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Abstract: The edge-to-face interactions for either axially or facially substituted benzenes are investigated
by using ab initio calculations. The predicted maximum energy difference between substituted and
unsubstituted systems is ∼0.7 kcal/mol (∼1.2 kcal/mol if substituents are on both axially and facially
substituted positions). In the case of axially substituted aromatic systems, the electron density at the para
position is an important stabilizing factor, and thus the stabilization/destabilization by substitution is highly
correlated to the electrostatic energy. This results in its subsequent correlation with the polarization and
charge transfer. Thus, the stabilization/destabilization by substitution is represented by the sum of
electrostatic energy and induction energy. On the other hand, the facially substituted aromatic system
depends on not only the electron-donating ability responsible for the electrostatic energy but also the
dispersion interaction and exchange repulsion. Although the dispersion energy is the most dominating
interaction in both axial and facial substitutions, it is almost canceled by the exchange repulsion in the
axial substitution, whereas in the facial substitution, together with the exchange repulsion it augments the
electrostatic energy. The systems with electron-accepting substituents (NO2, CN, Br, Cl, F) favor the axial
substituent conformation, while those with electron-donating substituents (NH2, CH3, OH) favor the facial
substituent conformation. The interactions for the T-shape complex systems of an aromatic ring with other
counterpart such as H2, H2O, HCl, and HF are also studied.

I. Introduction

Aromatic interactions are known to play a significant role in
stabilizing protein tertiary structures, enzyme-substrate com-
plexes, organic supramolecules, and organic nanomaterials.1-7

Therefore, a clear understanding of these interactions in terms
of nanorecognition8 is of importance for the design of novel
supramolecular sytems and nanomaterials. In particular, the
discussion of the edge-to-face interactions in biomolecules by
Burley and Petsko,1 the spectral study of the van der Waals
force in the benzene dimer by Schlag and co-workers,2 the
detailed systematic study of the aromatic interactions by Hunter
and Saunders,3 by Cozzi, Siegel, and co-workers,4 and by
Wilcox and co-workers5 have greatly impacted the studies of
aromatic interactions for molecular assembly. However, the
nature of aromatic interaction and the substituent effect is not
clearly understood. Various studies on the benzene dimer have
focused on the face-to-face (stacked), displaced face-to-face
(displaced stacked), and edge-to-face (T-shaped) structures.9-13

Of these, the latter two are much more stable, with the last being
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slightly more stabilized. Hence, the displaced stacked conform-
ers are often found in organic crystals and nanomaterials, and
the edge-to-face conformers are frequently found in biological
systems. Wilcox and co-workers5 suggested that electrostatic
energy (Eelec) alone cannot explain the T-shaped conformation
and that the dispersion energy (Edisp) is important, using facial
aromatic rings with electron-donating/accepting groups. Since
the conformational changes between T-shape and stacked con-
formers could be utilized as precursors of nanomechanical de-
vices14 such as molecular vessels for drug delivery and nano-
surgery, the understanding of edge-to-face interaction between
the edge H atom of an axial aromatic ring and the center of the
facial aromatic ring is of importance.

It is generally known that the substituent effect on the
aromatic ring is related to both the inductive effect caused by
the electronegativity of substituent (electron-localization factor)
and the resonance effect (electron-delocalization factor). These
effects are highly correlated to Hammett’s constants.15 In terms
of the inductive effects, the NH2, OH, F, Cl, Br, CN, and NO2
groups are electron acceptors, while CH3 is an electron donor.
However, in terms of resonance effects, the NH2, OH, F, Cl,
Br, and CH3 groups are electron donors, while CN and NO2

are electron acceptors. NH2 and OH have some of the electron-
accepting inductive effects due to the electronegativity of N
and O atoms, but their electron-donating resonance effects are
dominating. Although the F, Cl, and Br groups have some of
the electron-donating resonance effects, the electron-accepting
inductive effects are dominating. Therefore, the F, Cl, Br, CN,
and NO2 groups have negative Hammett’s constants as electron
acceptors, while the NH2, OH, and CH3 groups have positive
Hammett’s constants as electron donors.

In continuation of our investigations initiated several years
ago,16 we compare edge-to-face interactions of variously
substituted aromatic systems at reliable levels of ab initio
calculations on model systems I and II with substituted axial

and facial benzenes, respectively (Figure 1). In addition, we
have studied the edge-to-face interactions for the complex
systems of a facial aromatic ring with an axial counterpart such
as H2, H2O, HCl, and HF. This study would be useful for the
design of novel supramolecular systems and molecular devices
and the understanding of T-shaped structures in biomolecular
systems due to the edge-to-face interactions.

