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In this contribution, we study several monocarbonyl-metal complexes in order to unravel the
contribution of relativistic effects to the metal-ligand bond length and complexation energy. Using
scalar density functional theory �DFT� constrained space orbital variation �CSOV� energy
decomposition analysis supplemented by all-electron four-component DFT computations, we
describe the dependency of relativistic effects on the orbitals involved in the complexation for the
Au+ isoelectronic series, namely, the fully occupied 5d orbitals and the empty 6s orbitals. We
retrieve the well-known sensitivity of gold toward relativity. For platinum and gold, the
four-component results illustrate the simultaneous relativistic expansion of the 5d orbitals and the
contraction of the 6s orbitals. The consequences of such modifications are evidenced by CSOV
computations, which show the importance of both donation and backdonation within such
complexes. This peculiar synergy fades away with mercury and thallium for which coordination
becomes driven by the accepting 6s orbitals only, which makes the corresponding complexes less
sensitive toward the relativistic effects. © 2010 American Institute of Physics.
�doi:10.1063/1.3491266�

I. INTRODUCTION

Relativistic effects are known to play a key role in the
coordination properties of gold and are also suspected to be
responsible for the liquid state of mercury at ambient tem-
peratures. The cations of Au and Hg are increasingly used in
catalysts for organic synthesis and, consequently, theoreti-
cians are more and more confronted by these elements from
the viewpoint of inorganic or organometallic chemistry.1,2

Because of large Z values, the inner electrons of these ele-
ments are subject to relativistic effects, with consequences
for the outer electrons involved in chemical bonds: relativity
modifies the usual structures of orbitals and disrupts the
steady evolution observed for bond lengths and complex-
ation energies of metal-ligand complexes when wandering
through the rows and columns of the Periodic Table.3,4

Recently, we reported a quantum chemical study on a
series of cationic monoaqua complexes for elements of col-
umns 11 and 12.5 We retrieved the well-known sensitivity of
gold to relativity3,4 and, to a lesser extent, that of mercury
and platinum. As expected, the relativistic effects were found
negligible for lighter elements of these columns. A strong
correlation was observed between the effects of relativity on
the complexation energy and the effects on the cation-ligand
bond length.

In this contribution, we consider the more donating car-

bonyl ligand, which is expected to lead to complexes that are
more sensitive to the relativistic effects. The considered se-
ries of cations includes Au+, Hg2+, and Tl3+, all sharing the
same valence configuration: 5d106s0. In addition, we also
will consider neutral platinum �Pt�, the theoretical treatment
of which is a bit trickier as it exhibits an open-shell 5d96s1

ground-state electronic configuration. However, all the
M–CO complexes are closed-shell singlet including Pt0CO.6

For the sake of consistency within the investigated series, the
bonding energy for Pt–CO will be computed with respect to
the closed-shell 5d106s0 configuration of the metal.

This contribution is organized as follows: after recalling
some methodological procedures and definitions, we will
discuss the geometries and the scalar and four-component
complexation energies of the carbonyl complexes obtained.
These energies will then be analyzed by means of the con-
strained space orbital variation �CSOV� approach and by
Mulliken and natural population analysis �NPA�.

II. METHODOLOGY

A. Computational details

The all-electron �AE� calculations have been performed
using the Faegri’s basis set for the cations; such a basis set is
known to be of at least double-zeta quality.7 The four-
component calculations have been performed using the
DIRAC code.8–10 The Dirac–Coulomb Hamiltonian11 has been
considered. The uncontracted small component basis sets
were generated from the large component sets according to
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the kinetic balance condition. Finite size Gaussian nuclei
were used and the nuclear exponents were taken from a list
of recommended values.12 All �SS/SS� and �SS/LL� integrals
have been retained in the calculations. An efficient approxi-
mation exists within the DIRAC code13 for modeling the small
component. However, we chose to treat this small compo-
nent explicitly as our systems were small enough.

The four-component Hamiltonian available in DIRAC al-
lows fully relativistic calculations; hereafter, we will use the
following acronyms: FR-RHF/AE for fully relativistic RHF
�Restricted Hartree-Fock� computation and FR-DFT/AE for
its fully relativistic B3LYP equivalent. Moreover, we also
used the nonrelativistic four-component Lévy-Leblond14

Hamiltonian available in DIRAC; hereafter, denoted as NR-
RHF/AE and NR-DFT/AE.

