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Abstract. Nine AuX molecules (X =H, O, S, Se, Te, F, Cl, Br, I), their isoelectronic HgX " analogues, and
the corresponding neutral HgX diatomics have been investigated using NESC (Normalized Elimination of
the Small Component) and B3LYP theory to determine relativistic effects for bond dissociation energies
(BDEs), bond lengths, dipole moments, and charge distributions. Relativistic effects are substantially
larger for AuX than HgX molecules. AuX bonding has been contrasted with HgX bonding considering the
effects of relativity, charge transfer and ionic bonding, 3-electron versus 2-electron bonding, residual 7-
bonding, lone pair repulsion, and the d-block effect. The interplay of the various electronic effects leads to
strongly differing trends in calculated BDEs, which can be rationalized with a simple MO model based on
electronegativity differences, atomic orbital energies, and their change due to scalar relativity. A relativis-
tic increase or decrease in the BDE is directly related to relativistic changes in the 6s orbital energy and

electron density.
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INTRODUCTION

Chemical bonding of gold and mercury to main group
elements is strongly influenced by scalar relativistic
effects,’ which has been amply discussed in several
review articles®’ and a large number of primary re-
search articles on AuX*>* and HgX molecules.”>® It is
well known that the mass increase of electrons moving
close to a heavy nucleus leads to a lowering of the cor-
responding orbital energies accompanied by orbital
contraction and an overall stabilization of the atom as
reflected by a more negative energy. In the case of gold
and mercury, these relativistic effects involve especially
the 6s electrons. Relativity increases the ionization po-
tentials (IPs) of the 6s electrons, increases the electro-
negativity of Au and Hg, and reduces atomic radius and
volume of the two metal (M) atoms. One might argue
that orbital contraction is responsible for the fact that in
most cases relativistic MX bond lengths are shorter than
their non-relativistic counterparts. However, orbital
contraction and bond length reduction are just parallel,
but result from different physical effects as was first
shown by Ziegler, Snijders, and Baerends.” Orbital
contraction is a result of mixing in of higher bound and
continuum orbitals due to the action of the scalar relati-

vistic operator, which leads to cutting of the tails of the
valence orbitals’ whereas bond length contraction is
caused by increased orbital overlap among core orbitals
for decreasing R and a subsequent larger scalar relativis-
tic energy lowering.

Relativistic bond length reduction does not neces-
sarily imply that bonds become stronger, as one would
expect in the case of bonding between atoms of the first
rows of the periodic table. For example, orbital contrac-
tion may lead to a reduction of charge transfer from M
to its partner atom X thus decreasing the polar (ionic)
character of the bond, which normally causes bond
weakening. On the other hand, lowering the energy of
the 6s orbital and reducing the covalent radius will lead
to a new bonding situation characterized by different
orbital interactions (depending on overlap and orbital

energy).

For the purpose of assessing and predicting
changes in the bond properties of AuX and HgX mole-
cules as caused by relativistic effects, we will use relati-
vistic and non-relativistic quantum chemical methods
and calculate for X = H; F, Cl, Br, I (halogens); O, S,
Se, Te (chalcogens) bond length, bond dissociation
energy (BDE), charge distribution, and dipole moment.

*  Dedicated to Professor Zvonimir Maksi¢ on the occasion of his 70™ birthday.
**  Author to whom correspondence should be addressed. (E-mail: decremer@pacific.edu)
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Including into the analysis also the corresponding HgX"
ions, which are isoelectronic with their AuX counterparts,
will facilitate comparison between AuX and HgX. In
total, 27 MX diatomics are investigated with the objective
of answering the following questions:

1) How do the BDEs of AuX molecules compare
with those of their HgX and HgX " analogues?

2) Does relativity increase or decrease the BDE
values in these cases?

3) Are the changes in BDE values caused by scalar
relativistic effects parallel to the corresponding changes
in the bond length?

4) How can one rationalize trends in relativistic and
non-relativistic bond properties with the help of a suitable
model?

5) Finally, we will also consider the question
whether the methods used in this work lead to a reliable
description of the properties of AuX and HgX molecules.

This work is structured in the following way. In
the following section, we will describe the computation-
al methods applied in this investigation. Results of the
relativistic calculations will be presented and contrasted
with those of non-relativistic calculations. A bonding
model will be developed, which will be used to explain
general trends in relativistic corrections and changes in
AuX and HgX bonding in dependence of the electronic
nature of element X. And finally, the conclusions of this
work will be presented.

