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Abstract: The relativistic effects of the values of the shielding constants of 'H, 13C, 1N, " Fe, *Co,
61N, 19°Pd, and '>Pt nuclei were studied at the four-component relativistic level and were compared
to the results of non-relativistic calculations perfomed on a series of biologically important Fe(II),
Co(III), Ni, Pd, and Pt glycinates. The accuracy factors affecting the calculation of the chemical shifts
of the title heavy nuclei were analyzed. First of all, the advantages and limitations of the different
levels of theory used to take into account the electron correlation effects (namely HE, DFT, MP2, and
CCSD) at the geometry optimization stage were thoroughly scrutinized. Among the employed DFT
functionals, the behavior of 11 dedicated functionals of different types and hierarchies were analyzed.
The contribution of the exact-exchange admixture was established both in the geometrical search
and during the calculation of the shielding constants, which was exemplified with the PBE family
of functionals. The main result of the performed study was that relativistic effects were of major
importance to the theoretical calculations of the shielding constants and chemical shifts of the chelate
complexes of the transition metals of the 8-10 groups. Thus, the relativistic effects of the values of the
shielding constants of those metals, as well as those of the light nuclei located in the a-position to
the latter, were found to reach as much as 35 ppm for nitrogen and up to an enormous 4300 ppm
for platinum.

Keywords: shielding constants of 57Fe, Co, 61N, 105Pd, and 195Pt nuclei; chelate transition metal
complexes; four-component relativistic level; electron correlation effects; HF; DFT; MP2; CCSD

1. Introduction

The term “heavy-atom effect”, which initially referred to the nuclear shielding of
the heavy atom itself, was later renamed the “Heavy-Atom effect on the Heavy-Atom
shielding” (HAHA effect) [1]. The effect of a heavy atom on a neighboring light atom was
subsequently termed the “Heavy-Atom effect on the Light-Atom shielding” (HALA effect),
even though this effect also occurs when the NMR nucleus is itself a heavy atom. It is well
known that the HALA and HAHA effects originate in the nuclear shielding of light and
heavy atoms, accordingly, mainly from the third-order perturbation energy corrections,
which contain many different combinations of hyperfine interaction operators. Because of
this, a many different types of HALA- and HAHA-effect mechanisms may occur.

In this representation, one can distinguish two qualitatively different types of HALA
effects, namely the so-called spin—orbit HALA effect (SO-HALA) and the scalar or spin-free
relativistic HALA effect (SFR-HALA). The SO-HALA and SFR-HALA effects in NMR
chemical shifts of magnetic isotopes of light atoms are of prime importance for many
transition metals. Many HALA effects are due to spin—orbit (SO) coupling, but there are
also scalar relativistic or spin-free relativistic HALA effects. Because it is far more difficult
to derive useful qualitative chemical concepts of the relativistic effects of a heavy atom on
its own shielding, HAHA effects are less studied and less exploited as compared to HALA

Magnetochemistry 2023, 9, 83. https:/ /doi.org/10.3390/magnetochemistry9030083

https:/ /www.mdpi.com/journal /magnetochemistry


https://doi.org/10.3390/magnetochemistry9030083
https://doi.org/10.3390/magnetochemistry9030083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0002-8076-2245
https://orcid.org/0000-0003-2941-1084
https://doi.org/10.3390/magnetochemistry9030083
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/article/10.3390/magnetochemistry9030083?type=check_update&version=2

Magnetochemistry 2023, 9, 83

2 of 14

effects. In addition, HAHA effects mostly cancel each other out in the relative shifts that
NMR spectroscopy is based on. A state-of-the-art theoretical description of this matter
was presented in the recent reviews by Vicha and coauthors [2] and by Rusakova and
Rusakov [3,4]. In line with those reviews, the elements of three small periods are regarded
as “light” while those of large periods are regarded as “heavy” ones.

