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The leading-order perturbation theory approach to relativistic effects on the nuclear magnetic

shielding provides an economic method for obtaining the chemical shifts in heavy-element

containing systems. The method features detailed analysis potential in terms of the different

physical mechanisms affecting the shielding tensors of heavy nuclei. The perturbative nature,

however, results in an increasing error with increasingly heavy elements in the system. In this

work, we investigate the performance of the Breit–Pauli perturbation theory (BPPT) against fully

relativistic four-component theory in computing the nuclear shielding constants as well as the

chemical shifts with respect to corresponding atomic ions of group-12 metals, M = Zn, Cd, and

Hg, in dimethyl M(CH3)2 and aqueous M(H2O)6
2+ complexes. It is shown that five out of the

total of sixteen BPPT correction terms are responsible for most of the relativistic corrections for

the chemical shift of studied metals. The relativity is important already for Cd and BPPT is

proven to work well up to Hg for the chemical shift, as calibrated with the fully relativistic

method.

1 Introduction

Nuclear magnetic resonance (NMR) is a versatile mode of

spectroscopy allowing for a variety of uses, ranging from

magnetic resonance imaging to the determination of molecular

structure.1 One of the parameters determining the NMR spectra

is the nuclear magnetic shielding tensor r, which represents the

effect of the surrounding electron system modifying the local

magnetic field at the nucleus of interest. In addition to empirical

research, this property can be studied computationally, opening

a possibility to understand the underlying physics at a deeper

level.

In the presence of heavy elements, the effects of relativity

have to be taken into account when calculating NMR para-

meters, due to electrons moving at high velocities near the

heavy nuclei.2,3 For this there exist a number of possible

methods, each of which has its advantages and disadvantages.

The relativistic polarization propagator formalism,4 which is

equivalent to a Dirac–Hartree–Fock5,6 (DHF) method at the

random-phase approximation level of approach (RPA), uses a

four-component wave function with the Dirac–Coulomb

Hamiltonian. DHF is used as a reference for more approximate

solutions. Also density functional theory (DFT) implementations7–9

have been carried out at the four-component level. Being

computationally heavy and not significantly using correlated

wave function methods at present,10 other means of relativistic

computation of the nuclear shieldings are often preferred,

such as exact two-component methods,11,12 the transformed

Hamiltonian methods (e.g., zeroth-order regular approxi-

mation (ZORA),13–16 and the Douglas–Kroll method17–21),

or methods based on perturbation theory, e.g., linear response

elimination of small component (LR-ESC)22–24 or the Breit–

Pauli perturbation theory (BPPT)25–27 (both methods are based

on the same underlying physics). The perturbative methods are

computationally inexpensive and suitable for large systems,

they enable the use of correlated wave functions, and allow

for a detailed analysis by using concepts that are familiar from

the nonrelativistic (NR) theory. On the other hand, they are

limited to the leading-order relativity and will eventually fail for

increasingly heavy-atom systems where relativity may no longer

be considered a small perturbation. Recent development of the

LR-ESC28 method may overcome these restrictions.

BPPT has previously been used, e.g., to study Xe in atomic29

and molecular30–32 environments, for light nuclei in the

presence of heavy nuclei,33,34 and for the heavy nuclei of the

main groups of the periodic table.35 In the case of Xe it has

been found that most of the altogether 16 Breit–Pauli correction

terms originate from the inner atomic orbitals and are thus

mostly invariant with respect to the chemical environment of

the studied nucleus.29–32 Five of the terms (BPPT-5) were found

to be important for the chemical shift of Xe in molecules.30,31

Even BPPT-3 was found applicable for Xe dissolved in benzene36

and for atomic Xe in other environments such as in fullerene.32
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The motivation of this work is to, for the first time, system-

atically investigate the performance of perturbational relativity

for metal nuclei, as well as to see whether BPPT-5 remains a

valid approximation in the case of group-12 metals. Further-

more, we calibrate the limit where the perturbative approach

no more suffices when increasingly heavy elements are studied.

After the submission of this paper, we became aware of an

article comparing the 4-component, ZORA, and LR-ESC

methods at the DFT level for 199Hg in HgL2 (L = Cl, Br, I,

CH3) compounds.37 With increasing electronegativity of the

ligands, the authors concluded that the spin–orbit interaction

contributions become increasingly underestimated by the per-

turbational method. Presently we focus on the investigation of

the onset of such failures by studying systematically the series

of also the lighter group-12 compounds, using X(CH3)2,

X(H2O)6
2+ and X2+ (X = Zn, Cd, Hg) as model compounds.

2 Theory

The Cartesian components of the shielding tensor sM of

nucleus M can be written as the second energy derivative with

respect to the external field B0 and nuclear spin IM,z

sM;et ¼
1

gM

@2EðIM;B0Þ
@IM;e@B0;t

����
IM¼0;B0¼0

; ð1Þ

where gM is the gyromagnetic ratio of M. In most diamagnetic

systems, such as free closed-shell atoms, the phenomenon

reduces the magnitude of the magnetic field at the nucleus,

hence the name shielding. The electronic system may also

cause a negative shielding effect,38–40 increasing the field

strength at the nucleus. With a heavy nucleus, the electronic

system is significantly affected by relativity, which also modi-

fies the shielding effect.

The physical observable corresponding to shielding is the

chemical shift

dM ¼
sMðref :Þ � sM
1� sMðref:Þ

; ð2Þ

where sM(ref.) and sM are the isotropic shielding constants

sM = 1
3
(sM,xx + sM,yy + ssM,zz) (3)

in a reference molecule and the investigated system, respectively.

