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Determination of a methane intermolecular potential model for use
in molecular simulations from  ab initio calculations

Richard L. Rowley
Department of Chemical Engineering, Brigham Young University, Provo, Utah 84602

Tapani Pakkanen
Department of Chemistry, University of Joensuu, FIN-80101 Joensuu, Finland

(Received 27 July 1998; accepted 13 November 1998

The possibility of obtaining an accurate site-site potential model suitable for use in molecular
dynamics (MD) simulations of methane fromab initio calculations has been explored.
Counterpoise-correcte@CPCO), supermoleculeab initio energies at the MP2/6-331G(2df,2pd)

level were computed for eleven relative orientations of two methane molecules as a function of C-C
separation distance. C-C, C-H, and H-H interaction parameters in a pairwise-additive, site-site
potential model for rigid methane molecules were regressed fronalthaitio energies, and the
resultant model accurately reproduced tale initio energies. The model suggests that C-H
attractions are dominant in weakly binding the methane dimer. CPC energies for methane trimers,
tetramers, and a pentamer were also calculated at the same level. The results indicatetharthe
energy per pair of interactions monotonically converges with increasiriyt that the assumption

of pairwise additivity commonly used in MD simulations is reasonably valid. A limited number of
higher-level calculations using MP4/6-3t16(2df,2pd) and MP4/aug-cc-pVTZ were also
performed to investigate the possibility of obtaining the intermolecular potential model from higher
accuracy calculations without a substantial increase in computer resources. Results suggest that a
Ne-methane probe method is not useful in this regard, but that limited, high-level computations,
coupled with more extensive lower-level values, may be used to improve the model at minimal cost.
© 1999 American Institute of Physids$0021-960809)30207-3

I. INTRODUCTION Il. APPROACH
. A. Ab initio calculation of intermolecular potential
The accuracy of thermophysical property values ob-
tained from molecular dynamid#1D) simulations is prima- Early attempts to derive intermolecular potential param-
rily limited by the efficacy of the inter- and intramolecular eters fromab initio calculations focused necessarily on
potential used to model the fluid. It is therefore important torepulsions’* Repulsions can be calculated reliably even at
develop ways to obtain accurate intermolecular potentialdhe Hartree-FockHF) level. However, calculation of disper-

Recent successes in obtaining very accurate intermolecul§iOn forces requires post-HF treatment of electron correla-
potentials for dimers of inert gas molecules from post_t|on. Woon and Dunnimtf found that the major limitation in

Hartree-Fockab initio calculations using large basis sets in Qescrlblng weak interactions lies in t.he basis set rather than
conjunction with counterpoise correctiof@PQ for the ba- the treatment of electron correlation, as long agliéte
sis set superposition err¢BSSE are most encouraging in PlessetMP) perturbation theory is used with counterpoise-

. berp S . ging corrected(CPQ energies. Augmented correlation consistent
this regard. Application of those technigues to more comple asis setgaug-cc-pVX2 that contain a large number of po-
molfcules,hwhere relatlvg orle(;\(tjgt.lon IO fth de two mOIewIeﬁarization and diffuse functions were specifically developed
con US(?St_ ¢|ssue, requires a |t_|ona_ study. _ to improve the quality of calculated dispersion ener§ies.

While itis probable that sometime in the futuel initio o0 "y refers to the level of complete shell functions added
calculations of intermolecular potentials “on the fly”

! > Of Jter ! during {5 the basis set. A quite definitive study on pairs of inert gas
MD simulationg? will become feasible, the CPU demand of molecules using MP4/aug-cc-pVXZ showed that it is pos-

such a method suggests that preassigned potential modeligle to obtain very accurate potential energies for atoms
will continue to play a significant role in MD simulations for jnteracting through dispersion forcésnteratomic potentials
many years to come. In this work, we develop analyticalwere calculated for He-He, Ne-Ne and Ar-Ar dimers using
potential models for methane suitable for use in MD simulathe supermolecule approach with CPC energies, and the re-
tions from ab initio calculations. We also use the calcula- sults were in good agreement with the best known experi-
tions to examine the efficacy of atomic site-site interactiongmental values. The pair interactions were also studied as a
and pairwise additivity, two common assumptions made irfunction of MP perturbation order and basis set size. While
the analytical model potentials commonly used in MD simu-MP4 calculations with very large basis sésig-cc-pVTZ or
lations. aug-cc-pVQZ where Ftriple and G=quadruple) were re-
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quired for highly accurate potentials, calculations at MP2preferring to calculate the contribution of the internal modes
with smaller basis sets also produced reasonably reliable rérom statistical mechanics by assuming independence of vi-
sults. brational and translational modes.

Two distinct approaches to obtaining pair energies have Two major assumptions are inherent in the model used
been attempted. The computationally less expensive methad most MD simulations: pairwise additivity and the use of
uses a test particle, generally an inert gas atom, to probe thsite-site interactions to model the full intermolecular poten-
intermolecular potential between a molecule and the probeial energy'”*® Pairwise additivity assumes that the potential
The interaction energy obtained by this probing is then fittedenergy of moleculé is adequately approximated by a sum of
to an analytical pair potential. Generally the pair potential isisolated pair energies. Thus,

modeled as a sum of all site-site potentials using the N
Lennard-JoneslJ) equation for the site interactions. But, a Ui=2 Ui (1)
combining rule, which relates the cross or heterogeneous in- 7

teractions to the homogeneous interactions, must be assummereN is the number of molecules. This assumption is

in order to extract the site-site interaction parameters for th?/alid only if the pair interactions are independent of density:

molecular dimer from the calculated probe-moleculei_e_’ independent of the presence of other molecules in the

energle§. The more expensive method requires no SUChf uid. As it is expected that the remainiig—2 molecules do
assumption as energies are directly calculated for a dimer ffect the actual pair potential, we write

two identical molecules in different relative orientations, and

site-site parameters are derived from the resulting dimer N

energy?-15 U‘:; [Uj;+AU;(N)], 2
Using the atomic probe method, Hilldetermined that it :

was possible to derive reliable intermolecular potentiahere AU;(N) is the change induced in the isolated pair

model parameters based solely @i initio calculations. He ~Potential,U;; , by the presence of the othlr—2 molecules.

