Revision of the Dissociation Energies of
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Mercury Bonding
Michael Filatov* and Dieter Cremer*[a]
Mercury chalcogenides HgE (E = O, S, Se, etc.) are described in
the literature to possess rather stable bonds with bond dissociation energies between 53 and 30 kcal mol1, which is actually difficult to understand in view of the closed-shell electron configuration of the Hg atom in its ground state (…4f145d106s2). Based on
relativistically corrected many body perturbation theory and coupled-cluster theory [IORAmm/MP4, Feenberg-scaled IORAmm/
MP4, IORAmm/CCSD(T)] in connection with IORAmm/B3LYP
theory and a [17s14p9d5f]/aug-cc-pVTZ basis set, it is shown
that the covalent HgE bond is rather weak (2–7 kcal mol1), the
ground state of HgE is a triplet rather than a singlet state, and
that the experimental bond dissociation energies have been obtained for dimers (or mixtures of monomers, dimers, and even
trimers) Hg2E2 rather than true monomers. The dimers possess association energies of more than 100 kcal mol1 due to electrostat-

ic forces between the monomer units. The covalent bond between Hg and E is in so far peculiar as it requires a charge transfer from Hg to E (depending on the electronegativity of E) for the
creation of a single bond, which is supported by electrostatic
forces. However, s bonding between Hg and E is reduced by
strong lone pair–lone pair repulsion to a couple of kcal mol1.
Since a triplet configuration possesses somewhat lower destabilizing lone pair energies, the triplet state is more stable. In the
dimer, there is a HgHg p bond of bond order 0.66 without any
s support. Weak covalent Hg–O interactions are supported by
electrostatic bonding. The results for the mercury chalcogenides
suggests that all experimental dissociation energies for group-12
chalcogenides have to be revised because of erroneous measurements.

1. Introduction
Mercury monoxide HgO is assumed to play an important role
in the mercury depletion events in the atmosphere. It was suggested that gaseous elemental mercury can react in the troposphere with halogen oxides such as BrO to yield mercury monoxide which can be deposited on the surface.[1–4]
Whereas solid mercury monoxide (and other mercury chalcogenides) is well-known and well-characterized,[5] the information about gaseous HgO is controversial. Originally, gaseous
HgO was tentatively identified by infrared spectroscopy in rare
gas matrices under nonstationary vaporization conditions.[6]
Later, mass spectrometric measurements suggested[7] a dissociation energy D0 of 53  8 kcal mol1 for HgO, which implied
that the reaction of gaseous elemental mercury with bromine
oxide should be nearly thermoneutral [D0(BrO) = 55.2 
0.4 kcal mol1 as obtained from heats of formation at 0 K[8]].
However, recent high-level ab initio calculations predict for the
dissociation energy De of HgO a 50 kcal mol1 lower value of
just 4 kcal mol1.[9, 10] Such a weak bonding between mercury
and oxygen in HgO implies that the reaction Hg + BrO!Br +
HgO is strongly endothermic[10] and excludes a scenario in
which mercury monoxide is responsible for the depletion of
mercury in the atmosphere.[10]
Although the quantum-chemical investigations on mercury
oxide[9, 10] address an important issue of the atmospheric
chemistry of mercury, little is revealed about the reason for
such an enormous (ca. 50 kcal mol1) discrepancy between
theory and experiment. Normally, the application of high-level
theoretical methods such as coupled-cluster theory to diatomic
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molecules leads to dissociation energies (and other bond properties) well within the accuracy of measured properties
(  1–2 kcal mol1).[11] However, if one excludes a drastic failure
of theory, then there will only be the possibility that another
mercury species instead of HgO was measured in the experiment. This of course would have serious implications for the
understanding of the chemistry of mercury,[12, 13] and even the
chemistry of the other group-12 compounds, namely Zn and
Cd:
1) Besides HgO, also HgS and HgSe were investigated and dissociation energies D0 of 52  5 and 35  7 kcal mol1,[7] respectively, were measured for these compounds. Any inconsistency between theory and experiment found for HgO
should also apply to the other mercury chalcogenides HgE.
2) The bonding in HgO was so far considered as that of an
ionic oxide in view of the large difference in the electronegativities c(O) = 3.50 and c(Hg) = 1.44.[5, 13] However, a dissociation energy of just 4 kcal mol1[9, 10] is more typical of a
van der Waals complex than an ionic oxide. This contradiction requires a re-investigation of bonding in HgO and
other mercury chalcogenides. The situation becomes even
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more complicated by the fact that the ground state of HgO
and other HgE molecules is a triplet rather than a singlet as
we will show in the following.
3) Any new observation for mercury compounds HgE is of
direct relevance for gaseous chalcogenides ZnE and CdE
because these compounds should possess similar bonding
features and similar properties.
4) In view of the contradictory results for HgO it is not likely
that this compound is involved in the mechanism of mercury depletion from the atmosphere. Does a clarification of
the mercury oxide problem lead to a new mechanism of
mercury oxidation in the atmosphere?
The mass spectrometric measurements for mercury oxide
definitely identified a mercury oxygen compound.[7] The question is only whether HgO or a species (HgO)n with n = 2, 3…
rather n = 1 was found because for all values of n the same
charge/mass ratio will be found. For example, judging from
the electronegativities of elemental mercury and oxygen, the
gas-phase mercury monoxide should be a polar molecule with
a large dipole moment. Dipole–dipole interactions between
two HgO molecules should facilitate the formation of a dimeric
species, which can be further stabilized by interactions between the charged mercury atoms. The existence of HgHg
bonded cationic species, such as Hg2 + , in the condensed
phase is well-documented.[12, 13] Accordingly, the potential existence of a dimeric species (HgO)2 in the gas phase merits a
careful investigation.
There is also the possibility that a O22 unit is formed, which
is then bridged by two Hg + ions. Diamond-shaped peroxides
with electropositive substituents (Li or BeH)[14] or transition
metal atoms[15, 16] have been discussed in the literature. Therefore, we will also consider both isomeric forms of the mercury
oxide dimer, which can be related by bond stretch isomerism.[15]
To the best of our knowledge, the stability of the HgO dimer
or, more generally, of mercury chalcogenide dimers (HgE)2 (E =
O, S, Se) have not been studied so far in the literature. It is the
primary objective of the present paper to carry out relativistically corrected high-level ab initio calculations for the monomeric HgE and dimeric (HgE)2 (E = O, S, Se) species and to
study their relative stabilities and bonding features. If the dimeric mercury chalcogenides happen to be considerably more
stable than the monomeric species, the discrepancy between
measured[7] and calculated dissociation energies for the monomeric species[9, 10] can be explained as resulting from dimerization (or even polymerization) of monomeric species in the gas
phase. This would be the basis for answering questions that
emerge in connection with points 1) to 4) mentioned above.

