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Interaction energy surfaces of small hydrocarbon molecules

Jukka-Pekka Jalkanen and Tapani A. Pakkanen®
Department of Chemistry, University of Joensuu, FIN-80101 Joensuu, Finland

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

(Received 12 August 2002; accepted 3 December 2002

Nonbonding interactions of small alkane molecules were studiedakiihitio methods. Previously
reported energy data for ethane and propane dimers were supplemented with 1747 new
configurations of dimers involving slightly larger hydrocarbons. The completed work provides
interaction energy surfaces for all combinations of dimer pairs involving ethane, propane, isobutane,
and neopentane and thus contains information of all chemical groups found in acyclic alkanes. The
strongest attraction of the studied molecule pairs was encountered in isobytagien€r, where an
energy minimum of—1.784 kcalmol® at 4.28 A separation of centermost carbon atoms was
observed. The composite data set was fitted with a modified Morse pair potential energy function
representing each interatomic C-C, C—H, and H-H interaction for easy transfer to molecular
dynamics simulation programs. The new generic parameter set was shown to descaibénitie

data for these small alkane molecules with good accuracy. Qualitative comparisons with previously
reported potential models were also made, and the relative capability of the models to reproduce
quantum-chemical potential energy surfaces was investigated20@ American Institute of
Physics. [DOI: 10.1063/1.1540106

I. INTRODUCTION pair potential models. In both of these methods, the pair
Accurate description of dispersion interactions is Chal_potenual parameters are adjusted to reproduce experimental

lenging because their effects are often masked by Strong&)eagurements of thermophysical properties or vapor—liquid
Coulombic forces. Noble gases and saturated hydrocarbor‘f?‘?x's,tencfa data. However, thgse methods producg averaged
are good examples of molecules in which there are no stronar indirect |nfprmat|on of effectl\./e.multlbody potentials that
polar interactions permitting direct determination of theC@n be density dependent. Building an accurate model de-
weaker van der Waals forces. Electron correlation betweegCribing the multidimensional energy surfaces is difficult if
these molecules produces a temporary fluctuation of charge@sed solely on this datAb initio methods offer a detailed,
distribution, which is primarily responsible for the attraction "gidly controlled approach to study these effects. Using
of hydrocarbon molecules. This spatial distribution of elec-duantum chemistry, one can study the potential energy sur-
trons changes as other atoms come in close proximity, and faces of varying sizes at an arbitrary orientation yielding a
depends on the number and type of interacting atoms. The&ore comprehensive picture of phenomena arising from in-
dispersion energy is therefore dependent on the relative orfermolecular interactions. In contrast to simulation methods,
entation of the interacting molecules, as illustrated in outhe quantum-chemistry approach yields a true pair potential
earlier work on propane dimers. This orientational depen-consisting only of interactions between two molecules. This
dence is missed if the molecular potential surface is probegrovides a clear opportunity to eventually add multibody in-
with a single atom, e.g., with a noble gas atom. While ateractions in a systematic way and eliminate effective poten-
probe—atom approach reduces the spatial dimensionality dfals that are state dependent.
the problem, there is no guarantee that the resulting descrip- In the last few yearsab initio studies of weak, nonbond-
tion of the interactions represents those between two hydrdng intermolecular potentials of various hydrocarbon mol-
carbon molecules. We choose instead to use pairs of the testules have been published. The rapid increase in computer
molecules in order to avoid assumptions about the nature gfower has facilitated the study of various hydrocarbon sys-
the probe—molecule interaction and its relationship to thaems ranging from small alkane¥=2’ and acyclic
true dimer interaction. melectron systen€ 2128732 to aromatic rings up to
Intermolecular phenomena can be studied experimenanthracené®3?-*°but most studies of larger molecules are
tally, for example, by studying crystal structufésor using still restricted to highly symmetric orientations in which the
spectroscopic methodesee, e.g., Ref. 4, and referencesyse of symmetry decreases the computational cost signifi-
therein. A popular computational approach to this problemcantly. In this article we present potential energy surfaces of
has been to use Monte Cafttd® or molecular dynamics isoputane and neopentane dimers and their combinations
simulations* to compute macroscopic properties based ofyith each other as well as ethane and propane. We extend the
work done previously with ethafreand propanktdimers to
3Electronic mail: tapani.pakkanen@joensuu. fi cover ten different molecule pairs. Our aim is to create a
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TABLE |I. Isobutane structural parameters.

