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High Level ab Initio Calculations of Intermolecular Interaction of Propane Dimer:
Orientation Dependence of Interaction Energy
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Intermolecular interaction of the propane dimer was calculated with the MP2 level electron correlation correction
using several basis sets up to the cc-pVQZ. The calculated interaction energy greatly depends on the basis
set. Small basis sets underestimate the attraction considerably. The effects of electron correlation beyond
MP2 are not large. Intermolecular interaction energies of 23 orientations of propane dimers were calculated
at the MP2 level with a large basis set including multiple polarization functions. In all dimers, the inclusion

of electron correlation considerably increases the attraction. The dispersion interaction is found to be the
major source of attraction, whereas the electrostatic interaction is very smalCx]tener in which the two

C, axes of propane monomers have antiparallel orientation has the largest binding energy. The separation
between the two methylene carbon atoms at the potential minimum in this dimer is the shortest among the
23 dimers. The short separation, which increases the dispersion energy, is the cause of the large binding
energy of theCy, dimer. The estimated MP2 and CCSD(T) interaction energies of the propane dimer at the
basis set limit are-1.99 and—1.94 kcal/mol, respectively.

Introduction Intermolecular interaction energy of the methane dimer has been
calculated repeatedly as the smallest model to study the
interaction between hydrocarbon molecug* A few calcula-
tions of the intermolecular interaction energy of the ethane dimer
have been reported.2+26

Propane is the smallest hydrocarbon molecule which has a
methylene (CH) unit. Methylene is an important unit for organic
molecules which have an alkyl chain. Therefore, the propane

Nonbonding interactions of hydrocarbon molecules are es-
sential for the understanding of intermolecular interactions of
organic molecules which have alkyl chains such as alkanes,
alcohols, thiols, esters, and carboxylic acids. Nonbonding inter-
actions of these molecules control their liquid-phase propérties,
crystal packing, and three-dimensional structures of their

assemblies such as self-organized monolayers on metal sur- . ; S . ; |
faced and Langmuir-Blodgett filmsS7 Accurate intermolecu- dimer interaction is essential for the understanding of intermo-

lar interaction potentials of these molecules are necessary forl€cular interactions of these molecules. Unfortunately, however,
the understanding of structures and properties of their assemblies’®"Y little has been reported on the intermolecular interaction

i ,25,27
and are also strongly needed by those who carry out molecular®f the propane dime¥:2>/Gupta et al. reported the MP2 level
dynamics simulations of these molecules. calculations of four orientations of propane dimers using small

Several experimental data such as the compressibility of a 6-31G and 6-31G* basis sefsRecently, our group reported
gas, the heat of evaporation of a liquid, the heat of sublimation M',Dz level caIcuIaFlons of a single orientation propane dimer
of a crystal, and the crystal structure provide useful information Es'ng severallba5|s S.%AlthQUQh :]he CE|CU|atI0nS reportgzdh
on intermolecular interaction. However, it is still difficult to ~2Y Gupta et al. were |mpresi¢]|ve w (lan L e3r’] were reported, the
accurately determine potential energy surfaces of interacting 22SIS Sets used are too small to evaluate the interaction energy
molecules only from these experimental data. Experimental accurately. Recent ab initio calculations of small hydrocarbon
measurements can cover only a limited region of the potential molecules show that a large flexible basis set including multiple

energy surface. Whereas measurements of the compressibiliyP2larization functions is necessary for the evaluation of weak
of gas give the spherically averaged interaction potential of a intermolecular interactions and that small basis sets underesti-
. . . I 1 i i ,22,24,28,2

molecule, the anisotropy of interaction cannot be evaluated from mate tlhe at'lflr(actlve |nt|eract|on gonad/eralﬂﬁ/? d4f 20d gk{eryl

this measurement. Neither heat of evaporation nor sublimation "'€cently, Jalkane et al. re_po;z MP2/6-313(2df,2pd) leve

energy give any information about the anisotropy of potential. c@lculations of propane dimefs.