2. Computational Methods
For the monomeric HgE (E = O, S, Se) species, many body
Møller–Plesset (MP) perturbation theory[17] was used at second
(MP2), third (MP3), and fourth order (MP4) where in the latter
case all single (S), double (D), triple (T), and quadruple (Q) excitations were included thus yielding MP4(SDTQ) = MP4(full) re-
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sults. The effect of T excitations was evaluated by comparing
MP4(full) results with those of MP4(SDQ) calculations. For the
purpose of including infinite order effects into the SD space,
coupled-cluster theory[18] with all S and D excitations (CCSD)[19a]
was used, which was extended by a perturbational treatment
of T excitations to CCSD(T).[19b] In all ab initio calculations, the
4f, 5s, 5p, 5d, and 6s electrons of mercury were correlated together with the 2s, 2p electrons of O, the 3s, 3p electrons of S,
and the 3s, 3p, 3d, 4s, 4p electrons of Se.
In the ab initio calculations, the geometry of the monomeric
species was optimized numerically. The dimeric species (HgE)2
(E = O, S, Se) were calculated only with the MP methods because the coupled-cluster calculations could not be performed
due to limited computer resources. Only single-point calculations were possible for the dimers utilizing geometries obtained by density functional theory (DFT) calculations with the
B3LYP hybrid density functional.[20, 21] The B3LYP geometry optimizations employed analytic energy gradients and were performed for both monomeric and dimeric species. The natural
bond orbital (NBO) analysis[22] was employed at the B3LYP level
of theory to determine reliable atomic charges.
The singlet and the triplet states were calculated for all monomeric and dimeric species. The singlet states were calculated
with the closed-shell spin-restricted formalism and the triplet
states with the spin-unrestricted formalism.
The monomeric HgE and dimeric (HgE)2 (E = O, S, Se) species
are typified by electron clustering at the same center. These
species belong to type B systems in the Cremer-He classification of electronic systems.[23] For these systems, the convergence of the MP series is nonmonotonous and it can be
smoothened out substantially[24, 25] with the help of Feenberg
scaling.[26] Within the Feenberg extrapolation scheme,[24–26] the
improved value of the correlation energy is obtained from individual orders of the MPn series using Equation (1),
ð3Þ
ð3Þ 2 ð3Þ
ð3Þ 3 ð4Þ
DE ð4Þ
¼ ð1lð3Þ ÞE ð2Þ
MP þ l ð1l Þ E MP þ ð1l Þ E MP
lð3Þ

