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Abstract

The log K; value of analytical quality was obtained for the NINTPA complex using the DFT-
computed (at the B3LYP/6-311++G(d,p) level of theory in solvent, CPCM/UAKS) G(aq)
values of the lowest energy conformers of the ligands, NTA (nitrilotriacetic acid) and NTPA
(nitrilotri-3-propanoic acid), and Ni(I[) complexes (NiNTA and NiNTPA). The described
mathematical protocol is of general nature. The topological analysis, based on the Quantum
Theory of Atoms in Molecules (QTAIM) of Bader, was used to characterize coordination
bonds, chelating rings and additional intramolecular interactions in the complexes. The
topological data, but not the structural analysis, explained the observed difference in stability
of the NINTA and NiNTPA complexes. It was found that the structural H--H contacts
(classically regarded H-clashes, a steric hindrance destabilizing the complex) are in fact the H—
H bonds contributing to the overall stability of NiNTPA. Also a CH-O bond was found in
NiNTPA. The absence of intramolecular bonds between the atoms that fulfill a distance
criterion in NiNTPA is explained by the formation of adjacent intramolecular rings that have
larger electron density at the ring critical points when compared with the rings containing these
atoms. It is postulated that the strength of a chelating ring (a chelating effect) can be measured
by the electron density at the ring critical point. It was found that the strain energy, Es, in the
as-in-complex NTPA ligand (E; is significantly lowered by the presence of the intramolecular
bonded interactions found by QTAIM) is responsible for the decrease in strength of NiNTPA;
the E; ratio (NTPA/NTA) of 1.9 correlates well with the experimental log K; ratio
(NTA/NTPA) of 1.98.



1. Introduction

Knowledge of thermodynamic constants, such as protonation (or dissociation) constants of
ligands and formation (stability) constants of metal complexes is of fundamental significance
as they contribute toward understanding of the chemistry of metal ions with different ligands.
They are important in many fields because their knowledge allows theoretical modeling of
different media, such as natural waters (environmental applications), industrial solutions and
effluents, or blood plasma (biomedical applications).! Vigorous experimental investigation of
protonation and formation constants has been conducted by different analytical techniques for
many decades and dedicated compilations of reported data are available.>® Experimental data
do not, however, provide sufficient theoretical insight on physical parameters controlling the
affinity between metal ions and donor atoms as well as physical properties (on a fundamental
level) of compounds (either ligands or metal complexes). Because of that, theoretical
prediction of dissociation constants by use of computational techniques is being explored
recently extensively” ' but this does not apply to the formation constants of metal complexes
yet. The use of density functional theory (DFT) to calculate the free energies, G(g), of
components involved in a reaction of metal ions ([M(H20)¢]™) in the gas phase with a single

NH; ligand (formation of an ML complex, [M(H,0)sNH3]™") has been reported recently.'>"?

The DFT-computed AG(g) values for a number of complex formation reactions, ((M(H,0)s]*
+ NH; = [M(H,0)sNH;]*" + H,0, have been used to generate the LFER (linear free-energy
relationship) for divalent metal ions involving reported experimental values of AG(aq) for the
relevant reaction in aqueous solution (or, equivalently, the log K, value). A reasonable linear
relationship was found but in some cases points were about 3 kcal mol ' out of the fitted linear
curve which is equivalent to about two log unit error in the predicted formation constant in
solvent.  Also, a LFER correlation between the DFT-calculated gas-phase proton
macroaffinities (first protonation step) of metal complexes with the tripodal tetraamine
ligands'* and triazacycloalkanes' and corresponding formation constants in solution (log K )
has been reported. The above methodologies involved gas phase calculations used to generate
LFER from which log K; values in solvent could be predicted with reasonable accuracy.

However, these methodologies do not involve solvent-optimized structures hence no

knowledge could be gained on physical properties of complexes formed.



Interestingly, theoretical prediction (without a use of LFER) of formation constants in
water, to the best of our knowledge, has not yet been reported even though one would expect
that theoretical studies of metal complexes, when combined with reported formation constants,
should explain why a small change in the ligand structure dramatically changes strength of
complexes formed. For instance, it is commonly accepted that a six-membered chelating ring
(6m-CR) is preferred by small metal ions and they form stronger complexes when compared
with a similar ligand that forms a five-membered chelating ring (5m-CR)."'*!'" As a typical
example one can consider ML complexes of small Be(Il) (ionic radius 0.27 A)"® with NTPA
(nitrilotri-3-propanoic acid) that has three 6m-CRs (log K1 =9.23 at 25 °C, u=0.5 M NaNO3)?
and NTA (nitrilotriacetic acid) that forms three Sm-CR (log K; = 7.79 at 25 °C, u = 0.1 M
KNO3),? Alog K| ~ 1.4 in favor of the 6-membered-ring structure. Cd(II) can be regarded as a
large metal ion (ionic radius 0.95 A)" and log K, values of its ML complexes with NTPA and
NTA are 3.4 (at 30 °C, = 0.1 M KNO3)* and 9.76 (at 25 °C, = 0.1 M KNO3),” respectively,
Alog K| = 6.4 in favor of the 5-membered-ring structure. This kind of large variations in
formation constants is often attributed to geometrical properties (bite angles and bond
lengths)"'” and crowded atoms in case of NTPA complexes with large metal ions. So-called
H-clashes are generally regarded as responsible for the large decrease in formation constants of
a number of complexes.' !

Our focus here is on Ni(Il) (an average-size metal ion, ionic radius 0.69 A)'® complexes
with NTA and NTPA where a decrease in formation constant of Alog K; = 5.7 is observed
when three 5Sm-CRs present in NiNTA are replaced by three 6m-CRs to form NiNTPA. A
competition reaction between NTA and NTPA for Ni(Il) in the solvent (water) is used to
theoretically compute a formation constant of the NINTPA complex. The quantum theory of
atoms in molecules (QTAIM) of Bader™ provides a great deal of information about the nature
of the bonding environment. We have explored the topological properties of the electron
charge density, p(r), and the Laplacian of the charge density, V2p(r), at various bond critical
points (BCPs) and ring critical points (RCPs) in the solvent-optimized conformers of NiNTA
and NiNTPA to gain an insight on the physical properties of these complexes on a fundamental
level (such as strength of coordination bonding, chelating effect, additional intramolecular

interactions) with a hope to rationalize the observed change in the formation constants.



