J. Phys. Chem. 2006,110,10163-10168 10163
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The CCSD(T) level interaction energies of GHfomplexes at the basis set limit were estimated. The estimated
interaction energies of the benzene complexes with, CHi;CH3, CH,CH,, CHCH, CHNH,, CH;0OH, CHs-

OCHs, CHsF, CH;C', Cch|NH2, CH3C|OH, CH2C|2, CHzFC|, CHF, CHC|3, and CHF; are—1.45,—1.82,
—2.06,—2.83,—1.94,—-1.98,—2.06,—2.31,—2.99,—-3.57,—3.71,—4.54,-3.88,—3.22,—5.64, and—4.18
kcal/mol, respectively. Dispersion is the major source of attraction, even if substituents are attached to the
carbon atom of the €H bond. The dispersion interaction between benzene and chlorine atoms, which is not
the CH/r interaction, is the cause of the very large interaction energy of the £td@iplex. Activated CHt
interaction (acetylene and substituted methanes with two or three electron-withdrawing groups) is not very
weak. The nature of the activated GHhteraction may be similar to the hydrogen bond. On the other hand,
the nature of other typical (nonactivated) GHhteractions is completely different from that of the hydrogen
bond. The typical CHf interaction is significantly weaker than the hydrogen bond. Dispersion interaction is
mainly responsible for the attraction in the GHihteraction, whereas electrostatic interaction is the major
source of attraction in the hydrogen bond. The orientation dependence of the interaction energy of the typical
CH/z interaction energy is very small, whereas the hydrogen bond has strong directionality. The weak
directionality suggests that the hydrogen atom of the interactingl Gond is not essential for the attraction

and that the typical CHY/ interaction does not play critical roles in determining the molecular orientation in
molecular assemblies.

Introduction H
. . . Xa (I: H
Recently, weak intermolecular interactions have attracted X1\c{-_ﬂ_ " ] H;I‘/ \c{g;'_"_ _______
much interest, as the weak interactions sometimes play crucial | f | }
H R H R

roles in determining the structures and properties of molecular
assemblies such as molecular crystals, hgsest complexes,
and proteing.The weak attraction between the-& bond and

the & system is called the CHY interactionl? The CHfr
interaction is a very weak interaction compared with the

H
conventional hydrogen bond. High-level ab initio calculations H I
. . . . | Cc
predicted that the intermolecular interaction energy of the _C H Il
benzene-methane cluster is-1.45 kcal/moP The calculated H e C-ommmmmmmmeepe
interaction energy agrees well with the recently reported ,!, T ,!, T
experimental bonding energy of the cluster in the gas phase. R ; R
Ab initio calculations show that the dispersion interaction is l R l
c~——— ~———

mainly responsible for the attraction in the GHhteraction3
Sometimes, the CHY interaction was regarded as a weak
hydrogen bond. Probably structural analogy between thetCH/

interaction and the-hydrogen bond would be the cause of this - ¢/ interactions might play crucial roles in controlling the
claim. The interacting €H bond prefers to point toward the  giryctures of molecular assemblies as for the conventional
benzene ring as for the-hydrogen bond (Figure P)Crystal hydrogen bond.
structure analysis shows that QHtontacts are observed in Desiraju and Steiner reported that the hydrogen bond plays
many systems. It was often claimed that the sum of the many cjsical roles in determining the structures of molecular as-
CH/x interactions may not be negligible and that the very weak semblies, as the hydrogen bond is sufficiently strong and
- ~_sufficiently directional The interaction energy of the hydrogen
ais: ;8 j‘ghom correspondence should be addressed. E-mail: s.tsuzuki@ pond has strong orientation dependence, as the highly orientation
tAIST. dependent electrostatic interaction is the major source of the
*Tohoku University. attraction in the hydrogen bofdOn the other hand, an

Figure 1. Structures of model Ck/ complexes.
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electrostatic interaction is not the major source of the attraction “activate” the C-H bond. We have analyzed the orientation

in the CHfz interaction2” which suggests the weak orientation
dependence of the CHl/interaction energy.

