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A reactive potential for hydrocarbons with intermolecular interactions
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A potential function is presented that can be used to model both chemical reactions and
intermolecular interactions in condensed-phase hydrocarbon systems such as liquids, graphite, and
polymers. This potential is derived from a well-known dissociable hydrocarbon force field, the
reactive empirical bond-order potential. The extensions include an adaptive treatment of the
nonbonded and dihedral-angle interactions, which still allows for covalent bonding interactions.
Torsional potentials are introduced via a novel interaction potential that does not require a fixed
hybridization state. The resulting model is intended as a first step towards a transferable, empirical
potential capable of simulating chemical reactions in a variety of environments. The current
implementation has been validated against structural and energetic properties of both gaseous and
liquid hydrocarbons, and is expected to prove useful in simulations of hydrocarbon liquids, thin
films, and other saturated hydrocarbon systems.2G00 American Institute of Physics.
[S0021-960600)50814-9

I. INTRODUCTION One particularly successful example of a Tersoff poten-
tial is the reactive empirical bond-ordéREBO) potential
Computational chemists have long made use of classicaleveloped by Brennér'8 This model uses a Tersoff-style
molecular simulations, including molecular dynamics andpotential to describe the covalent bonding interactions in car-
Monte Carlo methods, to study systems of chemical intereshon and hydrocarbon systems. Originally developed for use
However, most of the potential functions used in these simupn simulating the chemical vapor deposition of diamdfd,
lations are intended for modeling physical processes, nghe REBO potential has recently been extended to provide
chemical reactions. Most of these simulation techniquesnore accurate treatment of the energetic, elastic, and vibra-
simulate physical processes, and not chemical reactions. Thgna| properties of solid carbon and small hydrocarbiéns.
formation and breaking of chemical bonds are inherentlyi, arious incarnations, this potential has been used to model
guantum mechanical processes, and are often studied ”S'ﬂgany different materials and processes, including
first-principles methods. Nevertheless, classical potentials dﬂjllerenesl,7 carbon nanotube¥, amorphous carboff, and
gxist that can empirically model changes in covalent bond;[he tribology and tribochemistry of diamond interfaé&e’

Ing. The REBO potential is not appropriate for studying ev-
One sugcessful method' for trgatmg.covalent bonding In'ery hydrocarbon system, however. In particular, the absence
teractions in computer simulations is the Tersoff-type

. ) " ; of dispersion and nonbonded repulsion terms makes the po-
potential? Unlike traditional molecular mechanics force b P P

fields®~10 the Tersoff model allows for the formation and tential poorly suited for any system with significant intermo-

dissociation of covalent chemical bonds during a simulation!ecmar interactions. This is the case for many important hy-

Many-body terms reflecting the local coordination environ-drocarbon systems, mcluc_ilng liquids and th|_n films, as well
ment of each atom are used to modify the strength of mor%s some solid-state materials such as graphite and fullerenes.

conventional pairwise terms. With this approach, individual ven cova_lent materlals such as d|amop d can benefit from a
atoms are not constrained to remain attached to specifiF(Eeatme,nt including nonbondgd mtergctlons. The bulk phase
neighbors, or to maintain a particular hybridization state ofS dominated by covalent interactions, but longer-range

coordination number. Models of this sort, despite beingforc€S bsecome quite important when studying interfacial

purely classical, can provide a realistic description of cova-SyStem_52' _ _
lent bonding processes in nonelectrostatic systems. Potentials Various attempts have been made previously to combine
of this type have been developed to treat systems Comainm@onbonded interactions with the Ters_off or REB_(_)_potentlaIs
silicon! carbont!2 germaniun? oxygen!? or hydrogen?  in a way that preserves the reactive capabilities of the

.. . 29-31 [P H
as well as heterogeneous systems containing various comdodel= " One way to do this is to simply reduce the re-
nations of these specié$3-1° pulsive barrier associated with the Lennard-Jones or other

potential®? although this results in barriers which are too
a o large for radical species and too small for saturated com-
Electronic mail: ss@clemson.edu ds. Anoth It ti taken bv Nvdenal 2 is t
YElectronic mail: tutein@nadn.navy.mil pounas. Ano et_‘ a e_ma 'V?! axken by Ny e_a" IS to _
®Electronic mail: jah@nadn.navy.mil allow bonds to dissociate with a Morse potential, and explic-
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itly check for recombination reactions between dissociatedre separated by a distance less than a covalent-bonding cut-
radicals. This approach has been used to model thermal deff of r** (e.g., 2.0 A for C—C bonds

composition of polymer&? but is not general enough to treat Each pair of covalently bonded atoms interacts via a
arbitrary reactions in hydrocarbons, such as addition acrogsotential,

unsaturated bonds. Another method, used by €t ! is

to reduce the repulsive nonbonded interactions based on the Eij- o= Vi (ri;)+by Vi(ry;), 1)
covalent interaction energy, rather than the distance. This R A ) . o

method can help eliminate nonbonded interactions durinq‘/herevij andVjj are repulsive and attractive pairwise po-

bond dissocations, but will again tend to overestimate barriténtials determined by the atom typesrbon or hydrogen
ers in association reactions. of atomsi andj, and that depend only on the distangg

In addition to lacking nonbonded interactons, the REBOP€ween the two atoms. Through its deggggence on the
potential also lacks a torsional potential for hindered rotatiorMany-body termby; , however, the value dEj;="" also de-
about single bonds. This has not prevented the potential froR€NdS on the position and chemical identity of atoms close to
being used to model small hydrocarbons or functional group&'€i=J bond. _
in the pas*3® However, an accurate representation of tor-  1he bj; bond-order term is the hallmark of a Tersoff-

sional interactions should allow these systems to be treatddfP€ Potential. A variety of chemical effects that affect the
with greater accuracy, and will also permit the study ofstrength of the covalent bonding interaction are all accounted

larger hydrocarbons. for in this term. Coordination numbers, bond angles, and

A potential is presented here that addresses these shofi@niugation effects all contribute to the strength of a particu-
comings in the REBO potential, in ways that improve uponIar bonding interaction in the REBO potential. For example,

earlier extensions to the REBO model. This new potentiafn® carbon—carbob;; term is larger between triply coordi-

has been developed for use in simulating reactivity innated (spj) carbon atoms than between quadruply coordi-
p°) carbons. This weights the attractive term more

condensed-phase systems where the REBO potential canrﬂﬁ‘tec_i S i )
be used, and can in principle be used for arbitrary hydrocarheav”y forsp? carbons, resulting in an increased strength for

bon systems. But the primary goal was to make progresgouble bonds. It should be emphasized that, despite this ef-

towards a fully reactive intermolecular potential, rather tharf€Ctive treatment of hybridization, the REBO model includes

to supplant the many existing potentials for modeling nonre0 explicit quantum mechanics. All descriptions of conjuga-
active hydrocarbons. tion or hybridization states are derived entirely from the sys-
Section Il reviews the REBO potential and details thel€M geometry; the simulations treat the electronic degrees of

modifications that were required to introduce nonbonded anf€edom in a purely empirical manner. A complete discus-

torsional interactions. The fitting procedure used to param$ion of the various contributions to thg term is deferred to
etrize the new potential is described in Sec. Ill. Section Ivthe appendix. Additional details can also be found in prior

