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Supramolecular chemistry is a very active research field that was initiated in the last century [1–4].
It was defined as chemistry beyond the molecule, and the word supermolecule was invented by Lehn [3].
The chemistry beyond the molecule refers to organized entities of higher complexity resulting from
the association of molecules that are held together by noncovalent interactions [5]. The organized
supramolecular entities are built by the formation of various noncovalent forces, which are frequently
working synergistically in the same supramolecular assembly. Therefore, precise control of the
noncovalent interactions is needed to succeed in this field, as exemplified by many regulation processes
in nature.

A deep understanding of noncovalent interactions is necessary to advance in many fields,
especially in crystal growth and crystal engineering [6]. Theoreticians have demonstrated that the
distribution of the electron density around covalently bonded atoms is not isotropic, revealing that the
use of point charges to define the properties of an atom (electron-rich or electron-poor) is not valid [7].
That is, a single atom presents regions of higher and lower electron density, where the electrostatic
potential can be negative and positive, respectively, in some cases. The positive area is usually defined
as a σ- or π-hole, depending on its location. These holes of electron density are responsible for the
formation of attractive interactions with any electron-rich site (anion, Lewis base, π-system, etc.).
The halogen bond can be considered as the prototypical example of σ-hole interaction [8]. After the
emergence of the halogen bond, the interest in σ- and π-hole interactions embracing elements of groups
12–16 [9–13] and 18 [14–17] of the Periodic Table has grown exponentially. Halogen and chalcogen
bonding interactions have already been defined by the IUPAC [18,19]. They are well-recognized
interactions that are used regularly by the scientific community in crystal engineering, supramolecular
chemistry, and catalysis [20]. However, more experimental and theoretical work is probably needed to
extend such a statement to the elements of groups 12–15, acting as Lewis acids.

This issue gathers nine excellent contributions. In reference [21], Alkorta et al. combined
theoretical calculations and a search in the Cambridge Structural Database (CSD) to investigate the
interaction of dinuclear Ag(I) pyrazolates with Lewis bases, as examples of regium bonding [22].
They studied the effect of the substituents and ligands on the aromaticity and found an interesting
relationship between the intramolecular Ag–Ag distance and stability.

In reference [23], Varadwaj et al. studied theoretically the CH3Cl molecule and its complexes with
ten Lewis bases to demonstrate that CH3Cl is a genuine halogen bond donor. They have evidenced
that the electronic charge density distribution around the Cl is anisotropic. The negative belt is able to
participate in halogen, chalcogen, or hydrogen bonding interactions. Moreover, they show that the
positive σ-hole on the Cl atom in CH3Cl is not induced by the electric field of the interacting species, as
previously suggested in the literature. Instead, it is an inherent property of chlorine in this molecule.

In reference [24], Belmont-Sanchez et al. reported the synthesis and X-ray characterization of
several out-of-sphere cadmium complexes with 2,6-diaminopurine. The crystal packing of these
compounds is mostly dominated by H-bonds, which were analyzed by using DFT calculations.

Crystals 2020, 10, 721; doi:10.3390/cryst10090721 www.mdpi.com/journal/crystals1
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Interestingly, the results were in clear contrast with those previously reported for similar complexes
with adenine instead of 2,6-diaminopurine [25]. The factors contributing to such differences are
discussed and rationalized on the basis of the additional exocyclic 2-amino group in 2,6-diaminopurine
compared to adenine.

In reference [26], Kletsov et al. synthesized and X-ray characterized four N-substituted
1,3,5-triazinanes and focused on the crucial role of C–H···π and C–H···O H-bonding interactions
determining their solid-state architecture. Quite remarkable is the fact that the XRD analysis
demonstrated an unprecedented feature of the crystalline structure. That is, the symmetrically
substituted 1,3,5-triazacyclohexanes have two chemically identical sulfonamide N-atoms in different
sp2 and sp3 hybridizations.

In reference [27], Zhang et al. reported the synthesis and X-ray characterization of a cocrystal
formed by hexamethylbenzene (HMB) combined with 1,3-diiodotetrafluorobenzene (1,3-DITFB)
founding an unexpected sandwiched-layer structure. The formation of the alternating layer was further
studied using DFT calculations showing that dispersion forces are very important in the formation of
the HMB layer. In contrast, the formation of the 1,3-DITFB layer is induced by weak but cooperative
C–I···F halogen bonds.

In reference [28], Yannacone et al. studied the nature of π-hole interaction in several fluorinated
aromatic systems focusing on the effect of the substituents and the presence/absence of heteroatoms
in the arene on the strength of the π-hole interaction. Moreover, the authors have also analyzed
cooperativity effects with other interactions like hydrogen bonding.

Inreference[29],Novoa-Ramírezetal. haveusedthirteenligands(N,N’-bis(5-R-salicylidene)ethylenediamine
(where R=MeO, Me, OH, H, Cl, Br, NO2) and (N,N’-bis(5-R-salicylidene)-1,2-phenylenediamine (where R=
MeO, Me, OH, H, Cl, Br) to synthesize and X-ray characterize thirteen nickel complexes. By using Hirshfeld
surface analysis, they showed that their packaging was favored by C···H/H···C interactions, C–H···O hydrogen,
and π-stacking interactions.

This Special Issue also includes two reviews, one written by Tiekink [30], who elegantly describes
the results of a survey of X-ray structures of main group element compounds (M = Sn, Pb As, Sb, Bi and
Te) exhibiting intermolecular M···Se noncovalent interactions. The second review written by Alkorta,
Elguero, and I [31], provides a consistent description of noncovalent interactions, covering most groups
of the Periodic Table. The interactions are described and discussed using their trivial names. That is,
apart from hydrogen bonds, the following noncovalent interactions are described: alkali, alkaline
earth, regium, spodium, triel, tetrel, pnictogen, chalcogen, halogen, and aerogen, thus covering a wide
range of interactions. In this review, the possibility of extending the Cahn-Ingold-Prelog priority rules
to noncovalent interactions is suggested.

In summary, this Special Issue gathers an interesting group of manuscripts devoted to the study
of several types of σ- and π-hole noncovalent interactions and their importance in the solid-state
of different compounds, including biologically relevant ones like diaminopurines, good halogen
bond donors like 1,3-diiodotetrafluorobenzene, and several theoretical investigations devoted to
π-hole interactions in arenes and regium bonds in Ag(I) derivatives. Moreover, two excellent and
comprehensive reviews are published in this collection with the latest advances in noncovalent
interactions that I believe make this Special Issue even more special.

To finish, I wish to thank all authors who have submitted their excellent papers to this Special
Issue and also the reviewers who carefully read them, providing constructive and helpful suggestions
and corrections on all manuscripts. I am especially thankful to the editorial staff at Crystals for their
incredibly fast and professional work, dealing with all manuscripts and the selection of suitable referees.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: In this review, we provide a consistent description of noncovalent interactions, covering most
groups of the Periodic Table. Different types of bonds are discussed using their trivial names. Moreover,
the new name “Spodium bonds” is proposed for group 12 since noncovalent interactions involving
this group of elements as electron acceptors have not yet been named. Excluding hydrogen bonds,
the following noncovalent interactions will be discussed: alkali, alkaline earth, regium, spodium,
triel, tetrel, pnictogen, chalcogen, halogen, and aerogen, which almost covers the Periodic Table
entirely. Other interactions, such as orthogonal interactions and π-π stacking, will also be considered.
Research and applications of σ-hole and π-hole interactions involving the p-block element is growing
exponentially. The important applications include supramolecular chemistry, crystal engineering,
catalysis, enzymatic chemistry molecular machines, membrane ion transport, etc. Despite the
fact that this review is not intended to be comprehensive, a number of representative works for
each type of interaction is provided. The possibility of modeling the dissociation energies of the
complexes using different models (HSAB, ECW, Alkorta-Legon) was analyzed. Finally, the extension
of Cahn-Ingold-Prelog priority rules to noncovalent is proposed.

Keywords: noncovalent interactions; Lewis acids; Lewis bases; spodium bonds; σ/π-hole interactions

1. Introduction

The aim of this review is to present an original, systematic and prospective view of all noncovalent
interactions (NCI). There are several books treating different aspects of NCIs [1–4] but none offers a
unified view of the subject, for instance the term Lewis acid/Lewis base does only appear in the most
recent one [3]. See on this topic a recent conference paper entitled “Some interesting features of the
rich chemistry around electron-deficient systems” [5].

We excluded hydrogen bonds from this survey on NCIs because they are well known and because
the bibliography covering HBs is more extensive than the sum of the references on the other NCIs [6–11].
We also excluded anions and cations limiting this review to neutral molecules.

In the modified IUPAC periodic table of the elements reported in Figure 1, we noted in black all
the NCIs reported up to now and in blue these not yet discussed. A similar representation was used by
Caminati et al. for the front page of their publication [12]. They called the bonds of the groups MB (2),
IB (13), TB (14), NB (15), CB (16), and XB (17) following previous authors.

Crystals 2020, 10, 180; doi:10.3390/cryst10030180 www.mdpi.com/journal/crystals5
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Figure 1. The different noncovalent bonds formed by elements of the Periodic Table. In black are
accepted names, and in blue are the proposed new names. Groups 3 to 9 (in grey) are not included in
this review.

Usually, the bond is associated with the Lewis acidity of a group, this is the case with groups 11,
13, 14, 15, 16, 17, and 18. For groups 1 and 2, besides HBs, the bond is associated to an element, lithium,
sodium and beryllium. We propose to call these bonds Alkali Bonds and Alkaline Earth Bonds (we
used this name very recently) [13]. Although Regium Bonds were used for group 11, we propose to
use it for both 10 and 11 groups. In grey are the atoms corresponding to groups 3 to 9 that we will not
discuss, not that they were unable to form NCIs, but in order not to stretch too much this mini review.

Concerning the rows, we should indicate that Li, Be, B, and C derivatives as Lewis acids have
been more studied than Na, Mg, Al, and Si. On the other hand, P, S, and Cl are better representatives
of their kind of NCIs than N, O, and F. This observation is related to size and to the softness of the
Lewis acid atom that interacts with the Lewis base [14]

Gilbert N. Lewis published his interpretation of acid/base behavior in 1923 [15]; according to him
any species with a reactive vacant orbital or available lowest unoccupied molecular orbital is classified
as a “Lewis acid” [14,16].

A Lewis base (LB) is associated with a region of the space where there is an excess of negative
charge (electron density) in the proximity of an atom or several atoms of a molecule. This happens in
anions and in some neutral molecules, such as lone pairs (LP: carbenes, amines, phosphines, N-oxides,
. . . ), multiple bonds (olefins, acetylenes, benzenes, and other aromatic molecules, . . . ), single bonds
(alkanes, dihydrogen, . . . ), radicals, metals (rare), . . .

A Lewis acid (LA) is associated with a region of the space where there is an excess of positive
charge (a deficit of negative charge, electron deficiency) in the proximity of an atom or several atoms of
a molecule. This happens in cations, σ- and π-holes, metals (frequent), . . . The concepts of σ-hole and
π-hole were introduced by Politzer et al. [17–19] to describe regions of positive potential along the
vector of a covalent bond (σ-hole) or perpendicular to an atom of molecular framework (π-hole).

Some atoms have simultaneously (but in different parts of the space) LB and LA zones due to
their anisotropic distribution of electron density. The same happens for molecules, but in this case,
they correspond to different parts of the molecule. Note that some Lewis acids when interacting with
stronger Lewis acids can behave as Lewis bases [20].
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When an LB and an LA containing atoms or molecules are free to interact (i.e., non restrained
by some geometrical hindrance), they form complexes being their minima or transition states of
different order.

The information on NCIs is mostly based on from crystal structures, microwave (MW) spectroscopy
and theoretical calculations; consequently, they are related to gas-phase and solid state. Since chemistry
is mainly done in solution there is a consistency problem.

Another aspect that is common to all NCIs is cooperativity. The natural evolution of theoretical
studies has been moving from dimer complexes to trimers and longer complexes in search of
cooperativity, both augmentative and diminutive, present in crystal structures.

Definition: Noncovalent interactions are complexes formed by two or several LBs and LAs. It is the
LA that gives the name to the interaction. Dative bonds are included in this definition.

Why were the complexes not named according to the LB? Historically, because all NCI derive
from HBs, i.e., where the H-bond donor is the Lewis acid. More fundamentally, it is because it is not
possible to define families of NCIs based on LB. For instance, all anions are LBs, and anions can be
found all over the Periodic Table. A classification of LBs is given in Figure 2.

 
Figure 2. Lewis bases involved in noncovalent interactions.

The proposed definition allows naming immediately the famous H3N:BH3 complex [21]; since
BH3 is the LA, this is an example of triel bond. The recent controversy Zhou-Frenking/Landis-Weinhold
on the Ca(CO)8 complex [22–24] leads us to propose the classify them as alkaline earth bonds, the CO
being the Lewis bases.

In a recent paper, it is written: “It is well known that alkynes act as π-acids in the formation of
complexes with metals” [25]. If this were correct, then the bond should be a tetrel one; on the other
hand, if the alkyne was the base and the metal (in this case Au) the Lewis acid [14], the bond would be
a regium bond.

This review does not try to discuss the nature of the bonds [26] we classified as NCIs. This
is still a subject not settled [27]. For instance, Mo et al., using the block-localized wave function
(BLW), analyzed the halogen bond [28], concluding that it is a charge transfer (CT) interaction, i.e., an
intermolecular hyperconjugation consistent with Mulliken proposal [29]. The same authors used
the BLW methodology to analyze hydrogen, halogen, chalcogen, and pnictogen bonds, stressing the
magnitude of covalency, directionality, and σ-hole concept [30]. A review by Jin et al. [31] compared the
σ-hole and π-hole bonds based on halogen bonds. Grabowski et al. [32] discussed halogen, chalcogen,
pnictogen, and tetrel bonds as LA-LB complexes.

2. Alkali Bonds

The oldest of NCIs (not including HBs) are the Halogen Bonds that, although not named like
this, were reported in 1948–1950 by Benasi, Hildebrand, and Mulliken [29,33]. Lithium Bonds were
introduced by three great chemists: Kollman, Liebman, and Allen in 1970 [34]. We contributed with a
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paper [35] to this field, where we studied F–Li· · ·N, H–Li· · ·N and H3C–Li· · ·N lithium bonds. The set
of nitrogen Lewis bases consists of two that are sp hybridized (N2 and HCN); five sp2-hybridized bases,
four of which are aromatic (1,3,5-triazine, 1,2,3-triazine, pyrazine, and pyridine), one nonaromatic
(HN=CH2); and three sp3-hybridized bases (NH3, NH2CH3, and aziridine).

There have been two theoretical papers reporting Sodium bonds [36,37] but, so far, none reporting
Potassium bonds. For consistency reasons, we propose to call all of them Alkali bonds. The paper on
sodium bonds reported cooperativity between halogen and sodium bonds in NCX· · ·NCNa· · ·NCY
complexes, where Y = F, Cl, Br, I, and Y = H, F, OH. 15N chemical shifts were used to quantify the
cooperativity [36].

Although we have excluded cations from this review, we would like to report our studies involving
the lithium cation. One characterizing the F–Li+–F lithium bonds [38]; a number of homo-dimer
and hetero-dimer complexes were studied (H3C–F–Li+· · ·F2, H3C–F–Li+· · ·F–H, Cl–F· · ·Li+· · ·F–Cl,
F2· · ·Li+· · · F2, . . . ) and the spin-spin coupling constants (SSCC) calculated. A different approach was
used to study the 1:1 and 2:1 complexes between hydrogen peroxide and its methyl derivatives with
lithium cation in order to find if a huge static homogeneous electric field perpendicular to the magnetic
field of the NMR spectrometer is able to differentiate enantiomers [39].

3. Alkaline Earth Bonds

Initially, this topic started with Beryllium bonds [40,41] and further extended to magnesium and
calcium bonds along Group 2. Kollman, Liebman, and Allen suggested, in 1970, studying H2Be· · ·OH2,
while they explained that HBeF is isoelectronic to HCN [34]. We contributed to this topic starting
with a paper of 2009 entitled “Beryllium bonds, do they exist?” [42]. There, we noted that inorganic
chemists have described BeX2L2 compounds in which X = F, Cl, Br, and L = NH3 and other Lewis
bases (for more recent papers concerning these complexes, see [43,44], and note that they do not call
them beryllium bonds).

Beryllium bonds can modulate the strength of HBs (cooperativity) [45], transform azoles into
gas-phase superacids [46], create σ-holes in molecules that are devoid of them (like CH3OF) [47],
spontaneous production of radicals [48], beryllium based anion sponges [49], etc.

Magnesium bonds were explored later on. Thus, Q. Li et al. studied the H2NLi· · ·HMgX complexes
where X = H, F. Cl, Br, CH3, OH and NH2 that are stabilized though a combination of magnesium
and lithium bonds [50]. Scheiner et al. reported the effect of magnesium bonds on the competition
between hydrogen and halogen bonds [51]. Montero-Campillo et al. discussed the synergy between
tetrel bonds and alkaline earth bonds resulting in weak interactions getting strong [13]. Although
NCI are generally studied in intermolecular complexes, there is a paper describing intramolecular
magnesium bonds in malonaldehyde-like systems [52].

High-level calculations, using the complete basis set (CBS) extrapolation [CCSD(T)/CBS] of
B· · ·BeR2 and B· · ·MgR2 complexes were carried out where B is a LB and R = F, H and CH3 [53]. The
Mg series show smaller electrophilicities than the Be series.

Finally, calcium bonds were studied in comparison with beryllium and magnesium bonds at
producing huge acidity enhancements [54].

Although some authors have started calling them alkaline earth bonds [13,54], its use has still not
become the norm.

4. Regium Bonds

This name (they are also called Metal Coinage Bonds) [55–57] is usually given to Group 11; we
propose to include also group 10 (Ni, Pd, Pt). We cited Pt (group 10), Co, Rh, and Ir (group 9) in a
paper on regium bonds [55], but nobody reports these systems as NCIs.

It is necessary to clearly differentiate clusters (e.g., Au2 or Ag11) (Figure 3) [58] from molecules
(e.g., AuX) [59,60]. Brinck and Stenlid, based on their study of nanoclusters of Cu, Au, Pd, Pt, Rh, . . . ),
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proposed a division of σ-holes, depending on the molecular electrostatic potential, into σs, σp, and
σd-holes [61,62].

 
Figure 3. Coinage metal clusters [55].

The higher the oxidation degree (for instance, Au(III) vs. Au(I)) the more acidic the Lewis acid;
see, for instance, the complex (CF3)3Au· · ·pyridine [63]. We cited Legon in a 2014 paper [64] but did
not define the Cl–Ag· · ·C2H2 complex as a regium bond (Figure 4):

Figure 4. Experimental microwave (MW) structure of complex C2H4· · ·Ag–Cl.

In 2019, several papers were published on regium bonds, from which we have selected the
following four Reference works [65–68].

A comparative study of the regium and hydrogen bonds in Au2:HX complexes was carried out at
CCSD(T) level. In all cases, the regium bond complexes are more stable than HB ones. The binding
energies for regium bonds complexes range between –24 and –180 kJ·mol−1, whereas those of the HB
complexes are between –6 and –19 kJ·mol−1 [65]. Similarly, triel and regium bonds were compared, in
particular they augmentative and diminutive interactions; the calculations were carried out at second
order Møller-Plesset (MP2) perturbation theory [66]. For Cu, Ag, and Au atoms, the aug-cc-pVDZ-PP
pseudopotential was used to account for relativistic effects.

A recent investigation described in detail the synthesis, X-ray characterization, and regium
bonding interactions in a trichlorido-(1-hexylcytosine)gold(III) complex [67]. Moreover, this study
also included an interesting search in the CSD, revealing that this type of noncovalent interaction is
recurrent in X-ray structures and has remained essentially unobserved because of the underestimated
van der Waals radius value tabulated for gold. Figure 5 shows the self-assembled dimer that is formed
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in the solid state of trichlorido-(1-hexylcytosine)gold(III) where two symmetrically equivalent Au· · ·Cl
regium bonds are established.

Figure 5. Self-assembled dimer of trichlorido-(1-hexylcytosine)gold(III) complex. Distance in Å.

Finally, regium bonds formed by MX (M = Cu, Ag, Au; X = F, Cl, Br) with phosphine-oxide and
phosphinous acid were studied comparing oxygen-shared and phosphine-shared complexes. These
complexes were investigated by means of ab initio MP2/aug-cc-pVTZ method [68].

A comparative study of the Lewis acidities of gold(I) and gold (III), specifically ClAu and Cl3Au,
towards different ligands (H, C, N, O, P, S) was carried out at the CCSD(T)/CBS level (an example
of N base is given in Figure 6) [69]. The dissociation energies of the complexes are consistent with
Yamamoto model. This author, in three fundamental papers [70–72], signaled that AuCl3 behaves
preferably as a σ-electrophilic Lewis acid with a η1 hapticity typically towards heteroatom lone pairs,
while AuCl behaves a π-electrophilic Lewis acid with a η2 hapticity typically towards CC double and
triple bonds. Amongst the unexpected findings is that both chlorides open the cyclopropane ring to
afford a four-membered metallacycle and that the benzene complexes can show metallotropic shifts.
Theoretical [73] and experimental [74] papers related to gold-arene structures have been published.
Clearly, this field is one of higher growth in recent times.

Figure 6. Electron localization function (ELF) analysis of the Cl3Au· · ·NCH complex.

The nature of the Au–N bond in Au(III) complexes with aromatic heterocycles led Radenkovic et
al. to the conclusion that they have higher electrostatic than covalent character [75]. AIM analysis
shows that the charge density of the Au–N bond is depleted along the bond path.
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5. Spodium Bonds

As aforementioned, for elements of group 11 acting as electron acceptors, the name of regium
bonds was proposed to define their interaction with Lewis bases. However, for the adjacent Group 12,
the trivial name has not been yet defined. We propose herein to name these bonds “spodium bonds”
because a derivative of the first element of the group (ZnO) is called spodium in Latin. It is important
to emphasize that the interesting and remarkable work of Joy and Jemmis [76] anticipated that metals
of the twelfth group might also participate in noncovalent interactions as Lewis acids. Moreover,
these authors also showed that for groups 3–10, this type of interaction (denoted generically as metal
bonding) is very scarce. In fact, they searched the Cambridge Structural Database (CSD) [77] and could
not find any standard 18-electron transition-metal complexes where the metal participates in a weak
interaction of type X−M· · · :A (A = Lewis Base).

The lack of σ-hole bonding (or metal bonding) in groups 3–10 is due to the fact that the possible
σ-hole on the metal center is screened by the core electrons and diminished charge polarization. This is
explained by the minimal orbital coefficient on the LUMO in the R–M bond (M belonging to groups
3–10). However, for metal complexes of elements of groups 11 and 12 (fully filled d orbitals), highly
diffused valence s and p orbitals can sustain the σ-hole and they are capable to form M–bonds just like
the main-group compounds. One of the first manuscripts describing spodium bonds was published
by Chieh in 1977 [78]. It corresponds to a dichloro-bis(thiosemicarbazide)-mercury(II) complex that
establishes highly directional spodium bonds. It can be clearly observed in Figure 7 that this compound
forms in the solid state infinite 1D supramolecular chains where the electron donor (chlorido ligand) is
located opposite to the polarized Hg–Cl bond at a distance of 3.25 Å that is slightly shorter than the
sum of van der Waals radii (3.30 Å) and significantly longer than the sum of covalent radii (2.39 Å),
thus evidencing the noncovalent nature of the interaction.

Figure 7. Spodium complexes of ZnCl2. Distances in Å. The CSD reference code is indicated.

The nature of the metal· · ·CO bonds in Group 12 metal carbonyl cations was analyzed by Frenking
et al. [79] by studying the geometric and energetic features of their carbonyl complexes, which were
also characterized using several computational tools like NBO and distribution of electron density.
They showed that in Group 12 the M–CO bond strength in [M(CO)n]2+ complexes exhibits the trend
Zn2+ > Hg2 + > Cd2+ and, interestingly, the bond energies are strong for n = 1, 2, moderate for n = 3, 4,
and weak for n = 5, 6. Moreover, they showed that Group 12 carbonyls [M(CO)n]2+ exhibit mainly
coulombic attraction with quite small covalent contributions apart from [Hg(CO)]2+ and [Hg(CO)2]2+

complexes. In contrast, covalent contributions were shown to be significant in the metal carbonyls of
Group 11.

It is worthy to highlight the investigation by Vargas et al. where the synthesis and X-ray
characterization of unprecedented monomeric 16-electron π-diborene complexes of Zn(II) and Cd(II)
are reported, which are good examples of noncovalent spodium bonds [80]. As a matter of fact, stable
π-complexes of d10 transition metals like copper(I) and nickel(0) with olefins are known. However,
such complexes involving d10 Zn(II) are not known because the bond is too weak to generate isolable
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compounds. This fact was explained taking into consideration the limited capacity of elements of
Group-12 for π-back-donation. Vargas et al. overcame this drawback by using neutral diborenes
because this type of compounds exhibits a high-lying π(B=B) HOMO orbital. In fact, they were
able to synthesize in good yields M(II)-diborene (M = Zn, Cd) π-complexes. In addition to their
X-ray characterization in the solid state, they were also detected in solution by NMR and UV-visible
absorption spectroscopy. The M(II) centers are located over the center of the B=B bond and adopt a
trigonal planar geometry almost equidistant to both boron atoms.

6. Triel Bonds

The name of triel bonding was proposed by Grabowski [81] in 2014 to describe the noncovalent
interactions between elements of group 13 and electron rich atoms. However, the LA ability of triel
atoms has been known for a long time [82–87]. In fact, trivalent triel compounds, such as trihydrides
and trihalides, present a strong π-hole due to the empty p orbital, which is perpendicular to the plane
of the molecule. This empty p-orbital determines the high directionality of the triel bonding. Since
2014, a number of experimental and theoretical studies have been published devoted to the study of
the triel bond and its relation to reactivity [88–93]. As an example, in Figure 8, we show the X-ray
structure of the hydrochloride of 4-pyridinylboronic acid, where the anion is located precisely over the
B-atom in line with the location of the π-hole, as shown in the MEP surface (see Figure 8).

 
Figure 8. (a) Molecular electrostatic (MEP) surfaces of 4-pyridinylboronic acid with indication of the
MEP value at the π-hole in kcal·mol−1. (b) X-ray structure of the hydrochloride of 4-pyridinylboronic
acid. The anion is located over the π hole at the boron atom. Distances in Å.

Energetically, the triel bond is very strong and presents highly covalent character. Actually,
Leopold et al. [94] have named these type of complexes as “partially bonded complexes” after
performing a systematic investigation on the geometric features of triel bonding complexes. The
equilibrium distances are intermediate between van der Waals contacts and covalent bonds. It is
interesting to highlight the behavior of triel bonds depending on the state. For instance, the triel
bonding complex between F3B and acetonitrile exhibits a B· · ·N distances that is 2.01 Å in the gas
phase and 1.63 A in the solid state due to cooperativity effects [95].

As a matter of fact, a significant attention has been paid to synergetic effects between triel
bonds and a great deal of interactions, including hydrogen bonding [96], and other σ-hole based
interactions in elements of group 17 [97], group 16 [98], group 15 [99], group 14 [100], and even regium
bonding [66]. In these type of complexes, where two or more interactions coexist, the triel bond is
usually the most favored one. Upon formation of the complex, the trivalent triel atom usually suffers
a large deformation, changing its planar structure to a pseudo-tetrahedral one thus changing to an
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sp3-hybridization. Recently, ‘like-like’ In(III)· · · In(III) interactions was studied by Echeverría [101,102]
in the crystal of trimethyltriphenyl-phosphine-indium. These unprecedented metallophilic interactions
have not been described for the lighter elements of group 13.

7. Tetrel Bonds

A tetrel bond [103] was defined as a noncovalent bond between any electron donating moiety and a
LA atom belonging to Group 14 of elements. The initial investigations were basically theoretical; [104–110]
however, experimental research on TrB has rapidly grown in the last decade. Actually, there are plenty
of examples in the literature reporting experimental [111,112] investigations on tetrel bonding, which
was named as such in 2013 [113–116]. A differential feature of tetrel bonding compared to halogen,
chalcogen and pnictogen bonding interactions is that the charge density distribution on the tetrel atom
is not anisotropic (absence of lone pairs). Moreover, it should be emphasized that the accessibility of
the σ-holes is reduced in tetrels because they are located in the middle of three sp3-hybridized bonds.
The behavior of carbon (also named carbon bonding in some studies) [111] is usually different because
the rest of tetrels has a strong tendency to expand their valence. Indeed, the heavier tetrels tin and
lead, which are commonly seen as metals, have rich coordination chemistry [117–120]. Furthermore,
hypervalent species of silicon and germanium are very common [121–131]. Nevertheless, the heavier
tetrel atoms (Ge–Pb) participate in noncovalent tetrel bonding interactions when they are in a chemical
context avoiding hypervalency, see for instance the SiO12(OH)8 cage in Figure 9 [132,133]. In fact,
since the atomic polarizability increases in a given group of the periodic table on going from lighter to
heavier elements, the stronger interactions in this group are expected for tin and lead [134–136].

 
Figure 9. Left: Molecular electrostatic potential open surface of SiO12(OH)8 cage. Right: A F− ion
encapsulated inside a Tr8O12R8 cage reported by Bauzá et al. [104].

For carbon, tetrel complex can also be understood as the start, [A:· · ·CR3A’] or outcome,
[ATrR3· · · :A’], of an SN2 nucleophilic attack [105] being the transition state an hypervalent specie. Most
of the works on tetrel bonding focus on the heavier atoms leaving “carbon bonding” mostly unstudied.
In an sp3 hybridized electron deficient C atom, such as CF4, there is only a limited space available for
the LB to interact with C due to its small size. In addition, LB gets very close to negative electrostatic
potential of F in CF4. Frontera et al. [107] showed both theoretically and experimentally searching the
CSD [77] that a convenient way to expose theσ-hole is to use cyclic X2C–CX2 structures (X= F, CN) where
the accessibility of the σ-hole increases as the size of the cycle decreases. In fact, the (CN)2C–C(CN)2

motif was found to be highly directional in 1,1’,2,2’-tetracyanocyclopropane/cyclobutane structures.
When sp2-hybridized electron deficient C-atoms are considered (π-hole instead of σ-hole), the

accessibility is not a problem. In this sense, pioneering π-hole interactions were described in 1973
by Bürgi and Dunitz [137,138] in a series of X-ray structural analyses disclosing the trajectory along
a LB or nucleophile predominantly attacks the π-hole of a C=O. More than 20 years later, Egli and
co-workers described the ability of guanosine to interact with the LBs (O-atom of de-oxiribose) and its
importance in the stabilization of Z-DNA form [139].
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8. Pnictogen Bonds

These bonds were first described in 2011 in three papers, one experimental [140] and two
theoretical [141,142]. An authoritative review was published in a book by some of us (Chapter 8:
J. E. Del Bene, I. Alkorta, J. Elguero, The Pnicogen Bond in Review: Structures, Binding Energies,
Bonding Properties, and Spin-Spin Coupling Constants of Complexes Stabilized by Pnicogen Bonds,
191-264) [3,143], and another by Scheiner [144]. Although pnictogen bonds are, after halogen bonds,
the most studied weak interaction, these bonds have been treated in a reduced number of books and
reviews [103,143]. Grabowski classified them as tetrahedral Lewis acid centers [103]. Legon discussed
these bonds in an article called “ Tetrel, pnictogen and chalcogen bonds identified in the gas phase
before they had names: a systematic look at noncovalent interactions” [57].

They are also called “pnicogen bonds” but the pnictogen name should prevail. Similar to halogen
bond, pnictogen bond is also a noncovalent interaction. In pnictogen-bond complex, pnictogen atoms
(Group VA elements) act as Lewis acid, which can accept electrons from electron donor groups.

Legon pointed out that tetrel, pnictogen, and chalcogen bonds were known in the gas phase
(mainly by this author, using rotational spectroscopy) before they had names [56]. Recently, the
gas-phase structure of a pnictogen-bonded compound was determined (Figure 10) [145].

 
Figure 10. The nitromethane· · · trimethylamine pnictogen complex [145].

One of our main contributions to pnictogen bonds are the EOM/CCSD calculations, made by J. E.
Del Bene, of 31P coupling constants through the pnictogen bond, we called npJ(X-31P) [142]. Of our
papers concerning pnictogen bonds, we have selected the following eight ones [146–153]. Most of
these papers were calculated at the MP2/aug’-cc-pVTZ basis set. We and others have found that FPH2

and related YPH2 (Y = H, OH, OCH3, CH3, NH2) and FH2X (X = P, As) are strong and directional
Lewis acid especially suited for theoretical studies [154–156]. Highly acidic heteroboranes yield strong
pnictogen bonds [157].

Li, McDowell et al. have shown that upon protonation, the binding distance of the
pyridine-(4)-PH2· · ·NH3 & PH3 complexes becomes shorter and the interaction energy is more
negative. This shows that the pnictogen bond is strengthened by the protonation of the N atom of
pyridine [158]. P· · ·π and π-hole pnictogen bonds have been studied [159,160] and the Cl3P· · ·C6H6

complex studied experimentally by FTIR spectroscopy (Figure 11) [159]. Two important papers have
been published, one on the catalysis by pnictogen bonds where there is a distinction between PH2F
σ-hole vs. PO2F π-hole [161], and the other of supramolecular structures using triple pnictogen
bonds [162].
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Figure 11. The Cl3P· · · benzene complex [159].

Complexes H2XP· · ·NXH2 (X =H, CH3, NH2, OH, F, Cl) presenting P· · ·N pnictogen bonds show
stabilization energies between 8 and 39 kJ·mol−1 [146]. 31P chemical shieldings and 1pJ(N-P) SSCC
across the pnictogen interaction were calculated. The last ones exhibit a quadratic dependence on the
N–P distance for complexes H2XP· · ·NXH2, similar to the dependence of 2hJ(X–Y) on the X–Y distance
for complexes with X–H· · ·Y hydrogen bonds.

The study the influence of F−H· · · F hydrogen bonds on the P· · ·P pnictogen bond in complexes
nFH· · · (PH2F)2 for n = 1− 3 shows that the formation of F−H· · · F hydrogen bonds leads to a shortening
of the P−P distance, a lengthening of the P−F distance involved in the hydrogen bond, a strengthening
of the P· · ·P interaction, and changes in atomic populations [147]. 31P chemical shieldings, and 1pJ
(P−P) coupling constants were calculated.

Pnictogen-bonded cyclic trimers (PH2X)3 with X = F, Cl, OH, NC, CN, CH3, H, and BH2 have
been computed (Figure 12) [148]. Most of these complexes have C3h symmetry and binding energies
between −17 and −63 kJ·mol−1. The NMR properties of chemical shielding and 31P–31P coupling
constants have also been evaluated.

 
Figure 12. Laplacian of the electron density on the molecular plane of the trimer of (PH2Cl) [148].

Three papers have been reported comparative studies of different NCIs. In the first one [149].
the influence of substituent effects on the formation of P· · ·Cl pnictogen bonds or halogen bonds
was assessed. There, the potential energy surfaces H2FP· · ·ClY for Y = F, NC, Cl, CN, CCH, CH3,
and H were explored finding three different types of halogen-bonded complexes with traditional,
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chlorine-shared, and ion-pair bonds. Two different pnictogen-bonded complexes have also been
found on these surfaces. In the second one [153], ab initio calculations were carried out in search of
equilibrium dimers on (XCP)2 potential energy surfaces, for X = CN, Cl, F, and H. Five equilibrium
dimers with D∞h, C∞v, Cs, C2h, and C2 symmetries exist on the (ClCP)2 potential energy surface, four on
the (FCP)2 and (HCP)2 surfaces, and three on the (NCCP)2 surface. These dimers are stabilized by
traditional halogen, pnictogen, and tetrel bonds, and one of them by a hydrogen bond. Finally, Resnati
et al. reported an example of a cocrystal where a pnictogen bond prevails over halogen and hydrogen
bonds [163].

Another paper reported studies on P(V) complexes [150]. Pnictogen-bonded complexes
HnF5–nP· · ·N-Base, for n = 0–5 were studied (two illustrative examples are given in Figure 13). The
computed distances and Fax−P− Feq angles in complexes F5P:N-base are consistent with experimental
CSD data [77]. All of the complexes with PF5, PHF4, PH4F, and PH5 have C4v symmetry, which is the
same symmetry as that of the Berry transition structures of the monomers which lead to the exchange
of axial and equatorial atoms.

 
Figure 13. (a) Laplacian of the electron density on the molecular plane of H5P· · ·NCLi complex; (b)
F5P· · ·NCF complex [150].

An ab initio study of the hydration process of metaphosphoric acid shows the importance of the
pnictogen interactions [151]. This work was carried out at the MP2/6-31+G(d,p) and MP2/aug-cc-pVTZ
computational levels. Up to three explicit water molecules have been considered. The inclusion of
more than one water molecule produces important cooperative effects and a shortening of the O· · ·P
pnictogen interaction simultaneously the reaction barrier drops about 50 kJ mol−1.

