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The structure and energetics of eight diatomic heavy-atom molecules are presented. These include
the species MAu, M2, and MHg, with M standing for the Hg, Cn (element 112), and Fl (element
114) atoms. The infinite-order relativistic 2-component Hamiltonian, known to closely reproduce
4-component results at lower computational cost, is used as framework. High-accuracy treatment
of correlation is achieved by using the coupled cluster scheme with single, double, and perturba-
tive triple excitations in large converged basis sets. The calculated interatomic separation and bond
energy of Hg2, the only compound with known experimental data, are in good agreement with mea-
surements. The binding of Fl to Au is stronger than that of Cn, predicting stronger adsorption on
gold surfaces. The bond in the M2 species is strongest for Fl2, being of chemical nature; weaker
bonds appear in Cn2 and Hg2, which are bound by van der Waals interactions, with the former
bound more strongly due to the smaller van der Waals radius. The same set of calculations was
also performed using the relativistic density functional theory approach, in order to test the per-
formance of the latter for these weakly bound systems with respect to the more accurate coupled
cluster calculations. It was found that for the MAu species the B3LYP functional provides better
agreement with the coupled cluster results than the B88/P86 functional. However, for the M2 and the
MHg molecules, B3LYP tends to underestimate the binding energies. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4893347]

I. INTRODUCTION

Atomic and molecular properties of copernicium
(Z=112) exhibit very strong relativistic effects, due to the
large relativistic stabilization and contraction of its valence 7s
orbital.1 Cn was shown to have the highest ionization poten-
tial and the lowest polarizability in its group.2, 3 This element
is expected, therefore, to be highly inert compared to its group
12 homologues and to the other atoms in the seventh row of
the periodic table.1

The outer shell of flerovium (Z = 114) is 7p2
1/2, which

is relativistically quasi-closed. The 7p1/2 valence orbital ex-
periences relativistic stabilization and contraction, albeit not
to the same degree as the 7s valence orbital of Cn. It is the
most inert element in group 14, and its atomic properties are
strongly affected by relativity.3, 4 Extensive theoretical studies
of the atomic properties of Cn and Fl have been performed
in recent years, using a variety of methods; a comprehensive
review may be found in Refs. 5 and 6.

Cn and Fl are the heaviest elements investigated to date
in chemical experiments. Their relative inertness makes them
good candidates for studies of volatility through adsorption
on metal surfaces such as gold, using gas-phase thermochro-
matography techniques.7 The measured adsorption enthalpy
of the atom on a gold surface, −�H Au

ads , may be used to de-
duce the sublimation enthalpy, �Hsub, of macro amounts of
the element.8 The adsorption of Cn on a gold surface has been
studied and compared to that of Hg, its lighter homologue.9, 10

Cn was found to be more volatile than Hg. The adsorp-
tion enthalpy of Cn on gold was determined as −�H Au

ads (Cn)

= 52+4
−3 kJ/mol, significantly lower than the adsorption en-

thalpy of 98±3 kJ/mol of Hg on gold.11

The results of the first adsorption experiment of Fl
on a gold surface were published in 2010.12 The adsorp-
tion enthalpy of Fl on gold was deduced as −�H Au

ads (Fl)
= 34+54

−11 kJ/mol, apparently lower than that of Cn. However,
the uncertainty of the reported result is too large to determine
which of the atoms has higher adsorption enthalpy, preclud-
ing unambiguous comparison of the adsorption behavior of
the two elements. A recent experiment13 sets a lower limit of
−�H Au

ads (Fl) > 48 kJ/mol on the adsorption enthalpy of Fl on
gold, indicating that Fl should be at least as reactive as Cn.