Bond Bond lengthA) Angle Angle (deg Dihedral Dihedral anglédeg
C3-C1 1.5233 C3-Cl-Ha 108.3016 Hb-C3-Cl-Ha 60.409
Hc-C3 1.0915 Hb-C3-C1 111.3894 Hc-C3-Cl-Ha 180.0
Hb-C3 1.0898 Hc-C3-C1 110.0835 Point group C3v
Ha-C1 1.0935

general potential model, which is suitable for description ofactions of alkane® Various authors have reported informa-
nonbonding interactions of alkanes. We report 1747 newtion on the performance of different computational methods
configurations and regress a simple pair potential model thatnd basis sets. Description of dispersion interactions with
is able to reproduce owb initio results with good accuracy. Hartree—Fock and density functional methods has been
shown to be insufficiento1929414%and a more rigorous ap-
Il. COMPUTATIONAL DETAILS proach is necessary. Capturing the dispersion interactions of
hydrocarbons requires the inclusion of electron correlation,
the genesis of dispersion attractions. The present work was
Our work concentrated on interactions between smaltione with the 6-31% G(2df,2pd) basis set and second or-
saturated hydrocarbons. In particular, we have computed emler Mgller—Plesset perturbation theofyIP2) using both
ergies for all the pair combinations of neopentane, isobutanesAussIAN 942 andGAUSSIAN 98** At the MP2 level, most of
propane, and ethari®IPE) molecules as a function of posi- the correlation effects are accounted for and introduction of
tion and relative orientation. We do this with the intent of computationally heavier method#P4(SDTQ), CCSOT),
representing the resultant spatially complex potential energZISD) do not significantly affect the intermolecular attrac-
surface as a sum of simple, spherically symmetric, intertion of alkanes>20232644yhile MP2 produces a good de-
atomic potential functions. Each atomic potential center isscription of alkane intermolecular behavior it reportedly
assumed to be located at the center of the atom and to lverestimates the  attraction of some  aromatic
unique for each bond environment. Thus, in a s@kbup(x  systemg838454However, use of electron correlation intro-
ranging from O to 3 there can be three types of H centersduces a strong dependency between the resultant interaction
and four types of C centers based on the bond environmengnergy and the basis set size. Several papers address the
If one excludes induction effects from neighboring atoms,effect of basis set size on interaction energy used in conjunc-
the ten NIPE dimer combinations represent the smallest cokion with various electron correlation methotds?123:26:41
lection of hydrocarbons that contain complete informationCounterpoise correcti6hwas applied to all computed dimer
about all of the interatomic interactions found in alkanes. Ainteraction energies to account for basis set superposition
more detailed description of the types of different interac-error.
tions is described in Fig. 1 of the Supplementary Data sec-
tion of Ref. 40.

A. Selected data set

C. Molecular geometries

B. Method and basis set Molecular geometries were obtained by running
. ] ) ) MP2/6-31H G(2df,2pd) optimization of all hydrocarbon

The selection of computational method is crucial for ob-onomers studied. These fixed geometries, electron correla-
taining the most reliable description of intermolecular inter-tjo, method, and basis set were used throughout this work
for all dimer calculations. Structural properties of isobutane
and neopentane are given in Tables | and Il. The same ethane
and propane structures were used as described in Refs. 1 and
25. For ease of discussion of different dimer orientations,
each molecule is divided into vertices, edges, and faces.
These geometrical constructs, defined in Figs. 1-4, involve
points, lines, and planes defined by the outermost hydrogen
atoms in the molecules. The different combinations of faces,
edges, and vertices are designated as main routes.

TABLE Il. Neopentane structural parameters.

Bond Dihedral
length Angle angle
Bond A) Angle (deg Dihedral (deg

C3-CO0 15257 C3-C0-C3 109.4712 C3-C0-C3-C3  120.0
FIG. 1. EthanéE) monomer labeling. Faces and edges are named after theic3—-Ha 1.0908 Ha-C3-C0O 110.8753 Ha-C3-C0-C3 60.0
vertices. The Eaas edge is between the two faces, the Eaal-edge is between Point group Td
hydrogen atoms on the different methyl group.
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FIG. 2. PropangP) monomer labeling. Faces and edges are named after
their vertices. Pab edge is between Pabc and Pabb faces, Pac edge between
Pabc and Pacc faces, Pbc edge between Pbcc and Pabc faces, Pbb eddel@ 4. NeopentanéN) monomer labeling. Faces and edges are named after
between the two Hb atoms, Pccs-edge is between the two Hc atoms on tfi@eir vertices. Naas-edge is between Ha atoms on the same methyl group,
same methyl group, and Pccl-edge is between the two Hc atoms on differefaal edge is between Ha atoms on different methyl groups.

methyl groups.