A general study of several kinds of NCIs was carried at the MP2/aug-cc-pVTZ computational
level. In this paper [152], the dissociation energies De of 250 complexes B· · ·A composed of 11 Lewis
bases B (N2, CO, HC≡CH, CH2=CH2, C3H6, PH3, H2S, HCN, H2O, H2CO, and NH3) and 23 Lewis
acids (HF, HCl, HBr, HC≡CH, HCN, H2O, F2, Cl2, Br2, ClF, BrCl, H3SiF, H3GeF, F2CO, CO2, N2O,
NO2F, PH2F, AsH2F, SO2, SeO2, SF2, and SeF2) can be represented to good approximation by means of
the equation De = c’NBEA, in which NB is a numerical nucleophilicity assigned to B, EA is a numerical
electrophilicity assigned to A, and c’ is a constant, conveniently chosen to have the value 1.00 kJ mol−1.
The 250 complexes were chosen to cover a wide range of noncovalent interaction types, namely: (1)
the hydrogen bond; (2) the halogen bond; (3) the tetrel bond; (4) the pnictogen bond; and (5) the
chalcogen bond.

Diederich orthogonal interactions (N:· · ·O2N) are pnictogen bonds when there is a nitrogen lone
pair acting as the Lewis base and a nitrogen atom of the nitro group acting as the Lewis acid [164–166].
These interactions have been used by us [167–170] and by others to explain some experimental
observations [171]. A theoretical paper entitled “Orthogonal interactions between nitryl derivatives
and electron donors: pnictogen bonds”; in this paper complexes from nitryl derivatives (NO2X,
X = CN, F, Cl, Br, NO2, OH, CCH, and C2H3) and molecules acting as Lewis bases (H2O, H3N,
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CO, HCN, HNC and HCCH) have been obtained at the MP2/aug-cc-pVTZ computational level; a
search in the CSD database [77], was carried out, showing a large number of similar interactions in
crystallographic structures.

9. Chalcogen Bonds

These bonds have received less attention than the pnictogen bonds, probably due to the fact that
P is in chemistry and in biochemistry more important than S. In addition, note that 31P is a very good
nucleus for NMR (spin 1/2, natural abundance 100%) and 33S a “bad” one (spin 3/2, natural abundance
0.76%). For books and reviews on chalcogen bonds, see [172–175].

The name “chalcogen bond” was introduced in 2009 by Wang, Ji and Zhang [176]. But papers
discussing these NCIs were long known [177–181]. In particular, Gleiter et al. [181] investigated the
intermolecular interactions between two molecules containing group 16 elements. The strength of this
interaction increases steadily when going from O via S to Se and reaches its maximum for Te. Addition
of electron-withdrawing substituents increases the strength of the bond. S· · · S contacts in thioamides
have been studied both experimentally (charge densities) and theoretically [182].

Since most molecules have several kinds of atoms, and since all atoms can be Lewis acids, then,
confronted with a Lewis base, several types of NCIs can be formed. For this reason, many papers
have been devoted to the competition between some combination of hydrogen, alkaline-earth, tetrel,
pnictogen, chalcogen, and halogen bonds [157,183–190]. Curiously, although the nature of the base can
change the nature of the most stable acid, none of these publications reported an inversion of acidity.
Huynh electronic parameter and its correlation with Hammett σ constants were determined for neutral
chalcogen donors [187].

More interesting are the papers reporting cooperative (augmentative) effects where a NCI
is reinforced by another NCI, to the point to reach extraordinary values of gas-phase acidity or
basicity [191,192].

Although most chalcogen bonds are related to intermolecular situations, a few correspond
to intramolecular situations, e.g., to 1,8-disubstituted naphthalenes [193,194]. Other interesting
topics related to chalcogen bonds are their use in chiral recognition [195], chalcogen-bonding
catalysis [196], and the use by Diederich of benzo[c][1,2,5]thiadiazoles and benzo[c][1,2,5]telluradiazoles
to build up capsule dimers [197], followed by a study of “2S-2N” squares formed by
benzo[c][1,2,5]thiadiazoles [198].

10. Halogen Bonds

Halogen bonding is a σ-hole interaction of type R–X· · · :A (X = any element of group 17 including
astatine [199]); that is currently experiencing a significant interest in the field of supramolecular
chemistry [200–204]. It is the most directional interaction [205] of the σ-hole family, and it can be
easily tuned by selecting the type of halogen atom involved (X = I>Br>Cl>> F) [206,207] and nature
of the substituent R. This tunability facilitates the rational design of X-bonded catalysts [208,209]
and supramolecular synthons to be utilized in crystal engineering [210–212]. The distribution of the
electron density in a covalently bonded halogen atom is anisotropic. That is, it shows a region of
positive electrostatic potential [213] along the extension of the covalent bond that confers it the ability
to act as Lewis acid (i.e., halogen bond donor) [214]. Moreover, it also has a region of negative potential
(negative belt) associated to the electron lone pairs conferring it the possibility to act as an electron-rich
halogen bond acceptor (Lewis base) [215]. Recently, the X–Bond interaction was used in the field of
molecular machines [216–218] providing a new dimension to this interaction. In addition, regarding
its counterpart (Lewis base), it was recently demonstrated that transition metal complexes can act as
halogen bond acceptors [219–221]. Clark [222,223] and Hobza [224,225] related the strength of halogen
bonding to the so-called “polar flattening”.

Several excellent reviews [181,201,202,226] and books [33,227] are available in the literature
describing most aspects of halogen bonding; therefore, only some general features are commented
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herein briefly. Halogen bonding is comparable in strength [228] to the ubiquitous hydrogen bond,
however, more sensitive to steric effects because the σ-hole is located in a small region of the van der
Waals surface along the extension of the R–X bond. A differentiating feature is that the H-bond can be
only tuned varying the nature of R and the halogen bond can be tuned varying both R and X. The
nature of the X-bond is still under discussion in the literature [229,230]. Note that most theoretical
studies propose that an important contribution comes from the stabilization due to donor-acceptor
orbital interactions. That is, a filled π or n orbital from the Lewis basic site donates electron density to
the antibonding R–X sigma bond orbital [231–233]. Other important contributions are electrostatic
effects, polarization in heavy halogens, and dispersion forces that depend upon on the nature of both
the Lewis acid and Lewis base [234]. Finally, Kozuch and Martin used halogen bonds as benchmarks
for theoretical analyses of wave methods and DFT methods [235].

11. Aerogen Bonds

A noble gas (or aerogen) [236] bond (NgB) was recently defined as: the interaction between an
electron rich atom or group of atoms and any element of Group-18 acting as electron acceptor [237]. While
reports on π,σ-hole interactions involving atoms of groups 14 to 17 as LA have exponentially grown in
recent years, investigations on experimental aerogen bonding are scarce. One of those was reported
by Schrobilgen’s group [238], where they synthesized and X-ray characterized several xenon salts
[N(C2H5)4]3 [X3(XeO3)3] X = Cl, Br. These salts form three aerogen bonding interactions with the
halides by using the three σ-holes opposite to the O=Xe bonds. Similar behavior was observed by
Goettel et al. [239] in their investigation of a series of XeO3 adducts with nitriles since they also form
three aerogen bonds in the solid state.

In Figure 14, two X-ray structures are represented where the XeO3 establishes three
concurrent aerogen bonds with pyridine N-atoms [232]. These aerogen bonds are shorter for the
p-dimethylaminopyridine Lewis base due to its stronger basicity compared to pyridine.

 
Figure 14. Aerogen bonging interactions in two XeO3 adducts (CSD refcodes VIFKUT and VIFLEE [77]).
Aerogen bonds are represented as black dashed lines.

Britvin et al. also demonstrated the tendency of xenon(VI) to form oxide structures synthesizing
K4Xe3O12, an unprecedented perovskite based on xenon. Its importance is due to the fact that xenon is
the only p-block element that forms perovskite frameworks by using a single cation (K+). Remarkably,
the authors showed that aerogen bonds are the NCIs that preserve the structural integrity of the
perovskite. It is interesting to highlight that these compounds are explosive and the aerogen bonds
have been proposed to be the trigger bonds responsible for the detonation [240,241].

Several computational works studied this interaction energetically and geometrically, including
its physical insights [242–253]. Interestingly, the effect of increasing the pressure (up to 50 GPa) on
the aerogen interactions in XeO3 was also analyzed, resulting in O-hopping along the noncovalent
Xe–O· · ·Xe aerogen bonds, resembling H-hopping commonly observed in hydrogen bonds [254].
Moreover, cooperativity effects in aerogen bonding clusters were studied [255] and the interplay with
other interactions, as well [256–259].
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12. Other Bonds

Cation-π and anion-π (or lone pair-π) [260,261] and even π-π stacking between a π-excessive and
π-deficient aromatic rings (Figure 15) can be classified as LA/LB complexes (the Lewis acids being the
cation and the hexafluorobenzene and the Lewis bases the anion, the lone pair and hexamethylbenzene)
could be classified as tetrel bond since the carbon atoms act like LA (in the case of C+ it depends
on its nature, i.e., C = Na should be an alkaline bond). However, we have decided not to force our
systematization running against practices shared by the scientific community.

 
Figure 15. Cation-π, anion-π, lone pair–π and π-π stacking.

13. Modeling

The use of statistical methods to establish extra-thermodynamic relationships [262] for discussing
values obtained by quantum methods presents the problem that they have no error, unlike experimental
values; note that, without error, no statistical methods can be applied. In spite of this flaw, regression
analysis is currently applied to values without error [263].

Two kinds of models are most commonly used: geometrical models like the Hammett, Taft,
Grunwald-Winstein equations and the models subjacent to the HSAB (Hard Soft Acid Base)principle.
Since we are dealing with Lewis acids and bases, it would be interesting to write a quantitative model
that corresponds to hard-hard and soft-soft interactions being strong and hard-soft/soft-hard being
weak. We are aware of Mayr et al. criticism of HSAB [264] but note a paper of 2002 by Chandrakumar
and Pal entitled “A systematic study on the reactivity of Lewis acid-Base complexes through the local
Hard-Soft Acid-Base principle” [265] where they succeed in calculating correctly the interaction energy
of complexes using a HSAB model (not cited by Mayr in 2011). A quantitative version of the HSAB
principle is Drago’s ECW model [266,267].

Alkorta and Legon in two papers, which are (i) “Nucleophilicities of Lewis bases B and
electrophilicities of Lewis acids A determined from the dissociation energies of complexes B· · ·A
involving hydrogen bonds, tetrel bonds, pnictogen bonds, chalcogen bonds and halogen bonds” and (ii)
“Noncovalent interactions involving alkaline-earth atoms and Lewis bases B: An ab initio investigation
of beryllium and magnesium bonds, B· · ·MR2 (M = Be or Mg, and R = H, F or CH3”) use geometrical
models to analyze De (equilibrium dissociation energies) in function of kσ (quadratic force constants)
or NB (nucleophilicity of the Lewis base, B) plus EA (electrophilicity of the Lewis acid): De = a0 +

aijNBEA [53,152].
Steric effects are inexistent for protonation in the gas-phase due to the small size of the proton

and appear in solution due to solvation, for example, by water molecules [268,269]. For HBs, steric
effects have been found, but they are weak or inexistent [270–273]; on the other hand, steric effects are
important in NCIs giving yield to a new concept, that of “Frustrated Lewis Pairs” (FLP) [274–278].
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14. Application Con Cahn-Ingold-Prelog Rules to Complexes Formed by Weak Interactions
(Including Hydrogen Bonds)

For all the situations where the Cahn-Ingold-Prelog priority rules apply for covalent and
coordinative structures (ligancy four, axial, planar, . . . ) [279,280], the priority rules also apply
for noncovalent complexes [281,282]. This is particularly useful for crystal structures.

15. A General Definition for Weak Interactions (Including HBs)

A weak interaction between a Lewis acid and a Lewis base is established if the stabilizing forces
(electrostatic, dipole-dipole, covalent, . . . ) overcome the repulsion forces (steric). It is not necessary
that the complex should be the lowest minimum; it suffices that there is a barrier between the complex
and other minima of lower energy.

16. Summary and Outlook

The number and quality of recent references prove that NCIs are a topic of great and increasing
interest. However, as the analysis of the authors of these references show, they belong to a reduced
number of groups proving that NCIs are still not part of the large community of chemists. We hope
this review will contribute to their diffusion and general acceptance.

A systematic naming resulting from identifying the interaction referring to the Group of the
periodic table is very convenient for the sake of unambiguousness. Basically, all donor-acceptor
noncovalent interactions can be identified by the element acting as the electrophile. This criterion has
been already adopted by the IUPAC for the definition of hydrogen, halogen, and chalcogen bonds.
This can be systematically applied to attractive interactions formed by the elements of Groups 1, 2,
10–18 and also to transition metals in a near future. Other names used in the literature like lithium
bond, bromine bond or carbon bond can be considered sub-classes of alkali metal bond, halogen
bond, and tetrel bond, respectively. Other interactions, like π–π stacking, lp–π, or anion–π interactions
involving heteroaromatics, cannot be included in this systematic nomenclature. In contrast, the
cation–π interaction could be classified using this nomenclature by using the name of the group to
which the cationic element belongs.

It can be predicted that more gas-phase MW structures will be determined in a not so-distant
future. Organometallic chemists will report new structures of the regium and spodium classes. Other
future developments will be attached to the biological importance of the NCIs.
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Abstract: The results of a survey of the crystal structures of main group element compounds (M= tin, lead,
arsenic, antimony, bismuth, and tellurium) for intermolecular M· · · Se secondary bonding interactions
is presented. The identified M· · · Se interactions in 58 crystals can operate independent of conventional
supramolecular synthons and can sustain zero-, one-, two, and, rarely, three-dimensional supramolecular
architectures, which are shown to adopt a wide variety of topologies. The most popular architecture
found in the crystals stabilized by M· · · Se interactions are one-dimensional chains, found in 50% of the
structures, followed by zero-dimensional (38%). In the majority of structures, the metal center forms a
single M· · · Se contact; however, examples having up to three M· · · Se contacts are evident. Up to about
25% of lead(II)-/selenium-containing crystals exhibit Pb· · · Se tetrel bonding, a percentage falling off to
about 15% in bismuth analogs (that is, pnictogen bonding) and 10% or lower for the other cited elements.

Keywords: secondary bonding; supramolecular; crystal engineering; tetrel bonding; pnictogen bonding;
chalcogen bonding; selenium; structural chemistry; main group elements

1. Introduction

The term “chalcogen bonding” has only relatively recently been incorporated in the crystallography
lexicon [1] and refers to a non-covalent interaction featuring a Group VI element, for example and relevant
to the present bibliographic survey, selenium, functioning as an electrophilic center [2–4]. The current use
of the term “chalcogen bonding” notwithstanding, such interactions have long been recognized in the
chemical crystallography community [5–7] but under the guise of “secondary bonding” [7]. Secondary
bonding encompasses a range of bonding circumstances such as classic Lewis acid/Lewis base interactions
occurring between a metal center, such as a main group element (or p-block element), acting as the acid,
and a lone-pair of electrons residing on the Lewis base. The non-covalent binding between atoms under
these circumstances, being electrostatic in nature, is in keeping with expectation, that is, opposites attract.
More perplexing are those contacts occurring between two ostensibly electron-rich species such a low-valent
main group element, that is, having a lone-pair of electrons interacting with an electron-rich element
such as selenium. In the structural chemistry of selenium, a very early example of the discussion of the
latter type of interaction, that is, an intermolecular Se· · ·O contact between electron-rich species, and
the description of the supramolecular assembly stabilized by this interaction, was reported in 1972 [8],
and is now classified as a chalcogen bond. The rationale for the formation of chalcogen bonds and indeed,
for example, allied tetrel, pnictogen and halogen bonding interactions in which a Group XIV, XV, and XVII
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element, respectively, functions as the electrophilic center, revolves around the concept of a polar cap or
σ-hole [9–14]. Very briefly, a σ-hole refers to an electron-deficient region at the extension of a covalent bond
or at the tip of a lone-pair of electrons, which is available, being a pseudo Lewis acidic site, for interaction
with an electron-rich region, such as a lone-pair of electrons, of a participating species. Examples of both
types of interaction scenarios between a main group element and selenium are found herein and, therefore,
the generic term “secondary bonding” is employed throughout. However, the purpose of this present
review of the relevant structural data is not to evaluate bonding considerations, rather to highlight the
prevalence of M· · · Se secondary bonding and the supramolecular architectures they sustain. The present
literature survey was conducted in continuation of a long-held interest in secondary bonding and the
supramolecular patterns stabilized by these interactions [15–23], and is aimed at summarizing all of the
known M· · · Se supramolecular contacts operating in the crystals of main group element species with
M = tin, lead, arsenic, antimony, bismuth, and tellurium, and to provide comprehensive descriptions of
the supramolecular aggregates arising from these in a consistent fashion.

2. Methods

In the present analysis of the crystallographic literature, the Cambridge Structural Database (CSD;
version 5.41) [24] was searched employing ConQuest (version 2.0.4) [25] for M· · · Se contacts in crystals
based on a distance criterion, that is, the separation between the respective main group element (M = tin,
lead, arsenic, antimony, bismuth, and tellurium) and selenium had to be equal to or less than the sum
of the respective van der Waals radii being 1.90 Å for selenium, 2.17 and 2.02 Å for tin and lead, 1.85,
2.00, 2.00 for arsenic, antimony, and bismuth, and 2.06 Å for tellurium [25]. In addition, general criteria
were applied; structures with R > 0.100 were excluded along with disordered structures and polymeric
species. All retrieved structures were manually evaluated to ensure that the putative M· · · Se interaction
was operating independently of other supramolecular synthons, such as conventional hydrogen bonding.
All crystallographic diagrams are original, being generated with DIAMOND [26].

3. Results

The following gives an outline of the supramolecular association formed between selenium and, in
turn, the main group elements, M = tin, lead, arsenic, antimony, bismuth, and tellurium, as revealed by
X-ray crystallography. Traditionally, when searching for structures with secondary bonding interactions [7],
such as A-D· · ·M in the present analysis where D = Se, contacts between the two elements occurring at
distances longer than the assumed sum of the covalent radii but, less than the sum of the van der Waals
radii are identified. In this scenario, the angle at the selenium atom might be expected to be close to 180◦.
However, this is an oversimplification for two key reasons. Firstly, if the donor is selenium(II), as in the
majority of the structures described herein, there are two lone-pairs of electrons available for binding
to M; for selenium(IV), there is one lone-pair. In addition, the selenium atom may be bound to two or
more other atoms; for example, the interaction might be of the type A2Se· · ·M, A3Se· · ·M, and so on.
In these ways, the A-D· · ·M contact is distinct from a conventional hydrogen bonding interaction or an
analogous halogen bonding interaction. In instances where the selenium-bound lone-pair of electrons is
assumed to interact with the σ-hole of the main group element-bound lone-pair of electrons, as appears to
be the case in most of the examples discussed in 3.1–3.6, the lone-pair may not necessarily be diagonally
opposite to a covalent bond. It is for these reasons, that is, the influence of the bonding circumstances
and the variable coordination geometries of the donor and acceptor atoms, angular information is not
included in the descriptions of the structures. The identified M· · · Se contacts occur independently of
other obvious supramolecular association such as hydrogen bonding interactions. The supramolecular
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aggregation patterns are discussed in the order zero-, one-, two-, and three-dimensional. Within each
category, mononuclear species are described before binuclear species, etc.

3.1. Tin Compounds Featuring Sn· · · Se Interactions in their Crystals

There are 13 compounds featuring Sn· · · Se secondary bonding interactions in their crystals, 1–13,
and the chemical structures for these are shown in Figure 1. The aggregation patterns involve both tin(II)
and tin(IV) centers and encompass zero-, one- and, two, and three-dimensional architectures.

Figure 1. Chemical diagrams for tin compounds 1–13. The atoms participating in the Sn· · · Se interactions
are highlighted in blue.

The first three structures to be discussed have rather complicated compositions, but the supramolecular
association between the interacting species is relatively simple, leading to zero-dimensional aggregates in
each case. In 1 [27], comprising interacting cations and anions, the former contains a central Sn3Se3 core
capped by a μ3-Se atom forming bonds to the each of the three tin atoms of the core, and the counter-anion
is [SnCl3]−. The tin(II) atom of the latter forms three Sn· · · Se interactions to the three μ2-Se atoms of the
cyclic core of the cation to form the zero-dimensional aggregate illustrated in Figure 2a. The interacting
species in 2 [28] is the [NaSn12O8Se6]3− tri-anion and this self-associates about a center of inversion to
form a dimeric aggregate mediated by two Sn· · · Se interactions as shown in Figure 2b. A three-molecule
aggregate is observed in ionic 3 [29], Figure 2c. The non-symmetric, di-cation comprises of two bridged
Sn3Se4 cores, similar to that seen in 1, and again similar to 1; one μ2-Se atom of each core associates via a
Sn· · · Se interaction with a tin(II) atom derived from a [SnCl3]− anion.
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Figure 2. Supramolecular aggregation via Sn· · · Se secondary bonding in (a) 1 {UJAZIQ; d(Sn· · · Se) = 3.76,
3.79 & 3.90 Å}, (b) 2 {PUZCUI; 3.84 Å}, (c) 3 {BIFCAX; 3.64 & 3.81 Å}, (d) 4 {BELCUS; 3.65 Å}, (e) 5 {RESTER;
3.77 Å}, (f) 7 {LEVLEE; 3.88 Å}, (g) 8 {TORPOG; 3.86 Å}, (h) 9 {WUSWOY; 3.79 Å}, and (i) 10 {MESESN; 3.77
& 3.91 Å and 3.84, 3.93 & 3.98 Å}. Color code in this and subsequent diagrams: main group element, brown;
selenium, orange; chloride, cyan; fluoride, plum; oxygen, red; nitrogen, blue; and carbon, gray.

Seven of the tin compounds self-associate to form one-dimensional chains in their crystals, adopting
varying topologies and numbers of Sn· · · Se interactions sustaining the chains. Compound 4 [30], the first
example of a neutral compound and one containing a tin(IV) center, was investigated in terms of
systematically varying the substitution pattern in molecules of the formula (2-MeSeC6H4CH2)Sn(Ph)3–nCln,
and ascertaining supramolecular association patterns. In the case of 4, that is with n = 2, molecules
self-associate into a helical chain (21 screw symmetry) via Sn· · · Se interactions, as shown in Figure 2d.
The next two chains involve the association between tetra-anionic species, [Sn2(μ2-Se)2Se4]4−, but the
Sn· · · Se interactions involve the non-charged μ2-Se atoms. The compositions of 5 [31], Figure 2e, and 6

([32]; SEKYEN) differ in the nature of the counter-cations. The tetra-anion in 5 is disposed about a center of
inversion and is connected to centrosymmetrically related aggregates via two Sn· · · Se interactions and
{Sn· · · Se}2 synthons to form a linear, supramolecular tape. Essentially the same arrangement is observed in
6 where the Sn2Se2 core lies on a mirror plane and is disposed about a center of inversion; the Sn· · · Se
separation is 4.02 Å. The neutral, cyclic compound 7 [33], is disposed about a center of inversion and also
connects into a linear, supramolecular tape via Sn· · · Se interactions involving the μ2-Se atoms, Figure 2f.
Binuclear 8 [34], where the tin(IV) atoms are bridged by a butyl chain, is disposed about a center of
inversion and associates with inversion related molecules via {Sn· · · Se}2 synthons, Figure 2g. In 9 [35],
designed as a volatile synthetic precursor for SnSe nanomaterials, the tin(IV) atom lies on a 2-fold axis of
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symmetry, a variation occurs in that the tin atom accepts two Sn· · · Se interactions from a symmetry related
molecule also on the 2-fold axis to form a twisted chain, Figure 2h. The crystallographic asymmetric unit
of 10 comprises of two independent five-membered (Me2Sn)3Se2 rings and these form distinct Sn· · · Se
interactions [36]. For the first independent molecule, only two of the constituent tin(IV) atoms, that is,
the two tin atoms bonded to each other each forms a Sn· · · Se interaction and one of the selenium atoms
forms two contacts. In the second independent molecule, each of the tin(IV) atoms forms a single Sn· · · S
interaction, one selenium atom forms one contact and the other selenium atom participates in two Sn· · · Se
interactions. In the crystal, alternating independent molecules assemble into a chain, forming comparable
Sn· · · Se interactions involving the bonded tin atoms connecting to the selenium atoms that form two
Sn· · · Se contacts. Centrosymmetrically related chains associate via {Sn· · · Se}2 synthons involving the
second independent molecule only. The resultant double-chain is illustrated in Figure 2i.

The remaining three tin structures assemble into higher-dimensional arrays. In binuclear and
centrosymmetric 11 [37], designed as a precursor for the chemical vapor deposition of SnSe nanomaterials,
each of the tin(II) atoms forms a single Sn· · · Se interaction as does one of the two independent
selenium atoms. As these extend laterally, a two-dimensional array results with a corrugated topology,
as seen in the views of Figure 3a. In binuclear 12 [38], the molecule is disposed about a 2-fold axis of
symmetry and has a twisted, U-shape. Each of the tin(IV) and selenium atoms participates in a Sn· · · Se
interaction to form the corrugated array of Figure 3b.

Figure 3. Supramolecular aggregation via Sn· · · Se secondary bonding in (a) 11 {ZOPWIK; d(Sn· · · Se) =
3.62 Å}, (b) 12 {UCOREJ; 4.01 Å}, and (c) 13 {HMCTSS; 4.01 Å}. Additional color code: silicon, olive-green.
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The cyclic, trinuclear molecule (Me2Sn)3Se3 in 13 [39] has one pair of the diagonally opposite tin(IV)
and selenium atoms lying on a 2-fold axis of symmetry, with the ring-atoms not lying on the axis each
participating in a single Sn· · · Se interaction. These interactions extend in three-dimensions to consolidate
the molecular packing, Figure 3c.

3.2. Lead Compounds Featuring Pb· · · Se Interactions in Their Crystals

There are seven lead compounds satisfying the specified search criteria, 14–20, and the chemical
diagrams for the interacting species in these are shown in Figure 4. The common feature of each structure
is the +II oxidation state for the lead atom so all Pb· · · Se interactions can be classified as tetrel bonding
interactions. Three of the molecules self-associate to form zero-dimensional aggregates and the remaining
examples form one-dimensional chains in their crystals.

 
Figure 4. Chemical diagrams for lead compounds 14–20.

The first aggregate is the centrosymmetric dimer formed by 14 [40] which was developed as a precursor
for the chemical vapor deposition (CVD) of PbSe nanoparticles. As shown in Figure 5a, molecules associate
through two Pb· · · Se interactions via a {Pb–Se· · · }2 synthon. A similar {Pb–Se· · · }2 synthon is found
in 15 [41], Figure 5b, but the dimeric aggregate has crystallographic 2-fold symmetry. The di-anion in
16 [42], which thermally decomposes to PbSe, associates about a center of inversion with each of the
selenium atoms of one 2,2-dicyano-ethylene-1,1-diselenolate ligand forming Pb· · · Se interactions, Figure 5c.
The remaining molecules in this section associate to form one-dimensional chains.

In 17 [43], developed as a synthetic precursor for PbSe nanomaterials, a selenium atom of each
of the asymmetrically chelating diselenocarbamate ligands connects to the same symmetry related
lead(II) atom; as a result, a zigzag chain is formed (glide symmetry), Figure 5d. One selenium atom
of each of the asymmetrically coordinating diselenophosphinate ligands in 18 [44] also forms a Pb· · · Se
interaction but with different centrosymmetrically related molecules, leading to the formation of a twisted
supramolecular chain sustained by {Pb–Se· · · }2 synthons, Figure 5e. The compound was prepared in the
context of investigating the mechanism of forming quantum dots from tertiary phosphine selenide sources.
The lead(II) atom in 19 [45] lies on a 2-fold axis of symmetry and the coordinated selenium atoms
associate with the same symmetry related lead(II) atom to form a twisted, supramolecular chain, Figure 5f.
The structure of 20 [35] is isostructural with the tin(II) analog, 9, described as a twisted chain and illustrated
in Figure 2h; 9 was investigated for its utility as a single source precursor for PbSe nanoparticles.
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Figure 5. Supramolecular aggregation via Pb· · · Se secondary bonding in (a) 14 {UTAJUV; d(Pb· · · Se) =
3.41 Å}, (b) 15 {TAKLOI; 3.57 Å}, (c) 16 {KUHSAH; 3.49 & 3.72 Å}, (d) 17 {BOKMUJ; 3.47 & 3.62 Å}, (e) 18

{XUZTUI; 3.27 & 3.40 Å}, and (f) 19 {YIBHOG; 3.64 Å}. Additional color code: phosphorus, pink.

3.3. Arsenic Compounds Featuring As· · · Se Interactions in their Crystals

A relatively small number of compounds featuring As· · · Se interactions in their crystals are known
and the chemical structures for the interacting species are shown in Figure 6, that is for 21–27, and,
as demonstrated above, even though there is only a small number of examples, there is a great diversity in
supramolecular architectures.

Figure 6. Chemical diagrams for arsenic compounds 21–27.
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The first selenide included in this survey is noted in the crystal of 21 [46], where two distinct
molecules associate via As· · · Se interactions, with the participating atoms being arsenic(III) and
selenide-selenium atoms, indicative of a pnictogen interaction. Each of the molecules is located on
a crystallographic 3-fold axis of symmetry and associate with a crystallographic site of symmetry 23. It can
be noted from the Figure 7a that each phosphaneselenide atom forms three As· · · Se interactions with
three different AsBr3 molecules so that a distorted As4Se4 cube, sustained by eight As· · · Se interactions,
defines the core of the aggregate. The mono-anion in 22 [47] has the charge localized on the exocyclic
selenium atom with the dimeric aggregate in the crystal shown in Figure 7b sustained by As· · · Se
interactions between centrosymmetrically related anions.

Figure 7. Supramolecular aggregation via As· · · Se secondary bonding in (a) 21 {GEXSOT; d(As· · · Se) = 3.37
Å}, (b) 22 {NEKJIW; 3.48 Å}, (c) 23 {ESEARS; 3.63 Å}, (d) 24 {COSDIX; 3.64 Å}, (e) 25 {SEDMAP; 3.53 Å}, (f)
26 {WAMCOE; 3.29, 3.42 & 3.60 Å}, and (g) 27 {KAXXUC; 3.60, 3.61, 3.64 & 3.72 Å}. Additional color code:
bromide, olive-green.

There are four examples whereby one-dimensional chains are formed through As· · · Se interactions.
In 23 [48], a mirror plane bisects the molecule with the selenium atom lying on the plane. The molecules are
assembled into a linear chain via a single As· · · Se connection per molecule, Figure 7c. Similar connections
are noted in the crystal of 24 [49], comprising a five-membered As3Se2 ring, whereby only one of the
three potential arsenic(III) atoms and one of the two selenium atoms are engaged in As· · · Se interactions
to form a chain with a helical topology being propagated by 21-screw symmetry, Figure 7d. A third
topology for the chain is seen in the crystal of 25 [50] where the molecule is disposed about a 2-fold axis of
symmetry. There are on average two As· · · Se interactions between the molecules and being propagated
by glide symmetry; the chain has a zigzag topology, Figure 7e. The fourth one-dimensional architecture
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observed for 26 [51] reverts to a helical topology (21 screw symmetry), Figure 7f, but exhibits quite distinct
features than for 24. In the crystal, two AsCl3 molecules are bridged by two selenium atoms to form
a {As· · · Se}2 synthon. These are further connected by additional As· · · Se interactions (3.42 Å) to form
the helical, supramolecular chain. In this scheme, the arsenic(III) center participates in three As· · · Se
interactions as seen in 21 and in the next structure to be described, 27.

A two-dimensional architecture is constructed in the crystal of 27 [52] as a result of three distinct
As· · · Se interactions. As is evident from the inset of Figure 7g, the mono-anion, formulated as As7Se4

-,
participates in eight As· · · Se interactions whereby four arsenic atoms form a single interaction, as do
two of the selenium atoms with one selenium atom forming two As· · · Se contacts. Three of the contacts
involve directly bonded arsenic and selenium atoms and occur around a center of inversion in each case;
thus, there are three independent {As–Se· · · }2 synthons. The two remaining interactions occur between
bonded arsenic atoms connecting to a single selenium atom, which thereby lead to the formation of a
three-membered {· · ·AsAs· · · Se} synthon. The result is the grid shown in Figure 7g, which define rather
large voids that accommodate the tetraphenylphosphonium counter-cations.

3.4. Antimony Compounds Featuring Sb· · · Se Interactions in their Crystals

Eight crystals feature Sb· · · Se interactions leading to zero-, one-, and two-dimensional aggregation
patterns. The chemical diagrams for the interacting species in these, that is, 28–35, are shown in Figure 8.

 

Figure 8. Chemical diagrams for antimony compounds 28–35; Cp is cyclopentadienyl.

The supramolecular association in the crystal of 28 [53] is an illuminative example of cooperation
between Sb· · · Se and Sb· · ·Cl secondary bonding interactions. As evidenced from Figure 9a, there is a
Sb· · · Se interaction between the SbCl3 molecule and one of the selenium atoms of the eight-membered ring
of the 1,5-diselenacyclooctane molecule. These aggregates associate about a center of inversion via Sb· · ·Cl
interactions to form a four-molecule aggregate. The molecules in 29 [54], Figure 9b, 30 ([55]; KIMNEB;
Sb· · · Se = 3.69 Å) and 31 ([56]; ISIPEG Sb· · · Se = 3.88 Å) are centrosymmetric dimers sustained by two
Sb· · · Se interactions; 29 [54] was employed as a precursor for CVD of Sb2Se3 and aerosol-assisted chemical
vapor deposition (AACVD) of Sb2Se3 thin films. The last zero-dimensional aggregate is found in the
crystal of 32 ([46]; GEXSIN; 3.36 Å). This is centered about a distorted Sb4Se4 cube, sustained by eight
Sb· · · Se interactions, as described above for isostructural 21 [46], Figure 7b.
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Figure 9. Supramolecular aggregation via Sb· · · Se secondary bonding in (a) 28 {EWIWAI; d(Sb· · · Se) = 3.29
Å}, (b) 29 {TAKSEF; 3.67 Å}, (c) 33 {ACUPAQ; 3.87 Å}, (d) 34 {HEFCOK; 3.61 Å}, and (e) 35 {JAZGIA; 3.55,
3.64 & 3.66 Å}.

Two one-dimensional chains are sustained by Sb· · · Se interactions. There is an average of one Sb· · · Se
interaction per repeat unit in 33 [57] where the resulting topology is linear and where the interacting
selenium atom approaches the antimony atom within the O2Se2 skewed-trapezoidal plane in the region
between the two oxygen atoms, Figure 9c. The [Sb12Se20]4− Zintl ion in 34 [58] also self-associates into
a linear chain whereby centrosymmetrically related tetra-anions are connected by a {Sb· · · Se}2 synthon,
Figure 9d.

The last crystal in this section to be discussed features the smallest molecule in this category, that is,
Sb(SeMe)3 in 35 [59]. Similar to that seen in 32, the antimony atom accepts three Sb· · · Se interactions as each
selenium atom participates in one such contact. To a first approximation, the resultant two-dimensional
array has the form of a square grid and displays a corrugated topology, as seen in the views of Figure 9e.

3.5. Bismuth Compounds Featuring Bi· · · Se Interactions in their Crystals

There are only six bismuth-/selenium-containing crystals featuring Bi· · · Se interactions and the
chemical structures of the interacting species in these, that is, 36–41, are shown in Figure 10.
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Figure 10. Chemical diagrams for bismuth compounds 36–41.

A simple dimeric aggregate sustained by two Bi· · · Se interactions and a {Bi–Se· · · }2 synthon is
observed in the crystal of 36 [55]. While this has the appearance, at least to a first approximation,
of several related species covered above (Figure 11a), the difference here is that the association is
not through a center of inversion, as is usually observed. In this case, the contacts occur between
two crystallographically independent molecules. The association in 37 ([46]; GEXSEJ; 3.35 Å), with a
supramolecular Bi4Se4 core sustained by Bi· · · S interactions, is as described previously for 21, Figure 7b,
and 32. An aesthetically pleasing Bi4 core is a key feature in the crystal of 38 [60], with each edge of the
Bi3 triangle, which encompasses a central bismuth atom, being bridged by a sequence of Se–Ag–Se atoms.
Centrosymmetrically related molecules associate through a center of inversion and are sustained by four
Bi· · · Se interactions, as is apparent from the two views of Figure 11b.

