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at the metal center. The planes formed by the six-membered rings C1/C6 and C11/C16, respectively.
Additionally, there was a perfect coplanarity between the square plane N2O2 at the metal center and
the ring formed by the C8-C9-C1 /C22 atoms with an angle of 0.52 (7)◦.

Figure 5. Perspective of the compound NiMeOsalphen with a displacement ellipsoids at a 65%
probability level for non-H atoms.

In the crystal packing, there were C-H···O no classic hydrogen bonds and π···π intermolecular
contacts (Figure 6).

Figure 6. Crystal array of compound NiMeOsalphen. View is a tridimensional perspective emphasizing
R2

2(30) and R2
2(11) motifs and π-stacking.
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The interactions of type hydrogen bond were observed between C17-H17C···O2 (2.43 Å),
C18-H18C···O3 (2.50 Å), and C21-H21···O3 (2.42 Å). These intermolecular contacts formed R22(30)
and R2

2(11) motifs along the a-c plane. Moreover, there were weak π-π interactions with a distance
of centroids Cg4-Cg6 (3.84 Å) and Cg5-Cg6 (3.56 Å). Cg4 represented the six membered ring C1/C6,
while Cg5 corresponded to the C8-C9-C19/C22. Cg6 was formed by the C11/C16 ring. Finally,
all intermolecular contacts formed a tridimensional supramolecular array.

Unlike previously mentioned compounds NiMesalen, NiMeOsalen, and NiMeOsalphen, the single
crystal X-ray diffraction analysis revealed that compound Nisalphen crystalized in the triclinic space
group P-1. The asymmetric unit of Nisalphen contained two molecules of the nickel coordination
compound and three molecules of the chloroform, which was then used as a solvent (Figure 7).
Each metal central of NiII ion was tetracoordinated with one unit of a deprotonated salphen ligand with
salphen = N,N′-o-phenylenebis(salicylideneimine). Selected bond and angles parameters are given
in Table 3.

 
Figure 7. Perspective of the compound Nisalphen with a displacement ellipsoids at a 55% probability
level for non-H atoms.

While investigating the plane formed by three aromatic rings and the square symmetry N2O2 at
the metallic center of NiII, we found a coplanarity in each molecule with rms of 0.060 and 0.019 Å for
molecules A and B, respectively. Furthermore, these molecules had a parallel arrangement between
them, with an angle of 1.4◦.

In molecule A, there was a perfect square planar geometry with a τ4 de 0.026 with torsion angles
O1A-Ni1A-N1A-C8A (179.72(15)◦), N2A-Ni1A-N1A-C7A (177.8(2)◦), C2A-O1A-Ni1A-N1A (0.90 (2)◦),
and C2A-O1A-Ni1A-O2A (179.6(2)◦). Similarly, molecule B had a perfect square planar geometry
(τ4 de 0.024) with torsion angles O1B-Ni1B-N1B-C8B (179.26(15)◦), N2B-Ni1B-N1B-C7B (178.8(2)◦),
C2B-O1B-Ni1B-N1B (6.0(2)◦), and C2B-O1B-Ni1B-O2B (173.7(2)◦).

In the crystalline arrangement of compound Nisalphen, a Ni-Ni distance of 3.26 Å was observed.
The short distance found between both metal centers was favored by the interaction of the π···π. There
were electronic densities in the coplanar and parllel A-A and A-B molecules.
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This system obtained dinuclear structural arrangements with possible applications in molecular
modeling and bioinorganic systems. Additionally, there were intermolecular interactions for C-H···O
hydrogen bonding. Figure 8 shows the crystalline array with intermolecular contacts.

Figure 8. Crystal array of compound Nisalphen, view a tridimensional perspective emphasizing
the π-stacking.

For the no classical hydrogen bond, interactions were formed between the carbon donor atom
of the chloroform molecule solvent and the two oxygen acceptor atoms of the salphen ligand:
C41-H41···O1A (2.26 Å), C41-H41···O2A (2.26 Å), C51-H51···O1B (2.29 Å), and C51-H51···O2B (2.19 Å).
These show a linear, bifurcated, and trifurcated form for two, three, and four centers, respectively,
in the intermolecular interaction. Additionally, there were C51···H16A (2.99 Å) and C52···H14B (3.01 Å)
intermolecular contacts.

Despite the small differences on the NiII-donor atoms length, the nature of the N/N bridge and
electron-donor/withdrawn character of the substituents in the 5- and 5′-position of the Schiff base play
a key role in packing NiII coordination compounds. This can be observed in the Ni-Ni distance found
in the different crystal structures obtained here and those previously reported.

Another important factor that influenced crystalline packing was the solvent. The Nisalen solvate
reported by Siegler et al. showed a crystalline arrangement; the interactions stabilizing the crystal
depended on it. It favored dimers when the Ni-Ni distances were modified according to acetone,
3.16 Å, CHCl3, 3.13 Å (system monoclinic); CHCl3, 3.19 Å (system orthorhombic); CH2Cl2, 3.28 Å;
C2H4O2, 3.37 Å; DMF, 3.3901 Å; or the favor 1-D chain, as was the case for the methanol solvate Ni-Ni
3.44 Å, wherein the solvent joined the monomers through C-H···O interactions in one direction [33].

Comparing the intermolecular interactions found on Nisalen and Nisalphen, the incorporation of an
extra aromatic ring in the ligand structure increased the number on the π···π and C-H···π interactions.
In the two Nisalen structures reported with the same crystalline system (triclinic), the π···π interaction
found a length of 3.63 [55] and 4.43 Å [33]. Meanwhile, the two C-H···π were observed. On the
other hand, the Nisalphen structure presented two π···π interactions with lengths of 3.89 and 4.55 and
four C-H···π interactions of 3.22, 3.39, 3.65, and 3.68 Å. The sum of all interactions led to a Ni-Ni
distance of 3.26 Å, which was slightly smaller than the length found in both Nisalen with 3.63 and
3.36 Å, respectively.
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Substituents also played an important role in crystal packing. NiMeOsalphen presented three π···π
interactions (i.e., 3.56, 3.65, and 3.84 Å), three C-H··· π interactions (3.24, 3.33 and 3.38 Å), and a C-H···O
interaction with a length of 2.50 Å. For NiMeOsalen, only one π···π interaction of 3.95 Å was observed.
There were two C-H···π interactions with lengths of 3.61 and 3.77 Å and two C-H···O interactions
with lengths of 2.75 and 2.82 Å. The Ni-Ni distance observed in these examples could be closely
related with the C-H···O and π···π interactions from the methoxy groups and the extra aromatic ring
for NiMeOsalphen. The Ni-Ni distance on NiMeOsalphen could be longer than NiMeOsalen due to the
π···π interaction found between the two dimeric units.

For NiMesalen, the π···π interaction was retained but the main contribution for the crystal
stabilization relied on the C-H···π interaction with distance values of 3.64 and 3.66 Å. These interactions
kept the two units close enough to establish a Ni-Ni distance of 3.39 Å. The C-H···O interactions elicited
by the methoxy groups contributed a shorter Ni-Ni distance for NiMeOsalen (3.18 Å) than NiMesalen
(3.39 Å). The same was observed for the compounds NiMeOsalphen and NiMesalphen [35].

In the crystalline structure NiOHsalen, two interactions of π-π were shown. However, the -OH
groups in the structure stabilized the crystalline packing mainly by the interaction of the hydrogen
bridges for the Osolvent-H···Osalen and Osalen-H···Osolvent with methanol molecules [44]. The Ni-Ni
distance was 3.61 Å, which, when compared to NiMeOsalen (3.18 Å), increased because of the sovlent’s
role in the packing. One methanol molecule formed a hydrogen bridge interaction with two neighboring
molecules, Osolvent-H···Osalen and Osalen-H···Osolvent [44]. These solvent interactions also occurred in
the Nisalen structure when methanol was the solvate [33].

3.3. Hirshfeld Surface Analysis

Hirshfeld’s surface (HS) analysis provided detailed information regarding intermolecular
interactions. A better understanding of the problem may help address the challenge of quantitatively
understanding intermolecular contacts using visual information on color and shadow on surfaces [56].

The Crystal Explorer 17 program [57] was used to generate the HS and 2D fingerprint plots of the
complexes (i.e., NiMesalen, NiMeOsalen, NiMeOsalphen, and Nisalphen). The dnorm HS was obtained,
which combined the normalized distances from the closer atom inside the surface (di) and outside
the surface (de) to the HS, showing all contacts of the crystal structure. The red regions indicate the
contacts were shorter than the sum of the van der Waals radii of the involved atoms. The blue and
white regions indicated that the contacts were longer and closer to the van der Waals limit. Figure 9
shows the HS and all compound interactions.

The dnorm HS of the compounds showed red spots, which indicated close-contacts in the crystal
structure, i.e., non-classical hydrogen bonds C-H···O and π···π, as well as intermolecular interactions
between centroids of six-membered rings in phenyl groups. The shape index was a function of HS
and very helpful when investigating the π···π stacking interaction. The blue and red zone indicated a
region with a stacking arrangement. Figure 10 presents the shape index mapped on the compounds’
HS. The blue zone indicated the presence of π···π stacking interactions in the crystal structure. The π···π
interaction in compound Nisalphen stabilized and favored the 3.26 Å distance between the NiII metal
centers, due to the presence of molecules A and B in the asymmetric unit of Nisalphen. Figures S1–S8
present the details of the fingerprint plots for each compound. In them, they describe the intermolecular
interactions around the HS.

Figure 11 shows the contributions of contacts obtained from the decomposition of the fingerprint
plots. The fingerprint plots of NiMesalen, NiMeOsalen, and NiMeOsalphen were similar, indicating that
the H···H and C···H/H···C were the most important contributors for crystal packing. H···H contacts
contributed 64.4% (NiMesalen), 46.4% (NiMeOsalen), and 32.4% (NiMeOsalphen), while C···H/H···C
contacts contributed 16% (NiMesalen), 21.2% (NiMeOsalen), and 20% (NiMeOsalphen). A similar trend
was observed in the fingerprint plot for Nisalphen, where the H···H and X···H/H···X contacts had greater
contributors for stabilizing interactions, with H···H contacts contributing 32.5% and 27.5% in molecules
A and B, respectively. The contributions for C···H/H···C, O···H, and C···C contacts were approximately
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of 20%, 5%, and 8% for molecules A and B, while the Cl···H/H···Cl contact contributed 19.9% and 23.8%
in molecules A and B, respectively.

Figure 9. Hirshfeld surface (HS) with dnorm mapped and fingerprinted plots of the compounds
NiMesalen (a), NiMeOsalen (b), NiMeOsalphen (c), and Nisalphen (d) for all interactions.

Figure 10. HS of the compounds NiMesalen (a), NiMeOsalen (b), NiMeOsalphen (c), and Nisalphen (d),
mapped with shape index.
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Figure 11. Contribution of some intermolecular contacts for HS of the compounds NiMesalen,
NiMeOsalen, and NiMeOsalphen, as well as for molecules A and B of compound Nisalphen.

3.4. Cyclic Voltammetry

NickelII-salen compounds have a neutral charge and show low solubility. Adding an extra aromatic
ring in the ligand structure (i.e., salphen-type ligands) causes the solubility to decrease even more.
When the NiRsalphen solution bubbled with nitrogen, it started to precipitate. Because the low solubility
of the compounds, it was only possible to characterize NiRsalen compounds in the electrochemical study.

We performed voltammetry of the ligands (Figure 12b). The salen ligand ran in the direction
of the positive potential in an interval of −3.2 to 1.0 V. In an inversion study, reduction signals 3a
and 3b were associated with C=N reduction and an irreversible oxidation signal, 4a [58]. Figure 12a
shows the Nisalen voltammogram under the same condition, caused by the nickel oxidation process
([NiIIL]→ [NiIIIL ] + 1 ē) and 2a and 2b due to nickel reduction process ([NiIIL] + 1 ē→ [NiIL]) [14,59].
Signal 3a and 3b was also observed to shift lower potential values. The other NiRsalen complexes
showed a similar behavior with the signals that shifted to different potentials due to the substituent
in the 5,5′position (Figures S40–S46, Supplementary Materials). In this work, only the processes
associated with the reduction and oxidation of nickel were reported. The voltammograms were run in
an interval of −2.4 to 1.0 V (Figure 12c,d).

The cathodic and anodic peak current were plotted in the square root function of the sweep speed
( 1/2). Only the complexes NiMeOHsalen, NiOHsalen, NiClsalen, and NiBrsalen presented a linear
dependence, which means that the oxidation of nickel was a diffusion-controlled process. A coupled
reaction was suggested to impact the reversible process, thus confirming that Nisalen and NiMesalen
via plotting ipc/ipa vs. logV. The oxidation process for the complexes were irreversible due to the ΔE
being too big. The electron transference was a slow process, as is shown in Table 4. The oxidation
process involved an EC mechanism and the NiIII-salen complex coordinates solvents, such as DMSO,
in their axial position to stabilize the NiIII oxidations for electronic density [14,60].

With regard to the oxidation process, the reductions were a quasi-reversible process and we found
that all nickel complex reductions were diffusion-controlled processes, except for NiOHsalen, which
presented coupled reactions. In comparation with oxidation reactions, the reduction of NiII was a more
quantitative process. ΔE values were close to 59 mV and the ipc/ipa ratio was closer to 1 (Table 4).

For both processes, we found a trend between E1/2 and the effect of the substituent. Correlations
were made with the Hammett sigma in the para-position. The metal center’s acidity was influenced
by the effect of the substituent. Therefore, the oxidative and reductive capacity of nickel modulated
with the correct use of these substituents [13,61–63]. Electron-donor substituents shifted the E1/2 to a
lower potential value and the electron-withdrawn groups shifted toward a more positive potential
value. Thus, an electron-donor group improved the reductive capacity and electron-withdrawn groups
improved the oxidative capacity of nickel, as shown in Figure 13.
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Figure 12. Voltammogram of Nisalen 1 mM (DMSO). (a) Nisalen voltammogram from −3.2 to 1.0 V;
(b) salen voltammogram from −3.2 to 1.0 V; (c) Nisalen voltammogram from negative potential to 2.4
to 1.0 V; (d) Nisalen voltammogram from positive potential to −2.4 to 1.0 V. All the experiments were
referenced to the pair Fc+/Fc.

