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Abstract: Geometries and interaction energies of benzene complexes with pyridine, pyridinium, N-
methylpyridinium were studied by ab initio molecular orbital calculations. Estimated CCSD(T) interaction
energies of the complexes at the basis set limit were —3.04, —14.77, and —9.36 kcal/mol, respectively.
The interactions in the pyridinium and N-methylpyridinium complexes should be categorized into a cation/z
interaction, because the electrostatic and induction interactions greatly contribute to the attraction. On the
other hand, the interaction in the pyridine complex is a s/ interaction. The dispersion interaction is mainly
responsible for the attraction in the benzene—pyridine complex. Short-range interactions including charge-
transfer interactions are not important for the attraction in the three complexes. The most stable pyridinium
complex has a T-shaped structure, in which the N—H bond points toward the benzene, while the
N-methylpyridinium complex prefers a slipped-parallel structure. The benzene—pyridine complex has two
nearly isoenergetic (Slipped-parallel and T-shaped) structures.

Introduction A strong attraction between a nitrogen-containing aromatic
o . . i o ) cation and a neutrat system has been reported (Figure 1).
Nonbonding interactions involving aromatic rings play im- Dougherty et al. reported the strong attraction between a
portant roles in various fields in chemistry and biochemistry. quinolinium cation and ar systen?’ They also reported that
They control the three-dimensional structures of proteins, s interaction is stronger than that between a neutral quinoline
molecular recognitions processes and the packing of molecules; 4 thes system. This interaction has been widely used for
in the crystals:® Crystal structures of organic molecules and  ¢onrolling self-organization processes, catalytic reactions and
biological molecules suggest the existencerbf, OHlr, NH/ crystal engineering. Stoddart et al. reported the formation of
7, CHl, and cationt interactions’ During past two decades,  gonor-acceptor complexes of pyridinium derivatives with
the interactions have been studied extensively both by cyclophane@® They used this interaction for the synthesis of
experimental > and theoretical method§:2 rotaxanes and catenanes by self-organizafioi.Recently, this
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Figure 1.

interaction was used for controlling crystal packfig?” mo-
lecular conformatiod®4° and folding of oligomergl—43

This interaction is also important in other fields. For example,
the interaction between a protonated histidine amdsystem
plays important roles in the stabilization of protein structures
and ligand binding#-46 Nitrogen-containing aromatic cations
(imidazolium and pyridinium) are commonly used for room-
temperature ionic liquids (RTILs). Due to low-flammability and
low-volatility, many applications of RTILs as green solvents
for reaction and separation processes are expéttetiThe
interactions of the aromatic cations with ;a system are
important for understanding the solvation of an aromatic
molecule in the RTILs.

This interaction has often been explained as a cation/
interaction® while the same interaction has sometimes been
called a donoracceptor, charge-transfer/, or CH/r interac-
tion.283151 The interaction energies for various pyridinium-
systems were experimentally estimated(.5 to —2.6 kcal/
mol*4-52-54 and —0.6 kcal/mot® were obtained in water and in
chloroform, respectively. These energies consist of the sum of
various attractive and repulsive forces arising from the inherent

property of each system; therefore, they do not represent the

straight attractive interaction energy between a pyridinium cation
and a phenyl ring.

Recently, high-level ab initio calculation is becoming a
powerful tool for studying nonbonding interactiot$’ Several
ab initio calculations on/z interaction$®2° and cationt
interactions of alkali metal cations have been repottetf
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These calculations show that a very large basis set near
saturation and a CCSD(T) level electron correlation correction
are necessary for an accurate evaluation of the interaction
energies of aromatic molecul&s2° Small basis sets underes-
timate the attraction considerably. MP2 level calculations
overestimate the attraction compared with more reliable CCSD-
(T) level calculations. Although MP2 calculations of the neutral
benzene-pyridine complex were reportéd high-level ab initio
calculations of the benzene complexes with pyridinium cations
have not been reported.