COMPUTATIONAL METHODS

In previous work, we have systematically extended the
regular approximation of Baerends and co-workers®*®!
in a way that it can routinely be applied with any wave
function or density functional method.®*** Especially,
we have shown®*® that the regular approximation is
naturally connected to the normalized elimination
of the small component (NESC) of Dyall.”*® In
recent work,””" we have systematically compared
NESC/CCSD(T) (coupled cluster (CC) theory includ-
ing all single (S) and double (D) excitations combined
with a perturbative treatment of the triple excitations
(T))"" and NESC/DFT (density functional theory).”?
A major result of this investigation was that
NESC/DFT results obtained with the B3LYP hybrid
functional®” are in reasonable agreement with the
results of the more accurate NESC/CCSD(T) method.
In general, NESC is superior to the most popular va-
riants of the regular approximation,®”®" which in turn
are more reliable than the corresponding Douglas-
Kroll approximations. Hence, we will use in this work
exclusively NESC/B3LYP for the relativistic and
B3LYP for the non-relativistic reference calculations.
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For Au and Hg, we used (22s19p12d9f) primitive
basis sets of Dyall’® that were converted via the contrac-
tion  scheme  (222231211111111/5311111111111/-
42111111/42111) to [15s13p8dSf] contracted basis sets.
The contraction was chosen to minimize basis set super-
position errors (BSSE), which were determined by the
counterpoise method.”” In all cases tested, the BSSE was
smaller than 0.5 kcal mol™" and therefore was no longer
considered. The Au and Hg basis sets are of VDZ quality
in the core space, however of VTZ quality in the valences
space. Accordingly, they were combined with Dunning
aug-cc-pVTZ basis sets for elements of the first four
periods.” For elements of the 5th period (Te, I), Dyall
basis sets of the type (22s16p12d2f)[12s11p7d2f] were
used.”® The basis sets chosen were tested and confirmed
as being reasonable by calculating ionization potentials
(IPs) for the atoms and comparing them with experimen-
tal values.”

In this work, only scalar relativistic corrections
were considered. Spin-orbit coupling (SOC) effects can
become large in magnitude for Z > 50 and when the frac-
tional occupation of p- and d-orbitals is significant. In the
case of HgO, the energy lowering due to SOC was calcu-
lated to be 2-3 kcal mol™' depending on method and basis
set,*® which may be considered as an upper limit for the
mercury molecules investigated. In the case of AuO(II),
a SOC splitting of 4 kcal mol™ between the 1/2 and 3/2
levels was found.' Hence, the SOC effect will change the
calculated BDE by some kcal mol” (where changes in
bond lengths have also to be considered) and may slightly
affect also trends in BDE values. In view of the fact that
we are primarily interested in the overall bonding beha-
vior in AuX and HgX molecules, we consider SOC as a
second order effect and discard it in this work. Also, we
do not calculate vibrational and thermal corrections to the
BDE because these are smaller for the heavy diatomics
than the SOC effects.

In the case of the HgX " diatomics, dissociation ac-
cording to reaction (1) rather than reaction (2)

HgX' — Hg'(’s) + X (1)
HgX* — Hg('s) + X' 2)

turned out to be the preferred in all cases and therefore
(1) is exclusively discussed in this work although dis-
sociation according to (2) was also calculated.

Relativistic corrections to the BDE, charge trans-
fer, and dipole moment values were calculated utilizing
NESC/B3LYP and B3LYP bond lengths. For the analy-
sis of the charge transfer from or to M, the natural bond
order (NBO) analysis was applied at the NESC/B3LYP
and B3LYP levels of theory.*® Since NBO charges are
not always conclusive, especially if M and X possess
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similar electronegativities, we calculated in addition
virial charges using zero-flux surfaces of the electron
density distribution p(r) and Bader’s definition of atoms
in molecules.®’ Molecular dipole moments were ana-
lyzed by determining charge transfer moments and
atomic dipole moments. All calculations were carried
out with the program packages COLOGNEO08 (Ref. 82)
and Gaussian03.%

RESULTS AND DISCUSSION

In Table 1, all calculated BDE values for molecules
AuX, HgX and HgX" investigated in this work are
summarized together with the corresponding bond
lengths, dipole moments, and NBO charge transfer
values. Table 2 lists some atomic properties of Au, Hg,
and their bonding partners X.

Gold and mercury possess the electron configura-
tion [Xe]4f'*5d'%s' and [Xe]4f'*5d'%6s? respectively.
Because of its preference for single bonding and the
possibility of accepting negative charge, Au is consi-
dered sometimes as a pseudohalogen”® or even as an
analogue to hydrogen.® The latter is based on the fact
that Au (2.54) and H (2.20) have about the same elec-
tronegativity (Table 2, Pauling scale). Bonding interac-
tions in AuX and HgX are subject to large relativistic
effects."** Therefore bonding has always to be dis-
cussed considering the influence of scalar relativistic
effects.

The relativistic change in the molecular energy
can lead to an increase in the BDE (positive relativistic
correction AE(Relat)) or a decrease in the BDE of MX
(negative AE(Relat)). In the former case the relativistic
stabilization of the molecular energy is larger, in the
latter case smaller than that of the sum of the relativistic
atom stabilization energies for M and X. Relativity does
not lead to significant energy changes for the first four
periods of the periodic table. Also, relativistic changes
are smaller for the fifth (Te, I) than the sixth period (Au,
Hg), and since these changes are smaller for p than s-
electrons, we assume that even for X = Te and I the
relativistic energy lowering of M dominates.

