* Bond
E Ly =Ry, TRy TR
1+ E Giiﬂui Urm“".k le . : +H1 order

ki#i )
g \ Angle between bonds ij and ik

B,,=

GelO)=ap|1+ci/di—ci/[di+(1+cos0P)]  £5r Carbon

F[I.k )= 1

Number of H atoms bonded to atom i

b Titry)

[ = hydrogen)

2 f:_rl:rn_.l:lr

JU™= carbon

Number of C atoms bonded to atom i

1 + E f‘_g._'rm}F{x‘l}
carbons ki #4 j)

+ E _fﬂ'[rﬂFFLIH:l

carboms i« 4, f)

‘1, X <2
{1+cos[wlx,—2))1/2, 2<x; <3
ln* Xx 23

= il
'Il.i. X ""li. _Jra.lr1 rrk )

D.W.Brenner, Phys. Rev. B 42, 9458 (1990)



Classical potentials for Carbon materials

Reactive empirical bond order (REBO) potential
(improvement of Brenner — Second generation of BOPs)

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

for carbon and hydrocarbons

* It allows for covalent bond breaking and forming

 Fitted to describe intramolecular bonding

* Machine learning potentials
Ey=)_ D} [Vi(r;) — by VA(rij)).

I ji=i)
.|q| I ]
VE(r) = FO)1+ Q/r)Ae ™ VA = fr) ) Bue P
n=1.3
CUtOf.f Bond order: bij = %lbﬂ_“ + EJ?,-_H] + b:,
function [ 4 pymin o : - .
_ _ £ {‘_ ij Contributions from sigma-pi and pi bonds
i) =1 (1+cos((r — D™ /(DE™~DE™))/2  DJ" <r < DF=
0 r = DU
| i D.W.Brenner, Phys. Rev. B 42, 9458 (1990)




Reactive empirical bond order (REBO)
potentlal (Second generation of BOPs)

Number of Hand C
atoms bonded to atom i 6 1

/ \ ~1/2 2 4
1 - o
bij " = [1 * Z fie(ri) G (cos(B;x))e™" + Piy(NF, N"H}} | 2
k (2, ) /‘ _
P, is a bicubic spline 0 ' ' ' ' .
0 30 60 a0 120 150 180

& (degrees)

Figure 3. The angular contribution to the bond order equation (8). Sguares: fitting data derived
R DH from the discrete bond order values. Heavy curve: spline fit to the data. Light curve: modified
| I b ] form for low-coordination structures.

b =
i =
niC = F;; (N}, Ni, N7™)

bP.fH_ Ti; (N;, NI “““J][ Z Z (1 —cos {E’u-ﬂ} fi(rie) Jﬁ'{r‘fﬂ]
k{2, j) L (2,]) Y e, and e; are unit vectors in the
directions R;jxRj, and R;; x R

Dihedral angle _
respectively



Classical potentials for Carbon materials

Other (REBO) potentials
For C, Si, H
* Molecular Mechanics pOtentiaIS * K. Beardmore and R. Smith, Philos. Mag. A 74, 1439 (1996)
* Bond Order Potentials (BOPs)  + A.J. Dysonand P. V. Smith, Surf. Sci. 355, 140 (1996)
ForC,O,H
* B.Ni, K. H. Lee and S.B.Sinnott, J. Phys. Cond. Matter 16,
7261 (2004)
* A.F. Fonseca et al, Phys. Rev. B 84, 075460 (2011)
ForC,F H
* |.Jang and S. b. Sinnott, J. Phys. Chem. B 108, 18993 (2004)

e Simple «old» potentials

* ReaxFF potentials
* Machine learning potentials




Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

Adaptive Intermolecular Reactive Empirical
Bond Order (AIREBO) potentials

REBO: - Good to describe intramolecular interactions
- NOT good to describe intermolecular interactions
AIREBO: Covers that gap
- Intermolecular interactions include dispersion
and short range repulsion effects
- Dispersion and intermolecular repulsion:

12 6
(ﬁ) _(E)
.I",-J; r,-J;

F,'L__.']{rf_,l'}: 4"-:[_.!'




Classical potentials for Carbon materials

e Simple «old» potentials

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)

* ReaxFF potentials

* Machine learning potentials

A. C. T.van Duin, S. Dasgupta, F. Lorant and W.
A. Goddard, J. Phys. Chem. A 105, 9396 (2001)

 ReaxFF potentials:

General form: that of Molecular Mechanics
Potentials + Bond Order

E.rr:-r — E—.':-.arm' ! [Fover | E.aﬂ,q'n'e | E?r:-.r ! Ev:ﬁa.'