Figure 11. Supramolecular aggregation via Bi· · · Se secondary bonding in (a) 36 {KIMMEA; d(Bi· · · Se) =
3.51 & 3.55 Å}, (b) 38 {EGEPEM; 3.70 & 3.83 Å}, (c) 39 {COFGEM; 3.48 Å}, (d) 40 {GIPREC; 3.90 Å}, and
(e) 41 {MIWFAA; 3.48, 3.50 & 3.57 Å}. Additional color code: silver and iron, dark-green.

The three remaining crystals feature one-dimensional chains. In 39 [61], of interest owing to a
semi-conducting character and where a Bi–Se atom pair caps a Fe2(CO)6 unit, the presence of Bi· · · Se
interactions lead to a helical, supramolecular chain; Figure 11c. A helical chain is also observed in
40 [62], Figure 11d, again sustained by, on average one Bi· · · Se interaction per repeat unit. When the
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two bismuth-bound phenyl groups of 40 are replaced by two phenylselenyl groups, leading to 41 [63],
significantly more Bi· · · Se interactions are evident. The asymmetric unit of 41 comprises two independent
molecules and each of these self-associates into a helical chain, as for 39 and 40, but, in this case, there are,
on average, three Bi· · · Se interactions per repeat unit in each of the independent chains formed in the
crystal, one of which is illustrated in Figure 11e; the Bi· · · Se separations for the second independent chain
are 3.49 and 2 × 3.59 Å. This propensity to form Bi· · · Se interactions in Bi(SePh)3 (40) is not pervasive as
the structure suggests. For example, the molecule highlighted in 38 co-crystallizes with one equivalent of
Bi(SePh)3 as well as one equivalent of 1,2-dimethoxyethane (solvate). However, Bi(SePh)3 in 38 (and in the
disordered chloride analog of 38) does not participate in Bi· · · Se interactions, instead the bismuth atom
forms Bi· · ·Br (Bi· · ·Cl) secondary bonding interactions with the other bismuth-containing molecule.

3.6. Tellurium Compounds Featuring Te· · · Se Interactions in Their Crystals

The most numerous among the main group elements covered in the present survey are those
having tellurium, with 17 examples. The chemical diagrams for 42–58 are given in Figure 12. As with the
earlier series covered, herein a broad range of compounds and supramolecular motifs are noted.

 

Figure 12. Chemical diagrams for tellurium compounds 42–58; Cp is cyclopentadienyl.

Six of the compounds assemble into zero-dimensional motifs. In 42 [64], the tellurium and selenium
atoms of one of the five-membered rings associate about a center of inversion to form the dimeric
aggregate shown in Figure 13a. When 42 was cocrystallized with TCNQ (tetracyanoquinodimethane),
highly conductive charge-transfer (CT) complexes were formed [64]. Similar centrosymmetric {Te–Se· · · }2

synthons are observed in each of 43 [65], Figure 13b, 44 ([66], MIVYIB; d(Te· · · Se) = 3.90 Å), and 45

([66], MIVZAU; 3.93 Å). Again, a {Te–Se· · · }2 synthon is noted in 46 [67], Figure 13c, a compound that
is particularly noteworthy for the relatively high number of potential iodide donors but, where Te· · · Se
interactions prevail. The ion-pair in 47 [68] is formulated as [Ph3Te][N=C=S] with the closest association
between the constituent species being Te· · ·N contacts of 2.81 and 3.12 Å, represented as black dashed
lines in Figure 13d, for the two independent ion-pairs comprising the asymmetric unit. In terms of
Te· · · Se interactions, one of the two independent ion-pairs associates with a center of inversion via a
{Te–Se· · · }2 synthon. Associated with this are two of the second independent ion-pairs (each separated by
3.43 Å) so a four-ion-pair aggregate is generated. A related ion-pair, [Me3Te][N=C=S], is seen in 48 [68],
where, consistent with the replacement of the tellurium-bound phenyl substituents of 47 with (relatively)
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electropositive methyl substituents, the Te· · ·N separation is elongated to 3.25 Å. The constituents of
the ion-pair are connected into a supramolecular chain with a zigzag topology via Te· · · Se interactions,
Figure 13e. When the weak Te· · ·N interactions are taken into consideration, the aforementioned chains
are connected into a two-dimensional array (not illustrated).

 

Figure 13. Supramolecular aggregation via Te· · · Se secondary bonding in (a) 42 {ECITEP; d(Te· · · Se) =
3.81 Å}, (b) 43 {BAWFUA; 3.68 Å}, (c) 46 {YIKFOO; 3.74 Å}, (d) 47 {ZZZAIJ01; 3.43, 3.44 & 3.54 Å}, (e) 48

{HUHCIW; 3.47 & 3.55 Å}, (f) 49 {QENRIK; 3.95 Å}, (g) 52 {XOTLUN; 3.48 Å}, (h) 54 {TRTUTE; 3.82 Å},
and (i) 55 {BAWGAH; 3.84 Å}. Additional color code: osmium, dark-green; sulfur, yellow.

In cluster compound 49 [69], the osmium atoms of the Os3(CO)9 core are μ3-capped on either side
by tellurium and selenium atoms, which associate in the crystal to form a linear, supramolecular chain
with an average of one Te· · · Se interaction per repeat unit, Figure 13f. In isostructural 50 and 51 [70],
constructed about M3O cores, M = Zr (50) and Hf (51), and featuring an unusual TeSe3 capping residue,
molecules associate into helical chains (21 screw symmetry) via Te· · · Se interactions. Similar helical chains
are observed in 52, Figure 13g, and 53 [71], which differ in the nature of the atom connecting the aromatic
ring to the selenium atom bonded to the tellurium atom, the latter associate to form the chain. On average,
there are two Te· · · Se interactions linking the repeat unit of 54 [72] where the tellurium is located on a
center of inversion. The resulting chain has a linear topology, Figure 13h. Compound 55 [65] is closely
related to that of 43 in that the methoxy substituents of the latter have replaced by ethoxycarboxyl groups;
the central selenium atom in 55 lies in a 2-fold axis of symmetry. Whereas 43 self-associates into a dimer,
Figure 13b, 55 self-associates into a linear, supramolecular chain as each selenium atom forms two Te· · · Se
interactions with a translationally related molecule, Figure 13i.
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Compound 56 [73] self-associates into a supramolecular chain, Figure 14a. Two independent molecules
comprise the asymmetric unit and these differ in the number of Te· · · Se interactions they form. For the first
independent molecule, one tellurium and the selenium atom form a single Te· · · Se interaction each, whereas
for the second molecule, the same situation pertains, except both participating atoms form two Te· · · Se
interactions. The connections between the independent molecules lead to a linear, supramolecular chain.
Centrosymmetrically chains are linked into a double-chain via additional Te· · · Se interactions formed
by the second independent molecule. The molecule in 57 [74] is related to that in 56 in that there has
been an exchange between selenium and tellurium atoms. This results in a distinct supramolecular
assembly. Here, the central tellurium atom forms two Te· · · Se interactions with each of the selenium
atoms forming a single Te· · · Se interaction. These extend laterally so a two-dimensional array eventuates,
Figure 14b. A comparison of the simplified images in Figure 14a,b highlight the different modes of
association between molecules. The energies associated with individual Te· · · Se contacts were calculated
for each of 56 and 57, and for the latter, these were −10.8 and −11.8 kJ mol−1 [74]. The molecule in 58 [75]
features a seven-membered ring containing a string of Te–Se–Se–Te atoms bridged by a P–N–P link, the
latter being a part of a four-membered N2P2 ring. Each of the tellurium and selenium atoms forms a
Te· · · Se interaction. Again, these extend laterally to form a two-dimensional array, Figure 14c.

 

Figure 14. Supramolecular aggregation via Te· · · Se secondary bonding in (a) 56 {QAZGUV; d(Te· · · Se) =
3.70, 3.79 & 3.92 Å}, (b) 57 {OMIHAV; 3.62 & 3.69 Å}, and (c) 58 {ONEGIZ; 3.82 & 3.89 Å}. In the simplified
views of (a) and (b), only the carbon atom bound to selenium/tellurium are shown, and in (c), the t-butyl
groups are omitted.
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4. Discussion and Outlook

The foregoing describes 58 crystals featuring M· · · Se secondary bonding interactions between main
group elements (M) and selenium for M = Sn (13 examples), Pb (7), As (7), Sb (8), Bi (6), and Te (17).
The percentage adoption of M· · · Se in the crystals varies considerably. For example, of the 27 crystals
containing both lead and selenium, seven feature Pb· · · Se interactions, giving a percentage adoption
of 26%. This falls off to 16% for bismuth to 10% for tellurium and then 6% (arsenic) and 5% (tin and
antimony). One reason for the low adoption rates relates to the observation that secondary bonding
interactions are extremely sensitive to steric hindrance—bulky groups present on the organometal center
and/or ligands bound to the metal can preclude the formation of secondary bonding interactions [15–23];
steric considerations have been exploited for the rational design of coordination polymers in zinc and
cadmium dithiolate chemistry [76]. In most of the crystals, the metal center forms a single M· · · Se contact
with few examples of the metal forming two contacts and rarely, three M· · · Se contacts. With the formation
of primarily one M· · · Se interaction, the supramolecular architectures sustained by these interactions are
usually zero- or one-dimensional, being found in 38 and 50% of all crystals, respectively. Two-dimensional
architectures sustained by M· · · Se interactions are found in 10% of the crystals and there is a single
example of a three-dimensional architecture. A comment on the likely bonding responsible for the M· · · Se
interactions is appropriate. For the Sn· · · S contacts, the majority features tin(IV) centers and so the
interactions can be considered in terms of classic Lewis Acid/Lewis Base electrostatics. In contrast, all of
the Pb· · · Se contacts can be rationalized in terms of tetrel bonding; the overwhelming majority of M· · · Se
interactions formed by arsenic-triad arise from pnictogen bonding and the tellurium examples in terms of
chalcogen bonding where σ-hole considerations come to the fore. Thus far, limited mention has been made
of the energy of stabilization provided by M· · · Se interactions. This is because supporting computational
chemistry is largely lacking for M· · · Se interactions with the exception of 56 and 57 [74]. However, in
a recent commentary on supramolecular association involving metal centers, it was concluded that the
energies of stabilization provided by various secondary bonding interactions was in the same range and
often exceeded the energy of stabilization provided by conventional hydrogen bonding interactions [77].
This conclusion is emphasized in the very recently published analysis of a tetrel, C· · ·O, bond formed
between a sp3-carbon center and the oxygen atom of a tetrahydrofuran molecule, not an interaction that
might be expected to be particularly notable, for which an energy of stabilization of about 11 kcal mol−1

was calculated [78]. In the context of the foregoing survey of M· · · Se interactions, with diverse bonding
circumstances and supramolecular molecular aggregation patterns, clearly there is enormous scope for
further experimental work supported by theoretical analysis.
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Abstract: Halogen bonds are currently new noncovalent interactions due to their moderate strength
and high directionality, which are widely investigated in crystal engineering. The study about
supramolecular two-dimensional architectures on solid surfaces fabricated by halogen bonding
has been performed recently. Scanning tunneling microscopy (STM) has the advantages of realizing in
situ, real-time, and atomic-level characterization. Our group has carried out molecular self-assembly
induced by halogen bonds at the liquid–solid interface for about ten years. In this review, we mainly
describe the concept and history of halogen bonding and the progress in the self-assembly of
halogen-based organic molecules at the liquid/graphite interface in our laboratory. Our focus is
mainly on (1) the effect of position, number, and type of halogen substituent on the formation of
nanostructures; (2) the competition and cooperation of the halogen bond and the hydrogen bond;
(3) solution concentration and solvent effects on the molecular assembly; and (4) a deep understanding
of the self-assembled mechanism by density functional theory (DFT) calculations.

Keywords: halogen bonding; σ-hole interactions; self-assembly; scanning tunneling microscopy

1. Introduction

1.1. The Definition of Halogen Bonds

A halogen bond (XB) is a broader class of noncovalent interaction, which was defined by the
International Union of Pure and Applied Chemistry (IUPAC) in 2013 [1]. This definition states that
“A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic
region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the
same, molecular entity.” A structural scheme for XB is shown in Figure 1.

Figure 1. Structural scheme for a halogen bond (XB).
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XB exhibits a high directionality, because the electron density in halogen atoms is anisotropically
distributed [2,3]. In the halogen atoms, a region of lower electron density (σ-hole) gives rise to a cap of
deficient electron density on the extension of the R−X covalent bond, which can act as the attractive
electron-rich region. The negative charges form a belt orthogonal to the covalent bond in nearly all
cases [4]. In this review, the XBs will be explained by the existence of a positive σ-hole on top of the
halogen atom.

1.2. The History Perspective of XB

The investigation of the XB traces back to 200 years ago. The I2···NH3 halogen-bonded complex
was synthesized by Colin in 1814 after iodine was found by chance and separated in 1812 [5]. However,
the precise molecular constituent of the iodine/polyiodide complex was ascertained by Guthrie only
50 years later [6]. The complexes involved Br and Cl as electron acceptor species and were first
reported in the late 19th century by Remsen and Norris [7]. However, the first compound, referred to
as F2, was reported nearly 80 years later when the F3− anion could be isolated under very extreme
conditions [8–10]. Moreover, the adducts of F2···NH3 and F2···OH2 did not arise until the 1990s [11].
These early-stage experimental data show that the XB strength is closely related to the polarizability of
the XB donor atom, that is, F < Cl < Br < I. In fact, F without polarization cannot easily participate in
XB and can serve as an XB donor only when connecting with exceedingly strong electron-withdrawing
groups. A critical interest in the stereo electronic evaluation of the XB was supported by computational
studies on the electron density distribution of halogen atoms in the early 1990s. The studies by T. Brinck,
P. Politzer, and J. S. Murray were particularly noteworthy when they revealed the anisotropic charge
distribution on halogen atoms forming one covalent bond [12–14], and supported the theoretical basis
of the definition of the “σ-hole”: a region of barren and constantly positive electrostatic potential on
the surface of halogen atoms. In 2007, a seminal paper by Clark [15] et al. proposed a subtle method of
interpreting many properties of XB via the σ-hole. A symposium devoted to the XB was organized by
IUPAC in 2009, and some features of the interaction were acknowledged. In 2013, the definition of the
XB by IUPAC finally gained the agreement of the scientific community, based on the self-assembly and
recognition processes determined by electrophilic halogens. This topic has been well-established, used,
and understood up until now.

1.3. The Investigation and Application of XB Focus on Crystal Engineering

Over the last seven decades, supramolecular synthesis has attracted great interest from chemists
wanting to fabricate new materials based on noncovalent interactions [16–20]. Different self-assembly
strategies have been proposed, and new supramolecular systems will be achieved by considering
the relevant scientific literature across the years [18,21–23]. To design and synthesize supramolecular
self-assembled materials, molecular building blocks with designed functions can be used to
self-assemble ordered structures. The self-assembly process can happen in any dimension, which is
the comprehensive outcome of the balanced steric effect, shape complementarity, and specific
anisotropic interactions in the assembly process. For example, supramolecular synthesis could
be involved in fabricating molecular organic frameworks [24,25], molecular acceptors [26], responsive
materials [27], organogels [28,29], polymers [30] and biomimetic systems [31–33], as well as in
nanoparticle self-assembly [34,35].

In 1968, Bent [36] published an overall review on the crystal structures of XB systems and
discussed at length the structural chemistry of donor–acceptor interactions in bulk crystals, in which
the XB and the hydrogen bond (HB) were compared based on their similarities, such as the short
interatomic distances and high directionality. Crystal engineering is a self-assembly process in which
building blocks can fabricate architectures following the laws of intermolecular interactions and shape
complementarity [17,37–40]. Many noncovalent interactions, for example, HB, XB [41], π−π stacking,
metal−ligand coordination, dipole−dipole interactions, and hydrophobic interactions, were used to
fabricate molecular crystals. Among these weak interactions, HB is commonly used based on its
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high directionality and moderate strength (25−40 kJ/mol). However, XB similar to HB has not been
developed as HB because of the misunderstanding associated with halogen atoms that neutral entities
in dihalogens or fully negative elements in halocarbon moieties could not form strong attractive
interactions. In general, the strength of XB is closely related to the magnitudes of the positive and
negative areas of the electrostatic potential (ESP). Furthermore, the other chemical factors, such as the
electronegativity and polarizability of X atoms [42], the hybridization of the carbon atom bound to the
XB donor sites [43], and strong electron-withdrawing moieties [44,45], directly affect the magnitudes of
the positive and negative areas so as to tune the strength of the XB indirectly.

The directionality of XB refers to the angle between the R−X covalent bond and the X···X or Y
noncovalent bonds as θ2 shown in type-II XB (Figure 2) [46,47]. The great directionality of such XB
is attributed to the bond formation. The nucleophile enters the σ-hole of the halogen atom, which is
narrowly confined on the elongation of the R−X covalent bond axis. The R−X···Y angle between the
covalent and noncovalent bonds around the halogen is approximately 180◦ [46,47]. Although HB
is another simple type of σ-hole interaction, the positive regions on linked hydrogens tend to be
almost hemispherical due to hydrogen having only one electron [48–50]. Therefore, the XB is a
particularly directional interaction compared to the HB. In 1963, the R−X···X−R bond with different
contact geometries was proposed by Sakurai [44] et al., which was classified as type-I and type-II,
as illustrated in Figure 2 [51]. There is a clear geometric and chemical distinction between type-I and
type-II X···X interactions. The type-I interaction is not XB according to the IUPAC definition. It is a
geometry-based contact arising from the close-packing requirement, which is observed for all halogens.
The type-II interaction arises from the pairing between the electrophilic area on one halogen atom and
the nucleophilic area on the other [52]. Moreover, many investigations reveal that the type-II interaction
is most favored by the order of iodinated derivatives > brominated derivatives > chlorinated derivatives.

Figure 2. Structural scheme for type-I (left) and type-II (right) halogen···halogen interactions. X=halogen
atom; R = C, N, O, halogen atom, etc.; δ is surface potential. Type-II interaction is XB.

In addition, halogen atoms are typically regarded as hydrophobic residues. For example, an I or
Br atom is less hydrophilic than a typical HB donor such as an OH or NH group. From the nature of
the discrepancy between the two donor sites arise many useful and complementary applications.
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1.4. The General Description of XB in 2D Crystal Engineering

Similar to 3D self-assembly processes, the molecular self-assembly process on surfaces can
be controlled by balancing molecule–molecule and molecule–substrate interactions [46,47,51–53].
The intermolecular non-covalent bond of XB with high directionality, moderate bond strength
(5–30 kJ/mol), and its binding geometry has been used to fabricate 2D nanostructures [40,54–59].
Because of the large size of the halogen atom and the existence of the σ-hole, XB is more sensitive to
the steric hindrance and directionality than HB [4,60]. However, as a powerful tool to tune the 2D
nanoarchitectures on surfaces, halogens are usually involved in forming HB (total interaction energies
up to 140 kJ/mol), where they sever as Lewis bases, and the strength of HBs involving halogens varies
with F > Cl > Br > I [61]. Perhaps they can form XBs serving as Lewis acids with an opposite trend,
meaning that the strength of the interaction can be tuned by varying halogen substituents. This trend
depends on the strength of the σ-hole, which in turn relates to the electron-withdrawing ability of the
group. Significantly, XBs are independent from HBs, so both types of interactions can be used to design
and adjust supramolecular 2D assemblies on the surface at the same time.

Scanning tunneling microscopy (STM) is a powerful tool that can be used to probe the surface
locally and provide structural information in a submolecular resolution whether the nanostructure
is crystalline or amorphous [62,63]. The instrument can be used in diverse types of environments
such as ultra-high vacuum (UHV), air, and liquid. The temperature of the surface can be precisely
controlled (ranging from ~4 K up to a few hundred Kelvin) in a vacuum, which permits both controlled
annealing and imaging at low temperatures. UHV provides an ultra-clean environment, which is
essential for quantifying supramolecular interactions that are relatively hard to be understood in the
solution phase. The solution phase offers a “real-life” view of the assembly process involved in the
competition of molecule–solvent and solvent–substrate interactions, except for the molecule–molecule
and molecule–substrate interactions [64].

This review will concentrate on our recent research work about 2D supramolecular assembled
systems associated with XBs in ambient conditions. Through this review, a comprehensive discussion
of supramolecular self-assembled adlayers stabilized by various XBs will be provided. Though it
is much more likely to be accepted that the HB is a relatively stronger intermolecular interaction
than the XB. In some cases, the XB can be of equivalent strength or even stronger than the typical
HB. XB has been widely used to direct and control assembly processes depending on the molecular
recognition [40,65–70]. However, the studies of XBs in 2D surface crystal engineering only date back
to the last 15 years. Therefore, this is a hot topic in an ongoing research field, and there are many
unknown mechanisms that need to be explored.

2. Halogen–Halogen Interactions and Halogen-Bonding in 2D Self-Assembled Networks

To confirm that supramolecular networks are exactly controlled by XBs, a rational design of the
building block is essential. Theories of XBs have already been established in 3D crystal engineering,
which can be easily applied on 2D assembly, even though differences exist because of the substrate effect.
In the following sections, we focus on the research work in our laboratory and discuss the self-assembled
patterns fabricated by different halogenated building blocks listed in Scheme 1. The discussion is
mainly classified based on the species of π-conjugated cores.
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Scheme 1. Chemical structures of the halogenated molecules. (a) Molecules with different geometry
symmetries of π-conjugated cores along C−Br bond (Br-BC16 and Br-NC16). (b) Bifunctional benzene
derivatives (5-BHBA and 5-BHDB). (c) Bromine substituted coumarin derivatives (6-Br-Co16 and
6,8-Br-Co16). (d) Thiadiazole derivative (DBT). (e) Dithiophene derivative (Br-BTDBT). (f) Different
halogen substituted (Br, Cl, and F) fluorenone derivatives (Br-FC15, Cl-FC15, and F-FC15). (g) Fluorenone
derivatives with different positions of Br substituents (1-BFC15, 2-BFC15, and 3-BFC15). (h) Fluorenone
derivatives with different terminal groups (BEDF, BCDF, and BHDF). (i) Phenanthrene derivatives with
different numbers and positions of halogen substituents on the π-conjugated cores (2,7-DBHP, 3,6-DBHP,
and 3−DBHP). (j) Four regioisomeric phenanthridine derivatives with different positions of halogen
substituents and alkoxy chains (2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO). (k) Thienophenanthrene
derivatives with different positions of halogen substituents on the π-conjugated cores (6,9-DBTD and
5,10-DBTD). (l) An asymmetric thienophenanthrene derivative (M1). All the 28 molecules are used to
investigate the 2D supramolecular self-assembled nanostructures based on XBs in our group.
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2.1. The Effect of Geometry Symmetry of π-Conjugated Cores Along the C−Br Bond

Varying the geometry of π-conjugated cores can influence the outcome of the self-assembly
nanostructures. This aspect can be indicated by the bromine-substituted benzene derivative (Br-BC16)
and naphthalene derivative (Br-NC16) (Scheme 1a) [71]. Self-assembled patterns of Br-BC16 and
Br-NC16 compounds were studied by STM at the 1-octanoic acid/graphite interface, comparatively
(Figure 3). STM results show that the two molecules form different linear fashions stabilized by
intermolecular type-I Br···Br contact and H···Br HB (Figure 3b,e) because of their different geometry
symmetries of π-conjugated cores along the C−Br covalent bond. The π-conjugated cores and side
chains of Br-BC16 absorb with the same direction, while the side chains of Br-NC16 extend into different
directions along the lattices of graphite substrate. The π-conjugated cores of two kinds of molecules
form a dimer and arrange in a head-to-head mode by a pair of H···Br HB with an antiparallel style.

Figure 3. (a,d) Calculated electrostatic potential (ESP) maps of Br-BC16 and Br-NC16 under vacuum
shown by red (positive) and blue (negative) regions. (b,e) High-resolution STM images of adlayers
formed by Br-BC16 and Br-NC16 at the 1-octanoic acid/graphite interface. (c,f) Proposed molecular
models for (b,e). Insets show the intermolecular interactions. The red lines show the H···Br bonds,
and the green lines show the Br···Br contact. Reproduced from [71] with permission from the American
Chemical Society.

Calculated 3D ESP maps of π-conjugated cores (Br-BC16 and Br-NC16, Figure 3a,d) and quantum
theory of atoms in molecules (QTAIM) of Bader [72,73] obtained by DFT calculations were used to
reveal the formation of intermolecular type-I Br···Br contact and HB. The results show that a pair of
intermolecular H···Br HBs in each dimer control the structural formation. Furthermore, the type-I
Br···Br contact is formed in the dimer of Br-BC16 and the neighboring dimer of Br-NC16, respectively,
which is the dominant force to stabilize the two linear nanostructures (Figure 3c,f). It is concluded that
the geometry symmetry of π-conjugated cores along the C−Br bond influences the 2D self-assembly.
At the same time, the results also indicate that the type-I Br···Br contact is often accompanied by the
HB supported by the same Br atom [40].
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2.2. Bifunctional Effect of Benzene Derivative

We synthesized a bifunctional molecule (5-BHBA, Scheme 1b), and its 2D self-assembled
nanostructures were investigated using STM and DFT calculations [74]. STM experiments were
carried out at the 1-octanoic acid/highly oriented pyrolytic graphite (HOPG) interface by varying
solution concentrations. Four kinds of patterns (T-like, dislocated, lip-like, and alternating patterns) were
observed, as shown in Figure 4a–d. Because of the cooperative and competitive intermolecular XB and HB,
these nanostructures consist of dimers, trimers, and tetramers based on rectangular −COOH···HOOC−
HB, triangular COO···Br···H−C, Br···O (H), Br···Br, and O···H interactions. At saturated concentration,
the T-like pattern is formed (Figure 4a) comprising of two kinds of dimers (the planes of the horizontal
and oblique dimer). Every two molecules form a dimer with a head-to-head style. Figure 4e shows that
double −Br···OOC− XBs and Br···H HBs are formed in the horizontal dimers, as indicated by the black
and blue dashed lines, respectively. In the oblique dimers, two carboxyl groups form −COOH···HOOC−
HBs. When decreasing the concentration of 5-BHBA, the molecules self-assemble into a dislocated
structure (Figure 4b). There are two different parts (domain 1 and 2). The domain 1 is formed by
dimers and trimers alternately, while the domain 2 is composed of pure tetramers. The dimers are still
stabilized by intermolecular double −COO···Br− XBs. However, in each trimer, molecules are connected
by the type-I Br···Br contact and–COOH···HOOC−HBs (Figure 4f). In each tetramer of domain 2, the
arrangement is stabilized by the type-I Br···Br contact and HBs. The type-I Br···Br interaction is formed
resulting from the close packing, and thus its binding energy is weaker than that of the type-II XB [75].

Figure 4. (a–d) High-resolution STM images show the self-assembled T-like, dislocated, lip-like,
and alternate patterns for the 5-BHBA adlayers at the 1-octanoic acid/highly oriented pyrolytic graphite
(HOPG) interface by continually diluting concentration. Scanning areas: (a) 20× 20 nm2; (b) 30× 30 nm2;
(c) 35 × 35 nm2; (d) 42 × 42 nm2. (e–h) Proposed molecular models for the assembly patterns of (a–d).
Reproduced from [74] with permission from the Royal Society of Chemistry.

When further diluting the solution, the ordered lip-like structure is observed (Figure 4c).
The tetramer is found, which is connected by double type-I Br···Br contacts and −OH···OOC− HBs
(Figure 4g). Obviously, the type-I Br···Br interaction is weaker in binding energy than the −Br···OOC−
XB and the −COOH···HOOC− HB. However, only one HB exists between the carboxyl groups rather
than the conventional strong rectangle HBs, which indicates that the lip-like pattern is a metastable
phase. At low concentrations, a well-ordered 2D alternated nanoarchitecture is observed (Figure 4d).
In one-row lamellae, molecules connect with co-adsorbed 1-octanoic acid molecules by −Br···OOC−
XBs [76]. However, in two-row lamellae, the tetramers are formed, which are stabilized by the weak
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type-I Br···Br contacts (Figure 4h). The results show that the cooperative and competitive intermolecular
HBs, XBs, and Br···Br interactions could induce the structural diversity under different concentrations.

Another similar molecule (5-BHDB) mixed with 1-BH (Scheme 1b and Figure 5a) was investigated
by dropping the solution on the HOPG surface [77]. The mixture can form a host–guest self-assembled
structure. Polar solvent (1-octanoic acid) and nonpolar solvents (1-phenyloctane, n-pentadecane,
n-tetradecane, and n-decane) are used to explore the solvent effect. ESP maps (Figure 5b) show the charge
distribution of theπ-conjugated core. In 1-octanoic acid, the host−guest linear I nanostructure consisting
of trimers is observed, which is stabilized by the intermolecular XBs (Figure 5c). This nanostructure is
also observed in other solvents at high solution concentrations. When further decreasing the solution
concentration, another double-line host−guest nanostructure (linear II, Figure 5d) containing trimers
and tetramers is formed in 1-phenyloctane. Co-adsorbed solvent molecules could occupy the gap
between side chains in the linear II pattern. Moreover, in n-pentadecane and n-tetradecane, the wavelike
structures (Figure 5e) were also observed based on the solvent co-adsorption behavior. Therefore,
the van der Waals (vdW) forces of molecule–solvent and the intermolecular XB dominate the formation
of co-adsorbed patterns. In n-decane, the linear III pattern (Figure 5f) is observed, driven by the Br···Br
type-I contact and the Br···Br type-II XB. In combination with DFT calculations, it is concluded that XBs
induce the formation of each structure, and the emergence of relatively stronger host−guest XBs plays
a key role in stabilizing these nanostructures and inducing the structural transition.

Figure 5. (a) Chemical structures of 5-BHDB and 1-BH. (b) Top and side views of the calculated 3D
ESP map of 5-BHDB molecule. (c–f) High-resolution STM images showing the self-assembled linear I,
linear II, wavelike, and linear III patterns for the 5-BHBA adlayers in 1-octanoic acid, 1-phenyloctane,
n-pentadecane, and n-decane, respectively. (g–j) Proposed molecular models for the assembly (c–f) of
the 5-BHBA. Reproduced from [77] with permission from the American Chemical Society.
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2.3. Self-Assembled Patterns of Coumarin Derivatives at the 1-Phenyloctane/HOPG Interface

Two coumarin derivatives substituted by one bromine and two bromines (6-Br-Co16 and
6,8-Br-Co16) were synthesized and shown in Figure 6a,d and Scheme 1c [78]. STM results show that
6-Br-Co16 molecules self-assemble into a uniform Z-like linear pattern (Figure 6b). Two 6-Br-Co16
molecules form a dimer adopting an antiparallel orientation through a pair of triangular motifs
with the −Br···OOC− XBs and the H···Br HBs (Figure 6c). The 6,8-Br-Co16 molecules fabricate an
ordered dislocated linear pattern. In each lamella, the adjacent coumarin cores form a dimer by
the same bonding motif as 6-Br-Co16, whereas unlike 6-Br-Co16, the adjacent dimers of 6,8-Br-Co16
align in a tail-to-tail style with type-II Br···Br XB and H···Br HB, leading to their structural difference.
The dominant factors in the 2D self-assembled adlayers of the two coumarin derivatives refer to the
position and number of Br substituents. Because Br atoms are electron withdrawing groups (strong
electronegativity) and highly polarizable, they can induce the rearrangement of the electronic density
distribution of the molecules. It is concluded that the Br atom can participant in the formation of the
− Br· · · OOC− XB to induce the formation of different 2D adlayers.

Figure 6. (a,d) Molecular structures of 6-Br-Co16 and 6,8-Br-Co16. (b,e) High-resolution STM images
of the 6-Br-Co16 and 6,8-Br-Co16 physiosorbed monolayers at the 1-phenyloctane/HOPG interface.
Scanning area: 20 × 20 nm2. (c,f) Proposed molecular models of (b,e). The inset shows the possible
intermolecular bonds. Reproduced from [78] with permission from the Royal Society of Chemistry.

2.4. Self-Assembled Patterns of Thiadiazole Derivatives at the Liquid/HOPG Interface

Self-assembled nanoarchitectures of the DBT molecule (Scheme 1d) were investigated by STM at the
liquid/HOPG interface in three kinds of solvents (1-phenyloctane, 1-octanoic acid, and 1-octanol) [79].
Dramatic differences in 2D self-assembly patterns are observed. In 1-phenyloctane, a linear structure
(Figure 7a) is stabilized by type-I Br···Br contacts (Figure 7b). However, a lamellar structure is formed
at the 1-octanoic acid or 1-octanol/HOPG interface (Figure 7c,e), in which the solvent molecules
serve as co-adsorbed components to form the HBs with DBT molecules. The distinct self-assembled
nanostructures could be attributed to the solvent polarity. Therefore, the solvent effect plays a significant
role in tuning self-assembled nanostructures on solid surfaces.
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Figure 7. (a,c,e) High resolution STM images of DBT adlayers in 1-phenyloctane, 1-octanoic acid,
and 1-octanol, respectively. (b,d,f) proposed structure models of (a,c,e) for the DBT adlayers. Possible
interactions are shown in the enlarged insets by yellow and blue dashed lines. Reproduced from [79]
with permission from the Hindawi.

2.5. Self-Assembled Patterns of Dithiophene Derivative at the Liquid/HOPG Interface

The self-assembly of Br-DTBDT molecule (Scheme 1e) with a cross structure on HOPG surface
was studied by STM and DFT calculations (Figure 8a,b) [80]. The self-assembled pattern is shown
in the high-resolution STM image (Figure 8c). The proposed model (Figure 8d) implies that the
intermolecular Br···S XBs are formed in neighboring molecules, which are the dominant forces to
stabilize the well-ordered 2D self-assembled pattern. The bonding mode is also indicated by the ESP
map (Figure 8b), in which the charge distribution of Br atom with an electropositive σ-hole and the
electronegative area of sulfur atoms provide the possibility to form Br···S XBs.

Figure 8. (a) Chemical structure of Br-BTDBT. (b) Calculated 3D ESP map of Br-BTDBT core, note that
the alkyl side chains are replaced by the methyl groups for brevity. (c) High-resolution STM image
of the adlayer formed by Br-DTBDT at the 1-phenyloctane/HOPG interface. (d) Proposed molecular
model of the linear structure. Inset shows the intermolecular interactions. Reproduced from [80] with
permission from the Royal Society of Chemistry.
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2.6. Self-Assembled Patterns of Fluorenone Derivatives at the Liquid/HOPG Interface

Varying the solution concentrations and the halogen substituents are quite significant to adjust
the 2D self-assembled pattern. The mechanism is illustrated by comparing self-assembly of Br-FC15
and Cl-FC15 (Scheme 1f and Figure 9a,b) under different concentrations at the 1-phenyloctane/HOPG
interface [81]. At high solution concentrations, a lamellar pattern of Br-FC15 is observed (Figure 9c).
The molecules in adjoining sides align in antiparallel via C−H···Br HBs and type-I Br···Br contacts
(Figure 9d), which is also formed by Cl-FC15 at high solution concentrations (Figure 9e). However,
at low solution concentrations of Cl-FC15, twelve Cl-FC15 molecules arrange with two-row and form a
dodecamer (Figure 9f). The basic unit of the dumbbell-like pattern is formed by a dodecamer with a
neighboring one-row tetramer in each trough, which is stabilized by C−H···Cl and C−H···O−C HBs
(Figure 9j). DFT calculations clearly indicate that the binding energies for the Br···Br (−0.19 kcal/mol)
and Cl···Cl (−0.19 kcal/mol) are equivalent, so the similar patterns on surface are formed. Therefore,
the differences in molecular packing plausibly might arise from the different charge distribution
according to ESP maps (Figure 9b) between the Br and Cl atoms, and the nanoarchitectures can be
effectively tailored by the introduction of different halogen atoms.

Figure 9. (a,b) Chemical structures of Br-FC15 and Cl-ClC15, and their calculated 3D ESP maps.
(c–f) High-resolution STM images of the self-assembled lamellar and alternate-I patterns (Br-FC15),
as well as alternate-II and dumbbell-like patterns (Cl-FC15) at the 1-phenyloctane/HOPG interface.
Concentration: (c) 3.5 × 10−4 M; (d) 5.4 × 10−5 M; (e) 4.5 × 10−4 M; (f) 6.1 × 10−5 M. (g–j) Tentative
structural models of (c–f). Intermolecular interactions are reflected in the enlarged insets. Reproduced
from [81] with permission from the American Chemical Society.