ð1Þ

where the parameter l(3) is defined in Equation (2).
lð3Þ ¼ 1

E ð2Þ
MP
ð3Þ
E ð2Þ
MPE MP

ð2Þ

Generally, the energies obtained from the Feenberg scaling
procedure are more reliable than the corresponding MP4 energies and they can be compared in quality to coupled-cluster
energies.[24, 25] Therefore, Feenberg scaling was performed for
all MP4 calculations of the monomeric and dimeric species.
A [17s14p9d5f] basis set was employed for mercury. The
basis set was constructed from the uncontracted
(19s14p10d5f) Hg basis set of Gropen[27] in the following way.
In the original basis set, the most diffuse set of primitive dtype gaussian-type functions (GTFs) was removed to avoid linearity problems. One s-type, four p- and d-type, and three
f-type sets of diffuse GTFs were added in a well tempered sequence using an exponent ratio of 2.5. Five s-type GTFs (#4 to
#8 in the original basis) were contracted to two s-type basis
functions according to a 3/2 pattern. The eight inner p-type
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GTFs were contracted to three
Table 1. Optimized bond lengths, dissociation energies, harmonic vibrational frequencies, and dipole moments of
p-type basis functions using a 3/
singlet and triplet states of monomeric HgE (E = O, S, Se) species. All calculations employ the IORAmm quasirelativ3/2 contraction pattern. Seven
istic Hamiltonian.
tight d-type sets of GTFs were
[b,c]
Molecule (State)
Parameter
B3LYP[a]
CCSD(T)[a]
MP2[a]
MP4[b]
FEð4Þ
l
contracted according to a 3/2/1/
1 +
HgO ( S )
re [M]
1.878
1.875
1.816
2 pattern and the four most
641
642
792
we [cm1]
tight f-type sets of GTFs were
De [kcal mol1]
2.59
2.91
11.42
10.86
4.31
contracted to one set. The rem [Debye]
4.97
5.55
sulting [17s14p9d5f] basis set
 0.903
qNBO [e]
re [M]
2.214
2.145
2.102
HgO (3P)
was combined with the aug267
322
320
we [cm1]
mented triple-zeta correlation
9.81
4.20
0.09
2.21
2.17
De [kcal mol1]
consistent basis set (aug-ccm [Debye]
2.38
2.05
pVTZ) of Dunning.[28] All calcula 0.413
qNBO [e]
re [M]
2.265
2.253
2.209
HgS (1S + )
tions employed cartesian GTFs.
341
363
377
we [cm1]
The relativistic effects were inDe [kcal mol1]
6.74
6.28
10.03
9.58
7.19
cluded with the help of the inm [Debye]
5.07
6.51
finite-order regular approxima 0.696
qNBO [e]
re [M]
2.580
2.535
2.580
HgS (3P)
tion with modified metric
173
183
98
we [cm1]
(IORAmm) method described in
8.68
6.10
3.24
5.17
4.76
De [kcal mol1]
our earlier publications.[29, 30] The
m [Debye]
2.40
2.77
energetical consequences of
 0.327
qNBO [e]
HgSe (1S + )
re [M]
2.393
2.374
2.327
possible spin–orbit (SO) interac217
264
244
we [cm1]
tions were neglected in the
1.60
1.77
4.81
4.72
1.57
De [kcal mol1]
quasi-relativistic IORAmm calcum [Debye]
5.12
6.55
lations. Since the present work
 0.624
qNBO [e]
HgSe (3P)
re [M]
2.703
2.681
2.753
deals with either closed-shell
118
164
52
we [cm1]
species or with open-shell spe4.83
3.82
1.66
2.77
1.71
De [kcal mol1]
cies where unpaired electrons
m [Debye]
2.58
2.85
are located in the 6s orbital of
 0.282
qNBO [e]
mercury or in the valence p orbi[a] Optimized with the respective method. [b] Calculated at the IORAmm/B3LYP geometry. [c] l(3) Feenberg extals of the chalcogen atoms, this
trapolation energy obtained from the fourth-order IORAmm/MP energy.
scalar-relativistic approximation
is acceptable. The total energies
obtained in the IORAmm calculations were corrected for the
ic HgE (E = O, S, Se) species. The bond length, dissociation
gauge-shift error as described in the previous publications.[29, 30]
energy, and harmonic vibrational frequency of HgO in the sinThe dissociation asymptote Hg 1S + O 3P is used throughout
glet 1S + state obtained in the present work by the IORAmm/
this work as a reference regardless of the actual molecular spin
CCSD(T) calculations (re = 1.875 M, we = 642 cm1, De = 2.91 kcal
1
1
mol1) are in reasonable agreement with the parameters obstate. The use of this asymptote (and not that of Hg S + O D
1
which would fit the singlet states but is 45.4 kcal mol higher
tained previously by Shepler and Peterson[9] in DK/CCSD(T)
[31]
in energy ) is justified because, in the actual gas-phase sys(DK: Douglas–Kroll; re = 1.912 M, we = 601 cm1, De = 2.69 kcal tems, the spin–orbit coupling (neglected in the present calcumol1) and relativistic effective core potentials (RECP)/CCSD(T)
(re = 1.912 M, we = 599 cm1, De = 2.79 kcal mol1) calculations,
lations) would mix the states of different multiplicity. Although,
which employed a sequence of correlation-consistent basis
for the equilibrium geometries, the first-order spin-orbit effects
sets to extrapolate results to the basis set limit. This justifies
are expected to be small due to the reasons just described
the choice of the basis sets used in the present work. Note,
(which is also confirmed by the results of ref. [9]), the mixing
that in the latter calculations[9] only the valence electrons, that
of singlet and triplet molecular states is possible for dissociating molecules due to the presence of the heavy element Hg.
is, the 5d and 6s of the Hg atom and the 2s and 2p of the
Thus, the Hg 1S + O 3P dissociation limit is chosen in order to
O atom, were correlated, whereas our calculations correlate
also the 4f, 5s, and 5p electrons of the Hg atom.
obtain estimates of the dissociation energy close to the real
The results of the IORAmm/B3LYP geometry optimizations
situation in the gas phase.
for the monomeric species are in excellent agreement with the
All calculations were carried out with the help of the COIORAmm/CCSD(T) results (see Table 1). Thus, it can be anticiLOGNE2003 suite of quantum-chemical programs.[32]
pated that the use of IORAmm/B3LYP for the geometry optimization of dimers (HgE)2 (E = O, S, Se) should be also acceptable.
3. Results and Discussion
Note that the overall size of the basis set reaches as many as
464 contracted functions for (HgSe)2, which renders the appliThe results of calculations are summarized in Tables 1–4.
Table 1 shows the spectroscopic parameters for the monomercation of CCSD(T) impossible due to limited computational reð3Þ
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sources. Even the full MP4 calculation of the triplet (HgSe)2
cluster could not be finished due to prohibitive requirements
for disk space.
Before we start a detailed discussion of the bonding patterns in the monomeric and dimeric mercury chalcogenides, a
comment on the role of relativity for bonding is appropriate.
Relativity results in a contraction of the 6s orbital and an increase in the first ionization potential of mercury. As it has
been observed in previous calculations on HgO, this makes the
HgO bond shorter and weaker.[9] A substantial (ca. 0.11 M)
shortening with a simultaneous weakening (ca. 20 kcal mol1)
of the HgO bond is confirmed by a comparison of the nonrelativistic B3LYP results for the singlet 1S + (re = 1.987 M, De =
17.47 kcal mol1) and the triplet 3P state (re = 2.216 M, De =
25.80 kcal mol1) of mercury oxide with the results of the
IORAmm/B3LYP calculations reported in Table 1. The relativistic
decrements in the bond length and bond strength obtained
by the IORAmm/B3LYP calculations coincide closely with those
obtained by Shepler and Peterson[9] in the all-electron DK/
CCSD(T) calculations. This confirms that relativity plays an important role for the mercury chalcogenides and without its inclusion the results of theoretical calculations may point in the
wrong direction when considering the stability of monomeric
and dimeric species. Therefore, we will discuss exclusively the
results of the quasi-relativistic IORAmm calculations in the following.
Bonding in the Monomers
Mercury possesses a closed-shell configuration (…4f145d106s2)
that can lead only to weak van der Waals interactions similar to
the case of beryllium. The mercury dimer, Hg2 is somewhat less
stable (De = 380  25 cm1; re = 3.69  0.01 M)[33] than Be2 (De =
790  30 cm1).[34] Covalent bonding between E (O, S, Se) and
Hg will be only possible if there is a charge transfer of approximately one electron from Hg to E as is really found in the case
of singlet HgO (NBO charge:  0.9 electrons (e) according to
IORAmm/B3LYP calculations). In this way, Hg + (…4f145d106 s1)
and O (…2s22p2x 2p2y 2p1z ) possess one electron each and are
prone to establishing a single covalent bond. Such a bond
should possess a bond length of about 2.05 M as was found
for solid HgO.[5, 13] The calculated HgO bond length for the gas
phase is 1.875 M (IORAmm/CCSD(T), Table 1), which is clearly
shorter and may indicate a stronger bond. The calculated dissociation energy of 2.9 kcal mol1 (IORAmm/CCSD(T), Table 1)
however suggests sooner the existence of a van der Waals
complex rather than a covalently and electrostatically bonded
molecule.
The diagram of the nine valence orbitals of singlet HgO
(Figure 1) reveals that due to the charge transfer a covalent
bond between Hg and O is established, which involves the 6s
and 5dz2 orbitals of the Hg atom and the 2s and 2pz of the O
atom [molecular orbital (MO) 36]. At the same time, there are
six valence orbitals (indicated in Figure 1 by brackets) that are
involved in lone pair–lone pair (lp–lp) repulsion. This should
lead to a large destabilization energy. In the case of FH and
FF the difference in the bond energies De (140.9 and

1550

Figure 1. Molecular orbital diagram of the nine (ten) valence orbitals of the
HgO(1S + ) and HgO(3P) state according to IORAmm/B3LYP/[17s14p9d5f]/augcc-pVTZ calculations. The atomic orbitals participating in the molecular orbitals
are indicated and the nature of the molecular orbital is given [lp(Hg) or lp(O):
lone pair orbital at Hg or O; s-bon or p-bon: s- or p-bonding orbital; s-anti or
p-anti: s- or p-antibonding orbital]. The bonding and the corresponding antibonding molecular orbitals are connected by brackets. The mixing possibilities
between the 5dz2 and 6pz atomic orbitals (AOs) of Hg are shown at the bottom.

