Relativistic effects in gold chemistry. I. Diatomic gold compounds
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Nonrelativistic and relativistic Hartree~-Fock (HF) and configuration interaction (CI)
calculations have been performed in order to analyze the relativistic and correlation effects in
various diatomic gold compounds. It is found that relativistic effects reverse the trend in most
molecular properties down the group (11). The consequences for gold chemistry are described.
Relativistic bond stabilizations or destabilizations are dependent on the electronegativity of the
ligand, showing the largest bond destabilization for AuF (86 kJ/mol at the CI level) and the
largest stabilization for AuLi ( — 174 kJ/mol). Relativistic bond contractions lie between 1.09
(AuH") and 0.16 A (AuF). Relativistic effects of various other properties are discussed. A
number of as yet unmeasured spectroscopic properties, such as bondlengths (7, ), dissociation

energies (D, ), force constants (%, ), and dipole moments (., ), are predicted.

I. INTRODUCTION

A few diatomic gold compounds have been studied the-
oretically in the past,’~® mainly Au, and AuH, primarily to
investigate the effects of relativity on the AuX (X = Au, H)
bond. Other compounds have not been studied extensively.
For instance, the bond distances in the diatomic gold halo-
genides and chalcogenides are unknown. Many problems in
gold chemistry remain unsolved, e.g., the origin of the rela-
tivistic bond stabilization or destabilization (some aspects
are given in Ref. 2), or the reason for the greater stability of
higher oxidation states in inorganic gold compounds in con-
trast to the chemistry of silver or copper. In contrast to inor-
ganic gold chemistry, organo Au(III) compounds of the
type AuR,; (R = alkyl, aryl) are very reactive* (e.g., AuMe,
(Me = CH,) decomposes at — 40 °C®), whereas organo
Au(I) compounds of the type AuR; are more stable.* Or-
gano Au(III) compounds can be stabilized only by intro-
ducing electronegative ligands, e.g., compounds of the form
R,AuX (R = alkyl, aryl; X = halogen) are known to be sta-
ble.* This may be compared to Tl, Pb, and Bi chemistry,
where we find exactly the reverse trend, e.g., TI(I) and
Pb(II) alkyls are unknown®’ and BiF; is one of the most
powerful fluorinating agents.®

It has been known for a long time that chemical and
physical properties of Au compounds are quite different to
those of copper and silver. This is often called the “Au anom-
aly.”® For example, the most common coordination number
of Au(I) is two, whereas Ag(I) and Cu(I) tend to form
complexes with higher coordination numbers.* The oxida-
tion state III is most important only for Au compounds and
even oxidation numbers up to VII have been reported recent-
ly.'® The same differences are found for the chemistry of
mercury compared to cadmium and zinc, e.g., the unique
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stability of the Hg? * ion,® the fact that mercury is a liquid at
room temperature or the strikingly high superconducting
transition temperature of mercury (7, = 4.15K) compared
to cadmium (7T, =0.52 K) or zinc (T, =0.85 K).'":12
What makes the heavy elements so different from their
lighter group members?

Most inorganic textbooks explain the stability of higher
oxidation states in Au compounds by larger 5d contributions
caused from the lanthanide contraction; because of the re-
duced screening of the nucleus by the 4f electrons, the 6s
orbital is contracted.* This contraction leads to the chemical
stability of Au, contributes to its noble character and is made
responsible for the shorter bond distances found in gold
compounds, Fig. 1. However, the lanthanide contraction
cannot explain the expansion of the 54 and (to a lesser ex-
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FIG. 1. Experimental and CI bond distances for various group(11) transi-
tion metal compounds in A. The values are taken from Refs. 14 and 15 and
from Table I. The vertical lines for A 7, (R —~NR) represent the calculated
HF relativistic bond contraction for Au.
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tent) 6p orbitals. It has been known since the beginning of
the seventies,? that the large 6s contraction and stabilization
(inert 6s orbital) is only partially caused by the lanthanide
contraction, a large contribution being due to “direct” rela-
tivistic effects.®!?

The chemically inert character of the 6s electrons was
first discussed by Sidgwick in 19336 and in more detail later
by Nyholm in 1961.'7 Although the foundations of relativis-
tic quantum mechanics were laid in the late twenties by
Dirac, the dominant relativistic contributions to this phe-
nomenon were recognized only about fifty years later® (Fig.
2). Due to relativistic effects, the 6s orbital is strongly con-
tracted (by about 17%), whereas the 5d orbitals slightly
expand. Taking the orbital energies of Au, we get the sche-
matic picture as shown in Fig. 3. We should comment on
some important facts. First, the lanthanide contraction, too,
contributes to the contraction of the 6s orbital.® Second, the
relativistic 6s contraction is rot an indirect effect due to the
orthogonality restriction to the relativistically contracted in-
ner shells as is often proposed, but results from the direct
action of the relativistic perturbation operator on the inner
tail of the valence orbital.'® Third, fine-structure effects are
important for the 54 and 6p shell; the corresponding splitting
(mainly spin—orbit coupling) is about 0.5 eV for the 6p orbi-
tal (Au 2P,,;*P;,,) and 1.5 eV for the 5d orbital (Au
2D, 22 Ds,,)."® Such effects are certainly important for excit-
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FIG. 2. Relativistic and nonrelativistic ionization potentials of gold in eV.
—exp. (Ref. 18); --NR [exp. plus ALz IP from Table VIII (Refs. 19 and
20)]. 6p: Au *P(5d '°6p') — Au* 'S(5d'%); 65: Au 2S(5d '%6s') —~ Au*
1S(5d '%); 5d: Au* 'S(5d ') - Auv’* 2D(54°%).
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FIG. 3. Relativistic effects on Au orbital energies. The HF and DF values
are calculated with programs MCHF (Ref. 19) and MCDF (Ref. 20). fI,,, :
spin—orbit averaged relativistic perturbation operator. H s, : spin-orbit op-
erator (Ref. 21).

ed states of Au compounds and possibly also in CI treat-
ments.