Numerous theoretical studies of the adsorption behavior
of Cn and Fl on gold surfaces are available (see Ref. 14 for a
review). Many of them discuss the molecular properties of the
MAu (M=Hg, Cn, Fl) diatomics, on the premise that stronger
binding to gold in a dimer is connected with better adsorp-
tion on a gold surface. Four-component (4c) DFT calculations
were performed for the three molecules.15–17 Other studies
employed relativistic effective core potentials (RECPs), with
electron correlation treated by the single reference coupled
cluster method with single, double, and perturbative triple ex-
citations (CCSD(T))18, 19 or the DFT approach.19–21 All these
studies predicted CnAu to be more weakly bound than HgAu
and FlAu, indicating that the adsorption enthalpy of Cn on a
gold surface will be lower than that of Hg and Fl.

Further investigations of the adsorption behavior on
gold addressed the interaction of the Hg, Cn, and Fl
atoms with Aun clusters, which simulate a gold surface,
usually Au(111). Methods used included 4c-DFT,17, 22–24
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RECP+DFT,20, 21, 25, 26 RECPs combined with many body
perturbation theory (RECP+MBPT),25 and scalar relativis-
tic CCSD(T).26 References 17, 20, and 22–24 showed that
Cn should be more weakly bound to the gold cluster than
mercury, in line with the results obtained for the diatomic
molecules. Zaitsevskii et al.25, 26 criticize the performance
of the DFT method in these calculations. They studied the
adsorption of Cn on small gold clusters (up to 6 atoms),
comparing the performance of RECP+DFT with that of
RECP+MBPT and scalar relativistic CCSD(T). The results
indicate that the binding energy of Cn to the gold clusters
might be underestimated, due to the neglect of the d10

Cn − d10
Au

dispersion interaction, which is larger for CnAun than for the
CnAu diatomic. However, an extensive 4c-DFT study of the
interaction of Hg, Cn, and Fl atoms with large Aun clusters (n
> 90)17 has not revealed such a problem, and demonstrated
that the trend in the binding energies of the MAu diatomics is
a good predictor of the binding of the atoms to gold clusters.
It was determined that the bond of Fl and Hg to the gold clus-
ters should be stronger than that of Cn. Another treatment21 of
Fl-Aun binding, using the RECP+DFT approach, also found
these bonds to be stronger than equivalent Cn-Aun bonds cal-
culated by the same method.20

Here we present high-accuracy relativistic coupled clus-
ter calculations of the molecular properties of the MAu
diatomics. The aim is twofold: comparison of the three sys-
tems using the most accurate scheme applicable, and pro-
viding benchmark CCSD(T) results against which the perfor-
mance of the relativistic DFT method for such systems may be
assessed.

The second group of molecules addressed here include
the M2 dimers, Hg2, Cn2, and Fl2. Bonding in the dimer
may serve as a first approximation to the bonding of the el-
ement in the solid state. The stability of these dimers was
extensively studied in the past, applying the 4c-DFT,15, 27–31

RECP+CCSD(T),27, 28, 32–36 and RECP+DFT37 methods. The
dissociation energies, De, of the three species were found to
increase in the order De(Hg2) < De(Cn2) < De(Fl2). Solid
state investigations of Cn38 and Fl39 were also performed;
however, as different computational methods were used for
the two elements, direct comparison of their solid state prop-
erties is not possible. In this work, we investigate the trend in
stability found earlier for the three M2 dimers by performing
consistent high quality relativistic CCSD(T) calculations for
them. These systems also provide a good test case for check-
ing the accuracy and reliability of various computational
methods for treatment of weak closed-shell interactions. One
question is whether the DFT approach can reproduce the trend
in binding energies obtained from accurate CCSD(T) calcula-
tions for these weakly bound systems. Hg2 is the only system
treated here for which experimental spectroscopic constants
are available.40–44 It may therefore be used to assess the accu-
racy of calculated results for the other molecules.

The third group of molecules considered are the MHg
diatomics, which are also expected to be weakly bound. CnHg
and FlHg have not been studied in the past, and this is the first
investigation of their stability. Together with the Hg2 dimer,
these molecules will provide an additional comparison of the
chemical behavior of Cn and Fl to that of Hg.