Both in the chemical shift and the shielding anisotropy

DsM = sM,zz � 1
2
(sM,xx + sM,yy), (4)

where zz is a suitable symmetry direction of the molecule, most

of the relativistic effects taking place in the inner atomic shells

cancel out.

2.1 Fully relativistic calculations

Within the Dirac–Coulomb framework the interaction of an

electron with the external magnetic field is accounted for by

the minimal coupling prescription, leading to the introduction

of the perturbative Hamiltonian

V = a�A, (5)

describing the interaction between the electrons and the

external magnetic field. Here, the ak (k = x, y, z) are the

Dirac alpha matrices41 and A is the magnetic vector potential.

In the relativistic regime, the magnetic properties which

depend bilinearly on the contributions to the magnetic

potential V of eqn (5), such as the nuclear magnetic shielding,

can be obtained from the relativistic polarization propagator

approach (RPPA).4,5 Using the linear response formalism, the

total shielding tensor can then be written as

rM = hhVM; VBii0, (6)

where

VM ¼ a� rM

r3M
ð7Þ

VB = 1
2
a � rO (8)

In these formulae rM and rO are the electronic locations with

respect to the nucleus M and the gauge origin of the vector

potential, respectively. The actual form of the principal

propagator involved in the evaluation of eqn (6) depends on

the level of approximation at which it is calculated. In this

work the first level of approach, the random phase approxi-

mation (RPA), is used.

If the Dirac equation is written in terms of the two-spinors,

called the large and the small component

Cðr; tÞ ¼ CLðr; tÞ
CSðr; tÞ

� �
; ð9Þ

two coupled equations are obtained. Taking the nonrelativistic

limit, the relationship between the small and large components is

CS ¼ ðr � pÞ
2mc

CL; ð10Þ

where rk are the Pauli spin matrices. The condition in eqn (10)

is called the kinetic balance prescription. It ensures that the

kinetic energy is properly represented at the nonrelativistic

limit. When Gaussian functions are used as the basis, from

eqn (10), for each large-component function with the angular

momentum quantum number l two small-component func-

tions are obtained with l + 1 and l � 1 (only one for l = 0).

If the functions are taken as a linear combination, the

restricted kinetic balance (RKB) is obtained. If, instead, the

two functions are taken separately, unrestricted kinetic balance

(UKB) is obtained. Whereas the RKB prescription gives a

1 : 1 relation between the large- and small-component basis

sizes, the UKB prescription produces a 1 : 2 relation. This

increases the small component basis size and extends the

negative-energy electronic space, improving, for a fixed large-

component basis set, the basis-set convergence of the shielding

tensor.29,42,43 Using magnetically balanced basis sets5,7,9 may

enable a similar basis-set convergence to be reached with yet a

smaller number of large-component functions, though there is

no one-to-one comparison at the moment.

2.2 Breit–Pauli perturbation theory

In the Breit–Pauli perturbation theory approach, relativistic effects

are treated as perturbations to the NR state. A quasirelativisticz We use SI-based atomic units throughout.
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Hamiltonian for the system is obtained from the four-component

Dirac–Coulomb–Breit (DCB) operator in the presence of the

magnetic vector potential by reducing it to a two-component

form by Foldy–Wouthuysen transformation.44 The result,

called the Breit–Pauli Hamiltonian HBP, can be divided into

one- and two-electron parts, which consist of terms representing

different kinds of interactions and their relativistic corrections.25

Contributions to the NMR shielding tensor arise from terms

that depend bilinearly on the external magnetic field B0 and

nuclear spin IM as can be seen from eqn (1). The NR contri-

butions arise from operators that contain the second power of

the fine structure constant, a2, whereas the leading-order

relativistic corrections have higher power, a4.25–27

Collecting the operators, a total of 16 relativistic correction

terms can be formed by using first-, second- and third-order

perturbation theory. The NMR shielding tensor is thus, to the

leading order,25

rM = rNR
M + rBPPTM . (11)

In previous calculations30–32 most of the relativistic correc-

tions to dXe and DsXe and also for sSn of SnH2XY (X, Y= H,

F, Cl, Br, I) and sPb of PbH3X model compounds45 were

found to be captured by five BPPT (or LR-ESC) terms

rM(BPPT-5) = rp-KE/OZ
M + rp-mv

M + rp/Dar
M + rFC-I(1)M + rSD-I(1)

M ,

(12)

due to the other terms being almost independent of the

chemical environment of the nucleus. The first three terms,

p-KE/OZ, p/mv, and p/Dar, are spin-free modifications of the

paramagnetic shielding due to the relativistically modified

orbital hyperfine interaction, mass-velocity, and Darwin inter-

actions, respectively. Together they provide a sufficient BPPT-3

approximation for the chemical shift of atomic Xe in liquid

benzene36 and in the cavity of C60.
32 The FC-I and SD-I terms

bear spin–orbit (SO) interaction via the Fermi-contact and

spin–dipole hyperfine operators, respectively. The two-electron

terms FC-I(2) and SD-I(2) are important in the NMR shielding

calculations of light nuclei, but their relative significance

decreases for the heavier atoms.46 With increasingly heavy

elements the assumption of a small perturbation is no longer

justified and the accuracy of BPPT decreases.27,47

3 Computational details

3.1 General

The optimized equilibrium geometries for complexes M(CH3)2
and M(H2O)6

2+ (M = Zn, Cd, Hg) were calculated at the

density functional theory level, with the BP86 functional and

aug-cc-pVTZ basis set. Results are shown in Table I in the

ESI.w The optimized bond lengths differ from the experimental

ones by typically of the order of 10�2 Å. Consequently, there

is an overall good agreement with the experimental values.