Relativistic SCF calculations for molecules containing
heavy elements are extremely time-consuming. The pseudo-
potential or effective core potential method (PP) is a fast
method that can describe molecular properties almost as ac-
curately as all-electron calculations. Furthermore, relativis-
tic effects can easily be included either in a spin—orbit aver-
aged way (one-component PP) or by including spin—orbit
coupling (two-component PP). Such methods have been re-
viewed several times and have been used with remarkable
success, yielding molecular spectroscopic properties for a
large number of molecules.?” In this paper we use highly
accurate pseudopotentials for gold, constructed by a multi-
electron fit procedure,” which effectively improves the
quality of the pertinent approximations. The procedure is
described in Sec. II1.

In the first paper of this series on relativistic studies in
gold chemistry>* we give the results of HF and CI calcula-
tions on various diatomic gold compounds: AuH™* ’z="),
AuH ('=*), AuH™ (°=*), AuLi (!2*), AuO (*I1,227),
AuF ('=%), AuNa ('27), AuS (’I1,227), AuCl ('=+),
AuBr ('=%), Aul ('27), Au;” (’Z;), Au, ('E;5), and
Au; (). For comparison with silver and copper com-
pounds, we also performed calculations on CuLi ('2%),
CuNa ('=%),AgLi (*2*),AgF ('=*), AgNa ('=%), AgS
(*I1), and AgCl ('2 ). To guarantee results comparable to
those of all-electron self-consistent field (SCF) calculations,
energy adjusted nonrelativistic (NRPP) and spin—orbit
averaged relativistic pseudopotentials (ARPP) have been
used for gold. In addition, correlation is taken into account
at the ARPP level of approximation, using CISD procedures
(configuration interaction with single and double excita-
tions, corrected by size-consistency effects CISD/SC), and
CEPA-1 procedures (coupled electron pair approxima-
tion).

We define the relativistic effect A, for an atomic or
molecular property A P as Ay P = PNR — P® where PNR
is the property derived from a nonrelativistic (NR) calcula-
tion and P?® is the one derived from a relativistic (R) calcu-
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lation. Az P is discussed only at the Hartree-Fock (HF) TABLE I (continued).
level of the theory, because accurate relativistic CI calcula-

tions are very time consuming. It will be shown that the (A fe D ke Ve
important trends in relativistic effects presented in this paper
are in agreement with experimental observations. In addi- Au; NRPP 3.276 103.7 0.191 57
tion, we present nonrelativistic CI calculations for AulLi, ARPP 2.859 1204  0.528 95
AuH, and AvuF. CI 2.728 97.2 0.780 116
CISC 2.706 143.6 0.853 121
CEPA-1 2.697 168.7 0.902 125
Il. RESULTS AND DISCUSSION
. Au, NRPP 2.930 30.6 0.572 99
A. Relativistic bond contractions ARPP 2.624 67.0 1.366 153
. . . . Cl 2.544 80.5 1.627 167
As is well kno"\&;% from pioneering calculations qf Des- CISC 2537 1379 1737 n
claux and Pyykkd,”’ the stable AuX (X = any ligand) CEPA-1 2.540 178.9 1.674 170
bonds are shortened by relativistic effects (while the rela- exp. 2472 222 2.114 191
tively unstable Tl, and TIH* molecules are expanded by Au, NRPP 3.137 46.8 0.232 63
relativistic effects?>>). This explains the bond length behav- ARPP 2.798 76.6  0.600 102
ior of the compounds in the copper group (Fig. 1). The bond g sc ;'23 1?3'2 8‘333 };g
l.engtzl(l5 contraction is related to the valence s-orbit::xl coptracz:; CEPA-1 2,663 1576 0.994 131
tion,*° but may also l?e explained along altematlvc? lines. AuS NRPP 1575 26.3 1124 263
The calculated bond distances are shown together with other ARPP 2.329 78.6 1.815 135
CI 2.268 110.3 2.013 353
CISC 2.270 157.8 2.024 353
. CEPA-1 2.260 186.1 1.983 350
TABLEL (A) Bond distances r, (&), dissociation energies D, (kJ/mol), exp. 250
fc.)rce consta_nlts k, (r.ndyn/' A = N/cm), and harmon.ic vibrational frequen- AuH* NRPP 2.636 6.9 0.055 305
cies v, [cm™'] for diatomic gold compounds. Experimental data from Ref. ARPP 1.549 434 2.665 2124
171». ARPP‘: ARPPs are also used for Br and I: CI and CISC are.the gbb're- Cl 1.499 144.0 3.192 2324
viations for CISD and CISD/SC. (B) Bond dlstanoccs r. (A), dissociation CISC 1.501 166.4 3.157 2312
energies D, (kJ/mol), force constants k, (mdyn/A ), and dipole moments CEPA-1 1.513 176.4 2.824 2187
4. [D] of Cu and Ag diatomics from all-electron SCF calculations and of
AuO and AuS from ARPP/CISC calculations. The term values 7, are giv- AuH NRPP 1.831 92.3 1.260 1461
en in eV. An asterisk indicates the first excited 2 ~ state. ARPP 1.578 152.7 2.510 2061
Cl 1.509 260.1 3.081 2284
CISC 1.504 285.5 3.092 2288
(A) Fe D, k. Ve CEPA-1 1.512 299.5 3.002 2254
AuF NRPP 2.174 1631  1.839 424 exp- 1.524 31 3.139 2305
ARPP 2.010 88.6 2.530 498 AuH™ NRPP 1.931 110.5 0.781 1150
CI 1.980 166.7 2.665 511 ARPP 1.668 109.4 1.580 1636
CISC 1.978 215.5 2.645 509 Cl 1.603 160.5 1.930 1808
CEPA-1 1.991 241.8 2.430 488 CISC 1.602 166.9 1.927 1807
AuO NRPP 2925 56 1622 51 CEPA-1 1.614 191.3 1.770 1731
ARPP 2.012 34.6 2.422 527 AuLi NRPP 2.691 38.8 0.338 291
Cl 1.960 52.5 2.318 516 ARPP 2.381 121.1 0.670 410
CISC 1.953 108.0 2.321 516 Cl1 2.301 237.6 0.778 442
CEPA-1 1.946 146.5 2.153 497 CISC 2.295 254.9 0.798 447
exp. 225 exp. 281 1.90 705
AuCl NRPP 2.541 217.9 1.220 264 AuNa NRPP 2.942 25.5 0.293 155
ARPP 2.333 160.7 1.870 327 ARPP 2.692 92.5 0.551 213
Cl 2.280 176.8 2.124 348 CI 2.643 195.3 0.656 232
CISC 2.274 220.7 2.131 349 CISC 2.638 2111 0.672 235
CEPA-1 2.278 2428 2.064 383 exp. 210
exp. (340)  2.564 383 (B) . D, k, 4.
AuBr NRPP 2.647 202.7 1.182 189
ARPP 2.448 157.2 1.770 231 CuLi 2.491 78.8 0370 —3.057
ARPP* 2.444 154.1 1.723 228 CuNa 2.750 65.1 0.322 — 3.868
CI 2.409 189.3 1.924 241 AgLi 2.617 39.8 0.281 — 1.814
CISC 2.408 224.9 1.910 240 AgF HF 2081 198.8 1.880 8.290
CEPA-1 2.402 225.4 1.770 231 AgNa 2.836 340 0311 —2.645
Aul NRPP 2.824 1914 1016 149 zggl i’:gg zig‘i ?‘gg é g'gig
ARPP 2.616 152.4 1.605 188 g ‘ : : ’
ARPP* 2.616 138.9 1.533 184 AuO 1.946 146.5 2.153 341
CI 2.586 171.8 1.596 188 AuO* I 1.861 s 3.220 2.62 T, = 1340
CISC 2.587 206.2 1.684 193 AuS 2.260 186.1 1.983 2.79
CEPA-1 2.580 208.1 1.604 188 AuS* 2278 .- 1.761 3.83 T, = 1.787
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TABLE II Relativistic effects in diatomic gold compounds. A7, in A,
Ap D, inkJ/mol, Az k, in mdyn/A.

