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High-Level ab Initio Calculations of Interaction Energies of C;H,—CH,4 and C;Hg—CHy
Dimers: A Model Study of CH/x Interaction
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Kazutoshi Tanabe
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Intermolecular interaction energies of fiveHz—CH, dimers and two ¢Hs-CH, dimers were calculated.
Dunning’s correlation consistent basis sets (cc-pVXZ=)0D, T, Q, and 5) were used to estimate the MP2
interaction energies of the dimers at the basis set limit. The dimer in which-téliond of CH, points to

the C=C bond of GH,4 has slightly larger bonding energy than the other fogtl=-CH, dimers. The estimated
CCSD(T) interaction energy of this dimer at the basis set limit@49 kcal/mol, which is about 10% of the
bonding energy of water dimer. The large correlation interaction energy86 kcal/mol), calculated as the
difference between the HF and post-SCF interaction energies, suggests that the dispersion interaction is
significantly important for the attraction betweepHz and CH,. The analysis of the electrostatic interaction
using distributed multipoles shows that the attractive electrostatic interactioi24 kcal/mol) is playing
important role to stabilize this dimer. On the other hand, the electrostatic interaction is negligible for the
C.Hs—CH, dimers. The G-H bond of CH, does not prefer to point to the-€C bond of GHe.

I. Introduction conformation, crystal packing, and mechanism of molecular
recognition. Accurate interaction energy is also desired by those
who carry out force field simulations of these systems. Although
a lot of experimental measurements have been reported which
support the existence of the attraction between the aliphattd C

sulfoxide in which bulkytert-butyl and phenyl groups had a bond andr-system, it is still difficult to estimate the accurate
close contact. The close contact of alkyl and phenyl groups Nteraction energy only from experimental measurements.
was also observed in the stable conformations of other A few theoretical calculations were carried out to estimate
molecules$—10 Crystal structure analysis and spectroscopic the interaction energies pf model complexes. Kodama Qt al.
measurements of supramolecules suggested that ther CH/ eported CNDO/2 calculations of thelds—CH, dimer? Takagi
interaction was important for molecular recognitignt* Re- €t . reported HF calculations of,,~CHs and GHe—CH,
cently reported analysis of the crystal structure database showedlimers with 4-31G and MIDI4*(*) basis set8 Although these .
that more than 35% of organic crystals had a short contact of calculatlon_s were impressive when they were reported, the basis
the C—H bond with ther-systems suggesting that the Chi/ sets used in these calculations were too small to evaluate the
interaction is also important for the determination of crystal Interaction energies quantitatively. Recently reported calculations
packing. The close contact of the-&l bond andr-system is of small hydrocarbon molecules show that the calculated

The attractive interaction between-€l bond andr-system
has attracted much interest in several fields of chemisfiyis
CH/z interaction was first proposed about 20 years ago to
explain the preference of the conformation of berteyt-butyl

also commonly found in crystal structures of protei@rystal intermolecular interaction energies considerably depend on the
structures of sugar binding proteins show that carbohydrate choice of the basis s€t? and electron correlatigf? and
ligands are sandwiched by aromatic side chains of préfef, that a large basis set and appropriate electron correlation
suggesting that the CH/interaction is playing an important ~ correction are necessary to accurately evaluate the interaction
role for molecular recognition. energies.

The attraction of aromatic, ethylenic, and acetylenieHC In this study, we carried out high-level ab initio calculations

bonds withz-system was explained by the electrostatic interac- of a few orientations of &4,—CH, and GHs—CHa dimers to
tion between the €H bonds andr systen?-24 These sp and  estimate the intermolecular interaction energies. We carried out
s C—H bonds have substantial bond dipoles. These bond MP2 calculations with Dunning’s correlation consistent basis
dipoles have attractive electrostatic interactions withstreys- sets and estimated the interaction energies at the basis set limit.
tem. Stable structures of acetylene dimer and benzene dimern addition, we carried out CCSD(T) calculations to estimate
were explained by the favorable configurations of two interact- the effect of electron correlation beyond the MP2 method. We
ing quadrupoles (T-shape and slipped parallel structd?@é).  discuss the role of the electrostatic, dispersion, and charge-
Although the close contact of the aliphatic Ysg—H bond and transfer interactions in the attraction between the aliphatieiC
m-system was also observéd? the origin of the attraction bond andz-system.
between aliphatic €H bond andr-system is still not certain.

The accurate evaluation of the interaction energy of thexCH/  |I. Computational Method

interaction is important for the understanding of molecular ) o
The Gaussian 94 progréfwas used for the ab initio

tE-mail: tsuzuki@nimc.go.jp. molecular orbital calculations. The 6-311G*and cc-pVXZ
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Figure 1. Geometries of the dimers considered in this work. The intermolecular disR#c2.8 A for the dimers B and G, and 4.2 A for the other
dimers. The MP2/cc-pVQZ level interaction potentials had minima at these intermolecular distances.

