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The NMR chemical shifts and indirect spin-spin coupling constants of 12 molecules containing
298i, 3Ge, 19Sn and 2°"Pb (X(CCMe)y, MeaX(CCMe), and Me3XCCH) are presented. The
results are obtained from non-relativistic as well as two- and four—component relativistic
density functional theory calculations. The scalar and spin—orbit relativistic contributions as
well as the total relativistic corrections are determined. The main relativistic effect in these
molecules is not due to spin—orbit coupling, but rather to the scalar relativistic contraction
of the s-shells. The correlation between the calculated and experimental indirect spin—spin
coupling constants showed that the four—component relativistic density functional theory
(DFT) approach using the hybrid exchange-correlation functional PBEQ gives results in good
agreement with experimental values. The indirect spin-spin coupling constants calculated
using the spin-orbit zeroth order regular approximation (SO-ZORA) together with the hybrid
PBEO functional and JCPL basis sets are in good agreement with the results obtained from
the four-component relativistic calculations. For the coupling constants involving the heavy
atoms, the relativistic corrections are of the same order of magnitude compared to the non—
relativistically calculated results. Based on the comparisons of the calculated results with
available experimental values, the best results for all the chemical shifts and non-existing
indirect spin—spin coupling constants for all the molecules are reported, hoping that these
accurate results will be used to benchmark future DFT calculations. The present study
also demonstrates that the four-component relativistic DFT method has reached a level of
maturity that makes it a convenient and accurate tool to calculate indirect spin—spin coupling

constants of ’large’ molecular systems involving heavy atoms.

I. INTRODUCTION

Nuclear Magnetic Resonance (NMR) is a powerful
spectroscopic technique that provides detailed informa-
tion that are important for chemical structure studies.
The NMR chemical shifts and spin-spin coupling con-
stants can be determined using either experimental tech-
niques or highly accurate computational approaches.
In the latter case, the NMR shielding tensor of nucleus A
(oa) is expressed as the second derivative of energy with
respect to the nuclear magnetic dipole moment (i) and

the applied external magnetic field, B
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which is then used to predict the chemical shifts (54) as
the differences between the absolute shielding constant of
a reference compound and the calculated absolute shield-
ing constants of each nucleus of interest in a molecule.
The reduced nuclear spin-spin coupling constant K in-
volving two nuclei A and B is obtained from:”»”
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where jip and [p are the nuclear magnetic dipole mo-
ments of nuclei A and B, respectively. The reduced nu-
clear spin-spin coupling constant K is converted to the
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indirect spin-spin coupling constant J using the gyromag-
netic ratios of the nuclei A and B.”

There have been significant advances in the develop-
ment of method for calculating absolute shielding and
indirect spin-spin coupling constants.””"° At the four—
component level of theory, the first Dirac-Hartree-Fock
(DHF) calculations of indirect spin-spin coupling con-
stants were reported by Visscher and coworkers,” whereas
the first four-component relativistic DFT implementa-
tion of indirect spin-spin couplings was reported by
Repisky and coworkers.” These methods provide accurate
NMR parameters for molecules involving heavy atoms
(see for instance Refs.” "), making them promising and
appropriate methods for the study and spectral interpre-
tation of such molecules. However, much work in the
area of application of these methods remains to be done,
especially for medium- and large-size molecules involving
heavy atoms.

The spin-orbit zeroth order regular approximation
(SO-ZORA) has been shown to be an efficient approach
for the calculation of NMR parameters of molecules in-
volving heavy atoms.''° However, the use of full four—
component relativistic DFT approaches becomes very
important to get accurate results.” '~ 7'’ In this as-
pect, the ReSpect program package © is among the effi-
cient four-component relativistic approaches for the cal-
culation of chemical shielding constants' " and indirect
spin-spin coupling constants.

Comparison of two- and four—component relativis-
tic methods for the calculation of spin-spin coupling
and shielding constants showed that spin-orbit contri-
butions are dominant for the absolute shielding con-
stants,” '~ »°' whereas scalar effects are found to be



dominant for the spin-spin coupling constants due to the
relativistic increase of density and spin-density at the po-
sition of the nucleus. A study of the indirect nuclear
spin—spin coupling constants of MH4 (M = C, Si, Ge, Sn,
Pb) and Pb(CH3)sH using relativistic four—component
DFT calculations indicated that the main relativistic ef-
fect in these molecules is not due to the spin—orbit cou-
pling but rather to the scalar relativistic contraction of
the s-shells.”” The calculated results for the same MHy4
molecules (except PbHy) using perturbative first-order
spin-orbit corrections also showed that the spin-orbit cor-
rections are small.”” Overall, the inclusion of relativistic
effects in the calculation of NMR parameters is very im-
portant even for qualitatively correct results. This is es-
pecially important for spin-spin coupling constant since
it depends on the behavior of the wave function in the
close vicinity of the nuclei.”~

In the present work, the periodic trends and prop-
erties of the chemical shifts and indirect spin-spin cou-
pling constants of 12 tetrahedral molecules of silicon, ger-
manium, tin and lead alkynyl compounds (X(CCMe),
MeyX(CCMe), and Me3XCCH, where X = 29Si, ™Ge,
119Gn, 207Ph, and Me = CHj3) were examined using non-
relativistic and two- and four-component relativistic ap-
proaches. The main objectives of the study are: (1)
to study the periodic trends of the two NMR parame-
ters using different computational approaches, (2) to an-
alyze the relativistic effects and, (3) to present new, accu-
rate, and benchmark quality results for the non-existent
NMR parameters. Moreover, so far, four-component rel-
ativistic spin-spin coupling constant calculations have
been successfully performed for small and medium size
molecules (see for instance Refs”*"). In the present work,
two molecules with 110 atoms (shown in Fig. 1), in ad-
dition to the above twelve molecules, were considered for
the calculation of indirect spin-spin coupling constants
through one and two bonds, and to compare the calcu-
lated results with the corresponding experimental values.