Detailed information on the magnitude and orientation
dependence of the CH/interaction “energy” is necessary to
confirm its role in controlling structures of molecular assemblies,

dependence of the typical Cilinteractions and have discussed
the roles of the typical CHY interaction for controlling the
structures of molecular assemblies. We have also discussed the
roles of the hydrogen atom for the attraction in the typical £H/
interaction and the cause of very large attraction in the benzene

as the intermolecular forces control the structures. The size of chloroform complex.

the electrostatic interaction is important for understanding the

orientation dependence of the interaction energy, as the elec-Computational Method

trostatic interaction mainly determines the orientation depen-

dence of the interaction ener§y:® The directionality of the
CH/z interaction has been studied extensively by statistical
analysis of crystal structures, which shows that theHbond
prefers to point toward the benzene rihglthough the crystal

The Gaussian 98 and 03 progra®s were used for the ab
initio molecular orbital calculations to evaluate total interaction
energies. The basis sets implemented in the Gaussian programs
were used. Electron correlation was accounted for at the
MP239:40 and CCSD(T) level4! Geometries of isolated mol-

structure analysis provides detailed information on structures, g¢yles were optimized at the MP2/6-31G* level and were used

it does not provide any direct information on the orientation
dependence of the interaction energy.

The nature of the CH¥ interaction will depend on the acidity
of the interacting €&H bond. The acidity of a €H bond

for calculations of complexes. The basis set superposition error
(BSSE}? was corrected for all calculations using the counter-
poise method3 The MP2 level interaction energieSy(pz) were
calculated using Dunning’s cc-pVXZ(= D, T, and Q) basis

depends strongly on its hybridization type and substituents. Thesets?44> The MP2 interaction energies at the basis set limit
acidity of methane is extremely low g = 49), whereas it is [Emp2gimin] Were estimated by the method of Feffefrom the
remarkably enhanced in acetyleneKgp= 25)1! Ab initio calculatedEyp, values using the Dunning’s basis sets. The
calculations of the benzer@acetylene complex show that the CCSD(T) level interaction energies at the basis set limit
electrostatic interaction is also important for the attraction in [Eccspimiy] Were estimated as the sum of the estimated
an “activated” CH# interaction in this compleX.The CHi Ewmp2(imiyy and CCSD(T) correction term (the difference between
interaction energy of the activated-El bond (acetylene) has  the calculated CCSD(T) and MP2 level interaction energies
a weak orientation dependen@e!* The activated CHf using cc-pVDZ basis sef)’ The details of the estimation
interaction has a little similarity with the-hydrogen bon# procedure are described in the Supporting Information. The
and that it may possibly play little roles in controlling molecular electrostatic energy of the complex was calculated using the
orientation in molecular assemblies as for the hydrogen bond. ORIENT version 3.27 The electrostatic energy of the dimer
On the other hand, the electrostatic interaction is very weak in was calculated as interactions between distributed multipoles
a “typical” (nonactivated) CHf interaction (C-H bonds of of monomers?48 Distributed multipoles up to hexadecapole
alkanes). This difference suggests that the nature of thercCH/ on all atoms were obtained from the MP2/6-311G** wave
interaction (magnitude of the interaction energy and its direc- functions of an isolated molecule using CADPAC versiof 6.
tionality) depends strongly on the hybridization type and Distributed multipoles were used only to estimate the electro-
substituents. static energy.

From the above discussion, it becomes clear that the nature
of the CH/x interaction of typical G-H bonds and its roles in
controlling the structures of molecular assemblies should be
discussed separately from those of activatedH®bonds. Many
CH/m interactions were found in crystals, although it is unclear
whether the interacting €H bonds are activated or not. Most
of C—H bonds in nature are typical (low-acidic)-®& bonds.
Therefore, detailed information on the magnitude and direc-
tionality of the interaction energy of the typical Cthteraction

Results and Discussion

Magnitude of the CH/x Interaction and Electrostatic and
Dispersion Contributions. The interaction energy potentials
of benzene clusters with substituted methanes (Figure 1)
calculated at the MP2/cc-pVTZ level are shown in Figure 2.
The estimatetEccspmimiy Values Eroray total interaction energy)
of the complexes at the potential minima are summarized in
; : . ) Table 1. The estimatefo, Of the benzenemethane complex,
is essential for understanding the roles of the £htteraction which corresponds te-De, is —1.45 kcal/mol. The vibrational