38.2 kcal mol1, respectively[31]) is approximately 100 kcal mol1
as a result of the polarity of the FH bond and destabilizing
lp–lp interactions in the FF bond. According to estimates, the
expected De(FF) value of 111 kcal mol1 is lowered by more
than 60 kcal mol1 because of lp–lp repulsion.[31] In the case of
the HgO molecule, the stabilization energy due to covalent
(and electrostatic) bonding is annihilated by lp–lp repulsion
almost completely so that just the small bonding energy of
2.9 kcal mol1 remains. For comparison, the D0 value of BeO,
for which no lp–lp repulsion exists, is as large as
104 kcal mol1.[35]
In the triplet state, the antibonding s orbital becomes singly
occupied, which weakens covalent bonding. There are however two effects that improve the bonding energy relative to
that of the singlet: 1) One of the p-type lone pair orbitals is
now singly occupied (Figure 1) so that electron pair repulsion
is decreased (s bonding is exchanged against p bonding).
2) The singly occupied s-antibonding orbital can decrease its
antibonding character by mixing in the 6pz(Hg) orbital thus
leading to a net effect of somewhat larger covalent HgO bonding (see bottom of Figure 1). MO 45 adopts Hg s lone pair
character and the charge transfer from Hg to O is partially re-
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verted. The calculated NBO charge decreases from 0.9 (singlet
state) to 0.4 e (triplet state) according to IORAmm/B3LYP calculations.
Since MP2 exaggerates pair correlation effects, it predicts a
much too high bonding energy for the singlet and a too low
stabilization energy for the triplet, which has one electron pair
less (Table 1). MP4 corrects for the exaggeration of the pair correlation effects by the inclusion of disconnected Q excitations.
Also, the T excitations partially take over the description of correlation effects and, since these effects are uncoupled, correlation in the closed-shell system is again exaggerated.[36] A balanced description is only obtained by CCSD(T), which corresponds to a full configuration interaction (CI) in the SD space
(no longer any exaggeration of pair correlation and orbital relaxation effects) and possesses in the T space important TT coupling effects.[37] Therefore, the IORAmm/CCSD(T) De(HgO) value
of 2.91 kcal mol1 (Table 1) is the most reliable value obtained
herein.
The use of the Feenberg scaling procedure, Equations (1)
and (2), ameliorates the overbinding of IORAmm/MP4 almost
completely and brings the IORAmm/FEð4Þ
dissociation energies
lð3Þ
to within 1 kcal mol1 of the IORAmm/CCSD(T) values. The information necessary to calculate the Feenberg correlation energies is contained in Table 2 for both monomeric and dimeric
species. For the monomers, the dissociation energy De based
on Feenberg scaling is presented in the last column of Table 1.
In the case of the triplet states, distinct three-electron correlation effects are encountered in the p orbitals (Figure 1).
Therefore, IORAmm/MP4 provides a reasonable description of

the triplet bonding energy, which has only to be corrected for
the TT coupling effect.[37] IORAmm/CCSD(T) gives a value of
4.2 kcal mol1 for HgO (Table 1). This reflects the small stabilizing effects resulting from the occupation of the MO 45 discussed above. Feenberg scaling of the IORAmm/MP4 energy
has only a marginal effect on the triplet-state dissociation
energy.
It is interesting to note that IORAmm/B3LYP contrary to
IORAmm/MP2 and IORAmm/MP4 leads to the right state ordering in HgO and HgSe and predicts in the case of the singlet
species De values, which are close to the IORAmm/CCSD(T)
binding energies (see Table 1). The triplet HgO binding energy
(9.8 kcal mol1) is exaggerated by a factor of 2 relative to the
IORAmm/CCSD(T) value. The bonding in the other triplet species is also overestimated; however, this overestimation becomes less important with increasing atomic number of E.
Bonding in the Dimers
In the case of the HgO dimer, we find two isomers of comparable stability, namely the O·Hg2·O isomer with the short HgHg
bond and the Hg·O2·Hg isomer with the short OO bond. We
will discuss first bonding in the isomer with the short HgHg
bond.
In Figure 2, the 18 valence orbitals of the O·Hg2·O isomer in
its singlet state are given in an orbital scheme and some orbitals are shown explicitly, for example the 11b2u and 9b3g orbitals, which form a pair of a HgHg p-bonding and a HgHg
p*-antibonding orbitals with a zero effect on HgHg net bond-

Table 2. Ab initio SCF and correlation energies [in hartree] for atoms and monomeric and dimeric HgE (E = O, S, Se) species. All calculations employ the
IORAmm/B3LYP optimized geometry and the IORAmm quasirelativistic Hamiltonian.
Molecule (State)

ESCF

DECCSD(T)[a]

[b]
E ð2Þ
MP

E ð3Þ
MP

Hg (1S)
O (3P)
S (3P)
Se (3P)
HgO (1S + )
HgO (3P)
HgS (1S + )
HgS (3P)
HgSe (1S + )
HgSe (3P)
O·Hg2·O (1Ag)
O·Hg2·O (3B2u)
Hg·O2·Hg (1Ag)
Hg·O2·Hg (3Au)
S·Hg2·S (1Ag)
S·Hg2·S (3B2u)
Se·Hg2·Se (1Ag)
Se·Hg2·Se (3B2u)
sg-Hg22 + ·q2 [e]
tg-Hg22 + ·q2 [f]
sg-Hg + ·q [g]
tg-Hg + ·q [h]

19 591.2292627
74.8683803
398.6324941
2427.5699782
19 665.9973379
19 666.0779047
19 989.8207351
19 989.8594246
22 018.7558039
22 018.7925812
39 332.0379761
39 332.0907796
39 332.0141326
39 332.1130497
39 979.7300669
39 979.7049987
44 037.5955286
44 037.5677226
39 182.4935434
39 182.4792824
19 591.1970558
19 591.1952955

0.8164600
0.1679505
0.1845514
0.2403150
1.0893524
1.0105688
1.0520073
1.0129986
1.1029780
1.0695256

0.8863501
0.1482829
0.1571712
0.2230657
1.1510298
1.0539040
1.0998003
1.0510142
1.1597899
1.1185599
2.3237545
2.3430647
2.3417391
2.3473094
2.2073875
2.3105662
2.3401475
2.4475764
1.6654233
1.6640402
0.8047755
0.8048074

+ 0.1230228
0.0144939
0.0195709
0.0044915
+ 0.1412064
+ 0.1086998
+ 0.1146730
+ 0.1021327
+ 0.1284121
+ 0.1186083
+ 0.3059035
+ 0.2792187
+ 0.2885572
+ 0.2756617
+ 0.2345876
+ 0.2543247
+ 0.2676092
+ 0.2890285
+ 0.2171593
+ 0.2114605
+ 0.1010466
+ 0.1010553

E ð4Þ
MP
0.0708273
0.0041377
0.0065931
0.0147539
0.1088629
0.0791278
0.0886504
0.0791718
0.0960487
0.0883603
0.2763026
0.2795428
0.2325088
0.2436959
0.1919338
0.2523426
0.2117912
(0.1276756)[d]
0.1273140
0.1288479
0.0541460
0.0541403

[c]
DE ð4Þ
lð3Þ

0.8147176
0.1680516
0.1857194
0.2432356
1.0899445
1.0059594
1.0529107
1.0103564
1.1038961
1.0673327
2.2163078
2.2692574
2.2238210
2.2520712
2.1186849
2.2454703
2.2309365
1.5418528
1.5476475
0.7440753
0.7440943

(3)
Feenberg correlation
[a] IORAmm/CCSD(T) correlation energy. [b] E ðnÞ
MP denotes the nth-order contribution to the IORAmm/MP correlation energy. [c] l
energy obtained from the fourth-order IORAmm/MP correlation energy. [d] MP4(SDQ) contribution to the correlation energy. [e] Hg22 + augmented with
two negative charges (q). The geometry of the singlet 1Ag state of the Hg2O2 cluster is used. [f] Hg22 + augmented with two negative charges (q). The geometry of the triplet 1Ag state of the Hg2O2 cluster is used. [g] Hg2 + augmented with a negative charge placed at the same distance as in sg-Hg22 + ·q2
2 .
[h] Hg2 + augmented with a negative charge placed at the same position as in tg-Hg22 + ·q2
2 .
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Scheme 1. Schematic description of bonding in Hg2O2 (1Ag) and Hg2O2 (3B2u). In
the singlet state, two-electron three-center bonding (indicated by the dashed
lines and the symbol 2e) lead to a HgHg bond order of 0.66. The orbitals involved in bonding are indicated and their occupation is schematically shown.
In the triplet state, two resonance structures lead to an extra stabilization.