II. METHOD AND COMPUTATIONAL DETAILS

All calculations were performed in the framework of
infinite-order two-component relativistic Hamiltonian, ob-
tained by the Barysz-Sadlej-Snijders (BSS) transformation of
the Dirac Hamiltonian in a finite basis set.45, 46 This method
treats scalar and spin-orbit relativistic effects simultaneously,
and for valence molecular properties achieves similar accu-
racy to that of the 4-component Dirac Hamiltonian. This ap-
proach allows significant computational savings, speeding up
the HF and DFT calculations by a factor of 10 compared to
the 4c methods. For a recent review and comparison of var-
ious relativistic approaches, see Ref. 47. The finite nucleus
model, described by a Gaussian charge distribution, is used.48

Electron correlation is treated by the CCSD(T) method. As
one goal of this work is to assess the performance of the DFT
approach for treating diatomics composed of heavy elements,
relativistic DFT calculations,49 employing the B3LYP50 and
B88/P8651, 52 functionals, are also reported.

Faegri’s dual family basis sets53 are used for all atoms
considered. The basis sets were augmented by high angular
momentum and diffuse functions until the calculated equi-
librium bond lengths and dissociation energies converged.
The final basis sets for the heteronuclear molecules con-
sist of 24s21p15d12f3g functions for Au, 24s21p15d12f4g
for Hg, 26s23p18d14f5g for Cn, and 26s24p18d14f5g for
Fl. Slightly larger bases were required for the M2 dimers:
24s21p16d12f4g for Hg, 27s24p18d14f5g for Cn, and
27s24p18d14f6g for Fl. Basis set superposition errors were
eliminated by introducing counterpoise corrections.54

All calculations were carried out using the DIRAC08 and
DIRAC13 computational program packages.55, 56

III. RESULTS AND DISCUSSION

A. MAu molecules

Table I shows the De and the Re of the MAu dimers, ob-
tained using the CCSD and CCSD(T) schemes. The triple
excitations are shown to be significant, shortening the bond
length and increasing the bond energy.

The CCSD(T) results are taken as the final recommended
values.

Table I also shows the present DFT calculations and
the earlier theoretical studies. The best agreement with our
BSS+CCSD(T) values for Re and De of HgAu and CnAu is
shown by the RECP+CCSD(T) calculations of Ref. 19. The
latter results were corrected for the spin-orbit (SO) contri-
bution by means of an additive scheme, evaluating the SO
corrections to the total electronic energy, �ESO(r), by DFT,
and adding them to the CCSD(T) potential energy curves.
This agreement with the present calculated values indicates
the accuracy of the scheme19 for treating the SO corrections,
which are significant in CnAu, accounting for almost half the
binding energy of the molecule. Another CC study of HgAu
used the RECP+CCSD(T) scheme.18 The De obtained there
(0.390 eV) is lower than the present value of 0.563 eV. This
may be explained by the limited basis set used there,18 in
particular the lack of g functions; we have found that g or-
bitals contribute significantly, about 0.1 eV, to the binding
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TABLE I. Calculated internuclear distances, Re (Å), and dissociation ener-
gies, De (eV), of the MAu molecules, compared to earlier theoretical results.

Re De Method Reference

HgAu
2.699 0.440 BSS+CCSD Present
2.640 0.563 BSS+CCSD(T) Present
2.662 0.723 BSS+B88/P86 Present
2.708 0.577 BSS+B3LYP Present
2.711 0.390 RECP+CCSD(T) 18
2.653 0.530 RECP+CCSD(T)+SO 19
2.690 0.460 MBPT+SOa 25
2.713 0.510 RECP+SO-DFT(Becke98)b 19
2.690 0.550 RECP+SO-DFT(B88/PW91) 20
2.680 0.620 RECP+B86/P88 25
2.680 0.560 RECP+PBE0 25
2.710 0.670 4c+B88/P86 16