TABLE 1: Interaction Energies of the Dimers Calculated TABLE 2: MP2/cc-pVQZ Interaction Energies of the
with Electron Correlation Correction by Several Methods? Dimers?
dimer HF MP2 MP3 CCSD CCSD(T) distance CoHs—CHg CoHg—CHy
C,H4—CH, A A B [ D E F G
A 034 -0.18 -0.14 —0.06 —0.12 36 20279
B 0.74 0.05 0.09 0.16 0.09 3.8 —0.162 —0.377 —0.244 —0.221 —0.223 —0.100 —0.529
C 036 —-0.06 —0.05 0.00 —0.04 40 —0.425 —0.373 —0.336 —0.316 —0.426 —0.395 —0.648
D) 035 —0.03 -0.01 0.03 —0.01 42 —0.490 —0.329 —0.337 —0.321 —0.467 —0.467 —0.614
E 0.31 —0.18 —-0.14 —0.07 —0.13 44  —0.465 —0.301 —0.289 —0.436 —0.442 —0.526
CzHe—CH
2,:6 N 050 -012 -0.10 -—0.03 ~0.10 aEnergies in kc_al/mol. BSSE-cor_rect_ed interaction energies. The
G 063 -014 -0.11 -0.04 ~0.12 structures of the dimers are shown in Figure 1.

aEnergies in kcal/mol. BSSE-corrected interaction energies. The . : : .
structures of the dimers are shown in Figure 1. The cc-pVDZ basis set interaction energy, corresponding to the difference between the

was used. HF and post-SCF interaction energies, is mainly the attractive
dispersion interactioff The large correlation interaction ener-
(X =D, T, Q, and 5%36 and aug-cc-pVXZ (X= D, T, and gies suggest that the dispersion interact.ion stabilizes the dimers
Q)* basis sets were used. The electron correlation energies weréonsiderably. The effect of the further improved treatment of
calculated by the second-order Mahedrlesset perturbation the electron c_orrelahon correct|on_s beyond_ the MP2 method is
method (MP23%2° and by the coupled cluster method using not Iarge. Slightly Iarg_er attraction is given _by the MP2
single and double substitutions with noniterative triple excita- c@lculations compared with the CCSD(T) calculations. The MP3
tions (CCSD(T)Y241The geometries of the monomer molecules interaction energies are close.to the CCSD(T) ones. The CCSD
were optimized at the MP2/6-31G* le¥@land were used for calculations _always underestimate sgbstannally the attraction
the dimer calculations. The basis set superposition error COMpared with the CCSD(T) calculations.
(BSSE?S was corrected by the Counterpoise met%d’he B. Effect of Basis SetThe interaction energies of tth‘&_
interaction energies at the basis set limit were estimated by theCHs and GHe—CH, dimers (Figure 1) were calculated with
method proposed by FellétThe distributed multipol@446were the 6-311G** and Dunning’s correlation consistent basis sets
obtained from the HF/6-311G** wave functions of isolated to evaluate the effect of basis set. The HF interaction energies
molecules using CADPAC version*8The electrostatic energies ~ Of the dimers, which are approximately the sum of the exchange-
of the dimers were calculated as the interactions between thefepulsion and electrostatic energies, are not largely basis set
distributed multipoles using ORIENT version 3849 dependent as summarized in Table 3. The HF interaction
energies of the dimer A with five different basis sets are very
close to each other, as shown in Figure 2. The small basis set
dependence of the HF interaction energies has also been reported
A. Effect of Electron Correlation Correction. The interac- in the calculations of interaction energies of £I€;Hg, and
tion energies of the £,—CH; and GHg—CH, dimers (Figure CzH,4 homo dimerg8.28
1, dimers A-G) were calculated by the HF, MP2, MP3, CCSD, The MP2 interaction energies of the dimers greatly depend
and CCSD(T) methods with the cc-pVDZ basis set to evaluate on the basis sets. The small cc-pVDZ and 6-311G** basis sets
the effect of the electron correlation correction. The calculated (82 and 102 basis functions for thek;—CH, dimer, respec-
interaction energies are summarized in Table 1. The intermo- tively) considerably underestimate the attraction compared with
lecular distances of the dimers correspond to the potential the large cc-pVQZ and cc-pV5Z basis sets (405 and 713 basis
minima calculated at the MP2/cc-pVQZ level as shown in Table functions, respectively) as shown in Figure 2. The MP2/cc-
2. The HF calculations considerably underestimate the attractionpVDZ interaction energies of the dimers—- (Figure 1) are
compared with the correlated calculations. The correlation —0.18, 0.05,—0.06,—0.03, and—0.18 kcal/mol, respectively.