II. Calculation Methods
To investigate electron-accepting and -donating effects for edge-to-

face complexes of a benzene molecule interacting with variously sub-
stituted aromatic rings, we performed ab initio calculations using
Gaussian 98 and Molpro programs.17 The charges were obtained using
natural bond orbital (NBO)18 analysis. The initial structures of types I
and II were optimized (with the axial ring constrained to be perpen-
dicular to the facial ring, as shown in Figure 1) at the level of Moller-
Plesset second-order perturbation theory (MP2) using the 6-31+G*
basis set. The MP2/6-311++G** interaction energies on the MP2/6-
31+G* geometries were calculated for comparison. The interphenyl
distances (dHφ) (between the axial H and facial center) for the MP2/
6-31+G* structures I and II were optimized with the basis set
superposition error (BSSE)-corrected MP2 calculations using the aug-
cc-pVDZ basis set (to be shortened as aVDZ). We also carried out the
coupled cluster calculations with singles and doubles excitations
(CCSD) and those including perturbative triples excitations [CCSD-
(T)] using aug-cc-pVDZ′ (to be shortened as aVDZ′) wherein the diffuse
functions for H and the d diffuse functions for other atoms are deleted.
For investigation of the interphenyl charge transfer, we used NBO at
the MP2/aVDZ level. Since the size of basis sets is very important for
the study of aromatic interactions, we carried out MP2 calculations
using the aug-cc-pVTZ basis set (to be shortened as aVTZ) on the above
MP2/aVDZ geometries. To consider the solvent effect, the relative
interaction energy in the chloroform (ε ) 4.9) solvent (δ∆Esol) was
obtained by using the isodensity surface polarized continuum model
(IPCM) at the MP2/6-31+G* level. To understand the nature of the
interaction energies, we evaluated the electrostatic energies, induction
energies, dispersion energies, and exchange repulsion energies, with
the symmetry adapted perturbation theory (SAPT)19 using the aVDZ′
basis set. The molecular orbital (MO) analysis was done using the
Posmol package.20

III. Results

Table 1 lists the interaction energies (∆E), interphenyl charge
transfer (qCT), and interphenyl distances (dHφ) along with the
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Figure 1. Model systems for aromatic edge-to-face interactions with various
substituents. The CH atoms at the para position of the axial (vertical) ring
are constrained to be along the axis passing through the center of the facial
(horizontal) ring and to be perpendicular to the facial ring.
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plot of Hammett constants (σp) versus substituent groups.δ∆E,
δqCT, andδdHφ are the relative values for the substituted systems
with respect to the unsubstituted benzene dimer. The relative
values are depicted in Figure 2. The absolute binding energy
of the benzene dimer depends seriously on the levels of theory
and basis sets. The binding energy (-∆E) of MP2/6-31+G*,
MP2/6-311++G**, MP2/aVDZ, MP2/aVTZ, MP2/aVQZ,
CCSD/aVDZ′, and CCSD(T)/aVDZ′ are 1.60, 2.31, 3.20, 3.44,
3.53, 1.10, and 1.56 kcal/mol, respectively. Therefore, the MP2/
aVTZ value would be near the complete basis limit (CBS),
which is estimated to be∼3.6 kcal/mol, while the CCSD(T)/
aVDZ′ value is far from the CBS value since the CCSD(T)
calculations would require much larger basis sets to describe
the CBS value than the MP2 calculations. If we assume that
the CCSD(T)/aVDZ′ binding energy is 1.28 kcal/mol smaller
than the MP2/aVDZ′ value, the CCSD(T) CBS binding energy
could be estimated to be only∼2.3 kcal/mol.

Although the absolute binding energy depends seriously on
the levels of theory and basis sets, it is interesting to note that
the relative binding energies of the substituted aromatic systems
do not significantly change, partially due to the cancellation
errors. For example, the relative energies are almost the same
within 0.02 kcal/mol for both CCSD(T)/aVDZ′ and CCSD/
aVDZ′ (thus, the latter values have not been reported in Table
1), while the absolute binding energies of the former are
consistently∼0.46 kcal/mol larger than those of the latter.
Similarly, the MP2 binding energies are quite different depend-
ing on the basis set used, but the relative energy differences
are almost same. The relative binding energies at the CCSD(T)
level are similar to those at the MP2 level regardless of the
basis set employed. In this regard, it is clear that the relative
energies can be predicted in a reliable way, and therefore the

Table 1. Relative Interaction Energies (∆∆E) and Interphenyl Charge Transfer (δqCT) for the Edge-to-Face Aromatic Interactions (Types I
and II) and the Hammett’s Substituent Constants (σp) for p-C6H5Xa

r strong electron-accepting strong electron-donating f

type I: X NO2 CN Br Cl F CH3 OH NH2 (H)

