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Parity-violating contributions to nuclear spin-rotation interactions and to NMR shielding constants
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In natural processes involving weak interactions, a violation of spatial parity conservation should appear.
Although the parity-violation effects are expected to be observable in molecular systems, their tiny magnitude
has prevented their detection to date. We present a theoretical analysis of four-component relativistic nuclear-
spin-dependent parity-violating nuclear spin-rotation and NMR shielding tensors in a set of tetrahedral chiral
molecules. This work emphasizes the significant contribution of the ligands and the electronic structure of the
chiral center in enhancing these effects, paving the way for the targeted design of promising molecules for
measurements.
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I. INTRODUCTION

The parity-nonconserving nature of physical phenomena
affected by weak interactions is known to be responsible for
asymmetric processes with respect to spatial inversion of the
coordinates of the particles in a system. The existence of
parity violation (PV) was first postulated by Lee and Yang
[1], and it was Wu et al. [2] who provided its pioneering
experimental verification using 60Co nuclei and observing
nuclear β-decay processes due to weak interactions. While the
first confirmations of the existence of PV effects were carried
out in nuclear systems [2,3], since then these phenomena have
been observed also in atoms [4–11].

Parity-violation effects due to the weak interactions be-
tween electrons and nucleons are expected to be observable
even in molecular systems. These effects, for instance, are
predicted to result in a small energy difference between a
chiral molecule’s two enantiomers. This happens as a result
of the PV interactions mixing states with the opposite parity,
which causes the chiral molecules to undergo a first-order
energy shift [12]. High-resolution spectroscopy has been used
to look for these energy shifts between different states of
two chiral enantiomers since this phenomenon was identi-
fied, but so far no unambiguous detection of them has been
made in this way. The observation of PV effects in chiral
molecules using various techniques, such as electronic, vi-
brational, Mössbauer, and nuclear magnetic resonance (NMR)
spectroscopy, as well as measurements of the time dependence
of optical activity, has been the subject of numerous additional
complementary experimental routes over the past five decades
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[12–21]. Although PV effects in molecules have a strong
theoretical foundation and a significant potential impact, they
have never been clearly identified experimentally.

Alongside the new experimental capabilities, reliable theo-
retical studies are crucial for the success of such ambitious
measurements at all of their stages, from selecting optimal
molecules, through planning of the experimental procedure,
to the interpretation of the results. In particular, several the-
oretical studies addressed the influence of PV effects on
NMR parameters like shielding or indirect spin-spin coupling
tensors in molecular systems [22–32], and the first such mea-
surements were recently attempted by Eills et al. [33] and
also by Blanchard et al. [34]. In their works, some proof-of-
principle investigations based on new experimental techniques
using NMR spectroscopy were presented to search for PV
effects in molecular systems. This type of study could be
decisive in taking a step forward in the use of high-precision
experiments to detect these parity-nonconserving interactions
in molecules for the first time [35].

In this work we concentrate on the nuclear spin-rotation
(NSR) tensor, a property measured in microwave spec-
troscopy, where molecular PV effects are predicted to be
observed by comparing the measurements of this parameter in
two enantiomers of a chiral molecule. When the nuclear-spin-
dependent (NSD) PV Hamiltonian is considered, a difference
between the NSR tensors M for the nuclei in the two enan-
tiomers of a chiral molecule is expected to appear, but if the
PV effects are neglected, the M values of the two enantiomers
will be equal. The difference appearing as a PV effect is due
to an asymmetry in the electronic environments around the
nuclei arising from weak interactions. As suggested by Barra
et al., PV effects will contribute not only to the NSR constants
but also to the NMR shielding and indirect spin-spin coupling
tensors [23]. An experimental observation of PV effects in one
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of these parameters would give rise to the first detection of
PV interactions in a static system. Atomic experiments to de-
tect weak interactions, in contrast, need transition phenomena
[36].

In this paper we explore the PV effects on the NSR tensors
of the central nuclei of tetrahedral chiral molecules, focusing
on the role of the electronic environment and the central
metal atom’s atomic number. We use the relativistic theoret-
ical formalism we recently derived [37] based on previous
investigations into parity-conserving (PC) NSR tensors within
the relativistic domain [38–40]. Furthermore, we report values
of four-component (4C) isotropic PV nuclear shielding con-
stants.