I1l. Results and Discussion
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TABLE 3: Calculated Interaction Energies of the Dimers?
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C,H;,—CH, CoHe—CH,

method A B C D E F G
HF/6—311G** 0.32(0.27) 0.75(0.31) 0.36 (0.26) 0.36 (0.28) 0.29 (0.25) 0.48 (0.03) 0.62 (0.05)
HF/cc—pVDZ 0.34 (0.30) 0.74 (0.36) 0.36 (0.28) 0.35(0.30) 0.31(0.28) 0.50 (0.05) 0.63 (0.07)
HF/cc—pVTZ 0.35(0.10) 0.74 (0.13) 0.35 (0.09) 0.33(0.10) 0.32(0.09) 0.50 (0.02) 0.63 (0.03)
HF/cc—pVQZ 0.36 (0.04) 0.74 (0.05) 0.35 (0.03) 0.34 (0.04) 0.33 (0.04) 0.49 (0.00) 0.63 (0.00)
HF/cc—pV5Z 0.37 (0.00) 0.74 (0.00) 0.36 (0.00) 0.34 (0.00) 0.34 (0.00)
MP2/6—-311G** —0.23(0.42) 0.00 (0.44) —0.10(0.31) —0.06 (0.34) —0.22 (0.39) —0.17 (0.18) —0.21 (0.26)
MP2/cc-pVDZ —0.18 (0.49) 0.05(0.48) —0.06 (0.35) —0.03 (0.35) —0.18 (0.46) —0.12 (0.25) —0.14 (0.34)
MP2/cc—pVTZ —0.41(0.18) —0.26 (0.23) —0.26 (0.13) —0.24 (0.15) —0.39(0.17) —0.38 (0.09) —0.51(0.13)
MP2/cc-pVQZ —0.49 (0.07) —0.38 (0.09) —0.34 (0.05) —0.32(0.06) —0.47(0.07) —0.47 (0.04) —0.65 (0.05)
MP2/cc-pV5Z —0.53(0.03) —0.43 (0.03) —0.37 (0.02) —-0.36(0.02) —0.50(0.02)
Ewpo(limit) P —-0.54 —-0.47 -0.39 -0.38 —-0.52 -0.52 -0.73
ACCSD(Ty 0.06 0.03 0.02 0.02 0.05 0.02 0.02
Eccsoer(limit) 4 —0.49 —-0.43 -0.37 —-0.36 -0.47 —0.50 -0.71

aEnergies in kcal/mol. BSSE-corrected interaction energies. The values in parentheses are BSSE's. The geometries of the dimers are shown in
Figure 1.° Estimated MP2 interaction energies at the basis set limit. Seecteiference between the interaction energies calculated with the
CCSD(T)/cc-pVDZ and MP2/cc-pVDZ methodsExpected CCSD(T) interaction energies at the basis set limit. SuEgraflimit) and ACCSD(T).

TABLE 4: Basis Set Effects on the Calculated HF, MP2,
MP3, CCSD, and CCSD(T) Interaction Energies of the
C,H,—CH,4 Dimer (A)2

—e— HF/6-311G**
—O— HF/cc-pVDZ ;
HF/cc-SVTZ basis set HF MP2 MP3 CCSD CCSD(BCCSD(TP
2 —2&— HF/cc-pVQZ 6-31G* 0.28—-0.11 —0.10 —0.03 —-0.07 0.04
* HF/cc-pVSZ 6-311G* 0.32—-0.18 —0.16 —0.08 —0.13 0.05
- ~--e--  MP2/6-311G™ 6-311G** 0.32-0.23 -0.19 —0.10 -0.17 0.06
g TT7OTT MP2ieopVDZ ce-p-VDZ 0.34-0.18 014 —0.06 —012  0.06
= B-- MP2jcc-pVIZ cc-p-VTZ 0.35-0.41 —0.36 —0.24 —0.34 0.07
S 4 AT MP2jcopvaz cc-p-VQZ 0.36—0.49
3 Mp2/cc-pV5Z cc-p-V5Z 0.37-0.53
w aug(d,p)-6-311G* 0.35 —0.46 —0.42 —0.31 —0.42 0.04
aug(df,pd)-6-311G** 0.36 —0.50 —0.46 —0.34 —0.46 0.04
0 2Energies in kcal/mol. BSSE-corrected interaction energies. The
fﬂ,.o‘- ) geometry of Fhe Q—l4-'CH4 dlme_r Ais shown in _Flgure 10 Difference
B g g--o-87 between the interaction energies calculated with the CCSD(T) and MP2
& methods ¢ aug(d,p)-6-311G** basis set is the 6-311G** basis set
augmented with diffuse d functions on carbon atoms and diffuse p
4 . . functions on hydrogen atoms{(C) = 0.1565 and,(H) = 0.1875).
3 4 6 daug(df,pd)-6-311G** basis set is the aug(d,p)-6-311G** basis set

further augmented with diffuse f functions on carbon atoms and diffuse

Dist A
istance () d functions on hydrogen atome;(C) = 0.2 andog(H) = 0.25) .