2. Computational methods

Molecular modeling was performed with the aid of Gaussian 03, revision D01, software
package.” GaussView 4.1.2** was utilized for molecular visualization and construction
purposes. Constructed in GaussView molecules were finally optimized at the B3LYP/6-
311++G(d,p) level of theory; since all molecules analyzed possessed negative charges it was
essential that diffuse functions be included.” Optimization of Ni(II) complexes was performed
with a triplet spin multiplicity (octahedral complexes of nickel are considered here) as
optimization using singlet spin multiplicity is used for Ni'' complexes possessing square-planar
geometry.”® Since the ultimate aim of our calculations is to rationalize and to predict formation
constants of nickel complexes in aqueous solution, we therefore investigated the structural and
electronic properties of each complex in solvent. For this purpose we have used the self-
consistent reaction field (SCRF) technique’” > in which the statistically averaged effect of the
solvent is simulated by representing the medium with appropriate physical properties, such as
the dielectric permittivity (¢) and the coefficient of thermal expansion. Dielectric continuum

theories> !>

are widely used to describe hydration because accurate results are produced at a
relatively low computational cost; we have used the Conductor-like Polarizable Continuum
Model (CPCM)*** in conjunction with the united atom (UA) cavity-model in-tagged with
Kohn-Sham (KS) radii (UAKS)***' with water as a solvent (¢ = 78.39). We performed
frequency calculations by determining analytically the second derivatives of the UB3LYP
potential energy surfaces with respect to the fixed atomic nuclear coordinates to determine
whether each of the minimized structures corresponded to an energy minimum or a saddle
point. A tight gradient convergence criterion (necessary for analyzing the small structural
variations in these complexes) with ultrafine integration grid was used in all calculations. All
reported geometries belong to genuine minimum energy conformations (imaginary frequencies
are not present).

We carried out a topological analysis of the electron charge density p(r) and the Laplacian
of the charge density V’p(r) at all critical points at the same level of theory (B3LYP/6-
311++G(d,p)) using QTAIM of Bader.”> The AIMALL* and AIM2000*** suite of programs
were used for the calculation and visualization of the topological properties of p(r) and V2p(r).

Conformational analysis of Ni" complexes with NTA and NTPA was done in solvent with

the aid of Macromodel of the Schrédinger Maestro software package.”” Macromodel-



generated structures (OPLS 2005 force field was used), referred to as MM/MD structures, were
fully energy-optimized in Gaussian in solvent to generate Gibbs free energy values used in the

computation of formation constants and perform the topological analysis on those structures.

3. Results and Discussion
Computing a formation constant. The reaction employed here can be seen as a competition
reaction (CRn) between two ligands (NTPA = L(;) and NTA = L)) for nickel and it can be

written as (charges are omitted for simplicity)
NiL2)(H20)2 + Ly = NiL)(H20)2 + Ly AGcra(aq) (1)

where AGcrn(aq) is the change in the Gibbs free energy in solvent (water) for reaction 1.
Complex formation reactions of nickel with NTPA, for which formation constant is to be

computed, and NTA are shown, respectively, as eqs 2 and 3

Ni(H,O)¢ + L(1) = NiL(;)(H,0), + 4H,0 AG(aq) (2)
Ni(H,0)¢ + L2y = NiL(2)(H,0), + 4H,0 AG;(aq) 3)

where AGy(aq) is the change in the Gibbs free energy for the complex formation reactions 2
and 3 in solvent. The change in Gibbs energies for each complexation reaction (eqs 2 and 3)

can be written, respectively, as

AGi(aq) = Gag(NiL(1)(H20)2) + 4Gaq(H20) — Gag(Ni(H20)6) — Gag(L (1)) 4
AG2(aq) = Gag(NiL(2)(H20)2) + 4Gaq(H20) — Gag(Ni(H20)6) — Gag(L2)) )

The competition reaction of interest (eq 1) can be obtained from subtracting eq 3 from 2, and
hence from subtracting eq 5 from 4 one obtains expressions for the change in Gibbs free

energy applicable to this competition reaction

AGcra(aq) = AG1(aq) — AG2(aq) (6)
AGcra(aq) = Gaq(NiL(l)(H2O)2) T Gag(L)) = Gag(L(y) — Gaq(NiL(Z)(HZO)Z (7

where the uncertainties related to G,q(H,O) and G.q(Ni(H,O)¢) are no longer applicable as

these terms cancel of.



Eq 7 was used to calculate AGcra(aq) of the competition reaction (eq 1) from appropriate
Gibbs energies obtained for fully solvent-optimized structures of the ligands and complexes

involved. The value for AG,(aq) was obtained from well-known relationship
AG(aq) = -RTIn K (8)

using the reported formation constant” (at 25 °C, u = 0.1 M) of the nickel complex with NTA.
Once AGcrn(aq) and AG»(aq) have been calculated, the value of AG;(aq), which is needed to
calculate the formation constant of the nickel ML complex with NTPA from eq 8, was

obtained from eq 9
AG1(aq) = AGcra(aq) + AG>(aq). ©)