midpoint of the vertices forming the face. Faces and edges
The first letter of any route name designates the molare held perpendicular to each other. Intermolecular distances

ecule and subsequent letters identify the orientation in term&! ©rientations for propane, isobutane, and neopentane are
of these geometrical constructs. In some cases, there is arg\VayS measured as a separation of centermost carbons. In
biguity between two different planes or edges consisting the case 'of ethane, distances are measured relative to the
the same type of hydrogen atoms. These are differentiated 5Nl Point of the carbon—carbon bond.
introducing a letter s for the small plaier ;hort in the case . RESULTS AND DISCUSSION
of an edgg or 1 for the large planéor long in the case of an
edge (see Figs. 1-¥ A complete scan of the potential en- Previously reported data for ethane and propane dimer
ergy surface would also include intermolecular rotation ofpotential energy surfaces were used in conjunction with the
one monomer relative to the other along the approach axis agesults reported here for configurations of larger alkanes.
the two molecules. Rotation of monomer about the approacRropane and ethane dimer data reported in Refs. 1 and 25
axis has a large effect on dimer interaction energy for somavere used in conjunction with energy data of other combi-
of the routes studied, but little effect on others. Rotation isnations of the NIPE set. To simplify the presentation of a
included on route names with a number, signaling the interlarge amount of numerical data describing the calculated po-
molecular dihedral angle. As an example of the naming systential energy surfaces, each dimer route was fitted to the
tem used in this work we consider the route labbs-labbs 180nodified Morse potential,
This name corresponds to two small isobutane abb-faces in-  _ .«
teracting, rotated 180° about the intermolecular axis. Inter- E=—el-{1-exp i bl @)
molecular approach axes intercept vertices along the C—lkhdependently of each other. This procedure gives an accu-
bond, edges at the center points of the edge, and faces at thate description of the interaction energy curve as a function
of intermolecular distance. The complete numerical data set
consisting of all calculated dimer energies at various inter-
Ha molecular distances is available from the authors upon re-
guest. Parameters of this fitting are given in Table Ill. Epsi-
lon in the second column of Table Il indicates the depth of
the attractive potential well. A large epsilon indicates a large
attractive interaction. ParametAr(third column character-
izes the steepness of the potential energy curve where a large
value denotes a steep curve. Parameteffourth column
identifies the separation distance at the energy minimum of
two molecules at that specific orientation. The fifth column
shows the quality of the least-squareg(iital mol )? of the
MP2 data points.

Metzger et al!* used AM1 and PM3 semiempirical
methods to study neopentane and methane dimer interaction
energies and compared these to MP2/6-31132) ab ini-
tio results. Some of the semiempirical methods were found

FIG. 3. Isobutandl) monomer labeling. Faces and edges are named aftefO yield unrealistic beha\{ior as pgrt of the énergy curves
their vertices. lab-edge is between the labbl and labbs faces. turned over to less repulsive energies at shorter intermolecu-

Downloaded 16 Sep 2009 to 128.187.0.164. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