Figure 2. HF and MP2 intermolecular interaction potentials of the

CoHa~CH, dimer A calculated with several basis sets. The electron correlation correction gives a large effect on

the calculated interaction energies of the fivgle-CH, dimers.

—0.37,—0.36 and—0.50 kcal/mol, respectively. The small basis The HF interaction energies of the dimers-E calculated with
sets also underestimate the attractive interactions in shie-€ cc-pV5Z are 0.37, 0.74, 0.36, 0.34, and 0.34 kcal/mol, respec-
CH, dimers. It has also been reported that small basis sets sucHiVely- The MP2 correlation interaction energies, corresponding
as cc-pVDZ and 6-31G* considerably underestimate the attrac- to the d_lffere_nce between the MPZ and HF interaction energies,
tive interactions of small hydrocarbon moleciié®Small basis ~ ©f the five dimers calculated with cc-pV5Z are0.90, ~1.17,
sets considerably underestimate molecular polarizability and ~0-73, ~0.70, and—0.84 kcal/mol, respectively. The large
attractive interactioR® A large flexible basis set with multiple ~ correlation interaction energies suggest the importance of the
polarization functions is necessary to accurately evaluate attractive dispersion interaction.
attractive interaction of hydrocarbon molecuf&s® The basis set effects on the MP3, CCSD, and CCSD(T)
We have calculated the interaction energies of the dimers A interaction energies were also evaluated. The aug(d,p)-6-311G**
and B using aug-cc-pVXZ basis sets 6D, T, and Q}’ to and aug(df,pd)-6-311G** basis sét8were also used for the
evaluate the effect of the augmentations of the diffuse functions. calculations. These basis sets are the 6-311G** basis sets
The calculated MP2 interaction energies of the dimer A using augmented with diffuse polarization function. Although these
these basis sets are0.43, —0.52 and —0.54 kcal/moal, basis sets employ smaller numbers of basis functions, the
respectively. Those of the dimer B ar®.35,—0.43, and-0.45 calculated MP2 interaction energies of hydrocarbon molecules
kcal/mol, respectively. The MP2 interaction energies of the with these basis sets are close to those with the cc-pvVQZ and
dimer A with the cc-pVXZ basis sets (¢ D, T, and Q) are cc-pV5Z basis set¥. The calculated interaction energies of the
—0.18,—0.41 and—0.49 kcal/mol, respectively. Those of the C,Hs—CH, dimer A are summarized in Table 4. The basis set
dimer B are 0.05;-0.26 and—0.38 kcal/mol, respectively. The effects on the MP3, CCSD, and CCSD(T) interaction energies
augmentation of the diffuse functions to the cc-pVDZ and cc- are similar to that on the MP2 ones. Small basis sets such as
pVTZ basis sets substantially increases the attraction. On thethe 6-31G* and cc-pVDZ basis sets considerably underestimate
other hand, the effects of the augmentation to the cc-pVQZ basisthe attraction. The calculations indicate that the CCSD(T)
set are not significant. correction ACCSD(T), the difference between the CCSD(T)

Those calculated at the MP2/cc-pV5Z level a8.53,—0.43,
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1.0 TABLE 5: Electrostatic and Dispersion Energies of the
Dimers?
CoHs—CH, CoHg—CHq
energy A B C D E F G
—o— A Bow® —0.49 —0.43 —0.37 —0.36 —0.47 —0.50 -0.71
0.5 —0— B Ees -0.24 020 0.08 0.06-0.17 0.00 -0.04
3 —&— C S 061 054 028 028 051 049 067
E ® D Eco® —0.86 —1.17 —-0.73 —0.70 —0.80 —0.99 -1.3¢
e 2 Energies in kcal/mol. The geometries of the dimers are shown in

Figure 1. Expected CCSD(T) interaction energies at the basis set limit.
See text and footnoté of Table 3. ¢ Electrostatic interaction energy.
0.0 See textd The difference between the HF/cc-pV5Z interaction energy
andEes © The difference between the-Esprflimit) and HF/cc-pV5Z
interaction energy. The difference between the HF/cc-pVQZ interaction
energy andEes 9 The difference between thecEsperlimit) and HF/
cc-pVQZ interaction energy.