Varying the position of Br substituents on the π-conjugated core also affects the self-assembled
pattern. This mechanism can be explained by combining STM experiments and DFT calculations.
The self-assembly of fluorenone derivatives (1-BFC15, 2-BFC15, and 3-BFC15) with different positions
of Br substitution at the 1-octanoic acid/HOPG interface were investigated (Scheme 1g) [82]. The ESP
maps of those molecules are shown in Figure 10a–c. Four self-assembled nanostructures: alternate-I
pattern (Figure 10d, 1-BFC15), alternate-II pattern (Figure 10e, 2-BFC15), lamellar (Figure 10f, 3-BFC15),
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and alternate-III patterns (Figure 10g, 3-BFC15) are observed. The alternate-I pattern is stabilized by
C−Br···O=C XB and type-I Br···Br contact in the one-row troughs (Figure 10h). In the tetramers of
the denser two-row troughs, two diagonal molecules align in an antiparallel fashion bonded with
a pair of C−H···Br HBs and connect with the neighboring molecules on the same side through two
C−H···Br HBs (Figure 10h). Besides, C−H···O=C HBs are formed between the tetramers. In the looser
two-row troughs, there is lack of C−H···Br HB between the diagonal molecules compared with the
denser two-row troughs. The carboxyl group of 1-octanoic acid molecules interacts with the Br group
to form the COOH···Br HB and C−Br···O=C (COOH) XB (Figure 10h). The 2-BFC15 molecules form the
alternate-II pattern (Figure 10e). In the one-row troughs, 2-BFC15 molecules point to the same direction
of the trough and align along the trough with a small angle between molecules. Tetramers serve as
the elementary unit of the two-row troughs and sequentially align along the troughs (Figure 10i),
which contains two dimers bonded by the Br···Br type-I contacts, C−Br···O=C XBs, and C−H···Br HBs.
Besides, C−H···O=C and C−H···Br HBs are formed between the two dimers.

Figure 10. (a–c) Calculated 3D ESP maps of 1-BFC15, 2-BFC15, and 3-BFC15 molecules. (d–g) High-
resolution STM images show the self-assembled alternate-I (d, 1-BFC15), alternate-II (e, 2-BFC15),
lamellar (f, 3-BFC15), and alternate-III patterns (g, 3-BFC15) at the 1-octanoic acid/HOPG interface,
respectively. Scanning areas: 20 × 20 nm2. (h–k) Proposed molecular models of (d–g). Intermolecular
interactions are reflected in the enlarged insets. Reproduced from [82] with permission from the
American Chemical Society.

The lamellar and alternate-III (Figure 10f,g) patterns for 3-BFC15 are observed at high and low
concentrations, respectively. In lamellar nanostructure, tetramers and hexamers (indicated by the
yellow and orange rectangles in Figure 10f, respectively) are formed, which alternately align along each
trough randomly. As the middle-inset shown in Figure 10j, 3-BFC15 molecules on the same side take a
parallel style linked by C−H···O=C and C−H···Br HBs, which connect with the antiparallel molecules
on the neighboring side through C−H···Br HBs and type-I Br···Br contacts. Whereas, neighboring
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complexes along the troughs are linked by C−Br···O=C XBs, C−H···O=C, and C−H···Br HBs (Figure 10j).
In the alternate-III pattern (Figure 10g), 3-BFC15 molecules in neighboring rows of the two-row troughs
take a head-to-head fashion bonded by C−H···Br HBs and Br···Br type-I contacts. In the one-row troughs,
the C−H···O=C and C−H···Br HBs are formed in and between the dimers, respectively (Figure 10k).

The diverse nanostructures might arise from different positions of bromine substituent in
fluorenone derivatives, which can cause various charge distributions of the fluorenone π-core and
adjust the positive charge distribution of the σ-hole on the Br atom along the C−Br axis. In addition,
the distinct arrangements of the two-row troughs are ascribed to the directionality of XBs and the
closest packing principle.

Various terminal groups of side chains can influence the self-assembly patterns governed by XBs
at the 1-phenyloctane/HOPG interface. Three bromine substituted fluorenone derivatives bearing an
alkoxy chain terminated by ethoxycarbonyl, carboxyl, and hydroxyl groups (Scheme 1h and Figure 11a)
are used to systematically investigate the terminal group effect on the molecular assembly [83].
C−H···O−C HBs are formed within the π-conjugated cores of adjacent molecules in the assembled
nanostructure of BEDF. Besides, the cores form dimers by a pair of C−H···Br HBs (Figure 11c,g).
Each molecule in dimers interacts with the COOC2H5−terminated groups of the side chains in the
adjacent dimers along the troughs to form C−H··O−C (COOC2H5) HBs (Figure 11g).

Figure 11. (a) Chemical structures of BEDF, BCDF, and BHDF. (b) Top and side views of the calculated 3D
ESP map of Br substituted fluorenone core. (c–f) High-resolution STM images show the self-assembled
dimer pattern (BEDF), tetramer pattern (BCDF), lamellar pattern (BHDF) and the octamer pattern (BHDF)
at the 1-phenyloctane/HOPG interface, respectively. Scanning areas: 20 × 20 nm2. (g–j) Proposed
molecular models of (c–f). Reproduced from [83] with permission from the Elsevier B. V.

For BCDF molecule, the linear pattern is composed of tetramers (Figure 11d). Four BCDF molecules
form an aggregate, serving as the fundamental unit to arrange orderly along the bright troughs. BCDF
cores in diagonal within the tetramers are antiparallel and bonded by a type-I Br···Br contact, as well as
interact with two adjacent antiparallel cores by C−H··Br HBs (Figure 11h).
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For BHDF molecule, the lamellar and octamer patterns are observed at high concentrations.
After continuous scanning, the octamer pattern will transform into the lamellar pattern. Whereas, at low
concentrations, only the octamer pattern is observed. The lamellar pattern (Figure 11e) shows that
BHDF molecules self-assemble into two-row troughs. Along the two-row troughs, four molecules
form a tetramer (Figure 11e), which are adjacent to a dimer marked by the blue and green ellipses.
The tetramers are formed by a pair of C−H···Br HBs, while the other antiparallel cores in top-left and
bottom-right make no contribution. Neighboring tetramers along the direction of the side chains are
interconnected by the interdigitated chains, leading to form four O−H··O−C HBs and two additional
C−H···O−H (OH) HBs. The results reveal that the terminal functional groups play key roles in the
regulation of 2D self-assembly nanostructures and serve as the triggers of XBs.

2.7. Self-Assembled Patterns of Phenanthrene Derivatives at the Liquid/HOPG Interface

Tuning the number and position of halogen substituents on the π-conjugated cores also affects the
molecular arrangement on surfaces. The adjustment mechanism is illustrated via alkoxy substituted
phenanthrene derivatives [84]. Self-assembled nanostructures of 2,7-DBHP, 3,6-DBHP, and 3−DBHP
(Scheme 1i and Figure 12a–c) were observed at the 1-octanoic acid/HOPG interface. Both 2,7-DBHP
and 3,6-DBHP could form densely packed columnar networks with edge-on orientation on the surface
at relatively higher concentrations. This nanostructure is stabilized by interchain vdW interactions
and π–π stacking between the π-conjugated cores. At low solution concentrations, the π-conjugated
cores of 2,7−DBHP and 3,6−DBHP molecules adsorb on the HOPG surface with a flat-on fashion
(Figure 12d,e). Molecular models for the adlayers of 2,7−DBHP and 3,6−DBHP are proposed, as shown
in Figure 12g,h. For 2,7−DBHP, Br atoms tend to form Br···O (COO) XB with co-absorbated 1-octanoic
acid molecules [41], whereas for 3,6-DBHP, three molecules arrange in a head-to-head fashion through
type-I Br···Br contacts and H···Br bonds, which induce the formation of zigzag packing. At moderate
concentrations, 2,7-DBHP can form an intermediate pattern, which consists of rows with flat-on and
edge-on styled π-conjugated cores.

Figure 12. (a–c) Molecular structures and their calculated 3D ESP maps of 2,7-DBHP, 3,6-DBHP,
and 3-BBHP, respectively. (d–f) Self-assembled networks formed by 2,7-DBHP, 3,6-DBHP, and 3-BBHP
at the 1-octanoic acid/HOPG interface, respectively. Scanning area: 15 × 15 nm2. (g–i) Proposed
molecular models of (d–f). Reproduced from [84] with permission from the Royal Society of Chemistry.
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For 3-BBHP molecules, no solvent and concentration effects are observed in the self-assembly
process. The molecules form a dimer with their bromine atoms in an antiparallel style, leading to
the formation of two-fold nodes marked by a red circle in Figure 12f,i. The dislocated linear pattern
is stabilized by triangular C−H···Br HBs. These results demonstrate that the different positions and
numbers of Br atoms on the phenanthrene cores significantly affect intermolecular interactions and
determine the outcome of supramolecular architectures.

2.8. Self-Assembled Patterns of Phenanthridine Derivatives at the Liquid/HOPG Interface

Four regioisomeric phenanthridine derivatives with different positions of halogen substituents
and alkoxy chains (2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO) (Scheme 1j and Figure 13a–d) were
synthesized in order to investigate the XBs in 2D self-assembled nanostructures by STM at the
1-phenyloctane/HOPG interfaces [85]. For 2,9-BHP and 3,8-BHP molecules, these two molecules form
linear structures with the π-conjugated cores parallel to each other in each lamella (Figure 13i,k).
The π-conjugated cores of 2,9-BHP molecules in neighboring rows pack in a head-to-head style
and form a helical arrangement (Figure 13i). The molecular model (Figure 13m) displays that the
intermolecular Br···N XBs and H···Br HBs stabilize the pattern. The arrangement of the π-conjugated
cores for 3,8-BHP molecules has a right-handed rotation (Figure 13k). The stronger intermolecular XBs
and HBs are the dominated forces to govern the arrangement of 2,9-BHP and 3,8-BHP molecules in 2D
self-assembled adlayers.

Figure 13. (a–d) Chemical structures of 2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO and their calculated
3D ESP maps (e–h). (i–l) High-resolution STM images of 2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO
adlayers at the 1-phenyloctane/HOPG interface. (m–p) Proposed molecular models of (i–l). Image area:
(i,j,l) 20 × 20 nm2; (k) 15 × 15 nm2. The insets in each model show intermolecular interactions. Pink:
Br···N bonds; black: Br···H bonds; blue: type-II Br···Br XBs. Reproduced from [85] with permission
from the American Chemical Society.
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In contrast, 2,9-BHPO forms a zigzag linear pattern (Figure 13j) stabilized by the H···Br and
C−H···C=O HBs (Figure 13n); 3,8-BHPO can self-assemble into a lamellar arrangement with all the side
chains stretching into the solution (Figure 13l). Four π-conjugated cores of 3,8-BHPO form a tetramer
by four type-II Br···Br XBs, which induce the structural formation (Figure 13p). Due to the desorbed
side chains in this pattern, the adlayer is not stable on the surface.

The position of the side chain attached to the π-conjugated cores of molecules also plays a
significant role in determining the molecular arrangements. The alkoxy chain can rotate randomly to
form dense packing. Whereas, the alkyl chain is rigid, and the C−N bond cannot rotate. Therefore,
the chain−chain and chain-substrate vdW interactions for four molecules should not be ignored.

2.9. Self-Assembled Patterns of Thienophenanthrene Derivatives at the Liquid/HOPG Interface

Self-assembly of thienophenanthrene (TP) derivatives of 6,9-DBTD and 5,10-DBTD (Scheme 1k
and Figure 14a) with triangle π-conjugated cores were investigated at the n-tridecane/HOPG interface
by varying the solution concentration (from 10−3 to 10−6 M) [86,87]. A well-ordered lamellar structure
of 6,9-DBTD (Figure 14e) is observed. It is obviously displaying that two TP π-cores form a dimer and
arrange in a head-to-head style through two pairs of type-II Br···Br XBs and H···Br bonds, while adjacent
dimers are bonded by a pair of C−H···O−C and H· · ·Br HBs. Besides, the side chains arrange in a
tail-to-tail style and are vertical to the rows (Figure 14j). When decreasing the solution concentration
(1.6 × 10−5 M), the co-adsorbed linear pattern of 6,9-DBTD (Figure 14f) is observed. In one row, two TP
π-cores form a dimer via a pair of C−H· · ·O−C HBs with an antiparallel arrangement, while adjacent
dimers form type-I Br···Br interactions (Figure 14k).

Figure 14. (a–d) Chemical structures of 6,9-DBTD and 5,10-DBTD and their calculated 3D ESP maps.
(e,f) High-resolution STM images show the lamellar structure (1.2 × 10−4 M) and co-adsorbed linear
pattern (6.2 × 10−5 M) of 6,9-DBTD adlayers at the n-tridecane/HOPG interface. (g–i) High-resolution
STM images showing vertebra-like structure (2.8 × 10−4 M), hexagonal network pattern (5.7 × 10−5 M),
and linear pattern (5.3 × 10−6 M)) of 5,10-DBTD adlayers at the n-tridecane/HOPG interface. Image
area: (e–g,i) 20 × 20 nm2, (h) 17 × 17 nm2. (j–n) Proposed structural models of (e–i). Reproduced
from [86,87] with permission from the Royal Society of Chemistry.

70



Crystals 2020, 10, 1057

The 5,10-DBTD molecules (Figure 14b) self-assemble into a large organized domain with a
vertebra-like pattern (Figure 14g) at a saturation concentration. Two TP π-cores arrange in a joint-like
motif with an angle-to-angle style by intermolecular bifurcated Br···O−C and Br···S XBs. The adjacent
5,10-DBTD units are connected via C−H· · ·Br and C−H···O−C HBs, which further strengthen this
motif. Two rows of molecules are packed in an anti-parallel fashion and form the vertebra-like pattern,
leading to the minimized polarity of the adlayer [88]. Therefore, 5,10-DBTD exhibits a distinct and
nonidentical XB. With decreases in concentration, the hexagonal network of 5,10-DBTD with a 6-fold
ring elementary structural motif is encompassed by two pairs of molecules and two single molecules
(indicated by triangles) (Figure 14h). Two TP π-conjugated cores appear in pairs with anti-parallel
orientations in dimer via type-I Br· · ·Br interactions, marked by triangles with the same color. Besides,
the TP π-cores marked by blue triangles form type-I Br···Br contacts with the molecules in the adjacent
hexagonal ring (Figure 14 m), respectively. When further diluting the concentration (8.2 × 10−5 M),
the typical STM image of the 5,10-DBTD adlayer shows the formation of a linear pattern (Figure 14i).
The molecules take an anti-aligned arrangement, and their side chains stretch into one side of rows and
vertical to the rows. Therefore, all the carboxyl group orientations might pack toward the conjugated
TP core formed Br···O−C XBs, which play key roles in determining the structural formation. Besides,
the adjacent TP cores are connected via a single type-I Br···Br interaction.

The halogen–heteroatom interactions can also tune the formation of 2D supramolecular networks
at the liquid/solid interface. The 5,10-DBTD and 5,10-DITD molecules are investigated by combinations
of STM observations and DFT calculations [89]. This experiment focuses on how the orientations
of the ester substituent for 5,10-DBTD and 5,10-DITD affect positive charge distribution of halogens
by DFT, which plays a key role in determining the formation of intermolecular XB and various
self-assembled arrangements.

To confirm the formation of XB, different concentrations and substituted halogen atoms (Br and
I) are adopted. Under saturated solution, a large organized domain with a vertebra-like motif of
5,10-DBTD (Figure 15c) is observed by STM at the 1-phenyloctane/HOPG interface. Two π-cores of
5,10-DBTD arrange in an infinite joint-like motif through bifurcated Br···O−C and Br···S XBs, as the
red rectangle indicates in Figure 15c. The 5,10-DBTD molecules are connected by C−H···Br and
C−H···O−C HB interactions, which further reinforce this ribbon pattern (Figure 15c). Because of the
alkyl substitution in aromatic compounds with halogen atoms, the XBs and vdW forces dominate the
formation of a self-assembled network on the HOPG surface. In this arrangement, the orientation of the
side chains directly determines the orientation of carboxyl, leading to the formation of intermolecular
Br···O−C XBs. The direction of Br···S XB is along the C−Br bond toward the positive charge region of
the sulfur atom [70,90]. Thus, 5,10-DBTD exhibits distinct and nonidentical XBs that vary as a function
of halogen identity. With decreasing solution concentration, an alternate vertebra-like structure is
formed (Figure 15d), in which all the carboxyl groups orient to the π-conjugated cores (Figure 15h).
The Br···O−C XBs play significant roles in controlling the formation of this pattern, except for the
interchain vdW interactions.

When substituted halogen atoms are changed from a Br atom to an I atom, 5,10-DITD forms
a honeycomb-like network composed of two zigzag lines (Figure 15e) at a saturated concentration.
In each line, all the π-conjugated cores of 5,10-DITD arrange in an angle-to-angle style by successive
intermolecular bifurcated I···O−C and I···S XBs (Figure 15i). All the side chains stretch into different
directions. With further decreases in the solution concentration, an alternate-I pattern is formed
(Figure 15f). The molecular packing in the zigzag line is the same as that in the honeycomb-like pattern.
In the dimers, the side chains have the same stretching direction as those in the zigzag structure
(Figure 15j), indicating that only the type-I I···I contact bond is formed. This work gives a deep insight
into the role of ester orientation and concentration on the formation of halogen-heteroatom contacts,
which proves relevant for identification of multiple XBs in 2D crystal engineering.
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Figure 15. (a,b) Chemical structures of 5,10-DBTD and 5,10-DITD, and their calculated 3D ESP
maps. (c,d) High-resolution STM images of vertebra-like (2.5 × 10−4 M) and alternate vertebra-like
(9.7 × 10−5 M) patterns of 5,10-DBTD adlayers at the 1-phenyloctane/HOPG interface, respectively.
(e,f) High-resolution STM images of honeycomb-like (6.6 × 10−4 M) and alternate chiral (8.2 × 10−5 M)
patterns of 5,10-DBTD adlayers at the 1-phenyloctane/HOPG interface, respectively. Scanning area:
20 × 20 nm2. (g–j) Proposed structural models of (c–f). Insets show the intermolecular interactions.
Reproduced from [89] with permission from the American Chemical Society.

In addition, the concentration-dependent self-assembly of 5,10-DITD was investigated at the
1-octanic acid/graphite interface by STM [91]. Three chiral arrangements and 2D assembled structural
transformation mainly controlled by XBs are clearly revealed. At high concentrations, the molecules
self-assemble into a honeycomb-like chiral network (Figure 16c,d). Except for the interchain vdW forces,
this nanostructure is stabilized by intermolecular continuous C−O···I···S XBs in each zigzag line. At a
moderate concentration, a chiral kitelike motif (Figure 16e,f) is observed, in which the C−O···I···S and
I···O−C XBs, along with the molecule–solvent C−O···I···H XBs are the dominated forces to determine the
structural formation. At low concentrations, the molecules form a chiral cyclic network (Figure 16g,h)
by molecule–molecule C−O···I···S XBs and molecule–solvent C−O···I···H XBs. The above results reveal
that the type of intermolecular XBs and the number of the co-adsorbed 1-octanic acids determine the
formation and transformation of chirality.

Based on the TP core, an asymmetric M1 molecule (Figure 17a) was designed and synthesized
to investigate C−Br···π XB-induced molecular self-assembly at the n-hexadecane/solid interface [92].
According to the self-adaption principle of molecule geometry in 2D supramolecular self-assembly,
three types of self-assembly dimers are predicted (Figure 17c), which are confirmed by STM experiment
and DFT calculations. Three nanostructures (“N” type, “tail-to-tail”, and discrete structures) are
observed by continually decreasing concentrations (Figure 17d,f,h). Among the three nanostructures,
the relative location of two molecular cores in dimer I is maintained, and the difference is only in
the arrangement of alkoxy chains. The results demonstrate that dimer I not only has a high binding
energy derived from the collaboration of C−H···Br···π bonds and the rigid directionality of C−Br···π
XBs, but also has support from vdW forces generated from the suitable lengths of the side chains and
n-hexadecane molecules.
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Figure 16. (a) Chemical structure of 5,10-BITD. (b) Calculated 3D charge density maps of 5,10-DITD
with different configurations of ester groups. (c–h) High-resolution STM images of CCW and CW
honeycomb-like, kite-like, and cyclic networks formed by 5,10-DITD at the 1-octanic acid/HOPG
interface (2.0 × 10−3 M; 5.0 × 10−4 M; 5.0 × 10−5 M; scanning area: 20 × 20 nm2). (i–n) Proposed
molecular models of (c–h) showing R and L kite-like, kite-like, and cyclic networks. Reproduced
from [91] with permission from Elsevier B.V.

Figure 17. (a) Chemical structure of M1. (b) Calculated 3D ESP map of the M1 conjugated core.
(c) Possible self-assembly dimers of M1 containing Br···π XB (dimer I), C−H···Br HBs (dimer II),
and type-I Br···Br interactions (dimer III) depicted by red, blue, and green dotted lines, respectively.
(d) A high-resolution STM image of the linear structure consisted of dimer I at the n-hexadecane/HOPG
interface. Some dimer II structures are excluded by the black dotted rectangle. (f,h) High-resolution
STM images showing the “tail-to-tail” and discrete structures, respectively. (e–i) Proposed structural
models of (d,f,h). Image size: 20 × 20 nm2. Reproduced from [92] with permission from the Royal
Society of Chemistry.
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Generally, changing the shape of the molecular π-conjugate core and varying the position, type,
and number of halogen substituents of the molecules could modify the intermolecular interactions.
The results indicate that these methods are efficient to further investigate XBs on surfaces, and these
factors play significant roles in controlling the arrangement of nanostructures.

3. Conclusions

This review briefly documented the definition, research history, and essential properties of the XBs.
The XB, as a “specific supramolecular interaction” has been widely used in the preparation of complex
2D self-assembly motifs. This review includes 28 molecules that were designed and home-synthesized
carefully, and which were grouped by the similarity of π-conjugated cores. Those molecules within the
same family are designed by changing the position and number of the halogen substituents on the
aromatic conjugated cores and are used to explore the formation of XBs under different solvents and
concentrations at the liquid/solid interface. STM observation and DFT calculations show that an X–X
contact often is accompanied by a concomitant HB, and the two bonds act as the collaborative forces to
stabilize the 2D adlayers. Moreover, varying the type, number and position of halogen substitutes
on the π-conjugated cores can induce the rearrangement of the electronic density distribution of the
molecules, which can give rise to new molecular arrangements on surfaces. However, to confirm the
fabrication of networks driven by XBs, significant efforts need to be involved in the design of 2D crystal
engineering. Furthermore, the dominant force of molecule–substrate interactions on the formation
of self-assembled nanostructures is difficult to quantify in terms of the real contribution of XBs for
stabilizing the supramolecular networks. Fortunately, the high-resolution STM images could support
precise determination of interatomic distances (bond length) and angles (bond angle), which thus
allows better insight into XBs and X–X interactions.
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Abstract: A theoretical study and Cambridge Structural Database (CSD) search of dinuclear Ag(I)
pyrazolates interactions with Lewis bases were carried out and the effect of the substituents and ligands
on the structure and on the aromaticity were analyzed. A relationship between the intramolecular
Ag–Ag distance and stability was found in the unsubstituted system, which indicates a destabilization
at longer distances compensated by ligands upon complexation. It was also observed that the
asymmetrical interaction with phosphines as ligands increases the Ag–Ag distance. This increase is
dramatically higher when two simultaneous PH3 ligands are taken into account. The calculated 109Ag
chemical shielding shows variation up to 1200 ppm due to the complexation. Calculations showed
that six-membered rings possessed non-aromatic character while pyrazole rings do not change their
aromatic character significantly upon complexation.

Keywords: non-covalent interactions; regium bonds; silver(I); coinage metals; pyrazolates; phosphines

1. Introduction

Non-covalent interactions (NCIs) are present in complexes formed between two or more Lewis
acids and Lewis bases. In fact, those interactions are commonly named by the Lewis acid [1]. On the
one hand, a Lewis base (LB) or a LB motif is associated with a region of space where there exists an
excess of negative charge (i.e., electron density) in the proximity of an atom or atoms within a molecule.
This is predominant in anions and in some neutral molecules such as those that exhibit lone pairs (LP:
carbenes, amines, phosphines, N-oxides, etc.), multiple bonds (olefins, acetylenes, benzenes and other
aromatic molecules), single bonds (alkanes, dihydrogen, etc.), radicals, metals (rarely), etc. On the
other hand, a Lewis acid (LA) is associated with a region of space where there is an excess of positive
charge (in other words a deficit of negative charge or electron deficiency) in the proximity of an atom
or atoms in a molecule. This can be found in cations, molecules or atoms exhibiting σ- and π-holes and
metals (frequently). The concept of a σ-hole was introduced by Politzer et al. [2–5] to describe regions
of positive potential along the vector of a covalent bond. It was latter extended to other situations,
for example, the π-hole [6–11] (positive electrostatic potential perpendicular to an atom of a molecular
framework) and lone pair hole (similar to σ-hole but along the atom–lone pair direction) [12–14].
The maximum value of the molecular electrostatic potential within a given molecular density isosurface
surface, VS,max, has also been classified based on the nature of the orbitals (s-, p- and d- orbitals) and it
is associated with the corresponding deficiencies (σs-, σp- and σd-holes) [15].

There is a wide variety of non-covalent interactions due to most groups of the periodic table being
associated with a certain type of NCI: starting from the archetypical hydrogen bond (HB) there are
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“alkali bonds” (group 1) [16,17], “alkaline earth bonds” (group 2) [18–20], “regium bonds” (groups
10 and 11) [21–23], “triel bonds” (group 13) [24], “tetrel bonds” (group 14) [25–28], “pnictogen (also
called pnicogen) bonds” (group 15) [29–31], “chalcogen bonds” (group 16) [32–35], “halogen bonds”
(group 17) [36,37], and “aerogen bonds” (group 18) [38]. Regium (or coinage-metal bonds) bonds
involve mainly coinage metals, Cu, Ag and Au. These weak interactions are particularly interesting
since they are associated with organometallic chemistry. However, it is necessary to clearly differentiate
between clusters (e.g., Au2 or Ag11) [22,39] and molecules (e.g., AuX) [40,41]. Recent published works
show an increased interest in regium bonds, some example of which are discussed here [42–45].

In this article, the dinuclear silver(I) pyrazolates (Scheme 1) have been considered following a
previous paper on trinuclear silver(I) pyrazolates [46]. The effect of the ligands on the silver atom and
the substituents on the pyrazole rings on the structure, energetic, electronic and magnetic properties
have been analyzed.

 

R = H, 4-NO2, 

3,5-diMe, 4-Cl,  

 

L = N2, OH2, NCH, 

SH2, NH3, PH3, CNH 

 

n = 0, 1, 2, 4 

(PzAg)2 

(PzAg)2(N2)2 

(PzAg)2(OH2)2 

(PzAg)2(NCH)2 

(PzAg)2(SH2)2 

(PzAg)2(NH3)2 

(PzAg)2(PH3)2 

(PzAg)2(CO)2 

(PzAg)2(CNH)2 

(PzAg)2(PH3) 

(PzAg)2(PH3)4 

(4NO2pzAg)2 

(4NO2pzAg)2(PH3) 

(4NO2pzAg)2(PH3)2 

(4NO2pzAg)2(PH3)4 

(DMepzAg)2  

(4ClpzAg)2 

(DMepzAg)2(PH3)2 

(4ClpzAg)2(PH3)2 

Scheme 1. General structure of the complexes under study and their corresponding names.

2. Materials and Methods

2.1. Cambridge Structural Database Search

The Cambridge Structural Database (CSD) [47] version 5.40 with updates from November 2018,
May 2019, and August 2019 was searched for systems with cyclic (Pz-Ag)2 structure. The geometrical
characteristics of these systems have been analysed.

2.2. Ab Initio Calculations

The geometry of the systems have been fully optimized using the MP2 computational
method [48–51] and the jul-cc-pVDZ basis set [52–54] for all the atoms except for the silver atoms, of
which the aug-cc-pVDZ-PP effective core potential basis set [55] has been used. Frequency calculations
have been carried out at the same computational level to verify that the obtained structures correspond
to energetic minima. Dissociation energies have been obtained as the difference between the sum of
the energies of the isolated monomers in their optimized geometry and the energy of the complex.
These calculations have been carried out with the Gaussian-16 program [56].

The molecular electrostatic potential on the 0.001 au electron density isosurface (MESP) was
calculated with the Gaussian16 program, analyzed with the Multiwfn program [57] and represented
with the JMol program [58].

The topological analysis of the electron density was carried out by means of the quantum theory
of atoms in molecules (QTAIM) method [59–62] using the AIMAll program [63]. This method identifies
the points of space where the gradient of the electron density vanishes (critical points) and based on
the number of positive curvatures characterizes them as nuclear attractors (3, −3), bond critical points
(3, −1), ring critical points (3, +1) or cage critical points (3, +3). By connecting the bond critical points
with the nuclear attractor, following the minimum gradient path, the molecular graph is obtained.

The natural bond orbital (NBO) method [64] was employed using the NBO-3 program to evaluate
atomic charges, and to analyze charge-transfer interactions between occupied and unoccupied orbitals.
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The TOPMOD program [65] has been used to analyze the areas of electron concentration in terms
of the electron localization function (ELF) [66]. For the three-dimensional plots, a convenient ELF value
of 0.7 was used [67].

Relativistic-corrected NMR chemical shielding values for the geometries optimized at MP2 level
were obtained using the relativistic ZORA spin–orbit Hamiltonian [68,69], the BP86 functional [70–72],
and the full electron QZ4P basis [73]. In addition, the nuclear-independent chemical shift (NICS) [74] at
the centre and 1 Å above the centre of the ring formed by the two Ag atoms and the pyrazole moieties
were calculated to study the aromaticity of all systems. In addition, a scan of the NICS values from 0 to
2 Å in steps of 0.25 Å for (PzAg)2 was calculated [75,76]. These calculations have been performed with
the ADF-2017 program [77].

3. Results and Discussion

In this paper we will report the study of nineteen compounds corresponding to the general formula
depicted in Scheme 1 and named by a simple code that allows to easy identification: (R-pzAg)2(L)n.
Firstly, the substituents (R) on the pyrazole ring are indicated: Pz, 4NO2pz, DMepz and 4Clpz for the
unsubstituted (H), 4-nitro, 3,5-dimethyl, and 4-chloro derivatives, respectively. Secondly, the ligands
(L) interacting with the silver atoms are indicated. Thus, for instance, (4NO2pzAg)2(PH3)4 corresponds
to the (4-nitropyrazole:Ag)2 cyclic structure with four phosphines interacting with the silver atoms
(two phosphines per each silver atom).

3.1. CSD Search

A search in the Cambridge Structural Database has been carried out and the resulting compounds
with the structure represented in Scheme 1 were summarized and reported in Table 1 ordered by
increasing Ag–Ag intramolecular distance. Two simplified views of these structures can be found
in Table S1 of the Supplementary Materials. Structures with dinuclear silver(I) pyrazolates without
ligands were not found within the CSD search.

As observed by the crystallographic data, the Ag–Ag distance ranges between 4.305 Å (ZIGSEQ)
and 3.392 Å (FINWOR). The shortest distances correspond to complexes with only two ligands present
concomitantly with the 3,5-bis-CF3 substituent on the pyrazole. It is also clear that the larger the
number of ligands, the longer the intramolecular Ag–Ag distance. Moreover, it is noteworthy that,
in structures with four phosphines ligands, the Ag–Ag distance increases as the substitutes of the
pyrazole are H < 4-Cl < 4-NO2. These results will be compared against our theoretical calculations in
the following sections.

Concerning the conformation of the six-membered rings in the crystal structures (similar to those
of 1,4-cyclo-hexadiene, 9,10-dihydroanthracenes, phenothiazines, etc.), very little energy differences
between those conformations in the crystals were found, in agreement what was proposed by Rasika
Dias [78]. Regarding the tetrahedral configuration of Ag(I) atom, we have used Houser’s τ4 index [79]
as recommended by Raptis [80]. This index is defined as:

τ4 = [360 − (α + β)]/141 (1)

where, α and β correspond to the two largest angles of the six angles around the tetrahedral silver atom.
The values of τ4 range from 1 (perfect tetrahedral geometry, i.e., τ4 = [360 − (109.5 + 109.5)]/141 = 1) to
0 (perfect square planar geometry). The τ4 values obtained for three substituents, 0.9 (RATFEX and
ZIGSIU) are very similar to those for 4 substituents (ZIGROZ and ZIGSEQ, 0.89 and 0.88 respectively)
with both identical Ag atoms. The two lowest values (0.78) correspond to a substituent that differs
from PPh3 (see notes (a) and (b) of Table 1).
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Table 1. Results of the Cambridge Structural Database (CSD) search. Abbreviations: nature of the
pyrazolate anion, nature of the ligand (L), number of ligands; Ag(I)–Ag(I) distance in Å, silver–ligand
distance in Å, conformation of the six-membered ring and tetrahedral configuration of the Ag (τ4 index).

Refcode Pyrazolate Ligand (L) Nº of Ls Ag–Ag Ag–L Conformation τ4 index

FINWOR 3,5-bis-CF3
3,5-bis-CF3-

pyrazole-Ag 2 3.392 2.250 Nearly planar —-

PIRCUR 3,5-bis-CF3 PPh3 2 3.425 2.343 Boat —-
PIRCUR 3,5-bis-CF3 PPh3 2 3.425 2.414 Boat —-
FINWIL 3,5-bis-CF3 PPh3 2 3.479 2.366 Twisted boat —-

IPIGOD 3,5-bis-CF3 2,4,6-collidine 2 3.499 2.277 Boat +
flattened chair —-

IPIGOD 3,5-bis-CF3 2,4,6-collidine 2 3.499 2.254 Boat +
lattened chair —-

IPIGOD 3,5-bis-CF3 2,4,6-collidine 2 3.502 2.269 Boat +
flattened chair —-

IPIGOD01 3,5-bis-CF3 2,4,6-collidine 2 3.562 2.253 Half boat —-
IPIGOD01 3,5-bis-CF3 2,4,6-collidine 2 3.562 2.253 Half boat —-

SOJCIG 3,5-bis-CF3
3,5-bis-CF3-

pyrazole-Ag 2 3.632 3.218 Chair —-

SOJCIG 3,5-bis-CF3 pyrazole-Ag 2 3.632 2.258 Chair —-
RATFEX Parent PPh3 3 3.706 2.370 Flattened chair 0.90
RATFEX Parent PPh3 3 3.706 2.484 Flattened chair
RATFEX Parent PPh3 3 3.706 2.461 Flattened chair
ZIGRUF 4-Cl PPh3 3 3.707 2.374 Flattened boat 0.83
ZIGRUF 4-Cl PPh3 3 3.707 2.475 Flattened boat
ZIGRUF 4-Cl PPh3 3 3.707 2.485 Flattened boat
ZIGSIU 4-NO2 PPh3 3 3.827 2.379 Boat 0.90
ZIGSIU 4-NO2 PPh3 3 3.827 2.495 Boat
ZIGSIU 4-NO2 PPh3 3 3.827 2.469 Boat
RATFAT Parent PPh3 2 3.870 2.376 Planar —-
KIRXIV Parent (a) 2 (4) 3.900 2.532 Planar 0.78
KIRXIV Parent PPh3 4 3.900 2.539 Planar

ZIGSAM 4-Cl (b): PR3 4 4.205 2.460 Twisted 0.78
ZIGSAM 4-Cl PR3 4.205 2.534 Twisted
ZIGROZ 4-Cl PPh3 4 4.209 2.484 Twisted 0.89
ZIGROZ 4-Cl PPh3 4 4.209 2.500 Twisted
ZIGSEQ 4-NO2 PPh3 4 4.305 2.502 Twisted 0.88
ZIGSEQ 4-NO2 PPh3 4 4.305 2.487 Twisted

max —- —- 4.305 3.218 —- —-
min —- —- 3.392 2.250 —- —-

(a) Two P ligands that corresponds to four P atoms.  

(b) A P ligand in an adamantane type molecule:  

3.2. Electronic Properties of the Isolated (PzAg)2 System

The isolated (PzAg)2 system calculated at MP2 level presents a planar structure with D2h symmetry,
where the silver atoms are equidistant to the pyrazole rings with an intramolecular Ag–Ag distance of
2.801 Å (Table S2). This intramolecular distance is slightly larger than that of the Ag2 cluster (2.514 Å)
calculated at the same computational level. In fact, its molecular graph (Figure 1a) shows the presence
of an Ag–Ag bond with the corresponding bond critical point. However, other electronic analysis
carried out: ELF (Figure 1b) and NBO, do not indicate the presence of such bonds between the silver
atoms due to the absence of the corresponding basin concomitantly with the Wiberg bond index of the
Ag–Ag contact in (PzAg)2—being 0.01, while that of Ag2 is 0.92.
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Figure 1. (a) Molecular graph, (b) electron localization function (ELF) at 0.7 isosurface value,
(c) molecular electrostatic potential on the 0.001 au electron density isosurface (MESP) and (d) LUMO
orbital of the (PzAg)2 system. The green and red dots in the molecular graph indicate the location of
the bond and ring critical points. The range of colors used in the MESP are red (MESP < –0.02 a.u.) and
blue (MESP > 0.03 a.u.). The locations of the VS,max in the MESP are indicated with black dots.