δE: MP2/6-31+G* -0.68 -0.59 -0.31 -0.26 -0.22 0.05 0.04 0.15 (∆E: -1.60)
MP2/6-311++G** -0.63 -0.57 -0.27 -0.23 -0.18 0.05 0.06 0.17 (∆E: -2.31)
MP2/aVDZ -0.65 -0.61 -0.33 -0.30 -0.18 0.06 0.06 0.15 (∆E: -3.20)
MP2/aVTZ -0.68 -0.63 -0.34 -0.30 -0.17 0.06 0.05 0.18 (∆E: -3.44)
CCSD(T)/aVDZ′ -0.67 -0.57 -0.26 -0.24 -0.18 0.06 0.03 0.13 (∆E: -1.56)
δ∆Esoln: MP2/6-31+G* -0.55 -0.44 -0.18 -0.18 -0.17 0.03 0.06 0.10 (∆Esoln: -1.47)
δHφ: MP2/aVDZ -0.037 -0.036 -0.020 -0.016 -0.007 0.004 0.005 0.013 (dHφ: 2.466)
δqCT: MP2/aVDZ -0.17 -0.16 -0.07 -0.05 -0.01 0.02 0.04 0.07 (qCT: -1.33)
δqH+C/4(p): MP2/aVDZ 0.90 0.90 0.40 0.35 0.16 -0.09 -0.23 -0.49 (qH+C/4(p): 16.7)
σp 0.78 0.66 0.23 0.23 0.06 -0.17 -0.37 -0.66 0

type II: X CN NO2 F Cl Br OH CH3 NH2 (H)

δ∆E: MP2/6-31+G* 0.38 0.38 0.31 0.26 0.22 0.04 -0.24 -0.36 (∆E: -1.60)
MP2/6-311++G** 0.34 0.32 0.27 0.18 0.11 -0.02 -0.32 -0.39 (∆E: -2.31)
MP2/aVDZ 0.34 0.31 0.30 0.10 0.03 -0.05 -0.37 -0.58 (∆E: -3.20)
MP2/aVTZ 0.39 0.34 0.28 0.09 0.01 -0.05 -0.38 -0.60 (∆E: -3.44)
CCSD(T)/aVDZ′ 0.37 0.35 0.26 0.20 0.19 -0.01 -0.21 -0.37 (∆E: -1.56)
δ∆Esoln: MP2/6-31+G* 0.24 0.30 0.24 0.15 0.12 0.05 -0.23 -0.21 (∆Esoln: -1.47)
δHφ: MP2/aVDZ 0.005 0.004 0.012 -0.009 -0.013 -0.016 -0.034 -0.047 (dHφ: 2.466)
δqCT: MP2/aVDZ 0.14 0.14 0.09 0.03 0.01 -0.02 -0.01 -0.10 (qCT: -1.33)

a All these values were obtained with BSSE correction. The relative interaction energies in the chloroform solvent (dielectric constant:ε ) 4.9) (δ∆Esoln)
were obtained using IPCM. The interphenyl distancesdHφ of MP2/6-31+G* optimized geometries were re-optimized with the BSSE-corrected MP2/aug-
cc-pVDZ calculations. Energies are in kilocalories per mole, charges in 10-2 au, distances in angstroms. The values in the table (except for those in parentheses
for the cases of X) H for which the absolute values are given) are relative values with respect to the T-shaped benzene dimer.σp is Hammett’s substituent
constant for the para positions, defined as the acidities ofp-substituted benzoic acid at 25°C. The charge of∆qH+C/4 () ∆qH + ∆qC/4) at the para position
is strongly correlated withσp andδ∆E, because the induction energy is proportional toRE2, whereR is the polarizability of the facial benzene andE is the
electric field (E ) q/d2) where the facial aromatic ring center is at the distances (dHφ ) 2.47 Å anddCφ ) 3.55 Å) from the atomic chargeq of the edge atoms
(p-H andp-C) in the axial aromatic rings. Then, the induction energy is approximately proportional toR(qH/2.472 + qC/3.552) ≈ R(qH + qC/4)/(2.47)2. It
should be noted that both all the relative energies at the different levels of theory are consistent, while their absolute magnitudes vary depending on the levels
of theory.

Figure 2. Relative values of interaction energies (δ∆E/δ∆Esol for the gas/
solution phase; in kilocalories per mole), charge transfers (δqCT in au), and
interphenyl distances (δdHΦ in angstroms)) for types I and II, and the plot
for σp vs type I substituent.
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present discussion is equally valid at all levels of calculation
reported here (partly except for the relative binding energies at
the MP2/6-31+G* level, which uses only a small basis set).
Only some careful consideration would be required (i.e., the
interphenyl distances need to be properly optimized) when the
different levels of calculation would give significant geometry
changes toward the hard wall region in the interphenyl distance.
In this regard, though all the results are consistent, there can be
subtle errors up to∼0.1 kcal/mol (or at most∼0.2 kcal/mol in
the worst situation). Considering that our results are based on
geometries at the BSSE-corrected MP2/aVDZ level, we discuss
our results in terms of MP2/aVDZ values [and MP2/aVTZ//
MP2/aVDZ values in brackets], unless otherwise specified.