Despite the broad interests in the interactions in benzene
complexes with pyridinium cations, many unsettled fundamental
issues on the interactions still remain. (1) The origin of the
attraction is not well understood. It is not certain whether the
electrostatic interaction is the major source of attraction or
orbital—orbital interactions such as the charge-transfer interac-
tions are mainly responsible for the attraction. (2) The size of
the interaction energy is not clear. (3) Directionality of the
interaction is still unclear. The slipped-parallel (offset face-to-
face) and T-shaped (edge-to-face) structures are nearly isoen-
ergetic in the benzene dimer. Polycyclic aromatic hydrocarbon
dimers prefer slipped-parallel structures. On the other hand, the
stable structures of the benzene complexes with pyridinium
cations were not known. (4) The difference between the
interaction in the benzergyridinium complex and that in the
benzene-N-alkylpyridinium complex was not clear. Detailed
information on the difference is important for using these
interactions for molecular recognition and self-organization. (5)
The difference between the interaction in the neutral benzene
pyridine complex and that in the benzefgyridinium cation
complex was not clear. Therefore, we studied the interactions
of the benzene complexes with pyridine, pyridinium and
N-methylpyridinium by high-level ab initio calculations.

Computational Method

The Gaussian 03 progr&fmwas used for the ab initio molecular
orbital calculations. The 6-31G*, 6-311G**, and Dunning'’s correlation
consistent basis sé#s? were used. Electron correlation was accounted
for by the second-order iler—Plesset perturbation (MP2) mettiéé
and by coupled cluster calculations with single and double substitutions
with noniterative triple excitations [CCSD(T}}.The basis set super-
position error (BSSEY was corrected for all calculations using the
counterpoise methdd.Geometries of the complexes were optimized
by the counterpoise corrected MP2/6-311G* level calculations. Basis
set and electron correlation effects on the calculated interaction energy
of the cluster are discussed in the Supporting Information. Calculated
interaction energy depends considerably on the basis set. MP2
calculations overestimate the attraction compared to more reliable
CCSD(T) calculations. Therefore, an estimation of the CCSD(T)
interaction energy at the basis set limit is necessary to obtain an accurate
interaction energy for a complex. The MP2 interaction energy at the
basis set limit Evpzgimiy] for the complex was estimated by
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Figure 2. Atomic charges obtained by electrostatic potential fitting using
the Merz-Singh-Kollman scheme from the MP2/cc-pVTZ level wave

functions. The MP2/6-311G** level optimized geometries were used for u ".i}q.} i I
the calculations. ] }_\ i © AN
ad o}
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Helgaker's methot from the calculated MP2 interaction energies o By o Bro E’;”fcfi‘:) X o

(Ewvp2) using the aug-cc-pVDZ and aug-cc-pVTZ basis sets. The CCSD- i oo OG0

(T) interaction energy at the basis set lintttEspmgimin] was estimated 3a 3b 3¢ 3d 3e
as the sum of th&upz(imiy and the CCSD(T) correction terM{CSD- Figure 3. Geometries of benzergyridine, benzenepyridinium and
(T) = Eccsom - Ewpg] at the basis set limit. ThRCCSD(T) at the benzene-N-methylpyridinium complexes used for calculations of interaction

basis set limit was estimated from tAe€€CSD(T) calculated using the  energy potentials.
6-31G* basis set. Details of the estimation proceéitfitare described

in Supporting Information. Electrostatic energy was calculated as the
interactions between distributed multipafe€ of interacting molecules
using the ORIENT version 3.2.Distributed multipoles up to hexa- 1
decapole on all atoms were obtained from MP2/cc-pVTZ wave
functions of isolated molecules using the GDMA progrérimduction

2

energy was calculated as the interactions of polarizable sites with the o 0
electric field produced by the distributed multipoles of monomers. The g
atomic polarizabilities of carbora(= 10 au) and nitrogeno(= 8 au) 3 -1
were used for the calculatiof3The distributed multipoles were used §,
only to estimate the electrostatic and induction energies. Atomic charge w )

distributions were calculated by electrostatic potential fitting using the
Merz—Singh-Kollman schem&7" from the MP2/cc-pVTZ wave
functions of isolated moleculé& The MP2/6-311G** level optimized -3
geometries of isolated molecules were used for calculations of the
intermolecular interaction energy potentials. The interaction energy
potentials were calculated at the MP2/cc-pVTZ level. -4

3 4 5 6 7 8
Results and Discussion Distance (A)

C : PR Figure 4. MP2/cc-pVTZ interaction energy potentials for benzepgridine
Charge Distributions. Calculated atomic charge distributions complexes. Geometries of the complexes are shown in Figure 3. Intermo-

of benzene, pyridine, pyridinium, afidbmethylpyridinium are lecular distance is the distance between the center of benzene and the
shown in Figure 2. Benzene has a negative charge on the centemidpoint of the nitrogen atom and 4-carbon atom of pyridine.

