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ABSTRACT

Some models have been developed recently to calculate and analyze the electronic origin of the nuclear magnetic shielding tensor. We present
here the most recent results of calculations performed with the Geometric Elimination of the Small Component (GESC) model, which repre-
sents a partial improvement of the Linear Response Elimination of the Small Component (LRESC) model, particularly concerning diamagnetic
contributions. We have found that the accuracy of the diamagnetic contributions obtained with the GESC model is higher than the one
obtained with the LRESC model for any molecular system. The difference between the LRESC (5755 and the four-component (¢*7) meth-
ods is mainly due to the Fermi contact mechanism (6FSHRESCY Tn the case of the GESC model, the contribution of such electronic mechanism
is lowered by a factor of 5/7 with respect to 6. Furthermore, the next important mechanism that contributes to the differences between
oi*E5C and 6#” is known as DiaK (¢”F), being its values close to half of that due to " “"**“, We analyze here the electronic mechanisms
involved in the NMR shielding of halogen atoms of the following family of compounds: HX, IX, and AtX, where X = H, F, Cl, Br, I, At, and the
shielding of the central atoms in the following family of molecules: Sns—;X; and PbH4_;X; with i = 1-4 and X = H, F, Cl, Br, L. The calculations
were performed at the LRESC-HF/DFT and GESC-HF/DFT levels of theory together with four-component DHF.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0306490

I. INTRODUCTION

Several theoretical models developed to describe the response

contributions of virtual excitations between occupied and unoc-
cupied positive energy molecular orbitals (MOs) in the atomic or
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properties of heavy-atom-containing molecules have recently
reached a quantitative or semi-quantitative level in reproducing
experimental measurements.' ® Furthermore, a few of those mod-
els have been oriented to the analysis of the involved electronic
mechanisms in order to gain new insights into the underlying
physics. These methods are based on either two-component (2C) or
four-component (4C) frameworks.

Calculations of response properties performed within the 4C
framework are usually based on the Dirac-Coulomb-Hartree-Fock
(DHF) Hamiltonian,* and also, the main electronic mechanisms
for magnetic properties calculated with polarization propagators
can be classified as ee (paramagnetic-like) and pp (diamagnetic-
like).”'" The contributions of the ee-type mechanisms arise from the

molecular spectra. In addition, the contributions of the pp-type
are obtained after considering the virtual excitations between occu-
pied MOs and unoccupied negative-energy MOs.!” One of the
strengths of this kind of splitting lies in the fact that its nonrel-
ativistic (NR) limit is obtained making the velocity of light (c)
go to infinity. In such a case, the ee relativistic component of the
nuclear magnetic shielding tensor converges to its NR counterpart,
the “paramagnetic” component, while the pp contribution converges
to the “diamagnetic” component.

At present, due to the high cost and complexity of the use of 4C
calculations for molecular systems of large size, 2C methodologies
are among the most popular. These methods are less computation-
ally expensive, and more importantly, for practical purposes, they
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allow the separation of the origin of the whole relativistic effects in
several NR electronic mechanisms, which are treated as perturbative
corrections, making it easier to get insights into the physics behind
them.

One of the most widely used 2C models for calculating
NMR spectroscopic parameters is the Zeroth-Order Regular-
Approximation (ZORA).""" In a recent study, Vicha et al.'
identified the general electronic structure principles and mech-
anisms underlying the size and sign of the Spin-Orbit (SO)
heavy-atom effect on light atoms (HALA)'®' by analyzing the
proton NMR chemical shifts of sixth-period hydrides. The same
research group has recently published an overview of the periodic
trends in HALA effects across heavy-atom-containing diamagnetic
compounds throughout the Periodic Table.’

There are several other 2C models that have been developed
to study linear response molecular properties. One of the earliest
is the Douglas-Kroll-Hess (DKH) method,'® " which is based on
a decoupling of the Dirac Hamiltonian via the Foldy-Wouthuysen
transformation.”””” The DKH method was first used to describe
indirect J-couplings of the Nuclear Magnetic Resonance (NMR) in
a series of tetrahedral molecules whose central atom belongs to the
carbon group of the Periodic Table. Its results have been found to be
in good agreement with 4C methods.”* In addition, Gauss et al.”’
developed the model known as Direct Perturbation Theory (DPT).
Cheng et al.”® were one of the groups that used DPT to evaluate
the size of spin effects compared to spin-free methodologies in ther-
modynamic molecular energies, dipole moments, and electric field
gradients.

On the other hand, the Exact-Two-Component (X2C) model
was developed in its simplest way by Jensen in 2005%” and then
applied by Liu et al.””' to calculate NMR response properties. In
this approach, it is not necessary to calculate an infinite number of
terms to accurately reproduce the 4C values of the diamagnetic and
paramagnetic components of NMR properties.

Relativistic effects with semi-relativistic Hamiltonians are also
treated using the Normalized Elimination of the Small Component
(NESC) scheme.””** This method uses the kinetic balance prescrip-
tion between the small and large components of the 4C spinor
basis,”>*° allowing the construction of a 2C Hamiltonian.

There are two other models that give equivalent electronic
mechanisms for including relativistic effects on magnetic response
properties, although they are based on different grounds. One of
them is based on the no-pair Hamiltonian of a molecular system
under the influence of a generic vector potential, first proposed by
Fukui et al.”” The model was published by Vaara et al. in 2003
and was based on the Breit-Pauli Perturbation Theory (BPPT) to
calculate the magnetic shielding tensor.

