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Preface

In September 1997 a Memorandum of Understanding was signed between
the New Zealand Ministry of Research, Science and Technology and the
Deutsche Forschungsgemeinschaft (DFG) of Germany. The broad purpose
of the MOU is to foster exchange of researchers between New Zealand and
Germany. To support the MOU, the Minister of Research, Science and Tech-
nology, through the International Science and Technology (ISAT) Linkages
Fund has allocated funding to the ”"NZ/DFG Programme” for 2004-05. Fund-
ing is provided for joint seminars and workshops in areas where the exchange
of information promises to improve the level of co-operation between scien-
tists of the two countries. The joint seminars and workshops can be held in
either country. Joint applications are encouraged with New Zealand appli-
cations to the Royal Society of NZ and German applications to the German
Research Foundation (DFG Deutsche Forschungsgemeinschaft).

On a rather short notice for the first funding round we decided to or-
ganize a workshop on heavy and superheavy element chemistry and physics
to be held at Massey University (in Auckland) bringing together renowned
scientists in this field from both physics and chemistry, theoreticians and
experimentalists, from both Germany and New Zealand. This area has gone
through a scientific renaissance both on the computational and experimen-
tal side in the last two decades underlining the importance of fundamental
research for the advancement of knowledge. We hope that the workshop will
be a success and can be repeated in not too distant future in Germany.

It is our hope that this workshop will help to strengthen the already
existing national and international collaborations and may encourage the
formation of new co-operations among the attending scientists.

We are grateful to the Ministry of Research, Science and Technology (New
Zealand) and the Deutsche Forschungsgemeinschaft (Germany) through the
ISAT Linkage Fund, and to Massey University for financial support. We
thank Vesna Davidovic-Alexander for her help and assistance in organising
this meeting.

The Organisers:

Prof. Peter Schwerdtfeger (Auckland)
Prof. Burkhard Fricke (Kassel)

Dr. Matthias Lein (Auckland)

May 2005
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Early History of Superheavy Elements

and their Chemical Predictions

Burkhard Fricke

Universitat Kassel, Fachbereich Naturwissenschaften, Institut fur Physik,

D-34109 Kassel, Germany

1 Introduction

After the actinides hypothesis of Seaborg of the late 30s it became clear that
the elements beyond Actinium had a similar behavior as the lantinides al-
though there are significant differences. These actinide elements were succes-
sively generated in the 40s and 50s and indeed showed up as 5f elements. The
half-life of the most stable isotopes decreased such that it became more and
more difficult to generate them or even to generate sufficiently large quanti-
ties in order to perform chemical experiments. The details of the production
and chemical behavior of these superheavy elements from the experimental
side will be given in the talks by Matthias Schadel and Heinz Gaggeler.
The subject of superheavy elements more and more became a matter of
nuclear physicists who tried to generate as heavy elements as possible. The
most successful group for the generation of transactinides was the GSI group
of Armbruster, Hofmann and others, who generated the elements 107 up

to 112 between 1984 and 1996. During the last ten years one was able to

9
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produce nuclei with charge numbers up to 118 which dominantly was done

by the Dubna group [1].

From the theoretical side nuclear theory predicted a stabilization in the

vicinity of magic and double-magic numbers. There were and still are numer-

ous predictions for the stability of these elements and the so-called islands

of stability which are connected with these predictions [1].

In Figure 1 we

present a general idea of the islands of stability which was used in the late

70s [2].
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Fig. 1: Schematic diagram of the stability of the elements. This graph which shows two
islands of stability near 114 and 164 was used in the 70s. This graph also shows
an island of stability near element 164 which of course nowadays is out of any
discussion. This prediction stirred up a number of activities in order to generate

these nuclei and, as far as possible, to identify the chemical behavior.

In the early 70s first predictions of the electronic structure of these ele-
ments showed up because calculations on the level of full-relativistic calcu-
lations became available. These calculations resulted in predictions of the

gross structure of the chemical behavior of these elements. Figure 2 presents
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the new extended form of the periodic system of elements until element 172.

Two reviews [3, 4] appeared 1971 and 1975 where this was summarized.
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Fig. 2: Periodic system of the elements with the extension up to element 172 (taken from
Ref. [3] from 1971
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2 Calculation of the atomic structure of superheavy

atoms

It is obvious that a calculation of the atomic structure of very heavy elements
should be done by full four-component relativistic calculations which solve
the Dirac equation for the many-particle systems. The talks by Christoph
van Wuellen, Hermann Stoll and Josef Anton in this workshop discuss various

alternatives and approximation.

The most interesting question in this connection is the difference between
a non-relativistic and a relativistic approximation. Dominant is the direct
relativistic effect which mainly results from the fact that a moving electron
changes its effective mass due to special relativity. This increase of effective
mass results in a stronger binding of all the levels which have dominant
contributions in the vicinity of the nucleus where its kinetic energy sees a

deep potential.

Due to the fact that these inner s and p electrons have a smaller average
distance to the nucleus they shield those wave functions which have a large
angular momentum. This results in the indirect relativistic effect which can
be seen on the d- and especially the f-wave functions (This, by the way, is
the main reason for the different behavior of the 5f elements compared to the

4f elements).

The third relativistic effect is the spin-orbit splitting which increases dra-
matically with the nuclear charge number. This results in wave functions
which are quite different for the two components with an angular momentum
plus the spin and minus the spin. Most dramatic is this spin-orbit-splitting

for the p1/2 and p3/2 functions.

In the early 70s first numerical calculations became available where all
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electrons in such a system were taken into account and were brought to self-
consistency. The Hamiltonian which was used in these calculations was just
the kinetic energy of the electrons, the elecron-nucleus interaction and the
electron-electron interaction in the Slater approximation. A full Dirac-Fock
calculation was not possible at that time, but the results which came out were
reasonably good in order to get a first prediction on the ground states and
the first excited states of the superheavy elements. The elements 104 to 120
are the ones which are of special interest nowadays and where an improve-
ment of our knowledge in terms of nuclear stability and chemical behavior
still is a point of scientific interest. From the Dirac-Fock-Slater calculations
one already got an impression on the valence electron structure, the most
frequent oxidation states and the ionization potentials which also served as
a starting point for the interpretation. Table 1 lists the results from 1971
in the Dirac-Fock-Slater approximation. Because at that time one had hope
that quantitative amounts of these elements might be available also metallic
radii and densities were predicted. The gross structure of the interpretation
of the chemical behavior was possible because these calculations were also
performed in the homologues of the superheavy elements which of course are

chemically known. This then resulted in the interpretation of the chemistry.

To summarize the development in the accuracy of atomic calculations of
superheavy elements one can say that there were four stages: From 1967
to 1972 atomic relativistic many-particle calculations with the Dirac-Fock-
Slater Method were performed for all elements up to 172. Since 1970 atomic
Dirac-Fock calculations became available which were used for elements 103
to 108 and element 111. From 1972 on atomic Multiconfiguration Dirac-
Fock calculations became available. Since 1990 large scale Multiconfigura-

tion Dirac-Fock calculations became possible, where hundreds and thousands
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Element 104 105 106 107 108 109 110 111 112
Atomic weight 278 281 283 286 289 292 295 298 301
Chemical groups IV B VB VIB VIIB  VIII VIII VIII IB IIB
Valence electron structure 7s26d?  7s26d®  7s?6d*  7s26d°  7s26d®  7s26d7 7s26d®  7s26d° 7s26d'°
Most frequent oxidation states +4 +5 +6,4 +7,6,5 +8,6,4 +64 +4,6 +3,5 +2,4
Tonization potential (eV) 5.1 6.2 7.1 6.5 7.4 8.2 9.4 10.3 11.1
Element 113 114 115 116 117 118 119 120
Atomic weight 304 307 310 313 316 319 322 325
Chemical groups 1T A IV A VA VI A VII A 0 IA ITA
Valence electron structure 7s27pt  7s27p?  TsPTpd 7s2Tpt 7sPTpS 7s?7p®  8s! 82
Most frequent oxidation states +1 +2 +3,1 +24  +1,3,-1 0,4 +1  +2
Tonization potential (eV) 7.5 8.5 5.9 6.8 8.2 9.0 41 53

Tab. 1: Part of the predictions for the elements 104 to 120, taken from Ref. [3]

of configurations were used in order to get better and better results. The
best atomic calculations are nowadays possible with the so-called Many-Pody
Pertur?bation Theory (Coupled Cluster Approach).

But already with the simple Dirac-Fock-Slater calculations one was able
to get the structure of the inner shells including the wave functions [5], the
influence of the extended nucleus including the number of electrons inside
the nucleus, additional contributions to the inner shell binding energies and

the outer shell structure in terms of wave functions and radial distributions.

3 Relativistic molecular calculations

Because the prediction of the chemistry in detail is connected to molecules
one is able to perform full relativistic molecular calculations nowadays in
order to find out the binding structure of those molecules who are involved
in the chemistry.

This lead to more accurate predictions of ionization potentials and struc-
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ture of the ions which are necessary because chemistry usually is connected
not to the ground state of the neutral atoms, but to the ionized systems.
With these calculations also overlap populations and Mulliken population
numbers became possible. In the following talk by Valeria Pershina the de-
tails of the chemical interpretation and relativistic effects will be presented.
Two reviews for the prediction of the chemistry of superheavy elements from
a most modern point of view can be found in Ref. [6] and [7].

Applications of such molecular calculations in order to get predictions of
the adsorption of superheavy elements on metal surfaces are presented by

Cristina Sarpe-Tudoran.
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The Chemistry of the Superheavy

Elements and Relativistic Effects

Valeria Pershina

Gesellschaft fiir Schwerionenforschung (GSI), Planckstr. 1, D-64291, Darmstadt

Investigations of chemical properties of the heaviest elements belong to
the most fundamental and important areas of chemical science. They seek to
probe the uppermost reaches of the Periodic Table of the elements where the
nuclei become extremely unstable and relativistic effects on electronic shells
are very strong. This makes both theoretical and experimental research in
this area extremely exciting and challenging. The aim of the chemical re-
search is to identify superheavy elements chemically in order to confirm their
placement in the Periodic Table [1]. Another important goal is to establish
whether the periodicities in properties observed within the groups or the rows
of the Periodic Table are continued with the heaviest elements, or whether
deviations can be observed due to strong relativistic effects. Especially in
this part of the Periodic Table the theory is extremely important, since most
of properties of the heaviest elements cannot be directly measured due to

their short half-lives.

It is now well established that the use of the relativistic quantum theory
and based on it relativistic atomic and molecular programs is mandatory

in order to reliably predict properties and trends of the heaviest elements.

17
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Some simple extrapolations based on periodic trends, often used in the past,

should be made very cautiously.

Accurate predictions of properties of the relativistic systems became nowa-
days possible due to the spectacular developments in the relativistic quan-
tum theory, computer codes and the hardware [2, 3]. Most advanced fully
relativistic methods, like ab initio Dirac-Fock, or relativistic effective core
potentials at the CCSD(T) level of correlation, or the relativistic gradient
corrected DF'T theory are needed to accurately describe bonding and spec-

troscopic properties of the heaviest elements.

One can distinguish between two main streams in the theoretical research
on the superheavies. One is the performance of very accurate relativistic cal-
culations for atoms [4] and small molecules with the use of the most accurate
ab initio DF methods with electron correlation. To this group the calcula-
tions for small molecules using the relativistic DFT [5] and RECP CCSD(T)
methods [6] could also be referred. The other part of the theoretical research
7, 8, 9] serves experimental needs. It comprises predictions of the stability
of the synthesized heavy-element compounds, their adsorption behaviour in
gas-phase chromatography studies, the complex formation in aqueous solu-
tions and their extraction behaviour in liquid chromatography. This second
direction is where our main efforts are concentrated. Carried out in a close
link with the experiment, these theoretical works have essentially contributed
to understanding the nature of bonding of the heaviest elements and the role
of relativistic effects, which are of a paramount importance for these elements

7,8, 9.

Most of our relativistic calculations [7, 8, 9] were performed with the use
of the fully relativistic, 4-component, RGGA DFT method [10]. In its various

approximations, it allows for treating large complex molecules in liquid phase,
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or adsorption processes on various types of surfaces [11].

1 Relativistic effects

The influence of relativistic effects on valence orbital shells of relatively heavy
elements, like Au or Hg, was shown in the pioneer works of Pitzer [12] and
Pyykko [13]. Later, the influence of these effects on atomic orbital shells
and related properties was shown by many atomic DF and DS calculations,
which are summarized in the review of Fricke [14]. The basic architecture
of the Periodic Table up to Z=176 was drawn up using those results. Later,
advanced atomic DF CCSD(T) calculations [4] have given a more accurate
values of the energy levels of the heaviest elements up to Z=122, but did
not essentially alter the basic predictions [14]. Importance of the relativistic
effects for heavy-element atoms, like 112, can be seen from Fig. 1, where a
large stabilization of the 7s orbital and a spin-orbit splitting of the 6d orbitals
are observed.

The effect of the ns orbital contraction and stabilization reaches its max-
imum in the 6 row on Au (17.3%) and in the 7" row on element 112 (31%),
the phenomenon being called the gold [13] and group-12 [15] maximum of
relativistic effects, respectively. The shift of the maximum to element 112 in
the 7" row in contrast to gold in the 6 row is due to the fact that in both
the 111 and 112 elements the ground state electronic configuration is d%s?

while the electronic configuration changes from Au (d%!') to Hg (d'%s?).

2 Molecular properties

A real wave based on molecular relativistic calculations started at around

1990 [7]. By that time, the experimental research have accumulated a lot of
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Fig. 1: Relativistic (DF) and nonrelativistic (HF) energy levels of the valence ns and

(n-1)d electrons for group-12 elements.

information waiting for a theoretical support. Thus, a larger series of the 4c-
DFT calculations was started by us for various heavy-elements compounds
and their homologs studied experimentally: gaseous molecules MCly (M =
Zr, Hf, and Rf), MCl; and MBrs, MOCl3 and MOBrg (M = V, Nb, Ta and
Db), MFg, MClg, MOCly, MO5Cly, (M = Mo, W and Sg), MO3Cl (M = Tk,
Re and Bh), and MO, (M = Ru, Os and Hs), and complexes in solutions of
the type MO, (OH),(H0),,L,,*2*~¥~" where M=Zr, Hf and Rf; Nb, Ta and
Db; Mo, W and Sg; L. = F, Cl, Br. Various electronic structure properties
(ionization potentials, electron affinities, electron transition energies, charge
density distribution and bonding, geometries) and their trends have been
predicted for the transactinide compounds and their lighter homologs.

The influence of relativistic effects on the electronic structures and prop-
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erties of the heaviest elements has been studied by comparing results of the
relativistic and nonrelativistic calculations. Relativistic effects were shown
to increase ionization potentials, theormochemical stability and the stability
of the highest oxidation state. They are responsible for a decrease in the
bond lengths and increase in covalency. A reason for that is the increasing
contribution of the relativistically stabilized and contracted 7s AO, as well as
of the expanded 6d AO in bonding. Relativistic effects also define trends in
those properties in the transition element groups in going over to the super-
heavies: e.g., an increase in covalency and in the stability of the maximum

oxidation state.

3 Predictions for gas-phase experiments

Predictions of volatility as adsorption on a surface of chromatography column
were made using a combination of the relativistic calculations and physico-
chemical models. Thus, enthalpies of adsorption of MO3Cl (M = Te, Re
and Bh) [16] and MO, (M = Ru, Os and Hs) [17] were predicted with the
use of the molecule-slab interaction model based on the theory of physisorp-
tion. Excellent agreement with experiment [18] was achieved for group-7
compounds showing that volatility changes as TcO3Cl > ReO3Cl > BhO3Cl.
The reason for that was shown to be increasing dipole moments in the row
of the homologs [16]. For group-8 compounds, the predicted trend is RuOy
< 0s04 < HsO4. However, a different trend, OsO4 > HsO,4, was observed
experimentally [19], the fact that still needs an explanation.

The study of volatility of element 112 is the most fascinating, since ele-
ment 112 is expected to be very volatile, almost like an inert gas, due to the
closed shell, 6d'97s2, and the inaccessibility of the relativistically stabilized

7s electrons for chemical bonding. Experimentally, it is planned to be ad-
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sorbed together with its homolog Hg on surfaces of noble metals, e.g., Au.
As a first step in the extensive study, bonding in the dimers HgM and 112M
(M = Pd, Cu, Ag, Pt and Au) was calculated using the 4c-RGGA DFT
method [20]. The difference in the bond strength between HgX and 112X
was found to be of about 20 kJ/mol, and the increase in the bond length of
about 0.06 A. Thus, element 112 is expected to be weaker bound with gold
than Hg, but not as weak as was assumed earlier. A Mulliken population
analysis shows that the decrease in the bond strength form HgX to 112X is
a result of the decreasing involvement of the 7s electrons in bonding leading
to a diminished 7s(112)-6s(Au) overlap compared to the 6s(Hg)-6s(Au) one.
Calculations are now being carried out for Hg and element 112 interacting

with large gold clusters using the embedded DFT method [21].

The study of relativistic effects on volatility of element 112 as adsorption
of the gold (100) surface [22] has shown that bonding can be decreased or in-
creased depending on the adsorption position. Thus, in the on-top position,
relativistic effects decrease the bonding due to the predominant involvement
of the relativistically stabilized 7s(112) orbital. On the contrary, upon ad-
sorption in the hollow position, relativistic effects increase bonding due to
the involvement of the relativistically destabilized 6d orbitas. As a trend in
the group, volatility should change, however, in the same way independently

of the adsorption position, i.e., Hg < 112.

Further on, the adsorption temperature, T4, of element 112, the prop-
erty that is measured in the gas-phase experiments, was predicted on the
basis of the calculated adsorption energy, the vibrational frequency of the
adsorption bond with the use of the statistical thermodynamic functions for
the adsorption-desorption equilibrium [23]. T,45(112) was found to be about
100 degrees below that of Hg, which means that element 112 should behave
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somehow between Hg and Rn. This prediction is valid only for the ideal
Au(100) surface for which the calculations were performed. Any deviation
from ideal conditions would lead to the formation of the van der Waals bond

by element 112 and a shift of T,4s to the area of T .45 of Rn.

4 Predictions for liquid chromatography experiments

Complex formation is another important property of the heaviest elements.
It is known to increase in the transition element groups with increasing Z.
In experiments, trends in the complex formation of homologs are studied by
observing sequences in their extraction from aqueous solutions by organic
solvents, or their sorption by resins [24].

Theoretically, trends in the complex formation were predicted by defining
trends in the free energies of the complex formation reactions in rows of
homologs. Since in aqueous solutions the complex formation is competing

with hydrolysis, reactions of the following type were considered
aM(H,0)%45 + yOH™ + L~ <= M,0,,(OH,_,,(H,0), Li* ¥+

Using a model [25] which defines the free energy change of a reaction via
changes in the covalent and ionic contributions of the reactants and products,
as well as in the entropy term, a large number of complex formation reactions
were considered for group-4 through 6 elements. The calculations of the
electronic structures of the complexes were performed with the use of the 4c-
DFT method. The complex formation and also trends in the groups in going
over to the transactinides were shown to be influenced by various factors
such as acid concentration and pH of the solution. Thus, especially in the
presence of hydrolysis, the increasing trend to the complex formation from

the 4d to the 5d elements can be reversed in going over to the 6d elements.
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For example, the calculations show that the complex formation of the group-
5 elements in HF, HCl and HBr solutions at intermediate concentrations has
the following trend: Nb > Db > Ta [25]. A reversal of the trends was also
shown for group-6 elements in HF solutions at some acid concentrations [26].
Thus, for example, in very dilute HF solutions, the trend in the complex
formation is W > Sg > Mo, while for concentrated HF solutions the trend
is Mo < W <« Sg. The theoretically predicted trends were confirmed by
experiments on the extraction of group-4 elements from HF and HCI solutions
and of group-5 elements from HF, HCI and HBr solutions [24]. Experiments
for the group-6 elements (Sg) are still to be conducted in the near future.
Presently, adsorption of elements 112 and 114 on various metal surfaces are
in the focus of our interests. Aqueous chemistry of elements heavier than Sg

is also to be considered in future.
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Group 11 metal halides exhibit interesting solid-state and gas-phase oligomer
structures. Further on, the coinage metal halides have solid-state structures
which differe dignificantly from the structures of small MX oligomers. In or-
der to understand the nucleation process, the question arises at which number
of MX units the structure of the clusters changes. In this study, we will give
a brief introduction in the structures of solid group 11 metal halides and the
structures of group 11 metal halides clusters. The structure and stability of
(MX),, moieties (with n > 4) and the influence of phosphine coordination to

the tetrameric group 11 chlorides and bromides will be investigated.

In the solid state a variety of different modifications can be found. The
copper(I) halides CuCl, CuBr, and Cul crystallise in a 4-fold coordinated
zinc blende structure, see Fig. 1(a). Solid CuF is unknown, because it easily
disproportionates into CuFy and solid copper, while CuF is stable in the gas
phase[1]. There is also a high pressure modification of CuCl and CuBr which
has a rock salt structure, see Fig. 1(b).