of ring and a positive charge at the periphery. The nitrogen atom

and 3- and 5-carbon atoms in pyridine have large negative

charges. On the other hand, 2-, 4-, and 6-carbon atoms havesypstantial positive charges. The charges on the hydrogen atoms
of pyridine are not large. The hydrogen atom of thelbond

(68) Helgaker, T.; Klopper, W.; Koch, H.; Noga, J.Chem. Phys1997 106,

0639-9646. in pyridinium has a large positive charge. Other hydrogen atoms
(€9) ;ggguki,s-? Uchimaru, T.; Mikami, M. Phys. Chem. 2006 11Q 2027~ in pyridinium also have positive charges. Charges on the
(70) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M. Chem. Phys2006 nitrogen and carbon atoms are small. The nitrogen atom in
125 124304. N-methylpyridinium has a large positive charge in contrast to

(71) Stone, A. J.; Alderton, MMol. Phys.1985 56, 1047-1064.
(72) Stone, A. JThe Theory of Intermolecular ForgeSlarendon Press: Oxford, the small Charge on the nitrogen atom in pyridinium_ The methyl

1996. . .
(73) Stone, A. J.; Dullweber, A.; Hodges, M. P.; Popelier, P. L. A.; Wales, D. group and aromatic hydrogen atoms also have positive charges.

J.Orient: A Program for Studying Interactions between Moleculession

3.2 University of Cambridge: Cambridge, U.K., 1995. Interaction Energy in Benzene-Pyridine Complexes.
E?E‘% \?;%nShﬁh;rf S, %l](.:%rﬁ)eg Chom. %5351110322'239}2407_ Calculated interaction energy potentials for five-orientation
(76) Singh, U. C.; Kollman, P. AJ. Comput. Chenil984 5, 129-145. benzene-pyridine complexes (Figure 3,a—1¢€) are shown in
(77) Besler, B. H.; Mertz, K. M.; Kollman, P. Al. Comput. Chenil99Q 11, . . . .

431-439. Figure 4. Interaction energy in the benzeipgridine complex

(78) The basis set effects on the calculated atomic charge distributions are hag g strong orientation dependence The interaction energy in
discussed in the supporting information. The basis set effects are small, if '

the basis sets including polarization functions (6-31G* or larger) are used. 1¢, in which the nitrogen atom of pyridine points toward the
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Figure 5. Optimized geometry and estimated CCSD(T) interaction energy 2f -8.34 2g -14.77 2h -8.31 2i -2.74

(kcal/mol) at the basis set limit for benzengyridine complexes. Figure 7. Optimized geometry and estimated CCSD(T) interaction energy

at the basis set limit (kcal/mol) for benzengyridinium complexes.

5
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Figure 6. MP2/cc-pVTZ interaction energy potentials for benzene -10 — : S—
3 4 5 6 7 8 9

pyridinium complexes. Geometries of the complexes are shown in Figure R

3. Intermolecular distance is the distance between the center of benzene Distance (A)

and the midpoint of the nitrogen atom and 4-carbon atom of pyridinium.  Figure 8, MP2/cc-pVTZ interaction energy potentials for benzehk
methylpyridinium complexes. Geometries of the complexes are shown in
Figure 3. Intermolecular distance is the distance between the center of

center of benzene, is considerably smaller (less negative) thanPenzene and the midpoint of the nitrogen atom and 4-carbon atom of
those of other structures. pyridinium ring.

Five optimized structures for the benzeryridine complex
(1f—1j) are shown in Figure 5. Estimated CCSD(T) interaction
energies at the basis set limiidcspmimig] for the five structures
are also shown. A slipped-parallel structure (—3.04 kcal/ . . i . X
mol) is the most stable among the five structures. The energy plex. Interact'loln energy potentials for five orlentat|or.1 bepzene
difference between the most stable T-shaped strudtrend N-methylpyridinium complexes3a—3¢) are shown in Figure

the most stable slipped-parallel structdfas very small (0.17 8. The interaction energy for T-shaped structaselwhere a
kcal/mol). C—H bond of the benzene has a close contact with the center

Mignon et al. reported an MP2 calculation for the slipped- of the py.r|d'|n|um ring, is very small. .
parallel benzenepyridine complex using a medium size Six optimized structures for the benzerd-methylpyridinium