The other method was developed in Argentina. An article
on its foundation has recently been published.*' Its starting point
considers the full relativistic 4C expression of the second-order
Rayleigh-Schrddinger equation. Taking a relativistic Hamiltonian
that does not conserve the total number of particles but maintains
the total electronic charge constant, the Linear Response Elimina-
tion of the Small Component (LRESC) model was first developed
in 2003,"* to calculate relativistic effects on the NMR shielding
constant.””* >’ Due to the clean representation of electronic mech-
anisms underlying molecular properties, its application has been
extended to the treatment of other properties, such as electric field
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gradients,”’ ”* molecular polarizabilities, the molecular rotational g-
tensor, and also the likely relationship among different response
properties as happens with the NMR shielding and the spin-rotation,
and some others.*! LRESC results for those properties show good
agreement with benchmark 4C calculations.

Several versions of the LRESC model were developed. In one
of them, Maldonado et al.*’ introduced relativistic corrections to
the shielding by considering two groups of electronic effects: those
corrections that depend or do not depend on the molecular envi-
ronment of a given nucleus. In this context, they have studied a set
of tetrahedral halides with a central atom that belongs to the carbon
group of the Periodic Table and showed that one of the weaknesses
of the LRESC model could be related to the way it describes the dia-
magnetic component of the absolute isotropic shielding constant.
This is mainly observed for atoms of the sixth row of the Periodic
Table, though. In addition, it was also shown that such 2 component
has a large contribution from the inner core electrons.” ’

In 2009, Zaccari et al.** proposed an alternative expression of
the NMR shielding to estimate its diamagnetic component, present-
ing results for a small group of molecules. This methodology, named
Geometric Elimination of the Small Component (GESC), redefines
the diamagnetic part of the LRESC model as a geometric sum over
positronic states.

One of the goals of the present work is to show a comprehensive
study of the formulation by Zaccari et al.*> That formulation was
implemented in an in-house version of the DALTON code,” within
the module of LRESC.*”” Some families of molecular systems were
selected to test the results. They include linear molecules, such as
HX, IX, and AtX, and tetrahedrals SnHy_;X; and PbH,_;X;, where
X is a halogen atom and i is an integer that runs between 0 and 4.
These molecules were selected because some of them have already
been studied earlier by the LRESC model. We present here a first
systematic study in which the GESC model is shown to improve the
estimation of the pp component of the shieldings, as compared with
the results of the LRESC model.

In Secs. [1-V, the theoretical framework, computational details,
analysis of results, and conclusions are presented.

Il. THEORETICAL FRAMEWORK

In order to show the theoretical grounds of the GESC model
in a comprehensive manner, we start by writing the nuclear mag-
netic shielding tensor using the relativistic polarization propagator
theory."*””*" In such a formalism, the shielding tensor (ox ) is cal-
culated as the linear response of the electronic molecular framework
to two external magnetic perturbations: the one produced by the
nuclear spin magnetic field K (or V) and the other produced by

an external magnetic field B (or V),

ok = ((Vi; Vi) = bx W' bs, (1)
being
VK:axr—g, VB:LX"G. (2)
K 2

The elements of the matrix blocks bx and bp are known as the
perturbators and W' is known as the principal propagator. Their
actual expressions and derivations are given elsewhere.'’
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The shielding of Eq. (1) is written in a basis of molecular
orbitals (MOs) as

oK = > biia (W_l)

ij,ab

iajb ba,ji, (3)

where the indices i and j correspond to occupied MOs and a and b
correspond to unoccupied MOs. When the unoccupied MOs belong
to the negative-energy branch of the energy spectra, those MOs are
written as @, b.

Polarization propagators can be calculated at different lev-
els of approach. The first level is known as the Random Phase
Approximation (RPA) level,”” for which

A B*
W= ( *), 4
B A
being
Aia,jb = (8i - sﬂ)ﬁij(sab + (ll1|b]) - (uh|l])’ (5)
By = (jalib) - (jblia). (6)

The term (& - &) of Eq. (5) corresponds to the difference
between one-body energies of occupied MOs and unoccupied posi-
tive or negative energy MOs. The other terms on the right-hand side
of Egs. (5) and (6) are the usual two-electron integrals. Thus, Eq. (1)
can be written more explicitly as

(Vs V) )= (V& V& V)

Wee,ee Wee,ep Wee, pe\ 1 VBee
x wep,ee wep,ep wep,pe VBep , (7)

pe.ee pe.ep pe.pe pe

w w w v

where each sub-block of the principal propagator matrix and both
perturbator matrices are written in such a way that the mani-
fold of basic excitation operators (from which all excited states are
derived starting from the ground-state) can be split in two. As is
usual, we consider two different types of virtual excitations: the
one among occupied MOs and positive-energy unoccupied MOs,
denoted as ee, and the other that occurs among positive-energy
MOs and negative-energy unoccupied MOs, denoted as ep and pe.
As is now well known, the NR paramagnetic-like and diamagnetic-
like contributions are obtained by considering both kinds of virtual
excitations.'"”’

It is worth now to sketch how this equation is actually solved.®
The reduced expression from which the paramagnetic-like and
diamagnetic-like components are obtained, without any restrictions
on selecting either of the two types of virtual excitations involved,
i.e., ee and ep or pe, is as follows:

Xp“
((VK;VB)) = (VKeE, VKEP,VKPE) Xp?
X5
=6%(K) + 6?(K) + ¢’ (K)
= 0*(K) + 0" (K), ®)
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where the column matrix X arises from the product between the
inverse of the matrix W and the matrix V. Then, there are two
well defined and different contributions to ¢, which become the
usual NR paramagnetic and NR diamagnetic terms when the veloc-
ity of light goes to infinity.” Therefore, Eq. (8) can be rewritten more
explicitly as follows:

o“(K) =3, (i\VKIa)(W_l),-a,jb(bIVBIJ'%
ij,ab (9)
lim o = 0" (K),
o”(K) =3 (iIVK\fl>(W_1)ia,j;,(blVBIJ'%
ij.ab (10)
lim 0% = g (K).

