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The interaction energies of the alkaline-earth-metal dication/benzene complexes (dicMigit and C&")

were calculated at the MP2 (the second-order MglRlesset calculation) level using the 6-311G** basis

set. The electrostatic and induction energies were calculated with the distributed multipoles and distributed
polarizabilities model. Induction is mainly responsible for the very strong attractive interaction in these
complexes. Electrostatic energies are considerably smaller than the induction energies. The complexes have
significant attraction, even if the cations are well separated from the benzene, which indicates that short-
range (covalent) interactions are not the major source of the attraction and that long-range interactions (induction
and electrostatic interactions) are mainly responsible for the attraction. The calculations of benzene under an
electric field show that the electric field produced by the dication is a cause of-tit@ liond elongation in

the alkaline-earth-metal dication/benzene complexes.

Introduction benzene distance. Jiang and co-workers also reported that the
induction energies of the alkaline-earth-metal dication/benzene
complexes (dicatior= Be2", Mg?+, and C&") are very largé®

In a more recent paper, however, they concluded that the
interaction in the alkaline-earth-metal dication/benzene com-
plexes was in nature a chemical bonding, and they called it the
cation—z bond?8 Although they found that the nonelectrostatic
term (difference between the total interaction energy and
electrostatic energy) is significantly large, they did not mention
the importance of the induction to the attraction. They carried

beefr_l repr?rted_ on thfe ;:at|mlnte_ract|on, Itis .St'” dIffIICult to out molecular orbital component analysis and concluded that
confirm the origin of the attraction by experimental measure- o orpital interactions (covalent interactions) between the

ments only. Several ab initio molecular orbital calculations have ication and benzene form a catiam bond. Liu and co-workers

bleen lgelgngt;d on lthe alkacljl-mletall _catlonr{ ben:‘enel COM- calculated the atomic charges by electrostatic potential fitting
plexes.”">==="Recently reported calculations show that electro- 4 5. nd that a large charge transfer occurred in the alkaline-

static @nteracrt]ionlsnlq indulction a/rg the major scl)UrceS 0:; tne earth-metal dication/benzene compleX€shey also carried out
attraction in the alkali-metal cation/benzene complexes and that a0y ar orbital analysis and concluded that the large non-

the induction is mainly responsible for the large binding energies g e trostatic term should be attributed to the charge-transfer

o 4

of the Li* and Na complexes: _ interaction in the complexes. These groups reported that covalent
On the other hand, only a few studies were reported on the (orbjtal or charge-transfer) interactions are important for the

alkaline-earth-metal dicatiomicomplexes. Recently reported ab  attraction in the alkaline-earth-metal dication/benzene com-

initio calculations of alkaline-earth-metal dication/benzene plexes. However, the alkaline-earth-metal dication/benzene

complexes show that these complexes have very strongcomplexes would have large induction energies. Induction (a

attractionz>~?® The sizes of the binding energies are close t0 poncovalent interaction) is another candidate of the major source
those of normal chemical bonds. The origin of the strong of the attraction.

attraction in the alkaline-earth-metal dication/benzene complexes
has been a controversial issue. The large induction energy in
the Li™ and Na complexe$* suggest that the induction energy

is significantly large in the alkaline-earth-metal dication/benzene
complexes, as the induction energy is proportional to the square
of the electric field produced by the catiéhThis means that

The cationf interaction is the strong attractive interaction
between the cation and system. Detailed information on the
cation/r interaction is important for many fields of chemistry
from molecular biology to material design. The cation/
interaction is an important driving force in molecular recognition
processes in biological and artificial systefn&? The interaction
between a cation and graphite is important for the development
of battery materiald! Although many experimental studies have

Is the major source of the strong attraction in the alkaline-
earth-metal dication/benzene complexes covalent or nonco-
valent? The interaction energies of the complexes would depend
on the intermolecular distance. This dependence provides
essential information to answer the question. Covalent inter-
. S actions (short-range interactions) arise at distances where the
the alkaline-earth-metal dication/benzene complexes have 4molecular wave functions overlap significantly. The energies

gr;]ezse:]aergceorn:n(ljuctlon_fetrﬁerg|es tran thhe alk?::-metal Cat'(t).n/ Pf short-range interactions decrease exponentially with distance.