in controlling the structures of molecular assemblies. zero-point energy contributiom\ZPE) reported from ab initio
Several theoretical calculations of model systems of thetCH/  calculations is 0.30 kcal/mdl.The calculatedDy (= De —
interaction were reportéd-1°-32 Electron correlation was ac-  AZPE) is 1.15 kcal/mol, which is very close to the recently
counted for at the MP2 level in most of the calculations. reported experimentaD, (1.03-1.13 kcal/mol) in the gas
However, recent high-level ab initio calculations of aromatic phaset The good agreement suggests that the estimBigg
molecules show that a very large basis set and CCSD(T) levelvalues of the complexes are sufficiently accurate. Detailed
electron correlation correction are necessary for quantitative evaluation of the effects of basis set and electron correlation is
evaluation of the CHY interaction energie3’:193336 The size described in the Supporting Information.
of the total interaction energy and electrostatic energy of the  E_is the electrostatic energcor is the effect of electron
activated CH# interaction (benzene complexes with acetylene correlation on the calculated total interaction energy, which is
and Ch'OrOform) were reported from high-level ab initio calcula- the difference betwedﬁotal andEHF (HF level interaction energy
tions37 However, the effects of other substituents were not well using the cc-pVQZ basis set). The dispersion interaction is the
understood. The orientation dependence of the interaction energymajor contributor toEgoy. Erep (= Enr — Eed is mainly the
of the typical CH# interaction was unclear. exchange-repulsion energy, but it also includes some other
In this paper, we have calculated the interaction energies of terms. The calculated potentials (Figure 2) show that substantial
benzene complexes with several substituted methanes to evaluatattraction still exists in these complexes even when molecules
the effects of substituents on the total interaction energy andare well separated, which shows that the major source of
electrostatic contribution. We have discussed which substituentsattraction in the CHt interaction is not short-range interactions



Interaction Energy of the Aliphatic Cht/Interaction J. Phys. Chem. A, Vol. 110, No. 33, 20080165

Sl ol E 2
£ £
§ § gl
s3r =3¢ —o— C6HB-CH3NH2 e .
“ —o— C6HB-CH4 u —B— C6HB-CH30H —o— C6HB-CH2CINH2
a4t 4 —a— C6HB-CH30CH3 4} —&— C6HB-CH2CIOH
—&— C6HB-CH3CH3 F ©— C6HB-CH3F —a— C6HB-CH2CI2
—a— C6HB-CH2CH2 —#— C6H6-CH3CI —o— C6HB-CH2FCI
5+ —e— C6H6-CHCH 5| 5+ —v—gal;%ﬁlé?:Z
—o—
—a— C6H6-CHF3
Py 1 1 ) . . . 6 . L L L n L 6 L L L . L
2.6 3 34 3.8 4.2 4.6 5 54 26 3 34 3.8 4.2 4.6 5 5.4 26 3 34 . .. 4.6 5 5.4
Distance (A) Distance (A) Distance (A)
(a) (b) ()

Figure 2. Calculated interaction energies of model @GHtbmplexes at the MP2/cc-pVTZ level. Geometries of complexes are shown in Figure 1.

TABLE 1: Electrostatic and Dispersion Energies of CHfr

Complexe$
Elotalb Eesc Erepd Ecorre
CeHs—CH4f —-1.45 —-0.25 1.10 —2.30
CsHe—CH3CH5f —1.82 —0.17 1.97 —3.62
CoHs—CH,CH;,' —2.06 —0.65 1.82 —3.23
CsHe—CHCH —2.83 —2.01 1.44 —2.26
monosubstituted
CgHg—CH3NH> —1.94 —0.28 1.92 —3.58
CgHe—CH30OH —1.98 —0.37 1.63 —3.24
CgHg—CH30OCH; —2.06 —0.44 1.73 —3.35
CeHe—CH3F -2.31 —0.93 1.48 —2.86
CeHe—CH5CI9 —2.99 —1.06 1.44 —3.37
disubstituted Figure 3. Electrostatic interaction between benzene and methane.
CeHe—CH,CINH, —3.57 —1.09 2.68 —5.16
CeHe—CH,CIOH -3.71 —1.48 2.67 —4.90 bonds in the monosubstituted methanes is very weak Elhe
CeHe—CH,Cl —454 181 241 -514 of the benzene complexes with monosubstituted methanes are
CeHe—CH,FCI —3.88 —1.93 244 —4.39 —1.45 to —2.31 kcal/mol with one exception of the chlo-
CeHg—CHzF2 —-3.22 —1.55 1.01 —2.68 -
trisubstituted romethane complexes-.99 kcal/mol). (The origin of the large
CeHe—CHCl® —5.64 —2.42 4.63 —-7.85 attraction in the benzene-chloromethane complex will be
CeHs—CHF? —4.18 —2.43 1.67 —3.42 discussed later.) ThEes values of monosubstituted methane
gygmgﬁnoeond 200 Lg6 Lo 523 complexes £0.28 to—1.06 kcal/mol) are only slightly larger
616~ M2 - 9. -4 . 4. i
HO—H,O 280 e 320 —135 (more negative) than that of the methane complex. The small

electrostatic contributions show that the nature of thes£H/

2 Energies in kcal/mol. The geometries of complexes are shown in interactions of the monosubstituted complexes is close to that
Figure 1.P Estimated CCSD(T) level interaction energy at the basis of the methane complex (nonactivated GHinteraction).
set limit. See text® Electrostatic energy. See teftRepulsion energy The benzene complexes with di- or tri-shustituted methanes