The scalar calculations have been performed using the
GAUSSIAN 03 package15 with the B3LYP16,17 functional. The
standard cc-pVTZ basis set by Dunning18 was used to de-
scribe the C and O atoms. The metallic cations were de-
scribed by the Def2-TZVP scalar relativistic pseudopoten-
tials by Weigend and Ahlrichs.19 These pseudopotentials
were chosen because they do not involve any H projector
�not implemented in all softwares presently used in this
study�. Mulliken and natural population analysis20 �NPA�
computations were performed at the optimized geometries.
Calculations performed with scalar relativistic pseudopoten-
tials will simply be denoted as RHF and B3LYP.

B. Optimization and interaction energies

Full geometry optimizations have been performed. All
complexes have been considered in the Cs symmetry, allow-
ing M–C–O angle to vary freely. The complexation �binding
or formation� energies used hereafter are defined according
to the following formation reaction:

Mp+ + CO → �M�CO��p+,

�E = E��M�CO��p+� − E�Mp+� − E�CO� .

We have computed the importance of the relativistic and cor-
relation effects on the M–C bond length �quoted D� and com-
plexation energy �quoted E�. The nonrelativistic HF calcula-
tion �NR-RHF/AE� serves as a reference. We compute the
importance of the correlation effects through the following
equation:

Xc = X�NR-DFT/AE� − X�NR-RHF/AE�, X = D,E.

In the same way, the importance of relativistic effects is de-
fined by

Xr = X�FR-RHF/AE� − X�NR-RHF/AE� .

The global contribution of both effects on the two properties
is defined by

Xrc = X�FR-DFT/AE� − X�NR-RHF/AE� .

Finally, we define the synergetic contribution of both effects,
which is the interaction between correlation and relativistic
effects. It is defined as the global effect on the quantity con-
sidered �difference between FR-DFT calculations versus
NR-RHF calculation� compared to that of relativistic effects
and correlation effects considered separately

Xsyn = Xrc − Xr − Xc.

C. CSOV energy decompositions

Among the different decomposition schemes
existing21–31 �see Ref. 31 for a comparison between
schemes�, we have retained the CSOV approach, as imple-
mented in our modified version of HONDO95.3.32,33 The inter-
action energy �EAB between two fragments A �here, CO� and
B �here, Mp+� is then split into different components,

�EAB = E1 + E2 + �E,

where

E1 = EFC,

E2 = Epol + Ect = EpolA + EpolB + EctA→B + EctB→A.

Here, E1 �Efrozen core� includes the electrostatic and exchange/
Pauli repulsion terms. E2 is the sum of a charge transfer �Ect�
term and of a polarization �Epol� term, which can both be
split into contributions originating from A and B. �E is im-
plicitly calculated by the first formula. It accounts for some
higher-order many-body terms having different physical
origins24,26,34,35 not detailed within the standard CSOV de-
composition; they are expected to be small with respect to
�EAB.

Such an approach has been validated within the frame-
work of density functional theory �DFT�32,36–39 and has re-
cently been extended to pseudopotential calculations on
monohydrate cations of heavy elements.5,40,41 With such an
energy decomposition, it can a priori be clearly established
what is the dominant origin of the complexation energy; this
makes then possible to characterize the complex as predomi-
nantly covalent �E2 is the largest component in this case� or
predominantly electrostatic �E1 is the largest component�
species.

It should also be noticed that the �EAB interaction en-
ergy is computed with the fragments frozen in the complex

TABLE I. M–C bond lengths in monocarbonyl complexes �Å�.

Basis Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

All-electron FR-RHF �NR-RHF� 1.828 �2.293� 2.125 �2.665� 2.216 �2.481� 2.228 �2.396�
FR-DFT �NR-DFT� 1.773 �2.009� 1.938 �2.379� 2.134 �2.383� 2.320 �2.403�

Scalar pseudo RHF 1.839 2.136 2.223 2.221
Potentials B3LYP 1.779 1.952 2.145 2.298
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geometry; they are not optimized separately. So, the CSOV
procedure will slightly overestimate this quantity.

III. RESULTS

All complexes adopt a linear C�v symmetry, whatever
the cation, the considered charge, or level of calculations.
Consequently, this feature will not be discussed further.

A. Structure and energy

We report on the variations of the M–C and C–O bond
lengths and those of the complexation energies in Tables
I–III. Table IV gathers the respective contributions of the
relativistic and correlation effects on the complexation ener-
gies, the M–C bond lengths, and the synergetic contribution
for both effects.