In continuation of our serial studies on the NMR shielding constants of the transition
metal complexes at the four-component relativistic level [5,6], in this paper, we turn to the
glycinates of iron(Il), cobalt(IIl) (fac- and mer-isomers), nickel, palladium, and platinum,
which are presented in Figure 1. In this series of complexes, strong relativistic effects
were expected in the values of the shielding constants of these metals, especially in the
platinum complexes.

Figure 1. Equilibrium geometries of iron(II) (1), cobalt(III) (2,3), nickel (4), palladium (5), and platinum
(6) glycinates, optimized at the CCSD/TZP level. Bond lengths are given in angstroms, while bond
angles are in degrees.

It is well known that to increase the accuracy of NMR calculations, including calcula-
tions on the complexes of heavy metals, ab initio molecular dynamics (AIMD) simulations
can be applied. Indeed, taking the vibrationic motions into account can drastically change
the calculated isotropic shielding values, which will probably be the subject of our next
NMR investigation on transition metal complexes.

2. Materials and Methods

The geometry optimization of the glycinates of iron(II), cobalt(IlI), nickel, palladium,
and platinum was performed at the non-relativistic HF, DFT, MP2, and CCSD levels
in combination with the Jorge-TZP basis set [7] using the Gaussian 09 code [8]. The
corresponding Cartesian coordinates of all the studied compounds are provided in the
Supplementary Materials. Geometry optimization at the two-component relativistic level
was carried out in the framework of Douglas—Kroll-Hess formalism [9] by using the 2cPBEO-
DKH/ATZP calculation scheme within the GAMESS 2019 R2 software package [10].

All one- and four-component calculations of the 1y, 13C, 15N, 7Fe, Co, 1N, 105Pd,
and Pt NMR shielding constants were performed at the DFT level within the GIAO
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framework using the GIAO-4cPBEO/pc-1/ /aug-pcS-2/ /dyall.ae3z scheme with the Dirac
2016 [11] and Gaussian 09 [8] programs. It is well known that the PBEO exchange—correlation
functional provides very accurate results for NMR chemical shifts, as was demonstrated by
Adamo and Barone [12], who performed a computational study on the performances of
PBE and PBEO functionals when applying the shielding constants of the light NMR nuclei
of the first and second periods.

In the present study, a relativistic Dyall’s core-valence basis set of triple zeta quality,
dyall.cv3z [13,14], was placed on “heavy” iron, cobalt, nickel, palladium, and platinum
atoms, while the “light” atoms (hydrogen, carbon, and nitrogen) were specified with
Jensen’s triple zeta basis set with diffuse functions, aug-pcS-2 [15] (the diffuse functions
were selectively used for the nitrogen atom possessing one lone pair).

3. Results and Discussion
3.1. Calculation of Molecular Geometry

It is well known that a particular set of geometrical parameters evaluated for a partic-
ular molecular conformation drastically affects the results of the calculated NMR shielding
constants compared to the results obtained experimentally. Therefore, the problem of
choosing the proper method that can most adequately estimate the equilibrium geometry
of the molecule at the initial stage of the study is of crucial importance.

To solve this problem, a reasonable approach seems to be one which evaluates a
number of basic geometric parameters (mainly the lengths of the metal-ligand bonds and
corresponding bond angles) that are calculated at different levels of theory as compared to
the X-ray data or calculated at a higher level of theory, such as CCSD or CCSD(T). Since it is
not correct to compare the geometric parameters calculated in the liquid phase with those
obtained in the crystalline form for a number of reasons, in this study, they were compared
with the parameters calculated at the CCSD level.

Presented in Figure 2 are the superimposed structures of the studied glycinates 1-6
optimized at the HE, DFT(PBEQ), MP2, and CCSD levels, as compared to their experimental
X-ray geometries [16-21]. For clarity, all structures are centered with respect to the complex-
ing metal. As can be seen at first glance, most of the structures are just similar. However,
even slight differences in bond lengths and molecular angles can lead to significant changes
in the calculated shielding constants.