This is the way both components were calculated in this work,
using the Dirac code.’

All the previous treatment is based on the 4C formalism whose
results are usually considered as benchmarks. Their expressions also
serve as the starting point for the following 2C formalisms that were
initially developed in our research group. In what follows, we pro-
vide a brief overview of the LRESC model, in addition to a more
extensive overview of the GESC model. More details of these models
are provided elsewhere."***

We want to point out first that the second-order correction to
the electronic energy is related to the exact polarization propagators
by

@ (0[V]n)(n|V|0) (vac|V|n)(n|V|vac)
B~ 2 " poE, 2 Eva - E
n#0 0 n n#vac vac n
= Re {{Vk; V))e0, (1m

being V = Vi + V. Equation (11) is one of the most important rela-
tions that underlie the developments of the following two theoretical
models.

A. The LRESC model

Starting from the 4C matrix elements of the energy expressions
of Eq. (11), expanding them as a power series in ¢~* up to order ¢™*
and introducing some prescriptions, one at the end obtains the 2C
LRESC model.*! The first step consists in dividing the second-order
correction to the energy into two terms, which are defined according
to their NR limits,""*

E® =E, +E, (12)

Considering only the first term of the right-hand side of
Eq. (12), one obtains the paramagnetic-like contribution to ¢*C,
and considering the second term, one obtains its diamagnetic-
like contribution. This last term arises by taking into account the
matrix elements of both the Hamiltonian and the operators Vi
and V3 between the N-particle ground state and the manifold of
(N + 2)-particle states, which are excited states containing virtual
electron-positron pairs in them. Furthermore, given that a mag-
netic interaction polarizes the vacuum, the second term of Eq. (12)
must contain a renormalization term as required within the QED

. 41,42
picture.

J. Chem. Phys. 163, 224131 (2025); doi: 10.1063/5.0306490
Published under an exclusive license by AIP Publishing

163, 224131-3

Serleiel G20e Jequisdeq ziL


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

In the LRESC model, most of the terms of both contribu-
tions are calculated using expressions that are equivalent to that of
Eq. (11),

ESrovy = Re ((O(VR):O(Vi) Peor — (13)

where O(Vk) and O(V3) are here the operators Vi and Vi written
in the framework of the LRESC model.

Regarding paramagnetic-like contributions, both LRESC and
GESC have the same theoretical expressions. These quantities are

LRESC _ _GESC _ NR , _(Mu+D s0
o = gGBC = GNR | gMurDW)/p |
/) ) »
PSOK | OZK . SZK . BSO
+0 +0 +0 +o T, (14)

where the corresponding response functions and operators are

o MvDw)[p _ ((H%, HP%©, g Ve HPYY, (15)
&0 = <<HOZ)HFC+SD)HSO)), (16)

"SOK = ((HPSOK {O%)), (17)

6% _ ((HPO, HOZKYy), (18)

K _ ((HFC+SD’HSZK>)) (19)

"0 = ((HFEHSD P50y, (20)

where H™ is the paramagnetic S%m orbit, H% is the orbital Zee-
man, H'C is the Fermi contact, H" is the spin dipolar, H"°K is the
kinetic energy correction to the paramagnetic spin-orbit, HOK s
the kinetic energy correction to orbital Zeeman, H**X is the kinetic
energy correction to spin Zeeman, and HPC is the magnetic exter-
nal field induced by the spin-orbit coupling. The expressions for
the perturbative Hamiltonians can be found in the supplementary
material. It is worth mentioning that, right now, both LRESC and
GESC models only include the one-body corrections.

In Sec. II B, the LRESC and GESC diamagnetic-like contribu-
tions are discussed.

B. The GESC model

In 2009, Zaccari et al.*® proposed the GESC approach to cal-
culate first-order (in terms of 1/c?) relativistic corrections though
only to the diamagnetic-like contributions of the shielding constant.
In this model, the elimination of the small component procedure is
applied to the ep and pe elements of the principal propagator matrix
or, equivalently, to the relativistic corrections to the pp component
of the shieldings.

To start with, one should consider Eq. (12) and, from it, the pp
term at its lowest order. It is worth to rewrite the second term of the
right-hand side of that equation as

occ

Eb—ZZ il(a-A)a) (W), ,{al(a-A)i), 1)

ARTICLE pubs.aip.org/aipl/jcp

where, as mentioned above, |i) and |a@) stand for the occupied
MOs and the negative virtual states, respectively, of the 4C energy
spectrum. The operator (a - A) is related to the perturbative Hamil-
tonian that describes the interaction between electrons and appro-
priate magnetic fields. The matrix « is the Dirac matrix, and the
operator A refers to the vector potential that accounts for both the
potential due to the nuclear magnetic dipole moment of nucleus K
and that of the static external magnetic field. From this perturbative
Hamiltonian, one obtains the operators Vg and Vg of Eq. (1).

The main novelty of the GESC model consists in the reformula-
tion of the principal propagator matrix as a geometric series, which,
in the Pauli spinor basis (¢;), is written as*

1 o< 8; + H+ -1 .
E, = ilal 1+ aléi), 22
"7 ome 7 (i ( 2mc* 1) (22)
where
2
= R(eAR—x(cA)x, R=1-2, x=(®)
2 2mc
In Eq. (22), the positive-energy positronic Hamiltonian is
H" = Heore = G, (24)

being G the two-body matrix contribution to the Fock matrix.