We analyze the W and U nuclei in the NWXY Z and
NUXY Z series of molecules, respectively (with X,Y, Z = H,
F, Cl, Br, and I), and also the X nuclei in the NXHFZ
molecules (X = Cr, Se, Mo, Te, and Po and Z = Cl, Br, and
I). Some of the chosen systems have been used previously to
investigate PV effects on NMR shieldings and other molecular
properties [41–44].

We present a systematic analysis of relativistic and elec-
tronic correlation effects on the PV NSR and PV shielding
tensors, employing the polarization propagator theory to cal-
culate the corresponding linear response functions within
the random-phase approximation (RPA) theory based on the
Dirac-Coulomb (DC) Hamiltonian. The Dirac-Hartree-Fock
(DHF) and Dirac-Kohn-Sham (DKS) methodologies were
used to obtain the wave functions. In order to compare rel-
ativistic 4C calculations with their non-relativistic (NR) limit,
we also employed the Lévy-Leblond (LL) Hamiltonian.

This work has the following structure. In Sec. II we give
a brief theoretical background to introduce the relativistic
formulation used to calculate the NSD PV NSR and NSD PV
shielding tensors. In Sec. III we provide the computational
details for all the calculations presented in this paper, divided
into two main parts, geometry optimizations and linear re-
sponse calculations, including a short analysis of the basis-set
convergence of the PV NSR constants in one of the studied
molecules. In Sec. IV we present the 4C computations of the
isotropic NSD PV NSR and NSD PV shielding constants for
all the molecules studied here. The relativistic and electronic
correlation effects are studied in this section, as well as the
influence of different ligands (keeping the same metal nucleus
or chiral center) and different chiral centers for the same
ligand. Section V contains a summary and conclusions as well
as an outlook for future work.

II. THEORY

Within the polarization propagator theory, any static (i.e.,
zero-frequency) second-order molecular property can be cal-
culated as [45,46]

E (2)
PQ = Re[〈〈ĤP; ĤQ〉〉ω=0], (1)

where the operators ĤP and ĤQ are any perturbative
Hamiltonians. The linear response function on the right-hand
side of Eq. (1) can also be written as the product of the
perturbator bP (i.e., the property matrix element), the principal
propagator M−1 (i.e., the inverse of the electronic Hessian),
and the perturbator bQ [37,47]. The linear response function

is usually computed by solving the response equation

MXQ(ω) = bQ, (2)

where XQ(ω) = M−1bQ is expanded into a linear combination
of trial vectors and then contracted with the property matrix
bP [48].

In the particular case of the nuclear spin-rotation and
the NMR shielding tensors of a nucleus N (MN and σN ,
respectively), it is known that they can be obtained as the
second-order energy derivatives at zero frequency [38,49]

MN = −h̄
∂2E (IN , J)

∂IN∂J

∣
∣
∣
∣
IN =J=0

, (3)

σN = ∂2E (μN , B0)

∂μN∂B0

∣
∣
∣
∣
μN =B0=0

, (4)

where h̄ = h
2π

is the reduced Planck constant, IN is the di-
mensionless spin of nucleus N , J is the molecular rotational
angular momentum around the molecular center of mass
(c.m.), B0 is a uniform external magnetic field, and μN =
γN h̄ IN is the magnetic moment due to the nuclear spin, where
γN = e

2mp
gN is the gyromagnetic ratio of nucleus N and gN is

its g factor, with e the fundamental charge and mp the proton
mass. The NSR tensor MN in Eq. (3) is given in units of
energy. Therefore, by dividing it by the Planck constant h, the
corresponding frequency values are obtained. SI units are used
in the present work.