The �Pt�CO�� complex has been subject to numerous
experimental42–46 and theoretical37,47–53 investigations. The
present results are in good agreement with experimental
works for bond length: 1.773 Å �FR-DFT/AE� versus 1.760
Å.44 The �Au�CO��+ complex has also been extensively in-
vestigated, experimentally.54–56 Its molecular properties have
also been investigated theoretically for its bond
properties,57–59 infrared spectrum,55,56 and the relativistic ef-
fects involved.40,60 The computed complexation energy is
close to the experimental value of 45 kcal mol−1.57 No ex-
perimental data are available for �Hg�CO��2+ and �Tl�CO��3+

and only one theoretical work is available for the mercury
complex.51 The available value of the Hg–C bond length
�2.164 Å� is in good agreement with our work, the associated
�E value �−70.0 kcal mol−1� is quite smaller than that we
found; however, the computational approach is quite differ-
ent �MP2 level of calculations for the optimization, complex-
ation energy evaluated at the CCSD�T� level�.

The present series of complexes is made of heavy ele-
ments: platinum �Z=78�, gold �Z=79�, mercury �Z=80�, and
thallium �Z=81�. For them, the relativistic effects are strong
compared to those observed within the lead �Z=82� isoelec-
tronic series,61 the smallest value is Dr=−0.168 Å for Tl3+

compared to Dr=0.114 Å for Tl+. Moreover, it is interesting
that the distance for Tl3+ shows a decrease in length with the
inclusion of relativity, whereas for Tl+, this effect is reversed.

We partially retrieve the usual “gold effects”4 for bond
lengths: the relativistic effects are strong for platinum, in-
crease for gold, and then decrease up to thallium. On the
contrary, the influence on the complexation energies, in ab-
solute values, decreases from platinum to gold and then in-
creases up to thallium; Er=−12.6 kcal mol−1 for Au+ and
−39.1 kcal mol−1 for Tl3+. Nevertheless, the contribution of
the relativistic effects to the net complexation energies tends
to decrease slightly, amounting to 25% for gold and to 22%
for thallium. It seems then that the particular sensitivity of
gold toward relativistic effects is large with respect to geom-
etry, but is less pronounced for the complexation energy.

For this series, both correlation and relativistic effects
tend to shorten the bond length and stabilize the complex.
The one-component HF calculation leads to the expected in-
crease of the complexation energy from platinum to thallium
as, at the same time, the M–C bond length decreases �except
for platinum�. It is in good agreement with the “rule of
thumb” that the most charged metal should lead to the short-
est metal-CO bond length and to the most stable complex. If
trends for complexation energies are not affected by any of
the relativistic or correlation effects, they are for bond
lengths.

Upon inclusion of correlation effects, M–C bond lengths
are similar for Au+, Hg2+, and Tl3+. However, the order is
reversed compared to the one-component HF calculation: the
Au–C bond length is now shorter than of Tl–C. The relativ-
istic effects lead to a spectacular decrease of the Au–C bond
length by 0.540 Å and by 0.465 Å for Pt–C, but only by
0.265 Å for Hg–C and by 0.168 Å for Tl–C. The combina-
tion of the two effects, relativity and correlation, leads to a
bond length increase of roughly 0.2 Å from platinum to thal-
lium, contrary to what could have been expected: the most
charged complex has the longer bond length.

B. Population analysis and energy decompositions

The NPA shows the evolution of the cationic orbital
populations. Many points arise from Table V. The main point
is the population of the 5d orbitals, which decreases from
mercury to platinum. The d shells of Hg2+ and Tl3+ are full,
whereas a significant population is missing for Pt. The situ-

TABLE II. C–O bond lengths in monocarbonyl complexes �Å�.

Basis Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

All-electron FR-RHF �NR-RHF� 1.123 �1.115� 1.098 �1.104� 1.090 �1.095� 1.086 �1.088�
FR-DFT �NR-DFT� 1.158 �1.149� 1.128 �1.126� 1.117 �1.119� 1.121 �1.119�

Scalar pseudo RHF 1.113 1.090 1.082 1.077
Potentials B3LYP 1.145 1.116 1.107 1.110

TABLE III. Complexation energies ��E in kcal mol−1�. All fragments and complexes are taken into their singlet closed-shell state.