From the computational protocol described above it follows that structures of four components
seen in the competition reaction (eq 1) must be generated and optimized in solvent. We have
shown recently that the best theoretically computed protonation constants are obtained when
lowest energy conformers of molecules (ligands) are used.***’ The lowest energy conformers

of the free ligands NTPA and NTA reported by us recently*®*’

were used in this work — Figure
1. It was of interest and utmost importance to find out whether, and to want extent, the
selection of a structure from a pool of conformers of nickel complexes also plays a role in the
prediction of formation constant. Our focus was on two parameters, the value of the Gibbs free
energy of the energy-optimized complex, G(aq) (a thermochemical parameter) and a
combination of signs and values of dihedral angles Ni-O-C-C (a structural, or conformational,
parameter related to the three acidic arms involved in the formation of chelating rings).
Initially, we have constructed NiNTA and NiNTPA complexes (called further self-constructed
complexes, S-c) and optimized them at the B3LYP/6-311+G(d,p) level of theory in solvent
(PCM/UAO0). These DFT-optimized structures were submitted to Schrodinger Maestro for
complete conformational analysis in solvent. A large number of conformers was generated and
they were grouped according to the combination of signs of dihedral angles Ni-O-C-C

(following the number of O-atoms) in the two complexes. Several MM/MD-generated

conformers, that differed significantly in the value of dihedral angles, were selected from each



group and they were submitted for a complete solvent optimization in Gaussian using the

B3LYP/6-311++G(d,p) level of theory and CPCM/UAKS solvation model.

NTPA NTA

Figure 1. Lowest energy solvent-conformers*®*’

formation constant.

of the free ligands used in computing of the NINTPA

In all cases, the values of dihedral angles of the MM/MD conformers decreased dramatically
after optimization in Gaussian, sometimes by more than 40 degrees. Except few cases, the
combination of signs of dihedral angles was preserved. From a number of Gaussian-optimized
conformers, only few lowest-energy structures were selected for further studies. Full sets of
NiNTA and NiNTPA conformers are shown in Figures S1 and S2 (Supplementary
Information) and examples of nickel complexes, showing numbering of atoms, are shown in
Figure 2.

Several tests were run in computing log K; of the NINTPA complex — selected results are
presented in Table 1. In all tests the Gibbs free energies of the lowest energy ligand
conformers, seen in Figure 1, were used. Initially, G(aq) values obtained for the S-c conformer
were used (Test 1 in Table 1) and, on average, log K| = 2.85 + 0.1 was obtained (the reported?
experimental value is 5.8 at 30 °C and x = 0.1 M). The error in log K; of about 3 log units is
also observed in computed dissociation constants of singly protonated ligands from the DFT-
based protocols.”*" No improvement in computed log K, value was obtained when CAl
conformers of NINTA and NiNTPA were used — Test 2 in Table 1. Next, we have selected the

lowest in DFT-energy conformers of complexes in which the signs of dihedral angles have not



changed after optimization in Gaussian (B3LYP/6-311++G(d,p) using CPCM/UAKS) — see
Test 3.

NiNTA, CA18 NiNTPA, S-c

Figure 2. Numbering of atoms in complexes discussed in this work. CA18 — initial MM/MD structure
comes from the conformational MM/MD analysis. S-c is the self constructed complex.

An excellent theoretical value of log K| = 4.75 was obtained. In the last test (Test 4) we have
used the lowest energy conformers found after optimization in Gaussian, regardless whether
signs of dihedral angles were preserved; CA18 of NINTA and CA3 of NiNTPA (here the sign
of dihedral angles changed after DFT optimization). The theoretically computed formation
constant, log K; = 5.15, can be seen as of analytical quality. From the analysis of results
shown in Table 1 we came to the following conclusions: (i) the proposed protocol of
computing formation constant works exceptionally well and most likely can be used for other
metal complexes when two ligands of similar structures are involved; (ii) there is no need to
involve expensive (time and hardware) high level theories; results obtained can be seen as
excellent; (iii) it is of a paramount importance to use lowest energy conformers of ligands and
metal complexes; (iv) a quick conformational search, involving MM/MD modeling, serves the
purpose well, but carefully selected MM/MD-structures must be fully optimized by ab initio
techniques as the MM/MD-generated energies as well as structures do not correlate well at all

with those generated by Gaussian; (v) the combination of signs as well as values of dihedral



angles (M-O-C-C) does not seem to have any significant influence on the computed formation
constant.

In the above protocol a simple, but extensive conformational search was used. We
wondered if it would be possible to develop somewhat simpler procedure. Two lowest in
G(aq) structures of NiNTA and NiNTPA found at the B3LYP/6-311++G(d,p) level of theory
and CPCM/UAKS solvation model were used for further studies. The metal ion and two water
molecules were removed from these structures and the remaining ligand, as present in a
complex, was submitted for energy optimization in solvent at the same level of theory. We
worked on the assumption that this should result in the ‘energy-relaxed’, possibly the lowest
energy, ligand structure. Examples of the resultant conformers of the ‘energy-relaxed” NTA
and NTPA ligands are shown in Figure S3 and computed formation constants are shown in
Table S1 (Supplementary Information). In general, good predictions of the formation constant
were obtained and, when averaged, we obtained log K; = 3.9 + 0.5 that differs from the
experimental value by less than 2 log units. This simplified approach resulted in a reasonable
formation constant but clearly the most accurate results can only be obtained when lowest
energy components are used.

Structural analysis. An excellent prediction in the formation constant of NiNTPA gave us
an assurance that computationally generated structures of nickel complexes with NTA and
NTPA can be used for further analysis in search of structural and physical properties
controlling stability of complexes formed. Structural analysis (Table S2, Supplementary
Information) involved several conformers, not only those that generated the best prediction in
the formation constant. It is seen in Table S2 that regardless of the conformational structure,
the coordination bond lengths follow the order Ni-O™ < Ni-N < Ni-OH;. The Ni-N bond length
(on average 2.094 £ 0.007 A) in the stronger NINTA complex is shorter than in NiNTPA (on
average 2.125 + 0.003 A), but interestingly, on average shorter Ni-O~ bonds are present in the
NiNTPA conformers (2.044 A). However, the middle chelating arm (with O15-atom) always
forms the shortest Ni-O™ bond (2.031 + 0.003 A) and it is also shorter when compared with Ni-
O bonds in the NINTPA conformers. In case of the coordinated water molecules, they are
closer to the central metal ion, on average by about 0.05 A, in the NiNTA conformers and the
axial water molecule (with O18-atom) placed opposite to the N-atom is always closer to the