FIG. 1. The geometry of platinum(II)-dicyclohexylphosphine
[PE(PCYQH)301]+ (Pt036P3H6901); palladium in place of
platinum for [Pd(PCy2H)3CI]".

1. COMPUTATIONAL DETAILS

The molecular geometries were optimized using the
spin—orbit zeroth—-order regular approximation (SO-
ZORA)'"" as implemented in the Amsterdam Density
Functional (ADF, version 2016.103) program package
together with the hybrid PBEO exchange—correlation
functional,”™ Grimme’s dispersion correction,”’ and the
all-electron triple-¢ double polarized (TZ2P) Slater—type
basis sets optimized for ZORA computations.”” All op-
timized structures were confirmed to be real minima by
performing frequency calculations at the same level of
theory.

The NMR chemical shifts and spin-spin coupling con-
stants were calculated using the four—-component Dirac—
Kohn-Sham (DKS) relativistic Hamiltonian as imple-
mented in a development version of the ReSpect'® pro-
gram package. The PBE’' and PBEO"" exchange-
correlation functionals together with Dyall’s relativistic
all-electron core-valence triple-( (dyall-cvtz) basis sets
were used in these four-component relativistic DFT cal-
culations. To study the basis sets dependence, the Dyall’s
relativistic all-electron core-valence quadruple-¢ (dyall-
cvqz) basis sets’” were also used. The non-relativistic
results were obtained by scaling the speed of light by a
factor of 100. To get the scalar relativistic results, in the
perturbation-free calculations, all the SO integrals were
omitted, while all the four-component operators in the
response calculations are kept (see Refs.'"7"7" for more
details). The finite-size Gaussian-type model was used
for the nuclear charge distribution, whereas the point-
type model was employed for the magnetic moment.

The restricted magnetic balance scheme was used for
the calculations of the NMR parameters in the Re-
Spect program package.' >~ The spin-orbit contributions
(ASO) were calculated as the difference between the full
four-component relativistic DFT calculations and the cal-
culations with SO effects removed as described above;
whereas the scalar relativistic contributions (ASC) were
calculated as differences between the calculations with
SO effects removed and the non-relativistic calculations.
The relativistic corrections (Arel) were estimated as the
difference between the full four-component relativistic
(DKS) and the non-relativistic (NR) values, all obtained
using the PBEO exchange-correlation functional and the
dyall-cvtz basis sets.

The two-component relativistic absolute shielding and
indirect spin-spin coupling constants were calculated
based on the SO-ZORA-DFT approach using the NMR
and CPL spin-spin coupling modules,””™" respectively,
of the ADF program.”’ The hybrid PBEO functional
together with the TZ2P basis set was used for the
SO-ZORA calculations. Additional calculations for the
molecules containing lead and platinum were performed
using the JCPL basis set.”” This basis set combined with
the SO-ZORA Hamiltonian and hybrid functionals has
been shown to provide results in good agreement with
experimental values.””" ™"’ These JCPL basis sets are
available for only 20 atoms, and hence, such calcula-
tions were limited to the lead and platinum complexes.
However, additional calculations were performed by us-



ing the JCPL basis sets for the other atoms (H, C, P, Cl)
while keeping the TZ2P basis sets for Si, Ge, Sn and Pd.
The gauge-including atomic orbitals (GIAO) were
employed to ensure origin independence for all the ab-
solute shielding constant calculations performed in both
the ADF and ReSpect program packages. The solvent
effects were predicted using the conductor-like screening
model (COSMO)*" together with benzene as a solvent
for the molecules of Si, Ge, Sn and Pb, whereas ace-
tonitrile solvent was used for the Pd and Pt complexes,
in both cases similar to the solvents used in the exper-
imental measurements. The following nuclear g-factors
were used wherever required: 5.58569 for 'H, 1.40482
for 13C, -1.11058 for 29Si, -0.19544 for "3Ge, -2.09456 for
11981, and 1.18517 for 2°7Pb; all taken from the IUPAC
Green Book.”” The reference compounds used for the cal-
culations of the chemical shifts are: SiMey for '3C and
29Gi, GeMey for "Ge, SnMey for 'Sn and PbMey for
207Ph. The geometries of the 12 molecules considered in
the present study are shown in Figure 2.
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FIG. 2. The geometry of the X(CCMe)4 (a), MeaX(CCMe)2
(b) and MesXCCH (c) (X = Si, Ge, Sn and Pb) molecules.

11l. RESULTS AND DISCUSSION
A. Chemical Shifts

The chemical shifts of the carbon atoms bonded to the
X-atoms (X = 29Si, 3Ge, 11°Sn, 2°"Pb) are presented
in Table I. Unsurprisingly, the relativistic effects on the
chemical shifts of the carbon atoms increase as the X-
atoms become heavier (heavy atom effects on the light
atoms, HALA"*""). This is more pronounced for the sp3
hybridized carbon atoms than the sp hybridized ones.
For example, the net relativistic correction for the sp hy-
bridized carbon atom attached to lead in MeaPb(CCMe)s
is 9.71 ppm, whereas it is 25.60 ppm for the methyl car-
bon atom.

Comparing the scalar and spin-orbit contributions of
the carbon atoms shows that in few cases the former is
dominant and able to reproduce major parts of the rel-
ativistic effects, see Table I. For instance, ASC of the
carbon atom bonded to tin in Sn(CCMe), is -14.84 ppm,
whereas ASO is 3.53 ppm. In most cases, the two con-
tributions cancel each other. For instance, the scalar
relativistic contribution to the chemical shift of the car-

bon atom bonded to lead in Pb(CCMe), is -16.11 ppm,
whereas that of the spin-orbit contribution is 13.45 ppm,
leaving a net relativistic correction of -2.66 ppm. The
ASO contribution to the chemical shifts of the methyl
carbon atoms attached to lead in MeyPb(CCMe), is
8.1% and the remaining 91.9% is the scalar contribu-
tion, whereas they are 0.40% and 99.6%, respectively, in
MesPbCCH. The comparison of the results obtained us-
ing dyall-cvtz and dyall-cvqz basis sets shows that the
dyall-cvtz basis set gives converged results. Considering
the size of the basis sets, the results obtained from the
DKS/PBEO/dyall-cvgz calculations should be the most
accurate chemical shifts for all molecules. Benchmarking
the calculated chemical shifts obtained using the differ-
ent methods listed in Table I with the DKS/PBEOQ/dyall-
cvqz results show that, in most cases, the PBE functional
underestimates the 13C chemical shifts. This is true also
for the SO-ZORA /PBEOQ calculated results.