“
Q
TABLE lIl. Parameters fomb initio curves, obtained by doing a least-squares fit to (). SSR stands for sum of squared residualgkiral mol )2, %
T
€ A r* SSR € A r* SSR € A r* SSR =3
Route (kcalmoly) (A7} A (kcal molt)? Route (kcalmor™)  (A™Y R (kcal mol1)? Route (kcalmoly) (A7} A (kcal mol )2 :
Pb-Ea 0.317 1.459 5.026 0.002 Naal-Eaal 1.226 1.347 4.606 0.006 Naaaa-Pbc 1.116 1.448 5.077 0.02%'
Pb-Eaal 0.747 1.484 4.090 0.022 Naal-Eaaas 0.751 1.433 5.497 0.005 Naaaa-Pbb 1.052 1.343 4.601 0.0@
Pb-Eaaas 0.518 1.453 4.845 0.002 Naal-Eaaal 0.933 1.409 4.897 0.007 Naaaa-Pb 1.054 1.297 4.774 0.0%6
Pab-Ea 0.596 1.405 4.486 0.001 Naaal-Eaal 0.946 1.412 4.833 0.009 ©
Pab-Eaal 1.042 1.477 3.969 0.004 Naaal-Eaaas 0.928 1.358 5.253 0.004 la-la 0.685 1.401 4.499 0.008
Pab-Eaaas 0.651 1.520 4.756 0.004 Naaal-Eaaal 1.124 1.365 4.695 0.007 la-la 180 0.694 1.399 4.495 0.008
Pbb-Ea 0.442 1.459 4.624 0.001 Naaaa-Eaal 1.076 1.369 4.729 0.008 Iccc-lccc O 0.969 1.443 5.691 O.OZg4
Pbb-Eaal 0.581 1.411 4.136 0.003 Naaaa-Eaaas 0.752 1.439 5.449 0.004 Iccc-Iccc 180 1.298 1.240 5.334 0.08
Pbb-Eaaas 0.522 1.504 4.631 0.003 Naaaa-Eaaal 0.976 1.408 4.875 0.007 la-lccc O 1.379 1.264 4541 0.068
Pabb-Ea 0.568 1.358 4.483 0.001 la-lccc 180 1.335 1.224 4.533 0.006 N
Pabb-Eaal 1.062 1.466 3.910 0.004 Pb-la 0.540 1.422 4.562 0.009 lab-lab 0 1.135 1.440 4.356 0.018
Pabb-Eaaas 0.681 1.510 4.700 0.004 Pbb-la 0.707 1.416 4.182 0.010 lab-lab 90 1.458 1.462 4.238 0.028
Pab-la 1.163 1.441 4.112 0.013 labbs-labbs 0 0.968 1.473 4.558 0.014
Ea-la 0.429 1.498 4931 0.008 Pabb-la 0.984 1.393 3.973 0.010 labbs-labbs 180 1.309 1.570 4,725 0.024
Ea-lab 0.759 1.405 4.500 0.005 Pb-lab 0.987 1.407 4.206 0.011 labbl-labbl 0 1.240 1.483 4.301 0.017
Ea-labbs 0.706 1.445 4.655 0.007 Pbb-lab 0.849 1.408 4,186 0.012 labbl-labbl 180 1.784 1.493 4.282 0.033
Ea-labbl 0.908 1.360 4.335 0.005 Pab-lab 1.025 1.538 4.578 0.023
Ea-lccc 0.723 1.279 5.085 0.002 Pabb-lab 1.021 1.546 4.257 0.021 Naaaa-la 1.348 1.281 4.702 0.009
Eaas-la 0.559 1.427 4.871 0.004 Pb-labbs 0.858 1.429 4.441 0.011 Naaaa-lab 1.183 1.410 5.114 0.016
Eaas-lab 0.687 1.506 4.864 0.010 Pbb-labbs 0.838 1.462 4.307 0.010 Naaaa-labbs 1.114 1.451 5.207 0.019
Eaas-labbs 0.681 1.502 4.970 0.007 Pab-labbs 0.954 1.476 4.354 0.014 Naaaa-labbl 1.381 1.411 4,985 0.024
Eaas-labbl 0.865 1.453 4.689 0.009 Pabb-labbs 0.863 1.591 4.510 0.019 Naaal-la 1.446 1.268 4.556 0.010
Eaas-Iccc 0.761 1.350 5.320 0.005 Naaal-lab 1.290 1.368 4,953 0.015
Eaal-la 0.910 1.393 4.064 0.007 Naal-Pabc 0.952 1.447 5.274 0.014 Naaal-labbs 1.112 1.391 5.197 0.015
Eaal-lab 1.231 1.558 2.801 0.014 Naal-Pbcc 1.186 1.458 5.053 0.023 Naaal-labbl 1.138 1.399 5.110 0.017
Eaal-labbs 0.901 1.525 4.430 0.014 Naal-Pabb 1.125 1.360 4.683 0.011 Naaal-la 1.103 1.262 4.854 0.007
Eaal-labbl 1.070 1.505 4.184 0.023 Naal-Pab 0.772 1.458 5.240 0.014 Naal-lab 1.018 1.430 5.244 0.018
Eaal-Iccc 0.933 1.426 4.816 0.016 Naal-Pbc 0.871 1.437 5.249 0.015 Naal-labbs 1.065 1.431 5.285 0.016
Eaaas-la 0.655 1.453 4.789 0.006 Naal-Pbb 0.766 1.394 4.947 0.010 Naal-labbl 1.301 1.402 5.019 0.021
Eaaas-lab 0.795 1.481 4.789 0.007 Naal-Pb 0.862 1.285 4.926 0.004 o
Eaaas-labbs 0.703 1.558 4.969 0.010 Naaal-Pabc 1.018 1.460 5.159 0.020 Naal-Naal 0 0.878 1.351 6.034 O.Q&
Eaaas-labbl 0.840 1.482 4777 0.011 Naaal-Pbcc 1.133 1.444 4.996 0.023 Naal-Naal 90 1.456 1.228 5.417 0.0ﬁ
Eaaas-Iccc 0.761 1.383 5.392 0.008 Naaal-Pabb 1.016 1.437 4.777 0.019 Naas-Naas 0 0.603 1.477 6.765 0.085
Eaaal-la 1.002 1.409 4.024 0.010 Naaal-Pab 1.040 1.419 4.905 0.015 Naas-Naas 90 0.669 1.449 6.694 O‘O%E
Eaaal-lab 0.877 1.471 4.345 0.009 Naaal-Pbc 1.197 1.429 4,925 0.022 Naaal-Naaal 0 1.042 1.392 5.741 0.033
Eaaal-labbs 0.793 1.540 4.506 0.012 Naaal-Pbb 1.053 1.341 4.602 0.011 Naaal-Naaal 60 1.441 1.234 5.351 0.084
Eaaal-labbl 1.009 1.498 4.248 0.018 Naaal-Pb 1.049 1.235 4.650 0.004 Naaas-Naaas 0 0.635 1.520 6.776 0.
Eaaal-Iccc 0.892 1.434 4.878 0.014 Naaaa-Pabc 0.989 1.428 5.228 0.011 Naaas-Naaas 60 0.683 1.482 6.742 0.@1
Naaaa-Pbcc 1.260 1.404 4.966 0.017 Naaaa-Naaaa 0 1.288 1.329 5.679 0.0232
Naaaa-Pabb 1.008 1.445 4.830 0.016 Naaaa-Naaaa 90 1.014 1.389 5.890 0.026§
Naaaa-Pab 1.170 1.360 4.797 0.010 Na-Na 0.692 1.286 5.333 0.009 ®
g
3
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lar distances, but thab initio curves did not have this prob- propané parameter sets. Repulsive interaction energies
lem. Metzgeret al. reported an energy minimum of1.361  larger than~3 kcal mol'* were not included in the regres-