The metal-nitrogen bond lengths of compounds 1-6 are presented in Figure 3. These
results clearly demonstrate the difference in bond lengths when performing calculations
at different levels of the electron correlation theory. It can be seen that in most cases, the
M-N bond lengths calculated at the CCSD level differed significantly from those derived
from the X-ray experiment. The results of the geometry optimization at the HF level also
differed significantly from those performed at the CCSD level. However, the optimization
at the DFT-PBEOQ level produced results that were the same as the CCSD results, with the
former being less computationally demanding by 1-2 orders of magnitude.

Taking into account the high degree of correlation between the results of the geometry
optimization at the DFT and CCSD levels, it was further decided to test a number of DFT func-
tionals in the series of complexes 1-6 to determine their suitability for geometry optimization.

For this purpose, non-relativistic calculations were carried out by using a wide range
of popular DFT functionals considered in accordance with their hierarchy of the so-called
“Jacob’s ladder” [22]. Figure 4 shows the results of these calculations as compared to
experimental X-ray geometry and CCSD values.

In this study, we used five different types of functionals that we deemed to be the
most reliable from our many years of experience. Namely, we used OLYP and PBE from the
Generalized Gradient Approximation (GGA) family; TPSS and MO6L (meta-GGA); B3LYP,
B3PW91, BHLYP, and PBEOQ (hybrid GGA); M06-2X (hybrid meta-GGA); and B97-D and
wB97X-D (range-separated hybrid). The PBEO functional resulted in the smallest values of
the Normalized Mean Absolute Deviations (NMAD) for all three parameters as compared
to the other DFT functionals.
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Figure 2. Superimposed structures of glycinates 1-6 related to their geometries optimized at the HF,
DFT(PBEQ), MP2, and CCSD levels, as compared to the X-ray data.
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Figure 3. M-N bond lengths (A) of 1-6, optimized at the HF, DFT(PBEQ), MP2, and CCSD levels, as
compared to their X-ray geometries. Dotted lines denote the CCSD values.

The influence of the fraction of the exact-exchange admixture on the geometric pa-
rameters of the studied complexes was determined at the DFT level based on the PBE
functional. At that, the initial zero values of the M-N bond lengths were adopted from
the calculation at the CCSD level. For the square planar complexes 1, 4-6, the proportions
of the HF admixture in the DFT functional were varied from 10 to 90%, and the resulting
hybrid functionals were used further for the geometry optimizations.

Based on these calculations, Figure 5 presents correlations of the deviations of the
M-N bond lengths from the CCSD results versus the exact-exchange admixture. It follows
that in all four cases, the contributions of HF were essentially providing an effect of about
0.001 A per every 1% of exact exchange.

At that, the intersection with zero deviations (with respect to the CCSD geometry)
in the M-N bond lengths was observed in the region with about 33-38% exact exchanges
for the complexes of iron (1) and platinum (6), while for the chelates of nickel (4) and
palladium (5), this value was approximately 15-20%. Thus, here we can make a preliminary
conclusion that when optimizing the geometric parameters for the complexes of each
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transition metal, it is necessary to select the amount of exact-exchange admixtures in a
particular DFT functional.

It is well known that the relativistic contribution to the total energy of the system
is one more important factor that must be taken into account when searching for the
equilibrium geometry of molecules containing heavy atoms. Relativistic effects could result
in noticeable changes in the values of bond lengths and bond angles which, in turn, could
affect the values of the magnetic shielding constants of all the atoms in a molecule.
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Figure 4. Normalized Mean Absolute Deviations (%) of salient geometric parameters of 1-6 optimized
at the DFT level using different functionals from experimental X-ray geometry (bottom) and that
calculated at the CCSD level (top).
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Figure 5. The M-N bond length (A) of glycinates 1, 4-6 calculated at the PBEx/ATZP level as a function
of the amount of the exact-exchange admixture as compared to the CCSD equilibrium geometries.