The chemical shifts of the X-atoms (X = 29Si, 3Ge,
119Gn, 207Ph) are listed in Table II. The non-relativistic
and relativistic results obtained using the PBEO func-
tional are close to each other for the light atoms, whereas
the differences increase as the atoms become heavier. For
instance, the 2?Si chemical shift in Si(CCMe)4 calculated
using NR/PBEO/dyall-cvtz is -102.67 ppm and -102.75
ppm using DKS/PBE(Q/dyall-cvtz, a change by only
0.08%. These chemical shifts for 2°"Pb in Pb(CCMe),
respectively are -621.62 ppm and -780.35 ppm, a change
by 20.30%. Comparing the PBE and PBEQ calculated
chemical shifts of the X atoms shows that the magnitude
of the chemical shifts obtained using the former func-
tional are overestimated. For example, the chemical shift
of tin in Sn(CCMe)4 obtained using PBE is -474.83 ppm,
whereas -397.00 ppm using the PBEQ functional, see Ta-
ble II.
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FIG. 3. Comparison of scalar (ASC) and spin—orbit (ASO)
relativistic contributions with the total relativistic corrections
(Arel) of 1*°Sn and 2°"Pb chemical shifts.

The spin-orbit contributions to the chemical shifts of
the X-atoms in X(CCMe)4 molecules are small compared
to the scalar contributions. However, in the other two
groups of molecules, they largely cancel each other. For
example, ASC of lead in MeaPb(CCMe)s is -98.50 ppm



TABLE 1. '3C chemical shifts (in ppm) of atoms bonded to the X atoms (X = 2°Si, "*Ge, ''°Sn, ?°"Pb) calculated using

different Hamiltonians, functionals and basis sets.®

NR ZORA® sce DKS ASC ¢ ASO © Arel 1

PBEO PBEO PBEO PBE PBEO PBEO PBEO PBEO PBEO

XC cvtz TZ2P cvtz cvtz cvtz cvqz cvtz cvtz cvtz

X(CCMe)4
SiCcC 91.88 86.77 91.53 85.21 91.97 87.80 -0.35 0.44 0.09
GeCC 87.89 86.41 89.03 84.77 89.03 85.76 1.14 0.00 1.14
SnCC 101.45 88.15 86.61 84.92 90.14 85.38 -14.84 3.53 -11.31
PbCC 104.47 99.32 88.36 98.86 101.81 95.91 -16.11 13.45 -2.66
MEQX(CCMG)Q
SiCcC 95.41 89.32 95.17 87.70 95.43 94.52 -0.24 0.26 0.02
SiCHs 2.42 2.01 2.44 2.12 2.51 1.79 0.02 0.07 0.09
GeCC 95.90 91.06 96.95 89.24 95.94 94.71 1.05 -1.01 0.04
GeCHs 0.50 3.43 2.58 4.51 2.29 2.69 2.08 -0.29 1.79
SnCC 90.14 90.62 91.52 87.34 92.51 91.55 1.38 0.99 2.37
SnCHs -10.76 -4.25 -5.35 -3.82 -5.34 -5.40 5.41 0.01 5.42
PbCC 93.46 108.94 103.76 102.23 103.17 101.14 10.30 -0.59 9.71
PbCHs -18.08 8.55 5.45 12.54 7.52 8.03 23.53 2.07 25.60
Mes XCCH

SiCcC 100.97 96.62 100.88 96.38 101.02 100.12 -0.09 0.14 0.05
SiCHgz -2.46 -1.81 -2.40 -0.40 -2.37 0.29 0.06 0.03 0.09
GeCC 102.37 98.58 103.34 97.41 101.63 99.31 0.97 -1.71 -0.74
GeCHs -2.14 0.38 -0.19 2.51 -0.73 0.59 1.95 -0.54 1.41
SnCC 100.87 99.62 102.50 97.14 100.98 100.04 1.63 -1.52 0.11
SnCHg -9.29 -3.30 -3.83 -2.84 -4.58 -4.77 5.46 -0.75 4.71
PbCC 101.84 105.64 109.06 104.91 105.53 104.20 7.22 -3.53 3.69
PbCH3 -14.65 7.50 6.69 9.77 6.61 6.38 21.34 -0.08 21.26

@ For carbon atoms in similar chemical environments, the average chemical shifts are reported; cvtz/cvqz stands for the
Dyall-cvtz/Dyall-cvqz basis sets.
b ZORA stands for the SO-ZORA results calculated using the ADF program package.

¢ SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
4 ASC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.

¢ ASO is the spin-orbit contribution obtained from the difference between the DKS/PBE(/dyall-cvtz and SC/PBEOQ/dyall-cvtz results.
I Arel is the relativistic correction obtained from the difference between the DKS/PBE(/dyall-cvtz and NR/PBEO0/dyall-cvtz results.

