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Abstract

In this paper, we develop a new Modified Embedded Atom Method (MEAM) potential that includes the
bond order (MEAM-BO) to describe the energetics of unsaturated hydrocarbons (double and triple carbon
bonds) and also develop improved parameters for saturated hydrocarbons from those of our previous work.
Such quantities like bond lengths, bond angles, and atomization energies at 0 K, dimer molecule interactions,
rotational barriers, and the pressure-volume-temperature relationships of dense systems of small molecules give
a comparable or more accurate property relative to experimental and first-principles data than the classical
reactive force fields REBO and ReaxFF. Our extension of the MEAM potential for unsaturated hydrocarbons
(MEAM-BO) is a step towards developing more reliable and accurate polymer simulations with their associated
structure-property relationships, such as reactive multicomponent (organic/metal) systems, polymer-metal
interfaces, and nanocomposites. When the constants for the BO are zero, MEAM-BO reduces to the original
MEAM potential. As such, this MEAM-BO potential describing the interaction of organic materials with

metals within the same MEAM formalism is a significant advancement for computational materials science.

1. Introduction

Since interatomic potentials are at the heart of atomistic and molecular simulations, the advancement of
materials diversity and computational interest has growingly translated into more sophisticated potentials that
can provide accurate descriptions between different constituent elements’ atomic interactions. These
interactions provide the basis for the calculation of material properties of interest. The situation has escalated
even more with a growing scientific and technological interest in alloys and composite/multi-layer materials
that are made of two or more constituent elements. The interface between dissimilar materials introduces a
whole new set of fundamental scientific problems that need to be solved. Currently, interfacial and interphase
engineering are at the forefront of scientific research in different disciplines within automotive, aerospace,

military, and biomedical industries.'® Researchers need to tackle many hitherto unresolved scientific issues
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related to molecular mechanisms involved in the observed macroscopic material properties; as a consequence,
establishing fundamental composition-microstructure-property relationships is a critical need. However, a
scientific gap exists today, wherein interatomic potentials that can reliably and accurately reproduce and predict
the myriad of properties associated with complex single- and multi-component, multi-element material systems
are non-existent or are available with limited applicability. The current work’s significance is the development
of an extensive interatomic potential based on a promising Modified Embedded Atom Method (MEAM)
formalism.” The MEAM potential is a modification to the original Embedded-Atom Method (EAM), developed
by Daw and Baskes® in 1984, that includes a formalism for covalent materials (directional bonding), such as
silicon and silicon-germanium alloys. Both EAM and MEAM potentials are widely used by computational
materials scientists and engineers conducting atomistic simulations related to point defects, melting, alloying,
grain boundary structure and energy, dislocations, twins, segregation, fracture, surface structure, epitaxial
growth, bulk and interface problems (surface phonons), and inter-diffusion in metallic alloys. The unique
feature of MEAM is its ability to reproduce the physical properties of a large number of crystal structures in
unary, binary, ternary, and higher order metal systems with the same formalism. The recent development’ by
the authors shows MEAM successfully extended to saturated hydrocarbons without any modification to the
original formalism, which gives a possibility to study multi-element systems based the vast parameter database
of metals.

As a continuation of the previous work of Nouranian er al.,” we developed here a new formalism for
unsaturated bond energies and added to the existing MEAM formalism. Furthermore, we improved the results
of previous works that are not related to bond order through the following: 1) a critical issue in the carbon (C)
parameters of the previous work has been fixed so that the diamond cubic structure (reference structure for C) is
energetically more stable than the face-centered cubic (FCC) and body-centered cubic (BCC) crystal structures;
2) partial contributions of third nearest neighbor (3NN) interactions'® are considered in the C reference structure,
which allows for more accurate diamond properties than those predicted by the previous parameters; 3) the

reference structure for CH has been changed from the CH dimer to methane, which improves the agreement
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with the hydrocarbons experimental data.
This paper is organized in the following manner. In Section 2, the MEAM formalism including its bond
terms and the potential development are presented. The results are given in Section 3, followed by the

conclusion in Section 4.

2. Methodology
2.1 MEAM formalism
In this work, we used the Modified Embedded-Atom Method (MEAM) potential, which is a reactive

T8ILI2 - Qince it was first introduced in

semi-empirical many body potential based on density functional theory
1992, the MEAM potential has successfully been used to calculate the physical properties of a large number of
FCC, BCC, HCP, and diamond cubic crystal structures in unary, binary, ternary, and higher-order metallic
systems. Also, a recent study’ showed that the same MEAM formalism gives a reasonable prediction of the
energies for a series of methane, ethane, propane, and butane systems without any modification to the original
form of the equations.

Although the formalism is explained in more detail in Nouranian et al.’ and Baskes,'' a brief explanation
of the MEAM formalism follws. The mathematical notations used in this paper are () is a function, -0

(parentheses in a superscript) is an index, and - (centered dot) is multiplication. The total energy of a system is

approximated as the sum of the energy over all atoms, i.

Emeam = ZEi (1)
7

The energy of atom i consists of 1) an embedding energy and 2) a pair interaction energy with 3) a screening

function given by the following,

1
E; =F(p) + EZ Sij * Prir; (Rij) 2)

J#i
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1) The embedding function, representing the energy cost to insert an atom i of element type t (i.e. C or H) at a

site with background electron density p;, is expressed as follows:
N o Pi Pi
R = A 52551 (5) G)
where A, is a parameter dependent on the element type 7, EY is the cohesive energy of the reference
structure of the element type 7, A2 is the equilibrium background electron density for the reference structure,
and p; is the total background electron density at the site of atom i. We note here that superscripts do not
denote contravariant Einsteinian notation but only represent a descriptor throughout the text. The term p; is

given by the combination of the partial electron densities of a spherically symmetric term p(o) and three

(1-3) .

angular terms p; in Nouranian et al.’

pi=p" D). (4)
Here, G is an auxiliary function to handle a negative value that may arise at certain geometries of the

system. In this work we used the sign-preserving square root form given below,

VI+T  1+4T=0
G(I) = %)
—JI1+T| 1+4T<0

I; is the sum of all angular terms of partial electron density given by

L= Z (h) [ (0)] (6)

where fi(h) (h ={1,2,3}) is a scaling factor. The equation for f( is found in Nouranian et al.’. Finally, the

atomic electron density in each partial charge density pi(h) is given by

pt®(R;;) = p? - eXp( & [” 1]) (7)

where p? is an element-dependent electron density scaling factor, ,BT(h) (h ={0,1,2,3}) are four parameters
that describes the decay of the electron density with respect to the distance R;;, and R? is the equilibrium
nearest neighbor distance in the reference phase.
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2) As for the pair interaction, MEAM does not have a specific functional expression, but the energy per atom

for the reference structure is given as a function of first nearest neighbor distances (1NN). In this work, H;
for the H-H interaction, diamond cubic for the C-C interaction, and CH4 for the C-H interaction are utilized
as reference structures. The energy of the reference structure, E* is given by the universal equation of state

(UEOS) of Rose ef al.'* with respect to the nearest neighbor distance R; j

RR .
Eu(RU) = _ElgEF . Il + a*(RU) + 5REF . II;EF . a*(Rij)sl e (Rij), (8)
tj

ORep, ifa* =0
Skep, if @* <0

RL'j

where Ogrgr = { , and a*(Rl-j) = QP - [RO— — 1]. Here, the parameters Epgg, RRgr> AREF
REF

SRer»> and Sggp are obtained from the reference structure (REF=C, H, and CH).

Another consideration for the pair interaction is that each pair interaction energy is calculated either by
only considering the INN interactions'' or by considering the partial contribution of the second or third
nearest neighbor (2NN or 3NN)'* interactions as well as the INN interaction, depending on the reference
structure. The pair interaction for like-atoms of element type 7 by interacting by 1NN only (H) is given by

2
Pee(Riy) = 75— [B*(Ry) = ()], ©)
where Z9 is the INN coordination number of the reference structure (e.g. one for H,), F.(-) is the

embedding function in Eq. (3), and pr®f is the background electron density in the reference structure

obtained from Eq. (4). Because the reference structure for H in this work is H,, H only has 1NN
interactions, but since we choose the diamond cubic structure for C, more distant interactions may enter.
We have found that first 3NN then 2NN become unscreened as the screening (discussed below) is
weakened. In order for a better description of C behavior, especially the elastic constants, 3NN interactions

are considered in the sum of pair potentials 1. Following Eq. (16) of Lee et al."*

0
Z3NN .

Y(Ri) = ¢re(Rij) + SN - ¢y (a- Ryj) (10)

0
ZlNN
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3)

Here, Z)yn and Zgyy are the number of 1NN and 3NN atoms, respectively (4 and 12 for diamond
cubic), a is the ratio between 3NN and 1NN distances (,/11/3 for diamond cubic), and SS-NN is the

screening function for 3NN (discussed below). The rest of the derivation follows Lee ef al.*.

The pair interaction for unlike atoms of element type 7 and v is obtained from the reference structure of
unlike atoms. The reference structure for unlike atoms for this work is CH4 (methane). The screening is
chosen so that the H-H interactions are completely screened. In that case, for t=C and v=H, the pair

interaction equation is given by

DE Zio [sEu(Ry) - B (02O (Ry) - 6 (RA(Ry)) ) = 45, (05O (Ry) - 6 (F4(Re)). (1)

where Z% =4 is the coordination number of the carbon in CHy4, and

2

pg(h)(Rij) 12)

p¢O(Ry;)

3
n  (h
Frd(Rij) = Z t£ ) 'Sr( )
h=1

(h)

where t; ~ are three adjustable parameters, and s

+ ~ are shape factors of the perfect lattice of the structure

specified in Baskes'!. In this work, ST(1)=O, ST(2)=0, and ST(3)=32/9 are used for C. I¢ is also similarly

obtained, and 551)=1, 5152)=2/3, and 553)=1 are used for H.
The total screening function is the product of a radial cutoff function and three body terms involving all the

other atoms in the system:

1_Rij/RC) (13)

Si =S £ (o
where fij is the product of all screening factors Sy, f. is a smooth cutoff function, R, is the cutoff
distance, and Ar, is a parameter that controls the distance over which the radial cutoff is smoothed from 1 to
0 near R;;=R.. In this work, we used R,=5A throughout all tests except the graphite elastic constants
calculations where we used R,=6 A, and Ar,=0.9. S; ;=1 means the atoms i and j are unscreened and within
the cutoff distance, while §;;=0 means the atoms i and j are completely screened or outside the cutoff.

Finally, S;;; is calculated as follows,

7
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Cikj=Cmin(Ti,Tk,T;)
Sy = fo (el ) (14)

Cmax(Ti,Tk /)= Crmin (T6. T, T))
where f. is a smooth cutoff function, and Cmin(ri,rk,rj) and Cpax(T;, Tk, 7;) determine the extent of
screening of atoms of element type 7 at sites 7 and j by an atom at site k. The equation for f. and Cj; used
here are found in Nouranian et al.’