6-31G*(0.25) basis sé8 The calculated interaction energy COMPplex and theiEccspmyimiy values are shown in Figure 9.
(—2.78 kcal/mol) is not greatly different from the estimated Sllpped-paral_lel structur@f (—9.36 kcal/mol) is the most stable
Eccsemyimiy for 1f in this work. Apparently, an error cancellation ~ 2MoNg the six structures. The mosF stable_ T-shaped structure
is the cause of the good performance of the MP2 calculation. 3his 1.36 kcal/mol less stable. The interaction energglofs

The MP2 calculation overestimated the attraction, and the Very small compared to those of the other five structures. The
medium size basis set underestimated the attraction. observed stacked orientation in the reported crystal structures

Interaction Energy in Benzene-Pyridinium Complexes. for N-methylpyridinium complexes are almost in agreement with

) . . : . these resultg>38-40

Interaction energy potentials for five orientations of benzene ' o _
pyridinium complexes Za—2€) are shown in Figure 6. The The benzeneN-methylpyridinium complex is a model of the
T-shaped structurc, in which the N~-H bond of pyridinium interaction between a nitrogen-containing aromatic cation in the
poin[s toward the benzene, has a very |arge interaction energyRT”_S and a dissolved neutral aromatic solute. The calculations
compared with those of the other structures. The interaction Show that the cation binds with a neutral aromatic molecule
energy for T-shaped structugs, where a G-H bond of the strongly in the RTILs. The calculated interaction energy for the
benzene points toward the center of pyridinium, is very small. benzene-N-methylpyridinium complex depends greatly on the

Four optimized structures for the benzemridinium com- orientation of benzene. T-shaped structBkes 6.54 kcal/mol

plex and theiEccspmyimiy values are shown in Figure 7. The less stable than the most stable struc®ireThe large energy
most stable2g (—14.77 kcal/mol) has a T-shaped structure in
(79) Another slipped-parallel structure, in which the nitrogen atom of pyridinium

which the N_H bond of py”dmlum points toward the center is at the center of benzene asligg was not a local minimum. This structure
of benzene. Slipped-parallel struct@feand T-shaped structure turned into a T-shaped structu®g after geometry optimization.

2h are nearly isoenergetié.Interaction energy in the T-shaped
structure2i is very small.

Interaction Energy in Benzene-N-Methylpyridinium Com-

J. AM. CHEM. SOC. = VOL. 129, NO. 27, 2007 8659
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Figure 9. Optimized geometry and estimated CCSD(T) interaction energy
at the basis set limit (kcal/mol) for benzerd-methylpyridinium complexes.

Figure 10. Rotation of benzene interacting wititrmethylpyridinium.

difference suggests that the rotation of a benzene in pyridinium-
or imidazolium-based RTILs (Figure 10) has a large activation
energy?s®

Origin of Attraction. Calculated interaction energies for the
complexes are summarized in Table 1. Hg, (total interac-
tion energy) iEccsp(mimit EesiS the electrostatic energiing
is the induction energyEcorr (=Ewtal — Enr) is the electron
correlation contribution to the total interaction energyerr is
mainly dispersion energyErep (FExr — Ees — Eind) is mainly

Table 1. Electrostatic, Induction, and Dispersion Energies of
Benzene Complexes with Pyridine, Pyridinium, and
N-Methylpyridinium?

Etobalb Eesc Endd ErepE Ecorr’
Benzene-Pyridine

1f —3.04 039 -—0.22 3.27 —6.48

19 —2.22 099 -0.21 285 -5384

1h —2.87 —0.96 —0.19 160 -—-3.31

1i —2.81 —1.01 —0.20 126 —-2.86

1 —2.57 —0.57 —0.08 0.88 —2.80
Benzene-Pyridinium

2f —8.34 —3.50 -3.15 6.02 -7.71

29 -14.77 —8.12 —9.13 8.12 —5.63

2h —8.31 —4.55 —3.49 328 —355

2i —2.74 129 -157 0.88 —3.34

Benzene-N-Methylpyridinium

3f —9.36 —4.05 —3.52 579 -7.58

3g —7.88 —3.05 —2.77 5.79 -7.86

3h —8.00 —4.50 —3.32 3.82 —3.99

3i —7.83 —4.27 -3.12 3.07 -351

3] —6.65 —-3.73 —2.58 295 -3.29

3k —2.82 1.06 —1.30 112 -3.70
Benzene-Benzeneé

slipped-parallel —2.48 090 -0.25 3.01 -6.14

T—shape —2.46 —0.55 -0.17 1.74 -—-3.48

benzene-K*h -17.2 -11.9 -12.8 118 —4.4

aEnergy in kcal/mol. The geometries of the clusters are shown in Figures
5, 7, and 9P Estimated CCSD(T) interaction energy at the basis set limit.
See textC Electrostatic energy. See teftinduction energy. See text.
¢ Repulsion energy=t Enr — Ecg. HF/cc-pVQZ interaction energy is used
as theEpr. See text! Correlation interaction energy=(Eiotal — Enr). Ecorr
is mainly dispersion energy. See tekRefs 17 and 197 Ref 26.' Estimated
from the sum oE;epandEc,r (7.4 kecal/mol) and estimated dispersion energy
(—4.4 kcal/mol) in ref 261 Estimated dispersion energy in ref 26.