TABLE II. 2°Si, "Ge,

11981 and 2°"Pb chemical shifts (in ppm) calculated using different Hamiltonians, functionals and basis

sets.
NR ZORA® ScP DKS ASC © ASO ¢ Arel ©
PBEO PBEO PBEO PBE PBEO PBEO PBEO PBEO PBEO
X cvtz TZ2P cvtz cvtz cvtz cvqz cvtz cvtz cvtz
X(CCMe)4
Si -102.67 -102.47 -103.35 -116.50 -102.75 -104.87 -0.68 0.60 -0.08
Ge -177.10 -219.05 -179.18 -221.89 -178.36 -180.32 -2.08 0.82 -1.26
Sn -366.51 -460.32 -391.64 -474.83 -397.00 -404.47 -25.13 -5.36 -30.49
Pb -621.62 -1107.99 -778.56 -1023.65 -780.35 -788.67 -156.94 -1.79 -158.73
MQQX(CCME)Q
Si -40.85 -44.96 -41.04 -52.81 -40.74 -43.56 -0.19 0.30 0.11
Ge -78.68 -111.32 -79.55 -112.76 -79.24 -83.40 -0.87 0.31 -0.56
Sn -167.18 -209.78 -180.17 -224.44 -179.25 -186.89 -12.99 0.92 -12.07
Pb -314.48 -556.08 -412.98 -469.85 -334.60 -343.62 -98.50 78.38 -20.12
M63XCCH
Si -11.40 -20.01 -11.45 -23.46 -11.29 -9.95 -0.05 0.16 0.11
Ge -11.56 -54.25 -10.81 -52.94 -10.88 -9.63 0.75 -0.07 0.68
Sn -104.01 -131.34 -111.84 -133.91 -111.76 -109.40 -7.83 0.08 -7.75
Pb -176.23 -298.81 -219.41 -244.80 -195.18 -184.51 -43.18 24.23 -18.95

@ ZORA stands for the SO-ZORA results calculated using the ADF program package.

b SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
¢ ASC is scalar relativistic contribution obtained from the difference between SC/PBEO0/dyall-cvtz and NR/PBE0/dyall-cvtz results.

@ ASO is the spin-orbit contribution obtained from the difference between the DKS/PBEO0/dyall-cvtz and SC/PBE0/dyall-cvtz results.
¢ Arel is the relativistic correction obtained from the difference between the DKS/PBE0/dyall-cvtz and NR/PBEOQ/dyall-cvtz results.



whereas ASO is 78.38 ppm, making a net Arel of -20.12
ppm. Figure 3 compares the two contributions with the
net relativistic corrections for the tin and lead nuclei.
One can see that the net relativistic correction and the
scalar contribution are in most cases close to each other.
This is more pronounced for the lead atoms. For exam-
ple, ASC of lead in Pb(CCMe), is 98.9% whereas ASO
is only 1.1% of Arel.

B. Indirect Spin—Spin Coupling Constants

The calculated 'Jxc (X = 29Si, Ge, 19Sn, 207Pb)
indirect spin—spin coupling constants together with avail-
able experimental values are presented in Table III. For
the coupling constants involving the heavy atoms, the
relativistic corrections are of the same order of magni-
tude compared to the non-relativistically calculated val-
ues (see for instance the ! Jppc values in Table I1T). The
calculated 'Jxc values show that the spin-orbit contri-
butions to the coupling constants of all molecules are
small compared to the scalar contributions. For instance,
the ASO contribution of the 'Js,c in Sn(CCMe), is
only 7.57% of the total -266.59 Hz relativistic correction,
whereas ASC contributes 92.43%. These contributions
are -10.52% and 110.52% of the total 858.07 Hz, respec-
tively, for ! Jppc in Pb(CCMe)4. The scalar contribution
for the 'Jppc in Pb(CCMe), is 948.35 Hz, whereas that
of the spin-orbit contribution is -90.28 Hz. For the same
coupling constant, the net relativistic correction is 858.07
Hz, which is close to the non-relativistic value of 906.60
Hz. Overall, the scalar contributions are dominant over
the spin-orbit contributions, which could be due to the
low s character of the X—C bonds, in agreement with pre-
vious theoretical studies.”~""" Table III also shows that
the net relativistic correction in most of the molecules is
negative, reducing the coupling constants. Even though
the ASO contributions are small, it is important to con-
sider both the scalar and spin—orbit contributions in or-
der to get accurate results.

The calculated "Jxg (n = 2 - 4) using different meth-
ods together with available experimental values are listed
in Table IV. The relativistic effects increase when go-
ing from Si to Pb. Similar to the previous discussions,
the scalar contributions are dominant over the spin-orbit
contributions of the "Jxy results. In most cases, the
two contributions cancel each other and the largest can-
cellations between the two contributions is observed for
the 2Js, cn, of MeaSn(CCMe)s (ASC is 21.33 Hz and
ASO is -20.82 Hz, whereas Arel is only 0.51 Hz). Previ-
ous studies of 'Jxg of XHy molecules (X = 29Si, "Ge,
19Gn, 207Ph)?° showed that the total relativistic correc-
tion to the spin—spin coupling constants is positive. In
the present study, the net relativistic corrections in most
of the molecules is negative which tend to reduce the
coupling constants.

In Table V, the calculated and available experimental
"Jxc (n =2, 3) are listed. The relativistic corrections to
the coupling constants through two bonds are larger than
those through three bonds. For the ™ Jppc coupling con-
stants, in some cases, the relativistic corrections are close

to the experimental spin—spin coupling constants. For
example, the non-relativistic 3.Jpy, cp, in Pb(CCMe)y is
17.59 Hz, and Arel is 22.42 Hz, whereas the experimental
value is 30.5 Hz.