kcalmol ™ for a neopentane dimer corresponding to oursion to avoid fitting the repulsive side of the potential at the
Naaal-Naaal 60 route. Our calculations show a slightly stronexpense of the attractive well. Although simulated annealing

ger interaction;—1.441 kcal mol*, due to the larger basis set s 5 stochastic global optimization method and covers only a
used in our study. The equilibrium distance-e5.35 A does part of the total parameter space, all five runs converged to

agree with our results for this dimer. the same solution. Only slight variations;-1x10 >
The most favorable orientations of each molecule P&l oimol ! in e~ and ~2x10 5A-1 in A were ob
cc ~ ces -

studied in this work are illustrated in Figsi&-S(h), and the . served between the different fitting runs. These variations of

interaction energies of these configurations are given in duced ¢ d i ¢
Table IV. The strongest attractions are found for routes,p""r"’“ne'[erS produced a sum of squared residi&ER o

where molecules avoid head-on approaches of atoms. Th?é3><10__8(kcal mor_l)z for the overall fit. We also found
least attraction occurs for routes, where the closest hydrogghat @ slight change in the carbon—carbon interaction param-
atoms are directly facing each other, as in vertex—verteters had a relatively small change in overall quality of the
routes. The strongest attraction of all the data was found fofit, because of the small number of interactions between car-
the Gy, symmetric labbl-labbl 180 route, 1.784 kcalmbl  bon atoms in the dimers compared to the number of other
According to our calculations, this minimum is reached attype interactions. For example, the neopentane dimer has 25
intermolecular separation of 4.28 A. The most attractive ori-carbon—carbon, 144 hydrogen—hydrogen, and 120 carbon—
entations for ethane, propane, isobutane, and neopentafRgdrogen interactions. The parametavas constrained to be
paired with neopentane reveal an interesting trend. The deepreater than zero to ensure that potentials would not turn
est m|n|rI1a are—1.226 kcalmol? (NaalI—Eaa], —1.260  gyer at short distances.

keal mol * (Naaaa-Pbac —1.446 kcal mol ~ (Naaal-13, and The overall accuracy of the generic parameter set is ex-

_ 1 ) i ) Ve
; 1.456 keal moT.ﬂgNaall Na‘;"' 90, resgetcttlglely. The att:afc cellent, yielding a total error of 50.35dcal mol "> and an
ion increases with molecular size, but the increment from 12 per data point, This result for

isobutane—neopentane to the neopentane dimer is not lar average of 0.01%cal mol
P P g[%’e ten different pairs of molecules studied is remarkable

only ~0.01 kcalmol?. The globular shaped neopentane . .
with its protruding methyl groups prevents the closer, moreSince all of the potential energy surfaces have been reduced

energetically favorable interactions of more open moleculed© three interatomic pair potentials: C~C, C—H, and HA.
Although all the neopentane dimer routes studied show atMore detailed description of the error sum on any particular
tractive potential wells, isobutane interactions with neopenmain route studied is presented in Table | of the Supplemen-

tane are more favorable. tary Data section of Ref. 40Table VI shows the fitting error

for each pair and illustrates how the error is distributed be-
A. Fitting the potential energy surfaces with tween different combinations of molecules. A slight increase
interatomic pair potentials in the error is observed for larger systems. This seems con-

