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Abstract: The existence of the 7t- - - 7 stacking interaction is well-known. Similarly, it is reasonable
to assume the existence of the o-hole- - - o-hole stacking interaction. In this work, the structures,
energies, and nature of the face-to-face o-hole- - - 0-hole stacking interactions in the crystal structures
have been investigated in detail by the quantum chemical calculations. The calculated results clearly
show that the face-to-face o-hole- - - o-hole stacking interactions exist and have unique properties,
although their strengths are not very significant. The energy component analysis reveals that, unlike
many other dispersion-dominated noncovalent interactions in which the induction energies always
play minor roles for their stabilities, for the face-to-face o-hole- - - o-hole stacking interaction the
contribution of the induction energy to the total attractive energy is close to or even larger than that
of the electrostatic energy. The structures, energies, and nature of the face-to-face o-hole- - - c-hole
stacking interactions confined in small spaces have also been theoretically simulated. One of the
important findings is that encapsulation of the complex bound by the face-to-face o-hole- - - 0-hole
stacking interaction can tune the electronic properties of the container.

Keywords: face-to-face; o-hole- - - 0-hole stacking interaction; PBEO-D3(BJ) calculation; energy com-
ponent analysis; confined o-hole- - - 0-hole stacking interaction

1. Introduction

Science and engineering are now in the era of the molecule. Naturally, the study
of intermolecular interactions is the core of molecular science and engineering. There
have been many different types of intermolecular interactions. Especially in recent years,
many new terms and concepts have been introduced in order to describe intermolecular
interactions more accurately [1-15]. The o bond and 7t bond are two most common and
important chemical bonds. The existence of the 7r- - - 7 stacking interaction (also called the
aromatic—aromatic interaction or aromatic stacking interaction) is well-known. Similarly, it
is reasonable to assume the existence of the o-hole- - - 0-hole stacking interaction [15].

Unlike the halogen bond or the other o-hole bond, in which the electrophilic region of
a o-hole points to the nucleophilic region in another or the same molecular entity [16,17],
the o-hole- - - o-hole stacking interaction is the net attractive interaction between two o-hole
regions with the similar electron-density distributions. Figure 1 is a simple schematic dia-
gram of four different kinds of the o-hole- - - 0-hole stacking interactions. In the Cambridge
Structural Database (Version 5.42, February 2021) [18], the edge-to-edge o-hole- - - o-hole
stacking interactions shown in Figure 1 are seldom found. Hence, in this study, we only
focused on the face-to-face o-hole- - - 0-hole stacking interactions. Let us stress here that
the use of the term “o-hole- - - 0-hole stacking interaction” is reasonable because the two
o-holes with similar electron-density distributions are stacked with each other, which leads
to the stacking of the two o bonds and further the stacking of the two molecules. Evidently,
the o-hole- - - o-hole stacking interaction is totally different from the halogen- - - halogen
or chalcogen- - - chalcogen interaction. The o-hole- - - o-hole stacking interaction is de-
fined according to the electron-density distribution, whereas the halogen: - - halogen or
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chalcogen- - - chalcogen interaction is judged in terms of the molecular geometries. It is also
unsuitable to use the term “like-charge interaction” to describe such kind of net attractive
interaction because the charge is neither a physical observable nor a strict mathematical
formulation and many atoms in the molecules have both the negative electrostatic potential
region and positive electrostatic potential region.

Figure 1. Schematic diagram of the perfect face-to-face (a), parallel-displaced face-to-face (b), perfect
edge-to-edge (c), and parallel-displaced edge-to-edge (d) o - - 0 stacking interactions. The blue
surfaces represent the electrophilic regions, and the red surfaces are the nucleophilic regions.