C. Comparison with Experiment

Experimental chemical shifts for all the molecules stud-
ied in this paper are not available for comparison. How-
ever, there are experimental spin-spin coupling constants
for some of the molecules. Therefore, in this section,
the calculated indirect spin—spin coupling constants us-
ing different methods are compared with available exper-
imental values. The DKS/PBEO calculated ' Jxc indirect
spin—spin coupling constants satisfactorily reproduce the
corresponding experimental values (see Table IIT). For
instance, the DKS/PBE calculated !Jg,c in Sn(CCMe),
is -1033.64 Hz (underestimated by 11.5%) whereas it is
-1223.66 Hz using DKS/PBEQ (overestimated by 4.8%).
The latter result is in good agreement with the experi-
mental value of -1168.0 Hz. The only exception in this
aspect is the 1Jppc in MeaPb(CCMe)s which is not re-
produced by any of the methods. The SO-ZORA calcu-
lations performed in benzene as solvent (the solvent used
for the experimental measurements, see Tables Sup I - I11
of the Supplementary Material) showed a solvent effect
correction of -137.89 Hz; adding this to -3.40 Hz, obtained
from DKS/PBE(/dyall-cvtz calculation, gives-141.29 Hz,
which is still far from the experimental value of 208 Hz.
This could happen if the response of the spin-density due
to the Fermi-contact operator on Pb changes its sign
(crosses the zero plane). In addition, rovibrational ef-
fects could be very important for this specific coupling
constant. To assess this, the !Jp,c coupling constants
were calculated by varying the Pb-C bond length. The
results are plotted in Figure 4.
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FIG. 4. Bond length dependence of Jppc spin-spin cou-
pling constant of MesPb(CCMe)2 calculated using SO-
ZORA/PBE0/JCPL.

Figure 4 shows a strong dependence of the coupling
constant on the length of the Pb-C bond. The results
obtained after decreasing the Pb-C bond length by ap-
proximately 0.1 A(r-0.1) is very close to the experimen-
tal value, see the crossing point of the red lines. It is ex-



TABLE III. 'Jxc (X = 2Si, “®Ge, 'Sn, 2°"Pb) indirect spin-spin coupling constants (in

Hamiltonians, functionals and basis sets together with available experimental values.”

Hz) calculated using different

NR  ZORA® sce DKS ASC?®  ASO°© Arel ¥ Exp.
PBEO PBEO PBEO PBE PBEO PBEO PBEO PBEO PBEO
L Jxe cvtz TZ2P cvtz cvtz cvtz cvqz cvtz cvtz cvtz
X(CCM6)4
T Jsic= -129.74 -116.20 -132.50 -121.05 -132.32 -133.48 -2.76 0.18 -2.58 —
' Jgec= -55.28 -49.48 -60.97 -52.10 -60.52 -60.85 -5.69 0.45 -5.24 —
! Jsnc= -957.07  -1073.64  -1243.83  -1033.64 -1223.66  -1229.39  -286.76 20.17  -266.59  -1168.0
L Ipbo= 906.60 1505.25 1854.95 1340.32 1764.67 1776.91 948.35 -90.28 858.07 1624.5
Mer(CCMe)Q
T JsicH, -55.63 -46.08 -56.65 -46.96 -56.53 -57.13 -1.02 0.12 -0.90 -
! Jsic= -99.16 -87.23 -100.71 -90.31 -100.56 -101.42 -1.55 0.15 -1.40 -
' JGecH, -20.45 -16.94 -21.93 -15.36 -22.29 -21.93 -1.48 -0.36 -1.84 -
' Jgec= -35.26 -30.13 -36.69 -28.77 -36.27 -36.46 -1.43 0.42 -1.01 -
! JsncHs, -366.31 -363.14 -445.99 -293.47 -440.39 -443.68 -79.68 5.60 -74.08 -496.2
! Jsnc= -580.90 -550.44 -632.24 -456.94 -613.09 -616.39 -51.34 19.15 -32.19 -654.6
! JevoHs 320.11 373.73 489.80 219.48 491.32 498.24 169.69 1.52 171.21 574.3
L Ipbo= 467.49 55.89 66.94 -172.64 -3.40 -5.67  -400.55 -70.34  -470.89 208.0
M63XCCH

T JsicHs -49.93 -42.04 -50.72 -41.17 -51.15 -51.13 -0.79 -0.43 -1.22 -55.1
! Jsic= -77.15 -68.09 -78.04 -68.12 -77.91 -78.57 -0.89 0.13 -0.76 -79.4
' JGecH, -17.01 -13.86 -17.79 -11.51 -17.66 -16.77 -0.78 0.13 -0.65 -
' JGec= -23.98 -19.61 -23.63 -16.30 -23.25 -23.35 0.35 0.38 0.73 -
! JsncHs -302.24 -279.85 -344.31 -201.25 -339.18 -341.78 -42.07 5.13 -36.94 -403.5
! Jsnc= -379.21 -298.59 -343.61 -188.91 -326.78 -328.16 35.60 16.83 52.43 -415.5
! Jeboms 255.64 199.93 259.64 39.03 264.83 266.79 4.00 5.19 9.19 -
L Ipbo= 279.51 -321.52 -368.01 -554.57 -440.91 -445.76  -647.52 -72.90  -720.42 -

@ Average J values are reported for atoms in similar chemical environments.

b ZORA stands for the SO-ZORA results calculated using the ADF program package.
¢ SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
4 ASC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
¢ ASO is the spin-orbit contribution obtained from the difference between the DKS/PBE(/dyall-cvtz and SC/PBEOQ/dyall-cvtz results.
I Arel is the relativistic correction obtained from the difference between the DKS/PBE(/dyall-cvtz and NR/PBEO0/dyall-cvtz results.

tremely difficult to calculate the rovibrational corrections
for a molecule with many geometrical constraints and
the disagreement between this calculated and experimen-
tal !Jppc spin-spin coupling constant of MesPb(CCMe)s
will remain unsolved.

The ™Jxg results for the X(CCMe), molecules are bet-
ter reproduced using the PBE functional (see Table IV).
For example, the calculated *Js, cn, in Sn(CCMe), us-
ing PBEO is 26.68 Hz, whereas it is 17.57 Hz using PBE,
which is comparable to the experimental value of 17.0 Hz.
For the other two sets of molecules, the PBEO functional
satisfactorily reproduced the indirect spin—spin coupling
constants. The calculated ?Js, cn, in MeaSn(CCMe),
using PBE is 56.90 Hz, whereas it is 68.19 Hz using
PBEO, which is very close to the experimental value of
68.8 Hz (see Table IV).

