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Abstract We studied the influence of relativistic and elec-
tron correlation effects on NMR J-couplings in the follow-
ing set of heavy-atom containing molecules: XY4 and H3 XX
H3 (X = Sn, Pb; Y =H, F, Cl, Br, I). We applied two formal-
isms, the relativistic polarization propagator approach at
random phase level of approach (RelPPA-RPA) and density
functional theory (DFT) with functionals as implemented
in the DIRAC code. We have chosen four functionals that
have different amount of HF exchange (PBEO, B3LYP,
BLYP, BP86). For those molecular systems, results of cal-
culations with BLYP functional have the best performance
as compared with available experimental data. As was pre-
viously found for magnetic shieldings in other molecular
systems we are able to show here that DFT functionals
must be modified in order to obtain reliable results of NMR
J-coupling within the relativistic regime. We can state that
there is a non-linear dependence among both, electron cor-
relation and relativistic effects that should be introduced
in the functionals. The functionals implemented in the
DIRAC code are standard nonrelativistic ones which were
parameterized with data taken from light-atom containing
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molecules. This explains why they are not able to prop-
erly introduce relativistic effects on NMR parameters, like
J-coupling constant. Lastly we show that in the analysis of
J-couplings for the family of compounds mentioned above,
one must consider the effects of a third heavy-atom that is
close to the J-coupled atoms of the same molecule, spe-
cially for "J(H-H). This kind of effect is similar to the new-
est and so called heavy-atom effect on vicinal heavy atoms,
HAVHA, proposed for the NMR-shielding constant. Such
effects are among the most important relativistic effects in
the family of compounds studied in this work.

Keywords Spin-spin coupling - Relativistic effects - DFT -
Electron correlation

1 Introduction

NMR spectroscopic parameters are among the most use-
ful tool to understand the electronic structure of atoms and
molecules. When the systems under study contain heavy
atoms, meaning atoms which belong to the fifth row of
the Periodic Table or below, one must include relativis-
tic effects on calculations of such magnetic parameters in
order to obtain reliable results. In the last years an increas-
ing amount of reviews and texbooks were published con-
cerning the importance of relativity in quantum chemistry
[1-6].

Indirect nuclear spin-spin J-coupling is one of the
most important NMR spectroscopic parameter due to its
high sensitivity, the possibility of routine measurements,
and its ability to provide useful data about the geom-
etry as well as the electronic structure of molecular com-
pounds. It is a property of the electronic system (it does
not depend on the external magnetic fields) and represents
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the electron-mediated magnetic interaction of two nuclear
magnetic moments. Consequently, calculations of NMR
parameters based on first-principles theory are of high
importance to help with the interpretation of experimental
data and may provide reliable predictions.

The chemistry and physics of compounds that contain
heavy elements can be modified qualitatively and quanti-
tatively by relativity. Valence orbitals of heavy-atoms are
influenced directly by relativistic effects, not only by a cas-
cade of relativistic effects on core orbitals that propagate out
to the valence shell. For that reason, some molecular proper-
ties like J-couplings with heavy atoms are not easy to repro-
duce computationally. Reliable calculations of J-coupling
constants that include heavy nuclei have some important
theoretical requirements to be fulfilled by the computational
model; being among the most importants the introduction of
relativistic effects, electron correlation and convergence of
basis sets. It was recently suggested that the electron corre-
lation and relativistic effects are not additive and they must
be treated as accurate as possible in the calculations.

In the last twenty years an increasing number of works
were published focused on J-coupling constant in heavy-
atom containing molecules [7-12]. Those studies are based
on semi-empirical and ab initio methods, including relativis-
tic and electron correlation effects as well as solvent effect on
the one- and two-bonds J-coupling calculations. It was found
that relativistic effects may increase the value of J-couplings
in more than two times as compared with their nonrelativistic
values when heavy-atoms are involved. On the other hand, if
one wants to include electron correlation with wavefunction-
based methods this quickly becomes too much expensive
because it has an awkward scaling behaviour. This is why
there is an ever increasing interest in developing theoretical
schemes for improving the treatment of relativistic and elec-
tron correlation effects on magnetic molecular properties.

The most reliable way to include the relativity on NMR
properties calculations is to start with a four-component
relativistic Dirac theory and then to calculate them using
second order perturbation theory expressions [13] or the
polarization propagator formalism [14]. Both of them reach
the same analytical expression at the random phase approx-
imation (RPA) and they were used in J-coupling calcula-
tions since more than seventeen years ago [13, 15].

One of the main characteristic of calculations of NMR
parameters within the relativistic level is the fact that some
contributions come from excitation to negative energy
states. This means that those parameters are dependent
on the description of the basis set of small components of
the four-component wave function. The common way to
improve such basis set is expanding the size of the basis set
via the unrestricted kinetic balance prescription (UKB) or
using some special basis set that depend on magnetic field
[16], the restricted magnetic balance prescription (RMB).
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For J-coupling calculations, the restricted kinetic balance
prescription (RKB) can be safely used, because the con-
tribution that arise from the virtual excitations to negative-
energy states are vanishingly small [15].

