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Abstract:  

In the present account factors determining the stability of ZnL, ZnL2, ZnL3 complexes (L = bpy, 

2,2-bipyridyl) were characterized based on various techniques: the Quantum Theory of Atoms in 

Molecules (QTAIM), energy decomposition schemes based on Interacting Quantum Atoms 

(IQA) and Extended Transition State coupled with Natural Orbitals for Chemical Valence (ETS-

NOCV). Finally, the Non-covalent Interactions (NCI) index was also applied.  All methods 

consistently indicated that the strength of the coordination bonds, Zn–O, Zn–N, decreases from 

ZnL to ZnL3.  Importantly, it has been identified that the strength of secondary intramolecular 

heteropolar hydrogen bonding interactions, CH•••O, CH•••N, increases when going from ZnL to 

ZnL3. A similar trend appeared to be valid for the π -bonding as well as electrostatic stabilization. 

In addition to the above leading bonding contributions, all techniques suggested the existence of 

very subtle, but non-negligible additional stabilization from the CH•••HC electronic exchange 

channel; these interactions are the weakest among all considered here.  From IQA it was found 

that the local diatomic interaction energy, 
H,H

intE , amounts at HF to –2.5, –2.7 and –2.9 kcal mol
–1

 

for ZnL, ZnL2 and ZnL3, respectively (–2.1 kcal mol
–1

 for ZnL at MP2).  NOCV-based 

deformation density channels showed that formation of CH--HC contacts in Zn-complexes 

causes significant polarization of (C–H) bonds, which accordingly leads to charge 

accumulation in the CH•••HC bay region. Charge depletion from (C–H) bonds were also 

reflected in the calculated spin-spin 
1
J(C–H) coupling constants, which decrease from 177.06 Hz 

(ZnL) to 173.87 Hz (ZnL3). This last result supports our findings of an increase in the local 

electronic CH•••HC stabilization from ZnL to ZnL3 found from QTAIM, IQA, and ETS-NOCV.  

Finally, this work unites for the first time the results from four methods that are widely used for 

description of chemical bonding.   
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1. Introduction 

The ligand 2,2-bipyridyl (L or bpy) is an important representative of -diimines and it has 

excellent ability to form complexes, hence its chemistry with tens of metal ions has been 

investigated experimentally for years resulting in hundreds of the formation constants reported.
1
  

Moreover, metal complexes of bpy have been investigated for the purpose of solar energy 

devices, energy storages, or possible nonlinear optical materials.
2–4

  Knowledge of the 

conformational structure of -diimine ligands and information about the rotational energy barrier 

are important and useful for a better understanding of the complex formation process and trends 

in stability of complexes.  Hence not surprisingly, these ligands have also been extensively 

studied computationally
5–18 

and for over 40 years it is known that the most stable conformer of 

2,2-bipyridyl has two N-atoms trans to each other (s-trans conformer).
9–15

  Lower stability of 

the conformer with nitrogens cis to each other (s-cis conformer) was attributed mainly to the 

steric hindrance of the 3,3-hydrogen atoms and destabilizing nitrogen lone pair-lone pair 

interactions
11–17

 in 2,2-bipyridyl.  To act as a chelate, this ligand must, however, attain the s-cis 

conformation resulting in the 3,3-hydrogen atoms being in the close contact, CH--HC (Figure. 

1). 

 

 

 

Figure 1.  Higher energy conformer of the free ligand bpy, as found in metal complexes, with N-

atoms cis to each other (s-cis conformer) showing steric clash between 3,3-hydrogen atoms. 

 

It is well-known fact that many, if not majority, of metal complexes with this ligand in crystals 

show nearly-planar structure of 2,2-bipyridyl with geometric H-clashes present.  These H-
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clashes are assumed to be also present in a solution and were often used to explain trends in 

experimental formation constants.
19–27

  For instance, the unusual trend in the formation constants 

of Cu
II
 was attributed to steric repulsion between the 3,3-hydrogens already fifty years ago.

19
  

More recently, the observed difference of about 1.4 log units for a set of metal ions with 1,10-

phenanthroline (phen) and 2,2-bipyridyl (the latter ligand forms weaker complexes) was 

attributed to highly strained ligand in the s-cis conformer (as it is required for coordination to 

metal ions) because of the steric hindrance between the hydrogen atoms.
24

  In very recent report, 

where H-clashes in phenanthrene and 2,2-bipyridyl were investigated, Hancock and 

Nikolayenko
28

 concluded that these contacts should be seen as unfavorable H--H nonbonded 

interactions of the H atoms, in principle, in all known cases where they are in a steric clash 

because ‗the concept of energetically unfavorable nonbonded H--H interactions at short H--H 

separations has been very productive in explaining organic stereochemistry, and so the idea that 

such interactions are energetically favorable would, if correct, overturn much chemical thinking 

built up over many decades‘.  It is important to note that Bader and co-workers interpreted close 

contacts CH--HC in some molecules as the bonding interactions, either from the calculated
29–37

 

or experimental
29,38–40

 electron density distributions, using the quantum theory of atoms in 

molecules (QTAIM).
41

  The formation of H–H bonding interactions in simple molecules (like 

biphenyl, phenanthrene) was then challenged in the literature
42–46

 and rebutted.
47–48

   

Understanding of trends in relative stability of metal complexes is of great importance and 

often a simple geometric analysis of reported crystal structures is used.
19

  For instance, it is 

known that most (if not all) M(bpy)2 complexes (e.g. of d8 metals) are significantly distorted 

from the square-planar geometry.
49

  On the other hand, replacement of two bpy ligands by four 

pyridines (this results in M(py)4 complexes) generates a perfect planar coordination sphere with 
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somewhat rotated py ligands with respect to the coordination plane.  Arguably, this could be 

interpreted as indicating a tendency of these complexes to minimize steric hindrance due to short 

CH--HC contacts.  Validity of this simplistic argument (without exploring the physical nature 

and strength of the H•••H interaction) however, can be readily questioned when structural data 

are analyzed, namely the distance between N-atoms in complexes with bpy and py.  On average, 

the intramolecular d(N--N) in M(bpy)2 is about 2.6 Å whereas in M(py)4 the distance between N-

atoms of two pyridine ligands is significantly larger, by 0.2 Å.  This observation might explain 

(again in very simplistic way) the perfect square-planar structures of the M(py)4 complexes 

because, understandably, there is no way that the bpy molecule could be (i) stretched along the 

C–C bond (linking two pyridine rings) or (ii) twisted along the C–C bond to achieve d(N--N)  

2.8 Å, as required for the undistorted square planar placement of N-atoms around the central 

metal ion.  In support of the above reasoning one might use the fact that all M(phen)2 complexes 

are also distorted from the square-planar geometry,
49

 even though H-clashes are not present in 

phen. 

Echeverría et al
34

 and Danovich et al
35

 have demonstrated computationally that there exists 

very subtle, but stabilizing CH•••HC interactions in alkanes.  Very recently McKee and Schleyer 

have shown that the stability of branched alkanes is related to the correlation effects between the 

C–H bonds of clashing alkyl groups.
50

  Finally, McGrady et al
51–53 

have suggested, apart from 

the typical polar dihydrogen bonding BH
-

•••
+

HN
54–62

, an existence of stabilizing interaction 

within various homopolar contacts in crystals.  

Our main interest in this article is to explore and understand factors that control the relative 

stability of Zn
II
 based complexes containing ubiquitous bpy ligand, [Zn(bpy)(H2O)4]

2+
, 

[Zn(bpy)2(H2O)2]
2+

 and [Zn(bpy)3]
2+

 (for simplicity, these complexes will be shown throughout 
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the text as ZnL, ZnL2 and ZnL3).  More specifically, all possible interactions will be described 

(in the minimum energy Zn
II
-complexes) including donor-acceptor connections (Zn–N, Zn–O) 

and the intramolecular hydrogen bonds (CH•••N, CH•••O).  In addition, the counterintuitive 

CH•••HC interactions will be characterized based on different approaches.  It should be noted 

that analysis of weak intramolecular bonds is a challenging and far more difficult assignment as 

compared to the description of typical intermolecular interactions.  We will apply four 

approaches widely used in a description of chemical bonds; (1) QTAIM,
41

 (2) the Interacting 

Quantum Atoms (IQA) energy decomposition scheme,
63–65

 (3) the Non-covalent Interactions 

(NCI) method
66–69

 and (4) (ETS-NOCV) energy decomposition scheme.
70–71

  It is, to the best of 

our knowledge, not only the first comprehensive work combining all four methods, but it also 

characterizes all the intra- and intermolecular interactions in the Zn
II
-complexes with bpy.  