H H 15117,18
discusses the structural and energetic properties that are ofiscussions of the REBO potentidl:

tained when the new model is applied to a variety of carbom ntermolecular interaction potential
and hydrocarbon systems, and Sec. V summarizes the novel . -
characteristics of the new potential and describes the situa- The REBQ potenyal IS very successful at descrikimg

tions in which it is expected to prove most useful. An appen_tramolecular interactions in carbon and hydrocarbon

. 5 . .
dix presents in compact form all of the equations necessar?‘at,e”alsl' Despite its many successes, however, the poten-
to describe the current model. lal includes no mechanism for treatimgermolecularinter-

actions. These include the dispersion and short-range repul-

VhJ(rij):4€ij

2

6
O-ij)

sion effects that give rise to many of the properties of

II. POTENTIAL liquids, polymers, and thin-film hydrocarbon materials. In

the current potential, the dispersion and intermolecular repul-
The potential described in this article is based on th%|on interactions are modeled with a Lennard-\]oﬂeﬁ

reactive empirical bond-order potential of Brenfi&r'®Be-  12_6 potential,

cause the new potential introduces nonbonded interactions

through an adaptive treatment of the intermolecular interac- aij 12

tions, it shall be referred to here as the adaptive intermolecu- (K) -

lar REBO potential AIREBO). The new portions of the po-

tential will be described below in detail. The covalent Although the repulsive wall of the 12—6 LJ interaction is

bonding contributions of the REBO potential are largely un-known to be too hard* this potential was chosen over com-

changed, and will be discussed only briefly. For a more expeting models such as an exp-6 potential due to its math-

haustive discussion of the development of the REBO potenematical convenience, small number of adjustable param-

tial, the reader is referred to the original autht¥8’8For  eters, and widespread use. The inaccuracies involved are

completeness, all of the equations and parameters necessapected to be quite small for most applications.

to fully implement the current model—including those that ~ The presence of intermolecular interactions raises sev-

are unchanged from the REBO model—are compiled in thesral difficulties in a reactive potential. Foremost among these

appendix. is the barrier formed by the steep repulsive wall of the LJ

As originally developed, the REBO potential is exclu- term, preventing nonbonded atoms from approaching close

sively short-ranged. Two atoms interact directly only if they enough to interact via the REBO potential. Clearly, the re-
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pulsive interactions must be diminished in certain circum- b—bi”j“”
stances to preserve the reactivity that is the key feature of the tp(bjj)= DT i (6)
REBO potential. Y "

A simple distance-dependent switch on the LJ interactonverts a REBO bond-order tetty) to a range suitable for
tion has been used by other auth®tsThis approach was use in the cubic spline switching functid®(t). When the
viewed to be inadequate, because it is incapable of accounrond order is large, indicating that covalent bonding will
ing for variations in the chemical environment. For example occur between the two atoms in questiopjs greater than
two hydrogen atoms at a particular separation may repel ongne and the repulsive LJ interactions will not be present. For
another if they are covalently bound to different moleculesjow values of the bond order, indicating that covalent bond-
yet may feel an attraction at the same distance as free radhg is not likely, the LJ interaction will be included to a
cals. To preserve the reactive character of the potential, th@ariable degree depending on the valuebgf. For suffi-
chemical characteristics of the system must be considered iglently low values of;; , the LJ repulsion will be undimin-
determining when to include or exclude the LJ interaction. jshed.

Three criteria were chosen to determine whether, and at The b term in Eq.(3) differs subtly from the terni;;
what distance, to switch off the LJ interaction. This dECiSionused in the REBO potentiaL The adaptive LJ interaction in
is made adaptively, depending dii: the distance separating Eq. (3) will typically be evaluated for pairs of atoms -
the pair of atoms in questiofij) the strength of any bonding  termoleculardistances. Because this separation typically ex-
interaction between them, afid ) the network of bonds con-  ceeds the covalent bonding distam*, the REBO ternb;;
necting them. In general, two atoms will feel a LJ repulsionjs not an accurate representation of the bond order between
at short distances only if they are not likely to form a chemi-atomsi andj. Consequently, the bond-order tebf in the

cal bond, and if they are not vicinél—4) neighbors in the nonbonded portions of the AIREBO potential represents a
same molecule. The complete mathematical expression fgfypothetical ly term that is evaluated aﬂ"”,
the LJ interaction between atomsndj is given by

ij

b =bjil,. —min. (7)
Ef’=S(t:(rij))S(t(bf ) Cy Vi (i) LRI
+[1_S(tr(rij))]cithJ(rij)v 3) The distances from at.omsind] to each of their neighbors
are assumed to remain unchanged when evaluafing
where$(t) is a universal switching function, The discussion above justifies the distance and bond-
S()=0(—1)+0(1)@(1—t)[1—t2(3—21)], 4) order switches that are applied to the LJ interaction. The

third criterion used in evaluating the contingent LJ potential
with ©(t) representing the Heaviside step function. Thejs a connectivity switch, represented By, in Eq. (3). Be-
switching functionS(t) is unity for t<0 and zero fot>1,  cause the interactions between first neighliars?) and sec-
switching smoothly between these two values at intermediatend neighborg1—3 are modeled very well by existing com-
t with a cubic spline. The function and its first derivative areponents of the REBO potential, all LJ interactions are
continuous at the endpoints of the switching region. excluded for atom pairs that constitute first or second neigh-
The distance between a pair of atoms affects the strengthors. Similarly, the 1—4 interactions are left to the dihedral-
of their LJ interaction through th8(t,(r;)) termin Eq.(3).  angle potential described below. This disregard of LJ inter-
The scaling functiort,(r;;), actions for closely bound neighbors is comparable to similar
p. —pLymin restrictions in molecular mechanics potentials, which treat
t(rj)= ﬁ] (5) bond stretches, an_gle ben_ds, and o!lhedral rotations separf'itely
rp o from nonbonded interactions. Unlike molecular mechanics
potentials, however, the reactive AIREBO potential allows
Whenr,, is greater tha"iL‘J max S(t,(r,,)) will be zero and the nont_)onded i_ntera_ctions to be turned smoothly on or off
the pair distance has no]impact on the LJ interaction Wherzwis bonding conflgurat_pns change. .
' The smooth transition from bonded to nonbonded inter-

r;<ri’™, on the other hand, the first term in EG) is . . . L :

J : . . actions as a molecule dissociates is implemented using bond-
nonzero, and the LJ interactions are contingent on the value\ﬁei ht termsw, (r;). The bond weightw; is a number
of the other two switching functions. g A gniwij

The switching regior{r™ ™ (L™ was chosen such betw_een zero and one, that_ is u_sed as an |nd!cat|o_n_ of the
that the minimum of the I_If] otélntial well remains un er_bondmg between atorisandj. This permits the identifica-
b PEI*ion of atom pairs as bondedw(j=1), nonbonded W;;

turbed from the unswitched interaction, and such that there is . . . .
e ) i ’ ; = L<1).
no artificial reaction barrier due to LJ repulsions at short 0), or partially dissociated (@w;;<1). Itis implemented

) . ) . ~..as a distance-based switching function that varies smoothl
distances when the LJ interactions are switched off. Wlthfrom one 1o 7ero over a covalgtlent bonding region y

these constraints, the switching region has its maximum

is used to rescale the domain of the switching functét).

width whenr’™=cy; andr’ ™=2%0;; . The choice of Wi (rij) =S (te(r;)) ®)
ri’ ™"=g; also has the advantage of guaranteeing that the
second derivative of the potential is continuous 'dt™". with
The second criterion that can affect the LJ interaction is [ _pmin
a bonding switch represented by tBgt,(bj})) term in Eq. te(rij) = n;JaX_ e 9)