L E{'ri-.!:frjmn ! E.'.'pr:':e_'ﬁ.:

 Ebond 3ssumes that the bond-order is determined directly
from the interatomic distance and valence

* E°¥¢ (over-coordination term): penalties when the
colordlnatlon number is outside the range of the ideal
valence

o [ECoulomb - Coylomb interactions. ReaxFF utilizes the
electronegativity equalization method to distribute
charges in atoms

o [specific : System-specific terms not usually included
* Parameters are fitted from quantum MD simulations

Primary advantage: Ability to model reactive
chemistry with low computational cost




Classical potentials for Carbon materials

Available ReaxFF potentials for C:

e Simple «old» potentials

RDX for RDX explosives (C/H/O/N)

CHO-2008 for combustion of hydrocarbons (C/H/O)

Budzien etal LAMMPS database (C/H/O/N)

Mattsson et al LAMMPS database (C/H/O)

CHON-2010 for soot particles and their interactions
with molecules (C/H/O/N/S/Si/Pt/Zr/Ni/

* Molecular Mechanics potentials
* Bond Order Potentials (BOPs)
* ReaxFF potentials

* Machine learning potentials Cu/Co/He/Ne/Ar/Kr/Xe)
e Lg (low gradient) — RDX improvement (C/H/O/N)
* ci-CH (charge implicit) — for hydrocarbons (C/H)
« (C-2013 for carbon condensed phases
* CHO-2016 improvement of CHO-2008, including

information from C-2013 (C/H/O)

* CHON-2019 improvement of CHO-2016 including
nitrogen interactions (C/H/O/N)

* GR-RDX-2021 developed by us combining RDX and C-2013
potentials (Cg/C/H/O/N, Cg = graphene carbon)



Combining the two ReaxFF (RDX and C-2013)

to develop a new potential

 RDX:
» C-C, C-H, C-N, C-0, H-H, H-N, H-O, N-N, N-O and O-O interactions.
» Not good for graphene

 C-2013:
» C-Cinteractions in condensed carbon phases.

Assumption No 1: C atoms of graphene will be considered as atoms of a new species (Cg), which will be
described by C-C interactions of C-2013 potential.

Interactions:

* C-C,C-H, C-N, C-O, H-H, H-N, H-O, N-N, N-O, O-O described by RDX ReaxFF
* (Cg-Cg described by C-2013 ReaxFF

e (Cg-C, Cg-H, Cg-0O, Cg-N described by ?

Assumption No 2: Cg-C, Cg-H, Cg-O and Cg-N interactions will be the same as the interactions between
C-C, C-H, C-O and C-N interactions, respectively, (i.e. they will be described by RDX ReaxFF).

... but what about the general parameters of the combined potential ?




Combining the two ReaxFF (RDX and C-2013)
to develop a new potential
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Combining the two ReaxFF (RDX and C-2013)

to develop a new potential

 RDX:
» C-C, C-H, C-N, C-0, H-H, H-N, H-O, N-N, N-O and O-O interactions.
» Not good for graphene

 C-2013:
» C-Cinteractions in condensed carbon phases.

Assumption No 1: C atoms of graphene will be considered as atoms of a new species (Cg), which will be
described by C-C interactions of C-2013 potential.

Interactions:

* C-C,C-H, C-N, C-O, H-H, H-N, H-O, N-N, N-O, O-O described by RDX ReaxFF
* (Cg-Cg described by C-2013 ReaxFF

e (Cg-C, Cg-H, Cg-0O, Cg-N described by ?

Assumption No 2: Cg-C, Cg-H, Cg-O and Cg-N interactions will be the same as the interactions between
C-C, C-H, C-O and C-N interactions, respectively, (i.e. they will be described by RDX ReaxFF).

Assumption No 3: The new potential will have the parameters of the RDX potential, hoping that it will
provide reasonable predictions.




Advantages and disadvantages of the new potential

* The potential has to be tested...

* Different type of C atoms specialized in different bonding
environments may provide more accurate predictions. This might
improve transferability.

* In principle, Cg and C atoms should not interchange their roles during
the simulations.

We call the new potential GR-RDX-2021 potential.
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Testing the performance of ReaxFF for graphene - Optimization

Potential
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Planar and periodic

Interestingly two minima were
found for ci-CH potential
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Testing the performance of ReaxFF for graphene - Optimization
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Testing the performance of ReaxFF for graphene - Optimization
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1.44998
1.44761
1.44385

1.44385

1.43777

1.42159
1.41991

Group A
1.44 —1.48 A

Group B
1.42 A
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Testing the performance of ReaxFF for graphene
Calculation of Young’s modulus E and Poisson’s ratio v

AU/N (meV/atom)

4 T [ [ =
o0—o Mattsson, € = € =—a CHON-2019, ¢ = € ( a)
» —¢ Mattsson, € = eyy a-a CHON-2019, € = eyy
c—o RDX, E=¢€ =—a C-2013, E=¢€
3r & RDX,e=¢, ~-aC2013,e=¢
lg, e= € =—a GR-RDX-2021, € = € .
lg, e = € »-a GR-RDX-2021, e = €,
c—o Budzien, e=¢
2 | XX
> -0 BudZien, €= Syy
CHO-2008 and CHON-2010, € = €
CHO-2008 and CHON-2010, € = syy
1+ ci-CH,e=¢ _
ci-CH,e=¢
\ )
O ] - 4
-5 0 5

e (x 107)

