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Abstract
The potential energy curves and the NMR properties: nuclear spin–spin coupling constants and nuclear shielding constants 
have been calculated for  Zn2,  Cd2 and  Hg2 dimers using density functional theory. The calculations have been carried out 
using the relativistic four-component Dirac–Coulomb Hamiltonian, and, in the case of energy curves, also relativistic effec-
tive core potentials. In case of NMR parameters, the relativistic effects turned out to be critically important even for the 
lightest dimer,  Zn2. The importance of the spin–orbit coupling depends on the internuclear distance: these effects tend to be 
significant for short internuclear distances.

Keywords Nuclear magnetic resonance · Spin–spin coupling constant · Shielding constant · Relativistic calculations · 
Dirac–Coulomb Hamiltonian · Group 12 dimers

1 Introduction

Closed-shell van der Waals metal dimers are of scientific 
interest [1–17] for their own sake, due to the possibility of 
laser applications (in analogy with the homo- and hetero-
atomic noble gas excimers and exciplexes [18]), and as the 
smallest metal clusters, providing information relevant for 
the study of condensation processes. The  Zn2,  Cd2 and  Hg2 
series is especially interesting due to atypical properties of 
mercury—the only metal liquid in room temperature and 
under atmospheric pressure—which are attributed to the rel-
ativistic effects. Mercury has an additional aspect attracting 
attention of computational chemistry: the nucleus of 199 Hg 
has a 1/2 spin and relatively high abundance, making 199 Hg 
NMR a suitable tool for investigation of mercury complexes. 
We explore both aspects of  Zn2,  Cd2 and  Hg2 dimers in this 
contribution: energetics and nuclear magnetic resonance 
properties.

Our main focus is NMR properties of the dimers under 
study: nuclear shielding constants, sensitives probes of van 

der Waals interactions, and the nuclear spin–spin coupling 
constants transmitted through these interactions. However, 
in order to choose an appropriate exchange-correlation func-
tional for the calculation of NMR properties in these van der 
Waals complexes, the potential energy curves have been first 
investigated by a variety of methods. The results have been 
compared with experiment and previous computational stud-
ies [1–7, 9, 12–15, 19].

The present study is carried out using relativistic four-
component Dirac–Coulomb Hamiltonian, which allows 
us to take into account the relativistic effects in the most 
complete way available for NMR properties. (It should be 
kept in mind, however, that this is not a fully relativistic 
Hamiltonian and that the first-order Breit correction to the 
missing terms may quite significantly contribute to the cal-
culated NMR properties of mercury [20]). We also compare 
the potential energy curves calculated using the four-com-
ponent Hamiltonian with the results of calculations carried 
out by means of one-component Hamiltonian with effective 
core potentials. Another methodological issue under consid-
eration is the performance of different exchange correlation 
density functionals in comparison with the coupled cluster 
calculations.

The contribution is organized as follows. First, we 
describe the computational details. Afterwards, the calcu-
lated potential energy curves and NMR properties are pre-
sented. The paper is concluded with a summary.

 * Katarzyna Jakubowska 
 kjakubowska@chem.uw.pl

 Magdalena Pecul 
 mpecul@chem.uw.edu.pl

1 Faculty of Chemistry, University of Warsaw, Pasteura 1, 
02-093 Warsaw, Poland

http://orcid.org/0000-0003-1607-0102
http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-021-02720-5&domain=pdf


 Theoretical Chemistry Accounts (2021) 140:26

1 3

26 Page 2 of 7

2  Computational details

2.1  Four‑component calculations of potential 
energy curves

The four-component Dirac–Kohn–Sham calculations of 
potential energy curves have been carried out with the 
ReSpect [21] program. Uncontracted triple-� Dyall’s basis 
set [22, 23] (dyall.vtz) has been applied together with a 
variety of exchange-correlation functionals: BLYP [24, 
25], B3LYP [25–28], BHLYP [24] PBE [29], PBE0 [30] 
and PBE0-50 (PBE0 with increased to 50% exact exchange 
admixture). Moreover, four-component Hartree–Fock calcu-
lations have been performed. Unfortunately, ReSpect does 
not support ghost atoms and, thus, basis set superposition 
error (BSSE) could not have been estimated.