The NSD PV contribution to the NSR tensor has recently
been derived within a relativistic framework and it has been
demonstrated that it can be written as the linear response
function [37]

MPV
N = h̄GF

2
√

2c0

κN 〈〈ρN (r)cα; Je〉〉 · I−1, (5)

where GF is the Fermi coupling constant, whose most recent
value is GF /(h̄c0)3 = 1.166 378 7 × 10−5 GeV−2, or equiva-
lently GF � 2.222 516 × 10−14Eha3

0 [50]. In addition, κN =
−2λN (1 − 4 sin2θW ), where λN is a nuclear state-dependent
parameter. Note that the constant factor in the NSD PV Hamil-
tonian is found to be written in different ways in the literature
[22,23,25,32,37,44,51,52]. There are three predominant con-
tributions to λN due to the following interactions [53,54]: the
weak coupling between neutral electronic vectors and nucleon
axial-vector currents [55], the electromagnetic interactions be-
tween electrons and nuclear anapole moments (which become
the dominant contributions for heavy nuclei) [56–58], and the
nuclear-spin-independent electron axial vector and nucleon
vector current weak interactions combined with hyperfine in-
teractions [59].

As λN is a factor with a nuclear structure origin and to
facilitate the comparison with previous works, we set λN = 1
in our calculations. Therefore, all the reported values of MPV

N
and σPV

N must be scaled by the true value of λN in order to
get results that can be compared with measurable physical
quantities. For heavy nuclei, it is expected that 1 < λN < 10
[56,57].

While the most recent value of the sine-squared weak
mixing angle θW is 0.238 57(5) [60], we use sin2θW = 0.2319
[61] as the Weinberg parameter throughout this work for ease
of comparison with earlier investigations [37]. In addition, in
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Eq. (5) α are the 4 × 4 Dirac matrices given in the standard
representation based on the Pauli spin matrices; r is the po-
sition of the electrons with respect to the coordinate origin;
ρN (r) is the normalized nuclear electric charge density of the
nucleus N at the position of the electron (given in units of the
inverse of cube distances); 1

c0
is linearly proportional to the

fine-structure constant (in SI units, the fine-structure constant
is 1

4πε0

e2

h̄ c0
); c is the speed of light in vacuum, scalable to

infinity at the NR limit; I−1 is the inverse molecular inertia
tensor with respect to the molecular c.m. in the equilibrium
geometry; and Je = Le + Se is the 4 × 4 total electronic an-
gular momentum operator.

In the present work we neglect the contributions to Eq. (5)
due to the Breit electron-nucleus interaction. These were
shown to be very small for the PC NSR tensors [40].

Similarly to Eq. (5), the NSD PV contribution to the NMR
shielding tensor is given by [25,31]

σPV
N = mpGF

2
√

2h̄c0

κN

gN
〈〈ρN (r)cα; rGO × cα〉〉, (6)

where rGO = r − RGO is the electronic position relative to the
gauge origin position for the external magnetic potential. The
NR limits for the PV NSR and PV NMR shielding tensors
given in Eqs. (5) and (6), respectively, were derived by some
of us in Ref. [37] by applying the linear response within the
elimination of small components (LRESC) approach. In the
same work it was shown that the NR limits of the linear re-
sponse functions involved in Eqs. (5) and (6) are exactly equal
to each other in the cases where RGO is placed at the molecular
c.m. Following the LRESC model [38,62,63], it is possible to
expand these two relativistic second-order properties in terms
of the fine-structure constant and to get their leading-order
relativistic corrections. In this way, it can be shown that a
close relationship between these properties also appears in the
relativistic regime [64].

When the two enantiomers of a chiral molecule are ana-
lyzed, the isotropic NSR constants MX,iso = 1

3 Tr(MX ) of their
chiral centers X will be given as the sum of a PC and a
PV contribution MX,iso = MPC

X,iso ± MPV
X,iso, where the PV term

of each of the two enantiomers has the opposite sign with
respect to the other. This means that there will be a difference
between the isotropic NSR constants of the same nuclei in
the left (S)- and right (R)-handed enantiomers |�MX,iso| =
|MS

X,iso − MR
X,iso|, which will be given by

|�MX,iso| = 2
∣
∣MPV

X,iso

∣
∣. (7)

Similarly, for the NMR shielding constants,

|gX �σX,iso| = 2
∣
∣gX σ PV

X,iso

∣
∣ (8)

holds, where |�σX,iso| = |σ S
X,iso − σ R

X,iso|. Therefore, the mea-
sured absolute value of the NMR frequency splitting of the
nucleus X in a static homogeneous magnetic field of flux
density B0 (�νX ) is

|�νX | = ∣
∣νS

X − νR
X

∣
∣ = B0

∣
∣γX σ PV

X,iso

∣
∣

π

= B0
e

4πmp
|gX �σX,iso|. (9)

FIG. 1. Schematic representation of the molecules studied in this
work.