(3). The scaling functiony(by;), Fij =i



J. Chem. Phys., Vol. 112, No. 14, 8 April 2000 Reactive potential for hydrocarbons 6475

The switching functionS'(t) is similar to the cubic spline ' ' ' ' '
function S(t), but is implemented as a cosine-based switch 1 ¥§$§

for compatibility with the original REBO potential,

08| |
S’(t)=®(—t)+®(t)®(1—t)%[1—1—005{711)]. (10

w
Lennard-Jones interactions are disabled for any ator™>
pair that is connected by a series of three or fewer bonds, an
partially disabled if the connection is via a series of partially
dissociated bonds. This is implemented using@fjeconnec-
tivity switch in Eq. 3, defined using the strongest series of
three or fewer bonds connectimgandj,

Cij=1—max{w;; (ri;),Wik(rix) Wi;(r;), VK 0 60 120 1(20) 240 300 360
o (deg

Wik (Fii) Wig (1) Wy (1), VK, 1 (11 _
) ) ) FIG. 1. Form of the atom-based dihedral-angle poter¥igb) and the
When atoms andj are neighbors, or are connected by resulting molecular torsional potentidi(w) for a single bond between

one or two intermediate neighbof;; is zero and there is no sp’-hybridized atoms with six identical substituents.

LJ interaction between the atoms. Thus the three criteria that

affect the strength of the LJ interactions are distance, bond

order, and connectivity. Reviewing the terms in E8). re-  The constants in this equation are chosen such that when the
veals that for the LJ interactions to be fully included, thetorsional interactions are summed over the nine dihedral
atom pair in question must not &,4) neighbors, and must angles in a bond between identically substituged carbons,
either be beyond a cutoff distance or have an unfavorabléhe overall molecular torsional potentidw) has the ex-
value of the bond order. Pairs that do not meet these criteripected threefold symmetry with a barrier heighteof

have LJ interactions which are partially diminished, or ab-

. 2
sent entirely. T(w)=3V(w)+ 3v( o+ ?) +3V

2
@73
1
B. Torsional interaction potential = 5 e[1+cos30)]. (14

The other new component of the AIREBO potential is aFjgure 1 illustrates the form of the novai(w) torsional
term dependent on dihedral angles. The original REBO popotential, as well as th&(w) combined form.

tential lacked any torsional interactions about single bonds,  Thjs particular functional form fok/'®'s results in a tor-

reflecting its original focus on network solids such as dia‘_sional potential which is even about its single minimum and
mond and small molecular fragments relevant to the chemisingle maximum. These features reflect the physical symme-
cal vapor deposition of diamond. With no barrier to rotationysjes of the repulsior(between atoms or bondghat is as-
about single bonds, however, the original REBO potential issmed to be the fundamental origin of the torsional potential.
poorly suited for the simulation of saturated hydrocarbonsrpese properties are shared by any even power ofut)s(
larger than methane. _ _ _ i.e.,V(w)=cos(w/2). Equation(14) can only be recovered
As with the nonbonded interactions, the reactive natur§yhen n=3, 4, or 5. In the current work, the form corre-

of the potential requires some maodifications to the convengponding ton=5 was chosen based on the relative size of
tional method of introducing torsional interactions. The usuakhe parriers inV(w) and T(w).

form® for the torsional potential is a cosine power series in The torsional potential given by E€L3) is implemented

the dihedral angle, in the AIREBO model for all dihedral angles in the system,
13 in proportion to the bond weights that contribute to the dihe-
V=52 Vi{1-(~1)*cogka)]. (12 dral angle,
k=1

The coefficientsV, are chosen for each individual molecule E‘Ofszgz z E E Wi (T ) Wi (T 1) Wi (T )

based on the relative energies and barriers to rotation. But in PFKEL]IFLLK

a reactive potential, these energies and barriers must change X VO wjy)- (15)

as the molecule undergoes chemical reactions. Therefore, it ) )

is preferable if the symmetry of the torsional potential arises! '€ Use of bond weights ensures that the torsional energy
naturally from the local coordination environment, rather@ssociated with a given dihedral angle will be removed

than being built into the parameter set. smoothly as any of the consituent bonds are broken.
This is accomplished in the current potential through the ~ There is at least one other study that has attempted to
use of a torsional potential with a single minimum, implement torsional potentials in a Tersoff-type motfeln

contrast to that work, the current model correctly predicts a
) i (13) barrier to rotation about homogeneously substitsgt-s p*
2/ 10/ bonds, and does not induce any angle-bending forces.

256
——cog?

tor: —
V@) =€ 758
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With the forms given above for the adaptive treatment of TABLE I. Switching function parameters in the AIREBO potential.
dispersion, intermolecular repulsion, and torsional interac-

. . . . Value
tions, the entire system energy is thus given by the expres-
sion Switch min max Equation
E = EREBO, LI ptors (16) fce 1.7 2.0 A6
' Fen 1.3 1.8 A6
with the various components of the energy given by the ru 11 17 A6
equations presented earlier and in the appendix. Nc 3.2 3.7 Al3
This completes the description of the new potential 2‘ 51 31 /AAllg
model. The following section discusses a particular param- roe (A) 17 20 A20
etrization suitable for condensed-phase hydrocarbons. But ., (A) 1.3 16 A20
the primary significance of the new model is that it extends r}, (A) 11 1.7 A20
the capabilities of current models. The methodology devel- rcc (A) oec 2% cc A24
i ; i el (B) o 28 A24
oped above is one of very few methods available for treating 'ct cH cH
; o . - . rk, (R) Trn 2Y80 A24
both chemical reactivity and intermolecular interactions b 0.77 0.81 A5
within the same system using a simple, empirical potential. bzﬁ 0.75 0.90 A5
(o 0.32 0.42 A25
IIl. FITTING PROCEDURE
Equation(16) describes a version of the REBO hydro- The values of these various parameters were chosen to

carbon potential with adaptive, intermolecular interactionsoptimize the fit to liquid-state hydrocarbon properties, while
This framework could be used to introduce long-ranged in{erturbing the properties of solid-state carbon polymorphs as
teractions into any potential of the Tersoff type, without little as possible. The procedure used to arrive at final param-
compromising the reactive character of the potential. As areter values was generally as follows. First, the valuemr}Hf
illustration of the capabilities of the new model, it is param-andbji®*were chosen to guarantee that repulsive LJ interac-
etrized here specifically for condensed-phase hydrocarbontions would only contribute between nonreactive species. By
To fully define the potential, values must be given for eachexamining molecules in a variety of geometries, it was found
of the parameters in the model. This section will describe théhat the modified bond ordésy,, [see Eq.(7)] for a single
fitting procedure used to obtain values for these parameterlydrogen atom approaching a methane molecule never ex-
for the current parametrization, and serves as an example foeeded 0.75. A¢,, value of 0.75 or lower is thus an indica-
future development of similar models. tion that no bond is likely to form between a given atom pair
In parametrizing the hydrocarbon AIREBO potential at closer distances. This is a system for which the repulsive
model, it was decided to preserve the REBO parameters dtteractions should always be present. Similarly, when a hy-
their original values whenever possible. This was done fodrogen atom approaches a methyl radi@aktase for which
several reasons. First, there is a large community of workerthe LJ repulsion should not be includethe value ofbg,, is
currently using the REBO potential, and this strategy mini-typically greater than 0.90. The valuestdf}} andbZ7 were
mizes the amount of work required to upgrade the potentialhus chosen to be 0.75 and 0.90, respectively. The values of
to include intermolecular effects. Second, the REBO potenb;|" and bjj® for other combinations of atom types were
tial provides an accurate description of covalent bonding irchosen in a similar fashion. Their values appear in Table I. In
carbon and hydrocarbon materials. Although introducing L3yeneral, the range betwebfi" andb{!®*was chosen to be as
terms without modifying the REBO parameters does perturbarge as possible, while still allowing full LJ repulsion be-
the properties of the model somewhat, the effects are smatlveen unreactive species and negligible repulsion between
in most systems where the REBO potential is applicableradicals.
Lennard-Jones interactions are typically on the order of The properties of the AIREBO model depend only
10" ?kcal/mol, whereas covalent bonding interactions areweakly on the exact width chosen for thg"—b"® switch-
more typically 18 kcal/mol. Because of this difference in ing range. Bond-order values in this range are typically only
energy scales between covalent and intermolecular interaencountered when bonds are in the process of breaking or
tions, the LJ contribution to the potential can be paramforming. Thus, the only system properties that depend criti-
etrized independently from the already well-parametrizectally on the values chosen are those related tadihm@amics
REBO terms. Similarly, torsional interactions, typically con- of bond dissociation or formation. While the energetics of
tributing on the order of 1 kcal/mol, are small perturbationscovalent bonding are amenable to study by empirical poten-
on the existing bonding terms, and can also be parametrizetthls such as REBO and AIREBO, the dynamic aspects of