Agr, AxD, Ark,
AuF 0.164 +745 —-0.70
AuO 0.213 —290 —0.80
AuCl 0.208 +57.1 —065
AuBr 0.199 +45.5 —0.59
Aul 0.208 +39.0 - 059
Au; 0.417 ~167 —034
Au, 0.306 — 364 —0.79
Auy 0339 —29.8 037
AuS 0.246 +82 —0.69
AuH* 1.087 - 36.6 — 2.6
AuH 0.253 — 604 —1.25
AuH™ 0.263 +11 - 080
AuLi 0.310 - 823 ~033
AuNa 0.250 — 6710 —0.26

molecular properties in Table 1. The relativistic effects are
listed separately in Table II. In nearly all cases the relativis-
tic bond contraction A 7, is smaller ( <0.25 A) than thoe
relativistic 6s orbital contraction, which is 0.34 or 0.26 A
taking the expectation value of 7, or the outermost maximum
of the radial 6s density, respectively, as a measure for the
orbital contraction. The only exception is AuH™* where rela-
tivity causes a very large reduction of r, due to the extreme
flatness of the nonrelativistic potential curve. It is interesting
to note that Agr, decreases as the electronegativity of the
ligand X, ENy, increases (Fig. 4.).

To explain this result, we consider two extreme ionic
cases: Aut X, which describes ionic systems such as the
gold halogenides, and Au~X™, which is found, e.g., in the
gold-alkali compounds. The relativistic 54 expansion leads
to a small increase in the ionic Au* radius whereas the 6s
contraction leads to a strong decrease of the atomic Au and
ionic Au~ radii. Hence, in an ideal Au*X™ system we
would expect a small relativistic increase in the bond length,
whereas for an ideal Au~ X system we expect a strong bond
contraction. This is exactly the tendency shown in Fig. 4.

5.0
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3.0

2

=

2.0 -

1.0

0.0
0.15

0.25
[o}
ARre[A]

FIG. 4. Relativistic bond contractions A 7, of various AuX compounds in
A. ENy : Pauling electronegativity of the ligand X (Ref. 28).

The relativistic bond contraction in AuLi is remarkably
large, and we expect drastic changes due to relativity in the
chemistry of such species.

B. Relativistic effects on dissociation energies

How is the stability of Au(I) compounds influenced by
relativistic effects? From the Mulliken definition of the elec-
tronegativity, EN = 0.18 (IP + EA), where IP and EA are
the ionization potential and electron affinity in eV, respec-
tively, we obtain from HF and Dirac Fock (DF) calcula-
tions'*?° A, EN,, = — 0.4. Hence, relativistic effects in-
crease the electronegativity of Au. The estimated Pauling
electronegativity is 2.4,2® the nonrelativisic value would
therefore be 2.0. For ligands X and ENy > EN,, the ionic
contribution to the bond is reduced by relativistic effects. We
expect a relativistic destabilization of the AuX bond, since
the promotion energy of a 6s electron is larger in the relativ-
istic case. For ligands with ENy < EN,, the ionic contribu-
tion to the bond is increased and we expect a stabilization of
the AuX bond by relativistic effects. Although this ionic
viewpoint neglects the covalent contributions, it explains the
earlier findings, namely a stabilization of about 0.6 ¢V for
AuH? but a destabilization of the same amount for AuCl.>°

The relativistic change in the dissociation energy A, D,
(Table II) as a function of the ligand electronegativity is
shown in Fig. 5. The S-shape behavior results from the limi-
tation of the strength of an ideal ionic interaction: Ag D, is
limited by — IP(Au), if gold is the electropositive ligand;
andby + EA(Au), if gold is the electronegative one. At the
HF level we get AgIP= —169.6 kI/mol and
AREA = — 55.0 kJ/mol, respectively.'®*°

To analyze the stability behavior of the diatomic gold
compounds in more detail, we present in Fig. 6 the nonrela-
tivistic and relativistic valence MO pictures of AuLi and
AuF. In the case of AulLi, the electron transfer from Lito Au
increases the interelectronic repulsion on the gold atom, so
that the 54 and 6d levels are raised. The doubly occupied