* |sotropic behavior (all potentials)

10

w5

67

®) -

0

e (x 107)

* Young’s modulus: 3 values from Group A > 1 value from Group B
* Poisson’s ratio: Same value for Group A > Same value from Group B

5 | 10



Testing the performance of ReaxFF for graphene

Potential U, | a,(A)
(eV/atom)

Young’s modulus E
and
Poisson’s ratio v

12x21 supercell of
1008 atoms
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Mattsson et al
RDX

lg

Budzien et al
CHO-2008
CHON-2010
ci-CH

ci-CH (2" min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

-8.912227
-8.681633
-8.773100
-8.527977
-8.479561
-8.479561
-8.423060
-8.411486
-7.431757
-7.434825
-7.404626
-7.404626
-7.464

1.48495

1.45003 1051/1048

1.44998 1087/1084
1.44761

1.44385

1.44385
—]
1.43777 X 926/936
1.45497 821/81
1.42183  /795/797

1.42159 801/795

1.41991 765/772

1.41991 765/772
1.424 - 1020 - 1092
1.429

0.983/
#975/0.976

0.987/0.987

0.984/0.

Group A

S E ~ 1000-1100 GPa

0.984/0.

or = 1300 GPa
or = 930 GPa

0.753/0.746

0.550/0.550

Group B

0.543/0.

E = 760-800 GPa

0.543/0.554
0.125-0.18



Testing the performance of ReaxFF for graphene

and

, _ Mattsson etal  -8.912227 1.48495  1014/1016 0.987/0.98
Poisson’s ratio v
RDX 8.681633 1.45003  1051/1048 [ 0.984/0.984
12"1230;” percell of g -8.773100 1.44998  1087/1084 | 0.983/0.984 Group A
atoms Budzienetal  -8.527977 1.44761  1060/1056| 0.984/0.986 v =0.98-0.99
I CHO-2008 8479561 1.44385  1331/1334 | 0.983/0.983 ~1 !
:,_}H;;;::H;;;;}; CHON-2010  -8.479561 1.44385  1331/1334 \ 0.983/0.983 Unreliable
":h:’"h":’":":‘”:"m:“:":" ci-CH 8.423060 1.43777  926/936 0.975/0.976
”:::::Z:::ﬁ::::::::::::: Ci-CH (2 min)  -8.411486 1.45497  821/819
:t::“::i:’:iznti:ﬂ:nzﬁ GR-RDX-2021  -7.431757 142183  795/797 0.550/0.550
:EEEEEE%E;EEE:;EEEEEE C-2013 7434825 142159  801/795 [ 0.537/0.540 Group B
HIRRRHHHERRARE . [cHos016 7.404626 1.41991  765/772 0.543/0.554 v =0.54-0.55
CHON-2019 7404626 141991  765/772 Q.543/0.554

Expimental or -7.464 1.424 - 1020 - 1092 0.125-0.18
ab-initio 1.429



Testing the performance of ReaxFF for graphene

Elastic constants

C117 €12, Cge
and spring constants

k. and k,
using the E and v values

12x21 supercell of
1008 atoms

O R R W bR R R R bR R s

bbbbbbbbbbbbbbb
e w R Fw W bR w W bW R W s
T e e T e e . T
s . — R R e wm e e —m
bW bR w pW bW N bew bW bw % N B
b b N A R bR g pa bW e W R

-------
& ba bR W R bR R W bR bR W R

& b e s e bew e few fen bew ed s R
e, e e e s el e s e s s e

ppppppp
e b e ew bl bw pew e b w ew
b b w w b e e w W v ew
W b W ew bW b R W bw bW W W e
w Ew e W bW b R ew W b e e
N BN R w BN bW N w bW bR % N B
............

E *
C11 = Cpp = 2 A" = First Lamé’s coefficient
—V
Ev U = Second Lameé’s coefficient
_ /1* _
C12 = — 12 G = shear modulus
E
C — G = —
66 L= S

AU =3 3;(ks 81 +3 % ky ap 697

8vV3 kekp E
E = — 3
do ks+18kp, ks =V3doT—
ks+18ky ] b= 2/33v+1




Testing the performance of ReaxFF for graphene

Elastic constants

C11» €12/ Cgg
and spring constants

k. and k,
using the E and v values

12x21 supercell of
1008 atoms
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E

C11 = C22 —x
C12 =/1* _* For V =1

Coo =G =1 = 2(1+v‘_r> E/A

AU =2 %(ks 81 +2 %k, af 67)
8vV3 kekp

E = E
dy ks+18Kkp, ks =V3dor =y o

ks_6kb

dy_ E
— e, =
ks+18kp, ’ zﬁhﬁ E/4




Testing the performance of ReaxFF for graphene

ks kb
(eV/A?) | (eV/A?)