In a previous study, we explored the structures, energies, and nature of the face-to-face
o-hole(I)- - - o-hole(I) and o-hole(S)- - - o-hole(S) stacking interactions [15]. It was found that
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the strengths of the face-to-face o-hole(I) - - o-hole(I) and o-hole(S)- - - o-hole(S) stacking
interactions are not very large (about 1 kcal/mol). The interaction energies of the face-to-
face o-hole(l)- - - o-hole(I) and o-hole(S)- - - 0-hole(S) stacking interactions were calculated
with the supermolecule method. Therefore, one may suspect that such small stabilization
energies maybe originate from the dispersion interactions between the other parts of the
complexes except for the two I(S) atoms and not from the face-to-face o-hole- - - o-hole
stacking interactions. To settle this issue, we revisited the existence and uniqueness of
the face-to-face o-hole- - - 0-hole stacking interactions by exploring the structures, ener-
gies, and nature of the face-to-face o-hole(Br)- - - o-hole(Br) stacking interactions in the
crystal structures of 1,6—dibr0mo—l1,1Z—dimethyl—tricyclo(4.4.2.02'7)d0dec—1 1-ene (refcode
DASKOX), 10,10’-dibromo-9,9’-bianthryl (refcode ENIVEC), 1-bromotriptyeene (refcode
BTRPYC) and triphenylbromomethane (refcode TPHMBR02) [19-22]. The other important
question raised is, “Can the face-to-face o-hole- - - o-hole stacking interactions be observed
in the gas and liquid phases?” In order to answer this question, we studied the structures,
energies, and nature of the face-to-face o-hole- - - 0-hole stacking interactions in the con-
fined nanospace by selecting the Czp-capped armchair (5,5) carbon nanotube (Ciy) as
a container.

2. Computational Details

Unless otherwise stated, the geometries of the monomers and dimers considered in
this study were taken directly from their corresponding crystal structures. As suggested by
Politzer and co-workers, the molecular electrostatic potential maps of the monomers were
generated by calculating the electrostatic potentials on the molecular surfaces with the
0.001 au contour of the electronic density [23]. The electrostatic potentials of the monomers
and interaction energies of the dimers were calculated at the PBEO-D3(BJ)/def2-TZVPP
theory level with the Gaussian 09 suite of programs [24-28]. The basis set superposition
error was eliminated using the conventional counterpoise method [29]. It has been proven
that the PBE0-D3(BJ)/def2-TZVPP calculations can give us accurate interaction energies of
weakly bound complexes [30-33]. The atoms in molecules (AIM) theory was employed to
study the nature of the o-hole- - - 0-hole stacking interaction [34]. The AIM analysis was
carried out with the AIM2000 code [35].

The energy component analyses of the total interaction energies were performed
with the spin-component scaled zeroth-order symmetry-adapted perturbation theory (SCS-
SAPTO0) programmed in the PSI4 software package [36-39]. Our previous studies have
shown that the inexpensive SCS-SAPT0 method in conjugation with the basis set aug-
cc-pVDZ performs very well for the energy decomposition analyses of the m-stacked
complexes [30-32]. Note that for the hydrogen-bonded or halogen-bonded complexes, the
SCS-SAPTO method maybe have a relatively poor performance [40].

3. Results and Discussion
3.1. Structures and Interaction Energies

The crystal structures of DASKOX, ENIVEC, BTRPYC, and TPHMBRO02 can be ob-
tained from the Cambridge Structural Database. For simplicity, we used the refcode-M
to name the monomers in the crystal structures and refcode-D to name the dimers in the
crystal structures.

Figure 2 shows the PBE0-D3(BJ)/def2-TZVPP molecular electrostatic potential maps
of the monomers DASKOX-M, ENIVEC-M, BTRPYC-M, and TPHMBRO02-M. The existence
of the o-hole of the Br atom in each monomer is very clear. As pointed out earlier by
Politzer and Murray, the o-hole is a region of lower electronic density on the extension
of a 0 bond and it is incorrect to assume that a o-hole has only the positive electrostatic
potentials [41]. Therefore, the o-holes of the Br atoms can be either negative or positive.
Both the negative and positive o-holes can be seen in Figure 2, although the absolute values
of the surface maxima of the o-holes of the Br atoms in DASKOX-M and TPHMBR02-M
are not very large.
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Figure 2. Molecular electrostatic potential maps of the monomers DASKOX-M, ENIVEC-M, BTRPYC-
M, and TPHMBRO02-M. The values (kcal/mol) are the surface minima and surface maxima of the
o-holes of the Br atoms.