Also the characteristic behaviour of the M–C bond length, first

increasing from Zn to Cd, then decreasing a little from Cd to

Hg, appears in the optimized results for M(CH3)2.
48

The gauge origin was placed at the heavy nucleus M in DHF

and relativistic BPPT calculations, unless otherwise noted.

This choice for the common gauge origin (CGO) has been found,

with a reasonably complete basis set, to produce practically

equal NR shielding constants for the heavy nucleus when

compared to gauge-including atomic orbital (GIAO) methods.26

Because the relativistic contributions are less sensitive to the

placement of the gauge origin than the NR shielding constant,

the calculated values are expected not to significantly depend

on the gauge in such single heavy-atom complexes.

3.2 Four-component shielding calculations

The Dirac49 code was used for all of the 4-component results.

The Gaussian nuclear charge distribution model was used in

all DHF calculations. The Dirac–Coulomb Hamiltonian was

used both for the wave function and property. The LL and SL

bi-electronic integrals retained whereas the SS bi-electronic

integrals were neglected because their incorporation does not

change the results significantly.

Both RKB and UKB prescriptions were used to generate

the small-component basis from the large component Fægri50

basis sets for the heavy metal atoms M with several tight and

polarization functions added to obtain converged results. The

scheme for extending the basis set was the usual: (i) tight basis

functions were added to the s, p, d and f blocks, with

exponents related as ai+1/ai = 3 to the largest existing

exponent of each block; (ii) g polarization functions were

added in some cases, starting with an exponent of 0.5 and

adding further functions with the same relation between

exponents as mentioned above. For C and H atoms Sadlej’s51

basis set was used with one s-type, two p-type and one d-type

tight functions added to C atoms. The final converged basis

sets are listed in Table 1.

3.3 Perturbative shielding calculations

BPPT calculations were carried out in two stages with the

Dalton quantum chemistry program.52 First a converged basis

set was sought for the NMR shielding calculations. As a

starting point, Fægri’s exponents50 were used for metals,

uncontracted and supplemented with polarization functions

in a similar spirit as in the Huzinaga/Kutzelnigg (HIV) basis

sets for the light atoms, resulting in Zn: [18s16p11d2f], Cd:

[22s19p14d2f], and Hg: [24s21p17d10f].53,54 For H, the HIV

set {(6s3p1d)/[5s3p1d]}, and for C and O {(11s7p3d1f)/

[8s7p3d1f]} were used. The HIV sets have previously been

shown to produce practically converged shielding constants

for the ligands that are used here, so no basis set study was

performed on them.26,27 These FIVu/HIV basis sets, where

‘‘u’’ denotes full uncontraction of the metal basis, were improved

by adding tight Gaussian functions, with exponents selected as

above, to the occupied l-shells (s, p, d, also f for Hg) of the

metal atom. The shielding constants, as well as chemical shifts

with respect to the metal ions M2+, were calculated with these

basis sets and compared at each step to the values obtained

with the smaller basis, as well as to the results calculated with

the largest tested set. The results are shown in Tables II–VII

of ESI.w A basis with eight added sets of tight functions

(FIVu8/HIV) was found to provide convergence of the BPPT

results. For the NR calculations, a much smaller FIVu2/HIV

basis was found to suffice.
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The selected FIVu8/HIV basis set was used to calculate the

shielding tensors of the three metals in dimethyl molecules

and water clusters using the Hartree–Fock (HF) method as

well as density-functional theory with the BLYP,55,56 hybrid

B3LYP,57,58 and BHandHLYP exchange–correlation functionals,59

bearing an increasing amount of exact exchange (0%, 20%,

and 50%, respectively). For comparison, and for calibrating

the performance of the DFT functionals, the NR shielding

tensors were also calculated using correlated ab initio methods

MP2, CCSD, and CCSD(T), using the CFOUR program

package.60

4 Results and discussion

4.1 Four-component Dirac–Hartree–Fock calculations

Table 1 shows the nuclear magnetic shielding constants in the

M(CH3)2 systems (M = Zn, Cd, Hg) with different basis sets

and applying the RKB and UKB prescriptions at the fully

relativistic DHF level. Included are also the values obtained

using the BPPT formalism for comparison. The NR values at

the four-component and at the one-component levels are very

close to each other, due to the large basis sets used. The

obtained relativistic results are basis-set converged mainly due

to the size of the basis set and the inclusion of tight and

polarization functions. Using the smallest basis sets we observe

a large change in the total shielding between the RKB and

UKB calculations, which originates mainly from the diamagnetic

contribution. In the relativistic framework, this reflects the

increased flexibility of the small-component basis set in the

UKB method, which is important for describing the contri-

butions of the negative energy part of the excitation space.

With better basis sets, the values obtained with both RKB and

UKB prescriptions are close to each other. This holds even for

the Hg atom, which belongs to the sixth row in the periodic

table. The UKB results are very close to the converged ones

already when using a very small basis set (Zn: one tight p and

two f polarization functions, Cd: two sets of tight p and d as well

as two f polarization functions, added to the Fægri basis set).

These observations are in agreement with results published

previously.29,42,43

Fig. 1 illustrates the relativistic effects on the total shielding

constant and for the dia- and paramagnetic contributions therein.