The non-relativistically calculated results for the spin-
spin coupling constants involving tin and lead are far
from the experimental values (see Figure Sup I of the
Supplementary Material). From Figure Sup I, one can
also see that the inclusion of only scalar relativistic cor-
rections gives satisfactory results for the molecules stud-
ied. However, very accurate results are obtained when
using the full four-component relativistic approach, indi-
cating the importance of including both relativistic con-
tributions. The results obtained from SO-ZORA calcula-
tions are also not satisfactory compared to the full four—

component results. This is mainly due to the approxi-
mate nature of the ZORA Hamiltonian and inadequacy
of the TZ2P basis sets for the calculation of spin-spin
coupling constants. To confirm the latter, additional cal-
culations were performed using the JCPL basis sets (es-
pecially designed basis sets, of TZ2P quality and contain-
ing additional high-exponent functions for added flexibil-
ity to describe the spin density very close to the nuclei,
for NMR spin-spin coupling calculations),”*" presented
in Table VII for the lead and platinum complexes. The
results calculated using TZ2P basis sets for Si, Ge, Sn
and Pd while keeping the JCPL basis sets for the other
atoms are presented in Tables Sup V - VIII of the Sup-
plementary Material. Table VII shows that the couplings
obtained using the JCPL basis sets are in better agree-
ment with the four-component relativistic results com-
pared to those obtained using SO-ZORA/PBE0/TZ2P.
Moreover, the JCPL basis set results are also in better
agreement with the experimental spin-spin coupling con-
stants compared to the results obtained with the TZ2P
basis sets, especially for the coupling constants through
one bond, in agreement with previous theoretical stud-
ies.”™ However, the results obtained from the calcu-
lations performed using TZ2P basis sets for Si, Ge, Sn
and Pd while keeping the JCPL basis sets for H, C, P and
Cl are in poor agreement with both the experimental re-
sults as well as the four-component results (see Tables



TABLE IV. "Jxu (X = ?°Si, ™Ce, ''?Sn, 2*"Pb, n = 2 - 4) indirect spin-spin coupling constants (in Hz) calculated using
different Hamiltonians, functionals and basis sets together with available experimental values.®

NR ZORA? sce DKS ASC ¢ ASO ¢ Arel ¥ Exp.
PBEO PBEO PBEO PBE PBEO PBEO PBEO PBEO PBEO
"X cvtz TZ2P cvtz cvtz cvtz cvqz cvtz cvtz cvtz
X(CCM6)4
*Jsi,CHs 2.69 2.05 2.75 1.86 2.74 2.78 0.06 -0.01 0.05 -
4 JGe,cHs 1.27 0.99 1.43 0.95 1.42 1.43 0.16 -0.01 0.15 -
4 Jsn,ct1s 19.67 20.26 27.32 17.57 26.68 26.93 7.65 -0.64 7.01 17.0
4pr,cH3 -18.08 -32.79 -46.29 -26.46 -34.14 -43.72 -28.21 12.15 -16.06 -28.0
MGQX(CCMG)Q
% Jsi,cH, 6.52 5.47 6.58 4.58 6.57 6.64 0.06 -0.01 0.05 -
4 Jsi,0Hs 2.47 1.81 2.52 1.65 2.51 2.54 0.05 -0.01 0.04 -
% JGe,cHs 2.89 2.27 3.58 2.26 3.53 3.55 0.69 -0.05 0.64 -
4 JGe,cHs 1.06 0.78 1.16 0.72 1.14 1.15 0.10 -0.02 0.08 -
% Jsn,CHs 67.68 44.70 89.01 56.90 68.19 68.83 21.33 -20.82 0.51 68.8
4 Jsn,CHs 16.11 14.29 20.31 21.41 19.61 19.80 4.20 -0.70 3.50 13.1
% Jpb,cHs -65.41 -62.05 -129.31 -60.10 -119.20 -120.30 -63.90 10.11 -53.79 -100.9
* Jpb,cHs -13.19 -12.67 -17.83 -6.72 -15.01 -15.14 -4.64 2.82 -1.82 -13.5
Mes XCCH

% Jsi,CHs 6.53 4.97 6.59 4.49 6.58 6.77 0.06 -0.01 0.05 7.0
3 Jsi,cn -4.75 -3.49 -4.85 -3.88 -4.84 -4.90 -0.10 0.01 -0.09 (-)4.0
% JGe,cHs 2.68 2.38 2.81 1.54 2.76 2.78 0.13 -0.05 0.08 -
3 JGe,cn -1.91 -1.49 -2.07 -1.61 -2.05 -2.06 -0.16 0.02 -0.14 -
% Jsn,CHs 46.11 39.88 53.45 29.41 55.10 55.56 7.34 1.65 8.99 61.0
3 Jsn,cH -29.40 -25.76 -35.18 -26.53 -34.08 -34.35 -5.78 1.10 -4.68 -34.0
% Jpb,CH, -51.86 -44.69 -73.31 -17.30 -63.47 -53.26 -21.45 9.84 -11.61 -
3 Jpb,cn 23.81 16.29 23.29 14.48 18.46 18.62 -0.52 -4.83 -5.35 -

@ Average J values are reported for atoms in similar chemical environments.
b ZORA stands for the SO-ZORA results calculated using the ADF program package.
¢ SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
4 ASC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
€ ASO is the spin-orbit contribution obtained from the difference between the DKS/PBEOQ/dyall-cvtz and SC/PBE0/dyall-cvtz results.
I Arel is the relativistic correction obtained from the difference between the DKS/PBE(/dyall-cvtz and NR/PBEO0/dyall-cvtz results.

Sup V - VIII of the Supplementary Material).

The correlations between the calculated and experi-
mental results presented in Figure 5 show that the hy-
brid PBEO exchange-correlation functional together with
the full four-component relativistic approach reproduces
the experimental results with an R? value of 0.983 and
standard error of 10.750 Hz, much better than the PBE
functional which gave an R? value of 0.927 and standard
deviation of 17.348 Hz.