Density functional theory, DFT, is one of the method of
choice when one wants to calculate NMR spectroscopic
parameters in medium-size heavy-atom containing mole-
cules. This is because the problem of describing accurately
the electron correlation is taken by exchange-correlation
functionals. So, DFT based methods can include electron
correlation at an affordable computational cost. For the cal-
culation of molecular properties some two-component DFT
and wave function based methods are available, [2, 17-20]
though not all of them were tested for tin and lead contain-
ing molecules. They were developed in order to assess the
study of medium-size systems or to analyze nonrelativistic-
like electronic mechanisms that may explain tendences or
absolute values of NMR magnetic shieldings [21, 22]. It
is therefore of interest to evaluate whether different DFT
functionals are valuable tool for quantitative predictions of
NMR properties of tin and lead.

In 2009 Repisky and co-wokers published the first four-
component DFT implementation for the calculation of
indirect nuclear spin-spin couplings based on the matrix
formulation of the Dirac-Kohn-Sham method using the
restricted magnetically balanced basis (mDKS-RMB) [23].
The method provides an alternative to existing approximate
two-component methods with transformed Hamiltonians
for relativistic calculations of spin-spin coupling constants
of heavy-atom containing systems and was tested in XHy
(X = Si, Ge, Sn, Pb) molecular systems with BP86 func-
tional. The use of RMB basis allow to actually eliminate
the problems associated with summation over negative
energy states and thus to avoid additional approximations
and the strong basis set dependence.

The zeroth order regular approximation (ZORA) method
[24-26] is used with some functionals to calculate mag-
netic properties. In order to learn on the performance of
DFT methods for getting quantitative predictions of '°
Sn NMR properties, Bagno et al. carried out calculations
in several molecular systems using DFT with Becke 88
exchange [27] plus the Perdew 86 correlation [28] func-
tional as implemented in the Amsterdam density func-
tional (ADF) code, [29] in which frozen-core, as well as
all-electron Slater basis sets are available for all atoms of
interest. Relativistic effects were included by means of the
ZORA scheme adding spin-orbit effects [9]. Moncho and
Autschbach studied the performance for NMR indirect
nuclear spin-spin coupling in heavy metal compounds with
such approach combined with both, nonhybrid and hybrid
density functional theory. They found a reasonably good
performance of the hybrid functional PBEO in the computa-
tions of J-coupling constant with heavy metal atoms [10].



Theor Chem Acc (2016) 135:201

Page3of 11 201

For the properties studied here solvent effects are very
often important when heavy elements are involved. In par-
ticular for metal-ligand couplings of complexes where the
metal has open coordination sites that may be accessible
by solvent molecules [30, 31]. In a recent article Demissie
et al. showed the importance of including both relativistic
and solvent effects in the analysis of organometallic com-
plexes in order to obtain reasonable agreement between
experimental data and calculated values for the chemical
shifts and spin-spin coupling constants [32]. They per-
formed four-component relativistic calculations of the
NMR parameters at the Dirac-Kohn-Sham density func-
tional level of theory using hybrid functionals. They found
that using the B3LYP functional J-coupling constants are
in much better agreement with the experimental values
than that J-couplings calculated with BP86. This finding is
more pronounced for J-couplings involving tin. It is then
interesting to study the performance of different function-
als on the J-coupling calculations in molecules containing
heavy-atoms.

In this article we show results of one-bond J-coupling
constant calculations, !J(X-Y), in the family of compounds
XY4 (X = Sn, Pb; Y = H, F, Cl, Br, 1) applying both, the
polarization propagator approach (PPA) and the DFT for-
malisms with four different functionals within relativis-
tic (RelPPA) and nonrelativistic frameworks. We found
important relativistic effects on such a property as can be
expected, as well as important electron correlation effects
also when the substituent halogen atom becomes heavier. A
large dependence among both effects must be highlighted.
This means that relativity has an strong influence on the
electron correlation effect. We also analyzed the effect of a
heavy atom on the one-, two- and three-bond J-couplings in
molecular systems like H3XXH3 (X = Sn, Pb).

The structure of this article is as follows. We first give
an schematic overview of the methods applied. Then we
show results of tin and lead NMR J-couplings for XY, (X =
Sn, Pb; Y = H, F, Cl, Br, I) molecular systems. Using these
results together with some experimental values we are able
to analyze the performance of the different functionals and
the RelPPA formalism at RPA level of approach. The likely
relationship among electron correlation and relativistic
effects, and the effect of a heavy atom on the one-, two-
and three-bond J-couplings in H3XXH3 molecular systems
are then analyzed in the next subsections. The last section
is devoted to highlight the main findings of our work.

2 Theoretical models
As mentioned above we applied two different formal-

isms for calculating NMR J-couplings within a theoretical
four-component relativistic level, being them the RelPPA

approach and the DFT formalism with four different func-
tionals as implemented in DIRAC code, e.g. PBEO, B3LYP,
BLYP and BPS86.

2.1 Relativistic polarization propagator

Any static second-order molecular property can be studied
applying the relativistic (Rel) formalism of polarization
propagators. [6, 14, 33] Nonrelativistic (NR) methods can
be safely employed when only light atoms are involved.
The first implementation of the RelPPA method for the cal-
culations of J-coupling tensors at RPA level of approach
was published more than seventeen years ago [13, 15]. One
advantage of this approach follows the fact that NR values
can be obtained directly from relativistic calculations mak-
ing c, the speed of light, scale to infinity.