The salient geometric parameters of glycinates 1-6 optimized at the non-relativistic
and two-component relativistic levels are presented in Figure 6. Expectedly, the difference
in the geometric parameters calculated at the non-relativistic (PBE0/ATZP) and relativistic
(2cPBEO-DKH/ATZP) levels increased with the atomic number of the element. For the
relatively light atoms Fe, Co, and Nj, it ranged from 0.1 to 0.6%; for the heavier Pd, it ranged
from 0.9 to 1.9%; and for the heaviest in this series, Pt, it was as much as 1.8 to 4.2%. At the
same time, it is interesting to note that the equilibrium geometry of the studied complexes
evaluated at the 2cPBEO-DKH level had, in general, a better correlation with the geometry
calculated at the CCSD level (see Supplementary Materials, Figure S1). It is essential that
deviations from the reference CCSD geometry of the M-N and M-O bond lengths in the
palladium and platinum complexes evaluated within the Douglas-Kroll-Hess formalism
are an order of magnitude lower than those of the non-relativistic level. Thus, it is essential
to optimize the geometric parameters of the transition metal complexes of the 5th and 6th
periods when taking into account the relativistic effect, mainly the spin—orbit interaction, at
the two- or four-component levels.
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Figure 6. Normalized Absolute Difference (%) of salient geometric parameters of glycinates 1-6
evaluated at the non-relativistic (PBE0/ATZP) and relativistic (2cPBE0-DKH/ATZP) levels.

3.2. Analysis of Calculated Shielding Constants

Despite a fairly good agreement between the calculations of the geometric parameters
performed at the CCSD and DFT levels (2cPBE0-DKH), to calculate the shielding constants,
we used the CCSD geometries of the chelate complexes 1-6. For the calculation of the
NMR shielding constants, the PBEO functional was employed within the locally dense basis
sets scheme, namely pc-1//aug-pcS-2//dyall.ae3z. At this, the pc-1 basis was set on the
hydrogen atoms, the aug-pcS-2 basis was set on the nitrogen atoms, and dyall.ae3z was set
on the metals. Using this computational scheme, NMR shielding constants were calculated
both at the one-component non-relativistic and four-component relativistic levels within
the formalism of the Dirac equation [23]. These results are presented in the form of the
relative relativistic corrections to the shielding constants in Figure 7.

Based on the analysis of these data, one can conclude that in most cases, relativistic
effects lead to a positive increase in the NMR shielding constants and thereby provide a
relativistic highfield contribution to chemical shifts. The only exceptions are the calculated
shielding constants of the carbonyl carbons in the palladium and platinum complexes, 5 and
6, respectively. For the complexes of iron (1) and cobalt (2, 3), relativistic contributions to the
1H and 13C shielding constants, as expected, turned out to be small. However, for the nickel
complex (4), the values of the relativistic corrections were found to be unexpectedly large.

In addition, relativistic contributions to the anisotropy tensors were estimated for all
the studied nuclei of glycinates 1-6 at the four-component relativistic level, see Supplemen-
tary Materials, Table S1. As in the case of the shielding constants, the relativistic effects on
the anisotropy tensors for the metals and >N turned out to be essential and amounted to
about 650 and 34 ppm, respectively.
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Figure 7. Relative relativistic corrections (%) to the TH, 13C, and N shielding constants of 1-6,
evaluated at the 4cPBE0/pc-1//aug-pcS-2 level. Relativistic corrections are evaluated as percentages
of the shielding constants values of the corresponding nuclei calculated at the non-relativistic level
using the equation A (%) = (0rel — Tnon-rel)/ Tnon-rel X 100%.

To explain this unusual manifestation of the HALA effect, a more detailed Canonical
Molecular Orbitals (CMO) analysis is needed. In general, a more significant manifestation
of the HALA effect in the shielding constants of the nitrogen atoms of all the complexes
1-6 as compared to the shielding constants of the other atoms was observed. This can be
rationalized in terms of a stronger spin—orbit interaction between the complexing metal
and nitrogen atom in the a-position.