CnAu
2.770 0.259 BSS+CCSD Present
2.720 0.368 BSS+CCSD(T) Present
2.696 0.604 BSS+B88/P86 Present
2.752 0.428 BSS+B3LYP Present
2.727 0.390 RECP+CCSD(T)+SO 19
2.770 0.350 MBPT+SO 25
2.774 0.360 RECP+SO-DFT(Becke98) 19
2.740 0.390 RECP+SO-DFT(B88/PW91) 20
2.740 0.470 RECP+B86/P88 25
2.740 0.390 RECP+PBE0 25
2.730 0.510 4c+B86/P88 16

FlAu
2.839 0.321 BSS+CCSD Present
2.791 0.446 BSS+CCSD(T) Present
2.830 0.817 BSS+B88/P86 Present
2.905 0.527 BSS+B3LYP Present
2.840 0.720 RECP+B86/P88 21
2.860 0.460 RECP+PBE0 21
2.880 0.730 4c+B86/P88 17

aMany-body perturbation theory (MBPT) combined with SO corrections. For details,
see Ref. 25.
bRECP combined with spin-orbit DFT.

energy. Another source of error is the neglect of SO coupling,
which should increase the calculated binding energy by about
40 meV.19 To our knowledge, no previous relativistic coupled
cluster investigations of FlAu are available.

The order of the calculated bond lengths is Re(FlAu)
> Re(CnAu) > Re(HgAu). The increase in Re from HgAu to
CnAu corresponds to the weaker bond in the latter; Re of FlAu
is longer than that of CnAu due to the participation of the
more diffuse 7p1/2 and 7p3/2 orbitals of Fl in the bond.17 The
BSS+CCSD(T) calculations predict the HgAu molecule to
be the most stable of the three, followed by FlAu, with CnAu
the least stable. Bonding in CnAu is weaker than in HgAu
due to the strong relativistic stabilization of the 7s orbital in
Cn compared to the 6s in Hg. FlAu should be more strongly
bound than CnAu, because the 7p1/2 orbital in Fl is more ac-
cessible than the 7s of Cn for bonding with the 6s orbital
of Au.17

Figure 1 compares the dissociation energies of the MAu
dimers, obtained by the BSS+CCSD(T) and BSS+DFT

0.25

0.45

0.65

0.85

D
e

(e
V

)

BSS+CCSD(T) BSS+B88/P86 BSS+B3LYP

4c+B88/P86 RECP+B88/P86 RECP+PBE0

HgAu                  CnAu FlAu

FIG. 1. Dissociation energies, De, of the MAu molecules, obtained in
the current work and compared to the earlier DFT investigations. The
4c+B88/P86 values are from Refs. 16 and 17, while the RECP+B88/P86
and the RECP+PB0 values are from Refs. 21 and 25.

methods; results for the latter are shown using B88/P86 and
B3LYP functionals. Also presented are the 4c-B88/P86 re-
sults of Pershina et al.,16, 17 and the RECP+B88/P86 and
RECP+PBE0 values from Refs. 21 and 25, respectively.
Earlier studies are shown only when all three molecules
were investigated by the same approach, as our aim is to
assess how different methods reproduce the order of the
bond strengths. Considerable dependence of the calculated
binding energies on the choice of the functional is shown.
The present BSS+B3LYP values and the RECP+PBE0 re-
sults of Refs. 21 and 25 are in agreement with the order
found by CCSD(T), De(HgAu) > De(FlAu) > De(CnAu),
and the CCSD(T) binding energies are also well repro-
duced. The order of our B88/P86 results agrees with earlier
B88/P86 investigations,16, 17, 21, 25 but our dissociation ener-
gies are higher in absolute value. Present B88/P86 results are
higher than CCSD(T) binding energies by 30% for HgAu,
60% for CnAu, and 80% for FlAu. Since this overestimation
is not constant, the two methods give different stability or-
der. Both predict CnAu to have the weakest bond of the three,
but DFT(B88/P86) predicts FlAu to be more strongly bound
than HgAu, while CCSD(T) gives the opposite order. Earlier
B88/P86 investigations give a similar picture to the present
ones. Better agreement of the B3LYP than B88/P86 binding
energies with CCSD(T) results has been noted by Choi and
Lee57 for another set of heavy element diatomic molecules,
the monohydrides of Tl to At and elements 113–117.