Finally, we will very briefly characterize origin of higher stability of non-bonded trans-bpy 

ligand as compared to cis-structure.   

To facilitate interpretation of interatomic interaction investigated in this work (and to make it 

convenient to the interested reader) a brief outline of basic theoretical principles of each method 

employed in this study is provided in the Supporting Information (SI). 

2. Computational details 

Suitable for energy optimization crystal structures for all forms of octahedral Zn
II
L(1)nL(2)m 

complexes (L(1) = bpy, L(2) = H2O (shown further as ZnLn, 1 ≤  n ≤  3) were obtained from the 

Cambridge Crystal Structure Database.
49

  These structures were optimized using DFT in 

Amsterdam Density Functional (ADF) 2010 software,
72–74

 with X3LYP as the exchange-

correlation functional and an augmented triple- basis set with valence-shell polarization 

(ATZP
75,76

); the COSMO model was used to approximate an aqueous environment implicitly.  It 
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has been shown that X3LYP is suitable for accurate description of weak interactions.
77–79  

Calculations using another, dispersion corrected, functional B97-D were also performed.
80  

In 

order to further confirm our conclusions, we also used for selected examples the higher level of 

computations, i.e. MP2 with the extended triple- basis set 6-311++G(d,p).  ETS-NOCV analysis 

was computed within ADF on the energy-optimized structures (no imaginary frequencies were 

present). 

Wavefunctions for use in QTAIM, IQA and NCI analyses were generated from single point 

calculations using Gaussian 09, Revision B
81

 with the X3LYP functional and 6-311++G(d,p) 

basis set.  For the Gaussian calculations, PCM/UFF was used to model the solvent.  Topological 

analysis, including molecular graph generation and calculation of interaction energies within the 

IQA approach, was carried out using AIMAll software.
82  

NCI analysis was carried out using 

NCIPlot 2.0,
66

 and visualization of the resulting densities was done using VMD 1.9.1.
83

   

To perform an IQA analysis, which needs a well-defined second-order density matrix 

(therefore ruling out DFT-densities), we re-optimized our structures at HF/6-311++G(d,p) with 

the PCM/UFF solvation model, using Gaussian09c.  IQA analysis was performed for selected 

atoms and interactions on the resulting wavefunctions using AIMAll.  All atomic integrations 

were of accurate integration - the atomic Lagrangian, L(), deviated from zero only on the fifth 

decimal place for each atom. 

Finally, we have also calculated one-bond 
1
J(C–H) coupling constants using several 

functionals (BP86/TZ2P, X3LYP/TZ2P and PBE0/TZ2P) in order to characterize CH--HC close 

contacts from spectroscopic perspective.  It has been proven experimentally and computationally 

that spin-spin coupling constants are suitable to detect weak bonds; e.g. agostic C–H•••M (M = 
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metal) interactions, hydrogen bonding interactions (C–H•••D, D = electron donor) or hypercon-

jugation effects.
84–87

 

Fragmentation Schemes.  Several fragmentation schemes (for the purposes of ETS-NOCV 

analyses), needed to extract different types of bonds (Zn–O, Zn–N, C–C) and interatomic 

interactions (CH•••N, CH•••O and CH•••HC), have been considered and some of them (used for 

the general ZnL2 case) are shown in Figure 2.  The first scheme is labeled (7)-pyr and it refers to 

the use of seven different fragments which include radical pyridine promolecules.  The seven-

fragment scheme results in (i) four different H2O molecules, a free Zn
2+

 cation and two pyridine 

radicals when Zn(bpy)(H2O)4
2+

 is analyzed, (ii) two H2O molecules, four pyridine radicals and a 

free Zn
2+

 cation in case of ZnL2 analysis, and (iii) six pyridine radicals and a free Zn
2+

 cation in 

case of ZnL3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Fragmentation schemes used for ETS-NOCV analysis.  (a) (7)-pyr, (b) (2)-bpy, and 

(c) (2)-OH2. 

We found that such partitioning was most suitable (i.e. it provided the most localized NOCV 

channels) for description of the C–C bond and the intramolecular CH•••HC interactions.  Most 

informative NOCV channels describing the Zn–N and Zn–O coordination bonds and the CH•••O 

intramolecular interactions were generated from two-fragment schemes, (2)-bpy and (2)-OH2, 

(a) 

(b) 

(c) 
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where a single bpy ligand or water molecule was separated from a complex, respectively, as 

shown in Figures 2(b-c) for ZnL2.  It should finally be added that all of our results are 

qualitatively reproducible across different fragmentation schemes – for example, the interactions 

seen in (2)-bpy (or even alternative schemes not included in this work) are seen in (7)-pyr as 

well.  Similar is true for the remaining interactions. 

3. Results and Discussion 

3.1. Molecular geometries.  We studied the successive coordination of bpy ligands to a Zn
II
 

metal ion in aqueous solution and selected structural data obtained for the equilibrium structure 

of ZnL2 are shown in Table 1 (structural data for all ZnLn complexes are included in Table S1 

followed by Cartesian coordinates in Tables S2-S4 of the SI).  Ball and stick representations, 

which also show numbering of atoms in the ZnLn complexes, are shown in Figure S1 of the SI.  

The average Zn–N bond length (BL) increases by a significant distance of 0.1 Å, from 2.107 Å 

in ZnL to 2.218 Å in ZnL3 and is coupled to a decrease in the N-Zn-N bite angle, from 79.13° in 

ZnL to on average 74.77° in ZnL3.   

 

Table 1.  Selected structural data for equilibrium geometries of the ZnL2 complex optimized at 

the X3LYP/ATZP level of theory in solvent using the COSMO model. 

Complex 
Bond length Bite angle Torsion Close contacts 

(Å) (deg) (deg) (Å) 

ZnL2 

Zn–N1 2.153 N1-Zn-N2 77.40 N1-C13-C14-N2 0.31 CH16•••H18C 2.031 

Zn–N2 2.143 N3-Zn-N4 77.48 H16-C15-C13-C14 –0.45 CH32•••H36C 2.036 

Zn–N3 2.149 
  

H18-C17-C14-C13 0.52 CH24•••O6 2.451 

Zn–N4 2.143 
  

N3-C33-C34-N4 1.89 CH42•••O5 2.455 

average: 2.147 
  

H32-C31-C33-C34 0.18 CH26•••N2 2.810 

std dev: 0.005 
  

H36-C35-C34-C33 0.79 CH8•••N4 2.819 

Zn–O5 2.273 
      

Zn–O6 2.276 
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All distances between atoms involved in the intramolecular interactions, however, become 

shorter, e.g. d(CH--HC) decreases from 2.048 Å in ZnL to 2.034 and 2.010 Å in ZnL2 and 

ZnL3, respectively, whereas d(CH--O) decreases from 2.544 Å in ZnL to 2.453 Å in ZnL2.  At 

the same time, the ligand molecules remain virtually planar in the ZnLn complexes, e.g. the 

absolute maximum and minimum values of N1-C2-C2′-N1′  dihedral angle of 1.89 and 0.31°, 

respectively, were found.   