Basis Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

All electrons FR-RHF �NR-RHF� �44.0 ��2.1� �20.4 ��7.8� �50.8 ��31.4� �122.2 ��83.0�
FR-DFT �NR-DFT� �85.3 ��27.0� �49.9 ��17.8� �82.3 ��49.1� �174.4 ��116.1�

Scalar pseudo RHF �39.9 �20.4 �52.3 �125.5
Potentials B3LYP �78.2 �48.1 �82.6 �175.4
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ation of Au+ is intermediate; the RHF value, however, sug-
gests that the decrease in the population is not an artifact. We
must then consider the eventuality of the existence of back-
donation from the cation toward the empty �� orbital of the
carbonyl. The evolution of the 6s orbital population is much
more complicated; it decreases from Pt to Hg2+ and then
increases to Tl3+. We will discuss this point later. Finally, as
could have been expected, the net charge transfer from the
carbonyl to the cation increases from Pt �0.11 electron� to
Tl3+ �0.68 electron�.

To complete the analysis of the complexes, we per-
formed binding energy decompositions. As discussed in Sec.
II, the energy is decomposed into six terms, which will be
discussed in the following. E1 is strongly repulsive for Pt and
Au+ and quasinil for Hg2+ and Tl3+. To compute this term,
the orbitals of the fragment are optimized separately and then
frozen. The final orbitals of the complex are formed from the
orthogonalized monomer orbitals without any global reopti-
mization. Consequently, it merges the Coulomb interaction
�electrostatic� to the exchange-repulsion �Pauli� between the
occupied orbitals of the isolated fragments.33 This shows that
the Coulombic attraction between the cation and CO does
not ensure, solely, the stability of these complexes and that
the exchange-repulsion is predominant. This can be inter-
preted as a penetration of the lone pair of CO into the occu-
pied orbitals of the cation, as suggested by the very short
distance observed between CO and Pt or Au+.

The second-order term E2 decreases from Pt to Hg2+ and
then increases for Tl3+. A rough analysis is difficult and we
have then to consider the individual contributions.

The metal polarization and the backdonation �charge
transfer from the metal to the CO ligand� terms decrease
monotonously from Pt to Tl3+. This is consistent with the
NPA as the population of the 5d orbitals increases from Pt to
Hg2+ and Tl3+ for which they are full—proof of the absence

of backdonation. The CSOV analysis confirms that the par-
tial weakening of the 5d population is due to backdonation
and not to 5d-6s transfer.

The polarization of CO and its donation to the cation are
more difficult to interpret and the results for the Pt complex
are noticeable. For this complex, the �E term �i.e., the energy
not taken into account within the CSOV contributions� is
very large, whereas it is expected to remain small.31,33,35 This
is a hint toward showing that the CSOV description is not
well suited to the description of such a covalent complex.
Otherwise, the polarization of the carbonyl increases steadily
from Au+ to Tl3+, in agreement with the strength of the elec-
tric field generated by the cation. The donation term also
increases; however, it is quasi-identical for Au+ and Hg2+

despite the greater charge held by the cation. This is again in
line with the similar population of the 6s orbital given by the
NPA for both cations.

IV. DISCUSSION

Both NPA and CSOV decomposition results have put in
evidence the role played by the 5d orbitals in Pt and Au+

complexes through backdonation. The donation toward the
6s orbital increases simultaneously with the M–C bond
length. It shows that, alone, donation is not the driving force
of the binding, as the bond elongation should disfavor it. Our
conclusion is that the characteristics of the complexes are the
result of the balance between the two terms: donation to the
6s and backdonation from the 5d.

The characteristics of the CO fragment are constant, so
they could not be the source of the differences between the
complexes. Three parameters are then to be considered: the
charge of the cation, the donation, and the backdonation. We
have already shown that the charge held by the cation leads
to the exact opposite evolution of the complexes’ character-
istics when taking into account the relativistic effects. This
suggests that it has no direct influence at least on the bond
lengths.

Relativistic effects modify the energy of the orbitals. The
capacity of the 5d orbitals to donate electron to the vacant
orbitals of the carbonyl and that of the 6s to accept electrons
from the full orbitals of the ligand are directly linked to the
relative energy difference between the 5d, the 6s, and the
ligand orbitals. As relativistic �and correlation� effects
modify these energies, this donation capacity will be directly
affected by this effect.