Figure 2. Schematic representation of the 18 (19) valence molecular orbitals of
the Hg2O2 (1Ag) and Hg2O2 (3B2u) states according to IORAmm/B3LYP/
[17s14p9d5f]/aug-cc-pVTZ calculations. Some of the orbitals are shown schematically. Bonding overlap is indicated in the MO diagrams by dashed lines. In
the singlet state, bonding is established by two-electron four-center interactions
(MO 11 b2u) and two-electron two-center bonding (MO 12 b2u). The Hg–Hg interactions have p-bond character. In the triplet state, the Hg–Hg interaction is of
the three-electron nature and complemented by a single-electron throughspace interaction between the O atoms.

Typical HgHg bond lengths in XHgHgX compounds (X =
halogen) containing the Hg22 + dication with Hg(i) are in the
range 2.5 to 2.6 M.[12, 13, 38] In the solid state, Hg prefers to adopt
the oxidation state (ii) and to form HgOHgO chains
with OHgO angles close to 1808 and HgOHg angles close to
1098.[5] In the gas phase, this is no longer possible and Hg is
forced to adopt the mercury halide structure with the Hg22 +
dication unit as a much more stable arrangement than the
monomeric HgE arrangement. The only way of accommodating the negatively charged O atoms is to place them into a
bridge position. The IORAmm/B3LYP geometry optimization of
linear OHgHgO species, similar to mercury halides, lead to
structures characterized by imaginary vibrational frequencies.
The only true minima on the singlet and triplet potential surfaces of the HgE dimers possessing a HgHg bond are the cyclic
diamond core structures with the geometric parameters reported in Table 3 (for the minima with an OO bond, see
below).
The HgHg distance in the dimer structures (see Table 3) depends on the electronegativity of the bridging atom E: The
larger the electronegativity of E is, the larger the charge transfer from Hg to E is and the better the HgHg bond can be established (HgHg bond lengths for E = O: 2.773; E = S: 2.778;
E = Se: 2.792 M; Table 3). Similar trends were observed for the
halides XHgHgX (HgHg bond lengths for X = F: 2.51; X = Cl:

ing. Bonding in the 1Ag state is established by the 12b2u and
10b3g MO pair (Figure 2), which leads to some net HgHg
bonding because of the larger magnitude of the dxz-orbital coefficients in the bonding MO 12b2u. According to the calculated B3LYP NBO charges, there is a charge transfer of 1.2 electrons from each Hg atom to an O atom so that each Hg and O
atom possesses about one electron (together four) for bonding. Delocalization of the four
Table 3. Bond lengths [in Å] and NBO charges [in e] of dimeric HgE (E = O, S, Se) optimized at the IORAmm/B3LYP
bonding electrons over four
level of theory.
centers leads to two-electron
REE
RHgE
qNBO
Molecule (State)
RHgHg
four-center bonds or in a repre1
O·Hg
·O
(
A
)
2.773
3.264
2.141

1.211
sentation using localized orbi2
g
3
·O
(
B
)
3.019
3.065
2.151

0.976
O·Hg
2
2u
tals, to two two-electron three4.192
1.624
2.248
 0.729
Hg·O2·Hg (1Ag)
center bonds (Scheme 1). This
4.828
1.370
2.509
 0.402
Hg·O2·Hg (3Au)
suggests a HgHg bond order
2.778
4.113
2.482
 0.915
S·Hg2·S (1Ag)
3.074
3.968
2.510
 0.761
S·Hg2·S (3B2u)
of 0.66 (the actual IORAmm/
1
·Se
(
A
)
2.792
4.346
2.583
 0.822
Se·Hg
2
g
B3LYP Mulliken overlap populaSe·Hg2·Se (3B2u)
3.124
4.179
2.609
 0.636
tion is 0.658).
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2.53; X = Br: 2.58; X = I: 2.69 M)[12, 13] where however one has to
consider that in condensed phases the mercury halides adopt
a linear rather than cyclic structure. This leads in solution to an
extra electrostatic stabilizing effect because the solvation
energy is larger for linear rather than cyclic structures.
The triplet state possesses the 3B2u configuration because
the b2u-symmetrical HOMO and the ag-symmetrical LUMO of
the singlet state are now singly occupied (Figure 2).
This leads to a decrease in HgHg bonding, however to an
increase in HgO bonding, which, because of the factor 4, outweighs the weakening of the HgHg bond. The calculated
HgHg bond lengths of 3.019 (E = O), 3.074 (E = S), and
3.124 M (E = Se, Table 2) are somewhat longer than in the
Hg22 + dication. Hence, the 3B2u state of the O·Hg2·O isomer
does not gain by increased HgHg bonding, but by a reduction of HgO antibonding. The optimized HgO distance in
the triplet cluster is only marginally longer than in the singlet
species (2.151 M versus 2.141 M). Considering a substantial
lengthening of the HgHg bond (by 0.246 M from 2.773 to
3.019 M, Table 3) the HgO bond length of 2.223 M should
have resulted if the oxygen anions remained in the same positions as in the singlet species. The actual HgO bond (2.151 M)
is shorter than this estimate which suggests the HgO bond
strengthening in the triplet state.
One of the unpaired electrons can form a one-electron
three-center bond (see Scheme 1) whereas the second electron
can only contribute to a long-range dispersion attraction between the E atoms at 3.065 (E = O), 3.968 (E = S), and 4.179 M
(E = Se). There are two important resonance structures (see
Scheme 1), which reestablish D2h symmetry for the triplet
dimer. A jumping of the unpaired electron engaged in HgHg
bonding from one three-membered ring to the other requires
the reverse jumping of the electron pair in the lower 11b2u
MO. The electron leaps are accompanied with a change of the
orbitals especially at the O atoms, which are more contracted
in the electron pair situation. The three-electron correlation effects add to the stability of the triplet, its adequate description
requires however a method accounting for connected T excitations. Clearly, MP2, MP3, and MP4(SDQ) cannot provide these
correlation effects and, therefore, underestimate the stability of
the 3B2u state severely (Table 4).