From measurements of crystal structures, the shape of the Detailed information on the orientation dependence of the

potential at the van der Waals contact distance can be revealed!Nteraction energy is important .fo.r' the under.standlng of the

However, the shape of the potential in the other region is not Propane dimer interaction. Ab initio calculations of several

covered by the measurements of crystal. orientation propane dimers using a reasonably large basis set
Recently, ab initio molecular orbital calculations are becoming &€ Nécessary for this purpose. In addition, the effect of electron

a powerful tool to study intermolecular interactiond? Ab initio correlation beyond MP2 has not yet been confirmed. Sometimes

calculations of small molecules show that sufficiently accurate @0 MP2 level calculation is not a suitable approximation to

interaction energy can be obtained, if a reasonably large basis€Vvalutate intermolecular interaction between hydrocarbon mol-

set is used and electron correlation is properly corretéH ecules. Recently reported ab initio calculations of the benzene
' dimer show that the MP2 level calculations overestimate the

* To whom correspondence should be addressed. E-mail: s.tsuzuki@ attraction considerably compared to the more reliable CCSD-
aist.go.jp. (T) level calculationg8-31
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Figure 1. Geometries of 23 orientation propane dimers. The two methylene carbon atoms arxaxithelrheC, axis and the chain axis of each
propane monomer are parallel xpy, or z axis as shown Figure 2. The dimers are classified according to the orientation of chain axes of two
propane molecules. See text.

In this paper, we have carried out the MP2 level calculations isolated propane molecule was optimized at the MP2/6-31G*
of 23 orientations of propane dimers using a large basis setleveP* and was used for the calculations of dimers. The
including multiple polarization functions to study the orientation Dunning’s correlation consistent basis sets (cc-pVXZ and aug-
dependence of the interaction energy. We have also discussedc-pVXZ, X = D, T, and Q¥>-37 and modified 6-311G* basis
the cause of the orientation dependence of the interaction energysets [the aug(d,p)-6-311G** and aug(df,pd)-6-311G**] were
In addition, we have evaluated the effects of the basis set andused?* The aug(d,p)-6-311G** basis set is the 6-311G** basis
electron correlation beyond MP2 and estimated the MP2 and sef® augmented with diffuse d functions on carbon atoms
CCSD(T) interaction energies of the propane dimer at the basis(ag(C) = 0.1565) and diffuse p functions on hydrogen atoms

set limit. (op(H) = 0.1875). The aug(df,pd)-6-311G** basis set is the
) 6-311G** basis set augmented with diffuse d and f functions
Computational Method on carbon atoms(C) = 0.1565 and(C) = 0.2) and diffuse

The Gaussian 94 and 98 prograds were used for the ab  p and d functions on hydrogen atoms,(H) = 0.1875 and
initio molecular orbital calculations. The geometry of the ogy(H) = 0.25). Electron correlation was accounted for at the
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Figure 2. In all dimers in Figure 1, the methylene carbon atoms

are parallel tog, y, or zaxis. The chain axis is parallel to the broken
C is shown for an example.
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Figure 3. Calculated HF and MP2 interaction energies of the propan
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dimer C

are onx ipas and theC; axis and the chain axis of each propane monomer
line which connects the two methyl carbon atoms. The orientation of the dimer

previously reported in the calculations of other small hydro-
carbon molecules. The inclusion of electron correlation con-
siderably increases the attraction. This indicates that the
dispersion interaction is the major source of the attraction. The
significant basis set dependence shows that a large flexible basis
set is necessary for the evaluation of the propane dimer
interaction. We have used the aug(df,pd)-6-311G** basis set
for the calculations of the 23 orientation dimers. Although this
basis set is a medium size basis set, the calculated intermolecular
interaction energies of small hydrocarbon molecules using this
basis set are close to those using the large cc-pVQZ and cc-
pV5Z basis setd?

Interaction Energies of 23 Orientation Dimers. The MP2
intermolecular interaction energies of the 23 orientation dimers
(Figure 1) were calculated with changing the intermolecular
separationR, the distance between the two methylene carbons).
The interaction energie€f,) of the dimers at the potential
minima are summarized in Table 1. The 23 orientation dimers
can be classified into four groups (linear, T-shape, cross, and

e Parallel) according to the orientation of the chain axes of two

dimer W using several basis sets. The BSSE corrected interactionPropane monomers as shown in Figure 1. The chain axis is
energies. See text.

MP23940and CCSD(T) leveld! The basis set superposition error
(BSSE}? was corrected for all calculations by using the
counterpoise methatd.The MP2 interaction energy at the basis
set limit was estimated with the method proposed by Fédler.