cases of the benzene complexes with alkali metal cafo#fs.
The dispersion interaction also contributes substantially to the
attraction in the pyridinium andl-pyridinium complexes.

The benzenepyridinium complex2gis favored by the strong
attraction between the positively chargeetN hydrogen atom
and the negative charge on the center of benzene. Induction

exchange-repulsion energy. However, it also includes some other|SO Stabilizes this structure. A large part of #gy in 2g has

terms.

The interaction in the pyridine-benzene complex is/a
interaction. The dispersion interaction is the major source of
the attraction as in the case of the benzene difgr.is always
considerably larger (more negative) tHag andE,q. Contribu-
tions of the electrostatic and induction interactions to the

its origin in the polarization of benzene by the electric field
produced by the pyridinium. The calculated induction energy
by polarization of the benzene 1s8.71 kcal/mol, while that of
the pyridinium is only—0.42 kcal/mol.Ecs and Ejng in 2f are
considerably smaller than thosedg, while Ecqrr in 2f is larger
than that in2g. TheEcqrr in 2f is larger than the sum d.sand

attraction are small. The dispersion interaction enhances theEind: The Ewa for 2iis small due to the repulsive electrostatic

stability of slipped-parallel orientation benzengyridine com-
plexes (f and1g), while the electrostatic interaction stabilizes
the T-shaped orientatiodli—1j) as in the case of the benzene
dimerl” The slipped-parallel structurkg is less stable thamf

interaction between the positively charged hydrogen atom of
the benzene and the pyridinium cation.

Although the interaction in the benzengyridinium complex
2g can be considered as a hydrogen bond, the origin of the

due to the repulsion between a negative charge on the nitroger@traction in2g s considerably different from that in conven-
atom of pyridine and a negative charge on the center of benzenefional hydrogen bonds, in which the electrostatic interaction is

The structurdlj is slightly less stable thabh and1i due to the
smaller attractiveEesin 1j.

The interactions in the benzene complexes with pyridinium
andN-methylpyridinium should be categorized into a cation/
interaction. The electrostatic and induction interactions con-
tribute largely to the attraction in these complexes as in the

(80) The calculated energy difference betwedfnand 3k does not directly
correspond to the activation energy for the rotation of benzene in
pyridinium-based RTILs, because the interaction of benzene with other
neighboring ions would affect the activation energy.

8660 J. AM. CHEM. SOC. = VOL. 129, NO. 27, 2007

mainly responsible for the attraction and the induction contribu-
tion is small®! The stable geometry of the benzemmyridinium
complex2gis similar to those of neutral NkH/complexes such

as the benzereammonia comple®! while the nature of the
attraction in2g is completely different from that in the neutral
NH/z complex. The electrostatic and induction interactions are
the major source of the attraction &y, while the dispersion
and weak electrostatic interactions are responsible for the

(81) Stone, A. JChem. Phys. Lettl993 211, 101—109.
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Figure 11. HF and MP2 interaction energie€{r and Ewp) and

electrostatic and induction energids.{andEing) in benzene-pyridinium
complex2c.

attraction in the benzereammonia complex. The interaction
energy in the benzereammonia complex-2.22 kcal/mol) is
considerably smaller than that 2g.2!

The slipped-parallel benzen®&l-methylpyridinium complexes
are favored by the strong dispersion interaction. The complex
3f is more stable thai3g due to the attraction between the

exchange-repulsion, which arises at a short intermolecular
separation, is the cause of the smalige. The comparison of
Enxr and the sum oEgsandE;jg does not suggest the existence
of any specific attraction due to short-range interactionan

The Ewpz is larger (more attractive) thakyr due to the
dispersion contribution. These results suggest that the short-
range interactions are not very important for the attraction in
the complexes.