4.5

4.0+
3.5+
3.0+
x 2.5+
z
& .
2.0+
1.5+

1.0+

0.5 P : —
—-100 -50 0 50 100
BRD g[kd/Mol]
FIG. 5. Relativistic AuX bond (de)stabilization Ag D, in kJ/mol. EN, :
Pauling electronegativity of the ligand X in AuX (Ref. 28).
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Au(6s)-type MO effectively shields the Au(5d) orbitals so
that the molecular field splitting remains small. The relativ-
istic stabilization of the Au(6s) orbital stabilizes the ionic
molecules with Au™, thereby increasing D,, that is
Ag D, <0. Inthe case of AuF on the other hand, the electron
transfer from Au to F is impeded by the relativistic Au(6s)
stabilization, thereby decreasing the bond energy between
F~and Au*, Ag D, > 0. This is shown schematically in Fig.
7. The reduced electronic charge on Au stabilizes the 5d
levels. Nevertheless, they interact much more strongly with
the ligand orbitals than in AuLi. The F(2p,) and F(2p,,)
overlap with Au(5d) is much better in the relativistic re-
gime, because the 5d core AOs are relativistically expanded.
This explains the bond stability trends of the diatomic
group(11) compounds shown in Fig. 8. Only very few ex-
perimental data for diatomic gold compounds are available.
Theoretical investigations of copper and silver compounds

> AuX(NR)

2]

o T rel. 8s
|

;5 X al. AUXSZ-L" { stabilization
L

r(Au—X)

FIG. 7. Schematic representation of the AuX dissociation curve for electro-
negative and electropositive gold ligands.
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FIG. 6. MO schemes for AuLi and
6 AuF. The orbital energies are given
in a.u. The dominant AQ contribu-
tions to the MOs are indicated.

Au  Aull U Auli Au
® ® (NR) (NR)

are not very extensive in the literature.3? We have, therefore,
performed HF calculations on CuLi, CuNa, CuCl, AgLi,
AgNa, AgS, and AgCl. The results are given in Table I(B)
(for details of the basis sets used see Sec. III). The SCF data
for the copper and silver dimers and hydrides as well as for
CuCl have been taken from Ref. 15. Experimental and CI
results reflect the same behavior as that shown in Fig. 8. For
example, the few known experimental dissociation energies
(in kJ/mol) are: CuH 266, AgH 220, AuH 311; Cu, 196,
Ag, 160, Au, 222." AuO and AuS are Au(II) compounds
with an open *I1 shell and do not fit into this scheme. For
these two molecules we have also calculated the first excited
23~ state [see Table I(B)].

Spin-orbit effects may be important in gold compounds
containing bromine or iodine as a ligand. For o bonds we
expect that the atomic spin—orbit stabilization A, is much
larger than the corresponding stabilisations at the molecular
level A,,, i.e., ASC> ASQ. This has been shown for the dimers

2504 T g
; \ MC1
— 200 | J'
5]
= MF
~N
= 150 o]
T MH
A \ A
MLi
100 o -
& ¢
50 2
2
‘Cu Ag Au

FIG. 8. HF dissociation energies D, in kJ/mol. The vertical lines for A, D,
is indicated by R—~NR; 1t means Az D, <0Oand { means Ag D, >0.
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FIG. 9. HF force constants k, in mdyn/A. The vertical lines for A k, is
indicated by R~ NR.

and hydrides of bromine and iodine.®' Hence, the spin—orbit
corrected D, for AuBr and Aul is expected to be lower com-
pared to the averaged relativistic case, i.e., ARXD, > Ag D,.
Taking the HF values AS°(Br) = 14 kJ/mol and AS°(I)
= 30 kJ/mol®! we obtain the atomic spin-orbit corrected
relativistic bond destabilizations A3°D, (AuBr) = 59 kJ/
mol and A3PD, (Aul) = 69 kJ/mol. Because A,, >0, the
spin—orbit corrected HF Az D, are expected to be smaller
than these values. Hence the trend shown in Fig. 5. will not
be changed by spin—orbit effects.

The adiabatic ionization energies of the molecules AuH,
AuH™, Au,, and Au; are listed in Table I1I. Experimental
values are not available. Large relativistic effects of about 2
eV are observed for the neutral species, which are related to
the relativistic Au(6s)-AQO stabilization. The relativistic
modification of the electron affinities (i.e., IPs of Au; and
AuH ™) are much smaller, because the LUMO has less
Au(6s) character.

C. Relativistic effects on force constants

Calculated force constants of copper, silver and gold
compounds are shown in Fig. 9. In all cases, k£, shows a

relativistic increase (Agz k, <0), even if the bond is energeti-
|
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TABLE II1. Adiabatic ionization energies (eV) for AuH, AuH ™, Au,, and
Au; .

NRPP ARPP CISD CISD/SC CEPA-1
Au, 5.18 7.12 8.15 8.42 8.55
Auy 0.28 0.75 1.15 1.32 1.54
AuH 6.83 8.81 9.58 9.75 9.84
AuH™ 0.29 0.20 0.35 0.41 0.49

cally destabilized, for instance in the case of the gold halo-
genides. This trend in force constants was pointed out earlier
by one of us** and turns out to be clearly a relativistic effect.
The nonmonotonic behavior of k&, in group(1l) is also
found in the relatively few known experimental data (in
mdyn/A): CuH 2.202, AgH 1.822, AuH 3.002; CuC12.309,
AgCl 1.831, AuCl2.563; Cu, 1.297, Ag, 1.176, Au, 2.114."*
Puddephatt suggested* that the decrease in the force con-
stant along the series Au> Cu> Ag reflects the degree of
covalence in the MX bond (M = Cu,Ag,Au). However,
AulLiis more ionic at the relativistic level compared with the
nonrelativistic case, but a relativistic increase of the force
constant was found in all cases. As pointed out recently, a
strong relativistic increase in the force constants of gold
compounds is also found in frozen 5d-core calculations.®*
The general increase in k, is consistent with the general rela-
tivistic bond length contraction for gold compounds. Hence
it may be a “topological” effect of the potential curves: a
decrease in bond length results in a steeper potential curve,
even if the well depth is reduced, and, therefore, increases the
force constant. The largest increases in force constants are
found for AuH and Au, (disregarding the special case
AuH™), i.e., for the molecules which are regarded as cova-
lent. For the more ionic species (e.g., AuF and Auli) the
increase of the force constants is smaller.