In order to clarify the discussion of the results, we have used
the subscripts d and p to distinguish between paramagnetic-like and
diamagnetic-like contribution, respectively.

Then, within the GESC model, the diamagnetic contribution to
the shielding tensor (¢7%¢) is written as the sum of the following
terms:

gSESC _ gNR | oPS0-0Z

i o_FC, GESC 4 O'R, (25)

a(MU+Dw)/d

while the total diamagnetic contribution within the LRESC model is
given by

a,]{:ZRESC _ a,f,VR + g70-0Z | (Mv+Dw)/d
4 gFC LRESC | Diak (26)
where
o7S0-0Z _ _ 3 42 |4{lo, = } i), 27)
1
o_(Mv+Dw)/d _ . ((AZ;H(Mv+Dw)>>, (28)
2mc
FC, GESC _ O FC, LRESC
o =-0
7
207‘[5(1‘1()
- (8m3c42 ) ’ (29)
DiaK _ 2 1’01‘1( ror,T< .
o= sa Z Vi) (30)
K
In Egs. (25) and (26), the differences between O'dGESC and O'LRESC
are explicitly shown. The 6"““5¢ and ¢"“"*¢ mechanisms have
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different constants [see Eq. (29)]. Furthermore, the terms Pk are

present only in the LRESC model. The new term in the GESC model,
which is analyzed in detail in this work, is

occ N -1
Ee + Heore — G
ERRALINI (2, SET R
chz Z #%T (AANY M| 3| >[ chz jl,uv}t‘r
x Ci,ACi,T</\|E|T>’ G1)

where the matrix elements [...],, are calculated in the basis of
occupied MOs, N is the number of primitive Gaussian functions, ¢
is the velocity of light, and m is the electron mass.

C. Core-dependent and ligand-dependent
contributions

We consider here the so-called non-ligand (¢"") and ligand
(6") terms in which all LRESC terms can be separated, as presented
in Refs. 47, 54, and 55. Then, ¢"* is composed by both paramagnetic-
like and diamagnetic-like corrections [see Eqs. (32) and (33)], while
¢" is composed only by paramagnetic-like corrections [see Eq. (34)].

As paramagnetic-like corrections in the GESC model are the
same as those in the LRESC model, we use a;L and o" to refer to
these methodologies, while the non-ligand corrections for the GESC

model are denoted as O'ZL’ GESC,

GZL is the addition of °?K and ¢®°°, while ¢" is the addition of

the following electronic mechanisms: 6"°°X, 69X, 6°°, ¢"*'?, and

PP [see Eq. (34)]. In the case of O'ZL LRESC and a;L’ GESC both

PSO - OZ /d Dw/d
, O,MU w

include the o , and o corrections [see Egs. (32)
#L, LRESC nL, GESC o the

and (33)]. The differences between o7 and o),

GESC

same as those that appears between 65 and 6%, as shown in

Sec. II B,

L, GESC L R
=0} +0), =(¢r +0

O_(Mv+Dw)/d) + (O_SZK

nL, GESC FC, GESC PSO-0Z
o +0

+0™9), (32)

nL, LRESC nL, LRESC nlL
o =0, + O'P =

4 gP50-0z +U(Mv+Dw)/d) + (¥ +6™%). (33)

DiaK FC, LRESC
(67" +0o

On the other hand, the ligand-type contributions are given by

L _ L, LRESC _

— L, GESC
0 =0 o

PSOK OZK SO

= 07K 4 69K 4 %0 1 gMUTPWP, (34)

l1l. COMPUTATIONAL DETAILS

To assess the capabilities of GESC, we studied the nuclear mag-
netic shieldings of one or more than one heavy-atom containing
molecule. First, we consider the molecules of set I, which contains
HX, IX, and AtX, where X = H, F, Cl, Br, I, At. On the other hand,
the family of molecules of set II contains Sns—;X; and PbH4_;X;, with
i=1-4and X =H, F, C|, Br, L.

ARTICLE pubs.aip.org/aipl/jcp

Experimental geometries were used for the molecules HX and
IX. They are as follows: 0.9169 A for HF, 1.2746 A for HCI, 1.4125 A
for HBr, 1.6090 A for HI, and 1.9098, 2.3210, 2.4691, and 2.6663 A
for IX (X =F, Cl, Br, I), respectively.” For At-containing molecules,
the geometries were optimized at the DHF/dyall.aae4z level of the-
ory. They are as follows: HAt: 1.7117 A, AtF: 2.0189 A, AtCl:
24765 A, AtBr: 2.6191 A, Atl: 2.8224 A, and Aty: 2.9627 A. Fur-
thermore, the experimental geometries of SnHy, SnCly, and SnCsHy,
were taken from the literature.”” © The geometries of the other
Sn-containing compounds, SnHy_;X;, were taken from theoreti-
cal calculations.*®"” For Pb-containing compounds, PbH4_;X;, their
geometries were optimized at the DHF level of theory with the basis
set dyall.aaedz® for the lead atom and aug-cc-pVTZ-Iresc*’ for the
rest of the atoms.

To avoid gauge-dependent issues, we set the gauge origin at the
site of the studied nucleus in all calculations together with point-like
nucleus.

The RPA level of approach was used to perform GESC, LRESC,
and 4C calculations. The selected functional was in all cases the
BHandHLYP functional.®” In all calculations, we used dyall.aae4z for
set I of molecules, while for set II, we used dyall.aae4z for Sn and Pb
and aug-cc-pVTZ-Iresc for the rest of the atoms.*

All NR calculations were performed using the DALTON
code,”® while 4C calculations were carried out with the DIRAC
code.”!