The interaction energy increase/decrease due to the mono-
substitution of the benzene dimer is no more than 0.65/0.34
[0.68/0.39] kcal/mol in the gas phase. This value becomes much
smaller (0.55/0.24 kcal/mol) in the chloroform solvent (dielectric
constantε ) 4.9). This small energy difference agrees with
Wilcox’s5 and our9a previous experiments. Given that the edge-
to-face interaction energy at the CCSD(T)/CBS level would be
∼1.5 kcal/mol, these small energy changes would not be simply
neglected. Though the energy changes by the substitution are
small, the sum of a large number of these inter-
action terms could be significant in multisubstituted aromatic
systems, in particular, in the cases when strong interactions are
absent.

On the basis of the predicted interaction energies, we find
that for type I, the electron-accepting strength of the axial
aromatic ring is in the order NO2 > CN > Br > Cl > F > H
> CH3 > OH > NH2 in both the gas phase and the chloroform
solution. For type II, the electron-donating strength of the facial
aromatic ring is in the order CN< NO2 < F < Cl < Br < H
< OH < CH3 < NH2 in the gas phase and in the order NO2 <
CN < F < Cl < Br < OH < H < NH2 ≈ CH3 in the chloroform
solution. Therefore, the order in binding strength of type I for
NO2 and CN in the gas phase, that for Br, Cl, and F in both gas
and solution phases, that for CH3 and OH in the gas phase, and
that for CH3 and NH2 in the chloroform solution are changed
in type II. It should be noted that though the systems with
electron-accepting substituents (NO2, CN, Br, Cl, F) favor type
I, those with electron-donating substituents (NH2, CH3, OH)
favor type II; then the substitution can strengthen the binding,
compared to the unsubstituted benzene dimer.

For type I, the binding strength (related to-∆E) increases
as the substituent changes from strong electron donor to strong
electron acceptor. The trend for∆E is consistent with those for
qCT anddHφ. Cozzi, Siegel, and co-workers4 have shown a good
correlation between the free energy and the Hammett constant.
Indeed, we also find that∆E and consequentlyqCT anddHφ are
correlated with the Hammett constant at para position (σp), while
they are not correlated with the reaction constant. In particular,
the edge-to-face interaction energy change by substitution (δ∆E)
for type I is strongly correlated withδqCT andδdHφ. The inter-
action for type I can thus be correlated with the charge transfer
effect or polarizability-driven inductive effect. Among the halide
substituents, the Br substituent has larger energy gain (0.33 kcal/
mol) due to the large polarizability of Br, while the substituted
system by a highly electronegative F atom shows small binding
energy gain (0.18 kcal/mol). Thus, for type I, the polarizability-
driven inductive effect would be important. For type I, a strong
electron-accepting/donating group of the NO2/NH2 substituent

increases/decreases the binding strength by 0.65/0.15 [0.68/0.18]
kcal/mol compared to the unsubstituted case. The solvent effect
for type I does not change the order in binding strength in the
gas phase, but slightly decreases the absolute binding energy
and the relative binding energy differences.

For type II, the increased/decreasedπ-electron density by the
electron-donating/accepting substituent NH2/CN increases/
decreases the binding strength by 0.58/0.34 [0.60/0.39] kcal/
mol. The solvent effect changes the order in binding strength
between NO2 and CN and the order between CH3 and NH2.
The largest/smallest binding energy in solution is 1.70/1.17 kcal/
mol (for CH3/NO2), while that in the gas phase is 3.79/2.86
kcal/mol (for NH2/CN). The maximum binding energy gain/
loss by substituent in the benzene dimer is only 0.23/0.30 kcal/
mol in the solvent, in contrast to significant gain/loss in the
gas phase 0.38/0.36 kcal/mol at MP2/6-31+G* (0.58/0.34 kcal/
mol at MP2/aVDZ). Although in solution CN/CH3 is a more
effective electron-acceptor/donor than NO2/NH2, the overall
trend in solvent is similar to that in the gas phase. In addition,
considering the halide groups that are electron-acceptors, the
F-substituent system is more stabilized than the Cl/Br substituent
systems, so this trend is opposite to that in type I. Similarly,
the OH group is less effective than the CH3 group. In addition
to the charge transfer from the facial to axial rings, the CH-π
interaction in type II depends on the electron density around
the center of a substituted facial aromatic ring which is very
sensitive to the exchange repulsion and dispersion energy.