If the charge of M in MX is larger (smaller) than
that of the free atom M, the relativistic correction to the
BDE should be positive (negative) leading to a stronger
(weaker) bond. Any increase of the 6s population in the
molecule via a charge transfer from X to M means an
increase of the relativistic stabilization of M relative to
that of the free atom M. This relationship is largely
fulfilled when comparing NBO charge transfer values
¢g(M) and relativistic corrections of the BDE, AE(Relat),
of Table 1. The larger the positive charge at M in MX is
(as a result of a large electronegativity of X), the more
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Table 2. Properties of Au, Hg, H, halogen, and chalcogen

atoms®

NESC/HF  Atomic, Polariza-
Atom 1P1 exp orbital covalent bility,
. X] . .
(State) Pauling y Y energies, radius,
£ R L
eV A A’
Au(®S) 2.54 9.23 69(6s) 1.35,144  6.48
18.1 (5d) (2.88)
Hg ('S) 2.00 1044  8.8(6s) 1.50,1.49 5.7
16.3 (5d) (2.98)
Hg'(S) 2.76® 1876 13.1(6s) 1.27,127 2.86©
24.6 (5d) (2.54)
H (*S) 2.20 13.60 13.6(1s) 0.25,0.31 0.67
(1.75, 1.80)
F(P) 398 1742  23.0(po) 0.50,0.71 0.56
19.9 (pn) (2.15,2.20)
Cl(P) 3.16 1297 158 (pcs) 1.00,0.99  2.18
13.7 (pm) (2.43,2.48)
Br®P) 296 11.81 143 (ps) 1.15,1.14  3.05
12.4 (pn) (2.58,2.63)
1(°P) 2.66 1045 12.5(po) 1.40,1.33 5.35
10.9 (pn) (2.77,2.82)
o(CP) 344 13.62 193 (po) 0.60,0.73 0.80
16.6 (pn) (2.17,2.22)
SCP) 258 1036 132 (pos) 1.02,1.96  2.90
11.3 (pn) (2.46,2.51)
Se(P) 255 975 122(po) 1.15,1.16 3.77
10.5 (pm)  (2.60, 2.65)
Te CP) 2.10 9.01 10.8 (po) 1.40,1.35 5.5
9.4 (pm) (2.79,2.84)

@ Pauling electronegativities, atomic radii, and covalent radii
from http://www.webelements.com, experimental first ioniza-
tion potentials IP and polarizabilities & from Ref. 79; relativis-
tic NESC/HF orbital energies € were calculated for MX with
M and X kept at a distance of 10 A to enforce the symmetry of
the MX molecule for the atoms. Values in parentheses give the
ideal covalent AuX and HgX bond length estimated from
covalent radii.

® Estimated on the basis of NBO charge transfer data in HgX "
molecules.

© Taken from DK-CCSD(T) calculations: M. Ilias and P.
Neogrady, Chem. Phys. Lett. 309 (1999) 441.

negative AE(Relat) becomes, i.e. the scalar relativistic
correction leads to a weakening of the MX bond.

Interesting are the exceptions of these rule, which
include a) some HgX" ions, b) AuX molecules with X
having an electronegativity comparable or even smaller
than that of Au, and c) the lower Au-chalcogenides.
Before we discuss these molecules, we will first derive a
simple molecular orbital (MO) model to analyze
changes in bonding. In the previous section, we have
given reasons why the SOC effect is not considered in
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Figure 1a. Formation of o-type bonding and antibonding
MOs of AuX from 6s(Au) and po(X) AOs. Equal energies of
the starting AOs are assumed, i.e. A¢ = 0. The energy differ-
ence between ¢ and c* is given by AE = AE, + |AE|, the
destabilization energy of the antibonding MO and the stabili-
zation energy of the bonding MO.

(b) Au-X
G*
6s
- *
A

Sd(xz)  5d(xy)

5d(z") 5d(yz)  5d(x—7) o

Au Halogen X
Figure 1b. Schematic MO diagram for the frontier MOs of
MX. The diagram applies to the gold halides with the excep-
tion X = F. In the latter case, the c MO is above the ©* MOs.

this work. SOC leads to a change in the non-relativistic
molecular orbitals (MOs), for example by mixing ¢ and
n MOs. Therefore one has to ask whether it is justified
to base a model for bonding in MX molecules on non-
relativistic (or scalar relativistic) MOs. In this connec-
tion, we emphasize that trends in non-relativistic and
relativistically corrected BDEs can be discussed based
on such an MO model whereas the rationalization of
second order effects introduced, for example, by SOC
are not considered in this work.

The bonding model we will apply focuses on the
formation of a set of o/c* MOs from 6s(M) and npo(X)
and a set of n/n* MOs from 5d(M) and npn(X) as shown
in the MO diagram of Figure 1b. The energy lowering
AE, (raising AE,) of the bonding (antibonding) MO
depends on the energy difference Ae of the AOs (the
smaller Ae, the larger the sum |AE,| + AE,, Figure la)
and the orbital overlap S (the larger S, the larger |AEy| +

AE,). Bond length reduction will increase S and change
Ae in a way that can be anticipated by considering cal-
culated AO energies calculated at the NESC/HF level or
the first IPs of the atoms M and X (see Table 2) since
trends in the experimental IPs give a qualitative measure
for trends in the AO energies according to the Koopman
theorem. However, it has to be considered that IPs for
the halogens and chalcogens describe the removal of an
electron from a doubly occupied np orbital whereas for
the MO diagram in Figure la distinction between npo
and npm orbitals is required. For this purpose, we im-
posed the symmetry of MX on atoms M and X by calcu-
lating a stretched MX molecule with distance R(MX) =
10 A. In this way, any significant electron interactions
are suppressed, however npc and npm orbitals can be
distinguished.