In contrast to Cu, silver fluoride, chloride, and bromide crystallise at
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(¢) AuCl (d) Aul

Fig. 1: Solid state structures in which coinage metal halides can crystallise.
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room temperature and low pressure in the simple cubic rock salt structure
(Fig.1(b)). For Agl several different low pressure modifications are known:
a cubic zinc blende modification, a hexagonal wurzite modification, and a

high-temperature cubic modification.

The most interesting situation can be found in the gold halides and their
extraordinary structures. Gold halides crystallise in unexpected chainlike
tetragonal structures, as shown in Figs. 1(c) and 1(d), which cannot be so
easily understood[2, 1]. These halides show linear AuXy units with short

Au—Au distances that have been ascribed to aurophilic interactions.

The coinage metal halides show a tendency to form clusters. These
clusters have short metal-metal bonds. In silver and copper the metal—
metal interactions are about 4 kcal /mol, whereas in the gold compounds the
metal-metal interaction can be as larger as 7 to 12 kcal/mol[3, 4]. Corre-
lation and relativistic effects play an important role in these metallophilic
interactions|3, 5, 6]. The maximum of the influence of relativistic effects on
the radii of the orbitals for gold[7, 8] is responsible for changing the coor-
dination chemistry of gold compared to the other coinage metals. Gold has
different structures in comparison to Cu(I) and Ag(I) halides. The former
preferring shorter gold—gold contacts, the structures of the latter are governed

by electrostatic contributions.

The existence of group 11 halides oligomers has been known for over 100
years[9]. In the vapour of CuCl conclusive evidence for oligomeric molecules
has been found using a variety of spectroscopic techniques[10, 11, 12, 13, 14].
Up to pentameric units can be found in the vapour. Under most conditions
the most dominant species is the tetramer[15]. This kind of metal-halide

clusters can be useful in low-pressure CVD processes|[16].

Electron-donating ligands change the structural MyX, units of the group
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11 metal halides completely. In the solid state the Cu(I) and AG(I) halide
phosphanes tend to oligomerise in dimeric and tetrameric structures[17].
From the two tetrameric structures found, one is cubic and the other one
has a ladder or step like structure. In contrast, Cl-Au—PRj3 oligomerises in
the solid state by keeping the linear P—Au—Cl structure intact and forming
Au-Au bonds[18]. The phosphane ligands tend to stabilise the aurophilic

interactions, often inducing the formation of larger clusters.

The calculations were performed with Gaussian98 and Gaussian03. For
a survey of different cluster structures and energies the density functional
method has been used. The B3LYP functional in combination with Los
Alamos pseudopotentials and double-¢ valence basis sets[19] has been used.
In order to reduce computational costs PH3 has been used as a model ligand
for the phosphanes. Some very closely lying structures have been optimised
further using a larger basis set (for the specification of the basis set see
[6, 20]) in connection with a small-core Stuttgart pseudo-potential[21]. For
these calculations the BPW91 functional has been used, because it gave more

accurate results for the MX diatomics.

The interaction in the cluster consist largely of dipole—dipole interactions
as the MX units have large dipole moments[22]. For the calculation of the
influence of dipole interactions on the stability of the (MX), clusters, a simple
electrostatic model was adopted. For calculating the total energy, the dipole—
dipole potential has to be augmented with a repulsive term, in order to
avoid the collapse of the cluster from the purely attractive dipole-dipole

interactions. We assumed the repulsion to be of Lennard-Jones type. Thus,



Coinage Metal Halide Oligomers 31

the energy between two dipoles is given by

L afls (fa7)(f2T) Ay
V(H’l):UQ) = 7ﬁg - T5 +ZT_1§ (1)
i<j W

ii; is the dipole moment and r is the distance between the midpoints of the
dipoles. The r;; are the distances between the atoms. The parameter A is
chosen such (A = 0.12403101) that the equilibrium distance between two
parallel dipoles is at the unit length of r. = 1 au. The cluster geometry was

optimised by numerical gradient techniques|23].

All of the structures found in the optimisation process are shown in Fig. 2.
The energies of the structures are given in Tab. 1. It can be seen that the
structures 1 and 2 have the lowest energy in agreement with a number of
theoretical studies[24]. In both structures the halide atoms sit at the corners
of a square and the metal atoms are in the middle of the edges. The Dyy
arrangement as shown by 2 is derived from the Dy, structure by folding
the ring along a diagonal. The energy difference between 1 and 2 is very
small in all cases (< 0.4 kcal/mol at B3LYP level of theory). Therefore, the
system will behave dynamically at room temperature. In gas-phase electron
diffraction experiments at room temperature there may be no evidence for
this symmetry breaking. Using the larger basis set and the BPW91 functional
it was found that 2 is the energetically favoured structures with the sole
exception Cul. For the Cul tetramer the Dy, structure represents a first-order
transition state to a weakly distorted D, geometry. In the Dy structure the
four copper atoms form a planar rhombic Cuy core.

The tetrahedral T, structure (structure 3 in Fig. 2) consists of MX units
forming a cube. It more closely resembles the solid-state structure of copper

and silver halides. The T, structure lies between 10 and 25 kcal /mol higher
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1 2 3 4 5 6

CuF 0.0 0.2 41.7 371 36.2
CuCl 0.3a¢ 0.0 23.0 18.6 24.0
CuBr 02 0.0 16.7 13.3 18.7
Cul 1.2¢ 00 106 8.7 12.5
AgkF 0.6b 0.0 129 245 28.9
AgCl 00 04 115 159 23.2
AgBr 0.0 00 11.1 13.0 d

Agl 0.1e¢ 0.0 10.8 104 d

AuF  0.6a 00 827 478 39.7 375

AuCl 0.0 0.4 63.0c 28.0 251 237

AuBr 0.1a 0.0 579c¢ 244 21.5 244

Aul 0.0 0.0 559c¢ 21.2 18.6 47.8
Tab. 1: Energies of the Coinage Metal(I) Halide Tetramers relative to the global Mini-
mum Structure at the BSLYP/LANL2DZ level of Theory (kcal/mol). a marks a

transition state (TS) to structure 2, b is a TS to the Dagy, structure, ¢ is a TS to

structure 5, and d is a TS to structure 4.
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e B

Eaundo b7

Fig. 2: Minimum structures of group 11 metal(I) halide tetramers, M4Xy, at the BSLYP

level of theory.

in energy than the ring structures. For the gold halide tetramers and copper
fluoride tetramer this tetrahedral arrangement is particularly unfavoured.
Structure 4 which is of C3, symmetry, can be seen as a tetrahedron of metal
atoms with three halide atoms attached to the edges and one halide atom is

face-centered. Both structures 3 and 4 are in the same energy range.

Structures 5 and 6 both have a (MX); ring structure as an important
building block. The (MX)3 ring is the global minimum structure for all of
the group 11 halide trimers|25]. In structure 5, the gold end of the fourth MX
unit is above the ring, thus forming a gold tetrahedron. In this case, an atom-
in-molecule analysis, according to Bader, clearly reveals Au—Au interactions.
However, 5 is only a local minimum structure for the gold halide tetramers
and does not represent a minimum for copper and silver. This clearly shows

the preference of gold to form metallophilic interactions. As can be seen from



34 R. P. Krawczyk et al.

gold iodide, which is 18.6 kcal /mol higher in energy than 1, and becomes even
less favoured in the smaller halides, softer ligands lead to stronger aurophilic
interactions. In structure 6 a fourth MX molecule is connected to a halide
in the corner of the (MX)3 ring structure. This structure is not very stable

and often represents only a transition state leading to structure 5.

In contrast to these findings the dipole interaction potential (1) clearly
prefers, as expected, the cubic arrangement 3 over the ring structure. A plot
of (1) is shown in Fig. 3. The ring structure is therefore strongly stabilised
by additional covalent interactions. The energy of the ring-like structures
remains fairly independent of the magnitude of the dipole moment. The
cubic structures show a strong dependence on the dipole moment as can be
seen from Fig. 3. It can also be seen that for very weak dipole moments
there is only a small energy difference and it may be possible that ring-like
structures are favoured for weak dipole moments. Silver chloride crystallises
in a rock-salt structure, showing that with the addition of more MX units,
the dipole interactions become more dominant. A change from the ring
to the cubic structure is observed but the exact cluster size has yet to be
determined. First preliminary calculations on higher coinage metal halides
have shown that AggFg, see Fig. 4, has no imaginary frequencies and is in
the same energy range as the ring-like structures. From this preliminary
results it can be concluded that the transition to the solid-state structures

may occur at six MX moieties.

The coordination of phosphane completely changes the structure of the
these tetramers, see Fig. 5. The ring structures found for the halides do
not represent a minimum on the potential energy surface. The copper and
silver chloride and bromide phosphane tetramers have minima for a hete-

rocuban structure of T, symmetry (top/left structure in Fig. 5. The step-
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Fig. 3:

3 So —

Energy [a.u.]
7
7

-12 - \ —
— ring \
—— cube \

0.25 05 0.75 1 1.25 15 1.75 2
plau]

Dependence of the dipole cluster energy on the dipole moment. Energy and dipole
moment is given in arbitrary units. The solid line shows the energy of a ring-like
structure, the dahed line shows the energy of a cube-like structure. At each point

the energy of the cluster has been optimised.

Fig. 4: Optimised structure of AggFg at the BSLYP level of theory.
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cluster structure of C; symmetry (bottom/left structure in Fig. 5) is about
9 to 12 kcal/mol higher in energy than the Ty structure. The gold chlo-
ride and bromide phosphane tetramers have different structures compared
to the copper and silver homologous. The above mentioned structures do
not represent minima for gold. In gold the X—Au—P unit remains linear in
all cases, therefore having the most possible metal-metal interaction. In the
top/right structure in Fig. 5, the four gold atoms are in a square planar
arrangement with the halide and phosphane ligands alternating above and
below the plane. The linear structure (bottom/right in Fig. 5) is about 5 to
10 kcal/mol higher in energy.

Cu/Ag

Fig. 5: Selected minimum structures of group 11 metal(I) phosphane halide tetramers.

In conclusion the coinage metal halide tetramers adopt ring-like struc-
tures. From the hexamers onward a change in structure is anticipated. At
the DFT level of theory and using the atoms-in-molecules method no clear

bond path between the metals of the ring-like structures could be found.
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However, at the perturbation theory level of theory, aurophilic interactions
were found for Auyly. The very similar structures obtained for all group
11 halide tetramer clusters suggest that the well known differences for the
solid-state structures between Cu and Ag on one hand and the Au halides
on the other hand are not evident. Preliminary calculations show that they
may appear for the hexamers.

While all coinage metal halide tetramers have ring-like structures, the
phosphane complexes of group 11 chlorides and bromides are not stable in
this configuration. Additionally the gold tetramers have a totally different
structure. The gold phosphane halide tetramers retain the linearity of the

X—~Au-P units.
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1 Introduction

Although traditionally considered to be of only moderate catalytic activ-
ity, gold compounds have found various applications in the realm of modern
catalytic chemistry. Still, the vast majority of known catalysed reactions
involving gold are heterogeneous reactions on gold surfaces and only a small
fraction of attention is given to the growing field of homogeneously gold-
catalysed organic chemistry. The special position gold, as a precious metal
and as a non-toxic compound, makes it particularly interesting for the use as
a catalyst. In addition, the unique physical properties of gold, which stem
mostly from the large relativistic effects in this element, are of methodolog-
ical interest. Gold often reacts very differently in comparison to the lighter
homologues, copper and silver. The differences within those group-11 met-
als may hold the key to the understanding of the catalytic activity of gold.
Compared to other metals commonly used in catalysis, notably ruthenium
or rhodium, gold is moderately priced. It may be worthwhile to explore

the possibility to replace those metals with equally catalytically active gold
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complexes in order produce more efficiently and in a more ecologically sus-
tainable way. Lastly, the possibility that gold may open the way to new,
previously unknown or inefficient, synthetic routes, must be considered. A

recent review on homogeneous catalysis by gold can be found in [1].

2 Methods

The geometries of all molecules have been optimized at the gradient-corrected
DFT level using the exchange functional of Becke[2] in conjunction with
the correlation functional of Perdew[3] (BP86) with the Los Alamos basis-
set/pseudo-potentials LANL2DZ to determine the shape of locate local min-
ima. The obtained structures are then confirmed by re-optimisation at the
Mogller Plesset[4] (MP2) level of theory with a Stuttgart type pseudo-potential
[5] and corresponding valence basis set for gold and Dunning type triple-¢
basis set[6] for the light elements. CCSD(T) single point calculations at
the geometries obtained at the MP2 level are performed to ensure correct

energetic. All calculations are performed using Gaussian03][7]

3 Calculations

Because if the structural simplicity and the relatively ”well-behaved” elec-
tronic structure Gold(IIT)-compounds are particularly appealing for theoret-
ical investigations. Although Gold(III)-catalysts with large organic ligands
are used throughout the whole range of applications, most reactions can be
done by using Gold-trihalides AuXj. Particularly AuCl; catalyses a wide
variety of organic reactions, ranging from oxidation reaction [8] to complex
ring re-arangements [9] and nucleophilic additions [10].

One possible reaction is the addition of oxygen-nucleophiles like water or
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(0]
OCH3 OCH3
></ R )’k/ R
R R
>80% >90%

Fig. 1: Addition of oxygen-nucleophiles to alkynes under various conditions

alcohols to form ketones and ketals respectively as shown in Figure 1. In
order to model the energetic profile of this reaction the structures of both
the un-coordinated as well as the AuCls coordinated educt were obtained

and compared with the strucures of the product-complex.

The obtained data will be discussed and compared to the experimental
observations. The possible influence of the solvent, both as a polarising

medium and as reactant will be discussed.
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1 Abstract Au-Cluster

Atomic clusters bridge the gap between small molecules and bulk materials,
in fact it can be said that they constitute a new type of material, since they
have chemical and physical properties which are fundamentally different from
those of the relevant bulk solid. Gold clusters make no exception. Whereas
gold in its bulk form is one of the most inactive metals, it exhibits fascinating
and unconventional chemical and physical properties as its dimensions are
reduced to the nanoscale. This leads to a wide range of applications.

Due to applications of gold clusters and nanoparticles in nanostructured
materials, electronic devices and catalysts[1], there is a wide and great inter-
est in investigating the chemical and physical properties of such clusters[2][3].
This interest is reflected by a considerable amount of experimental and the-

oretical work on gold clusters. However, very important fundamental ques-
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tions still remain unanswered.

For instance: When does the transition from 2D to 3D structures occur?
Is there any growth pattern for the minima structures as a function of cluster
size?” How can one obtain the global minima structures?

In order to obtain and to predict the clusters’ properties, their geometrical
structures must be characterized. Investigating these properties as a function
of size will lead to a better understanding of how they evolve towards bulk
properties.

The GAUSSIAN 03 package of quantum chemical programs was used
throughout[4]. All computations of gold clusters reported were carried out
using the LANL2DZ or LANL2MB basis sets, respectively, as a prelimi-

nary optimization. The local density approximation (LDA) to the exchange-
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correlation functional utilized in the parametrization suggested by Vosko et

al. was used for calculating the gold structures. Frequency calculations
were carried out for each optimized structure to confirm it is a minimum.
The atomic and dimer properties of gold were computed using the latest
Stuttgart relativistic effective core potential (RECP) and corresponding ba-
sis set, which was modified[5], as well as a much smaller basis set optimized

in our group combined with another Stuttgart RECP.

In this work a series of new and fascinating minima structures of gold
clusters ranging from Aus to Augy were found Most of these structures were
obtained by random starting geometries. The planar to three-dimensional
structural transition is expected to be at a cluster size of 9 or 10 atoms, re-

spectively. Furthermore, the static dipole polarizability, electron affinity and
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ionization potential of the gold atom and dimer were accurately calculated
depending on a variety of DFT-functionals. Further work will involve the
employment of our modified basis sets into the optimization of the lowest

lying minima-energy gold clusters and the calculation of their properties.

1.1 Properties of Atomic Gold

A wide range of DF T-functionals was employed to compute the static dipole
polarizability, vertical electron affinity and vertical ionization potential of the
gold atom.

The values obtained with the hybrid functionals b3pw91 and pbelpbe
deviate only insignificantly from the much more computer-time demanding
relativistic all-electron calculation at the coupled cluster level[6], which can
be regarded as a reference value.

Comparison of the calculated ionization potential and electron affinity
with experimental outcomes[6] shows that the b3pw91 functional also yields

satisfactory results for these properties.
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2 Abstract Cs-Cluster

Cesium clusters have by far not reached as much interest as gold clusters have.
Up to date there is no chronological theoretical investigation of the proper-
ties and minima geometries of cesium clusters. All computations of cesium
clusters reported were carried out using a basis set optimized in our group
combined with an 9 valence electron RECP and the generalized gradient ap-
proximation (GGA) with the exchange-correlation functional parametrized

by Becke and Perdew (BP86).

The following figure compares the calculated static dipole polarizabil-
ity of atomic cesium, as a function of the DFT-functional, with the ex-
perimental and the relativistic all-electron value at the couple-cluster level
(CCSD(T))[7]. The very satisfying value obtained with BP86 deviates less

than 1 per cent from the experimental value.
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2.1 Properties of Atomic Cesium

Comparison of the vertical ionization potential and vertical electron affinity
with experimental values|[8], [9], shows that BP86 yields only reasonable re-
sults. The agreement with experimental values is very satisfactory with the
functionals pbelpbe and p3pw91, respectively.

The following cesium minimum structures were obtained from Lennard-

Jones starting geometries.
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Relativistic quantum chemistry with
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Traditional quantum chemistry is a quest for accurate approximations
to the exact solution of the Schrodinger equation. However, the classical
limit of the Schrodinger equation is Newtons mechanics which is not Lorentz
covariant. As in the case of non-relativistic classical physics, this is not
particular disturbing as long as the speed of light is very much larger than
any motion in the system. In the strong potential of heavy nuclei however,
electrons "move” so fast that the non-relativistic Schrodinger equation does
not correctly describe the electronic structure. This not only applies to the
core electrons, but likewise holds for valence electrons and chemical phe-
nomena. Conventionally, one assumes that nonrelativistic calculations can
accurately describe reality if there are no atoms beyond krypton (Z=36) in
the molecule. Although it is somewhat arbitrary where to draw the border,
it is utterly clear that for compounds containing superheavy elements with
7>100, calculations based on nonrelativistic wave equations are essentially

meaningless.

The relativistic treatment of an electron leads to the four-component
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Dirac equation. Compared to the nonrelativistic Schrodinger equations, two
additional degrees of freedom appear here, namely the electron spin and
charge conjugation. While the electron spin can be incorporated in an ad
hoc manner in a nonrelativistic theory, charge conjugation is inherently rel-
ativistic. As a consequence, the spectrum of the Dirac equation contains a
positive-energy and a negative-energy branch. In a quantum field theoreti-
cal picture, the existence of negative-energy eigenstates is connected with the
existence of antiparticles (the positron in this case). From this it follows that
a truly relativistic theory cannot be confined to a fixed number of particles
(electron-positron pair creation and annihilation has also to be taken into ac-
count). In applications relevant to chemistry on the other hand, the energy
scale does not allow for such processes . In this case, one deals with a fixed
number of electrons, and then the negative-energy part of the Dirac spec-
trum is quite uninteresting and a nuisance for mathematical reasons. What
one looks for is therefore an equivalent theory ”for electrons only”, usually
called a ”quasirelativistic” theory. One should point out that Quasirelativis-
tic two-component methods can in principle exactly reproduce the positiveen-
ergy branch of the spectrum from calculations using Dirac (four-component)
spinors. As an aside, we mention that one can even go one step further
and arrive at a one-component (or scalar-relativistic) computational scheme.
In this step however, one neglects spin-orbit coupling which is of utmost
importance for example for the chemistry of superheavy p-block elements
(element 113 through 118). Such scalar-relativistic methods are therefore

not discussed in our contribution.

Historically, two-component Hamiltonians have initially been sought since
the absence of negative-energy eigenstates eliminates some problems associ-

ated with a four-component treatment, such as variational collapse (the Dirac
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spectrum is unbound and thus this operator is not amenable to a variational
treatment) and the Brown-Ravenhall disease (a naive way of performing con-
figuration interaction calculations with the full set of Dirac orbitals will in-
duce heavy mixinig-in of continuum functions). Today however, these prob-
lems are essentially solved by the kinetic balance prescription to construct
four-component basis sets and by the no-pair approach to correlated Dirac-
Coulomb calculations. Quasirelativistic two-component Hamiltonians still
arise interest as long as their lower complexity can be exploited to yield com-
putational procedures which involve considerably less compuational effeort
than four-component calculations based on the Dirac equation. Our analysis
shows that such computational savings are to be expected for methods like
Hartree-Fock, DFT and MP2, while high-level correlation calculations will
behave very similar in a two-component and four-component framework be-
cause of the no-pair approximation that is necessary in the latter. It should be
pointed out that a very interesting perspective for two-component quasirel-
ativistic methods is the use of spin-dependent (”two-component”) effective
core potentials. Such calculations are very economic and can be applied to

a large body of chemical problems.