calculated MP2/aug-cc-pVTZ CPC energies for Ne-methane ~ The second, or site-site, assumption represents the dis-

pairs in various relative geometries in order to regress patance,r, and anglew, dependence of the isolated pair po-

rameters for a LJ-type analytical potential function. C-C andtential as a sum of site-site potentials, each of which is

H-H interaction parameters were regressed from the Ne-CsPherically symmetrical. Thus, the isolated pair potential be-

Ne-H, and Ne-Ne CP@b initio energies by using the LJ- tween molecules andj can be represented by

parameter combining rules suggested by Waldman and M N

Hagler™® The intermolecular potential parameters were con- Uij(r,w)= > U, 3

sistent with empirically derived values and produced proper- m=1n=1

ties in MD simulations that were at least as good as th@fvhereuﬂ‘” is the potential energy between site on mol-

empirically derived models. Metzger, Gerguson, andeculei and siten on moleculej. Such potential models are

Glauset® used the dimer approach with various semiempir-particularly convenient for MD simulations because the

ical and molecular mechanics models in addition toangle dependence of the model is included implicitly in the

MP2/6-311G(2,2p) ab initio calculations to determine various inter-site distances involved in the summation term
methane-methane interactions for four different orientationsef Eq. (3).

They found that the molecular mechanics methods were

qualitatively consistent with thab initio calculations, but

that the semiempirical methods produced incorrect results i€. Ab initio potential model approach
which the dimer was unbound. Previously, Novoa,
Whangbo, aqd W|II|arT1’§ used MP2 anq varlous'smalller.- ' for use in MD simulations of rigid methane molecules is
moderately-sized basis sets to determine the dissociation eHay

d librium dist £ th h di Whil eloped. The CPC dimab initio approach was used to
€rgy and equilibrnium distance ot the metnane dimer. €calculate potential energy as a function of relative orientation
prior HF calculations had predicted the dimer to be unbound

their MP2 it tv sh d the di 0 be b Cgnd C-C distance between the two methane molecules. The
eir results correctly showe € dimer 10 be bouNnQ.yc|ated dimer energies were then used to develop an ana-
with all the basis sets tested, and the dissociation energy

. i o . ) (?ytical potential model for methane consistent with the usual
the dimer was in q_uanutatlve agreement with expenmentall%rm of MD models as described above. In particular, site-
deduced values with MP2/6-311QI(2p). site model parameters for C-C, C-H, and H-H interactions
were determined directly from the potential energies ob-
tained from theab initio calculations.GAussIaN 94°1° was
used to perform all of the calculations.

The equilibrium geometry for a single, isolated methane

Current MD models are generally of the force-field va- molecule, constrained to Td symmetry and optimized with
riety with the potential represented as a sum of intra- andMP4/aug-cc-pVTZ, was used to model all methane mol-
intermolecular potentials. Because of the time scale differecules throughout this work. While geometry relaxation
ences between translation and vibration modes, MD simulacould be incorporated easily into the procedures used below,
tions often freeze internal modes, either assuming that theve are interested here in obtaining potential parameters for
internal modes do not contribute to the desired property othe rigid (fixed bond lengths and anglesnethane model

In this work, a methane site-site potential model suitable

B. Standard MD intermolecular potential model
assumptions
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TABLE |. Methane geometry from MP4/aug-cc-pVTZ. 0.6
Parameter Definition Value \ \ \ \ \
0.4
bcn C-H bond length 1.089 678 A -
Z HCH HCH bond angle 109.4712° [ EE\VE w
dychn dihedral angles 120°;+-120°

A

commonly used in MD simulations. Table | shows the meth- ] \ %w
ane geometry parameters obtained from the optimization. o2 | 7,,/‘

U / keal-mol”

Energy scans were performed on the methane-methant 21 \S
dimer using MP2/6-31%(2df,2pd). CPC energies were [
obtained as a function of C-C distance, relative to infinite = -04 +=———
separation, for each of 11 different relative orientations of 3.0 35 40 45 5.0 55 6.0
the two molecules. The relative orientations are depicted in C-C Distance / A
Fig. 1. For ease of discussion, each orientation is given @iG. 2. Potential energy of methane dimer for the main orientations. Points
two-letter acronym based on the approach of the two molareab initio calculations; lines are smoothed curves.
ecules, viewed as regular tetrahedrons. As depicted in the
inset to Fig. 1, the notation used refers to the verte, ( o o ]
edge €), and face F) of a regular tetrahedron with the C shown in Fig. 2; the variation in energy due to configura-
nucleus at the center of the tetrahedrod arH atom at each tional differences are shown in Fig. 3. Because of the inher-
vertex. Thus, the/V configuration is the head-on approach €nt high degree of symmetry in the methane dimer, the rela-
of two hydrogen atoms. Additionally, the rotation of one tive geometries for which we have performed calculations
methane molecule relative to the other around the axis ofOVer & large portion of unique dimer geometry. Our results
approach can vary from staggerést) to eclipsed(Ec) as &€ co.n_sistent. with the trends noteq'by Novoa}, thngbo,
shown in Fig. 1. We will refer to the six unique relative @nd Williamg*in that the relative stability of the dimers is in
orientations of the tetrahedrons in Ec conformation as maife orderFF>FE~VF>VE>EE>VV. Values of the en-
orientations and to the five additional relative orientations€’8y minima are also in agreement with the orientations for
studied here, involving rotation around the line of approachWhich they made calculations with the 6-311@(2p) basis
as conformational variations of the main orientations. ThisS€t: They report dissociation energies of 0.10 kcal/mol, 0.22
approach is similar to that used previously but a larger ~Kcal/mol, and 0.30 kcal/mol for th&'V(Ec), EE(St) and