In Table VI, we have reported the energy gap between
the 5d and the 6s orbitals of the cations. It is noticeable that
the relativistic and correlation effects both tend to diminish
this gap, and that the lower this gap is, the shorter is the M–C

TABLE IV. Respective contribution of relativity and correlation to the M–C
bond length �Å� and to the complexation energy �kcal mol−1�.

Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

Dr �0.465 �0.540 �0.265 �0.168
Er �41.8 �12.6 �19.4 �39.1
Dc �0.284 �0.286 �0.098 0.007
Ec �24.9 �10.0 �17.6 �33.1
Drc �0.520 �0.727 �0.347 �0.076
Erc �83.1 �42.1 �50.9 �91.4
Dsyn 0.229 0.099 0.016 0.085
Esyn �16.4 �19.5 �13.9 �19.2

TABLE V. NPA of the 5d and 6s orbitals and net charge of the cations.

Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

RHF 5d 9.40 9.89 9.97 10.0
6s 0.68 0.21 0.21 0.41

Net charge �0.09 0.88 1.79 2.57

B3LYP 5d 9.18 9.73 9.94 10.0
6s 0.94 0.49 0.40 0.68

Net charge �0.11 0.78 1.64 2.32

TABLE VI. Energy gap between the 5d5/2 and 6s1/2 spinors �a.u.� in the
isolated cations.

Method Pt Au+ Hg2+ Tl3+

FR-RHF
�NR-RHF�

0.300 �0.375� 0.465 �0.587� 0.643 �0.815� 0.832 �1.057�

FR-DFT
�NR-DFT�

0.030 �0.119� 0.136 �0.269� 0.261 �0.442� 0.406 �0.638�
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bond length. The gap is a good picture of the backdonation
ability of the 5d orbitals. Their quick stabilization from Pt to
Tl is illustrated by the increasing gap up to Tl for which the
5d electrons are not involved in the binding, as illustrated by
the CSOV and NPA. A last clue on the origin of the M–C
bond length evolution is given by the radii of the different 5d
and 6s orbitals, as calculated by Desclaux on the neutral
atoms.4 There is a stronger contraction of the 6s1/2 spinor
from Pt to Tl �0.388 bohr� compared to that of the 5d5/2
�0.150 bohr�. Furthermore, the radius of the 5d5/2 spinor is
one-half that of the 6s1/2.

A consistent scheme arises from all these elements. By
reducing the energy gap, correlation and relativistic effects
favor backdonation from the 5d orbitals. However, to maxi-
mize the overlap between these orbitals and the accepting
CO ��, the outer-ligand orbitals have to penetrate into the 6s
shell to get closer to the 5d orbital. At the same time, this
empty 6s shell is partially populated by donation from the
ligand. The result is a competition. On one hand, the bond
length tends to shorten in order to maximize the overlap
between the ligand and the 5d orbital of the cation. On the
other hand, the bond length tends to lengthen in order to
diminish the repulsion between the ligand and the partially
occupied 6s shell and the full 5d shell of the cation. Of
course, one should keep in mind that DFT usually gives a
smaller gap than HF and post-HF methods, leading to an
overestimation of charge transfer.33 Nevertheless, the ob-
served backdonation effects remain present at the HF level,
which does not suffer from usual self-interaction DFT arti-
fact linked to the HOMO-LUMO �highest energy occupied
molecular orbital-lowest energy occupied molecular orbital�
gap problem.

We can now explain the amplitude of the relativistic ef-
fects on the complexes. For platinum, the 5d orbitals are
already high enough in energy at the RHF level to allow
backdonation: it is the only electron deficient fragment in the
series �see Mulliken populations in Table VII�. The relativis-
tic effects expand the 5d and contract the 6s �see Ref. 62�
orbitals: this reinforces backdonation as illustrated by a
greater electron deficiency. The main orbitals to consider are
the 5d orbitals, which are less sensitive to the relativistic
effects than the 6s �see the table in Supplementary Material�.
For Hg and Tl, the complex is governed by donation to the
6s orbitals �Table VIII�. Consequently, the amplitude of the
relativistic effects on the complex depends on their influence
on this orbital. The relativistic contraction of the 6s orbital

decreases from gold to thallium. It is explained easily; the
increasing charge of the nucleus already contracts the 6s or-
bital at the RHF level, so the supplementary contraction due
to the relativistic effects can only decrease as the inner shells
contraction is much smaller than that of the 6s orbitals �see
Ref. 62�; in that way, the electron repulsion rapidly increases.
This is why the relativistic effects are smaller on Tl than on
Hg for the M–C bond lengths.