3.2. QTAIM-based interpretation of the electron density topology.  Figure 3 shows the 

molecular graph of ZnL2 (ZnL and ZnL3 are shown in Figure S2 of the SI).  Since atomic 

interaction line (AIL) represents a ‗bridge of density‘ or just a line of maximum density that links 

two atoms (a topological property of electron density which can be defined, in the form of 

operator, as a Dirac observable, making the AIL the measurable expectation value of a quantum  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  A QTAIM molecular graph of ZnL2. 

mechanical operator
31

) it is undistinguishable for classical covalent or coordination bonds (they 

are shown as solid lines) or closed-shell intramolecular interactions (shown as dashed lines) for 

(i) CH•••O interactions in ZnL and ZnL2, (ii) CH•••N interactions in ZnL2 and ZnL3 and (iii) 

CH•••HC interactions between the 3,3-H atoms in all ZnLn complexes.   
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Coordination bonds.  Topological properties at BCPs for Zn–N and Zn–OH2 bonds in ZnL2 

are collected in Table 2 (data for ZnLn are included in Table S5 of the SI).  It is seen that BCP is 

small (0.0405 a.u. < (r) < 0.0705 a.u.) and 
2BCP is small and positive (0.1519 a.u. < 

2(r) < 

0.2522 a.u.) indicating a ―closed shell‖ character of the coordination bonds.
88

  The local electron 

potential energy density V(r) dominates the local electron kinetic energy density, G(r), in these 

two coordination bonds and results in the overall negative (although small) value of the total 

energy density, H(r) = G(r) + V(r).  This strongly points out at a significant covalent 

contribution,
88-93

 hence also recovers a ‗classical‘ notion of a coordination bond where a donor 

atom (here N and O) shares a pair of electrons with the central metal ion.  One can also use the 

|V(r)|/G(r) ratio as another useful description;
88,94

 |V(r)|/G(r) < 1 is characteristic of a typical 

ionic interaction and |V(r)|/G(r) > 2 is diagnostic of a ‗classical‘ covalent interaction.  Taking all 

these criteria into consideration, the QTAIM-defined topological properties at BCPs indicate a 

mixed (largely ionic with significant covalent component) character of these coordination bonds, 

also because 1 < |V(r)|/G(r) < 1.1.   

To facilitate our comparative studies we have decided to investigate the variation in 

topological properties with a change in the interatomic distances, d(A--B).  Relationships for the 

electron density, BCP, and the potential energy density, VBCP, are shown in Figure 4 (plots for 


2BCP, GBCP, HBCP, and |VBCP|/GBCP are shown in Figure S3 of the SI; relationships obtained for 

bonds involving water molecules are shown in Figure S4 of the SI).  We observe that BCP 

decreases while VBCP becomes more positive when d(Zn--L) increases; this (and relationships 

shown in Figure S4 of the SI) indicates weakening of coordination bonds from ZnL to ZnL3, the 

latter being most crowded.   
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Table 2.  Topological data at the BCP for all coordination bonds in ZnL2 (L = 2,2´-bipyridyl) 

optimized at X3LYP
[a]

 

Complex Atoms (r) 
2(r) V(r) G(r) H(r) |V(r)|/G(r) 

ZnL2 

Zn–N1 0.0635 0.2191 –0.0821 0.0684 –0.0136 1.1993 

Zn–N2 0.0651 0.2245 –0.0843 0.0702 –0.0141 1.2004 

Zn–N3 0.0641 0.2221 –0.0830 0.0693 –0.0138 1.1986 

Zn–N4 0.0651 0.2246 –0.0843 0.0702 –0.0141 1.2003 

Average 0.0645 0.2226 –0.0834 0.0695 –0.0139 1.1996 

Zn-O5 0.0408 0.1533 –0.0503 0.0443 –0.0060 1.1353 

Zn–O6 0.0405 0.1519 –0.0499 0.0439 –0.0059 1.1351 

Average 0.0407 0.1526 –0.0501 0.0441 –0.0060 1.1352 

[a] (r), 
2(r), V(r), G(r), and H(r) - all in atomic units. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Relationships between bond lengths and indicated topological properties at the BCP 

for Zn–N bonds. 

Intramolecular interactions.  Selected topological properties for intramolecular interactions in 

the ZnL2 complex are included in Table 3 (data for ZnLn are presented in Table S6 of the SI) and 

examples of trends obtained for the CH•••HC interactions are shown in Figure 5.  For all 

intramolecular interactions we observe (i) an increase in BCP and │VBCP│ as the interatomic 

distance shortens from ZnL to ZnL3, and (ii) predominant closed-shell character (GBCP 

dominates, the ratio |VBCP|/GBCP < 1, and since 
2BCP > 0, the electron density is concentrated to 

the respective atomic basins rather than being contracted towards and along the interatomic 

surface, the latter results in 
2BCP < 0 observed for covalent bonds).  Moreover, as opposed to 
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the coordination bonds, the largest BCP is observed in ZnL3 which suggests that the CH•••O, 

CH•••N, CH•••HC interactions are strongest in the most crowded complex. 

 

Table 3.  Topological data at the BCP for all intramolecular interactions in ZnL2 optimized at 

X3LYP
[a]

 

Complex Atoms (r) 
2(r) V(r) G(r) H(r) |V(r)|/G(r) 

ZnL2 

CH42–O5 0.0098 0.0358 –0.0063 0.00760 0.0013 0.8263 

CH24–O6 0.0099 0.0361 –0.0064 0.0077 0.0013 0.8274 

Average 0.0099 0.0359 –0.0063 0.0077 0.0013 0.8269 

CH26–N2 0.0060 0.0202 –0.0034 0.0042 0.0008 0.8072 

CH8–N4 0.0059 0.0199 –0.0034 0.0042 0.0008 0.8067 

Average 0.0060 0.0200 –0.0034 0.0042 0.0008 0.8069 

CH16–H18C 0.0118 0.0452 –0.0067 0.0090 0.0023 0.7478 

CH36–H32C 0.0117 0.0448 –0.0067 0.0090 0.0023 0.7473 

Average 0.0118 0.0450 –0.0067 0.0090 0.0023 0.7475 

 [a] (r), 
2(r), V(r), G(r), and H(r) - all in atomic units. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Relationships between indicated topological properties at the BCP and d(CH--HC) in 

ZnLn. 
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We conclude this section by stating that the electron density distribution along the AIL of the 

CH•••HC interaction, as well as the change in the energy densities at BCPs upon additional 

ligand coordination, is qualitatively identical to those observed for closed-shell bonding 

interactions (CH•••O, CH•••N).  

3.3. IQA Energy Decomposition Analysis.  A QTAIM-defined bond path indicates the 

presence of a privileged quantum-mechanical exchange channel
32

 and it always makes a 

stabilizing contribution.  However, to interpret the physical nature of an interatomic interaction 

and its local contribution (either stabilizing or not) to the overall energy of a molecule, other 

energy contributions should be considered.
51,52,55,56,97,98

  Therefore, we decided to use the 

computationally expensive but highly useful IQA.  One might recall that IQA defines the 

interaction between two atoms as a competing contribution made by classical components 

(interaction energies between electrons and nuclei as well as Coulombic interaction between 

electrons of atoms A and B) conveniently combined as 
AB

clV , and quantum-mechanical 

contribution, as 
AB

XCV .  Since the IQA scheme is not suitable for DFT wavefunctions,
32,64,65

 we re-

optimized our complexes at the HF level.  Note that the quantum-mechanical energy term 
AB

XCV  

computed at the HF level does not have the correlation term, but our main interest is in a 

qualitative description of these interactions and according to previous reports
32,64,65

 this can be 

achieved at the HF level, even with modest basis sets. 

We will analyze the IQA results primarily for ZnL2, since all intramolecular interactions, 

CH•••O, CH•••N and CH•••HC, are present only in this complex.  The interaction energy, 

AB

XC

AB

cl

AB

int VVE  , for (i) all relevant intramolecular interactions, (ii) coordination Zn–N and Zn–

O bonds, (iii) the covalent C–C bond, and (iv) the intramolecular non-bonded N-atoms of the 
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ligand are shown in Table 4 (a full set of data for all ZnLn complexes is provided in Table S7 of 

the SI).  