The importance of the relativistic effects can be assessed by

computing (s � sNR)/sNR for the total value and for the

dia- and paramagnetic contributions. For the total value we

see that the relativistic effects are 11% for Zn, 20% for Cd,

and 81% in the case of Hg. For the diamagnetic component

the values are �5%, �10% and �17%, for Zn, Cd and Hg,

respectively. This means that the relativistic effect is not very

large on the diamagnetic contribution. In the paramagnetic

component the variations of the values are very large, because

the nature of the paramagnetic contribution changes completely

when the heavier atoms are considered at the relativistic level.

Fitting the relativistic part of the DHF shielding constant of

each nucleus, s � sNR, to a function Zn, where Z is the atomic

number, produces the exponent n = 3.72 for the M(CH3)2
molecule and n = 3.86 for the M2+ ion. These are slightly

larger, but close to the values n= 3.0 and n= 3.2 obtained by

Aucar et al. for heavy atoms in a series of hybrids.61 Thus the

relativistic effects show a power law dependence on the nuclear

charge, with the exponent depending slightly on the nuclear

environment.

At the NR level, dia- and paramagnetic contributions to the

nuclear magnetic shielding are well-defined, being the expectation

value of the diamagnetic nuclear spin (DS) operator, and the

Fig. 1 (a) Dirac–Hartree–Fock (filled symbols) relativistic effects,

and (b) the nonrelativistic Hartree–Fock (hollow symbols) and

relativistic Dirac–Hartree–Fock nuclear magnetic shielding constants

in M(CH3)2 (M= Zn, Cd, Hg) model compounds. Calculations using

the UKB prescription and the basis set Fd shown in Table 1.

Table 1 Fully relativistic and perturbative (BPPT) shielding constants of the metal nuclei in M(CH3)2 (M = Zn, Cd, Hg) in ppm at the
Hartree–Fock level

M Metal basis set

DHF RKB DHF UKB BPPT

sdia spara stotal sdia spara stotal sa

67Zn Fb(19s14p9d) 2176.27 �509.76 1666.52 2465.67 �509.79 1955.89 1765.63
Fc(19s16p13d8f4g) 2457.62 �677.67 1779.93 2460.90 �677.94 1782.96
Fd(19s15p9d2f) 2466.01 �678.97 1787.05

111/113Cd Fb(20s16p11d) 3868.05 93.79 3961.84 4410.19 92.16 4502.36 3954.70
Fc(20s18p15d10f6g) 4405.49 �287.93 4117.56 4403.91 �289.28 4114.63
Fd(20s18p13d2f) 4404.19 �311.04 4093.15

199/201Hg Fb(23s19p14d9f) 7634.17 4998.70 12632.87 8103.16 4870.91 12974.07 9887.96
Fc(23s21p17d12f7g) 8026.71 4307.86 12334.57 8117.27 4299.56 12416.83

a The HF method and FIVu8/HIV (for the metal/light atom) basis set were used in NR as well as BPPT calculations with two-electron spin–orbit

SO-I(2) contributions omitted. The Dalton code was used. b Fægri basis set used in four-component calculations in relativistic and NR regimes.
c As in footnote b but converged by adding tight and polarization functions as described in the text. d Basis set used only in UKB calculations.
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linear response function of the paramagnetic nuclear spin–electron

orbit (PSO) and orbital Zeeman (OZ) operators, respectively.25

At the relativistic level a clear division of the total shielding to

the dia- and paramagnetic parts is no longer possible.62 The

total propagator of eqn (6) can be approximated by the sum of

two terms; one (the other) contains only excitations to positive-

energy (negative-energy) electronic states giving the paramagnetic

(diamagnetic) contributions. The diamagnetic contribution

can be extracted from the difference of the full calculation

and the one from which excitations to the negative energy

states are left out. While the ‘‘paramagnetic’’ contributions are

similar at both the NR and relativistic levels for the light

elements such as Zn, this is not necessarily true with heavier

elements, and may even cause the ‘‘paramagnetic’’ contribution

to become positive. For the Zn atom, the paramagnetic NR

value is �990.21 ppm and the relativistic one �677.94 ppm; for

Cd the values are�1587.12 ppm and�289.28 ppm, respectively.

Finally, for the Hg atom the variation is from �2894.84 ppm

to 4299.56 ppm. There is indeed a change of the sign in the

paramagnetic contribution at the relativistic level. According to

our results the diamagnetic contribution does not have a similar

qualitative sensitivity to relativistic effects as the paramagnetic

contribution.

Fig. 1(b) shows the calculated shielding constants as a

function of the atomic mass. It is seen that there is almost

linear behavior of the diamagnetic component at the relativistic

and nonrelativistic levels. On the other hand, the paramagnetic

component and the total value do not follow that behavior due

to very large variations when the atomic number increases, as

mentioned above.

4.2 Electron correlation effects at the NR level

To assess the effect of electron correlation on the NMR

shieldings as well as to position the different DFT functionals

with respect to non-correlated Hartree–Fock and correlated

ab initio results, the NR shieldings were computed using HF,

MP2, CCSD and CCSD(T) methods. For Hg(CH3)2, CCSD

was the highest calculated level. We note that the corres-

ponding calibration is not accessible at the fully relativistic

level. Ab initio methods at or beyond the second-order level in

the electron correlation treatment for the shielding tensor

practically do not exist in that regime. Table VIII in the ESIw
shows the calculated shielding constants and anisotropies with

the FIVu2(M)/HIV(H, C) basis set. Fig. 2 shows the differences

of the shielding constants and chemical shifts computed with

the different methods as compared to the best correlated post-

HF method, CCSD(T) (CCSD for Hg).