independently. bonding are inherently quantum mechanical, and are beyond
The parameters that specify the LJ interactions includehe reach of these models.
oij ande;; , where the atom types represented tandj are In determining the LJ parametess; and€;;, only the

either carbon and hydrogen. In addition, values must also bromogeneous parameteris=(j) were taken to be indepen-
chosen for the switching function cutoffg'® andb;]"". The  dent parameters. The heterogeneous parametprand e;;

ri’ ™" andr ;' " cutoffs are not independent parameters, butare determined using the usual Lorentz—Berthelot combining
depend on the value af;; as discussed below E¢f). rules®’
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TABLE Il. Parameters for the AIREBO potential. All values except égr, TABLE Ill. Structural, mechanical, and energetic properties of diamond.
gij , andejcg are unchanged from the original REBO potential. All REBO properties have been recalculated by the current authors.
Value Property REBO AIREBO Experiment
Parameter CcC CH HH Eqn. rec (A) 1.544 1.540 1.5445
cy; (GPa 1070 1120(30) 10795)°
Qjj (AZ 0.313 460 0.340 776 0.370471 A3 ¢y, (GPa 120° 130120) 124(5)°
aij (A7Y 47465391  4.102 5498 3.5362986 A3 cus (GPA 790 770(20) 5782)°
Ai(jl)(eV) 10953.544  149.94099 32.817356 A3 Bond energy(kcal/mol) 169.0 171.1 170
Bi(jz) (eV) 12 388.792 32.355 187 29.632593 A7 A¢H g5 (kcal/mo) 057 055 0.45%
Bi (eV) 17.567065 - A7 Vacancy formatiorE (eV) 7.2 7.0 7.2
B (eV) 30.714932 - e A7
B (A™Y 47204523  1.434 4581 17158922 A7 aReference 62.
/3,(;2) (A™h  1.4332132 - A7 PReference 18and independently verified by the current authors
BY(A7Y) 13826913 - = A7 ‘Reference 63.
pij (A) : 1.09 0.7415887  Al4 ‘Reference 64.
€j (eV) 0.002 84 Veéccenn 0.001 50 A22 “Reference 43.
o (A) 3.40 T(occtouy) 265 A22
€icG (eV) 0.3079 0.1787 0.1250 A28

The torsional potential described by HG3) requires a
°Reference 18. barrier heighte to be specified for each of three different
types of dihedral anglesH-C-C-H, C-C-C-H, and
C-C-C-C. Thevalue of eyccy Was determined by fitting to
oij:%[a“Jra”], (170  the experimental barrier of 2.9 kcal/mol for dihedral-angle
rotation in ethané® The values ofecccy and eccec Were
chosen to reproduce the 3.4 kcal/mol torsional barrier in
€j = VEii €jj - (18 propane’® and the 0.90 kcal/mol energy difference between
the anti andgaucheforms of butané? respectively. The re-
sulting values ofejc¢; are given in Table 1.

and

Thus four LJ parametersecc, Ony, €cc, and
eyy—suffice to describe the intermolecular interactions.

Most potentials developed to describe condensed-phase
hydrocarbons make use of significantly more than four LJV- RESULTS
parameters. The parameters forsa®-hybridized carbon In characterizing the potential, we have chosen to com-
atom, for example, may differ from those ofs@® carbon.  pare the results to experiment, and to those produced by the
Molecular mechanics force fields carry this one step furtherREBO potential. There are certainly many other hydrocarbon
differentiating between different types of atoms based on th@otentials, many of which do an excellent job of predicting
identity of neighboring atoms. While such an approach ishe physical properties of condensed-phase
possible with the model used here, it is less straightforwarcthyolrocarboné_—10 In fact, most perform better than the cur-
than in nonreactive models. Reactivity can change the bondent potential. But the AIREBO potential was developed
ing environment of a given atom, so an implementation ofwith the aim of applying it in situations where reactivity is
coordination-dependent LJ parameters must be done in @ucial. Thus it is important to compare the potential to an-
way that allows the parameters to vary smoothly as bondsther reactive potential, of which the REBO model is cur-
are broken or formed. While certainly possible, such an aprently the most widely used.

roach was judged unnecessary for this initial implementa- . .

'Eon of the AIJREgBO model. g P A. Diamond and graphite

To determine the LJ parameters, a selection of properties The properties of solid diamond as simulated by both
of graphite and liquid hydrocarbons were chosen that depenB@EBO and AIREBO are summarized in Table Ill. For a net-
critically on the nature of the intermolecular interactions. Be-work solid such as diamond, the dispersion forces acting
cause the interlayer interactions in graphite are decoupledetween nonbonded atoms are universally attractive. When
almost completely from intralayer geometry changes, the intJ interactions are included in the AIREBO model without
terlayer separation of the graphite structure was taken as raodification of the REBO parameters, this causes a slight
convenient way to specify thercc parameter. Similarly, contraction in crystal lattice parameters. Consequently, the
onceocc was determined, thess elastic constant of graphite  AIREBO model predicts an equilibrium C—-C bond length
provided an unambiguous way of determining ¥ pa-  for diamond that is shorter than the REBO and experimental
rameter. values by 0.004 A. The torsional potential does not affect the

After the carbon LJ parameters were obtained, the hydiamond structure, because all dihedral angles are either
drogen LJ parameters were fit using the properties of liquidyaucheor anti.
methane and liquid ethane. By adjusting gy and ey Elastic constanttobtained by finite difference at 298) K
parameters, it was possible to obtain accurate fits to the ligare also slightly altered by the introduction of LJ interac-
uid structure of these two hydrocarbons and reasonable fits tions. At the equilibrium geometry, the increased compres-
their enthalpies of vaporization. The four LJ parameters thasive LJ forces are balanced by increased tensile covalent-
gave the best fit to this collection of experimental values ardonding forces, leading to slightly stiffer force constants and
listed in Table II. slightly larger elastic constants. Because the elastic constants
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TABLE V. Structural, mechanical, and energetic properties of graphite. " X-ray
_ o5 | AIREBO - |
Property REBO AIREBO Experiment : REBO —-
rec (A) 1.420 1.396 1.415 s |
r (A) 3.354 3.358
¢, (GPa 1060 1150 106020)° = 15| .
¢y, (GPa 150° 150 18@20)° T /
ci3 (GP3 e 10 155)° o /
Css (GPA 40 36.51.0° r
A guH 295 (kcal/mol) 170.2 172.3 17129
A ¢H 595(rhomb (kcal/mo)) 0 0.0006 0.144)2 05
Vacancy formatiorE (eV) 7.5 7.7 7.6
*Reference 62. 0