piexes, 1t the complexes have the same calionin, the other hand, induction (a noncovalent interaction) is a

- ~_long-range interaction. The energies of long-range interactions
ais:.gg.j\rlav.hom correspondence should be addressed. E-mail: s.tsuzuki@ behave as some_ invers_e po_vver of dista#icEherefore, non-
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distance dependence of the interaction energies of the alkaline- 20
earth-metal dication/benzene complexes was not reported. We
have calculated the interaction energies of thez2\viand Ca"

complexes with changing intermolecular separation to study the
intermolecular distance dependence. We have also calculated
the electrostatic and induction energies and have compared them  -20
to the total interaction energies to discuss the roles of these
terms for the attraction in these complexes. In addition, we have

> P WSS -a0-
discussed the effects of the electric field produced by the cation E
on the C-C bond elongation in the alkaline-earth-metal dication/ g Mene-
benzene complexes. w 607 ' &
—
Computational Method -80

M= Li’, Mgz+, ca2+

The Gaussian 98 progréhwas used for the ab initio

molecular orbital calculations to evaluate the total interaction ~100 -
energy. The basis sets implemented in the Gaussian program

were used. Electron correlation was accounted for at the o ‘ . ' '
MP281:32and CCSD(T) (coupled cluster calculations with single 1 2 3 s 5
and double substitutions with noniterative triple excitations)
levels3® The geometries of the complexes were optimized at
the MP2/6-311G** level. The basis set superposition error
(BSSE¥*was corrected for all calculations with the counterpoise
method®® The total interaction energ¥E(r) Was calculated at ~ TABLE 1: Calculated Interaction Energies of Mg2+/Benzene
the MP2/6-311G** level, if not otherwise noted. Distributed and C&*/Benzene Complexes

—o— C6H6-Li+
—e— C6H6-Mg2+
—&— C6H6-Ca2+

Distance (A)

Figure 1. MP2/6-311G** level interaction energies of the cation/
benzene complexes. The cation is on the 6-fold axis of the benzene.

multipoleg®36 up to the hexadecapole on all atoms were basis set My Ca* basis set Mg Cat
. i o ; .

obtained fro_m MP2/6-311G v_vavse functions of an _|solated HF/6-31G* 1198 —67.2 MP2/6-31G* 1159 —66.7

benzene using CADPAC version®6.The electrostatic and  Hr/e-311G6* _117.0 —73.4 MP2/6-311G* —1123-76.1

induction energies of the complexes were calculated with HF/6-311G** —116.8 —72.8 MP2/6-311G**  —109.9 —73.7

ORIENT version 3.28 The electrostatic energies of the :Sggﬁa&*’; ) —Ei-g —;g-g mg;g'gﬁ&g;*z ;122-1 —;g-g

. . - 2p) — 5 — . - 2P A R .
complexes were calculated as the interactions between theHF/6—311G(3d,3p) —121'9 782 MP2/6-311G(3d.3p)-114.4 —80.6
charge of the cation and the distributed multipoles of benzene.

The induction energies were calculated as interactions of the CCSD/6-311G** ~ —110.0 ~71.6 MP3/6-311G**  —110.4 =72.2
polarizable sites with the electric field produced by the CCSD(T)/6-311G™ —109.2 ~71.5
cation3940 Anisotropic polarizabilitiesux = oyy = 14 au and a Energies in kilocalories per mole. The geometries optimized at the

07z = 7 au were put on the carbon atoms of the benzene ring MP2/6-311G** level were used. BSSE-corrected interaction energies.
(the z-axis is parallel to the 6-fold axig}.

TABLE 2: Calculated Geometries and Energies of Cation/
Results and Discussion Benzene Complexes

cation Mf—Ct Mt—centroid Etotal Ecs Eind®

Effects of the Basis Set and Electron Correlation The

interaction energies of the Mt/benzene and G&benzene '—i++ff 2.340 1.869 —354 -—187 469
complexes were calculated using several basis sets. The MP2/Ni‘f 2.803 2425 —els -148  —21.0
6-311G** level optimized geometries were used for the calcula- 3.131 2.805 ~i70 -1y 128
_ _ Fi g9 _ C Rbtf  3.461 3.165 -139 -9.2 -84
tions (Figure 1Y! The calculated HF and MP2 interaction cgf 3.690 3.414 121 -79 —6.4
energies are summarized in Table 1. The effects of the basis Mg?* 2.419 1.958 —-109.9 —-37.8 -1624
set on the calculated interaction energies of these complexes C&* 2.751 2.361 —737 —312 912