For J-coupling constants, the fully relativistic expres-
sions can be written as

e2h? o XTIy oXIy
Juv = ——vuww( { —5—: — (D
h v TN

where Jyv refers to the indirect J coupling tensor between
nuclei M and N; yy vy is the magnetogyric ratio of the
M(N) coupled nucleus, ry vy = (r — Ryvy), Ry is the
position of the nucleus M(N) and « is a vector composed
of 4 x 4 Dirac matrices. The expression above is fully rela-
tivistic given that retardation effects are not to be included
due to their comparative (with respect to the leading rela-
tivistic effects) small contributions [34, 35]. From this
equation one observes that only one electronic mechanism
is involved in the spectroscopic parameter. There is also no
distinction between dia and paramagnetic terms [33].

The reduced coupling constant, Kjzy is more useful for
the analysis of this molecular property because it does not
depend on the magnetogyric ratios of the coupled nuclei. It
is defined as

Kuy = —— (2)

All terms in Eq. (1) can be calculated at different levels of
approach depending on the fluctuation potential, i.e., pure
zeroth order approach (PZOA), consistent first order or ran-
dom phase approximation (RPA), second order polarization
propagator approach (SOPPA), etc. The fluctuation poten-
tial represents the difference between the Coulomb and
the self consistent field (SCF) potential. This means that at
RPA level, electron correlation is introduced to first order
in the fluctuation potential, though the actual expressions
are accidentally the same as those obtained by the coupled
Hartree—Fock scheme [6]. At the moment, only the relativ-
istic RPA level, Re]lPPA-RPA has been implemented in the
DIRAC code [36].

@ Springer
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2.2 Density functional theory with different functionals

When applying the Kohn-Sham density functional theory,
one assumes that the exact universal exchange-correlation
functional is not known, so that it needs to be modeled
based on given grounds. The usual prescription for doing
that is to design them to best reproduce experimental val-
ues of some properties. So, a good performance of a par-
ticular functional for the calculations of a given property
cannot be assumed to be the same for another property.

There are several exchange-correlation functionals, i.e.
semiempirical like the B3LYP [37, 38], BLYP, BP86 [27,
28] and the non-empirical PBEO functional [39] based
on the PBE with 25 % of exact exchange. All of these
non local functionals include the exchange term of Becke
[27]. BLYP and B3LYP use the functional correction of
Lee, Yang and Parr [37] and the BP86 use the Perdew 86
[28] correlation funcional. PBEO mixes the PBE exchange
energy with Hartree-Fock exchange energy in a set of 3 to
1 ratio. This last ratio means that the inclusion of the exact
exchange can be made mixing 25 % of exact exchange with
75 % of GGA exchange. The B3LYP include 20 % of exact
exchange and BLYP and BP86 functional do not include it
at all.

In the DIRAC code standard nonrelativistic functionals
are used. Some studies about electron kinematics, potential
energy, bond lengths, vibrational frequencies and binding
energies of diatomic molecules indicate that relativistic
corrections to the exchange-correlation functionals have
a negligible effect on spectroscopic constants, at least for
non-heavy-atom-containing compounds [40-42]. However
in the last few years it was shown that relativistic effects
are quite important for obtaining good results in the calcu-
lation of specific molecular properties with the four-com-
ponent (4c) DFT formalism, and so they must be taken into
account [43-45].

Earlier studies of molecular properties have shown that
calculations performed with 4c-DFT schemes give smaller
values of the NMR shielding constants of heavy atoms in
molecules [43—49]. In addition, hybrid functionals contain-
ing exact HF exchange lead to smaller reductions as com-
pared to GGA/BP86, and therefore they give results which
are in better agreement with HF, especially PBEO which has
a larger percentage of HF exchange than B3LYP. For J-cou-
pling constant a reasonable agreement with few experiments
were found for the same functional [10].

3 Computational details
All calculations were carried out using DIRAC program

[36]. The geometries of tetrahedral XY4 (X = Sn, Pb; ¥ =
H, F, Cl, Br, I) model compounds were obtained either from
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Table 1 Experimental/optimized geometries. d (X —Y) bond dis-
tances in Angstroms (A)

Molecule Y

H F Cl Br 1
SnY, L711*  1.854°  2.2804* 2487  2.709°
PbY, 1743 1934  2.360° 2513 2.738°

* Experimental geometry taken from Ref. [50]

® Theoretically optimized geometry

experimental data [50] or from calculations. In Table 1 we
especify which molecular geometries were optimized. The
bond lengths of the H3XXH3; molecules were taken from
Ref. [51].

The geometry optimization was carried out at relativistic
level with Dyall.cv3z [52] basis set and Dirac-Hartree-Fock
Hamiltonian. Finite-size nuclear model of a Gaussian-
type and uncontracted basis sets were used. The basis set
for small components of the four-component wave func-
tion were obtained from the large components applying the
RKB prescription.

J-coupling calculations in XY4 (X = Sn, Pb; Y = H, F,
Cl, Br, I) molecular systems were performed with the
RelPPA formalism at RPA level of approach. It includes
electron correlation till first order. We also carried out DFT
calculations taking four functionals that include different
amount of HF exchange: PBEO (25 %), B3LYP (20 %),
BLYP and BP86 (0 %). In order to get nonrelativistic val-
ues, the speed of light was multiplied by an scaling factor
of 20 (¢ = 137.0359998 au). Doing this we obtain values
that are equivalent to that of the NR limit with the same
scheme of calculation. Dyall’s basis sets [52] were cho-
sen for the whole set of systems, and the cc-pVTZ basis
set [53, 54] were used for H, F and Cl atoms. The small
components were generated applying the RKB prescription
because it is well know that J-coupling does not dependent
of the negative-energy space.