E

05 _ , ' have deeper minima than those of the other dimers. But the
3.4 3.8 4.2 4.6 5.0 potentials of the dimers A and E are steeper in the region of
short intermolecular distance, apparently due to shorter contact
of the hydrogen atoms with the=€C bonds. The potential of
Figure 3. MP2/cc-pVTZ intermolecular interaction potentials of the  the dimer B has a shorter intermolecular distance at the potential
five CzH,—CH, dimers. minimum than the other potentials. The ¢£kholecule in the
] ) ) ] dimers A, B, and E (Figure 1) are rotated°3ong the CG-H
and MP2 interaction energies) has very small basis set depeny,5,4 which is perpendicular to theid; plane. The HF and
dence. The calculatedCCSD(T) are 0.040.07 kcal/mol. MP?2 interaction energies of these dimers were calculated with
. C. Interactlon Energ'les at the. Basis Set !_|m|t.Thg MP2 the cc-pVXZ (X = D, T, and Q) basis sets. The rotation of
intermolecular interaction energies of the dimers (Figure 1) at ¢, has a negligible effect on the calculated interaction energies.
the basis set limit were estimated by extrapolating to the basis e changes are less than 0.01 kcal/mol.
set limit with fitting to the forma + b exp(-cX) (whereX is E. Roles of Electrostatic, Dispersion, and Charge-Transfer
2 for cc-pVDZ, 3 for cc-pVTZ, etc}® The estimated MP2  |teractions. The calculated interaction energies of the five
interaction energies of the dimers—& at the basis set limit CoHa—CHa dimers A-E (—0.36 to—0.49 kcal/mol) are close
(Ewmp2(imiy) are —0.54,-0.47,-0.39,-0.38, and—0.52 kcall {5 each other. The small difference of the bonding energies of
mol, respectively, as summarized in Table 3. These values areihe dimers A-D shows that the CH4 molecule can change the
not largely different from those calculated with cc-pV5Z, (irection of the G-H bond with very small change of the
indicating that the cc-pV5Z basis set is close to the saturation. bonding energy. The calculated energy difference between the
The MP2 interaction energies at the basis set limit were also dimers A and E is only 0.02 kcal/mol, showing that the potential
estimated from the calculated interaction energies using theenergy surface is very flat with respect to the motion of,CH
augmented basis sets (aug-cc-pVXZ=XD, T, and Q). The  mglecule parallel to the €C bond. These results show the

Distance (A)

estimated interaction energies of theHz—CHs dimers A looseness of the interaction between the aliphaticHCbond
and B at the basis set limit are0.55 and—0.47 kcal/mol,  andxz-system. The calculated bonding energy of the dimer A
respectively. These values are very close to those obtained from0.49 kcal/mol) is slightly larger than those of the dimers B, C,
the calculated interaction energies using the cc-pVXZH(B, and D (0.36-0.43 kcal/mol). This result agrees well with the

T, Q, and 5) basis sets-0.54 and—0.47 kcal/mol, respectively).  experimental observation that the-& bond prefers to point
Although the augmentation of the diffuse functions to the cc- to the z-systemt5:56
pVDZ and cc-pVTZ basis sets substantially increases the |n order to understand the nature of the interactions between
calculated attractive interaction, the extrapolated values at theC,H, and CH,, electrostatic and correlation interaction energies
basis set limit using the aug-cc-pVXZ basis sets are close towere analyzed as summarized in Tabl&Sis the electrostatic
those using the not augmented cc-pVXZ basis sets. interaction energy calculated with the distributed multipoles
The CCSD(T) corrections\CCSD(T)), corresponding to the  obtained from the HF/6-311G** wave functions of isolated
difference between the MP2 and CCSD(T) interaction energies molecules.E.¢s of the dimer A calculated with distributed
calculated with cc-pVDZ are not large. They are 0.06, 0.03, multipoles obtained from several HF wave functions are shown
0.02, 0.02, and 0.05 kcal/mol, respectively. The expected CCSD-in Figure 4. The basis set dependence of the calculaiets
(T) interaction energies of the dimers at the basis set limit (the very small.
sum of theEypz(imiyy and ACCSD(T)) are—0.49,—0.43,—0.37, The inclusion of electron correlation correction on the wave
—0.36 and—0.47 kcal/mol, respectively. The calculated bonding function of an isolated molecule sometimes has significant effect
energy (0.49 kcal/mol) is about 10% of the bonding energy of on the calculated dipole momett>8 The inclusion of electron
water dimert®52-5% The calculations show that the interaction correlation correction may affect largely tBg:s of the dimers.