In the following, we will report the quantities |�MX,iso| and
|gX �σX,iso|.

III. COMPUTATIONAL DETAILS

In this work we study the PV NSR and PV NMR shielding
tensors of the 183W and 235U nuclei in the NWXY Z and
NUXY Z series of molecules (with X,Y, Z = 1H, 19F, 35Cl,
79Br, and 127I), as well as in the X nuclei in the NXHFZ
systems (with X = 53Cr, 77Se, 95Mo, 125Te, and 209Po and
Z = 35Cl, 79Br, and 127I), which are schematically shown in
Fig. 1. This selection of molecules allows us to analyze the
effects produced by both the ligands and the chiral centers on
the studied properties.

We optimized all the molecular geometries using density
functional theory (DFT) with the PBE0 functional, which
mixes the parameter-free Perdew-Burke-Ernzerhof (PBE) and
Hartree-Fock exchange energies, along with the full PBE cor-
relation energy [65]. Furthermore, we used scalar relativistic
pseudopotentials for the Se, Br, Mo, Te, I, W, Po, and U heavy
elements [66–68]. The aug-cc-pV5Z basis sets were used on
the H, N, F [69,70], Cl [71], and Cr [72] light elements,
whereas the aug-cc-pV5Z-PP basis sets were employed for the
heavy atoms Se, Br [73], Mo [74], Te, I [73,75], W [76], and
Po [73]. Since the aug-cc-pV5Z-PP basis sets are not available
for U, for this element we used the atomic natural orbital
valence basis set along with the Stuttgart pseudopotentials
[77–79]. The obtained structural parameters are shown in the
Supplemental Material [80]. All the optimizations were per-
formed using the default settings in the energy minimization
scheme of the GAUSSIAN program package [81].

Regarding the parity-violation contributions to the proper-
ties analyzed in this work, to calculate σPV we used the DIRAC

program package [82,83], whereas to obtain the values of MPV

we employed a locally modified version of the same code. We
used the DC and the LL Hamiltonians to obtain the relativistic
and the NR results, respectively [84], following the standard
procedure in the DIRAC code to avoid the explicit calculation
of the (SS|SS) integrals [85].

Unless otherwise stated, we have employed the dyall.cv3z
basis sets for all the elements studied in this work [86–93] and
the small-component basis sets were generated from the large-
component basis sets in all cases by applying the unrestricted
kinetic balance prescription [94]. For the tungsten nucleus in
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TABLE I. MPV
iso (in μHz) for the 183W nucleus in the NWHFI

molecule for different Dyall basis sets, using the DC Hamiltonian
and the DFT PBE0 approach.

X dyall.vXz dyall.cvXz dyall.aeXz

2 33.29 33.40 33.40
3 34.80 34.88 34.89
4 35.02 35.07 35.08

the NWHFI molecule, an analysis of the basis set convergence
of MPV

iso was performed. In Table I we present the results of our
calculations using the dyall.vY z, dyall.cvY z, and dyall.aeY z
basis sets, with Y = 2, 3, and 4 [86–88,91,93,95,96]. Since
the value obtained using the dyall.cv3z basis set exhibits good
convergence, this is the basis set we use throughout this work.

The gauge origin for the external magnetic potential has
been placed at the molecular c.m. Furthermore, a spherically
symmetric Gaussian-type nuclear charge density distribution
model was used [97], as it has been shown that use of a finite
nuclear model is important to adequately describe the PC NSR
and PC NMR shielding tensors [98,99]. The nuclear g factors
that were used to calculate σPV

N were taken from Ref. [100]
and their values are displayed in Table II.

The response calculations were carried out at the 4C
RPA level of theory employing the DHF and DKS DFT
wave functions. In the DFT calculations, we used the NR
exchange-correlation hybrid PBE0 functional because of its
good performance in the 4C calculations of PC NSR constants
(in comparison with experimental values) [98,101].