Calculations in H3XXHj3 molecular systems were carried
out with the BLYP functional because, as will be shown in
Sect. 4.1, it has the lowest mean deviation for tin/lead-atom
containing molecules.

3.1 Grid quality and basis set convergence

Due to we looked for values of J-couplings as accurate as
possible, we focused the study of different variables involved
in highly accurate calculations like grid quality, basis set con-
vergence and the prescription used to obtain the small com-
ponent basis set from the large components. All of our tests
were performed within the 4c-DFT level of approach, with
BLYP and B3LYP functionals for Pbl; molecule because
this is the heaviest system studied in this work.
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When heavy elements are included in the response cal-
culations, special attention should be paid to the grid qual-
ity. For that reason some calculations for J(Pb-I) were per-
formed using B3LYP functional and Dyall.cv3z basis set
with respect to grid quality appliying different threshold
for the the maximum error in the numerical integrations
of the radial part (eLind) using the scheme proposed by
Lindh et al. [55]. The angular part is handled by a set of
highly accurate Lebedev grids (gleb). We carried out the
first calculation with eLind= 1073 and gleb = 10 (debug,
very poor grid); for the second eLind=10""! and gLeb =
35 (coarse grid); and for the third eLind = 2.0 10~!° and
gleb = 64 (ultrafine grid). We found a difference that is
close to 27 Hz in J-coupling values among debug and
coarse quality, but among coarse and ultrafine the differ-
ence is vanishingly small. The threshold chosen for all cal-
culations was eLind=10"13 and gleb = 41 and this grid
quality is good enough to obtain reliable results for J-cou-
pling constants for all systems studied in this work.

On the other hand, basis set convergence was also tested
to be sure about reliability of results. Fig. 1 shows how the
values of J(Pb-I) calculated with BLYP functional depends
on the basis set of Dyall basis sets (cv2z, cv3z and cv4z).
The difference among the J values obtained with cv2z and
cv3z basis sets is quite large (473 Hz, meaning close to
23 %), but going from cv3z to cv4z basis sets such a differ-
ence is only of 35 Hz (meaning close to 2 %) of the J(Pb-I)
value. This shows a good convergence. A similar behav-
iour was found for calculations using B3LYP functional,
although its best result is different.

Even when the difference among the values obtained
using cv3z and cv4z basis sets is not negligible, we have to
keep in mind that it corresponds to the heaviest system. So
we assume that for the rest of the lighter systems the use of

T T T T T

9@ Pbl4-BLYP| |

T

2100

2000

T
|

1900

T
|

1800

T
|

J(Pb-1) (Hz)

1700

T
|

T
|

1600

1500 | L | L |
cv2z cv3z cvédz

Dyall basis set

Fig. 1 Basis set convergency for J(Pb-I; Pbly) with the functional
BLYP

the cv3z basis set is good enough to obtain reliable results.
Then we used it for all calculations.

We also tested the convergence of basis sets after using
both prescription, the RKB and the UKB. It is known that
the application of RKB does not give good results when the
summation over negative energy states is considered. This
fact should not be very important for J-coupling calcula-
tions due to the fact that the contribution of the diamagnetic
term is usually small (compared with the values of the para-
magnetic term); what happens for J-couplings between two
heavy nuclei is something that shall be checked. The differ-
ence among results of J(Pb-I) calculated with the B3LYP
functional using both prescription is only 0.5 Hz, but the
time demanding for calculations using the UKB prescrip-
tion is 20 % larger than that using RKB. This is why we
used the RKB prescription in all calculations of this work.

4 Results and discussion
4.1 RelPPA-RPA vs DFT calculations

In Tables 2 and 4 we show the value of one-bond J-cou-
plings 1J(Sn/Pb-Y) in Sn/PbY; model compounds (¥ = H,
F, Cl, Br, I) at the PPA-RPA level of approach, in addition
to four different DFT functionals. The DFT functionals are
sorted acording to Jacob’s ladder [56], meaning acording to
an increasing order in exchange-correlation functionals. In
those Tables the reduced coupling constants, K(Sn/Pb-Y)
are also shown.

In Table 2 we show results of relativistic and NR cal-
culations of J(Sn—Y) and K(Sn-Y) for the family of SnYy4
(Y = H, F, Cl], Br, I) molecular systems at PPA-RPA and
DFT level of approachs. We also show some experimen-
tal and theoretical values taken from the literature of
J(Sn-Y). The values at RPA level are very different from
those obtained with the four DFT schemes, though the
DFT values are close each other. All of them are not so
close to the experimental values, especially in the case of
SnBr4 molecule.