Table 4. Cyclic voltammetric parameter for NiRsalen complexes, referenced to the pair Fc+/Fc.

Process NiIIL→NiIIIL + 1 ē NiIIL + 1 ē→NiIL
Compound ΔE (mV) ipc/ipa E1/2 (V) ΔE (mV) ipc/ipa E1/2 (V)

NiMeOsalen 110 0.19 0.19 110 0.50 −2.08

NiMesalen 240 0.31 0.17 77 0.61 −2.13

NiOHsalen 200 0.12 0.073 92 0.30 −2.17

Nisalen 410 0.16 0.16 76 0.72 −2.09

NiClsalen 390 0.16 0.22 73 0.83 −1.98

NiBrsalen 400 0.23 0.21 60 0.45 −1.96

NiNO2salen 200 0.41 0.33 120 0.57 −1.72

Figure 13. Left: correlation between E1/2 of NiII/NiI and the σp constant for the NiRsalen complexes.
Right: correlation between E1/2 of NiIII/NiII and the σp constant for the NiRsalen complexes.
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4. Conclusions

In this study, various Schiff bases and their NiII complexes were synthesized. All the prepared
ligand and complexes were analyzed via C, H, and N analyses. They were assigned molecular
structures and geometries using information obtained from UV-Vis, magnetic susceptibility, and X-ray
crystallography, all of which corresponded to square-planar geometry in the solid state. The Hirshfeld
surface analysis was used to study intermolecular interactions. This analysis revealed that the O···H,
H···H and π···π contacts were the most significant in the crystal array of the compounds NiMesalen,
NiMeOsalen, and NiMeOsalphen, and O···H, H···H, Cl···H and π···π contacts in the crystal array of the
compound Nisalphen. The no classical hydrogen bonding and π···π stacking information conveyed
by Hirshfeld surface analysis were consistent with the crystal structure analysis. The substituents
and the N/N bridge affected the crystal packing and electronic properties of nickel. According to
the structures obtained for Nisalphen, NiMeOsalen, and NiMeOsalphen, it was possible to observe
that the addition of an aromatic ring in the N/N bridge increased the number on π···π and C-H···π
interactions and decreased their length. Substituents also played an important role in crystal packing
for NiMeOsalen and NiMeOsalphen. i.e., a higher contribution for the O···H interaction. Due to this
contribution, the length of π···π interactions were minor in both complexes. In N/N aliphatic bridge
complexes, the substituents also had an important role. The E1/2 depended on the electron-withdrawn
or electron-donor nature of the R (R’) substituent, which followed a correlation with the σp of Hammet
in such a way that, for the electron-donor substituent, -OH and -CH3 decreased the half-wave potential,
instead favoring nickel’s reductor ability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/7/616/s1,
Table S1. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 103) for compound
NiMesalen. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. Table S2. Atomic coordinates
(×104) and equivalent isotropic displacement parameters (Å2 × 103) for compound NiMeOsalen. U(eq) is defined
as one third of the trace of the orthogonalized Uij tensor. Table S3. Atomic coordinates (x 104) and equivalent
isotropic displacement parameters (Å2 × 103) for compound NiMeOsalphen. U(eq) is defined as one third of the
trace of the orthogonalized Uij tensor. Table S4. Atomic coordinates (×104) and equivalent isotropic displacement
parameters (Å2 × 103) for compound Nisalphen. U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor. Table S5. Bond lengths [Å] and angles [◦] for compound Nisalphen. Table S6. Effective magnetic
moment and number of unpaired electrons of NiII complexes. Table S7. 1H-NMR values for the ligands and
nickel complexes. Table S8. 13C-NMR values for the ligands and nickel complexes. Figure S1. Normalized contact
distance (dnorm, defined in terms of de, di, and the van der Waals radii of the atoms) mapped on the Hirshfeld
surface of the compound NiMeOsalen, represented with one surrounding moiety to visualize the intermolecular
interaction. Figure S2. Hirshfeld surface with dnorm mapped and fingerprint plots for compound NiMesalen,
with C···H interaction (first row) and H···H, O···H interactions (row 2–3). The color ranges from dark blue to red
with increasing frequency (relative area of the surface), corresponding to each kind of interaction. Figure S3.
Normalized contact distance (dnorm, defined in terms of de, di, and the van der Waals radii of the atoms) mapped
on the Hirshfeld surface of the compound NiMeOsalen, represented with one surrounding moiety to visualize the
intermolecular interaction. Figure S4. Hirshfeld surface with dnorm mapped and fingerprint plots for NiMeOsalen,
with C···H interaction (first row) and H···H, O···H interactions (row 2–3). The color ranges from dark blue to
red with increasing frequency (relative area of the surface) corresponding to each kind of interaction. Figure S5.
Normalized contact distance (dnorm, defined in terms of de, di, and the van der Waals radii of the atoms) mapped
on the Hirshfeld surface of the compound NiMeOsalphen, represented together with one surrounding moiety to
visualize the intermolecular interaction. Figure S6. Hirshfeld surface with dnorm mapped and fingerprint plots for
compound NiMeOsalphen, with C···H interaction (first row) and H···H, O···H interactions (row 2–3). The color
ranges from dark blue to red with increasing frequency (relative area of the surface) corresponding to each kind of
interaction. Figure S7. Normalized contact distance (dnorm, defined in terms of de, di, and the van der Waals
radii of the atoms) mapped on the Hirshfeld surface of the compound Nisalphen, represented together with one
surrounding moiety to visualize the intermolecular interaction. Figure S8. Hirshfeld surface with dnorm mapped
and fingerprint plots of the two molecules name A and B in compound Nisalphen for C···H interaction (first
row) and H···H, Cl···H interactions (row 2–3). The color ranges from dark blue to red with increasing frequency
(relative area of the surface) corresponding to each kind of interaction. Figure S9. UV-vis of NiMeOsalen in DMSO
solution. Figure S10. UV-vis NiMesalen in DMSO solution. Figure S11. UV-vis NiOHsalen in DMSO solution.
Figure S12. UV-vis of Nisalen in DMSO solution. Figure S13. UV-vis of NiClsalen in DMSO solution. Figure S14.
UV-vis of NiBrsalen in DMSO solution. Figure S16. UV-vis NiMeOsalphen in DMSO solution. Figure S17. UV-vis
NiOHsalphen in DMSO solution. Figure S18. UV-vis Nisalphen in DMSO solution. Figure S19. UV-vis NiClsalphen
in DMSO solution. Figure S20. UV-vis NiBrsalphen in DMSO solution. Figure S21. 1H-NMR of NiMeOsalen in
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DMSO-d6. Figure S22. 13C-NMR of NiMeOsalen in DMSO-d6. Figure S23. 1H-NMR of NiMesalen in chloroform.
Figure S24. 13C-NMR of NiMesalen in chloroform. Figure S25. 1H-NMR of NiOHsalen in DMSO-d6. Figure S26.
13C-NMR of NiOHsalen in DMSO-d6. Figure S27. 1H-NMR of Nisalen in chloroform. Figure S28. 13C-NMR of
Nisalen in chloroform. Figure S29. COSY spectrum of Nisalen in chloroform. Figure S30. HSQC spectrum of
Nisalen in choloform. Figure S31. 1H-NMR of NaClsalen in chloroform. Figure S32. 1H-NMR of NiBrsalen in
chloroform. Figure S33. 1H-NMR of NiNO2salen in DMSO-d6. Figure S34. 1H-NMR of NiOHsalphen in DMF-d7.
Figure S35. 13C-NMR of NiOHsalphen in DMF-d7. Figure S36. COSY spectrum of NiOHsalphen in DMF-d7.
Figure S37. HSQC spectrum of NiOHsalphen in DMF-d7. Figure S38. 1H-NMR of NiMeOsalphen in CDCl3.
Figure S39. COSY spectrum of NiMeOsalphen in CDCl3. Figure S40. Voltammogram of NiMeOsalen 1 mM in
DMSO. Figure S41. Voltammogram of NiMesalen 1 mM in DMSO. Figure S42. Voltammogram of NiOHsalen 1 mM
in DMSO. Figure S43. Voltammogram of Nisalen 1 mM in DMSO. Figure S44. Voltammogram of NiClsalen 1 mM
in DMSO. Figure S45. Voltammogram of NiBrsalen 1 mM in DMSO. Figure S46. Voltammogram of NiNO2salen
1 mM in DMSO.
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Abstract: The proton transfer between equimolar amounts of [Cd(H2EDTA)(H2O)] and
2,6-diaminopurine (Hdap) yielded crystals of the out-of-sphere metal complex H2(N3,N7)dap
[Cd(HEDTA)(H2O)]·H2O (1) that was studied by single-crystal X-ray diffraction, thermogravimetry,
FT-IR spectroscopy, density functional theory (DFT) and quantum theory of “atoms-in-molecules”
(QTAIM) methods. The crystal was mainly dominated by H-bonds, favored by the observed tautomer
of the 2,6-diaminopurinium(1+) cation. Each chelate anion was H-bonded to three neighboring
cations; two of them were also connected by a symmetry-related anti-parallel π,π-staking interaction.
Our results are in clear contrast with that previously reported for H2(N1,N9)ade [Cu(HEDTA)
(H2O)]·2H2O (EGOWIG in Cambridge Structural Database (CSD), Hade= adenine), in which H-bonds
and π,π-stacking played relevant roles in the anion–cation interaction and the recognition between
two pairs of ions, respectively. Factors contributing in such remarkable differences are discussed on
the basis of the additional presence of the exocyclic 2-amino group in 2,6-diaminopurinium(1+) ion.

Keywords: EDTA; 2,6-diaminopurine; cadmium; co-crystal; H-bonding; π–π stacking

1. Introduction

Nucleobase complexes with transition metals are continuously under investigation due to their
applications as advanced functional materials, their biologic importance, structural diversity and use as
molecular recognition models for nucleic acids [1–6]. The majority of structural information available
in these systems is mainly dedicated to the adenine nucleobase [7–16] and a variety of N-alkylated
derivatives as ligands [17–31]. In contrast, available structural information in the Cambridge Structural
Database (CSD) on metal complexes, co-crystals and salts with 2,6-diaminopurine (Hdap) nucleobase
is much more limited, despite the fact that Hdap is an analog of adenine. Interestingly, the Hdap
nucleobase is able to form the same coordination bonds than adenine and, additionally, the extra
exocyclic amino group of Hdap can further function as H-bond donor. Therefore, Hdap can generate
novel metal complexes, coordination polymers and supramolecular assemblies.

This study reports the synthesis, X-ray structure and density functional theory study of a new metal
complex of formula H2(N3,N7)dap[Cd(HEDTA)(H2O)]·H2O (1). A comparison with the previously
reported analog of adenine, [Cu(HEDTA)(H2O)]·2H2O [5,32], was also performed. The H-bonding
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networks that are established at both faces of H2dap were also studied using DFT calculations
and the relative strength of each H-bond was estimated using the QTAIM theory. The antiparallel
π,π-stacking interactions that were formed between the cations were also studied, focusing on the
effect of the counter-ions.

2. Materials and Methods

2.1. Reagents

H4EDTA acid (TCI), Hdap (Alfa Aesar) and CdCO3 (Alfa Aesar) were used as received.

2.2. Crystallography

A colorless needle crystal of H2dap[Cd(HEDTA)(H2O)]·H2O (1) was mounted on a glass fiber
and used for data collection. Crystal data were collected at 100(2) K, using a Bruker D8 VENTURE
PHOTON III-14 diffractometer. Graphite-monochromated MoK(α) radiation (λ = 0.71073 Å) was
used throughout. The data were processed with APEX2 [33] and corrected for absorption using
SADABS (transmissions factors: 1.000–0.962) [34]. The structure was solved by direct methods using
the program SHELXS-2013 [35] and refined by full-matrix least-squares techniques against F2 using
SHELXL-2013 [35]. Positional and anisotropic atomic displacement parameters were refined for
all non-hydrogen atoms. Hydrogen atoms were located in difference maps and included as fixed
contributions riding on attached atoms with isotropic thermal parameters 1.2/1.5 times those of their
carrier atoms. Criteria of a satisfactory complete analysis were the ratios of ‘rms’ shift to standard
deviation less than 0.001 and no significant features in final difference maps. Atomic scattering factors
were taken from the International Tables for Crystallography [36]. Molecular graphics were plotted
with PLATON [37]. A summary of the crystal data, experimental details and refinement results are
listed in Table 1. Crystallographic data for 1 has been deposited in the Cambridge Crystallographic
Data Center with the CCDC number 1992206.

2.3. Other Physical Measurements

Analytical data (CHN) were obtained in a Fisons–Carlo Erba EA 1108 elemental micro-analyzer.
The cadmium content was cheeked as CdO by the weight of final residue in the thermogravimetric
analysis (TGA) within 1% of assumed experimental error. FT-IR spectrum was recorded (KBr pellet)
on a Jasco FT-IR 6300 spectrometer. TGA was carried out (r.t. to 950 ◦C) in air flow (100 mL/min) by a
Shimadzu Thermobalance TGA–DTG–50H instrument and a series of 35 time-spaced FT-IR spectra of
evolved gasses were recorded with a coupled FT-IR Nicolet Magna 550 spectrometer.