It is seen from the tabulated values that the correlated

ab initio results are located between the DFT and non-correlated

HF results in all cases. Common to all of the properties is that

the differences between methods, when compared to the best

correlated ab initio method, increase notably towards the

heaviest metal. Comparison of the NR correlated shieldings

shows that DFT is not very reliable and should be used with

caution. The three functionals BLYP, B3LYP, and BHandHLYP

contain a growing portion of the exact Hartree–Fock exchange.

As was anticipated based on earlier experience, of the three

functionals, BHandHLYP is closest to the nonrelativistic

ab initio shielding constants and chemical shifts.30,31,33

For M = Zn and Cd, only the BHandHLYP functional

provides an improved agreement with the coupled-cluster data

as compared to HF. For Hg(CH3)2, the HF method is superior

to DFT.

4.3 Perturbative relativistic effects

The NR and BPPT contributions to the calculated NMR

shielding constants for Zn, Cd, and Hg are shown in

Table 2, and in more detail in Tables IX–XI in the ESI.w It

is seen that most of the BPPT contributions (save the five

terms discussed below) vary relatively little between the HF

and DFT methods and, on the other hand, between the two

molecular environments, reflecting the core-like nature of the

property.26,27,30,31 Two of the contributions, dip and SD/SZ-KE,

vanish for the shielding constant due to symmetry reasons and

are therefore not listed in the tables. The total differences

between the used methods arise mainly from only five terms,

p-KE/OZ, p/mv, p/Dar, FC-I, and SD-I, the sum of which

(BPPT-5) is shown separately in the tables. BPPT-5(1) does

not contain two-electron SO effects whereas BPPT-5(2) does.

Comparing the two values shows that the two-electron SO

effects are small for all of the studied systems, with their magni-

tude ranging from �2 ppm to �5 ppm to �15 ppm for Zn, Cd,

and Hg, respectively. With respect to the total shielding constant,

these values are vanishingly small. The BPPT-5 terms give zero

contribution to the shielding constants of the M2+ ions due to

their spherical symmetry and the properties of the orbital Zeeman

(OZ) interaction.27 The contribution of the scalar relativistic (SR)

terms to the shielding constant is negative in all of the studied

systems, whereas the contribution of the spin–orbit terms is

always positive, and greater than the absolute value of the SR

contribution. The cross-term linear response contribution

from the kinetic-energy correction of the spin–Zeeman inter-

action (SZ-KE) and the Fermi contact term, in particular,

Fig. 2 Nonrelativistic shielding constants and chemical shifts in

M(CH3)2 (M = Zn, Cd, Hg) calculated using ab initio and DFT

methods compared to the best ab initio result [CCSD(T) for M = Zn,

Cd; CCSD for Hg]. The deviations from the best results are shown.
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is responsible for a major electron-spin-dependent effect on

the nuclear shielding constant. Its contribution to the chemical

shift is, however, negligible.

The calculated shielding constants form a series where

HF 4 BHandHLYP 4 B3LYP 4 BLYP. Of the three

DFT functionals, the results obtained using BHandHLYP

are closest to the HF results, as was anticipated based on the

NR calculations. This is clearly seen in Fig. 3. HF–DFT

differences, on the other hand, practically do not change

between Zn and Cd, i.e., electron correlation effects remain

effectively constant as a function of the atomic number of the

metal. The fact that the HF and DFT results are close to each

other implies that the so-called triplet instability problem is

not a serious problem in the studied molecules.63

Contributions to chemical shifts, calculated with respect to

the metal ions M2+, are shown in Table 3. As was noted

earlier, most of the BPPT contributions do not depend much

on the environment of the studied atom, and therefore almost

vanish in the calculation of the corresponding chemical shift.

Fig. 4 shows the NR and total chemical shifts of the metals in

both of the studied series of complexes. Because most of

the BPPT contributions to the chemical shift are negligible,

relativistic effects are smaller than in the respective shielding

constants, which is also evident from Fig. 4. Due to this also

the errors due to the perturbative treatment of relativity cancel

out to large extent allowing for significantly more accurate

results than for shielding constants. The aforementioned five

important terms (BPPT-5) gave zero contribution to the

shielding constant of the metal ions, due to the orbital Zeeman

term appearing in them. Because the terms do not vanish in the

studied molecular environments, the relativistic part of the

chemical shift consists almost solely of the BPPT-5 contributions

in both molecules. Fig. 5 visualizes their contribution to the

chemical shift. Due to the significant contributions from the

FC-I(1) and SD-I(1) spin–orbit terms, the BPPT-3 approximation36

does not apply for the metal chemical shifts. Since the same five

Table 2 Nonrelativistic (NR) results as well as relativistic (BPPT) corrections for the nuclear shielding constants of M2+ ions and M(CH3)2 as
well as M(H2O)6

2+ complexes (M = Zn, Cd, Hg)a

M Term in s
M2+

M(CH3)2 M(H2O)6
2+

HF BLYP B3LYP BHandHLYP HF BLYP B3LYP BHandHLYP HF

Zn NR 2508.08 1307.59 1378.21 1473.21 1607.08 1667.30 1730.97 1810.41 1915.96
SRb �114.81 �146.78 �144.66 �141.92 �137.81 �139.72 �137.38 �134.72 �131.55
SOc 297.25 281.67 284.97 289.08 295.51 293.98 294.32 294.77 295.24
BPPTd 182.45 134.89 140.30 147.16 157.71 154.26 156.94 160.05 163.70
BPPT-5(1)e 0.00 �46.11 �40.71 �34.15 �23.90 �24.69 �22.18 �19.49 �16.18
BPPT-5(1 & 2)f 0.00 �48.05 �42.45 �35.53 �24.74 �28.47 �25.63 �22.50 �18.70
Totalg 2690.53 1442.48 1518.51 1620.37 1764.79 1821.55 1887.91 1970.46 2079.65