One significant challenge to the MEAM potential in Nouranian et al.’ is the lack of capability to
distinguish bond order in different type of molecules, such as acetylene (bond order 3), ethylene (2), benzene
(3/2), and graphene (4/3). One solution to this challenge is to assign a fraction of both double and triple bond
characters to each bond / between atoms i; and i,. We denote these fractions as f;, for the double bond
character and f;3 for the triple bond character. If the bond is saturated, i.e., a single bond, these fractions are
both zero. A perfect double bond would have f;, = 1 and f;3 = 0, and a perfect triple bond would have f;, = 0

and f;3 = 1. Using this concept, we modify the standard MEAM energy as follows:
Eveam-Bo = Emeam + Zfzs -Es(Rp) + Zfzz - E>(R;, BO;) (15)
1 1

Emeay is the energy from the MEAM formalism in Nouranian et al.” and Baskes'' as given in Eq. (1). Epgnq 1S
the increment of energy due to the bond unsaturation, i.e., going from a single bond to a double bond (Epgpq=2)
or to a triple bond (Epgnq=3). For both the double and triple bonds, E},,,q depends on R;, the bond length, i.e.
R; =R

i,i,- Inaddition, for the double bond, E; also depends on the bond order, BO;, which must lie between 1

and 2. The energy fraction for the triple bond is given by

fis = Sty D (20 - 23] ) - 0 ([0 - 2] ) -0 ([2]), (16)
where S; ;, is the angular screening function for the two atoms in the bond. Z l_(o) is an atom counting factor that
we define below. For a triple bond, each atom (i; and i,) must have two neighboring atoms (Z3 = 2) so the
energy fraction is reduced by a function, Dé}gld, which has a maximum of unity when the argument is zero and

approaches zero rapidly when the argument moves away from zero. The choice for Dégzld in this work is a
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modified Gaussian function given below. In addition, as the molecule varies away from linearity, the bond type

changes from a triple to a double bond. The final term captures this effect for the triple bond, where the atom

counting factor Z ,(3), defined below, is centered at the bond I, which is considered an entity and is located
halfway between the two atoms that compose the bond. Note that if the two atoms of the bond are of the same
type, this definition of bond center makes sense, but if the atoms are of different types, a more general definition
of bond center may be required. In this work, however, we consider only bonds between two C atoms, and
hence do not need to consider this issue.

On the other hand, each atom of a double bond requires three neighboring atoms (Z, = 3) that are
planar, and the planes for the two atoms that constitute the bond must be parallel. In this case, the energy

fraction is given by the sum of two terms,

=10, (12 -2") 000 (12 - 2') 002 ()08 ()0 (67T) + 5

-<1.—-D§3)([Z}”]2)>,

where the first term satisfies the geometric constraints, and the second term is the transfer of bond type from a

(17)

triple to a double bond discussed above. We have defined an additional atom counting factor Z i(l)at each atom.

The geometric conditions are satisfied if Z(©~3, Z~0, and Z®~0.

The counting factors are given by equations similar to those used for MEAM partial electron densities in
Nouranian et al.,9 where, as usual, the density at an atom does not include contributions from that atom, and
similarly the background electron density at the bond center does not include contributions from the atoms that

form the bond.

© _
7 = Z Sijn (18)

Jj#i

9
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2
2 R%
@)™ _ )
20T = 2| 27, Sul (19
—t I
a | j#i

and

R% . RP. . R R
3) z_ RIS Rij
122 (r,))| = Z Z — S SZ Z sy (20)
]

a.By | j#is iz a | j#iyiz
Here, S;; is the total screening function between the center of bond I and atom j similar to Eq. (13), and
Rlaj/ IV is the a, 3, and y components of the distance vector between the center of bond I and atom j. In the
calculation of these atom counting factors, the radial cutoff used in the calculation of the screening S;; (see Eq.
(13)) is decreased to a distance somewhat less than the van der Waals diameter of the atom type in the bond. In
this work, this distance (f,qw) is taken as 3.30 A for C which is slightly less than the distance between two

sheets (A-B stacking distance, 3.35 A) in the graphite structure.

For the double and triple bonds, the attenuation function at the bond center is described as the following,
D) _ p(h) (h) 21
Dy 4(Z) = exp | —ZPvond - B = 1), 21)

where [S’bond and pbond represent six adjustable parameters (h = {0,1,3}). Finally, the bond energy increment,
Eponda» In Eq. (15) is calculated based on the energy versus the bond distance (triple bond) or the energy versus
the bond distance and the bond order (double bond). Here, we start with the triple bond case first due to its
simpler expression. The reference state for triple bond is acetylene (C,H,). An expansion around the

equilibrium bond length gives the following expression,

2

Es(R) = eg - [1 + Z ey - [— - 1] } exp( (2) [& - 1]) +[1=5.,] Evaw(R) (22

R
k=1 3

where e, (k = {0,1,2}) and ﬁg(z) are parameters used to fit the bond length dependence for the reference state
(in this case CoH,), and Rj is the experimental triple bond length, e.g. 1.203A for C;H,. The second term of

the equation includes the van der Waals energy increment, which is explained later in this section. The bond
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energy increment for the double bond has a little more complex form to deal with the different bond order.

1

2

3 Three reference states for double bonds, ethylene (C,Ha4), benzene, and graphene, are used. Similarly for the
4

5 double bond, an expansion around the equilibrium bond length gives the following expression,

6

: - R k R

8

] Ey(Ry, BO,) = e4(BO,) - [1 + e [~ 1] }-exp (-6 |75~ 1))

10 k=1 2o 2\ (23)
11

ig +[1-Si,] Evaw(RD),

14

15 where e and ,82(2) are parameters used to fit the bond length dependence for each of the three reference states,
and the experimental double bond length, R,(BO;), as a function of bond order is given by:

20 2
21 R,(BO) = ) 1+ [BO; - 2] (4)
=0

where the ; are parameters. The three reference states for the double bond are given by an expansion around

27  the perfect double bond:

2
30
3 e(BO) = ) gia - [BO, - 21 (5)
32 =0

34  where gy,; are parameters. The bond order, BO,, is calculated by counting neighbors of each atom of the bond.

36 2+mn
37 BO, =
38 ny

(26)

40  where n; is the sum of the partial contribution over j includes all neighbors of atoms i; and i,,

43 2 2
44 n; = max| 2, Z Siu' : DZ(O) ([Z].(O) — Zz] ) : Dz(l) ([Zj(l)] )

J#i

= + s 00 (77 - ]) -0 (14T ) )

J#iz

27)

53 To make 1 < BO; < 2 requires n; = 2, where n; is a real number. The bond order is not used for the triple

bonds. Finally, the van der Waals energy increment, Ey 4y, used in Eq. (22) and (23) is given by

60 11
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Tvd 9 Tvd 6
Euaw(R)) = evdw-{Z-[;W -3 [P } (8)
I I

where eyqw 1s the van der Waals binding energy, and ryqy is the position of the van der Waals minimum. Note
that r,qw in Eq. (28) is different from 7,4y, the radial cutoff used in calculating the counting factors introduced
earlier in this section. This equation is similar to the 9-6 potential in the work of Warshel and Lifson."”” The

details to get the parameters is explained in the parameterization section. We call this new formalism MEAM-

BO (MEAM with Bond Order).

2.2 Potential parametrization
2.2.1 Model calibration database

In this section, we turn our attention to the parameterization for saturated and unsaturated hydrocarbons.
In this work, C, H, and CH parameters were calibrated using a saturated hydrocarbon database, and the double
and triple bond parameters were calibrated using an unsaturated hydrocarbon database. The experimental data
and FP results used for MEAM-BO model calibration included that for various isomers and dimers, diamond
properties, and dense systems of small molecules, and that of C,H,, C,H4, benzene, graphene, and graphite for
the unsaturated hydrocarbon parameters. Specifically, for the carbon parameters, the experimental data of
diamond elastic constants from the work of Grimsditch and Ramdas;'® the linear chain (LC), simple cubic (SC),
BCC, and FCC carbon phase FP results from the work of Yin and Cohen'” and Perriot ez al.'® were used. The
calculation method for FP results for HCP structure was the local density approximation (LDA) with norm-
conserving pseudopotential,17 while the calculation method for the other carbon phases are not specified in the
paper.'® The calculation method for the relative energy between graphene and graphite is Quantum Monte
Carlo."” For H parameters, FP results for the dissociation energy of H, calculated in this work, the dimer

interaction of H, (four configurations), CHy (four configurations), C,Hg (four configurations), and C;Hg (three

22 23
L, L,

configurations) from the work of Burton and Senff,”® Szczesniak et al.,”' Rowley et a and Jalkanen et a

respectively, were used. The calculation methods are the coupled-cluster singles and doubles method with a
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second-order perturbation correction (CCSD(2)) with the aug-cc-pVTZ basis,”** the coupled electron pair
approximation with pair natural orbitals (CEPA-PNO),*® Moller-Plesset perturbation theory with the
supermolecular Moller-Plesset perturbation theory (IMPPT/MPPT),”’** and second-order Moller-Plesset
perturbation theory (MP2) with the 6-311+G(2df,2pd) basis®"° for the H, dissociation energy, potential energy
of H, dimer, CH4 dimer, and C,H¢/C3sHg dimers, respectively. For CH parameters, the FP results used for this
work are the CHy4 dissociation energy calculated using CCSD(2) with the aug-cc-pVTZ basis. Also, especially
for the associated screening parameters, we used the experimental data for the H-C-H angles of CHj3 (methyl
radical). The experimental data and FP results mentioned above are particularly for certain type of the
parameters. The following saturated hydrocarbon database affects all C, H, and CH parameters. Experimental
data for atomization energies, bond lengths, and bond angles of the molecules in alkane group from NIST
Computational Chemistry Comparison and Benchmark Database’' were employed. FP results for the rotational
energy barrier of C,Hgs were calculated using CCSD(T) with the aug-cc-pVTZ basis for this work, and fitting
result from the experimental work of Herrebout er al.** was used for the rational energy barrier of n-butane.
Finally, for unsaturated hydrocarbon fitting, FP results for the dissociation energy of C,H,, C;H4, benzene, and
graphene, the elastic constants of graphene, the bending energy barrier of C,H,, and the rotational energy of
C,H,, as well as the experimental data for the atomization energy of graphite from the work of Brewer,” the
interplane distance of graphite from the work of Zhao and Spain®*, and the elastic constants of graphite from
Kelly®® were used. All calculations included using CCSD(2) with aug-cc-pVTZ basis except the dissociation
energy and the elastic constants®® of graphene, which were calculated using the Perdew-Burke-Ernzerhof (PBE)
exchange correlation functional.®” For accurate predictions, the zero point energy (ZPE) as calculated by the
authors was considered in certain cases such as the atomization energies and dissociation energies. Finally, one
experimental pressure CH, dense system with the density of 0.5534 g/cm’® at 373K taken from Cristancho et
al®® was used for the calibration. Table 1 shows the details of the database used for hydrocarbon
parameterization. The following two subsections contain the details of the parameterization for saturated and

unsaturated hydrocarbon.

13
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Table 1

2.2.2 Parametrization for saturated hydrocarbon

The first task for the MEAM parameterization is fitting the reference structures by the universal
equation of state (UEOS) in Eq. (8). The reference structures for C, H, and CH parameters are diamond cubic,
diatomic H,, and CHa, respectively. The choice of reference structure for CH is not unique. For example, the
CH diatomic molecule was used in our previous work’, and ethylene was used in Valone ez al.’s work >’

As a first step for the parameterization, the five UEOS parameters for C, H, and CH are obtained. For
this work, the R, E2, a2, 8¢, and 8¢ and Ry, Ej, af, 83, and &7 in Eq. (8) were taken from our previous
work9, which were correlated with the cohesive energy, lattice constant, and bulk modulus of the diamond cubic
structure. Ry, EQy, ady, &, and 8¢, were calculated using CH, energy versus C-H distance curve where all

four hydrogen atoms are simultaneously and uniformly stretched in each C-H bond direction.