The molecular electrostatic potential on the 0.001 au electron density isosurface (MESP) of the
(PzAg)2 system (Figure 1c) shows negative values above and below the pyrazole ring while the MESP
in the extension of the CH and Ag–Ag bonds are positive. Moreover, the calculated maximum value
on the MESP, VS,max, in the vicinity of the silver atoms is +0.03 a.u. (marked with black dots) being
the most positive value in the whole isosurface. Interestingly the LUMO orbital (Figure 1d) is solely
associated to the Ag atoms and located in a region that coincides with the location of the VS,max.
Thus, the silver atoms of this molecule should act as a Lewis acid using both the electrostatic and
orbital criteria.

3.3. The (PzAg)2 Free Complex and the Effect of the Ag–Ag Distance on its Stability

The complex without ligands, (PzAg)2, has in its minimum energy structure a distance between
both silver atoms of 2.801 Å (Table S2) which is considerably shorter than any of the Ag–Ag distances
found in the CSD. As we have already indicated in the CSD search, this distance is very sensitive to
the environment (substituents of the pyrazole and ligands of the silver atoms) and can vary almost
1.0 Å from the shortest to the longest distance (3.392 and 4.305 Å, respectively). In order to explore the
energetic penalty due to the elongation of the intramolecular Ag–Ag distance, the (PzAg)2 system has
been optimized while keeping fixed the Ag–Ag distance from 2.6 to 4.0 Å in steps of 0.2 Å (Table S2 and
Figure 2). The energetic results indicate that lengthening the distance 1 Å, up to 3.8 Å, considerably
decreases the stability of the system by 75 kJ·mol−1 which should be compensated by the interactions
with the ligands.

3.4. Effect of the Ligands and Substituents on the Structure and Dissociation Energy (De)

After studying the free (PzAg)2 system, the complexes with two ligands simultaneously interacting
with the (PzAg)2 system have been optimized, i.e., each silver atom interacts with a single ligand.
The minimum structures obtained show that the interacting atom of the ligand is coplanar with the
plane defined by the (PzAg)2 system. The molecular graphs of two illustrative examples are shown in
Figure 3 and the Cartesian coordinates of all of them were summarized in Table S3.
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Figure 2. Relative energy vs. Ag–Ag distance in the (PzAg)2 system.

Figure 3. Molecular graph of the (PzAg)2(CO)2 and (PzAg)2(PH3)2 complexes. The green and red dots
indicate the location of the bond and ring critical points, respectively.

The complexation with ligands produces an elongation of the Ag–Ag distance up to 1.1 Å (Table 2)
in agreement with the large variety of structures and the range of Ag–Ag distances found in the
CSD search. For example, the crystal structure RATPAT (L = (PPh3)2) shows an Ag–Ag distance of
3.870 Å while in the calculated (PzAg)2(PH3)2 complex this value is 3.689 Å. It is known that ligands
coordinated by O, C or P atoms are strong, while those ligands coordinated by N atoms are weak.
In the cases of CNH and HCN ligands are both -donors and -acceptors but the former is coordinated by
the C atom while the latter is coordinated by the N atom. This results in larger dissociation energies for
the (PzAg)2(CNH)2 complex in comparison with (PzAg)2(NCH)2. Similarly, this happens with CO and
NH3 ligands (both -donors), but while CO is a good -acceptor NH3 is not, resulting in smaller values
of De. In the case of the PH3 ligand, it is both a -donor and -acceptor ligand, which is in agreement
with the (PzAg)2(PH3)2 complex, showing the second largest De. Chalcogen ligands, OH2 (-donor)
and SH2 (-donor) present similar trends. In addition, it is also observed that the distance between both
pyrazole rings decreases with the elongation of the Ag–Ag distance.
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Table 2. Geometries and dissociation energy of (PzAg)2 and (PzAg)2L2 systems.

Compound Ag–Ag dist. (Å) Pz-Pz dist. (Å) a Ag-Z dist. (Å) b De (kJ·mol−1)

(PzAg)2 2.801 3.968 — 0.0
(PzAg)2(N2)2 2.851 3.968 2.837 22.7

(PzAg)2(OH2)2 2.908 3.994 2.630 54.5
(PzAg)2(NCH)2 3.078 3.933 2.425 56.3
(PzAg)2(SH2)2 3.196 3.889 2.631 71.2
(PzAg)2(NH3)2 3.255 3.905 2.358 91.7
(PzAg)2(PH3)2 3.689 3.657 2.373 122.9
(PzAg)2(CO)2 3.845 3.519 1.998 90.0

(PzAg)2(CNH)2 3.880 3.534 2.018 136.6
a Measured as the distance between the smallest N–N distance in two pyrazole rings. b Z is the atom of L directly
interacting with the silver atoms.

But, does this have any impact on the dissociation energy? Or, in other words, is there any
relationship between the Ag–Ag intramolecular distance and the dissociation energy? The dissociation
energy values corresponding to the (PzAg)2L2 complexes range between 23 kJ mol−1 for L = N2 to
137 kJ mol−1 for L = CNH (Table 2). In general, despite observing a trend between the dissociation
energy and the elongation of the Ag–Ag distance (Figure S1), no good fitting has been found (logarithmic
fitting, R2 = 0.73). The only outlier corresponds to the (PzAg)2(CO)2 complex, and when this point is
neglected the fitting is more evident (R2 = 0.90). A better exponential relationship has been found for
the distance between the pyrazole rings vs. De (De = 5.55·e−0.114Pz-Pz, R2 = 0.92) which may suggest
that the repulsion between pyrazole groups is partially responsible for the increase of the De energy
but somehow compensated by the Ag–Ligand interaction.

The effect of the substituents (pyrazole ring) within the Ag–Ag distance and dissociation energies
have been explored by considering four different pyrazole derivatives, R =H, 3,5-di(CH3), 4-Cl and
4-NO2. These isolated (R-pzAg)2 systems have been fully optimized as well as in the presence of two
phosphine molecules ligands with the results gathered in Table 3.

Table 3. Effect of the 3,5-dimethyl, 4-chloro and 4-nitro substituents (pyrazole ring) within the Ag–Ag
distance and on the dissociation energy, De.

Compound Ag–Ag dist. (Å) De (kJ·mol−1)

(DMepzAg)2 2.793 —-
(PzAg)2 2.801 —-

(4ClpzAg)2 2.819 —-
(4NO2pzAg)2 2.841 —-

(DMepzAg)2(PH3)2 3.656 120.0
(PzAg)2(PH3)2 3.689 122.9

(4ClpzAg)2(PH3)2 3.730 135.1
(4NO2pzAg)2(PH3)2 3.782 150.8

In relation to the Ag–Ag distance in the isolated (R-pzAg)2 systems, it increases in the following
order: 3,5-di(CH3) <H < 4-Cl < 4-NO2 with a variation of 0.05 Å between both extremes. The same
order was found within the (R-pzAg)2(PH3)2 complexes but with a slightly larger range of 0.12 Å.
This evolution was also found in the CSD search for complexes with three PPh3 ligands: RATFEX
(R = H) (3.706 Å) < ZIGRUF (R = 4-Cl) (3.707 Å) < ZIGSIU (R = 4-NO2) (3.827 Å), and for complexes
with four PPh3 ligands: KIRVIX (R=H) (3.900 Å)<ZIGROG (R= 4-Cl) (4.209 Å)<ZIGSEQ (R = 4-NO2)
(4.305 Å).

The dissociation energies for the (R-pzAg)2(PH3)2 complexes increase following the same trend of
Ag–Ag distances (Table 3 and Figure S2). Furthermore, linear correlation with R2 value of 0.97 was
obtained between Ag–Ag distances and the De.
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So far, only the systems with no ligands, (R-pzAg)2, and complexes with two identical ligands,
(R-pzAg)2L2, have been studied. In Table 4, the results corresponding to the complexes with 0, 1, 2
and 4 phosphine ligands bonded to (PzAg)2 and (4NO2pzAg)2 systems are shown. In both series,
the intramolecular Ag–Ag distance increases with the number of phosphine ligands bonded. When
one PH3 is bonded the increase in the Ag–Ag distance with respect to the isolated system is 0.286 and
0.311 Å for (PzAg)2 and (4NO2pzAg)2 systems respectively. However, the change is two times larger
when moving from 1 to 2 simultaneous ligands. Finally, the change is again moderate when 4 PH3

ligands interacting with each Ag are considered. The CDS search also shows an increase of the Ag–Ag
distance with the number of ligands. For example in the unsubstituted complexes (R=H) the Ag–Ag
distance in RATFET (L = 3) is 3.706 Å and increases to 3.900 Å with four ligands (KIRXIV). This is also
observed for substituted complexes with R=4-Cl: ZIGRUF (L = 3) 3.707 Å to ZIGROZ (L = 4) 4.209 Å
and for R = 4NO2: ZIGSIU (L = 3) 3.827 Å) to ZIGSEQ (L = 4) 4.305 Å. In addition, it is interesting to
notice that in complexes with four phosphines, the (R-PzAg)2 system adopts a chair conformation
(Figure 4) vs. the planar one observed with one or two ligands. The experimental Ag–Ag distances
are longer than the calculated ones; this could be due to the fact that the ligand found in the crystals
are bulkier (for instance PPh3 vs. PH3). This can be also related with the ratio of σ-donor/π-acceptor
capacity in phosphorus ligands. In principle P(CH3)3 is a better σ-donor than PH3, while the latter is a
better π-acceptor [81]. However, the σ-donor/π-acceptor ratio indicates that the P(CH3)3 is a stronger
ligand than PH3. The same can be expected for PPh3 and therefore the Ag–Ag distance will be larger
for complexes that are PPh3-coordinated compared with those for PH3 ones.

Table 4. Effect of the number of ligands.

Compound Number of Ls Ag–Ag dist. (Å) De (kJ·mol−1) τ4 index

(PzAg)2 0 2.801 0.0 —-
(PzAg)2(PH3) 1 3.087 64.2 —-
(PzAg)2(PH3)2 2 3.689 122.9 —-
(PzAg)2(PH3)4 4 3.798 214.5 0.81 & 0.83
(4NO2pzAg)2 0 2.841 0.0 —-

(4NO2pzAg)2(PH3) 1 3.152 77.4
(4NO2pzAg)2(PH3)2 2 3.782 150.8 —-
(4NO2pzAg)2(PH3)4 4 3.870 251.7 0.80 & 0.81

Figure 4. Two orthogonal views of the molecular graph of the (4NO2pzAg)2(PH3)4 complex.

Regarding the τ4 index for (PzAg)2(PH3)4 and (4NO2pzAg)2(PH3)4: the values for both Ag
are 0.81 and 0.83 respectively, in between of those found for ZIGSAM (0.78) and ZIGROZ (0.89)
crystal structures.

The values of De show an anticooperativity effect as the number of phosphines increases, thus
the De’s of the systems with two phosphines are smaller than twice the corresponding ones with
one phosphine and the same happens when the results between the systems with two and four
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phosphines are compared. Looking at the values shown in Table 4, (PzAg)2(PH3) complex yields a De
of 64.2 kJ·mol−1, whereas (PzAg)2(PH3)2 complex’s is 122.9 kJ·mol−1, 5.5 kJ·mol−1 smaller than twice
the corresponding value for (PzAg)2(PH3). This is an indication of an anti-cooperativity effect, which
is more evident when (PzAg)2(PH3)4 complex is taken into account (~42 kJ·mol−1 less than four times
the De of (PzAg)2(PH3)). This is also observed for (4NO2pzAg)2 and the corresponding complexes,
but the differences, i.e., the anti-cooperativity, is rather smaller (4.0 kJ·mol−1) for (4NO2pzAg)2(PH3)2

and slightly larger for (4NO2pzAg)2(PH3)4 (57.9 kJ·mol−1).

3.5. Electron Density

The critical points of the electron density of all systems have been characterized using the quantum
theory of atoms in molecules (QTAIM) method. As aforementioned, a bond critical point (BCP) is
obtained for the (PzAg)2 system in between both Ag atoms. A similar feature has been obtained
for all the systems with Ag–Ag distances shorter than 3.3 Å. The electron density values, ρBCP, of
this BCP (Table S4) range between 0.032 and 0.014 a.u., with positive values of the Laplacian, ∇2ρ

(between 0.098 and 0.041 a.u.) and negative values of the total energy density, HBCP, except for the
system with the largest Ag–Ag bond in this set ((PzAg)2(NH3)2). Excellent exponential relationships
are obtained between the ρBCP and ∇2ρBCP and the interatomic distance in agreement with previous
reports (Figure 5) [82,83].

Figure 5. Electron density, ρBCP, and Laplacian, ∇2ρBCP, vs. the Ag–Ag distance (Å). The fitted
exponential relationships are shown.

Concering the Ag–L bonds, the corresponding bond critical points between the silver atom and the
different ligands have been gathered in Table S5. In all the cases, the interactions exhibit positive values
of the ∇2ρBCP and negative values of HBCP, which indicates a partial covalent character of the bond
formed [84,85]. The only exception corresponds to the weakest complex, (PzAg)2(N2)2, which shows a
small positive HBCP value. The 14 unique Ag–P contacts found in this set show similar relationships
between ρBCP and ∇2ρBCP vs. the Ag–P distance to those previously mentioned for Ag–Ag BCPs.

3.6. Magnetic Properties and Aromaticity

Among the different nuclei suitable for NMR spectra present in these systems (1H, 13C and 15N),
109Ag is the one with the largest range of chemical shifts. The calculated 109Ag chemical shielding for
all the systems studied in this article are listed in Table 5. It is worth noting that upon complexation
109Ag can change its chemical shielding by more than 1200 ppm to lower field, from 3765 ppm ((PzAg)2)
to 2550.48 ppm ((PzAg)2(PH3)4). Furthermore, a good relationship between the chemical shielding
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and the intramolecular Ag–Ag distance (only for complexes with two ligands) was found (Figure S3).
Unfortunatelly, there are no experimental data on (PzAg)2 compounds but a recent report on (PzAg)3

derivatives show that the methodology used here provides δ109Ag values within 10 ppm of the
experimental ones [46].

Table 5. 109Ag absolute chemical shielding (σ, ppm) and nuclear-independent chemical shift (NICS)
values (ppm) of the six-membered and pyrazole rings.

System σ109Ag (ppm)
6-Membered Ring Pz Ring

NICS(0) NICS(1) NICS(0) NICS(1)

(PzAg)2 3765.7 −7.39 −1.84 −13.06 −10.97
(PzAg)2(N2)2 3648.3 −7.17 −1.70 −12.70 −10.95

(PzAg)2(OH2)2 3752.8 −5.82 −1.48 −12.88 −11.22
(PzAg)2(NCH)2 3515.5 −4.76 −1.10 −12.67 −11.03
(PzAg)2(SH2)2 3288.3 −3.55 −0.65 −12.75 −11.04
(PzAg)2(NH3)2 3511.9 −2.40 −0.38 −12.74 −11.12
(PzAg)2(PH3)2 2900.9 −0.14 0.12 −12.27 −11.11
(PzAg)2(CO)2 2706.9 −0.56 −0.33 −12.37 −11.13

(PzAg)2(CNH)2 2825.4 −0.16 −0.12 −12.29 −11.16
(DMepzAg)2 3720.4 −7.98 −2.23 −10.50 −9.34
(4ClpzAg)2 3815.9 −7.11 −1.75 −12.62 −9.98

(4NO2pzAg)2 3835.5 −6.95 −1.72 −11.98 −9.50
(DMepzAg)2(PH3)2 2893.1 −0.73 −0.25 −9.32 −9.29
(4ClpzAg)2(PH3)2 2954.4 −0.17 0.07 −11.74 −10.09

(4NO2pzAg)2(PH3)2 3010.2 0.12 0.19 −10.81 −9.41
(PzAg)2(PH3)4 2561.6

2550.5
(4NO2pzAg)2(PH3)4 2619.5

2627.7

In order to explore the potential aromaticity of the six membered ring formed by the nitrogen
atoms of the pyrazoles and the two silver atoms, the NICS(0) and NICS(1) have been calculated (Table 5).
Despite NICS isotropic values being widely used and well established, there is still a controversy
about the reliability of NICS values for assessment of the aromaticity of certain molecules [86,87].
Nevertheless, and following our previous experience, the isotropic values have in several cases been
shown to present an accurate description of the aromatic behaviour in poly-aromatic systems [88–90].

Despite almost all the systems studied presenting negative NICS(0) values in the six-membered
ring, only those with short Ag–Ag distances (2.8−3.0 Å) present very negative values close to the
benzene molecule (−8 ppm) [91], and, also, those NICS(0) values decrease in absolute value as the
Ag–Ag distance increases. NICS(1) are smaller, in absolute value, than NICS(0), but follow the same
trend as the latter. Also, NICS(1) are very small compared with benzene ones (−10.2 ppm) [91] which
suggest non-aromatic character. But, those values should be taken carefully, since the two silver atoms
are very close and the proximity of the nuclei may affect the NICS(0) measure. To provide a further
insight on this, Figure 6 clearly shows that there is a unique dependence between the NICS(0) and
NICS(1), the distance between the location where the NICS is measured and the silver atom. The scan
of the NICS values for (PzAg)2 from 0 to 2.0 Å above the centre of the six-membered ring (Table S6)
have also been plotted in Figure 6 showing a similar evolution to the NICS(0) and NICS(1) of the rest
of the molecules. This indicates that, as aforementioned, this ring is not aromatic but the NICS values
obtained are somehow affected by the proximity of the silver atom.
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Figure 6. NICS(0), black squares, and NICS(1) values, red dots, of the six-membered ring versus the
distance between the silver atom and the location where the NICS were measured (Ag–NICS distance).
The blue triangles representes the NICS values for the (PzAg)2 scan between 0.0 and 2.0 Å. The second
order polynomial equation fitting the values of the NICS(0) and NICS(1) has an R2 value of 0.989.

In contrast the NICS(0) and NICS(1) values of the pyrazole rings are negative and large in all cases
and very close to the ones obtained by Kusakiewicz-Dawid (−13.5 and −11.4 ppm respectively) [92].

On the other hand, the substituents on the pyrazole ring have a greater effect on the NICS values
than the different ligands on the (PzAg)2L2 complexes, most likely due to changes in the electron
density on the ring current electrons. For instance the NICS(0) in the (Rpz-Ag)2 systems ranges between
−10.5 and −13.1 ppm while in the (PzAg)2L2 complexes it is between −12.3 and −13.1 ppm.

4. Conclusions

A theoretical study and CSD search of the different effects provoked by substituents and ligands
upon complexation with dinuclear Ag(I) pyrazolates has been carried out and the structural, energetic,
electron density and magnetic features analyzed.

The CSD search shows a great variability of the Ag–Ag distance in the crystal structures.
These results have been rationalized based on the number of ligand interactions with the Ag atoms
and the substituents of the pyrazole ring.

In the isolated (PzAg)2 system, it was observed that for Ag–Ag the longer the distance, the lesser
the stability of the unsubstituted complex with no ligands. This decrease in the stability is somehow
compensated by the ligands upon complexation.

Furthermore, complexation with ligands through the Ag atoms increases the intramolecular
distance Ag–Ag. In fact, considering the PH3 ligand, the increase of the Ag–Ag distance was found
moderate when going from no ligand to one ligand. However, when two simultaneous PH3 are
interacting, the Ag–Ag distance increases dramatically. Nevertheless, when four PH3 are considered,
the increase is again moderate.

In terms of the QTAIM analysis, it is noteworthy the presence of a BCP between both Ag atoms
among all the systems with Ag–Ag distances shorter than 3.3 Å.

Finally, regarding the aromatic/non-aromatic properties, six-membered rings containing the
Ag–Ag motif show negative NICS values but those reveal a non-aromatic character mainly affected by
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the proximity of the Ag nuclei. This was confirmed by the relationship found between the NICS values
and the Ag–NICS distance. On the other hand, pyrazole rings maintain their aromatic behaviour with
slight changes.
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Abstract: In this manuscript, the synthesis and single crystal X-ray diffraction characterization of
four N-substituted 1,3,5-triazinanes are reported along with a detailed analysis of the noncovalent
interactions observed in the solid state architecture to these compounds, focusing on C–H···π and
C–H···O H-bonding interactions. These noncovalent contacts have been characterized energetically
by using DFT calculations and also by Hirshfeld surface analysis. In addition, the supramolecular
assemblies have been characterized using the quantum theory of “atoms-in-molecules” (QTAIM)
and molecular electrostatic potential (MEP) calculations. The XRD analysis revealed a never
before observed feature of the crystalline structure of some molecules: symmetrically substituted
1,3,5-triazacyclohexanes possess two chemically identical sulfonamide nitrogen atoms in different sp2

and sp3-hybridizations.

Keywords: triazinane; 1,3,5-Triazacyclohexane; Hirshfeld surface analysis; DFT study; H-bonding;
C–H···π interaction; hybridization of a nitrogen atom in sulfonamides

1. Introduction

N-substituted triazinanes are interesting molecules that are used as efficient aminomethylation
reagents and as formal 1,4- and 1,2-dipolar adducts in annulation reactions [1–10]. Moreover, this
type of molecules presents remarkable antimicrobial activity [11]. While the access to symmetric
N-substituted triazinanes is simple, there was no convenient method for the synthesis of triazinanes
bearing different substituents on nitrogen atoms. Recently, we have described a straightforward
approach to N-alkyl-N′,N”-substituted triazinanes that is based on a one-pot multi-component reaction
of amines, paraformaldehyde and sulfonamides or thioureas [12].
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In this manuscript, the synthesis, single crystal X-ray diffraction characterization, Hirshfeld
surface analysis and density functional theory (DFT) calculations of four triazinanes (see Scheme 1) are
reported. The combination in the same structure of butyl substituents (n-Bu or t-Bu) with two aromatic
rings facilitates the formation of a variety of C–H···π interactions in combination with C–H···O/N
bonds. These noncovalent interactions have been studied using Hirshfeld surface analysis and DFT
calculations. Moreover, they have been rationalized using the quantum theory of atoms in molecules
(QTAIM) and molecular electrostatic potential (MEP) surfaces.

 
Scheme 1. Compounds 1–4 studied in this work.

2. Materials and Methods

2.1. Experimental Details

As it was mentioned above, the main objects of this work, N,N′-disulfamide substituted triazinanes
1–4, were prepared according to the method described in our preliminary communication [12] using
the three-component Mg(ClO4)2 catalyzed condensation of arylsulfonamides with paraformaldehyde
and n- or tert-butyl amine (Scheme 2, see the Supplementary Materials for detail of the experimental
procedures and spectral data). The tert-butyl- and n-butylamines were chosen as the amino-components
providing the highest yield of the target triazinanes.

Scheme 2. Synthesis of 1,3,5-triazacyclohexanes 1–4.

All obtained triazinanes are well-crystallized solids that allowed the growth of crystals suitable
for XRD analysis.

2.2. Crystallographic Details

Single crystal X-ray diffraction experiments were performed at the Center for Shared Use of
Physical Methods of Investigation at the Frumkin Institute of Physical Chemistry and Electrochemistry.
The single crystal X-ray diffraction data for 1,3,5-triazacyclohexanes (1–4) were collected on a Bruker
Kappa Apex II automatic four-circle diffractometer (Bruker AXS, Madison, WI, USA) equipped
with an area detector (Mo-Kα sealed-tube X-ray source, λ = 0.71073 Å, graphite monochromator)
at 100 K for all compounds. The principal crystallographic data and structural refinements are
summarized in Table 1. Atomic coordinates for compounds 1–4, have been deposited with the CCDC
(number 1992667−1992670). The supplementary crystallographic data are available in the ESI section.
The comparison of the crystal structure parameters with the analogous compounds were performed
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using ConQuest search in Cambridge Structural Database (CSD, Version 5.40). The histograms of angles
values were obtained from a graphical search of sulfonamides (C–S(=O)2–NC2) with 3D parameters
for angles. More than 7000 hits were analyzed.

Table 1. Crystal data and structure refinement for 1–4.

Identification Code 1 2 3 4

CCDC number 1992667 1992668 1992669 1992670
Empirical formula C21H29N3O4S2 C19H25N3O4S2 C21H29N3O4S2 C19H25N3O4S2

Formula weight 451.59 423.54 451.59 423.54
Temperature/K 100(2) 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic monoclinic orthorhombic

Space group P21/c P21/n P21/n P212121
a/Å 13.2871(4) 8.4284(2) 5.955(4) 10.7298(3)
b/Å 10.3261(3) 25.9248(8) 15.378(12) 11.1010(3)
c/Å 15.9595(4) 9.5601(3) 23.915(19) 16.9303(5)
α/◦ 90 90 90 90
β/◦ 90.511(2) 106.639(1) 90.968(16) 90
γ/◦ 90 90 90 90

Volume/Å3 2189.62(11) 2001.46(10) 2190(3) 2016.59(10)
Z 4 4 4 4

ρcalcg/cm3 1.370 1.406 1.370 1.395
μ/mm−1 0.276 0.297 0.276 0.295
F(000) 960.0 896.0 960.0 896.0

Crystal size/mm3 0.440 × 0.360 × 0.320 0.400 × 0.320 × 0.260 0.500 ×0.180 × 0.030 0.420 × 0.400 × 0.360
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073)

2Θ range for data collection/◦ 7.126 to 59.998 7.392 to 59.994 8.476 to 55 8.16 to 69.998

Index ranges −18 ≤ h ≤ 18, −14 ≤ k ≤ 14,
−20 ≤ l ≤ 22

−6 ≤ h ≤ 11, −35 ≤ k ≤ 36,
−13 ≤ l ≤ 13

−4 ≤ h ≤ 7, −19 ≤ k ≤ 19,
−31 ≤ l ≤ 31

−17 ≤ h ≤ 16, −17 ≤ k ≤ 16,
−19 ≤ l ≤ 27

Reflections collected 33914 28404 14104 35553

Independent reflections 6383 [Rint = 0.0390, Rsigma
= 0.0303]

5835 [Rint = 0.0351, Rsigma
= 0.0280]

4940 [Rint = 0.1432, Rsigma
= 0.1883]

8855 [Rint = 0.0303, Rsigma
= 0.0303]

Data/restraints/parameters 6383/0/273 5835/0/253 4940/6/274 8855/0/253
Goodness-of-fit on F2 1.029 1.035 1.049 1.042

Final R indexes [I >= 2σ (I)] R1 = 0.0350, wR2 = 0.0877 R1 = 0.0334, wR2 = 0.0824 R1 = 0.1398, wR2 = 0.3472 R1 = 0.0283, wR2 = 0.0698
Final R indexes [all data] R1 = 0.0457, wR2 = 0.0939 R1 = 0.0423, wR2 = 0.0873 R1 = 0.2253, wR2 = 0.4075 R1 = 0.0316, wR2 = 0.0715

Largest diff. peak/hole/e Å−3 0.38/−0.37 0.39/−0.37 0.94/−0.55 0.36/−0.28

2.3. Hirshfeld Surface Calculations

The Hirshfeld surface (HS) analysis [13–15] and their associated 2D fingerprint plots (full and
decomposed) [16] were carried out employing the CrystalExplorer 17 program [17] in order to visualize
and quantify various non-covalent interactions that stabilize the crystal packing. The HS was mapped
over dnorm property. The dnorm property is a symmetric function of distances to the surface from nuclei
inside and outside the Hirshfeld surface (di and de, respectively), relative to their respective van der
Waals radii. The regions with red and blue color on the dnorm represent the shorter and longer inter
contacts while the white color indicates the contacts around the van der Waals radii. 2D fingerprint
plots provide relevant information of intermolecular contacts in the crystal. The dnorm surface was
mapped with the color scale in the range −0.050 au (red) to 0.600 au (blue). 2D fingerprint plots (di vs.
de) were displayed using the expanded 0.6–2.8 Å range.

2.4. Theoretical Methods

All DFT calculations were carried out using the Gaussian-16 program [18] at the
PBE1PBE-D3/def2-TZVP level of theory and using the crystallographic coordinates. The formation
energies of the assemblies were 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. That is ΔEAB = EAB − EA − EB, where ΔEAB is the interaction energy; EAB is the energy
of the dimer and EA and EB are the energy of the monomers. The BSSE has been used to correct
the interaction energies by using the counterpoise =2 keyword in the Gaussian-19 program [18].
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) [19] analysis was carried
out at the same level of theory by means of the AIMAll program [20] to obtain the distribution of bond
critical points (CPs) and bond paths [21].
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3. Results

3.1. Structural Description

According to the single crystal X-ray diffraction data, molecules 1–4 comprise the
1,3,5-triazacyclohexane ring bearing three substituents at the nitrogen atoms (see Figure 1).

 
Figure 1. Single crystal X-ray diffraction structures of triazinanes 1–4.

The asymmetric unit contains one molecule of each triazine. The general geometrical features of
these systems are similar, which are the slightly distorted chair conformation of the six-membered ring,
with the N-alkyl substituents (n-Bu or t-Bu) occupying the axial position and the two N-sulfamide
fragments occupying the sterically favorable pseudo-equatorial orientation (see Table S2 for torsion
angles of N-substituents). The atoms C2, C6, N3, and N5 of the triazinane cycle in all structures lie
nearly in one plane (the deviation of one atom from the plane of the other three is less than 0.03 Å),
while the deviation of N1 and C4 atoms from this plane range from −0.633(2) Å to −0.661(2) Å and from
0.643(14) Å to 0.712(2) Å, correspondingly, therefore the molecules have a classical chair-conformation
of the central heterocycle (see Scheme 2 for atom numbering scheme). All CH2-N bond lengths and
CH2–N–CH2 bond angles are typical for 1,3,5-triazinanes and are listed in the corresponding tables in
(Supplementary Materials Table S2–S15). The torsion angles CNCN in the triazacyclohexane ring are
close to 60◦ (see Table S2).

The most intriguing and distinguishing feature of the triazinanes under discussion is the
unprecedented geometry of the N3 and N5 nitrogen atoms of the sulfonamide fragments in the
N-butyl substituted heterocycles 1 and 2. As is generally known, the nitrogen atom in a sulfonamide
group can adopt both sp2 and sp3 hybridization depending on substituents at the nitrogen atom [22–24].
However, according to the data of the CCDC, there are no known examples of 1,3,5-triazinanes or
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other saturated six-membered azaheterocycles simultaneously possessing two chemically identical
sulfonamide nitrogen atoms in different hybridization. Analysis of the values of the sums of valence
angles at nitrogen atoms in positions 3 and 5 allows to clearly identify atoms in sp2 or in sp3 hybridization
(Figure 1 and Table 2). The N3-atoms in compounds 1–3 are sp2-hybridizated and, as a result, they
assume the flat trigonal configuration (the sum of the angles is close to 360◦). N5-Atoms, chemically
equivalent to N3-atoms, in the same molecules adopt the tetrahedral configuration (the sum of the
angles lies in the diapason of 344–351◦) and, therefore, are sp3-hybridizated. This is most clearly seen
in the examples of compounds 1 and 2. The presence of the tert-butyl group at the N1 position in
compounds 3 and 4, probably due to its high steric volume, symmetrizes the molecules, leveling
the difference between both sulfonamide nitrogen atoms in a crystal. This is also observed in the
equalization of the S–N distances of the sulfonamide groups in compounds 3 and 4 compared to 1

and 2, see Table 2. The largest difference between both S–N distances is observed in compound 2,
i.e., 0.016 Å. In fact, the short S2–N5 distance is an indication of a partial double bond character, in
agreement with the sp2-hybridization.

Table 2. Sums of angles at the sulfonamide nitrogen atoms N3 and N5 and S–N distances in
1,3,5-triazinanes 1–4.

Compound 1 2 3 4

Alkyl Bu Bu t-Bu t-Bu
SO2Ar SO2C6H4Me SO2Ph SO2C6H4Me SO2Ph

Sum of angles around N3 (◦) 359.0 359.7 359.8 345.0
Sum of angles around N5 (◦) 344.2 347.4 350.7 345.6

S1–N3 distance (Å) 1.642(1) 1.630(1) 1.632(9) 1.640(1)
S2–N5 distance (Å) 1.632(1) 1.614(1) 1.629(9) 1.638(1)

Compound 1 crystalizes in the monoclinic crystal system in the space group P21/c. Selected bond
lengths, angles and torsional angles are shown in Tables S2–S5. The S2–C21 and S1–N3 bond lengths of
1.758(1) and 1.642(1) Å respectively are in agreement with a single bond character of these bonds [24].
The S–O bond distances of the sulfamide moiety are in the range 1.432(1)–1.436(1) Å, which is typical for
N-sulfamides. The SO2 group has typical angles if compare with CSD data for N-sulfamides (Figure S1
in Supplementary Materials): O–S–O angle is around 120◦ [O1–S1–O2 is 119.95(6)◦], while N–S–O
angles are between 105◦ and 115◦ [N3–S1–O2 is 106.07(6)◦, N3–S1–O1 is 106.63(5)◦].

The crystal structure of this compound exhibits interesting assemblies in the solid state (see
Table S3 for H-bonds). For instance, Figure 2a shows a self-assembled dimer dominated by C–H···O
interactions where the methyl group in para acts as a H-bond donor. The acidity of these protons is
higher than usual for a methyl group due to the presence of the electron withdrawing sulfamide group.
Quite remarkable is the ternary assembly shown in Figure 2b, where the aromatic π-cloud interacts
simultaneously with the methyl group at one side and an aromatic C–H bond at the opposite side, thus
forming a C–H···π···H–C assembly. It is worth noting that the C–H···π distances are very short (2.60
and 2.70 Å) thus, confirming their relevance in the solid state of this compound.

Compound 2 crystalizes in the monoclinic crystal system in the space group P21/n and the
main difference with compound 1 is the absence of methyl groups. In addition, the sulfonamide
groups are attached to the 1,3,5-triazacyclohexane ring in different orientations as reflected by the
C6–N5–S2–C21 and C2–N3–S1–C11 torsional angles of −105.0(1)◦ and −65.5(1)◦, respectively. It also
forms self-assembled dimers in the solid state, where both C–H···π and C–H···O (Table S3) interactions
are established, as shown in Figure 3a. Moreover, it also forms infinite 1D supramolecular chains in
the solid state promoted by C–H···O interactions involving the butyl chain and the sulfonamide group
(see Figure 3b).
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Figure 2. (a) Self assembled dimer in compound 1. (b) C–H···π···H–C assembly in the solid state of
structure 1. Distances in Å. For the C–H···π interactions, the distances are measured from the H-atom
to the ring centroid.

 

Figure 3. (a) Self-assembled dimer of compound 2. (b) 1D supramolecular chain in 2. Distances in Å.
The C–H···π interaction distances are measured from the H-atom to the closest C-atom of the ring.

Compound 3 crystalizes in the monoclinic crystal system in the space group P21/n and, similarly
to compound 1, also forms ternary assemblies where the same aromatic ring establishes C–H···π
interactions at both sides of the ring, thus forming a C–H···π···H–C assembly (see Figure 4).
This compound also forms 1D supramolecular chains in the solid state where the H-atoms of
the triazinane ring interact with the O-atoms of the sulfonamide groups (Table S3), as shown
in Figure 4b. The formation of this assembly is facilitated by the relative orientation of the
p-methyl-benzene-sulfonamide groups.
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Figure 4. (a) C–H···π···H–C assembly in the solid state of structure 3. Distances in Å. (b) 1D
supramolecular chain in 3. Distances in Å. For the C–H···π interactions, the distances are measured
from the H-atom to the ring centroid.

Compound 4 crystallizes in the orthorhombic crystal system in the space group P212121 and also
exhibits several motifs in the solid state that are mainly dominated by C–H···O interactions (Table S3).
As examples, two motifs are given in Figure 5, one corresponds to a discrete dimer where three H-bonds
are formed and the other one to a 1D supramolecular polymer also governed by the formation of
C–H···O bonds involving the aromatic H-atom located in para to the sulfonamide group (Figure 5b).

Figure 5. (a) Self-assembled dimer of compound 4. (b) 1D supramolecular chain in 4. Distances in Å.
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3.2. Hirshfeld Surfaces

The Hirshfeld surface analysis is a very convenient tool for analyzing intermolecular interactions.
The HS surfaces mapped over dnorm property are displayed in Figure 6 highlighting the main
intermolecular interactions and scheme of labels. The patterns of intermolecular interactions are similar
in all structures, which prompted us to evaluate the contributions of the weak non-covalent contacts in
the supramolecular assembly, as well as the importance of C–H···π interactions in stabilization of the
crystal packing. The 2D fingerprint plots (Figure 7) of the molecules illustrate significant differences
between the intermolecular interaction patterns. The surfaces are shown as transparent to allow the
visualization of the molecules. Contacts with distances equal to the sum of van der Waals (vdW) radii
are represented as white regions and contacts with distances shorter than and longer than the vdW
radii are shown as red and blue colors, respectively.

 
Figure 6. Hirshfeld surfaces mapped over dnorm function for compounds 1–4. The labels are discussed
in the text. For compound (2), the second molecule is rotated by 180◦ around the vertical axis of the plot.
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Figure 7. Full and decomposed 2D fingerprint plots for compounds: (a) 1; (b) 2; (c) 3 and (d) 4.