Distributed multipole$*>up to hexadecapole on all atoms were
obtained from the MP2/cc-pVTZ wave functions of an isolated
molecule using CADPAC version‘6 The electrostatic energies
of the dimers were calculated using ORIENT version“3 Phe

parallel to the line connecting the two methyl carbon atoms of
a propane molecule as shown in Figure 2.

The group | (linear) includes the three dimers&. In these
dimers, the chain axes are nearly linear. The calculated
interaction energy potentials of the dimers are shown in Figure
4. The potentials have their minima Bt= 6.8—7.0 A. The
calculated interaction energies at the potential minim@.29

~ —0.30 kcal/mol) are very small because of the large
intermolecular separations.

- - ! The potentials of the group Il (T-shape) dimers-Dhave
electrostatic energies of the dimers were calculated as thenejr minima atR = 5.2-6.0 A as shown in Figure 5. These

interactions between distributed multipoles of monomers. The separations are shorter than those of the group | dimers. The
geometries of propane dimers considered in this work (23 cajculated interaction energies at the potential minim@.50

orientations) are shown in Figure 1. In all dimers, the two
methylene carbons are put graxis. TheC, axis and the chain

~ —0.95 kcal/mal) are larger (more negative) than those of the
roup | dimers. The potentials of the dimers G and H have their

axis (See Figure 2) of each propane monomer are parallel tominima atR= 6.0 A. The separations of these dimers are larger
thex, y, or z axis.

Results and Discussion

Effects of Basis Set and Electron CorrelationThe interac-

than those of the other group Il dimeR & 5.0-5.2 A). In

the dimers G and H, the two methyl groups of the left side

propane molecule have the close contact with a methyl group
of the right side propane. The steric repulsion because of the

tion energy of the propane dimer (Figure 1, dimer W) was close contact would be the cause of the larger separations.
calculated at the HF and MP2 levels using several basis sets as The potentials of the group Il (cross) dimers-R have their
shown in Figure 3. The basis set dependence of the HF minima atR = 3.8-5.6 A as shown in Figure 6. The dimer M
interaction energy is not large, whereas the MP2 interaction has the exceptionally large separatiéh=t 5.6 A) because of
energy strongly depends on the basis set. Small basis setdshe repulsion of methyl groups. The separations of the other
(6-31G* and 6-311G*) greatly underestimate the attraction as group Il dimers (3.8-4.8 A) are shorter than those of the group
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TABLE 1: Intermolecular Separations and Calculated
Interaction Energies of the 23 Propane Dimers at the
Potential Minima?

dimer Rb EtotalC Eesd Erepe Ex:orrf
Linear
A 7.0 —0.29 0.02 0.15 —0.46
B 6.8 —0.30 0.01 0.25 —0.56
C 7.0 —0.29 0.01 0.20 —-0.51
T-Shape
D 5.4 —0.50 —0.02 0.34 —-0.82
E 54 —0.51 —0.04 0.34 —-0.82
F 5.4 —0.67 —0.00 0.48 —-1.14
G 6.0 —0.73 —-0.03 0.70 —1.40
H 6.0 —0.76 —-0.01 0.60 —-1.35
| 5.2 —-0.79 —0.04 0.91 —1.65
J 5.2 —0.95 0.00 0.83 —-1.79
Cross
K 3.8 —0.73 0.08 0.66 —1.47
L 4.8 —0.92 —0.00 0.58 —-1.50
M 5.6 —-1.14 0.03 0.88 —2.05
N 3.8 —1.25 —0.00 1.03 —2.27
O 4.8 —1.29 0.00 1.18 —2.47
P 4.0 —1.46 0.01 1.35 —2.82
Parallel
Q 4.0 —0.62 0.05 0.48 —-1.14
R 5.8 —0.92 0.09 0.71 —-1.72
S 4.0 —1.08 —-0.01 0.66 —-1.73
T 4.6 —1.09 0.05 0.79 —1.93
U 4.2 —1.20 0.08 1.12 —2.40
\Y 4.8 —-1.31 0.07 1.09 —2.47
W 3.8 —1.85 0.06 1.34 —3.26

aEnergies in kcal/mol. Distance in A. The BSSE corrected interaction
energies. The geometries of dimers are shown in FigureThe