basis set is used and a more complete set of orientations afé (St) orientations, respectively. These can be compared to
computed. 0.107 kcal/mol, 0.257 kcal/mol, and 0.334 kcal/mol for our

6-311+ G(2df,2pd) results for the same configurations. An
experimentally deduced, isotropic poterffaindicates that
the effective methane-methane energy minimum is approxi-
A. Methane dimers mately 0.4 kcal/mol at a C-C distance of 3.85 A. This disso-
ciation energy is slightly larger than that obtained for even
the most stablé-F(St) configuration, but the reported dis-

Ill. RESULTS

Potential energies obtained from the MP2/6-311
+(2df,2pd) calculations for the five main orientations are

0.6 :
Main Routes  Configurational Variations I
(Ec) (St 90°) (St 45°) [
0.4 -
. . . [ EE(45
W e e
. 3 02
VF e e e e g \\ \\\\
7 % ] L
. . o
”— o-n =2 3 EE(St] EE(Ec)
VE Z'/’ ~ 5 0.0
FF e [ \ \\\ et
: F FR(St)\ & FF(EC)
FE -0.2
N
7 e L
— O e
Vv Notational 3.0 3.5 4.0 4.5 5.0 5.5 6.0
‘ Inset C-C Distance / A
FIG. 3. Potential energy of configurational variations of main orientations.
[VV(Ec)/VV(St) andVF(Ec)/VF(St) pairs are omitted because the con-
figurational effect upon the energies is indistinguishgteints areab ini-
FIG. 1. Relative orientations of the dimer pairs. tio calculations; lines are smoothed curves.
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tance for the energy minimum is consistent with heafAly 2.0 n
weighted configurations. The relatively good agreement be- r
tween theab initio results and the experimentally deduced 15
potential suggests that the analytical model developed from |
these results should provide quality MD simulation results. : I\
E 1.0 : I \

B. Analytical site-site pair potential model ¢ o5 I

The reduction of thab initio pair potentials into site-site > I 3
potentials is not trivial. For any one orientation and C-C I N
distance, there are 16 H-H, eight C-H, and one C-C interac- %1 A'\\l MW
tion. Because bond distances are shorter than the distanc i .\’_“y
over which dispersion interactions occur, none of these in- 45 [. . P I RN . .
teractions dominate, and all 25 must be included in(Bgin 3.0 35 4.0 4.5 5.0 5.5 6.0
order to produce the overall potential described by the curves C-C Distance / A
in Figs. 2 and 3. Thu's, all potential parameters in the mOdeIl—'IG. 4. Comparison of intermolecular potential for methane dimers fibm
must be regressed simultaneously. initio calculations(symbolg and from site-site model fitted with Ed4)

Simultaneous regression of the C-C, C-H, and H-H po-lines. Symbols:®, VV; B, VE; ¢, FF(St); A, EE(Ec). Note: The Ec
tential parameters was attempted using various empiricagnd St variations o¥/V are indistinguishable.
analytical potential models. Candidate models included LJ
6-12, LJ 6-9, LJ 6-8-12, exp-6, exp-6,8, and a modified
Morse potential. The numbers in these models indicate thguite well defined, but the other two parameters are coupled.
powers on the dimensionless reciprocal site-site separatioft fact, r¢c could be fixed at a desired value and the other
distance. The modified Morse potential used was parameters in the model could be reregressed without a great

mn . 12 loss in accuracy of the remaining fit. This is the meaning of

Ui N =—em1-{1-exd—Ani(r —rm i), 4 the large estimated standard deviation associated with that
where e, Amn, and ¥ are adjustable parameters. The parameter. It should also be noted, that this model is not
LJ-x and expx models had difficulties in adequately model- intended for extrapolation to very short dimer separations for
ing the wide orientational variation of the potential energyrepulsions in excess of 100 kcal/mol, where the H-H repul-
observed in Figs. 2 and 3. While all of the models can beSive potential in Eq(4) can become unphysically attractive
used to fit the intermolecular potential of any one route, non@gain. We chose to optimize the potential over the dimer
of those used except E¢4) adequately described the ener- separation ranges that would occur in normal MD simula-
gies of all eleven routes simultaneously within the frame-tions. Should shorter pair separations ever be required, addi-
work of the site-site and pairwise additivity assumptions. Totional ab initio energies should be included in the regression
reduce the range of energies that these simple models afé @ new model.
required to fit, large molecule-molecule repulsions that typi- ~ Figures 4 and 5 show that the overall fit with the simple,
cally would not be observed in a MD simulation with ad- analytical, site-site, modified-Morse potential is reasonably
equately short time steps were not included in the data regood and could be used in MD simulations with rigid bonds
gression. This also helped prevent bias of the fitted equations
toward the repulsions because of the dominant magnitudes of
the repulsion potentialéhence their squared residuals in the 20T \

regressionin this region. We chose to include alb initio [
values below+ 3 kcal/mol in the regression. In all, 146 en- 154
ergies from all eleven orientations were included in the re- :,\\'

gression. The nonlinear, least-squares program utilized founc - [
a unigque minimum with an average absolute residual of 0.083 101 p
kcal/mol. Comparison of theb initio and fitted Morse- = [ \\\
potential energies are shown in Figs. 4 and 5, and the best-fi£ 05

parameters obtained for E@l) are given in Table Il. > I X{v
The parameters in Table Il should only be used as a i * .
complete set because there is still some coupling between th 0.0 ¢
parameters. This is perhaps most easily seen from the est i