B. M2 dimers

Table II shows the calculated Re and De of the M2 dimers,
obtained using the CCSD, CCSD(T), DFT(B88/P86), and
DFT(B3LYP) methods in the framework of the BSS Hamil-
tonian. Inclusion of triple excitations is especially important
in these weakly bound systems, in particular Hg2 and Cn2,
where it decreases the calculated bond lengths by 0.15–0.2 Å
and provides over 30% of the binding energy. The effect is
still significant, but less dramatic, in Fl2, where the bond is
contracted by 0.08 Å, and the triple excitation contribution
comprises 25% of the total binding energy.
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TABLE II. Calculated internuclear distances, Re (Å), and dissociation en-
ergies, De (eV), of the M2 dimers, compared to earlier calculations and to
experimental values for Hg2.

Re De Method Reference

Hg2
3.969 0.032 BSS+CCSD Present
3.744 0.050 BSS+CCSD(T) Present
3.470 0.012 BSS+B88/P86 Present
. . . . . . BSS+B3LYP Present
3.650 0.053 RECP+CCSD(T)+SO 32
3.73 0.049 RECP+CCSD(T)+SO 33
3.769 0.044 RECP+CCSD(T)+SO 58
4.00 0.030 4c+CCSD(T) 35
3.852 0.020 RECP+CCSD(T) 36
3.60 0.072 RECP+CCSD(T) 34
4.54 (−0.004) RECP+B3LYP 37
3.60 0.013 RECP+B86/P88 37
3.834 0.012 4c+CAMB3LYPa 30
3.63 0.010 4c+B88/P86 29
3.439 0.053 4c+PBE-SICb 27
3.605± 0.009 Expt. 44
3.69± 0.01 Expt. 43

0.046± 0.005 Expt. 42
0.043± 0.003 Expt. 40

Cn2
3.608 0.057 BSS+CCSD Present
3.461 0.084 BSS+CCSD(T) Present
3.126 0.080 BSS+B88/P86 Present
3.434 0.023 BSS+B3LYP Present
3.32 0.095 RECP+CCSD(T)+SO 33
3.386 0.097 RECP+CCSD(T)+SO 27
3.07 0.187 RECP+CCSD(T) 34
3.34 0.079 4c+CAMB3LYP 31
3.45 0.040 4c+B88/P86 29
3.089 0.156 4c+PBE-SIC 27

Fl2
3.625 0.089 BSS+CCSD Present
3.547 0.117 BSS+CCSD(T) Present
3.495 0.107 BSS+B88/P86 Present
3.680 0.054 BSS+B3LYP Present
3.070 0.381 RECP+CCSD(T) 34
3.7326 0.070 RECP+CCSD(T) 28
3.490 0.130 4c+B86/P88 15
3.448 0.150 4c+PBE-SIC 28

aCAMB3LYP functional, see Ref. 59.
bPBE functional corrected for self-interaction (PBE-SIC).

Mercury dimer is the only molecule in this study
for which experimental spectroscopic properties are
available.40–44 Its most recent experimental Re and De
are presented in Table II. The present CCSD(T) Re over-
shoots the most recent experimental value44 (3.605 ± 0.01 Å)
by 0.14 Å; it is in much better agreement with the previously
measured 3.69 ± 0.01 Å.43 The CCSD(T) binding energy
of 0.050 eV is in excellent agreement with the measured
0.046 ± 0.005 eV,42 lending credence to our predictions for
the other systems studied here.

The best earlier investigation of the mercury dimer is that
of Pahl et al.,32 who used a combination of RECP+CCSD(T)
with SO correction and extrapolated the results to the com-

plete basis set limit. The Re obtained there is shorter than the
present result; the dissociation energies are in excellent agree-
ment. Calculations including the full triple excitations were
also reported.32 Full inclusion of triples caused a slight ex-
tension of the bond length, by 0.03 Å, and a small decrease
in the binding energy, by 0.004 eV, showing that partial inclu-
sion of triple excitations leads to a small overestimation of the
bonding in this system.