The last case to treat is gold. The larger contribution of
relativistic effects on the Au–C bond length is due to the
contraction of the 6s orbital, which is important enough to
allow the ligand to interact with the 5d orbitals. This favors
the penetration of the C lone pair of the CO within the par-
tially occupied 6s cation orbital. This is possible despite the
electron repulsion with the partially occupied 6s orbital as it
maximizes the overlap between the 5d orbital of gold and the
orbital of the ligand. This repulsion between the orbitals is
illustrated by the highly repulsive value of the frozen core
�E1� interactions �see Table IX�. So for gold, relativistic ef-
fects not only increase donation toward the ligand but also
create the conditions to allow backdonation, conditions that
are not present at the nonrelativistic level.

V. CONCLUSIONS

By means of different series of monocarbonyl-metal
complexes, we have explored the evolution of the contribu-
tion of the relativistic effects to the metal-ligand bond
lengths and to the complexation energies. In a previous work
dedicated to the lead isoelectronic series,61 we showed that
the metal orbitals involved are the full 5d orbital and the
empty 6p orbitals. The valence s orbitals are full and do not
have proper symmetry to allow backdonation. The bonding

TABLE VII. Mulliken population of large �L� and small �S� components of
the cations.

Method �Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

NR-RHF L 77.845 78.007 78.071 78.425
L 77.265 77.549 77.675 78.113

FR-RHF S 0.491 0.502 0.523 0.540
L+S 77.755 78.051 78.198 78.652

NR-DFT L 77.653 78.031 78.169 78.597
L 77.354 77.612 77.838 78.308

FR-DFT S 0.493 0.502 0.523 0.540
L+S 77.847 78.114 78.361 78.848

TABLE VIII. Energy decompositions at the RHF/DEF2 level �kcal mol−1�.

�Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

�EAB �40.4 �21.0 �53.4 �126.9
E1 130.0 29.9 9.6 2.1
E2 �149.9 �48.9 �62.9 �128.8
�E �20.5 �1.9 �0.4 �0.3
Cation polarization �41.9 �10.5 �5.7 �5.9
CT: cation to CO �40.0 �6.6 �1.6 �0.6
CO polarization �24.8 �10.5 �31.2 �69.6
CT: CO to cation �43.2 �21.3 �24.1 �52.6

TABLE IX. Energy decompositions at the B3LYP/DEF2 level �kcal mol−1�.

�Pt�CO�� �Au�CO��+ �Hg�CO��2+ �Tl�CO��3+

�EAB �79.3 �48.6 �83.2 �175.7
E1 150.1 56.3 9.8 �8.7
E2 �196.6 �97.8 �92.1 �166.6
�E �32.8 �7.1 �1.0 �0.4
Cation polarization �47.5 �19.8 �8.3 �6.1
CT: cation to CO �60.4 �18.9 �3.4 �0.6
CO polarization �33.2 �15.3 �38.6 �74.6
CT: CO to cation �55.4 �43.8 �41.9 �85.3
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was shown to be ensured by ligand polarization and donation
toward the cation; relativistic effects were found to remain
weak for both properties.

In this paper, we have studied the gold isoelectronic se-
ries that exhibits full 5d orbitals as HOMO and an empty 6s
orbital as LUMO. We retrieved the special sensitivity of Au+

toward relativity. The scalar CSOV energy decomposition
and full relativistic computations show that this is due to the
simultaneous relativistic expansion of the 5d orbitals and to
the contraction of the 6s orbital in order to maximize the
donation and the backdonation between the cation and the
CO ligand. This particular synergy fades away with mercury
and thallium: as Z increases, the 5d orbitals are more and
more contracted and backdonation vanishes. At this point,
the coordination becomes governed by the accepting 6s or-
bitals only and starts to be less sensitive to the relativistic
effects. The relativistic effects are more important for the
gold series than for the lead series because gold active 5d
and 6s orbitals are more affected by relativity than the active
6p orbitals of lead. We have previously observed61 that the
element below Pb in the Periodic Table, namely, ununqua-
dium, is very sensitive to the relativistic effects: the equiva-
lent for Au, namely, roentgenium, will also probably exhibit
a very intriguing behavior. Such results could also be useful
for the design of accurate new generation force fields dedi-
cated to such metal cations.63–65
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