For the complexes involving both types I and II, the inter-
action energies are found to be nearly additive. The complex
with the facial aminobenzene and the axial nitrobenzene gives
the interaction energy gain by 1.18 kcal/mol over the dimer.
This value is close to the sum (1.23 kcal/mol) of the interaction
energy gain (0.65 kcal/mol) for the axial nitrobenzene interacting
with the benzene and that (0.58 kcal/mol) for the facial amino-
benzene interacting with the benzene. The complex with the
facial cyanobenzene and the axial nitrobenzene gives the inter-
action energy gain by 1.16 kcal/mol over the dimer, close to
the sum of the two separate contributions (0.61+ 0.58) 1.19
kcal/mol). Thus, the edge-to-face interactions can be enhanced
as much as 1.2 kcal/mol by both axial and facial substitutions.

Using SAPT at the MP2/aVDZ′ level, we carried out the
decomposition of the interaction energies of types I and II:

where

Etot ) Ees+ Eexch+ Eind + Edisp + δint,resp
HF

) Ees+ Eexch* + Eind* + Edisp* + δint,resp
HF

Ees) Ees
(10) + Ees,resp

(12)

Eind ) Eind
(20)

Edisp ) Edisp
(20)

Eexch) Eexch
(10) + Eexch

(11) + Eexch
(12) + Eexch,ind,resp

(20) +

Eexch,disp
(20)

Eind* ) Eind
(20) + Eexch,ind,resp

(20)

Edisp* ) Edisp
(20) + Eexch,disp

(20)
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and

Here the first number 1 or 2 in parentheses in superscript
indicates the first- or second-order perturbation term; the second
number 0/1/2 in parentheses in superscript indicates the zeroth/
first/second-order correction; the notations in subscripts mean
the following; tot: total energy, ind: induction, disp: dispersion,
exch: exchange, andδint,resp

HF: all induction and exchange-
induction terms of order higher than the second. The “resp”
indicates that a given component has been computed including
the coupled Hartree-Fock response for the perturbed system,
and “Ecorr” is the sum of the correlation components. The
superscript “*” indicates the effective energy component.

The substituent effects of the interaction energies and energy
components for types I and II are listed in Table 2. In the
benzene dimer, we find that the total interaction energy (Etot)
is -2.49 kcal/mol, and the electrostatic energy (Ees), induction
energy (Eind), dispersion energy (Edisp), and exchange repulsion
(Eexch) are-2.04,-1.00,-4.56, and 5.47 kcal/mol, respectively,
andEind*, Edisp*, andEexch* are -0.23,-4.10, and-4.24 kcal/
mol, respectively. Therefore, the dispersion is the dominating
interaction component for any substituents in both types, since
the substitution effect is not more than∼0.7 kcal/mol.

While the total interaction energies and their energy com-
ponents widely vary depending on the levels of calculation, the
relative energies little depend on them. Therefore, the relative
energies (δEtot, δEes, δEexch, δEind, δEdisp) of the substituted
systems with respect to the benzene dimer are considered to be
reliable. For both types, it is interesting to note that though the
main energy component ofEtot is Edisp, the main energy
component ofδEtot is δEes. For type I,δEtot is well described
simply byδEesamong the four components (δEes, δEexch, δEind,
δEdisp). Since the electrostatic energy plays a key role in type

I, the electrostatic energy-driven polarization (induction) is well
correlated withEtot. This well explains Hunter and Saunders’
notion3a that the induction is the subsequent effect due to the
major electrostatic interaction component. We particularly note
that δEes+ind* () δEes + δEind*) is almost the same asδEtot,
since the three terms ofδEdisp*, δEexch*, and δEHF

(δEdisp*+exch*+δHF ) δEdisp* + δΕ exch* + δE HF) almost cancel
out. Thus, the total energy change by the substituent effect in
type I is represented by the sum ofδEes andδEind*. One can
easily note a good correlation betweenδEtot andδEes as well
as an excellent agreement betweenδEtot andδEes+ind* (Figure
3).

For type II,δEtot is the most correlated withδEes among the
four components. In addition,δEes+disp*+exch* () δEes+ δEdisp*
+ δEexch*) is also correlated withδEtot (Figure 4). Thus, the
substituent effect in type II is complicated. The decrease/increase
of the electron density of the facial rings by large/small charge
transfer due to the electron-donor/acceptor should significantly
decrease/increaseδEind, but this change is less significant than

Table 2. Substituent Effect (Relative Energy with Respect to the Basis Set at the MP2/aVDZ′ Level) of the Interaction Energies and Energy
Components (Kilocalories per Mole) for the Edge-to-Face Aromatic Interactions (Types I and II) by SAPT Decomposition.

type I: X NO2 CN Cl OH NH2 (H)

δEtot -0.77 -0.66 -0.28 0.05 0.19 (Etot: -2.49)
δEes -0.59 -0.55 -0.25 0.05 0.20 (Ees: -2.04)
δEind -0.24 -0.20 -0.08 0.01 0.03 (Eind: -1.00)
δEind* -0.17 -0.13 -0.05 0.01 0.02 (Eind*: -0.23)
δδint,resp