Elastic constants

C117 €12, Cep

and spring constants

k. and k,

using the E and v values

12x21 supercell of
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Mattsson et al
RDX

lg

Budzien et al
CHO-2008
CHON-2010
ci-CH

ci-CH (2"d min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

€11
(GPa)

38752
33102
33698
35407
40234
40234
19006
1869
1141
1124
1099
1099
1100

C12
(GPa)

38241

32573
33151
34874
39562
39562
18534
1400
628
605
603
603

(c]:F))
255
264
273
267
336
336
236
234
257
259

248
248

140-180 400-500

2884

2375
2417
2541
2885
2885
1357
118
64.0
62.5
61.5
61.5
45

1.54
1.60
1.66
1.61
2.03
2.03
1.43
1.52
1.81
1.84
1.75
1.75
4.1-4.8



Testing the performance of ReaxFF for graphene

Elastic constants Potential €12 Ces k, Ky,
(GPa) | (GPa) | (eV/A?) | (eV/A?)
255

Cq1s €19y C
11,' 12> =66 Mattsson et al 38241 2884 1.54
and spring constants

RDX 2573 264 2375 1.60
k. and k,
using the E and v values '® S I B
Budzien et al 33_40)( eXper.
CHO-2008 unreliable
12x21 supercell of CHON-2010
1008 atoms
U - o o 19x exper.
19085050,0,0,0,000505958, : nd i .
H“:”r}r:*:::::L“JHL:::EQ:L“:: ci-CH (2" min) 1869 1400 234 118 1.52 unre | E b | e
h—ﬁ:—-""‘a--""H’.H e e e e e
e e e e h:lr-: = J-—{:n:l--: GR-RDX-2021
'l-|F b -." ‘.:_:' 'fu < ‘l- ‘}'1} Iu" 'fn._" ‘ir 'l-|F ‘l- -"1:}'} . ‘r- 'l-|F b
:: -.:: ::: > L; -.J": :L::": ﬁ:b ::: ::: )y ;:“ C-2013
ERRIIRRRRARR reasonable
"y I3 }‘_.-\"‘L-u."'ba}ik it | -.:F‘L ‘;-g:_}-bib A’
:::::ﬂ:::;‘{::::::&_x;h:.ﬁ;ﬂ:’ CHO-2016 248 61.5
He hhhhhﬁhhﬁhﬂnnlr & l‘hHhhr LD
et es et et et e et as et et CHON-2019 603 248 61.5 1.75
SRRRRRRRRER
i s s s s i i
jogeseleleteteletetetele! Expimentalor 1100 140-180 400-500 45 4.1-4.8

—_
NS}

ab-initio



Testing the performance of ReaxFF for graphene

Elastic constants Potential C1
(GPa)

C117 €12, Cep

and spring constants

k. and k,

using the E and v values

12x21 supercell of
1008 atoms
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Mattsson et al
RDX

lg

Budzien et al
CHO-2008
CHON-2010
ci-CH

ci-CH (2"9 min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

Co6 kg k,,
(GPa) | (eV/A?) | (eV/A?)
255

38752 2884 1.54

33102 264 2375 1.60

2417 1.66

220x exper.

3540y

1023 unreliable

40234

19006 100x exper.
1869 1400 234 118 1.52 unreliable
1141

1124 4x expetr.

1099 61.5 overestimatior
1099 248 61.5 1.75

1100 140-180 400-500 45 4.1-4.8



Testing the performance of ReaxFF for graphene

Elastic constants Potential C11 €1 3 k.
(GPa) | (GPa) (eV/A?) | (eV/A?)

€112 €12, Cep

and spring constants

k. and k,

using the E and v values

12x21 supercell of
1008 atoms

L | L T B T L B T T |
'._h—h .|-|.|' :HHHH HH?—?_‘:::"_ HﬂHH}—- '
L L T T ® s e .
."l'"l ! .l'".l._-'F"l L T e R .l'"\-'h
- |l '..-'flr o T i ] | [ T T o T
& LA L N L L L L L
L ] ':l.--n: R R R Rk R e L
l.HHHL—g HHHHH HHHHH'HL—q, HHHHL-
"ll___'.l'"'l f i A W N I

s R R s s W R e s R s

L ] J-'lf._ R Fw e bR e e _I--'l:.I e R Ok
s s & Fw FY O Fy e R e & e e
& bd b ew el ke ew el bl b el el R
e bR ew el el e e el b e el el
& W w ew W R R s W bR W W
fm R R W W bR W W b R W s
& ba R R W w e =
2] s e e e s e s B o B o B |
L T e T e T B T Ll | T
" F L M T T R LT
s Fa Fa Fa Fa Fe Fa F Fa Fw bW
LY HHH e w w ew a w I|I:I|--|.\, e Fw Ok
| e T T T T e |
e R ew s R '._.HHHJFI‘ _l-hHs-—-_ |
L L L
8 S w e N bR e N s R R s R
Lo I o I o e T B o e I A |
L . e N . .
I|Ip— ‘HHHHHHHHH’- EHHH'- - I—.-HL—.QHHHHL
u - w a pw a e w | A ]
L _I-hl._h_ll—kHHi_-l-'\- HHH?_.H L ?—ii_-l-ﬁj'_h_l-
2200 e e 0T eT e e
ql-q e w R e e e e e F-HF-:I-H.
M T L L L L
! L L ] ® LS o L |