Bearing in mind these considerations, we have programmed a two-com-
ponent Hartree-Fock and density functional program including energy gradi-
ents. In a two-component program, each ”conventional” basis function occurs
explicitly twice (for both spin orientations), and therefore, if taken literally,
the matrix represenation of e. g. the one-particle Hamiltonian would be a
2N*2N complex matrix (N is the number of basis functions used in the cal-
culation). A better interface to existing nonrelativistic computer code, and
reduced storage and CPU requirements can be achieved if a quaternion-like

algebraic structure is used throughout the program, such that one always
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deals with spin-free operators that can be represented by a hermitian N-N
matrix that furthermore in many cases is either real or imaginary. Test calcu-
lations on heavy and superheavy element compounds involving the elelemts
T1, Pb, Bi and their superheavy homologues element 113, 114, and 115 show
that results from four-component calculations can be duplicated with our
quasirelativistic code for properties like bond lengths, ionization potentials,
binding energies and vibrational frequencies. The basis sets have to be cho-
sen properly, however. It is very important to have steep p-functions, and

use a "j-adapted” contraction scheme.

The ZORA Hamiltonian has been used in these calculations, but recently
we also have implemented Douglas-Kroll up to sixth order and molecular
integrals over two-component effective core potentials, and all results agree
pretty well. In this talk, we shall not discuss details of higher-order Douglas-
Kroll theory, but it is important to note that quasirelativistic two-component
Hamiltonians for one-electron systems can be constructed to any desired ac-
curacy. Up to now we only have implemented geometry gradients for ZORA,
so this quasirelativistic method is currently the only one we can use to de-
termine molecular structures of polyatomic compounds involving superheavy

elements.

The problem of finding accurate two-component Hamiltonians has es-
sentially been solved for one-electron systems, where the so-called ”infinite
order” or "higher order” Douglas-Kroll methods are capable of reproduc-
ing the Dirac eigenvalues to any desired accuracy. The corresponding two-
component orbitals on the other hand have no direct physical meaning, a
phenomenon usually referred to as ”picture change”. For one-electron prop-
erties (expectation values etc.) one knows how to treat picture change. If

one does the algebra properly, no problems arise. As an example, we discuss
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the calculation of parity-violating potentials. Because this involves the ex-
pectation value of an ”"odd” operator which is furthermore strongly peaked at
the nuclei, there is no possibility to calculate such an expectation value in a
two-component framework in the "naive” way. Instead, one expresses the ex-
pectation value in the four-component framework! as an energy derivative,
performs the reduction to a two-component method, and re-expresses the
resulting energy derivative again as an expectation value of some operator
which is then identified as the transformed two-component parity violation
operator to be used. Results from ZORA calculations agree well with those

from four-component methods.

For the electron interaction, the correct treatment of the picture change
quickly increases the computational effort such that the advantage over four-
component calculations may be lost. We present an approximate "model
potential” method for treating twoelectron picture change effects which has
the correct balance between one- and two-electron terms in the long range
and also is able to reproduce atomic spin-orbit splittings. The first require-
ment is important because otherwise, interaction energies between relativistic
subsystems cannot be calculated. However, this requirement is violated by
nearly all existing approximations such as the mean-field Hamiltonian. The
second requirement arises quite naturally since spin-orbit splittings are quite
"atom-like” in nature. We will discuss the derivation of the model potential
approximation in some detail, and will demonstrate that it is able to repro-
duce orbital energies from four-component calculations for atomic, ionic, and

molecular systems.
Conclusions:

Although they have been declared dead at several occasions, quasirelativistic

two-component methods do well and are able to make four-component treat-
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ments obsolete for a growing number of applications, including the calculation

of chemical properties of compounds containing transactinide atoms.
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An accurate description of relativistic effects is of the utmost importance
for a reliable theoretical treatment of compounds of the heavy and super-
heavy elements. A four-component approach based on the Dirac-Coulomb
or Dirac-Coulomb-Breit Hamiltonian certainly meets this purpose, but the
computational effort is very high. Two-component (or one-component scalar-
relativistic) schemes of the Douglas-Kroll-Hess or regular-Hamiltonian type
lead to substantial computational savings, but still face the necessity to ex-
plicitly treat a very large number of electrons in inner shells. This is avoided
in pseudopotential theory where inner-shell electrons, which are largely un-
changed when molecules are formed from atoms, are replaced by atomically
parametrized model potentials (MP) or effective-core potentials (ECP). Since
relativistic effects mainly arise in the core region, they can implicitly be incor-
porated into the same potentials, so that a formally non-relativistic treatment
(with a Schrédinger-type Hamiltonian) becomes possible for heavy-element

compounds.

Originally, pseudopotentials (PP) were defined as one-center/one-electron
operators which simulate the above effects (i.e., frozen-corevalence interac-

tion and relativistic effects) by means of local potentials. It soon turned out,
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however, that a much better performance can be achieved with a semi-local
(i.e., I- or lj-dependent) or non-local form (including, e.g., projection opera-
tors onto core orbitals). Especially the non-local form is gaining increasing
popularity nowadays due to the computational ease with which quantities

like, e.g., PP gradients can be evaluated.

By several groups pseudopotentials have been adjusted which retain the
original nodal structure of valence orbitals from all-electron calculations
(these are then also called MPs), but very often a transformation to radi-
ally nodeless pseudo-valence orbitals is implied when using PPs (also termed
ECPs in this case); since the valence interaction energy changes with the
pseudo-valence transformation, the pseudopotentials then also have to in-

clude correction terms which compensate for this change.

Originally, PPs were adjusted in a Hartree-Fock framework, to orbital
properties of a single atomic state, but with the upcoming importance of
DFT methods also density-functional-based PPs are widely used, and also
information about several low-lying states is sometimes taken into account

for generating the PPs.

When working with plane-wave basis sets (in solid-state calculations,
e.g.), it is essential that the potentials be as smooth as possible; hence, spe-
cially designed pseudo-orbital transformations have been developed leading

to (ultra-)soft PPs satisfying these requirements.

While early pseudopotentials were generated for (and used in) one-component
(i.e., non-relativistic or scalar-relativistic) calculations, modern PPs incorpo-
rate spin-orbit (SO) terms as well, thus simulating relativistic effects in full.

Finally, it is increasingly recognized nowadays that, for heavy atoms, cores

may become thus polarizable that they cannot be longer treated as strictly

frozen; core-valence correlation effects, in particular, can be of the same order
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of magnitude as relativistic effects. Adding core-polarization terms to the
PPs efficiently remedies these shortcomings of the original pseudopotential
theory however, the pseudopotentials are no longer one-electron operators
then, and also the one-center approximation no longer strictly applies.

The present talk gives a short overview of the most important available
variants of pseudopotentials, describes their merits and shortcomings, and
indicates future lines of development.

Special emphasis is given to the energy-consistent pseudopotentials of
the Auckland, Cologne, and Stuttgart groups. These pseudopotentials are
generated using the valence-energy spectrum of a multitude of atomic states
(rather than orbital properties of a single state) and can be adjusted, in
principle, at every useful theoretical level. (Currently, multi-configuration
Dirac-Hartree-Fock (MCDHF) is used for setting up the atomic all-electron
reference spectrum.) Thus, these potentials should be particularly useful in
cases, when there are low-lying excited atomic states (as in open-shell d and
f elements), or when the atomic coupling is intermediate between the LS
coupling of the light elements and the jj coupling of the very heavy ones.
(Both limits can be covered with a state-averaged MCDHF containing all
relativistic states of a non-relativistic orbital configuration.)

We discuss recent progress for improving the accuracy and transferabil-
ity of the energy-consistent PPs [1, 2], on the development of correlation-
consistent series of valence basis sets for these potentials (in co-operation
with K.A. Peterson (WSU and PNNL) [3, 4], and on on-going benchmark

calculations [5, 6, 7].
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An attractive way to describe electronic matter is through density func-
tional theory (DFT). This method is as old as wave-function based approxi-
mations for solving the electronic Schrodinger- or Dirac-equation, and origi-
nally comes from the simple Thomas-Fermi model [1, 2|, which in early times
was the only practical method to describe total electronic energies and den-
sities within atoms. However, with the ever increasing computer power and
the development of more sophisticated algorithms, the many-particle Dirac
equation can now be treated with relatively high accuracy for small electronic
systems.

For atoms the Dirac-Fock-Slater [3], Dirac-Fock and Multiconfiguration
Dirac-Fock [4, 5] approximations are in use for more than two decades now,
and very precise ab-initio calculations are now possible for many-electron sys-
tems in heavy atoms [6]. Somewhat later the same development began for
the solution of molecular systems, but at that time most quantum chemical
methods were restricted to the non-relativistic framework, and initially rela-

tivistic effects were included through the Pauli-Hamiltonian via perturbation
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theory (if at all). Because of the importance of spin-orbit coupling for heavy
element containing molecules, a lot of effort was invested in approximate
2-component methods which often lead to excellent results even for states
with very large spin-orbit splittings (some reviews are given in [7, 8, 9, 10]).
Nevertheless, such methods have to be considered as approximations to the

full four-component Dirac description.

The density functional method has a sound basis in form of the Hohenberg-
Kohn Theorem in 1964 [11] which proved that all electronic matter can be

described exactly by a 3-dimensional density only.

In 1973 this theorem was extended by Rajagopal and Callaway to the
relativistic domain [12]. In this case the total energy is a functional of the
four-current J,. The problem to find the exact four-current in the relativis-
tic framework analogous to the density in the non-relativistic case is not yet
solved. Nevertheless, a number of density functionals have already been pro-
posed [13, 14, 15, 16] and a lot of effort still goes into finding the ”exact”
density functional (see for example Ref. [17, 18]). Four-component den-
sity functional theory for molecules within the non-collinear approach have

already been reported.

We briefly discuss Gordon’s decomposition [19] to approximate the four-
current of the exact relativistic formulation in the form of a charge and
magnetization density in order to perform actual calculations within the non-
collinear formalism for molecules. A general derivation of this method can
be found in Ref. [17] and [20]. Within this approximation the total energy

of a molecular system is given by the following expression

M
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with the density p and magnetization density m which are defined by
M
p(F) = D maf (F)i(7) (3)
i=1

m(r) = —up Znﬂ/ﬁ(f’)ﬁiwi(ﬂ : (4)

i=1
Here n; are the occupation numbers, 7 ﬁq are the electronic and nuclear
coordinates respectively and pup is the Bohr-magneton. The index ¢ runs
over all occupied molecular orbitals M, which in our case are four-component
Dirac-spinors. The four-component spin-operator Y = (X4, 2y, X,) is built
from the two component Pauli matrices . The Dirac kinetic energy operator

has the form (we use atomic units throughout)
f=cd p+c(B-1), (5)

where @ = (a, oy, ;) and (3 are the four-component Dirac matrices in the
standard representation [21], and I is the four-component unit matrix. V¥

is the nuclear potential

Z —r (6)

where the index p runs over all nuclei in the molecular system.
E*¢ is the exchange-correlation energy functional.

VH is the electronic Hartree potential

,’:’/

d3 ! (7)

]r -7
Since the calculation of the Hartree potential from the SCF-density (3) is
very time-consuming, we approximate p in (3) by a model-density p. We
expand our model-density into series of "atomic’ multipole-densities centered

on the nuclei.
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The variation of the energy functional (2) leads to the relativistic Kohn-
Sham (KS) equations in their general form for the molecular Kohn-Sham

orbitals v;

SE™[p,m] SE™[p,m)]
op om

Here V¥ is the Hartree potential from the model-density and M’ > M is the

{f—i— VN4 VH 4 —,UBﬂi' }%‘:61'1/% i=1,..,M (8)

number of molecular orbitals.

This general formulation is called a non-collinear description which allows
the magnetization density to point in any direction at any point of the system
under consideration. Because often the z-component of the magnetization
density is physically important, an approximation of this expression is used
which is called the collinear description. For details we refer here to Ref.
22].

The Kohn-Sham equations in the collinear form read

. ~ 1 DI L 1 =03, .
{ie v+ v+ v + 2@ L) = an) ©
with
TC( 2\ 5E$c[p+’p_] _ 6Emc[p7mz] 6Ezc[p7mz]
Vi) = 0P B op T

At this point we would like to make a few general but important com-
ments: Although physically incorrect people often speak of ’spin up’ and
‘spin down’ components in this collinear description. Of course the ’spin’ has
a strong contribution to the magnetization density. But one has to have to re-
member two important facts. First, orbital angular momenta also contribute
to the magnetization density and second, spin as well as orbital angular mo-
menta have no good quantum numbers anymore in relativistic theory and
therefore, one should speak of magnetization densities only. The total angu-
lar momentum J and the angular momenta j of each electron are the only

good quantum numbers in atoms.
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In addition we would like to comment on the Kohn-Sham orbitals. They
contribute to the charge- resp. the magnetization-density according to for-
mulae (3) and (4). Because these densities are in principle exact, the Kohn-
Sham orbitals can not be compared to Hartree-Fock wavefunctions which
usually are written in Slater-Determinants. Rather the density built from
Kohn-Sham orbitals must be compared with a density built from an infinite

sum of Slater determinants in the Hartree-Fock sense.

Due to the fact that the practical solution of the Kohn-Sham equations
in form of eq.(8) is hard to achieve (independent of the special functional
used), only very few results have been reported so far [23]. We recently
have developed a method to perform this kind of calculations [24, 22] which
allows the magnetic moment to point in any direction at any point in space.
A similar implementation of non-collinear DFT can be found in [25]. In
this non-collinear approximation nearly each electron is treated by its own
wavefunction with a quantum number j and magnetic quantum number m;

in the atomic decomposition of the molecular wave function.

Due to the fact that not only the electric but also the magnetic density
is included in the self-consistent interaction, each electron often converges
to a non-degenerate energy eigenvalue and thus depends on the occupation
of the Kohn-Sham orbitals with different total energies. We should mention
here that all results which we present in the following are performed within
the Becke 88 [15] for the exchange and Perdew 86 [14] for the correlation
functionals. In addition, we compare all these results with the Perdew Wang
91 [16] functionals, which often lead to very similar values compared to the

other functionals.

Molecular dissociation energies depend on the total energy of the molecule

as well as the total energy of the separated fragments or atoms. To be phys-
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ically correct, all values of the potential energy curve, including the infi-
nite distance values, have to be calculated with the same density functional
method. In the non-relativistic description one gets the average of the mul-
tiplet, and in the relativistic description the average of the sub-multiplet.
Thus up to now the atomic values had often to be corrected afterwards. In
most cases the non-collinear description reaches the atomic ground state au-
tomatically, which means that one does not need to correct the potential

energy curve at larger distances.

An example for first excited atomic levels of platinum is presented in
[26]. As is it showed there the non-collinear DFT values can reasonably
good reproduce those levels and compare even better with experiment than
the Dirac-Fock values. Of course, deviations are due to the approximations

made in the density functional.

The ground state of an atom is usually described by the angular momen-
tum L as well as by the total spin S as the projection of the total angular
momentum M; and will be usually written in the form ***L,, . This no-
tation is widely used in the spectroscopy [27] and is correct within the non
relativistic quantum mechanics where all these observable are 'good’ quan-
tum numbers when the spin-orbit coupling is neglected. For heavy elements
however relativistic effects become more and more important and lead to a
break down of the non-relativistic picture. One of famous examples for this
is bismuth. According to the semiempirical Hund’s rule the total spin of all
homologues of bismuth should be 3/2. As it was shown in the early 70’s
28] there is a strong deviation from this value for Bi-atom. In the table 1
we present the total magnetic moments of all known homologues of bismuth
in the ground state which are proportional within the non-collinear density

functional theory to the total spin of the atoms.
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Element Z  Fine splitting (eV) Magnetic moment

N 7 0.019 2.99987
P 15 0.054 2.99951
As 33 0.277 2.99169
Sb 51 0.613 2.93940
Bi 83 1.857 1.71797
E115 115 4.755 1.23677

Tab. 1: Fine splittings of the outermost p-shell and the total magnetic moments of ho-

mologue of bismuth.

One can see from this table a dramatic change of the magnetic moment
for bismuth and E115. On the other hand within the relativistic description
bismuth is an effective one electron system and one would expect a magnetic
moment equal to one. From this point of view one could say that 6p-shell bis-
muth behaves neither full relativistically nor non-relativistically. In contrast
to this the 7p-shell of the element E115 has a very pronounced relativistic
character.

For applications of the presented method to small molecules and clusters
we refer to our recent publications [24, 29, 22, 30, 26]. There we presented
the 'standard’ molecular properties such as bond energies and bond length as
well as magnetic properties of molecules. In all considered case we achieved
a good agreement with experimental data if such data were available.

J. A. gratefully acknowledges the financial support from the Deutsche
Forschungsgemeinschaft (DFG).
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1 Introduction

The fully relativistic, 4-component Density Functional Theory (DFT) method
with the General Gradient Approximation (GGA) for the exchange-correlation
potential has been successfully applied to molecules and clusters of different
sizes in recent years. In this work the theoretical study of the adsorption
of element 112 and its homologue, Hg, was done using the embedded-cluster
method which will be described below. This method is based on the fact that
chemisorption is both a geometrically and energetically local phenomenon. It
means that for a certain adsorption site, the adsorbate mainly interacts with
the metal-surface atoms lying close to the adsorption place, and the character
of the binding depends on the geometry of the system (more precise, on the
position of the ad-atom relative to the crystal lattice points: top-, bridge-
or hollow-position). The cluster which models the surface is then embedded
in a much bigger environmental cluster. This procedure allows to achieve

results which converge with the size of the cluster.

5
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‘ XN/
P “,/‘k\\a".\' ’A\\
" S ’

O adsorbate
O cluster atom

O environmental cluster atom

Fig. 1: Embedded cluster models for the case in which only the first coordination shell
(left hand side) and respectively up to second coordination shell (right hand side)

are considered.

2 Method

2.1 General considerations

For properly describing the chemisorption, the cluster has to fulfil several

conditions.

Firstly, if one wishes to model a particular surface, the geometry of the
surface atoms interacting with the adsorbate and that of the cluster have to
be the same to at least the first coordination shell. For instance, at a (100)
surface of a faced centred cubic metal, surface atoms have eight metal-atom
neighbours. Four of them are in the plane and the other four are located in the
second layer. Clusters which model chemisorption atop such a surface atom
in a (100)fcc metal should include at least these eight metal-atom neighbours
(see Fig. 1).

The next coordination shell contains 4 atoms in the first layer and one
atom in the third plane, resulting in a cluster with 14 atoms: Aui4(9,4,1)

which also is shown in Fig. 1 Due to the requirement of conserving the sym-
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metry of the metal surface, the size of the cluster cannot be varied monoton-
ically. For instance, for the atop adsorption mentioned above the first few
model clusters should have 9, 14, 26, 34, 40, ... atoms.

Secondly, even when the first coordination shell of the metal-surface atom
is fully included in the inner cluster, another difficulty arises. In the embed-
ded cluster technique it is assumed that the perturbation of the environment
due to the presence of the ad-atom is small and therefore is neglected. How-
ever, if the cluster contains too few atoms, this assumption may not be true
anymore. This reversal from the real surface situation leads to electron-
distribution differences significantly deviating from that of a true surface
atom.

Thirdly, the number of atoms in the cluster should be enough that a

continuous valence band is formed.

2.2 Equations

In the RDFT the total energy of a system with NV nuclei and M electrons is
given by (10):

M
E=) mi(vi|i|vi) +/VNp d3f+§/vf’p d* 7+ E[p]
h 1 XN ZeZ (10
K 4K
—+—= —.
2 KzlegK ’RK/ - RK‘

In the non-pair approximation the electronic density is constructed as follows:

p(7) = an ?/J;F(F)%(F)a (11)

where n; is the occupation of the molecular orbital ;.

The variation of the total energy leads to the Kohn-Sham equation:

(f + VN V4 V“) Ui (1) = €;0;(7) (12)
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which has to be solved self-consistently.

To solve the Kohn-Sham equations (12) we use the MO-LCAO (Molecular
Orbital — Linear Combination of Atomic Orbitals) method. Within this
method we expand the molecular orbitals ¢;(7) in a series of symmetry-

adapted orbitals (SO) x;(7)
Vi) =Y ejix () (13)
J
The SO’s themselves are expanded in a series of atomic orbitals ¢,
(7)) = dujpu () (14)

where the expansion coefficients d,; can be determined from Group theory
[1]. Atomic orbitals are solutions of the atomic Kohn-Sham equation.
Inserting 13 in the equation 12 gives the matrix equation in the symmetry

orbital representation

=
Il
Jiep

(15)

&

[

where H and S are the Fock and overlap matrices respectively, ¢ is the
coefficient-matrix, and ¢ is the eigenvalue diagonal matrix.