Next, we start by varying the remaining C parameters such as ﬁéo_3) and té1_3) to obtain the desired
properties of the diamond cubic reference structure, such as the cohesive energy, the lattice constant, and the
elastic constants. Another consideration during this carbon parameterization is to make sure that the diamond
cubic structure is more stable than the other carbon phases such as FCC and BCC. FP energies of the different
carbon phases relative to the diamond cubic energy are used to avoid such structures during the
parameterization procedure. Therefore, parameters are sought to satisfy the energy conditions of the different
phases while maintaining the diamond properties. These target properties can be checked manually by the
direct grid search method and/or the fitted during the simplex optimization procedure described below.
Detailed results for the carbon properties are given in Section 3.2.

After that, to fine-tune the parameters, we employ an optimization process called the downhill simplex
method by Nelder and Mead,*® which is a heuristic search over a nonlinear solution space to find the minimum

of an objective function by evaluating the initial set of points (a simplex of n+1 points for n-dimensional vectors

14
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x) and deciding which direction to proceed. With this method, we can find a solution for the problem defined as

the following.

x* = argmin f(x) (29)

X

where x is the C and CH parameters except the UEOS parameters, which are fixed during this procedure, x* is

an optimal set of the parameters, and f(x) is objective function, defined as follows:

flx) = Z w; - e;(x) (30)

1

where w; is a weighting constant for the target property i, e.g., Wenegy= 10, Wc_clength™ 200, Wc_c—¢ angle™
0.07, Wcarbon phase=0-1, WcH, radicai= 0.1 for this work, and e;(x) is decision variable which is the root mean

square (RMS) error given below.

1
e;(x) = NZ[fMEAM(x;j) - Cexpt(f)]z (31)
j

where fyeam (X, j) is one output property, such as an energy or a bond length, of the MEAM calculation of the
molecule j using the parameter set x; Cexpe(j) is the experimental result of the molecule j; and N is the number
of molecules to compare. Starting with the previously obtained parameter set, the downhill simplex method
tries to find an optimal parameter set that satisfies the diamond/carbon properties, hydrocarbon molecules’
properties, and formation of the radicals. Table 2 shows the details of the weights and the target values with the
appropriate units.

Once this initial parameterization procedure for the C and CH parameters is completed, the H
parameters are adjusted by fitting the energy curves of the set of dimers (H,, CH4, C;Hg, and C;Hg) as
introduced in Section 2.2.1. The downbhill simplex method is again used for this optimization. Because the
target data are not single valued but multiple valued garnered from the energy versus distance curve per dimer
molecule, the decision variables in Eq. (31) become slightly different. The weights for the energy points per
dimer molecule follow a Gaussian curve so that the weight at the equilibrium distance becomes unity in which

the weights gradually decrease to zero as the distance traverses away from the equilibrium distance. This
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optimization process finds the optimal solution for sixteen dimer interactions (four configurations of (H;),,
(CHy),, and (C,Hg),, and three configurations of (Cs;Hg),) while maintaining the dissociation energies of H, and

CHj, close to the FP results. This H parameter optimization was accompanied by a convexity check to avoid the

energy curves of having a non-convex form by a misparametrization. Finally, one hydrogen parameter ﬁl({l) is

adjusted for the pressure and the density of the dense systems described in Section 3.7. The pressure of the

dense systems is most sensitive to the parameter ,[3}(11). As mentioned in Section 2.2.1, the parameter is adjusted
to match the experimental pressure CH, dense system with the density of 0.5534 g/cm’ at 373 K. As a result of
this process, sixteen parameters for C and H and thirteen additional parameters for CH are obtained for the
saturated hydrocarbon system as listed in Table 3 and Table 4. One noticeable change in this work compared to
the previous work’ is that the a5 (C, C, C) and the Cpyi, (C, C, C) values decreased from 2.800 to 2.064 and from
2.000 to 0.830, respectively, to unscreen the 3NN interactions, which gives much a better agreement between
the diamond elastic constants and experimental values than those of our previous work as discussed below in
Section 3.2.

Table 2
Table 3
Table 4

2.2.3 Parametrization for unsaturated hydrocarbons

Because of the additive characteristic of the bond energy to the total energy, the potential
parameterization for unsaturated bonds may be developed after the parameterization for saturated bonds. For
the parameterization, the dissociation energies of C,H, for triple bond and C,Ha4, benzene, and graphene for
double bond are used. The energies are calculated when one carbon atom is being stretched (C,H, and C,Hy4) or
all carbon atoms are being stretched homogenously (benzene and graphene) while C-H bonds are fixed. The

parameterization steps are the following. First, we determine the ej, parameters for the four reference structures
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including C,H, for the triple bond and C,H4, benzene, and graphene for the double bond. Specifically, we used

the following model equation to describe the additional energy due to the unsaturation.

Erp(R) — Empam(R)
Eyona(Rp) = Al N, I\ZE o ) (32)
on

where Njong 18 the number of bonds per molecule or atom (e.g. 1 for C,H; and C,Hy, 6 for benzene, and 3/2 per
C atom for graphene). Here Epo,nq corrects the saturated MEAM energy Eygam to the energy from first

principles/experiment Egp. We note that Ey,,q becomes the target energy for each reference state to be fitted

by Eq. (22) or (23). The remaining parameter ﬂlgf))nd is set to an arbitrary value (5 was used in this work), and
the remaining additive energy, Eyqw in Eq. (22) and (23) is set to zero as an initial guess. As a result, we can
obtain three ej, parameters (k = {0,1,2}) per each reference structure. Next, only for a double bond the bond
order dependence based on the total nine ej, parameters from the previous step are then fitted by a second order

polynomial to obtain g,; parameters in Eq. (25). In a similar way, the bond length increment based on the
experimental bond length is fitted for r; parameters in Eq. (24) for the double bond. Next, ,82(2) and ﬂg(z)
parameters in Eq. (22) and (23) for double/triple bonds are adjusted to make the appropriate transition from

unsaturated energy to saturated bonding energy. Again, as an extra step only for the double bond, ﬁz(l) and ﬂz(z)

are adjusted to correct the graphene properties including elastic constants. Especially, 2(2) is responsible for the

graphene properties, i.e. modulus and Poisson’s ratio and the smoothness of the energy increment to the energy
for saturated bond. Increasing ﬂz(z) value would decrease the modulus/the Poisson’s ratio of graphene and
increase smoothness of the transition between the energy for saturated bond to unsaturated bond. On the other
hand, decreasing ﬂz(z) value would increase the modulus/the Poisson’s ratio but make the transition rough so
that it may create a bump. Therefore, one should carefully choose ,6’2(2) considering this trade-off.

The aforementioned steps may be iterated for further improving the properties including the cohesive
energies and the bond lengths of the unsaturated molecules and the graphene elastic constants. The van der

Waals parameters, r,qw and eyqw in Eq. (28) are then adjusted to get the correct A-B stacking distance, the
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formation energy, and Cs3 of graphite. Specifically, the van der Waals energy increment, E,qw (R;) in Eq. (28),
is calculated based on the relationships between the two types of C atoms in graphite; one type is an atom that is
aligned to the other atoms above and below in the normal direction of the graphene plane, and the other type is
an atom that is not aligned. The detail is shown in Figure 1.

Figure 1

The van der Waals energy increment is determined so that the total energy in Eq. (15) has a minimum at
the experimental ¢ distance, and the value of the formation energy and Cs5 are close to experiment. In Eq. (15),

fi3 =0, fi2 =1, 8;;, = 0, and the van der Waals contribution to the sum of the out-of-plane bonds is given by
1
Z EVdW(RI) = Z ’ [2 ’ EVdW(RI,aligned) + 6- EVdW(RI,non—aligned)] (33)
I

where R ajigneq 18 the distance between the aligned atoms indicated as the dashed line in Figure 1, and
R} nhon-aligned 18 the distance between the non-aligned atoms indicated as the solid line. Note that this long

range interaction term only affects the interplane interaction of the graphite, not the other interactions such as

dissociation and dimer interactions, where there are no long C-C bonds. Finally, the ﬁl()i)nd and pt()i)nd

parameters of the D (Z) functions in Eq. (21) are adjusted to fit the unsaturated MEAM energy to the FP results

of the C,H, rotational energy barrier and C,H, bending energy barrier. One last note is that the pl()%)nd and pl()t)nd

parameters are held to one, because the parameters do not affect the target properties in this work. Table 5
shows the resultant nineteen parameters for double bond and ten parameters for triple bond, and Table 6 shows
the three parameters for the van der Waals terms.

Table 5
Table 6
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The overall parametrization procedure and the associated parameters to be determined are listed in Table
7. A set of parameters at each step is chosen through a sensitivity analysis similar to the work of Tschopp et
al.*' All procedures described herein were carried out using Matlab, and its built-in function fminsearch was
used for the downhill simplex method used.

Table 7

3. Results and discussion
3.1 Simulation setup

The MEAM, REBO, and ReaxFF calculations were performed on the open-source large scale
atomic/molecular massively parallel simulator (LAMMPS) software package42 (version August 10, 2015), and
MEAM-BO calculations were performed on DYNAMO software (version 13.1.18 modified to include MEAM
and then MEAM-BO) developed by Foiles, Daw, and Baskes.* The REBO version compared in this work is
the AIREBO by Stuart et al.** based on the work of Brenner’s REBO potential* augmented with explicit 12—6
dispersion terms to deal with the long range interaction and with torsional terms to describe rotational barriers.
The reason to choose AIREBO instead of the second generation REBO* is because the dimer interactions
compared in this work are only correctly handled by AIREBO. The cutoff scale for the REBO in LAMMPS
package was set to 3 (about 10 A) so that it can handle long range interactions, and both long range terms and
torsional terms were utilized for the energy calculation. Two different versions of ReaxFF are available in
LAMMPS, the FORTRAN and C versions. We used the C version of ReaxFF implemented by Aktulga et al.*’

148

The hydrocarbon parameters for ReaxFF compared in this work is the work of Chenoweth et a There are

1.* and Mattsson ez al.”°, but only Chenoweth’s

other hydrocarbon parameters such as the work of Strachan et a
parameters produce the correct radicals and the correct energy curves for some of the hydrocarbon dimer
interactions.