D. Relativistic effects on dipole moments

The dipole moments (reference direction Au*X™) de-
crease in all cases by nearly the same amount of ~2-3 D (see
Table IV). This is explained by the relativistic increase in the
electronegativity of gold. The relativistic change in u, re-

TABLEIV. Relativistic and correlation effects on dipole moments. i, values in debye, a minus sign indicates

the negative charge on Au. du/3rin D/A [Eq. (2)].

u® 7 Agp, App(7™) AR GuNR/r GuR/or pTEPA!
AuF 8.49 660  1.89 0.70 1.19 55 56 4.84
AuO 8.08 553 2.54 1.68 0.87 5.7 4.1 3.40
AuCl 8.90 622  2.68 1.68 1.00 5.1 4.6 441
AuBr 8.33 5.80 243 1.54 0.90 4.6 42 3.94
Aul 8.37 540 297 2.19 0.78 44 32 331
AuS 7.78 469  3.10 2.92 0.17 25 39 2.79
AuH 5.16 269 247 1.95 0.52 25 1.9 0.58
AuLi —255 _—544 289 3.61 —072 —04 —23 —624
AuNa ~338 —673 336 401 —066 —10 —26 —789
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sults from the action of the relativistic perturbation operator
on the electronic wave function at the internuclear distance
rfR, and also from the relativistic bond contraction:

AR,ue — AR,u(r:lR) + ABondluR ,

AB"“"yR=yR(r§R)—yR(rf). (1)
The different contributions to Eq. (1) are listed in Table IV.
Except for AuF, Apu(rY®) is the dominant contribution,
but the bond contraction term A®"4® is not negligible. In
general, A, u(r'®) increases from the electronegative to the
electropositive ligands. As pointed out above, molecular rel-
ativistic effects are smaller for Au*X™ than for Au~X™*
compounds (except in the case of D, , which is the difference
between the molecule and the separated atoms). If it is as-
sumed that the dipole moment varies linearly with the Au-X
bond distance we obtain

ABond R _ p*
ar
AuF has a small relativistic bond contraction but a very
large value in the dipole moment derivative (Tables II and
IV) resulting in a large value for AP y®. The value of
du® /3r of AuX decreases significantly for decreasing EN of
the ligand X. Therefore AP°™u® decreases, too. This de-
crease happens to compensate the increase of A, u(r2%) so
that Az u, does not vary very much with varying ligand
electronegativity. The mentioned trend of du® /dr should
also show up in the infrared intensities of gold compounds.
According to the electronegativities, or from the approxima-
tion of fixed charges (du/dr = ¢, the charge of the dipole)
we expect a decrease of the atomic charge on Au in the gold
halides from fluorine to iodine. Indeed, a Mulliken popula-
tion analysis yields the following gross atomic charges: F
—0.65,C1 — 0.45,Br — 0.42,1 — 0.32. One may ask about
relativistic effects in infrared intensities and compare relativ-
istic and nonrelativistic dipole moment derivatives.***® The
data in Table IV show a relativistic decrease in du/dr except
for AuS and AuF.

ARre . (2)

E. Relativistic effects—physics and chemistry of gold
1. Au,, compounds

We can now discuss the significance of relativistic ef-
fects in the physics and chemistry of gold. Let us begin with
gold metal (Au_, ). Others have shown that the yellow color
of gold is a relativistic effect, ‘“nonrelativistic” gold would
look like silver.®® However, there are other physical proper-
ties of gold which are strongly influenced by relativistic ef-
fects. Gold, silver, and copper form solids with closed
packed face centered cubic structures (fcc). The calculated
bond contraction in the solid is 0.16 A (Ref. 39 and Fig. 1)
which is about 50% of that in Au,. Hence, due to the relativ-
istic bond contraction, the density of metallic gold increases
by 18%. This contraction shows up in the relatively small
atomic volume of gold compared to copper and silver (in
cm?®/mol)'': Cu 7.12, Ag 10.28, Au 10.21 (12.1 at the non-
relativistic level). The large relativistic bond stabilization in
Au, is reflected in the sequence of cohesive energies of the
metals (in kJ/mol): Cu 330, Ag 280, Au 370.!" This results

in a relatively high melting point for gold compared to cop-
per or silver (in °C): Cu 1083, Ag 961, Au 1064.!! The same
trend is seen in the boiling points (in °C): Cu 2567, Ag 2212,
Au 3080."" The increase in the force constant of Au, is prob-
ably also found in metallic gold, where we expect a shift in
the phonon frequencies to higher values. It is well known
that the relativistic effects are important in the band theory
of solids containing heavy elements.*® Kupratakuln and
Fletcher showed that the neck radius of the Fermi surface in
gold is smaller and less spherical in the relativistic than in the
nonrelativistic regime.*® The electron—phonon interaction®'
is therefore expected to change relativistically. This is prob-
ably reflected in the series of specific resistivities p (in 10™°
Q2 m;20°C):Cu 1.72, Ag 1.62, Au 2.4."! Since superconduc-
tivity may be described by phonon exchanges between elec-
trons at the Fermi surface leading to an attractive interaction
between two electrons (Cooper pairs) we also expect a rela-
tivistic change in the superconducting transition tempera-
ture of gold compounds.'? According to the Wiedemann—
Franz law the thermal conductivity c is related to the specific
resistivity by ¢ = L.T /p, where the Lorentz constant L lies
between 2.2 and 2.7Xx 108 WQK™? for most metals
(L =2.30+ 0.07x 10* W Q K2 for the group(11) metals
at 0°C'"). Hence we expect a decrease in ¢ for gold due to
relativistic effects (inJ cm~'s7' K~ 'at0°C): Cu 3.85, Ag
4.18, Au 3.1."" Also the electronic heat capacity y for gold
shows an unexpected behavior (in 107*J K~ mol ™' below
4K):Cu6.926, Ag 6.411, Au 6.918.*> Indeed Kupratakuln
and Fletcher found a nonrelativistic value which is smaller
by about 6%, using the augmented plane wave method
(APW) for their band structure calculations.® Further in-
vestigation of this area would be extremely interesting,