In the embedded cluster method the system is divided in two parts, an
inner cluster an an environmental cluster. The inner cluster contains N¢
nuclei and M electrons the rest of the nuclei N = N — N¢ and MF™ =
M — M electrons belong to the environment. In our calculation we use an

auxiliary density, p(7) which fits the "true” density p(7). Thus

p(r) = p(r) + Ap(r), (16)

where the modelled density p(7) is obtained by a multipolar expansion [2]
over spherical harmonics Y™ (6, ¢x) and radial functions F, ,g (ry) centred on

the atoms of the system.
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This procedure leads to a considerable simplification in calculating the

Hartree potential and allow us to divide the total density in two parts:

MCl

p_zn”/} ,’:')wz,’,—,’ chzwcﬂr f)¢czf+ Z nﬂ/}cz 7:»)1/}01(4)

i=MCl41
= Ly g (17

The Hartree energy is linear in the density and can be divided in two parts:
Ve =VO(p) = V(™) + VE(P™) = VG + V. (18)

This procedure leads to the Kohn-Sham equation in the cluster embedding
method

(£ VA + V8 + V(o) + VE) 0€(7) = o' (7) (19)

where VP = VI 4 VS is the external potential. This equation contains
one additional term V% in comparison to a similar equation in the cluster
method (12). A further difference is the exchange-correlation potential which
depends not only on the density in the cluster but from the total density.
These two terms contain the whole information about the environment.
The occupation of the environmental cluster atoms AQO’s is kept fixed

during the self-consistent calculations.

3 Results

In the present calculations, inner gold clusters of 14, 16, 22 and 29 atoms
were used which were embedded in the outer environment of 112, 110, 92
and 156 atoms to simulate the Au(100) surface. Hg and element 112 were
considered in the on-top, bridge and hollow adsorption positions with respect

to the surface cluster atoms.
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Fig. 2 The GGA (PW91/PW91) binding energies as a function of the number of atoms
used to model the surface(embedding method).

The calculations were performed with two types of basis sets: the basis
set of type B includes the filled neutral 1s through ns orbitals and slightly
charged virtual np and (n — 1)f orbitals, while a more extended basis set of
type B’ includes the charged virtual nd, (n — 2)g and nf orbitals in addition
to those of the basis set B. The calculated binding (adsorption) energies Ej
for the basis set B as a function of the number of atoms in the inner gold

cluster and the adsorption position are shown in Fig. 2.

The behaviour of the binding energies for Hg and element 112 as function
of the number of atoms in the cluster are very similar. However, the differ-
ences in the binding energy were (=~ 0.4 V) much larger than one expects
from the diatomic calculations [5] of HgAu and E112Au molecules, where
HgAu was more strongly bound by about 0.1 eV. This result suggested that
the AO’s basis which we used in the MO-LCAO expansion was too poor.
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Fig. 3: The differences (AE, = E;'Y — E}'?) in the binding energies for the top, bridge

and hollow positions, embedding method.

Therefore we decided to increase the number of AO’s in the basis for adsor-
bates; the more extended basis we have denoted B’.

Results of the calculations with the basis set B’ are given in Table 1.
The obtained data show that absolute values of E; are dependent on the
adsorption position, with the hollow one being preferential both for Hg and
element 112. The E, for the basis set B’ are more negative. The differences
AE, = E" — E'? in the binding energies as function of the number of Au
cluster atoms is plotted in Fig. 3, for both basis B and B’. Two main features
result from it. Firstly, for the basis B’ there is a systematic behaviour of AFE),
for both RLDA and GGA values in contrast to the corresponding values
for basis B. Secondly, the difference in the binding energy slowly decreases
with increasing number of Au atoms, being practically independent of the
adsorption site. Niklaus et al.[7] found a value of 1.05 eV for the adsorption
enthalpy of Hg on Au surface. On the basis of the data in Table 3 we predict



82 C. Sarpe-Tudoran et al.

HgAu,, E112Au,,
m method D, r D, T
[eV] | [aw] || [eV] | [a.u.]

14 (top) | RLDA | 2.16 | 4.82 || 1.96 | 5.10
B88/P86 || 1.64 | 4.97 || 1.47 | 5.32
PW9l | 1.75 | 4.94 || 1.57 | 5.31
16 (bridge) | RLDA || 2.14 | 4.30 || 1.95 | 4.50
22 (hollow) | RLDA | 2.45 | 3.50 || 2.27 | 3.80
29 (hollow) | RLDA | 1.91 | 351 || 1.75 | 3.80
B88/P86 || 0.86 | 4.11 || 0.72 | 4.37
PW91 || 0.98 | 4.05 | 0.84 | 4.32

Tab. 1: Dissociation energies D, and bond lengths r for HgAu,, and ''?Au,,, with m =
14, 16, 22 and 29, when the enlarged basis sets (B’) are used.

for the corresponding quantity for element 112 a value of 0.9 eV.
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1 Introduction

Nowadays Platinum is used to catalyze a whole variety of different reactions.
Especially for electrocatalytic processes (such as in fuel cells) expensive Pt
is still one of the most sufficient materials providing a high rate for oxygen

reduction at lower temperatures (80-100°C):
Oy + 4H" 4 4e” — 2H,0.

However, mostly this reaction occurs in a multi-component environment and
under conditions of finite temperature, pressure, and electrode potential (p =
1 bar, T = 80-100°C, ® # 0V). Thus, the model of a pure and perfect Pt(111)
surface, which is often used to study this reaction, is clearly incomplete. In
order to replace Pt as catalyst material (or at least reduce its amount) and
improve the reaction kinetics at the cathode several different materials such
as Ni/Mo[1, 2] or Pt-based bimetallic alloys (e.g. Pt3Ni, Pt3Co [3, 4]) have

been proposed, However, it is important to understand the reaction process
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at the cathode in order to find a reaction sequence that would maintain a
small barrier for each of the steps. In addition, this will show the rate-
determining step of the whole reaction pathway and allow improvement of
the reaction rate at the cathode by specifically lowering their energy barriers.
Although under electrochemical conditions the electrodes are surrounded by
several solvent molecules (e.g. water), knowing the reaction pathways and
their energetics in gas-phase is indispensable to understand the overall pro-
cess and the impact of each component. In this paper we provide a complete
picture of the cathode reaction processes in gas-phase using Pt as catalyst
material. Afterwards we apply a first order solvation model to investigate
the influence of surrounding water molecules on each reaction step and the
overall mechanism. In order to understand the experimentally observed en-
hancement of the oxygen reduction using Pt3Ni- or Pt3Co-alloys we studied
the structure of their surfaces and nanoparticles, which afterwards were used
to obtain the potential energy surfaces for adsorbing atomic hydrogen and

oxygen.

2 Methods

2.1 Cluster-calculations

The calculations on finite systems were performed using spin-unrestricted
density functional theory (DFT) with the B3LYP flavor of the exchangecor-
relation functional. This GGA-hybrid-functional (generalized gradient ap-
proximation) [5, 6] combines exact HartreeFock exchange with the Slater lo-
cal exchange functional [7]. In addition, it uses the Becke gradient correction
8], the local VoskoWilkNusair exchange functional [9], and the LeeYangParr

local gradient-corrected functional [6]. All ab-initio cluster calculations were
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carried out with the Jaguar program suite [10]. For platinum the 60 core
electrons (1s4f) were treated by the Hay and Wadt corevalence relativistic
effective-core potential (ECP), leaving 18 valence electrons [atomic ground
state of Pt is (5s)?(5p)®(5d)?(6s)! (6p)°] treated with the LACVP** basis set.
Both other elements (H and O) are described with all electrons using the
6-31G** basis set.

2.2 Slab-calculations

For the infinitely extended surfaces we used the SeqQuest [11] periodic DFT
program with Gaussian basis sets (rather than plane waves) and the PBE
[12] exchangecorrelation functional. The 62 core electrons of each Pt were
replaced by a norm-conserving pseudopotential, leaving the 16 5p, 5d, and
6s electrons to be treated explicitly on a ”double-(+polarization” level. In
case of Ni the treatment was accordingly, leaving the 3p, 3d, and 4s electrons

in the valence space.

3 Oxygen Reduction on Pt(111)

3.1 Cluster-Model

In order to simulate the Pt-catalyst by a finite cluster, it is necessary to
determine the minimum size of the model cluster that correctly describes
surface reactions of organic molecules on the catalyst surface [e.g. Pt(111)].
Increasing systematically the number of cluster-atoms and examining both
the electronic structure of the surface cluster and the reaction with an O
atom, we were able to find a suitable cluster[13], shown in Fig. 1. We
chose to examine the chemisorption of oxygen because it binds strongly to

the surface, whereas the electronic structure of the Pt-clusters suffers distinct
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Fig. 1: Clusters studied for convergence

modifications. Therefore, a cluster that properly describes the chemisorption
of oxygen is likely to be adequate for other surface processes involving less
reactive species or organic fragments. For each system the oxygen atom was
located at different adsorption sites (fcc — ns, hep — n3, bridge — 2, top — 1)
and after a fully self-consistent geometry optimization the values for the bond
properties were compared. In fact, the three-layer system Ptg 199 (28 atoms)
is well enough for describing adsorption processes on the Pt(111) surface. The
adsorption energies, bond distances, and vibrational frequencies predicted for

the different sites are summarized in Table 1.

Top Bridge Hcp Fcc exp. slab

E [eV] 2015 2729 2946 3.284 3.21—3.43 3.43

Rpti—o 1.872  1.990 2.040 2.005 2.01+0.05 2.02

wlem ™Y 531 510 466 —480 470

Tab. 1: Summary of the bond properties

The comparison of the experimental results with our calculated values
shows good agreement for the bond distance and vibrational frequency. The

calculated energies are within range of the available experimental values[15].
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Additionally, we found that the orbital structure of the Pt surface and its
reactivity with oxygen atom are consistent with the interstitial electron model
(IEM) of McAdon and Goddard as extended by Jacob and Goddard[13]. The
importance of this result is evident, because all reaction processes will be
studied based on this model. For the reaction steps (see below) we will use a
35-atomic Pty4135-cluster. This cluster allows one to calculate more difficult
reactions on the surface by decreasing possible border effects, and include

the main surface relaxations induced by the adsorbates.

3.2 Reaction Mechanisms

We used the 35-atom Ptq413g-cluster to calculate binding structures and en-
ergetics for each possible intermediate (O, H, Oz, Hy, Oy, OOH, HOOH,
H,0) involved in the oxygen reduction reaction on the Pt(111) surface[16].
Atomic oxygen is most strongly bound at the us-fce position, while molecu-
lar Oy prefers the bridge site. OOH prefers the same geometry as O, with
one O covalently bound on top of a Pt atom (23.85 kcal/mol). Including
zero-point energy (ZPE) a single H atom prefers the us-fce site over an on
top site by ~ 3.2 kcal/mol, whereas molecular Hy undergoes dissociation to
two on top bound H atoms wile adsorbing on Pt. OH and water show com-
parable binding structures (on top bound), but a different type of binding.
The hydroxyl radical is covalently bound to one Pt atom (47.45 kcal/mol),
and water uses the remaining lone pair orbital of its oxygen to attach to
the surface atom (13.90 kcal/mol). In order to study a complete reaction
pathway we also calculated all possible dissociation processes of the various
intermediates on the Pt-cluster. Using the binding energies together with
the dissociation barriers heats of formation (AHy) were deduced, which then

allowed us to study possible reaction pathways starting with gas-phase Hy
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and Oy. We distinguished two main reaction pathways: O,-Dissociation and
OOH-Formation. Along the O,-Dissociation pathway oxygen adsorbs on the
surface, then dissociates, and finally reacts with hydrogen to form water. The
rate-determining step for this mechanism is the O*! 4 H24 — OH? reaction
with a barrier of 31.66 kcal/mol and not the dissociation of Q. Since O,
changes its adsorption structure during dissociation the dissociation barrier
lowers to only 15.02 kcal /mol. Along the OOH-Formation pathway adsorbed
02 first forms OOH with a surface hydrogen, and then generates OH via
OOH dissociation, which finally reacts with another hydrogen to from water.
In this mechanism the OOH* — OH*d 4 024 dissociation has the highest
barrier of 17.13 kcal/mol. Therefore, the OOH-formation mechanism seems
to be the most likely pathway for the cathode reaction. This pathway may

additionally be supported by recombination of two adsorbed surface oxygens:

e 0538 o 0g 1128 o | o 115(3)976
—94.14 13.90
Hel 4+ OH + 00— 2 00t 1 00t T2 g 00 4 o,

2.59

These results in gas-phase allowed us to examine possible reaction mech-
anisms under more realistic conditions. Since water is generated during this
reaction and since in the electrochemical system the cathode is solvated,
we used DFT in combination with the self-consistent reaction field (SCRF)
method to incorporate a hydrated environment and to study the structurally
and energetically changes due to the water molecules. For instance, the
structure and bond strength of an adsorbed water molecule on a Pt sur-
face changes drastically. Polarized species, such as OH, show changes in
the structure, binding and dissociation energies due to solvation. The sur-

rounding water molecules influence the charge distribution and thus lead to
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stronger or weaker surface connections, which also change the corresponding
dissociation barriers. We found that the presence of the solvent changes the
preference of the main reaction pathway. For instance, the formation of OH
out of adsorbed H and O lowers its barrier by a factor of two, which then
results in a Oy-Dissociation pathway dominated by the process of breaking
the O=0 bonds (as observed experimentally). In addition, the comparison
of both reactions mechanisms in solution shows similar barriers for each of
the single reaction steps, leading to a stronger interplay between both mech-

anisms.

4 Pt-based Alloys

4.1 Slab-Calculations for Extended Surfaces of
Pt;Ni(111)

Fig. 2: Model of the unit-cell Pt-distribution: 100-50-83-50-100

Experiments on binary alloy catalysts, such as PtNi, PtCo and PtCr[3]
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as well as ternary alloy catalysts[17], have shown an increased reaction rate
(factor 25) for the oxygen reduction compared to pure Pt. However, it is
also well known [18] that the lower coordinated surfaces of these alloys show
strong segregation effects, in which Pt segregates to the surface. In order to
understand the enhanced reactivity we first studied the surface structure of
these alloys using periodic DFT-calculations (one unitcell is shown in Fig. 2).
On the basis of different sized unitcells we build symmetric slabs consisting of
5-layers. By changing the composition and distribution of Pt and Ni atoms,
and comparing their surface energies, we were able to establish the most
stable surface structure (see Figure). Indeed, as a result of its higher cohesive
energy Pt segregates to the surfaces and completely occupies all surface sites.
In contrast, the second layers show an enrichment of Ni, leading to half the
sites occupied by Pt atoms and the other half by Ni atoms. With 83% of
the sites occupied by Pt, the alternating behavior can also be observed in
the third layer. Comparing our findings to experimental measurements [18]
(amount of Pt per layer: 100-48-89-75-75-) shows a very good agreement.
Thus, on the basis of (semi-)infinitely extended Pt3Ni(111) or Pt3Co(111)
surfaces, the surface reactivity is still dominated by Pt atoms. However, the

distribution within the lower layers will also have an influence.

4.2 Pt;Ni-Nanoparticles

Since in realistic electrochemical systems highly dispersed catalysts are used
instead of mono-crystalline surfaces, after the periodic slab studies we per-
formed cluster calculations on Pt/Ni clusters with different sizes, composi-
tions, and distributions. The Pt/Ni-alloy system shows an element specific
electron-configuration on the surface. Pt has the s1d9 character, whereby Ni

is more s2d8. In extensive studies [19], we were able to define the most stable



Reactions on Pt and Pt-based surfaces 93

Fig. 3: Most stable structures for each cluster size

surface composition for the Pt/Ni-nanoparticles (Fig. 3). Equivalent to the
bulk composition of Pt3Ni, the alloy particle wants to keep the bulk ratio for
the surface, too. According to this model, each Ni atom is surrounded by
6 Pt atoms. Thus, by not showing any surface segregation the nanoparticle
will have a completely different behavior than the extended surface, resulting
in different surface properties. Therefore, using surface science experiments
to understand the processes of realistic electrochemical systems (with highly
dispersed catalysts) is clearly incomplete in case of these alloys. On the basis
of the found Pt/Ni structure we calculated the adsorption of atomic oxygen
and hydrogen at all different adsorption sited on the surface. For on top
binding there exist two different sites (on Pt and on Ni), for bridge and hol-
low binding in each case there are four distinguishable sites. The sum of all

calculations finally led to the adsorption characteristics shown in Fig. 4.

Oxygen prefers three-fold sites, which consists of two Pt atoms and one
Ni atom. Therefore, it is strongly bound around the Ni atoms with a hopping
barrier of ~ 2 eV. Compared to the pure Pt(111) surface, where the barrier
was about 0.6 eV, oxygen is strongly localized on the alloy surface. In case of
hydrogen, which is known to be very mobile on the Pt surface due to similar

binding energies for all sites, the calculations on the Pt/Ni alloy indicate
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]
TS
i

a b

Fig. 4: Hydrogen (a) and oxygen (b) binding characteristics (in eV) on the Pt3Ni(111)

alloy surface

a different behavior. The hydrogen atoms are not such highly mobile on
the complete surface as on channels between and on circles around the Ni
atoms (see Fig. 4). The nearly fixed oxygen location and the constrained
hydrogen mobility cause an increase in the probability that both atoms come
close enough to react with each other. This example shows how alloying

significantly changes the system character.
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While there has been great progress in the last twenty years in deter-
mining electric and optical properties of Van der Waals systems from first-
principle quantum theoretical methods and statistical thermodynamics [1, 2],
for mercury this is a rather difficult task [3, 4]. There is also evidence that
the transition to the near metallic state occurs at large cluster size [5, 6, 7]
unlike the other metals, and the many-body interaction expansion for mer-
cury does not converge smoothly [8]. There are, however, still a number of
fundamental questions open even for the simple dimer Hgj.

Measurement of the collision-induced Raman scattering spectrum in mer-
cury vapor as a function of the temperature and pressure provides one of the

most direct means of probing the pair interaction potential and the form of
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the induced pair polarisability anisotropy of the mercury dimer. It further
gives important data for the determination of the virial coefficients in the
Clausius-Mosotti equation. We have therefore calculated the dipole polaris-
ability of the mercury dimer at both zero frequency and the frequency used
in the experimental measurements (A =488 nm) and determined the first
two virial coefficients of the generalized Clausius-Mossotti function for the
refractive index.

We include a complete treatment of relativistic effects by applying four-
component density functional theory (DFT) choosing two different function-
als, i.e. the local density approximation (LDA) and the most widely used
hybrid functional BSLYP. Here the frequency-dependence of the Hgy dipole
polarisability is directly obtained within four-component response theory.

In linear response theory the components of the frequency dependent

polarisability tensor are

aij(w) = = {{ri; 1)), (20)

In the case of a linear molecule the components in the principal axis system
are a|(= o) and a (= oz = ayy), with the molecule oriented along the
z-axis. From these components of the polarisability tensor we define the

isotropic part of the polarisability, «, in the usual way as

2
. al + o :tr(a) (21)
3 3

and the polarisability anisotropy by
f=a —al. (22)

All calculations have been performed with a development version of the pro-
gram package DIRAC [9], using the 4-component relativistic DET imple-

mentation of response theory for molecular properties [10]. The formalism is
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DZ basis TZ basis
DZ/LDA DZ/B3LYP TZ/LDA TZ/B3LYP
Static 33.28 35.42 32.97 35.14
488 nm 37.19 39.24 36.93 38.99

Tab. 1: The atomic polarisability (in a.u.) as calculated with different basis sets (DZ and
TZ) and density functionals. The experimentally derived value is 33.919(7) a.u.
[12].

described in ref.[11]. An all-electron dual family triple zeta (TZ) Gaussian
basis set was used for the polarisability calculations, i.e. (28s25p19d12f2g)
(uncontracted). The basis set superposition error was addressed using the

counterpoise scheme, i.e. the dimer polarisability is defined as
o(R) = sy (R) + 28755 a,(R) (23)

where AB55Fqy  is the BSSE correction to the atomic polarisability. With
the basis set used this correction to the polarisability was consistently very
small.

The results for the atomic polarisabilities are given in Table 1 for the two
chosen functionals LDA and B3LYP.

Not surprisingly, the LDA and B3LYP functionals used in this study give
greatly varying descriptions of binding in the dimer in comparison with the
more accurate coupled cluster curve [6]. As expected LDA strongly overbinds,
with a binding energy of 0.00874 a.u. at 2.98 A (compared to experimental
values of 0.0018 a.u. at 3.69 A[13, 14]) whereas B3LYP produces a uniquely
repulsive potential. Moreover, in the outer region where van der Waals forces
are dominant, DF'T underbinds as one expects. It has been noted that this
leads to similar difficulties for the solid state structure even though mercury

undergoes a transition to the metallic phase [6, 15, §].



100 N. Gaston et al.

S(=2)  Sy(-4) S|(=6) Si(=2) Si(-4) Si(-6)
LDA 92.300 1647.699 38836.384 60.718 654.278 9881.548
B3LYP 95.422 1468.092 31134.425 64.182 635.005 9838.613

Tab. 2: The first three Cauchy moments for Hgy at R = 3.69 A at the LDA and B3LYP
level of theory for both the parallel and perpendicular components of the polar-

izability tensor (in a.u.).

For the first X0} — 1, transition we obtain 0.20 (LDA) and 0.21 (B3LYP)
a.u. compared to the experimental value of 0.171 a.u. [16]. For the second
transition (X0, — 0;) we have 0.22 (LDA) and 0.24 (B3LYP) a.u. (exp.
0.179 a.u. [17]). Hence we expect the a(w) value at w = 0.09337 a.u. for
Hg, to be reasonably accurate.