The vdW forces (H···H contacts) have the largest contribution to the HS, and they are highlighted
in the scattered middle points in the fingerprint plots with a minimum value of (de + d1) ~ 2.2 Å
(Figure 7), which is the sum of the vdW radii. All red areas that are visible on the surfaces mapped over
dnorm function correspond to C–H···O contacts. For (1), the largest bright-red spot labeled 1 on the HS
shows O···H/H···O contact associated with C17–H17C···O1 interaction, which constitutes the strongest
among all interactions present in this compound. Two medium sized red spots labeled as 2 and 3 are
associated with C15–H15A···O1 and C27–H27C···O4, respectively. These interactions are also visible as
symmetrical sharp spikes centered at (de + di) � 2.4 Å in the fingerprint plots (Figure 7a) with 25.2%
contribution to the Hirshfeld contact surface. The intermolecular C25–H25A···N1 contact is visible in
the HS as a red spot labelled 4, which comprises 2.3% of the total HS area. The HS of (2) mapped over
dnorm function (see Figure 6) shows four red spots, indicating the presence of C–H···O hydrogen bonds
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[C13–H13A···O1 (1), C26–H16A···O4 (2), C10–H10B···O1 (3), C14–H14A···O2 (4)]. The decomposed
fingerprint plots (Figure 7b) show that intermolecular O···H/H···O contacts contribute 27.7% to the
total HS area. The O···H/H···O contacts appeared as sharp spikes with (de + di) � 2.35 Å. In the
HS of (3), the O···H/H···O contacts (Figure 6) are visible as six red spots attributed to C6–H6A···O3
(labeled 1), C10–H10B···O3 (labeled 1), C15–H15A···O4 (labeled 2) and C17–H17C···O4 (labeled 2). These
interactions comprise the 24.1% of the HS area. A similar behavior was observed in the HS mapped over
dnorm function for (4), which the six red spots observed (Figure 6) are attributed to C26–H26···O4 (1),
C16–H16···O4 (2), C24,H24···O2 (3), C12–12···O3 (4) and C6–H6A···O3 (5). Intermolecular interactions
O···H/H···O are observed around 2.3 Å which is slightly shorter than those of other compounds with
30% contribution to the Hirshfeld contact surface.

As was described previously, the structure of (1) is also stabilized by C–H···π interactions. The red
area labeled 5 in the HS mapped over dnorm is attributed to C9–H9B···π. These C–H···π interactions are
also evident from a pair of “wings” in the top left and bottom right region of the fingerprint plots for
compounds 1–4 (Figure 7). The shape of the wings and the sum of de and di show the importance of
this interaction. The decomposition of the fingerprint plots shows that the C···H/H···C contributions
comprising 17.4%, 17.2%, 18.8% and 18.7% of the total HS for each molecule of 1, 2, 3 and 4, respectively.

3.3. DFT Calculations

The DFT study is focused to analyze the supramolecular assemblies commented above in
Figures 2–5, where combinations of C–H···π and C–H···O H-bonding networks are commonly formed
in compounds 1–4. First of all, the molecular electrostatic potential (MEP) surfaces of compounds
1 and 2 have been computed in order to analyze the electron rich and electron poor regions of the
molecules. The surfaces are represented in Figure 8 and it can be observed that the most negative
regions correspond to the O-atoms of the sulfonamide group. The N-atoms of the triazinane ring are
not good H-bond acceptors, likely because either the lone pair is delocalized into the SO2-group, in
accordance with the S2–N5 and S1-N3 bond lengths of 1.632(1) and 1.642(1) Å, respectively indicating
a double bond character of these bonds. The most positive region corresponds to the middle of
the three axial H-atoms of the triazinane ring (+27 kcal/mol). The aromatic H-atoms and the CH3

substituents also present positive MEP values (+23 and +20 kcal/mol, respectively). Finally, the
MEP value over the aromatic rings is negative (−8 kcal/mol), thus adequate for establishing C–H···π
interactions. The MEP analysis evidences that the most favored interactions from an electrostatic point
of view are those involving the O-atoms as electron donors and either aromatic or triazinane protons
as electron acceptors.

 
Figure 8. MEP surfaces for compounds 1 (a) and 2 (b). The energies at selected points of the surfaces
are given in kcal/mol.
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We have selected two supramolecular assemblies commented above in Figure 2 to analyze the
energetic features of the H-bonds and C–H···π interactions in 1. The QTAIM distribution of critical
points and bond paths are also given in Figure 9. The existence of a bond CP and bond path connecting
two atoms is a good indicator of interaction [21]. For the self-assembled dimer (Figure 9a), in addition
to the symmetrically related H-bonds (characterized by a bond CP (critical point) and bond path
interconnecting the H and O-atoms), the QTAIM analysis reveals the existence of a π···π stacking
interaction that further stabilizes the formation of the dimer. The dimerization energy is moderately
strong (ΔE1 = −9.1 kcal/mol) due to the contribution of both H-bonds and the π-stacking. We have also
analyzed the other motif, where C–H···π interactions are established. The interaction energy is very
strong (ΔE2 = −20.4 kcal/mol), because in addition to the C–H···π contacts (two bond CPs and bond
paths connect two aromatic H-atoms to two carbon atoms of the adjacent ring) an intricate network of
H-bonds is established where six C–H···O and one C–H···N contacts are formed, which are highlighted
in Figure 9b by yellow circles.

 
Figure 9. (a,b) Distribution of bond, ring and cage critical points (green, yellow and blue spheres,
respectively) and bond paths in two dimers of complex 1. The C–H···O bonds are highlighted in (b).

Figure 10a shows the self-assembled dimer of compound 2 where up to eight C–H···O contacts
are established between either aromatic or aliphatic H-atoms and the O-atoms of sulfonamide
(each one characterized by a bond CP and bond path, see yellow circles in Figure 10a). Moreover,
two symmetrically distributed C–H···π interactions are also present and characterized by a bond CP
and bond path connecting the aliphatic H-atom to one C-atom of the aromatic ring. As a consequence
of this combination of interactions, the dimerization energy is very large ΔE3 = −16.7 kcal/mol, thus
confirming the importance of this motif in the solid state of compound 2. Figure 10b shows a dimer
extracted from the infinite 1D chain represented in Figure 3b. In this case, the interaction energy is
modest (ΔE4 = −3.4 kcal/mol) because only one H-bond is established. The distribution of bond CPs
and bond path also reveals the existence of van der Waals interactions between the alkyl chain and the
aromatic ring.

Figure 11 shows two dimers of compound 3, one corresponds to the C–H···π assembly commented
above in Figure 4, where in addition to the C–H···π interaction (characterized by a bond CP and
bond path) the assembly is further characterized by a C–H···O bond involving the methyl group.
This assembly presents a modest interaction energy of ΔE4 = −5.9 kcal/mol. In contrast, the dimer
shown in Figure 11b, extracted from the infinite 1D assembly, exhibits a strong interaction energy
(ΔE5 = −17.3 kcal/mol) due to the formation of four C–H···O contacts, which are characterized by a
bond CP and bond path (see yellow circles in Figure 11b). The strong interaction energy agrees well
with the MEP surface analysis commented above, since the H-bond donors belong to the triazinane
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ring that exhibit the most positive MEP values. Moreover, the H-bond acceptors are the O-atoms of the
sulfonamide groups that present the most negative MEP values (see Figure 8).

 
Figure 10. (a,b) Distribution of bond, ring and cage critical points (green, yellow and blue spheres,
respectively) and bond paths in two dimers of complex 2. The C–H···O bonds are highlighted.

 
Figure 11. (a,b) Distribution of bond, ring and cage critical points (green, yellow and blue spheres,
respectively) and bond paths in two dimers of complex 3. The C–H···O bonds are highlighted.

Finally, Figure 12 shows the dimeric motifs analyzed in compound 4. The dimer of Figure 12a
presents an intricate combination of C–H···O bonds in addition to two C–H···π interactions involving the
t-butyl group. As a consequence of the formation of six concurrent H-bonds, the dimerization energy
is very large, ΔE7 = −20.2 kcal/mol. Figure 12b shows the dimer extracted from the 1D supramolecular
polymer (see Figure 5b), which presents a modest interaction energy due to the formation of a single
H-bond along with van der Waals contacts between the aromatic and aliphatic C–H bonds.
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Figure 12. (a,b) Distribution of bond, ring and cage critical points (green, yellow and blue spheres,
respectively) and bond paths in two dimers of complex 4. The C–H···O bonds are highlighted.

4. Concluding Remarks

In summary, the synthesis and single crystal X-ray diffraction characterization of four N-substituted
1,3,5-triazinanes are reported along with a detailed analysis of the noncovalent interactions observed
in the solid state. All complexes have in common the formation of several motifs characterized
by a network of C–H···O interactions that exhibits very strong binding energies as a consequence
of these cooperative H-bonds. Moreover, several structures also form interesting C–H···π···H–C
ternary assemblies that have been described in detail. Besides, the MEP surfaces have been used
to rationalize the noncovalent interactions and the QTAIM method to confirm the existence of the
intricate combinations of H-bonds. Finally, the Hirshfeld surface analysis provides further evidence
for the importance of C–H···π and C–H···O in the crystal packing of compounds 1–4. We assume,
that observed case of intramolecular sp2-sp3 disequalization makes the corresponding family of
N-alkyl-N′,N”-substituted triazinanes an interesting object for research in the domain of local molecular
disorder in organic crystals [25].
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Abstract: The CH3Cl molecule has been used in several studies as an example purportedly to
demonstrate that while Cl is weakly negative, a positive potential can be induced on its axial surface
by the electric field of a reasonably strong Lewis base (such as O=CH2). The induced positive potential
then has the ability to attract the negative site of the Lewis base, thus explaining the importance of
polarization leading to the formation of the H3C–Cl···O=CH2 complex. By examining the nature of the
chlorine’s surface in CH3Cl using the molecular electrostatic surface potential (MESP) approach, with
MP2/aug-cc-pVTZ, we show that this view is not correct. The results of our calculations demonstrate
that the local potential associated with the axial surface of the Cl atom is inherently positive. Therefore,
it should be able to inherently act as a halogen bond donor. This is shown to be the case by examining
several halogen-bonded complexes of CH3Cl with a series of negative sites. In addition, it is also
shown that the lateral portions of Cl in CH3Cl features a belt of negative electrostatic potential that
can participate in forming halogen-, chalcogen-, and hydrogen-bonded interactions. The results of the
theoretical models used, viz. the quantum theory of atoms in molecules; the reduced density gradient
noncovalent index; the natural bond orbital analysis; and the symmetry adapted perturbation theory
show that Cl-centered intermolecular bonding interactions revealed in a series of 18 binary complexes
do not involve a polarization-induced potential on the Cl atom.

Keywords: halogen bonding; hydrogen bonding sigma-hole interactions; theoretical studies;
characterizations

1. Introduction

Clark, Murray, Politzer, and their colleagues have analyzed the surface reactivity of several
molecular systems using the molecular electrostatic surface potential (MESP) model [1–20]. They
utilized density functional theory (DFT) with a variety of functionals (B3LYP, B3PW91, M06-2X) and
a standard double/triple-ζ quality Gaussian basis set to compute the electrostatic potential [1–10].
They concluded that DFT, together with an 0.001 a.u. isodensity envelope on which to compute the
potential, is adequate to reveal the nature of the electrostatic potential on the surface of any atom in a
molecule [7,8]. In 1992, some of these authors considered several systems in their study of noncovalent
interactions, including molecules such as CH3F and CH3Cl. It was contended in that study that “the
potentials of CH3F and CF4 are indicative of fluorine interacting only with electrophiles, as is found
experimentally” [1]. In this, and in a later study [2], the authors pondered why a σ-hole is not found
when X = F in CF4, as well as in other instances, such as in CH3Cl. (A σ-hole is an electron density
deficient region on the outer surface of X along the extension of the R–X bond, where R is remaining
part of the molecule [2,7,15,21].) They concluded that the higher electronegativity of fluorine gives it a
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disproportionately large share of the σ-bonding electrons, which helps to neutralize the σ-hole. This
also applies to chlorine in CH3Cl, which does not have a σ-hole and does not halogen bond [2].

A halogen bond is formed when there is a favorable attractive interaction between a positive site
(viz. a positive σ-hole) on a halogen in one molecule and a negative site on another molecule [21–24].
Such a broad view is applicable to other interactions such as the hydrogen bond [25], chalcogen
bond [26], pnictogen bond [27], or any other σ-hole interaction [6,15,21] since a positive site on the
hydrogen, chalcogen, pnictogen, or halogen atom in the molecule attracts a negative site on the other
to form such an interaction.

Contrary to their earlier assertions, Politzer and co-workers have more recently found that the F
atom in CH3F molecule does indeed have a σ-hole, but it is negative [7]; similarly, Cl in CH3Cl was
also found to have a negative σ-hole [18].

The contention that Cl atom in CH3Cl does not have a σ-hole on its own [2,3], has appeared quite
frequently [5,7,10,20,28]. This is sometimes done when proposing that the CH3Cl molecule is a good
model system to understand the effect of electrostatic polarization in noncovalent interactions. For
example, to explain what causes the formation of a H3C–Cl···O=CH2 complex, it was argued that
despite the potential on the outer axial surface of the Cl atom in H3C–Cl being weakly negative in the
isolated molecule, this can be transformed and become positive through the electrostatic polarizing
effect of the negative site interacting with it [5,7,10,28,29].

Such a provocative view led to the suggestion that the MESP model is superior to other
computational methods such as the second-order natural bonding orbital analysis (NBO) [30], the
quantum theory of atoms in molecules in molecules (QTAIM) [31–33], and the density functional theory
symmetry adapted perturbation theory energy decomposition analysis (DFT-SAPT-EDA) [34,35]. While
the reliability of these latter methods has been questioned [36–39], such claims have been rebutted
by others [40–46]. Some of these conflicting views have been briefly highlighted in one of our recent
reviews [21].

In contrast with the arguments given by Politzer and co-workers [1,2], some of us have shown
that each fluorine in CF4 conceives a positive σ-hole along each of the four C–F bond extensions [47].
CF4 can not only form a 1:1 cluster with Lewis bases such as H2O, NH3, H2C=O, HF, and HCN but
also 1:2, 1:3, and 1:4 clusters with the last three (randomly chosen) Lewis bases. There are many
known fluorinated compounds in which F conceives a positive or a negative σ-hole that has the
ability to engage in a σ-hole centered noncovalent interaction [48–55]. This also applies not only
to Cl in H3C–Cl [56,57], but also to O in a variety of molecules as reported recently [58,59], despite
claims on several occasions that O does not conceive a σ-hole and does not participate in chalcogen
bonding [60–64].

In this study we use the ab initio Møller–Plesset second-order perturbation theory (MP2) method
in combination with the Dunning’s correlated consistent aug-cc-pVTZ basis set and the MESP model
to investigate the detailed nature of various local potential maxima and minima on the electrostatic
surface of a CH3Cl molecule. The critical point (cp) topology of the Laplacian of the charge density is
calculated within the QTAIM framework to see whether this model is capable of providing insights
into the reactivity of the molecule, and whether these are comparable with the predictions of the
MESP model. We consider 10 Lewis bases to examine whether these are capable of sustaining an
attractive intermolecular interaction with the axial and/or lateral sites of the Cl atom in CH3Cl. We
consider whether the various intermolecular interactions revealed (viz. halogen bonds, chalcogen
bonds, hydrogen bonds, and pnictogen bonds) can be unambiguously regarded as σ-hole interactions,
as has been claimed [28]. We also explore whether the various arguments advanced [2,3] to support
the idea that the positive potential on the Cl atom in CH3Cl can be induced by the electric field of the
Lewis base during the course of an intermolecular interaction is tenable.

We utilize the NBO, QTAIM, DFT-SAPT-EDA, and RDG (reduced density gradient) noncovalent
index [65] theoretical tools to explore and discuss the reliability of and the agreement between the
results of these approaches in elucidating intermolecular interactions in the 18 complexes of H3C-Cl
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molecules studied. Based on our results, we argue that combining an inappropriate theoretical method
with an arbitrarily chosen isodensity envelope can be misleading insofar as the sign of the potential on
the axial portion of the Cl atom is concerned, and when such a result is used for the interpretation of
the origin of an intermolecular interaction, misleading conclusions can be reached.

2. Computational Details

Using the Gaussian 09 code [66], 10 monomers and 18 binary complexes were fully
energy-minimized with MP2 [67] and the aug-cc-pVTZ basis set. A Hessian second derivative
calculation was performed for each of them to identify the nature of the structure; positive eigenvalues
were found.

To evaluate the effect of the isodensity envelope on the nature of the electrostatic potential, four
different isodensity values, viz. 0.0005, 0.0010, 0.0015, and 0.0020 a.u., were chosen on which to
compute the electrostatic potential. The local maxima and minima of potential (Vs,max and Vs,min,
respectively) on the electrostatic surface of the CH3Cl monomer were identified and characterized.
The MP2 energy-minimized geometry of the monomer was used. The positive (Vs,max > 0 or Vs,min >

0) and negative signs (Vs,max < 0 or Vs,min < 0) of the potential on an atom X in a molecule generally
represent the electrophilic and nucleophilic regions on any molecule, respectively [47,49–52,58–60].
Regions described by Vs,max > 0 (or Vs,max < 0) on the outer axial portion of the atom X represent a
positive (or a negative) σ-hole (as on X in X2 and CX4, where X = F, Cl, Br, I [21,39,68,69] or on F in H–F
and H3C–F [51]) and those described by Vs,max = 0 on the outer axial portion of the atom X represent to
a neutral σ-hole [2,70].

A selected number of charge density-based descriptors of bonding interaction were evaluated
using QTAIM [31–33], including the charge density (ρb), the Laplacian of the charge density (∇2ρb),
and the total energy density (Hb) at the bond critical points (bcps). The model assumes that an open
system is bounded by a surface S(rs) of local zero-flux in the gradient vector field of the charge density
ρ(r) (Equation (1), where n(r) is a unit vector normal to the surface at r).

∇ρ(r).n(r) = 0 ∀rεS(rs) (1)

The analysis of the delocalization indices (DIs) between atom pairs was also performed within
the interacting quantum atoms (IQA) model of QTAIM [71,72]. DI is a measure of bond order since
it represents the extent of the delocalization of electron pairs between two atomic basins in any
closed-shell system [73]. Since noncovalent interactions are a result of very minimal charge density
localization between the lump and hole, the DI values are typically small (< 0.05 for weakly bound
interactions) [73,74].

The RDG [65] based isosurface plots were evaluated using the MP2 equilibrium geometries of
the 18 complexes. This method uses the sign of the second eigenvalue λ2 of the Hessian second
derivative charge density matrix to recognize the nature of the chemical interaction. At the same time,
it uses the value of charge density ρ to measure the strength of the interaction. As such, the signature
sign(λ2) × ρ < 0 represents a closed-shell interaction (attraction). Similarly, sign(λ2) × ρ ≈ 0 represents
a van der Waals (attraction) and sign(λ2) × ρ > 0 a steric interaction (repulsion). The AIMAll [75].
Multiwfn [76], and VMD [77] suite of programs, together with some in-house codes, were used for the
analysis of the topological properties of the charge density, the RDG isosurfaces, and the electrostatic
surface potentials.

The binding energy ΔE for each complex A···B was calculated using the supermolecular procedure
proposed by Pople [78], described by Equation (2). The terms ET(A) and ET(B) in Equation (2) are,
respectively, the electronic total energies of the two isolated monomers A and B in the complex A···B
that has an electronic total energy of ET(A···B). The ΔE was corrected for the basis set superposition
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error energy, E(BSSE), using the counterpoise procedure proposed by Boys and Bernardi [79]. Equation
(3) was used for the calculation of the BSSE corrected energy, ΔE(BSSE).

ΔE(A···B) = ET(A···B) - ET(A) - ET(B) (2)

ΔE(BSSE) = ΔE(A···B) + E(BSSE), (3)

The zeroth-order DFT SAPT-EDA analysis [34,35] was performed using the Psi4 code [80] and the
MP2 geometries of the monomers in the complexes. The aug-pVDZ-JKFIT [81] DF basis was used for
SCF calculations, whereas the aug-cc-pVDZ-RI DF basis was used for the evaluation of the SAPT0
electrostatics, induction and dispersion components. The frozen core as well as asyncronous I/O was
invoked while forming the DF integrals and CPHF coefficients. Equation (4) represents the SAPT0
interaction energy, E(SAPT0), which is the sum of the component energies arising from electrostatics
(Eeles), repulsion (Eexch), induction (Eind), and dispersion (Edisp).

E(SAPT0) = Eeles + Eexch + Eind + Edisp, (4)

3. Results and Discussion

3.1. The Reactive Surface Profile of the CH3Cl Monomer

Figure 1a shows the 2D contour plot of the Laplacian of the charge density (∇2ρ) for the CH3Cl
molecule, obtained using a Cl-C-H plane. The positive contours (green solid lines) indicate areas of
charge depletion, and the negative contours (red dashed lines) indicate areas of charge concentration.
As such, the charge depletion is significant near C along the outer extension of the Cl–C covalent
bond, thus showing a prominent “hole”. In QTAIM representation, one might call this “hole” a region
of valence shell charge depletion (VSCD). The same feature is less noticeable on Cl along the outer
extension of the C–Cl bond. One might conclude that there is no “hole” on the Cl atom. We therefore
carried out the critical point (cp) analysis of ∇2ρ to provide some insight into the exact nature of charge
density concentration and depletion around the Cl atom, since the minimum and maximum of ∇2ρ
represent the open- and closed-shell structure, respectively, of any specific region [59,82].

Although many cps of ∇2ρwere identified, only a selected number are illustrated in Figure 1b.
The tiny blue spheres represent the (3, –3) cps and are equivalent to the (3, +3) critical points of –∇2ρ.
The tiny pink spheres represent the (3, +3) critical point of ∇2ρ and are equivalent to the (3, –3) critical
point of –∇2ρ. The (3, –3) critical point of ∇2ρ is a local maximum of ∇2ρ; it is a point of locally maximal
“charge depletion” when ∇2ρ > 0, and is a point of locally minimal “charge concentration” when
∇2ρ < 0. Similarly, the (3,+3) cp is a local minimum of ∇2ρ and is a point of locally maximal “charge
concentration” when ∇2ρ < 0, and of locally minimal “charge depletion” when ∇2ρ > 0. The ∇2ρ at the
(3,–3) cps on the extension of the C–Cl and Cl–C bond are both positive (∇2ρ = +0.1423 a.u. on Cl and
+0.2221 a.u. on C); therefore the outer axial regions on the Cl and C atoms in the H3C–Cl molecule are
well characterized as regions of VSCD. These are therefore “holes”, which may interact with the lumps
localized on Lewis base molecules to form complexes. A similar conclusion might be arrived at when
(3, –3) cps of ∇2ρ are analyzed along the C–H bond extensions since (3, –3) critical point of ∇2ρ are all
positive (∇2ρ = +0.1114 a.u. on H along the C–H bond extension).

By contrast, the lateral portions of the Cl atom in the H3C–Cl molecule are characterized by three
(3, +3) cps of ∇2ρ. These are all negative (∇2ρ = –0.8297 a.u. each). They are associated with the
lone-pairs on Cl; these “lumps” may have the ability to attract “holes” on an interacting molecule.
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Figure 1. (a) The Laplacian of the charge density plot of CH3Cl. (b) Selected critical points of the
Laplacian of the charge density (values in a.u.). (c) The 0.001 a.u. isodensity envelope mapped potential
on the surface of the CH3Cl molecule. Values of potential extrema (VS,min and VS,min in kcal mol−1)
obtained via mapping with various isodensity envelopes are also shown.

The insight gained from an evaluation of the cps of ∇2ρ is virtually no different from what might
be inferred from the results of the MESP model. Figure 1c depicts the 0.001 a.u. (electrons bohr−3)
isodensity envelope mapped potential on the electrostatic surface of the H3C–Cl molecule. It shows the
axial outer portion of the Cl atom has a positive potential VS,max of +0.59 kcal mol−1. This potential is
associated with what might be called a positive, albeit weak, “σ-hole”. The σ-hole region is surrounded
by a belt of negative potential. The local minima associated with the lateral portions of the atom are
characterized by a VS,min of –14.53 kcal mol−1.

Passing from the 0.0010 a.u. through the 0.0015 a.u. to the 0.0020 a.u. isodensity envelope did not
change the nature (sign) of the potential on the outer surface of the Cl atom in H3C–Cl noted above,
although the negative sites on Cl became more negative and the positive site becomes more positive.
This is expected given that on moving closer to the nucleus of the atom one generally comes up with a
relatively tiny electron density deficient surface.

The 0.0005 a.u. isodensity envelope mapped potentials are also included in Figure 1c. Passing
from the 0.0005 a.u to the 0.0010 a.u. isodentiy surface has indeed had a notable effect on both the
sign and magnitude of potential on Cl along the C–Cl bond extension. For instance, the VS,max was
computed to be –2.13 kcal mol−1 on the 0.0005 a.u. isodensity envelope, which is completely different
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from that of +0.59 kcal mol−1 computed on the 0.001 a.u. isodensity envelope. This result unequivocally
shows that the choice of the isodensity surface is arbitrary, which can lead to change in the sign of
the potential. There is a somewhat less negative potential (VS,min = –12.90 kcal mol−1) on the lateral
portions of the same atom.

The negative potential on the axial portion of the Cl atom may be misleading given the 0.0005
a.u. isodensity envelope does not totally encompass the van der Waals surface of the molecule. This
is consistent with the views of Bader et al. [83] and others [44,84], who have advocated the use of
two contour values (0.0010 and 0.0020 a.u.) that should be large enough to encompass > 96% of a
molecule’s electronic charge density.

Based on the concern of a reviewer, and to confirm the reliability of [MP2/aug-cc-pVTZ] results
above, we examined the nature of the local most potentials on the Cl atom using the aug-cc-pV(T + d)Z
basis set. We used 10 different computational models, including the CCSD and nine popular density
functionals. The results summarized in Table 1 demonstrate that the axial and lateral portions of the Cl
atom on the C–Cl bond extensions are always positive and negative, respectively. Except for the PBE1
(PBE1PBE) functional, all other DFT and DFT-D3 functionals slightly underestimated the magnitude of
VS,max on Cl compared to that obtained with CCSD. In addition, both the H and C atoms along the
C–H and Cl–C bond extensions are positive, indicating that these can be sites for hydrogen bond and
chalcogen bond formation when placed in close proximity to negative sites on another molecule.

Table 1. The 0.001 a.u. isodensity envelope mapped electrostatic potential on the outer surface of
various bonded atoms in CH3Cl, computed using various computational approaches in conjunction
with the aug-cc-pV(T + d)Z basis set.

Method/Basis Set VS,max VS,min VS,max VS,max

C−Cl C−Cl Cl−C C−H

[CCSD/aug-cc-pV(T + d)Z] 0.86 −14.78 17.52 20.17
[MP2/aug-cc-pV(T + d)Z] 0.71 −14.58 17.44 20.19
[PBE0/aug-cc-pV(T + d)Z] 0.72 −14.74 17.03 20.37
[PBE1/aug-cc-pV(T + d)Z] 1.00 −14.16 16.74 19.70

[M062X/aug-cc-pV(T + d)Z] 0.50 −14.83 17.25 20.57
[wB97XD/aug-cc-pV(T + d)Z] 0.52 −15.12 17.62 20.88

[B97D3/aug-cc-pV(T + d)Z] 0.61 −14.56 17.68 19.74
[B3PW91/aug-cc-pV(T + d)Z] 0.69 −14.83 17.18 20.26
[B3LYP/aug-cc-pV(T + d)Z] 0.47 −14.71 17.83 19.94

[B3LYP-D3/aug-cc-pV(T + d)Z] 0.49 −14.71 17.91 19.96

3.2. Geometries of Intermolecular Complexes of H3C–Cl with 10 Lewis Bases

Figure 2 shows the optimized geometries of 18 binary complexes formed between H3C–Cl and
nine Lewis bases. In many of these complexes, both the axial and lateral portions of the Cl atom in
H3C–Cl are involved in the attractive engagement with negative and positive sites, respectively, on the
bases. The behavior of the Cl atom in H3C–Cl towards the acids and bases in the interacting monomers
is clearly similar in all cases. This is consistent with the reactivity profile predicted by cps of ∇2ρ
(viz. a “lump” attracts a “hole” and vice-versa), and that predicted using the MESP model. Since
the potential on the Cl atom is essentially positive, there is certainly no transformation (induction)
from a negative potential to a positive potential when the axial portion of the Cl atom is in close
proximity to the negative site of the Lewis base. This result clearly negates the suggestion that a
positive potential is induced on the Cl atom by the electric field of the interacting partner to promote
a mutual Coulomb-type attractive engagement between them [2,3]. It should be pointed out that
the previous studies used a lower-level of theory and a double-ζ Gaussian basis set to compute the
electrostatic potential on the surface of the H3C–Cl molecule [2,3]. This combination predicted an
incorrect (negative) potential associated with the σ-hole of the Cl atom in H3C–Cl and led the authors to
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offer a different interpretation of the nature of the surface reactivity of the molecule, thus exaggerating
the importance of the idea of “electrostatic polarization” in complex formation.

 

Figure 2. MP2/aug-cc-pVTZ energy-minimized geometries of the 18 binary complexes of CH3Cl
examined in this study. The intermolecular distance in Å (upper entry) and the angle of approach in
degree (lower entry) between the monomers in each complex are given.

From the intermolecular geometries shown in Figure 2 between the monomers of the complexes,
it is apparent that the Cl atom in CH3Cl forms directional interactions with Br2 (a); ClBr (c); FBr (d);
Cl2 (e); CO (g−i); F2 (j);N2 (l−m); and SO (n). The directionality of each contact is realized based on the
angles of approach of the electrophile on the Cl atom, viz., 170.2, 170.6, 163.3, 171.4, 168.5, 179.9, 151.4,
178.3, 167.6, 180.0, and 179.9◦ for these complexes, respectively. These angles vary between 150 and
180◦, and are typical of Type II contacts [21].

The intermolecular contact distances in all the complexes of Figure 2 are less than the sum of the
van der Waals radii of the respective bonded atomic basins, (rvdW (H) = 1.20 Å; rvdW (F) = 1.46 Å; rvdW

(N) = 1.66 Å; rvdW (O) = 1.50 Å; rvdW (S) = 1.89 Å; rvdW (Cl) = 1.82 Å; and rvdW (Br) = 1.86 Å) [85]. This
is consistent with the geometry-based criterion recommended for hydrogen bonding [25], halogen
bonding [24], and chalcogen bonding [26]. For instance, the IUPAC recommendation advises that in “a
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chalcogen-bonded complex R–Ch···A, the interatomic distance between the chalcogen donor atom Ch
and the nucleophilic site in the acceptor A tends to be less than the sum of the van der Waals radii and
more than the sum of covalent radii” [26].

For the complexes H3C–Cl···Br2, H3C–Cl···Cl–Cl and H3C–Cl···F–F shown in Figure 2b,f,k,
respectively, the lateral portion of the Cl atom in H3C–Cl acts as a lump for making an attractive
engagement with the “hole” on the partner molecules. The attraction is arguably due to the outer
axial surfaces of the halogen atoms in the Br–Br, Cl–Cl, and F–F molecules, characterized by positive
electrostatic potentials [86], interacting with the lateral negative site on the Cl atom in H3C–Cl in the
aforementioned complexes, resulting in the formation of the Cl···Br–Br, Cl···Cl–Cl, and Cl···F–F halogen
bond interactions, respectively. The intermolecular distances associated with these interactions are
3.084, 3.100, and 2.972 Å, respectively, while the intermolecular angles are 172.7, 17.5, and 168.9◦,
respectively. The angular feature indicates not only the presence of Type II contacts, but also clarifies
why the intermolecular distances are smaller than the sum of the van der Waals radii of the interacting
atomic basins. For example, the intermolecular distances 3.084 (Cl···Br), 3.100 (Cl···Cl) and 2.972 Å
(F···Cl) in Figure 2b,e,k are less than the sum of the van der Waals radii of 3.68, 3.64, and 3.28 Å,
respectively. Clearly, the feasibility of positive potentials on the Br, Cl, and F atoms in Br2, Cl2, and
F2 causing the formation of these three complexes is certainly not developed by induction caused by
the electric field of the lumps of the Cl atom in H3C–Cl. The potentials on the bimolecular halogen
atoms are inherently positive (as observed on Cl in H3C–Cl), thus helping with the development of the
intermolecular interaction with the lumps of the Cl atom in H3C–Cl.

The intermolecular bonding features shown in the complexes (a), (c–e), (g–j), and (l−n) can also be
regarded as halogen bonding. However, the only difference between these and the above set of three
complexes (b, e, k) is that the Cl atom in H3C–Cl acts as an electrophile in the former complexes but as
a nucleophile in the latter. The results provide evidence of the amphoteric nature of the charge density
profile on the surface of the Cl atom in H3C–Cl, in excellent agreement with the nature of the surface
reactivity predicted by the cp topology of ∇2ρ.

The complexes H3CCl···SO and H3CCl···SO shown in (o) and (p) are not the consequence of
halogen bonding. They both feature a Cl···S intermolecular contact. For this, the lump on the lateral
portion of the Cl atom in H3C–Cl interacts with the S atom in SO. The intermolecular distances
associated with the Cl···S contacts are very short, with r(Cl···S) of 2.881 Å and 2.776 Å for complexes in
(o) and (p), respectively. These are significantly smaller than the sum of the van der Waals radii of
the Cl and S atoms, 3.71 Å (rvdW (S) = 1.89 Å; rvdW (Cl) = 1.82 Å). Moreover, an examination of the
intermolecular angular geometry suggests that Type I bonding topologies promote the formation of
these contacts. Type I contacts are generally characterized by a contact angle that varies between 90◦
and 150◦, and the participating atoms that form the contact are generally either both positive or both
negative [21]. Previous studies have demonstrated that Type I contacts are dispersion driven [21,23,87].
This view has been advanced because the σ-hole model fails to provide true insight into the origin of
this interaction; in this case, the Coulombic model description of noncovalent interactions [10,17,18,28]
does not work very well.

The chalcogen bonded contacts identified in the H3CCl···SO complexes provide unequivocal
evidence that the newly identified Type I contact can be formed not only between sites of opposite
polarity, but also feature the fact that the Coulomb description (viz. positive site attracts a negative
one!) can be utilized for its effective realization.

For the H3CCl···HCl and H3CCl···HBr complexes shown in (q) and (r), respectively, the “hole” on
the hydrogen atom in HX (X = Cl, Br), which is described by the (3, –3) cp of ∇2ρ (Figure 1b), interacts
with the lump of the Cl in H3CCl. The intermolecular distance associated with the resulting X···H (X =
Cl, Br) contact (Cl···H = 2.334 Å and Br···H = 2.351 Å) is shorter than the sum of van der Waals radii of
the X and H atoms (rvdW (Cl + H) = 3.02 Å and and rvdW (Br +H) = 3.06 Å). The approach angle of
the electrophile identifies the interaction to be of Type II (∠Cl···H–Cl = 159.2o and ∠Cl···H–Br = 157.9o
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in the respective complexes). These signify the presence of hydrogen bonding in the complexes of
H3CCl···HCl and H3CCl···HBr.

3.3. QTAIM Description of Intermolecular Bonding Interactions in the Complexes of H3C–Cl

The QTAIM molecular graphs of the 18 binary complexes of CH3Cl studied are shown in Figure 3.
They confirm the presence of primary interactions between the monomers in the complexes, as
discussed above; there are well-defined bond paths and (3, –1) bond critical points between the bonded
atomic basins in each complex. This is in good agreement with the recommendation of IUPAC [24–26].
The molecular graphs also indicate the possibility of secondary interactions in two cases: SO···H in (p)
and Br···H in (r).

 

ρ ρ

Figure 3. MP2/aug-cc-pVTZ calculated quantum theory of atoms in molecules in molecules (QTAIM)
molecular graphs of the 18 binary complexes of CH3Cl studied. The bond paths (solid and dotted lines)
and the bond critical points (bcps) (tiny red spheres) are shown between the atomic basins. The charge
density (ρb/a.u,), the Laplacian of the charge density (∇2ρb/a.u.), and the total energy density (Hb/a.u.)
at the bcps of the intermolecular interactions are shown in black, red, and green fonts, respectively.
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The ρb values (ρb < 0.0198 a.u.) at the X···Cl (X = Cl, Br, F), Cl···X (X = Cl, Br, F), O···S, O···H, and
Br···H bcps, are small for all the complexes (see Figure 3 for exact values). At all bcps ∇2ρb > 0. These
signatures indicate the closed-shell nature of the intermolecular interactions [42,43,47–52,57–59,88–91].