L ® Fw W L] ¥ R e L]

—_
NS}

Mattsson et al
RDX

g

Budzien et al
CHO-2008
CHON-2010
ci-CH

ci-CH (2" min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

38752
33102
33698
35407
40234
40234
19006
1869
1141
1124
1099
1099
1100

38241 2884 1.54
2375 1.60
2417 1.66

2541 1.61

1/2x exper.

2885 2.03

A and B group
Similar
Underestimation

1357 1.43
118 1.52

1/2x exper.

61.5
61.5 1.75

140-180 400- 45 4.1-4.8



Testing the performance of ReaxFF for graphene

Elastic constants Potential C1a C12 Cee
(GPa) | (GPa) | (GPa)
255

C117 €12, Cep

and spring constants

k. and k,

using the E and v values

12x21 supercell of
1008 atoms
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Budzien et al
CHO-2008
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ci-CH

ci-CH (2"9 min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

38752 38241
33102 32573
33698 33151
35407 34874
40234 39562
40234 39562
19006 18534
1869 1400
1141 628

1124 605

1099 603

1099 603

1100

264
273
267
336
336
236
234
257
259
248
248

140-180 400-500 45

4.1-4.8

50x exper.
unreliable

27x exper.
unreliable

4/3x exper.
similar



Testing the performance of ReaxFF for graphene

Elastic constants Potential €11 €1 Ces 3
(GPa) | (GPa) | (GPa) | (eV/A?)
255

€112 €12, Cep

and spring constants

k. and k,

using the E and v values

12x21 supercell of
1008 atoms
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Mattsson et al
RDX

lg

Budzien et al
CHO-2008
CHON-2010
ci-CH

ci-CH (2"9 min)
GR-RDX-2021
C-2013
CHO-2016
CHON-2019

Expimental or
ab-initio

38752 38241 2884
33102 32573 264 2375
33698 33151 273 2417
35407 34874 267 2541
40234 39562 336 2885
40234 39562 336 2885
19006 18534 236 1357
1869 1400 234 118
1141 628 257 64.0
1124 605 259 62.5
1099 603 248 61.5
1099 603 248 61.5
1100 140-180 400-500 45

1/3-1/2x exper.

A and B group
Similar
Undrestimation

1/2x expet.



Testing the performance of ReaxFF for graphene

In conclusion: Group B Experiment
or ab-initio

Cohesive Energy -84T><=8.91 ~-7.4 -7.464
(eV/atom)

Bond length (A) 1.44>4748 1.42 1.42 —1.43
Young’s modulus (GPa) 1000- 1300  7668-<800 1050
lzxfgo;”;’fgﬁf;' of Poisson’s ratio =98I 0.54 0.125-0.180
nannnannanns  C (GPa) ~35a0 1111 1100 1050
HERAHARARA ¢ (GPa) ~35000 111l 600 150
IRRBRRRENER | (GPa) ~ 250 ~ 250 450
SRRk (eV/A?) ~zsedlllll 62 45
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12

We focus our interest in group B potentials only.



Defective graphene: — -
Stone — Wales (SW) defect ‘% ; ,
and inverse SW defect CH0 LI

Pyrene SW-Pyrene
(Pristine) (Defect)
- 9
22 29 @ ]
2% 33 > .\ {H >
2 % »3 > 4o I 2

’ ! b_! ‘_1 Stone-Wales defect H .‘ > @
ba e T S e

>3 33 33 N
3 33 53 e
>q 9 ” H’ .
> ‘5—;._ PR Zettl et al, Nano Letters (2008).
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SW and inverse SW formation energy U, for graphene
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Similar geometries were predicted by DFT calculations

U, for SW and inverse SW defects
underestimated by = 3/4

s I
U, (eV) U, (eV)
CHON-2019 - planar 3.6184  6.3057
CHON-2019 - not planar 3.5959 4.7356
C-2013 - planar 4.0717

C-2013 - not planar 3.7809

GR-RDX-2021 - planar 3.9874

GR-RDX-2021 - not planar 3.7874

DFT- GGA/PBE (DMOL)" 5.08 6.20
DFT-GGA/PW091 (CASTEP)™™ 4.8

“Lusk and Carr, Phys. Rev. Lett. 100, 175503 (2008)
“*Reich and Robertson, Phys. Rev. B 72, 184109 (2005)