The Cauchy moments for the dimer may be calculated from a fit to the
frequency dependent polarisability between zero and 0.12 a.u., i.e. before the
first singularity. These are shown in Table 2.

Since the Cauchy sequence of the atomic polarizability of mercury is well
known from experimental work of Goebel and Hohm [12], it is convenient to

introduce the frequency dependent interaction polarizability,

gy (W) = 2019 (W) + Qi () (24)

In Figure 1 the isotropic average of the interaction polarisability, a;,, is given
as well as the anisotropic ( values, which may be compared to the experi-
mental curve. The agreement between the anisotropic values and experiment
is good, although the curves cross near the potential minimum.

The major disagreement in the anisotropy is at short distances, below
3.5 A the curves diverge where the potential curve becomes repulsive. At
short distances we expect rather accurate experimental results [18], since the

potential data used from Koperski’s work [14] is rather accurate. However,
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Interaction Polarisability in a.u.

Bond length in A

Fig. 1. The frequency dependent polarisability (at w = 0.09337 a.u.) in isotropic and

anisotropic components for Hgo at different levels of theory.

we also find larger deviations in the long range region.
The extended Clausius-Mosotti equation for the refractive index is given
by [19],

2
% = Ap(w,T)p + Br(w,T)p* + Cr(w, T)p* + ... (25)
where n is the refractive index, Agr, Br and Cg the first three refractivity
virial coefficients (the subscript R stands for the refractive index), w the
frequency of light and T is the temperature of the system. The first virial
coefficient is given directly by the frequency dependent atomic polarizabil-
ity. The second virial coefficient can be determined from classical statistical

thermodynamics,

47 N2
BR(waT): A

6eq /[o,oo) Qint(w, R)exp(—=V (R)/kT)R*dR (26)

k is the Boltzmann constant and V' (R) the interaction potential.
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BY BY BY
LDA
c1 9.7347x107  3.7358x10°  7.4077x10'°
co  2.8746x10* 2.3078x105  4.5643x107
cs  1.0515x10%  6.1876x10*  1.2266x10°
B3LYP
c1 8.3672x107  1.5520x10° 2.8781x10'°
ez 1.1024x10* 8.2186x105  1.5232x107
c3  T7.9539x10% 1.8259x10*  3.3861x10°

Tab. 3: The coefficients of eq.(29) which fit the temperature dependence of the refractiv-

(4)

ity virial coeflicients B}(%O)7 Bg) and B}’ as defined in eq.(12) (in cm® mol=2).

A Cauchy series for the virial coefficients is

Br(w,T) = Bp(0,T) + B2(T)w? + BY(T)w + . .. (27)

where the coefficients Bg) (T') and Bg‘) (T') are obtained from using the Cauchy
coefficients for a;,;(w, R) from Table 2, combined as in eq. 21 to give the
isotropic interaction part. The distance dependence of the Cauchy coeffi-

cients was obtained by fitting to

S(=2k -2, R) = (% + L) S(—2k — 2, Ro)

R (28)

where S(—2k—2, Ry) are the equilibrium distance coefficients as in Table 2. a
and b were fitted to give the correct distance dependence at w = 0.09337 a.u.
The temperature dependence of these coefficients can then be summarised
as

1 1
= + co—= + C3 (29)

Bo(T) =
r(T) =17, T

with the coefficients given in Table 3.
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meta-Group 13 element bonding
11.45 - 12.10 Tilo S6hnel Fe, Ru and Ir containing Tin Cluster Com-
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Chair: Heinz Gdéggeler
14.00 — 14.40 Robert Eichler Thermodynamic data evaluation for gas phase
chemical experiments with transactinides.
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15.05 — 15.30  Graham A. Bowmaker Solid-state NMR. of silver and mercury com-
pounds.
15.30 — 16.00  Coffee
Chair: G. Bowmaker
16.00 — 16.25 James Wright Tethered Osmabenzenes Derived from an Os-
mabenzofuran
16.25 — 16.50  Alistair Nielson A case for linear agostic interaction in tanta-
lum chemistry
16.50 — 17.15  Peter Schwerdtfeger How good is density functional theory for field
gradients?
17.15 - 18.00  Final Discussions and Re-

flections



Chemical separation and characterization

of superheavy elements

Physical, chemical, technological and metrological challenges

Matthias Schadel

Gesellschaft fiir Schwerionenforschung (GSI), Planckstr. 1, D-64291 Darmstadt.

The number of chemical elements has considerably increased over the last
decades. These new, man-made elements at the far end of the Periodic Table
are transactinides and are located in the area of the long-awaited for super-
heavy elements (SHE). The discovery of elements up to atomic number 112
with the most recent experiment at RIKEN presumably up to 113 is based
on solid grounds; see e.g. [1] for a recent compilation. However, all nuclides
produced in the Pb and Bi target based nuclear reactions dubbed ”cold-
fusion” lead to very short-lived nuclides which are not usable in chemical
investigations (with the exception of element 104 and 105). Most pleasantly,
more elements and longer-lived nuclides are on the horizon and a challenge
for chemical studies. Yu. Ts. Oganessian and coworkers [2] reported on the
observation of elements up to 116 and an indication even for element 118.
This opens up a thrilling region for heavy element chemists to probe the
influence of increasingly strong relativistic effects and the structure of the
Periodic Table at its end; see Figure 1.

Superheavy element chemistry experiments usually exploit an advantage
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Fig. 1: Periodic Table of the Elements. The known transactinide elements 104 through
112 shall take the positions of the seventh period transition metals below Hf in
group 4 and Hg in group 12. While chemical studies have - also from their observed
chemical behavior - justified placing the elements Rf through Hs into group 4 to
8 of the Periodic Table, the ”chemically unknown” heavier elements (full symbols
for "known” elements and open symbols for yet unconfirmed reports) still need to
be investigated. The arrangement of the actinides reflects that the first actinide
elements still resemble, to a decreasing extent, the chemistry of d-elements: Th
below group 4 elements Zr and Hf, Pa below Nb and Ta, and U below the group
6 elements Mo and W.

of so-called "hot-fusion” reactions which lead to the synthesis of the most
neutron-rich, longest-lived isotopes of a given element. So the most neutron-
rich isotope of an actinide element is applied as target material, e.g. ?**Cm is
frequently used, and is irradiated with neutron-rich light ion beams like O,
2Ne and 2Mg. All these reactions lead to a one-atom-at-a-time production
of SHE - decreasing from about one atom per minute for Rf to about one

atom per day for Hs.
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Already the first chemical studies showed that Rf and Db (elements 104
and 105) belong into group 4 and 5 of the periodic table; they are trans-
actinides and - from nuclear aspects - superheavy elements. It was only in
recent years, that a large number of experiments did not only shed light on
many fascinating and unexpected chemical properties of Rf and Db but al-
lowed to stepwise climb up the exceedingly difficult path to the subsequent
elements Sg, Bh and Hs; see Ref. [3] for a comprehensive coverage of this
development. This success in superheavy element chemistry was only feasible
because of an enormous progress in many fields to meet a large number of
physical, chemical, technological and metrological challenges [3]. This con-
tribution will focus on these developments and on their perspectives. Some
aspects will be described in a more general way and some exemplary ones

will be discussed in more detail including related experimental results.

The synthesis of SHE always starts with the availability of a stable, high
intense heavy-ion beam. Electron cyclotron resonance (ECR) ion sources
coupled to a powerful accelerator - are the state-of-the-art instruments to
provide such beams. A low material consumption is an important feature for
rare isotope like 180, 22Ne, 2Mg or **Ca. To make use of these beams, target
technology developments, e.g. GSI’s rotating target wheel ARTESIA, were
necessary to withstand the heat load on windows, actinide target and back-
ings; see ref. [4] for more information about the ARTESIA target production.
In contrast to recoil separators typical chemistry experiments require a pres-
sure of at least 1 bar in the recoil chamber were the nuclear reaction products
are collected. To find metal window foils which are thick enough to sustain
this pressure difference and are as thin as possible to minimize the energy
loss from the heavy ion beam is a delicate optimization. Be foils with typical

thicknesses of about 20 pum are frequently used. The future application of
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recoil separators as pre-separators on the front-end of a SHE chemistry ex-
periment will have the advantage that there is no - or almost no (1 mbar) -
pressure drop across a window foil. Moreover, applying differential pumping,
as it is under development for the new TransActinide Separator and Chem-
istry Apparatus (TASCA) [5] totally eliminates the need for window foils in
the target area. However, here the necessary window foil at the end of the
recoils separator constitutes a problem. This foil is needed to interface the
separator with a so-called Recoil Transfer Chamber (RTC) a chamber with
a similar purpose as the traditional recoil chamber. Here it is the low recoil
velocity of especially products from reactions of light projectiles on heavy

element targets which constitutes a challenge.

L or even 1013

At high heavy-ion beam intensities of a few times 102 s~
s~ He/cluster-jet transport systems have reached their limits. These tradi-
tionally used tools to transport non-volatile species from a recoil chamber to
a chemistry apparatus become highly inefficient due to the strong interfer-
ence of the heavy-ion beam with the transport gas and the cluster material.
Again this is one of the strong arguments to apply separators like TASCA or
the Berkeley Gas-filled Separator (BGS) the pioneering instrument in this

field.

Not so much to circumvent problems with cluster-jet transport under high
intense heavy-ion beam conditions but to exploit a number of advantages,
the formation of volatile compounds directly in the recoil chamber [6] and its
transport to the chemistry/detector device was applied in all Hs experiments
[7, 8]. Transport of the volatile HsO, in a He/O, gas mixture was not only
highly efficient but, at the same time, provided an excellent chemical sepa-
ration from all non-volatile reaction products already in the recoil chamber.

The developments of chambers combining features to chemically characterize
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HsO4 and to detect atom-at-a-time the a-decay and/or spontaneous fission
(SF) of single Hs isotopes (and their nuclear decay daughter products) estab-
lished another challenge. One kind of instrument, the Cryo On-Line Detector
(COLD) [6] and its forerunner the Cryo-Thermochromatographic Separator
(CTS) [9] , allows to determine the adsorption temperature along a tem-
perature gradient from e.g. room temperature to about 1700°C. Here, gas
purification to reduce the partial pressure of water in the gas to 1 ppm or
below - to avoid ice formation already at moderately low temperatures - is
a critical issue. The CALLISTO experiment [8] used a chemically reactive

surface opposite to PIN-diode detectors to investigate the HsO4 behavior.

Presently, element 112 is one of the hottest and most challenging topics
in SHE chemistry. It also constitutes a transition from a more traditional
approach in SHE chemistry - to form a chemical compound and chemically
investigate this compound - to studies of an element in its atomic state.
As in the Hs experiments, also in the element 112 experiment - and pre-
sumably later in an element 114 experiment more or less ”volatile” single
atoms are transported in a flowing gas to a detector set-up. Again, as in the
Hs experiments, it will be the deposition temperature or the adsorption on
a ”chemically” reactive surface which will characterize the elements in the

element 114 region.

Meeting the challenges of very cold temperatures in some of these exper-
iments just mirrors the opposite task to cope with relatively high tempera-
tures in gas-chromatographic studies of Sg compounds [10, 11] with OLGA
[12] and HITGAS [13]. Corrosive gases, e.g. used in gas-chromatographic

studies of Rf and Db, constitute extra problems; see e.g. [14].

Aqueous chemistry with the Automated Rapid Chemistry Apparatus
(ARCA) [15] has reached Sg [10, 16] and has unraveled interesting and some-
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times surprising chemical properties of Rf and Db; see ref. [17, 18] for more
details. New developments based upon the ARCA technique - together with
the implementation of an innovative automated sample preparation and de-
tection technique has led to very successful detailed investigations of Rf with
the ” Automated Ion-exchange separation apparatus coupled with the Detec-
tion system for Alpha spectroscopy” (AIDA) [19, 20, 21, 22]. As in previous
experiments it was shown that Rf belongs into group 4 of the Periodic Table.
However, detailed studies of the fluoride complexation of Rf revealed stun-
ning differences between Rf and its lighter homologues Zr and Hf [23]. For
the first time the technically mature AIDA even allows to measure a complete
elution curve for a transactinide element [24, 25]. This development will give
access to more detailed chemical studies of the lighter SHE. However, the
discontinuous batch-wise operation of ARCA and AIDA poses severe limits
on the accessible nuclides. Half-lives of more than 10 s preferably more than
30 s are required not to be harmed by too severe nuclear decay losses during

the product collection and the sample preparation.

New developments are under way aiming at extending the studies of SHE
in aqueous solution beyond Sg. One approach is making use of electro-
chemical deposition techniques [26]. Bohrium and elements 112 and 114 are
presumably good candidates for such investigations if sufficiently long-lived
nuclides (T, > 10 s) are accessible. A new quality of chemical studies is
on the horizon when combining chemical techniques with recoil separators.
This can already be seen from results of SISAK a fast and continuously
operating liquid-liquid extraction technique coupled to the BGS [27]. The
SISAK technique in itself still allows further improvements, e.g. by minia-
turization [28]. TASCA at GSI [5], which will become available in about a

year or two, will open up new perspectives for chemistry experiments at a
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recoil separator.
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From few atoms/min (Rf) to few

atoms/week(Z=112)

cutting-edge chemistry experiments with heaviest elements
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Paul Scherrer Institut, 5232 Villigen, Switzerland and Dept. of Chemistry &

Biochemistry, Bern University, Freiestrasse 3, 3012 Bern, Switzerland

Heaviest elements with atomic numbers above 103 (lawrencium, Lr) the
transactinides - can only be produced at a single-atom-at-a-time level. For
nuclear physics reasons, isotopes of these elements have essentially no liquid
drop (i.e. macroscopic) stability. They exist exclusively due to shell effects.
Such nuclides are also called superheavy elements (SHE).

Production of SHE is possible in heavy ion fusion reactions at energies
close to the Coulomb barrier, e.g. at the fusion barrier according to Bass.
Depending on the Q-value of the reaction, given by the mass excess values
of the interacting nuclei, fusion reactions are called "hot” or "cold”. In hot
fusion reactions the minimum excitation energy at the barrier amounts to
typical values of 30 - 40 MeV and in cold fusion reactions to 10 - 20 MeV,
respectively. As a consequence, usually 3 to 5 neutrons are evaporated from
primary products formed in hot fusion reactions to reach the ground state of
the evaporation residue whereas only 1 to 2 neutrons in cold fusion reactions.

Due to high probabilities of excited primary products to decay by prompt
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fission if compared to evaporating a neutron, survival probabilities are very
small. Moreover, in more symmetric cold fusion reactions with Pb or Bi
targets, formation of primary products is hindered due to strong Coulomb
repulsion. As a consequence, production rates of surviving atoms of SHE
are usually very small. Figure 1 depicts an overview on production rates
that can be achieved with current technologies (maximum beam intensities,
cooled targets etc.) in hot or cold fusion reactions. Some typical reactions
that have been used in recent years for chemical investigation are listed in
table 1. In the following a short overview is given on gas chemical studies of
transactinides. Most of the data described below have been obtained with

very few atoms, typically on the order of ten.

Except for the very first historic investigations of Rf with frontal gas
chromatography [1], later experiments applied on-line chemical separation
techniques coupled to on-line detection arrays. Of special importance were
two devices, OLGA [2] and IVO [3]. OLGA (On-Line Gas chemistry Appa-
ratus) was developed to perform isothermal gas adsorption chromatography
experiments of short-lived species with lifetimes down to a few seconds in
quartz columns. OLGA enabled chemical investigations of volatile halides
or oxyhalides at maximum temperatures of 500 °C. In a special version, this
technique was also used to study volatile oxy-hydroxides at temperatures up
to 1000 °C [4]. IVO (In-situ Volatility and On-line detection), on the other
hand is an on-line chemistry device coupled to an on-line thermochromato-
graphic detection array. Hence, detectors are used as chemical sensors on
which adsorption studies may be performed. An overview on techniques can

be found in [5].
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Fig. 1: Typical production rates for formation of heavy elements in nuclear fusion reac-

tions (from [6])
1 Rutherfordium (Rf)

So far, most gas chemical investigations of this element have been conducted
with Rf4+in form of its chloride, oxychloride or bromide. In one experiment
an attempt was made to search for a p-element behaviour of Rf, based on
a predicted ground-state configuration of [Rn]5f47s27p? or [Rn]5{146d7s?7p,
respectively. However, the experiment did not yield any evidence for such
a configuration which should result in a similarity to Pb [7]. OLGA experi-

ments yield retention temperatures that enable the determination of adsorp-
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Element Prod. rate Half-life Reaction
(Atoms/h) (s)

Rf (104) 30 78 (?°1Rf) 248Cm(180;5n)

Db (105) 30 34 (62Db) 249Bk(180;5n)
Sg (106) 2 7 (?55Sg) 248Cm(*2Ne;5n)

Bh (107) 0.5 17 (*5"Bh) 248Cm(*2Ne;5n)
Hs (108) 0.25 10 (?%9Hs) 248Cm(2°Mg;5n)
7=112 0.05 4% or 300* (283112)  238U("8Ca;3n)

Tab. 1: Production rates and half-lives of transactinide nuclides used for chemical studies.

*controversial literature data [18, 19]

tion enthalpies. Figure 2 shows measured adsorption enthalpies of group 4
chlo-rides and bromides. It was argued that the obvious "reversal” of the
trend of AH? when going from Zr via Hf to Rf is evidence for relativistic

effects in the chemistry of Rf [8].

2 Dubnium (Db)

Gas chemical studies of Db were performed with Db%" and proved to be
extremely challenging due to its high tendency to form oxyhalides. Therefore,
some chromatographic data that were published as retention temperatures
of pure halides could be erroneous, since they might probably represent the
behaviour of the oxy-halide. Such an example is an investigation of DbBrj
[10].

Figure 3 depicts experimental adsorption enthalpies of group 5 halides.
It is evident that no reversal is observed as found in group 4 (see Fig. 2).
However, if the value depicted for DbBr5 is actually from DbOBr3, then a
higher AH? value should result, since oxyhalides are less volatile compared

to pure halides of the same oxidation state. Therefore, the trend shown in
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Fig. 2: Adsorption enthalpies of chlorides and bromides of Zr, Hf and Rf on quartz sur-

faces (from [9]

Fig. 3 may be questioned.

3 Seaborgium (Sg)

Chemical investigations of Sg have been conducted with Sg®". The pure
halide of Sg® is not stable. From thermodynamic considerations the most
stable compound in a halogenating atmosphere is the dioxydihalide. So far,
only oxychlorides have been studied. The adsorption data of Mo, W and
Sg indicate a normal trend within group 6 [12] (Fig. 4). In one study
the adsorption behaviour of dioxydihydroxide of Mo, W and Sg on quartz
was investigated. It turned out that these molecules do not interact on
quartz surfaces via mobile adsorption but undergo surface reactions in form

of dissociative adsorption [4].
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surfaces (from [11])

4 Bohrium (Bh)

Bohrium studies were performed from the highest oxidation state Bh™*. For
thermo-dynamic reasons the most stable compound in a halogenating atmo-
sphere is the trioxyhalide. As for Sg, the only system that has been inves-
tigated so far is the oxychloride. Measured adsorption enthalpies for the
trioxychlorides of Tc, Re and Bh are also depicted in figure 4 [13]. It is ev-
ident, that group 7 oxychlorides have lower adsorption enthalpies compared
to the corresponding group 6 compounds. Again, a linear trend is found for
the adsorption enthalpies of oxychlorides when going along the members of

group 7.

5 Hassium (Hs)

Elements of group 8 exhibit a rather special feature, they form with oxygen

very volatile tetroxides that are gaseous under ambient conditions at a single
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Fig. 4: Adsorption enthalpies of dioxydichlorides of Mo, W and Sg (from [12]) and of
trioxychlorides of Tc, Re and Bh (from [13]), respectively, on quartz surfaces.
Also shown are adsorption enthalpies of tetroxides of OsO4 and HsO4 on silicon

nitride detector surfaces [14] as well as of RuOy4 on quartz [11].

molecule level in an inert environment (e.g. quartz). In the first chemical
study of heavy members of group 8 deposition temperatures of OsO, and
HsO4 along a thermochromatographic PIN detector array were measured.
PIN diodes are semiconductor detectors with a silicon nitride surface. Un-
fortunately, it was not possible to also investigate the behaviour of RuO4 on
the same detector surface. Therefore, an independent determination of the
adsorption enthalpy on quartz surface is depicted in figure 4. For OsOy, iden-
tical adsorption enthalpies on silicon nitride and on quartz were observed. As
RuOy is very unstable it can not be ruled out that the species investigated
was not the tetroxide but the trioxide! This would explain the unexpectedly
high adsorption enthalpy. In this case the reversal of the trend depicted in

figure 4 may be questioned.
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6 Element 112

About a chemical indentification of element 112 was reported in [15]. Based
on several predictions, this element as a member of group 12 is expected to
be more volatile than mercury, possibly as volatile as radon. Indeed, a non-
Hg like but much more radon like behaviour of element 112 was observed
[15]. In additional experiments, first, an indi-cation for a similar behaviour
was claimed [16] that, however, in a third study could not be confirmed
[17]! Hence, currently the situation concerning the chemical property of
Z=112 in its elemental state remains controversial and requires additional

investigation.
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Compounds of Ru or Os with bonds to

B, Si and Sn
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Department of Chemistry, The University of Auckland, New Zealand

Compounds of the type L,M-BRy are involved in metal-catalyzed pro-
cesses such as the hydroboration of alkenes, the diboration of alkynes, and
even the direct borylation of alkanes. Likewise, compounds of the type L, M-
SiR3 and L,M-SnRj3 are involved in metal-catalyzed hydrosilation and hy-
drostannation, respectively. In this lecture the syntheses, structures and re-
action patterns of boryl, L,,M-BR», silyl, L,,M-SiR3, and stannyl, L,,M-SnR3,
complexes where M = Ru or Os, will be examined. Structural information
on selected compounds is revealing of the nature of the M-Element bond and
this, together with studies of compounds designed to model postulated in-
termediates, allows a better understanding of the above catalytic processes.
Base-stabilized complexes of borylene (BR), and silylene (SiRy) will also be
considered as will the possible intermediacy of silylene and stannylene com-
plexes in some reactions. The reactions of BCly, SiCls, and Snls ligands will

also be discussed.