IV. RESULTS AND DISCUSSION

We show results of relativistic corrections with both mod-
els, LRESC and GESC, to isotropic shielding constants, and also,
we show trends and importance of paramagnetic and diamag-
netic components depending on the molecular environment on
selected nuclei. We also performed calculations using these mod-
els with one DFT functiontal, the BHandHLYP functional, which is
known to have a better performance for the selected molecules.”*"’
These results are compared with 4C calculations using polarization
propagators at the RPA level of approach.'**” %

A. Molecules of set |

In this section, we analyze the electronic mechanisms that
are involved in the shieldings of the halogen atoms, X, in HX
molecules. We also show those effects on iodine in IX and astatine
in AtX molecules. All GESC and LRESC diamagnetic corrections are
included in o} ¢ and o’} ", respectively. These quantities
are presented in Table .

The relativistic corrections calculated with both models
increase their values when the atomic number of the atom X (Zx)
increases. This means that the main effects involved in the diamag-
netic contributions are the well-known heavy atom effects on heavy
atom (HAHA), as already discussed in Refs. 46, 70, and 71. It is also
observed that for the same atom, the diamagnetic part in both mod-
els remains unchanged, with independence of the substituents. In
general, the values of the GESC corrections are smaller in absolute
value than their LRESC counterparts, and this difference increases
with the atomic number of the atom of interest.

As mentioned above, one of the aims of this work is to analyze
the behavior of the contribution ¢¥, which is calculated with Eq. (31)
and implemented in a local version of the DALTON code.”® It is
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TABLE I. Comparison among LRESC and GESC diamagnetic correcting terms for the atoms X in HX, | in IX, and At in AtX
systems, being X a halogen atom. All calculations were performed with the dyall.aae4z basis set, and all values are given in

ppm.

O_PSO - 0Z + o_FC,GESC O'R O_;IL, GESC
Atom O_(MU+D1U)/d (O_FC,LRESC) (O,DzaK) (O_ZL, LRESC)
X
HF 1.37 —3.32 (-4.64) —2.49 (-2.04) —4.44 (-5.30)
HCI 10.56 —23.89 (-33.45) —-18.59 (-15.19) —-31.92 (-38.08)
HBr 102.43 ~219.34 (~307.07) ~138.49 (~144.71) ~255.40 (~349.35)
HI 375.82 ~777.98 (~1089.17) ~403.61(~524.65) ~805.77 (~1237.99)
HAt 1625.18 —3262.69 (—4567.76) —1248.44 (-2251.02) —2885.95 (—5193.60)
I
IF 375.81 —-777.99 (-1089.19) —403.65 (—524.68) —805.83 (—1238.07)
ICl 375.75 —777.99 (-1089.19) —403.72 (-524.76) —805.96 (—1238.19)
IBr 375.48 ~777.99 (~1089.19) ~404.11 (~525.18) ~806.62 (~1238.88)
L 374.98 ~777.99 (~1089.18) ~404.79 (~525.96) ~807 80 (—1240.16)
TAt 373.37 —-777.99 (-1089.18) —406.75 (—528.43) —811.37 (—1244.24)
At
AtF 1625.13 —3262.71 (-4567.79) —1248.47 (-2251.05) —2886.05 (—5193.71)
AtCl 1625.08 —3262.70 (—4567.79) —1248.54 (-2251.12) —2886.16 (—5193.82)
AtBr 1624.83 —3262.70 (—4567.78) —1248.91 (-2251.52) —2886.78 (—5194.47)
Atl 1624.36 —3262.70 (—4567.78) —1249.55 (—2252.25) —2887.89 (-5195.67)
Aty 1622.82 —3262.70 (—-4567.78) —1251.43 (—2254.95) —2891.31 (—5200.06)

easily seen that the behavior of this contribution is consistent with
the rest of the diamagnetic corrections. Moreover, the value of 6"
for iodine in HI (-403.61 ppm) is close to the result published in
Ref. 45 (-385.20 ppm). The difference is due to the different basis
set used in both calculations.

In Table II and Fig. 1, we show the isotropic values of param-
agnetic, o), and diamagnetic, 0,4, shielding components calculated
using both the LRESC and GESC models. These results are shown
for the atom X in the HX molecules and for iodine and astatine in
IX and AtX molecules, respectively. We also provide the ee and pp
contributions to the 4C shielding for the same atoms, denoted as 6*
and o, respectively.

The values of the total shielding constants, ¢**£5¢, ¢9*5¢, and
¢, increase with the atomic number of the studied nucleus. There
is the special case of iodine in IAt, where the paramagnetic term
is not very well reproduced (see Table IT and Fig. 1). This system
suffers from a quasi-instability in the estimation of ¢* in 4C cal-
culations. In contrast, o, is closer to 6* for astatine in AtX and for
iodine in IX when the electronic correlation is considered at the DFT
level of theory with the functional BHandHLYP.®” Moreover, DFT
calculations are mandatory to overcome quasi-instabilities in Atl.
We choose BHandHLYP®” to include electronic correlation because
Melo et al.*” had shown that this functional improves the accuracy
of the LRESC model with respect to the ¢*C values. Furthermore,
Hanni et al.%® reported that working with this functional, the exper-
imental temperature dependence of the second virial coefficient of
the '*Xe shielding is also reproduced.”*

The diamagnetic components calculated with the GESC model
are closer to their relativistic counterparts as compared to those

obtained with the LRESC model. The improvement in the GESC
description becomes more pronounced as the atoms in the molec-
ular system become heavier, as shown in Table I and Fig. 1. When
the atom of interest belongs to the p-block of the Periodic Table, the
estimation error for afESC is one-third of the error of oﬁRESC. Among
all corrections involved in the diamagnetic part of LRESC, Eq. (33),
o"CHRESC pepresents the main electronic mechanism responsible for
making that 65%55¢ goes away from ¢”” (see Table 1). The sec-
ond correction responsible for the difference between ¢5***¢ and
o is 6”“K, which represents half of oTOLRESC 1 this sense, with
the change in the corresponding constant of ¢"““¥¢ and its new
term, o%, the GESC model becomes a more suitable methodology,
than LRESC, for the description of the relativistic effect associated
with o?’.