A deeper analysis of the electronic correlation effects was
performed for the NXHFZ series of molecules (with X = W
and U and Z = Cl, Br, and I). For these systems, we calculated
MPV

X,iso and σ PV
X,iso using the LDA [102,103], PBE [104], PBE0

[65], and Coulomb attenuated method (CAM)-B3LYP [105]
DFT functionals. The response of Eq. (2) was solved with
respect to the property gradient associated with the following
operators: (i) The total electronic orbital and spin angular
momenta operators, to calculate MPV, and (ii) the external
magnetic field, for σPV.

IV. RESULTS AND DISCUSSION

We report 4C relativistic calculations of isotropic PV NSR
and PV NMR shielding constants. These linear response prop-
erties are obtained by applying the RPA approach from the
polarization propagator theory, combined with DHF and DKS

TABLE II. Nuclear g factors used to calculate σPV
X .

X gX

53Cr −0.31636
77Se 1.070084
95Mo −0.36568
125Te −1.77701
183W 0.235569
209Po 1.376
235U −0.1085714286

wave functions based on the DC Hamiltonian. The influence
of electron correlation effects (taken as the difference be-
tween linear response calculations using DKS and DHF wave
functions) as well as of relativistic effects on the calculated
properties is investigated. We then proceed to analyze the
effects of the chiral center and of the chemical environment.
These topics are addressed separately in the following sec-
tions.

A. Correlation and relativistic effects

In this section we investigate the effects of relativity and
electron correlation in the calculations of MPV

U,iso and σ PV
U,iso for

the NUHFX series of molecules, with X = Cl, Br, and I. We
analyze the differences between the 4C and NR values, as
well as between the DFT PBE0–based and the DHF-based
calculations, in order to analyze both effects.

In Table III and Fig. 2(a), the inclusion of relativity and
electronic correlation is seen to have the opposite effect. At the
DHF RPA level of theory (4C RPA vs NR RPA), relativistic
effects increase the values of |�MU,iso| significantly (with a
4C-to-NR ratio between 13 and 22). However, the calculated
relativistic and NR values of |�MU,iso| are closer in magnitude
when electron correlation is included using the DFT method-
ology (4C PBE0 vs NR PBE0), with a 4C-to-NR ratio of just
between 5 and 7. The above observations demonstrate the
importance of using a relativistic framework for meaningful
investigations of these properties. Correlation effects are more
pronounced in the relativistic regime than in the NR one.
For |gU�σU,iso| [Fig. 2(b)], the effect of electron correlation
is also to decrease the calculated values significantly. There-
fore, reliable calculations of isotropic PV NSR and PV NMR
shielding constants require the simultaneous inclusion of both
relativistic and correlation effects. Instabilities of the Kramers
restricted DHF and DKS wave functions appear in the LL
calculations of σ PV

U,iso and that is why they are not reported in
this work.

We also evaluate the dependence of the calculated prop-
erties on the chosen functional at the 4C DFT level of
theory. While |gU�σU,iso| remains stable as the DFT func-
tional changes, |�MU,iso| varies significantly [see Figs. 2(a)
and 2(b)].

Figures 3(a) and 3(b) show the relativistic effects at the
DFT PBE0 level of theory in the calculations of MPV

iso for the
tungsten and uranium nuclei in the NWXY Z and NUXY Z
systems (with X,Y, Z = H, F, Cl, Br, and I), respectively. The
H- and F-containing systems exhibit the largest isotropic PV
NSR constants in both the NR and 4C regimes. In Fig. 4, a
similar behavior can be observed for gWσ PV

W,iso in the NWXY Z
set of molecules (with X,Y, Z = H, F, Cl, Br, and I).

B. Fixing chiral centers: Analysis of the environment

We first focus our analysis on how the ligands affect the
calculated values of |�MK,iso| and |gK�σK,iso| in the NKXY Z
series of molecules (with K = W and U and X,Y, Z = H, F,
Cl, Br, and I), as shown in Table IV.