From Pauling’s treatment of bond energies in free mole-
cules*® we see that the dissociation energy is dependent upon
the relativistic change in the electronegativity of the ligand.
This formula correctly describes the relativistic behavior
qualitatively but yields quantitatively poor results.** Never-
theless, this treatment has been adopted by Eley*® and ex-
tended by Flores ez al.*® for estimating adsorption energies of
chemisorbed states:

E(M-A) = m(EN,,-EN, )?
+n[E(M-M) + E(X-X)] + 1, (3)

Here E(M-M) and E(X-X) are the single bond energies of
the metal and the diatomic molecule, EN the corresponding
electronegativities, #, m, and f, are structural factors.*” With
this formula Flores et al. calculated energies of chemisorp-
tion for different molecules on various surfaces. The values
of the energy of chemisorption for the group(11) series ob-
tained are of special interest here*” (ineV): Cu/N, 4.2, Ag/
N, 5.0, Au/N, 2.5; Cu/0, 5.4, Ag/0, 6.0, Au/0,, 3.6; Cu/
NO 9.6, Ag/NO 11.0, Au/NO 6.1; Cu/H, 2.4, Ag/H, 2.5,
Au/H, 2.5. The values calculated are normally in good
agreement with experimental data.*® The destabilization for
molecules containing electronegative atoms is evident
whereas for H, the same chemisorption energy is obtained
for Au and Ag surfaces. These values are dependent on rela-
tivistic effects in the difference of the metal-ligand electrone-
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FIG. 10. Contours of electron density of the HOMO of Au, calculated from
HF wave functions (a) nonrelativistic density pN® (b) relativistic p® (c)
difference density Agp = p™® — p®. The full lines show the negative part
and the dashed line the positive part of A g p. The gold atoms are situated at
0.0 and 2.472 A on the horizontal axis and 0.0 on the vertical axis.

gativities as well as on the relativistic change in E(M-M) if
we neglect relativistic effects in E(X-X). The first factor is
quite sensitive to the nature of the ligand because of the
square in (EN,,—ENy, ), whereas the second term in Eq. (3)
leads only to a relativistic correction dependent on the na-
ture of the surface. From our calculated relativistic correc-
tion to the dissociation energy (destabilizations for electro-
negative and stabilizations for electropositive ligands) or
from Agx EN = — 0.4 we see immediately that the special
behavior of the Au surfaces is a relativistic effect.

Concerning cluster molecules, a large number of these
are known for gold,*® but only a few copper clusters have
been found>® and silver clusters are very rare.’' Indeed, a
significant increase in bond stability was found in gold clus-
ters which is probably due to relativistic effects (in kJ/mol):
Cu, 294 4 13, Ag, 253 + 13, Au, 367 + 13.5% Also, inter-
molecular Au—Au interactions are well known in inorganic
and organometallic chemistry,>® while this is not the case for
silver and copper compounds.

The effect of the relativistic Au 6s orbital contraction
can be examined in the electron density plots calculated
from both nonrelativistic and relativistic calculations (HF)
for the Au, molecule at the experimental bond length, Figs.
10 (a) and 10 (b). A higher density of contours closer to the
nucleus can be clearly seen for the relativistic calculation,
Fig. 10 (b). The difference density shows regions of in-
creased relativistic density in the bond region which agrees
well with the calculated relativistic increase in the dissocia-
tion energy. In the outer region along the internuclear axis
the negative areas correspond to the relativistic expansion of
the d, components of the HOMO, Fig. 10 (c).

2. Au—?® compounds

The most electropositive ligands are the alkali metals.
No stable intermetallic compounds of copper and silver are
known, except NaAg,.** The diatomic alkali metal copper
and silver species have only detected by mass spectroscopic
methods.'* In contrast to this, gold forms intermetallic com-
pounds with all alkali metals. RbAu and CsAu are ionic,
semiconductors, and crystallize with CsCl structure.> The
ionic character of these compounds has been pointed out
earlier,>® and the nonrelativistic species would be metallic
alloys as we would normally expect.’” The other gold—alkali
compounds (X = Li,Na,K) are metallic in nature and
structural data for the solid state are not available (LiAu has
not been observed in stoichiometric composition®®). Never-
theless, the phase diagrams of the gold—alkali compounds all
show stable phases close to the 1:1 stoichiometry.>® This is
not the case for the silver or copper compounds.** From
mass spectrometric measurements only the dissociation en-
ergies for some group(11) alkali compounds are known'*
(in kJ/mol): CuLi 191, AgLi 175, AuLi 281; CuNa 173,
AgNa 135, AuNa 210. Obviously, the relativistic effects are
the reason for the increased stability of the gold-alkali com-
pounds (see Table II). The still unknown cohesive energies
of the corresponding solids are expected to show the same
trend in stability as the diatomics. Only AuCs has been stud-
ied previously by Ziegler and co-workers using a quasirelati-
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vistic Hartree—Fock-Slater method,>® but this method often
overestimates relativistic effects.

3. Au*® compounds

In Fig. 5 we have shown the reduced bond stability of
the gold halides, which is due to the reduced ionicity of the
bond. We, therefore, expect smaller intermolecular electro-
static interactions (because of reduced dipole moment). In-
deed, the structures of the gold halogenides differ completely
from the silver and copper compounds.* The gold fluorides
have been reviewed recently by Miiller.'® AuF has not yet
been isolated and thermodynamic data suggest that it would
disproportionate to Au and AuF;* Also AuF; is not
known; not even mixed AuFX ™~ complexes (X = CI,CN,...)
have been reported yet. All other diatomic Au(I) halogen-
ides have been reported to be (more or less) stable.® The
large relativistic bond destabilization in AuF (75 kJ/mol,
Table I) is probably one reason, and one may also speculate
that relativity stabilizes the 5d bonding of Au**, but calcula-
tions on AuF, are necessary to decide further. It would also
be interesting to perform accurate CI calculations at both
the nonrelativistic and relativistic level, to get more appro-
priate results for Ag D,. Nevertheless, AuF is stable with
respect to its dissociation products and it should be possible
to observe it by gas phase or matrix isolation spectroscopic
methods.