Initial configurations for the single molecules were taken from the experimental data or the minimized first
principles structure in the NIST Computational Chemistry Comparison and Benchmark Database.”’ Initial
structures for the dimers were generated using the single molecules above according to the respective paper.
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Initial configurations for the dense systems were generated by the BIOVIA Materials Studio software (version
5.5). For the energy optimization, the conjugate gradient method was used. To measure the accuracy of the

overall results, we used the RMS error defined in Eq. (31) and mean absolute percentage (MAP) error given by

-[v2
e_N.
j

where fueam(x,j) is one output property, such as energy or bond length, of the MEAM calculation of the

fMEAM(j) - Cexpt(j) )
Cexpt(i)

100, (34)

molecule j using the parameter set x, Cexpe(j) is the experimental result of the molecule j, and N is the number
of the molecules to compare. Finally, unless MEAM-BO is explicitly specified, MEAM and MEAM-BO are
used interchangeably in this results section because both give the same results when all carbon bonds are fully
saturated.
3.2 Carbon properties

Table 8 compares the new MEAM (MEAM-BO) results for carbon properties (cohesive energies of
different crystal structures, lattice constants, and elastic constants of diamond, graphite, and graphene) with
experimental data,16’33_35’51’52 FP resul‘[s,17’18’53 the previous results’ of MEAM, REBO results, and ReaxFF
results. In addition to individual prediction values, RMS and MAP errors of subgroups of properties are also
listed. The calculated energies of the different crystal structures are relative to the energy of the diamond cubic
structure. For elastic constants calculations, a linear strain-stress relationship was assumed since the strain (€)
was small. For graphite, the elastic constants C;; and C;, were calculated based on the uniaxial/biaxial strain
state:

1 0%U o 1 0%U
1=y 57 (uniaxial) and Cy; + C;, = V 962

(biaxial) (35)
where V is atomic volume, and U is strain energy. Based on these results, Cgs was calculated using the
relationship between C;; and C;,, C¢q = (C11 — C12)/2. Alternatively, Cgq Was directly calculated using biaxial

loading in similar way in Eq. (35) where graphite was stretched in one planar direction and compressed the

other planar direction with the same small €. Further, C;; was calculated by the following equation,
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2
T jntCs 1 100 (36)
2 2 4V  0¢&?
with the strain state given by €;; = € and €33 = —¢&. The elastic constants for graphene were similarly obtained

by replacing the volume V by the area A in the above equations. The in-plane elastic constant for graphene was
calculated by the equation Y,p = [CZ — C%]/C11°® and divided by the experimental graphite A-B stacking
distance (3.35 A) to match the units (GPa) of the experimental data.

Table 8

As shown in the diamond properties, the current work shows better agreement with the experimental
results than the previous MEAM? results, because the 3NN contribution provides more accurate interactions.
The current MEAM-BO results are on par with those of REBO and much better than those of ReaxFF. More
realistic elastic constants for ReaxFF can be obtained through MD simulations as shown in the work of Jensen
et al>, but the results are still much greater than the experimental values. Of the three potentials, REBO
produced the closest agreement with the experimental data for the diamond structure in terms of the MAP error.

As for the energy of different crystal structures, DFT calculations show that a linear chain (LC) is
energetically closest to the diamond cubic structure followed by simple cubic (SC), BCC, HCP, and FCC. In
this comparison, ReaxFF outperforms MEAM and REBO by giving a similar order of the relative energies for
the different crystal structures, which are close to DFT calculations. The cohesive energies of SC, BCC, HCP,
and FCC structures calculated by the previous MEAM parameter set’ are lower than the energy of the diamond
structure, while the current MEAM parameter set gives the diamond energy lower than the energies of the
different crystal structures. We note that MEAM-BO increases the energy of LC, because of its triple bond
character.

While MEAM and MEAM-BO can produce the same results in saturated bond environment such as the
diamond properties and carbon phases except LC, only MEAM-BO correctly predicts the graphene and the
graphite properties due to the unsaturated bonds. For graphene properties, MEAM-BO, REBO, and ReaxFF
potentials predict the cohesive energy and the lattice constant reasonably well. MEAM-BO and REBO show

good results for other graphene properties, but the MEAM-BO results are closer to the experimental data.
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Similar to graphene, all three potentials show close results for the cohesive energy and the lattice constants of
graphite. Again, the ReaxFF elastic constants are much different from the experimental data. MEAM-BO and
REBO mostly agree with the experimental data while the C,, calculation using the new MEAM is about sixty
times larger than the experimental value, resulting in increasing overall RMS and MAP error. The bottom row
of the table shows the MAP error excluding the C44 result. One last note is that we found that MEAM with the
parameter set from the previous work’ gave carbon planes in graphite that collapsed giving an inappropriate low

energy, high coordinated structure.

3.3 Single molecules

Table 9 shows the MEAM atomization energy of select alkanes and unsaturated molecules that are
compared with the experimental energy at 0 K with REBO and ReaxFF. As in Brenner’s work,® the
experimental energies adjusted by the zero point energies (ZPE) are targeted for parameterization to reproduce
the “bottom of the well” energy at the minimum. Thus, to compare these to experimental atomization energies,
the ZPE must be subtracted from the atomization energies. To make these comparisons as meaningful as
possible, we chose to use reasonably high quality ZPE’s, namely B3LYP/cc-pVTZ ZPE’s. For clarity of
presentation, we chose to add the ZPE’s to the MEAM-BO and REBO energies, instead of the theoretically
more satisfying but numerically equivalent subtraction of the ZPE’s from the experimental data. ReaxFF, on
the other hand, is calibrated to reproduce heats of formation, with the ZPE’s already included within the
empirical heat increment.”> For ReaxFF, we adjusted the energies by calculating the differences between the
empirical heat increments for carbon (8.6306 ¢V) and hydrogen (2.7097 eV)*® and the experimental energies for
carbon (7.3768 V) and hydrogen (2.375 eV),* respectively, and then subtracted the sum of the differences of
each atom type multiplied by the number of atoms in order to determine the final energy per molecule. The
calculated heat increment values are listed in Table 9 in which the bold numbers represent the experimental
energies and the adjusted energies. Again, the RMS and MAP errors are also listed at the table bottom.

Table 9
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As shown in Table 9, the RMS value for the MEAM energies of the alkane group (0.031 eV) is lower than that
for REBO (0.288' ¢V) and that for ReaxFF (2.217% eV). For the cycloalkane group, MEAM and REBO are in
better agreement with the experimental data than is ReaxFF. The results for the unsaturated molecules,
acetylene, ethylene, and benzene show that the MEAM-BO formalism now has the capability to distinguish
bond order, giving values as close to the experimental data as REBO does. For radicals, the MEAM
overpredicts the energy of CH (Methylidyne radical) and CH, (Methylene radical) by about 3 eV. We note that
REBO and ReaxFF have been parameterized to a larger database of both saturated and unsaturated
hydrocarbons, and the results may vary with different data sets. Hence, the comparisons in Table 9 serve only
as a guide.

Table 10 shows the average bond lengths of MEAM, REBO, ReaxFF, and the experimental data for the
select molecules. Similar to the energy results, the MEAM bond lengths for the alkane group molecules are
more accurate than those of REBO and ReaxFF, while REBO is slightly better in the case of the cycloalkane,
and the radical bond lengths of MEAM are more erroneous. Again, MEAM-BO predicted the bond length and
the bond angles of the molecules with unsaturated bonds reasonably well, but the CH bond length of benzene
(1.140 A) was predicted to be much longer than that of the experimental value (1.084A). Table 11 shows that
all three potentials predicted angles that were in similar agreement with experimental results. The current
MEAM parameters fixed an issue in the CHj3 (methyl radical) minimization that appeared in results using the
previous MEAM parameters.” The geometry of CHj after energy minimization using the previous parameters
were planar and gave an average £H-C-H bond angle of 120°; however, the individual angles were not 120° but
143.2°, 108.4°, and 108.4°. The current work corrected the issue, and now CHj is planar, and the individual
angles are 120° after energy minimization. REBO gives the same result, while ReaxFF formed slightly smaller

£H—-C-H angles of 119.39° (non-planar). As a visual comparison, Figure 2 shows the differences between the

" The change from 2™ generation REBO in our previous work’ to AIREBO led a small difference in the results.
* The change from the parameters by Mattsson ez al.”’ in our previous work’ to the parameters by Chenoweth ef al.* led a small
difference in the results.
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new MEAM calculation of the atomization energies, the bond lengths, and the bond angles and those of the
experimental data.

Table 10
Table 11
Figure 2

Next, we performed an oversaturation test where one and two hydrogen atoms were inserted near the methane
molecule as shown in the Figure 3 to check whether hydrogen atom(s) would correctly eject after energy
minimization.

Figure 3
In both tests, MEAM and ReaxFF successfully ejected the hydrogen atoms from the methane, while REBO

formed a trigonal bipyramidal shape instead.

3.4 Bond dissociation energy

The bond dissociation energies of a hydrogen molecule, methane molecule, and ethane molecule calculated
by the new MEAM, REBO, ReaxFF, FP, and experimental data are presented in Figure 4. As mentioned in
Section 2.2.1, Figure 4(a) and (c) show the FP results from CCSD(2) and the aug-cc-pVTZ basis set
calculations. Figure 4 (c) and (d) show the results of B3LYP XC functional with the 6-31G** basis set **’
738

from the work of Lorant et a

Figure 4

Figure 4 shows the dissociation energy curve of (a) a hydrogen molecule, (b) a methane molecule where all
hydrogen atoms are homogeneously deformed, (¢) a methane molecule where only one C-H bond distance is
varied, and (d) an ethane molecule where the C-C bond distance is varied at a constant C-H bond length. The
energy curves of FP and ReaxFF shown in Figure 4(c) and (d) are appropriately adjusted with respect to the
experimental data points so as to compare the curvature of the energy curve around the equilibration distance.
As mentioned in Section 2.2.2, the dissociation energy curves for hydrogen and methane molecule shown in

Figure 4(a) and (b) were used for the parameterization of hydrogen and hydrocarbon parameters, respectively.
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Therefore, the new MEAM calculations gave results very close to the experimental results. The positive
energies for the FP curve after 2.5 A shown in Figure 4(b) are due to the carbon atom going to the incorrect
electronic state as all four bonds are simultaneously broken. For H,, the REBO and Reaxff results both disagree
with the FP results at bond lengths 1.5-3 A, while by construction, the new MEAM agrees well. Near
equilibrium all potentials perform acceptably well. For the other three tests, the new MEAM calculated energy
curves follow the FP energy curve near the equilibrium distance as do REBO and ReaxFF. Because new
MEAM overpredicts the energy of the CHj; radical as summarized in Table 9, the new MEAM energy (see
Figure 4(c) and (d)) is lower at full dissociation than those of FP and the other potentials.

Figure 5 compares the bond dissociation energies of acetylene, ethylene, benzene, and graphene
calculated using the MEAM-BO, REBO, ReaxFF, FP, and experimental data. For acetylene, ethylene, and
benzene, the geometries were from CCSD(T)/aug-cc-pVTZ calculations, while the energies are CCSD(2)/aug-
cc-pVTZ calculations. For graphene, the calculation was performed using a PBE exchange correlation
functional with the RRKJ pseudopotential’’’ as mentioned in Section 2.2.1. Similar to the homogeneous
expansion of methane in Figure 4(b), all atoms of the benzene and the graphene were homogenously deformed
while calculating the energies. Also, the FP results were appropriately adjusted so that the equilibrium energy
and the corresponding distance match the experimental data in order to compare the curvature of the energy.