Cd NR 4801.22 2958.94 3017.51 3116.72 3281.05 3781.74 3847.91 3936.28 4061.76
SRb �468.72 �574.08 �577.33 �579.64 �577.64 �536.87 �532.80 �526.66 �518.02
SOc 1238.28 1164.80 1183.99 1208.59 1249.38 1221.20 1224.54 1228.06 1231.76
BPPTd 769.56 590.72 606.66 628.95 671.74 684.33 691.74 701.40 713.74
BPPT-5(1)e 0.00 �178.82 �161.97 �139.21 �95.73 �81.14 �73.46 �63.97 �51.43
BPPT-5(1 & 2)f 0.00 �180.24 �163.80 �141.26 �97.65 �86.39 �78.53 �68.68 �55.72
Totalg 5570.78 3549.67 3624.16 3745.66 3952.79 4466.06 4539.65 4637.69 4775.50

Hg NR 9718.27 6263.82 6365.19 6537.32 6820.60 7913.06 8029.42 8185.21 8407.27
SRb �2133.62 �2728.67 �2743.69 �2755.49 �2748.21 �2463.09 �2444.40 �2414.71 �2372.02
SOc 5825.26 5407.21 5498.74 5619.53 5811.01 5741.97 5763.18 5783.82 5805.69
BPPTd 3691.64 2678.55 2755.06 2864.04 3062.80 3278.88 3318.78 3369.11 3433.67
BPPT-5(1)e 0.00 �1016.16 �936.83 �826.06 �625.22 �402.47 �361.14 �310.52 �244.45
BPPT-5(1 & 2)f 0.00 �1017.79 �939.82 �829.95 �628.77 �416.88 �375.60 �324.51 �257.81
Totalg 13409.91 8942.37 9120.25 9401.36 9883.40 11191.94 11348.20 11554.32 11840.94

a Results in ppm. b Sum of all electron-spin-independent BPPT terms [con, dip, d-KE, p-OZ, d/mv, d/Dar, p/OZ-KE, p-KE/OZ, p/mv, and

p/Dar], referring to the naming of the terms adopted in ref. 27. c Sum of all electron-spin-dependent BPPT terms [FC/SZ-KE, FC-I, SD-I, FC-II,

and SD-II], including also the 2-electron SO terms [FC-I(2) and SD-I(2)], referring to the naming of the terms adopted in ref. 27. d Total (SR) +

total (SO). e Sum of terms [p-KE/OZ, p/mv, p/Dar, FC-I(1), and SD-I(1)], which have been found the most important for heavy-atom d and Ds
(see text). f In addition to the terms listed in footnote e, also 2-electron SO effects FC-I(2) and SD-I(2) are included. g NR + BPPT.

Fig. 3 Differences of the calculated DFT shielding constants from

the HF values of the metal nuclei M (M = Zn, Cd, Hg) in M(CH3)2
and M(H2O)6

2+ complexes. Results are shown for the scalar relati-

vistic (SR), spin–orbit (SO), and total values calculated at the BPPT

level. The height of the tallest bar is displayed in each figure, in ppm.
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terms are important for the differences between the HF and

DFT results for shielding constants and chemical shifts,

the role of electron correlation is practically equal in both

properties. Table 3 also shows the expected systematic depen-

dence of the DFT results on the amount of exact exchange, as

the order of the results obtained with the three functionals

remains the same in every studied system, decreasing

from BLYP to BHandHLYP, which in turn is larger than

the HF result. As the chemical shift results of M(CH3)2 and

M(H2O)6
2+ complexes in Table 3 show, the relativistic effects

clearly are very important already for Cd, and even more so

for Hg, covering about 10% and 20% of the total chemical

shift of the nuclei, respectively. Therefore, they should always

be included in modeling of heavy metal chemical shift contrary

to previous conclusions.66

Table 4 shows the shielding anisotropies obtained with

Hartree–Fock, DFT and DHF methods, as well as experi-

mental results for the Cd and Hg nuclei. The DFT results show

a similar dependence on the amount of exact exchange in the

functionals as with chemical shifts, with the anisotropy

decreasing from BLYP to BHandHLYP, which in turn is larger

Table 3 Nonrelativistic (NR) results as well as relativistic (BPPT) corrections for the chemical shifts of the M(CH3)2 and M(H2O)6
2+ complexes

(M = Zn, Cd, Hg)a

M Term in d

M(CH3)2 M(H2O)6
2+

BLYP B3LYP BHandHLYP HF BLYP B3LYP BHandHLYP HF

Zn NR 1202.63 1131.98 1037.22 903.27 842.01 778.33 699.17 593.61
SR 32.01 29.92 27.13 23.00 24.96 22.64 19.93 16.74
SO 15.73 12.28 8.22 1.74 3.41 2.92 2.54 2.01
BPPT 47.75 42.20 35.37 24.74 28.37 25.56 22.48 18.75
BPPT-5(1) 46.11 40.71 34.15 23.90 24.69 22.18 19.49 16.18
BPPT-5(1 & 2) 48.05 42.45 35.53 24.74 28.47 25.63 22.50 18.70
Total 1250.71 1174.49 1072.86 928.24 870.61 804.10 721.83 612.52