between aliphatic €H bond andr-system is very weak. The Ee¢s of the GH,—CH, dimers A and B were calculated
D. Intermolecular Interaction Potentials of the Dimers. from the distributed multipoles obtained from the MP2/6-311G*
The intermolecular interaction energies of the fivgHg—CH, * wave functions of isolated molecules to evaluate the effects

dimers were calculated at the MP2/cc-pVTZ level with changing of electron correlation correction. The calculakds are—0.20
the intermolecular distance as shown in Figure 3. The calculatedand —0.17 kcal/mol, respectively. ThE.ss obtained from the
potentials are very flat near the potential minima, showing the HF/6-311G** distributed multipoles are0.24 and 0.20 kcal/
looseness of the interaction between the aliphatitHbond mol, respectively. The inclusion of the electron correlation
ands-system. The calculated potentials of the dimers A and E correction decreases the absolute valueBeg$ only slightly.
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Distance (A)
Distance (A) Figure 6. Electrostatic interaction of the dimers calculated with the

Figure 4. Electrostatic interaction potentials of thekG—CH, dimer distributed multipoles obtained from HF/6-311G** wave functions of

A calculated with the distributed multipoles obtained from several HF iSolated molecules.
wave functions. ) ) _
hydrogen atom has attraction with the negative charge around

H the G=C bond.Ecs of the dimers F and G ({Ele—CH,) are
H\ = H very small, suggesting that the electrostatic interaction is not
¢ important for the GHe—CH,4 dimer. The calculateless of the
+ CoHa—CH,4 and GHg—CH, dimers with different intermolecular

distances are shown in Figure 6.

H. ~ o H Now we can understand why the;—CH, dimer A, in
HH which the C-H bond points to the €C bond, is slightly more
) o - stable than the dimers BD. The sum of Ep and Econ

Figure 5. Electrostatic interaction between Gind GH.. (approximately the sum of the exchange-repulsion and dispersion
energies) favors the dimer B-0.63 kcal/mol) to the dimer A
(—0.25 kcal/mol). The smaller repulsion of the dimer B enables
a shorter intermolecular distance and gives larger stabilization
by the attractive dispersion interaction. The interaction energy
of the tridentate dimer B is considerably larger (more negative)

The HF interaction energy is approximately the sum of the
exchange-repulsion and electrostatic enerdigs, is the dif-
ference between the HF/cc-pV5Z interaction energy Bad
AlthoughEepis mainly the exchange-repulsion enerfy, also
includes some other energy components. The correlation : ' ‘ _
interaction energyHeor), the difference between the HF and than that of the dimer A, if there exists no electrostatic
post-SCF interaction energy, is mainly the attractive dispersion interaction. However, the_ electrostatic interaction increases the
energy.Ecor is the difference between the estimated CCSD(T) relative stability of the dimer A compared with the dimer B.

interaction energy at the basis set limit and the HF/cc-pv5z AS @ result, the total interaction enerdiida) of the dimer A
interaction energy. is slightly larger than that of the dimer B. These results show

Eoor's Of the dimers A-E are—0.70 to—1.17 kcal/mol. The that the electrostatic interaction is playing an important role to

large Ecor's Suggest that the stabilization by the attractive d€termine the orientation of the-¢4 bond.

dispersion interaction is very large and that the dispersion ~The comparison of the calculated interaction energies of the
interaction is playing a significantly important role in the CzHe—CHasdimers F and G shows that the-€i bond of CH,
attraction between £, and CH, molecules. TheE of the does not prefer to point to the-C bond of GHg in contrast
dimer B (—1.17 kcal/mol) is substantially larger (more negative) With the GHs—CH, dimer. The dimer G is more stable than
than those of the other dimers, apparently due to the shorterthe dimer F. The electrostatic interaction is negligible in the
intermolecular distance (3.8 A) than those of the other four CoHe—CHa dimers.EqepandEcor determine the relative stability
dimers (4.2 A). The dimer A has the large&t, (0.61 kcal/ of these dimers. The smaller repulsion in the dimer G enables
mol), due to the short contact of the hydrogen atom with the the shorter intermolecular distance and increases the stabilization
C=C bond. The electrostatic energy greatly depends on theby the dispersion interaction. The different conformational
orientation of the dimerEes of the dimer B is repulsive (0.20  preference of the £1,—CH, and GHe—CH, dimers also shows
kcal/mol) and those of the dimers C and D are small (0.08 and that the electrostatic interaction is important to determine the
0.06 kcallmol, respectively) as shown in Table 5. On the other orientation of the €&H bond in the GH4—CHj dimer.