Figure 5

As all of these molecules shown in Figure 5 are used in the fitting process introduced in Section 2.2.3, the
energy calculation results by MEAM are well matched to the FP calculation results around the equilibrium
distance. REBO also shows good predictions, but ReaxFF predicts the energy a few eV lower than the FP
calculations. This is understandable because ReaxFF parameters were not derived from the cohesive energy but
the dissociation energy and heat of formation.
3.5 Dimer molecules

In this section, the energies of four different dimers (hydrogen, methane, ethane, and propane) were
calculated as a function of molecular separation for various relative orientations. FP results for the hydrogen
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dimer interaction were taken from the work of Burton er al,*® who used the CEPA-PNO** method. Four
different configurations, collinear coplanar (T shape), linear, parallel, and crossed were chosen. Figure 6 shows
a comparison of MEAM, REBO, and ReaxFF results with the FP results, and the details of the configuration are
depicted on the top of each sub-figure. The energy was calculated as a function of relative displacement of two
rigid molecules and adjusted by the total energy of the structure at an infinite atomic distance. The FP results
for methane, ethane, and propane dimer interactions were taken from the work of Szczesniak ef al.,*' Rowley et
al.,” and Jalkanen ef al..*® The FP simulations employed the IMPPT/MPPT*"** methods for the methane dimer
and MP2/6-311+ G(2d’f,2pd)29’30 for the ethane and propane dimers. Similar to the hydrogen dimer results, all
methane, ethane, and propane dimer interaction results calculated by MEAM, REBO, and ReaxFF are compared
with the associated FP results in the Figure 7, Figure 8, and Figure 9, respectively. The arrows and the dashed
lines in the detail on the top of each sub-figure indicate the distance that was varied. For all dimer interaction
results in this work, the distances were measured between the nearest carbon atoms (or hydrogen atoms in
hydrogen dimers). For consistency, the original FP results were shifted according to the distance measure used
in this work.

A few observations can be asserted by viewing Figures 6-9. First, the ReaxFF results are very close to the
FP results, especially the collinear coplanar and parallel configurations of the hydrogen dimer and the F
configuration of the methane dimer shown in Figure 6(a) and (b), and Figure 7(d), respectively. Second, for the
hydrogen dimers, the energy curves of REBO and ReaxFF around the equilibrium distance are well aligned
with the FP results, although they disagree beyond the equilibrium distance where the molecules repel each
other. Third, the equilibrium distances of the dimers calculated by ReaxFF overall are shorter than those of the
MEAM, REBO, and FP calculations. Fourth, MEAM calculations consistently overpredict the dimer bonding

compared to the FP results. A part of the reason for the lower minimum energy is that one of the hydrogen

parameters, ,BIEID, used for the pressure correction of the dense molecular systems described in Section 2.2.2,
changes the energy curvature and lowers the energy of the dimer interactions. We considered the pressure-

volume-temperature (PVT) relationship in the dense molecular systems more important than the curvature of
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the dimer interactions. Also, note that there is no explicit van der Waals term in the MEAM formalism’ to
correctly handle the long range interactions. As mentioned earlier, even though the MEAM-BO formalism
includes the 9-6 long range interaction term, it is only implemented for long unsaturated C-C bonds. The van
der Waals interactions are expressed in the exponential tails of the MEAM potential, which will be addressed
further in a future work.

Figure 6
Figure 7
Figure 8
Figure 9

3.6 Rotational/bending barrier

In this section, we calculated the rotational/bending barrier using the saturated molecules ethane and »-
butane, and the unsaturated molecules acetylene and ethylene. The rotation simulation setup was that the
energies were calculated at angles where a subset of the atoms of the energy minimized structure were rotated
while the other atoms were only allowed to move along the axis parallel to the C-C bond (the middle C-C bond
for n-butane). For ethane, three hydrogen atoms were rotated about the axis along the C-C bond, and for n-
butane three hydrogen atoms and the nearest carbon atom were rotated about the axis along the middle C-C
bond. The calculation method for ethane was CCSD(2) with aug-cc-pVTZ basis.***> For n-butane, the data fit

came from the experimental work of Herrebout et al.”’

Figure 10 shows the rotational barriers for ethane and n-
butane calculated by MEAM, REBO, ReaxFF; the associated FP results for ethane, and experimental data fit for

n-butane.

Figure 10

As shown in Figure 10, the rotational barriers calculated using MEAM and REBO for ethane are close to the FP

results, while that for ReaxFF is a bit higher. For n-butane the previous work’ had dips in the energy curve that

gave three different minimum energy structures at the angles of 120°, 180°, and 240°, resulting in an incorrect

? van der Waals term is added to MEAM-BO to correct the graphite energy, but this does not affect dimer interactions.
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angular distribution in MD simulations of a polyethylene system. The current work shows only one

minimum energy at 180°, the same as the experimental results, REBO, and ReaxFF calculations. However,

the peaks of the rotational barriers at 120° and 240° calculated using MEAM for n-butane are lower than the

experimental data fit by 0.08 eV. The barrier from REBO is in excellent agreement with the experimental data

fit at dihedral angle from 80° to 280° while the barrier from MEAM is in good agreement at dihedral angle from

0° to 60° and from 300° to 360°, and the barrier from ReaxFF is between that of MEAM and REBO.

Next, the bending energy barrier of acetylene and the rotational energy barrier of ethylene are presented
in Figure 11. For bending energy barrier of acetylene, the coordinates were varied while keeping C-H bond
distance the same. Unlike the tests for other molecules, the initial structures of ethylene for various dihedral
angles were constructed in such a way that the C-C bond distance is set to the distance calculated by FP at each
angle because the bond order of ethylene is changed from a double bond to a single bond as the angle changes.
C-H bond length was kept the same. After that, the energy was obtained under the constrained minimization
described above; all atoms are allowed to move along the axis parallel to the C-C bond.

Figure 11
As shown in Figure 11 for acetylene, both MEAM-BO and REBO agree with the FP results near the

equilibrium angle, but ReaxFF gives a significantly stiffer response. Also, MEAM-BO and ReaxFF do not
capture the energy barrier as the bending angle increase while REBO captures the trend well. Similarly for
ethylene, both MEAM-BO and ReaxFF agree with the FP results near equilibrium and predict a significantly
lower barrier than FP as the angle become a right angle. On the contrary, REBO gives stiffer behavior near the
equilibrium and gives a barrier closer to the FP results around 90°. The barrier from MEAM-BO is
underestimated because the predicted energy of twisted C,H,4 is too low. We tried to raise this energy but were
not able to do so without significantly changing other properties.

3.7 Molecular dynamics (MD) simulations
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In this section the results of MD calculations for select alkane systems are compared with experimental
pressure-volume-temperature (PVT) data. A series of MD simulations were run with NVT (constant number of
atoms N, constant volume V, and constant temperature T) on a series of 3D periodic methane, ethane, propane,
and butane systems with different densities and at different temperatures (Table 12). As shown in our previous
Work,9 the cut-off radius was kept as 5 A, because the difference between the results with the cut-off radius 5 A
and those of the radius longer than 5 A was marginal.” We built the starting periodic structures using Materials
Studio and ran the MD simulations using LAMMPS for a total simulation time of 400 ps with a time step of 0.4
fs. A typical run time was 2-12 hours on 24 cores depending on the number of molecules and the density of the
system. A Nose—Hoover thermostat was used to control the temperature. The damping factor for thermostat
was 1 fs. All systems equilibrated after 300 ps. The calculated pressures for each time step were time-averaged
over the last 100 ps of the simulation, and an average pressure was calculated. The details of dynamics
simulations and the final average pressures of MEAM, REBO, ReaxFF, and the experimental data are given in
Table 12. As shown in Table 12, the RMS (MAP) errors for MEAM, REBO, and ReaxFF are 34.8 MPa
(59.2%), 173.9 MPa (246.2%), and 183.4 MPa (907.2%), respectively.

Finally, we performed an NPT (constant number of atoms N, constant pressure P, and constant temperature
T) simulation for an amorphous polyethylene system with 20 chains of 250 monomers (30,040 atoms).
Amorphous polyethylene of the initial density of 0.85 g/cm3 as the same as the theoretical density was
generated by Materials Studio, the energy minimization using COMPASS potential60 was carried out, and an
MD simulation with a Nose-Hoover thermostat was performed for 400 ps after the energy minimization. The
damping factor for the thermostat and the barostat were 1 fs and 8 fs, respectively. The results of the final 100
ps were averaged. The final averaged density from MEAM, REBO, ReaxFF, and COMPASS was 0.804 g/cm3,
0.717 g/em’, 0.964 g/cm’, and 0.832 g/cm’, respectively. Figure 12 (a) shows MEAM, REBO, ReaxFF, and
COMPASS calculations of the density changes over time during the NPT simulation, and Figure 12 (b) shows
the C-C-C-C dihedral angle distributions of the geometries at the last time step. The dihedral angle distribution

shows the inverse trends of the rotational barrier of n-butane shown in Figure 10 (b), and REBO and
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COMPASS show much lower distribution at 120° and 240° than MEAM and ReaxFF due to the higher energy

barrier shown in the n-Butane energy curve. In terms of computational times, for the MD simulations, on
average MEAM is 30% slower than REBO and 6.7 times faster than ReaxFF.

Table 12
Figure 12

4. Summary

A new formalism for bond order (MEAM-BO) has been added to the existing MEAM formalism to handle
unsaturated bonds in hydrocarbons. Before adding the bond order terms, 3NN interactions were incorporated
into the C diamond cubic reference state, enabling more accurate predictions of diamond cubic properties. The
potential optimization for saturated bonds and unsaturated bonds were consecutively performed with reference
to a modest database of atomization energies, bond distances, and bond angles of select molecules, the potential
energy curves of Hp, CH4, C,H,, C,Hy, benzene, graphene, (H,),, (CHy),, (CoHs),, and (Cs;Hg),, diamond
properties/energies of the different carbon phases, and the pressure-volume-temperature (PVT) relationship of
dense molecular systems. These properties calculated using the new MEAM potential (without bond order)
were compared with the associated experimental data, first principles calculations, the previous MEAM
potential, and two other reactive potentials, REBO and ReaxFF. The current MEAM potential (without bond
order) successfully addresses a critical issue from the previous hydrocarbon MEAM potential, i.e., diamond
cubic C not being the lowest energy crystal structure. For the MEAM-BO, the results also show that the
properties of saturated and unsaturated hydrocarbons are comparable to those of the other reactive potentials
and are reasonably close to the experimental data/first principles calculations. The new MEAM-BO potential
can easily be combined with literature MEAM potentials for many other elements, enabling computation of

properties of a wide variety of multi-component systems.
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Table 1: Fitting database for the MEAM and MEAM-BO parameters.