Cd NR 1850.88 1792.04 1692.68 1527.51 1024.12 957.63 869.16 743.03
SR 105.85 109.10 111.15 108.87 68.66 64.59 58.19 49.28
SO 74.14 54.51 29.99 �11.12 17.68 13.91 10.50 6.52
BPPT 180.09 163.72 141.27 97.89 86.42 78.57 68.76 55.86
BPPT-5(1) 178.82 161.97 139.21 95.73 81.14 73.46 63.97 51.43
BPPT-5(1 & 2) 180.24 163.80 141.26 97.65 86.39 78.53 68.68 55.72
Total 2033.27 1957.94 1835.94 1627.05 1111.74 1037.32 938.92 799.74

Hg NR 3487.55 3385.30 3211.97 2926.10 1822.12 1704.74 1547.91 1323.86
SR 596.12 610.95 621.74 613.28 331.11 312.30 281.68 237.90
SO 422.23 328.97 207.76 14.33 85.51 62.99 42.51 19.68
BPPT 1020.93 942.79 832.69 631.17 418.38 376.98 325.75 258.92
BPPT-5(1) 1016.16 936.83 826.06 625.22 402.47 361.14 310.52 244.45
BPPT-5(1 & 2) 1017.79 939.82 829.95 628.77 416.88 375.60 324.51 257.81
Total 4531.60 4350.06 4064.89 3574.44 2251.44 2091.81 1882.66 1590.29

a Shifts with respect to M2+ ions. See footnotes in Table 2. Results in ppm.

Fig. 4 Nonrelativistic (hollow symbols) and relativistic (BPPT, filled

symbols) chemical shifts (with respect to M2+ ions) of the metal

nucleus M in (a) M(CH3)2 and (b) M(H2O)6
2+ complexes. M = Zn,

Cd, Hg.

Fig. 5 Nonrelativistic and most important relativistic contributions

to the chemical shifts of the metal nucleus M in M(CH3)2 and

M(H2O)6
2+ complexes (with respect to M2+ ions) at the HF level.

M = Zn, Cd, Hg.
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than the HF result. For M = Cd and Hg, comparison to

experimental64,65 results shows that the correlated DFT aniso-

tropies are closer to the experimental values than those calcu-

lated with the HF method. Still, DHF results are between HF

and experimental anisotropies. There is a notable difference

between the closest calculated (BHandHLYP functional)

shielding anisotropy and the experimental result in both cases.

For Cd the difference is approximately 740 ppm (22%) and for

Hg 1650 ppm (29%). Part of the deviation may be due to the

experiments being done in a liquid crystal phase, but clearly it

indicates an inability to correctly calculate the magnetic

shielding anisotropy within this framework at present. This

should be due to the spin–Zeeman operator currently not

considered in the BPPT theory.67 As the operator does not

contribute to the isotropic shielding constant, the effect of

neglecting it only shows up in the anisotropy or individual

components of the shielding tensor. In the linear molecule

approximation67 we obtain at the BHandHLYP level about

+50 ppm and +280 ppm for Cd and Hg shielding aniso-

tropies, respectively, which somewhat improves the agreement

with experiment.

4.4 Comparison of results

Table 5 lists the DHF and the ‘‘best’’ BPPT shielding constants

and chemical shifts, as well as some reference values for Cd

and Hg. The best values were calculated as the sum of the

corresponding best correlated ab initio NR value (CCSD(T)

for Zn and Cd, CCSD for Hg) and the best correlated

(BHandHLYP) BPPT correction. These are not comparable

with the four-component values due to the DHF results not

being correlated. Instead they should be considered as being

our best estimates of the corresponding properties at the BPPT

level. Considerable variance is seen between the values

obtained with different methods, especially in the relativistic

cases, but also in the NR values. This shows that not only the

handling of relativity is important for the shielding constant,

but also the chosen functional, if DFT is used. This is also

evident from the BPPT shielding constants in Table 2.

The comparison of the HF results for the shielding constant

obtained with the BPPT formalism with the fully relativistic

DHF values shows that for lighter atoms, where the relativistic

effects are not very important, the differences are small (1% for

the Zn atom), but increase when we go down in the periodic

table, with differences of 4% and 20% for Cd and Hg, respec-

tively. On the other hand, when comparing our results with

previous calculations, we observe that for the Hg atom our

DHF result is close to that from ref. 21 but differs by more than

35% with ZORA-DFT calculations.13,68 This shows the difficulty

in reproducing the NMR shielding constant well for heavy nuclei.

When the chemical shift is analyzed, however, it is seen that the

BPPT values are very close to the four-component results even for

the heavy Hg nucleus, with a rather small percentual difference of

only 3.6%. This means that BPPT is an appropriate method for

the chemical shift down to the sixth row of the periodic table. This

conclusion is, admittedly, based on trends in the shieldings in only

the X2+ and X(CH3)2 systems. Arcisauskaite et al.37 argued that,

for Hg compounds with increasingly heavy halogen ligands, the

performance of the LR-ESC method (closely related to BPPT)

would rapidly deteriorate due to increasingly underestimated SO

contributions. Such a deterioration of the BPPT performance

for elements as heavy as Hg is possible, although a detailed

Table 4 Relativistic 4-component Dirac–Hartree–Fock and BPPT
results for the shielding anisotropy of the M nucleus in M(CH3)2

a

M
Term
in Ds

BPPT

DHF Expt.bBLYP B3LYP BHandHLYP HF

Zn NR 1757.03 1662.04 1531.45 1341.85
BPPT 61.39 53.82 44.43 29.50
Totalc 1818.42 1715.86 1575.88 1371.35 1389.06

Cd NR 2702.78 2625.06 2487.79 2252.25
BPPT 223.92 201.852 171.77 111.67
Totalc 2926.70 2826.91 2659.56 2363.91 2497.42 3400

Hg NR 5024.79 4892.81 4657.43 4255.33
BPPT 1268.44 1165.29 1020.39 746.78
Totalc 6293.23 6058.10 5677.81 5002.11 6411.63 7325

a Anisotropy defined as Ds = sJ � s>, where sJ (s>) is the

component of the shielding tensor along with (perpendicular to) the

molecular axis. Results in ppm. BPPT calculations using FIVu8(M)/

HIV basis set and 4c using the converged Fægri basis set, see footnotes

in Table 1. b Results for Cd (ref. 64) and Hg (ref. 65) from liquid

crystal NMR experiments. c NR + BPPT.