2.4. Synthesis and Relevant IR Spectrum Data

Compound 1 was obtained in a two-step process. First, CdCO3 (1 mmol, 0.17 g) and H4EDTA
(1 mmol, 0.29 g) were reacted in water (100 mL) inside an open Kitasato flask at 50–70 ◦C, with
permanent stirring until a clear solution was observed. The heat was ceased and then small portions
of Hdap (1 mmol, 0.15 g) were added to the Cd-H2EDTA chelate. The reaction mixture was filtered
without vacuum (to remove any insoluble material) on a crystallization flask. The slow evaporation of
the solution (two-three weeks at r.t.) produces needle crystals of 1. Yield: ~70%. Elemental analysis
(%): Calc. for C15H24CdN8O10: C 30.60, H 4.11, N 19.03, Cd (as CdO) 21.81; Found: C 30.57, H 4.08, N
18.87, Cd (as CdO, final residue at 675 ◦C, in the TGA curve) 22.46. FT–IR data [cm−1]: 3500–3100 vbr
νas/νs(H2O) + νas/νs(NH2) + νas(NH), 3411s, br, ν(OH), 2931w νas(CH2), 1674s, ν(C=O), 1596 vs
δ(NH2) + δ(H2O) + νas(COO), 1400 m νs(COO), 923 w, 849 w π(C–H).
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Table 1. Crystal data and structure refinement for H2(N3,N7)dap[Cd(HEDTA)(H2O)]·H2O.

Empirical Formula C15H24CdN8O10

Formula weight 588.82
Temperature 100(2) K
Wavelength 0.71073 Å

Crystal system, space group Triclinic, P-1
Unit cell dimensions a = 7.4924(3) Å, α = 81.9310(10)◦

b = 9.0078(4) Å, β = 78.0170(10)◦
c = 17.2884(6) Å, γ = 70.545(2)◦

Volume 1072.99(8) Å3

Z, Calculated density 2, 1.822 Mg/m3

Absorption coefficient 1.090 mm−1

F(000) 596
Crystal size 0.160 × 0.030 × 0.020 mm

Theta range for data collection 2.405 to 30.507◦
Limiting indices −10 ≤ h ≤ 10, −12 ≤ k ≤ 12, −24 ≤ l ≤ 24

Reflections collected / unique 88812 / 6551 [R(int) = 0.0556]
Completeness to θ = 25.242 99.9%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.000 and 0.962

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6551 / 0 / 307
Goodness-of-fit on F2 1.073

Final R indices [I > 2σ(I)] R1 = 0.0222, wR2 = 0.0454
R indices (all data) R1 = 0.0273, wR2 = 0.0477

Largest diff. peak and hole 0.588 and −0.469 e.Å−3

CCSD refcode 1992206

2.5. Theoretical Methods

All DFT calculations were carried out using the Gaussian-16 program [38] at the PBE1PBE-D3/
def2-TZVP level of theory and using the crystallographic coordinates. The formation energies of the
assemblies have been evaluated by calculating the difference between the total energy of the assembly
and the sum of the monomers that constitute the assembly, which have been maintained frozen. This
methodology has been used by us [39,40] and others [41–45] to analyze supramolecular assemblies
in crystal structures. The molecular electrostatic potential was computed at the same level of theory
and plotted onto the 0.001 a.u. isosurface. The quantum theory of atoms-in-molecules (QTAIM) [46]
analysis was carried out at the same level of theory by means of the AIMAll program [47]. The
Cartesian coordinates of the theoretical models are given in the Supplementary Materials.

3. Results and Discussion

3.1. Thermal Stability

Under air-dry flow, the weight loss versus temperature TGA behavior consists of five steps
(Figure 1). The experimental results and assignations are summarized in Table 2.
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Figure 1. Weight loss versus temperature (in the range r.t. to 775 ◦C) in the thermogravimetric analysis
of compound 1 (sample: 12.29 mg).

Table 2. Summary of the results and assignations in the thermogravimetric analysis of compound 1.

Step or R
Temperature

(◦C)
Time (min)

Weight (%)
Evolved Gases or Residue (R)

Experimental Calulated

1 55–220 2.5–21 6.056 6.159 * 2 H2O, CO2 (t)
2 220–315 21–31 12.071 - CO2, H2O, CO,

3 315–450 31–43 23.569 - CO2, H2O, CO, NH3,
N2O, NO, NO2, CH4

4 450–560 43–53 33.071 - CO2, H2O, CO, NH3,
N2O, NO, NO2, CH4

5 560–600 53–70 2.676 - CO2, H2O, NH3, N2O, NO,
NO2

R 600 - 22.557 21.808 CdO
R 675 - 22.462 21.808 CdO

* Calculated only for the loss of 2 H2O. t = trace amounts.

First of all, compound 1 overlaps the loss of uncoordinated water and aqua ligand content (with
small amounts of CO2) in a consistent wide range of temperature (55–220 ◦C, experimental lost 6.056%,
calculated for 2 H2O molecules 6.159%). In the second step (200–315 ◦C, with a weight loss of 12.071%)
only CO2, CO and H2O were evolved, strongly suggesting that the combustion of organic ligands
begins by the HEDTA3− chelator. Third and fourth steps (315–450 and 450–560 ◦C) produce (in addition
to H2O, CO2 and CO) NH3 and N-oxides (N2O, NO and NO2) plus amounts of CH4. In the last fifth
step (560–675 ◦C) the presence of CH4 and CO were less relevant. The weight loss during the burning
steps (under an air flow) of organic material cannot be attributed to specific fragments of HEDTA3−
or H2dap+. In contrast, the estimated residue (22.557% at 600 ◦C and 22.462% at 675 ◦C) reasonably
agrees to the calculated weight for CdO (21.808%) within a reasonable experimental error (<1%).

3.2. Crystal Structure and Anion–Cation Recognition Pattern

This compound has an equimolar ratio of the tautomer H2(N3,N7)dap+ cation, the ternary anion
[Cd(HEDTA)(H2O)]− and an unbounded to the metal aqua molecule (Figure 2). Table 3 shows the
coordination bond distances and angles in the novel Cd(II) ‘out-sphere’ complex. Table 4 reports data
concerning H-bonding interactions in its crystal. The first structural insight was that the assumed most
basic N9 donor atom of Hdap diamino–purine in such a tautomeric form of the cation was unable
to remove the aqua ligand from the seven coordinated Cd(II) chelate anion. The [Kr]4d10 electronic
configuration and the size of the Cd(II) center enables its rather common hepta-coordination as well as
the inequality of its bond distances [2.267(1)–2.459(1) Å}. The Cd(II) coordination polyhedron in the
chelate anions is best referred as a distorted mono-caped octahedron. The shortest bond is Cd-O(aqua)
whereas the largest ones (<2.40 A) were Cd-N10<Cd-O(carboxyl)<Cd-N20. Interestingly the largest
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Cd-N20 bond involves de N20-HEDTA atom supporting the N-(carboxymethyl) arm of the chelating
ligand. Table 3 summarizes the H-bonding interactions in compound 1.

Figure 2. Asymmetric unit in the crystal of compound 1, with relevant atom numbering scheme.

Table 3. Coordination bond lengths (Å) and angles (◦) in the crystal of compound 1, H2(N3,N7)
dap[Cd(HEDTA)(H2O)]·H2O. See Figure 1 for numbering scheme.

Atoms Distance or Angle Atoms Distance or Angle

Cd(1)-O(1) 2.2672(11) Cd(1)-N(10) 2.4111(13)
Cd(1)-O(11) 2.2984(11) Cd(1)-O(21) 2.4400(11)
Cd(1)-O(23) 2.3010(11) Cd(1)-N(20) 2.4585(13)
Cd(1)-O(13) 2.3748(11) O(1)-Cd(1)-O(11) 94.13(4)

O(1)-Cd(1)-O(23) 91.28(4) O(11)-Cd(1)-O(21) 81.61(4)
O(11)-Cd(1)-O(23) 168.52(4) O(23)-Cd(1)-O(21) 109.06(4)
O(1)-Cd(1)-O(13) 79.59(4) O(13)-Cd(1)-O(21) 161.48(4)

O(11)-Cd(1)-O(13) 91.09(4) N(10)-Cd(1)-O(21) 123.95(4)
O(23)-Cd(1)-O(13) 79.93(4) O(1)-Cd(1)-N(20) 138.89(4)
O(1)-Cd(1)-N(10) 145.66(4) O(11)-Cd(1)-N(20) 111.24(4)
O(11)-Cd(1)-N(10) 73.31(4) O(23)-Cd(1)-N(20) 70.22(4)
O(23)-Cd(1)-N(10) 96.63(4) O(13)-Cd(1)-N(20) 129.28(4)
O(13)-Cd(1)-N(10) 69.10(4) N(10)-Cd(1)-N(20) 74.65(4)
O(1)-Cd(1)-O(21) 83.96(4) O(21)-Cd(1)-N(20) 69.17(4)

In the crystal, each anion is H-bonded to three independent neighboring cations, revealing that the
anion–cation recognition of 1 is mainly featured by this kind of inter-molecular interaction (Figure 3).
Deeping in this question, a H2dap+ cation links the complex anions by the H-bonds: N2-H2B···O24#1
(2.987(1) Å, 169.5◦), N3-H3···O23#1 (2.712(1) Å, 179,5◦) and (aqua)O1-H1WA···N9#1 (2.902(1) Å, 166.6◦)
with #1=−x+ 1, −y+ 1, −z+ 1. This recognition pattern involves both O-acceptors of the same HEDTA-

carboxylate group and the most basic N9 atom of the purinium(1+) ion. Another H2dap ion builds
two H-bonds with O-carboxylate acceptors of the same HEDTA- carboxylate group: N6-H6B···O13#5
(2.831(1) Å, 1.67.7◦) and N7-H7···O14#5 (2.675(1) Å, 177.2◦) with #5 = x, −y, z. Figure 4 shows the way
these two purinium(1+) cations were additionally related by a moderate anti-parallel π,π-stacking
interaction between their 5- and 6-membered rings (inter-centroid distance dc-c 3.49 Å, interplanar
distance dπ-π 3.21 Å, dihedral interplanar angle 0◦, slipping angles β = γ = 25.91◦, slippage index
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1.56). In this interaction the shortest interplanar distance would be related to the remarkable slippage.
A third purinium(1+) ion is related with the chelate anion by the H-bond N6-H6A···O24 (2.990(1) Å,
144.6◦). Thus, O24 atom acts as twice-acceptor for H-bonding interactions.

Table 4. Geometric features of the hydrogen bonds in the crystal structure of H2(N3,N7)dap
[Cd(HEDTA)(H2O)]·H2O (1). The distances were measured between the heavy atoms.

H-bond D···A (Å) Angle (◦)
O(1)-H(1WA)···N(9)#1 2.9017(17) 166.6
O(1)-H(1WB)···O(12)#2 2.7398(16) 169.0
O(22)-H(22)···O(11)#3 2.5552(16) 175.5

N(2)-H(2A)···O(14) 2.8158(18) 165.9
N(2)-H(2B)···O(24)#1 2.9784(18) 169.5
N(3)-H(3)···O(23)#1 2.7123(17) 179.5

N(6)-H(6A)···O(24)#4 2.9898(18) 144.6
N(6)-H(6B)···O(13)#5 2.8307(17) 167.7
N(7)-H(7)···O(14)#5 2.6746(18) 177.2

O(2)-H(2WA)···O(12)#6 2.7517(17) 163.4
O(2)-H(2WB)···O(11)#7 2.9970(18) 131.5

Symmetry transformations to generate equivalent atoms: #1 − x + 1, − y + 1, − z + 1, #2 x + 1, y, z, #3 − x + 1, − y +
2, − z, #4 x − 1, y, z, #5 x, y − 1, z, #6 x + 1, y − 1, z, #7 − x + 1, −y + 1, − z.

Figure 3. Molecular recognition pattern showing the cooperation of H-bonds between the
[Cd(HEDTA)(H2O)]– chelate anion and three neighboring H2(N3,N7)dap+ ions.

In this compound all N–H and O–H bonds were involved in N-H···O or O-H···O interactions
excepting for the above mentioned (aqua)O(1)-H(1WA)···N(9)#1 one (Table 3). In this manner the
packing was essentially dominated by the H-bonding array that forms bilayers with Cd(II) chelate
anions and unboned water molecules whereas H2(N3,N7)dap+ ions fall oriented towards both external
surfaces. These 2D-frameworks lie parallel to the ab crystal plane and were H-bonded pillared along
the c axis in the 3D-network (Figure 5).
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Figure 4. Molecular recognition pattern showing the cooperation of H-bonds and π,π-stacking
interactions connecting the [Cd(HEDTA)(H2O)]− chelate anion with two of the neighboring
H2(N3,N7)dap+ ions.

Figure 5. In the 3D H-bonded crystal of compound 1, 2,6-diaminopurinium(1+) cations oriented
towards the external faces of 2D H-bonded frameworks build by complex anions and unbounded to
the cadmium(II) water molecules. All H atoms and H-bonding interactions are omitted for clarity.

3.3. DFT Calculations

The DFT study was focused to analyze the interesting supramolecular assemblies and H-bonding
networks described above. First of all, the molecular electrostatic potential (MEP) surfaces of the anion
and cation have been calculated in order to evaluate the best complementary dimer in terms of the
electrostatic attraction between electron rich and electron poor regions of both molecules. The pure
Coulombic attraction between the counter-ions is not directional; however weaker interaction like
H-bonds or π,π-stacking interactions were able to nicely tune the final geometry of the supramolecular
assembly. Evidence for the possibly structure-directing nature of these contacts was supported through
an examination of MEP surfaces represented in Figure 6a. These reveal strong electropositive region
(blue) at the NH groups of the Hdap+ cation and at the H-atoms of the Cd-coordinated water molecule.
Moreover, the surfaces show excess of negative charge (red) at the O-atoms of the Cd-coordinated
carboxylate group and at the N-atom of the five-membered ring of H2dap+ thus affording potentially
favorable O-H···N and N-H···O interactions between the counter-ions. The MEP surface of Hdap+ also
evidences that the N1-atom was less basic than N9, thus it was a worse H-bond acceptor. The MEP
surface of the complex represented in Figure 6b shows how the charge density was significantly
redistributed upon complexation.
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Figure 6. (a) MEP surfaces (0.001 a.u.) for [Cd(HEDTA)(H2O)]− and H2dap+ highlighting the
electropositive (blue) and electronegative (red) regions of each molecule. The dashed lines highlight
a favorable electrostatic interaction between these two species. (b) MEP surface (0.001 a.u.) of the
assembly at the PBE1PBE/def2-TZVP level of theory.