Figure 3 demonstrates the geometries and interaction energies of the dimers DASKOX-
D, ENIVEC-D, BTRPYC-D, and TPHMBRO02-D. Also shown in Figure 3 are the one-
dimensional chain structures formed by the face-to-face o-hole(Br)- - - 0-hole(Br) stacking
interactions in the crystal structures of DASKOX and ENIVEC. The values of the angles
in Figure 3 are in the range of 174° to 180°, which indicates nearly face-to-face orienta-
tions of these o-holes. This is a necessary condition for the formation of the face-to-face
o-hole(Br)- - - o-hole(Br) stacking interaction. The van der Waals radius of the Br atom
is 1.85 A [42]. The Br;- - - Br, distances in Figure 3 are all less than the sum of the van
der Waals radii of two Br atoms. What we want to stress here is that the much smaller
Bry- - - Bry distance is not a necessary condition for the formation of the face-to-face o-
hole(Br)- - - o-hole(Br) stacking interaction. At the same time, it is also noticed from Figure 3
that the Br; - - - Br, distance does not correlate with the interaction energy. Among the four
dimers, the Br;- - - Brp distance in TPHMBRO02-D is the smallest one, while the interaction
energy of TPHMBRO2-D is neither the biggest nor the smallest. The interaction energies of
the four dimers are in the range of —1.29 to —0.91 kcal/mol. The strength of the face-to-
face o-hole(Br)- - - 0-hole(Br) stacking interaction is comparable to that of the face-to-face
o-hole(I)- - - o-hole(I) or o-hole(S)- - - o-hole(S) stacking interaction [15]. Although here
we only focused on the face-to-face o-hole- - - 0-hole stacking interactions in the crystal
structures, one may want to know whether the geometries and interaction energies of these
face-to-face o-hole- - - o-hole stacking interactions will change significantly in the gas phase.
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Selecting the BTRPYC-D as a model dimer, we fully optimized its geometries and calculated
its interaction energy at the PBE0-D3(B])/def2-TZVPP theory level. It was found that in the
gas phase the Bry- - - Br, distance is 3.660 A and the interaction energy is —1.30 kcal/mol,
which are almost the same as the corresponding ones in the crystal structure.
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Figure 3. The geometries and interaction energies of the dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and TPHMBRO02-D.

The small stabilization energies and large dimers with more than 68 atoms will make
us suspect that the stabilization energies maybe originate from the dispersion interactions
between the other parts of the dimers except for the two Br atoms and not from the unique
o-hole(Br)- - - o-hole(Br) stacking interactions. In order to clear up the doubt, we replaced
the Br atoms in the four dimers with the H atoms and recalculated the interaction energies
of the corresponding dimers. The C-H bond length is kept constant at 1.07 A, and the
geometries of other parts of the dimers except for the Br atoms are kept unchanged. At
the PBEO-D3(BJ)/def2-TZVPP level of theory, the interaction energies are —0.12, —0.13,
—0.20, and —0.33 kcal/mol for the H-replaced DASKOX-D, ENIVEC-D, BTRPYC-D, and
TPHMBRO02-D, respectively. The H- - - H distances in the four H-replaced dimers are all
larger than 5.27 A. Such large intermolecular distances result in the fact that the electrostatic,
exchange, and induction energies are all very small and can be neglected. Hence, the
PBEQ-D3(BJ)/def2-TZVPP interaction energies can be regarded as the dispersion energies
between the other parts of the dimers except for the Br atoms. Evidently, the absolute
values of these interaction energies are much smaller than the corresponding ones for the
dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and TPHMBRO02-D, which proves that the
stabilization energies of the four dimers are dominated by the face-to-face o-hole(Br)- - - o-
hole(Br) stacking interactions and not by the dispersion interactions between the other
parts of the dimers except for the two Br atoms.

The sum of the van der Waals radii of the Br and H atoms is 3.05 A [42]. The Br- - -H
interatomic distances in Figure 3 are all larger than 5.18 A. The much larger interatomic dis-
tances means that the Br- - - H interactions in the dimers DASKOX-D, ENIVEC-D, BTRPYC-
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D, and TPHMBRO02-D should be very weak and can also be neglected. Again, it is proved
that the stabilization energies of these dimers only originate from the unique o-hole(Br)- - - o-
hole(Br) stacking interactions. In fact, compared with the other noncovalent interactions
such as the halogen bonds and 7t- - - 7 stacking interactions, the o-hole- - - o-hole stacking
interactions are much purer because the accompanying intermolecular secondary interac-
tions are all negligible due to the much larger intermolecular distances caused by the two
linear o bonds.