separations of methylene carbon atoms of two propanes at the potential

minima. See Figures 1 and 2Calculated MP2 interaction energies
using the aug(df,pd)-6-311G** basis séElectrostatic energies. See
text. ® Repulsion energieske, is the difference between the HF/
aug(df,pd)-6-311G** interaction energi{r) and thekes  Correlation
interaction energiecor is the contribution of electron correlation on
interaction energy, which is the difference between the MP2 interaction
energy Ewa) and theEyr. Ecorr Is mainly dispersion energy.
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Figure 4. Calculated MP2/aug(df,pd)-6-311G** interaction energies
of group | (linear) dimers A-C. BSSE corrected interaction energies.
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Figure 5. Calculated MP2/aug(df,pd)-6-311G** interaction energies
of group Il (T-shape) dimers BJ. BSSE corrected interaction energies.
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Figure 6. Calculated MP2/aug(df,pd)-6-311G** interaction energies
of group Ill (cross) dimers KP. BSSE corrected interaction energies.

The potentials of the group IV (parallel) dimers-®/ have
their minima atR = 3.8-5.8 A as shown in Figure 7. These
separations are close to those of the group Ill dimers. The dimer
R has the large separatioR € 5.8 A). The separations of the
other group IV dimers ar®® = 3.8-4.8 A. The calculated
interaction energy considerably depends on the orientation of
the dimers. The calculated interaction energies of the dimers
Q—V at the potential minima-<0.62 ~ —1.31 kcal/mol) are
close to those of the group Il dimers. The dimer W, in which
the two C, axes have antiparallel orientation, has the largest
(most negative) interaction energy-1.85 kcal/mol) at the
potential minimum R = 3.8 A).

Origin of the Orientation Dependence of Dimer Interac-
tion Energy. The electrostaticHeg, repulsive Erp), and cor-
relation interactionEco) energies of the dimers at their potential
minima are summarized in Table 1. TEgy is the difference

Il dimers. The calculated interaction energies of the four dimers between the HF/aug(df,pd)-6-311G** level interaction energy

M—P at the potential minima—1.14 ~ —1.46 kcal/mol) are

(Enr) and theEes TheEpis mainly exchange-repulsion energy,

larger than those of the group Il dimers. The interaction energies but it also contains other terms. TEg, is the contribution of

of the dimers K and L{0.73 and—0.92 kcal/mol, respectively)
are close to those of the group Il dimers.

electron correlation on interaction energy, which is the difference
between the MP2/aug(df,pd)-6-311G** level interaction energy
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TABLE 2: Interaction Energies of the Propane Dimer Calculated with Electron Correlation Correction by Several Methods

basis set HF MP2 MP3 MP4(SDTQ) ccsD CCSD(T)  ACCSD(T)
6-31G* 1.35 -0.37 -0.27 -0.34 -0.11 -0.30 0.06
6-311G** 1.36 -1.05 ~0.80 -0.97 ~0.62 -0.91 0.14
cc-pVDZ 1.39 -0.86 -0.62 -0.77 ~0.45 -0.71 0.15
aug-cc-pvVDZ 1.41 -1.72 ~-1.42 -1.75 -1.25 -1.67 0.05

aEnergies in kcal/mol. The BSSE corrected interaction energies. The optimized geometry at the MP2/6-311G** level was used. See Figure 8.
bThe CCSD(T) correction term. The difference between the CCSD(T) and MP2 interaction energies.

E (kcal/mol)

Distance (A)

Figure 7. Calculated MP2/aug(df,pd)-6-311G** interaction energies
of group 1V (parallel) dimers QW. BSSE corrected interaction energies.

(Etota)) @and theEpr. The Ecor is mainly dispersion energy. In all
dimers, theEes is negligible. The largés, indicates that the
dispersion interaction is the major source of attraction.

The dimer W has the largest (most negatig),r (—3.26
kcal/mol), which indicates that the large dispersion interaction
is the cause of the largest binding energy of this dimer. The
smallest intermolecular separatioR £ 3.8 A) is a cause of
the largestEcor Of this dimer. The potentials of the dimers K
and N also have their minima Rt= 3.8 A. However, théEqo
of these dimers+{1.47 and—2.27 kcal/mol, respectively) are
substantially smaller than that of the dimer W. The other dimers
have larger separations at their potential minifRa(4.0—-7.0
A). The dispersion interaction has its origin in the polarization

of the propane molecules. The polarization of carbon atoms is

C, axis

CZ axis

ol
{ R \°
Cormeenn ¥
¢ it 9O
Can :

Figure 8. MP2/6-311G** level optimized geometry of the propane
dimer.R = 3.855 A andd = 94.7.