[= Enr — Eed. Ene was calculated at the HF/cc-pVQZ level. See text. - . . _
eCorrelation interaction energy=[ Eoa — Ewgl. Ecor is mainly have large interaction energies3.22 to—5.64 kcal/mol). The

dispersion energy. See teXReference 3¢ Reference 7" Reference interaction energy of the benzeﬁehloroform complex{-5.64
62.1 Ea and Ecorr Were taken from ref 69E.s was calculated using  kcal/mol) is larger than that of the water dimer (abets kcal/
the same geometry. mol) 5152 The largeEes of the complexes{1.29 to—2.43 kcal/

mol) is a cause of the largEa Of the di- or trisubstituted
methane complexes. The electron withdrawing groups increase
(E ~ e *R) such as charge transfer, but long-range interactions the positive charge on the hydrogen atom of the interactinglC
(E ~ R™™ such as electrostatic and dispers¥rCalculated bond, which increases the attractive electrostatic interaction with
atomic charge distributions of the benzene-methane cluster alsathe benzene, as benzene has quadrupole moment as shown in
show that the charge-transfer is negligible. Figure 3. The large electrostatic contributions suggest that the
The Etal Of the benzeneacetylene complex—2.83 kcal/ C—H bonds of the di- or trisubstituted methanes are substantially
mol) is substantially larger (more negative) than those of the activated. The nature of these activated &hifteraction may
benzene complexes with methane and etharie45 and-1.82 be similar to that of ther-hydrogen bond.
kcal/mol, respectively). The larg&sin the benzeneacetylene TheEqqrrvalues are always considerably larger tEagiwhich
complex (2.01 kcal/mol) shows that electrostatic interaction shows that dispersion is mainly responsible for the attraction
is responsible for the large attraction in the activated &£H/ in the CHiz complexes, even if the €H bond is activated by
interaction in the complex. ThE, of the benzeneethylene electron-withdrowing substituents. Electrostatic interaction is not
complex (2.06 kcal/mol) is close to that of the benzemhane the major source of attraction in the benzene complexes with
complex. TheEes values of methane, ethane, and ethylene substituted methanes. The substituents increas&dhe The
complexes £0.25,—0.17, and—0.65 kcal/mol, respectively)  Ecor values of the complexes-@.86 to—7.85 kcal/mol) are
are small. These results show that the sp2Hbond of ethylene larger than that of the benzenmethane complex<2.30 kcal/
is not activated. mol). Especially theEcr values of chlorinated methane
The attraction in the benzene complexes with monosubstituted complexes {3.37 to—7.85 kcal/mol) are very large.
methanes is only slightly larger than that in the benzene The different origins of the typical and activated GH/
methane complex, which shows that the activation of thédC interactions are evidenced by electronic spectroscopy of gas-
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the interaction energy by the rotationE) is only 0.30 kcal/
mol. The calculated interaction energies of the benzene-
chloromethane complex are2.39 to—2.93 kcal/mol AE =

0.54 kcal/mol) whenf are O to 150.5! The calculated
interaction energy potentials of the two GHzomplexes have
their minima wher® = 0°. The calculations show that the-®
bond prefers to point toward the benzene ring, which agrees
well with the crystal structure databese analysis.