When the relative values of 
AB

intE  are considered, we found that the Zn–N and Zn–O bonds are 

characterized by the largest 
AB

intE  values, about –390 and –300 kcal mol
–1

, respectively, 

followed by the C–C bond for which 
CC,

intE  is about 100 kcal mol
–1

 smaller when compared with 

Zn–O.  This is somewhat an unexpected result and it fully justifies further studies (involving 

more metal complexes) to explore and understand that better – one must remember, however, 

that the IQA-defined interaction energy must not be confused with the bond-dissociation or 

binding energy.  The latter is defined in IQA as 
AB

bindE  = 
A

selfE  + 
B

selfE  + 
AB

intE , where  selfE  is 

the change in self-energy (intra-atomic energy) in relation to a suitable reference frame.  In other 

words, the interaction energy combined with the changes within an atomic basin gives a quantity 

more related to the bond dissociation energy.  Regarding atoms in polyatomic molecules, such as 

the present case, estimation of the change in       and its physical interpretation in particular,  

 

Table 4.  Decomposition of two-bodied interaction energies within the IQA framework for all 

relevant interactions in ZnL2 complexes with 2,2´-bipyridyl (L). 

Atoms d(A–B) 
AB

neV  
AB

enV  
AB

nnV  
AB

CV  
AB

clV  
AB

XCV [a]
 AB

IntE  
AB

XCV /

AB

IntE  
 

Å a.u. a.u. a.u. a.u. kcal∙mol–1 kcal∙mol–1 kcal∙mol–1 

CH•••HC 2.050 –0.2488 –0.2488 0.2581 0.239 –0.2 –2.5 –2.7 0.92 

CH•••O 2.502 –1.7656 –1.7656 1.6917 1.8195 –12.5 –3.3 –15.7 0.21 

CH•••N 2.879 –1.3988 –1.3988 1.2866 1.4953 –9.9 –1.6 –11.6 0.14 

C–C 1.497 –11.4030 –11.4030 12.7264 10.233 96.3 –193.4 –97.2 1.99 

Zn–N1 2.183 –55.1408 –55.1408 50.9086 58.8099 –353.4 –36.7 –390.1 0.09 

Zn–N2 2.182 –55.1524 –55.1524 50.9243 58.8145 –355.1 –36.8 –391.9 0.09 

Zn–O6 2.236 –59.7008 –59.7008 56.7947 62.1597 –280.5 –23.0 –303.5 0.08 

N1•••N2 2.676 –11.8153 –11.8153 9.6902 14.4061 292.3 –7.2 285.0 –0.03 

[a]
 Note that only exchange energy is used to calculate full 

AB

XCE  term because of the Hartree-Fock approximation. 
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becomes, in principle, an impossible task.  This is because (i) an atom which is identical in every 

physical and chemical manner but without the presence of the specific interatomic interaction 

needs to be found, (ii) definition of such atom in molecule is ambiguous as pointed out by Parr, 

Ayers and Nalewajski
99

 (though from the experimental point of view the atoms are the real 

objects, as correctly rebutted by Matta and Bader,
100

 providing QTAIM-predicted atomic 

properties) and (iii) in complex molecular environment, where many interactions occur 

simultaneously, it is difficult to determine exact information, such as binding energy, about any 

particular single interaction.
101

   

The interaction energy between N-atoms of the bipyridyl ligand found from IQA is +285.1 

kcal∙mol
–1

 and thus recovers our classical notion of strong repulsion between them.   

Regarding intramolecular interactions, we found the following trend 
OH,

intE  > 
NH,

intE  >> 
HH,

intE  

which appears to corroborate with a general notion when CH•••O and CH•••N are concerned 

(due to the difference in electronegativity, the latter interaction is expected to be weaker).  

Importantly, the IQA analysis at the HF level does also predict the CH•••HC interaction to be of 

stabilizing nature as 
18H,H14

intE  = –2.7 kcal∙mol
–1

 is certainly not negligible.  In order to obtain 

more accurate results, we decided to optimize ZnL at the MP2 level.  The computed value of 

18H,H14

intE  was –2.1 kcal mol
–1

 which is in support of the above overall conclusions arrived at from 

the HF calculations.  It is important to emphasize that we do not claim that the overall binding 

energy of CH•••HC is negative; we have identified stabilizing, local, electron exchange-

correlation channel stemming from the CH•••HC interaction. Similar electron exchange 

contributions were found by Pendás et al
32

 for other set of molecules containing CH--HC 

contacts, despite the fact that the IQA-defined binding energy appeared to be positive (overall 

repulsive interaction) due to significant increase in the self-deformation energies of H-atoms.  
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We focus now on the energy partitioning terms (see Eq 8 in the SI) which describe the physical 

nature of an interaction, namely whether it might be seen mainly of electrostatic, 
AB

clV  << AB

XCV , 

or quantum mechanical exchange origin.  The latter case can be seen as a process of 

delocalization of electrons between atoms involved.  It is seen in Table 4 that all non-covalent 

bonds and intramolecular interactions which show AILs can be characterized as of a strong ionic 

nature except CH•••HC, e.g. in case of Zn–OH2, the 
OZn,

clV  term makes over 12 times larger 

stabilizing contribution than OZn,

XCV .  The CH•••O and CH•••N interactions show a chemical 

nature similar to the Zn–N and Zn–O bonds in that the stabilizing contribution to 
AB

intE  comes 

mainly from 
AB

clV  with the 
AB

clV / AB

XCV  ratio approaching 6 and 4 for CH•••N and CH•••O, 

respectively.   

We note with interest that the
H,H

clV  term is very small and negative (the overall IQA-defined 

electrostatic CH•••HC interaction is not repulsive at the HF level).  However, at the MP2 level of 

theory, the 
18HH14,

clV  term became slightly positive, +1.0 kcal mol
–1

, but it was compensated over 

by the 
18HH14,

XCV  term, –3.0 kcal mol
–1

 (additional data, obtained from the SPC at the MP2 level on 

the DFT-structures, are presented in Table S8 in the SI); this contradicts the classical and mainly 

MM-based notion of highly repulsive H-clashes in these complexes.  Moreover, the ratio AB

XCV /

AB

intV  of 0.92 (or 1.48 at MP2) is very different when compared with CH•••N and CH•••O 

interactions.  This suggests that the physical nature of the CH•••HC interaction is unique among 

those studied here and the QTAIM-based criteria derived by Popelier
102

 for hydrogen bonds is 

not applicable.  We do not claim here that the local electronic exchange stabilization between the 

3,3-hydrogen atoms is formed spontaneously.  It is obvious that the 3,3-hydrogen atoms are in 
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the forced-to-be clash because of the formation of orders of magnitude stronger coordination 

bonds.  In other words, very strong affinity of metal ion to the N-atoms of bpy overrides 

preferential conformational state of the ligand (s-trans) and is forcing bpy to change to s-cis 

conformation.  The associated energy penalty of this conformational change is about 4 kcal mol
–1

 

in comparison with hundreds of kcal mol
–1

 released due to the interaction energy associated with 

the formation of strong coordination bonds (Table 4); also rotational energy barrier (less than 10 

kcal mol
–1

) is by far smaller than the overall energy gain on complex formation.   

We have also investigated selected interactions in the free ligand bpy.  From considering just 

the strength of these interactions, we concluded that the preferential conformational state of bpy 

is controlled by (i) highly repulsive N--N contact (this is the interaction which makes the s-cis 

conformer energetically unstable) and (ii) two CH•••N interactions which re-enforce the stability 

of the s-trans conformer – more details are included in the SI.‖ 

Considering a typical covalent bond between 2,2-carbons forming a bridge between pyridyl 

rings, the interaction energy contains a large repulsive electrostatic term (96.3 kcal∙mol
–1

) which 

is compensated over by stabilization due to ‗sharing‘ of electrons, 
CC,

XCV  = –193.4 kcal∙mol
–1

.  On 

the other hand, the N•••N interaction is characterized almost entirely by extremely large 

electrostatic repulsion, 
NN,

clV  = +292.3 kcal∙mol
–1

 and this correlates very well with the QTAIM 

analysis where the bond path between these N-atoms is not observed.   