Full MP4 includes T excitations and accounts therefore for
three-electron correlation effects.[36] Accordingly, IORAmm/MP4
predicts the triplet O·Hg2·O isomer approximately 50 kcal mol1
more stable than IORAmm/MP2 or IORAmm/MP4(SDQ) do (see
Table 4). Similarly dramatic increases in the stability are also
found for the 3B2u state of S·Hg2·S and Se·Hg2·Se (see Table 4).
Previous investigations showed[36, 37] that MP4 exaggerates the
three-electron correlation effects. Feenberg scaling improves
considerably[24] the convergence of the MP series and leads to
lower stability of the triplet states than predicted by IORAmm/
MP4, which however is still larger than that predicted by
IORAmm/MP2 or IORAmm/MP4(SDQ). We conclude that the
values obtained by the Feenberg scaling procedure are more
reliable than any value obtained by the other wave function
methods reported in Table 4.
Considering the fact that B3LYP leads to reasonable values
for the monomers and approaches for the singlet states even
the accuracy of the CCSD(T) calculations, its failure in the case
of the dimers is dramatic (see Table 4). However, the mercury
chalcogenide dimers are species for which higher-order correlation effects play an important role. At the Hartree–Fock level,
the atomization energies for both states are negative. The correlation corrections of the atomization energies introduced by
MP2 are about 160 and 170 kcal mol1, respectively; those introduced by the T excitations at MP4 are 55 and 52 kcal mol1,
respectively (Table 4). Thus, it is not surprising that the stability
of the triplet states is severely underestimated by a functional
such as B3LYP, which admixes some Hartree–Fock exchange to
DFT exchange. For instance, a BPW91[39] calculation of the
O·Hg2·O isomer yields the atomization energy of 68.0 kcal mol1
for the singlet and of 68.3 kcal mol1 for the triplet state.
Switching to local density approximation (LDA)[40] increases the
stability of the dimer of mercury oxide even further, namely to
131.8 kcal mol1 for the singlet and 126.7 kcal mol1 for the
triplet state. These results show that both dynamic and nondynamic electron correlation effects, which are included into the
DFT calculations either explicitly via the correlation functional
or implicitly via the local (or semilocal) exchange functional
and its self-interaction error,[41] are underestimated by a hybrid
functional such as B3LYP in two ways: 1) The admixture of
20 % exact exchange leads to a smaller self-interaction error
(SIE) and, by this, to a significant
reduction of nondynamic electron correlation.[41] 2) The LYP
correlation functional was deTable 4. Electronic atomization energies [in kcal mol1] of dimeric HgE (E = O, S, Se) species calculated at the
rived from the Colle–Salvetti deIORAmm/B3LYP geometry. All calculations employ the IORAmm quasirelativistic Hamiltonian.
scription of the He atom[42] and
[a]
Molecule (State)
B3LYP
MP2
MP4(SDQ)
MP4(full)
FEð4Þ
l
as such it is not suited for deO·Hg2·O (1Ag)
40.01
60.98
39.36
84.53
58.65
scribing pronounced three- or
46.98
106.23
96.04
148.56
125.01
O·Hg2·O (3B2u)
even higher-electron correlation
1
37.80
57.24
20.99
64.20
48.40
Hg·O2·Hg ( Ag)
effects. Contrary to the case of
3
66.48
122.87
107.83
144.94
128.20
Hg·O2·Hg ( Au)
the monomer states, the dimer
69.20
79.63
63.96
85.53
78.04
S·Hg2·S (1Ag)
45.35
128.64
111.94
160.07
141.87
S·Hg2·S (3B2u)
states are characterized by elec59.06
74.24
60.38
80.60
70.33
Se·Hg2·Se (1Ag)
trostatic interactions (as a result
3
[b]
35.94
124.24
108.31
(138.24)
Se·Hg2·Se ( B2u)
of charge transfer) connected
[a] l(3) Feenberg extrapolation energy obtained from the fourth-order IORAmm/MP energy. [b] Value obtained
with distinct high-order correlafrom extrapolation using the energies for S·Hg2·S(3B2u).
tion effects, no longer tractable
ð3Þ
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by B3LYP (or hybrid functionals, in general, due to the admixture of the HF exchange). The relative stability of the singlet
state (with respect to the triplet) is overestimated by approximate density functionals because of the larger SIE. The SIE for
the triplet state (described within the spin-unrestricted DFT
formalism) is considerably smaller than that for the singlet
state.[43] Since the triplet state is more stable than the singlet
state, this results in an artificial narrowing of the singlet–triplet
gap for the dimers as predicted by DFT because of an overstabilization of the singlet.
The second isomer, Hg·O2·Hg, is of comparable stability with
the first one. Its 3Au ground state is 3.2 kcal mol1 (Feenberg
atomization energy: 128.2 kcal mol1, Table 4) more stable than
that of the O·Hg2·O isomer whereas its 1Ag excited state is
10 kcal mol1 (Feenberg atomization energy: 48.4 kcal mol1)
less stable than the corresponding O·Hg2·O state. The change
in bonding is reflected by the fact that OO bonding orbital
21ag, which is singly occupied in the 3B2u, state or empty in the
1
Ag state of the O·Hg2·O isomer (Figure 2), is doubly occupied
in the Hg·O2·Hg isomer. The MO 12b2u becomes empty for the
latter isomer so that its bonding HgHg and antibonding OO
interactions are no longer relevant. Frontier orbitals are now
MO 5b1g (HOMO in the singlet or SOMO in the triplet state of
the Hg·O2·Hg isomer) and MO 19b1u, (not shown in Figure 2;
LUMO in the singlet and the second SOMO in the triplet state),
where the latter corresponds to the OO antibonding p MO.
The new orbital occupation characterizes the forming of a
short OO bond and the cleavage of the HgHg bond.
The charge transfer from Hg to the OO unit is smaller for
the Hg·O2·Hg isomer (singlet: 0.729 e, triplet: 0.402 e; Table 3)
than for the O·Hg2·O isomer (singlet: 1.211 e; triplet: 0.976 e)
where again the triplet state has the lower ionic character. The
smaller charge transfer is due to the fact that negative charges
at the OO unit reduce OO bonding and by this the stability
of the Hg·O2·Hg isomer, which will be not the case if the two
O atoms are not bonded as in the first isomer.
We also checked the possibility that the HgO dimer forms a
four-membered ring or a tetrahedron, however in both cases
the O·Hg2·O or the Hg·O2·Hg were obtained. Hence, these
structures can only function as transition states between the
two isomers, which will be investigated in a forthcoming
paper focusing on the question of bond stretch isomerism for
the HgO dimers.[44]
Concluding this section, the results of the high-level ab initio
calculations indicate that the monomeric HgE (E = O, S, Se)
species have dissociation energies which vary between 2 and
6 kcal mol1 (see Table 1). These calculations do not include
spin–orbit (SO) coupling, however the energetic effect of the
SO interaction is expected to be minimal (see also ref. [9]).
Indeed, the unpaired electrons in the triplet states of the mercury chalcogenides are located predominantly in the 6s orbital
of the Hg atom and the 2px(y) orbitals of the O atom, which implies weak first-order SO interaction. In the dimeric species, the
unpaired electrons are located almost exclusively at the
oxygen atoms, which also does not suggest a substantial
energy shift caused by the SO interactions. Thus, the calculated
atomization energies of the dimers, which for the triplet states
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of (HgE)2 are as large as 125 kcal mol1 (E = O), 142 kcal mol1
(E = S), and 138 kcal mol1 (E = Se), respectively, should be sufficiently reliable to be compared with the corresponding experimental data. Noteworthy is that there are two HgO dimers differing only by 3.2 kcal mol1 in their triplet states. The chemical
consequences of this finding have to be discussed in the following.