The experimentat, value was used in evaluating elastic constants for the 0 2 4 6 8 10 12

REBO model. rec (A)

‘Reference 65.

dc13=40 GPa at equilibrium geometry, 36 GPa at experimental geometry. FIG. 2. Carbon—carbon pair correlation functigac(r) for liquid methane

‘Reference 44. at 92 K. Curves represent results from x-ray diffractig®ef. 48, the
AIREBO model, and the REBO model.

of diamond were used explicitly in fitting the parameters quuoted above, the vacancy formation energy in diamond is
the original REBO potentidf; the agreement with experi- aiso given accurately by both models. This value is calcu-
ment is slightly worse for AIREBO. The overall fit is still |ated to be 7.0 eV with the AIREBO model, slighty changed
quite good. from the 7.2 eV predicted by the REBO model. The value
Both potentials correctly indicate that diamond is predicted by density functional theory is also 7.2 €\(The

slightly less stable than graphite, as indicated by the positivgacancy formation energy differs from the bond energy of
heats of formation. Both potentials also predict a bond enthe solid because it takes into account the relaxation of the
ergy (atomization energyat 298 K that is within approxi- solid following vacancy formatioh.For graphite, the va-
mately 1 kcal/mol of the experimental value of 170 kcal/mol.cancy formation energy is 7.7 eV under AIREBO, 7.5 eV

The properties of graphite, summarized in Table IV, nder REBO, and 7.6 eV by density functional thetty.
demonstrate the same trends as were observed in diamond.

The presence of attractive dispersion interactions shorte
the C—C bonds, in this case by 0.02 A. On the other hand,
the LJ potential gives the AIREBO model the capability to Although it does a respectable job of modeling extended
model the interaction between the graphite layers, which wasolids such as diamond and graphite, the AIREBO potential
completely absent in the REBO potential model. The interwas developed with molecular systems in mind. In particu-
layer separation of,=3.354 A was fit to the experimental lar, the goal was to obtain a potential that could be used for
value in determining the LJ parameters. simulations of reactions in condensed-phase hydrocarbon
Once again, the elastic constants that depend on covalegsystems, including liquids, polymers, and self-assembled
bonding interactions are made somewhat stiffer by the intromonolayers. Consequently, the structural and energetic prop-
duction of LJ interactions. But elastic constants involvingerties of several hydrocarbon liquids have been examined.
out-of-plane interactions now match experiment quite well.  The liquid-state properties were all calculated using mo-
These elastic constants are undefined in the REBO moddecular dynamics simulations with 128 molecules, with LJ
Overall, both empirical potentials do quite well in reproduc- interactions terminated beyondr3 Appropriate long-range
ing the experimental elastic constants of diamond and grapteorrections were applied to the energy to account for the
ite when compared to first-principles techniqd&$ cutoffs?® The equations of motion were integrated with the
The sublimation enthalpy for graphite is near the experi-velocity Verlet integrator and a simulation timestep of 0.5 fs.
mental value of 171.9 kcal/mol for both models. In addition, A generalized Langevin thermosttvas used to control the
the AIREBO model successfully predicts that the hexagonalemperature. The pressure was maintained at 1 bar using a
form of graphite(ABAB stacking is more stable than the Berendsen-style barostHt.

. Hydrocarbons

rhombohedral form{ABCABC), although the energy differ- One sensitive test of the dispersion and intermolecular
ence is substantially smaller than that observed experimemepulsions is the pair correlation function of the liquid. The
tally. pair correlation functiongcc(r) for methaneat 92 K) and

The central feature of the AIREBO model, as with theethane(at 105 K and 181 K that result from 100 ps of
REBO model, is its ability to model chemical reactions in ansimulation are shown in Figs. 2 and 3. The structures of
empirical manner. Because the new terms describing dispemethane at 92 K and ethane at 181 K were used in fitting the
sion, torsion, and intermolecular repulsion represent smalAIREBO model parameters, and the model is able to repro-
corrections to the energy for the bulk solid phases that theluce the experimental pair correlation functitt§ quite ac-
REBO potential was designed for, the bonding energies recurately. The REBO model, on the other hand, generates
main largely unchanged. Several representative examples diquids that are largely unstructured, with too many intermo-
listed in Tables Il and IV. In addition to the bond energy lecular pairs at close distances. This is due to the lack of
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4 T T T T T
X-ray ——
AIREBO — |

35 A 140 K

gcelr)

fec (A

rec (A)

FIG. 3. Carbon-carbon pair correlation functigge(r) for liquid ethane at ~ FIG. 5. Distinct intermolecular pair correlation functi@y(r) for liquid

105 K (top) and 181 K(bottom). The 181 K results have been displaced by butane at 140 Ktop) and 267 K(bottom). The 267 K results have been

2 units along the vertical. Curves represent results from x-ray diffractiondisplaced by 2 units along the vertical. Curves represent results from x-ray
(Ref. 49, the AIREBO model, and the REBO model. diffraction (Ref. 51 and the AIREBO model.

nonbonded interactions in the REBO potential, and was ongyne and neopentane. NonethelessGh&') pair correlation

of the prime motivations for the current work. functions may still be interpreted as a distribution of inter-
The structure of liquid ethane is correct not only at theqglecular C—C distances.

181 K temperaturénear boiling where the model was pa- The structure of each of the alkanes is largely satisfac-

rametrized, but also at 105 (Rear freeziny as shown in the tory. The peak locations are accurate, with the AIREBO

upper curve of Fig. 3. This is an indication that the potentialmodel generating liquids that are slightly too structured at

is transferable across a variety of conditions. _ high temperatures. In propagig. 4), the shoulder near 3.4
The structure of liquid alkanes not included in the fitting A is absent in the simulation results. This peak indicates the

procedure is also well reproduced by the AIREBO model.presence of C—C pairs that are closer than the distance of

Figures 4, 5, and 6 show the structure of propane, butangyosest intermolecular approach in each of the other hydro-

and neopentane at various temperatures. Because each @fhon fluids studied, with the exception of benzene. The

these molecules contain nonequivalent carbon atoms, the e¥rigin of this peak is not discussed in the experimental study,
perimental x-ray result8>?are reported as a combined pair pt is thought to be an artifa&t.

correlation functiorGg, which is not identical to the atom-— For liquid butane(Fig. 5), the C1-C4 intramolecular

atom pair correlation functiogqc that is usually calculated separations are included in tk&(r) curve, as in the experi-
from simulation. Thegcc pair correlation functions calcu- mental data analysi&. The gaucheconformer is responsible
lated here have been converted@g functions for propane,  for the peak near 3.1 A, while tranti conformer gives sepa-
butane, and neopentane, following N?ﬁéﬁh? difference  rations near 4.0 A, coincident with the closest intermolecular
betweengcc and Gy is small, but not insignificant, for bu- interactions. The AIREBO model predicts a smaller peak at

4 T T T T

X—tay ——

y
AIREBO

/ — )

0 2 4 6
e A

10 12

FIG. 4. Distinct intermolecular pair correlation functi@y(r) for liquid

diffraction (Ref. 50 and the AIREBO model.