Let us consider now the last column in Table 4, were we placed the 
AB

XCV /
AB

intE  ratio, called 

further the exchange-interaction ratio, EIR.  Because 
AB

XCV  is always negative, the sign of EIR can 

be used to identify an interatomic interaction as overall either (i) locally stabilizing when EIR > 0 
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(e.g. positive values of EIR is observed here for all intramolecular interactions), or (ii) locally 

destabilizing, as we observe here for the N•••N interaction for which EIR < 0.   

The analysis of data seen in Table 4, in combination with EIR, leads us to another observation.  

It appears that the variation in the EIR values (only when EIR > 0) might correlate with a 

classical interpretation of a strong covalent, ionic, or intermediate interaction.  There are two 

possible cases for which EIR remains positive, namely when (i) 
AB

clV  < 0, or (ii) for 
AB

clV  > 0 

when 
AB

XCV  > 
AB

clV .  For 0 < EIR << 1 (when 
AB

XCV  << 
AB

intE ) an interaction is dominated by 

electrostatic terms (the smaller EIR the larger degree of iconic character is observed) whereas a 

value well above 1 (when 
AB

XCV  >> 
AB

intE ) points at a predominantly or fully classical covalent 

bond.  For instance, in the case of the Zn–O and Zn–N bonds as well as CH•••N and CH•••O 

interactions, where we observe a predominant ionic character (
AB

clV  significantly dominates the 

quantum term, 
AB

XCV ) the EIR << 1.  On the other hand, EIR is almost 2 for the C–C bond, 

recovering its classical covalent character fully.   

3.4. NCI Analysis.  NCI discovers and quantifies non-covalent interactions from the analysis 

of (r) in large interatomic volumes and, importantly, is able to describe interatomic interactions 

also in the absence of the QTAIM-defined density critical points, such as BCP or RCP.   

Figure 6 shows isosurfaces for all non-covalent interactions in ZnL2; isosurfaces for individual 

interactions in ZnL2 are shown in Figure S5 of the SI, whereas full sets of isosurfaces in ZnL and 

ZnL3 are shown in Figure S6 of the SI.  The color of isosurfaces depends on the sign of the 2 

eigenvalue, giving an indication of the nature of the interaction (the color scheme used, from 

blue, through green to red, reflects the following range –0.07 a.u. < sign(2) ×  < 0.03 a.u. and it 

is implemented consistently throughout).  For regions where 2 > 0 (red isosurfaces) a local  
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Figure 6.  NCI isosurfaces of ZnL2.  The surfaces describe the reduced density gradient at an 

isovalue of 0.5 a.u. The surfaces are colored on a blue-green-red scale according to values of 

sign(2), ranging from –0.07 to 0.03 a.u. 

 

depletion of the electron density occurs which might be linked with repulsive forces or steric 

strain regions, whereas for 2 < 0 (blue color is used), locally increased electron density exists 

and this has been interpreted as attractive interatomic interaction.
66,68,103

 

The Zn–N and Zn–O bonds are shown as large blue discs surrounded by a red ring of 

depletion.  Similar phenomenon has been recently noted during the study of intermolecular H-

bonds formed between two water molecules.
69

  The red ring was observed at intermolecular 

distances, d(HO–H--OH2), shorter than that of the dimer‘s minimum energy on the potential 

energy surface; it has been interpreted as repulsion caused by steric crowding.
69

  Here, 

particularly when combined with a large red disc between N-atoms (a signature of density 

depletion due to large electrostatic repulsion) it strongly points at strained coordination sphere 

around the central metal ion.   

NCI isosurfaces do not provide any definite evidence that the interatomic regions of 

intramolecular interactions (CH•••O, CH•••N and CH•••HC) are strained.  Note that the electron 
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accumulation (blue region) is placed directly in the bonding region of the interacting atoms 

(H•••N, H•••O, and H•••H) whereas a single red region between N-atoms of bpy is observed.  

The electron density depletion observed outside the bonding region of the H•••N/O and H•••H 

interactions is related to the formation of the additional ring with a prerequisite ring critical point 

(RCP < BCP, hence red region is observed).  In support of our interpretation, one might use the 

IRC
104

 path for electro-cyclization of butadiene with ELF/NCI snapshots of reactants, transition 

state, and products.
68

  A single stabilizing interaction was initially present between two terminal 

carbon atoms.  When a transitional stage was reached, the NCI analysis showed the two-color 

isosurface (similar to what we observe) which bifurcated along the reaction coordinate into the 

C−C bond and the red isosurface (called a ring tension
68

) in the center of the ring. 

Selected NCI-plots (reduced density gradient, RDG, against sign(2)), which can be seen as 

signatures of non-covalent interactions in ZnL2, are shown in Figure 7 (NCI-plots for other 

complexes are shown in Figures S7-S9 of the SI).  The values of (r), where each trough 

approaches zero of the RDG scale, are known as NCI Interaction Critical Points (ICPs).
68

  The 

larger absolute values of (r) at each ICP associated with density accumulation (where sign(2) 

< 0) the stronger stabilizing noncovalent interaction is observed. The larger absolute values of 

(r) at each ICP the stronger e.g. stabilizing non-covalent interaction is observed.  For instance, 

Zn–N shows (–)
NZn,

ICP  more negative, by 0.02387 a.u., than (–)
OZn,

ICP  and this corroborates well 

with the QTAIM and IQA findings (from analysis of either BCP or
AB

intE ) that the Zn–O bond is 

weaker.  ICPs at 0 indicate a weak classical van der Waals interaction (example of the NCI plot 

representing a weak interaction observed for the methane dimer is shown in Figure S10 of the 

SI), but none of the intramolecular interaction discussed here falls under this kind of interaction; 
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they all have a significant exchange-correlation term.  The values of sign(2) at each ICP, 
AB

ICP , 

for selected non-covalent interactions in ZnL2 are shown in Table 5 (data for all complexes are 

shown in Table S9 of the SI); the ICPs associated with accumulation and depletion are labeled (–

)
AB

ICP , and (+)
AB

ICP , respectively. 

The values of (+)
AB

ICP  and RCP (from QTAIM) are almost identical, e.g. (+)
HH,

ICP  = 0.01104 

and 
HH,

RCP  = 0.01105 or (+)
OH,

ICP  = 0.00768 and 
O,H

RCP  = 0.00765, all in ZnL2.  This finding points 

at previously reported interpretations of RCP regions as either ring-tension,
68

 or destabilizing 

electron ―voids‖.
103

  Interpreting the RCP regions as purely destabilizing, however, does not 

seem to be convincing.  A reported study
105

 showed a good correlation between densities at BCP 

and RCP and the strength of an intramolecular hydrogen bond, or larger values of RCP have been 

correlated with increased aromaticity;
106,107

 a characteristic single trough is observed for the RCP  
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Figure 7.  NCI-plots for indicated intramolecular interactions in ZnL2. 

of a pyridine ring which is placed, as one would expect, in the positive range of sign(2) 

(Figure 7).  In our opinion, the (+)
AB

ICP  values resulting from the various intramolecular 

interactions showing an AIL should be related to the polyatomic interaction of the entire ring 

rather than be only attributed to e.g. steric repulsion for a diatomic intramolecular interaction. 

A very interesting NCI plot was obtained for the N•••N interaction where two troughs, 

representing large depletion and small accumulation, are observed (a large red isosurface is seen 

in Figure 6). This overall picture compares surprisingly well with IQA analysis of this interaction 

where electrostatic repulsion is dominating, 
N,N

clV  >> NN,

XCV .   

 

Table 5.  NCI data for all ZnL2 coordination bonds and intramolecular interactions.   

Interaction (–)
AB

ICP
 
[a] 

(+)
AB

ICP  [a] 

Zn–N –0.0645  

Zn–O –0.0406  

CH•••HC –0.0116 0.0110 

CH•••O –0.0101 0.0077 

CH•••N –0.0060 0.0058 

N•••N 
 

0.0208 

Pyridine 

Rings  
0.0240 

    
[a] 

In a.u. 