HF -0.10 -0.09 -0.04 0.01 0.03 (δint,resp
HF: -0.35)

δEdisp -0.17 -0.19 -0.09 0.01 0.02 (Edisp: -4.56)
δEdisp* -0.17 -0.18 -0.09 0.01 0.02 (Edisp*: -4.10)
δEexch 0.33 0.37 0.18 -0.04 -0.09 (Eexch: 5.47)
δEexch* 0.26 0.30 0.14 -0.03 -0.08 (Eexch*: 4.24)
δEes+ind* -0.76 -0.68 -0.29 0.06 0.22 (Ees+ind*: -2.27)
δEdisp*+exch*+δHF -0.01 0.02 0.01 -0.01 -0.03 (Edisp*+ exch*+δHF: -0.21)
Ecorr -0.16 -0.03 0.01 -0.02 -0.05 (Ecorr: -3.75)

type II: X NO2 CN Cl OH NH2 (H)

δEtot 0.33 0.34 0.13 -0.03 -0.45 (Etot: -2.49)
δEes 0.50 0.52 0.26 -0.04 -0.54 (Ees: -2.04)
δEind 0.04 0.06 -0.01 -0.08 -0.25 (Eind: -1.00)
δEind* 0.08 0.08 0.04 0.00 -0.05 (Eind*: -0.23)
δδint,resp

HF 0.08 0.07 0.03 -0.02 -0.08 (δint,resp
HF: -0.35)

δEdisp -0.12 -0.13 -0.22 -0.20 -0.58 (Edisp:-4.56)
δEdisp* -0.16 -0.16 -0.22 -0.18 -0.50 (Edisp*:-4.10)
δEexch -0.18 -0.19 0.12 0.26 0.98 (Eexch: 5.47)
δEexch* -0.18 -0.19 0.07 0.16 0.70 (Eexch*: 4.24)
δEdisp*+exch* -0.34 -0.35 -0.15 -0.02 0.20 (Edisp*+exch*: 0.14)
δEes+disp*+exch* 0.16 0.17 0.11 -0.06 -0.34 (Ees+disp*+exch*: -1.90)
Ecorr -0.44 -0.35 -0.32 -0.23 -0.45 (Ecorr: -3.75)

Eexch* ) Eexch
(10) + Eexch

(11) + Eexch
(12)

Figure 3. δ∆Ees andδ∆Ees,ind* vs δ∆Etot linear fits for type I. Energies
are in kilocalories per mole.
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the changes ofδEdisp* and δEexch*. Upon substitution,δEdisp*
values are all greater in magnitude than that of the benzene
dimer, probably because the total electron population of the
facial benzene ring increases (since the H atom depletes the
electron density of the facial aromatic ring as a strong electron
acceptor, in comparison with non-hydrogen atoms). While the
electron-donor/acceptor with increased/decreased charge transfer
shows increased/decreased binding energy, the sum ofδEind,
δEexch, andδEdisp reasonably differentiates various edge-to-face
interactions for type II.

In contrast to the Hammett constant, which is highly
correlated to the edge-to-face interaction for type I, there is no
useful parameter to describe such interaction for type II. Thus,
a new Hammett-like constant would be desirable. For type II,
it would be more realistic to useδ∆E as a new parameter to
describe the edge-to-face interaction. There is a good correlation
betweenσp and-δ∆E for type I (r factor) 0.964 [0.967] for
δ∆E ) aσp + b, a,b: constants; orr factor ) 0.812 [0.827]
for δ∆E ) aσp when the case of the benzene dimer is fixed at
the origin (0,0)) as shown in Figure 5. The case when X is H,
due to the extremely small atomic size of H and the kinetic
effect due to rapid exchange, is somewhat different from the
case when X is a non-hydrogen atom. Thus, the constraint to
fix the case of benzene dimer at the origin (δ∆E ) kσp) gives
much less correlation. Nevertheless, the correlation is still
effective. In this regard, it would be possible to define a
comparable new parameterσp′ with the value of-δ∆E for type
I, where the positive/negative sign indicates an electron acceptor/

electron donor. Similarly, it would be possible to define a new
Hammett-like constantσc′ with the value ofδ∆E for type II
(so that the positive/negative sign denotes an electron acceptor/
electron donor). For example, theσc′ for the facial substituent
interaction would be defined on the basis of the relative binding
energies predicted at various levels of theory (e.g., CN: 0.35,
NO2: 0.35, F: 0.25, Cl: 0.2, Br: 0.05, OH:-0.05, CH3: -0.35,
NH2: -0.5).

In the case of an axially substituted aromatic system, the
Hammett’s substituent constant and the electron density at the
para position are important stabilizing factors, while the facially
substituted aromatic system depends on not only the electron-
donating ability but also the exchange repulsion and dispersion
interaction. Therefore, Hammett-like constantsσc′ describe the
edge-to-face interactions at the center of substituted aromatic
rings, which would be useful for the study of protein structures
and the design of molecular assembly-based devices.