The Journal of Physical Chemistry

Target properties Data Source Calculation method Related MEAM
type parameters

e Saturated hydrocarbon

Elastic constants of diamond Expt. Grimsditch and Ramdas'® - C

Carbon phase: HCP FP Yin and Cohen'’ Norm-conserving pseudopotential®’ C

Carbon phases: linear chain, simple cubic, BCC, FCC FP Perriot et al."® Not specified C

Energy/bond length/bond angle of Alkane group Expt. NIST?! - C,H, CH

H-C-H bond angle of CH; radical Expt. NIST?! - C

Dissociation energy of H, FP Current work CCSD(2) with aug-cc-pVTZ basis®** H

Dissociation energy of CH4 (homogenous deformation) FP Current work CCSD(2) with aug-cc-pVTZ basis™**’ CH

Potential energy of H, dimer FP Burton and Senff* CEPA-PNO* H

Potential energy of CH4 dimer FP Szczesniak et al.”! IMPPT/MPPT*"** H

Potential energy of C,Hg dimer FP Rowley et al.* MP2/6-311+G(2df,2pd)*** H

Potential energy of C;Hg dimer FP Jalkanen et al.” MP2/6-311+G(2df,2pd)*** H

Rotational energy barrier of C,Hg FP Current work CCSD(2) with aug-cc-pVTZ basis®** C,H,CH

Rotational energy barrier of C4H,q Expt. Herrebout et al.** - C,H,CH

Pressure of CH, dense system of 0.5534 g/cm’ at 373K Expt. Cristancho et al.*® - H

e  Unsaturated hydrocarbon

Dissociation energy of C,H, FP Current work CCSD(2) with aug-cc-pVTZ basis®**’ Triple bond

Dissociation energy of C,H, FP Current work CCSD(2) with aug-cc-pVTZ basis®**’ Double bond

Dissociation energy of benzene FP Current work CCSD(2) with aug-cc-pVTZ basis™**’ Double bond

Dissociation energy of graphene FP Current work GGA-PBE/RRK]J pseudopotential®”’ Double bond

Elastic constants of graphene FP Wei et al. GGA-PBE functional®” Double bond

Atomization energy of graphite Expt. Brewer™” - vdW

Elastic constants of graphite Expt. Kelly * - vdW

Interplane distance of graphite Expt. Zhao and Spain®* - vdW

Bending energy barrier of C,H, FP Current work CCSD(2) with aug-cc-pVTZ basis*** Triple bond

Rotational energy barrier of C,H, FP Current work CCSD(T) with aug-cc-pVTZ basis®*?’ Double bond

-: irrelevant information
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Table 2: Weight constants with units and target values used in the downhill simplex method for C and CH parameters of the
saturated hydrocarbon system. Cohesive energies/bond lengths/bond angles of alkane group are used to reduce the overall
discrepancy between the calculation and the experimental data where the energy is adjusted by the ZPE. C-C bond lengths
and C-C-C bond angles are weighted more than other bond lengths and bond angles due to their greater importance. The
energies of carbon phases relative to the energy of equilibrium diamond cubic are targeted to make sure that the diamond
cubic structure is more stable than the other structures. The weights are appropriately adjusted due to the large unit value of
GPa. B, C4, and C' of the diamond cubic structure are used to correct the elastic constants of the structure. The H-C-H
angles of CH; are bounded to 120° so that the molecule is planar. Similarly, the H-C-H angles of CH,+H or H, are regularized
to be 109.47°, which is the experimental H-C-H angle for CH,. The peak energy of the rotation barriers for C;Hg and all
available data points for C,H,, are weighted with relatively low values because of their smaller importance. Finally, the net

force on all atoms is forced to have close to a zero value to avoid a minimization failure due to the wrong parameterization.

Property Target value Unit Weight
Energies of alkane molecules in Table 9 Expt. + ZPE eV/molecule 10
C-H bond length of alkane molecules in Table 10 Expt. A 100
C-C bond length of alkane molecules in Table 10 Expt. A 200
H-C-H and H-C-C bond angles of alkane molecule in Table 11 Expt. degree 0.05
C-C-C bond angles of alkane molecule in Table 11 Expt. degree 0.07
Relative energies of carbon phases in Table 8 FP eV/atom 0.1

B of diamond in Table 8 443.0 GPa 0.01
C,4 of diamond in Table 8 5774 GPa 0.001
C' of diamond® in Table 8 475.6 GPa 0.001
H-C-H bond angles of CHj; radical in Table 11 120.00 degree 0.1
H-C-H bond angles of CHs and CHg radical in Figure 3 109.47 degree 0.02
Peak of rotational energy barrier of C,Hg in Figure 10 0.1145 eV/molecule 1
RMS of energies of all available angles of C4H;, in Figure 10 Expt. eV/molecule 1

£, norm of net force of all atoms 0 (eV/A)? 0.001

‘C = (C11—C13)/2
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Table 3: Single element MEAM parameters for carbon and hydrogen with diamond and diatomic H, reference structures,

; respectively. E? (eV) is the cohesive energy per atom, R? (A) is the nearest neighbor distance in the equilibrium reference
3 structure, a? is the exponential decay factor in the UEOS, p? is the electron density scaling factor for the embedding function,

4 A? is the embedding function scaling factor, ¢ and &7 are the attraction and repulsion cubic terms in the UEOS, 35"‘3) are
S the exponential decay factors for the atomic electron densities, tgl_B) are the weighting parameters for the atomic electron
? densities, and C,,;, and C,,,, are the screening parameters for three like atoms of the element 7.

8

9 Element| E? R? al PP A? &2 o7 .EO) .51) .52) .53) t.gl) t-L(-Z) t-ES) Cmin  Crmax
10

11 C 7.522 1.540 4.332 1 0970 0.020 0 3.088 2790 3.277 3.578 0.645 0.827 -2.207 0.830 2.064
12

13 H 2363 0.740 2.039 2.185 2.123 0 0.050 3.114 2330 3.673 5.174 0966 0395 -0.128 0.750 2.800
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Table 4: MEAM interaction and screening parameters for carbon-hydrogen with the methane reference structure. E2y (eV)
is the cohesive energy per atom, R, (A) is the C-H bond distance, a2y is the exponential decay factor in the UEOS, 6%, and
Ocy are the attraction and repulsion cubic terms in the UEOS, respectively, and C,;;,and C,,,,are the parameters for the
screening factor. The middle atom screens the other two atoms.

C-H parameter Value
EQy 3.6464
Ry 1.087
aly 2.946
8¢ 0.048
6tn 0.030

Chin(C,C,H) 1.515
Cmax(C,C.H) 2.800
Crin(CH,C) 2.000
Crmax(C,H,C) 2.800
Crin(C,H,H) 2.010
Ciax(C,H,H) 2.800
Crin(H,C,H) 0.541
Cimax(H,C,H) 2.039
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Table 5: MEAM bond parameters for the double bond with ethylene, benzene, and graphene reference structures and for the
triple bond with acetylene reference structure. The bond order BO and the experimental C-C bond lengths R},,q are given.

The r; are expansion parameters for the determination of the double bond length, and the g, are expansion parameters for

the double bond energy increments. The e, are expansion parameters for the triple bond increments. The ﬁl(,((),’;'j ) are the

exponential decay factors for the D(z) function and bond increment function. The pl()(())’lllf ) are the power in the D(z) function.

i1 ! ex
Bond Type  BO  Ryona ﬁlg[c)))nd ﬁtgi)nd Blg?nd :Bt()?nd pl()[c)))nd pt()?nd pt()?nd kil n 0 1 2
2 1.339 0 1.3396 -1.296 -4.618 -14.210
double 32 1.397 5 1 450 1.20 1 1 1.2 1 -0.0959 -0.632 -4.462 21.841
4/3  1.420 2 0.0364 0.299 -5.452 55.653
triple 3 1.203 5 5 450 0.46 1 1 1 - - -3.647 -3.030 -13.003
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Table 6: The van der Waals parameters for C-C interactions used in Eq. (23). eyqw is the van der Waals binding energy,
T'vaw is the position of the van der Waals minimum, and 7,4y is the radial cutoff used in calculating the counting factors.

vdW parameters Value
Evdw 0.438
Tydw 3.008
Fvaw 3.300
40
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Table 7: Overview of the parameterization procedure and parameters to be determined for hydrocarbons using the MEAM
formalism.

Parametrization procedure

Parameters to be determined

e  Saturated hydrocarbon

1.

Obtain the UEOS parameters for C, H, and CH in Eq. (8) by fitting the bulk modulus,
energy, and lattice constant of the diamond cubic structure and the dissociation energy curve
of H, and CH,.

Obtain the remaining C parameters using the direct grid search method and the downhill
simplex method for the target elastic constants of the diamond cubic structure and the
energies of carbon phases.

Adjust the C and CH parameters using the downhill simplex method for all target properties,
e.g., atomization energies, bond lengths, and bond angles of the alkane group, with the
weights specified in Table 2.

Adjust the H parameters for the target dimer interaction energy curves.
Iterate Steps 1 through 4 for further improvement.

Adjust ﬁP(,l) for the pressures of the dense systems

e  Unsaturated hydrocarbon

7.

10.

11.
12.
13.

14.

Fit the bond energy increment”® in Eq. (32) for C,H,, C,H,, benzene, and graphene by Eq.
(22) using the experimental bond lengths as an initial guess

Fit the experimental double bond lengths as a function of bond order to obtain r; in Eq. (24)

Fit the bond order dependence for double bond to obtain gy; parameters in Eq. (25) based
on the three e, for C,H,, benzene, and graphene

Adjust ﬁt(,?nd parameters for double/triple bond to make smooth transition from unsaturated
energy to saturated energy in Eq. (22) and Eq. (23)

Adjust ﬁz(l), 2(2) double bond parameters to correct the elastic constants for graphene
Iterate Step 7 through 11 for further improvement

Adjust the van der Waals parameters in Eq. (28) to correct the equilibrium A-B stack
distance of graphite and its energy curvature.

Adjust ﬁt(,z)nd and p,g?nd parameters of the D(z) functions in Eq. (21) to correct the shape of

C,H, rotation barrier energy curve and C,H, bending barrier energy curve.

Rg/H/CHa E((J)/H/CHa ag/H/CHa
6g/H/CHa 5E/H/CH

0 p(0-3) (1-3)
Ac, Be Tt

>

Cimin(C, G, C), Chax(C,C,C)

AO’ é0_3)9té1_3)9 I(')I?

Cmin (C' Cr H), Cmin (C' H' H),
Cmin (H' C' H), Cmax (C' H' H),
Cmin (H' C' H)

Aoﬂﬁé0—3)’t£[1—3)’ 5&

€8]
H

eq, 1,6, for four reference
structures

T'l, rz,r3

Joo> Jo1> Yoz2> 910> 911> 912/
9205 921> 922

() p2)
2 >P3

1 p@
2 > P2

Tvaw> Evdw

3 3 3 3
5002,

* the van der Waals term for graphite is set to zero at Step 7, which is obtained in Step 14
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Table 8: Carbon properties calculated from MEAM (previous work’ and current work) and experimental data. Current
work includes unsaturated bond energies and are denoted as MEAM-BO. The zero-point energy (ZPE) corrections used here
are 0.166 eV/atom for graphene and graphiteéz’63 and of 0.176 eV/atom for diamond® for the MEAM and REBO potentials
while the empirical heat increment value, 1.254eV/atom, is used for diamond, graphene, and graphite as the energy correction
for ReaxFF. E,. is the corrected energy either by ZPE or empirical heat increment value (experimental energy is not

corrected). AE, pc is the equilibrium cohesive energy relative to the cohesive energy of the diamond structure. Additional
structures examined are the linear chain (LC), simple cubic (SC), body-centered cubic (BCC), hexagonal close-packed (HCP),
and face-centered cubic (FCC).