Comparison with Benzene Dimer and BenzeneAlkali
Metal Cation Complexes. The interaction energies in the
benzene complex with pyridinium améémethylpyridinium are
significantly larger than those in the benzemgridine complex
and benzene dimer. Thgqy, for the most stable benzene
pyridinium complex2g (—14.77 kcal/mol) is about 5 times that
for the most stable benzenpyridine complextf (—3.04 kcal/
mol). The B for the most stabl®l-methylpyridinium complex
3f (—9.36 kcal/mol) is 3 times that folf. 2g and 3f are
stabilized by the much larger electrostatic and induction
interaction, which is a characteristic feature of the cation/
interaction. The size of thEg for the most stable benzene
pyridinium complex 2g is close to those for the benzene
complexes with K and Rb (—=17.0 and—13.9 kcal/mol,
respectively). The size of th&, for the benzeneN-
methylpyridinium complex3f is smaller than that for the
benzene-Cs" complex 12.1 kcal/mol@®é The dispersion
interaction also contributes substantially to the attraction in the
benzene complexes with pyridinium ahdmethylpyridinium,

positively charged nitrogen atom and the negative charge onWwhile the dispersion energy in the benzei&™ complex is

the center of benzenE('s for the three T-shaped complexes
(3h—3j) are not largely different due to the small differences
in Ees in contrast to a large difference in tBgya's for 2g and
2h. Ea for 3k is small due to the repulsive electrostatic
interaction as in the case @f.

The calculated potentials for the three complexes (Figures 4,
6 and 8) show that substantial attraction still exists even when

the molecules are well separated, which shows that long-range

interactions E ~ R™") (electrostatic, induction and dispersion
interactions) contribute greatly to the attractions in the com-

substantially smaller than the electrostatic and induction energies
in the complex as shown in Table 1. The benzepgridine
complex1f (—3.04 kcal/mol) is slightly more stable than the
benzene dimer<2.48 kcal/mol) due to smaller repulsived

in 1f,

Conclusion

Intermolecular interaction energies for the benzene complexes
with pyridine, pyridinium, andN-methylpyridinium were evalu-
ated by high-level ab initio calculations. The calculations show

plexes. The energies of long-range interactions behave as somenat the interactions in the pyridinium an&methylpyridinium
inverse power of the distance. On the other hand short-rangecomplexes are significantly larger than those in the benzene

interactions E ~ e *R) (charge-transfer and orbitabrbital

pyridine complex and the benzene dimer. The pyridinium and

interactions) arise at the distance where the molecular waveN-methylpyridinium complexes are stabilized by large electro-

functions overlap significantly. The energies of short-range
interactions decrease exponentially with distafice.

EesandEinq in 2c were calculated by changing the intermo-
lecular distance. The calculatégsandE;,q are compared with
the Eqe andEpp2 to confirm the contributions of the electrostatic
and induction interactions to the attraction as shown in Figure
11. The sum ofEes and Ejg are very close td&Ewr when the
intermolecular distancdRj is larger than 5.4 A, which indicates
that the electrostatic and induction interactions are the main
components oEyr and that the contributions of other terms
are not large wheR > 5.4 A. Eyr is always smaller (less
negative) than the sum d.s and Ei,g whenR < 5.4 A, The

(82) The intermolecular interactions can be separated into two main types. One
is long-range interactions where the energy of interaction behaves as some

inverse power oR. The electrostatic, induction, and dispersion interactions
are long-range interactions. Another is short-range interactions where the

static and induction interactions. The interaction in the pyri-
dinium andN-methylpyridinium complexes should be catego-
rized as a cation/ interaction. On the other hand, the interaction
in the benzenepyridine complex is an/m interaction. The
dispersion interaction is mainly responsible for the attraction
in the benzenepyridine complex as in the case of the benzene
dimer. Short-range interactions (charge-transfer or orbital
orbital interactions) are not important for the attraction in the
complexes.

The benzeneN-methylpyridinium complex prefers a slipped-
parallel structure. The size of the interaction energy depends
strongly on the orientation of benzene, which suggests that the
rotation of benzene dissolved in pyridinium- or imidazolium-
based RTILs has a large activation energy. The most stable
benzene-pyridinium complex has a T-shaped structure, where

energy decreases exponentially with distance. The short-range interactionsthe N—H bond of pyridinium points toward the benzene. This

arise at distances where the molecular wavefunctions overalp significantly.

The exchange-repulsion and charge-transfer interactions are short-range

interactions.

structure is favored by the strong attraction between the
positively charged NH hydrogen atom and the negatively
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