Ny T
* A
mation of the parameter standard deviatidotained from 05 :, A M N

numerical sensitivity coefficientdisted in parentheses be- 3.0 35 4.0 45 5.0 55 6.0
low the value in Table Il. Note that the fit is quite sensitive to C-C Distance / A

the values of the C-C and H-H parameters, but is relatively G5 C _ Fint ecular potential f thane di ab

. . _ . .2. Comparison of intermolecular potential for methane dimers m
insensitive to the C C pgrameters. We a}ssume, that thIS fEﬁitio calculations(symbolg and from site-site model fitted with Ed4)
because the C-C interactions are essentially shielded in glines. symbols;®, VF; B, EE(St); ®, FF(Ec); A, FE. Note: The Ec

orientations by the hydrogen atoms. The valué\g§ is still and St variations o¥/F are indistinguishable.

m
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TABLE Il. Best-fit parameters for the modified morse potential, . 0.6 -
Values in parentheses are estimated standard deviations of the parameters. \ : \
0.5 :
Parameter C-C C-H H-H r \ : \
0.4 1 :
(@) MP2/6-311G(2df,2pd) \\ :
e/kcal mol™® 0.03714 0.12706 —5.93403 T 03\t
(0.103 (0.050 (219 N \\ '-. \
AR 1.25450 1.45976 3.39527 % 0244\
(0.263 (0.309 (0.352 £ : \ \
r*/A 4.63470 2.95597 1.27724 S 01+ ‘-“ - - I
(16.9 (0.333 (0.157 S H’}\i"—
(b) MP4/aug-cc-pVTZ 0.0 ¢ S S
e/kcal mol ™t 0.01793 0.09080 —18.936 F \\C-H——\. il
(0.006 (0.005 (3.83 0.1 1
AR 0.7544 1.6594 6.4206 5
(0.059 (0.031 (0.329 “0:2 o e
r*/A 4.63470 3.4220 1.3951 20 25 30 35 40 45 5.0’ 55 6.0
(0.039 (0.002 Fo | A

FIG. 6. Site-site potentials obtained from dimer energies calculated using
MP2/6-311+G(2df,2pd) (solid lines and MP4/aug-cc-pVTZ(dotted
lines).
and angles, hopefully with improvement in multiproperty
and thermodynamic state independence. However, some lose
of fine-structure detail in the model can be observed in thdnteractions should be primarily repulsive in nature while the
transition region between repulsion and attraction. Thougfttractive potential is primarily supplied by the C-H disper-
probably not warranted for calculations at this level of theorySIOn.
and basis set size, more complex potentials could be devel- A similar conclusion can be drawn from a plot of the
oped to capture this fine structure. For example, the dispesite-site, modified Morse model regressed from the

sion coefficient<C;, defined by molecule-molecule energies. Figure (§olid lineg shows
that the C-H interaction dominates the attraction between the
U gispmn= — %, (5) molgcules. It yviII pe recgl_led that the mollecule-r.nolecule po-
’ M mn tential was fairly insensitive to the C-C interactions, and so

can be regressed for the C-C, C-H, and H-H interactionéhere is less certainty about the attractive nature of those

using only the clearly attractive potential values. In our Caselnteractlons. But, cl'early the H_H Interactions are .nearly neu-
all the ab initio values for which C-C distances are greaterfral in the normal dispersion region, and the C-H interactions
than 4.0 A were fitted to Eq5). Whereas the ordering of the are the dominant attractive potentials. This seems quite logi-

energies with respect to orientations was not completel)(;ﬁI S'Tﬁet i)r?thcel?ctro_stat_lc _f]!_eld and Multl_|ke|n pr? pula(t;onsd
matched by Eq.(4), regression of pure dispersion coeffi- show that the L atom IS signiticantly negatively charged an

cients was found to correlate well the relative orientation an he H atoms are positively charged. Evidently, the Coulom-

configuration dependence of the dispersion potential. Like- ic repulsion and dispersion attracFio_n tend .to c_ancgl in the
wise, if only the data that are dominated by large repulsivecase of the hydrogen atoms as their interaction is fairly neu-
’ ;]al. The potentially significant C-C dispersion attraction is

terms are included in the regression, one obtains excellerli dentl derated by the | Coulombi
fits of the repulsive potentials. We find that a simple expo-a S0 evidently moderated by the fonger range Loulombic re-
nential repulsive term pulsion of the like-charged C atoms. But, the induced attrac-
tive charges and electron correlation combine in the case of
Urepmn=B exp(—Dr ), (6)  C-H interactions, producing the dominant attraction between

wherem and n can be C or H, adequately describes thethe two methane molecules. The dominance of this interac-
strongly repulsive potential from 5 kcal/mol to several hun-tion is particularly evident when it is remembered that there

dred kcal/mol. Parameters obtained for the dispersion an@'® €ight C-H interactions in the dimer and only one C-C.
repulsive potentials are also shown in Table Il. It is inter- | N€ 8:1 ratio of C-H to C-C interactions, coupled with the

esting to note that this analysis predicts that the C-C and H-Hpct that the C-C distance is generally always larger than the
dominant C-H or H-H separations, also helps explain the
relative insensitivity of the molecule-molecule interactions to

the C-C parameters.
TABLE llI. Dispersion coefficient§Eq. (5)] and repulsive exponential pa-
rameters [Eq. (6)] regressed from appropriate portions of the