F. Correlation effects

The calculated CI results are given in Tables I, III, and
IV. The zero point vibrational frequency correction to the
dissociation energy has been neglected due to the large ex-
perimental inaccuracy. For the few experimentally mea-
sured closed shell cases our CI results agree very well with
experiment. In fact, for AuH, AuLi, and AuNa we nearly
reproduce the experimental dissociation energy at the
CEPA-1 level. We, therefore, performed nonrelativistic CI
calculations for AuH, AuLi, and AuF using the same quality
of basis sets as described in Sec. III. The relativistic changes

at the CISD (CISD/SC) level for AuH are:
Agpr, =0.286(0.294) A, AxD, = —139.1( — 151.5) kJ/
mol, Agk, = — 1.711( — 1.770) mdyn/A; for AuLi: Ag 7,
=0.258(0.251), AxD, = —174.1(—178.5), Ak,

= —0.334( — 0.347); for AuF: Agzr, =0.180(0.182),

TABLE V. Pseudopotential parameters for Au, Br, and I [Eq. (4)].

AgD, = +86.0( +79.2), Agk, = —0.724( —0.719).
Hence, the relativistic effects are even larger at the CI com-
pared to the HF level. This is understandable in the case of
the dissociation energy since the 6s electron is relativistically
more localized at the Au atom than in the nonrelativistic
case and this leads to larger correlation contributions at the
relativistic level. Nevertheless, our calculated relativistic ef-
fects at the HF level are quite reasonable for predicting the
trends in relativistic changes of molecular properties and we
expect the same behavior at the CI level. For example, if we
compare our calculated CI force constants with the mea-
sured values for the copper and silver halogenides*® we see
exactly the same trend in the group(11) series as shown in
Fig. 9., e.g., a relativistic increase in the Au-X force con-
stant.

The calculated CI dissociation energies of the open-shell
cases AuO and AuS do not agree satisfactorily with experi-
ment. Even at the CEPA-1 level we obtain only about 60%
of the correlation energy for AuO and AuS. It is well known
that open-shell systems are more difficult to treat because
they show larger amounts of single and triple substitutions in
the CI wave function compared to closed shell cases. To
achieve better results, an extension of the basis set and a full
CI treatment would be necessary. Also, size-consistency ef-
fects are most important. For example, in Au, the CISD
procedure yields only a very small increase in the dissocia-
tion energy of about 14 kJ/mol, whereas the Davidson cor-
rected CI and the CEPA-1 procedure yield 71 and 112 kJ/
mol, respectively. The total amount of the correlation energy
is about 156 kJ/mol. Recently, Balasubramanian published
ClI calculations on Au, and Au,.* He obtained about 95 kJ/
mol correlation energy for Au, using a multireference CISD.
Also, his calculated CI dissociation energy for Au, with 193
kJ/mol is small compared to the experimental level (367 kJ/
mol®?). This clearly shows the need of size-consistent mul-
tireference CI procedures including higher excitations to get
more reasonable results. However, such methods are very
time and disk-space consuming, especially if excitations
from the 5d core are allowed.

The reported AuCl dissociation energy of about 340 kJ/
mol® is significantly larger than the calculated one and
needs remeasurement, since such a discrepancy does not
show up for the other members of this series (e.g., compare
with the more accurate experimental dissociation energy of

Au (NRPP) Au (ARPP) Br (ARPP) I (ARPP)
1 B, b B, bk B, by, B, s
0 432.047 072 12.532 20 426.709 840 13.205 10 61.513 721 5.0218 83.113 863 3.5112
0 81.627 162 6.594 55 35.938 824 6.602 55 9.021 493 2.5109 5.201 876 1.7556
1 263.062 122 10.706 33 261.161 023 10.452 02 53.875 864 4.2814 82.811 109 2.9688
1 43.725 251 5.22373 26.626 284 5.226 01 4.629 402 2.1407 3.379 682 1.4844
2 124.243 091 7.841 47 124.756 831 7.85110 20.849 677  2.8800 10.304 277 1.9066
2 17.676 351 3.925 89 15.772 260 3.92555 2.965 444 1.4400 7.588 032 0.9533
3 22.011203 4.728 50 30.568 475 4.789 80 — 8.161 493 2.7207 — 21.477 936 2.3075
3 9.849 459 3.007 01 5.183 774 2.394 91
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TABLE VI. Basis sets for Au, Br, and 1. In the case of the negative charged molecules (Au;” and AuH™) as

well as for AuLi and AuNa two additional diffuse functions with the exponents 0.003 and 0.001 for ARPP and
one with exponent 0.001 for NRPP have been used. a;: exponent; c,: contraction coefficient.