The RECP+CCSD(T)+SO results of Petrov et al.33 for
Hg2 and Cn2 are in good agreement with the values obtained
here, as are the unpublished RECP+CCSD(T) values of Liu
et al.27 Another RECP+CCSD(T) study of the three systems
was performed by Nash.34 The binding energies of the three
dimers obtained there are higher than the present results, and
the bond lengths are significantly shorter, especially in the
case of Fl2 (De of 0.38 eV compared to the present 0.117 eV
and Re of 3.07 Å compared to the present 3.547 Å). In the
case of Hg2 and Cn2, the differences in the De and Re might
be attributed to the smaller basis set and to the neglect of the
counterpoise corrections in Ref. 34; in case of Fl2 these fac-
tors are not sufficient to explain the significant overbinding,
and another source of discrepancy must be present. Another
RECP+CCSD(T) study of Fl2 (Ref. 28) gave a low dissoci-
ation energy of 0.070 eV, compared to the present 0.117 eV,
most likely resulting from the smaller basis set, in particular
the lack of the g orbitals.

Comparing the CCSD(T) results for the three systems
studied here (see Figure 2), we observe that Hg2 has the
longest and Cn2 the shortest bond. The trend in the bond
lengths corresponds to that in the van der Waals radii (RvdW)
of the atoms, RvdW(Hg) ≥ RvdW(Fl) > RvdW(Cn).3 Fl2 has the
highest dissociation energy, followed by Cn2, and Hg2 is the
least stable of the three dimers. Cn2 and Hg2 dimers behave
as van der Waals systems; thus, Cn2 has the higher De of the
two, due to the strong relativistic contraction of the 7s orbital,
which causes a decrease of RvdW(Cn) and a subsequent in-
crease in the binding energy of the dimer. Group 14 elements,
including Fl, behave like chemically bound systems, where
De decreases with Z due to the spin-orbit splitting and the rel-
ativistic stabilization of the np1/2 orbital. Thus, Fl2 is the most
weakly bound dimer in group 14;17 however, it has a stronger
bond than either Hg2 or Cn2, due to the chemical type of
interaction.

The present DFT results are also shown in Table II and
Figure 2. While the B88/P86 bonds are shorter than CCSD(T)
ones, there is an agreement between the two methods con-
cerning the order of the bond lengths. The B88/P86 bind-
ing energies of Cn2 and Fl2 are very close to the CCSD(T)
results, while the De of Hg2 is somewhat underestimated.
The B3LYP binding energies are even lower than B88/P86
ones, and Hg2 is not bound in this scheme (the same result
was obtained in the RECP+B3LYP investigation of Hg2

37).
Good agreement is seen between the present B88/P86 results
and earlier studies using the same approach15, 29 for Hg2 and
Fl2; however, Cn2 is more strongly bound according to the
present results. The results obtained with the PBE functional
corrected for self-interaction (PBE-SIC)27, 28 and with the
CAMB3LYP functional30, 31 are also in good agreement with
present DFT values. In general, both current and earlier DFT
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FIG. 2. (a) Equilibrium bond lengths, Re, and (b) dissociation energies, De,
of the M2 dimers, obtained in the current work and compared to earlier re-
sults. The 4c+B88/P86 values are from Refs. 15 and 29 and the 4c+PBE0-
SIC ones from Refs. 27 and 28.

investigations reproduce the order of bond strengths obtained
with CCSD(T): strongest binding in Fl2 and weakest in Hg2.

C. MHg molecules

The calculated bond lengths and dissociation energies of
the MHg dimers are presented in Table III and Figure 3. In
the coupled cluster approach, both CnHg and FlHg dimers
are stable but weakly bound, similar to Hg2, and triple exci-
tations account for almost half of the binding energy. Of the
three systems, the binding is strongest in CnHg, and very sim-
ilar for Hg2 and FlHg. FlHg has the longest, and CnHg the
shortest Re.