Vacancy formation energy U, for graphene
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Energy barriers for the permeation of CO, through
pyridinic graphene pores

3vac-5N 4vac-6N (a)
4vac-6N (b) 6vac-6N

ok



Energy barriers for the permeation of CO, through
pyridinic graphene pores

CHON- | GR-RDX- DFT
; CoO 2019 2021
T 2

lvac-3 N

2vac-4N 6.31 5.29

3vac-5N 1.23 2.21 3.91
4vac-6N (a) 1.21 0.885

4vac-6N (b) 0.37 0.485 0.54

6vac-6N 0.23 0 0




Energy barriers for the permeation of CO, through a

pyridinic graphene pore

For the 6vac-6N pore

. e——s PBE-D3 (Gaussian 16)
s——0s PBE-D3 (Quantum Espresso)
——e MO6-2X I
—e MNI15 &l
s—a WHROTXD

AT RI}HIH:

&——& DFTE D4 mat-sci

2.0 0.0 20
d (A)

A 1

10 6.0

 Modern functionals: only attraction point (no barrier)

e PBE (small barrier, shallow min)

* Semiempirical/Reax-FF: shallow min, attraction point (no

barrier) or small barrier

CHON- | GR-RDX- DFT
2019 2021

lvac-3 N
2vac-4N 6.31 5.29
3vac-5N 1.23 2.21 3.91

4vac-6N (a) 1.21 0.885
4vac-6N (b) _C _ .




Graphene phonon dispersion relation

e Calculated using a hand made code implementing the frozen phonon methods.
* 7x7 hexagonal supercell.

e Atomic displacements in the two centered atoms.
e 8x=086y=08z=0.0001A 2500

CHON-2019

C-2013

GR-RDX-2019

DFT/LDA

2000 - - -+ Fthenakis et al
BRI Tersoff

500

* Very similar results for the three potentials
* Reasonable results compared to DFT




Energy of Carbon nanotubes vs diameter D

(n,0) and (n,n) nanotubes U C; G, 5
For (n,0), n < 100 N> Uy +—+—  C, ranges between 5 and 10 eV/A

D2 D4
For (n,n), n £ 20

'7.2 I I T T T
| | | | (n,0) CHON-2019  U/N = -7.4043 + 7.0162/D? - 26.339/D*
[ (n,0) C-2013 U/N =-7.4346 + 7.0060/D2 — 24.683/D*
-1.31 (n,0) GR-RDX-2021  U/N =-7.4315 + 7.0798/D?— 24.900/D*
- (n,n) CHON-2019 U/N =-7.4043 + 7.0385/D%2-31.710/D*
74+ (n,n) C-2013 U/N =-7.4345 + 6.9853/D%2- 29.267/D*
e (n,0) CNTs - CHON-2019 BAY. _ ) 4
= (1) CNTs - CHON-2019 ] (n,n) GR-RDX-2021 U/N =-7.4315 + 7.0732/D?-30.212/D
4 (n,0)CNTs - C-2013
7.5F v (n,n) CNTs - C-2013 —
J (n, 0) CNTs - C-2013/RDX > 1/D* dependence:
s x  (n,n) CNTs - C-2013/RDX - Tibbetts, J. Cryst. Growth 66, 632 (1984)
| | | | » 1/D* additional term:
'7‘60 0.01 0.02 0.03 0.04 0.05 Kanamitsou and Saito, J. Phys. Soc. Japan 71, 483 (2002)

/D (A™) Fthenakis et al, Phys. Chem. Chem. Phys. 19, 30925 (2017))



Energy of Carbon nanotubes vs diameter D

(n,0) and (n,n) nanotubes U C; G, 5
For (n,0), n < 100 N> Uy +—+—  C, ranges between 5 and 10 eV/A

D2 D4
For (n,n), n £ 20

-7.2 ! ! ! | (n,0) CHON-2019 U/N £ -7.4043% 7.0162/D? - 26.339/D*
(n,0) C-2013

7.3k (n,0) GR-RDX-2021
(n,n) CHON-2019

74l (n,n) C-2013

e (n,0) CNTs - CHON-2019 any.
= (n, n) CNTs - CHON-2019 R
s+ (n,0) CNTs - C-2013
-7.51 v (n,n) CNTs - C-2013 - U/N (eV/atom)
’ (n, 0) CNTs - C-2013/RDX

x (n,n) CNTs - C-2013/RDX _ CHON-ZOl
+ 0
| | | | | | | | Energy of graphene £ 0.004% C-2013
0 0.01 0.02 0.03 0.04 0.05
2, ¢-2
1/D” (A™)

-7.404626

-7.434825

GR-RDX-2021 -7.431757



Energy of Carbon nanotubes vs diameter D

n,0) and (n,n) nanotubes U C C
(n,0) (n,n) = U, + D_12 + D_i C, ranges between 5 and 10 eV/A2