MP2/6-31G(2df,2pd) data. C. Multibody interactions

Parameter c-C C-H H-H The validity of the molecular pairwise additivity as-
P—— sumption, Eq(1), can be directly tested withb initio cal-
Cg/kcal A® mol —3959 815.9 —87.32 lati f th th | | As sh .
B/kcal mol-X 12505 2742 849.2 culations of three or more methane molecules. As shown in
D/A-1 — 25829 35955 —3.4782 Eg. (2), each actual pair potential can be thought of as the
isolated pair potential plus a correction term for the effect of
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TABLE IV. Relative orientations of clusters showing the type of cluster, the 15

corresponding label in Fig. 7, the fixed base to which e molecule is

added, the orientation of moleculs and the axis along which the distance

of moleculeN is varied.

1.0

Cluster N Fig. 7 Fixed base Moled\ Axis [

Trimerl 3 A FF(St) F(St) -y - |

Trimer2 3 B FF(St) V(St) -y @ 05

Trimer3 3 c FF(St) F(Ec) +X g [

Tetramerl 4 D Trimerl F(St) +y §

Tetramer2 4 E Trimerl F -z = F

Pentamer 5 F Tetramerl  F -z S 00r

L e s a4
, _ _ 05 BPCE e

the otherN—2 molecules upon that pair potential. The im- -

portance of the pair nonadditivity term was studied by per-
forming MP2/6-31% G(2df,2pd) energy calculations of o

N-mers or clusters dfl molecules. In each casd—~1 meth-
ane molecules were fixed in a nearly optimal configuration
and the energy of thél-molecule cluster was calculated as
the Nth molecule was brought into the cluster along a path of G- 8. Trimerl CPC energy calculated from clustéy), pairwise additive
fixed relative orientation. Table IV shows the five clusterPo!€Nialst—). and the pair site-site potential model given in &6). ()
orientations studied, each involving three to five methane
molecules. Also shown in Table IV is the rigitl— 1, base
cluster used for each energy scan. For trimers, the base was shown in Fig. 7. The distance between the dimer center
the FF(St) pair with the C-C distance fixed at 3.8 A, corre- and the C atom of this third methane was also fixed at 3.8 A,
sponding to theFF(St) optimum pair geometry. The tet- again corresponding to a minimum in energy for Trimerl.
ramer base, Trimerl, was the-(St) base along thg-axis ~ The pentamer base, Tetramerl, was Trimerl with a methane
with the dimer center at the origimarked with an X in Fig. in F(St) orientation added in the y direction, again with
7) and a third methane in&(St) orientation on the-y axis  the distance between the C atom and the cluster center fixed
at 3.8 A, approximately corresponding to the minimum en-
ergy for Tetramerl.

30 34 38 42 46 50 54 58 62
C-X Distance / A

\ An energy scan was performed as thth molecule ap-
—-(+>L -(—x—)L proached the rigid base cluster along the orientations shown
v in Table IV and Fig. 7. The solid lines in Fig. 7 are intended
& to illustrate the base while the dotted line indicates the direc-
T ,L tion of the energy scan for thidth molecule. Additionally,
CPC energies for each binary pair of molecules in the cluster
(A) (B) were computed. The BSSE for the clusters was corrected
using a counterpoise correction for themer. To perform
J\ this correction, the energy of each methane monomer, with

i the supermolecule basis set available to it, was calculated in
\ )_ : )_ the same configuration as for the supermolecule, but all
J(\+)'L - J(T - methane molecules except the monomer were replaced with
e “ghost” methane molecules. In general, the CPC energy
was found from

() (D) N
UN-mer cPC UN.mer—g1 Ui(M;,Gy_1), @)

/L whereU;(M,,Gy_1) represents the energy calculated for a
' )_ \ cluster of the same configuration as themer, but with all
J( i| 1 '( 1)'/’ molecules except replaced with “ghost” methane mol-
‘ \)» ‘ ecules.
Results of the cluster calculations were compared with
corresponding values for the sum of the pair potentials in the
(E) (F) cluster. Figure 8 illustrates the agreement between the actual
F1G. 7. Confiaurat . laive 1o origin(X) for (A) Trimerd (8 Trimerl energies, pairwise additive pair potentials, and the
Trimer2, (‘(’:r)' '?:;fe'gjs(g) ?;:;ﬁ]:r'i’&;’ ?(L'ngerz?r;n &F)r'?:r:téé]gr. pairwise additive site-site model developed in this work. The