It has to be noted that the c—c* and n—n* energy
difference AE = |AEy| + AE, is always dominated by the
destabilization AE, of the antibonding MO (AE, > |AE,|,
Figure 1a) and therefore the occupation of the antibond-
ing MO leads to a strong bond weakening effect. Hence,
the 3-electron bonding situation of HgX molecules
should lead to smaller BDE values than the 2-electron
bonding situation of AuX and HgX" molecules. We will
apply the MO model of Figure 1 when analyzing the
changes in bond length and BDE values caused by the
scalar relativistic effects. o—m-Mixing caused by the
SOC can make conclusions of a non-relativistic orbital
model dubious. For the mercury chalcogenides, the
influence of SOC on the BDEs was calculated to be
smaller than 0.7 kcal mol™" (Ref. 86) reflecting the fact
that for molecules with occupied frontier orbitals of the
o-type (HgX and AuX) SOC plays energetically little
role.

Relativistic Changes in Bond Lengths

The calculated NESC/B3LYP bond lengths are in good
agreement with the few experimental values known
today (Table 1, R values in parentheses). The relativistic
shortening of R(MX) is documented by AR in Table 1. It
can be increased or reduced in dependence of other
electronic effects. If two electrons occupy the 6s-orbital,
Coulomb and exchange repulsion between M and X
should be larger and accordingly AR should be smaller.
Hence, bond shortening should be larger for AuX than
for HgX, which is confirmed for AuH and HgH. Charge
transfer is another effect that can influence the magni-
tude of AR. The electronegativity of X will influence the
degree of charge transfer. If negative charge is with-
drawn from the 6s orbital of M in molecule MX, the
remaining 6s charge will be less shielded and more
attracted to the nucleus, i.e. the relativistic 6s orbital
contraction is complemented by a non-relativistic con-
traction and the MX bond becomes stronger. However,
charge transfer will also be influenced by the length of
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the bond in the way that the relativistic shortening of the
bond leads to reduced charge transfer, less ionic charac-
ter of the bond, and a decrease in bond strength. This
non-relativistic effect dominates charge transfer; it is
complemented by a smaller relativistic reduction of
charge transfer caused by orbital contraction. The relati-
vistic shortening of the bond leads to both strengthening
and weakening of the bond where the former effect will
dominate (if no other effects play a role) with the result
that R becomes shorter. However, reduction of the ionic
character as indirectly caused by relativity prevents a
too large value of AR.

There are several other effects that also hinder re-
lativistic bond shortening AR as caused by an increase
of the stabilizing mass-velocity effect for smaller R.>’
Lone pair repulsion between M and X increases when
the bond shortens and therefore should imply smaller
AR values. For the halogens, lone pair repulsion in MX
becomes larger than for the chalcogens because of 4
rather than 3 pm electrons at X, which explains that AR
values are smaller for the former when compared to the
latter (Table 1, AuF: 0.180 vs AuO: 0.281 A).

Besides lone pair repulsion, increased nuclear re-
pulsion can also hinder relativistic bond shortening. The
HgX" ions are lacking one electron and since this leads
to stronger nuclear repulsion between Hg and X, the AR
values are smaller than those for the isoelectronic AuX
molecules by 0.10 to 0.15 A (Table 1).

Another effect hindering a relativistic bond length
contraction is the subsequent increase in antibonding
character. In neutral HgX, the o* MO is occupied by
one electron (Figure 1). Any bond length reduction
raises the energy of this MO thus weakening the HgX
bond and leading to an overall destabilization of the
molecule. The AR values of the neutral mercury halides
are rather small (0.022 to 0.033 A, Table 1) thus con-
firming that a strong o* MO-effect leads to a smaller
relativistic bond length contraction.

An even stronger effect that hinders relativistic
bond shortening is exchange repulsion. The neutral
mercury chalcogenides possess a °II state as ground
state (occupation of * and 6* MOs by 3 and 1 electron,
respectively), in which one of the two unpaired o-
electrons is preferentially at Hg, the other preferentially
at the chalcogen atom. A longer bond reduces exchange
repulsion and the antibonding effect of the o* MO.
Since the orbital contraction reduces charge transfer
from Hg to X and lowers by this the ionic character of
the mercury-chalcogenide bond, it is weakened com-
pared to the non-relativistic situation and becomes even
longer (negative AR values in Table 1).