hand,Eesof the dimers A and E are attractive .24 and—0.17 Charge-transfer interaction may be one of the possible sources
kcal/mol, respectively). We can understand why the electrostatic of the attraction between the-& bond andz-systemt Atomic
interaction is attractive in the dimer A. The-El bonds of GHa charge distributions of the 8,—CH, dimer A were obtained

have substantial bond dipoles. As a result, the region aroundby Mulliken population analyst¥8-6! and by the electrostatic
the G=C bond is negatively charged as shown in Figure 5,CH potential (ESP) fitting with the MerzSingh—Kollman schem@3

has an octopole momefftwhich means that the €4 bonds to evaluate the amount of charge transfer from ethylene to
have small bond dipoles. The small positive charge on the methane. The calculated charges onsGsum of the atomic
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TABLE 6: Calculated Charges on CH;, in the C,H,—CH,4 (2) Kodama, Y.; Nishihata, K.; Nishio, M.; Nakagawa, Netrahedron
dimer (A)2 Lett. 1977 2105.
- (3) litaka, Y.; Kodama, Y.; Nishihata, K.; Nishio, M. Chem. Soc.
Mulliken® esp Chem. Commuril974 389.
basis set HFE MP2 HF MP2 (4) Kodama, Y.; Nishihata, K.; Nishio, M.; litaka, Y. Chem. Soc.,
Perkin Trans. 21976 1490.
4-31G —0.012 —0.012 —0.013 —0.013 (5) Hirota, M.; Takahashi, Y.; Nishio, M.; Nishihata, Bull. Chem.
6-31G —0.010 —0.010 —0.011 —0.011 Soc. Jpn1978 51. 2358.
6-31G* —0.010 —0.010 —0.011 —0.011 (6) Kodama, Y.; Nishihata, K.; Zushi, S.; Nishio, M.; Uzawa, J.;
6-311G* —0.007 —0.007 —0.008 —0.008 Sakamoto, K.; lwamura, HBull. Chem. Soc. JprL979 52, 2661.
6-311G** —0.010 —0.009 —0.008 —0.008 (7) Kodama, Y.; Zushi, S.; Nishihata, K.; Nishio, M.; Uzawa,JJ.
cc-pvDz —0.009 —0.009 —0.009 —0.009 Chem. Soc. Perkin Trans.108Q 1306.
cc-pvVTZ —0.006 —0.006 —0.004 —0.005 (8) Uzawa, J.; Zushi, S.; Kodama, Y.; Fukuda, Y.; Nishihata, K;
cc-pvVQZz —0.004 —0.005 —0.003 —0.004 Umemura, K.; Nishio, M.; Hirota, MBull. Chem. Soc. Jpri98Q 53, 3623.
cc-pV5sZ —0.001 —0.001 —0.002 (9) Zushi, S.; Kodama, Y.; Nishihata, K.; Umemura, K.; Nishio, M.;
. . - Uzawa, J.; Hirota, MBull. Chem. Soc. Jprl98Q 53, 3631.
2 The geometry of the ££1,-CH4 dimer A is shown in Figure 12 The (10) Hirota, M.; Sekiya, T.; Abe, K.; -|Pashirg’ H.: Karatsu. M.: Nishio,
total charge of methane obtained from the atomic charge distributions \1.: E. OsawaTetrahedron1983 39, 3091.
with Mulliken population analysis: The total charge of methane (11) Andreetti, G. D.; Pochini, A.; Ungaro, R. Chem. Soc., Chem.
obtained from the atomic charge distributions with Me&ingh— Commun.1979 1005.
Kollman scheme electrostatic potential fitting. (12) Ungaro, R.; Pochini, A.; Andreetti, G. D.; Sangermana) \Chem.

Soc., Perkin Trans. 2984 1979.

charges) are summarized in Table 6. The Mulliken and ESP Soglﬂelrjk?r?a}rroén'z-?gg;i?;?/*? Andreetti, G. D.; Domiano, P.Chem.
charges are very close. The effects of electron correlation are ™" (14 kobayashi, K.; Asakawa, Y.; Kikuchi, Y.; Toi, H.; Aoyama, Y.
very small. The calculated negative charge on,Cwihich Am. Chem. Sod993 115 2648.
corresponds to charge transfer fropHg to CH;, is highly basis (15) Umezawa, Y.; Tsuboyama, S.; Honda, K.; Uzawa, J.; Nishio, M.