A major objective of this and our previous calculations sistent, since even the smallest errors _in the rggressed param-
of dimer energy surfaces is the representation of alkane irft€rs are bound to accumulate with increasing numbers of
termolecular potentials as a sum of atomic pair potentialsinteractions. Furthermore, it can be seen from Table VI that
The hope is that these interatomic pair potentials are tranghe error for the repulsive data points constitute almost two-
ferable and can then be used to adequately describe the ithirds of the overall SSR, even though the majority of the
termolecular interactions in molecular dynamics simulationsdata points are attractive.

Several different types of potential energy functions have In general, the previously reported ethane dimerdasa
been investigated previously ranging from a simple Lennardreproduced better with the generic set than with parameters
Jones 12-6 model to more complicated functions. These preegressed from the propane data. An error of 8.19
vious studies have shown that a Morse-type function can bg(ca| m0r1)2 was obtained when the propane-speciﬁc pa-
used to accurately describe the interactions at tEESZ%pUBiW%meters were used to predict the ethane data, but the error
region as well as the bottom of the potential Wéff>***A | < (cquced to 4.&cal o2 when the generic parameter

Morse-type function has good flexibility as the slope of theget \yas ysed. These results correspond to 0.021 and 0.011
repulsion can be adjusted, instead of having a fixed repUIS'Vﬁ(caI mol Y2 error per data point, respectively. Only three

exponent as in the case of the Lennard-Jones-type function, utes out of 240 give a SSR per data point over 0.1

) : I
To obtain a generic parameter set for alkanes, a sum oﬁ o
9 P (kcal mol Y2 The largest error per data point is encountered

air potentials each in the form of E@L) were fitted to our
pair p @ An the propane dimer route Pccs-Pcd6c165 keal mol )2,

ab initio data with an unweighted least-squares method. - ) ] :
simulated annealing algorithm by Gofé al. was used for In this case, the predicted potential well is deeper and the

this purpose. Details of the algorithm can be foundepulsion starts at slightly closer distances than the corre-
elsewheré:* Five different fitting runs were conducted, and SPondingab initio results. A similar behavior is observed
each of these was independent of the others using rando@iso for routes Pcccc-Pecec and Naaaa-Naaaa 0, i.e., the pre-
starting points and different initial search directions. The gedicted attraction is stronger and the repulsion gentler than the
neric parameter set obtained for small alkanes is given imb initio data. It seems that the largest errors are concen-
Table V, along with previously reported ethdheand trated on routes, where non-Glgroups interact closely. The
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B
T X

(a) Pabb-Eaal (b) Eaal-lab
?: s
() Naal-Eaal (d) Pab-Ia

4
Hi | %
(e) labbl-labbl (f) Naaaa-Pbcc
e +
T x
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FIG. 5. (a)—(h) Most attractive orientations of the molecule pairs. The first letter identifies the molecule and the subsequent letters identify the vertex, edge,
or face that is held perpendicular to the approach axis.

worst, average, and best-fitted cases of all the calculated atrgies up to several hundred kilocalories. In over half of the
kane routes are depicted in Fig. 6. As can be seen from Figepulsive ethane dimer routes it correctly described the dimer
6, the overall accuracy of the fit is good. The generic parambehavior, even though energies this high were intentionally
eter set was also used to predict ethane dimer repulsive eexcluded from the fitting process.
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TABLE V. Most favorable orientations of the studied configurations. Well TABLE VI. Fitting error ((in kcal mol™%)?) for all molecule pairs. Capital
depth in kcal mol'. Capital letters designate molecule pair=@&hane, letters identify the interacting molecule paiE=ethane, P-propane,
P=propane, ¥isobutane, N-neopentane. Route column identifies orienta- |=isobutane, N-neopentane

tion of molecules.