Coordinatively unsaturated and saturated boryl, silyl, and stannyl com-
plexes are readily prepared from oxidative addition reactions of B-H, B-B, Si-

H, and Sn-H bonds, respectively, to appropriate osmium(0) and osmium(IT)
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Fig. 1: Synthesis of coordinatively saturated boryl, silyl and stannyl complexes.

complexes. This is illustrated with selected examples in Figures 1 and 2. In
the reactions shown in Figure 2 the initial oxidative addition is followed by a
reductive elimination of PhH. Crystal structure determinations have shown
that all the five-coordinate complexes of type Os(ER,,)Cl(CO)(PPhs), have
a tetragonal pyramidal geometry with the ER,, ligand apical and the two
triphenylphosphine ligands arranged mutually trans. By using H-BCl, it is
possible to prepare the novel compound, Os(BCly)Cl(CO)(PPhs)s, where the
two B-Cl bonds are usually reactive and some typical derivatives are shown
in Figure 3. The spectroscopic and structural data for the set of 3 com-
pounds shown in Figure 3 is good experimental evidence for the significance
of the m-component to the Os-B bond. Ethyne inserts into the Ru-B bond
in Ru(Bcat)Cl(CO)(PPhs), but not into the Os-B bond in the correspond-
ing osmium compound. The chloride ligand in Os(Bcat)Cl(CO)(PPhs), can
be replaced by o-tolyl and in the derived, saturated, compound Os(Bcat)(o-
tolyl)(CO)o(PPhs), there is a very facile reductive elimination of o-tolylBeat.

In some coordinatively saturated chloro, amino-boryl derivatives the B-

Cl bond becomes remarkably unreactive. This feature is seen again in SiCl3
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Fig. 2: Synthesis of coordinatively unsaturated boryl, silyl and stannyl complexes.

derivatives described below where the Si-Cl bond becomes unreactive, even to
hydroxide under vigorous conditions! The five coordinate SiCl3~ derivative,
Os(SiCl3)CL(CO)(PPhs),, gives rise to the interesting set of 4 compounds
shown in Figure 4 where a combination of spectroscopic, structural, and
computational data points to an increasing importance of mw-bonding with
SiF3>SiCl3>Si(OH)3>SiMe;. Os[Si(OH)s3](CO)(PPhs), is an especially in-
teresting molecule in that the Si(OH)3 ligand shows little tendency to undergo
condensation reactions and in the crystal is not involved in either intra- or
inter-molecular hydrogen-bonding interactions. Whereas the 5 coordinate
Os(SiCl13)(CO)(PPh3)2 is readily hydrolysed to Os[Si(OH)3](CO)(PPhs),

the 6 coordinate

Os(SiCl3) (k2-SoCNMey ) (CO)(PPhg), is quite inert to hydrolysis even when
subjected to KOH under vigorous conditions. This inertness of the Si-Cl bond
is attributed to a loss of electrophilicity at Si through bonding of the silicon
to the very electron-rich osmium centre. Another manifestation of this is
that silatranyl derivatives of ruthenium and osmium lose the intramolecular
N-Si bond and the N atom in these complexes can be protonated or methy-
lated. The corresponding stannatranyl derivatives provide a striking contrast

in that the cage structure is retained with short N-Sn distances.
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Saturated stannyl derivatives can also be made via oxidative addition of
Sn-H bonds but the most flexible approach to these compounds is through
initial introduction of the trimethylstannyl ligand (as depicted in Figure 2)
and subsequent modification of the substituents on tin by making use of
redistribution reactions at tin (as depicted in Figure 5). The Sn-X bonds in

stannyl ligands do not exhibit the inertness of Si-X bonds in silyl ligands and

Os(Snl3)(k%-SeCNMey) (CO)(PPhs)s, is easily converted to Os(SnHz) (k-
SeCNMey)(CO)(PPhg),. Likewise, Os(SnMeyCl) (£%-SoCNMey ) (CO) (PPhg),
reacts readily with LiSnMes to form Os(SnMeySnMes) (£%-SCNMey ) (CO)(PPhg),

in a novel formation of a distannyl ligand. Another feature of the osmium-
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tin complexes is the reversible migration of a methyl group between tin and
osmium as shown in Figure 6. The reactions suggest the intermediacy of a
transient stannylene complex and further support for this idea is that ther-
mal reactions of Os(SnMes)Cl(CO)(PPhs)s generate complexes with ortho-
stannylated triphenylphosphine complexes.
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Our fundamental understanding of the nature of element-element multiple
bonding was initially derived from our knowledge of multiple bonding involv-
ing carbon and the other second period elements nitrogen and oxygen. Over
the last two decades, as homonuclear element-element bonded compounds
involving the heavier main group elements have become experimentally ac-
cessible, our understanding of multiple bonding has evolved to become more
sophisticated in order to accommodate the different characteristics of these
new classes of compounds. In a similar fashion, our knowledge of transition
metal-main group element multiple bonding began with a focus on metal-
carbon, -nitrogen and -oxygen bonds in carbene, carbyne, imido, nitrido and
oxo compounds. It is only much more recently that the corresponding transi-
tion metal compounds containing bonds to heavier main group elements have
become available, and as a result the nature of the metal-element bonding in
these compounds has been subjected to increased scrutiny in recent years. At
first this attention was focused on silicon, and to a lesser extent the heavier
Group 14 elements, because of their obvious similarity to carbon. However,

developments in both synthetic methods and in the use of bulky ligands to
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provide steric protection have led to the preparation of a range of compounds
with direct transition metal-Group 13 bonds. The specific class of these that
are of interest in this study are the transition metal Group 13 diyl compounds
L,M-ER, where E = B, Al, Ga, In and TI. These are of interest not just
for the fundamental questions of bonding and structure, but also because of
their potential utility as reagents in important synthetic processes. Borylene
complexes, L, M-BR, have been a target for some time and in the mid 1990s
the first examples were reported. This was followed by the report of the iron
gallium complex (CO) FeGaAr* (Ar* is a bulky terphenyl ligand) in which
an iron-gallium triple bond was claimed, exciting considerable interest and

controversy among both experimental and theoretical chemists.

The key questions concerning the bonding in the L, M-ER class of com-
pounds centre around the degree of ionic versus covalent character in the M-E
bond and the relative contributions of ¢ bonding and 7 back-bonding to the
M-E bonding. The Group 13 diyl fragments :ER are formally isolobal to a
cationic carbyne moiety :CR™ and as such the covalent bonding description
comprises o donation by the lone pair of electrons on E to the d,? orbital on
the metal, and a 7 back-bonding interaction between filled d,, and d,. or-
bitals on the transition metal and the p, and p, orbitals on E. The ionic and
covalent (o and m) contributions to the bonding will be strongly dependent
on the nature of the L,M fragment, including the characteristics of the aux-
iliary ligands L,,, and the nature of E. Most of the experimentally reported
compounds contain strong m-acceptor ligands, in particular carbonyl (CO)
ligands or cyclopentadienyl/carbonyl ligand combinations. This situation
has arisen for pragmatic reasons, with the most accessible synthetic routes
to L,M-ER complexes being salt elimination reactions involving the Group

13 dihalides REX, with transition metal anions L, M2~ which typically con-
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tain strong m-acceptor ligands. The drawback to studying M-E bonding in
complexes containing strong m-acceptor ligands is that they will be compet-
ing with the Group 13 diyl fragment for available electron density at the
metal centre, and may perturb or inhibit the m back-bonding interaction in

the M-E bond.

This work concerns a density functional theory study of ruthenium-Group
13 diyl bonding in complexes in which the ancillary ligand on the ruthe-
nium(II) centre is a porphyrin dianion (Por), of the type (Por)Ru-ER. The
complete set of Group 13 elements B, Al, Ga, In and T1 was investigated.
The porphyrin ligand was chosen because it does not have strong m-acceptor
characteristics and ruthenium was selected as the metal because of its higher
propensity for m back-bonding relative to first row transition metals. In this
system the possibility of Ru-E 7 back-bonding should be maximised as a
result of the characteristics of both the metal and the auxiliary ligand set.
Computation was carried out for R = H, and also for R = Trip (where Trip
is the bulky aryl ligand CgH»iPr3). From a practical point of view, the ruthe-
nium porphyrin dianion Ru(Por)?~ is known experimentally and offers the
possibility of synthesis of the target complexes through the salt elimination
route, and the bulky Trip ligand would be suitable for kinetic stabilisation of
the target complexes through steric protection about the Group 13 element
centre. The DFT study of the ruthenium porphyrin Group 13 diyl complexes
complements other published computational studies which have tended to fo-

cus on iron and on complexes containing carbonyl ancillary ligands.

In addition to the computational study on the ruthenium(II) porphyrin
complexes (Por)Ru ER, a parallel computational study was undertaken into
the ruthenium(0) carbonyl complexes (CO)sRu-EH. The purpose of this was

to investigate the effect of the formal oxidation state at ruthenium, and to
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Fig. 1: Optimised B3LYP geometry of (Por)Ru-Btrip

contrast the influence of the porphyrin ligand with the presence of the strong

m-acceptor carbonyl ligands.

The results of the study can be summarised as follows. The ruthenium
porphyrin complexes have very short Ru-E bond lengths which are calculated
to be more than 0.10 Ashorter than those in the corresponding carbonyl com-
plexes. This observation is related to the increased bond strength and higher
degree of ionic character in the porphyrin complexes. The bond dissociation
energies decrease down the group (B > Al > Ga > In > TI) within each
set of compounds. With the exception of boron, similar bond dissociation
energies are calculated for the porphyrin and carbonyl ruthenium complexes.
A Natural Bond Order (NBO) analysis indicates that both the o bonding
and 7 back-bonding characteristics of the Ru-E bond decrease in magnitude
on going down the Group 13 elements (B T1). In the case of boron, the por-

phyrin compounds (Por)Ru-BR show much higher dissociation energies than
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does the carbonyl compound (CO),Ru-BH, and both the porphyrin and car-
bonyl ruthenium compounds exhibit the greatest degree of m back-bonding

contributions for the borylene complexes.
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Abstract

The solid state cluster chemistry of transition metals has been investigated
extensively since the middle of last century, starting with the electron poor
d-elements of the 4" transition metal group, the group of oxomolybdates
and oxoniobates and the electron rich clusters of rhenium sulifdes. Later on,
the rare-earth halogenide cluster compounds were discovered, now known
in a wide range of different compounds [1]. Only very recently a number
of new and very promising intermetalloid clusters like [Pt@Pbyo)>~ [2] or
[Pd@Biyo)*" [3] were found and characterized. Those can be described as
endohedral Zintl ions with a binding situation partially comparable to the
fullerenes [4]. In comparison to this, condensed oxidic cluster compounds
of the main group metals (with the exception of the alkali metal subox-

ides), are not known. Our research group succeeded to synthesize the first
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compound in this series, RusSn;5014, containing condensed Sng-octahedra
in mixed transition metal-main group metal clusters [5]. Subsequently, a
number of new Sn, In and Bi compounds were found, where the metal
frameworks are build up of Sng-, Ing- and Big-octahedra. In the case of
the Sn clusters no other coordination spheres could be found so far. First
results have been obtained in the systems M/Sn/O (M = Ru [5], Os [6], Ir
17, 8]), Ru/M/Sn/O (M=Si [9], Al [9], Mn, Fe, Co, Zn, Mg), Fe/Si/Sn/O
[10] and Ir/M/Sn/O (M = Fe, Ru) [11]. The central and most striking
structural feature of all these stannates are the Sng-octahedra, which are
filled with the different transition metals. In contrast to the Bi- and In-
compounds, where the Big- and Ing-octahedra are isolated from each other,
the tin cluster compounds are condensed via common corners and edges
of the [MSng|-octahedra forming one-dimensional endless chains. With the
decrease of the transition metal to tin ratio the coordination state of the
condensation of the [MSng]-octahedra increases systematically from com-
pound to compound. The compounds which are not showing the condensa-
tion of the [MSng|-octahedra are [RuSng|(Sii/404)2, [RuSng|(Aly/304)2 (Fig.
1), RuSng[(Al;/3-4Si35/4)O4l2, as the mixed crystal of the ternary Si and
Al compounds and the recently discovered [RuSng|(MOy4) (M =Mn, Fe, Co,
Zn, Mg) [12], respectively. Here, the isolated [MSn6]-octahedra are only
linked together by oxygen atoms and (MOy)-tetrahedra. An identical or
very similar situation can be found in the quaternary and pentanary Pt-
In oxides and fluorides [PtIng](GaOy)s, [PtIng](MO4)(GeOy4) (M = Mg, Zn,
Fe), PtIn;Fi3, PtslngsFy and Ptolng4GazOgFi5 which have been discovered
recently by Kohler et al. [13].

The condensation of the [MSng]-octahedra has been observed for the

first time in the compounds M3Sn;5014 (M = Ru, Os) [5, 6]. Both com-
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Fig. 1: left: Crystal structure of Ru3zSni5014; right:  Crystal structure of
[RuSng] (A11/3O4)2

pounds are characterized by corner-linked [MSng|-octahedra forming endless
one-dimensional triple chains (Fig. 1). With IrjpSnys044 (Fig. 2) a third
compound has been obtained showing the formation of, in this case, end-
less fivefold chains formed by corner-linked [IrSng]-octahedra. In all three
cases the chains are formed by two outer octahedra and one (M3Sn;5014) or
three (Ir;pSnys0y44) inner octahedra. The outer octahedra are formed by four
terminal and two linking tin atoms leading to a composition of [MSn,Sny/s]
for these octahedra. According to bond length/bond strength considera-
tions the terminal tin atoms can be considered as Sn?*, whereas the linking
tin atoms can be estimated as Sn!T. The inner octahedra are formed by
two terminal tin atoms and four linking tin atoms leading to the compo-
sition of [MSn28n4/2]. The amount of oxygen atoms can be obtained from
the amount of oxygen atoms, which are connected to the different octa-
hedra. The outer octahedra contain five O-atoms, while the inner octa-
hedra have four O-atoms. In addition, these structures are filled up with
one further Sn-atom, which does not belong to the assembly of the chains.
From this, the deducible general formula for all compounds can be derived
as [MSnsSnys],[MSnaSny o), Sn. Osepay. While x can only adopt the values
of 0 and 2, the number of the inner octahedra (y) is freely selectable. The
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amount of the further tin atoms is a result of the difference of all charges:

2-bzx+4y)r-m+y-n
2

z =

The charge of the [MSng|-octahedra depends on the transition metal placed
in the octahedra and will be obtained according to the 18-valence elec-
tron rule. In case of RusSn;50q4 and Ir;pSnys044 the charges of the Ru
and Ir atoms centering the peripheral octahedra are +1 and +2, respec-
tively, whereas the charges for the metals centering the central octahedra
are Ru’ and Ir'", respectively. Therewith one gets one further Sn?* atom
per strand for RusSn;5014 but only 0.5 Sn?* per strand for Ir;pSnysOuq:
[Ru'(Sn?")4(Sn'*)e 0)a[Ru’ (Sn®+)s(Sn' ™) a/s]1 (Sn?*)1 050444 and ([Ir*F(Sn?*),-

(Sn')ga)o[Irt(Sn®*)o (Sn' )4 2]3(Sn*T ) 505.2+4.3)-2.

v

d

e

A

P
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Fig. 2: left: Crystal structure of IrpSngsO44; right: Crystal structure of (RuaIry)SnjgO1s

The proposed valence states Sn?* and Sn'* can be supported by '?Sn-
Mossbauer investigations, which show significantly different signals for the
two types of tin atoms. Following this general principle we could postulate
a compound containing two inner octahedra and two outer octahedra form-
ing a four-fold chain of corner linked [MSngl-octahedra. And indeed, with

(RuzlIrg)Sni90qs (Fig. 2) such a compound has been experimentally found
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quite recently. An equivalent compound containing only the two outer octa-
hedra (two-fold chain) has not yet been found. A compound, which contains
only inner octahedra of type [MSnySny/s|, should have a two-dimensional
endless layer of corner-linked [MSng]-octahedra with the formular MSn,O,.
The first example for this composition is IrSnyO4_,, but the arrangement of
the [IrSnySny s]-octahedra is not two-dimensional like expected, it is three-
dimensional. Higher coordination states are only possible, if an edge- or
side-linkage is allowed. The first example of a partly side-linkage is Ir3SngOy,.
This compound can be described as a variation of IrSnyO4_, with additional
Ir atoms present. At the same time, only half of the amount of the oxygen
atoms of IrSnyO,_, are existent: Ir,SngOg + Ir = Tr3SngOy (Fig. 3). The
original Sn matrix remains, but the structure is slightly distorted (tI = ol)
and a superstructure seems to be formed. X-ray single crystal investigations
as well as HRTEM investigations have shown, that a pseudo-orthorhombic
superstructure cell with 2a, x 4bg X 2¢g is formed and in order to that
a distortion of the octahedral chains results. This leads to alternating Ir-

Ir-interactions inside the chains, which could be proven by %3 Ir-Méssbauer

spectroscopy.

Fig. 3: Crystal structure of Ir3SngO4

But latest low temperature X-ray investigations at 100 K and 150 K have

shown the formation of a monoclinic substructure, which could be solved
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and refined easily. The additional superstructure reflexes turned out to be
satellite reflexes with a modulation vector H = ha* 4+ kb* + lc* + m(8b*
+ 1/2¢*) (6 = 0.239, m = £+ 1). The successful refinement of the crys-
tal structure with comprehension of all satellite reflexes was carried out in
the (3+1)-dimensional superspace group C2/m(051/2)00 as incommensu-
rable modulated structure. The modulation affects all atoms in the unit cell.
The strongest modulation could be observed for the Ir atoms, which center
the edge-linked octahedra (Fig. 4). The reason therefore is obviously electron

excess, which is compensated by the Ir-Ir-interactions inside the chain.