3.2. Energy Component Analysis

The results of the energy component analyses for the dimers DASKOX-D, ENIVEC-D,
BTRPYC-D, and TPHMBRO02-D are summarized in Table 1. The total interaction energy
(Etot) and its energy components electrostatic (Ecst), exchange (Eexch), induction (Ej,q), and
dispersion (Egjsp) energies were calculated at the SCS-SAPT0/aug-cc-pVDZ theory level.
Here, the total interaction energies are comparable to the corresponding ones calculated at
the PBEO-D3(BJ)/def2-TZVPP level of theory, which again indicates the reliability of the
SCS-SAPT0/aug-cc-pVDZ calculations.

Table 1. The energy component analyses for the four dimers. All energies are in kcal /mol.

Energy Component DASKOX-D ENIVEC-D BTRPYC-D TPHMBRO02-D
Etot —0.95 —1.24 -1.59 -1.19
Eelst —041 —0.25 —0.41 —0.61
Eexch 1.96 1.29 1.13 3.01
Eind —0.43 —0.41 —0.31 —0.81
Egisp —2.07 —1.87 —2.00 —2.79
Eelst% ® 14% 10% 15% 15%
Eing%? 15% 16% 11% 19%
Eqgisp% * 71% 74% 74% 66%

2 The percentage in the total attractive interaction energy.

The contribution of each energy component to the total attractive energy can be
clearly seen in Table 1. The dispersion energies contribute about 70% of the total attractive
interaction energies. This means that the face-to-face o-hole(Br)- - - o-hole(Br) stacking
interactions are dispersion-dominated, which is in good agreement with previous finding
for the o-hole(l)- - - o-hole(I) and o-hole(S)- - - o-hole(S) stacking interactions [15]. The
electrostatic energies and induction energies contribute 10% to 19% of the total attractive
interaction energies. Unlike the other dispersion-dominated complexes in which the
electrostatic energies always play secondary roles for their stabilities, here in the four
dimers the contribution of the induction energy to the total attractive energy is close
to or even larger than that of the electrostatic energy. Figure 4 shows the correlation
of the induction energies with the interatomic distances. The values of the Pearson’s
correlation coefficient, coefficient of determination, and adjusted correlation coefficient
are all close to 1.00. Evidently, there is a strong correlation between the induction energy
and the interatomic distance. The absolute values of the induction energies are inversely
proportional to the Br;- - - Brp interatomic distances. In Table 1, the contribution of the
induction energy to the total attractive interaction energy of the dimer BTRPYC-D is the
smallest one and the contribution of the induction energy to the total attractive interaction
energy of the dimer TPHMBRO02-D is the largest one. This is reasonable because the
Bry- - - Brp distance in the dimer BTRPYC-D is the longest one and the Br; - - - Br, distance
in the dimer TPHMBRO02-D is the shortest one.

As shown in the third row of Table 1, the electrostatic terms are all attractive, which
seems contradictory to the fact that the two face-to-face o-holes have the same electron-
density distributions. At the same time, it is noticed that the electrostatic energies in
Table 1 do not correlate with the most positive potentials of the o-holes in Figure 2. On
the other hand, unlike the induction energies, the electrostatic energies do not correlate
with the Br;- - - Bry interatomic distances. In fact, such cases have been widely found in



Crystals 2021, 11, 877

7 of 12

the study of the 7t- - - 7 stacking interactions [43]. Sherrill and coworkers have pointed out
that the charge penetration is the cause of these counterintuitive effects [43]. The charge
penetration effects play key roles for understanding the electrostatic components of both
- - - 7 stacking interactions and o-hole- - - o-hole stacking interactions.

Pearson's r 0.99
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Figure 4. The correlation of the induction energies with the interatomic distances.