No. SSR, SSR all,
Well depth data SSR, all attractive points only per data point
Molecule pair Route (kcal mol™) System points  (kcal mol %)? (kcal mol )2 (kcal mol )2
EE? Route 19 1.046 EE 395 4.502 1.465 0.011
El Eaal-lab 1.231 EP 130 2.355 0.835 0.018
EP Pabb-Eaal 90 1.062 El 397 3.032 1.045 0.008
EN Naal-Eaal 1.226 EN 129 1.429 0.382 0.011
IP Pab-la 1.163 PP 1245 20.293 6.521 0.016
Il labbl-labbl 1.784 Pl 206 1.078 0.267 0.005
IN Naaal-la 1.446 PN 330 4.748 1.570 0.014
ppP Pbcc-Pbcc 180 1.625 1l 178 3.221 0.996 0.018
PN Naaaa-Pbcc 1.260 IN 175 3.677 1.361 0.021
NN Naal-Naal 90 1.456 NN 202 6.018 2.401 0.030
aReference 25. Sum 3387 50.354 17.243 Averag.015

PReference 1.

strongest C—H attraction, but the propane and generic param-
__eters both show considerable attraction. The most striking
Parameter sets based only on ethane or propane dimffiterence between the models compared here is the differ-
data were published recently by t& In both of these cases ence between the Morse models and the OPLS set which
it was found that pair potentials described by the modified qoq 4 geometric average of the energy parameter and an
Morse function were able to produce energy curves that werg iy, atic average of the size parameter of the C—C and
in good agreement withb initio data. The data used to re- 1 interactions to obtain the C—H parameters in the
gress the generic parameter set presented in this work irf_'ennard-Jones 12-6 potential. As can be seen in Figs—7
cluded data from our previous work on ethane and propang ., the generic modified Morse CH is closer to the OPLS
reported in Refs. 25 and 1. A graphical representation of thes_y hotential than the ethane or propane dimer set, but it is
different parameter set results is given in Fig&)#7(c). g4Il much more attractive at shorter equilibrium distances
chatlons of potential energy minima on tb(eax'ls do not than the OPLS model potential. Introduction of the .CH
differ much between the Morse sets. Larg_er dlffere_nces aGroup into the regression through the propane dimer slightly
obser\(able for theh and e p_arameters, which desgrlbe the Gecreases the depth of the attractive well. This might be due
repulsive slope and potential well depth, respectively. Th, {ha increased appearance of non,Cfeatures in theab
generic carbon—carbon interaction is very similar to that 0bjin data and suggests that even better agreement between
tained from ethane. The C—C potential obtained from proyne gm of atomic pair interactions and the molecular dimer
pane data is the most attractive of the three Morse pOtem'alfyotential energy surface might be achieved if cross C—H in-
The slope of the H-H repulsion is also very similar for all yo 5 tions between different GHyroups were to be treated
three Morse parameter sets and the size parameter Va”@ﬁferently, i.e, if the methyl—methylene C—H interaction

only slightly in the order Eg,> Pty > Gryyy. The generic set -« cidered to be different than the methyl—-methyl C—H
H-H coincides with the optimized potentials for liquid ;.o action.

simulation§ (OPLS H-H at ~2 A separation, but the po-
tential is less attractive at larger distances and less repulsivg c . N h tential model
at shorter distances resulting in “softer” hydrogens. In gen-—" omparison to some ofher potential modets
eral, the modified Morse model does not produce as steep a Some qualitative comparisons of potential energy sur-
repulsion as does the Lennard-Jones 12-6 potential functiofaces produced by the OPLS aal initio calculations were
Cross interactions between carbon and hydrogen atomsade to give a general idea of the performance of modified
are the major source of attraction between alkanes accordingorse model. Energies of all alkane data points were calcu-
to all three Morse sets. The ethane parameter set shows theted with the OPLS parameter sets. Both united ato)

B. Comparison to previous parameter sets

TABLE V. Parameter sets for different alkanes. Set labeled as generic inchldestio data from ethane, propane, isobutane, neopentane, and all their
combinations.

*

€cc Acc réc €CH Ach ren €HH Ann Mhn
Set (kcal mol™t) (A™h A) (kcal mol™t) A™h A) (kcal mol™?) A™Y A)
Ethane diméer 0.0689 1.308 3 4.3500 0.7409 1.8287 2.491 —40.65 2.2239 0.2456
Propane dimér 0.161 05 1.2655 4,184 4 0.551 62 22744 2.544 450805 1.255 6.1543
Generic 0.051 33 1.459 85 4.341 17 0.355 62 211174 2.602 11 0.01048 1.260 72 3.975 36

aReference 25.
PReference 1.
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o _ _ (a) Interatomic interactions for C-C
FIG. 6. Quality of fitted potential energy curves. The propane dimer Pccs-

Pccce shows the largest fitting errfBSR=0.165 (kcal mol™)? per data

point]. The neopentane—isobutane route Naaal-labbs represents an average
[SSR=0.015 (kcal moi})? per data point error case and the propane—
isobutane route Pb-lab is the most accurat&@$R=0.000 47 kcal mol*)?
predicted route. Symbolgdiamonds=Pccs-Pcccc, trianglesNaaal-labbs,
squares-Pb-lab) representab initio MP2 energies and linegdashed
=Naaal-labbs, solidPccs-Pcccc, dottedPb-lah) represent energies calcu-
lated with the modified-Morse potential model for pairwise interatomic in-
teractions with the generic parameter set.