central metal ion in both complexes, NiNTA and NiNTPA.
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Bite angles between the central metal ion and donor atoms in the ligands are, on average,
83° in 5m-CRs and 94° in 6m-CRs (the difference is only 11°). It has been suggested' that the
minimum-strain geometry for chelate ring of size five involving neutral oxygen and neutral
nitrogen donors has a bite angles, O-M-O and N-M-N, of 58 and 69°, respectively, and for
chelate ring size of six the ideal bite angles are 95 and 109.5°, respectively; the difference in
the relevant ideal bite angles is about 40°. Even though carboxylic rather than neutral oxygen
atoms are involved here, it was of interest to compare these theoretical bite values with
computed ones. The computed O-M-N bite angle (83°) in NiNTA is much larger (on average
by about 20°) than the above ideal values for the 5Sm-CRs and the largest bite angle of 85.2° is
observed for N-Ni-O15 where the shortest M-O™ bond is present. On the other hand, the
computed bite angle of 94° in the 6m-CRs in NiNTPA is comparable with the minimum-strain
geometry for this chelating ring. This analysis suggests that one should expect the ligand in the
NiNTPA complex be less strained and hence this complex might possibly be stronger than
NiNTA, but the experimental and computed log K; values do not support that.

All torsions in NiNTA are small indicating that acetate arms are almost in plane, but a
significant variation in torsion is observed in NiNTPA. In general, the dihedral angles (M-O-
C-C), their sign and value, do not seem to have an obvious and significant influence on
computed formation constant. From analysis of data in Table S2 it would follow that (i) the
structural analysis has not provided an evidence in support of the observed differences in
stability of the NINTA and NiNTPA complexes, and (ii) the structural properties of all
conformers do not differ much hence one could use any NiNTA and NiNTPA conformer for
comparative studies between the two complexes.

The QTAIM analysis. The quantum theory of atoms in molecules of Bader* has been
utilized to explore various interactions in a molecular system and its ability to identify these
interactions between inter-atomic regions in terms of bond critical points and the formation of

d>'"*  Examples of

ring surfaces characterized by ring critical points is well documente
molecular graphs generated from the QTAIM analysis are show in Figure 3. As expected,
three structural Sm-CR with the requisite RCPs are present but no additional intramolecular
interactions were found in the NiNTA conformers. The results of the topological analysis (the
values of the electron density, p(r), and its Laplacian, Vp(r), at the bond and ring critical

points) of the coordination bonded interactions (between Ni(Il) and donor atoms in the ligands)

11



and structural chelating rings in the NINTA and NiNTPA complexes are presented in Tables

S3 and S4, respectively, in Supplementary Information.
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NiNTA, CAS NiNTPA, S-c

Figure 3. Molecular graphs of the indicated conformers NiNTA and NiNTPA showing bond paths
with BCPs (small spheres between two atoms), RCPs (three and seven in NiNTA and
NiNTPA, respectively), and a cage critical point linked with four ring critical points in the
NiNTPA complex. For more details see the text.

Values of ppcp < 0.10 au are indicative of a closed-shell (i.e., predominantly non-covalent)
interaction;> it is usually accompanied by a relatively small and positive value of Vpgcp.”®
By contrast, for a shared (i.e., predominantly covalent) interaction, pgcp is usually > 0.1 au®
(or > 0.15 au®’) and V?pgcp, which may be positive or negative™ (but usually negative’’), is
typically of the same order as ppcp. As seen in Tables S3 and S4 in Supplementary
Information, the values for the non-covalent framework are consistent with the closed-shell
character of these bonds. The standard deviations in the average values of the electron density
at BCPs, pgcp, and Laplacian of the electron density at BCPs, Vzchp, are very small. It means
that, as long as theoretically computed formation constant is reasonably close to the
experimental value, all the conformers should be suitable for the structural and topological
analyses.

The largest value of pgcp was found for the Ni-N interactions, suggesting that they are the
strongest, even though the Ni-N bonds are significantly longer than the Ni-O™ bonds, e.g. by
about 0.08 A in NiINTPA. Also, the Ni-N interaction is stronger in NiNTA as the electron

12



density at the BCP (on average ppcp = 0.0728 au) is larger than in NINTPA (ppcp = 0.0677 au).
The M-O™ bonds are almost of the same length in NiNTPA and the relevant distributions of the
pecp and Laplacian values follow the same pattern. However, the values of pgcp are slightly
smaller (on average) in NiNTPA than in NiNTA which is opposite to the trend in this bond
lengths. This suggests that the Ni-O™ interactions are stronger in the NiINTA complex. Also,
the coordinated water molecules add significantly more to the overall stability of NiNTA.
Particularly in case of axial water molecule placed opposite to the N-atom, the average value of
pacp (0.0526 au) of the Ni-O18 bond path is significantly larger than in NINTPA, 0.0458 au.
The consistent trend in the strength of the Ni-N and Ni-O interactions when measured by
pBep, P(ONiNTA) > p(DNiNTPA), agrees well with the strength of complexes formed, log Kninta)
> log Knintpa) (@ variation in the coordination bond length (BL) vs. p(r) values at different
bond critical points is discussed in details in Supplementary Information, Figure S4).