We have selected the supramolecular assembly commented above in Figure 7a–d to analyze the
energetic features of the H-bonds and π,π-stacking interactions in 1. Figure 7a shows a partial view of
the solid state of 1 where these interactions are highlighted. From this quaternary assembly, we have
first analyzed two H-bonded dimers (see Figure 7b,c), which present very large dimerization energies
due to the strong contribution of the electrostatic attraction between counter-ions. Curiously the dimer
with two H-bonds (Figure 7c) was stronger than that with three H-bonds (Figure 7b), likely due to the
shorter H-bond distances. This aspect is further analyzed below. Regarding the π,π-stacked dimer,
it presents a positive (repulsive) binding energy because it occurs against the Coulombic repulsion
between both H2dap+ cations (ΔE3 = +44.8 kcal/mol). However, if the counter-ions were taken into
consideration, the interaction becomes favorable, ΔE4 = −92.8 kcal/mol.
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Figure 7. (a) Partial view of the X-ray solid state of 1 showing the self-assembled tetramer.
(b,c) H-bonded dimers extracted from the assembly dimers. (d) Isolated π,π-stacked dimer of
H2dap+ moieties. The distances are given in Å.

As commented above, the interaction energies were strongly dominated by the Coulombic
attraction between the counter-ions and it was difficult to evaluate the real effect of the H-bonding
interactions. In order to better analyze the H-bonding network, we have used the QTAIM method
to estimate the contribution of each H-bond. The existence of a bond path (lines of maximum
density) and bond critical point (CP) connecting two atoms is a universal indication of interaction [48].
The distribution of bond CPs and bond paths in the two H-bonded dimers of compound 1 are given
in Figure 8. Each H-bond interaction was characterized by a bond CP (green sphere) and bond path
interconnecting the H-atom to the N/O-atoms and confirming the interaction. The energy of each contact
has been evaluated according to the approach suggested by Espinosa et al. [49] and Vener et al. [50].
The energy predictors were developed specifically for HBs and were based on the kinetic energy
density (Vr) of the Lagrangian energy density (Gr). These values along with the charge density (ρr)
are summarized in Table 5 for the CPs indicated in Figure 8. It can be observed that both energy
predictors show that the N9-H···O H-bond (CP4) was the strongest one, even stronger than N3+-H3···O
(the second strongest HB) that bears the positive charge, in line with the shortest distance (1.73 Å)
and larger electron density (ρr) of CP4, see Table 5. The dissociation energies obtained for the other
H-bonds were in the typical range of moderately strong H-bonds. There is an acceptable agreement
between both energy predictors thus giving reliability to the study. It is worth mentioning that the
sum of the dissociation energies of the two H-bonds of the dimer shown in Figure 8b (18.62 kcal/mol,
using the Vr predictor) was larger than the sum of the three H-bonds in the dimer shown in Figure 8a
(16.60 kcal/mol), in good agreement with the DFT energies computed for the assemblies shown in
Figure 7a,b. This result confirms the fact that the H-bonds were stronger in the dimer where only two
H-bonds were formed. Finally, it is interesting to note that the total energy density (Hr = Vr + Gr) was
negative in CP4 thus evidencing partial covalent character for the N9-H9···O H-bond, in agreement
with its large dissociation energy. The rest of CPs exhibit positive Hr values, evidencing their negligible
covalent character.
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Figure 8. (a,b). Distribution of bond and ring critical points (green and yellow spheres, respectively)
and bond paths in two dimers of complex 1. The QTAIM data at the bond CPs denoted as CP1 to CP5
are given in Table 3.

Table 5. Values of ρr, Vr and Gr (in a.u.) for CP1 to CP5 as indicated in Figure 7. The dissociation
energy (Edis) of each H-bond based on Vr and Gr parameters are also indicated in kcal/mol.

CP# ρr Vr Gr Edis (−0.5 × Vr) Edis (0.429 × Gr)

1 0.0186 −0.0122 0.0155 3.83 4.17
2 0.0328 −0.0297 0.0308 9.32 8.29
3 0.0171 −0.0110 0.0148 3.45 3.98
4 0.0429 −0.0421 0.0380 12.2 10.2
5 0.0224 −0.0172 0.0207 6.49 5.57

3.4. Structural Insides on N(heterocyclic)-Proton Affinities, H-Tautomerism and Metal Binding Patterns from
Hdap and Its Cationic Forms in Salts and Their Metal Complexes.

In a rather comprehensive review [51] we have look at the molecular recognition patterns between
metal complexes and adenine or a variety of deaza- and aza-adenines (such as Hdap) on the basis of
the cooperation between coordination bonds and intra-molecular interligand H-bonding interactions.
This review emphasizes the relevance of the N(heterocyclic)-H tautomeric possibilities in neutral
and protonated forms of such kinds of natural or synthetic closely related N-heterocyclic ligands.
Recent reports from our groups extend these points of view to the guanine-synthetic acyclovir as a
ligand [52–54]. Now we have the opportunity to deep into the relevance of these factors on the basis of
the available crystallographic results related to cationic forms of Hdap, its salts and inner- or out-sphere
metal complexes.

It is generally assumed that the proton affinity of hardly versatile ligand adenine (Hade) follows the
order N9>N1>N7>N3>>N6(exocyclic amino) [51]. In a private communication to the CSD basis [55] the
structure of the salt H3(N1,N7,N9)dapCl2·H2O (see reference code NULCOO in CSD Database) revealed
the lesser proton affinity of the N3 atom of Hdap. That seems also agree with the depleted proton affinity
found for the N3-atom of acyclovir, a well-known guanine-synthetic nucleoside [52]. The tautomers
H2(N1,N3)dap+, H2(N3,N9)dap+ and H2(N7,N9)dap+ do not have received crystallographic support.
The H2(N1,N7)dap+ tautomer acts as N9-donor ligand in two isomorphous compounds having
all-trans octahedral complex molecules [MII(H2dap)2(hpt)2 (H2O)2]·4H2O (M = Co or Ni, htp =
homophthalato(2-) ligand) [56] (see Scheme 1). The κN9-H2(N1,N7)dap+ coordinating role was
consistent not only with the highest proton affinity of the donor atom but also to its less steric
hindrance. Interestingly in these complexes there was a cooperation of each M-N9 bond with an
intra-molecular (aqua)O-H···N3 interligand interaction. The H2(N1,N9)dap+ tautomer was the counter
cation of two rather distinct salts, with a dicarboxylate [57] or a dodecafluoro-closo-dodecaborate(2-)
anion [58]. This tautomer binds metal ions by its N7-donor, in two Cd(II)-dicarboxylate coordination
polymers [59,60] and a mononuclear Co(II) complex [61] displaying the appropriate cooperation
between the metal-N7 coordination bond and an N6-H···O interligand interaction. This tautomeric
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form was in agreement of the N-proton affinity assumed for the free base Hdap (N9>N1>N7>N3)
which is also consistent by the crystal structure of H(N9)dap·H2O [59].

 
Scheme 1. Structure of [Cd(HEDTA)(H2O)]− and different tautomeric forms of Hdap+ with the atom
numbering scheme.

The H2(N3,N7)dap+ tautomer, also here reported, is previously document in three rather
distinct compounds. The out-sphere complex (H2(N3,N7)dap)2[Nd(μ2-croco) (croco)(H2O)4]2 (croco =
croconate(2-) ion). This compound also builds a sophisticated H-bonded network, carefully describe
by R. Baggio et al. [62] where any relevant π,π-stacking interactions appears precluded by coordination
of the croco ligands. Why the H2(N3,N7)dap+ ions does not bind to Nd(III) centers can by
explained on the basis of the Pearson’s border-line basis of the Hdap and its cation whereas
trivalent lanthanide cations were typical hard Pearson’s acids. The two other compounds exhibit the
κN9-H2(N3,N7)dap+ ligand mode in presence of benzene-polycarboxylate anions. In the complex
cation of trans-[CoII(H2O)4(H2(N3,N7)dap)2] (btec)·4H2O] (btec = bezene-1,2,4,5-tetracarboxylate) [63],
aqua ligands cannot acts as H-acceptor for the N3-H bond of the H2(N3,N7)dap+ ions. Consequently, the
Co-N9[H2(N3,N7)dap] coordination bond does not cooperate with an interligand N3-H···O interaction.
In clear contrast the polymeric compound {[Zn(btc)(H2O) (H2(N3,N7)dap)]·4H2O}n (btc= benzene-1,2,3-
tricarboxylate(3-) ion) exhibits the cooperation between the Zn-N9 coordination bond and an interligand
(H2dap) N3-H···O(carboxy, btc) interaction (2.587(4) Å, 157◦) [59]. Curiously the O-carboxylate(btc)
acceptor involved in such interligand H-bonding interaction implies an un-bonded to the Zn(II) O
atom. This is certainly a relevant fact because of the common cooperation of metal-N(purine-like)
bonds with (purine-like)N-H···O(carboxylate) intra-molecular interligand interactions was built with a
metal-O(coordinated) H-acceptor atom [53].

4. Concluding Remarks

In summary, the proton transfer between 2,6-diaminopurine and [Cd(H2EDTA)(H2O)] yields the
outer sphere complex reported herein. The geometric features of the nucleobase in the solid state have
been discussed in terms of binding pattern, protonation degree and proton tautomer as well as the
hydrogen-bonding. Significantly, the solid-state structure was tuned by the synergistic formation of
H-bonds and π+–π+ interactions that have been described in detail. Moreover, the interaction energies
of several supramolecular assemblies observed in the solid state have been evaluated and discussed by
using MEP surfaces and DFT calculations. Finally, the individual H-bonding dissociation energies
have been computed using two available energy predictors by means of the QTAIM method.
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On the basis of our results and other above referred, it seems clear that the tautomerism plays a
relevant role in the crystal having H2dap+ ions. The lack of literature concerning H2(N1,N3)dap+,
H2(N3,N9)dap+ and H2(N7,N9)dap+ could be related to one of the following factors: The steric
hindrance on N1, the depleted proton affinity of N3 and the suitability of the highest basic of N7
and N9 to metal binding. In the here reported compound, the use of the H2(N3,N7)dap+ favors the
extensive H-bonding of its crystal, at the same time that precludes its coordination to the Cd(II) center
instead of the aqua ligand.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/4/304/s1,
Cartesian coordinates of the theoretical models shown in Figure 7.
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Abstract: 11 aryl–lone pair and three aryl–anion π–hole interactions are investigated, along with
the argon–benzene dimer and water dimer as reference compounds, utilizing the local vibrational
mode theory, originally introduced by Konkoli and Cremer, to quantify the strength of the π–hole
interaction in terms of a new local vibrational mode stretching force constant between the two
engaged monomers, which can be conveniently used to compare different π–hole systems. Several
factors have emerged which influence strength of the π–hole interactions, including aryl substituent
effects, the chemical nature of atoms composing the aryl rings/π–hole acceptors, and secondary
bonding interactions between donors/acceptors. Substituent effects indirectly affect the π–hole
interaction strength, where electronegative aryl-substituents moderately increase π–hole interaction
strength. N-aryl members significantly increase π–hole interaction strength, and anion acceptors bind
more strongly with the π–hole compared to charge neutral acceptors (lone–pair donors). Secondary
bonding interactions between the acceptor and the atoms in the aryl ring can increase π–hole
interaction strength, while hydrogen bonding between the π–hole acceptor/donor can significantly
increase or decrease strength of the π–hole interaction depending on the directionality of hydrogen
bond donation. Work is in progress expanding this research on aryl π–hole interactions to a large
number of systems, including halides, CO, and OCH –

3 as acceptors, in order to derive a general
design protocol for new members of this interesting class of compounds.