Solid line represents base cluster; dotted line shows the approach mththe distances shown on the abscissa are _bgtween the C atom in
molecule. the Nth methane molecule and the origin, or center of the
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0.005 T ) ; TABLE V. CP-corrected pair energies obtained for Ne-methane and Ne-Ne
. ‘ i dimers using MP4/aug-cc-pVTZ.
C NLE I
0.000 —% Fec! U(MP2)/ U(MP3)/ U(MP4y/
- [ Trit — . L 4 Tetrl Orientation A kcal mol™® kcal mol® kcal mol®
% -0.005 i / ot R e Tetr2
g . = Pent Ne-V 3.206 1.2109 1.1604 1.0971
& / 3.736 0.0072 -0.0114 -0.0393
2 o004 A /L | |- — 4.265 —0.0645 —0.0699 -0.0818
= ’ 4.794 -0.0382 —0.0398 —0.0450
i 5.323 -0.0199 —0.0204 —0.0229
0015 1 i 5.852  —0.0106 -0.0108 -0.0120
r / 6.381 —0.0060 —0.0060 —0.0067
0020 Lo Ne-F 2.646 1.7963 1.7525 1.6636
30 35 40 45 50 55 6.0 2.911 0.4084 0.3756 0.3137
X Distance / A 3.175 -0.0143 —0.0309 -0.0733
- Distance 3.440 -0.1097 -0.1173 -0.1457
FIG. 9. Deviation of cluster potential from pairwise additivity per pair for 3.704 —0.1077 —0.1109 —0.1299
Trimerl (-A-), Trimer2 (—A—-), Trimer3 (—), Tetramerl(-[-), Tet- 3.969 —0.0843 —0.0854 —0.0981
ramer2(—M-), and Pentamef—*-). 4.233 —0.0613 —0.0616 —0.0701
Ne-E 2.800 1.8315 1.7601 1.6804
3.320 0.0420 0.0195  —0.0182
. 3.840 -0.0881 -0.0938 -0.1109
cluster. As can b_e seen, the energies of Fhe cIusFer agree 4.360 —0.0551 —0.0564 —0.0641
reasonably well with both the sum of the pair potentials and 4.880 -0.0289 —0.0290 —0.0327
the site-site analytical model. As the clusters were generally 5.400 -0.0154 —0.0154 —0.0172
built from a base cluster in which the molecules were located Ne-Ne zzg‘:g 01~21797 01-20817 ;-2(’(?:87
in potential well minima, the results would be expected to ' 2544 2111 '

. LT " 2.920 0.0156 —0.0026 -0.0105
pertain to liquid-like densities. The results therefore suggest 3.180 . 0.0334 00410 _0.0488
that nonpairwise additivity errors for liquid simulations are 3.440 —0.0350 -0.0382 —0.0444
generally small, but not insignificant. In our case, it is evi- 3.700 -0.0272 —-0.0286 —-0.0332
dent from Fig. 8 that the nonadditivity error is smaller than 3.960 —0.0194 —0.0201 —0.0233
the inaccuracy of the parameterized intermolecular potential, 4.220 —0.0136 —0.0139 —00162

. . ) ) 4.480 —0.0095 —0.0097 -0.0113
but it cou!d.tlmecome an important consideration as more ac- 4.740 . 0.0067 00068 10,0080
curateab initio potential models are developed. 5.000 —0.0048 —0.0049 —0.0057

The difference between the cluster potential and the suns
of the pair potentials per pair is shown in Fig. 9. The devia-
tions from pairwise additivity indicate a distinct orientation
dependence. Trimerl shows larger deviations than Trimer
in the repulsive region, but both are quite small in the attrac
tive region. Trimer3, with molecules oriented in a line, is
insignificant over the entire range. Pair nonadditivity isdiMer results reported here. _
larger for the asymmetrical configuration of Tetramer2 than 10 this end, MP4/aug-cc-pVTZ calculations of Ne-
for the symmetrical orientation of Tetramerl, presumablyMethane dimer energies were calculated as a function of
because of partial cancellation of the multibody effect by thd\€-C distances, again along fixed relative orientations. The
symmetry of the opposing molecules in the cluster. Interest®PC €nergies calculated are given in Table V. The MP2

ingly, the results suggest that deviations per pair of interac[e_ﬁullgS were vt;rtually |<;ient|carl1l to the redsults reportled %y
tions converge monotonically with increasing cluster size Hill- 7~ As can be seen from the MP3 and MP4 results, the

While, it is not clear whether the second coordination shelfigher level of theory tends to shift the potential to lower
of molecules would continue this trend or ameliorate the€N€rdies, making it more attractive in nature as electron cor-
effects of the first shell, the results for Trimer3 suggest thaf€/ations are handled better. Similar calculations were per-

the second shell may have little effect on the previous pairg?'Med for the Ne-Ne dimer for data reduction purposes, and
those results are also reported in Table V.

D. Neon-methane probe The trade-off for the time savings obtained by using the

The molecule-molecule energy scans that we have used® Probe approach is a lack of rigor in extracting the

to obtain a model intermolecular potential suitable for use ifMéthane-methane potential from the Ne-methane energies.
MD simulations are expensive due to the large number of llowing the procedure used by Hit the LJ type potential

; ; 21
orientations possible, the large basis set requirement, the neS€d in the CFF93 force field modd;
cessity of using post-HF methods for treating electron corre- 2(@)9_3(&)6 Ann Bmn
rmn rmn

lation, and the need to do BSEE corrections. While contin- ~ U{"=€p, =19 6 (8)
ued development of computational algorithms will help mn. o mn

decrease the time requirements associated with individuabas used to regress the Ne-C and Ne-H interaction param-
energy calculations, the number of possible orientations andters from the data in Table V. The two forms shown in Eq.
electrons associated with larger molecules currently posé) are equivalent, and the relation between the two sets of