Figure 6 shows interesting polarization effects on the occupied
molecular orbitals of strong electron donor (NH2-) and strong
electron acceptor (NO2-) substituted aromatic rings relative to
the benzene ring for types I and II. The benzene gives only
minor polarization from the facial ring to the axial ring. For
type I, the strong electron-accepting group NO2 withdraws
electron (which results in strong stabilization), whereas the
electron-donating group NH2 forbids the electron withdrawing
(which results in destabilization). Therefore, the polarization
due to the electron donating/accepting power affects the edge-
to-face interaction energy. This effect is very important in type
I. In type II, the electrostatic interaction also plays an important
role, and subsequently, the polarization is correlated with the

Figure 4. δ∆Ees and δ∆Ees+disp*+exch* vs δ∆Etot linear fits for type II.
Energies are in kilocalories per mole.

Figure 5. δ∆E vs σp linear fits for type I at various levels of calculation.

Figure 6. Occupied molecular orbitals of types I (top) and II (bottom)
involved with the charge transfer. Orbital energies in parentheses are given
in au. In contrast to the benzene dimer, which shows a moderate charge
transfer (qCT ) -0.0133 au;δqCT ) 0 as a reference system), in the cases
of type I the strong electron-accepting NO2 group in the axial aromatic
ring shows increased electron transfer toward the axial aromatic ring (δqCT

) -0.0017 au), whereas the strong electron-donating NH2 group shows
decreased charge transfer (δqCT ) 0.0007 au). In the cases of type II, the
strong electron-accepting NO2 groups in the facial aromatic rings show
decreased charge transfers (δqCT ) 0.00142 au), while the strong electron-
donating NH2 group shows increased charge transfer (δqCT ) -0.00103
au).
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electrostatic energy. The facial NO2-substituted aromatic ring
forbids the electron transfer-driven polarization to the axial ring
(which results in destabilization), whereas the facial NH2-
substituted aromatic ring allows strong polarization to the
vertical ring (which results in strong stabilization). It is also
interesting to note that the polarization for the facial Cl/Br/F-
substituted aromatic ring in type II is slightly weaker than or
similar to that for the benzene dimer system. However, other
effects (dispersion and exchange in addition to the electrostatic
energy) are also important in type II, as discussed earlier.

It is interesting to compare the edge-to-face interactions for
the T-shaped aromatic-aromatic complexes with those for the
T-shaped structure with an aromatic ring and a counterpart such
as H2, H2O, HCl, and HF.21 In this case, H2 would involve
mainly dispersion and induction energies; the benzene involves
dispersion, quadrupole-driven polarization, and quadrupole-
quadrupole interaction energies; H2O, HCl, and HF would
involve dispersion, dipole-driven polarization, and dipole-
quadrupole interaction energies. The dipole moments of H2O,
HCl, and HF along the axial direction are 1.13, 1.18, and 1.84
D, respectively. While the H2 does not give significant interac-
tion energy gain/loss depending on the substituted benzene, the
quadrupole-driven electrostatic effect in the benzene shows
marginal energy differences, and the dipole-driven electrostatic
effects in H2O, HCl, and HF show large energy differences
depending upon substitution (Table 3 and Figure 7). In the case
of H2O, the difference in the edge-to-face interaction energy
between the NO2 and NH2 cases is 2.1 kcal/mol. In the case of
HF aromatic systems, this difference is further enhanced as much
as 2.6 kcal/mol. The energy difference between the NO2-/NH2-

substituted benzene-water system and the benzene-water
system is 1.3/-0.8 kcal/mol; thus, these large energy differences
would be useful for the design of novel supramolecular systems
and novel molecular devices. Even though the difference in the
aromatic-aromatic systems is not large, the sum of a large
number of interactions in the absence of H-bonding-type
interactions would be of importance to play a key role, which
can be evidenced from the fact that the aromatic-aromatic
π-stacking which has the interaction energy comparable to the
edge-to-face interaction plays a key role in crystal packing.

Figure 8 shows theδ∆E versusσc′ linear fit for the T-shape
conformers of the substituted aromatic ring interacting with
C6H6, H2O, HCl, and HF. It shows reasonable correlations
betweenδ∆E andσc′, which shows the validity of the defined
Hammett-like constantσc′ for the facial aromatic interactions.