Selenium and bromine take an exceptional posi-
tion in the comparison of the HgX molecules, as the
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corresponding AR values are both negative (—0.115 and
—0.040 A, i.e. lengthening of the bond due to relativity;
Table 1) and relatively large in magnitude. They differ
clearly from the general trends in AR values obtained
for the Hg-chalcogenides and Hg-halides, respectively.
This is a reflection of the d-block contraction effect
known to be active for Ga, Ge, As, Se, and Br.*” Incom-
plete shielding of the nucleus by the d-electrons leads to
stronger contraction of the atomic density, a smaller
covalent radius, and a larger electronegativity than ex-
pected for these atoms on the basis of the trends in the
corresponding group (Table 2). Consequently, reduction
of the ionic character is stronger than for the other
members of the chalcogen or halogen group (Table 2,
—0.287 and —0.262 electron) and relativity leads to bond
weakening.

Relativistic Changes in the Bond Strength

A relativistic shortening of the bond length does not
necessarily imply an increase in the bond strength. On
the contrary, the molecular stability and the bond
strength depend on the negative charge in the 6s orbital
and its stabilization by scalar relativistic effects. In view
of the electronegativity values for M and X, there is in
most cases a reduction of negative charge in the 6s or-
bital and therefore a relativistically caused decrease in
bond strength despite the shortening of the bond (Table
1). There are however also exceptions to this rule as was
mentioned above.

In the case of the HgX  ions, NBO charges sug-
gest that the positive charge is largely localized at Hg.
Accordingly, the BDE values correspond to a dissocia-
tion into Hg'(*S) + X rather than Hg('S) + X", If in the
molecule the charge at Hg is smaller than +1, the relati-
vistic stabilization will become larger than in free Hg"
and AE(relat) turns out to be positive. This situation is
given for HgH', HgS", HgSe", HgTe', and Hgl™ (Table
1).

For AuX molecules with X being equally or more
electropositive than Au (X = H, Se, Te, Table 2), a posi-
tive NBO charge at the metal atom is calculated (Table
1). Calculation of the virial charges in these cases, how-
ever, leads to charge transfer from X to A and a nega-
tively charged Au atom (see below), which means that
the relativity effect increases for the molecule relative to
that of the free metal atom and leads in this way to a
stronger AuH, AuSe, or AuTe bond thus explaining the
positive AE(Relat) values of 22.7, 6.6, and 10.8 kcal
mol™ (Table 1). We draw from this the conclusion that
the NBO charges exaggerate charge transfer from M to
X and therefore they are not reliable in the case of com-
parable electronegativities. Virial charges lead to a more
realistic description of the charge distribution and, ac-
cordingly, predictions of stability changes caused by
relativity are better based on them.
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It remains to clarify the relativistic increase in
bond strength for AuO and AuS. In these cases, the
relativistic bond shortening AR is unusually large
(0.281, and 0.257 A, Table 1), which is due to the fact
that the 6* MO is not occupied, lone-pair repulsion is
reduced, and none of the other bond lengthening effects
mentioned above plays any role. The relativistic R val-
ues (1.88 and 2.21 A, Table 1) are significantly shorter
than the sum of the covalent radii of the corresponding
atoms (Table 2). In the molecule, there is more negative
charge in a volume defined by the free Au atom (radius
1.44 A, Table 2) so that the relativistic stabilization
increases from the free M atom to the molecule. Similar
effects are found for all AuX molecules (Tables 1 and 2)
so that AE(Relat) values become more positive than for
HgX and HgX' where however this effect becomes
smaller with increasing atomic number of X.

Bonding in AuH, HgH" and HgH

For AuH, NESC/B3LYP leads to a bond length of 1.535
A and a BDE of 74.2 kcal mol™!, which are in reasona-
ble agreement with experimental values of 1.528 A®
and 74.3 kcal mol".*® There is a large number of quan-
tum chemical investigations on AuH*'® (for a recent
summary see Ref. 7) and therefore we will focus here
just on AuH bonding. According to calculated NBO
charges, 0.072 electrons are transferred from Au to H
and the calculated dipole moment (1.4 Debye) is
oriented from H (negative end) to Au (positive end,
physical notation) despite Pauling electronegativities of
2.20 (H) and 2.54 (Au), respectively (Table 2).

Bonding is provided preferentially by the 6-MO
shown in Figure 1. Because of the lack of any n—
electrons at hydrogen, lone pair repulsion cannot play
any role. The scalar relativistic effect on the BDE is
22.7 keal mol ™, i.e. the non-relativistic BDE is just 51.5
kecal mol ™" at a bond length of 1.746 A, which is 0.210
A longer than the relativistic value (Table 1). The relati-
vistic contraction of the 6s(Au) orbital lowers the ener-
gy of this orbital and charge transfer from Au to H is
reduced from 0.445 to 0.072 electron where most of this
change is caused by the relativistic bond contraction
(Table 1). The polar character of the bond is reduced
and the AuH bond should be weakened, which is con-
trary to the increase of the BDE value. As mentioned
above, the NBO charges are obviously misleading.