§mitations to this approach for larger molecules. It is there-
fore worthwhile to further investigate the more inexpensive
atom-probe approach for its accuracy in comparison to the
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parameters is given by Hilt In order to obtain C-C and 18 < \
H-H interactions from the probe results, a combining rule 16 f“‘ B
must be assumed. The combining rules proposed by Wald- 14 £ A
man and Haglet® PPy 1o
2 oE 1Y
chnf i | SE RN
o= (20— i)™ enm=—"| 55| » (9 NER:
€ \ F'mnml nn ‘f-’ 06 _ \\\ \\
were used by Hill to compute the C-C and H-H parameters = o4 +——\ \
P [ Ne-F Ne-E \ Ne_V
from the Ne-C and Ne-H values, and a similar procedure was 02+ \'
followed here. Hill found that initial attempts tp fit the car- 00 ¢ NS ST —— i
bon and hydrogen parameters at the same time yielded pa- 02 e A e
rameters that were not physically reasonable. Regression of 26 30 35 40 45 50 55 60
our data using the second form of H§) also gave a nega- Ne-C Distance / A

tive \_/alue forBne-ts WhiCh yields unrealistic parameters in fig. 10. comparison of MPab initio results(points with fitted pairwise
the first form. We believe the reason for the apparent probadditive interatomic potentialdines) for the NeV (M), Ne-E (@), and

lem is with the form of Eq(8) and the methodology associ- Ne-F (A) orientations.

ated with the Ne probe approach. To avoid physically unre-

alistic model parameters, Hill assumed that energies for the

Ne-V route were dominated by the Ne-H interaction and thascribe the electrostatic atom-atom interactions in the dimer,

those for the NeF route were dominated by the Ne-C inter- hor can they be properly accounted for with an ad hoc com-

action. This allowed the Ne-H parameters to be regresse@ining rule. This is also the likely explanation as to why Eq.

independently from the N&- data and the Ne-C parameters (8) was found to adequately fit the calculated Ne;Gier-

to be regressed solely from the Neroute. However, this ~gies but not the calculated dimer energies.

assumption is incompatible with the pair-wise additivity as- ~ The interatomic potentials obtained from the MP4 Ne-

sumption used in MD simulations. This is particularly true Probe data are given in Table VI. Figure 10 shows that the

for the NeF route in which the Ne-H interactions contribute three routes are fit well using the site-site model of &).

as significantly to the potential as the Ne-C interaction. Welhe interatomic pair potentials that result from this proce-

therefore chose to force physically significant parameters bglure are compared with the results obtained by Hill in Fig.

fixing one parameter and regressing the remaining three frorhl. The C-C interaction is less attractive than Hill's MP2

the data. As the parametet in Eq. (8) is the location of the results and the H-H potential is three times as deep, but of

potential minimum and physically represents an interactiorshorter range. The discrepancy illustrates the sensitivity of

size, we fixed the value af* for Ne-H at 3.000 A to corre- the resultant potentials to assumptions in the regression pro-

spond with the approximate location of the minimum foundcedure. Additionally, both potential models indicate attrac-

for the NeV route. The geometry of this route places the Netions between the hydrogen atoms, which our dimer results

and H atoms head-to-head such that the diameters of the twid!OW to be incorrect. Based @b initio dimer results, No-

atoms should dominate the location of the potential mini-voa, Whangbo, and William$ suggested that orientations

mum. with more H-H contacts were energetically favored. This
An additional problem associated with the atomic probestatement is consistent with our dimer results th&torien-

method is the omission of the actual electrostatic distributioations are more energetically favored thav, but this does

implicit in the dimer approach. As discussed above, the at-

tractive nature of the C-H interactions and the neutral or

repulsive nature of the H-H interactions found in this study 04T TAH T TeHI T o
are easily explained in terms of the calculated electrostatic 03 : b
charge distribution. Interactions between partially charged 1 \ : \ \
atoms and the neutral atomic probe do not adequately de- 02 & ‘ (Y
"o : \
R A
TABLE VI. Interatomic pair-potential parameters obtained from the MP4/ = \
Q N N
aug-pVTZ results. x 007 TS
> b \ S /
This work (MP4) Hill® (MP2) 0.1 4
Pair e/kcal-mol™* r</A elkcal-mol™* r/A o2 4 \ |
Ne-Ne 0.0634 3.337 0.0583 3.378 |
Ne-C 0.0205 4.192 0.0359 4.005 0.3
Ne-H 0.0541 3 0.0491 3.183 15 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5
c-C 0.0149 45998 0.0374 4.3489 Fom | A
C-H 0.0105 4.1035 0.0237 3.9292
H-H 0.2303 2.0634 0.0506 2.8994 FIG. 11. Comparison of site-site potentials obtained from Ne-@kbbe
calculations regressed as described in fertid line) and from Hill (Ref.
%Reference 11. 11) (dotted lines.
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not infer that H-H interactions are attractive. The same trends 0.10 ¢ \
are explained by the strongly attractive C-H interactions 0.05 : ¥ WV(Ee)
found from the more rigorous methane dimer study. We be- _ | f}\
lieve that the reliance on ad hoc combining rules such as & 0.00 '-\
those in Eq.(9) constrains the regression such that the im- § -0.05 £ /g,/ﬂ/
plied physics obtained for the site-site model are wrong. This £ : 1/ )
statement is supported by the inability of the Ne probe 5 010 s » N
method to obtain physically significant parameters when en- -0.15 £ o
ergies from all orientations were simultaneously regressed, 020 £ AL foissins
and the disparity shown in Fig. 11. Although the probe 40 44 48 52 56 60 64 68
method greatly reduces computer resource requirements, it is ¢-C Distance / A
of questionable value.
IV. GENERALIZATION OF THE APPROACH 222 E FF‘(Ec)