TABLE 3: Calculated HF and MP2 Interaction Energies of
the Propane Dimer Using Several Basis Sets

basis set bf Enr Emp2
6-31G* 122 1.35 —-0.37
6-311G** 204 1.36 —1.05
cc-pvDz 164 1.39 —0.86
cc-pvTZ 404 1.40 —1.64
cc-pvQz 810 1.40 —1.88
aug-cc-pVDZ 282 1.41 -1.72
aug(d,py-6-311G**c 282 1.40 -178
aug(df,pd)-6-311G**d 404 1.40 -1.01
Enmp2(imin® —1.99
ACCSD(T) 0.05
Eccsoyimit? —1.94

a Energies in kcal/mol. The BSSE corrected interaction energies. The
optimized geometry at the MP2/6-311G** level was used. See Figure
8. P Number of basis functions employed for the calculation of the
propane dimer¢ The 6-311G** basis set augmented with diffuse d
functions on carbon atoms{(C) = 0.1565) and diffuse p functions
on hydrogen atomsog(H) = 0.1875).9 The 6-311G** basis set

mainly responsible for the dispersion energy in the propane augmented with diffuse d and f functions on carbon atomgQ) =

dimer, because the atomic polarizability of hydrogen is con-
siderably smaller than that of carbon. Therefore, shert@

0.1565 andus(C) = 0.2) and diffuse p and d functions on hydrogen
atoms {p(H) = 0.1875 andog(H) = 0.25).© The estimated MP2

contact increases the dispersion interaction. The dimer W hasinteraction energies at the basis set limit. See fekie CCSD(T)

larger number of short &C contact than the other dimers. This
would be the cause of the large attraction in the dimer W.
Optimized Geometry of the Dimer. The geometry of the
propane dimer was optimized at the MP2/6-311G** level. The
geometry of the dimer WR = 3.8 A) was used for the initial

correction term. The difference between the calculated CCSD(T) and
MP2 interaction energies using the aug-cc-pVDZ basis 9SEte
estimated CCSD(T) interaction energies at the basis set limit. The sum
of the Evpzgimiy and theACCSD(T). See text.

MP4(SDTQ) interaction energies are not largely different from

geometry. The geometries of monomers were frozen during thethe CCSD(T) ones.

optimization. The optimized geometry is shown in Figure 8.
The optimized geometry ha€;, symmetry. The distance
between the two methylene carbom {s 3.855 A. The angle

0 is 94.7.

Electron Correlation beyond MP2. The interaction energy
of the dimer (Figure 8, MP2/6-311G** level optimized geom-
etry) was calculated with electron correlation correction by using
the MP3, MP4(SDTQ), CCSD, and CCSD(T) methods as

Interaction Energy at the Basis Set Limit. The MP2 inter-
action energy of the dimer (Figure 8, MP2/6-311G** level op-
timized geometry) was calculated using the cc-pVXZ=0,

T, and Q) basis sets as summarized in Table 3. The MP2 inter-
action energy of the dimer at the basis set lir&{ib2(imiy] was
estimated from the calculated MP2 interaction energies with
the method proposed by Felférin Feller’'s method, the calcula-
ted interaction energies were fitted to the faam- b exp(—cX)

summarized in Table 2. The CCSD interaction energy is smaller (where X is 2 for cc-pVDZ, 3 for cc-pVTZ, etc). The MP2 ener-
(less negative) than the CCSD(T) one. The MP2, MP3, and gy at the basis limitEvp2gimiy) Was then estimated by extrap-
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(14) Szczesniak, M. M.; Chalasinski, G.; Cybulski, S. M.; Scheiner, S.

olation. The estimatetEvp2gmiy IS —1.99 kcal/mol. The
J. Chem. Phys199Q 93, 4243.