35

X-ray ——

AIREBO

rec (A)

FIG. 6. Distinct intermolecular pair correlation functi@y for liquid neo-
propane at 92 Ktop) and 228 K(bottom). The 228 K results have been pentate at 256 Ktop) and 423 K(bottom). The 423 K results have been
displaced by 2 units along the vertical. Curves represent results from x-ragisplaced by 2 units along the vertical. Curves represent results from x-ray

diffraction (Ref. 52 and the AIREBO model.



6480 J. Chem. Phys., Vol. 112, No. 14, 8 April 2000 Stuart, Tutein, and Harrison

T T T T 'X—ray T TABLE V._ Hydrocarbo_n properties. Al H values correspond to the
AIREBO - boiling point of the liquid.
2 -
Property AIREBO Expt.
15 | Enthalpies of vaporizatiotkcal/mo):
Methane(111.65 K 2.3 2.6
=) Ethane(184.55 K 37 3.8
S 1°t Propaneg(231.05 K 5.0 4.3
Butane(272.65 K 5.2 5.4
05 Conformational energy differencékcal/mol):
EthaneAE* 2.9 2.9
; PropaneAE* 3.4 3.4
0 Hy e n-ButaneAE (gauche-anji 0.9 0.9
L L L . . L n-ButaneAE* (synclinal-ant 3.8 3.6
0 2 4 6 8 10 12 14 n-ButaneAE* (syn-ant) 75 5.2%
rec (A 2-ButeneAE (cis-tran3 1.1 1.0
2-MethylpropaneAE* 3.9 3.9
FIG. 7. Carbon—carbon pair correlation functigac for liquid ethylene at Methylcyclohexane\E (ax-eq 2.0 1.7%
106 K. Curves represent results from x-ray diffractidtef. 54 and the Bond enthalpiegkcal/mol:

AIREBO model. H—CH, 110.0 104.8
H—C,H; 98.0 100.3
H;,C—CH; 93.0 89.8
3.1 A than is seen experimentally, indicating that extended H,C=CH, 172.0 172.0

transform is sampled more frequently in the simulation thanageference 66.

in experiment. PReference 38.

For neopentanéFig. 6), the agreement is good at 256 K, ZReference 39.
and somewhat too structured at 423 K. The simulations dgseeffg:gzzg gg:
not reproduce the oscillatory nature of the experimental datageterence 6s.
which may represent Fourier artifacts from the experimentajReference 69.
data treatment. The peak me& A is thought to be signifi- :’Cited in Ref. 70.
cant, however, and appears as a very weak shoulder in thecerence 8.
simulation results.

Two unsaturated liquid hydrocarbons have been exam-
ined as well. Figure 7 shows thg-c pair correlation func- culated from the difference in internal energy for a single
tions for ethylene at 106 K that result from both simulationmolecule in the gas and liquid phases at the specified tem-
and experiment? The simulated liquid here is less ordered perature,
than the real fluid, with little structure evident beyond the 1
second solvation shell. The results for benzéFig. 8) are AygH=E%®- NE"q+RT. (19
similar: accurate locations for the multiple peaks in the first-
neighbor shell, but less structure than the experimentalftiata ~ The enthalpies of vaporization of liquid methane and
beyond the second shell. liquid ethane at their respective boiling points are reproduced

Energetic properties of liquid hydrocarbons have beersatisfactorily(to within several tenths of a kcal/mpbecause
calculated also. The enthalpy of vaporizatidneH, is cal-  these properties were used explicitly in the fitting procedure.

However, Table V demonstrates that the enthalpies of other

hydrocarbon liquids are predicted equally well. Due to the
ey lack of intermolecular interactions in the REBO potential,
AIREBO —— that model predicts liquid-state energies that are essentially
no different from the gas-phase energies, givig,H
~RT for all molecular liquids.

The observed densities of several hydrocarbon liquids
under 1 bar pressure are listed in Table VI. These include
each of the liquids and state points examined in Figs. 2
through 7, including several liquids at more than one tem-
perature. The average error in the density is 6.7%. This is
reasonable, especially given that the current model makes
i use of only four LJ parameters to control intermolecular in-

, , . , , . teractions. Density errors beneath 5% can be obtained by
0 2 4 6 8 10 12 14 increasing the number of LJ paramet&3®°’Errors as low
rec (A) as 1% can be achieved by force fields intended for use on
FIG. 8. Carbon—carbon pair correlation functigac for liquid benzene at SpeCIfIC sets of mOIe,Clees’ such as linear alkéﬁdsut the
298 K. Curves represent results from x-ray diffractigtef. 59 and the ~ LJ parameters used in these models would not be expected to
AIREBO model. be transferable to other classes of hydrocarbons or carbon

15 1

gccln
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TABLE VI. Liquid hydrocarbon densities, in g/ctn phases. The new potential overcomes the limitations of the
Liquid TK) AIREBO Expt® REBQ potential in studying systems with intermolecular in-
teractions.
Methane 92 0.477 0.453 In particular, the new potential has been designed for
E:EZQE igi g'gig g'ggj molecular systems such as liquid hydrocarbons and thin
Propane 92 0.685 0725 films. Structural and energetic properties _for a variety of
Propane 228 0.539 0.586 small hydrocarbon molecules compare quite well with ex-
Butane 140 0.692 0.726  periment. Further studies on self-assembled monolayers of
Butane 267 0.548 0606 hydrocarbon materials are also in progress, and are quite
Neopentane 256 0.601 0.633 encoura in§9'60
Neopentane 423 0.322 0.364 ging.""
Ethylene 106 0.631 0.655 ' The potential perfqrms adequately on sys'tems where t'he
Benzene 298 0.784 0.874 original REBO potential excelled. The density and elastic

constants for diamond are off by several percent from the
REBO potential, which is itself in good agreement with ex-
periment. This indicates that there are systems, such as bulk
diamond, for which REBO is still better suited. This is a
polytypes. Here we have aimed for a simple representation gesult of the parametrization procedure, in which it was de-
the intermolecular interactions that gives reasonable resulgided to leave as many REBO parameters as possible unal-
across a wide range of systems. tered. Presumably a thorough reparametrization of the REBO

Gas-phase hydrocarbon molecules are also modelgaortions of the potential would be able to correct these defi-
more accurately than they are with the REBO potential, du€iencies, resulting in a single potential that is appropriate for
to the presence of a dihedral-angle potential. The torsionahodeling chemical reactions over the full range of carbon
barriers and conformer energy differences for several smalnd hydrocarbon systems. Such a reparametrization could
molecules are listed in Table V. The 2.9 kcal/mol barrier toalso address other issues with both the REBO and AIREBO
rotation in ethan® is fit accurately because it was used to potentials. Originally, the REBO bonding potential was kept
determine theeyccy parameter used in EqL3). Similarly,  very short-ranged to prevent covalent bonding interactions
the 3.4 kcal/mol barrier in propafteand the 0.9 kcal/mol between nonneighboring atortisThis resulted in an exces-
energy differenc® between thegaucheand anti forms of  sively short-ranged potential, particularly for interactions
n-butane were used to determiagecy andeccec. The bar-  with surface€® While the introduction of LJ terms alleviates
rier heights in butane were not used in the fitting proceduresome aspects of this problem, the limited range of the cova-
however, and are accurately reproduced. lent bonding potential has not been addressed here. Now that