4. Chemical Relevance of the Results
Accurate ab initio electronic structure methods were used to
determine the atomization energy of monomeric HgE and dimeric (HgE)2 (E = O, S, Se). In agreement with the previous theoretical study of gaseous mercury oxide,[9] IORAmm/CCSD(T)
predicts the dissociation energy of HgO to be just 4 kcal mol1
confirming that the compound experimentally found to possess a dissociation energy D0 of 53  8 kcal mol1[7] was definitely not HgO. The atomization energies of the mercury monoxide dimers O·Hg2·O and Hg·O2·Hg are calculated to be 125
and 128 kcal mol1, respectively, which, when corrected for
zero-point vibrational energies and thermal energies (ca. 5.8
and 6.5 kcal mol1 according to IORAmm/B3LYP calculations),
yields an atomization energy per monomer of 59.6 to
60.8 kcal mol1 in a reasonable agreement with the experimental value of 53  8 kcal mol1.
This finding suggests that under the conditions of the mass
spectrometric experiment the mercury oxide dimer rather than
the monomer is present in the gas phase. Consequently, the
reaction given in Equation (3) (see Equation (15) in ref. [7])
used to determine the D0 value of the assumed monomer:
1
2
1
HgOðgÞ ! hHgOi þ HgðgÞ þ O2ðgÞ hi : solid phase
3
3
3

ð3Þ

has to be corrected for the dimer (HgO)2 according to Equation (4)
1
4
2
ðHgOÞ2 ðgÞ ! hHgOi þ HgðgÞ þ O2 ðgÞ
3
3
3

ð4Þ

and the results of the determination of D0 should be reassessed. There is a large dimerization energy of 120.7 kcal mol1
for two HgO monomers in their triplet state. This, however,
does not imply that the formation of the dimers proceeds via
the monomers. In the vaporization process of solid mercury
oxide, the HgOHgO chains are fragmented and both Hg
and O atoms as well as fragments such as HgO, OHgO or
HgOHgO can be formed where in the latter case either singlet
or triplet states are adopted. Since molecular oxygen is withdrawn from the gaseous mixture[7] it is likely that one of the
four reactions [see Equations (5)–(8)] takes place:
HgO1,3 þ HgO1,3 ! ðHgOÞ1,3
2

ð5Þ

Hg1,3 þ OHgO1,3 ! ðHgOÞ1,3
2

ð6Þ

O3 þ HgOHg3 ! ðHgOÞ1,3
2

ð7Þ

OHgOHg1,3 ! ðHgOÞ1,3
2

ð8Þ
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Depending on the vapor pressure one reaction will be more
likely than the others. In any case, reaction (8) requires the
least geometrical and electronic rearrangement because the
two O or the two Hg atoms have only to establish a bonding
interaction and the terminal Hg (O) atom has to flip into a
bridging position. Clearly, these considerations suggest that
there should not be any preference for the singlet or the triplet dimer and, even if the concentration of the monomer is
rather small, a mixture of monomer and dimer will be more
likely than an absolute dominance of any of the (HgO)2 dimers.
This is probably the reason for the large experimental error
bars of  8 kcal mol1. Therefore, the calculated D0 value of
59–60 kcal mol1 for the dimer may be more trustful than the
experimental value. Nevertheless, there is an agreement between the measured value of 53  8 kcal mol1[7] and the calculated value of 59 kcal mol1, which suggests that most of the
dimer is in the triplet state.
From this study it becomes also clear that the values of 53 
8 kcal mol1[7] or 59 kcal mol1 are by no means HgO dissociation energies. In the O·Hg2·O isomer there are four HgO and
one HgHg bonding interactions according to the electronic
structure analysis carried out herein. We calculate the HgHg
dissociation energy in the Hg22 + dications to be 61.04 kcal
mol1 (Feenberg energies), which of course reflects the Coulomb repulsion energy of two positive charges. If this is considered, a De value of 68.37 kcal mol1 results, which is comparable with the AuAu dissociation energy D0 = 53.8 
0.5 kcal mol1.[31] In the mercury oxide dimer, the repulsion between positive charges at the Hg atoms is largely compensated by charge attraction between Hg and O atoms, that is, the
bonding in the dimeric clusters is predominantly electrostatic
in nature. For the purpose of estimating the magnitude of the
electrostatic component of HgO bonding, we carried out calculations for a model dimer, in which the oxygen atoms of the
O·Hg2·O isomer are replaced by negative unit charges q retaining the geometry of the dimer. In this way, a mercury
dimer dication with stretched HgHg bond and two counterions in the bridge positions results.
The calculations of the Hg22 + ·q2 cluster in its singlet state
were carried out at the geometry of both the singlet 1Ag [labeled as singlet geometry (sg) Hg22 + ·q2 ) and triplet 3B2u state
[labeled as triplet geometry (tg) Hg22 + ·q2 ) of the Hg2O2 cluster.
Calculated energies are reported in Table 2 and compared with
the energies of fragments Hg + ·q in which the negative
charge was placed at the same position as in the sg-Hg22 + ·q2
and in the tg-Hg22 + ·q2 clusters. The resulting association energies obtained from Feenberg scaling are 96.92 kcal mol1 for
the singlet geometry and 92.96 kcal mol1 for the triplet geometry. These energies have to be compared with the true association energies of the singlet (50.03 kcal mol1) and triplet
(116.39 kcal mol1) state of the Hg2O2 cluster calculated relative
to the binding energy of the monomer (4.31 and 2.17 kcal mol1,
see Table 1). The comparison reveals that, in view of chargetransfer values unequal  1 used in the electrostatic model
(compare with Table 3), the triplet state of the Hg2O2 cluster
is (electrostatically) stabilized by approximately 5.9 kcal mol1
per HgO bond whereas the singlet state is destabilized by
ChemPhysChem 2004, 5, 1547 – 1557
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almost 11.5 kcal mol1 per bond. This leaves for the covalent
corrections of the four HgO interactions just somewhat more
than 2 kcal mol1. This is consistent with the dissociation energies found for the monomer (Table 1) and the qualitative discussion based on the molecular orbital diagram in Figure 2.
We conclude that covalent bonding between Hg and O is
rather weak (see Scheme 2). This is due to strong lp–lp repulsion, which decreases covalent bonding to just a couple of
kcal mol1. Since covalent bonding is only possible as a result
of a charge transfer from Hg to O (Scheme 2), it is supported

Scheme 2. Schematic description of bonding in HgO(1S + ) and HgO(3P). A
charge transfer of one electron from Hg to O is assumed; this leads to a single
covalent HgO bond in the singlet state. In the triplet state, a three-electron
bond is established involving either the two 6s electrons of the Hg atom or, in
the case of a charge transfer, two 2ps electrons of the O atom. In any case,
one of the O lone-pair orbitals is singly occupied thus reducing lone pair–lone
pair repulsion and stabilizing the triplet state relative to the singlet state.