For (n,0), n <100 N
For (n,n), n £ 20

72 | | | | (n,0) CHON-2019  U/N = -7.4043 #7.0162/I% - 26.339/D*
(n,0) C-2013 U/N = -7.4346 24.683/D*

7.3 (n,0) GR-RDX-2021  U/N =-7.4314 + 7.0798/D2} 24.900/D*
(n,n) CHON-2019  U/N =-7.4044 + 7.0385/D2 } 31.710/D*

74k (n,n) C-2013 U/N = -7.4345\+ 6.9853/D¥- 29.267/D*
8: ?3 g:gz : gggﬁ;g}g (n,n) GR-RDX-2021 15 X\7.0732/F - 30.212/D*

(n, 0) CNTs - C-2013

— (n, n) CNTs - C-2013 —
,‘é (n, 0) CNTs - C-2013/RDX

x (n,n) CNTs - C-2013/RDX

4 > O

=~ 7.0 eV/A?, i.e. within the range [5, 10]

1 1 ] 1 ] 1 ] 1 1 1 1
0 0.01 0.02 0.03 0.04 005 practically independent of the potential

1/D° (A7)




Energy of Carbon nanotubes vs diameter D

(n,0) and (n,n) nanotubes U C; G, 5
For (n,0), n < 100 N Uy +— +— C,ranges between 5and 10 eV-A

D2 D4
For (n,n), n £ 20

7.2
| | | | (n,0) CHON-2019  U/N = -7.4043 + 7.0162/D¥ 26.339/0
(n,0) C-2013
-1.31 (n,0) GR-RDX-2021
=~ (n,n) CHON-2019
%‘3/_7. 4l (n,n) C-2013
e (n,0) CNTs - CHON-2019 e
- = (n, n) CNTs - CHON-2019 R
4 (n, 0) CNTs - C-2013
7.5F v (n,n) CNTs - C-2013 —
P (n, 0) CNTs - C-2013/RDX ~ 25 eV-A4
x (n,n) CNTs - C-2013/RDX Almost independent
of the potential
_7 6 ] ]

[ [ I [ I [ [
0 0.01 0.02 0.03 0.04 0.05
2 -2
1/D° (A7)



Mechanical properties of carbon nanotubes under uniaxial
strain along the nanotube axis

950 I ' I I
_ e—e (n, 0) CNTs - CHON-2019
£ 900 =--u (n,n) CNTs - CHON-2019 -
S 4—a (n, 0) CNTs - C-2013
o 850 v--v (n, n) CNTs - C-2013 .
- (n, 0) CNTs - C-2013/RDX
% x--x (n, n) CNTs - C-2013/RDX
'8 800 e 2T T W W M= e - e Y Y=Y i
= i A :
wn :':’ L L 3
"o 750 ! -
> 700 ! -
v
] ] ] ] ] ]
6504 10 20 30 20
D (A)

Conclusion:

Poisson’s ratio v

0.9

o—e (n, 0) CNTs - CHON-2019
=--u (n,n) CNTs - CHON-2019
4—a (n, 0) CNTs - C-2013
v--v (n,n) CNTs - C-2013

(n, 0) CNTs - C-2013/RDX
»--x (n,n) CNTs - C-2013/RDX

Excluding the nanotubes for D < 10 A, results
very similar to graphene with small variation.

40



Fullerene energetics
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Pentagnn adjanane;r as a determinant of fullerene stahi]itI
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Crptimisation of geometries of all 40 fullerene izomers of C,,, using methods from malscular mechanics and
tight-hinding to full ah iaitia an APproac confirms minimisation of pentagon adjecency as a
major factor in relative stability. The consensus predictions of 11 out of 12 methods are that the isomer of
lowest total energy is the D, cage with the smallest possible adjacency count, and that energies rise linearly
"With 1he number of 2djacencics. LyUaniim mechanical meinods predict & stope of 80-100 Kk  mol T per
‘Bdiacency. moeciar mecnanics methods are outliers, with the Tersoff potential giving a different minimum

and its Brenner modification a poor correlation and much smaller penalty.
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Fullerene energetics

Pentagon adjacency as a determinant of fullerene stability
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Received Ist March 1999, Accepted 26th April 1999

Crptimisation of geometries of all 40 fullerene izomers of C,,, using methods from malscular mechanics and
tight-binding to full ah initis SCF &nd [3F 1 approacnes, conirms minimisation of pentagon adjscency as a
major factor in relative stability. The consensus predictions of 11 out of 12 methods are that the isomer of
lowest total energy is the D, cage with the smallest possible adjacency count, and that energies rise linearly

WILH LOC fUmber of adjacencies. WWUantLm mechanical meinods predict & siope of 80— 100k mol | per

aaacency. moeciar mecnanics methods are outliers, with the Tersoff potential giving a different minimum
and its Brenner modification a poor correlation and much smaller penalty.