Conformational energy differences are listed for severah mechanism is in place to handle nonbonded interactions, a
other hydrocarbons in Table V. These include energy differreparametrization could include a lengthening of the covalent
ences in more congested single-bond rotations, ring substitiponding portion of the REBO potential.
tions, and geometric isomerism. In each of these cases, the Another possible improvement involves an implementa-
agreement with experiment is within several tenths of a kcaltion of coordination-dependent LJ parameters. An implemen-
mol. While certainly not a complete survey of conforma- tation involving switching functions to smoothly vary the LJ
tional energy differences, this sample suggests that thparameters with bonding environment is fairly straightfor-
AIREBO model can be expected to provide reasonable deward, but has not been attempted here.
scriptions of simple hydrocarbons. The AIREBO potential is able to reproduce the structure

As with diamond and graphite, the covalent bondingof alkane liquids quite accurately, at a number of different
properties of the model remain largely unperturbed after thetate points. The agreement with experiment is generally
introduction of nonbonded interactions. The C—H bond diS-quite good, although the high-temperature liquids are some-
sociation enthalpy at 298 K is 110 kcal/mol in methane andyhat too structured. The performance on the two unsaturated
98 kcal/mol in ethane using the AIREBO model, comparedhydrocarbons examined, while still reasonable, demonstrates
to experimental values of 105 and 100 kcal/mol,a noticeable lack of long-range order when compared with
respectively’® For C—C bonds, AIREBO predicts dissoca- experiment. This lack of long-ranged structure is quite pos-
tion enthalpies of 93 kcal/mol in ethane and 172 kcal/mol insibly due to the complete lack of electrostatic interactions in
ethylene, compared to experimental vafiiesf 90 and 172  the AIREBO model. These effects can often be ignored in
kcal/mol. In each case, the AIREBO and REBO results differsaturated hydrocarbons' but unsaturated systems have non-
from experiment by less than 5 kcal/mol. negligible bond dipoles and polarizabilities. The addition of

these electrostatic effects to the AIREBO potential would

clearly be useful, not only to improve the accuracy of the
V. DISCUSSION potential for unsaturated hydrocarbons, but also to enable

reactive simulations of systems containing heteroatoms.

The addition of torsion, dispersion, and nonbonded re- We have not undertaken a large-scale survey of hydro-
pulsion interactions to the REBO potential via an adaptivecarbon geometries and conformational energy differences, as
method has resulted in a new hydrocarbon potential that iexisting molecular mechanics potentials undoubtedly do a
suitable for studying reactivity in molecular condensedbetter job of reproducing these properties for most mol-

aReference 58.
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ecules. The intent was to introduce a realistic, reactive po- The REBO interaction is based on the form proposed by
tential that would be reasonably accurate for simple hydroTersoff!

carbons. Modern molecular mechanics potentials, for EREBO_\/R | 1 \/A (A2)
example, are typically accurate to within thousandths of an 1 U

angstrom in bond lengths, where the current potential is adn which repulsive and attractive contributions are combined
curate only to hundredths of an angstrom. With only threen a ratio determined by the bonding tet) .

parameters devoted to describing torsional interactions and The repulsive term has the form used by Brenffer,

four to the LJ interactions, rather than dozens of each in

molecular mechanics force fields, the AIREBO model will ViFfZWij(rij)
most likely fail in some manner for many exotic hydrocar-

bons. Nonetheless, it performs reasonably over a fairly broaghere the parametef3;; , A;;, anda;; depend on the atom
range of simple hydrocarbon species, and maintains as it§pesj andj. Values for these and all other potential param-

principal advantage an ability to treat bond dissocation angters are given in Table II. The;; term is a bond-weighting
formation. factor,

Although the AIREBO potential has been developed for )
cases where reactivity is relevant, the results presented here wij (rij) =S (te(rij)), (A4)

have concentrated on the structural and energetic propertiggat switches off the REBO interactions when the atom pairs

of a variety of systems. This is necessary to guarantee thaiceed typical bonding distances. The switching function

the wide range of nonreactive properties typically required ofgkes the form

a simulation potential are satisfied, in addition to the reactiv-

ity. While no dynamic properties have been considered here, S'(1)=0(—t)+0(t)@(1—t)3[1+cog wt)], (A5)

these will be consequences of the potential energy surface oo . L

predicted by the model. Furthermore, as indicated by thé/vhere_the swnghmg region for each type of bond is given by
L . scaling function,

results above, the LJ and torsion interactions are only small _

perturbations on the unmodified covalent bonding portions of =T

the potential, and alter their results only slightly. Thus, the te(rij) = p max_ min - (AB)

bond energies and barriers presented in Tables IlI, IV and V, o o o

together with the prior successes of the predecessor REBO The attractive pair interaction in E¢A2) is given by a

model*>1"2°~27provide some assurance that the model willtriple exponential,

Ajje it (A3)

1+ 2
rij

provide for realistic bond dissociation and formation dynam- 3

ics. Nonetheless, dynamic simulations involving bond disso- Vi/?: _Wij(rij)z Bi(jn)e*ﬁi(jn)rij, (A7)
ciation and formation have not been presented here, and are n=1

left to future studies. which is switched off smoothly for nonshort-ranged interac-

In summary, it is expected that the new AIREBO poten-jgns through the use of the bond weight.
tial should prove to be a useful addition to the computational  The by; term in Eq.(A2) specifies the “bond order” for
chemist’s arsenal, complementary to both the original REBQpe interaction between atorsand ],
and traditional molecular mechanics potentials. For carbon o o -
or hydrocarbon systems in which chemical reactions are of  Pij=z[pij" +pji" ]+ i + jj". (A8)
interest, and which require nonbonded interactions t0 b&js term is only roughly equivalent to the usual chemical
treated, the AIREBO potential provides an effective and aCtoncept of a bond order, and is simply a means of modifying

curate method of performing molecular simulations. the strength of a bond due to changes in the local environ-
ment. Theb;; term is larger for stronger bonds.
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Note thatp;j” is not necessarily equal f{” . Thepjj” term
depends on the bond anglég, between the; vector and
the vectors; to any other neighboring atoms.

The AIREBO potential can be represented by a sum over ~ The penalty functiory; imposes a cost on bonds that are
pairwise interactions, including covalent bondif@EBO)  t00 close to one another. Its functional form is a fifth-order
interactions, LJ terms, and torsion interactions: Spline. When the central atom is a carbon, the Spline also

1 depends on the local coordination number, defined as the

E= EREBO, gL, gtors | Al sum of the carbon-only and hydrogen-only coordination

E 2 ij ij 2 E K kijl ( ) numbers,

APPENDIX

29 & K1) 141,
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TABLE VII. Interpolation points for the quintic spling;(cosé) [cf. Egs.

(A9) and (A12)].