The paramagnetic component of the isotropic shielding con-
stant, 0p, which is the same for both LRESC and GESC models,
reproduces fairly well 6* for atoms up to the fifth row of the Periodic
Table. For astatine, this behavior is maintained only when astatine is
attached to lighter atoms than itself or is bonded to less electronega-
tive atoms than fluorine. However, 6°%°C and ¢"RESC diverge from
¢C for iodine in IX when the atom X is either fluorine or asta-
tine. Then, the lack of quantitative reproducibility of LRESC (and
GESC) compared to 4C values is primarily due to their paramagnetic
component.

Regarding the behavior of the shielding of the X atom in HX,
iodine in IX, and astatine in AtX, it is useful to consider the ligand-
type, 6%, and non-ligand-type, agL, description of o). The values of
these quantities are shown in Table III at the HF and DFT levels of
theory. The electronic correlation is negligible for GZL . Instead, the
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TABLE II. Isotropic shielding constants for halogen X atoms in HX, iodine in |X, and astatine in AtX molecules, at the LRESC, GESC, and DHF levels of theory. DFT/BHandHLYP
calculations are given in parentheses, and the dyall.aae4z basis set was used in all calculations, which are given in ppm.

Paramagnetic and ee Diamagnetic and pp Total
O,IERESC - O,I?ESC =g, o GLRESC oGBS o GLRESC &CESC &€ References
X
HF —58.36 -59.17 476.70 477.58 476.92 418.34 419.21 417.75 419.3," 418.4,° 410 + 6°
(-59.61) (—60.44) (476.97) (477.82) (477.14) (417.36) (418.21) (416.69)
HCl —-132.54 -139.80 1112.42  1118.59  1121.65 979.89 986.05 981.85 988.8," 984.5"
(—-140.26) (-147.65) (1112.80) (1118.90) (1122.05) (972.54) (978.64) (974.40)
HBr 124.56 37.29 2778.88  2872.83  2914.11 2903.44 2997.39 2951.40 3013.5," 2959.4"
(84.73) (-3.66)  (2779.07) (2872.82) (2914.47) (2863.80)  (2957.56)  (2910.81)
HI 1285.81 1001.73 4269.77 4702.0 4884.45 5555.58 5987.81 5886.18 5563.6," 5913.7
(1195.80) (891.88)  (4270.11) (4702.00) (4885.42) (5465.91) (5897.80)  (5777.29)
HAt 7853.57 10226.50 5372.13  7679.78  8594.57 13225.70 15533.35 18 821.07 195927
(7590.23) (9320.52)  (5372.10) (7679.32) (8597.25) (12962.34) (15269.55) (17917.77)
I
IF -3169.80 -3993.91 4307.15  4739.39  4923.76 1137.35 1569.58 929.86
(-4518.15) (-5026.47) (4307.56) (4739.46) (4923.97) (-210.59)  (221.31)  (~102.50)
1l -541.63 -1200.27 4331.87  4764.11  4947.49 3790.24 4222.47 3747.22
(~1280.46) (~1845.83) (4332.25) (4764.15) (4948.07) (3051.79) (3483.69) (3102.24)
IBr -605.51 37.44 4395.66  4827.92  5011.09 4433.10 4865.36 4405.57
(~655.86) (-1213.18)  (4396.03) (4827.96) (5011.63) (3740.17) (4172.10)  (3798.45)
I 789.29 456.81 4448.13  4880.50  5063.24 5237.42 5669.78 5520.05 5303.4"
2 (441.11) (105.68)  (4448.49) (4880.52) (5063.85) (4889.60) (5321.62)  (5169.53)
1At -916.06 1263.87° 4540.32 4973.19  5160.99 3624.26 4057.12 6424.86
(—-592.60) (428.12)  (4540.67) (4973.20) (5156.09) (3948.06) (4380.60)  (5584.21)
At
AGF 6672.39 7700.79 5407.53  7715.19  8635.97 12079.91 14 387.58 16336.76
(369.42) (1266.36)  (5407.49) (7714.69) (8636.52) (5776.91)  (8084.11)  (9902.89)
AtCl 8422.69 7000.88 5430.22  7737.88  8656.59 1385291 16160.58  15657.47
(4648.30) (3764.23)  (5430.16) (7737.36) (8658.05) (10078.46) (12385.66) (12422.28)
AtBr 9196.79 4850.65 5490.73 779842  8716.34 14 687.52 16995.21 13 566.99
(5696.74) (4265.51)  (5490.67) (7797.90) (8718.28) (11187.41) (13494.64) (12983.79)
At 9276.16 187649.66° 5540.57  7848.35  8774.60 14 816.73 1712451 196 424.25
(7743.20) (5763.42)  (5540.07) (7847.81) (8767.23) (13283.27) (15590.59) (14530.66)
Aty 6344.73 8714.18 5629.38  7938.13  8853.68 11974.11 14282.85 17567.85
(5394.36) (7341.38)  (5629.77) (7846.24) (8856.30) (11024.12) (13240.60) (16197.68)

Results of 2C NESC-GIAO calculations with Gaussian nucleus, taken from Ref. 72.
bResults of 4C calculations with Gaussian nucleus, taken from Refs. 39 and 40.
“Experimental results taken from Ref. 73.