MEAM-BO MEAM(prev.) REBO ReaxFF

Species Property Expt. Calc. Diff. Calc. Diff. Calc. Diff. Calc. Diff.
Diamond  E¢, (eV/atom) 7.346°  7.346 0 7.194  -0.152 7.280  -0.066 7.375 0.030
Lattice const.(A) 3.567  3.567 0 3325 -0.242 3.558  -0.009 3.619 0.052

Atomic volume(A®) 5.673  5.673 0 4595  -1.078 5.628  -0.045 5.924 0.251

B(GPa) 443.0 4422 0.8 369.1 -73.9 452.1 9.1 40970 40527

C1,(GPa) 1076.4° 8159  -260.5 4053  -671.1 11147 38.3 41306 40230

Cy,(GPa) 1252° 2554 1302 351.0 2258 120.8 4.4 40802 40677

C,4(GPa) 5774° 4895  -87.9 63.5 -513.9 7545 177.1 438.5 -138.9

C'(GPa) 475.6° 2802 -195.4 272  -448.4 497.0 21.3 252.0 223.6

RMS error - - 127.8 - 348.5 - 64.6 - 24788.3

MAP!' error - - 23.1 - 58.8 - 5.8 - 5681.7

LC AE;c_pc(eV/atom) 0.823% 3125  2.302 2912 2.089 1338  0.515 1.392 0.569
SC AEsc_pc(eV/atom) 2637 1345 -1.292 -1.134  -3.771 4651 2.014 2.889 0.252
BCC AEgpccopc(eV/atom) 4331 3217 -1.114 2.759  -7.090 4579  0.248 4.612 0.281
HCP AEycpopc(eV/atom) 448 2599 -1.881 -5.680 -10.160 4786  0.306 3.394 -1.086
FCC AEgccopc(eV/atom) 4.486° 2622 -1.864 -5.657 -10.143 4.695  0.209 3.448 -1.038
RMS error - - 1.745 - 7.416 - 0.951 - 0.738

MAP!' error - - 87.6 - 2027 - 31.2 - 26.5

Graphene  Ec,.(eV/atom) 7315 7304  -0.011 5.761  -1.554 7.243  -0.072 6.884 0.431
Lattice const., a (A) 24628 246  -0.002 2413 -0.049 2419 -0.043 2.501 0.041

Cyy + Cyp (N/m) 358.1" 3634 53 2287  -129.4 436.9 78.8 744787 744428

Css (N/m) 60.4" 1349 74.5 21.1 -39.3 1940 1336 193449 193388

Young’s modulus (GPa) 1020 923k 97 213% 781 1141°* 121 47837% 46817

Poisson’s ratio 0.165  0.151 -0.014 0.689  0.524 0.126  -0.039 0.979 0.814

RMS error - - 50.1 - 33441 - 80.3 - 314580

MAP!' error - - 23.8 - 86.9 - 46.9 - 88858

Graphite  E¢q..(¢V/atom) 7371 7372 0.001 7.489 0.118 7.311  -0.060 7.413 0.042
Lattice const., a (A) 24625 247  0.008 2753 0.293 2418  -0.042 2.501 0.041

Lattice const., ¢ (A) 6.707¢ 671  0.003 2910  -3.795 6.713  0.008 6.319 -0.386

Ci, + Cy, (GPa) 1240 1052 -188 - - 1309 69 2434604 2433364

C¢6(GPa) 440 406 34 - - 508 69 12822 12382

C,3(GPa) 15 28 13 - - 03  -14.7 7.8 7.2

C33(GPa) 365 371 0.6 - - 41.0 4.5 1082.5  1046.0

C,4(GPa) 45 2936 2891 - - 0.1 4.4 4.9 0.4

RMS error - - 122.6 - - - 34.7 - 860335

MAP!' error - - 817.0 - - - 29.0 - 25247

MAP! error (except Cyq) - - 15.9 - - - 19.1 - 28854

*Brewer, * Grimsditch and Ramdas'®, © C' = (Cy; — Cy,)/2, ¢ Perriot et al. (calc.)'Y, ° Yin and Cohen (calc.)"’, " Shin ez al. (calc.)”, ¢
Zhao and Spain®*, " Wei er al. (calc.)®, ' Lee et al.”', ' Kelly*®, * Stacking distance of graphite 3.35 A is divided to compare with the

experimental data, ' Mean absolute percentage error given in Eq. (34)
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Table 9: Atomization energies of various isomer groups at 0K from MEAM, REBO, and ReaxFF calculations and
experimental data. Adjustments were made for each potential by ZPE (MEAM, REBO) or empirical heat increment (ReaxFF)

MEAM-BO REBO ReaxFF

Group Molecule Expt.? ZPE® Heat inc.° Calc. Corr. Calc. Corr. Calc. Corr.
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

Alkane Methane 17.018 1.214 2.592  18.232 17.018 18.185 16.971 20.092  17.499
Ethane 28.885  2.023 4515 30941 28.918 30.846  28.823 34453 29.937

Propane 40.880 2.803 6.439 43.723 40.92 43.593  40.790 48.732  42.294

n-Butane 52.896 3.578 8.362 56.503 52.925 56.347 52.769 63.020 54.658

Isobutane 52.977 3.564 8.362 56.559 52.995 56.340 52.776 63.030 54.669

n-Pentane 64.915 4.351 10.285 69.282  64.931 69.102 64.751 77.308  67.023

Isopentane 64.964 4.338 10.285 69.328 64.99 69.050 64.712 77.325  67.040

Neopentane 65.123 4.319 10.285 69.416  65.097 69.074  64.755 77711  67.426

n-Hexane 76.922  5.123 12.208 82.062 76.939 81.858  76.735 91.593  79.385

Isohexane 76.975 5.113 12.208 82.072  76.959 81.677 76.564 91.541 79.333
3-Methylpentane 76.946 5.114 12.208 82.071  76.957 81.742  76.628 91.540 79.332
2,3-Dimethylbutane 76.970 5.101 12.208 82.119 77.018 81.701  76.600 91.532  79.324

Neohexane 77.060  5.098 12.208 82.145  77.047 81.723  76.625 91.955 79.748

n-Heptane 88.957 5.896 14.131 94.841 88.945 94.614 88.718 105.886  91.755

Isoheptane 89.008  5.881 14.131 94.81 88.929 94370  88.489 105.874 91.743

n-Octane 100.971 6.668 16.054 107.62 100.952 107.369 100.701 120.174 104.120

RMS error - - - - 0.031 - 0.288 - 2.217

MAP error - - - - 0.1 - 0.4 - 3.2

Cycloalkane Cyclopropane 34.818 2.207 5.769 37.26  35.053 36.772  34.565 41.596 35.827
Cyclobutane 46.848 3.005 7.692 50.566 47.561 49.233  46.228 56.272  48.579

Cylcopentane 59.707 3.814 9.615 63.758 59.944 62.850 59.036 71.095 61.479

Cyclohexane 71.963 4.617 11.538 76.672  72.055 76.457  71.840 85.732  74.193

RMS error - - - - 0.397 - 0.478 - 1.742

MAP error - - - - 0.7 - 0.8 - 3.2

Alkene Ethene (ethylene) 23.066 1.385 3.846 23445 23.070 24420  23.035 27.829 23.982
Alkyne Ethyne (acetylene) 16.857 0.735 3.177 17.591 16.856 17.565 16.830 20.600 17.423
Aromatic Benzene 56.619 2.732 9.531 59.369 56.637 59.075 56.343 67.236 57.705
Radical CH 3.469 0.175 1.588 6.659 6.484 4.526 4.351 5.148 3.559
CH, 7410 0.467 1.923 10.654 10.187 8.469 8.002 10.148 8.225

CH; 12.534 0.807 2.258 14.52  13.694 13.375 12.549 15.279 13.021

C,H 11.125 0.383 2.842  12.335 11.952 11.572  11.189 14.351 11.509

H;C,H, 24.572 1.612 4.181 27.345 25.733 26.550  24.938 29.805 25.625

CH;CHCH; 36.676 2.382 6.104 40.228 37.846 39481  37.099 44.030 37.926

RMS error - - - - 1.896 - 0.491 - 0.789

MAP error - - - - 24.8 - 6.1 - 4.8

* From the NIST computational Chemistry Comparison and Benchmark Database’'

® Authors (calc.) B3LYP/cc-pVTZ

¢ Eincen = (Eexpt,C - Einc,C) -N¢ + (Eexpt,H - Einc,H) - Ny, where Ej, ¢ cy is heat increment energy for hydrocarbon, Eexptc and Eexptn
are the experimental energies for carbon (7.3768 V) and hydrogen (2.375 eV),* Eincc and Ej, g are the empirical heat increments for
carbon (8.6306 eV) and hydrogen (2.7097 eV),* and N, and Ny, are the number of atoms for carbon and hydrogen.
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Table 10: Average equilibrium C-H and C—C bond length for select molecules after energy minimization using the MEAM,

REBO, and ReaxFF potentials. The results are compared to experimental data.

C-H bond length(A)

C-C bond length(A)

Group Molecule Expt.® MEAM-BO REBO  ReaxFF Expt. MEAM-BO REBO ReaxFF
Alkane Methane 1.087 1.087 1.089 1.099 - - - -
Ethane 1.094 1.114 1.090 1.096 1.535 1.533 1.543 1.573
Propane 1.107 1.120 1.090 1.094 1.532 1.537 1.543 1.575
n-Butane 1.117 1.123 1.090 1.093 1.531 1.538 1.543 1.575
Isobutane 1.113 1.119 1.090 1.104 1.535 1.541 1.545 1.528
n-Pentane 1.118 1.125 1.090 1.093 1.531 1.539 1.543 1.575
Neopentane 1.114 1.113 1.090 1.104 1.537 1.548 1.547 1.530
n-Hexane 1.118 1.127 1.090 1.093 1.533 1.540 1.544 1.574
n-Heptane 1.121 1.128 1.090 1.092 1.534 1.540 1.544 1.575
RMS error - 0.010  0.023 0.019 - 0.007 0.011 0.036
MAP error - 0.7 1.8 1.5 - 0.4 0.7 2.2
Cycloalkane Cyclopropane 1.083 1.129 1.080 1.089 1.501 1.612 1.656 1.539
Cyclobutane 1.093 1.135 1.084 1.089 1.555 1.566 1.630 1.578
Cylcopentane 1.114 1.137 1.088 1.090 1.546 1.542 1.558 1.574
Cyclohexane N/A - - - 1.530 1.539 1.543 1.573
RMS error - 0.038 0.016 0.015 - 0.056 0.087 0.034
MAP error - 3.4 1.2 1.1 - 2.2 4.1 2.2
Alkene Ethene (ethylene) 1.086 1.110 1.090 1.083 1.339 1.337 1.310 1.334
Alkyne Ethyne (acetylene) 1.063 1.111 1.090 1.081 1.203 1.202 1.206 1.188
Aromatic Benzene 1.084 1.140 1.090 1.097 1.397 1.396 1.374 1.418
Radical CH 1.120 0.967 1.090 1.074 - - - -
CH, 1.085 1.010 1.105 1.078 - - - -
C,H 1.047 1.064 1.090 1.077 1.217 1.442 1.276 1.250
RMS error - 0.099  0.032 0.032 - 0.225 0.059 0.033
MAP error - 7.4 2.9 2.5 - 18.5 4.8 2.8

*From the NIST computational Chemistry Comparison and Benchmark Database”'
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Table 11: Average equilibrium £H-C-H, 2ZH-C-C, and 2C-C-C bond angles for select molecules after energy minimization using the MEAM, REBO, and ReaxFF
potentials. The results are compared to experimental data

2 H-C-H bond angle (°)

£ H-C-C bond angle (°)

£ C-C-C bond angle (°)