Reactive potential for hydrocarbons 6483

TABLE VIII. Interpolation points for the bicubic splin@ij(Nic,NiH) [cf.
Eqg. (A9)]. All values not listed, and all derivatives, are zero at integral
values ofNS andN!.

cosé gi dgild(cosh)  9%g;/d(cosb)?
c H
1. Nij Nij Pi
gd: -1 —0.010000 0.104 000 0.000 000
[Eq. (A12)] -2 0.028 207 0.131 443 0.140 229 Pcco(NT L N:
-1 0.052 804 0.170 000 0.370 000 0 2 —0.000 500
1 0097321  0.400000 1.98.000 2 i g-gllg ;gg
1 1. 2.83457 10.2647 T
00 000 345 0.26 1 ’ 0.006 326
g?: -1 —0.010000 0.104 000 0.000 000 2 0 —0.027 603
[Eq. (A12)] -2 0.028 207 0.131 443 0.140 229 2 1 0.003 180
-1 0.052 804 0.170 000 0.370 000 P (NC NH)-
£ cH( ij +Nij/-
-3 0.097 321 0.400 000 1.980 00 0 1 0.209 337
1 8.000 00 20.2436 43.9336 0 2 —0.064 450
0 3 —0.303 928
O -1 11.2357 0.000 000 115.115 1 0 0.010 000
: .
[Eq. (A9)] -8 12.5953 13.8543 32.3618 1 1 0125123
~1 16.8111 8.64123  —25.0617 1 2 ~0.298 905
1 19.9918 0.333013  —0.474189 2 0 -0.122 042
2 1 —0.300 529
3 0 —0.307 585
_NConH
Nij=Nij +Njj, (A10)
where The P;; term is a two-dimensional cubic splitten N
andN!!, whose coefficients are chosen to reproduce the val-
NC={ D ScWi(rin) | = 8iewi: (1) (A11) 1 . T ) . A
i 7| & “keTiki ik icWijtip/ ues ofP;; and its derivatives at the interpolation points listed

counts a carbon-only coordination number, wifj repre-

in Table VIII. These terms are included in the REBO model
to give accurate bond energies for small hydrocarbons. Al-

senting a Kronecker delta. The hydrogen-only coordinationhough most REBO parameters were not modified in devel-
numberNH is defined similarly(Note that the coordination oping the AIREBO model, th@;; values were modified at
number of atom, in the context of the—j bond, is defined  two points to counteract the additional torsion energies in the
so as to exclude the neighbprfrom the count. Using this  A|REBO potential for unsaturated systems such as ethylene
coordination number, the angle-bending penalty funcipn and graphite.

switches smoothly between a forgs” appropriate for cova- In addition to the covalent bonding interactions given by
lent compounds with low coordination and another f@l  Eq. (A9), the REBO potential also includes contributions to
suitable for highly coordinated bulk materials, the bond order from radical and conjugation effects. These
enter the potential through the(; term, which is a three-
dimensional cubic splirfé in the variablesN;;, N;;, and
Ni*™. The indicesN;; andNj; are the coordination numbers
defined in Eq(A10), andN{™" is a local measure of conju-
gation in thei—j bond,

gc(cosbji) =9 (cosbji)
+S' (tn(Ni)[GE)(cosbj) — gE(cosdy) 1.
(A12)
At intermediate values ofl, the switching functiors’ (ty)

provides for a smooth transition, wi® given by Eq.(A5), . ) 2
and the scaling functiohy given by NiY=1+ k;j OkcWik(Tik) S’ (teonf Nki))
Nij - Nir?in 2
(i) = ey (A13) + I;j SicW;i (rj)S (teon(Nip) | (A15)

The coefficients of they; fifth-order splines are determined . o

by the values of the function and its first two derivativesWith tconj SPECifying the range of coordination numbers under

specified at the interpolation points listed in Table VII. which a bond is assumed to be part of a radical or conjugated
The two remaining terms in EqA9) are small correc- N€twork:

tion factors. Theetik term is added to improve the potential

energy surface for abstraction of hydrogen atoms from hy-

drocarbons, with

N— Nmin
tconj(N) = NMax_ \min - (A16)
The NicjOnj variable, which is unity for nonconjugated
bonds and can be as high as nine in polyaromatic com-
= (Bjuprn T Sjcpen =T, (A14) pounds, is an empirical measure of unsaturation that is based
whered;; represents the Kronecker delta for atom typasd  entirely on coordination. The interpolation points for the
j. three-dimensional spline|j’ are provided in Table IX.

Njik =46iul (Sxupunt dkcpcH—Tik)
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TABLE IX. Interpolation points for tricubic spliner{i(N;; ,N;; N [cf. Eq. (A8)]. The function is symmet-
ric, so arji(Nji ,N;j ,N") = {F(N;; ,Nj; ,N). Only one of each symmetric pair of interpolation values is
listed. All other values and derivatives not listed are zero at integral valulig ofN;; , andN®"i.

N;; N;; N wf Il IN;; a1 IN;; il aNcen
!
0 0 =3 0.004 959 0 0 0
1 0 1 0.021 694 0 0 0
1 0 =2 0.004 959 0 0 0
1 1 1 0.052 500 0 0 0
1 1 2 —0.002 089 0 0 0
1 1 =3 —0.008 043 0 0 0
2 0 1 0.024 699 0 0 0
2 0 2 —0.005 971 0 0 0
2 0 =3 0.004 959 0 0 0
2 1 1 0.004825  —0.026 250 0 0
2 1 2 0.015 000 0 0 0
2 1 3 —0.010 000 0 0 0
2 1 4 —0.011 689 0 0 —0.010 022
2 1 5 -0.013378  —0.027 188 0 —0.010 022
2 1 6 -0.015067  —0.027 188 0 0
2 1 =7 —-0.015067  —0.027 188 0 0
2 2 1 0.047 225 0 0 0
2 2 2 0.011 000 0 0 0
2 2 3 0.019 853 0 0 0
2 2 4 0.016 544 0 0 —0.003 309
2 2 5 0.013235 0 0 —0.003 309
2 2 6 0.009 926 0 0 —0.003 309
2 2 7 0.006 618 0 0 —0.003 309
2 2 8 0.003 309 0 0 —0.003 309
3 0 1 —0.099 899 0 0 0
3 0 2 —0.099 899 0 0 0
3 0 =3 0.004 959 0 0 0
3 1 2 —0.062 418 0 0.037 545 0
3 1 =3 —0.062 418 0 0 0
3 2 1 —0.022 355 0 0 0
3 2 =2 —0.022 355 0 0.062 418 0
e
1 1 1 —0.050 000 0 0 0
1 1 2 —0.050 000 0 0 0
1 1 3 —0.300 000 0 0 0
1 1 =4 —0.050 000 0 0 0
2 0 =5 —0.004 524 0 0 0
2 1 2 —0.250 000 0 0 0
2 1 3 —0.250 000 0 0 0
3 1 1 —0.100 000 0 0 0
3 1 2 —0.125 000 0 0 0
3 1 3 —0.125 000 0 0 0
3 1 =4 —0.100 000 0 0 0
Ty
1 1 1 0.124 916 0 0 0

The remaining contribution to the bond ordgy is wﬂh. terpolation points given in Table X. The torsion anglg;,
This term imposes a penalty for rotation around multipleis defined in the usual way as the angle between the plane

bonds, defined by the vectors, andr;; and that defined by;; and
I'j| ,
dh— T (N N, ,N o) 2 2 (1-cof wyiif) TABLE X. Interpolation points for the tricubic spling;;(N;; ,N;; ,N°")
4 ! I ! K#1,j 1#1,] J [cf. Eq. (A17)]. Values not listed, and all derivatives, are zero at integral

values ofN;; , N;;, andNicjonj.

><Wi,k(rik)wjl| (r”)@(Sln( 0jik) _ Smin)

, N;; N; NG Tij
X O(sin(8j)—s™"). Al7
(sin6ijr) ) (AL7) 2 2 1 —0.035 140
2 2 ) —0.004 048

Here T;; is another three-dimensional cubic spline, with in-
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