Previous studies showed that solvent effects play an
important role for the accurate prediction of spin-spin
coupling constants. The solvent effect corrections ob-
tained from SO-ZORA/PBEQ calculations improved the
agreement between the calculated and the experimental
results. In most cases, the solvent effects are very consid-
erable for the coupling constants involving tin and lead
(see Table Sup I - IIT of the Supplementary Material; es-
pecially those between the sp hybridized carbon atoms
and the heavy atoms).
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FIG. 5. Correlation  between the calculated

(DKS/PBE/dyall-cvtz and DKS/PBE(0/dyall-cvtz) and
available experimental spin—spin coupling constants.

Finally, the four-component relativistic approach was
used to calculate the indirect spin-spin coupling con-
stants of two ’large’ molecule (both with 110 atoms
involving palladium and platinum, see Fig. 1 for the



TABLE V. "Jxc (X = 2°Si, ™Ge, ''?Sn, 2°"Pb, n = 2, 3) indirect spin-spin coupling constants (in Hz) calculated using different
Hamiltonians, functionals and basis sets together with available experimental values.”

NR  ZORA® sce DKS ASC?®  ASO ¢ Arel ¥ Exp.
PBEO PBEO PBEO PBE PBEO PBEO PBEO PBEO PBEO
" Jxc cvtz TZ2P cvtz cvtz cvtz cvqz cvtz cvtz cvtz
X(CCM6)4
? Jsic=13 ¢ -28.39 -27.27 -29.04 -29.60 -29.03 -29.33 -0.65 0.01 -0.64 -
J5i,18 cng -2.57 -1.94 -2.63 -2.13 -2.63 -2.65 -0.06 0.00 -0.06 -
Jaec=13¢ -12.26 -11.89 -13.57 -13.50 -13.53 -13.64 -1.31 0.04 -1.27 -
JGe,13 CHy -1.16 -0.89 -1.30 -1.01 -1.29 -1.30 -0.14 0.01 -0.13 -
2anc15130 -213.12 -254.90 -277.75 -272.95 -276.26 -278.61 -64.63 1.49 -63.14 -241.0
J5n,13 c1g -19.00 -18.70 -25.51 -19.94 -25.25 -25.34 -6.51 0.26 -6.25 -19.5
Jppc=13¢ 200.02 380.35 429.84 399.48 425.36 429.67 229.82 -4.48 225.34 347.4
Jpb,13 cHg 17.59 28.89 40.88 30.02 40.01 40.16 23.29 -0.87 22.42 30.5
MQQX(CCMG)Q
? Jsic=13 ¢ -21.04 -20.57 -21.40 -21.88 -21.39 -21.61 -0.36 0.01 -0.35 -
3JSi,13CH3 -2.13 -1.61 -2.17 -1.67 -2.17 -2.19 -0.04 0.00 -0.04 -
2JG805130 -7.83 -7.48 -8.23 -8.06 -8.19 -8.25 -0.40 16.42 16.02 -
3JGe’13 CHs -0.86 -0.60 -0.93 -0.67 -0.92 -0.93 -0.07 0.01 -0.06 -
2‘]51105130 -134.98 -141.22 -151.76 -145.47 -149.97 -151.05 -16.78 1.79 -14.99 -141.8
3JS,,,136H3 -13.77 -11.33 -16.46 -11.60 -16.18 -16.24 -2.69 0.28 -2.41 -12.8
2pr0513c 112.20 69.96 65.56 56.00 60.04 59.99 -46.64 -5.52 -52.16 70.3
3pr713CH3 11.48 7.27 11.46 6.34 10.62 10.62 -0.02 -0.84 -0.86 9.2
Mes XCCH
2J5i05130 -16.11 -15.32 -16.33 -16.74 -16.31 -16.49 -0.22 0.02 -0.20 -14.8
Jaec=13¢ -5.26 -5.00 -5.27 -5.04 -5.23 -5.26 -0.01 0.04 0.03 -
2J5n05130 -89.66 -83.36 -87.10 -79.94 -85.40 -85.98 2.56 1.70 4.26 -85.6
2pr0513c 69.34 -24.29 -38.92 -49.12 -46.44 -47.24 -108.26 -7.52 -115.78 -

@ Average J values are reported for atoms in similar chemical environments.
b ZORA stands for the SO-ZORA results calculated using the ADF program package.
¢ SC stands for the scalar relativistic results calculated using the ReSpect program package by scaling the spin-orbit contribution to zero.
4 ASC is scalar relativistic contribution obtained from the difference between SC/PBE0/dyall-cvtz and NR/PBE0/dyall-cvtz results.
€ ASO is the spin-orbit contribution obtained from the difference between the DKS/PBEOQ/dyall-cvtz and SC/PBE0/dyall-cvtz results.
I Arel is the relativistic correction obtained from the difference between the DKS/PBE(/dyall-cvtz and NR/PBEO0/dyall-cvtz results.

structures). The results for these two molecules are
listed in Table VI. The comparison of the PBE and
PBEO functionals shows that PBEO reproduces the ex-
perimental results. Further improvements were ob-
tained by adding solvent effect corrections predicted
using SO-ZORA/PBEO/acetonitrile calculations to the
DKS/PBEO calculated results. For instance, the !Jpip
result obtained from the DKS/PBEOQ calculation is
2024.08 Hz, whereas the solvent effect corrected result is
2038.51 Hz, to be compared with the experimental value
of 2215 Hz. These results demonstrate that the four—
component relativistic method has reached a level of ma-
turity that makes it a convenient and accurate tool for
the calculation of indirect spin—spin coupling constants
of ’large’ molecules involving heavy atoms.