Large differences are observed in topological properties of the structural chelating rings
in NiNTA and NiNTPA. The electron density at the RCPs of the 5Sm-CRs in NiNTA (on
average, prcp = 0.0227 au, Table S3, Supplementary Information) is almost twice as large as at
the RCPs of the 6m-CRs in NiNTPA, Table S4 in Supplementary Information. Similar pattern
is observed for the Laplacian values at RCPs in the two complexes. It appears that the
chelating effect, when measured by the electron density at RCPs, is much stronger in NiNTA
then in NiNTPA. The properties of RCPs were used to measure the strength of intramolecular
H-bonding™® and, when in combination with other topological properties, as a predictive
parameter of basicity of pyridines.”® It would be of great interest and importance to study a
large number of metal complexes with different ligands in order to find out if it would be
possible to develop a new and physical measure of the chelating effect using prep and Vgep
values. It is important to notice that, regardless how twisted the chelating arms are the values
of p(r) and Laplacian at the RCPs are almost the same in all relevant conformers after
optimization in Gaussian. As an example, the average prcp value of all chelating arms in four
conformers of NiNTA is 0.0227+0.0004 au. Even smaller standard deviation in the average
prep 1s observed for the NiINTPA conformers. This is in a very strong support of the above
supposition that to understand physical and geometrical parameters controlling complex
stability, one does not have to generate structures that generate formation constant of analytical

quality.
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Structural and topological properties of additional, non-structural, intramolecular
interactions and close contacts ‘ignored’ by the QTAIM analysis in the NiINTPA conformers
are of interest now - see Table 2. There are consistent features present in each of the five
conformers of NiNTPA and the self-constructed complex seen in Figure 3 will be used for
illustration purposes: (i) there are three intramolecular close contacts (25H---H32, 170---H28,
and 170---H33) which have QTAIM-defined bond paths and BCPs; (ii) in addition to three
structural 6m-CRs, four non-structural rings are formed with RCPs placed well inside the rings
— these RCPs are marked with circles; (iil) two non-structural rings incorporate the coordinated
Ni-atom hence they can be seen as chelating rings and their RCPs are marked with double
circles (NINTPA has 5 chelating rings in total, regardless of a conformer analyzed); (iv) one of
the non-structural chelating rings is always a Sm-ring (N-C5-H28-O17-Ni) and the electron
density at its RCP is about 75-80 % of what is observed in the structural 5m-CRs; (v) the 6m-
nonCR is always generated by the presence of the CH---HC short contact (classically, a H-
clash) and this ring has the largest electron density at the RCP among all the rings; (vi) only
one cage is formed, which is characterized by a cage critical point, CCP — see Figure 3 where
paths connecting the four RCPs with the CCP are shown; (vii) there are two short
intramolecular contacts that were ‘ignored’ by the QTAIM analysis; a bond path is not present.

In each conformer there are two CH:--HC contacts and one CH--O contact, except the S-c
conformer which has two CH--O and one CH---HC contact. Because QTAIM interpreted the

H-clashes and CH---O contacts as bonded interactions>> "%

(bond paths are present), they
resulted in four additional non-structural rings with the requisite RCPs. It is well-established
that all the additional intramolecular interactions with BCPs, RCPs, as well as CCP contribute
locally to the overall stability of a molecule because a bond path in QTAIM indicates the
presence of a preferred quantum-mechanical exchange channel and the inter-atomic exchange-
correlation energy always stabilizes the local interaction.’® The stabilization may not be
negligible; it has been demonstrated that for ppcp values in the range of 0.01 au (as is the case

161 of up to 10 keal mol ™

here — Table 2) the formation of a H-H bond has a stabilizing effect
and this pairwise additive stabilization does not depend on the attractive or repulsive nature of
the classical interaction between the atoms’ charge densities. These contributions in NINTPA
appear to be significant when electron densities at the BCPs, RCPs, and CCPs are analyzed in

Table 2. For instance, the electron density at BCPs of the H-**H and CH:-*OH, interactions
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(between 0.0088 and 0.0144 au) are comparable with the prcp values of the structural 6m-CRs
(on average 0.0122 au). Also, each conformer forms a non-structural 6m-ring with pgrcp of
about 0.0134 au, which is larger than prcp in the structural 6m-CRs. This suggests that the
energy stabilizing effect of this non-structural ring is the strongest among all, structural and
non-structural, rings in this complex. Interestingly, this ring is formed due to the presence of
the H--H interactions and the electron density at their BCPs follows the expected linear
relationship between ppcp and a bond length — see empty circles in Figure S5, Supplementary
Information.

To verify whether H---H contacts specified above are attractive, the physical properties of
relevant H-atoms were analyzed in the CA4 and CA3 conformers of NINTPA. These H-atoms
form a —CH,— fragment of the chelating arms of the ligand NTPA. The atomic energy of H-
atoms involved in the H---H interaction is usually lower when compared with the energy of a
geminal H-atom, AE(H) < 0 in Table 3. However, the local stabilizing energy contribution
(e.g. in the CA4 conformer, (H29 — H30) + (H26 — H25) = E,, = —7.75 kceal molfl; atoms
involved in the intramolecular interactions are in bold) is always negative and can be
interpreted as an attractive interaction, hence should be seen as the H-H bond.”' There are two
H—H bonds in each conformer and their local stabilizing contribution, Eyp, is about 7 kcal
mol . This is equivalent to about four log Ky units (1.36 kcal mol ™' is equivalent to 1 log K
unit). The presence of H-H bonds can also be confirmed by the analysis of the atomic
energies, E(H), of the same H-atoms when they are and are not involved in the intramolecular
interaction’’ — Table 4. As an example, the energy of H26- and H25-atoms is lowered (AE) by
4.78 and 4.35 kcal mol ', respectively, when they are involved in the H-H bonding in the CA4
and CA3 conformers, respectively. This kind of intramolecular interaction, when identified in
metal complexes, has been interpreted as a destabilizing non-bonded steric repulsion
responsible for the decrease in stability of a complex. This does not seem to hold because
according to QTAIM, the CH--HC close contacts, or H-H bonds, contribute to the overall
stability of NINTPA as much as the formation of the structural 6m-CRs in the NiNTPA
complex.