Calculated relativistic corrections to the NMR shielding constants of 57Fe, ¥Co, 01Nj,
105pq, and 1°Pt in the complexes 1-6 are presented in Figure 8. These data demonstrate a
significant difference between the results of the non-relativistic and the four-component
relativistic levels of the theory. It follows that in practice, it is necessary to take into account
the relativistic contributions to the shielding constant (and, accordingly, to the chemical
shift) of most metals. Such corrections, even for the relatively light metals of Period 4, are
about 500 to 800 ppm, while for platinum, they can be up to an enormous 4300 ppm.

At present, theoretical studies of NMR shielding constants at the relativistic level are
performed only within the framework of the electron density functional theory. This is
because ab initio relativistic calculations require enormous computing resources and are
therefore rarely used for medium-sized and even small molecules.
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Figure 8. Relativistic corrections (ppm) to the 57Fe, ¥Co, 61N, 195Pd, and 19°Pt shielding constants of
1-6, evaluated at the 4cPBEQ/dyall.ae3z level.

Since we used the PBEQ functional to calculate the shielding constants in this work, it
was decided to check the influence of the contribution of the HF admixture to the value of
the shielding constants, and we did this by creating an analogy whereby such a procedure
was applied to the geometric parameters. For the square planar complexes 4-6 under
consideration, the fraction of the exact-exchange admixture into the DFT functional was
varied from 10 to 90%. Then, a number of the resulting hybrid functionals were used to
calculate the corresponding shielding constants.

Shown in Figure 9 are the values of the 1y, 13C, 15N, 61N, 19°Pd, and 1°°Pt shielding
constants versus the contribution of HF to the PBEO functional. As can be seen, in the case
of the 1°N shielding constants, the contributions of the HF exact exchange are essentially
highfield being of about 0.4-0.9 ppm for every 1% of the exact exchange. Additionally, the
total increase in the shielding along with the corresponding increase in the exact-exchange
admixture was up to 20-30% of the initial value of the shielding constant. In this case,
the shielding constants of methylene and amino protons changed less significantly, which
provided a minimum sensitivity of 5%. A similar pattern was also observed for the carbons
of both the methylene and carbonyl groups.

The shielding constants of the considered metals provided quite different dependences
on the fraction of the exact-exchange admixture. For the Pd and Pt nuclei, the increase in the
proportion of HF in PBE resulted in a moderate linear deshielding of about 30—40 ppm for
each 1% of the exact exchange. However, for the Ni nucleus, there was a more pronounced
deshielding of about 330 ppm for every 1% of the exact exchange. It followed that generally,
considering the fraction of the HF exact exchange in the hybrid functional that was being
used to calculate the shielding constants (chemical shifts) was of major importance only for
the metals and their nearest surroundings (i.e., atoms in the x-position to the metals).
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Figure 9. The 1y, 13C, 15N, 6INjj, 195Pd, and 19°Pt NMR shielding constants of 4-6 calculated at the
PBEx//pc-1//aug-pcS-2//dyall.ae3z level with various amounts of the exact-exchange admixture.

At the final stage of this study, we examined the influence of the quality of the basis
set on the variations in the shielding constant values of the nitrogen nuclei. Since the °N
nucleus is especially sensitive to the process of coordination of the nitrogen-containing
ligands with the transition metal, it appeared to be the most informative NMR probe for
the structural studies of glycinates 1-6 and related systems. The testing of the dependence
of the level of splitting of the basis set on the changes in the NMR shielding constants was
carried out for the 1°N nucleus of the amino group of the glycinates.
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Figure 10. The >N NMR shielding constants (ppm) of glycinates 1, 4-6, calculated at the PBE38/(aug-
)pcS-n level using different Jensen’s basis sets on the nitrogen atom.