 

In summary, the NCI analysis agrees very well with interpretation and conclusions arrived at 

from QTAIM and IQA data.  In addition, and importantly, it does not provide any evidence of 

steric strain in the interatomic region of the CH•••HC interaction or as being van der Waals type 

of interaction, but it points at the coordination sphere as a place of significant steric strain.  
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3.5. ETS-NOCV-based analysis of deformation densities.  ETS-NOCV differs significantly 

from all three techniques discussed above as it involves representation based on fragment 

molecular orbitals rather than real space density distributions.  A particularly attractive feature of 

this method is in the visualization of molecular regions from which electrons were either 

removed or gained when fragments form chemical bonding.  The examples of dominant NOCV 

deformation density channels for Zn–N and Zn–O bonds in ZnL are shown in Figure 8 (see also 

Figure S11 in the SI where NOCV channels for coordination bonds in ZnL2 and ZnL3 are 

shown).  Blue and red colors indicate accumulation and depletion, respectively, of the electron 

density and the NOCV-based channels, such as in Figure 8, can be seen as textbook examples of 

the classical interpretation of coordination bonds, where ligands donate electron density to 

available hybridized sd-orbitals of the central metal ion.   

A predominant single covalent bond between C2–C2 joining the two pyridyl rings can be 

deduced from the shape of ∆1 in Figure 9a (it can be ascribed to traditional -contribution) and 

the corresponding large negative Eorb value –239.5 kcal mol
–1

 which is about ten times larger 

(in absolute value) when compared to π -stabilization shown in Figure 9b (∆k for ZnL2 are 

presented in Figure S12 of the SI).  These NOCV-based channels demonstrate that electron 

density is accumulated within the bonding interatomic region and is evenly depleted mainly from 

the non-bonding region of the carbon atoms.   

Two charge density accumulations describe intramolecular CH•••O interaction, Figure 10, 

where (i) ionic character is related to typical -donation from the lone electron pair of oxygen to 

the empty *(C–H) and it is displayed by a dominant component (∆Eorb = –1.8 kcal mol
–1

, part a 

in Fig. 10) and (ii) significant covalency of CH•••O interaction, i.e. charge accumulation in the 

H•••O interatomic region shown by a supporting channel with ∆Eorb = –0.8 kcal mol
–1

, Fig. 10b.  
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An important role of the covalency in the hydrogen bonded systems was noticed and extensively 

studied by Grabowski.
108

  The NOCV-recovered type of interaction is also consistent with  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Representative NOCV-based deformation densities for (a) Zn–N and (b) Zn–O 

coordination bonds in ZnL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Characteristic NOCV-based deformation densities obtained for the C2–C2 bridge in 

ZnL. 
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Figure 10.  NOCV-based deformation densities for the CH•••O interactions in ZnL.  

Popelier‘s QTAIM-based criteria
102 

defining a classical H-bond.  The covalent-like deformation 

density (Figure 10b) corresponds well with (i) the topological representation of a bonding 

interaction, a bridge of maximum electron density between H and O atoms, AIL, and (ii) OH,

XCV  of 

IQA analysis.  In general, NOCV-based deformation density channels predict a dominant ionic 

character of the CH•••O interaction and this correlates very well with the IQA analysis, OH,

clV  >> 

OH,

XCV .  

 

 

 

 

 

 

 

 

 

 

 

Figure 11.  NOCV-based deformation densities for the CH•••HC interactions in ZnL. 

Regarding the CH•••HC interaction, the first component, with Eorb = –1.8 kcal mol
–1

 in 

Figure 11a (full set of ∆k for all intramolecular interactions in ZnL2 is shown in Figure S13 of 

the SI), shows a transfer of electron density from the non-bonding to the bonding region between 

the H-atoms; this charge deformation resembles the covalent-like NOCV channel obtained for 

CH•••O shown in Figure 10b.  The second and unique type of deformation density channel, with 

Eorb = –2.5 kcal mol
–1

 shown in Figure 11b, illustrates multi-atomic-basin density accumulation 

and involves all atoms in the 6-membered ring.  Interestingly, the main depletion of the charge 

appears to be again the non-bonding region of atomic basins of the H-atoms involved in this 
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interaction.  These two NOCV contributions can be compared with the topology of the electron 

density in the form of AIL in the case of ∆23 (part a in Figure 11), while ∆21 (part b in Figure 

11) compares well with the increased density and gradient  paths associated with the formation 

of a ring critical point on the molecular graph.  Moreover, the observed NOCV contributions 

strongly indicate a predominant covalent (spin-pairing) character of the CH•••HC interactions 

and this correlates well with the IQA interaction energy components, in absolute values HH,

clV  << 

HH,

XCV .  Qualitatively, one can state in the language of molecular orbitals, that formation of CH--

HC contacts gives rise to significant polarization of C–H bonds (mixing of /*(C–H) within the 

same C–H unit), what leads to charge accumulation in the CH•••HC bay region.  This is 

consistent with (i) the analysis of the CH--HC contacts in the Zn
II
 and Ni

II
 complexes with 

nitrilotri-3-propanoic acid;
36,37,109

 where the charge outflow from the occupied (C–H) orbital to 

the adjacent empty *(C–H) was noted with, on average, Eorb = –1.35 kcal mol
–1

,
109

 (ii) the 

picture from the VB-based approach by Echeverría et al for alkanes,
34

 as well as with (iii) 

dominating exchange term from IQA analysis.   

Because the combined ETS-NOCV method allows a partitioning of the total orbital interaction 

term from ETS, ΔEorb
T
, in a basis set of NOCV, we decided to look for trends between the 

partitioned ΔEorb
k
 (the energy of a specific NOCV channel) and interatomic distances.  Because 

there are four Zn–O bonds in ZnL with corresponding ΔEorb
k
 values of –11.78, –10.88, –11.78 

and –10.88 kcal mol
–1

, the average value of –11.3 (indicated as ΔEorb
k*

) was used in further 

analysis.  For the chelating Zn–N bonds, two separate and similar in nature NOCV contributions 

per coordinated ligand were always identified.  The corresponding ΔEorb
k
 values (e.g. –37.7 and –

14.3 kcal mol
–1

 in ZnL) were averaged to describe a single Zn–N bond formed by a ligand.  In 
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the case of ZnL2 and ZnL3, two and three ΔEorb
k*

 values, respectively, were obtained and they 

were averaged to obtain the energy contribution per a statistical Zn–N bond in a complex – see 

Table 6.  Individual NOCV-based channels, their corresponding isovalues and associated ΔEorb
k
 

values are displayed in Table S10 of the SI.   

We have established that, for both coordination bonds, the stabilizing contribution made by the 

orbital interaction energy, ΔEorb
k*

, decreases when going from ZnL to ZnL3.  As an example, for 

a single Zn–N bond, ΔEorb
k*

 increased by +7.3 kcal∙mol
–1

 from –26.0 kcal∙mol
–1 

in ZnL to an 

average value of –18.7 kcal∙mol
–1

 in ZnL3.  (Significantly weaker Zn–O coordination bonds 

follow the same trend).   