Keywords: π–hole interaction; substituent effects; vibrational spectroscopy; local vibrational mode
theory; direct measure for π–hole interaction strength; noncovalent interaction; hydrogen bonding

1. Introduction

The term ’π–hole interaction’ was coined by Murray and Politzer [1–4], and is described as a
noncovalent interaction (NCI) between a region of positive electrostatic potential (ESP) located on
a π–bond (i.e., a ’π–hole’) [5], and a lone–pair (lp) donor [6–8], anion [9,10], or other electron rich
species [11,12]; where the π–hole is perpendicular to the molecular framework and electrons from
the π–hole acceptor interact with an empty π∗ orbital of the donor. Some classic examples of π–hole
interactions involving aryl groups include the benzene/hexafluorobenzene–water complexes, where
an oxygen–lp interacts favorably with the center of the aromatic ring [13–20]. This special type of
interaction has been identified in several important and highly relevant areas of modern chemical
research, including drug targets [21,22], biological systems [23,24], and molecular crystals/solid
state chemistry [25–30]. Interestingly, noble gases have recently been found capable of forming
both σ– and π–hole interactions [31–33]. Ideal π–hole donors should contain heavier and more
polarizable atoms, as these properties improve accessibility, size, and positive ESP of a π–hole [34–37].
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Electron withdrawing π–hole acceptors can also increase the positive ESP of the π–hole [38,39].
The main interaction energy terms describing π–hole interactions are: ion induced polarization and a
permanent quadrupole moment (Qzz) from the electrostatic forces [40–42]. Though there have been
several recent theoretical and experimental studies on π–hole interactions [43–56], often the strength
of these interactions is discussed in terms of bond lengths (r) or binding energies (BE)/dissociation
energies (DE). However, these properties are not necessarily qualified as bond strength descriptors.
There is an ample number of examples in which the shorter bond is not the stronger bond [57–59].
It is often assumed that BE or DE provide a measure of the intrinsic bond strength of the NCI in
question. However this might not even be true in a qualitative sense, as BE and DE are cumulative
properties; i.e., they are the sum of all interactions between the monomers, including long–range
electrostatic interactions which may even involve the more remote atoms of the monomer [60].
Therefore, it is difficult to single out a specific interaction between atoms or groups of monomers;
even computationally this can only be done in a qualitative way via an energy decomposition scheme,
which leads to model dependent results [61–65]. In this situation, vibrational spectroscopy provides
an excellent alternative for the description of the interactions between the monomers of a complex,
and offers a platform for deriving a spectroscopic measure of complex stability. However, as has been
frequently pointed out [60,66–69], any description of bond strength based on vibrational modes has to
consider that normal vibrational modes are generally delocalized due to the coupling of the motions of
the atoms within a molecule or complex [70–74]. Therefore, only decoupled local vibrational modes
can serve as bond strength measurements, as was realized in the Local Vibrational Mode (LVM) theory
originally formulated by Konkoli and Cremer [75–82]. Local mode stretching force constants (ka) are
directly related to the intrinsic strength of a bond, and therefore provide a unique measure of bond
strength based on vibrational spectroscopy [83]. The local mode procedure was inspired by the isotopic
substitution of McKean [84]. McKean found that if an XH fragment in a molecule is replaced by XD,
a local X–D stretching mode may be detected in the IR spectrum, and therefore the force constant of
the X–H or X–D stretching may be measured. This technology has been used to measure the force
constants of many X–H bonds, but it cannot be extended to other systems due to the weak isotope
effect. However, theoretical calculations are not limited to natural isotopes, allowing for isotopes of
any mass to be "invented." The local mode procedure treats all the atoms which are not involved in a
particular local mode as massless particles, so that they can effortless follow the local motion. For each
local mode associated with an internal coordinate such as a bond length, bond angle, dihedral angle or
puckering coordinate a unique local mode force constant, associated local mode mass and frequency
can be obtained. So far, the LVM analysis has been successfully applied to characterize covalent
bonds [59,66,83,85–88] and weak chemical interactions such as halogen [89–92], chalcogen [58,93,94],
pnicogen [95–97], and tetrel interactions [98]; as well as hydrogen bonding (HB) [67,69,99–102]. For a
comprehensive review the reader is referred to Ref. [80].

In this work, LVM theory is utilized to obtain a more accurate measurement of strength and the
intrinsic nature of interactions between various aryl systems as π–hole donors and a number of small
electron rich π–hole acceptors; where the π–hole either interacts with lp–electrons from a charge neutral
acceptor, or an anionic acceptor species. A special inter–monomer LVM stretching force constant is
utilized, which directly assesses the strength of the π–hole···π–hole acceptor interaction. Based on
this special inter–monomer ka measure, recently and for the first time, the strength of metal–ring
interactions in a series of actinide sandwich compounds was quantified [103], and a nonclassical
HB involving a BH···π interaction was identified [104,105]. Burianova et al. concurrently verified
this type of nonclassical HB involving a BH···π interaction both experimentally and theoretically
while performing a mechanistic study involving the nucleophilic addition of hydrazines, hydrazides,
and hydrazones to C−−−N groups of boron–based clusters [106].

The current work investigates the interactions of π–hole acceptors H2O, HCN, NH3, and NO –
3 ,

with the following aromatic π–hole donors: C6F6, C6F5H, C6F4H2, C6F3H3, N3C3H3, N3C3F3,
and N4C2H2 (see Figure 1). Original theoretical works of similar nature date back to 1997,
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when Alkorta et al. investigated the effects of F–substitution on reactivity of the aromatic rings
in systems where small electron-donating molecules interact with the π–clouds of benzene and
hexafluorobenzene [107]. An extension of this work was reported in 2002, which included a larger
array of aromatics and benzene derivatives and several negatively charged electron donors [108].
Simultaneously, a similar phenomenon was reported involving 1,3,5–triazine derivatives interacting
with F– , Cl– , and azide (N3) [109], and a computation study was combined with crystallographic
evidence to confirm such interactions can favorably occur [110].
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Figure 1. Schematic of the two references systems, R1 and R2, and π–hole systems 1–14 studied in this
work showing molecular geometries of each system; calculated at the ωB97X–D/aug–cc–pVTZ level
of theory.

2. Computational Methods

DFT was utilized to optimize molecular geometries, calculate stationary point normal mode
vibrational frequencies (ωμ), LVM frequencies (ωa), ka [75,78,79], and Natural Bond Orbital (NBO)
charges. Calculations were carried out at the ωB97X–D/aug–cc–pVTZ level of theory with tight
convergence criteria and superfine integration grid [111–116]. All stationary points were confirmed to
be minima by absence of imaginary ωμ. Calculated and experimental vibrational frequencies of the
H2O···C6F6 [117] system were used to gauge the accuracy of several model chemistries (see Tables 1
and 2). Theoretical vibrational spectroscopy was utilized to quantify the intrinsic strength of π–hole
interactions in this work. Normal vibrational modes do not give direct measurements of bond strength
because of electronic and mass coupling. This results in delocalization of the normal modes in most
cases. The electronic coupling is eliminated by solving the Wilson equation of spectroscopy [118]
and transforming to normal coordinates. Konkoli and Cremer found that mass coupling can be
removed by solving a mass–decoupled equivalent of the Wilson equation, which leads to LVMs. LVMs
are associated with internal coordinates: bond length, bond angle, or dihedral angle [76], and lead
to a direct relationship between the intrinsic strength of a bond and its ka value [83]. For the first
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time, this theory is applied to π–hole interactions. LVM analysis was computed with the program
COLOGNE2018 [119]. NBO populations were calculated using NBO6 [120–122]. Calculations of
ρ(rCCP) and ∇2ρ(rCCP) were performed with the AIMAll program [123,124]. All DFT calculations
were made with GAUSSIAN16 [125].

Table 1. Comparison of experimental exp normal mode vibrational frequencies ωexp, with theoretical
normal mode vibrational frequencies ωμ for 1 computed at the ωB97X–D/aug–cc–pVTZ,
ωB97X–D/aug–cc–pVQZ, ωB97X–D/def2–TZVPP, MP2/aug–cc–pVTZ , and MP2/def2–TZVPP levels
of theory.

Mode exp [117] ωB97X–D/ ωB97X–D/ ωB97X–D/ MP2/ MP2/
aug–cc–pVTZ aug–cc–pVQZ def2–TZVPP aug–cc–pVTZ def2–TZVPP

H2O ν3 3723.0 3811.0 (−2.3) 3821.4 (−2.6) 3822.2 (−2.6) 3745.8 (−0.6) 3769.9 (−1.2)
(asymmetric stretch)

H2O ν1 3632.0 3710.3 (−2.1) 3722.4 (−2.4) 3722.2 (−2.4) 3629.7 (0.1) 3655.8 (−0.7)
(symmetric stretch)

H2O ν2 1607.0 1570.2 (2.3) 1572.7 (2.2) 1568.7 (2.4) 1558.2 (3.1) 1570.1 (2.3)
(bend)

C6H6 ν12 1536.0 1511.4 (1.6) 1510.2 (1.7) 1509.7 (1.7) 1489.2 (3.1) 1495.5 (2.7)
(C−C stretch)

C6H6 ν13 999.0 991.8 (0.7) 991.5 (0.8) 990.0 (0.9) 971.4 (2.8) 976.1 (2.3)
(C−F stretch)

ωexp and ωμ are reported in cm−1 and errors are given as % with respect to exp in
parentheses next to each ωμ. Scaling factors are as follows: 0.957 (ωB97X–D/aug–cc–pVTZ),
0.957 (ωB97X–D/aug–cc–pVQZ), 0.955 (ωB97X–D/def2-TZVPP), 0.953 (MP2/aug–cc–pVTZ),
and 0.952 (MP2/def2-TZVPP) [126–132].

Table 2. Comparison of local vibrational mode LVM data for π–hole system 1, where O···C6
(acceptor···donor) represents the pure π–hole interaction between the acceptor O–atom and the
geometric center of the C–atoms comprising the six–membered ring, O···C6F6 denotes similar as above
but includes the six F–substituents of the π–hole donor, H···C6 denotes one acceptor H–atom interacting
with the geometric center of the six donor C–atoms, and H···C6F6 represents the aforementioned
interaction with inclusion of the aryl F–substituents.

Parameter r ka ωa

ωB97X–D/aug–cc–pVTZ
O···C6 3.121 0.090 108.1

O···C6F6 3.116 0.087 100.2
H···C6 3.780 0.021 187.1

H···C6F6 3.775 0.020 185.7
ωB97X–D/aug–cc–pVQZ

O···C6 3.130 0.082 103.2
O···C6F6 3.125 0.080 95.7
H···C6 3.787 0.020 185.6

H···C6F6 3.782 0.020 184.1
MP2/aug–cc–pVTZ

O···C6 2.981 0.087 106.3
O···C6F6 2.974 0.084 98.1
H···C6 3.654 0.023 197.7

H···C6F6 3.646 0.023 195.8

bond lengths r are given in Å, LVM force constants
ka in mdyn/Å, and units for LVM frequencies ωa

are cm−1.

Figure 2 illustrates how the special force constant ka is defined for the special case of the π–hole
interaction involving a six–membered ring as π–hole donor. ka is defined via the direct interaction
between the central O– or N–atom of the π–hole acceptor (position X1 in Figure 2) and the geometric
center of the six atoms composing the aryl ring of the π–hole donor (X2 in Figure 2). A key feature
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of the LVM methodology is that the π–hole need not be at the X2 geometric center of the ring. If this
is the case, and the acceptor atom at X1 is collinear with X2 and the π–hole, the value of ka will
not change because the local modes of X1···X2 and X1···π–hole are normalized in the LVM theory
formalism. In systems R2, 1–4 and 11–12, the ring atoms are all carbon; whereas in systems 6–7, 9–10,
and 13–14, three N–atoms and three C–atoms are incorporated into the ring structure. In systems 5

and 8, the six–membered rings are composed of four N–atoms and two C–atoms.
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Figure 2. Schematic of how the special LVM force constant ka is defined for the π–hole interaction
involving a six–membered aromatic ring as π–hole donor, where X1 is the location of the central atom
of the acceptor molecule interacting directly with the π–hole located at X2; shown is complex 2.

3. Results/Discussion

3.1. Discussion of Model Chemistry

Table 1 shows experimental (exp) normal mode frequencies (ωexp) and theoretical normal mode
frequencies (ωμ) for the water-hexafluorobenzene dimer (system 1). Theoretical ωμ were computed
using Møller–Plesset perturbation theory of second order (MP2) and the ωB97X–D functional combined
with aug–cc–pVTZ, aug–cc–pVQZ, and def2–TZVPP basis sets. In addition, scaling factors were
applied to theoretical frequencies to correct for approximations to the full electronic configuration
interaction and the harmonic approximation to the Morse potential [126–132]. In parentheses directly to
the right of each theoretical frequency, are % error values calculated with respect to exp. It turns out that
ωB97X–D/aug–cc–pVTZ calculations were in closest agreement with exp. MP2 calculations performed
best for the highest frequencies, but were less accurate for low frequencies. The opposite is true of
calculations carried out using ωB97X–D. The use of the def2-TZVPP basis set was computationally
more efficient, but the aug–cc–pVTZ basis set significantly improved accuracy.

Table 2 compares LVM data calculated at the ωB97X–D/aug–cc–pVTZ, ωB97X–D/aug–cc–pVQZ,
and MP2/aug–cc–pVTZ levels of theory for π–hole system 1, where O···C6 denotes the pure π–hole
interaction between the acceptor O–atom and the geometric center of the C–atoms composing the
six–membered ring (acceptor···donor). O···C6F6 is very similar to the interaction just described,
except in this case the six F–substituents are included. H···C6 denotes the interaction between one
acceptor H–atom and the geometric center of the six donor C–atoms; whereas H···C6F6 denotes
a similar interaction, but with the six F–substituents included (analogous to the O···C6/O···C6F6
comparison). The π–hole interactions in the remainder of this work are defined using the first notation
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(O···C6) in Table 2: the pure π–hole interaction between the central acceptor atom and the geometric
center of the donor six–membered ring, not including aryl substituent atoms.

In comparison with the ωB97X–D/aug–cc–pVTZ calculations, adding a larger basis set
(aug–cc–pVQZ quality) resulted in a modest r increase of 0.009 Å and a slight decrease in ka of
0.008 mdyn/Å. On the other hand, MP2/aug–cc–pVTZ results gave significantly shorter r (by 0.140 Å
and 0.149 Å), slightly weaker bond strength (by 0.003 mdyn/Å) compared to ωB97X–D/aug–cc–pVTZ,
and slightly stronger bond strength (by 0.005 mdyn/Å) compared to ωB97X–D/aug–cc–pVQZ. This
result is erratic in the case of MP2/aug–cc–pVTZ. The ωB97X–D/aug–cc–pVQZ level of theory
has large computational cost with small increase of accuracy compared to ωB97X–D/aug–cc–pVTZ.
Therefore, we have chosen in this study the ωB97X–D/aug–cc–pVTZ level of theory as a compromise
between accuracy and computational efficiency. Note that for the remainder of this work, the terms ’ka’
and ’bond strength’ are used interchangeably. In addition, the term secondary bonding interaction
(SBI) refers to any interaction between a single atom of the acceptor molecule and a single atom of the
donor molecule which contains a physically meaningful LVM.