3.3. AIM Analysis

To further explore the nature of the o-hole- - - 0-hole stacking interaction, AIM analysis
has also been carried out for the four dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and
TPHMBRO02-D. The AIM theory is based on a topological analysis of the electron charge
density and its Laplacian. Figure 5 shows the molecular graphs with the values of electron
densities and their corresponding Laplacians at the bond critical points of the Br;- - - Bry
contacts for the dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and TPHMBRO02-D. For clarity,
only the bond critical points are shown and the ring critical points are omitted. The values
of the electron densities at the bond critical points of the Br;- - - Brp contacts range from
0.0049 to 0.0079 au, and the values of their corresponding Laplacians range from 0.0182 to
0.0270 au. According to Bader’s AIM theory, for the closed-shell interactions (van der Waals
interactions, hydrogen bonds, and ionic bonds), the values of the electron densities at the
bond critical points are relatively small and their corresponding Laplacians are positive [34].
Evidently, the Bry - - - Brp contacts in the dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and
TPHMBRO02-D are all of the noncovalent interactions. As shown in Figure 5, except for the
o-hole(Br)- - - o-hole(Br) stacking interactions, there are no other noncovalent interactions
in the four dimers. Being consistent with the conclusions in Section 3.1, the results of the
AIM analyses also rule out the possible effects of other noncovalent interactions.
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Figure 5. The electron densities (black numbers, au) and their corresponding Laplacians (red numbers, au) at the bond critical
points (small red dots) of the Bry - - - Bry contacts in the dimers DASKOX-D, ENIVEC-D, BTRPYC-D, and TPHMBRO02-D.

3.4. Confinement of the Face-to-Face o-Hole- - - o-Hole Stacking Interaction

The configurations of the complexes bound by the face-to-face o-hole- - - o-hole stack-
ing interactions are obviously not the global minima on the potential energy surfaces.
Hence, an important and interesting question is whether the face-to-face o-hole- - - o-hole
stacking interactions can be observed in the gas and liquid phases. One possibility to
observe the existence of the face-to-face o-hole- - - 0-hole stacking interaction in the gas
or liquid phase is to encapsulate the complex bound by the face-to-face o-hole- - - o-hole
stacking interaction into a container [44,45]. Here, we selected the Cjyy as a model con-
tainer and the face-to-face Br;- - - Br, as a model dimer to simulate such a case. Note
that, in the organic solutions, many single-molecule or self-assembled capsules have been
reported [44,45].

Figure 6 shows the optimized configurations, the highest occupied molecular orbital
(HOMO:s), and the lowest unoccupied molecular orbitals (LUMOSs) of Bry, Brp- - - Bry,
and (Bry- - - Bry)@Ciyg. Table 2 summarizes the Br-Br bond lengths, Br- - - Br interatomic
distances, formation free energies, HOMO energies, LUMO energies, and LUMO-HOMO
energy gaps, of Bry, Bry- - - Brp, and (Bry- - - Brp)@Cyy, calculated at the PBEO-D3(BJ)/ def2-
TZVPP level of theory. The optimized Br-Br bond length of Br; is 2.2817 A, which is in
excellent agreement with the experimental value of 2.2811 A [46]. The Br-Br bond length
becomes much longer upon the formation of (Bry- - - Brp)@Cjp. The Br- - - Br interatomic
distance is 3.8296 A in the dimer Br,- - - Bry and becomes much shorter as the dimer
Bry- - - Brj is encapsulated into Cypg. The face-to-face configuration of Bry- - - Brp is not
the local or global minimum on the potential energy surface, which is consistent with its
positive formation free energy. However, (Bry- - - Brp)@Cyyg is quite stable, and its formation
free energy is —77.84 kcal/mol. This means that, even in the gas or liquid phase, the face-to-
face o-hole- - - 0-hole stacking interactions can be easily observed in the complexes confined
in small spaces.