A similar analysis was performed on the CH--O close contacts present in all conformers of
the NINTPA complex — Table 5. It is seen that the atomic energy of H28- and H31-atoms,

which are involved in the CH---O intramolecular interactions in the CA4 and CA3 conformers,
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respectively, are lower in energy by 3.33 and 5.13 kcal mol ' when compared with the relevant
geminal H27- and H32-atoms. Also the atomic energy of theH28- and H31-atoms is lowered
by 2.56 and 4.25 kcal mol™ when they are involved the CH-~O interaction in the CA4 and
CA3 conformers, respectively (Table 6), Results obtained strongly indicate that this
interaction is attractive and should be viewed as an additional intramolecular CH-O bond.*****

Each conformer of the NiINTPA complex has two close contacts, either CH:--HC or CH:--O,
which were not seen by the QTAIM analysis as additional bonds even though the necessary
condition, the distance criterion, is satisfied. For instance, the distance between two H-atoms,
CH24--H29C, in S-c conformer is 2.108 A and this is significantly shorter than similar contact
in, e.g. CA1 (CH25--H34C, 2.206 A) where the bond path was found. These contacts are
marked as solid squares in Figure S5 to indicate the expected ppcp values if the bond paths
were present, but clearly the electron density between the two relevant atoms must be
significantly lower. The reason for that is not quite obvious at present, although it has been
demonstrated recently that an inter-atomic distance smaller than the sum of the van der Waals
radii is not a sufficient condition for the bond path formation. This is because the directional
exchange interaction may dominate over non-directional classical electrostatic interactions.™
In such a case the distance rule is invalid and examples of atoms that bond preferentially to
others that are further, rather than to closer neighbors, are known.®®®” It has been suggested
recently that the presence of the five- and six-membered reinforcing rings alters the
intramolecular interactions in a molecule;*® the QTAIM analysis has not predicted the
formation of H-H bonds in Cyp,-EN (N, N'-bis(2-hydroxycyclopentyl)-ethane-1,2-diamine)
even though the distance criterion was met. This was attributed to the prcp and Vszcp values
of the cyclopentyl moiety in Cyp,-EN that were twice as large as those of the cyclohexyl
moiety in Cy,-EN (N, N-bis(2-hydroxycyclohexyl)-ethane-1,2-diamine). A postulate was
made that the increased electron density within the 5-membered reinforcing ring is responsible
for the absence of the preferential quantum-mechanical exchange channels between atoms that
meet the distance criterion.

It was of utmost interest and importance to find physical properties responsible for the
absence of bond paths in NINTPA where the distance criterion was met. As an example, let us
analyze the S-c conformer of NiNTPA (Figure 4). The CH24--H29C contact (2.108 A,
marked by the dotted line) involves C2- and Cé6-atoms in the C2-C3-C4-O11 and C5-C6-C7-
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O13 arms, respectively. The C2-atom (to which H24-atom is bonded) is involved in the
structural chelating N-C2-C3-C4-O11-Ni ring with the RCP marked with double circle and
non-structural and non-chelating N-C2-C3-H25-H32-C8 ring with the RCP marked with a
single circle in Figure 4. The C6-atom (to which H29-atom is bonded) is involved only in the
structural N-C5-C6-C7-O13-Ni chelating ring with the RCP marked with double circle.
However, the C5-atom, which is the member of this structural ring, is involved in two non-
structural rings, namely the chelating N-C5-H28-O17-Ni and non-chelating N-C5-H28-O17-
H33-C9-C8 ring with RCP marked with a single circle in Figure 4.

Figure 4. Molecular graph of the S-c NINTPA complex showing CH:--HC close contact (dashed line)
which does not have a bond path. The ring critical points of the structural and non-
structural rings are marked with double-line and single-line circles, respectively.

It is seen in Table 2 that the prcp and VszCP values of the non-structural ring N-C2-C3-H25-
H32-C8 (0.0134 and 0.0621 au, respectively) are larger when compared with the structural
chelating N-C2-C3-C3-O11-Ni ring (0.0120 and 0.0548 au, respectively). It appears that the
formation of an adjacent ring with a larger electron density at the RCP, when compared with
the ring to which the atoms forming a close contact belong, resulted in the absence of the bond
path. This observation correlates well with findings reported recently® and when combined
with the formation of two additional non-structural rings involving the part of the arm in which

Cé6-atom is present, can be used to explain the absence of the preferential quantum-mechanical
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exchange channels between H24- and H29-atoms that meet the distance criterion. Similar
observation applies to the CH---OH, contacts as it is explained in details in Supplementary
Information, Figure S6. As far as we know, this is the first attempt to explain the absence of
BCPs in close atomic intramolecular contacts in metal complexes using the prcp and Vszcp
values.
Strain energy analysis. The additional three intramolecular bonded interactions (the H-H and
CH-O bonds), four rings and one cage were found by the QTAIM analysis only in NiNTPA.
Then why the NINTPA complex is so much weaker? In search for the answer, the energies of
the as-in-complex NTPA in the NiNTPA conformers were computed using a single point
frequency calculation (SPFC). The zero-point vibrational energy corrected electronic energy
of as-in-complex ligand, Ezpve(Lcomp), Was compared with the electronic energy of the relevant
lowest-energy conformer of the free ligands, Ezpve(Lfec) seen in Figure 1. All the calculations
were performed at the same level of theory in solvent and results are shown in Table 7. It is
seen that both ligands (NTA and NTPA) are strained in complexes, Es = Ezpve(Lcomp) -
Ezpve(Lfee). At the same time, NTPA is significantly more strained than NTA, by about 16
kcal mol ™', which corresponds to a decrease in the formation constant by about 12-13 log units.
One can argue that the absolute strain energy values, even though informative, should not be
used directly for a rigorous evaluation because the ligands contain significantly different
number of atoms. However, the ratio of EJ(NTPA)/Es(NTA) might have some physical
significance — Table 7. An arbitrary selection was used by pairing S-c, CAl, second lowest
and the lowest energy conformers of the NiNTA and NiNTPA complexes. There are many
possible combinations, but all of them would give very much the same overall result. It was
interesting to see that the average E ratio of 1.9 (obtained at the RB3LYP/6-311++G(d,p)
level of theory using the CPCM-UAKS solvation model) correlates very well with the ratio of
the log K, values (NTA/NTPA) from the experiment, 1.98. It suggests that the larger strain
energy in NTPA is the main reason for the decrease in the stability of the NINTPA complex.
We have established that most of the intramolecular interactions (as discussed above in the
QTAIM analysis) are also present in the ligand as a fragment of a complex — see Figure S7,
Table S5 and details in Supplementary Information. The degree to which a ligand is strained
must depend on structural configuration it has to adopt to form a complex. In this case, the

geometry around Ni-atom has not changed significantly in NiNTA and NiNTPA suggesting
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that the preferred by Ni(I) geometry (within some limits) imposed structural configuration on
the ligand NTPA. One might also assume that the local bonded interactions significantly
decreased the strain energy in the as-in-complex ligand; NiNTPA most likely would be much
weaker, or even did not form at all, if the H-H and CH—O bonds were not formed; the same

close contacts are also observed in crystallographic structure of the NiNTPA complex.®’