 

Table 6.  Orbital interaction energies for all Zn–L coordination bonds in Zn
II
 complexes with 

2,2´-bipyridyl (L) 

Complex Atoms 
Fragmentation 

Scheme 
∆k channel Eorb

k*  [a]
 

ZnL Zn–(N5,N6) (2)-bpy 1,2 –26.0 

     

 
Zn–O1 (2)-OH2 1 –11.78 

 
Zn–O2 (2)-OH2 1 –10.88 

 
Zn–O3 (2)-OH2 1 –11.78 

 
Zn–O4 (2)-OH2 1 –10.88 

   
Average –11.3 

     
ZnL2 Zn–(N1,N2) (2)-bpy 1,2 –22.42 

 
Zn–(N3,N4) (2)-bpy 1,2 –22.50 

   
Average –22.46 

 
Zn–O5 (2)-OH2 1 –8.62 

 
Zn–O6 (2)-OH2 1 –8.53 

   
Average –8.57 

     
ZnL3 Zn–(N55,N56) (2)-bpy 1,2 –18.71 

 
Zn–(N57,N58) (2)-bpy 1,2 –18.71 

 
Zn–(N59,N60) (2)-bpy 1,2 –18.69 

   
Average –18.7 
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[a] Describes a single Zn–L bond.  In kcal∙mol
–1

   

 

The orbital interaction energy term, ΔEorb from the ETS-NOCV theory, describes the energy 

changes associated with inter-fragment occupied and virtual orbital mixing as well as intra-

fragment density rearrangement.  Therefore, when combined with the visual deformation 

densities shown in Figure 8, they can be interpreted as a stabilizing interaction involving 

occupied orbitals on the ligands (bipyridyl and H2O) and the unoccupied virtual orbitals on Zn
II
.  

As our data shows, this stabilization is inversely proportional to the length of the coordination 

bonds (see Figure S14 in the SI) and this corresponds well with trends in the relevant values for 

BCP (from QTAIM), 
AB

intE  (from IQA) and 
AB

ICP  (from NCI).   

 

Table 7.  Averaged orbital interaction energies for CH•••O and CH•••HC intramolecular 

interactions in Zn
II
 complexes with 2,2´-bipyridyl (L) 

Complex Atoms 
Fragmentation 

Scheme 
∆k channel Eorb

k* [a]
 

ZnL H8–O1, H24–O3 (2)-bpy (N5,N6) 12 –0.9 

   
14,16 –0.6 

   
Sum –1.5 

     
 

H14–H18 (7)-pyr 21,23 –4.3 

     
ZnL2 H42–O5 (2)-bpy (N1,N2) 15 –1.1 

   
17,18 –0.6 

   
Sum –1.7 

     
 

H24–O6 (2)-bpy (N3,N4) 15 –1.1 

   
17,18 –0.6 

   
Sum –1.7 

     

 
H16–H18, 

H36–H32 
(7)-pyr 23,25,26,27 –5.5 
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ZnL3 
H8–H12, H26–

H30, H44–H48 
(7)-pyr 26,27,28,29,30 –7.4 

    [a] In kcal∙mol
–1 

 

Representative set of data obtained for relevant NOCV channels for the CH•••O and CH•••HC 

intramolecular interactions is collected in Table 7.  It is important to stress that the CH•••O and 

CH•••HC interactions (i) are characterized by a set of distinctive NOCV channels and (ii) might 

not shows deformation density changes on every occurrence of a specific interaction in the 

molecule.  For instance, the NOCV channels ∆26 and ∆27 (shown in Figure S15 of the SI) 

describe the energy associated with deformation densities only for two CH•••HC interactions, 

even though three CH--HC contacts are present in ZnL3.  Consequently, to generate ΔEorb
k*

 

describing the orbital energy contribution per a single interaction, the (ΔEorb
26 

 + ΔEorb
27

)
 
value 

was divided by two.  The full procedure used to generate ΔEorb
k* 

for CH•••O and CH•••HC 

interactions is illustrated in Tables S11 and S12 of the SI.   

ΔEorb
k*

 for CH•••O becomes more negative by 0.2 kcal∙mol
–1

, from –1.5 kcal∙mol
–1 

in ZnL to –

1.7 kcal∙mol
–1

 in ZnL2, as the d(CH--O) becomes shorter.  Importantly, trends observed in 

ΔEorb
k*

 obtained for intramolecular interactions (when going from ZnL to ZnL3) follow those 

generated by the QTAIM, IQA and NCI analyses when BCP, 
OH,

intE  and 
OH,

ICP  were used, 

respectively.   

The stabilizing orbital energies obtained per a single CH•••HC interaction are about three times 

larger when compared with the ΔEorb
k*

 values obtained per a single CH•••O interaction.  This 

correlates very well with the IQA data showing predominant stabilizing contribution coming 

from the HH,

XCV  term and an excellent ΔEorb
k*

(CH•••HC) vs. d(CH--HC) relationship was obtained 

– see Figure S16 in the SI).  
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Hancock and Nikolayenko
28

 reported recently that there is no evidence of the CH•••HC 

interaction in cis-BPy (the NBO method by Weinhold
110

 was used).  This is not entirely 

surprising because NBO considers only two atomic blocks of a density matrix (the remaining 

elements vanish);
111

 clearly, NBO is not suitable for that purpose.  On the other hand, the NOCV 

scheme
70,71

 (which is partially similar to NBO
112

) revealed the charge accumulation in the CH--

HC interatomic bonding region because this method is based on a full density matrix expressed 

in the fragment orbital basis set; hence, it shows an important role of off-diagonal density matrix 

elements in a description of weak diatomic interactions.  It is important to point out that 

Weinhold demonstrated recently that indeed, when using NBO combined with QTAIM (so 

called NBCP method), one can obtain consistent picture showing some local electronic 

stabilization stemming from a CH•••HC interaction.
113

   

Recent work by Danovich et al
34

 demonstrated that ‗the classical dispersion mechanism does 

not explain the head-on bonding homo-nuclear H--H interactions between alkanes larger than 

methane’.  These contacts in alkanes were characterized by the total bonding energy of up to ~3 

kcal mol
–1

 and this can be used in support of our interpretation of the CH•••HC interactions in 

metal complexes.  To this effect, let us finally analyze leading NOCV deformation densities for 

the dimer of dodecahedrane, one of the examples considered in Ref. 34.  Figure S17 (in the SI) 

clearly shows formation of three, although weak (∆Eorb(1) = -0.7 kcal mol
–1

 and ∆Eorb(2) = -0.25 

kcal mol
–1

) CH•••HC interactions, qualitatively analogous to those obtained for ZnL, ZnL2 and 

ZnL3 complexes (see Figure 11a).  Note that Danovich et al,
35

 using a VB method, also showed 

electron charge reorganization between interacting C–H bonds of larger alkanes clusters as a 

major contribution to the interaction.  Interestingly, these results demonstrate qualitatively very 
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much the same changes in electron density due to formation of CH--HC contacts in different 

molecular systems.  

It is important to point out that our ETS-NOCV results do not contradict the important 

knowledge emphasizing the significance of Pauli repulsion within CH--HC contacts as found in 

biphenyl.  Here we have identified non-negligible electronic stabilization due to CH•••HC 

interactions in Zn-complexes; similar NOCV channels were found by us for planar biphenyl 

(Figure S18 in the SI).  Such an observation was not noted before by Bickelhaupt and others
42–46

 

when using a ‗pure‘ ETS/EDA scheme; thus, ETS/EDA scheme combined with NOCV seems to 

provide more detailed information on the electronic reorganization due to CH--HC contacts.  

Finally, let us briefly discuss ETS-NOCV based results originating from four-fragment 

resolution, i.e. in each case (ZnL, ZnL2, ZnL3) an interaction between four units will be 

considered [ZnL - interaction between Zn
2+

/bpy/(H2O)2/(H2O)2; ZnL2 - Zn
2+

/bpy/bpy/(H2O)2; 

ZnL3 - Zn
2+

/bpy/bpy/bpy].  Such an approach enables us to comparatively estimate role of 

electrostatic stabilization as well as π -electron delocalization in the stabilization of these 

complexes.  It is clear from Table S13 in the SI that electrostatic stabilization increases most 

rapidly, by 40.9 kcal mol
–1

 (from ZnL to ZnL3); similar is valid for π -stabilization [∆Eorb(π)], 

however, the effect is less pronounced, by 30.9 kcal mol
–1

 (visualized for ZnL in Figure S19 of 

the SI).  Accordingly, the total interaction energy becomes more negative when going from ZnL 

to ZnL3.  The variation in Etotal (it is an interaction energy between the distorted fragments) 

correlates very well with an increase in the values of the experimental data;
1
 the enthalpy of 

complex formation becomes more negative and overall formation constants increase from ZnL to 