In Fig. 5 we have classified all the systems into three
different groups: (i) Systems containing both H and F atoms,
(ii) Systems containing only H atoms without fluorine, and
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TABLE III. Isotropic shifts of PV NSR and PV NMR shielding constants (2|MPV
U,iso|, in μHz, and 2|gUσ PV

U,iso|, in μppm, respectively) for the
235U nucleus in the NUHFX (X = Cl, Br, and I) set of molecules, using different methods

2
∣
∣MPV

U,iso

∣
∣ 2

∣
∣gUσ PV

U,iso

∣
∣

Hamiltonian Method X = Cl X = Br X = I X = Cl X = Br X = I

LL (NR) DHF RPA 28.4 35.0 41.8
LL (NR) DFT PBE0 23.4 21.6 26.4
DC (4C) DHF RPA 604.0 652.0 542.0 67.4 80.2 65.7
DC (4C) DFT LDA 200.0 240.0 220.0 0.8 0.7 1.8
DC (4C) DFT PBE 196.6 238.0 214.0 0.7 0.0 0.4
DC (4C) DFT CAMB3LYP 99.8 117.4 119.2 4.4 4.9 5.8
DC (4C) DFT PBE0 121.4 142.6 141.0 2.8 3.5 5.4

(iii) Systems containing no H atoms. In Fig. 5(a) it is seen that
the size of |�MK,iso| (with K = W and U) follows (i) > (ii) >

(iii).
As stated in Sec. IV A, the systems containing H and F have

the largest isotropic PV NSR constants. This can be due to

TABLE IV. Calculations of 2|MPV
K,iso| (in μHz) and 2|gKσ PV

K,iso| (in
μppm) for the K = 183W and 235U nuclei in the NKXY Z series of
molecules (with X,Y, Z = H, F, Cl, Br, and I). The DC Hamiltonian
was used at the DFT PBE0 level of approach.

2
∣
∣MPV

K,iso

∣
∣ (μHz) 2

∣
∣gKσ PV

K,iso

∣
∣ (μppm)

XY Z K = W K = U K = W K = U

HFCl 50.40 121.40 0.93 2.77
HFBr 62.40 142.60 1.66 3.48
HFI 69.80 141.00 3.26 5.40
HClBr 7.70 25.80 0.77 0.84
HClI 15.74 42.20 2.50 3.66
HBrI 0.90 12.56 1.73 2.54
FClBr 4.10 4.36 0.08 0.38
FClI 4.24 1.79 0.19 0.81
FBrI 0.67 6.90 0.10 0.31
ClBrI 1.08 3.52 0.00 0.06

the fact that an increasingly asymmetric electronic distribution
appears in the molecular chiral center when the difference in
electronegativities between two of the ligands also increases.
The electronegativities of the ligand atoms considered in this
work follow the tendency χF > χCl > χBr > χI > χH. This
implies that F and H have the largest and smallest electroneg-
ativities, respectively. On the other hand, a weaker cloud
asymmetry at the chiral center may be the cause of the small-
est PV effects seen in systems without H atoms. Additionally,
since Cl and Br have comparable electronegativities, their co-
existence will not result in a strong electron cloud asymmetry
at the location of the chiral center, making the resulting PV
effects some of the least significant in the group of molecules
under study. This occurs despite the fact that molecules with
Cl and Br are heavier than those with H and F.

As seen in Fig. 5(b), σ PV
K,iso does not follow the same ten-

dency. For |gK �σK,iso|, groups (i) and (ii) show more similar
behavior, while the systems that do not contain hydrogen
atoms [i.e., those of group (iii)] still yield the lowest val-
ues. The effect of the environment is remarkably large for
these properties and more significant than the chiral center’s
atomic number in many cases. For instance, |�Miso| is much
larger for tungsten in NWHFI than for uranium in the heavier
NUClBrI molecule. Therefore, we can identify the H- and

FIG. 2. Calculated values of (a) |�MU,iso| = 2|MPV
U,iso| (in μHz) and (b) |gU�σU,iso| = 2|gUσ PV

U,iso| (in μppm) for 235U in NUHFX molecular
systems (with X = Cl, Br, and I) employing the LL and DC Hamiltonians at the DHF, LDA, PBE, CAMB3LYP, and PBE0 levels of approach
using the dyall.cv3z basis set for all elements.
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FIG. 3. Shown on top are the calculated values of MPV
iso for (a) 183W and (b) 235U in the NWXY Z and NUXY Z systems (X,Y, Z = H, F,

Cl, Br, and I), respectively, employing the LL and DC Hamiltonians at the DFT PBE0 level of theory and using the dyall.cv3z basis set for all
elements. On the bottom are relativistic effects taken as the difference between the 4C and NR values of MPV

iso . All values are in μHz.