4. Conclusions.

It has been shown that it is possible to theoretically compute the log K; value of analytical
quality from the competition reaction between two ligands (NTA and NTPA) for a metal ion
Ni(II) using the G(aq) values of the lowest energy conformers of the ligands and complexes
and experimental log K; value of NINTA. The described mathematical protocol is of general
nature and should allow computing formation constants for many metal-ligand systems. A
methodology, that does not involve a conformational analysis of ligands, has also been tested;
high quality predictions in log K; values were obtained and they differed from the
experimental data by less than 2 log units. It appears that QTAIM theory is a powerful tool in
understanding physical properties of complexes formed in solvent, such as nature of structural
and non-structural intramolecular interactions; they were used to explain the differences in
formation constants. It has been discovered that two kinds of intramolecular bonds, H-H and
CH-O, are formed in the NiINTPA complex; they contribute to the overall stability of the
complex.. QTAIM proved that structural H-clashes in NINTPA are in fact the H-H bonds and
do not constitute a steric hindrance destabilizing NiNTPA. From results reported here it
follows that the strength of bonded interactions should be estimated from pgcp rather than the

bond lengths. In both complexes Ni-N > Ni-O", but pnin > pnio~ even though the Ni-N bond

in NiNTPA is much longer (by about 0.08 A) than the Ni-O™ bonds. An analysis of the strain
energy in the as-in-complex NTPA ligand strongly suggests that much larger energy penalty is
paid by NTPA than NTA; the strain energy ratio (NTPA/NTA) of 1.9 compares very well with
the experimental ratio, 1.98, of log K; values (NTA/NTPA). The computed strain energy in
the NTPA ligand is significantly decreased by the presence of intramolecular bonds found from
the QTAIM analysis meaning that in their absence NiINTPA would be much weaker or not
formed at all. The stronger chelating power of the NTA ligand was tentatively ascribed to the

strength of the structural chelating rings when measured by the p(r) and V*p(r) at the RCPs;
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these values were twice as large in structural Sm-CRs of NiNTA than in structural 6m-CRs of
NiNTPA complexes. It is postulated that the absence of a bond path between atoms meeting
the distance criterion is due to the formation of adjacent intramolecular rings that have larger

electron density at RCPs when compared with the rings containing these atoms.
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Table 1. Computed formation constants, as log K, of the NINTPA complex involving lowest energy conformers of ligands***” and conformers of

nickel complexes: self-constructed (S-c) — Test 1; CA1 — Test 2; CA18 of NiNTA and CA4 of NiNTPA — Test 3; CA18 of Ni(NTA) and CA3 of
NiNTPA — Test 4.

G(aq) / au
NiNTA NTPA NiNTPA NTA log K;  Basis set Solvation model Slog K"
Test 1 —2400.031805 —856.877193  —2517.911881 —738.978069 2.75 6-311+G(d,p) PCM/UAO -3.05
—2400.037883  —856.897797  -2517.913905 —739.003179 296  6-311+G(d,p) CPCM/UAKS —2.84
—2400.032423  —856.897237  -2517.908016 —739.002625 2.76  6-311+G(d,p) PCM/UAHF —-3.04
Test 2 —2400.034016  —856.877193  -2517.914537 —738.978069 2.95 6-311+G(d,p) PCM/UA0 —2.85
Test 3 —2400.038911  —856.894109  —2517.914980 —739.003338 4.75  6-311++G(d,p) CPCM/UAKS -1.05
Test 4 —2400.038911  —856.894109  —2517.915860 —739.003338 515  6-311++G(d,p) CPCM/UAKS —0.65

) Slog K| = (theoretical — experimental) value
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Table2. Non-structural intramolecular interactions in the conformers (NiL) of the NINTPA complex found from the QTAIM analysis and close
contacts ‘ignored’ by the QTAIM analysis.