4The calculation presents quasi-instability.

influence of the electronic correlation on " increases drastically as
a function of the atomic number of the atom of interest or its sub-
stituents. We did not make an exhaustive analysis of this within the
LRESC framework of the non-ligand- and ligand-type contributions
because it is not the goal of this work to do it. In addition, some
other works with this kind of studies were published by authors of
our group. 7545575

B. Molecules of set Il

As mentioned, the second set of molecules chosen to test the
GESC model consists of the family of SnHs;X; and PbH4_;X;
molecules, where i = 0-4 and X = F, Cl, Br, I. Table VI and Fig. 2

present LRESC, GESC, and 4C results divided into paramagnetic
and diamagnetic terms. Moreover, it is well known that the shield-
ing of Sn and Pb in the studied systems does not suffer from
quasi-instabilities.”*"” Therefore, the electronic correlation is not
necessary to be considered in this section.

For Sn, the diamagnetic GESC values, crfESC, are closer to the

4C calculations, ¢®?, than LRESC values, a]{;RESC. The difference
LRESC

between o and ¢ in the whole set of SnH4_;X; structures is
around 499 ppm. In contrast, the estimation error of ¢ 7% is once

again one-third of 65", Moreover, the paramagnetic part, a,, gets
closer to 6* as the number of F or I substituents around Sn increases.
Then, 6955¢(Sn) becomes closer to 6“(Sn) as the atomic number of
substituents increases.
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% FIG. 1. Isotropic values of ¢ and o*?,
= 6000 4000 together with o, 0-R€5C, and o $E5C for
S atoms X in HX, iodine in IX, and astatine
£ 4000 2000 in AtX. All calculations were performed
) with the dyall.aae4z basis set, and the
2000 0 results are given in ppm. In panel (a), HF
and DHF results are given, and in panel
-2000 (b), correlated results are shown with the
functional BHandHLYP.
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TABLE Il. Isotropic values of ¢+ and agL correction for X in HX and iodine and astatine in IX and AtX molecules, respectively,
being X a halogen atom. Calculations were performed at the RPA and Hartree-Fock and BHandHLYP levels of theory with

the basis set dyall.aaedz. All results are given in ppm.

HF BHandHLYP
ot GZL o al',’L
HEF 0.43 9.25 0.47 9.24
HCI 3.36 64.06 3.19 64.11
HBr 41.11 578.76 37.57 579.02
HI 170.88 2087.00 149.15 2087.64
HAt 854.24 8781.13 725.60 8782.60
IF 1730.40 2089.78 1048.38 2089.13
(@ 1014.81 2088.58 704.45 2088.68
IBr 780.13 2088.29 506.64 2088.57
I 91.23 2087.94 49.21 2088.41
IAt -1922.39 2087.37 —1286.36 2088.32
AtF 10492.10 8790.37 5497.22 8786.80
AtCl 7316.48 8786.85 4510.09 8785.96
AtBr 6509.44 8785.76 3926.85 8785.57
Atl 3999.43 8784.37 2465.83 8785.02
Aty 325.57 8783.15 75.92 8784.77

Regarding the total diamagnetic contribution to the shielding of
lead, the GESC model is shown to be more suitable for the descrip-
tion of the relativistic effect associated with ¢*. This produces that
9EC for lead is closer to ¢**(Pb). It is worth mentioning that the
differences between the GESC and LRESC values and the 4C value
for lead increase as the number of heavy atoms around it increases.

The values of ¢ and GSL for set II of molecules are shown in
Table IV. The values of 6" tend to be more positive with the number
of heavy atoms around the center atom for Sn and Pb. The behavior
of 6* for tin is such that o, is closer to ¢, while for lead, it is not
enough. Then, the differences of the contributions of LRESC and
GESC with respect ¢ are, in general, due to ligand-type corrections
in atoms belonging to the sixth-row of the Periodic Table.

Another important observation is that the differences of the
shieldings of both models, GESC and LRESC, decrease as the molec-
ular system increases its symmetry. This is particularly clear as ¢ 755
and o’ﬁRESC become closer to 6’ when comparing SnHy_; X; with IX.
It is important to stress that the GESC and LRESC models become
less efficient in reproducing quantitatively the values of 6?”(Sn) as
the atomic number of the substituent increases in SnH4 — iX;. In
addition, for the family of PbH,4_;X; compounds, the deviation of
the value of shieldings modeled by GESC and LRESC relative to the
total 4C values increases due to the fact that the effect of the environ-
ment is less well reproduced when the numbers of Br and I atoms
increase. This is specially observed in the difference between o, (Pb)
and ¢*(Pb).
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FIG. 2. Isotropic values of ¢°¢ and ¢**,
together with ¢,, 6-F€%C, and ¢JEC.
(@) Sn atoms in SnH,_;X; and (b) Pb in
PbH,4_;X;, where X is a halogen atom
and i = 0-4. All values are in ppm.