The absolute values of J(Sn-Y) at RelPPA-RPA level
are larger than the NR ones, for all systems under study
here, with variations close to 40 %. The exception hap-
pens for fluorine atom where the variation is close to
30 %. This means that relativistic effects on J-couplings are
slightly dependent on the substituent heavy-atom, though
its total value depends on the central heavy atom. On the
other hand, the absolute value of 4c-DFT depends on what
functional is used and also they have different behaviours
depending on the halogen substituent. Relativistic values
are larger than the NR ones for H, F and CI atom, but they
are smaller for Br and I atoms. In particular for Snly mole-
cule results of calculations with BLYP and BP86 are much

@ Springer
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Table 2 One-bond J- and K-couplings, 'J(Sn-Y) [Hz] and 'K(Sn-Y)
[10'° T2 J="] within relativistic and NR frameworks using PPA and
DFT formalisms

Coupling Rel Jexp/theo NR

J K J K
Sn-H
RPA —2410.86 535.23 —1930* —1694.15 376.11
PBEO  —1699.18 377.23 —1300.13 288.64
B3LYP —1816.73 403.33 —1363.41 302.69
BLYP —1732.24 384.57 —1342.55 298.05
PB86 —1542.65 342.48 —1549.5" —1203.64 267.22
Sn-F
RPA 107599  —253.78 842.13 —198.62
PBEO  4476.28 —1055.76 313543  —739.51
B3LYP 4837.36  —1140.92 329775  =7717.79
BLYP 5380.35 —1268.99 3805.05 —897.44
PB86 548440  —1293.53 3889.57  —917.38
Sn—Cl
RPA 444.60 —1006.24 470¢ 310.19 —702.04
PBEO  607.71 —1375.39 473.31 —1071.35
B3LYP 616.70 —1395.75 486.48 —1101.02
BLYP 606.11 —1371.78 505.12 —1143.20
BP86  611.25 —1383.41 535.5° 504.54 —1141.90
Sn-Br
RPA 2909.40  —2383.45 920¢ 203140 —1664.17
PBEO  2590.41 —2122.13 2492.67  —2042.06
B3LYP 237349 —1944.42 2496.68  —2045.34
BLYP 1961.70  —1607.07 244425  —2002.39
BP86 2063.07 —1690.12 1633.3>  2462.17  —2017.07
Sn-1
RPA 3228.16  —3557.37 940° 2315.33  —2551.45
PBEO  1637.14  —1804.09 2519.40  —2776.34
B3LYP 1193.52 —1315.23 2472.84  —2725.01
BLYP 473.94 —522.27 234395  —2582.98
BP86  625.97 —689.80  505.8° 2388.11 —2631.65

* Experimental value taken from Ref. [57]; b Calculated value taken
from Ref. [9]; ¢ Experimental value taken from Ref. [58]; d Experi-
mental value taken from Ref. [59]

smaller than the corresponding NR values. This means that
the description of relativistic effects strongly depend on the
functionals.

It is nicely seen that electron correlation makes all
K-couplings more negative, though when relativistic
4c-DFT functionals are considered the electron correlation
of systems that contain the heavier halogen substituents
makes such couplings more positive.

It is also worth to mention that results of J-couplings
with PBEO and B3LYP are closer each other as com-
pared with the others. Then it seems that the amount of
exchange-correlation is very important to account for
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relativistic and electron correlation effects. In Fig. 2 we
show relativistic and NR values of the reduced coupling
constant K(Sn-H), for the SnH4 molecule, as a function
of the different methods used for the calculations. The
Hartree-Fock exchange percentage decreases from left to
right, being PBEO the largest, with 25 %. The difference
among relativistic and NR values remains almost constants
for different calculational schemes, which means that the
electron correlation is not greatly affected by the relativ-
ity in this system. On the other hand in Fig. 3 we show
the values of the reduced coupling constant, K(Sn—I), for
the Snl4 molecule calculated with different schemes. In
opposition to what happens in the SnHy molecule, the
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Fig. 4 Experimental vs DFT theoretical values for J(Sn—Y) in SnYy4
(Y =H, F, Cl, Br, I) molecular systems

differences between relativistic and NR values vary highly
with the method applied, and also with the functional. This
means that when the weight of the molecule increases
(due to the substituent halogen atom) the electron cor-
relation has different behaviour. For the substituent fluo-
rine and chlorine relativistic effects are different to those
obtained for bromine and iodine. This suggests that there
are some dependence among relativistic and electron cor-
relation effects, and this must be taken into account when
the weight of the molecule grows up.

Within the NR domain the electron correlation effects
are different from those obtained within the relativistic
regime. In other words, the introduction of relativity modi-
fies the amount of electron correlation that is included in
the J-coupling constants. This is clearly shown in Figs. 2
and 3, where the results of calculations using different
functionals have similar behaviour for lighter systems,
but they are quite different when the molecules become
heavier.

How good are the performance of different functionals?
To answer this inquire we should compare their results with
experimental values. There are not many experimental data
for the family of molecular systems studied in this work,
though some of them are available. In Fig.4 we compare
experimental with theoretical values of J(Sn—Y) in the fam-
ily of SnY4 (Y = H, CI, Br, I) molecular systems. PbHy and
PbCly (unsigned) values are also included. Which are the
functionals that best reproduce such experimental values?
We show there that they are BLYP and B3LYP, though
this is not the case for all systems, especially for the SnBry
molecule.

In Table 3 we show the mean deviations of J(Sn—Y) cou-
plings with respect to the experimental data for different
schemes of calculations and within the relativistic level.
RelPPA-RPA calculations have the largest mean deviation,

Table 3 Mean deviation for relativistic J(Sn—Y) (in Hz) calculations

J(Sn-Y) RPA PBEO B3LYP BLYP BP86

Amean 1196 684 492 460 496

reaching more than twice the corresponding 4c-DFT val-
ues. Of the four different functionals, the lowest mean devi-
ation correspond to the BLYP functional, with very close
value to the corresponding B3LYP and BP86 ones as one
may expect using results of Fig 4. The PBEO functional
contains the largest HF exchange percentage, and this is the
one that posses the largest mean deviation. If we include
the two experimental (unsigned) values corresponding
to lead-atom containing molecules the mean deviation of
BLYP functional decreases to 366 Hz.