For HgH", effects are similar as reflected by a re-
lativistic BDE of 63.2 kcal mol™ due to a relativistic
increase of 17.6 kcal mol™'. Reduced shielding of the
nucleus caused by the positive charge of the ion leads to
somewhat weaker bonding and a bond length of 1.606 A
(non-relativistic: 1.782 A, Table 1), which according to
the difference in covalent radii for Au and Hg should be
at 1.59 A (1.54 + 0.05, Tables 1 and 2). As soon as the

o* MO is occupied by a single electron as in HgH, the
stronger orbital interactions caused by the scalar relati-
vistic effects lower the energy of the ¢ MO and raise the
o* energy, where the destabilizing effect outweighs the
stabilizing effect and leads to an overall weakening of
the HgH bond. The BDE is reduced from 21.2 by 9.5 to
11.7 kcal mol™". The overall destabilization of the bond
by the extra electron in the * MO is more than 50 kcal
mol ™!, which is suggested when comparing the BDE
values of HgH and HgH".

It is noteworthy that the AuH, HgH and HgH" di-
pole moments are directed in the same way as those of
other AuX (HgX) molecules investigated in this work,
however the former are considerably smaller than the
latter (Table 1). The total molecular dipole moment
depends on both the charge transfer moment and the
atomic dipole moments (Figure 2). The charge transfer
moment is determined by the amount of charge trans-
ferred from Au (Hg) to X and the AuX (HgX) bond
length. Its orientation is opposite to the direction of
charge transfer. Transfer from Au (Hg) to X leads to an
anisotropic charge distribution at the metal atom M:
charge is depleted on the bond side of M and accumu-
lated in front of X (situation of HgH": regions of deple-
tion and accumulation of negative charge are schemati-
cally indicated in Figure 2 by empty and filled ellipses;
Figure 2c). Charge polarization in the bond leads to
accumulation of electron density on the non-bonded
side of M, but to a depletion of charge on the non-
bonded side of X as indicated in Figure 2 for HgH". The
atomic dipole moments are mostly oriented opposite to
the charge transfer moment and lead to a total moment
smaller than the charge transfer moment. However, in
the case of a small charge transfer moment (small
charges, relatively small distance) and relatively large
atomic dipole moments (large volume, large polarizabil-
ity of the atoms), the molecular dipole moment can be
dominated by the atomic dipole moments and therefore
it takes the opposite direction than the charge transfer
moment.

This is the case of the dipole moment of AuH
where the calculated virial charges (¢(Au) = —0.040
electron, Figure 2) are in line with the electronegativi-
ties of Table 2 thus disproving the NBO charges (¢(Au)
= 0.075 electron, Table 1). The charge transfer moment
is —0.295, the atomic dipole moments 1.171 (Au) and
0.513 Debye (H) thus leading to a total dipole moment
of —0.295 + 1.685 = 1.390 Debye in good agreement
with the wave function dipole moment of 1.392 Debye.

In the case of HgH, the charge transfer moment is
oriented in the opposite way and larger (longer distance,
larger charges, Table 1) because of the significant
charge transfer from Hg to H (virial charge: —0.137
electron, Figure 2). The atomic dipole moments are
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virial atomic charges +0.040 -0.040 @
charge transfer moment < —().295
R=1535A confraction Ge Odeplction
P 4 3 2 1
atomic dipole moments  0.513 1.171
total dipole moment 1.390 —_—m—>
virial atomic charges —=0.137 +0.137
charge transfer moment — ] 173
g '/\
R=1784A AWA
atomic dipole moments  0.500 1.316
total dipole moment 0.355 —_—
virial atomic charges —-0.286 +0.286 @

charge transfer moment

R =1.606 A

— 20 @
AN

—

atomic dipole moments —0.196 -1.670

total dipole moment 0.338
Figure 2. Molecular dipole moments of (a) AuH ('Z%); (b)

HgH (°"); and (c) HgH" ('Z"). Charge transfer moment (red),
atomic dipole moments (blue), and total dipole moment

(black) are given in Debye units, each symbolized by an arrow
where the arrowhead points to the positive end of the dipole.
Virial charges (in electron) and bond lengths (in A) for the
calculation of the charge transfer moments are also given.
Regions of charge depletion and charge accumulation inside
the bond (2,3) and outside the bond (1,4) are given by empty
and filled ellipses. A curved black arrow gives the direction of
charge transfer. NESC/B3LYP calculations.

opposite to each other. The Hg dipole moment follows
the direction of the charge transfer and the normal dep-
letion-contraction pattern of the atomic density (Figure
2). Since the total electron density of Hg is a factor 80
higher than that of H, the density of the latter atom is
strongly enhanced by the tail density of the former so
that charge transfer from Hg to H leads to an increase of
the density at the non-bonded side of H (schematically
shown in Figure 2). The atomic dipole moment of H is
opposite to that of Hg. The sum of the atomic dipole
moments becomes somewhat smaller than the value of
the charge transfer moment and reduces the latter to the
rather small value of 0.36 Debye (Figure 2). A similar
situation applies to HgH', i.e. again transfer moment
and atomic dipole moments are oriented oppositely and
cancellation leads to a rather small total dipole moment
of 0.34 Debye.