are not large as in the case of the interaction energies of alkali-  apjstances in angstroms and energies in kilocalories per mole.
metal cation complexe®. Tan et al. and Cheng et al. also b Distance between the cation and carbon atoms of beng@istance
calculated the interaction energies of the two complexes. between the cation and the centroid of benzé@alculated total
Although they used different basis sets, the calculated interactioninteraction energy at the MP2/6-311G** levéElectrostatic and
energies of these complexes are close to those obtained in thidhduction energies. See the tekReference 24.

work.2>27The effects of electron correlation correction are not  Origin of Attraction in Mg 2™ and Ca2* Complexes.The
large. The HF interaction energy of the Rgcomplex is slightly electrostatic and induction energies of the MMgand C&"
larger (more negative) than the corresponding MP2 interaction complexes at the potential minima are shown in Table 2. The
energy. On the other hand, the MP2 interaction energy of the electrostatic energie€{) of the Mg and C&" complexes
Ca&" complex is slightly larger than the HF interaction energy (—37.8 and—31.2 kcal/mol, respectively) are considerably
as shown in Table 1. The effects of electron correlation beyond smaller tharE, (—109.9 and—73.7 kcal/mol, respectively).
MP2 are negligible. The calculated MP2/6-311G** level The Egsvalues are 34% and 42% &, respectively?? This

interaction energies of the Mgand Ca" complexes{109.9 indicates that the nonelectrostatic term (the difference between
and—73.7 kcal/mol, respectively) are very close to the CCSD- Eiqy andEey) is significantly important for the attraction in these
(T)/6-311G** interaction energies{109.2 and-71.5 kcal/mol, complexes. Liu and co-workers also reported the importance

respectively). Due to the good performance of the MP2/6- of the nonelectrostatic teri. They concluded that the non-
311G** level calculations, we have carried out all the following electrostatic term should be attributed to charge transfer.
calculations at the MP2/6-311G** level. However, these complexes have very large induction energies.
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The calculated induction energids ) of these complexes are 20
—162.4 and—91.2 kcal/mol, respectively. The very large
induction energies indicate that induction is the main component 0
of the nonelectrostatic term and that it is not possible to estimate

the size of the charge-transfer energy only from the size of the
nonelectrostatic term. The large induction energies indicate that 204
the benzene is strongly polarized in the complexes, and this
polarization would be the cause of the charge transfer reported 40 3
by Liu et al?’

The Eing values of the Mg" and C&" complexes are
significantly larger than th&gsvalues -37.8 and—31.2 kcal/
mol, respectively). Th&.svalues of these complexes are only 1
23% and 34% of th&,q values, respectively. On the other hand, -80
the Ees values of the three alkali-metal cation complexes are
40—93% of theEjng values. Apparently, the very large induction
energies of the M and C&" complexes are the cause of the
large Eioral Of these complexes. The amount of the induction
energy is proportional to the square of the electric fi@l@The ANT—— T T T T T T
magnitude of the electric field produced by a cation is 1822 26 3 Dist:r'le (A)s.a 4z 46 °
approx'm?]te'yfpmpo”'.ona' w2 (Ris lthe distance flrom,:he Figure 2. MP2/6-311G* level total interaction energyEu),
cation). T _ere OreEing i ap_me'ma_ltey proportional t&"*. electrostatic energyE¢y, and induction energyEyq) of the C&"/

The short intermolecular distance in the Mgomplex (1.96 benzene complex.
R) is the cause of the hugnq of the Mg?* complex.