Results of relativistic and NR calculations of J(Pb-Y)
and K(Pb-Y) (Y = H, F, Cl, Br, I) in PbYs molecular sys-
tems with some experimental and theoretical values are
shown in Table 4. As in the case of the tin-atom contain-
ing molecules, it is observed that the absolute values of
RelPPA-RPA are larger than those corresponding to the NR
regime. It is also observed that there are very large varia-
tions between relativistic and NR values of J(Pb-Y). Such
variations reach more than twice and up to four times the
corresponding NR values.

The behavior of the results of calculations with the dif-
ferent functionals is very different from those obtained
with RelPPA-RPA method. For PbH,4, PbF4 and PbCly mol-
ecules, the relativistic absolute values are larger than the
corresponding NR ones. However for PbBrs molecule the
PBEO and B3LYP functionals (with larger percentage of
HF exchange) give relativistic absolute values that are larger
than the NR ones (more negative) but the results with BLYP
and BP86 functionals give lower absolute values for the
same molecule (more positive). Finally, in the case of the
Pbly molecule, all relativistic DFT values are more positive
than the NR ones, even with a change of the sign when dif-
ferent functionals are applied. These results are related, as
in the case of tin-atom containing molecules, to the fact that
electron correlation effects are linked to relativistic effects
and this becomes important when the weight of the mole-
cule grows up.

Our results are in very good agreement with those
reported previously by other authors that also worked
within a relativistic level and with the same functionals
used in this work [10, 23].

If one wants to improve the final results of the J-cou-
pling calculations there are some different effects that shall
be considered, like the solvent effect and the finite nuclear
size. Unfortunately DIRAC code uses only point magnetic
moment distribution model and we must estimate the mag-
nitud of the different effects based on previous works.

@ Springer
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Table 4 One-bond J- and K-couplings, 'J(Pb-Y) [Hz] and 'K(Pb-Y)
[10'° T2 J='] within Relativistic and NR frameworks using PPA and
DFT formalisms

Coupling Rel Jewriheo  NR

J K J K
Pb-H
RPA 4128.61 1647.70  2793.8* 1535.68  612.87
PBEO  2536.48 101229 2900.8° 1160.78  463.26
B3LYP 2699.31 1077.28 1232.60  491.92
BLYP 249191 994.50 1188.66  474.38
BP86 2187.16  872.88 2345.3° 1065.80  425.35
Pb-F
RPA —3198.07 —1355.94 —763.99  —323.92
PBEO  —8009.12 —3395.76 —2892.05 —1226.19
B3LYP —8345.87 —3538.53 —3020.52 —1280.66
BLYP  —8259.83 —3502.05 —3443.46 —1459.98
BP86 —8432.37 —3575.20 —3527.55 —1495.63
Pb—Cl
RPA —772.88  —3144.50 705.0¢ —23337 —949.47
PBE0  —861.30 —3504.22 —762.8° —40020 —1759.17
B3LYP —841.31 —3422.86 —412.71  —1679.13
BLYP  -757.15 —3080.47 —430.70  —1752.33
BP86 —769.71  —3131.54 —432.38 —1628.23
Pb-Br
RPA —4122.30 —6543.96 —1580.17 —2508.44
PBE0  —2702.31 —4289.79 —2123.62 —3371.14
B3LYP —2234.14 —3546.59 —2138.64 —3394.99
BLYP  —1390.95 —-2208.07 —2139.25 —3395.96
BP86 —1543.57 —2450.34 —2140.64 —3398.17
Pb-1
RPA —4165.66 —8252.07 —1901.25 —3766.33
PBEO —458.31  —907.90 —2309.71 —4575.48
B3LYP 341.42 676.34 —2296.12 —4548.56
BLYP 159196  3153.62 —2240.31 —4437.99
BP86 137539  2724.62 —2262.43 —4481.82

* The experimental value used in Ref. [10] has been extrapolated
from Pb(CH;);H and Pb(CH;),H,; ° Calculated valuetaken from Ref.
[10]; ¢ Calculated value taken from Ref. [23]; ¢ Experimental value
taken from Ref. [60]

For couplings involving one of the heaviest (sixth
row) NMR nuclei and a light nucleus, early studies of
Autschbach show that a reduction in the isotropic cou-
pling due the finite nuclear size is of the order of 10 %
or less. For TII molecule, with basis set TZ2P3 at the
ZORA spin-orbit PBEO level of theory calculated with
point nuclei and with the Gaussian nuclear model, the
isotropic coupling constant is reduced in 4.5 % [61]. For
TIBr molecule such a reduction is of 5.6 %, and these
percentages would be similar for the J(Pb—Y) molecular
systems.