. i i —3

_lE_mPZ(“m“? was ?Elso e.st_|mat¢d uﬂ_ngfthe foazngka (I;ef ‘}8).' (15) Tsuzuki, S.: Tanabe, K. Phys. Chem1991 95, 2272.

e estimate mP2(imity USING t is form €-2. cal/mol) is (16) Novoa, J. J.; Whangbo, M.-H.; Williams, J. M. Chem. Phys.
very close to that obtained using the form proposed by Feller. 1991 94, 4835.
The calculated MP2 interaction energy with the aug(df,pd)-6-  (17) Gay, D. H.; Dai, H.; Beck, D. RJ. Chem. Phys1991, 95, 9106.
311G** basis set{1.91 kcal/mol, respectively) is close to the  (18) Tsuzuki, S.; Uchimaru, T.; Tanabe, K.; Kuwajima SPhys. Chem.

timateEypzqimy. The MP2/6-313G(2df,2pd) interacti 1994 98 1830.
estimatedEypz(imi). The - (2df,2pd) interaction en- (19) Tsuzuki, S.; Uchimaru, T.: Tanabe, K.Mol. Struct. (THEOCHEM)
ergy of the propane dimer reported by Jalkanen etal.§125 1994 307, 107.
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The MP2 interaction energy was also calculated using the aug- (23) Tsuzuki, S.; Uchimaru, T.; Tanabe, Khem. Phys. Lett1998
(df,pd)-6-311G** basis set witfi3s3p2d bond functions pro- 287, 327.
posed by Tao and Pa= 0.9, 0.3, and 0.1¢, = 0.9, 0.3,
and 0.1,04 = 0.6 and 0.2)° The bond functions were centered

(24) Tsuzuki, S.; Uchimaru, T.; Mikamki, M.; Tanabe, K.Phys. Chem.
A 1998 102, 2091.
at the midpoint of the two methylene carbons. The calculated

(25) Gupta, S.; Yang, J.; Kestner, N. R.Chem. Physl988 89, 3733.
(26) Rowley, R. L.; Yang, Y.; Pakkanen, T. A. Chem. Phys2001,

MP2 interaction energy was1.93 kcal/mol. The effect of the 114 6058. . _ _
bond functions is very smalH0.02 kcal/mol), which indicates %?7 Wyble, D. J.; Seel, M.; Waber, J. Bolid State Commun987,

that the aUg(dfde)'G'\?’:!-lG** basis set is very close to Satur_ation- (28) Tsuzuki, S.; Uchimaru, T.; Matsumura, K.; Mikami, M.; Tanabe,
The CCSD(T) interaction energy of the dimer at the basis set K. Chem. Phys. LetR00Q 319, 547.
limit [ Eccspmqimin] was estimated from th&wpzgimin and a (29) Tsuzuki, S.; Honda, K.; Uchimaru, T.; K.; Mikami, M.; Tanabe,

: K. J. Am. Chem. So@00Q 122 3746.
CCSD(T) correction termACCSD(T)]. TheACCSD(T) [the (30) Jalkanen, J.-P.; Mahlanen, R.; Pakkanen, T. A.; Rowley, R. L.

difference between the CCSD(T) and MP2 interaction energies] chem. Phys2002 116 1303.
obtained using the aug-cc-pVDZ basis set (0.05 kcal/mol) was  (31) Hobza, P.; Selzle, H. L.; Schlag, E. \l.Phys. Chem1996 100,
used for the estimation. The estimatBgcspmimiy [Sum of 18790.

o _ (32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Evp2(imiy and ACCSD(T)] was—1.94 kcal/mol. Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B,;
. . ) . Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
The calculations of the 23 orientations of propane dimers wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

show that the interaction energy strongly depends on dimer Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

Conclusion

orientation. TheCa, dimer in which twoC, axes of propane Gordon, M.; Gonzalez, C.; Pople, J. A&aussian 94 Gaussian, Inc.:
monomers have antiparallel orientation has the largest binding
energy. The electrostatic energy is negligible in all dimers. The
Con dimer has large number of close-€ contact and therefore
has the large dispersion energy. This would be the cause of th
large binding energy of this dimer.

Pittsburgh, PA, 1995.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

el\/I.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

The calculated MP2 interaction energy strongly depends on 8-tK-?JR3bU§tk,fA- D-?BRathﬁvafglaE,_ Kh F?(res)gnag_' |J< B.; gio}f'OWSki, J;
; : riz, J. v.; steranov, b. b.; LIU, G.; LIashenko, A.; PISKOrz, P.; Komaromi,

the basis set. The effects of electror! correlgtlon beyonql MP2 - Gomperts, R.. Martin, R. L.. Fox, D. J.: Keith, T.. Al-Laham, M. A.;
are not large. The calculated MP2 interaction energy is not peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

largely different from the CCSD(T) one. The estimated MP2 W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

and CCSD(T) interaction energies of the propane dimer at the
basis set limit are-1.99 and—1.94 kcal/mol, respectively.
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