F-containing systems as the most promising candidates for
measurements in the investigated series. An earlier paper that
examined PV effects in the NMR shieldings of the NWXY Z
compounds came to similar conclusions [44].

C. Fixing environment: Analysis of chiral centers

In general, U-containing systems have larger PV NSR and
PV NMR shielding constants than W-containing systems (for
the same ligand environment). Furthermore, when the ligands
differ from H and F, there is no significant effect produced by
the chemical environment.

To analyze the effects produced by the PV interactions as
a function of the chiral center’s atomic number, we include
in the study further molecules containing elements with six

FIG. 4. Shown on top are the calculated values of gWσ PV
W,iso for

the 183W nucleus in the NWXY Z systems (X,Y, Z = H, F, Cl, Br,
and I), employing the LL and DC Hamiltonians at the DFT PBE0
level of theory and using the dyall.cv3z basis set for all elements. On
the bottom are relativistic effects taken as the difference between the
4C and NR values of gWσ PV

W,iso. All values are given in μppm.

valence electrons and classify our sample into two groups
according to their metal valence open-shell orbitals: The p-
group elements Se, Te, and Po (s2 p4) and the transition metals
Cr, Mo (d5s1), W (d4s2), and U ( f 3d1s2). The obtained results
are displayed in Table V.

Figures 6 and 7 present the values of |�MX,iso| and
|gX �σX,iso| for the X nuclei in NXHFY systems with X =
53Cr, 77Se, 95Mo, 125Te, 183W, 209Po, and 235U and with Y =
Cl, Br, and I as a function of the chiral center’s atomic number,
respectively. As expected, the PV NSR and PV NMR shield-
ing constants increase with the atomic number. However, it
is interesting to note that this dependence is different for
the two groups of molecules. Generally, the PV NSR and
PV NMR shieldings increase faster with the atomic num-
ber in the systems containing p open-shell orbitals than in
those with d open shells We found that the excitations from
the valence shells contribute the most to these properties in the

TABLE V. Calculations of 2|MPV
K,iso| (in μHz) and 2|gKσ PV

K,iso| (in
μppm) for the K nuclei (with K = Cr, Se, Mo, Te, W, Po, and U)
in the NKHFX series of molecules (with X = Cl, Br, and I). The
DC Hamiltonian was used in the calculations at the DFT PBE0 level
of approach. The DFT PBE level was used the for Po-containing
molecules to avoid instabilities of the Kramers restricted DKS wave
functions appearing in the DFT PBE0 calculations of these systems.

2
∣
∣MPV

K,iso

∣
∣ (μHz) 2

∣
∣gKσ PV

K,iso

∣
∣ (μppm)

K NKHFCl NKHFBr NKHFI NKHFCl NKHFBr NKHFI

Cr 0.52 0.61 0.59 0.02 0.02 0.10
Se 6.34 9.76 10.40 0.08 0.08 0.04
Mo 6.18 7.96 8.86 0.09 0.20 0.47
Te 14.72 25.80 28.20 1.07 1.41 1.26
W 50.40 62.40 69.80 0.93 1.66 3.26
Po 286.00a 478.00a 600.00a 3.94a 3.26a 10.34a

U 121.40 142.60 141.00 2.77 3.48 5.40

aCalculated using the DFT PBE functional.
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FIG. 5. Calculated values of (a) |�MX,iso| = 2|MPV
X,iso| (in μHz) and (b) |gX �σX,iso| = 2|gX σ PV

X,iso| (in μppm) for the X nuclei (with X = W
and U) in molecules with different sets of ligands, employing the DC Hamiltonian at the DFT PBE0 level of theory and using the dyall.cv3z
basis set for all the elements.

linear responses of Eqs. (5) and (6). We can thus explain the
difference in the trends by the fact that the valence elec-
trons in the p orbitals experience higher relativistic effects
and contract more than those in d and f shells, bringing
the electrons closer to the nucleus. This leads us to find the
largest PV effects in Po-containing systems. Notice that we
have included systems containing U (heavier than Po) in our
study.