[ ey

d(Ir-Ir) N
-

0 0.5 1

Fig. 4: Variation of the Ir-Ir and Ir-Sn distances in Ir3SngOy4

The %Ir-Mossbauer spectra have clearly shown the presence of three
different coordinated Ir atoms. The Ir atom with the lowest quadrupole
split is related to the perpendicular to the chains arranged IrSng-octahedra.
Comparable investigations of other Ir-Sn-O compounds confirm this. Because

of the identical Sn-environment of the other Ir atoms, the higher quadrupole
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split has to be caused by the Ir-Ir-interactions. The study of the two different
quadrupole splits correlates with the formation of four-fold blocs inside the
octahedral chains. Thus leads to the formation of a four center-one electron
bond, with modulated bond distances. The condensation of the [MSng]-
octahedra results in third type of Sn-atoms in these cluster compounds, which
possesses a trigonal-planar coordination of iridium atoms and therefore a very
low coordination number for Sn. The formal valence state is assumed to be
Sn0. The very unusual oxidation states of Sn'* and Sn° could not be observed
in oxides up to now. Only in case of SrSnP [14] an Snl+ has been discussed
according to the Zintl-Klemm-concept: Sr?>*Sn'*P3~. But band structure
calculations and ELF-calculations show evidence to suggest, that it should

be expected that it is in fact Sn?* [15].
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So far, gas phase chemical investigation methods are most successful
for the characterization of chemical properties of transactinides. All pri-
mary chemical investigations of new transactinide elements (elements 104-
108) were performed using gas phase chemistry (see for review [1]). The
recent discovery of long-lived isotopes of the heavier transactinides 112 and
114 (see for review [2]) opened up way to their chemical investigation. Re-
cently, gas phase chemical methods are used again to investigate these new
elements [3, 4, 5]. For these challenging experimental investigations ther-
modynamic data evaluation is of exceptional importance for two reasons:

1.) the formulation of expectations for the behavior of the transactinide
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elements is essentially during the design phase of the experimental setups;
2.) the evaluation of thermodynamic data from the experimental results al-
lows for assessment of the chemical character of the adsorbing species. A
comparison with the predictions formulated in 1.) supports the interpreta-
tion of the experimental results. Direct results obtained in experiments with
transactinides represent always properties of single atomic species. Those
results are dependent on the experimental parameters used. In gas phase
chemical studies these primary results are a) the deposition temperature of a
species on a defined surface or b) the retention time of a species on a surface
kept isothermally, represented by the amount of decay or by the experimen-
tal duration for short-lived and long-lived species, respectively. Two linear
gas chromatography models are used for the transformation of these single
atomic properties into standard adsorption enthalpies at zero surface cover-
age being comparable independently of the experimental parameters or the
setup chosen for their determination. These models are the thermodynamic
equilibrium model of mobile adsorption [6] and the microscopic kinetic Monte
Carlo model [7]. Meanwhile, at least due to the rapid grow of computational
power the Monte-Carlo method is used more or less exclusively for these
calculations. It allows for the exact simulation of the real temperature dis-
tributions in the chromatographic setups and reproduces the entire shape of
a deposition pattern by far better than the mobile adsorption model. Hence,
also kinetic adsorption effects (sticking probabilities) leading to tailings of
chromatographic depositions can be assessed. The standard adsorption en-
thalpies represent the energy changes, while a molar amount of the chemical
species is transferred from its gaseous state into the adsorbed state at zero
surface coverage without changing its chemical composition. The amount of

the adsorption enthalpy may give hints regarding the nature of the adsorp-
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tive bond. So far, for transactinide atomic and molecular species three types
of adsorption bonds have been observed: 1.) a coordinative bond observed
e.g. for the adsorption of halides/oxyhalides (group 4-7 of the periodic table)
on chlorinated fused silica surfaces or oxides/oxyhydroxides (groups 6-8) on
fused silica surfaces, 2.) a weak physisorption bond (groups 8, 12, 14, 18)
on metals or fused silica, and 3.) a metal bond for the adsorption of met-
als on metal surfaces (groups 12-16). The resulting adsorption enthalpies
are compared with data obtained using various prediction models. Here, we
emphasis classical empirical correlation methods, since other powerful meth-
ods, such as density functional approaches are discussed in different other

contributions at this workshop.

1 Coordinative adsorption bond.

If the gas phase species (molecule) has coordination vacancies during the
adsorption process these vacancies are used to form coordinative adsorption
bonds. It can be assumed that the silica surface is modified by the excess
of reactive gas admixed to the carrier gas. The molecules approaching the
surface form the coordinative bond to the reactive gas molecules on the sur-
face. Hence, a coordination of the central metal atom of the molecule may be
created similar to its coordination in the pure solid state phase of the species.
The existence of an empirical correlation of the adsorption enthalpies with
the sublimation enthalpies (see e.g. Fig. 1) suggests such a similarity of the
adsorption and desublimation processes.

Similar empirical correlations were successfully applied for the assessment

of collective properties of the heaviest elements and also for the prediction of

their adsorption behavior in fused silica columns prior to the experiments:
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Fig. 1: Correlation of the molecular property adsorption enthalpy AH?,  with the prop-

erty of the macroscopic solid phase sublimation enthalpy AH? , | for chlorides and

oxychlorides in Cly, HCI1, CCly (Os).

for elements (with Hy, (H20))
—~AHY, = (-9.1+£11.5) + (0.8 4+0.1)- AH?,,  []
for chlorides and oxychlorides (with Cly, SOCl,, HCI, (Oy))
—AHY = (21.5 £5.2) + (0.600 + 0.025) - AH?,,  [§]
and for oxides and oxyhydroxides (with 02, (H20))
—AH?, = (6.27 £ 7.78) + (0.680 £ 0.028) - AHY ., [9]

This type of correlations still represents the only link available between

microscopic properties of ”"carrier free” amounts of d-element compounds
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and properties of macroscopic amounts. These correlations offer direct ac-
cess to the enthalpy of sublimation from the experimental result. AH? ), is
considered as the measure for the volatility of a species. It represents the
energy equivalent needed to transform a molar amount of the species from
its solid state into its gaseous state. The use of vapor pressure, for exam-
ple, suffers from uncertainties in its entropic part, strongly dependent on
the molecular structure change during the transformation of the solid phase
into the gaseous state. Hence, no correlation is observed between the vapor
pressure and the adsorption enthalpy. However, speaking about volatilities
as a result of adsorption chromatography experiments one has always to as-
sure the validity of correlations shown above. The deduced volatility of a
species allows further for estimation of more basic thermochemical data for
the chemical species. One impressive example is the observed correlation
between the standard formation enthalpies of gaseous and solid oxychlorides
and oxyhydroxides (see Figure 2).

With just the volatility (sublimation enthalpy) it is possible to estimate
basic thermodynamic data for the solid and the gaseous state. So far, this
is the only example where the solid state property of a transactinide species
can be derived.

b7AH211bl

_AHggs(S) =a- (_AHggs(g)) +b— AHggs(%) E——
AHy(s) = “Spon=?

1—a

a=144940.034,b = —182.9 £ 24.9

2 Physisorptive adsorption

In case of inert gases the interaction between an atom A and the surface B
depends mainly on the polarizability and size of the atoms A. Here, the sim-

plest approach is the well known formula for the calculation of the dispersion
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Fig. 2: Correlation of the standard formation enthalpies of oxychlorides and oxyhydrox-

ides in their gaseous (AH9y4(g)) and solid state (AH3gg(s))

binding energy (EDB) in the physisorptive case.

EDB:—g- Ea'EB ) (0%
Er+Eg 8- 1‘2
Eq/p ... effective excitation energy — E4,p = 1.57-1P 4,p; ¢ = 1 for metals;
« ... polarizability of the adsorbate; IP 4,p ... ionisation potentials;
re ... distance between the adsorbate to the substrate;

However, a comparison with experimental data yielded insufficient results not even
describing the trend in the interaction e.g. of radon with various metals [10]. The main
uncertainties rise from the unknown distances between the adsorbate atoms and the surface

re (third power, see above).
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Another approach was suggested by Miedema and Nieuwenhuys [11]. They describe
the adsorption interaction of noble gases with metals in the form of energy of adhesion.
Several data are required for the metal: the electron density at the Wigner-Seitz cell
boundaries, the surface energies at 0K, and the atomic volume of the pure metals. So
far, the electron density at the Wigner-Seitz cell boundaries is calculated by summation
of electron densities of each electron orbital of the single atoms at a distance of a Wigner-
Seitz radius from the nucleus. This is a very rough approach. A more exact method would
be a calculation of the quantities such as the electron density at the Wigner-Seitz cell
boundaries or the atomic volumina using ab-initio calculation methods assuming metal
lattices with high coordination numbers (12) for all transactinide elements.

Moreover, in addition to the good agreement of the results of this approach with
experimental results, correlations between the adsorption enthalpies of the inert gases
Ne, Ar, and Kr on metals and the adsorption enthalpies of xenon on these metals were
observed.

AH,as(Z, M) = C(Z, Xe) - AHpqs(Xe, M)

Using empirical correlations for example between the C(Z,Xe) and the polarizabilities or
the ionization potentials corresponding proportionality constants C(Z,Xe) for Rn and the
hypothetical noble gas like elements 112 and 114 were derived [10]. Hence, simply from
the adsorption enthalpy of Xe on the metal surface of interest one can predict the amount
of adsorption interaction for other inert gases or inert gas like elements. Fig. 3 depicts

the comparison between experimental and calculated data for radon adsorption.

3 Metal-Metal interaction

Already in the 1970s it was suggested that the investigation of the adsorption properties of
transactinide s- and p-elements of the groups 12-16 in the periodic table on metal surfaces
may reveal their metallic character [12]. Nowadays, with the observation of long-lived
isotopes of the elements 112 and 114 this suggestion is turned into experimental practice.

An exceptionally useful quantification of metal-metal interactions is provided by a
model suggested by Miedema [13, 14]. This macroscopic semiempirical description of the
thermodynamics of intermetallic alloys reproduces very well experimental results obtained
for hundreds of metallic binary liquid and solid systems. Later on an extension of the

Miedema model for the description of adsorption interactions was made [15]. Here the
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Fig. 3: Comparison beween the experimental results for the adsorption of Rn on various

metals and calculated data.

adsorption enthalpy of a metal A on a metal B is described by two terms: 1) the trans-
formation of the gas phase species A into a solid solution with B at infinite dilution and
2) the subsequent segregation of A to the surface of B. Hence the adsorption enthalpy
can be derived by a Born-Haber cycle as a linear combination of the differential partial

enthalpy of solid solution (AHg1), the enthalpy of segregation (AHgegr), and the enthalpy
of desublimation (—AH?, ).:

AI_:[ads = *AHsubl + AI_Isol + AH:scgr

Again parameters of the pure metals are needed for the calculation of 7Hsol: the atomic
volume, the electron density at the Wigner-Seitz cell boundaries in their pure metallic
state, the atomic volumes, the enthalpies of surface and volume vacancy formation of the
surface metal, and the sublimation enthalpy. So far, most of these data were predicted by
empirical correlation methods [12, 16, 17].

Recently, a new empirical correlation of the adsorption enthalpies of a variety of el-

ements beginning from metals like lead and bismuth up to noble gases on gold surfaces
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with their sublimation enthalpies was established to serve both, for the evaluation of ther-
modynamic data from experimental results as well as for the formulation of expectations
from predicted thermodynamic data for the heaviest elements [18].

The results of these calculations for the new transactinide p-elements enforce the
experimentalists to think about the design of new gas phase chemical setups in order
to study less volatile atomic species as well as extremely volatile elements. So far, the
limitations of the on-line thermochromatographic investigation setups are given by the
operational temperature range specified for the solid state silicon based detectors (50°C -
—200°C). Moreover, contaminations covering the metal surface at the lowest temperatures
(e.g. ice) as well as oxidation processes of the stationary chromatographic metal surface at
higher temperatures severely interfere the adsorption information or render strong limita-
tions regarding the selection of the proper chromatographic stationary material [5, 10, 19].
Most of these contaminations originate from the chromatographic carrier gas. Therefore,
preparations are made to investigate the adsorption of single atomic species under vac-
uum conditions. It is expected that adsorption processes under vacuum conditions can
be studied in a wide temperature range from 600°C down to —200°C without surface con-
taminations. The first design plans of such experimental setups will be presented as well
as appearing requirements for new thermodynamic data, such as release enthalpies and

diffusion coefficients.
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Abstract

The reaction of carbon monoxide has been investigated on the surfaces of UO2(111) single
crystal and thin film. Over the stoichiometric surfaces CO is very weakly adsorbed with
no further reaction noticed. Over UO5_,, CO molecules adsorb and in presence of traces
of H2 they couple to make acetylene molecules that desorb in two temperature domains
during TPD. In the presence of excess Hs the coupling product is seen to be ethylene. High
Resolution X-ray Photoelectron Spectroscopy (HRXPS) of the core level of the oxygen-
defected surface shows the presence of U4f lines attributed to multiple oxidation states.
The lines attributed to U** (x < 4) decrease upon CO adsorption; indicating oxidation by
O atoms from dissociatively adsorbed CO molecules. XPS Cls lines shows the presence of
adsorbed species tentatively assigned to enolate species that are most likely the reaction

intermediate in the coupling of two CO molecules to acetylene.
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1 Introduction

The surface chemistry of the uranium oxide system is very rich. The fact that uranium ions
can accommodate several coordination numbers and several oxidation states makes them
active for oxidation/reduction reactions. CO reactions, over oxide surfaces, have been
studied in details for long years. The most common chemical reaction studied for CO is
its oxidation to COs2, in that regard UsQOg is a very active catalytic material, far superior
to most early transition metal oxides[1, 2]. Far less work has been done for the reduction
(including coupling) of CO on oxides. Although no surface science work has addressed
the coupling of CO molecules to higher hydrocarbons yet, examples of coupling of CO in
coordination chemistry are common. On U complexes coupling of two molecules of CO to
enolates has been reported a while ago[3]. Other metals, such as V, Mo and WI4], are also
active for this reaction. In this work we show that one can selectively make CoHy from CO
and Hy over the surface of UOy_, (111) single crystal. The oxidation/reduction of UOg_,
was followed by the U and O core levels while the reaction products were monitored by

TPD.

2 Experimental

TPD experiments was conducted in an Ultra High Vacuum (pressure ~ 1x10710 torr)
stainless steel chamber equipped with several surface science techniques, as described
elsewhere, at the University of Auckland [5]. HRXPS is conducted at Ul2a beamline at
the National synchrotron Light Source of Brookhaven National Laboratory. The UO5(111)
single crystal surface was prepared prior to all experimentation with several cycles of
annealing to 800K and Ar* sputtering, and further confirmed for stoichiometry (or near
stoichiometry) using XPS and Low Energy Electron Diffraction (LEED) with a sharp
hexagonal structure (figure 1). The UO; thin film was cleaned using a similar method but
with annealing temperatures not exceeding 600 K to maintain the integrity of the thin
film. The defected surfaces (UOz_,) is obtained with extended periods of Ar™ sputtering
and analysed by XPS.
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O 15t layer
(3-fold CN)

O 3 Jayer
(4-fold CN)

U 20 jayer
(7-fold CN)

Fig. 1: Ball model of the UO5(111) surface showing the hexagonal arrangement of U and
O atoms and lattice parameters; red balls U atoms, yellow balls O atoms (A: top
view, B: side view) C: LEED of the UO4(111) surface showing the extended order
(131 ev)

3 Results

3.1 Temperature Programmed Desorption of CO

Figure 2 shows TPD following CO adsorption (9 L exposure; 1 L = 107% torr s) at 300
K over a UOg_, surface (x is estimated from XPS Ols/U4f lines to be equal to 0.3).
The striking result is the formation of acetylene that is due to coupling of two molecules
of CO and their association with the inevitable traces of Hy in the background of the
chamber (as well as during sputtering). In addition, considerable amounts of COy are
formed. Repeating the CO-TPD experiments after different sputtering time shows that
the amount of CO4 increases with increasing reduction, while the yield for CoHs remains
constant (within few %), figure 3. This result may indicate an additional route for CO
reaction (beside the coupling to acetylene) on defected surfaces; Boudouard reaction (2

CO (a) — CO2 (g) + C(a); (a) for adsorbed, (g) for gas) is a likely pathway.



162 H. ldriss and coworkers

C,H, x10

ey

O
6 * \
.l‘ H.", )
. wh‘ Yo, Souy
C2H4 eadi@¥unags ey god” **rcnn whenm
o~
RV
CO, x1/2 ;‘ “" %
J
sestoagpece
S ST -d-‘.‘cﬁ‘.".
co o S
Mo‘
H,0 o
N peehamatipam sttty
H,
JmaAtr e "o ol ssligt o” T
0,
Ww'\ﬂ'% M‘

250 350 450 550 650 750 850
Temperature / K

Intensity / Arbitrary Units

T

Fig. 2: TPD following CO adsorptions on UOy_, (z =~ 0.3). Note the small desorption
of H,O and the absence of COy desorption.

3.2 XPS after CO adsorption at 300 K

Figure 4 shows HRXP spectra of the U4f region before and after exposure to CO at 300
K. Spectrum a is that of the freshly sputtered surface before adsorption. In addition to
the U4f; /5 and Ud; /5 lines at 380 and 391 eV, respectively and attributed to U*t, a clear
line at 377 eV is seen. This latter line is a complex region containing several oxidation
states of U atoms including U metal. Upon adsorption of CO the intensity of these lines
decrease and almost disappear at surface saturation. Figure 5 shows the corresponding
HRXPS Cl1s lines A main feature at a binding energy of 286.5 eV is seen. Parallel study
of ethylene glycol (EG), HOCH,CH2OH, adsorption on the surface of stoichiometric UO4
thin film reveals lines very similar to those in figure 5. Since EG is most likely dissociatively
adsorbed on the surface its Cls line position should be very close the endiolate species

presented at the top of figure 5.
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Fig. 3: CO-TPD yield from UO5/UO,_, surface as a function of extent of reduction. At

zero sputtering time no reaction is taking place.

4 Discussion

The formation of CoHy from CO can be represented by several chemical equation the most

realistic of them are the following two:

4CO 4+ Hy — CoHy + 2C0O, AG = —29kJ - mol ™! (30)

2CO + 3Hy — CoHs 4 2H,0 AG = +28kJ - mol ™! (31)

Clearly AG favours equation 30. In addition, considerable amount of COs is seen
during TPD while only traces of HoO desorbed. It is however not clear if all COg is
formed from CO coupling, some might be due to CO oxidation with loosely bonded lattice
O atoms formed upon sputtering. CO can also be formed from CO following Boudouard
reaction and this may explain the increase of CO4 yield with increasing sputtering time
(increasing the amount of U metals on the surface) as seen in figure 3. Acetylene synthesis
is most likely via a pinacol route (coupling reaction as seen in organometallic U and Th

compounds|[3].
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5 CONCLUSIONS

The rich chemistry of uranium oxide system can serve as a model for studying chemical
reactions in general and coupling reactions in particular. The work shows that while
stoichiometric UO2(111) single crystal is inactive for CO coupling, the oxygen defected

one is active for the coupling of CO molecules to acetylene and ethylene.
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Solid-state cross-polarisation magic-angle spinning (CP-MAS) NMR spectra have been
recorded for the compounds [Ag(NHj3)2]2S04, [Ag(NH;z)2]25¢04 and [Ag(NH;3)2]NOs3, all
of which contain the linear or nearly linear two-coordinate [Ag(NHs)o]T ion[1]. The 19°Ag
CP-MAS NMR spectra show centrebands and associated spinning sideband manifolds
typical for systems with moderately large shielding anisotropy, and splitting due to indirect
1J(199 Ag-14N) spin-spin coupling (Fig. 1).

Spinning sideband analysis has been used to determine the 19 Ag shielding anisotropy
and asymmetry parameters .s and . from these spectra, yielding anisotropies in the range
1500-1600 ppm, and asymmetry parameters in the range 0 - 0.3. One-bond (Ag, °N) cou-
pling constants are found to have magnitudes in the range 60 65 Hz. Density functional

calculations of the Ag shielding tensor for model systems yield results that are in good
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Fig. 1: 199Ag CP-MASN NMR spectrum of [Ag(NH3)2]2SeOy, obtained at 13.97 MHz
and with spinning at 4 kHz. The centreband is indicated by -

agreement with the experimentally determined shielding parameters, and suggest that in
the solid compounds do and 7 are reduced and increased respectively from the values cal-
culated for the free [Ag(NHz)2]™ ion (1920 ppm and 0 respectively), primarily as a result of
cation-cation interactions for which there is evidence from the presence of metal-over-metal
stacks of [Ag(NHj3)2]™ ions in the solid-state structures of these compounds. The triben-
zylphosphine (PBzg) complexes of mercury(Il), [Hg(PBzs)2](BF4)2, [Hg(PBz3)2(NO3)s]
and [HgX(NO3)(PBz3)] (X=Cl, Br, I and SCN), have been synthesised and their structures
characterized by single-crystal X-ray crystallography and CP-MAS NMR spectroscopy.[2]
[Hg(PBz3)2](BF4)2 contains [Hg(PBz3)2]*" cations with linear P-Hg-P coordination, the
first example of a truly two-coordinate [Hg(PR3)2]*" complex (Fig. 2).

The mercury coordination in [Hg(PBz3)2(NO3)s] can be described as distorted tetra-
hedral, with a significant deviation of the P-Hg-P angle from linearity as a result of coor-

dination of the nitrate groups. Nitrate coordination is also observed in [HgX(NO3)(PBz3)]
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Fig. 2: The [Hg(PBz3)2]** cation in [Hg(PBz3)2](BF4)2 (ellipsoids are drawn at the 50%

probability level).

(X = CI, Br, I), resulting in significantly non-linear P-Hg-X coordination. The thiocyanate
complex is a centrosymmetric thiocyanate-bridged dimer with distorted trigonalpyramidal
mercury coordination to the P atom of PBz3, to the S and N atoms of two bridging thio-
cyanate groups, and to the O atom of one nitrate group. For all the nitrato complexes,
secondary mercury-nitrate interactions (Hg-O 2.7 3.1 A) effectively raise the coordination
number of the Hg(II) centres to six. High-resolution 3!P solid-state CPMAS NMR spectra
of the six tribenzylphosphine mercury(I)-complexes have been recorded. The spectra of
[Hg(PBz3)2](BF4)2 and [HgX(NO3)(PBz3)] (X = Cl, Br, I and SCN) exhibit a single line,
due to species that contain non-magnetic isotopes of mercury, and satellite lines, due to
1J(31P-199Hg) coupling (Fig. 3).

The asymmetric unit of [Hg(PBz3)2(INO3)s] contains two molecules with four phospho-
rus environments, resulting in two AB spectra with 2J(3!P-31P) coupling, due to species
that contain non-magnetic isotopes of mercury, and satellite lines consisting of two ABX
spectra, due to LJ(3'P-199Hg) coupling (Fig. 4).