@ Springer

350 T T
® — SnH,
B — SnF.
- ., A— SnCAIA
s 300F ® - PbH,
- M- PbF
g B A POCI,
%— 250 | ]
9 .
X
g 200 " 1
3 o . W m.
£ 150 |
o " IRR T a
'-o% . . ............. .
%] - LR PR YOO
S 100} A A o e |
5 BNRIE
E A
50 - : ; ]
0 1 1 1 1 1 1 1 1 1
RPA PBEO B3LYP BLYP BP86
method

Fig. 5 Relativistic effects (%) on the reduced coupling constant, K,
in Sn/PbY4 (Y = H, F, Cl) model compounds with different scheme of
calculations

180 T T T T T T T T T
..

< 160f ° - m
m -
£ 140 ® — SnBry
g_ 3 B — Snly
g 120f m - a ° .. PbBr, |1
v B Pblg
c 100 - B
o
k3]
ch:> 80 - R
()
£ 60} .
R
=
® 40} 1
T N ™= e
o

20 + R

RPA PBEO B3LYP BLYP

method

BP86

Fig. 6 Relativistic effects (%) on the reduced coupling constant, K,
in Sn/PbY4 (Y = Br, I) model compounds with different scheme of
calculations

On the other hand the solven effect on heavy atom NMR
spin-spin coupling constants can be very substantial and it
was reported previously. Autschbach and Ziegler showed
that DFT calculations of a number of solvated Hg and Pt
complexes increase the isotropic couplings and yield rea-
sonable agreement with experimental data obtained from
solution [30]. Recently Demissie and co-workers studied
the importance of including both relativistic and solvent
effects in the analysis of organometallic complexes in order
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to obtain reasonable agreement between experimental data
and calculated values for spin-spin coupling constants.
They found that solvent effects improve the coupling con-
stants calculations and yield a better agreement with the
experimental values specially for B3LYP functional [32].

The nuclear size and solven effect usually produce oppo-
site modifications of the J-coupling values, and the qualita-
tive analysis of this work would not be modified without
including them.

4.2 Relativistic and electron correlation effects

Relativistic effects of a response property, like the reduced
coupling constant K(X — Y), are usually estimated as a dif-
ference between the values within both regimes, relativistic
and NR, and then compared with the nonrelativistic value.
The percentual value gives the importance of this effect.

KX — V)R _ g(x — y)NR

AKX —Y) = KX TE

x 100% (3)

Figures 5 and 6 show the values of relativistic effects
of the reduced coupling constant, K(X — Y), for Sn and
Pb central atoms and all substituents halogen atoms for
the different schemes of calculation. Figure 5 shows val-
ues of relativistic effects for light substituent atoms (H,
F, Cl). It is observed that the behaviour is similiar for all
different functionals used, meaning that relativistic effects
are not quite important for lighter molecules of the fam-
ily of compounds studied here, and also the fact that they
do not have an strong influence on correlation effects. On
the other hand, for lead-atom containing molecules relativ-
istic effects are quite large. In this case the RelPPA-RPA
values reach a percentage of variation that is larger than
300 %. Figure 6 shows the relativistic effects for the heavier
substituent halogen atoms (Br, I). The behaviour becomes
completely different according to the scheme of calcula-
tion. For SnBry and PbBrs molecules some functional gives
relativistic values larger than the NR ones, in absolute value
(like PBEO), but in other cases it follows the opposite ten-
dency (like BLYP). The percentage of relativistic effects,
also in absolute value, are very different depending on the
functional used. For iodine substituent atom the behaviour
is more pronounced and results of calculations with the
whole set of functionals give very different values. For Pbly
molecule all NR values are negative, but according to the
functional applied in the calculations the relativistic results
can be positive or negative, showing a strong dependence
on the method. This may be due to the fact that when rela-
tivistic effects become important they would largely affect
the electron correlation, and so a strong dependence among
both effects do appears.

For the first three set of molecular systems, XY4 (X =
Sn, Pb; Y = H, F, Cl) we found that relativistic effects

Table 5 Bond lenght (A) and J-coupling constants (Hz) in H3X—XH3
molecules (X = Sn, Pb) with BLYP functional

H3X-XH;  dX-X) Jx-x) U&X-H) 2JH-H) 3JH-H)?
H3Sn-SnH3 2.855 205248 —1442.45 20.89 16.71
SnHy4 —1732.24 19.81

H3Pb-PbH; 3.015 3533.64  1827.14 33.69 11.63
PbH,4 249191 38.74

# Vicinal H-H coupling in cis position, in the cis/trans isomerism

grow up when the electron correlation is included, with
the exception of RelPPA-RPA values in the SnF4 molecule.
For heavier systems, like SnBr4 and PbBry, the behaviour
does not follow the same tendency, and for Pbls the behav-
iour is completely different of the other systems. This can
be attributed to the fact that, for heavier systems the func-
tionals used do not include relativistic effects in a proper
maner, and also the likely case in which an strong depend-
ence among relativistic and electron correlation effects do
appears.

4.3 J-coupling constant in H3X-XH3 molecules

Table 5 shows results of J-coupling constant for H3X—XHj3
model compunds (X = Sn, Pb) with the BLYP functional.
In Sect. 4.1 we have shown that for such functional the low-
est mean deviation is obtained for tin/lead-atom containig
molecules. The second column shows the bond lengths
d(X-X) taken from Ref. [51] and in the next columns
11(X=X), 'J(X=H), 2J(H-H) and 3J(H-H) (in cis position, in
the cis/trans isomerism) coupling constants are shown.

The bond lengths d(Sn—Sn) and d(Pb-Pb) are close each
other being the difference of only 0.16 A, although the dif-
ferent weight of the bonded atoms.

The 'J(Sn—Sn) coupling value is quite different to the '
J(Pb-Pb). The latter is almost two times larger than the cor-
responding 'J(Sn—Sn) value, which shows that the J-cou-
pling constant is strongly affected by the relativistic effects
when heavy atoms are involved.