On the other hand, Figs. 6(a)–6(c) and also Figs. 7(a)–7(c)
show the same dependence of both properties on the metal’s
atomic number when Y is varied in NXHFY molecules. There
is only one exception to this tendency, for |gSe �σSe,iso| in
NSeHFI.

V. CONCLUSION

In this work the NSD PV contributions to the NSR and
NMR shielding tensors were obtained using the relativis-
tic expression proposed in Ref. [37] for a series of light-
and heavy-element-containing tetrahedral molecules. We

have shown that relativity plays a crucial role in describing
the PV effects in these parameters for the chiral centers of the
NAXY Z series of molecules (with A = Cr, Mo, W, Se, Te, Po,
and U and X,Y, Z = H, F, Cl, Br, and I). Electron correlation
effects are as important as relativity for describing the PV
NSR and PV NMR shielding constants in these molecules
and are more pronounced in relativistic calculations than in
NR calculations. Therefore, reliable calculations of MPV

iso and
σ PV

iso require the simultaneous inclusion of both relativistic and
correlation effects.

We have shown that molecules containing both H and F
atoms exhibit the largest isotropic PV NSR and PV NMR
shielding constants, making this choice of ligand the most
promising for such investigations. Additionally, we provided
a study of the effects produced by using different chiral
centers while keeping both the H and F ligands. Here we
included further tetrahedral molecules containing elements
with six valence electrons as chiral centers. The isotropic
PV NSR and PV NMR shielding constants increase with
the chiral center’s atomic number. However, depending on

FIG. 6. Calculated values of |�MX,iso| = 2|MPV
X,iso| (in μHz) for the X nuclei in the NXHFY systems, with X = Cr, Se, Mo, Te, W, Po, and

U and for (a) Y = Cl, (b) Y = Br, and (c) Y = I, employing the DC Hamiltonian at the DFT PBE0 level of theory (except for X = Po, where
the DFT PBE functional was used instead) and using the dyall.cv3z basis set for all the elements.
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FIG. 7. Calculated values of |gX �σX,iso| = 2 |gX σ PV
X,iso| (in μppm) for the X nuclei in the NXHFY systems, with X = Cr, Se, Mo, Te, W,

Po, and U and for (a) Y = Cl, (b) Y = Br, and (c) Y = I, employing the DC Hamiltonian at the DFT PBE0 level of theory (except for X = Po,
where the DFT PBE functional was used instead) and using the dyall.cv3z basis set for all the elements.

the electronic structure of the metal atom, different tenden-
cies emerge, that is, the PV NSR and PV NMR shielding
constants increase faster with the atomic number in systems
containing p open-shell orbitals than in those with d open
shells.

We found the largest value of the NSR constant shift for
the 209Po nucleus in NPoHFI, on the order of 0.6 mHz. While
the PV NSR constants presented in this paper do not reach
the experimental sensitivity limit for NSR constants, which
is on the order of 1–10 Hz [106,107], this work provides
important insights into a possible direction in the experimental
search for PV effects in chiral molecules. The same molecule
was also found to have the largest value of the PV NMR
shielding constants calculated in this work. At a magnetic
flux density of B0 = 20 T [see Eq. (9)], such as that used in
Ref. [33], its NMR frequency splitting would reach 1.6 mHz,
just about an order of magnitude below the projected sensitiv-
ity [33]. The prospects for detection of these effects in NMR
spectroscopy seem favorable, provided a system with larger
effects can be identified. A natural extension of this work
is to search for promising molecules for measurements that
are both experimentally accessible and benefit from larger PV
contributions. The insights from this and previous studies on
PV NMR shielding constants [33,44,108–112] can be used

as a starting point to identify new molecular candidates for
further computational investigations.
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