3.2. Overall Findings and General Trends

Table 3 summarizes the LVM data of the π–hole interactions in 1–14 and two reference NCIs: R1

(water dimer) and R2 (Ar···C6H6). Figure 3 (top) shows molecular geometry of each system, r (shown
in green), ka (blue), ωa (red), and symmetry point group (black) for R1, R2, and 1–14. R1 and R2 have
been incorporated to provide a frame of reference from well characterized compounds: The H2O dimer
represents complex containing a strong HB with non-negligible covalent character, and Ar···C6H6
represents a weak NCI [133]. Also in Figure 3 (bottom), selected NBO charges are given, where charges
in green represent C–atoms, O–atomic charges are red, H–atomic charges are black, N–atomic charges
are blue, and F–atomic charges are light blue. Bond length r and NBO charge on the acceptor O and
N–atoms are plotted with respect to ka in Figure 4a and Figure 4b, respectively. Shown as red plot
points are interactions where H2O is the acceptor (1–4), light blue points represent HCN acceptor
systems (5–7), in green are NH3 (8–11), blue points are the NO –

3 anion–π–hole interactions (12–14),
and black points indicate R1 and R2. This color convention is maintained in the subsequent plots.

Table 3. Summary of LVM data: π–hole interaction distances r, ka, ωa, charge transfer CT, and BSSE
counterpoise corrected binding energies BE.

# System Point Group r ka ωa CT lp→ π–Hole BE

R1 H2O···HOH Cs 1.936 0.171 553.3 −9.08 −4.98
R2 Ar···C6H6 C2v 3.620 0.072 69.0 −0.10 −0.92
1 H2O···C6F6 C2v 3.121 0.090 108.1 −10.29 −2.57
2 H2O···C6F5H Cs 3.193 0.051 81.3 −7.72 −2.10
3 H2O···C6F4H2 C2v 3.226 0.107 117.6 −5.66 −1.52
4 H2O···C6F3H3 Cs 3.359 0.086 105.5 −1.75 −2.03
5 HCN···N4C2H2 C2v 3.047 0.090 113.3 −30.99 −2.65
6 HCN···N3C3H3 C3v 3.154 0.051 85.2 −19.93 −1.75
7 HCN···N3C3F3 C3v 2.989 0.076 104.0 −45.02 −4.05
8 H3N···N4C2H2 Cs 3.062 0.125 133.7 −16.07 −3.87
9 H3N···N3C3H3 C3v 3.170 0.144 143.7 −9.50 −2.54
10 H3N···N3C3F3 C3v 3.026 0.185 162.8 −2.80 −5.37
11 H3N···C6F4H2 Cs 3.298 0.070 100.9 −8.24 −2.03
12 [O3N···C6F6]– C3v 3.078 0.228 181.7 −5.83 −12.00
13 [O3N···N3C3H3]– C3v 3.128 0.169 155.7 −6.32 −6.03
14 [O3N···N3C3F3]– C3v 2.955 0.276 198.6 −11.31 −13.03

Calculated at ωB97X–D/aug–cc–pVTZ level of theory. Units for reported data as follows: r in Å,
ka in mdyn/Å, ωa in cm−1, CT in milli-electron (me), and BE in kcal/mol.
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Figure 3. Schematics for R1, R2, and 1–14, showing: (top) molecular geometries, distances r given in
green font with units of Å, local vibrational mode LVM force constants ka (blue font) given in mdyn/Å,
corresponding LVM frequencies ωa (red) given in cm−1, point group (shown in black); and (bottom)
selected NBO charges: C–atomic charges given in green, O–atomic charges in red, N–atomic charges in
blue, F–atomic charges in light blue, and H–atomic charges are shown in black. NBO charges are given
in A.U.
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Figure 4. Calculated at the ωB97X–D/aug–cc–pVTZ level of theory, (a) r, and (b) NBO charges of the
central acceptor atoms O and N; plotted with respect to ka of π–hole interactions in 1–14.

There is weak correlation at best between r and ka, which becomes weaker by presence of R1 and
R2. The π–hole interaction length in 14 is 1.000 Å longer than the HB in R1, yet the former has a ka

value 0.100 mdyn/Å larger than the latter. The Ar···C6H6 interaction in R2 is at least 0.200 Å longer
than all 14 π–hole interactions, but is stronger than 2, 6, and 11. Figure 5a,b show charge transfer (CT)
and BE counterpoise corrected for basis set superposition error; both plotted with respect to ka. CT was
calculated as the transfer of charge between the acceptor lp–donor atom and the aryl ring. Both of
these parameters correlate weakly with bond strength in terms of ka, but BE and ka show the best
correlation of any properties considered in this work. Increase in magnitude of BE weakly correlates
with increase in bond strength. The HB in R1 has a ka value three times larger than the weakest π–hole
interactions (2 and 6). On the other hand, 14 contains the strongest π–hole interaction in this work
with a ka value 60% larger than ka of the HB in R1.
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Figure 5. (a) CT (from central π–hole acceptor atom O in 1–4, N in 5–14, Ar in R2, and HB acceptor
atom O in R1 −−→ donor), and (b) BE, counterpoise corrected for basis set superposition error;
both plotted with respect to ka of π–hole interactions in 1–14.

In Figure 6a, the Laplacian of the electron density (∇2ρ(rCCP)), where CCP is a cage critical
point encompassing N– or O–atoms from the acceptor and aryl C or N–atoms from the donor,
is plotted with respect to ka. ∇2ρ(rCCP) tracks regions of local charge concentration/depletion [134].
∇2ρ(rCCP) increases with increasing strength of the π–hole interaction. In other words, increased local
concentration of charge at the CCP corresponds to a stronger π–hole interaction. Figure 6b shows
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correlation between r of the HBs and their ka values, where increased bond length corresponds to
weakening of the HB. Figure 7 shows combined ka values of all SBIs/HBs per π–hole system, plotted
with respect to ka of the π–hole interaction; where the larger quantity of stronger SBIs/HBs weakly
correlate with stronger π–hole interactions. This correlation is weak because the HB can strengthen or
weaken the π–hole, depending on the directionality of HB donation; a topic which is discussed further
in Section 3.5.
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Figure 6. (a) The Laplacian of the electron density at the CCP (∇2ρ(rCCP)), and (b) r of the HBs; both
plotted with respect to ka of π–hole interactions in 1–14 and R2.
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Table 4 summarizes LVM data for all HBs between donor/acceptor pairs. Figure 8 is a schematic
of the atom labelling/numbering convention used in subsequent tables and figures. HBs were not
found in systems 2–3, 5–7, 12, and 14. In 2, the aryl C–atom bound to the lone H–substituent has a
charge of −0.326 e, but the orientation of the water molecule eliminates the possibility of HB. The other
five aryl C–atoms all carry positive charges with values between +0.277 e and +0.361 e. A bonding
interaction between positive charges on aryl C–atoms and positive charges on acceptor H–atoms
(+0.469 e) is not favored. Acceptor H–atoms in 3 do not form HBs because they are oriented such that
they are not in plane with any of the aryl atoms or substituents and their distance from aryl C–atoms
is maximized at the given conformation. It was expected that 5–7, 12, and 14 would not form HBs for
obvious reasons. Interestingly, 13 is the only example of HB between acceptor and aryl-substituents,
where the three π–hole acceptor nitro O–atoms interact weakly with the three aryl H–atoms.
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Figure 8. Schematic showing all atom numbers in 1–14, for use as a reference to Tables 4 and 5.

Table 4. LVM analysis: r, ka, and ωa, for secondary bonding interactions SBI involving hydrogen
atoms in 1, 4, 8–11, and 13.

# Parameter r ka ωa Parameter r ka ωa

1 H14···C1 3.755 0.008 124.2 H15···C6 3.755 0.008 124.2
4 H14···C1 2.834 0.039 267.5 H14···C4 2.834 0.039 267.5

H14···C2 2.680 0.040 270.1 - - - -
8 H10···C6 3.534 0.014 159.8 H11···N4 3.321 0.003 76.0

H11···N1 3.321 0.003 76.0 H12···C5 3.534 0.014 159.8
9 H11···N3 3.567 0.002 60.6 H12···C6 3.721 0.003 72.8

H11···C4 3.721 0.003 71.1 H13···N1 3.567 0.002 61.7
H11···C5 3.721 0.003 70.4 H13···C4 3.721 0.003 72.3
H12···N2 3.567 0.002 63.0 H13···C6 3.721 0.003 71.1
H12···C5 3.721 0.003 73.3 - - - -

10 H11···N3 3.431 0.016 169.2 H12···C6 3.580 0.015 163.3
H11···C4 3.580 0.015 163.2 H13···N1 3.431 0.016 169.2
H11···C5 3.580 0.015 163.3 H13···C4 3.580 0.015 163.1
H12···N2 3.431 0.016 169.3 H13···C6 3.580 0.015 163.3
H12···C5 3.580 0.015 163.1 - - - -

11 H14···C1 3.432 0.006 108.4 H16···C2 3.585 0.005 91.9
H14···C2 3.585 0.005 91.9 H16···C3 3.432 0.006 108.4
H14···C6 3.691 0.005 91.0 H16···C4 3.691 0.005 91.0

13 O11···H9 3.297 0.007 108.8 O13···H8 3.297 0.007 108.6
O12···H7 3.297 0.007 108.3 - - - -

Units for LVM data are given as follows: r in Å, ka in mdyn/Å, and ωa in cm−1.

Table 5 summarizes LVM data for all SBIs found in 1–14, excluding HBs; where 13 of the 14
π–hole systems contains at as few as six non–HB SBIs (systems 1–3, 5–11, and 14), 12 non-HB SBIs
(12), and as many as 15 (system 13) non–HB SBIs of the following type: C···O, C···N, or N···N;
where the first atom listed (C/N) is from the π–hole donor and the second atom (O/N) is from the
acceptor (donor···acceptor). In most cases, there is a LVM between the π–hole acceptor and all six
atoms of the aryl ring; with 4 being the exception. The remainder of this section is divided into four
subsections pertaining to significant factors for modulation of molecular geometry, bond strength,
and the intrinsic nature of the π–hole interactions: (3.3) Aryl Substituent Effects, (3.4) Nature of the Aryl
Rings, (3.5) Secondary Bonding Interactions and (3.6) Characterization of Normal Vibrational Modes.
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Table 5. Summary of LVM data: r, ka, and ωa for secondary bonding interactions SBI not including
hydrogen atoms, for 1–14.

# Parameter r ka ωa Parameter r ka ωa

R2 Ar13···C1 3.877 0.031 76.0 Ar13···C4 3.877 0.031 76.0
Ar13···C2 3.877 0.036 80.8 Ar13···C5 3.877 0.036 80.8
Ar13···C3 3.877 0.036 80.8 Ar13···C6 3.877 0.036 80.8

1 O13···C1 3.414 0.027 81.5 O13···C4 3.415 0.031 87.7
O13···C2 3.415 0.031 87.7 O13···C5 3.415 0.031 87.7
O13···C3 3.415 0.031 87.7 O13···C6 3.414 0.027 81.5

2 O13···C1 3.551 0.012 53.6 O13···C4 3.320 0.027 81.8
O13···C2 3.402 0.015 61.2 O13···C5 3.551 0.012 53.6
O13···C3 3.637 0.012 54.7 O13···C6 3.402 0.015 61.2

3 O13···C1 3.515 0.022 74.4 O13···C4 3.515 0.022 74.4
. O13···C2 3.506 0.026 80.1 O13···C5 3.506 0.026 80.1

O13···C3 3.506 0.026 80.1 O13···C6 3.506 0.026 80.1

5 N9···C1 3.342 0.044 102.9 N9···C4 3.342 0.044 102.9
N9···C2 3.342 0.044 102.9 N9···C5 3.279 0.047 111.6
N9···C3 3.342 0.044 102.9 N9···C6 3.279 0.047 111.6

6 N10···N1 3.437 0.024 75.9 N10···C4 3.405 0.025 80.6
N10···N2 3.437 0.024 75.8 N10···C5 3.405 0.025 80.5
N10···N3 3.437 0.024 76.6 N10···C6 3.405 0.024 80.2

7 N10···N1 3.288 0.038 95.8 N10···C4 3.240 0.038 100.1
N10···N2 3.288 0.038 95.7 N10···C5 3.240 0.038 100.0
N10···N3 3.288 0.038 95.7 N10···C6 3.240 0.038 100.1

8 N9···N1 3.316 0.059 119.5 N9···N4 3.316 0.059 119.5
N9···N2 3.398 0.045 104.0 N9···C5 3.290 0.063 128.1
N9···N3 3.398 0.045 104.0 N9···C6 3.290 0.063 128.1

9 N10···N1 3.452 0.049 108.5 N10···C4 3.419 0.056 121.2
N10···N2 3.452 0.049 109.1 N10···C5 3.419 0.055 120.2
N10···N3 3.452 0.048 108.0 N10···C6 3.419 0.054 119.4

10 N10···N1 3.222 0.074 133.8 N10···C4 3.273 0.076 140.9
N10···N2 3.222 0.074 133.9 N10···C5 3.273 0.076 140.9
N10···N3 3.222 0.074 133.8 N10···C6 3.273 0.076 140.9

11 N13···C1 3.557 0.021 74.6 N13···C4 3.587 0.022 76.3
N13···C2 3.552 0.036 97.3 N13···C5 3.611 0.041 103.7
N13···C3 3.557 0.021 74.6 N13···C6 3.587 0.022 76.3

12 N13···C1 3.375 0.031 90.6 O14···C1 3.149 0.015 61.2
N13···C2 3.375 0.031 90.6 O14···C5 3.149 0.015 61.2
N13···C3 3.375 0.031 90.6 O15···C2 3.149 0.015 61.2
N13···C4 3.375 0.031 90.6 O15···C6 3.149 0.015 61.2
N13···C5 3.375 0.031 90.6 O16···C3 3.149 0.015 61.2
N13···C6 3.375 0.031 90.6 O16···C4 3.149 0.015 61.2