The directionality of the interaction energy of the typical
4l —e—C6H6-H20 CH/m interaction is very weak compared with theehydrogen

ISSHS:SHQC. bond AE = 3.64 kcal/mol). Highly orientation dependent

-so 20 80 50 a0 10 180 electrostatic interaction is ma!nly respon3|ble to the directionality

Angle 8 of thesr-hydrogen bond (OHY interaction)?? On the other hand,
Figure 4. Orientation dependence of calculated interaction energies the giectrostatlc contribution is small in typical GHihterac-
of CH/ and OH/z complexes at the MP2/cc-pVTZ level with BSSE 10N
correction. The distances between the centroid of benzene and the Roles of Hydrogen Atom for Attraction in Typical CH/ &
carbon atoms of methane and chloromethane were fixed at 3.8 and 3.6|nteraction. The comparison ofEes and Ecor Shows that
A, respectively, in the calculations. The distance between the centroid dispersion is the major source of attraction in the £H/
of benzene and the oxygen atom of water was fixed at 3.4 A. complexes, which suggests that the hydrogen atom of thel C
bond is not essential for the attraction. Dispersion has its origin
in molecular polarization. Polarizability of a hydrogen atom is
considerably smaller than that of a carbon atom, which suggests
that the dispersion interaction between carbon atoms of benzene
ring and the carbon atom of the-&1 bond is mainly responsible
for the attraction in the CkH/ complexes.

The rotation of methane and chloromethane does not largely
change the calculated interaction energies of theaC¢tim-
plexes, if the distance between benzene and the carbon atom of
the C-H bond was fixed. The very small change of the
interaction energy associated with the rotation of theHbond

E (kcal/mol)

phase complexes. In aromatic complexes of the van der Waals
type, such as benzeneare gas and benzen&trachrolom-
ethane complexes;>*the S—$; electronic transition is gener-
ally low-frequency shifted in comparison with that of the bare
molecule. The low-frequency shift of the electronic transition
means the enhancement of the binding (interaction) energy of
the complex, and it is caused by the larger polarizability of the
aromatic moiety in the electronic excited state. On the other
hand, a high-frequency shift is generally seenrihydrogen-
bonded complexes such as benzewater®® The electronic
transition of these complexes is localized in the aromatic moiety, . ;
and the enhancement of the dispersion interaction is expecteaalso suggests that the hydrogen atom is not important for the
also for ther-hydrogen-bonded complexes. The high-frequency attratl:tllon. .

shift of the 7-hydrogen-bonded complexes means a decrease ©Origin of Strong Attraction between Benzene and Chlo-

of the binding energy in the electronic excited state. Therefore, finated Methanes. The strong attraction between benzene and
it indicates that the contribution of the electrostatic interaction chloroform was reported. The aromatic-solvent induced shift
is more important in ther-hydrogen-bonded complexes, and ©f *HNMR spectra shows that the~&1 bond of chloroform

the reduction of the electrostatic interaction upon the electronic POsitions above the benzene ritfg®” The strong attraction in
excitation is dominant over the enhancement of the dispersionthe benzene-chloroform complex was called &Hdrogen
interaction. Electronic transition of the benzemeethane and ~ Ponding. High-level ab initio calculations also show the exist-
benzene-ethane complexes shows low-frequency shffsyg- ence of strong attraction between the ben;ene and chIo_roform
gesting the major contribution of the dispersion force in these (Etoai= —5.64 kcal/mol): The strong attraction was explained
complexes. This is in contrast with the trend of the “activated” PY the strong acidity of the hydrogen atom of chloroform, which
CH/z interaction type complexes, benzeracetylene and increases the attractive electrostatic interaction. It was also

benzene-chloroform, which are known to show the high- claimed that the strong acidity increases the charge-transfer

frequency shifts in the S transition!557-60 and it reflects interaction betwe.elnl benzene gnd chloroform. . .
the importance of the electrostatic interaction in the total ~However, ab initio calculations show that the dispersion
intermolecular interactions. interaction is mainly responsible for the strong attraction in the

Directionality of CH/ & Interaction. The details of the benzene-chloroform complex. The electrostatic interaction is
orientation dependence of the interaction energy of the typical not the primary source of the strong attraction in the complex.
CH/x interaction were not well understood. The orientation The Ecor Of the chloroform complex—7.85 kcal/mol) is 5.55
dependence of the interaction energies of the benzene complexekcal/mol greater than that of the methane compte®.80 kcal/
with methane and chloromethane was calculated at the MP2/mol), whereas thé&s of the chloroform complex<2.42 kcal/
cc-pVTZ level, as the MP2/cc-pVTZ level interaction energies mol) is only 2.18 kcal/mol greater than that of the methane
are always very close to the estimat&gtspr)gimiy s shown complex 0.25 kcal/mol)?® The distance dependence of the
in Table 1S. The distance between the centroid of benzene andcalculated interaction energy (Figure 2c) suggests that charge-
the carbon atom of the interacting-® bond was fixed. The  transfer (short-range interaction) is not the major source of the
methane and chloromethane were rotated to evaluate thedttraction.
orientation dependence of the interaction energies of the typical The largeE.qo values of the chlorinated methane complexes
CH/=z interaction. The interaction energy of the benzene-water suggest that dispersion interaction between chlorine atoms and
complex (r-hydrogen bond) was also calculated for comparison. benzene is the cause of lar@g. values, as chlorine atoms