Group Molecule Expt? MEAM-BO REBO ReaxFF Expt? MEAM-BO REBO ReaxFF Expt? MEAM-BO REBO ReaxFF
Alkane Methane 109.47 109.47 109.47 109.47 - - - - - - - -
Ethane 107.70 107.69 108.54 107.19 111.17 111.20 110.39 111.66 - - - -
Propane 107.00 107.25 108.33 106.98 N/A - - - 111.70 112.18 111.33 106.87
n-Butane N/A - - - 111.00 110.30 109.89 111.34 113.80 11233  111.23 106.90
Isobutane N/A - - - 111.40 111.64 110.00 111.82 110.80 111.89 110.34 109.83
n-Pentane N/A - - - 110.40 110.07 109.80 111.29 112.90 112.42 111.19 106.91
Neopentane 106.60 107.15 108.40 107.16 112.20 111.70 110.53 111.70 N/A - - -
n-Hexane N/A - - - 109.50 109.92 109.74 111.22 111.90 112.48 111.16 107.18
n-Heptane N/A - - - 109.80 109.81 109.70 111.24 112.60 112.52  111.15 106.86
RMS error - 0.30 1.19 0.38 - 0.39 1.00 0.97 - 0.83 1.45 5.21
MAP error - 0.2 0.9 0.3 - 0.3 0.8 0.8 - 0.6 1.1 4.3
Cycloalkane Cyclopropane 114.50 107.31 114.83 113.68 117.90 120.88 117.80 118.28 60.00 60.00  60.00 60.00
Cyclohexane 106.65 106.95 107.23 105.79 N/A 111.28 111.12  110.40 107.19
RMS error - 5.09 0.47 0.84 - 2.98 0.10 0.38 - 0.11 0.62 2.89
MAP error - 33 0.4 0.8 - 2.5 0.1 0.3 - 0.1 0.4 1.8
Alkene Ethene (ethylene) 117.60 118.27 11091 116.10 121.20 120.87 124.55 122.00 - - - -
Alkyne Ethyne (acetylene) - - - - 180.00 180.00 180.00 180.00 - - - -
Aromatic Benzene - - - - 120.00 120.00  120.00 120.00 120.00 120.00  120.00 120.00
Radical CH;, 120.00 120.00 120.0 119.39 - - - - - - - -
CH - - - - 180.00 179.12  180.00 180.00 - - - -
*From the NIST computational Chemistry Comparison and Benchmark Database’'
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Table 12: Molecular dynamics results of 3D periodic methane, ethane, propane, and butane systems under the NVT ensemble
for a total time of 400 ps simulation. The averages of the last 100 ps results of each system are compared to the experimental
data.

Cell Expt. MEAM REBO ReaxFF

No.of length Density Temp. Pressure  Pressure Diff. Pressure Diff. Pressure Diff.
System atoms (A (gem’) (K) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Methane-1 5000 102.69  0.0246 400 5.005° 4.7 -0.3 8.5 35 99 -149
Methane-2 5000  92.01  0.0342 305 5.00° 4.4 -0.6 9.3 43 =209 259
Methane-3 5000 60.80 0.1185 298 14.994" 10.6 -4.4 30.9 15.9 -743  -893
Methane-4 5000  50.89  0.2021 450 59.975° 494  -10.5 81.3 21.3 241  -84.0
Methane-5 5000 41.30  0.3782 338 179.829° 1181  -61.8 267.2 87.4 33.9 -1459
Methane-6 5000  40.51  0.4008 298 188.059° 101.1 -87 299.0 1109 -1.6 -189.7
Methane-7 5000 36.38  0.5534 373 1000.000° 959.1  -40.9 15629 5629 7272 -272.8
Ethane-1 8000 110.41  0.0371 308 2.550° 2.2 -0.4 51 2.5 254 22.8
Ethane-2 8000  56.79  0.2726 308 5.387° 7.4 2.1 29.3 239 238.0 232.6
Ethane-3 8000  46.71  0.4901 260 31.294° 27.3 -4 1444 113.1 441.3 4100
Propane 11000  66.44  0.2497 325 26.891° 45 224 10.1  -16.8 31.9 5.0
n-Butane 14000 5492  0.5827 300 7.089° 36.3 29.2 1152 108.1 190.3 1832
RMS error 34.8 173.9 183.5
MAP error 59.2 246.2 907.2
® Cristancho et al.™
" Robertson and Babb®®
¢ Straty and Tsumura®’
¢ Straty and Palavra®
¢ Kayukawa et al.”’
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23 Figure 1: Two different types of C atoms in graphite. The atom in the B-stack and the two atoms in the
24 A-stacks connected by the dashed line are aligned. The atom at the center of the B-stack and the six
atoms in the A-stacks connected by the solid lines are not aligned.
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Figure 2: Differences between the (a) atomization energy’s, (b) bond length’s, and (c) bond angle’s
experimental data and MEAM’s (first column), REBQO’s (second column), and ReaxFF’s (third column)
calculation results. Root Mean Square (RMS) values are given at the bottom of each subfigure. The
detailed results are given in Table 9, 10, and 11.
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21 ReaxFF

Figure 3: Results of the “oversaturation” test for (a) CH4+H and (b) CH4+2H atomic configurations.
The pictures at the top of each subfigure are the initial configurations, and the pictures on the bottom are
54 the resultant structures after energy minimization. The energy minimized structures using the MEAM,
55 REBO, and ReaxFF potentials are presented. The MEAM and ReaxFF results show the successful
56 ejection of hydrogen in both (a) and (b).

60 49

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 50 of 59

Energy/molecule (eV)
Energy/molecule (eV)

3 5
£ -10¢ g -
2 2
(o] (o]
& .15t & -
& &
5 5 _
£ 20t &
| =

-25¢

oo M

0 1 2 3 4 5 6 7
Distance (A) Distance (A)

Figure 4: Potential energy curves of (a) hydrogen, (b) methane (homogenous deformation), (¢c) methane
(disassociation of one H), and (d) ethane. The MEAM results are compared to those of REBO, ReaxFF,
FP data ((a) and (b) CCSD(2)/aug-cc-pVTZ***, (c) and (d) B3LYP XC functional/the 6-31G** basis
set>™ from the work of Lorant et al.ss) and experimental results. The experimental energies were
adjusted by the Zero Point Energies (ZPEs) and are represented as single black stars. Filled markers
indicate the minimum of each energy curve near the equilibrium bond length. The small windows at the
bottom right corner represent a magnified view of the energy minimum at the equilibrium bond length.
The white double arrows in the pictures of the molecules indicate the coordinate that is being varied. For
the three C-H bonds that are not varied in (¢) and the C-H bonds in (b) and (d) were held to the
equilibrium distance with respect to the respective potential.
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32 Figure 5: Potential energy curves of (a) acetylene, (b) ethylene, (¢c) benzene, and (d) graphene. Th(;4 ,
33  MEAM-BO results are compared to those of REBO, ReaxFF, FP data ((a)-(c) CCSD(2)/aug-cc-pVTZ"™ >
34  (d) PBE XC functional/RRKJ pseudopotential 375%) and experimental results. The experimental energies
35 were adjusted by the Zero Point Energies (ZPEs) and are represented as single black stars. Filled
markers indicate the minimum of each energy curve near the equilibrium bond length. The small
windows at the bottom right corner represent a magnified view of the energy minimum at the
39 equilibrium bond length. The white double arrows in the pictures of the molecules indicate the C-C
40  coordinate that is being varied. The C-H bonds were held to the equilibrium distance with respect to the
41 respective potential.
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Figure 6: Potential energy curves of a hydrogen dimer for MEAM, REBO, ReaxFF, and the FP data.
The energy is relative to the energy at full dissociation. The molecular configurations are (a) collinear
coplanar, (b) linear, (c) parallel, and (d) crossed as reported in the work of Burton and Senff.?’ The
calculation method for FP is CEPA-PNO.?® Filled markers indicate the minimum of each energy curve
near the equilibrium inter molecular distance. The line that passes through the FP data serves as a guide.
The atoms are constrained during the energy calculation at each distance increment. The white double
arrows in the pictures of the molecules indicate the coordinate that is being varied, and the dashed lines
represent the distance between the two molecules.
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34  Figure 7: Potential energy curves of a methane dimer for MEAM, REBO, ReaxFF, and the FP data. The
35 energy is relative to the energy at full dissociation. The molecular configurations (a) A, (b) B, (¢) D, and
36  (d) F are reported in the work of Szczesniak et al.*! The calculation method for FP is IMPPT/MPPT.>"?®

37 Filled markers indicate the minimum of each energy curve near the equilibrium inter molecular distance.
gg The line that passes through the FP data serves as a guide. The atoms are constrained during the energy

40 calculation at each distance increment. The white double arrows in the pictures of the molecules indicate
41 the coordinate that is being varied, and the dashed lines represent the distance between the two molecules.
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Figure 8: Potential energy curves of an ethane dimer for MEAM, REBO, ReaxFF, and the FP data. The
energy is relative to the energy at full dissociation. The molecular configurations (a) Route 1, (b) Route 2,
(c) Route 3, and (d) Route 4 are reported in the work of Rowley ez al..”> The calculation method for FP is
MP2/6-31 1+G(2df,2pd).29’30 Filled markers indicate the minimum of each energy curve near the
equilibrium inter molecular distance. The line that passes through the FP data serves as a guide. The
atoms are constrained during the energy calculation at each distance increment. The white double
arrows in the pictures of the molecules indicate the coordinate that is being varied, and the dashed lines
represent the distance between the two molecules.
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34  Figure 9: Potential energy curves of a propane dimer for MEAM, REBO, ReaxFF, and the FP data. The
35 energy is relative to the energy at full dissociation. The molecular configurations (a) bb-cccc 90, (b) bb-
36 bb 90, and (c) ccs-ces 90 are reported in the work of Jalkanen et al® The calculation method for FP is
37 MP2/6-31 1+G(2df,2pd).29’30 Filled markers indicate the minimum of each energy curve near the
equilibrium inter molecular distance. The line that passes through the FP data serves as a guide. The
40 atoms are constrained during the energy calculation at each distance increment. The white double

41 arrows in the pictures of the molecules indicate the coordinate that is being varied, and the dashed lines
42 represent the distance between the two molecules.
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Figure 10: The rotational barrier for (a) ethane and (b) n-butane calculated by MEAM, REBO, ReaxFF,
FP using (a)CCSD(2)/aug-cc-pVTZ24’25 for (a) and the experimental data fit to a model for (b) from the
The white arrows in the pictures of the molecules indicate the coordinate that

is being varied, and the line that passes through the FP or experimental data serves as a guide. The

work of Herrebout et a

132

energy is relative to the minimum energy.
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16 Figure 11: (a) The bending barrier of acetylene and (b) the rotational barrier for ethylene calculated
17 using MEAM-BO, REBO, ReaxFF, and FP using (a) CCSD(2)/aug-cc-pVTZ and (b) CCSD(T)/aug-cc-
18 pVTZ.*® The white arrows in the pictures of the molecules indicate the coordinate that is being varied,
19 and the line that passes through the FP or experimental data serves as a guide. The energy is relative to
the minimum energy.
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Figure 12: MD simulation using MEAM, REBO, ReaxFF, and COMPASS® potentials of (a) density
versus time plot from an NPT simulation for amorphous polyethylene system with 20 chains of 250
monomers (30,040 atoms) with the initial density 0.85 g/cm3 and (b) dihedral angle distribution of the

system at 400 ps.
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