The potential energy curves for dimers under consid-
eration have been also computed with the use of coupled-
cluster method (CCSD and CCSD(T) models), four-compo-
nent Dirac–Coulomb Hamiltonian [31] and DZP basis set 
[32–34] by means of Dirac [35]. Relatively small DZP basis 
set has been chosen in order to limit the computational cost 
as coupled cluster calculations are highly memory- and time-
demanding. In all these cases finite Gaussian-type nuclear 
charge distribution model has been applied.

2.2  One‑component ECP calculations of potential 
energy curves

The effective core potential results have been obtained 
using the Gaussian 09 program [36]. The following effec-
tive core potentials have been employed: MWB28 for zinc 
and cadmium [37], MWB60 for mercury [37]. Two elec-
tronic structure methods have been applied DFT together 
with PBE0, B3LYP and CAM-B3LYP [38] functionals and 
CCSD(T). BSSE has been taken into account with counter-
poise correction [39].

2.3  Four‑component calculations of NMR 
parameters

For the following calculations of NMR parameters four-
component Dirac–Kohn–Sham Hamiltonian, PBE0 func-
tional and uncontracted triple-� Dyall’s basis set have been 
applied. Some calculations have also been performed with 
the use of PBE0-50 functional. The calculations have been 
performed with ReSpect programme, using restricted mag-
netically balanced basis [40–42]. For comparison, also 
four-component calculations with spin–orbit interactions 

switched off and nonrelativistic calculations have been 
carried out. In the case of the nonrelativistic computa-
tions the speed of light has been scaled to 50.0 a.u. and in 
case of the four-component calculations without spin–orbit 
effects the spin–orbit operators have been scaled by a fac-
tor 0 (as implemented in ReSpect).

3  Results and discussion

3.1  Potential energy curves

3.1.1  Four‑component calculations of potential energy 
curves

The potential energy curves (scaled to binding energy 
curves—shifted so as to give 0 at infinite internuclear 
separation) calculated using DKS-DFT with different 
exchange-correlation functionals are shown in Fig. 1. In 
order to compare the obtained results with experiment and 
literature computational results (coupled cluster calcula-
tions with Dirac–Coulomb Hamiltonian, denoted DCH-
CCSD(T)), the values of Re and De have been presented in 
Table 1. Unfortunately, in case of DKS calculations BLYP, 
B3LYP and BHLYP functionals do not even produce a 
minimum and, thus, they are not further considered. The 
performance of PBE0 and PBE0-50 functionals seems to 
be satisfactory, although obviously inferior to CCSD(T). 
In the case of  Zn2 and  Cd2 the calculated values of Re are 
too low as compared to the experiment and the literature 
CCSD(T) values. There is a good agreement between the 
calculated values of Re for the  Hg2. In all cases the values 
of De calculated with PBE0 are 20–30% higher than those 
calculated with PBE0-50, which brings them further from 
the experiment in the case of  Zn2 and  Cd2, but closer for 
 Hg2. To sum up, PBE0 and PBE0-50 seem to handle rela-
tively correctly the energetics of the dimers under study, 
and are superior in this respect to PBE and much superior 
to the functionals from the BLYP family (Fig. 1).