: ; ; ZBuII. Chem. Soc. Jprl99§ 71, 1207.
set dependent. The increase of the basis set size from cc-pVD . '

. ) (16) Quiocho, F. AAnnu. Re. Biochem.1986 55, 287.

to cc-pVvbz conS|derany decreases the neganve_charge. The (17) Quiocho, F. A.; Viyas, N. KNature 1984 310, 381.
calculated charge on GHis only —0.001 t0o—0.002, if a very (18) Vyas, N. K.; Vyas, M. N.; Quiocho, F. Aature 1987, 327, 635.
large cc-pV5Z basis set is used. On the other hand, the smaller %8) \S/YaSI'_N- KJ \éy?f_v M-GN;(QU'OC_“OEF- "‘fcgn‘é@?%ﬁ“z iggo-
basis sets in Table 6 overestimate the negative charge. The’zef(i 5)202?1” ino, J. C.; Lu, G--Y.; Quiocho, F. Al. Biol. Chem.1991
negative charge calculated with the cc-pVDZ1i8.009. Similar (21) Buckingham, A. D.; Fowler, P. . Chem. Physl983 79, 6426.
amount of negative charges were also calculated with the Pople’s  (22) Price, S. L.; Stone, A. J. Chem. Phys1987, 86, 2859.
basis sets in Table 6. These calculations indicate that the amount (23) Bone, R. G. A; Handy, N. Clheor. Chim. Actdl99Q 78, 133.

. - (24) Stone, A. JThe theory of intermolecular force€larendon Press:
of charge-transfer is very small. The observed considerable oyiord UK, 1996.
overestimation of charge transfer with small basis sets indicates (25) Takagi, T.; Tanaka, A.; Matsuo, S.; Maezaki, H.; Tani, M.;

that a very large basis set must be used to study charge transferffujiwara, H.; Sasaki, YJ. Chem. Soc., Perkin Trans,1887 1015.
(26) Tsuzuki, S.; Tanabe, K. Phys. Chem1991], 95, 2272.

. (27) Chalasinski, G.; Szczesniak, M. hem. Re. 1994 94, 1723.
IV. Conclusion (28) Tsuzuki, S.; Uchimaru, T.; Tanabe, K.Mol. Struct. (Theochem)

Wg have prgsented hlgh-levgl ab initio calculations of the 19??9?0';s.uzuki, S.. Uchimaru, T.: Mikami, M.; Tanabe, &.Phys. Chem.
bonding energies of £1,—CH, dimers as a model of Chi/ 1998 102, 2091.

interaction. The calculated bonding energy (0.49 kcal/mol) is  (30) Jaffe, R. L.; Smith, G. DJ. Chem. Phys1996 105, 2780.

only about 10 % of the bonding energy of water dimer. The __(31) Hobza, P.; Selzle, H. L.; Schlag, E. \W.Phys. Cheml996 100
calculated potential is very shallow near the minimum with (32)' Tsuzuki, S.; Uchimaru, T.; Tanabe, Khem. Phys. Lettl998
respect to the rotation and translation of £Il8howing the 287, 202.

looseness of the Chi/interaction. The calculations show that (33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

; ; ; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
the geometry in which the €H bond of CH points to the A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

C=C bond of GHa4 (dimer A) has slightlyllarg(.er bondi.ng energy v, G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
than the other dimers. The correlation interaction energy, Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
corresponding to the difference between the HF and post-SCFWong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
interaction energies, is-0.86 kcal/mol, suggesting that the ~Fo% D-J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-

. L ST . . Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94:Gaussian, Inc.:
dispersion interaction is significantly important for the attraction pigspurgh, PA, 1994.
between GH, and CH,. Although the electrostatic interaction (34) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, 1.AChem. Phys.
(—0.24 kcal/mol) is not large, it is playing an important role to 195(3395)725650; 3. T. HJ. Chem. Physl989 90, 1007

- - : - : unning Jr., T. HJ. Chem. Phy. , .

stabilize the dimer in which the-€H bond points to the €C (36) Woon, D. E.; Dunning Jr., T. H. Them. Phys1993 98, 1358.
bond. The interaction is negligible 'nZSG_CH4 dimers. The (37) Kendall, R. A.; Dunning Jr., T. H.; Harrison, R.Jl.Chem. Phys.
C—H bond of CH, does not prefer to point to the-€C bond of 1992 96, 6796.
C2He, Which also suggests that the electrostatic interaction is ~ (38) Maller, C.; Plesset, M. hys. Re. 1934 46, 618.

important to determine the conformational preference of the 19%9)1529?8560”(’”' M. Pople, J. A.; Frisch, M.Ghem. Phys. Lett.

CzHs—CHj dimer. The atomic charge distribution of thetG— (40) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
CH,4 dimer calculated with the cc-pV5Z basis set shows that 1987 87, 5968.
the charge transfer from 8, to CH;, is very small. (41) Scuseria, G. E.; Schaefer Ill, H. F..Chem. Phys1989 90, 3700.

(42) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

i (43) Ransil, B. JJ. Chem. Phys1961 34, 2109.
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