Table 5 Relativistic 4-component Dirac–Hartree–Fock and BPPT
results for shielding constants and chemical shifts of the nucleus M in
M(CH3)2 and M(H2O)6

2+a

Shielding
constant

NR + BPPT

DHFc LiteratureM2+ HF BHandHLYP Bestb

Zn 2690.53 2690.35 2689.88 2689.68
Cd 5570.78 5571.37 5570.75 5684.09
Hg 13409.91 13411.74 13411.49 16073.55
M(CH3)2
Zn 1764.79 1620.37 1659.07 1782.96
Cd 3952.79 3745.66 3821.12 4114.63
Hg 9883.40 9401.36 9613.46 12416.83 12772d,

8020e, 7929f

M(H2O)6
2+

Zn 2079.65 1970.46
Cd 4775.50 4637.66 4433g

Hg 11840.94 11554.32
Chemical shifth

M(CH3)2
Zn 928.24 1072.86 1033.59 909.17
Cd 1627.05 1835.94 1759.43 1578.43
Hg 3574.44 4064.89 3849.66 3716.46
M(H2O)6

2+

Zn 612.52 721.83
Cd 799.74 938.92
Hg 1590.29 1882.66

a Results in ppm. BPPT calculations using FIVu8(M)/HIV basis set

and 4c using the converged Fægri basis set, see footnotes in Table 1.
b Best correlated NR (CCSD(T) for Zn and Cd, CCSD for Hg) result

added with best correlated BPPT (BHandHLYP) correction. c The

M(H2O)6
2+ systems were not calculated. d See ref. 21. Quasirelativistic

approximation based on Douglas–Kroll–Hess Hamiltonian, using

GIAO-FP-QR-GUHF method. Experimental geometry. e See ref. 13.

ZORA-DFT with ADF, using LDA augmented with PW91. Experi-

mental geometry. f See ref. 68. ZORA-DFT with ADF, using VWN

augmented with BP86. g See ref. 66. CombinedMD andDFT calculations

using the B3LYP functional. Relativistic corrections using BPPT.
h Chemical shift references: shielding constant of the corresponding

M2+ ion from a calculation at the same level.
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study analyzing the effects due to the approximate exchange–

correlation functionals should be performed to substantiate

the finding. Indeed, in different studies30,69 we have witnessed

failures of DFT for relativistic shieldings of halogen-containing

systems. Related problems of the present DFT functionals are

well known also for other hyperfine properties, such as NMR

spin–spin couplings.70

5 Conclusions

Relativistically corrected (BPPT) Hartree–Fock and DFT results

for metal nuclear shieldings and chemical shifts are compared for

the group-12 compounds M(CH3)2 and M(H2O)6
2+ systems

(M=Zn, Cd, Hg) withM2+ ions as the chemical shift reference.

4-Component Dirac–Hartree–Fock results are given for M(CH3)2
for comparison. In 4-component Dirac–Hartree–Fock calcula-

tions RKB and UKB prescriptions converge to the same value

for the nuclear magnetic shielding constants when we use a large

basis set for both. Due to the more flexible small-component

basis, the UKB prescription with a medium-size basis

set allows the study of larger molecular systems. Relativistic

effects on the diamagnetic component of the 4-component

Dirac–Hartree–Fock results steadily increase for increasingly

heavy nuclei. The paramagnetic component is very sensitive to

these effects, changing its sign for heavy atoms. Because of this

the relativistic effects are very important for the total shielding.

The Hartree–Fock shielding constants calculated at the

BPPT level underestimate the four-component results, an

effect that is pronounced with increasingly heavy elements.

Chemical shift results of BPPT, however, are in good agreement

with 4-component calculations for atoms down to, and including

the sixth row of the periodic table (group-12). At the sixth row

the relativistic effects become quite important for the studied

cases, and difficulties are expected to arise for heavier nuclei.

The present conclusion is based only on the results for X2+

and X(CH3)2 (X = Zn, Cd, Hg), however, and the issue of

underestimated spin–orbit contributions for halogen ligands in

Hg compounds warrants further systematic investigation.

At the NR level it is seen that the correlated ab initio

shielding constants and chemical shifts are located between

the HF and DFT results, with non-negligible differences

between the methods. This means that while correlation effects

need to be taken into account at the NR level, attention must

be paid to the choice of the chosen DFT method.

The same five valence-like terms in the BPPT expansion are

found important for the metal chemical shifts and nuclear

shielding anisotropies, as for the corresponding quantities in

Xe shielding investigated earlier. While being highly sensitive

to both the electron correlation treatment as well as chemical

environment, the relativistic effects are relatively small for Zn

but indispensable already for Cd.

Themost important result is the fact that the HF chemical shifts

are very close to the 4-component values until the sixth row of the

periodic table. This is an encouraging result for the BPPT method.
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