All three systems under investigation are weakly bound 
van der Waals complexes and, therefore, basis set super-
position error should be taken into consideration [43]. In 
case of the DFT calculating counterpoise correction [39], 
which can be estimated by performing subsystem calcu-
lations using ghost atoms carrying basis sets of the full 
system, might be somehow problematic. From this reason 
and the fact that ReSpect program does not enable the 
use of ghost atoms, we do not take BSSE into account in 
this case. In the next subsection we discuss how the intro-
duction of CP correction influences the potential energy 
curves in case of ECP calculations.
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Fig. 1  The  Zn2 (a) ,  Cd2 (b) and  Hg2 (c) potential energy curves cal-
culated with DKS. The curves were shifted so as to give 0 at infinite 
internuclear separation

Fig. 2  The  Zn2 (a) ,  Cd2 (b) and  Hg2 (c) potential energy curves cal-
culated with ECPs. The curves were shifted so as to give 0 at infinite 
internuclear separation
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3.1.2  ECP calculations of potential energy curves

The potential energy curves calculated using ECPs are 
shown in Fig. 2. As it can be noticed in case of DFT the 
performance of PBE0 functional is also the most satisfac-
tory as compared to the experiment. The B3LYP func-
tional does not produce a minimum, whereas the minima 
produced by the CAM-B3LYP functional are much too 
shallow and the minimum energy interatomic separations 
are too long. 

The ECP-CCSD(T) results are extremely poor in case 
of  Zn2 dimer. It probably results from the use of MWB28 
ECP, which means that only 2 electrons are treated explic-
itly. In case of both  Cd2 and  Hg2 the results are in better 
agreement with the experiment; however, their quality is 
not better than the quality of the DFT/PBE0 results.

It is worth mentioning how BSSE affects the results. 
The comparison of the values calculated with and with-
out counterpoise correction shows that the differences in 
case of the DFT results are negligible. As far as CCSD(T) 
results are concerned, the minima become more shallow 
and move to higher interatomic distances, which makes 
the agreement with experiment much worse.

In cases such as the dimers under consideration, it is 
often recommended to perform DFT calculation with a 
functional using Coulomb-attenuating method. Com-
parison of the results obtained either with CAM-B3LYP 
or B3LYP functional shows that the use of Coulomb-
attenuating method does indeed improve the quality of 
the results. However, the improvement is subtle and the 
performance of PBE0 functional is still much more sat-
isfactory. In particular, CAM-B3LYP gives very shallow 
minima for  Cd2 (23  cm−1) and  Hg2 (42  cm−1) and it does 
not produce a minimum for  Zn2 at all.

3.2  Nuclear shielding constants

On the basis of the results for potential energy curves, 
we have selected PBE0 correlation-exchange functional 
for NMR calculations. For comparison, some calcula-
tions have also been performed with PBE0-50 functional. 
Diagrams showing dependencies of the calculated nuclear 
shielding constants for  Zn2,  Cd2 and  Hg2 on interatomic 
distances can be found in Fig. 3.

As it turns out relativistic effects are essential in cal-
culations of shielding constants for all three dimers under 
consideration. Contribution of relativity changes only for 
very small r values, for r > 3.0 it is almost constant: ca. 
7% for �Zn , ca. 16% for �Cd and ca. 40% for �Hg.

As far as contribution of spin–orbit effects to relativistic 
effects is concerned, it is clear from the diagrams that there 
is no point in calculating nuclear shielding constants, espe-
cially at lower interatomic separations, without including 
spin–orbit effects. At small interatomic distances, the con-
tribution of spin–orbit effects to relativistic effects on the 
whole is negative and can be even over 300%. With the 
increase in r parameter it rises and becomes positive. It 
becomes practically constant for the distances larger than 
6.0 Å and it is at the level of 0.85% for  Zn2, 1.23% for  Cd2 
and 2.43% for  Hg2.

Comparison of four-component relativistic values of 
shielding constants for  Zn2,  Cd2 and  Hg2 calculated with 
either PBE0-50 or PBE0 functional shows that the differ-
ence in the values does not exceed 2% and shape of the 
r-dependency does not change.