by electrostatic bonding. This becomes especially obvious for
the dimer. The large atomization energies of the dimer are basically a result of electrostatic interactions between charged
atoms, that is, a Hg22 + dication is internally solvated by two
negative charges associated with the O atoms. The HgO dissociation energy D0 is misleading in several ways: 1) It belongs to
the dimer rather than the monomer. 2) It results from four Hg–
O electrostatic interactions with only some weak covalent
bonding. 3) It belongs to a triplet rather than a singlet ground
state.
The bonding is different in the dimer compared to that in
the monomer. In Figures 1 and 2, each bonding MO (HgO in
Figure 1, HgHg in Figure 2) is connected with its antibonding
MO by a bracket. In this way, it becomes directly obvious that
HgO bonding in the singlet monomer is established by the s
orbital 36 (Figure 1) and its stabilization energy is largely reduced by lp–lp repulsion. The dimer has a partial HgHg
bond, which is not of s but of p character because s bonding
caused by orbital 73 is annihilated by s antibonding caused by
orbital 82 (Figure 2). The same holds for p and d bonds of the
HgHg unit (Figure 2) so that just the bonding influence of
the in-plane p orbital 88 remains, however reduced by the
weakly antibonding p* orbital 85 (Figure 2) in line with a calcu@ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lated HgHg NBO bond order of 0.66. Hence, the HgHg bond
in the dimer is peculiar since bonding is established by a partial p bond without any supporting s bonding.
The HgO interactions in the dimer determine the actual stability of the molecule and are also responsible for the large stability of the triplet. Orbitals 75, 76, 83, 84 lead to HgO bonding, which is reduced by the HgO-antibonding character of orbitals 85 and 88. As indicated in Scheme 1, four electrons
remain to establish covalent bonding in the two formal threemembered rings of the dimer. If the strongly antibonding
MO 88 is depopulated by one electron in the triplet state, HgO
bonding will be strongly improved leading to an overall stabilization of the dimer.
Although, we have carried out rather accurate calculations,
they cannot guarantee that the Hg·O2·Hg isomer is really more
stable than the O·Hg2·O isomer. Reoptimization at IORAmm/
CCSD(T) level could easily lead to a change in the geometry
and thereby also in the relative energies of the two isomers.
However, these calculations are presently not feasible. Clearly
the OO2 unit can establish a much stronger bond than the
HgHg2 + unit. When one defines, similarly as done in the case
of the HgHg bond strength, the EE bond strength BS in the
E22- dianion as the difference between the purely electrostatic
repulsion of two negative charges and the quantum mechanically calculated bond dissociation energy of E22 with respect
to two E anions, that is, BS = 1/re[E(E22)2E(E)], where re is
the equilibrium bond length in E22, then MP4 calculations predict for O22 BS = 136.1 kcal mol1 (re = 1.563 M). Contrary to the
O·Hg2·O isomer, electrostatic “solvation”, electrostatic corrections considering the real charge transfer, and covalent corrections (again of about 2 kcal mol1 per HgO interaction) cancel
each other out to a large degree so that the O22 bond
strength contributes the major part to the stability of the
Hg·O2·Hg isomer and is only corrected by 8 kcal mol1 to
obtain the atomization energy of 128.2 kcal mol1.
Assuming the same situation for the Hg·S2·Hg isomer, which
possesses a S22 BS of 112.8 kcal mol1 (re = 2.168 M), one can
predict that this isomer is much less stabilized than its S·Hg2·S
isomer. The same is true for the Se compound and therefore
one can conclude that for E = S or Se only the E·Hg2·E isomer
has to be considered although the Hg·E2·Hg isomer may also
exist.

Chalcogenides of Group-12 Metals
The situation described for the mercury oxides holds also for
the other mercury chalcogenides and, therefore, similar conclusions can be drawn in these cases. Both mercury sulfide HgS
and mercury selenide HgSe are weakly bound species with the
dissociation energies of just 6 and 4 kcal mol1, respectively
(IORAmm/CCSD(T) results, Table 1). Dimerization leads to very
stable molecules with atomization energies of 142 and
138 kcal mol1 (Feenberg scaled MP4 results, Table 4). Obviously, the gas-phase chemistry of the higher mercury chalcogenides is complicated and more than one type of species is
present in the gas phase.
Upon vaporization of solid mercury sulfide or solid mercury
selenide, Sn and Sen compounds with n > 2 can be formed. HgS
possesses a larger stability in the singlet state (7.2 kcal mol1,
Table 1) than the corresponding HgO monomer. Accordingly,
there will be more monomer in the gas phase. Reactions with
S3, S4, etc. fragments will be possible and it cannot be excluded that both singlet and triplet state of monomer and dimer
are present in the gas phase. We note that the average of the
four atomization energies is 58 kcal mol1 close to the experimental value of 52  5 kcal mol1 (see Table 5). The low experimental value in the case of mercury selenide seems to indicate
that the monomer dominates the mixture of monomeric and
dimeric mercury selenides in the gas phase. It can also not be
excluded that (HgSe)3 with a cyclic Hg kernel plays a role and
that this compound contributes to the measured D0 value.
In Table 5, a number of measured dissociation energies of diatomic molecules containing either Hg, Zn or Cd are compared. With the exception of the obviously erroneous values of
the mercury chalcogenides, there is not a single D0 value of a
diatomic molecule containing Hg, which is larger than
10 kcal mol1. It is obvious that the D0 values of ZnE and CdE
have been interpreted under the same misconception that a
monomer rather than a dimer (trimer, etc.) was measured. The
best theoretical values for the dissociation energy of ZnO, D0 =
30.0 kcal mol1, and ZnS, D0 = 24.4 kcal mol1, obtained by Boldyrev et al.[45] from QCISD/6311 + + G(d,p) calculations are in a
substantial disagreement with the figures of 67  4 (ZnO) and
54  8 kcal mol1 (ZnS) obtained in the mass spectrometric experiments.[7] Alternative values of  64.7  10 and 49  3 kcal

Table 5. Comparison of some experimental bond dissociation energies D0 of diatomic molecules HgX, ZnX, and CdX.[a]
Molecule
HgO
HgS
HgSe
HgTe
HgH
HgI
HgHg
HgLi
HgNa
HgHe

D0(HgX)
[b]

2.2
4.8[b]
1.7[b]
9.5
8.3
2  0.5
3.3
2.2
1.6

Molecule
ZnO*
ZnS*
ZnSe*
ZnTe*
ZnH
ZnI

D0(ZnX)
< 64.7  10
49.0  3
40.8  6.2
28.1  9.3
20.5  0.5
33  7

Molecule

D0(CdX)

CdO*
CdS*
CdSe*
CdTe*
CdH
CdI
CdCd
CdCl
CdF

56.3  20.0
49.8  5.0
30.5  6.0
23.9  3.6
16.5  0.1
33  5
1.8
49.8
73  5

[a] Dissociation energies in kcal mol1 from ref. [31]. [b] Obtained in this work for the triplet ground state of the monomer.
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mol1, respectively, have been published elsewhere (see
Table 5).[31] Hence, there is considerable need to reinvestigate
the dissociation energies of Zn and Cd chalcogenides (starred
molecules in Table 5) and to consider also the reliability of Zn
and Cd dissociation energies in general.[43]
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