The orientation dependence of the calculated interaction have a large polarizability. ThE.or values of the chlorinated
energies of the CH/ complexes is very small as shown in  methane complexes are considerably larger than those of the
Figure 4. The calculated interaction energies of the bernzene corresponding fluorinated methane complexes, which clearly
methane complex arel1.12 to—1.42 kcal/mol. The change of indicates that the dispersion interaction with chlorine atoms
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contributes largely to th&.,r, as polarizability of a fluorine Conclusions
atom is considerably smaller than that of a chlorine atom.
The calculations suggest that dispersion interaction between
benzene and chlorine atoms, which is not the £kiteraction
(interaction between €H bond andz system), largely con-
tributes to the attraction between the benzene and chloroform.

Dispersion interaction is the major source of attraction even
if substituents are attached to the interacting-HC bond.
Electrostatic interaction also contributes to the attraction in the
activated CHr interaction (acetylene and di- or trisubstituted
- - methanes). The substituted methane complexes have larger
The strong attraction in the _benzen_e-chloroform complex is not (more negative) interaction energies than the methane complex,
the ewden.ce of gtrong Chifinteraction in the comple?<. as the substituents increase the dispersion interaction. The

Comparison with the Hydrogen Bond.The comparison of  gispersjon interaction between the benzene and chlorine atoms,
the typical (nonactivated) Cht/interaction with the hydrogen which is not the CH# interaction, contributes largely to the
bond (Table 1) show that the nature of the typical €H/  yery |arge attraction in the chlorinated methane complexes.
interaction is completely qln‘ferent. fro.m that of the hydrogen The nature of the typical (nonactivated) GHhteraction is
bond: (1) The typical CHt interaction is very weak compared  compjetely different from the hydrogen bond. The typical €H/
with the hydrogen bonff:° (2) The dispersion interaction is  ipteraction is substantially weaker than the hydrogen bond. The
the major source of attraction in the typical GHhteraction major source of attraction in the typical CHiihteraction is the

and electrostatic contribution is very small, whereas the gigpersion interaction, whereas the highly orientation dependent
electrostatic interaction contributes largely to the attraction in 4actrostatic interaction is mainly responsible for the attraction

the hydrogen bond. (3) The directionality of the interaction j, the hydrogen bond. The orientation dependence of the
energy of the typical CHf interaction is very weak. On the  jyieraction energy of the typical CHiinteraction is very weak
other hand the interaction energy of the-hydrogen bond has  ompared with the hydrogen bond due to the small contribution
a strong orientation dependence. The conventional hydrogenys ihe electrostatic interaction. The large dispersion contribution
bond has larger directionality than thehydrogen bond. in the typical CH# interaction suggests that the hydrogen atom
The calculated electrostatic and dispersion contributions to of the G—H bond is not essential for the attraction, as the atomic
the attraction in the benzeracetylene complex suggest that polarizability of hydrogen is small.
the nature of the activated Cidfinteraction in this complex Although it was sometimes claimed that the Gtititeraction
has a little similarity with thez—hydrogen bond. The sizes of s jmportant in determining the structures of molecular as-
electrostatic and dispersion contributions in the acetylene semplies without considering the type of the interactingtC
complex ¢-2.01 and—2.26 kcal/mol) are close to those inthe o, the very weak directionality of the interaction energy of
benzene-water complex {1.86 and—2.23 kcal/mol). Appar-  the typical CH# interaction suggests that the typical GH/
ently, the electrostatic contribution is the cause of the weak jnteraction does not play crucial roles in controlling the
directionality of the interaction energy of the benzeaeetylene  molecular orientation in molecular assemblies. Our calculations
complex!?~** On the other hand, more isotropic dispersion ghow that the typical CH/ interaction should be distinguished
interaction is the major source of attraction in the benzene fom the hydrogen bond. It may be appealing to call the £H/
chloroform complex. Although the size of the electrostatic jnteraction as a weak hydrogen bond, but it will mislead the

interaction in the chloroform complex-@.42 kcal/mol) is close  natyre of the typical CHY interaction and its roles in molecular
to that in the acetylene complex, the electrostatic interaction in 35sempblies.

the chloroform complex is much weaker than the dispersion
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