The total energy density, Hb, is another topological descriptor of bonding interactions; it is the
sum of the “gradient” kinetic energy density and potential energy density (i.e., Hb = Gb + Vb) [88–91].
Hb > 0 indicates that Gb > Vb while Hb < 0 implies Vb > Gb. These are considered to be signatures of
stabilizing and destabilizing interactions, respectively [88–91]. The Hb values are were found to be
negative at the S···Cl and H···Br bcps of the complexes shown in (o), (p), and (r), respectively. This
means that these interactions include partial shared (covalent) character. On the other hand, the Hb

values were positive at the X···Cl (X = Cl, Br, F), Cl···X (X = Cl, Br, F), O···H, and H···Cl bcps of the
remaining complexes of Figure 2, which is indicative of closed-shell ionic interactions.

It was recently argued [28] that many classical and non-classical interactions, variously referred to as
proper and improper, blue-shifted and red-shifted, dihydrogen and anti-hydrogen, resonance-assisted
and polarization-assisted, and so on, are straightforward σ-hole interactions. What then can be
said about the Cl···S interactions identified in the H3CCl···SO complexes (Figure 3o,p)? It would be
misleading to refer to them as σ-hole interactions. The results of the MESP model suggests that the
lateral portion of the S atom in SO is described by four extrema of potential. Two of them are positive,
each with the VS,max of +34.2 kcal mol−1. The other two are negative, each with a VS,min of –8.9 kcal
mol−1. There is no extremum of positive potential identified on the S atom along the outer extension of
the O–S bond. The site on S that is interacting with the negative lateral site on Cl in H3CCl is positive,
thus forming the OS···ClCH3 complexes. Since VS,max on S is a result of the depopulation of a π-type
orbital, its engagement with the Cl atom in H3CCl does not lead to the formation of a σ-hole interaction.
As indicated above, the interaction cannot be regarded as a Type II interaction (∠Cl···S–O is 113.1◦ in (o)
and in 97.8◦ in (p)).

To provide further insight into the orbital origin of the Cl···S interaction, we carried out an analysis
of the second-order perturbative estimates of “donor-acceptor” (bond-antibond) interaction energies
using the NBO approach [30]. Our results suggest that the Cl···S interaction in (o) is described by the
combined effects of n(3)Cl→ σ*(S–O) and n(3)Cl→ π*(S–O) charge transfer delocalizations, where
n refers to the lone-pair bonding orbital, and σ* and π* are the anti-bonding σ- and π-type orbitals,
respectively. These charge transfer delocalizations are accompanied by second order perturbative
lowering energy E(2) of 2.4 and 8.7 kcal mol−1, respectively. Similarly, the E(2) for the charge transfer
delocalizations responsible for the formation of the Cl···S interaction in (p) were found to be 0.4 and
23.9 kcal mol−1, respectively. These results demonstrate that the origin of the Cl···S interactions in (o)
and (p) cannot be understood by the oversimplified Coulombic arguments of the MESP model.

3.4. RDG Isosurface Topologies of the Complexes of H3C–Cl

The results of the RDG isosurface analysis, summarized in Figure 4, show that the intermolecular
bonding region in each complex is characterized by one (or two) RDG isosurface domain(s). These
domains are colored either in bluish-green, green, light brown, or dark red. The coloring scheme is
based on the combined effect of the extent of the electron density delocalization between the atomic
basins and the sign of the second eigenvalue λ2 of the Hessian second derivative charge density matrix.
The signature sign (λ2) × ρ < 0 represents an attractive interaction; sign (λ2) × ρ ≈ 0 represents a van der
Waals interaction; and sign (λ2) × ρ > 0 represents a repulsive interactions. The spread of the isosurface
(volume) is tuned by the extent of the charge density delocalization around the critical bonding region.
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ρ ρ

Figure 4. The MP2/aug-cc-pVTZ computed reduced density gradient (RDG) isosurface topologies for
the 18 binary complexes of CH3Cl studied. The delocalization indices (DIs) corresponding to selected
atom–atom pairs are shown for each complex. The blue, green, and brownish isosurfaces represent
strong, medium-strength, and weakly bound attractive interactions, respectively, whereas that in red
represents repulsive interactions.

RDG predicts the presence of both primary and secondary contacts between the monomers in 14
complexes, except for (g)–(j) and (l)–(n). From the values of the angles of interaction shown in Figure 2,
it is clear that the secondary interactions identified in most of the complexes follow the Type I topology
of bonding and hence are dispersion driven.

The primary interactions in 14 of the 18 complexes are characterized by green isosurfaces. The
interactions in the other four complexes are characterized by bluish RDG domains, including (o)–(r).
The isosurface representing these interactions between the S and Cl atoms in OS···ClCH3 (in (o) and (p)),
and that between the H and Cl atoms in ClH···ClCH3, (q), as well as that between the H and Br atoms in
BrH···ClCH3, (r), is bluish-green. It indicates that the strength of the intermolecular interaction in these
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four complexes is stronger than those in the remaining 14 complexes. This is consistent with the ρb,
∇ρb, Hb, and DI values predicted for these interactions (see Figures 3 and 4 for values), suggesting that
the stability of the intermolecular interaction in these four complexes is in the order S···Cl (p) >> S···Cl
(o) > H···Cl (r) > H···Cl (q). Similarly, the preferential stability of the hydrogen bonds in the complexes
(p), (q), and (r) is in the order H···O (p) > H···Br (r) > H···Cl (q). The positive VS,max on the donor atoms
of the monomers responsible for these interactions predicted by the MESP model fail to provide such
an insight, suggesting that the extrema of potential may not be reliable as a measure of bond stability.

QTAIM based bond path features shown in Figure 3 are in reasonable agreement with the RDG
isosurface topologies for most of the complexes. The only discrepancy between them is in the complexes
of ClCH3 with Br2 (k), ClBr (c), Cl2 ((e) and (f)), F2 (k), and ClH (q). This is apparently because the
RDG method predicts the possibility of secondary interactions between interacting monomers in
these complexes, but QTAIM does not recognize these as interactions since the bond path topologies
between the bonded atomic basins are missing. The mismatch is not very surprising given that QTAIM
sometimes underestimates weakly bound interactions in molecular complexes [58,59]. Even so, the
QTAIM based delocalization results summarized in Figure 4 are in good agreement with the RDG’s
isosurface topologies of secondary interactions since the former recognizes all the interactions inferred
by the latter.

3.5. Energy Stability

Table 2 summarizes the MP2 calculated binding energies for the 18 complexes of ClCH3 examined
in this study. As indicated above, the Cl-bonded complexes of ClCH3 with X2 (X = F, Cl, Br) are
weaker than the X bonded complexes of ClCH3. For example, the ΔE of the complex in (b) is –3.07
kcal mol−1 larger than that of complex (a) and of the complex (f) is –1.96 kcal mol−1 larger than that of
(e). Similarly, the ΔE of complex (k) is –0.97 kcal mol−1 larger than that of (j). These results suggest
that the weaker σ-hole on the Cl atom in ClCH3 forms weaker complexes compared to those formed
by the relatively stronger σ-holes on X in X2. While this conclusion is rather qualitative, it has to be
appreciated that the energy due to the secondary interactions does play a role to determine the overall
strength of each of these complexes.

Table 2. Comparison of the MP2/aug-cc-pVTZ computed binding energies with the density functional
theory symmetry adapted perturbation theory (DFT-SAPT) interaction energies for the 18 binary
complexes of CH3Cl a.

Figure 2 Complex ΔE ΔE(BSSE) Eeles Eexch Eind Edisp E(SAPT0)

(a) H3CCl···Br2 −1.83 −1.07 −0.87 2.77 −0.30 −2.37 −0.78
(b) H3CCl···Br2 −4.90 −3.43 −6.49 10.88 −2.86 −4.66 −3.13
(c) H3CCl···BrCl −1.58 −1.02 −0.73 2.33 −1.10 −2.10 −0.76
(d) H3CCl···BrF −1.21 −0.71 −0.70 1.96 −0.24 −1.56 −0.53
(e) Cl2···ClCH3 −1.27 −0.96 −0.59 1.97 −0.20 −1.94 −0.76
(f) H3CCl···Cl2 −3.23 −2.68 −4.13 6.91 −1.74 −3.50 −2.46
(g) OC···ClCH3 −0.78 −0.61 −0.47 0.97 −0.08 −0.99 −0.57
(h) OC···ClCH3 −0.73 −0.5 −0.10 0.82 −0.09 −0.94 −0.30
(i) OC···ClCH3 −0.72 −0.56 −0.62 1.08 −0.15 −1.00 −0.70
(j) F2···ClCH3 −0.55 −0.37 −0.21 0.68 −0.04 −0.77 −0.34
(k) H3CCl···F2 −1.52 −1.15 −1.47 2.82 −0.58 −1.66 −0.89
(l) N2···ClCH3 −0.68 −0.45 −0.29 0.90 −0.09 −0.97 −0.45

(m) N2···ClCH3 −0.80 −0.6 −0.37 1.07 −0.09 −1.09 −0.49
(n) b SO···ClCH3 −4.52 −3.74 — — — — —
(o) OS···ClCH3 −0.74 −0.48 0.08 1.36 −0.24 −1.45 −0.25

(p) b OS···ClCH3 −6.79 −5.71 — — — — —
(q) H3CCl···HCl −4.30 −3.65 −5.29 7.72 −2.70 −3.27 −3.55
(r) H3CBr···HBr −4.59 −3.34 −5.37 8.86 −2.83 −3.80 −3.13
a Values in kcal mol−1. b DFT-SAPT calculations could not be performed for these two complexes because of the
convergence issues associated with the Psi4 code.
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The OS···ClCH3 complex (p), on the other hand, is found to be most stable in the series, with the
ΔE of –6.79 kcal mol−1. The complexes H3CCl···Br2 (b), H3CCl···Cl2 (f), SO···ClCH3 (n), H3CCl···HCl
(q), and H3CCl···HBr (r) are of intermediate strength, with the ΔE of –3.23, –4.52, –4.30, and –4.59 kcal
mol−1, respectively.

The BSSE has a significant effect on the binding energies of all the complexes. It is as large as 1.47,
1.08, and 1.25 kcal mol−1 for complexes (b), (p), and (r), respectively. Nevertheless, the BSSE corrected
MP2 binding energies, ΔE(BSSE), are found to be comparable with the corresponding DFT-SAPT
interaction energies (E(SAPT0)) for the 18 complexes. The marginal discrepancy between them can be
attributed to the level of correlation effect accounted for by the DFT-SAPT formalism, together with the
basis set utilized. The largest difference of 0.3 kcal mol−1 between E(SAPT0) and ΔE(BSSE) is found for
the complexes of Br2 with ClCH3 ((a) and (b)). There is no obvious relationship between E(SAPT0)
(or ΔE(BSSE)) and the extrema of the electrostatic potential responsible for the formation of the 18
complexes examined.

The interaction energies for nine of the 18 complexes were found to be smaller than –1.0 kcal
mol−1. Does this mean the complexes are unbound? Should one actually consider the link between the
monomers in these complexes as an attraction? Since the interaction energy is negative, the answer to
the first question is certainly “no”, since a negative interaction energy provides a clear and unequivocal
signature for any bound state. The answer to the second question is “yes”. The obvious reason
for this is that van der Waals complexes usually have a weak binding energy of less than –1.0 kcal
mol−1 [92–98]. The importance of such weakly bound interactions have been much appreciated in
many fields including polymer science, biology, and crystal engineering [92–98]. For instance, van der
Waals interactions are always weaker than any other chemical interaction and are the determinant of
structure of proteins or even the overall shape of polymer structures [92,95,96,98] and the significance
of such weakly bound interactions cannot be overlooked thus assuming that only strong interactions
are significant for materials design and weak interactions do not play an important role in the field of
noncovalent interactions.

The results of the DFT-SAPT based decomposed energy components summarized in Table 2
suggest that dispersive attraction (Edisp) does not tend to exceed the electrostatic and polarization
components (Eeles and Eind, respectively) for 12 of the 18 complexes. These include complexes (a)–(f),
(i), (k), (q), and (r). The formation of these complexes is not strictly electrostatically driven, but the
contributions due to dispersion and repulsion also play a significant role in determining their overall
interaction energies and hence promoting their overall stability.

By contrast, the dispersive attraction tends to exceed the electrostatic and polarization components
in the other six complexes, viz. (a), (c), (d), (e), (g), (h), (j), (l), (m), and (o). This might prompt the
suggestion that the weak attraction that does exist in these complexes is less the result of a specific
interatomic interaction, and more a general, non-specific, fairly isotropic, attraction that would occur
between any pair of molecules. However, one should not forget that the overall interaction energy in
these six complexes is the sum of four specific interaction types, and that these interactions collectively
work to determine and explain the directionality of the intermolecular interactions identified, as has
been pointed out before [99]. There should be no ambiguity in the origin of the attractive forces that
lead to the formation of the 18 complexes examined in this study.

4. Conclusions

This study has shown that the analysis of the critical points of the Laplacian of the charge density
could be informative in revealing the actual nature of the surface reactivity of the chlorine atom in
CH3Cl. This is in line with the nature of the local extrema of electrostatic potential identified on the
surface of the Cl atom in CH3Cl using the MESP model. In particular, it is shown that the combination
of a suitable isodensity envelope with an appropriate theoretical method is important to correctly
identify the electrophilic nature the Cl atom in CH3Cl.
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The electronic charge density distributions around the lateral and axial sites of Cl in CH3Cl is not
isotropic, indicating the amphiphilic nature of the Cl atom. The negative lateral sites on the Cl are
shown to display sufficient ability to attract positive sites on the interacting atoms to form halogen
bonds, or chalcogen bonds, or hydrogen bonds.

The attractive interaction of the positive “hole” on the Cl atom in CH3Cl with various “lumps”
in the interacting bases has led to the conclusion that the positive electrostatic potential on the Cl is
certainly not induced by the electric field of the interacting species as others have suggested [2,3,10,28].
Rather, it is an inherent property of this atom in the molecule.

The bond path and critical point topologies of QTAIM associated with the primary bonding
interactions in the 18 complexes are shown to be consistent with an RDG isosurface analysis. Although
these topologies did not appear between the weakly bound atoms in some complexes, the results of
QTAIM’s delocalization analysis were shown to be concordant with those of RDG.

The supermolecular and SAPT interaction energies were shown to be in agreement. The dispersion
interaction was also shown to be one the most important driving forces responsible for the formation
of the 18 complexes investigated.

As shown for the complexes between CH3Cl and SO, all types of intermolecular contacts cannot
be regarded as σ-hole interactions.
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Abstract: The cocrystal formed by hexamethylbenzene (HMB) with 1,3-diiodotetrafluorobenzene
(1,3-DITFB) was first synthesized and found to have an unexpected sandwiched-layer structure
with alternating HMB layers and 1,3-DITFB layers. To better understand the formation of this
special structure, all the noncovalent interactions between these molecules in the gas phase and
the cocrystal structure have been investigated in detail by using the dispersion-corrected density
functional theory calculations. In the cocrystal structure, the theoretically predicted π···π stacking
interactions between HMB and the 1,3-DITFB molecules in the gas phase can be clearly seen, whereas
there are no π···π stacking interactions between HMB molecules or between 1,3-DITFB molecules.
The attractive interactions between HMB molecules in the corrugated HMB layers originate mainly in
the dispersion forces. The 1,3-DITFB molecules form a 2D sheet structure via relatively weak C–I···F
halogen bonds. The theoretically predicted much stronger C–I···π halogen bonds between HMB and
1,3-DITFB molecules in the gas phase are not found in the cocrystal structure. We concluded that it is
the special geometry of 1,3-DITFB that leads to the formation of the sandwiched-layer structure of
the cocrystal.

Keywords: molecular cocrystal; sandwiched-layer structure; C–I···F halogen bonds; π···π stacking
interactions; PBE0-D3(BJ) calculations

1. Introduction

Noncovalent interactions play key roles in crystal growth and design. In 1989, Desiraju defined
the term “crystal engineering” as “the understanding of intermolecular interactions in the context of
crystal packing and the utilization of such understanding in the design of new solids with desired
physical and chemical properties” [1]. There are many kinds of noncovalent interactions, such as the
hydrogen bond, π···π stacking interaction, dispersive interaction, σ-hole interaction, π-hole interaction,
etc. [2–6]. In the preceding paper of this Special Issue, Alkorta, Elguero, and Frontera presented an
excellent review of the noncovalent interactions formed by the electron-deficient elements of groups 1,
2, and 10–18 in the periodic table [7]. Here, we want to stress that the term noncovalent interaction
is more general than the term noncovalent bond, and some of the noncovalent interactions such as
the dispersive interactions are not noncovalent bonds [4]. What is a noncovalent bond? According to
Bader’s theory of atoms in molecules, in a noncovalent bond there usually is a bond path connecting
the two interacting atoms and a (3, –1) bond critical point between the two interacting atoms [8].
Evidently, crystal packing is the result of the synergistic contributions of different types of strong or
weak noncovalent interactions. Hence, in the field of crystal engineering, it is always significant and
important to study the cooperativity and competition of these noncovalent interactions.

Crystals 2020, 10, 379; doi:10.3390/cryst10050379 www.mdpi.com/journal/crystals127
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The π···π stacking interaction is one of the most common noncovalent interactions in crystal
engineering [9]. The benzene dimer is always considered as a model for the study of the π···π stacking
interaction [10]. Comparing with the π···π stacking interaction in the benzene dimer, the π···π stacking
interaction in the complex between hexamethylbenzene (HMB) and hexafluorobenzene (HFB) is much
stronger due to the strong attractive quadrupole–quadrupole electrostatic interaction between the two
monomers. The quadrupole–quadrupole interaction is repulsive in the face-to-face structure of the
benzene dimer with an interaction energy of +13.68 kcal/mol, whereas the quadrupole–quadrupole
interaction is attractive in the face-to-face structure of the complex between HMB and HFB with
an interaction energy of −8.53 kcal/mol [11]. The crystal structure of the complex between HMB
and HFB has been reported in 1972, in which the partner molecules are stacked alternately to form
infinite columns [12]. Naturally, HMB can also form π-stacked complexes with other electron-deficient
perfluoro aromatic compounds. Perfluoroiodobenzenes are such compounds that we are very interested
in because they are always employed as the halogen atom donors for the halogen bonds [13]. Figure 1
shows the molecular electrostatic potentials on the 0.001 a.u. electron density isodensity surfaces of
HMB and 1,3-diiodotetrafluorobenzene (1,3-DITFB) along with some selected surface minima and
surface maxima. The computational details of the molecular electrostatic potentials are given in the
following section. As shown in Figure 1, the most negative electrostatic potentials of −22.47 kcal/mol
on the surface of HMB are located 1.76 Å above or below the center of mass of HMB; the most positive
electrostatic potentials of +30.76 kcal/mol on the surface of 1,3-DITFB are located on the extensions of
the C–I bonds. For the 1,3-DITFB, besides the two electropositive σ-holes on the extensions of the C-I
bonds, there are also electropositive regions (π-holes) that are perpendicular to the molecular plane.
As a result, 1,3-DITFB can form the C–I···π halogen bond with HMB on the one hand, and on the
other hand it can also form the strong π···π stacking interaction with HMB [13–15]. Certainly, the π···π
stacking interactions can also be formed between two HMB molecules or between two 1,3-DITFB
molecules. What is the order of strengths of all these noncovalent interactions? Will one of them,
some of them, or all of them contribute to the formation of the cocrystal between HMB and 1,3-DITFB?
Will there be other noncovalent interactions that we could not predict in the cocrystal structure? In this
study, we solve these issues by employing a combined theoretical and crystallographic method.

Figure 1. The molecular electrostatic potentials on the 0.001 a.u. electron density isodensity surfaces of
hexamethylbenzene (HMB) (left) and 1,3-diiodotetrafluorobenzene (1,3-DITFB) (right). The numbers
are in kcal/mol. Some selected surface minima and surface maxima are also shown.

This paper is organized as follows: First, we present and discuss the calculated results for the
abovementioned noncovalent interactions in the gas phase; then, after describing the structure of
the cocrystal between HMB and 1,3-DITFB, we calculate and analyze the noncovalent interactions
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in the crystal structure in detail. Finally, we give explanations for the formation of the special
cocrystal structure.

2. Materials and Methods

2.1. Quantum Chemical Calculation

The geometries of the monomers and complexes in the gas phase were fully optimized at
the PBE0-D3(BJ)/def2-TZVPP level of theory [16–19]. According to the corresponding frequency
calculations, all the structures of these monomers and complexes are true minima on their respective
potential energy surfaces. The interaction energies were calculated at the same theory level. For the
complexes in the crystal structure, their geometries were directly extracted from the crystal structure,
and only single-point interaction energies were calculated at the PBE0-D3(BJ)/def2-TZVPP theory level.
All the interaction energies were calculated with the supermolecule method and corrected for the basis
set superposition error using the conventional counterpoise method [20]. The molecular electrostatic
potentials on the 0.001 a.u. electron density isodensity surfaces of HMB and 1,3-DITFB were also
calculated at the PBE0-D3(BJ)/def2-TZVPP level of theory. The “ultrafine” integration grids were used
for the PBE0-D3(BJ)/def2-TZVPP calculations to eliminate possible integration grid errors. All the
calculations were performed with the GAUSSIAN 09 program package [21].

For the calculations of strong noncovalent interactions, many computational methods can give
comparable results with experiments. The main challenges for the electronic structure calculations lie
in the accurate descriptions of weak noncovalent interactions. In previous studies, we employed the
PBE0-D3(BJ)/def2-TZVPP method to calculate the interaction energies of the different configurations of
the complex between benzene and hexahalobenzene, the complex between benzene and naphthalene,
and the complex between fullerene C60 and benzene [22–24]. It was found that the results
from the PBE0-D3(BJ)/def2-TZVPP calculations are in excellent agreement with the results from
the “gold standard” coupled-cluster calculations. Considering that the noncovalent interactions
studied in this work are very similar to those in previously studied complexes, the results from the
PBE0-D3(BJ)/def2-TZVPP calculations should be reliable throughout this paper.

2.2. Crystal Preparation

The chemical reagents HMB and 1,3-DITFB were purchased from J&K Scientific Ltd. in China
and used as received. The solvent for the crystallization in this study was trichloromethane and also
used without further purification. The HMB (0.0162 g, 0.10 mmol) and 1,3-DITFB (0.0402 g, 0.10 mmol)
were dissolved in 10 mL trichloromethane, and the mixture was refluxed gently with stirring for half
an hour. Then, the solution was filtered, and the filtrate was naturally volatilized at room temperature.
After about three days, colorless block crystals that are suitable for the X-ray diffraction analyses
were obtained.

2.3. Measurement

Single-crystal X-ray diffraction data were collected on a Rigaku AFC10 diffractometer
(Rigaku Corporation, Tokyo, Japan) equipped with a Rigaku SuperNova X-ray generator
(graphite-monochromatic Mo-Kα radiation, λ = 0.71073 Å). The structure of the cocrystal was solved
and refined by a combination of direct methods and difference Fourier syntheses, employing the
SHELX-2014 and Olex2.0 programs [25,26]. The hydrogen atoms of the methyl groups in HMB were
placed in calculated positions and refined with the riding model approximation. Anisotropic thermal
parameters were assigned to the nonhydrogen atoms. Crystallographic data have been deposited at
the Cambridge Crystallographic Data Centre (deposition number CCDC 1996547). Copies of the data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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3. Results and Discussion

3.1. Noncovalent Interactions in the Gas Phase

The study of the noncovalent interactions in the gas phase is significant and can provide useful
information for the crystal growth and design, although in some cases the noncovalent interactions
in the gas phase maybe be very different with the noncovalent interactions in the crystalline state.
Figure 2 illustrates the PBE0-D3(BJ)/def2-TZVPP optimized structures and the corresponding interaction
energies for the stacked complex between HMB and 1,3-DITFB, a stacked HMB dimer, a halogen-bonded
complex between HMB and 1,3-DITFB, and a stacked 1,3-DITFB dimer. In fact, we also fully optimized
the planar structures of the HMB dimer and the 1,3-DITFB dimer, but both of them were transformed
into the stacked ones in Figure 2. This indicates that the planar structures of the HMB dimer and the
1,3-DITFB dimer are not stable in the gas phase.

Figure 2. The interaction energies (black numbers, in kcal/mol) for the stacked complex between
HMB and 1,3-DITFB (a), a stacked HMB dimer (b), a halogen-bonded complex between HMB and
1,3-DITFB (c), and a stacked 1,3-DITFB dimer (d).

It can be clearly seen from Figure 2 that the π···π stacking interaction between HMB and 1,3-DITFB
is the strongest one among all the noncovalent interactions. The π···π stacking interaction energies for
the complexes C6H6···C6X6 (X = F, Cl, Br, and I) are in the range of −9.70 to −5.50 kcal/mol [22]. Thus,
the π···π stacking interaction between HMB and 1,3-DITFB is much stronger than the π···π stacking
interactions in the complexes C6H6···C6X6 (X = F, Cl, Br, and I). This is understandable because the
van der Waals surface area of HMB is larger than that of benzene, and the minimum value of the
electrostatic potential of HMB is much more negative than that of benzene. The quadrupole–quadrupole
electrostatic interactions in the HMB dimer and 1,3-DITFB dimer are repulsive, and this will weaken
the π···π stacking interactions in the two dimers. The π···π stacking interaction energies for the HMB
dimer and 1,3-DITFB dimer are −10.32 and −7.01 kcal/mol, respectively. As a contrast, the π···π stacking
interaction energy for the complex between benzene and HFB is about −6.00 kcal/mol, and the π···π
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stacking interaction energy for the parallel-displaced configuration of the benzene dimer is about
−2.70 kcal/mol [22,27]. The π-stacked HMB dimer and 1,3- DITFB dimer can also exist in the crystal
structures. The CCDC database (version 5.41) was used in a search for the structures containing HMB
or 1,3-DITFB [28]. It was found that there are 8 structures containing the π-stacked HMB dimer and
27 structures containing the π-stacked 1,3-DITFB dimer.

Another focus in Figure 2 is the halogen-bonded complex between HMB and 1,3-DITFB with the
interaction energy of −7.40 kcal/mol. The binding energy of the conventional C–I···N halogen bond is
below 7.00 kcal/mol [29]. Here, the strength of the C–I···π halogen bond is obviously close to or even
stronger than the strength of the conventional strong C–I···N halogen bond. As shown in Figure 2c,
the C–I bond does not point to the centroid of HMB but points to the site which is close to the carbon
atom. Tsuzuki and coworkers calculated the C–I···π interaction energies for three orientations of the
complex between benzene and pentafluoroiodobenzene, and they found that the difference of the
interaction energies is not very marked [30]. Bosch and coworkers performed a statistical analysis
of the C–I···π halogen bonds in the crystal structures by using the Cambridge Structural Database,
and their results showed that the number of the structures in which the C–I bond points to the centroid
of the benzene ring is very small [31]. In other words, the C–I···π halogen bond predicted in the gas
phase may also exist in the crystal structure of the complex between HMB and 1,3-DITFB.

3.2. Noncovalent Interactions in the Crystal Structure

HMB and 1,3-DITFB form a 1:1 cocrystal. The cocrystal has an unexpected sandwiched-layer
structure with alternating HMB layers and 1,3-DITFB layers (Figure 3). The HMB layer is corrugated,
and the 1,3-DITFB layer is a 2D sheet. Crystal data for the cocrystal (M = 564.12 g/mol) are as follows:
orthorhombic, space group Cmcm (no. 63), a = 16.3241(6) Å, b = 8.7254(5) Å, c = 13.6411(8) Å, β = 90◦,
V = 1942.96(18) Å3, Z = 4, T = 290 K, μ(CuKα) = 3.270 mm−1, Dcalc = 1.928 g/cm3, 11066 reflections
measured (7.786◦ ≤ 2Θ ≤ 56.726◦), 1219 unique (Rint = 0.0324, Rsigma = 0.0151), which were used in all
calculations. The final R1 was 0.0883 (I > 2σ(I)) and wR2 was 0.2298 (all data).

Figure 3. The side view of the sandwiched-layer structure of the cocrystal.

As expected from the gas-phase calculation, the π···π stacking interactions between HMB and
1,3-DITFB are found in the crystal structure. The interaction energy for the stacked two-body complex
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in the crystal structure is −11.16 kcal/mol, which is almost the same as the corresponding value
of −11.27 kcal/mol) in the gas phase. In the crystal structure, the HMB and 1,3-DITFB molecules
are stacked alternately in infinite columns. It is interesting to study the cooperativity of these π···π
stacking interactions. Figure 4 shows the total interaction energies for the stacked two-body, three-body,
and four-body complexes. Here, we use the three-body [Δ3E(123)] and four-body [Δ4E(1234)] interaction
terms to assess the cooperativity of these π···π stacking interactions, such as the study of the benzene
trimer and the benzene tetramer [32]. The three-body and four-body interaction terms can be defined
as follows:

Δ3E(123) = E(123) −∑
i

E(i) −∑
i j

Δ2E(i j)

Δ4E(1234) = E(1234) −∑
i

E(i) −∑
i j

Δ2E(i j) −∑
i jk

Δ3E(i jk)

Figure 4. The interaction energies (black numbers, in kcal/mol) for the stacked two-body complex (a),
a three-body complex (b), a three-body complex (c), and a four-body complex (d) with alternating
HMB and 1,3-DITFB molecules.

The three-body interaction terms for the two three-body complexes are −0.32 and −0.56 kcal/mol,
respectively. The four-body interaction term for the four-body complex is−0.90 kcal/mol. The three-body
and four-body interaction terms are all negative and obviously have stabilizing contributions to the
total interactions. Considering that the total interaction energy is very large, it is still reasonable
to estimate the total interaction energy of a large complex simply from the sum of the two-body
interaction energies.

Figures 5 and 6 show the noncovalent interactions in the HMB layer and 1,3-DITFB layer. Let us
add here that these noncovalent interactions do not exist in the gas phase. The HMB molecules form
the corrugated layers via dispersion forces. In the corrugated HMB layer, two methyl groups of
HMB along the crystallographic a axis are disordered, and the other four methyl groups form four
H···H contacts with other HMB molecules. The disorder of the two methyl groups of the one HMB
molecule indicates that the H···H contacts make negligible contribution to the stability of the cocrystal
from another perspective. The 1,3-DITFB molecules form the 2D sheets via the weak C–I···F halogen
bonds. One 1,3-DITFB molecule can form four C–I···F halogen bonds with four neighboring 1,3-DITFB
molecules. It is the special structure of 1,3-DITFB that leads to the formation of the 2D sheet and
furthers the formation of the sandwiched-layer structure of the cocrystal. A similar structure can be
found in the cocrystal formed between HMB and 1,2,4,5-tetracyanobenzene [33]. This cocrystal also has
a layer structure. However, the 1,2,4,5-tetracyanobenzene layer is not a 2D sheet but a corrugated layer.
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Figure 5. The four 1,3-DITFB molecules involved in a C–I···F halogen-bonded loop. The black numbers
(in kcal/mol) are the interaction energies of two neighboring molecules, and the red number (in kcal/mol)
is the total interaction energy of the tetramer.

Figure 6. The four HMB molecules involved in a dispersion-bonded loop. The black numbers
(in kcal/mol) are the interaction energies of two neighboring molecules, and the red number (in kcal/mol)
is the total interaction energy of the tetramer.

Figures 5 and 6 also list the interaction energies for two neighboring monomers and the total
interaction energies for the 1,3-DITFB tetramer and HMB tetramer. In the 1,3-DITFB tetramer,
the interaction energy of one C–I···F halogen bond is −1.65 kcal/mol, and the interaction energy for
the dimer without a C–I···F halogen bond is only −0.51 kcal/mol. The four-body interaction term for
the 1,3-DITFB tetramer is about 0.05 kcal/mol, which means that the cooperativity of the noncovalent
interactions in the 1,3-DITFB tetramer is negligible. The case for the HMB tetramer is quite similar.
The interaction energy of two neighboring HMB molecules is a little smaller than that of two C–I···F
halogen-bonded 1,3-DITFB molecules. The four-body interaction term of the HMB tetramer is also
about 0.05 kcal/mol and can also be neglected.

Figure 7 lists the interaction energies for two neighboring monomers and the total interaction
energies for the four-body complex formed by two HMB molecules and two 1,3-DITFB molecules.
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Different from the complexes in Figures 4–6, the complex in Figure 7 is formed via mixed
noncovalent interactions, which include a π···π stacking interaction, a C–I···F halogen bond,
and a dispersion-dominated interaction. The four-body interaction term of this complex is about
0.09 kcal/mol, which is a little larger than that of the 1,3-DITFB tetramer and HMB tetramer. However,
the absolute value of the total interaction energy of this complex is over three times larger than that
of the 1,3-DITFB tetramer or HMB tetramer. Again, it is reasonable to estimate the total interaction
energy of a large complex simply from the sum of the two-body interaction energies.

Figure 7. The loop formed by two HMB molecules and two 1,3-DITFB molecules. The black numbers
(in kcal/mol) are the interaction energies of two neighboring molecules, and the red number (in kcal/mol)
is the total interaction energy of the four molecules.

4. Conclusions

In this study, the cocrystal formed by HMB with 1,3-DITFB was successfully synthesized, and the
noncovalent interactions in the crystal structure were calculated at the PBE0-D3(BJ)/def2-TZVPP level
of theory. Unexpectedly, the cocrystal has a sandwiched-layer structure with alternating HMB layers
and 1,3-DITFB layers. In the corrugated HMB layer, the HMB molecules attract each other mainly via
the dispersion forces. In the 1,3-DITFB layer, the 1,3-DITFB molecules form a 2D sheet via the C–I···F
halogen bonds, and one 1,3-DITFB molecule can form four C–I···F halogen bonds with four neighboring
1,3-DITFB molecules. The alternating HMB layers and 1,3-DITFB layers are stacked together by strong
π···π stacking interactions between HMB and 1,3-DITFB molecules. No C–I···π halogen bonds and π···π
stacking interactions between the HMB molecules or between the 1,3-DITFB molecules were found in
the crystal structure. It was also found that the cooperativity of the noncovalent interactions in each
layer is not very obvious. However, the cooperativity of the π···π stacking interactions in the sequence
of alternating HMB and 1,3-DITFB molecules is considerable.

The formation of the unexpected sandwiched-layer structure of the molecular cocrystal
is attributed to the special geometry of 1,3-DITFB. Other perfluoroiodobenzenes such as the
1,2-diiodotetrafluorobenzene, 1,4-diiodotetrafluorobenzene, and 1,3,5-trifluoro-2,4,6-triiodobenzene do
not have such geometries and cannot form 2D sheets via the weak C–I···F halogen bonds. Hence, we
predict that the cocrystals formed by HMB with these molecules will not have such a sandwiched-layer
structure. The controlled experiments are in progress in our laboratory. The preliminary results show
that these predicted cocrystals are a little more difficult to be synthesized than the cocrystal reported in
this study.
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Abstract: In total, 13 ligands R-salen (N,N’-bis(5-R-salicylidene)ethylenediamine (where R =MeO,
Me, OH, H, Cl, Br, NO2) and R-salphen (N,N’-bis(5-R-salicylidene)-1,2-phenylenediamine (where
R =MeO, Me, OH, H, Cl, Br) and their 13 nickel complexes NiRsalen and NiRsalphen were synthesized
and characterized using IR (infrared) spectroscopy, mass spectrometry, elemental analysis, magnetic
susceptibility, NMR (nuclear magnetic resonance), UV-vis (ultraviolet-visible) spectroscopy, cyclic
voltammetry, and X-ray crystal diffraction. Previous studies have shown that all complexes have
presented a square planar geometry in a solid state and as a solution (DMSO). In electrochemical studies,
it was observed that in N/N aliphatic bridge complexes, the NiII underwent two redox reactions,
which were quasi-reversible process, and the half-wave potential followed a trend depending on the
ligand substituent in the 5,5’-R position. The electron-donor substituent—as -OH, and -CH3 decreased
the E1/2 potential—favored the reductor ability of nickel. The crystals of the complexes NiMesalen,
NiMeOsalen, NiMeOsalphen, and Nisalphen were obtained. It was shown that the crystal packaging
corresponded to monoclinic systems in the first three cases, as well as the triclinic for Nisalphen.
The Hirshfeld surface analysis showed that the packaging was favored by H···H and C···H/H···C
interactions, and C-H···O hydrogen bridges when the substituent was -MeO and π-stacking was
added to an aromatic bridge. Replacing the N/N bridge with an aromatic ring decreased distortion in
square-planar geometry where the angles O-Ni-N formed a perfect square-planar.

Keywords: nickel; Schiff bases; crystallography; Hirshfeld surface analysis

1. Introduction

Salen type ligands, derived from the condensation between salicylaldehyde and a primary diamine,
are considered versatile ligands in coordination chemistry because the steric and electronic properties
can be modulated by different amine aldehydes precursors. The metal salen complexes have been widely
studied in diverse areas of chemistry. The interest lays in its easy synthesis, versatility, and kinetic
and thermodynamic stability provided by the chelating capacity of the tetradentate ligand with N2O2

Crystals 2020, 10, 616; doi:10.3390/cryst10070616 www.mdpi.com/journal/crystals137
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donor atoms. For the aforementioned reasons, such complexes not only play an important role in
coordination chemistry, but in various areas such as asymmetric catalysis [1], epoxide formation [2–4],
olefin hydrogenation [5,6], or in polymerization reactions [7,8]. Moreover, they have been extensively
studied in connection with metalloprotein models and, more recently, in bioinorganic chemistry.
A complex of NiII, FeII, and CuII-salen has been synthesized as a biomimetic compound for the study
of metalloenzyme active sites and their catalytic mechanism [9–12].