Bonding in Gold Halides, Mercury Halides, and
Mercury Halide Cations

According to NESC/B3LYP calculations, the gold ha-
lides AuX possess BDE values between 69 (X = F) and
57 kcal mol™' (X = Br or I) where the total relativistic
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energy corrections increase from —10.6 to —1.3 kcal
mol ™' (Table 1). Similar values are reported in the litera-
ture.”** For AuF, charge transfer from Au to F is, de-
spite a substantial relativistic reduction, largest for all
Au-halides and accordingly AuF should have the
strongest ionic contribution to bonding. In the case of
Aul, 6s and npo orbital should interact stronger (&(6s) is
energetically closer to &(I,po) than &(F,pc), Table 2)
than in the case of the lower halogens thus leading to a
significant stabilization of the bonding ¢ MO where
however m-repulsion should cancel this effect largely.

Different trends are found for the isoelectronic
mercury halide cations. Their BDE values increase from
38 (X = F) to 49 kcal mol™" (X =1, Table 1). The cor-
responding relativistic corrections increase from —18 to
8 kcal mol™'. As mentioned above, these trends result
partly from the fact that due to relativity negative charge
is transferred back to the halogen thus leading in the
case of X =1 to an increase of negative charge by more
than 0.3 electron (Table 1) relative to that of free Hg"
thus increasing relativistic stabilization in MX relative
to the separated atoms. One could also argue (as in the
case of the Au-halides) that a decrease in ionic bonding
with increasing atomic number of X should actually
weaken the Hgl” bond. There is however a significant
nuclear repulsion, which a) reduces AR (see above) and
b) increases from I to F according to relativistic bond
lengths of 2.598 (Hgl") and 1.943 A (HgF", Table 1)
thus reverting the trend in BDEs from the Au-halides to
the Hg-halide cations.

For the mercury halides, occupation of the ener-
getically destabilized ¢* MO in combination with a
decrease in ionic bonding is decisive for the calculated
trend in BDEs (HgF: 33.6; Hgl: 13.6 kcal mol', Table
1). The latter effect leads to the same decrease in the
BDEs from X = F to X =1 as found for the Au-halides.
However, this trend is enlarged by the o*-effect. Desta-
bilization of the 6* MO increases with the increasing
covalent character of the HgX bond is, which requires
similar energies of the atomic orbitals involved in bond-
ing. According to the calculated orbital energies, 6s(Hg)
and 5po(I) have energies just 2 eV apart (Table 2) and
the o—o* energy difference should be largest for Hgl,
which implies strong destabilization of the molecule due
to single occupation of the o* MO. Hence, the Hgl bond
should be strongly weakened relative to the HgF bond
thus enlarging the trend due to the changes in ionic
bonding, which is confirmed by the NESC/B3LYP
results.

Bonding in Gold Chalcogenides, Mercury Chalcoge-
nides, and Mercury Chalcogenide Cations

The BDEs of Au-chalcogenides AuE (E: chalcogen) are
comparable in magnitude to those of the corresponding
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halides and show also some irregularities when increas-
ing the atomic number of X (53, 60, 54, 55 kcal mol ™,
Table 1). Calculated values agree reasonably with expe-
rimental values of 53.7, 59.7, 57.2, and 55.8 kcal mol™
(Refs. 79 and 88) (Table 1) and results of previous in-
vestigations.'”? Although ionic bonding should be
smaller compared to the Au-halides, there is the possi-
bility of reduced lone pair repulsion and some residual
n-bonding (m-effect) according to a occupation of the ©*
MOs with 3 rather than 4 electrons. The relativistic
stabilization of the 6-MO should be largest for Te (IP
values of 9.0 and 9.2 for Au and Te, Table 2) whereas
the m-effect should be strongest for S (e-values for
5d(Au) and 3pn(S), Table 2). This is in line with the
calculated BDE values.

In the case of the Hg-chalcogenide cations, nuc-
lear repulsion weakens the HgO bond (1.997 A) more
than the HgTe bond (2.668 A, Table 1) thus leading to
increased BDE values with increasing atomic number of
E (increase from 24 to 57 kcal mol™). This trend is
supported by the increase in electronic charge at the Hg
atom in HgE+ (+0.31,-0.01, —0.11, —0.26 relative to +1
electron in free Hg', Table 1), which enhances the rela-
tivistic stabilization of the HgE" ions.

The two lowest states of the mercury chalcoge-
nides are *IT and 'S, where the first state is just a couple
of kcal mol™ below the second state.***® The larger
stability of the °IT states is the result of a number each
other balancing electronic effects as has been discussed
in the literature.*> Occupation of the o* orbital and sub-
sequent destabilization, the residual m-bonding effect
replacing lone pair repulsion, reduced charge transfer
and reduced ionic bonding, replacement of Coulomb
repulsion by exchange repulsion, and at the same time
bond lengthening due to a much smaller relativistic
bond length contraction, all these effects play a role and
lead to a somewhat larger stabilization of HgECIT). On
the basis of the bonding model used in this work, it is
difficult to predict which state is more stable and how
the BDE values should change with increasing atomic
number of E. Occupation of the 6* MO and the relative-
ly long relativistic R values explain the low BDEs,
which vary by just 3 kcal mol™' from 6 (E = Te) to 9
kcal mol™ (E = O, Table 1).