As can be seen in Table 2, the LUMO-HOMO energy gap decreases slightly from
4.59 eV to 4.13 eV upon the dimer Br,- - - Br, formation, and the LUMO-HOMO energy
gap decreases sharply from 4.13 eV to 0.92 eV when encapsulating the dimer Bry- - - Bry
into the capped carbon nanotube Cj5y. Compared with the LUMO-HOMO energy gap
of Cqpp with a value of 1.61 eV, the LUMO-HOMO energy gap of (Br;: - - Brp)@Cyy is
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still significantly decreased. The diagrams of frontier orbitals in Figure 6 can explain the
reason why the LUMO-HOMO energy gap of (Bry- - - Brp)@Ciy decreases sharply. The
HOMO of (Bry- - - Brp)@Cp delocalizes over Cypg, whereas the LUMO of (Br;- - - Bry)@Cipg
delocalizes over Bry- - - Bry. It can be clearly seen from Table 2 that the HOMO energy of
Cipo is higher than that of Br,- - - Bry, and the LUMO energy of Br,- - - Br; is lower than
that of Cqp9. Therefore, the LUMO-HOMO energy gap of (Bry- - - Brp)@Ciyg is lower than
that of both Br,- - - Bry and Cyp9. Evidently, encapsulation of Bry- - - Bry into Cypg tunes the
electronic properties of C1p. Here, it must be stressed that the C3p-capped armchair (5,5)
carbon nanotube was selected as a model container, and the results should be similar if the
other capsules were used.

HOMO of Br: LUMO of Br:

LUMO of Br:'Br:

HOMO of (Bl‘z‘ * 'Bl‘z)@clzo LUMO of (Bl‘z' ) ‘Bl'z)@,),Cno

Figure 6. The optimized configurations and frontier orbitals of Bry, Bry- - - Bry, and (Br,- - - Bry)@Cigp.

Table 2. The bond lengths (r, A), interatomic distances (d, A), formation free energies (AG, kcal/mol),
HOMO energies (Egomo, €V), LUMO energies (ELymo, eV), and LUMO-HOMO energy gaps (Eg,
eV), of Brp, Bry- - - Bry, and (Bry- - - Bry)@Cpg.

Bl‘2 Brz' . 'Bl‘z (BI’Z' . 'Bl‘z)@clgo
r 22817 (2.2811) @ 2.2803 2.2882
d 3.8296 3.1112
AG +10.90 —77.84
Enomo —8.10 —8.14 —547 (—5.46) b
ELumo —351 —4.01 —4.55(—3.85)P
Eg 4.59 413 0.92 (1.61) b

2 The experimental value. ® The corresponding value of Cyag.

4. Conclusions

In the present study, we have theoretically investigated the structures, energies, and
nature of the face-to-face o-hole- - - 0-hole stacking interactions in the crystal structures
and in the confined nanospace, respectively. The face-to-face o-hole: - - o-hole stacking
interaction is a subset of the o-hole- - - 0-hole stacking interaction, and is of the highly
directional noncovalent interaction. The binding energies of the face-to-face o- - - o stacking
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interactions are generally less than 2 kcal/mol, and the dispersion forces play dominant
roles for the stability of the face-to-face o-hole- - - 0-hole stacking interactions. Although
single face-to-face o-hole- - - 0-hole stacking interaction may be very weak, the sum of a
large number of face-to-face o-hole- - - 0-hole stacking interactions may be very strong,
such as the cases in the crystal structures. Different from many other dispersion-dominated
noncovalent interactions in which the induction energies always play minor roles for their
stabilities, for the face-to-face o-hole- - - o-hole stacking interaction the contribution of the
induction energy to the total attractive energy is close to or even larger than that of the
electrostatic energy.

The structures, energies, and nature of the face-to-face o-hole- - - o-hole stacking in-
teractions confined in small spaces have also been theoretically simulated. The unstable
complexes bound by the face-to-face o-hole- - - o-hole stacking interactions may become
very stable as they are encapsulated into suitable containers. An important finding is
that encapsulation of the complexes bound by the face-to-face o-hole- - - 0-hole stacking
interactions can tune the electronic properties of the containers.

In this work, we only studied the face-to-face o-hole- - - o-hole stacking interactions
by the quantum chemical calculations. The structures, energies, and nature of the edge-to-
edge o-hole- - - o-hole stacking interactions in the gas, liquid, and solid phases are under
investigation in our laboratory. We will report the results of our theoretical calculations in
the near future.
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