13 N10···N1 3.419 0.022 72.3 O11···C4 3.117 0.017 64.1
N10···N2 3.419 0.022 72.4 O12···N1 3.394 0.016 59.7
N10···N3 3.419 0.021 72.0 O12···N2 3.394 0.016 59.7
N10···C4 3.375 0.021 73.8 O12···C5 3.117 0.017 64.0
N10···C5 3.375 0.021 73.5 O13···N2 3.394 0.016 59.6
N10···C6 3.375 0.021 73.7 O13···N3 3.394 0.016 59.5
O11···N1 3.394 0.016 59.6 O13···C6 3.117 0.017 64.1
O11···N3 3.394 0.016 59.4 - - - -

14 N10···C4 3.205 0.134 187.7 O11···C4 2.936 0.028 83.6
N10···C5 3.205 0.134 187.7 O11···C5 2.936 0.028 83.6
N10···C6 3.205 0.134 187.7 O11···C6 2.936 0.028 83.6

Units for computational data are given as follows: r in Å, ka in mdyn/Å,
and ωa in cm−1.
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3.3. Aryl Substituent Effects

Systems 1–4 are a good starting point to systematically analyze substituent effects. The donor in 1

is C6F6, the donor in 2 is C6F5H, C6F4H2 in 3, and C6F3H3 in 4. One effect is the physical response of
acceptor to decreasing the number of aryl F-substituents. Each of the four water molecules in 1–4 is
oriented quite differently from one another with respect to the aryl ring. 1 has C2v symmetry, with the
acceptor H–atoms pointing opposite the aryl ring. Each atom of the water molecule rests in plane with
two aryl C−F groups positioned para to each other. Unexpectedly, the π–hole interaction in 1 is not
particularly strong (ka = 0.090 mdyn/Å) compared to the rest of H2O acceptor group 2–4, systems
5–14, and even R1 and R2. The six aryl F–substituents induce a sizable π–hole with large positive ESP
which therefore should promote stronger π–hole interactions, but this effect is countered by a lack of
cooperation between atoms of the aryl donor and atoms of the H2O acceptor in forming SBIs [135].
Furthermore, there are two weak C···H donor/acceptor SBIs (ka = 0.008 mdyn/Å) in 1 (see Table 4).

Compared to 1, the acceptor H–atoms in 2 are rotated nearly 90◦ to avoid repulsive forces from
the donor H–atom. The aryl C–atom bound to H has a negative charge of −0.326 e; whereas the aryl–C
atom para to the lone C−H bond has a charge of +0.317 e. In contrast, all C–atoms in 1 have positive
charges (see Figures 3 and 8) of +0.295 e (C2 through C5) and +0.291 e (C1 and C6). The negative
charge on the C–atom in 2 repels the electron rich acceptor O–atom toward the opposite end of the
ring, resulting in the π–hole interaction distance increasing 0.072 Å compared to 1. The O–atom
is also no longer directly over the π–hole, which decreases orbital overlap. Instead, the O–atom
is 0.407 Å closer to the C–atom para to C−H. Furthermore, the π–hole should migrate closer to
the C−F group, and become weaker its ESP becomes more negative. The cumulative effect is that
substitution of a single aryl F–atom for H disrupts the molecular symmetry, hinders the reactivity of
the π–hole, and decreases ka of the π–hole interaction in 2 by nearly 50% compared to 1; the π–hole
interaction in 2 is the weakest of the H2O acceptor systems 1–4. Although system 2 is an extreme case,
where the other aryl rings of 1, 3–4 are significantly more symmetric, there is clear indication that
substituent effects involving the aryl ring can significantly weaken/strengthen the π–hole interaction
and drastically alter the molecular geometry of the system. The strongest π–hole interaction among
systems 1–4 occurs in 3, which has C2v symmetry with acceptor H–atoms still oriented away from
the aryl ring. The water molecule forms a plane perpendicular to the two FC−−CF bonds of the donor.
The water O−H bonds in 3 (ka = 8.549 mdyn/Å), are stronger than the O−H bonds in 1, 2, and 4

(between 8.532 and 8.547 mdyn/Å). This increase in O−H bond strength has a net stabilizing effect
on the whole system, which extends to the π–hole interaction. The orientations of H2O and the aryl
F–substituents also benefit the π–hole interaction in system 3; as any possible repulsive forces between
the donor/accepter occur over maximum distances compared to 1, 2, and 4, and the position of the
π–hole is not affected due to the symmetry of the C6F4H2 ring.

4 has 3 aryl F–substituents and 3 H–substituents, arranged symmetrically in an alternating pattern.
Addition of the third H–substituent resulted in inversion of the acceptor H–atoms, which now point
toward the aryl ring. H2O is coplanar with para aryl C−H and C−F groups (C2−H12 and C5−F8).
The acceptor atom H14 points downward toward C2, which is caused by the charge of −0.382 e on
C2. The opposite occurs between acceptor–H15/donor–C5, where positive charges on each atom are
repulsive. The H15···C5 distance is 0.388 Å longer than H14···C2 as a result. The π–hole interaction in
4 is only slightly weaker than 1 (by 0.004 mdyn/Å), an unexpected result based on substituent effects
alone; as the O acceptor in 1 should interact much more strongly with its π–hole. However, other
factors must be considered. The acceptor H14 in 4 can HB with the negatively charged C2 donor atom,
yet is in close enough proximity to bind to C4. A third HB was found in 4; all three HBs are of the
C···H−O type, and are among the strongest HBs in systems 1–14 (see Table 4). This factor is discussed
with more detail in Section 3.5. Perhaps the most surprising substituent effect (or lack there of) is an
absence of intermolecular interactions involving aryl–substituents and the π–hole acceptors. There is
only one such SBI; it is in system 13 and is a O···H−C type HB. This interaction is discussed further
in Section 3.5.
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3.4. Nature of the Aryl Rings

In 5–7, the influence of SBIs is minimized, and each aryl ring contains four, three, and three
N–atoms, respectively. 5 has C2v symmetry while 6 and 7 have C3v symmetry. N–substitution, atomic
nature of the aryl ring, and three-fold symmetric F–substitution do not cause significant symmetry
related changes in this case. However, it turns out that 5–7 have the weakest π–hole interaction
strength on average compared to the H2O acceptor (1–4), NH3 acceptor (8–11), and NO –

3 acceptor
(12–14) π–hole systems. One key difference between systems 5–7 and the systems just mentioned is the
orientation and nature of the HCN acceptor in 5–7, where the N–atom points downward toward the
π–hole and the H–atom points in the opposite direction. This eliminates the possibility HB donation
and decreases the overall possibility of SBIs. System 6 has one less aryl N–atom compared to 5.
The π–hole interaction in 5 is 0.107 Å shorter and has a ka value nearly two times larger than the
π–hole interaction in 6. Incorporating N–atoms into the aryl ring appears to influence strength of
the π–hole interaction more than F–substitution. The difference between donors of 6 and 7, is a three
fold F–substitution in the latter, which increases strength of the π–hole interaction by 0.024 mdyn/Å.
Though significant, triple F–substitution is not able to modulate strength of the π–hole interaction as
much as insertion/removal of aryl donor N–atoms, as is the case for 5 and 6. Integration of a fourth
N–atom to the aryl ring nearly doubles ka of the interaction; whereas substituting three C−H groups
for three C−F groups achieves an increase in interaction strength by approximately 50%. The NBO
picture suggests the N4C2H2 donor of 5 supports a more delocalized electronic density compared with
the N3C3H3 donor in 6 and N3C3F3 in 7. There is a CT of −30.99 milli-electrons (me) from the acceptor
N–atom to the aryl ring in 5, approximately –10 me more than in 6 but roughly −15 me less than CT in
7. In addition to being the weakest interactions and not participating in HB, 5–7 also have the three
largest CT values among 1–14. Correlation between CT and ka for 1–14 is very weak, but the general
trend is that the π–hole interactions are stronger when CT gets closer to zero (see Figure 5a).

8–14 are not ideal for investigating how the nature of the aryl ring influences the π–hole
interaction, given that the acceptors in these systems are ammonia and the nitrate anion. Each of the
three acceptor H–/O–atoms are able to form SBIs, which make it difficult to assess both substituent
effects and how addition of N–atoms into the aryl ring can influence the π–hole interaction. This is
also evident in the case of 1–7, where the acceptors each have one less atom than the acceptors in 8–14.
On the other hand, this makes 8–14 ideal for studying the effect of SBIs on π–hole interactions.

3.5. Secondary Bonding Interactions

Of all systems 1–14, 4 is the only π–hole system completely void of SBIs between a non-hydrogen
acceptor and non-hydrogen donor. However, the unusual orientation of H2O in 4 puts H14 in close
proximity to the C1−C2−C4 region of the aryl ring (see Figure 1 and Tables 4 and 5); where H14···C1,
H14···C2, and H14···C4 lengths are 2.834, 2.680, and 2.834 Å, respectively. H14 interacts with all three
aryl C–atoms, and the resultant HBs are among the strongest found in 1–14. The effect of these HBs is
stabilization and increased strength of the π–hole interaction by 0.035 mdyn/Å compared to system 2,
where the acceptor O–atom forms SBIs with the donor aryl C–atoms. 2 and 3 do not have any HBs,
but all of their aryl C–atoms interact with the acceptor O–atom. 2 has the weakest π–hole interaction
of 1–14, which is largely due to the nature of the donor and the arrangement of the acceptor water
molecule, but a contributing effect is that five of the six C···O interactions are among the weakest for
1–14 (see Table 5). The HBs in system 1, are nearly the weakest (0.008 mdyn/Å) interactions found
in 1–14. Although these HBs do stabilize and increase strength of the π–hole interaction, stronger
HBs will promote stronger π–hole interactions [136]. For example, system 4 contains the same type
of C···H HB found in system 1, but the ka values of HBs in the former are 5 times larger than in the
latter. Also, system 4 has three HBs while system 1 has two. The π–hole in 1 should be larger and have
more positive ESP compared to 4, due to the nature of the aryl substituents (six F–atoms in 1, three F–
and three H–atoms in 4). In addition, the lp is more accessible in 1, compared to 4 where the H–atoms
point toward the aryl ring. Also, O13 is 0.238 Å closer to the π–hole in system 1. Despite all of these
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factors, ka of the π–hole interaction in 4 is within 0.004 mdyn/Å of the π–hole interaction in 1. This a
result of the comparatively strong HBs in system 4 providing stability and increasing strength of the
π–hole interaction.

Although 5–7 do not provide information on the effect HBs have on the π–hole interaction, a clear
picture emerges in terms of the role other SBIs play. In terms of strength of the π–hole interaction,
the sequence is: 5 > 7 > 6. This matches the trend in ka of the N···N and C···N donor/acceptor SBIs.
For C···N in 5, ka = 0.044 and 0.047 mdyn/Å, for N···N and C···N in 6, ka = 0.024 and 0.025 mdyn/Å,
and for N···N/C···N in 7, ka = 0.038 mdyn/Å. This indicates that non-HB SBIs may play a cooperative
role, where they help to strengthen π–hole interactions. However, HBs seem to have a more significant
effect on the π–hole interaction comparatively.

8–11 are the only π–hole acceptors where each system participates in HB and SBIs between aryl C
or N atoms and the central acceptor N–atom. In terms of π–hole interaction strength, the sequence
is: 10 > 9 > 8 > 11. The π–hole interaction in 8 should be stronger than 9 based on the nature of the
aryl donor, but the ammonia H–atoms in 8 are staggered such that they are centered above the bonds
encompassing the ring. H12 is oriented above an N–N bond, and the other two ammonia H–atoms
orient above two of the aromatic C–N bonds. This results in 8 having fewer HBs compared to 9–11.
The N···N and C···N donor/acceptor interactions in 8 are slightly shorter and slightly stronger than
comparable interactions in 9. The same type of inter–monomer N···N and C···N interactions in system
10 are the strongest amongst the NH3–acceptor group by at least 0.026 mdyn/Å for N···N and at
least 0.055 mdyn/Å for C···N. Strength of the non–HB SBIs trends similarly to the π–hole interaction
strength order: 10 > 9 ≈ 8 > 11. This not the case with individual HB strength. However, when HB
strength is considered as a sum of each individual HB per π–hole system, the collective HB strength
matches the trend of π–hole interaction strength. HBs are effecting the system compared to the non-HB
SBIs. 11 has the weakest π–hole interaction, the weakest collective HB strength, the weakest non–HB
SBIs, the fewest N–aromatic atoms (zero), and the most F–substituents of 8–11. Although SBIs are
predominant in 8–11, it turns out that N–aromatic atoms still play a major role in modulating bond
strength; with N–aromatic systems having π–hole interaction ka values increase 100% compared to the
species with a C6 ring. Though even less significant than the aforementioned, effects of F–substitution
are again apparent when comparing systems 9 and 10; where the F–substituents result in a 28% increase
in ka values.

12–14 are the only anion π–hole systems investigated in this work, and as expected, occupy the
strong end of π–hole interaction spectrum. In 12, NO –

3 has a staggered conformation with respect
to the C6F6 ring which puts the three acceptor O–atoms are at maximal distances from all C and F
donor–atoms. Of course, there is no possibility of HBs in 12, but the negatively charged O–atoms
interact with the positively charged aryl C–atoms. The acceptor N–atom also interacts with the aryl
C–atoms. This is possible because N has a lone pair and NO –

3 has an excess of delocalized electrons.
The π–hole interaction in 13 is substantially weaker than the interactions in 12 and 14. Regardless,
12–14 have the three strongest π–hole interactions among 1–14, while they have the weakest and
fewest number of HBs among each acceptor group. All three acceptor O–atoms in 13 HB with the three
H–substituents on the aryl ring. These are the only three HBs where the π–hole acceptor is also the HB
acceptor. In every other case, the directionality of acceptor/donor in the HB is the reverse direction of
the π–hole interaction. Because the HB donor in 13 is the aryl C−H, electronic density is transferred
to the aryl ring and throughout the π–system [137]. This transfer will cause an increase in negative
ESP at the π–hole, which in turn weakens the π–hole interaction. When the HB donor/acceptor roles
are reversed, electronic density transfers from the aryl ring to the acceptor molecule. The depletion of
electronic density from the aryl ring increases the positive ESP at the π–hole, and since the acceptor
molecule now has more electronic density, it becomes a better electron donor. When the aryl ring is
the HB acceptor, charge on the atoms involved will increase in the positive direction and negative
charge is leaving the π–system. This explains why each HB except for the O···H−C interactions in
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13 help increase the strength of the π–hole interaction; whereas 13 has a substantially weaker π–hole
interaction compared to 12 and 14 which do not have any HBs.