Intramolecular bonds Non-structural rings CcCp Close contacts
NiL Atoms p(r) Vipar) A Atoms p(r) Vi(r) p(¥)  Vip(r) Atoms A
CA4 N-C2-C3-H26-H29-C6-C5 0.0082 0.0371 OH21-011C 2.523
CH26-H29C  0.0106 0.0362 2.136 a b a b
. Aver® StDev Aver® Stdev
Ni-O13-C7-C6-H29-H26-C3-C4-0O11 0.0057 0.0074 0.0015 0.0223 00306 0.0075 0.0051 0.0230 OH22-015C 2.445
H28-O17H 0.0093 0.0293 2.583 Ni-N-C5-H28-017 0.0082 0.0322
CH24-H34C  0.0139 0.0490 1.964 N-C2-H24-H34-C9-C8 0.0133 0.0595
CA6 N-C2-C3-H26-H29-C6-C5 0.0082 0.0367 OH21-013C 2.607
CH26-H29C  0.0102 0.0353 2.150 a b a b
. Aver® StDev Aver" StDev
Ni-O13-C7-C6-H29-H26-C3-C4-O11  0.0057 0.0073  0.0014 0.0223 0.0299 0.0073 0.0052 0.0232 OH22-011C 2.575
CH28-O17H  0.0088 0.0284 2.563 Ni-N-C5-H28-017 0.0080 0.0307
CH24-H34C  0.0140 0.0498 1.963 N-C2-H24-H34-C9-C8 0.0135 0.0603
S-c Ni-017-H33-C9-C10-015 0.0066 0.0290 CH28-H33C 2.200
CH33-017C  0.0092 0.0320 2.520 Aver®  StDev’ Aver®  StDev”
N-C5-H28-017-H33-C9-C8 0.0061 0.0071 0.0016 0.0235 0.0296 0.0091 0.0054 0.0251 CH24-H29C 2.108
CH28-O17H  0.0111 0.0386 2.438 Ni-N-C5-H28-017 0.0084 0.0364
CH25-H32C 0.0144 0.0506 1.944 N-C2-C3-H25-H32-C8 0.0136 0.0621
CAl N-C2-C3-H25-H34-C9-C8 0.0081 0.0362 OH22-015C 2.690
CH25-H34C  0.0098 0.0343  2.206 ] Aver®  StDev’ Aver®  StDev”
C3-C4-011-Ni-O15-C10-H34-H25 0.0059 0.0077 0.0023 0.0235 0.0331 0.0114 0.0053 0.0240 OH21-013C 2.719
CH31-O17H  0.0119 0.0416 2.392 Ni-N-C8-H31-017 0.0092 0.0397
CH24-H29C  0.0138 0.0491 1971 N-C2-H24-H29-C6-C5 0.0134 0.0596
CA3 N-C2-C3-H25-H34-C9-C8 0.0082 0.0367 OH22-011C 2452
CH25-H34C  0.0102 0.0351 2.169 ] Aver® StDev’ Aver® StDev”
C3-C4-011-Ni-O15-C10-H34-H25 0.0060 0.0073 0.0014 0.0237 0.0302 0.0046 0.0053 0.0240 OH21-013C 2.533
CH31-017C  0.0086 0.0270 2.629 Ni-N-C8-H31-017 0.0079 0.0302
CH24-H29C  0.0139 0.0493 1.965 N-C2-H24-H29-C6-C5 0.0134 0.0596
Average: 0.0053 0.0239
StDev: 0.0001 0.0010

%) Aver = average, *) StDev = standard deviation.
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Table 3. Properties of H-atoms and the stabilization energy, E.p, of H-H bonding in the indicated conformers of NiNTPA. ¢(H) is
the charge (e) on an H-atom and E(H) is its atomic energy; BL is the bond length in the energy-optimized structure. Atoms printed in
bold are involved in the H-H bonding.

B,L AE Estab
Conformer H-H bond i Atom q(H) E/ au keal mol”! | keal mol™

H29 | 0.0317 | -0.61168 3.09
H30 | 0.0391 -0.60676 ]

CH26-H29C 2.136 126 1 0.0239 | -0.61964 -7.75

CA4 H251 0.0292 | -0.61221 -4.60
H24 | 0.0297 | -0.62468 57
H23 | 0.0263 | -0.61557 ]
CH24-H34C 1.964 H34 | 0.0340 | -0.60850 10 -5.62
H33 | 0.0364 | -0.60865 '
H24 | 0.0293 | -0.62522 6.09
H23 | 0.0264 | -0.61551 ]
CH24-H29C 1.965 129 | 0.0340 | -0.60346 o0 -6.11
CA3 H30 | 0.0362 | -0.60843 ]
H25 | 0.0252 | -0.61915 _4.48

H26 | 0.0295 | -0.61202
CH25-H34C 2.169 34 1 0.0316 | -0.61150 1o -7.67

H33 | 0.0397 | -0.60642
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Table 4. Atomic energies £(H) of H-atoms in the indicated conformers of NiNTPA (atoms in bold are involved in the H-H bonding).

AE = Ey(bonded) — Ey(non-bonded) in keal mol ™.

Conformer Atom E(H)/au AE
CA4 H26 -0.61964 478
CA3 H26 -0.61202

CA3 H25 -0.61915 435
CA4 H25 -0.61221
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Table 5. Properties of H-atoms forming a —CH,— fragment involved in the CH-O bonding in the indicated conformers of NiNTPA.
q(H) is the charge (e) on an H-atom and E(H) is its atomic energy; BL is the bond length in the energy-optimized structure. Atoms
printed in bold are involved in the CH-O bonding. AE = Ey(bonded) — E(non-bonded).

BL AE
Conformer Bond i Atom q(H) E/au keal mol™!

.02 -0.6231
CA4 C5H-017 2.583 H28 - 0.0293 0.62313 -3.33

H27 0.0177 -0.61782

H31 0.0236  -0.62562
CA3 C8H-0O17 2.629 -5.13
H32 0.0185 -0.61744
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Table 6. Atomic energies £(H) of H-atoms in the indicated conformers of NiNTPA (atoms in bold are involved in the CH-O
bonding). AE = Ex(bonded) — En(non-bonded) in keal mol .

Conformer Atom E(H)/au AE

CA4 H28 -0.62313 ) 56
CA3 H28 -0.61906 .
CA3 H31 -0.62562

-4.25

CA4 H31 -0.61885




Table 7. The strain energy, Es, in the as-in-complex ligands (NTA and NTPA) in the specified conformers of Ni(II) complexes, ML.

NTPA NTA
ML E, log K;* ML E; log Ki* SE," E,ratio® logK; ratio®
S-c® 40.00 S-c® 23.52 16.48 1.67°
CAI1° CA1° '
08 .80 ) 2445 o 1573 Log
CA6 33.04 CAS 17.81 15.23 1.90"
CA4' 34.25 CAI8"  17.68 16.57 '

a) Experimental formation constant;’ °) 8E; = E(NTPA) — E{(NTA), ) E; ratio = E(NTPA) / E(NTA), %) log K ratio = log Kxinta / log
Kintea,  ©) B3LYP/6-311+G(d,p) using the PCM/UAO solvation model; ) B3LYP/6-311++G(d,p) using the CPCM/UAKS solvation

model.
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