The analysis of these data suggested that an essential improvement in the accuracy of
the calculated >N shielding constants of the studied glycinates began at the pcS-1/aug-pcS-
1 level. At that, almost no changes in the values of the shielding constants were observed
for the pcS-3 to aug-pcS-4 basis sets. It should also be noted that the 1N NMR shielding
constants of nitrogen bonded to the iron(II) and nickel atoms in 1 and 4 differed in the
explicit shielding/deshielding effects, respectively, when applying any of the basis set
schemes. The information about such deviations can be used in structural studies of the
related nitrogen-containing transition metal complexes.

4. Conclusions

Relativistic effects of the values of the shielding constants of 'H, 13C, 1°N, %’Fe, >Co,
61N, 195Pd, and 12°Pt nuclei were studied at the four-component relativistic level as com-
pared to the non-relativistic calculations in the series of biologically important Fe(II), Co(III),
Ni, Pd, and Pt glycinates. The influence of the spin—orbit interaction on the salient geometric
parameters of the studied chelates were evaluated at the two-component relativistic level.
The marked difference in bond lengths was established for the different levels of theory.
The M-N bond lengths calculated at the CCSD level in most cases differed significantly from
those derived from the X-ray experiment. The results of the optimization at the DFT-PBEQ
level was very much the same as the CCSD results, with the former being 1-2 orders of
magnitude less computationally demanding. At the DFT level, the PBEO functional resulted
in the smallest values of the Normalized Mean Absolute Deviations for all three geometric
parameters as compared to the other DFT functionals. The difference in the geometric
parameters calculated at the non-relativistic (PBE0/ATZP) and two-component relativistic
(2cPBEO-DKH/ ATZP) levels increased with the atomic number of the element. For the
relatively light atoms Fe, Co, and Ni, it ranged from 0.1 to 0.6%; for the heavier Pd it was
0.9 to 1.9%; and for the heavy Pt it was as much as 1.8 to 4.2%.
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The influence of the proportion of the exact-exchange admixture on the geometric
parameters of the studied complexes was determined using the PBE functional. For the
complexes of iron and platinum, the value of about 33-38% of the exact exchange was
optimal, while for the chelates of nickel and palladium, this value was approximately 15—
20%. The shielding constants of the considered metals provided quite different dependences
on the fraction of the exact-exchange admixture. Thus, for the Pd and Pt nuclei, the increase
in the proportion of HF in PBE resulted in a moderate linear deshielding of about 30—40
ppm for each 1% of the exact exchange. However, for the Ni nucleus, a more pronounced
deshielding of about 330 ppm for every 1% of the exact exchange was established.

The influence of the quality of the basis set on the >N NMR shielding constants was
established. An essential improvement in the accuracy of the calculated °N shielding
constants of the studied glycinates was found starting from the pcS-1/aug-pcS-1 level,
while increasing the quality of the basis sets from pcS-3 to aug-pcS-4 surprisingly provided
no further improvement.

The relativistic effects in most cases led to a positive increase in the NMR shielding
constants and thereby provided a relativistic highfield contribution to the chemical shifts.
For the complexes of iron and cobalt, the relativistic contributions to the 'H and 3C
shielding constants, as expected, turned out to be small. However, for the heavier metals,
the values of the relativistic corrections turned out to be much larger.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/magnetochemistry9030083/s1: Cartesian coordinates (Angstroms)
of 1-6, optimized at the CCSD/TZP level; Figure S1: Normalized Absolute Deviation (%) of M-N
and M-O bond lengths of glycinates 1-6, obtained at non-relativistic (PBE0/ ATZP) and relativistic
(2cPBE0-DKH/ATZP) levels relative to CCSD geometry. Table S1: Relativistic corrections (ppm)
to the 1H, 13C, 15N 5Fe, 52Co, ¢INi, 195Pd and 195Pt anisotropy tensors of 1-6, evaluated at the
(4c)PBE0/pc-1//aug-pcS-2/ /dyall.ae3z level.
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