E (kcal mol )

00

and all atom(AA) models are based on Monte Carlo simu- os|
lations of various hydrocarbon properties. The heterogeneous

OPLS UA model by Jorgenseet al> was calibrated to re- e TN 20 25 a0 a5 40 45 50 55 50
produce heats of vaporization and density data for 15 differ- ré

ent hydrocarbon liquids consstmg of normal and branched (b) Interatomic interactions for C-H
alkanes as well as some aromatic and unsaturated molecules.

A more detailed OPLS AA model by Kaminskt al® was

regressed from Monte Carlo simulation data of methane,

ethane, propane, and butane. Simulated properties included

heat of vaporization, molecular volume, heat capacity, the
coefficient of thermal expansion, isothermal compressibility, 20
and the C-C radial distribution function yielding a good
overall estimate of nonbonding properties. Both OPLS mod-
els use combining rules to describe the cross interaction be- ol
tween unlike atoms or sites. Both of these parameter sets
represent effective pair potentials owing to the use of liquid-
phase simulations in regression of these sets.

Despite the different approach in potential model con-
struction, potential well depths are reasonably well predicted
with the AA model. In many cases, the UA model character- B
izes the attractive well as too broad and misplaced, although 1oors e Es w0 r’(;) $0 48 808880
the rough strength of attraction is approximately correct.
However, the repulsive side of the potential energy curves is
'FI)'rhoeblglr:’nI?;?Uf:rmbooc:ZI r;;grﬁlss,toeﬁg\?gl;lrlgbflgrmtgsvlt:ﬁb:2?12?(95'6 7. Interatomic interactions fae) C—C, (b) C—H, and(c) H-H from

ifferent potential models. £ethane Morse, Ppropane Morse, &generic
molecules, like isobutane and neopentane, despite the fagiorse (NIPE).
that these molecules were part of the original training set
used by Jorgensest al® In these cases, some of the routes
are correctly described, while the bottom of the potentialare approximately correct, as can be seen in Figs—8(d).
well is too broad. This occurs especially on the routes wher&xcessive repulsion was observed also with other molecule
two hydrogen atoms are brought close togefleey., Na-Na, pairs. Ourab initio results are fairly close to the energy
Pa-Pa, or la-la This is understandable, because by defini-curves produced by the AA model. In general, potential well
tion the UA model does not consider hydrogen atoms sepadepths predicted by the AA model are in good agreement
rately from the CH group. with the MP2 energies, but it is surprising to see that in some

The AA model is definitely an improvement, but the extreme cases well depths are 80% larger tharath@itio
OPLS AA model exhibits too strong a repulsion on some ofresults. This is a considerably larger difference than the gap
the neopentane dimer routes, while the attractive potentialsetween the MPR,; and our calculated valué8 Neverthe-

E (kcal mot ")

(c) Interatomic interactions for H-H
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FIG. 8. (a)—(d) Neopentane dimer potential energy surfaces from various potential models. Syfdiisond$ representab initio MP2/6-311
+G(2df,2pd) energies, solid lines represent the energies from the pairwise additive modified Morse potential model presented here, dashed lines represent
the OPLS-UA model, and dotted lines represent the OPLS-AA model.

less, the relatively good agreement of our pair potentials witthon-CH; groups in fact does slightly alter the strength of the
empirically regressed potential models from simulations sug€—H cross interaction in particular. Comparisons of potential
gests that our generic pair potential models should providenergy surfaces generated by the OPLS AA model with those
good representation of the macroscopic properties when usdtbm theab initio calculations reveal that OPLS AA potential
in simulations. energy surfaces are, for the most part, consistent wafth
initio results. Performance of our potential model in con-
densed phase and fine-tuning of the potential model for
o ) larger molecules are left for future work. Nevertheless, the

We have shown thaib initio potential energy surfaces gpility of the generic parameter set to describe all of the
of various small alkanes can be fitted accurately with a sumstential energy surfaces for the ten molecular pairs of small
qf interatomic pair potentials using a modified Morse func_'alkanes discussed here is very encouraging.
tion for each of the three constituent types of interatomic
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