Table 1  Comparison of the 
calculated values of R

e
 and D

e
 

with literature

a Values for BLYP, B3LYP, BHLYP, CAM-B3LYP have not been included, since these functionals either 
did not produce a minimum or it was extremely shallow (< 50 cm−1)

Zn2 Cd2 Hg2

R
e
 [Å] D

e
 [cm−1] R

e
 [Å] D

e
  [cm−1] R

e
 [Å] D

e
  [cm−1]

Experiment 4.19 [1] 279 [1] 4.07 [19] 330 [19] 3.63 [19] 380 [19]
DCH-CCSD(T) [16] 3.58 315.2 4.08 302.9 3.87 357.8
DKSa

 DFT/PBE 3.15 624 3.46 562 3.45 417
 DFT/PBE0 3.33 415 3.56 437 3.52 300
 DFT/PBE0-50 3.46 295 3.68 351 3.60 219

ECP
 DFT/PBE0 3.71 247 3.63 361 3.69 208
 CCSD(T) 5.31 28 4.28 273 4.09 369
 CCSD(T)-CP 5.31 28 4.60 127 4.43 108
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3.3  Nuclear spin–spin coupling constants

Diagrams of the nuclear spin–spin coupling constants cal-
culated for  Zn2,  Cd2 and  Hg2 with changing interatomic 
distances are shown in Fig. 4. All three dependencies have 
a similar course with a minimum at about 2.4 - 2.7 Å and 
a maximum at about 4.1 - 4.6 Å. The only exception is the 
dependence of JHg−Hg that has been calculated with a non-
relativistic method.

The influence of relativity turns out to be significant 
even for the lightest dimer,  Zn2. Relativistic contribution 
to the total value of the spin–spin constant decreases with 
the increase in the r value. It decreases from ca. 40% to ca. 

5% for  Zn2, from over 90% to less than 10% for  Cd2 and 
from almost 100% to about 10% for  Hg2.

It can be noticed that spin–orbit effects play an impor-
tant role only for small interatomic separations and they 
are negligible for larger distances. Spin–orbit effects con-
stitute even over 20% for r smaller than 3.5 Å for  Zn2, 
4.0 Å for  Cd2 and  Hg2. Moreover, they are less than 3 % 
for r larger than 4.2 Å for  Zn2, 5 Å for  Cd2 and 6.2 Å for 
 Hg2.

Comparison of four-component relativistic values of 
spin–spin coupling constants calculated for  Zn2,  Cd2 and 
 Hg2 with either PBE0 or PBE0-50 functional shows that, 
in contrast to the shielding constants, the difference in the 

Fig. 3  Dependence of the nuclear shielding constants: a �Zn , b �Cd 
and c �Hg on the interatomic distance, r Fig. 4  Dependence of the spin–spin coupling constants: a JZn−Zn , b 

JCd−Cd and c JHg−Hg on the interatomic distance, r 
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values can be even over 30% for larger r values, although the 
shape of the r-dependency does not change much visually.

4  Conclusions

We have studied potential energy curves of  Zn2,  Cd2 and 
 Hg2 dimers by means of the CCSD(T) and DFT methods 
with four-component Dirac–Coulomb Hamiltonian and 
one-component Hamiltonian with ECPs. After that nuclear 
magnetic shielding constants and nuclear spin–spin coupling 
constants were calculated at the DFT level. All the NMR 
calculations were carried out with Dirac–Coulomb Hamil-
tonian, and some of them were repeated with non-relativistic 
Hamiltonian. The conclusions are as follows:

• In the case of four-component DKS and one-component 
ECP DFT energy calculations for the dimers under con-
sideration hybrid functionals from PBE0 family give sat-
isfactory results as compared to the experiment, whereas 
hybrid functionals from B3LYP family perform very 
poorly.

• Including CP correction into ECP results for DFT energy 
calculations does not significantly improve the quality of 
the obtained values. It did not noticeably change either 
the depth or the location of the minimum energy.

• As far as computations of nuclear shielding constants are 
concerned, it is essential to incorporate relativistic effects 
even for the lightest dimer at all interatomic separations 
as relativistic effects are almost constant with change in 
r. In order to get accurate results at intermolecular dis-
tances around R e the spin–orbit effects also need to be 
taken into account.

• Similar conclusions as for the shielding constants can be 
drawn for the spin–spin coupling constants. However, in 
this case relativistic effects decrease with the increase in 
interatomic distance.
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