The molecular polarizabilities of Mg and C&" are very actions (charge-transfer or orbital interaction) in the?'Ca
small. The calculated polarizabilities of these dications at the Penzene complex. o _
HF/6-311G(3d) level are only 0.41 and 3.21 au, respectively. C—C Bond Elongation. A few ab initio calculations of the
The polarizabilities of these dications are considerably smaller 980metries of alkaline-earth-metal dication/benzene complexes

than that of methane (17.28 au). It has been reported that thehave**been reporte’é’.ﬂ\]lang "’T“d _co-workers reported MP2/6-
estimated dispersion energy of the benzene/methane complex31C** level geometry optimization®. The calculated €C

is —2.3 kcal/mol when the intermolecular distariRes 3.8 A3 bond distances in the dication (Mgand C&") complexes are

If we assume that the dispersion energy is approximately sllghtly longer (0.022 and 0.014 A, respectively) thaf‘ that in
proportional toR ™8, we can estimate that the dispersion energy t_he '_30'?“90' benzene (1'396 A). They reported that this elonga-
in the C&"/benzene complexy= 2.361 A) is—7.4 kcal/mol tion indicated the weakening of the strength of the@bond.

from the polarizabilities of methane and®and the dispersion Does this elongathn suggest the formation of the covalent bond
. - . between the dication and carbon atoms of benzene?
energy in the benzene/methane complex. The estimated disper- . .
We have calculated the energy of benzene with changing

sion energy In the N@“/benzene complex is-2.9 kcal/mol. . C—C bond distances to confirm this issue. The relative energies
The dispersion energies are much smaller than the ele(:trostatlcOf benzene calculated at the MP2/6-311G** level are shown in
and induction energies, indicating that dispersion is not the major

o o Figure 3. The GH bond distances are fixed at 1.086 A. The

source of the attrgctlon ".1 these dication C_O”‘p'exes- benzene keepBg, symmetry. The calculated potential shows

The calculated interaction energy potentials of the*Mand that the G-C bond stretching potential is not steep. The 0.02

Ca* complexes are shown in Figure 1. The MP2/6-311G** A glongations of the six EC bonds only increase the energy
level Optimized geometry of isolated benzene was used for the of benzene as much as 1.4 kcal/mol. The |arge b|nd|ng energy

Etotal

—oe— Etotal
—&—Ees
—&— Eind
—*— Ees + Eind

-100

calculations. The calculated potentials of ¥Mgand C&* of the complexes would easily compensate this small deforma-
complexes show that significant attraction still exists, even if tion energy.
the cations are well separated from the benzéne (4 A). We have also calculated the-€ bond stretching potential

The large attraction indicates that the major source of the under the electric field produced by €aThe+2e charge (le
attraction in these alkaline-earth-metal dication complexes is = 1.602 x 10719 C) was put on the 6-fold axis of benzene.
not a short-range (covalent) interactiof & e °R) such as The distance between the centroid of the benzene and the charge
charge-transfer or orbital interaction, but a long-range interaction is 2.36 A, which corresponds to the intermolecular separation
(E ~ e such as electrostatic interaction and induction. of the C&"/benzene complex. The calculated-C bond

The electrostatic and induction energies of théGmmplex  stretching potential is also shown in Figure 3. The comparison
were calculated with changing intermolecular distance. The of the two potentials shows that the electric field increases the
calculated electrostatic and induction energies are compared withequilibrium C-C bond distances substantially. These calcula-
Etotas @S Shown in Figure 2. The sum BfsandEjg is close to tions indicate that the electric field of the dication is a cause of

Etota When the intermolecular distand@)(is larger than 3.0 A, the elongation of the €C bonds.and that the formation of the
which indicates that the electrostatic attraction and induction covalent bond between the cation and carbon atom is not the
are the main components of the intermolecular interaction and Only possible cause of the<C bond elongation.

other terms are not large wh&> 3.0 A. Eita is smaller (less
negative) than the sum d,s and Ei,g whenR < 3.0 A. The
exchange repulsion at the short intermolecular separafon ( Induction (polarization) is the major source of the attraction
3.0 A) would be the cause of the small&is. The comparison in the alkaline-earth-metal dication/benzene (dicatoMg?"

of Eiota @and the sum oEcsandEjng (Figure 2) does not suggest and C&") complexes. Electrostatic energies are considerably
the existence of any specific attraction by short-range inter- smaller (less negative) than induction energies. The electrostatic

Conclusion
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E (kcal/mol)

—e— C6H6
—e— C6H6+charge
-0.5 —— — ; .
1.39 14 1.41 1.42 143

C-C bond distance (A)

Figure 3. Relative energy of benzene with respect to the changes of
the six C-C bond distances with and without a point charge, which
represents the charge of €aThe energy of benzene was calculated
at the MP2/6-311G** level. The distance between the point charge
and the centroid of benzene is 2.36 A. See the text.
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