3.6. Characterization of Normal Modes

In addition to providing ka and ωa and related local vibrational mode properties [80], the local
mode analysis has led to a new way of analyzing vibrational spectra. The characterization of normal
modes (CNM) procedure decomposes each normal vibrational mode into local mode contributions
for a non-redundant set of LVMs by calculating the overlap between each local mode vector with
this normal mode vector [77–79,82]. In this way, the character of each normal mode can be uniquely
assessed [68,80,138]. In this work we performed a CNM decomposition for R2 and 1 comparing in
particular the contribution of the local vibrational π–hole-interaction mode to the lower frequency normal
modes in both complexes. The corresponding decomposition plots are shown in Figures 9 and 10.
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Figure 9. Decomposition of normal vibrational modes into % LVM contributions for the Ar···C6H6
dimer R2; (a) % LVM contributions to normal vibrational modes 1–11, (b) % LVM contributions to
normal vibrational modes 12–22, and (c) % LVM contributions to normal vibrational modes 23–33.
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Figure 10. Decomposition of normal vibrational modes into % LVM contributions for the H2O···C6F6
π–hole system 1; (a) % LVM contributions to normal vibrational modes 1–13, (b) % LVM contributions
to normal vibrational modes 14–26, and (c) % LVM contributions to normal vibrational modes 27–39.

The set of local modes used for this purpose was chosen to include all inter-monomer local
modes. As shown in Figure S1 of the Supplementary Materials there are 9 possible inter-monomer
modes, 3 stretching motions (x, y, z direction), 3 rotations (x, y, z direction), and 3 anti-rotations (x,
y, z direction). 6 of them are needed to define the set of inter-monomer modes. We generally use
the 3 stretching motions labelled Tx, Ty, and Tz an d 3 rotations Rx, Ry, Rz in the following. R2 is a
special case with one monomer being an atom reducing the number of inter-monomer modes to 3
translational modes (labelled as x, y, z).

3.6.1. Normal Modes Related to the π–Hole Interaction

In Figure 9a–c, normal modes ωμ are decomposed into % LVM contributions for complex R2,
and the corresponding CNM plots for complex 1 are given in Figure 10a–c. Figure 9a shows CNM
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for ωμ 1–11 (ωμ1 through ωμ11) into % LVM contributions for R2, where ’x,’ ’y,’ and ’z’ in the Figure
legends denote translations of the Ar–atom in the x–, y–, and z–directions with respect to the benzene
molecule, as described above. In standard orientation, the Ar···π–hole interaction is in the z–direction.
Correspondingly, the z–component of the three inter-monomer Ar···π–hole LVM parameters represents
the direct Ar···π–hole interaction, i.e., this is the mode which corresponds to the special force constant
ka. It is shown in yellow color in the CMN plots in Figure 10a–c for quick reference.

For R2, ωμ1 through ωμ3 and ωμ8 are all 100% LVM character corresponding to inter-monomer
vibrations, where ωμ3 at 65.1 cm−1 and ωμ8 at 669.0 cm−1 are dominated by the π–hole interaction in
the z–direction, representing the stretching and contraction the argon atom with regard to the center of
the benzene ring. ωμ3 is characterized by the translational motion of the Ar–atom perpendicular to
the plane of the benzene ring, and ωμ8 represents wagging of the six benzene H–atoms towards and
away from the Ar–atom. This mode also perturbs slightly the benzene C–atoms. Movies of the ωμ3

and ωμ8 vibrational modes are shown in the Supplementary Materials, see Table S1 for description.
Collectively, it is all of the vibrations associated with ωμ3 and ωμ8 which are required to accurately
describe the π–hole interaction. These findings clearly emphasize that the special force constant ka as
defined in this work is meaningful.

System 1 consists of 39 ωμ and 39 LVMs, including six parameters describing the inter-monomer
translations Tx, Ty, and Tz and the inter-monomer rotations Rx, Ry, Rz, introduced above, see also
legend in Figure 10a–c. As with CNM for R2, the direct π–hole interaction occurs in the z–direction;
therefore the z–components of the inter-monomer LVMs are of particular interest and and are
represented with a light yellow bar for Tz in Figure 10a,b- and with the darker yellow color for Rz.

The z–components of the inter-monomer LVMs contribute to six of the normal modes: ωμ1

(22.8 cm−1), ωμ4 (89.7 cm−1), ωμ7 (132.6 cm−1), ωμ10 (215.0 cm−1), ωμ16 (375.9 cm−1), and ωμ17

(376.6 cm−1). The Rz LVM composes 87% of ωμ1, with C−F/C−C LVMs accounting for the remaining
13% (Figure 10a). The Rz component is much less significant for the π–hole interaction, but mixing
of C–C, C–F, and Rz contributions to ωμ1 imply this mode likely relates more to the HBs found in 1.
The motion of ωμ1 involves rotation of acceptor H–atoms about the O–atom, parallel to the plane of
the donor ring. Description of ωμ4 in 1 is comparable to ωμ3 of R2, which is translation of the acceptor
molecule in the z–direction. This normal mode is of 100% Tz character. Therefore, it could be used
in experimental spectra as quick identification of the π–hole interaction. The motion of the water
molecule in ωμ4 perturbs the C6F6 slightly; whereas this does not occur in R2. The frequency of the
former is also larger than the latter by 24.6 cm−1.

The ωμ7 contains 46 % Tz character combined with small contributions from the C–F, C–C–F,
and H–O–H LVMs. This mode is comparable to ωμ8 of R2: the z-direction wagging of the aryl
substituents. As with the previous comparison, the wagging motion of the aryl–F atoms perturbs the
acceptor molecule and the aryl C–atoms in 1; this not the case for R2. On the other hand, similarly
to R2, this mode is also important for a full description of the π–hole interaction. Tz accounts for
88% of ωμ10 and describes the translation of the aryl C–atoms in the z–direction. This mode strongly
perturbs the acceptor H2O molecule, and there is no comparable mode to this in R2. The ωμ10 is also
a main component of the π–hole interaction, as the six aryl C–atoms move in phase and therefore
translate the π–hole directly toward the acceptor. The ωμ16 and ωμ17 represent z–rotation of the four
equivalent aryl C–atoms and z–rotation of the two equivalent aryl C–atoms, respectively. Rz compose
16% of ωμ16 and 64% of ωμ17. These modes do not strongly effect π–hole interactions. However, ωμ17

is related to the HBs between acceptor/donor, where the HB acceptor C–atoms rotate in the direction
of the water H–atoms. This explains why the contribution from Rz is much larger for ωμ17. As was
previously mentioned, the HBs with directionality opposite to that of the π–hole interaction effectively
stabilize and increase strength of the π–hole interaction. This relationship is reflected in the CNM
analysis. It is evident that the π–hole interaction in 1 is stronger than in R2 based on the CNM because
the inter-monomer LVMs Tz and Rz of 1 compose more of ωμ, the comparable frequencies are larger
tahnin 1, and the vibrational modes are much more strongly coupled between monomers in 1. Movies
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of the ωμ1, ωμ4, ωμ7, ωμ10, and ωμ17 vibrational modes are shown in the Supplementary Materials,
see Table S1 for description.

3.6.2. Normal Modes Not Related to the π–Hole Interaction

The C6−C1−C2−C3 dihedral mode is the only LVM contributor to ωμ4 through ωμ5 and ωμ9.
Modes 6–7 are composed of mainly angular C−C−C contributions with small components of the
various C−C−H contributions. Mode 10 at 845.0 cm−1 consists of a nearly even mixture of C−C−C
and C−C−H LVM contributions with small (5%) contribution from C6−C1−C2−C3; whereas mode
11 is C−C−H dominant with minor C−C−C, and C−H character. Figure 9b shows decomposition
of ωμ into % LVM contributions for ωμ12 through ωμ22 in R2. Again, the C6−C1−C2−C3 dihedral
is the sole contribution to ωμ12 through ωμ13 and ωμ16. The six C−C LVMs compose ωμ14 and
are the largest components of ωμ18 and ωμ22, with minor components being the C−C−H LVMs.
C−C−C LVMs compose 80% of ωμ15 with C−C−H contributions accounting for the remaining 20%.
At 1126.4 cm−1 through 1155.9 cm−1, ωμ19 through ωμ21 are C−C−H LVM dominant with small
contributions. In Figure 9c, the remaining ωμ (23–33) are decomposed into % LVM contributions for
R2. C−C−H LVMs are the major contributions to ωμ23 through ωμ25: 100% of ωμ23 at 1330.1 cm−1,
nearly 80% of ωμ24 at 1462.7 cm−1, and 76% of ωμ25 at 1462.8 cm−1. C−C LVM contributions steadily
increase from ωμ24 through ωμ27 (1462.7 cm−1 through 1596.9 cm−1), where % LVM contributions
increase from 20 % of the former to nearly 70 % of the latter. The six highest ωμ (28–33) span
3045.2 cm−1 through 3080.4 cm−1 and are composed entirely of C−H LVMs.

ωμ7 (132.6 cm−1) and ωμ11 through ωμ15 (263.0 cm−1 through 307.9 cm−1; see Figure 10a,b) consist
mainly of C−F and C−C−F LVM contributions, with minor contributions from the H2O···π–hole
interaction at 132.6 cm−1 and C−C/C−C−C LVMs at 263.0 cm−1 through 307.9 cm−1. ωμ8, ωμ9, ωμ23,
and ωμ24 are 100% C1−C2−C4−C6 character. ωμ14 and ωμ15 once again have LVM contributions from
the H2O···π–hole interaction of 23% and 64%, respectively. From 431.8 cm−1 to 581.5 cm−1, C−C and
C−C−C LVMs are the major contributions, with C−F and C−C−F LVMs being minor components.
After the C1−C2−C4−C6 modes at 653.5 cm−1 through 733.3 cm−1, ωμ25 is completely C−C−F
character and ωμ26 is largely C−F character with small C−C−F and C−C contributions. Figure 10c
shows ωμ27 through ωμ39 for 1, spanning 992.0 cm−1 through 3811.0 cm−1.The 992.0 cm−1 through
1143.1 cm−1 region is C−F and C−C−F dominant, while ωμ31 at 1240 cm−1, ωμ36 at 1639.3 cm−1,
and ωμ37 at 1639.4 cm−1 are mainly of C−C and C−C−C character. From 1299.8 cm−1 through
1512.0 cm−1 a mixture of C−F, C−C−F, C−C, and C−C−C LVMs compose the ωμ. At 1570.2 cm−1 is
the H2O bending mode, and the H2O stretching modes are at 3710.3 cm−1 (symmetric) and 3811.0 cm−1

(asymmetric). Overall, this discussion shows that the CMN feature offered by the local mode analysis
provides a powerful tool for the detailed analysis of a vibrational spectrum.

4. Conclusions

In this work, the LVM analysis of Konkoli and Cremer was utilized to quantify strength of
π–hole interactions in terms of a special local force constant ka. This is the first work to quantify
π–hole interactions in terms other than distance parameters r and binding/dissociation energies.
Given the fact that the aforementioned parameters are not reliable descriptors of bond strength,
our results provide a much needed perspective on the matter. In addition to quantification of
π–hole interaction strength in terms of ka, this work confirms an interplay between three key factors
which can influence bond strength and can be insightful for the design of materials with specific
properties. The three main factors influencing π–hole interaction strength in systems 1–14 are as
follows: (1) aryl-substituent effects; where F–substituents polarization of aryl C–atoms which will
encourage or discourage interactions between acceptor ligands and the aryl ring. Since these effects
indirectly influence the π–hole interaction by affecting the nature of the aryl ring, aryl substituent
effects are the least significant of the three effects; (2) the nature of the atoms which form the aryl ring,
where presence of nitrogen can substantially increase strength of the π–hole interaction, where the
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more N the better; and (3) Presence of HBs and SBIs between π–hole acceptor/donor, where strength
of the SBI correlates positively with strength of the π–hole interaction. HBs can have a substantial
effect on strength of the π–hole interaction, depending on the directionality; where if the π–hole donor
is the HB acceptor, strength of the π–hole interaction increases. Conversely, if HB donation is in the
same direction as π–hole donation, the π–hole interaction will be weakened substantially. Future goals
are to refine computational ωμ harmonic scaling factors, and to expand this research on aryl π–hole
interactions to a large number of systems, including halogen anions, CO, and OCH –

3 as acceptors.
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The following abbreviations are used in this manuscript:

BE Binding Energy
BSSE Basis Set Superposition Error
CCP Cage Critical Point
CNM Characterization of Normal Modes
CT Charge Transfer
DFT Density Functional Theory
DE Dissociation Energy
ESP Electrostatic Potential
exp Experimental
HB Hydrogen Bond
lp Lone–Pair
LVM Local Vibrational Mode
MP2 Møller–Plesset Perturbation Theory of Second Order
NBO Natural Bond Orbital
NCI Noncovalent Interaction
SBI Secondary Bonding Interaction
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102. Makoś, M.Z.; Freindorf, M.; Sethio, D.; Kraka, E. New Insights into Fe–H2 and Fe–H− Bonding of a [NiFe]
Hydrogenase Mimic – A Local Vibrational Mode Study. Theor. Chem. Acc. 2019, 138, 76.
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