It is well known that the steric and electronic effect plays an important role in the reactivity of
M-salen compounds. The incorporation of electron-donor/withdrawing groups on salen skeleton allows
redox potential modulation [9,13] and favors certain geometries [14,15] that impact the interaction
with the substrates or specific recognition sites. In recent years, attention has focused on the biological
properties of Schiff bases and their metal-compounds [16], showing that ligands by themselves can
inhibit a carbonic anhydrase enzyme. The efficiency of these enzymes depend on the properties of the
bridge N/N [16]. Several metal-salen complexes have presented different biological activities, such as
an antibacterial [17,18] and antiproliferative against different tumor lines [19–22]. One of the proposed
mechanisms of action of these complexes with salen-type ligands is the specific interactions with DNA
and RNA. Different types of damage can occur depending on the chemical reactivity of the metal
complex. MnIII-salen in the presence of an oxidant induces DNA cleavages [23,24], whereas CoIII-salen
can cleave DNA under aerobic conditions [25]. CoII-salen and FeIII-salen bind DNA at the minor
groove [26], while NiII-salen causes damage to nucleic acids, specifically causing divisions in guanine
residues in the hairpin region of a single chain [27]. On the other hand, it has been reported that square
coordination compounds with conjugated systems in their coordination spheres present stacking
interactions with DNA [28] and G-quadruplexes. The binding affinity and selectivity of interaction
with the latter is modulated by changing the substituents on the salen skeleton and modifying the
nature of the N/N-bridge for the Schiff base [29,30]. The correct choice of the N/N bridge plays an
important role in the geometry of these compounds, as it lengthens the chain and favors octahedral
geometry [31] while adding aromatic rings that favor planar-square geometry. Moreover, it increases
π-π interactions [32]. These type of complexes also present a square-planar geometry [33] and multiple
studies have shown how the reactivity of nickel-salen complexes can modulate by the design and
control of the nature of the ligands by the choice of the N/N bridge or its substituents. Therefore,
in this work, we study the effect the N/N bridge has on geometry and how the half-wave potential
(E1/2) changes when a substitute is added. We report the structure of four Nickel complexes with
tetradentate N2O2 ligands, analyzing the intermolecular interactions favored by the substituent and
the N/N bridge, which modify the distance of Ni-Ni interaction found between dimers.

2. Materials and Methods

The experiments were carried out in ambient conditions. Nickel acetate tetrahydrate, salicylaldehyde,
2-hydroxi-5-metoxybenzaldehyde, 2-hydroxi-5-metylbenzaldehyde, 2-hydroxi-5-nitrobenzaldehyde,
2-hydroxi-5-clorobenzaldehyde, 2-hydroxi-5-bromorobenzaldehyde, and o-phenylenediamine were
acquired from Sigma-Aldrich (Saint Louis, MO, USA), whereas 1,2-diaminoethane was acquired from
Merck (Darmstadt, Germany.). The solvents used were acquired from Quimica Alvi (Ciudad de México,
Mexico). All reactive materials were used without further purification. Elemental analysis was
carried out in the Reach and Industry Support Services Unit (USAII for its Spanish abbreviations),
using an EAGER 200 elemental analyzer (EAGER 200 CHNS/method, Ciudad de México, Mexico).
IR (infrared) spectra were performed on a Nicolet AVATAR 320 FT-IR (Ciudad de México, Mexico)
in an interval of 4000–400 cm−1. The samples incorporated onto a KBr disk in the range of 3500–500.
UV-VIS (ultraviolet-visible) spectra were obtained on a Hewlett Packard 845× UV-visible system
diode array spectrophotometer in a range from 250 nm to 800 nm in dimethylsulfoxide (DMSO)
solutions Sigma-Aldrich (Saint Louis, MO, USA). The 1H-NMR 13C-NMR (nuclear magnetic resonance)
(Ciudad de México, Mexico), COSY (correlation spectroscopy), and HSQC (heteronuclear single
quantum correlation) (Tables S7 and S8, Figures S21–S39, Supplementary Materials), were performed
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with the USAII, collected by a VARIAN VNMRS 400 MHz. Chemical shifts were reported in ppm
relative to the internal TMS (tetramethylsilane) standard. The solvents used were CDCl3, Acetone-d6,
DMF-d7, and DMSO-d6, all of which were acquired from Sigma-Aldrich (Saint Louis, MO, USA). Mass
spectrometers were acquired in the USAII (Ciudad de México, Mexico). All of the ligands and NiRsalen
were obtained using FAB+ in a LECO PEGASUSIII. NMR and mass spectrometry were not obtained
for NiClsalphen and NiBrsalphen due to their low solubility. Cyclic voltammetry was performed
using PAR27 potentiostat/galvanostat (Ciudad de México, Mexico) with a conventional three-electrode
array. Tetrabutylammonium hexafluorophosphate (Sigma-Aldrich, Saint Louis, MO, USA), served as a
support electrolyte and DMSO (99.995, Sigma-Aldrich, Misuri, United State). Voltammogram were
referenced with an internal adjustment using ferrocene (99.9%, Sigma-Aldrich, Saint Louis, MO, USA).

2.1. Abbreviation

 

 

 

 

 

 

Y = 
 

 

 

 

 

 

salen 

 

 

R = 
 

CH3O 

CH3 

OH 

H 

Cl 

Br 

NO2 

MeOsalen 

Mesalen 

OHsalen 

Salen 

Clsalen 

Brsalen 

NO2salen 

 

 

 

 

 

 

Ni 

NiMeOsalen 

NiMesalen 

NiOHsalen 

Nisalen 

NiClsalen 

NiBrsalen 

NiNO2salen 

  

 

 

 

salphen 

 

 

R = 
 

CH3O 

CH3 

OH 

H 

Cl 

Br 

MeOsalphen 

Mesalphen 

OHsalphen 

Salphen 

Clsalphen 

Brsalphen 

 NiMeOsalphen 

NiMesalphen 

NiOHsalphen 

Nisalphen 

NiClsalphen 

NiBrsalphen 

2.2. Synthesis of Schiff Base Ligands

Next, 2 mmol of appropriate salicylaldehyde was dissolved in acetonitrile, then 1 mmol
of 1,2-diaminoethane or o-phenylenediamine was dissolved in acetonitrile and added slowly.
The dissolution was stirred for 20 min. The volume was reduced and a solid precipitated (range
of yellows in the case of 1,2-diaminoethane bridge and range of orange for o-phenylenediamine
derivatives), which was vacuum filtered and recrystallized in methanol. The ligands were characterized
by elemental analysis, FT-IR spectroscopy, NMR (1H and 13C), and mass spectrometry:

MeOsalen C18H20N2O4 analysis (%Calculated (Found)): C, 65.86 (66.07); H, 6.09 (6.02); N, 8.54
(8.84). FT-IR (cm−1): υC=N, 1639; υC-O, 1276. FT-IR values were comparable to those reported [34].
NMR 1H (ppm, CDCl3): 8.30 (s, CH=N), 12.63 (s, CAr-O-H); 13C (ppm): 166 (C=N), 155 (CAr-O).
M+ (m/z): 328 (328).

Mesalen C18H20N2O2 analysis (%C(F)): C, 72.97 (73.10); H, 6.76 (6.38); N, 9.46 (10.05). FT-IR (cm−1):
υC=N, 1637; υC-O, 1282. FT-IR values were comparable to those reported [35]. NMR 1H (ppm, CDCl3):
8.29 (s, CH=N), 12.95 (s, CAr-O-H); 13C (ppm): 166 (C=N), 159 (CAr-O). M+ (m/z): 296 (296).
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OHsalen C16H16N2O4; Analysis (%C(F)): C,63.55 (63.85); H, 5,37 (5.03); N, 9.32 (9.47). FT-IR (cm−1):
υC=N, 1640; υC-O, 1258. FT-IR values were slightly lower than those reported [36]. NMR 1H (ppm,
Acet-d6): 8.46 (s, CH=N), 12.40 (s, CAr-O-H). Insoluble for NMR and mass spectrometry.

Salen C16H16N2O2 analysis (%C(F)): C,71.69 (71.62); H, 5.64 (6.01); N, 10.79 (10.44). FT-IR (cm−1):
υC=N, 1636; υC-O, 1284. FT-IR values were comparable to those reported [37]. 1H NMR (ppm, CDCl3):
8.36 (s, CH=N), 13.19 (s, CAr-O-H); 13C (ppm): 166 (C=N), 161 (CAr-O). M+ (m/z): 268 (268).

Clsalen C16H14N2Cl2O2 analysis (%C(F)): C, 56.96 (57.13); H, 4.15 (3.88); N, 8.30 (8.52). FT-IR (cm−1):
υC=N, 1631; υC-O, 1274. FT-IR values were slightly lower than those reported [38]. 1H NMR (ppm,
CDCl3): 8.29 (s, CH=N), 13.08 (s, CAr-O-H); 13C (ppm): 165 (C=N), 159 (CAr-O). M+ (m/z): 336 (336).

Brsalen C16H14Br2N2O2 analysis (%C(F)): C, 45.07 (45.18); H, 3.29 (2.80); N, 6.57(7.22). FT-IR
(cm−1): υC=N, 1635; υC-O, 1273. FT-IR values were comparable to those reported [34]. 1H NMR (ppm,
CDCl3): 8.28 (s, CH=N), 13.10 (s, CAr-O-H); 13C (ppm): 165 (C=N), 160 (CAr-O). M+ (m/z): 426 (426).

NO2salen C16H14N4O6 analysis (%C(F)): C, 53.63 (53.69); H, 3.93 (3.59); N, 15.63 (15.76). FT-IR
(cm−1): υC=N, 1647; υC-O, 1326. FT-IR values were comparable to those reported [39]. 1H NMR (ppm,
DMSO-d6): 8.77 (s, CH=N). M+ (m/z): 358 (358).

MeOsalphen C22H20N2O4 analysis (%C(F)): C, 70.19 (70.30); H, 5.35 (5.02); N, 7.44 (7.95). FT-IR
(cm−1): υC=N, 1616; υC-O, 1275. NMR 1H (ppm, Acet-d6): 8.85 (s, CH=N), 12.46 (s, CAr-O-H);
13C NMR (ppm): 166 (C=N), 155 (CAr-O). M +H+ (m/z): 376 (376). The structure of this ligand was
already reported [40].

Mesalphen C22H20N2O2 analysis (%C(F)): C 76.72 (76.83); H, 5.85 (5.63); N, 8.13 (8.68). FT-IR (cm−1):
υC=N, 1618; υC-O, 1283. FT-IR values were comparable to those reported [40] NMR 1H (ppm, CD3CN):
8.70 (s, CH=N), 12.86 (s, CAr-O-H); 13C NMR (ppm): 165 (C=N), 159 (CAr-O). M + H+ (m/z): 344 (345).

OHsalphen C20H16N2O4 analysis (%C(F)): C, 68.95 (68.96); H, 4.62 (4.34); N, 8.04 (8.26). FT-IR
(cm−1): υC=N, 1614; υC-O, 1277. NMR 1H (ppm, Acet-d6): 8.76 (s, CH=N), 12.30 (s, CAr-O-H); 13C
NMR (ppm): 165 (C=N), 155 (CAr-O). M + H+ (m/z): 348 (349).

Salphen C20H16N2O2 analysis (%C(F)): C,75.89 (75.93); H,5.0 (5.1); N,8.91 (8.85). FT-IR (cm−1):
υC=N, 1612; υC-O, 1276. IR values were comparable to those reported [41]. M +H+ (m/z): 316 (317).
Insoluble for NMR

Clsalphen C20H14N2Cl2O2 analysis (%C(F)): C, 62.45 (62.25); H, 3.66 (3.19); N, 7.27(8.04). FT-IR
(cm−1): υC=N, 1614; υC-O, 1273. M +H+ (m/z): 384 (385). Insoluble for NMR. The structure of this
ligand has already been reported [42].

Brsalphen C20H14N2Br2O2 analysis (%C(F)): C, 50.66 (50.74); H, 2.97 (2.57); N, 5.90 (6.42). FT-IR
(cm−1): υC=N, 1612; υC-O, 1373. FT-IR values were comparable to those reported [18]. NMR
1H (ppm, Acet-d6): 8.91 (s, CH=N), 13.09 (s, CAr-O-H); 13C NMR (ppm): 164 (C=N), 160 (CAr-O).
M + H+ (m/z): 474 (474).

2.3. Synthesis of Nickel Complexes

In total, 1 mmol of nickel acetate was dissolved in methanol and the ligand, previously dissolved
in methanol/chloroform, was added the dropwise to the nickel acetate solution, in case the ligand
NO2salen was dissolved in the DMF (dimethylformamide). The mixture of the reaction was stirred
for 15 min and a solid compound precipitated. In the case of the NiRsalen complex, a brown-orange
precipitate was obtained. For the NiRsalphen complexes, a red solid was precipitated. The solid
compound was vacuum filtered and washed with methanol and chloroform. NiNO2salen was washed
with cold DMF [43]. The compounds were characterized by elemental analysis, FT-IR spectroscopy,
NMR (1H and 13C), and mass spectrometry:

NiMeOsalen, N,N’-bis(5-metoxisalicylidene)ethylenediamine, nickel(II), NiC18H18N2O4· H2O
analysis (%C(F)): C,53.63 (53.12); H, 5.00 (4.96); N, 6.95 (6.98). FT-IR (cm−1): υC=N, 1626; υC-O,
1328 FT-IR values were slightly lower than those reported [34]. NMR 1H (ppm, DMSO-d6):
7.80 s, CH=N); 13C (ppm): 160 (C=N), 162 (CAr-O). M + H+ (m/z): 384 (385).
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NiMesalen, N,N’-bis(5-metylsalicylidene)ethylenediamine, nickel(II), NiC18H18N2O2 analysis
(%C(F)): C,61.19 (61.23); H, 5.10 (5.13); N, 7.93 (7.93). FT-IR (cm−1): υC=N, 1624; υC-O, 1316 FT-IR
values were comparable to those reported [35]. NMR 1H (ppm, CDCl3): 7.25 (s, CH=N); 13C (ppm):
161 (C=N), 163 (CAr-O). M + H+ (m/z): 352 (353).

NiOHsalen, N,N’-bis(5-hidroxisalicylidene)ethylenediamine, nickel(II), NiC16H14N2O4· 2H2O
analysis (%C(F)): C, 48.94 (48.49); H, 4.15 (4.61); N, 7.39 (7.12). FT-IR (cm−1): υC=N, 1614; υC-O, 1301.
NMR 1H (ppm, DMSO-d6): 7.75 (s, CH=N); 13C (ppm): 159 (C=N), 162 (CAr-O). M +H+ (m/z): 356
(357). The structure of this complex was already reported [44].

Nisalen, N,N’-bis(salicylaldehyde)ethylenediamine, nickel(II), NiC16H14N2O2 analysis (%C(F)):
C, 58.77 (59.51); H, 3.89 (3.92); N, 8.57 (8.92). FT-IR (cm−1): υC=N, 1624; υC-O, 1320. NMR 1H (ppm,
CDCl3): 7.38 (s, CH=N); 13C (ppm): 162 (C=N), 165 (CAr-O). M + H+ (m/z): 324 (325). The structure of
this complex was already reported [33].

NiClsalen, N,N’-bis(5-chlorosalicylidene)ethylenediamine, nickel(II), NiC16H12N2Cl2O2· H2O
analysis (%C(F)): C, 46.22 (46.22); H, 3.42 (2.75); N, 6.80 (6.89). FT-IR (cm−1): υC=N, 1624; υC-O,
1312. FT-IR values were comparable to those reported [45]. NMR 1H (ppm, CDCl3): 7.44 (s, CH=N).
M+H+ (m/z): 394 (394).

NiBrsalen, N,N’-bis(5-bromosalicylidene)ethylenediamine, nickel(II) NiC16H12Br2N2O2· 2H2O
analysis (%C(F)): C, 37.04 (36.85); H, 3.10 (3.05); N, 5.39 (5.46). FT-IR (cm−1): υC=N, 1626; υC-O,
1309 FT-IR values are comparable to those reported [34]. NMR 1H (ppm, CDCl3): 7.45 (s, CH=N).
M + H+ (m/z): 482 (483).

NiNO2salen, N,N’-bis(5-nitrosalicylidene)ethylenediamine), nickel(II), NiC16H12N4O6· 1.6H2O
analysis (%C(F)): C, 42.98 (43.18); H, 3.11 (3.46); N, 12.74 (12.59). FT-IR (cm−1): υC=N, 1639; υC-O, 1321.
FT-IR values were comparable to those reported [39]. NMR 1H (ppm, DMSO-d6): 7.95 (s, CH=N).
Insoluble for mass spectrometry.

NiMeOsalphen (N,N’-bis(5-metoxisalicylidene)-1,2-phenylenediamine, nickel(II) NiC22H18N2O4

analysis (%C(F)): C, 61.01 (61.50); H, 4.18 (3.71); N, 6.46 (7.24). FT-IR (cm−1): υC=N, 1616; υC-O, 1213.
NMR 1H (ppm, CDCl3): 8.23 (s, CH=N). M + H+ (m/z): 432 (433).

NiMesalphen, N,N’-bis(5-metylsalicylidene)-1,2-phenylenediamine, nickel(II) NiC22H18N2O2,
analysis (%C(F)): C, 65.88 (66.30); H, 4.52 (4.02); N, 6.98 (7.31). FT-IR (cm−1): υC=N, 1624; υC-O, 1213.
M + H+ (m/z): 400 (401). Insoluble for NRM. The structure of this complex was already reported [35].

NiOHsalphen, N,N’-bis(5-hidroxisalicylidene)-1,2-phenylenediamine, nickel(II) NiC20H14N2O4
· CH3OH analysis (%C(F)): C, 57.70 (57.63); H, 4.15 (3.66); N, 6.40 (6.62). FT-IR (cm−1): υC=N, 1610;
υC-O, 1220. NMR 1H (ppm, DMF-7): 8.00 (s, CH=N); 13C (ppm): 162 (C=N), 155 (CAr-O). M+H+ (m/z):
404 (405).

Nisalphen, N,N’-bis(salicylaldehyde) -1,2-phenylenediamine, nickel(II) NiC20H14N2O2 analysis
(%C(F)): C, 64.8 (64.4); H, 3.70(3.78); N, 7,32 (7.51). FT-IR (cm−1): υC=N, 1604; υC-O, 1295 FT-IR values
were comparable to those reported [41]. M + H+ (m/z):372 (373). Insoluble for NRM.

NiClsalphen, N,N’-bis(5-chlorosalicylidene)-1,2-phenylenediamine, nickel(II), NiC20H12N2Cl2O2;
analysis (%C(F)): C, 54.35 (55.59); H, 2.73 (2.28); N, 6.33 (7.16). FT-IR (cm−1): υC=N, 1608; υC-O, 1290.
FT-IR values were comparable to those reported [38]. Insoluble for NRM and mass spectrometry.

NiBrsalphen, N,N’-bis(5-bromosalicylidene)-1,2-phenylenediamine, nickel(II), NiC20H12N2Br2O2;
analysis (%C(F)): C, 45.25 (45.77); H, 2.27 (2.16); N, 5.27 (5.87). FT-IR (cm−1): υC=N, 1606; υC-O, 1328.
FT-IR values were comparable to those reported [18]. Insoluble for NRM and mass spectrometry.

2.4. X-Ray Crystallography

Suitable single crystals for compounds NiMesalen, NiMeOsalen, NiMeOsalphen, and Nisalphen
were mounted on a glass fiber. Crystallographic data were collected with an Oxford Diffraction Gemini
“A” diffractometer with a CCD area detector, with λMoKα = 0.71073 Å for NiMesalen, NiMeOsalen,
NiMeOsalphen, and λCuKα = 1.54184 Å for Nisalphen at 130 K. Unit cell parameters were determined
with a set of three runs of 15 frames (1◦ in ω). The double pass method of scanning was used
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to exclude any noise [46]. The collected frames were integrated by using an orientation matrix
determined from the narrow frame scans. Final cell constants were determined by a global refinement.
Collected data were corrected for absorbance by using an analytical numeric absorption correction
with a multifaceted crystal model based on expressions upon the Laue symmetry with equivalent
reflections [47]. Structure solutions and refinement were carried out with the SHELXS-2014 [48] and
SHELXL-2014 [49] packages. WinGX v2018.3 [50] software was used to prepare material for publication.
Full-matrix least-squares refinement was carried out by minimizing (Fo2 – Fc2)2. All non-hydrogen
atoms were refined anisotropically. H atoms attached to C atoms were placed in geometrically
idealized positions and refined as riding on their parent atoms, with C-H = 0.95 – 0.99 Å and with
Uiso(H) = 1.2Ueq(C) for aromatic and methylene groups, and 1.5Ueq(C) for methyl groups. On the other
hand, for the compound NiMesalen, the solvent molecules were significantly disordered and could not
be modeled properly (i.e., SQUEEZE [51]). Part of the PLATON package of crystallographic software
was used to calculate the solvent disorder area and remove contributions to the overall intensity data.
The disordered solvents area was centered around the 0.500–0.034 position and showed an estimated
total of 60 electrons and a void volume of 180 Å3. Crystallographic data for all complexes are presented
in Table 1. The crystallographic data for the structures reported in this paper was deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 2006691–2006694.
Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK. (fax: (+44) 1223-336-033, e-mail: deposit@ccdc.cam.ac.uk).
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2.5. Cyclic Voltammetry

The cyclic voltammetry was carried out with a conventional arrangement of three electrodes:
a vitreous carbon working electrode, a platinum counter electrode, and a silver pseud-electrode.
The potentials were referenced to the saturated calomel electrode (SCE) with ferrocene as an
internal standard (E◦Fc+/Fc = +0.46 V vs. SCE). The experiments were collected in 0.001 M
DMSO solutions under nitrogen atmosphere. The supporting electrolyte was 0.1 M of
tetrabutylammonium hexafluorophosphate.

3. Results and Discussion

3.1. Electronic Spectra

The electronic spectra of the Rsalen ligand showed three absorption maxima. The first was the
255–270 nm region and the second was the 315–350 nm region. These two bands were attributed to
π→ π* transitions, with a high molar absorptivity coefficient. They also had a third band between
420–430 nm due to n→ π* of the group C=N. Electronic spectra of Rsalphen were similar to Rsalen
spectra. The difference was that Rsalphen spectra showed a small shoulder next to the 260 nm and
Rsalphen ligands had another band in the 270–400 region due to the π→ π* transition for the third
aromatic ring in N/N bridge. All Rsalphen transitions were shifted to a major wavelength values and
had bigger values of molar extinction coefficients, because the higher aromaticity of the ligands favored
the delocalization of electron density.

NiRsalen showed four characteristics bands (Figures S9–S20, Supplementary Materials): the first
two were in the 260–268 nm and 320–380 nm regions, with a high molar absorptivity coefficient,
both due to π→ π* transitions of the ligand. The third ws the 405–518 nm due to a ligand-metal charge
transfer (LMCT) transition, from the phenolate to M due to 1A1g → 1Eg transition [52,53]. The last
band in the 500–680 nm region was owed to the d-d transition [52,54]. These bands could not be
characterized with precision because of the low solubility of the compounds, since they presented
a very low molar absorptivity coefficient. These bands were attributed to 1A1g → 1A2g, which is
characteristic for a square planar geometry. These electronic transitions were confirmed measuring the
magnetic moment (μeff ≈ 0.5, Table S6, Supplementary Materials), meaning that the nickel complexes
presented a diamagnetic property, consequences of the eight paired electrons. NiRsalphen had the same
trend that their ligands and had one more π→ π* transition due to the third aromatic ring and higher
molar extinction coefficients (Data Table 2). All maxima shifted to major wavelength values [52,54].

Table 2. Electronic spectral data of the Schiff bases and their complexes.

Compound λmax (ε, L mol−1 cm−1) in DMSO Compound λmax (ε, L mol−1 cm−1) in DMSO

MeOsalen 260, (21145), 345(14109) NiMeOsalen 258(39143), 330(7681), 431(7096)

Mesalen 260(17555), 326(8568), 427(176) NiMesalen 260(47643), 334(7975), 417(6478)

OHsalen 260(13265), 350(8593) NiOHsalen 260(40311), 333(7338), 438(6053)

Salen 260(8747), 327(18295), 410(299) NiSalen 260(58958), 324(8061), 407(5906)

Clsalen 258(14461), 327(7794), 420(552) NiClsalen 258(44337), 324(8216), 415(6263)

Brsalen 260(16272), 327(7479), 419(653) NiBrsalen 258(48523), 326(8863), 414(6419)

NO2salen 258(17745), 370(20301), 422(30053) NiNO2salen 263(18147), 340(11715), 405(22660)

MeOsalphen 276(42299), 348(18694) NiMeOsalphen 268(50128), 296(2969), 382(26461), 511(2355)

Mesalphen 274(18573), 341(14755), 450(790) NiMesalphen 260(55055),292(22231), 380(26821), 487(8851), 679(5.6)

OHsalphen 274(20172), 370(13706) NiOHsalphen 260(39286), 298(19113), 386(22873), 518(8406)

Salphen 269(22051), 332(18444), 448(1418) NiSalphen 260(37709, 298(14534), 377(22632), 475(7305)

Clsalphen 262(18058), 275(16555), 338(8525), 398(1779) NiClsalphen 262(59148), 380(27100), 476(10739), 580(179)

Brsalphen 274(18364), 339(2102), 404(3323), 451(3341) NiBrsalphen 264(36210), 314(13762), 378(21675) 478(23408), 674(750)

The last band involved with the d-d transition provided an approximation of the intensity of the
complex field, since the energy of this electronic transition was associated with 10 Dq. This band could
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not be observed for complexes with the imine aliphatic bridge since it was masked by high intensity
transitions. On the other hand, in the compounds with the aromatic bridge, we observed that those with
a substituted electron-withdrawn (-Br, -Cl) had a greater wavelength value, thus decreasing the energy
necessary to carry out this transition, especially when compared to the substituted electron-donor
(-MeO, -OH) [43].

3.2. X-Ray

From the single crystal X-ray diffraction analysis we found that the compounds NiMesalen
and NiMeOsalen of NiII were polymorphs of (2,2’-(ethane-1,2-diylbis((nitrilo)methylylidene))
bis(4-methylphenolato))-nickel(II) methanol solvate [35] and dinuclear bis(2,2’-(ethane-1,2-diylbis
((nitrilo)methylylidene))bis(4-methoxyphenolato))-di-nickel(II) methanol solvate [35], respectively.
Polymorphism was found in the crystalline arrangement, since the compound NiMesalen (Figure 1)
crystallized in the monoclinic crystal system with a space group of C2/c, while in literature it was
found that methanol solvated compound crystallized in the triclinic crystal system with a space group
of P-1. On the other hand, NiMeOsalen crystallized in the monoclinic crystal system with a space
group of P21/c, while the previously reported methanol solvated compound was space group P21/n
and monoclinic crystal system [35].

Figure 1. View on the perspective of the compound NiMesalen, with a displacement ellipsoid at a 50%
probability level for non-H atoms.

Discrete unit NiMesalen contained one central NiII ion and one unit of deprotonated
2,2′-(ethane-1,2-diylbis((nitrilo)methylylidene))bis(4-methylphenolato) tetradentate ligand. Figure 1
shows the tetracoordinated metal center of NiII despites having a N2O2 coordination environment.
Selected bond and angle parameters are given in Table 3.

The NiII center had almost a perfect square-planar geometry, which was defined by two N and
two O atoms with τ4 of 0.02 and torsion angles O1-Ni1-N1-C8 (169.73(17)◦), N1’-Ni1-N1-C7 (173.6(2)◦),
C2-O1-Ni1-N1 (7.8(2)◦), and C2-O1-Ni1-O1’ (171.2(2)◦). In fact, the Ni (II) atom was 0.016 Å out of
the plane and formed by O1/O1’/N1’/N1. Each discrete molecule coplanar had an rms (root-mean
squeare) of 0.030. There were intermolecular interactions of type C-H···O, a hydrogen bond, and π···π
contacts that stabilized the crystal packing (Figure 2). Intermolecular interactions were established
as follows: the hydrogen atom (C) carbon donor atom interacted with the (O) oxygen acceptor atom
C8-H8A···O1 (2.45 Å), thus forming a R1

2(4) motif along the c axes. In this same crystallographic
direction, the interaction of type π···π was represented by the centroid Cg4 and six membered ring
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C1/C6. The intermolecular contacts of the hydrogen bond and π-stacking array formed a bidimensional
complex array along the a-b plane.

Table 3. Selected bond lengths (Å) and angles (◦) for compounds NiMesalen, NiMeOsalen, NiMeOsalphen,
and Nisalphen.

NiMesalen NiMeOsalen NiMeOsalphen

Bond * Lengths Bond Lengths Bond Lengths

C2—O1 1.323(3) C2—O1 1.3125(17) C2—O1 1.3077(18)
C5—C17 1.525(4) C5—O3 1.3770(17) C5—O3 1.3765(18)
C7—N1 1.297(3) C7—N1 1.2892(19) C7—N1 1.298(2)
C8—N1 1.469(4) C8—N1 1.4774(17) C8—C9 1.397(2)

C8—C8#1 1.515(5) C8—C9 1.504(2) C8—N1 1.4233(19)
O1—Ni1 1.852(2) C17—O3 1.4256(18) C17—O3 1.4219(19)

Ni1—N1#1 1.844(2) O1—Ni1 1.8505(10) N1—Ni1 1.8626(12)
Ni1—N1 1.844(2) O2—Ni1 1.8544(10) N2—Ni1 1.8643(13)

Ni1—N2 1.8476(12) Ni1—O2 1.8394(11)
Ni1—N1 1.8520(12) Ni1—O1 1.8536(11)

Bond Angles Bond Angles Bond Angles

N1#1—Ni1—N1 86.32(15) N1—C8—C9 107.28(11) C9—C8—N1 113.44(13)
N1#1—Ni1—O1#1 94.95(9) N2—C9—C8 107.04(11) C8—C9—N2 114.08(13)
N1—Ni1—O1#1 178.40(10) N2—Ni1—O1 179.52(5) C8—N1—Ni1 113.37(10)
N1#1—Ni1—O1 178.40(10) N2—Ni1—N1 86.03(5) C9—N2—Ni1 113.04(10)
N1—Ni1—O1 94.95(9) O1—Ni1—N1 94.40(5) O2—Ni1—O1 84.12(5)

O1#1—Ni1—O1 83.79(13) N2—Ni1—O2 93.77(5) O2—Ni1—N1 179.34(5)
O1—Ni1—O2 85.80(4) O1—Ni1—N1 95.22(5)
N1—Ni1—O2 179.60(5) O2—Ni1—N2 94.60(5)
C8—N1—Ni1 114.60(9) O1—Ni1—N2 177.72(5)
C9—N2—Ni1 113.22(9) N1—Ni1—N2 86.05(6)

Nisalphen

Molecule A Molecule B

Bond * Lengths Bond Lengths

C2A-O1A 1.306(3) C2B-O1B 1.306(3)
C7A-N1A 1.308(3) C7B-N1B 1.299(3)
C8A-C9A 1.395(3) C8B-C9B 1.389(4)
C8A-N1A 1.417(3) C8B-N1B 1.427(3)
C12A-O2A 1.312(3) C12B-O2B 1.309(3)
O1A-Ni1A 1.8398(16) O1B-Ni1B 1.8370(17)
O2A-Ni1A 1.8346(18) O2B-Ni1B 1.8360(16)
N1A-Ni1A 1.857(2) N1B-Ni1B 1.8567(19)
N2A-Ni1A 1.8564(19) N2B-Ni1B 1.856(2)

Bond Angles Bond Angles

C9A-C8A-N1A 113.8(2) C9B-C8B-N1B 113.8(2)
C8A-C9A-N2A 113.8(2) C8B-C9B-N2B 113.8(2)
C8A-N1A-Ni1A 113.13(16) C8B-N1B-Ni1B 112.87(16)
C9A-N2A-Ni1A 112.97(16) C9B-N2B-Ni1B 113.22(16)
O2A-Ni1A-O1A 83.05(8) O2B-Ni1B-O1B 83.03(7)
O2A-Ni1A-N2A 95.17(8) O2B-Ni1B-N2B 95.47(8)
O1A-Ni1A-N2A 178.13(9) O1B-Ni1B-N2B 178.47(8)
O2A-Ni1A-N1A 178.42(8) O2B-Ni1B-N1B 178.24(9)
O1A-Ni1A-N1A 95.46(8) O1B-Ni1B-N1B 95.23(8)
N2A-Ni1A-N1A 86.32(9) N2B-Ni1B-N1B 86.27(9)

* Operators for generating equivalent atoms: −x + 1, y, −z + 1/2#1.
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Figure 2. Crystal array of compound NiMesalen shows the view along the b-axis and with perspective
to plane formed by a-c axes emphasizing the π-stacking and R1

2 (4) motif.

Figure 3 shows the perspective view of the molecular structure of polymorphic
compound NiMeOsalen. The NiMeOsalen discrete unit contained one central NiII ion and one
2,2′-(ethane-1,2-diylbis((nitrilo)methylylidene))bis(4-methoxyphenolato) tetradentate ligand. The NiII

ion was tetracoordinated with an N2O2 coordination environment. All bond length and angles
corresponded to those reported in the literature [43]. Selected bond and angles parameters are given
in Table 3.

The NiII center had a perfect square-planar geometry, defined by two N and two O atoms with
rms of 0.004, τ4 of 0.006, and torsion angles O1-Ni1-N1-C8 (176.01(2)◦), N2-Ni1-N1-C7 (176.33(2)◦),
C2-O1-Ni1-N1 (10.03 (2)◦), and C2-O1-Ni1-O2 (170.32(2)◦). In fact, the NiII atom was 0.005 Å out of
the plane and formed by O1/O2/N2/N1. Nonetheless, it was observed that the six-membered rings
deviated slightly from the coplanarity, thus finding an angle of 2.60(1)◦ between the aromatic rings.

Similarly with NiMesalen, in the crystalline arrangement for the compound NiMeOsalen, there were
intermolecular interactions for the C-H···O hydrogen bonding and intermolecular contacts of type π···π
(Figure 4). For the no classical hydrogen bond, these interactions were formed between the (C) carbon
donor atom and two (O) oxygen acceptor atoms (C8-H8B···O1 (2.61 Å) and C8-H8B···O1(2.45 Å)),
thus forming an R1

2(4) motif along the b axes. Additionally, there were C17-H17C···O4 (2.75 Å) and
C18-H18C···O3 (2.82 Å), which formed an R2

2(6) motif along the b-c plane. The weak interaction π···π
had a distance of 3.95(8) Å between Cg4 and Cg5. Cg4 represent the six membered ring C1/C6 and Cg5
correspond to the C11/C16 ring. Finally, the intermolecular contacts of no classical hydrogen bond and
π-stacking formed a tridimensional supramolecular array.
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Figure 3. Perspective of the compound NiMeOsalen with a displacement ellipsoid at a 50% probability
level for non-H atoms.

Figure 4. Crystal array of compound NiMeOsalen. View along the c axes and with a perspective of a
plane formed by the a-b axes, which emphasizes the R1

2(4) and R2
2(6) motifs, as well as π-stacking.

The compound NiMeOsalphen crystallized in a monoclinic crystal system with the
space group P21/n. The asymmetric unit consisted of one nickel(II) center and one
2,2′-{1,2-phenylenebis[(azanylylidene)methylylidene]}bis(4-methoxyphenolato) ligand. The ORTEP
diagram is shown in Figure 5. The squared plane of NiII center was chelated by two oxygen and two
nitrogen atoms that derived from a salen ligand, with Ni-O and Ni-N bond distances ranging from
1.8394 to 1.8643 (13) Å. O-Ni-O, N-Ni-N, and O-Ni-N bond angles of 84.12 to 179.34◦. The length
distance of Ni-N was, on average, 1.8634(12) Å (Table 3), which was slightly higher than that observed
in compounds NiMesalen and NiMeOsalen. Nevertheless, the tetracoordinate NiII in compound
NiMeOsalphen had a square plane geometry with a rms of 0.0147 and a τ4 of 0.020. An analysis of
the coplanarity shows that there were angles of 3.07 (7) and 5.06 (7)◦ between the square plane N2O2
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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,
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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
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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.
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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
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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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Figure 7. Combined ka values of all SBIs (including HBs) plotted with respect to ka of π–hole
interactions in 1–14 and R2.

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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