IV. Conclusion

We compared the edge-to-face interactions for variously
substituted aromatic systems, using ab initio calculations on
model systems I and II with substituted axial and facial
benzenes, respectively. In particular, for both model systems,
we have focused our attention on elucidating the origin of energy
differences between nine different substituents including nitro-
and aminobenzenes as the extreme cases of the aromatic
interactions. Though the total interaction energy widely varies
depending on the levels of theory and basis sets employed, the
interaction energy change by substitution varies little. Thus, our
results are considered to be reliable. We note a clear difference
in aromatic interactions between facial and axial substitutions.
In both types, the dispersion energy is the dominating interaction
energy component. Nevertheless, its effect is negligible in type
I, while it plays only a subsidiary role in type II. In the case of
axially substituted aromatic systems, the electron density at the
para position is an important stabilizing factor, and thus the
stabilization/destabilization by substitution of an aromatic ring
is governed mostly by the electrostatic energy. This results in
its subsequent correlation with the polarization and charge
transfer. In a while, the dispersion energy is canceled out by
the exchange repulsion. Thus, the stabilization/destabilization
by substitution is represented simply by the sum of electrostatic

(21) Tarakeshwar, P.; Lee, S. J.; Lee, J. Y.; Kim, K. S.J. Chem. Phys.1998,
108, 7217.

Table 3. Relative Energies of the T-Shaped Conformers of the
X-Substituted Aromatic Ring Interacting with the Counter
Molecules HYa

(δ∆Ee, kcal/mol) ) ∆Ee(X) − ∆Ee(H) (∆Ee)

HY\X NO2 CN F Cl Br OH CH3 NH2 H

HF 1.74 1.56 0.77 0.88 0.87 0.00-0.38 -0.78 -3.87
HCl 1.34 1.21 0.65 0.60 0.57-0.06 -0.44 -0.79 -4.19
H2O 1.29 1.20 0.58 0.69 0.68-0.04 -0.34 -0.78 -2.85
C6H6 0.33 0.36 0.29 0.14 0.06-0.04 -0.35 -0.57 -3.15
H2 0.10 0.09 0.06 -0.00 0.03 -0.04 -0.11 -0.12 -0.92

a Calculations were carried out at the MP2/aug-cc-pVDZ//MP2/6-31+G*
level.

Figure 7. Relative interaction energies (δ∆E in kilocalories per mole) for
the T-shape conformers of the substituted aromatic ring with H2, benzene,
H2O, HCl, and HF.

Figure 8. δ∆E vs σc′ linear fits for the T-shape conformers of the facially
substituted aromatic ring interacting with C6H6, H2O, HCl, and HF. The
values ofσc′ are chosen as CN: 0.35, NO2: 0.35, F: 0.25, Cl: 0.2, Br:
0.05, OH:-0.05, CH3: -0.35, NH2: -0.5.
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and induction energies. Therefore, to increase this type of
interaction, one needs to consider a system with highly electron-
accepting moieties. On the other hand, the facially substituted
aromatic system depends on not only the electron-donating
ability responsible for the electrostatic energy but also the
dispersion interaction and exchange repulsion. The dispersion
energy, together with the exchange repulsion, augments the
electrostatic energy in the facially substituted aromatic systems.
In this regard, our work has refined the Hunter-Sanders work3a

on interactions involving axially and facially substituted aromatic
systems. We discussed the stabilization/destabilization of the
edge-to-face aromatic interactions by axial and facial substitu-
tions and elucidated its origin. In particular, the difference
between axial and facial substitutions is explained.

The systems with electron-accepting substituents (NO2, CN,
Br, Cl, F) favor the axial substituent conformation, while those
with electron-donating substituents (NH2, CH3, OH) favor the
facial substituent conformation. The substitution can strengthen
the edge-to-face interaction, compared to the unsubstituted
benzene dimer. The predicted maximum energy difference
between substituted and unsubstituted systems is about 0.6 kcal/
mol (1.2 kcal/mol for the disubstituted complex with an axial
nitrobenzene and a facial aminobenzene). In the case of the
axially substituted aromatic system, the Hammett’s substituent
constant is well correlated with the electron density at the para
position, which is an important stabilizing factor. In the facially
substituted aromatic system, the stability by substitution depends
on not only the electron-donating ability but also the exchange

repulsion and dispersion interaction. Hammett-like constantsσc′
would describe the edge-to-face interactions at the center of
substituted aromatic rings. In addition, we studied the edge-to-
face interactions for the complex systems of an aromatic ring
with another counterpart such as H2, H2O, HCl, and HF. In the
latter three cases with large dipole moments, the change in the
interaction energy by substitution is large. Understanding of the
origin of these interaction energies would be useful for the
design of novel supramolecular systems and novel molecular
devices and for understanding the strength of T-shaped structures
in biomolecular systems due to the edge-to-face interactions.
In addition, the present study would be of importance in
understanding electrophilic aromatic substitution reactions.
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In contrast to its focus on the main component of the aromatic
interactions, our work discusses the origin of energy differences
between nine different substituents including nitro- and ami-
nobenzenes as the extreme cases of the aromatic interactions,
and we elucidate the origin of differences in aromatic interac-
tions by facial and axial substitutions.
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