Phys. Chem. Chem. Phys. 1, 2913 (1999)
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Fthenakis et al
Brenner
GR-RDX-2021
C-2013
CHON-2019
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Slope
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Slope
Fullerene energetics S P

SCF 99.5
AM1 97.3
MNDO 97.1
B3LYP 92.1
QCFF/PI 90.7
LDA 85.4
Conclusion: e —_
Very small slope values, although comparable to the
: : . . DFTB 78.0
slopes obtained using other classical potentials.
SCF 99.5
DTMM 42.2
However...
Fthenakis et al 40.5
Brenner 36.1
GR-RDX-2021 34.1
C-2013 34.0

CHON-2019 32.8
Tersoff 24 .4
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Figure 2. Correlation between the PW6B95-D3/Def2-QZVP isomerization energies and the
force-field isomerization energies calculated using the PBE-D3/Def2-TZVP geometries
(colored points) and the structures optimized with each of the force fields (gray points).

Aghajamali and Karton, Chem. Phys. Lett. 779, 138853 (2021)
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All classical potentials predict
smaller energy values compared to
the corresponding DFT/GGA values.
Considering that all potentials
predict that the energy rise linearly
with the number of pentagon
adjacencies N, the slope of the
classical potentials will be smaller
than that of DFT/GGA.

Therefore, the small slope seems to
be an internal problem of ALL

classical potentials... which needs
improvement.



Fullerene energetics — Icosahedral Cg,

AU/N = Uggy /60— Uy 1iene/ 1008

Reari? | U/N (eV/atom)

CHON-2019 0.3625
C-2013 0.3759
GR-RDX-2021 0.3767
Experimental” 0.41+0.02
DFT-GGA/PBE™ 0.38
DFT™™ 0.384
DFT™** 0.380

“Chen at al, Appl. Phys. Lett. 59, 2956 (1991)
“Wirz et al, J. Comp. Chem. 37, 10 (2016)
“*Lusk and Carr, Phys. Rev. Lett. 100, 175503 (2008)
“**Rocquefelte et al, Nano Lett. 4, 805 (2004)
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Response to strain - Graphene

Comment 1: More or less, similar
behavior from the three potentials.

Comment 2: Unexpected jump of stress

for strain near 0.05.

Comment 3: Unexpected (incorrect)
behavior of Poisson’s ration versus
strain.

Comment 4: Different behavior for

strain along arm chair and zig-zag
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Response to strain (up to fracture) — Carbon nanotubes

Energy — Looks normal
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Response to strain (up to fracture) — Carbon nanotubes

Stress — Same unexpected jumps as in graphene
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Response to strain (up to fracture) — Carbon nanotubes

Poisson’s ratio — Unexpected (incorrect) behavior, as in graphene
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Why that behavior under strain?

CHON-2019
Energy and stress scan for
constant strain values along x
(arm chair) direction.
0<g,<0.20
* strain step d¢g,, = 0.01
-0.10<g,<0
 Strain step d¢,, = 0.001
for-0.10<g, <-0.025
 Strain step d¢g,, = 0.0001
for-0.10<g, <-0.025
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Why that behavior under strain?

CHON-2019
Energy and stress scan for
constant strain values along x
(arm chair) direction.
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Why that behavior under strain?

e Stress changes slope
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o 4
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Why that behavior under strain?

CHON-2019
Energy and stress scan for
constant strain values along x
(arm chair) direction.
0<g,<0.20
* strain step d¢g,, = 0.01
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Why that behavior under strain?

Above

The equilibrium structure
\ Inside under strain near €,y =
0.05 falls in one of the

) three areas having
0 \ different slope.
y Below




Why that behavior under strain?

> Zig-zag
@) _5_’1 J
/ / ..
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e

jump

Above

The equilibrium structure
\ Inside under strain near €y =

0.05 falls in one of the
three areas having
different slope.

Below

Jumps or zig-zag behavior of o,
Three minima for g, = 0.03
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Fracture of carbon nanotubes
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Conclusions

* The three ReaxFF provide similar results for graphene

* Good predictions for energetic and structural properties of graphene and carbon nanotubes
* Overestimated vacancy formation energies

* Underestimation of SW and inverse SW formation energies

* Reasonable energy barriers for the permeation of CO2 through pyridinic graphene pores

* Reasonable results for fullerene isomer energies with small slope for the adjacent pentagon
penalty rule

* Reasonable phonon dispersion relation for graphene. More or less agreement with DFT.

* Underestimation of Young’s modulus and overestimation of Poisson’s ratio for graphene and
carbon nanotubes

. Unusuatl) behavior of stress-strain plots and the Poisson’s ratio vs strain for graphene and carbon
nanotubes

* Graphene potential energy surface contains artifacts that have to be improved (energy and stress
discontinuities, slope change)

Thank you for your attention