To examine whether the bonding in these systems is
predominantly of the van der Waals type, we calculate the
vdW bond lengths of the MHg molecules as the sum of
the van der Waals radii of the two atoms (RvdW(MHg)
= RvdW(M) + RvdW(Hg)); the van der Waals interaction en-
ergy, EvdW, is obtained from

EvdW = 3

2

αAαB(
1

IPA
+ 1

IPB

)(
RA

vdW + RB
vdW

)6 , (1)

TABLE III. Internuclear distances, Re (Å), and dissociation energies, De
(eV), of the MHg molecules obtained in the present work.

Re De Method

Hg2
3.969 0.032 BSS+CCSD
3.744 0.050 BSS+CCSD(T)
3.470 0.012 BSS+B88/P86
. . . . . . BSS+B3LYP
4.200 0.036 vdW

CnHg
3.682 0.044 BSS+CCSD
3.502 0.071 BSS+CCSD(T)
3.225 0.046 BSS+B88/P86
3.568 0.009 BSS+B3LYP
4.080 0.037 vdW

FlHg
4.028 0.029 BSS+CCSD
3.919 0.044 BSS+CCSD(T)
3.904 0.005 BSS+B88/P86
. . . . . . BSS+B3LYP
4.185 0.030 vdW
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FIG. 3. (a) Equilibrium bond lengths, Re, and (b) dissociation energies, De,
of the MHg molecules, obtained in the current work. The RvdW(MHg) and
EvdW(MHg) are also shown.
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TABLE IV. The MO compositions of Hg2, HgCn, and HgFl.

Hg2 CnHg HgFl

E(eV) Occ. Composition E(eV) Occ. Composition E(eV) Occ. Composition

0.05|6s(Hg1)〉+0.19|6p1/2(Hg1)〉 0.03|6s(Hg)〉+0.02|6p1/2(Hg)〉 0.08|6s(Hg)〉+0.20|6p1/2(Hg)〉
−1.89 0 +0.12|6p3/2(Hg1)〉+0.05|6s(Hg2)〉 −2.96 0 +0.06|6p3/2(Hg)〉+0.02|7s(Cn)〉 −1.71 0 +0.02|6p3/2(Hg)〉+0.37|7p3/2(Fl)〉

+0.19|6p1/2(Hg2)〉+0.12|6p3/2(Hg2)〉 +0.62|7p1/2(Cn)〉+0.03|7p3/2(Cn)〉 +0.09|8s(Fl)〉
0.32|6s(Hg1)〉+0.02|5d3/2(Hg1)〉 0.40|6s(Hg)〉+0.03|5d3/2(Hg)〉

−6.48 2 +0.03|5d5/2(Hg1)〉+0.32|6s(Hg2)〉 −6.43 2 +0.03|5d5/2(Hg)〉+0.09|7s(Cn)〉 −5.12 2 0.02|6s(Hg)〉 + 0.01|6p1/2(Hg)〉
+0.02|5d3/2(Hg2)〉+0.03|5d5/2(Hg2)〉 +0.02|6d3/2(Cn)〉+0.17|6d5/2(Cn)〉 +0.87|7p1/2(Fl)〉+0.02|7p3/2

where αA and αB are the polarizabilities and IPA and IPB
the ionization potentials of the two atoms; all the atomic
properties used here are taken from Ref. 3. The calculated
RvdW(MHg) and EvdW(MHg) are shown in Table III and
Figure 3.

As one can see from Fig. 3, the calculated (both the
CCSD(T) and the DFT) Re of the species follow the trend
set by the RvdW(MHg), with the CCSD(T)/DFT bond of FlHg
slightly more strongly extended in relation to those of CnHg
and Hg2 than predicted by the RvdW(MHg). However, the
trend in the calculated De values deviates significantly from
that in EvdW, which predicts very similar De for the three
systems. The former shows very similar binding for Hg2 and
FlHg, weaker than that for CnHg.