IV. CONCLUSIONS

In the present work, the chemical shifts and indirect
spin—spin coupling constants of 12 molecules have been
studied using non-relativistic, two- and four—-component
relativistic DFT calculations. The calculated indirect
spin-spin coupling constants are compared with available
experimental values. The full four—component relativis-
tic approach together with the hybrid PBEO exchange—
correlation functional gave the best agreement between

the calculated and the experimental indirect spin-spin
coupling constants. The predicted NMR parameters, for
which experimental data are missing, are therefore re-
liable. The analysis of the scalar and spin-orbit con-
tributions of the NMR parameters show that the main
relativistic effect is due to scalar relativistic contraction
of the s-shells, not due to the spin—orbit coupling. How-
ever, inclusion of both contributions is important for the
quality of the results. The relativistic correction to both
the chemical shifts and indirect spin-spin coupling con-
stants are considerable, indicating the importance of us-
ing four—component relativistic approaches for the cal-
culation of related NMR parameters. For the coupling
constants involving the heavy atoms, the relativistic cor-
rections are of the same order of magnitude compared to
the non-relativistically calculated values. For the NMR
parameter calculations of similar molecular systems in-
volving heavy atoms, spin-orbit coupling gives only part
of the relativistic effect and therefore a computational
method that includes scalar relativistic effects is crucial.
New accurate and reliable results are reported for all the
chemical shifts and indirect spin-spin coupling constants
that are not known experimentally.

It is important to mention that post-Hartree-Fock
methods can provide better accuracy but at much higher
computational cost. Since post-Hartree-Fock methods
are presently limited to smaller molecular systems, they



TABLE VI "Jpx (X = 'H, 3'P, '%5Pd, 9Pt; n = 1, 2) indirect spin-spin coupling constants (in Hz) calculated using different
Hamiltonians, functionals and basis sets together with available experimental values.”

SO-ZORA DKS
" Jpx PBEO (gas phase) PBEO (solvent) Asolv? PBE PBEO PBEO (total) Exp.
[Pd(PCy2H)3CIJT
TTap -147.28 -147.57 -0.29 -155.65 -172.52 -172.81 -
LT ap -207.32 -216.49 -9.17 -229.76 -243.63 -252.80 -
- 268.25 284.93 16.68 251.20 280.83 297.51 355
LIy 277.17 292.67 15.50 263.97 292.18 307.68 365
278 304.48 302.15 -2.33 314.18 371.15 368.82 -
2JEp -16.30 -15.16 1.14 -13.26 -24.83 -23.69 —~
[Pt(PCng)gCH +
T 1649.31 1663.74 14.43 1665.56 2024.08 2038.51 2215
LIg 2543.61 2643.28 99.67 2749.93 3088.32 3187.99 3162
QL 285.34 301.32 15.98 269.34 298.55 314.53 357
L Jgn 294.19 309.28 15.09 282.38 309.61 324.70 391
278 266.48 264.37 -2.11 282.89 319.43 317.32 -
2J5p -11.41 -11.50 -0.09 -7.44 -17.73 -17.82 -

@ Dyall-vdz basis sets for all atoms were used.
b Is coupling between the second nucleus and P trans P.
¢ Is coupling between the second nucleus and P trans Cl.
4 Asolv is the solvent effect correction.

TABLE VII. Comparison of the " Jpnc and " Jppu (n = 1 - 4),
as well as 1thp, ! Jpu and 2 Jpp spin-spin coupling constants
calculated using different Hamiltonians and basis sets (in Hz).

SO-ZORA /PBEOQ DKS/PBEOQ Exp.””

T7Z2P JCPL cvtz cvqz
Pb(CCMe)4
Jrbo= 1505.25 1770.47 1764.67 1776.91 1624.5
Jppo=13c  380.35  453.41 425.36  429.67 347.4
Jpbison,  28.89 33.72  40.01  40.16 30.5
JpPb,CH; -32.79 -38.60 -34.14  -43.72 -28.0
Meng(CCMe)Q
JPbCHs 373.73  386.49 491.32 498.24 574.3
Jpbo= 55.89 -3.20 -3.40  -5.67 208.0
Jppo=13c  69.96 74.30  60.04  59.99 70.30
Jpb.CHs -62.05 -101.34 -119.20 -120.30 -100.9
3 Jpb 13 omy 7.27 8.54 10.62  10.62 9.20
Jpb,CHs -12.67 -15.16  -15.01 -15.14 -13.5
MesPbCCH
Jpb oM, 199.93  185.29 264.83 266.79 -
Jpbo= -321.52  -456.17 -440.91 -445.76 -
Jpb.CHs -44.69 -83.01  -63.47 -53.26 -
Jppozise  -24.29 4111 -46.44  -47.24 -
Jpb.cH 16.29 18.67  18.46  18.62 -
[Pt(PCy2H)3CI]T @
173 1649.31  2095.59 2024.08 2103.15 2215
LIS 2543.61  3241.53 3088.32 3099.03 3162
Lty 285.34  297.35 298.55 312.29 357
Y n 204.19  308.64 309.61 325.61 391
2t 266.48  306.83 319.43 338.04 -
2Jép -11.41 -15.97  -17.73  -19.58 -

@ Since the molecule is large, the Dyall-vdz and Dyall-vtz basis
sets were used instead of the cvtz and cvqz basis sets,
respectively, for the DKS calculations.

b Is coupling between the second nucleus and P trans P.
¢ Is coupling between the second nucleus and P trans Cl.

are not considered in this work. Moreover, the indirect
spin-spin coupling constants calculated using the SO-

ZORA Hamiltonian together with the hybrid PBEO func-
tional and JCPL basis sets are in good agreement with
the results obtained from the four-component relativistic
DFT calculations. The present study also demonstrates
that the four-component relativistic method has reached
a level of maturity that makes it a convenient and ac-
curate tool to calculate indirect spin—spin coupling con-
stants of large molecules involving heavy atoms.

V. SUPPLEMENTARY MATERIAL

See supplementary material for additional results of
both the chemical shifts and indirect spin-spin coupling
constants as well as the optimized geometries of all
molecules.
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