TABLE IV. Isotropic values of ¢t and a;,’L for Sn and Pb for set Il of molecules. Calculations were performed at the HF level
of theory with the dyall.aae4z basis set for the central atoms and the aug-cc-pVTZ-Iresc basis set for the substituents. All

values are given in ppm.

ot a;L ot a;’L
SnHy -35.91 1744.84 PbH,4 —143.20 7866.88
SnH3F —34.88 1744.87 PbH;F -137.66 7866.94
SnH,F, -26.14 1744.85 PbH,F, -108.11 7866.85
SnHF; -14.62 1744.67 PbHF; -170.75 7866.44
SnFy -3.02 1744.34 PbF, 40.43 7866.19
SnH;Cl -32.32 1744.89 PbH;Cl -151.73 7866.94
SnH,Cl, -25.12 1744.97 PbH,Cl, —153.28 7867.06
SnHCl; 0.51 1744.97 PbHCl3 1.07 7714.84
SnCly 50.34 1744.83 PbCly —-65.32 7866.40
SnH;3Br —14.88 1745.13 PbH;Br —439.65 7867.33
SnH,Br, 63.64 1745.42 PbH,Br, -23.26 7867.52
SnHBr3 220.35 1745.82 PbHBr; 137.44 7867.89
SnBry 483.20 1746.42 PbBry 439.19 7868.39
SnH;I 52.50 1745.20 PbH;I -17.77 7867.26
SnH,I, 218.17 1745.61 PbH,1, 261.26 7867.93
SnHI3 738.89 1746.52 PbHI; 881.69 7868.84
Snly 1584.53 1747.65 Pbly 1969.15 7870.05

TABLE V. Chemical shifts for tin in SnCls, SnBrs, and Snly with respect to SnHy, were calculated with relativistic, 64C,
LRESC, 6tRESC GESC, 89ESC, and nonrelativistic, 8"R, methods as experimental values; 8% uses SnH, as the reference.
LRESC and GESC calculations are performed at the HF level of theory, while 4C calculations are performed at the DHF level
of theory. DFT/BHandHLYP calculations are given in parentheses.

o™ (sm) 55 (5n) 59 (5n) 5 (sn) 57 (5n)
SnH, 0.0 0.0 0.0 0.0 0.0'
Sncl (@139 6273 279 o) 3500"
snbrs (;Lég:i) (jgg:g) (: igié) (:4312;2) ~138.0°
Zea o OEme oEmer AL oo

28%P(Sn) = 500 ppm, taken from Ref. 76.
Taken from Ref. 77.
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Finally, since there are experimental values available, "’ we
show the chemical shifts of tin in SnCly, SnBry, and Snl4 considering
the SnH, molecule as the reference. Experimental, §°, relativistic,
84C, LRESC, 8LRESC, GESC, 6GESC, and non-relativistic, 8", chemical
shifts are presented in Table V.

Results of 8"%F5¢ and 6955 for tin are both close to the value
of 8°P. In contrast, the results of 8*C deviates from 8P because
0% is underestimated, as is shown in Table VI. The electronic cor-
relation makes that 6% and 6“5 become closer to 8°%. The
exception appears for Snly, where quasi-relativistic and relativistic
calculations with DFT move away from 6*P. The improvement in
electronic correlation for tin in SnCly is primarily due to SMR as the
gap between results with or without DFT calculations is comparable
to those obtained with §**F5€ and §°FSC,

The relativistic corrections are the ones mainly responsible for
getting semi-quantitative accuracy in the estimation of the exper-
imental value for tin in the SnBry molecule with the LRESC and
GESC models. This is because the values of 6"**¢ and §955¢ do
not differ much among themselves although 8™ increases in mag-
nitude when electronic correlation is included. In the case of Snly,
the results of quasi-relativistic and relativistic methodologies with
electronic correlation overestimate the experimental values, possibly
because the functional BHandHLYP® is not suitable for model-
ing the chemical shift in this system due to its parameterization,
or because dynamic electronic correlation starts to play a more
significant role.

V. CONCLUSIONS

We have given a thorough analysis of the GESC methodol-
ogy applied on two selected sets of molecules, which contain one
or several heavy atoms. We may state that the results with the GESC
model improve the estimation of the values of ¢/ with respect to
those of the LRESC model. For the development of this work, a new
and more efficient implementation of the GESC model was written
in an in-house version of the Dalton’® program within the LRESC
module.*’

The results given by 6 correction for sets I and II of molecules
reproduce the trends observed in other diamagnetic corrections for
nuclear magnetic shieldings. In addition, the ¢® value for iodine in
HI resembles the values reported by Zaccari et al. in Ref. 45.

The contribution ¢"**5C overestimates the relativistic correc-

tion, causing that 65*55¢ goes away from ¢, while 65 is, in fact,

closer to it. The overestimation obtained with the LRESC model
can be attributed to two electronic mechanisms: (i) the of“LRESC
correction, which is 7/5 times larger than its counterpart in the

GESC model, and (ii) the 6K correction, which is half the value
of gFOLRESC

The values of 6 755¢ show a more significant improvement with

heavier atoms. For example, in HX molecules, the improvement is
more pronounced when X is Br, I, or At, whereas in other systems,
it is independent of the substituents.

Electronic correlation is necessary to eliminate quasi-
instabilities and restore the trend of the paramagnetic-like
correction for astatine in AtX molecules. Moreover, the effect
of electronic correlation on the non-ligand-type corrections in
GESC and LRESC is less pronounced than that on the ligand-type
corrections. Another important feature is that the deviations of

ARTICLE pubs.aip.org/aipl/jcp

0 5C and o'*C from 67 are smaller in SnH,—;X; than in IX,

although the deviations of the GESC and LRESC results from 4C
values increase with the number of Br and I atoms in SnHy_; X;.

However, the differences with the estimation of ¢C in both
LRESC and GESC models are primarily due to the paramagnetic
component. Therefore, in order to obtain more quantitative results
for the heaviest-atom containing molecules, it would be necessary to
develop a new methodology regarding higher-order corrections for
the paramagnetic components.

SUPPLEMENTARY MATERIAL

In the supplementary material, we present (i) the explicit
expression of the perturbative Hamiltonian in the LRESC model and
(ii) the values of the different corrections to the diamagnetic compo-
nent in the LRESC and GESC models for the atom Y in the YH,_;X
systems, where Y is Sn and Pb atoms, X is a halogen atom, and
i=0-4.
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