To gain a further understanding of the nature of the bind-
ing in these systems, we have performed a Mulliken analysis
of their molecular orbitals (MO), presented in Table IV. The
analysis was carried out at the BSS+B88/P86 level of theory
and is based on the atomic orbitals in the framework of the
projection analysis method, as implemented in the DIRAC13
program.60 According to the MO composition of the occupied
levels in Table IV, the binding in FlHg is of chemical nature
and significantly ionic, as the 6s(Hg) atomic orbital (AO) con-
tributes only 2% while the 7p1/2(Fl) AO contributes 87% to
the highest occupied MO. However, as the 7p1/2 AO of Fl is
very strongly stabilized due to relativistic effects, it overlaps
little with the 6s AO of Hg. Thus, the bond in FlHg is very
weak, and accidentally the De is very similar to that in Hg2,
even though the binding in the latter is preferentially of vdW
character. Bonding in CnHg is stronger than that in Hg2 and
FlHg, as the 6d AO of Cn provides a significant contribution
to the bond (in addition to the 7s(Cn) AO). This is caused by
the relativistic destabilization of the 6d(Cn) compared to the
5d(Hg), which contributes little to the binding in Hg2 (see Ta-
ble IV). The MO composition of CnHg is indicative of a shift
of the electron density towards Hg.

The B88/P86 results reproduce very well the trends in the
stability and bond lengths obtained with CCSD/CCSD(T), but
the DFT dissociation energies are lower in absolute value, as
was the case with the M2 dimers. In the B3LYP approach,
only the CnHg dimer is stable, confirming that this molecule
should be the most strongly bound of the three.

IV. SUMMARY AND CONCLUSION

High accuracy BSS+CCSD(T) calculations were per-
formed for three types of diatomic compounds of Hg, Cn,

and Fl: MAu, M2, and MHg. In parallel, to assess the per-
formance of relativistic DFT approaches for these systems,
BSS+B88/P86 and BSS+B3LYP calculations were also con-
ducted.

The current study allows us to investigate the proper-
ties of the MAu molecules using the same high quality com-
putational treatment. The order of the bond strengths ob-
tained in the CCSD(T) calculations is De(HgAu) > De(FlAu)
> De(CnAu), in agreement with earlier DFT predictions that
Fl should be more strongly bound to gold in a dimer than Cn.
The current BSS+DFT predictions reproduce the stronger
binding in FlAu compared to CnAu; better agreement with
the CCSD(T) results is obtained for the B3LYP than for the
B88/P86 functional for this type of molecules. Assuming that
the trends in the binding energies of the gold containing di-
atomic molecules are a good indication of the trends in the
adsorption enthalpies of the elements on a gold surface, the
present calculations predict that Fl should be adsorbed more
strongly on gold than Cn.

The M2 and MHg diatomics, except Fl2 and FlHg, are
bound by weak closed shell interactions. Bonding in the
homonuclear dimers, M2, provides a first approximation to
the bonding of the elements in solid state. The order of
the binding energies, as given by the CCSD(T) approach, is
De(Fl2) > De(Cn2) > De(Hg2). Both Cn2 and Hg2 behave as
van der Waals systems, and Cn2 is more strongly bound, due
to its smaller van der Waals radius. Fl2 is a chemically bound
system, and has a higher De than Cn2 and Hg2. For MHg,
the order of the binding energies was found to be De(CnHg)
> De(FlHg) ∼= De(Hg2). The bonding in Hg2 and HgCn is
predominantly of the van der Waals type, while HgFl is bound
by chemical interactions. The DFT results reproduce well the
CCSD(T) order of the binding energies for both the M2 and
MHg molecules, justifying the use of this approximation for
weakly bound closed shell systems. Here, the B88/P86 func-
tional preforms better than B3LYP, which underestimates the
binding energies.
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