ZnL3 – see Figure S20 in the SI.  
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3.6. Spin-Spin 
1
J(C–H) coupling constants.  Due to the fact that the nature of homopolar  

CH--HC close contacts is so controversial, we have decided to provide an alternative view of 

density reorganization from the 
1
H NMR spectroscopic perspective.  Namely, we have calculated 

based on ADF program
72–74

 one-bond 
1
J(C–H) coupling constants for C–H connections involved 

in the CH--HC bridge. It has been proven experimentally and computationally that 
1
J(C–H) spin-

spin coupling constants are suitable to detect weak interactions, such as agostic C–H•••M (M = 

metal), hydrogen bonds (C–H•••D, D = electron donor) or hyperconjugation effects [(C–H) 

*(C–H)].
84–87

  In these contacts an existence of the interaction is manifested by decrease in 

1
J(C–H) coupling constants due to the interaction of C–H bond with adjacent moiety (metal, lone 

pair, or, like in our case, another C–H bond). Such interactions result in weakening of C–H 

bonds (either due to charge depletion from occupied (C–H) orbital or due to population of the 

empty *(C–H)).
84–87

  It can clearly be seen from Table S14 of the SI that 
1
J(C–H) coupling 

constant (at X3LYP/TZ2P) decreases from 177.06 Hz (for ZnL) to 173.87 Hz (for ZnL3) (similar 

trend is valid for BP86/TZ2P), what further supports our observation on the increase in charge 

depletion from clashing (C–H) bonds when going from ZnL to ZnL3.  Similar trend, but less 

pronounced, is true when considering dimer of dodecahedron; namely, 
1
J(C–H) values for C–H 

bonds involved in the close CH--HC contact are smaller (by ~1.5 Hz) than for the non-clashing 

C–H units (Figure S21 in the SI).  It should be noted that when considering agostic interactions 

of the type CH•••M one can obtain far more significant lowering in 
1
J(C–H) values due to 

interaction with metal, even by 30-40 Hz;
85

 however, it is not surprising as this type of 

interactions is much stronger (~15–20 kcal mol
–1

)
85,86

 as compared to the subtle stabilization 

arising from CH--HC contacts (~2–3 kcal mol
–1

). Furthermore, the change of 
1
J(C–H) values by 
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3–4 Hz is certainly not negligible as it falls in the regime of hyperconjugation (what can lead to 

the Perlin effect).
84

   

4. Conclusions 

The physical nature of coordination, covalent and intramolecular interactions in the ZnLn 

complexes with 2,2-bipyridyl were investigated based on the real space, topological methods 

(QTAIM, IQA and NCI) and ETS-NOCV charge and energy decomposition scheme.  We found 

consistently from above approaches that: 

- Both, coordination bonds, Zn–O, Zn–N, as well as CH•••O and CH•••N interactions were 

found to be of a stabilizing nature, in each case diatomic interaction energies 
AB

intE  < 0.  

Stabilizing contribution of these diatomic intramolecular interactions toward the overall 

electronic energy of complexes increases from ZnL to ZnL3, but an opposite trend is observed 

for both coordination bonds (as found from QTAIM, IQA, NCI, and ETS-NOCV). 

- The relative strength of bonding interactions (Zn–N and Zn–O) was recovered fully by all 

techniques; Zn–N is stronger than Zn–O, followed by much weaker intramolecular interactions. 

- Predominant ionic character of the coordination bonds and intramolecular CH•••O, CH•••N 

interactions was confirmed by IQA, QTAIM and ETS-NOCV. 

- ETS-NOCV provided a textbook description of a classical covalent (C2—C2ʹ ) and the 

coordination bonds. 

- ETS-NOCV-picture of a physical nature of the CH•••O interaction (i) agrees with the 

Popelier‘s QTAIM-based description of a hydrogen bond
102

 and (ii) also shows some covalent 

component, importance of which was also stressed by Grabowski.
108

   

- Formation of CH--HC contacts leads to local electronic stabilization (that increases from ZnL 

to ZnL3), as it was found from the ETS-NOCV, IQA and spin-spin 
1
J(C–H) coupling constants. 
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Such interaction appeared to be unique among all intramolecular interactions (but the NCI 

picture does not correspond with that observed for typical van der Waals interactions); combined 

results from all four techniques clearly point at the local CH•••HC electronic stabilization as 

being by far the weakest among all considered here. The IQA method showed that HH,

XCV  

dominates and (in absolute value) is larger than HH,

clV  which was found slightly repulsive at the 

MP2 level (our IQA values describing CH--HC contacts correlate well with the experimental 

stability constants - see Figure S22 in the SI).   

 - NOCV channels showed that formation of the CH--HC contacts is accompanied by 

significant polarization of C–H bonds (mixing of /*(C–H)), what leads to charge 

accumulation in the CH•••HC bay region; this is consistent with very recent report based on 

valence bond studies for larger alkanes
35

 as well as with QTAIM data – Figure S23 in the SI. 

- Neither the region between 3,3′-hydrogen atoms nor the ligand appear to be strained but 

instead the NCI plots pointed at the coordination sphere where steric strain is most likely located. 

-Highly repulsive interaction between N-atoms of bpy was fully recovered by IQA and NCI 

(no QTAIM-defined AIL is observed). 

We would like to emphasize that in our current study all techniques that we used provided 

predominantly detailed information on the major coordination (Zn–O, Zn–N) and intramolecular 

hydrogen bonding contributions (CH•••O and CH•••N) that control stability of Zn
II
-complexes.  

However, when describing chemical bonds and interactions one must adopt some models
113,114

 

(methods containing approximations and very often inherent arbitrariness), hence the picture on 

the CH•••HC interactions must be further explored in both experimental and theoretical 

laboratories in order to definitely uncover the nature of homopolar XH•••HX interactions in 

different molecular systems. Nonetheless, due to an excellent agreement on multi-technique 
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description of physical nature and relative strength of all these interactions, one should be able 

now to embark on relevant investigations with an attempt to understand why e.g. 1,10-

phenanthroline forms slightly more stable complexes (no H-clashes present) when compared 

with bpy.   

Finally, we introduced here the exchange-interaction ratio, EIR, defined as 
AB

XCV /
AB

intE , which 

can be used to identify an interatomic interaction as overall either locally (i) stabilizing when 

EIR > 0 (e.g. positive values of EIR are observed here for all intramolecular interactions), or (ii) 

destabilizing, as we observe here for the N-atom of bpy for which EIR < 0.  We found that 

variation in the EIR values (when EIR > 0) appears to correlate with a classical interpretation of 

a strong covalent, ionic, or intermediate bonding interaction; the smaller EIR the larger degree of 

iconic character is observed, whereas a value well above 1 (when 
AB

XCV  >> 
AB

intE ) points at a 

predominantly or fully classical covalent bond (e.g. EIR is almost 2 for the C–C bond).  Using 

the ETS-NOCV data, we proposed here a simple protocol which generates an averaged (or 

normalized) ΔEorb
k*

 values describing the orbital energy contribution per a single interaction; we 

found that the ΔEorb
k*

 values correlate very well with interatomic distances, hence also with 

QTAIM-defined topological properties at BCPs.   

Supporting Information.  The following additional information is available in the electronic 

Supporting Information:  Brief theoretical background on QTIAM, IQA, NCI and ETS-NOCV, 

selected structural data for all ZnLn complexes, ball-and-stick representations and additional 

molecular graphs for ZnLn complexes, additional topological data for coordination bonds and 

intramolecular interactions, additional relationships between bond lengths, topological data and 

orbital deformation energies, IQA data for all relevant interactions and bonds, NCI isosurfaces 

and plots of the reduced density gradient, selected NOCV and NOCV orbital deformation 
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energies, ETS-NOCV description of ZnLn complexes in four-fragment resolution, and calculated 

1
J(C–H) coupling constants for the CH•••HC interactions in ZnLn

 
complexes and in 

dodecahedron at various levels of theory.  This material is available free of charge via the 

Internet at http://pubs.acs.org. 
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