CONCLUSION

This work has shown that NESC in combination with
B3LYP leads to a reasonable description of AuX, HgX,
and HgX" (X = H, halogen, chalcogen) molecules and
their bonding properties. AuX bonding is substantially
stronger than HgX bonding, which is simply a result of
the additional 6s electron in Hg and the creation of a 3-

electron bonding situation, which leads to strongly re-
duced BDE:s.

The dependence of AuX and HgX bonding on re-
lativity has been discussed considering several electron-
ic effects that determine the strength of the MX bond
(relativistic 6s-electron effect, charge transfer effect
(ionic bonding), o*-effect, lone pair repulsion effect,
residual m-bonding, and d-block effect). Relativistic
effects are especially strong in the case of Au (gold
maximum)*’ and somewhat weaker in the case of Hg.
There is a complex interplay between charge transfer
(ionic bonding) and relativity. If charge transfer leads to
a decrease of the 6s electron density, the relativistic
lowering of the energy is smaller for the molecule than
the free atom M (Au or Hg) and the BDE is reduced.
This effect is outweighed because charge transfer in-
creases ionic bonding, which leads to a strengthening of
the bond. Bond length reduction and orbital contraction
adjusts these effects so that less charge is transferred
and relativistic stabilization becomes larger. The magni-
tude of the BDE depends on how much charge is trans-
ferred, the degree of o-bonding, the magnitude of the
lone pair effect, and how much other electronic effects
contribute to bonding.

Relativistic changes in the BDE of AuX and HgX
are always negative apart from a few exceptional cases.
An increase in the BDE upon including scalar relativis-
tic effects is found when charge transfer occurs from X
to M due to the low electronegativity of X. This work
has shown that virial charges are more reliable than
NBO charges to determine the direction of charge trans-
fer. Virial partitioning of the electron density distribu-
tion helps to rationalize relativistic influences on orien-
tation and magnitude of molecular dipole moments.

Relativistic BDEs reflect also the magnitude of the
bond length reduction AR caused by the mass-velocity
contribution. The various electronic effects influencing
the magnitude of AR have been identified and used to
explain unusually short (e.g., gold chalcogenides) and
unusually long relativistic bond lengths R (mercury
chalcogenides). Effects that play a role in this connec-
tion are the o*-effect (occupation of an antibonding,
destabilized MO) and the lone pair repulsion effect. The
magnitude of these effects can be estimated using calcu-
lated orbital energies of the free atoms M and X to qua-
litatively predict the energy difference between bonding
and antibonding (¢ or ) MOs.

We have shown that a bonding model based on
non-relativistic MOs can be useful to describe relativis-
tic effects. Of course, one has always to consider relati-
vistic effects that can change orbital properties. For
example, SOC can lead to a mixing of 6 and T MOs thus
altering the nodal properties, orbital overlap, and orbital
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energy. Therefore, we have 1) avoided in this work to
refer to overlap and nodal properties and ii) used
NESC/HF orbital energies to confirm calculated trends.
The bonding model developed in this work can be ap-
plied to other mercury and gold compounds. Work is in
progress to test its advantages and its range of applica-
tions.
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SAZETAK

Usporedba kemijskog vezanja zlata i Zive

Elfi Kraka,” Michael Filatov® i Dieter Cremer®

*Department of Chemistry, University of the Pacific, 3601 Pacific Avenue, Stockton, CA 95211, USA
®Department of Chemistry, Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4, 9747AG Groningen, Netherlands

Proucavano je devet AuX molekula (X = H, O, S, Se, Te, F, Cl, Br, I), njihovih izoelektronskih HgX" analoga i
odgovarajucih neutralnih dvoatomnih HgX molekula upotrebom NESC (Normalized Elimination of the Small
Component) i B3LYP teorije kako bi se odredio utjecaj relativistickih efekata na energije disocijacije veze (BDE),
duljine kemijskih veza, dipolne momente i raspodjelu atomskih naboja. Relativisticki efekti znatnije su vec¢i za
AuX nego za HgX molekule. Kemijsko vezanje u AuX usporedeno je s vezanjem u HgX uzevsi u obzir efekte re-
lativnosti, prijenosa naboja i ionskog vezivanja, troelektronsko vezivanje u usporedbi s dvoelektronskim vezivan-
jem, rezidualno m-vezivanje, odbijanje slobodnih elektronskih parova, te efekt d-elektrona. Meduigra razlicitih
elektronskih efekata vodi do bitno razlicitih trendova izraunatih energija disocijacije veze, koji se mogu objasniti
jednostavnim MO modelom temeljenim na razlikama u elektronegativnosti, atomskim orbitalnim energijama i nji-
hovoj promjeni uslijed skalarne relativnosti. Relativisticki utjecaj na energije disocijacije veze direktno je povezan
s relativistickim promjenama u energiji 6s orbitala i elektronskoj gustoci.
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