On the other hand, the 'J(X-H) couplings are very differ-
ent when the hydrogen atom is bonded to tin or lead atoms.
The 'J(Pb-H) value is around 400 Hz larger (in absolute
value) than the corresponding 'J(Sn—H) value. This can
be compared with the results obtained for SnHy and PbHy
molecules. Table 5 shows that 'J(Sn—H) is 290 Hz (17 %)
smaller, in absolute value, when such coupling is compared
among SnHy and H3Sn—SnHj. In the same manner the !
J(Pb-H) value is also reduced in 664 Hz (27 %) when we
compare PbH4 and H3Pb—PbHj3. This means that there exist
an important effect of the second heavy atom belonging to
the same molecule that affect the coupling 'J(X-H) and this
is enhanced when the X atom becomes heavier.

@ Springer
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A similar analysis can be performed for geminal cou-
plings, 2J(H-H). For the H3Pb—PbH3 molecule the 2J(H-H)
value is 60 % larger than the same coupling in H3Sn—SnH3
system, showing an important effect of the intermediate
heavy-atom on the coupling of light atoms. This can be
compared with a similar effect that was found for nuclear
magnetic shieldings, named as HAVHA effect [62-64].
This is a very important relativistic effect. In the same table
is also observed that this effect is much more important in
XH, molecules. The geminal 2J(H-H) coupling for PbHy is
100 % larger than the corresponding coupling in the SnHy
molecule.

An important difference is also observed for the vicinal
3J(H-H) coupling of the two system under study. In this
case when the tin atom is replaced by the lead atom, the
total value decreases around 30 %. This shows the appear-
ance of an important effect of the central atom on the vici-
nal H-H coupling, meaning the existence of a heavy atom
effect when such atom is in the path of the H-H coupling.

5 Concluding remarks

In this work we have studied the indirect J- and K-coupling
constant in heavy-atom containing molecules of the families
XY, and H3XXHj3; (X = Sn, Pb; Y = H, F, Cl, Br, I). To do
this we applied two different formalisms, the polarization
propagator approach at random phase level of approxima-
tion (PPA-RPA) and the density functional theory (DFT)
formalism with four different functionals. We worked within
the relativistic and the NR frameworks. In all cases we ana-
lyzed the relationship among relativistic and electron corre-
lation effects in the above mentioned molecular systems.

We tested some possible source of error in calculations
to obtain reliable results, e. g. grid quality, basis set conver-
gence and the prescription used to obtain the small com-
ponent basis set from the large component basis set of the
four-component wave function. We did not include some
other minor effects that could improve the final results, like
nuclear size of the dipole moments and solvent effect, but
they must not modify our main conclusions.

It is better to analyze K-couplings due to its independ-
ence with the magnetogyric constants. We found that the
absolute values of one-bond K-couplings 'K(Sn-Y), in the
family of XY, (X = Sn and Pb; Y = H, E, Cl, Br, I) model
compounds, obtained by using PPA-RPA within the relativ-
istic framework are always larger than the NR ones. It is
nicely seen that within the NR framework: (1) all values of
K, calculated with different functionals are close each other
for each pair of central and halogen atoms and (2) they are
positive for ¥ = H but become negative and more negative
as the halogen increase its weight. There is a similar pattern
within the relativistic domain though it changes when Y =

@ Springer

Br and I. In these last cases K is negative though become
more positive in the sequence PBEO, B3LYP, BP86 and
BLYP, meaning more positive as the HF exchange-corre-
lation diminish in the functional. In the special case of Pbly
system it happens that the one-bond K(Pb-I) is negative for
the PBEO functional but it changes it sign for all others.

Then we can conclude that relativistic effects do modify
the size and sign of the electron correlation that shall be
included in calculation of K-couplings when the halogen
belongs to the fourth or the fifth row of the Periodic Table.
In such cases it appears that electron correlation contribu-
tion (the difference DFT-RPA) is positive, being it negative
for all other cases. We mean, the electron correlation effects
are negative within the NR framework for all functionals
and also within the relativistic framework though till chlo-
rine, and more important (in absolute value) in this regime.
On the other hand, relativistic effects are negative for all one-
bond Sn/Pb-Y (Y = F, Cl, Br, I) K-couplings at RPA level
of approach. When electron correlation is included applying
DFT such a behavior is modified when the halogen is 1. In
the case of Br such a behavior depends with the functional.

Another finding is related with the way the amount of
exchange-correlation included in the functional do affects
the final values of the J-couplings. All coupling values cal-
culated with PBEO and B3LYP functionals are close each
other but the PBEQO values are not so close to the experi-
mental ones. On the other hand, the lower mean deviation
of theoretical values as compared with the experimental
values is found for the BLYP functional, with very close
values corresponding to B3LYP and BP86 functionals.

All these findings suggest that relativity highly affect the
electron correlation for K-coupling constants in the heavi-
est systems like Snly, PbBr4 and Pbly; and also that for such
systems the functionals applied in this study do not include
relativistic effects in a proper maner.

Lastly, we found the existence of an important effect
due to the heavy atom in H3XXHs (X = Sn, Pb) molecu-
lar systems on the geminal 2J(H-H) and vicinal *J(H-H)
coupling constant that can reach 100 % when the tin atom
is replaced by the lead atom. This effect may be similar to
that of HAVHA effect lately well described for the nuclear
magnetic shieldings.
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