It seems clear from the dimer and Ne probe studies that 0.40 -
potential energies for use in MD simulations can be calcu- l: T A\
lated using dimers of the molecules. It is possible that small ~ § 020 T~
fragments of larger molecules can be used in the dimer cal- :s: 0.00 + ®)
culations to provide information for the potential of the 5 o004+ \ /f r’”’
larger molecules. For example, the intermolecular potentials T Ny
developed here may be appropriate for methyl groups in -040 1 8
larger hydrocarbon molecules, and we are in the process of B L e e E e
testing this idea. Even so, the required computer resources 30 34 38 42 46 50 54
are large. C-C Distance / A

The methodology developed here is applicable to higher
levels of theory and larger basis sets. Even more accurate 2.40 ‘
potentials can be obtained by this method as computer z_oog EE(SY
speeds and quantum computational algorithms improve. =, 160 £ | _|
Woon' found that MP4/aug-cc-pVTZ was required to yield ® a0 k\ |
high-accuracy potentials for inert gas dimers to within a few < O F \ ©
percent of experimental values. While we were able to carry § 0.80 £ \ ‘
out the Ne-methane study at this level, we do not have the 2 040 ¢
resources at this time to develop as thoroughly as described 0.00 ¢
above the methane pair potential with this large of a basis -0.40 ¥
set. However, we were able to perform a limited study of the 32 36 40 44 48 52 56
effects of MP level and basis set size upon the dimer poten- C-C Distance / A

tial. Calculations at five separation distances were repeatgds 15 pimer energies fovV(Ec), FE(Ec), andEE(St) configurations
for each of theVV(Ec), FF(Ec), andEE(St) orientations  for 6-311+ G(2df,2pd) (solid symbols and lineand aug-cc-pVTZopen
using MP3/6-31+G(2df,2pd), MP4/6-311G(2df,2pd), symbolg basis sets using MP@ine, O), MP3 (l,0J), and MP4(A,A).
MP2/aug-cc-pVTZ, MP3/aug-cc-pVTZ, and MP4/aug-cc-
pVTZ. The results are shown in comparison with the previ-
ous MP2/6-31%G(2df,2pd) results in Fig. 12. —0.40, and—0.47 kcal/mol for thevV, EE, andFF orien-

Both Fig. 12 and our results in the Ne probe study showtations, respectively. These values are in excellent agreement
a decrease in energy with increasing level of correlatiorwith the previously mentioned, experimental, isotropic po-
treatment. Interestingly, this trend is sometimes monotonigential minimum of—0.4 kcal/mol.
with MP2>MP3>MP4, but more often follows the trend Often scaling is employed to correct for finite basis size
MP3>MP2>MP4. Woor found similarly that dimer poten- or limited theory level. In this case the scaling factor would
tial energies followed the former trend for He and Ne dimersdepend upon the configuration as well as the separation dis-
but the latter trend for Ar dimers. In all cases, the MP4tance. Rather than attempt a scaling of the complete
results were lower than MP2 for the same basis set. ThMP2/6-311G(2df,2pd) potential curves to the small num-
difference between the MP2 and MP3 results is generallyper of MP4/aug-cc-pVTZ potentials calculated, we have sim-
small. The difference between the MP2 and MP4 results iply done a reregression of the MP4/aug-cc-pVTZ data using
larger, mainly due to the triple calculations in the MP4 cal-the site-site  model developed from the MP2/6-311
culation, and fairly independent of the basis set. +G(2df,2pd) potentials. These do not constitute a large

Increased basis set size lowers the energy more thamumber of data points or orientations with which to do the
does increased level of correlation treatment. The most subvegression, but the final MP4/aug-cc-pVTZ potential curves
stantial decrease in energy is for the FF configuratimoste  can be compared with the MP2/6-31G(2df,2pd) curves
the change in scale for the three figyrékhe minima in the to visually ensure that the observed scaling effects occurred
MP4/aug-cc-pVTZ potentials are approximately0.19,  via the regression and that the relative energies of the various
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orientations agree with the more complete MP2/6-311parameters for like sites is questionable. They also suggest
+G(2df,2pd) results. This is a way of using the completed that the use of such combining rules in the test-probe method
smaller basis set work to guide the fit of a small number ofmakes that method considerably less accurate than the dimer
more expensive calculations. The results of this procedur@pproach.

are shown in Fig. dotted line$ and the parameters ob- We have also repeated a small number of calculations of
tained for the MP4/aug-cc-pVTZ potentials are given inCPC dimer energies using MP4/aug-cc-pVTZ for three of
Table Il along with the parameters derived from thethe eleven orientations. These were used to examine the de-
MP2/6-31H1G(2df,2pd) results. Because such a limited pendence of the calculated energies on level of theory and
data set was available for regression, thevalue for C-C(to basis set size. Basis set size was more significant than level
which the data is fairly insensitivewas retained from the of theory, but both tend to lower the energy. The minima in
MP2/6-311+G(2df,2pd) fit. The limited diversity of the the potential energies obtained from these results were in
configurations is also why the standard deviations compute@xcellent agreement with the experimentally determined, iso-
by the regression program appear smaller than the previodgopic potential minimum for methane. These energies were
fit. The essential features in Fig. 6 are similar for both po-also used to upgrade the potential model for the higher level
tential models; the C-H interactions are attractive and thé&f theory and larger basis set. We plan to use the newly
H-H interactions are neutral. Interestingly, the C-H attractivedeveloped analytical models in the future to extensively
well is slightly shallower even though the overall MP4/aug-study the fluid properties of these models, as obtained from
cc-pVTZ pair potential is more attractive. This results fromMD simulations, in comparison to all available methane
the smaller distance over which H-H repulsions occur. As thélata.

regression of these MP4/aug-cc-pVTZ site potentials was
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