These spectra have been analysed to yield all of the chemical shifts and coupling con-
tants involved. A remarkable increase in 1J(*1P-199Hg) is observed from [Hg(PBz3)2](BF4)2

to [Hg(PBz3)2(NO3)2] as a consequence of the incorporation of the nitrate group into the
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Fig. 3: 3'P CP-MAS NMR of [Hg(PBz3)2](BF4)a, at a rotor spinning rate of 6 kHz. Spin-

ning sidebands are marked with asterisks. | = peaks assigned as 2°'Hg satellites.

Hg coordination sphere in the latter case. Several of the spectra also exhibit broader satel-
lites due to the presence of scalar spin-spin coupling between 3'P and the quadrupolar
201Hg nucleus (Fig. 3). Slow-spinning methods have been used to analyze the spinning-
sideband intensities of the NMR spectra, in order to obtain the 3!P shielding anisotropy
and asymmetry parameters 6o and 1 The 1%’Hg and 3'P NMR shielding tensors of PMes
models of the above six compounds have been calculated using relativistic density func-
tional theory. The 3'P results are in good agreement with experiment and assist in the

assignment of some of the signals.

Comparison of the results of the silver and mercury studies shows a significant differ-
ence in the effects of intermolecular interactions on the NMR parameters. In the case of
the silver(I) compounds, the major effects result from an interaction between the cationic

silver complexes. In the case of the mercury(II) compounds, the major effects result from
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ppm

Fig. 4: Simulated (upper) and experimental (lower) 3!P CP-MAS NMR of
[Hg(PBz3)2(NOs3)2], at a rotor spinning rate of 6 kHz.

cation-anion interactions.
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Benzene is the archetypical aromatic compound. It is a cyclic, planar molecule with a
delocalised m-bonding system that obeys Hiickel’s (4n+2) rule. The characteristic physical
properties that have come to be associated with aromaticity are displayed by benzene.
These include high thermodynamic stability, bond length equalization around the ring,

and the effects of ring current effects on 1H NMR chemical shifts.

Stable, aromatic, heterocyclic analogues of benzene in which one of the CH groups
is formally replaced by a main group element such as N (to give pyridine), P (to give
phosphabenzene), RSi (to give silabenzenes) are also well known. Recently it has been
shown that the formal replacement of a CH group in benzene by a transition metal and
its ancillary ligands is also possible and the resulting metallabenzenes form a fascinating

new class of metallacyclic compounds.

The first metallabenzene was synthesised by W. R. Roper et al. in 1982 in a reaction
that involved metal mediated cyclo-addition reactions of acetylene to the metalC bond
of the CS ligand in Os(CO)(CS)(PPhg)s. Subsequently a small number of other stable
metallabenzenes have been synthesised and studied by other researchers. Key steps in the
synthetic routes to these metallabenzenes are ring closure of a pentadienyl ligand by CH
bond activation, rearrangement of a 3-vinyl-1-cyclopropene ligand, oxidation of a bicyclic

iridacyclohexadiene, and [2+2+1] cyclo-trimerization of alkynes (see Figure 1).
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1 Synthesis and study of an osmabenzofuran

In the synthesis of the first osmabenzene described above, it is possible that the re-
action proceeds via the formation of an osmacyclobutene complex through addition of
the first acetylene to the OsC bond of the CS ligand in Os(CO)(CS)(PPhs)s. Indeed,
some support for this possibility comes from the reaction of diphenyl acetylene with
Os(CO)(CS)(PPhs)s. This reaction produces a mixture of two products in equal amounts,
one containing an osmacyclobutene ring system that is formed through combination of

acetylene with coordinated CS (complex 1), and the other containing a coordinated dipheny-
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Os(CO)(CS)(PPhs)3
+
PhC=CPh
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Fig. 2:

lacetylene and an unchanged CS ligand (complex 2, (see Figure 2). A redistribution of
CO ligands occurs during this reaction and the coordinatively saturated osmacyclobutene-
containing product contains two coordinated CO ligands whereas the other product con-
tains none.

The diphenylacetylene-containing complex, Os(CPh=CPh)(CS)(PPhs)2 (2), which is
potentially coordinatively unsaturated, appeared to be a good candidate for conversion to
a new osmabenzene through addition of a suitable acetylene, since cyclo-addition/insertion
reactions involving two coordinated acetylenes and CS could lead directly to the required

six-membered, metallacyclic ring system.

PhsP.

‘y,

PhsP”

@) @)
Fig. 3:

It was found that treatment of Os(CPh=CPh)(CS)(PPhs)2 with methyl propiolate
(HC=CC(O)OCHj3) does indeed produce a new osmabenzene. Surprisingly, though, the
CS ligand is not incorporated into the six-membered metallacyclic ring. Instead, two
methyl popriolate molecules combine with the coordinated diphenyl acetylene in a [24+2+1]
cyclo-trimerisation reaction to form the complex, Os[C7H20(OMe-2)(CO2Me-4)(Ph-6)(Ph-
7)](CS)(PPhs)a (3). The methyl propiolate molecule that contributes only one acetylenic
carbon atom to the six-membered metallacyclic ring forms an additional bond to osmium
through the carbonyl oxygen atom of the ester function. In this way a fused five- and
six-membered metallacyclic ring system is formed (see Figure 3). The spectroscopic and

structural data lend strong support to a metallabenzofuran formulation for this compound.
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Fig. 4:

The osmabicyclic ring system in 3 is remarkably robust and heating this compound un-
der reflux in ethanol with aqueous HCl effects only a transesterification of the ester function
at the ring 4-position forming, Os[C;HyO(OMe-2)(CO5Et-4)(Ph-6)(Ph-7)](CS)(PPhs)2
(4). Powerful electrophiles, however, attack the ring 3-position and treatment of 3 with
pyridinium tribromide effects bromination at this position in an electrophilic substitution
reaction to form Os[C;HO(OMe-2)(Br-3)(COsMe-4)(Ph-6)(Ph-7)](CS)(PPhs)2 (5) (see
Figure 4).

Treatment of 3 with nonaqueous trifluoroacetic acid results in protonation at carbon
atom 3 and disruption of the delocalised bonding in the five-membered ring. The prod-
uct formed is the cationic, tethered osmabenzene, [OsCsH(CH3CO3Me-1)(CO2Me-2)(Ph-
4)(Ph-5)(CS)(PPh3)2]CF3CO2 (6) (see Figure 5). This osmabenzene cation has been
isolated and fully characterised as the tri-iodide salt, [Os[C5H(CHyCO2Me-1)(CO2Me-
2)(Ph-4)(Ph-5)](CS)(PPhg)2]I3 (7). Spectroscopic parameters of 6 and 7 and structural

studies of 7 are fully consistent with an osmabenzene formulation for this compound.
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1 Introduction

Agostic interactions play an important part in C-H bond organometallic chemistry and
catalysis.[1, 2, 3] Such interactions are usually found to consist of side-donation of C-H
bonding electron density to an electron deficient metal and are generally described as a
three-centre-two electron bonding system.[1, 2] However agostic bonding is defined as ”the
interaction of C-H electron density with an electron-deficient metal”[1] which does not
limit the interaction to the usual side-on mode. Tris(2-hydroxybenzyl)amine ligands[4]
I on protonation at nitrogen and tris(2-hydroxyphenyl)methane ligands[5] II have the
potential to place a hydrogen atom in close proximity to a metal with the N-H or C-H
bond orientated in an ”"end-on” or ”linear” fashion if the tripod coordinates with the
particular hydrogen facing inwards. Where an electron deficient metal is present such as
in a high-valent early transition metal, the hydrogen atom may interact significantly with

an appropriate unfilled metal d orbital.

179



180 A. Nielson and coworkers

Fig. 1:

2 Results and Discussion

When two equivalents of tris(2-hydroxy-3,5-dimethylbenzyl)amine (ligand type I, R=Me)
were added to [Zr(OnBu)4] in CH2Cly a colourless air-stable precipitate was formed. An
X-ray crystal structure of the recrystallised product showed that the Zr atom lies on
a centre of symmetry surrounded by a distorted octahedral arrangement of six similar
phenoxy O atoms (Fig 2). The Zr-O bond lengths [2.066(2), 2.064(2) and 2.049(2) A] are
similar to those found in phenoxide complexes where the O-to-Zr p-donation is spread over
several O-atom donors[6] and the Zr-O-C bond angles [158.0(2), 162.6(2) and 160.3(2)0]
are similar to other complexes of this ligand.[7] The 'H NMR spectrum indicates the
nitrogen atoms in the complex are protonated and the crystal structure shows these on
the inside with the N-bound H atom trapped in a cage-like arrangement at distances of
2.27,2.12 and 2.29 A from atoms O(1), O(2) and O(3) respectively. Such approaches are
indicative of weak H...O hydrogen bonding.[8] The H atom points directly at the Zr atom
[Zr.. . H-N, 174(2)o] at a distance of 2.76(3) A which is not expected to involve significant
interaction of the hydrogen with the metal centre. The Zr...N separation is 3.603(2) A.
The six oxygen atoms carry an overall formal charge of 2 for this part of the molecule and
the nitrogen atoms each contain a charge of +1 so that the complex is di-zwitterionic.
One equivalent of tris(3,5-di-tert-butyl-2-hydroxy)methane (ligand type II, R = CMes)
added to TaCls suspended in CH5Cls, followed by triethylamine, gave a mixture of prod-
ucts. Recrystallisation of the solid over an extended period of time (ca. several weeks)
gave a small quantity of crystals. A single crystal X-ray analysis of one of these showed an

anion (Fig. 3) consisting of a distorted octahedral coordination geometry, with the metal
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Fig. 2:

surrounded by three chloro ligands and three oxygen atoms of the tripodal ligand.

The Ta and one phenoxy ring of the ligand lie in a mirror plane with the other two
"arms” forming a mirrored pair. The three Ta-Cl bond lengths [Tal-Cl(1), Tal-Cl(1)
2.415(1), Tal-C1(2) 2.431(2) A] are all similar as are the Ta-O bond lengths [Tal-O(1)
, Tal-O(1) 1.949(2), Tal-O(2) 1.923(4)]. These are consistent with six anionic ligands
around the tantalum centre resulting in a formal negative charge for the coordination
sphere in a similar manner to a [TaCl;(OAr)3] anion. An amine cation was located as the
counter ion and this lies between the two mirror-related phenoxy rings. Two of the solvent
benzene molecules also lie in the space between the other phenoxy rings.

The bond angles about the linking carbon atom [C(20)] are very distorted [C(2)-
C(20)-C(22) and C(2)-C(20)-C(22) 116.2(3)o, C(2)-C(20)-C(2) 121.0(5)o] and C(20) lies
0.23 A above the plane defined by C(2), C(2) and C(22). In the free ligand the respective
angles about the central sp carbon are 114.1, 114.0 and 114.0° with the carbon atom
lying 0.40(2) A above the plane[5]. In the more constrained alkali metal salts of the
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Fig. 3:

ligand these angles range from 111.6 to 114.0°.[5] The phenyl rings in the anion are twisted
approximately 66° with respect to one another. On the difference map there was evidence
for an H atom attached to C(20) in a position close to its calculated site. It was included
in the refinement at this calculated position [C(20)-H(20) 1.0 A] riding on C(20) and at
a distance of 1.0 A from it. In this position the hydrogen atom is enclosed in a cage
and makes contacts of 2.02, 2.02 and 2.05 A with O(1), O(1) and O(2) distances which
are consistent with weak C-H bond hydrogen bonding[8]. As well, the hydrogen atom
points directly at the tantalum atom [Tal...H(20)-C(20) angle 178.20] at a distance of
2.16 A from it.

Density functional (DFT) calculations were carried out on models of the anion to
examine the electronic features of the uniquely caged C-H hydrogen which is held in a
position where there can be no side-on interaction of the C-H bonding electron density
with the metal, which is typical of an agostic interaction.l1 Models of the anion either
without phenyl group substituents (model 1) or with ortho-t-butyl substituents (model 2)
resulted in structures that were in good agreement with the crystal structure. The counter
ion, which is located between two of the ligand phenyl rings in the X-ray structure, has a

particular influence on the distortion away from a symmetric structure. In the models the
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Fig. 4:

deviation is slight, for example in 2 the three O-Ta-O angles are 93.1, 93.7, 93.7 degrees,
whereas the comparable angles in the crystal structure are 98.1, 95.0, and 95.0 illustrating
that one of the O-Ta-O angles opens up as a result of accommodating the counter-ion.
Other models at the same level of theory involving either a de-protonated [C(20)] neutral
singlet state, neutral triplet state, protonated neutral radical, or analogues of 1 containing
the proton on the outer side of C(20) gave poor agreement, with the phenyl rings twisted

significantly to allow p-delocalisation to occur.

An NBO analysis[9] showed that the C-H bonding orbital for 1 is comprised of 12.1%
C 2s, 50.6% C 2p and 37.3% H 1s (complex 2: 12.3% C 2s, 51.4% C 2p, 0.1% C 3d,
36.2% H 1s) character, whereas the C-H antibonding orbital is 7.2% C 2s, 30.0% C 2p and
62.8% H 1s (7.0% C 2s, 29.2% C 2p, 63.8% H 1s).The NBO analysis gave the stabilisation
energy, Eq, for the interaction between the C-H bonding orbital and the Ta 5dz2 orbital of
10.95 and 15.2 keal/mol respectively for 1 and 2. An average Es of 6.16 and 5.52 kcal/mol
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respectively was found for the interaction involving the C-H bonding orbital and one of
the antibonding C-C orbitals from each of the benzene rings.

The spatial overlap (43%) between the C-H bonding orbital and the Ta 5dz? orbital
for model 1 is depicted in fig. 4. There is a relatively slight (1.99 and 2.20 kcal/mol for 1
and 2 respectively) interaction between the C-H bonding orbital and the partially filled Ta
6s valence orbital and no other significant (i.e. >2.0 kcal/mol) donor interactions from this
orbital. In comparison the average stabilization energy for each chlorine lone pair donor
orbital summed over all of the acceptor Ta valence orbitals is 33.5 and 31.9 kcal/mol for 1
and 2 respectively. The corresponding interaction with the oxygen lone pairs is 57.7 and
56.3 kcal/mol per lone pair. Donation from one lone pair on each oxygen atom to the C-H

s* orbital gives an Eg of 4.21 keal/mol for model 1 and 4.45 keal/mol for model 2.

3 Conclusion

Tris(2-hydroxybenzyl)amine ligands I and tris(2-hydroxyphenyl)methane ligands II are
able to form unique cages about N-H or C-H hydrogen atoms which involve weak hydrogen
bonding to three oxygen atoms and a close approach to a high-valent early transition
metal.[10, 11] The close approach is forced on the hydrogen as coordination of the three
phenoxide oxygen atoms to the metal allows it nowhere to go but into the metal orbital
system. For the Ta complex, theoretical calculations indicate that there is significant
overlap of the C-H bond electron density in a linear sense with an unfilled metal d orbital.
A stabilisation energy of 15.2 kcal/mol is found where the phenoxide ligands contain
ortho-tert-butyl substituents. The present interaction has the characteristics of an agostic
interaction[1] except that it does not involve a bent agostic bond and thus appears to be
an example of a previously unidentified linear agostic interaction involving a three-centre-

two-electron bonding system.
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For the accurate determination of nuclear quadrupole coupling constants, e2qQ , both
the nuclear quadrupole moment @ and the electric field gradient q at a specific atomic
center in the molecule or the solid have to be known. Nuclear quadrupole moments for the
most important isotopes are available to certain accuracy and discussed in a recent paper
by Pyykkd [1]. The most accurate way to determine the nuclear quadrupole moment Q for
a specific isotope is indirectly by high-resolution spectroscopy, i.e. by the measurement
of the nuclear quadrupole coupling constant and precise determination of the electric
field gradient tensor q?? from theory. Accurate nuclear quadrupole coupling constants
are obtained from atomic experiments (electronic or muonic transitions in atoms); from
rotational spectroscopy of small linear molecules or from magnetic resonance or Mdssbauer
spectroscopy. Nuclear quadrupole moments can be obtained experimentally by electron
scattering, inelastic hadron scattering, Coulomb excitation, hyperfine effects in muonic
atoms, hyperfine techniques or from nuclear structure calculations [2], but usually they
are less accurate. Accurate electric field gradients are obtained from relativistic quantum
chemical calculations including electron correlation effects from coupled-cluster or multi-

reference configuration interaction methods. For a recent review see [3].

The most rigorous way of including relativity from the beginning is by use of the
many-electron Dirac-Coulomb-Breit-Hartree-Fock (DCB-HF) approximation. However,
such calculations require rather large computational resources when electron correlation

has to be considered and basis sets are needed describing accurately the wavefunction close
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Fig. 1. Relativistic (Ag), correlation (A, ), and picture change (A;.;) contributions to
the electric field gradient of CuCl, AgCl, and AuCl.

to the nucleus. Scalar relativistic schemes, on the other hand, suffer from the well-known
picture-change error [4, 5]. Such picture change errors can be very large for the heavier
elements as figure 1 shows [5, 6]. An alternative model which avoids this error is by
simulating the nuclear quadrupole moment perturbation via point charges (the PCNQM
model) [7, 8]. This model is quite successful for the precise determination of electric
field gradients in diatomic systems, however, it is too cumbersome to be used routinely
for larger molecules including heavy elements. Here, ideally, four-component relativistic
density functional calculations DFT are specially suited for larger molecules because of
the low computational cost involved compared to the more expensive wave-function based

procedures.

Density functional theory (DFT) is routinely used for nonrelativistic field gradient
calculations in molecules or the solid state. Since the electric field gradient is a typical
core property, it is widely assumed that density functionals perform well. For example, a
comparison between BSLYP and fourth-order Mgller-Plesset perturbation theory for the
2H NQCC of a number of molecules shows only minor differences between both methods

[9]. In general DFT performs extremely well [10, 11] for main group elements. However,
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the situation completely changes for transition-element containing compounds. Commonly
used density functionals are not able to correctly describe the electron density distribution
in CuCl [12]. Here the polarization of the Cu(3d) core by the chlorine atom has to be
described correctly to obtain accurate electric properties such as the dipole moment or the
electric field gradient at copper. For example, the CuCl dipole moment varies considerably
between the different DFT approximations: 4.14 D for HFS, 4.38 D for LDA, 4.30 D for
BLYP, and 4.87 D for B3LYP. For comparison, the Douglas-Kroll (DK) CCSD(T) value is
5.32 D. Slight variations in the molecular charge distribution obviously effect the electric
field gradient at the copper atom, i.e. q(Cu) is 40.67 a.u. for HFS, +0.50 a.u for LDA,
+0.54 a.u. for BLYP, and +0.15 a.u. for B3LYP [12]. The DK-CCSD(T) value is 0.34
a.u. and the experimental value is 0.31(2) a.u. [13]. There is a clear correlation between
the error in the electric field gradient and the dipole moment as figure 2 shows. These
results have been confirmed by Baerends and co-workers, who also obtained large errors in
DFT electric field gradient calculations for copper and silver halides using the zeroth-order

regular approximation (ZORA) to the Dirac equation [14].

Similar results are obtained for a number of other transition element compounds. For
example, for q(Fe) in ferrocene, DFT calculations give 1.36 a.u. for both HFS and LDA,
1.43 a.u. for BLYP, and 1.85 a.u. for B3LYP (1.50 a.u. at the CCSD(T) level) [16].
Problems therefore arise for the accurate determination of the 57Fe NQM [17]. We there-
fore investigated in more detail the density functional approximation for representative
molecules starting from a series of early transition metal compounds, ScX, to late transi-
tion metal compounds, CuX, and finally to main group compounds, GaX, where X=F,
Cl, Br, I, H and Li. We find that common density functionals work well for main group
compounds (GaX), but contain large systematic errors for transition metal compounds
[18]. This leads to unreasonable copper nuclear quadrupole moments obtained from the
complete CuX set, see figure 3. For copper compounds this can be remedied in an ad-
hoc way by adjusting the Hartree-Fock exchange contribution in the exchange part of the
hybrid functional (modified B3LYP). Using this modified B3LYP functional we obtain
reasonable results for the copper electric field gradient in CuF3, a case where the Cu(3d)
core is strongly polarized by the fluorine ligands. Similar problems have recently been
reported for gold compounds [19] and for the uranium electric field gradient in U022+

compounds by Baerends and co-workers [20].
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Fig. 2: The copper and chlorine electric field gradient plotted against the CuCl dipole

moment at various levels of theory. The horizontal line shows the expected exper-
imental field gradients calculated from the nuclear quadrupole coupling constants

by Hoeft et al. [15].

Density functional theory has been widely used for electric field gradient calculations
in solid-state transition element compounds using the Vienna code [21, 22], but the results
are questionable. An interim solution is to change the parameter of the Hartree-Fock
admixture in hybrid functionals such as B3LYP, but this has to be done for each individual
transition element and it is not clear that this scheme works for different compounds of
the same transition metal. A better solution is to introduce long-range corrections as
recently done in Hiraos group [23], but this has to be tested. To conclude, the accurate
determination of electric field gradients from DFT for the d- and f-element containing

compounds remains an open question, which has to be addressed in the near future.
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Fig. 3: Electric field gradient vs. the nuclear quadrupole coupling constant for diatomic

copper compounds.
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