a; c; a; ¢ a; c;
Au NRPP 16.441 608 0.147 289 10.326 333 0.083 165 5.584 479 — 0.060 360
11.441 608 —0.470147  5.615 305 —0.330755 1.696 575 0.376 402
4.605 939 1.0 1.616 456 0.548 486  0.676 002 1.0
1.337 144 1.0 0.740 360 0.546 721 0.235117 1.0
0.591 519 1.0 0.285 886 1.0 0.074 066 1.0
0.154 073 1.0 0.063 903 1.0
0.050970 1.0
0.014 035 1.0
0.004 535 1.0
Au ARPP 30.196 537 0.004 733 13.838219 0.036 179  6.337 001 —0.044 103
9.725973  —0.354382  5.195787 —0.328 303  1.480 697 0.462 115
5.080 406 1.0 1.798 045 0.665 388 0.528 382 1.0
1.722 657 1.0 0.666 105 0.552666 0.171 117 1.0
0.726 459 1.0 0.154 336 1.0 0.045 512 1.0 .
0.090 354 1.0 0.034 1.0
0.022 106 1.0
0.006 415 1.0
Br ARPP 150.601 735 0.0014 570 41.713 235 0.000 188 0.389 1.0
4.829 122 0.0412462 5260912 0.070 723
2.210371 1.0 2.714 091 1.0
0.507 162 1.0 0.594 472 1.0
0.326 043 1.0 0.230 393 1.0
0.120 275 1.0 0.072 212 1.0
0.045 1.0
1 ARPP 10.741 271 0.0299 120 8.651963 0.005 258  0.266 1.0
7.685960 —0.116339  2.850229 —0.313 149
3.842 560 1.0 1.867 716 1.0
1.526 500 1.0 0.376 669 1.0
0.285 520 1.0 0.154 766 1.0
0.102 544 1.0 0.052 839 1.0
0.040 1.0

379 kJ/mol for CuCl and 311 kJ/mol for AgC1'*). Dipole
moments for gold compounds are unknown, therefore, we
can give no analysis of the accuracy of our calculated CEPA-
1 values as listed in Table IV.

ill. CALCULATIONAL DETAILS

Our procedure has been described in detail in previous
papers.®' Relativistic effects are included by adjusting the
pseudopotential parameters to spin—orbit averaged Dirac—

TABLE VII Total energies (a.u.) for the atoms used in the molecular caiculations. HF: from numerical HF
calculations using program MCHF (Ref. 19). AA: algebraic approximations using the basis sets of Table II for
pseudopotentials and the basis sets given in Csizmadias book (Ref. 63). The ARPP/HF results are derived
from Dirac-Fock (DF) calculations using program MCDF/BENA (Ref. 20). The index is given in Ref. 63.

Index Contraction HF AA
H 14.1 (1111111/11) 5.0000000—1 49994864 — 1
Li 3.28.2 (6211111/1111) 7432726940 74327065 +0
(o} 8.76.2 (6211111/4211/1) 74809398 + 1 7.4810982 + 1
F 9.71.2 (6211111/4211/1) 9.9409349 + 1 9.9409893 + 1
Na 11.15.2 (631111/42111/1) 1.6185891 42 1.6184602 + 2
S 16.25.1 (631111/52111/1) 39750490+ 2 39749786 4 2
Cl 17.21.1 (6311111/521111/1) 4,594 8207 + 2 4.5947379 42
Cu Ref.15(f) (85411111/331111/3111) 1.6389637 + 3 1.638 7873 + 3
Br 35.7.1 (63111111/333111/411) 25724413 43 2.5723439+3
Br ARPP (211111/721111/1) 1.3123910+ 1 1.3120553 + 1
Ag Ref.64 (432111111/42211/3111) 5.1975179+3 51922729+ 3
1 53.3.1 (4321111/421111/4111) 6.9179809 +3 69127144 + 3
1 ARPP (211111/21111/1) 1.1178044 + 1 1.1178073 + 1
Au ARPP (2111111/411/2111) 1.3492936 + 2 1.3493273 + 2
Au~ ARPP (211111111/7411/2111) 1.3495379 +2 1.349 566 4 + 2
Au NRPP (21111111/411/2111) 1.308 3566 + 2 1.3082733 4+ 2
Au~ NRPP (211111111/411/2111) 1.308 3930 + 2 1.308 3120+ 2
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TABLE VIII. Ionization energies and electron affinities for Au, Br, and I in eV. The experimental
Au* ?F(5d86s') value is approximated from the atomic energy levels of Pt. The DF Au (5d '°6d*) value is
approximated from HF values and relativistic effects from the 54 '°6d ! spectra of TI** and Pb>*. Experimental
values from Refs. 18 and 71 are spin—orbit averaged.

Au— Au~ Au Au Au Au* Aut Auv?t Aut
652 6p' 6d’ 5d%s> 5d%s! 5d° 5d%(*F)
HF — 0.0990 2.7117 4.4389 5.1311 5.9159 11.695 26.025 58.194
NRPP - 0.1033 2.7207 44511 5.1497 59280 11719 26.060 58.181
DF — 0.6648 42335 6.1944 1.8855 7.6744 9.950 26.833 57.777
ARPP —0.6481 4.2647 6.1891 1.9273 7.6613 9.966 26.868 57.857
exp-. — 2.3086 4.9473 7.6872 1.7446 9.2257 11.513 29.7 oo
MP2 —2.1229 s st s 9.0756 11.941 29.783 62.140
CISD — 1.5642 8.6352 11.344 28.862 60.903
CISD/SC — 19134 8.8494 11.572 29.228 61.382
Br,I- Br— Br* Br2+ Br+ I~ I+ | Chs | G
DF —2.5225 10.686 30.380 65.412 — 2.4972 9.417 26.354 56.833
ARPP - 2.5483 10.732 30.721 65.544 — 2.5089 9.556 26.975 56.976
exp. —3.518 11.877 33.283 <. —3.374 10.525 29.243 s
CISD —3.166 11.465 32.400 67.572 — 2.995 10.209 28.540 58.870
CISD/SC —3.271 11.538 32.528 67.723 — 3.087 10.281 28.669 59.023

Fock energies (ARPP).®! To avoid intercore penetration
and core polarization effects,”>>*%? we have chosen a 19 va-
lence electron [Kr4f'*] core pseudopotential. A multielec-
tron fit procedure has been carried out using the following
functional form of the pseudopotential®':

Vi = z P, z B exp( — by 1) .
lecore k=12
Acatoms

(4)

Such a procedure has the advantage that it avoids large
changes in the core by electron occupancy of the noncore
orbitals.”> We took also care in our fit procedure that the
pseudovalence orbitals represent the correct shape and size
of the HF orbitals in regions outside the defined [Xedf'*]
core. Since relativistic effects may also be important in Br
and I compounds,®! we also performed calculations on AuBr
and Aul using ARPPs for bromine and iodine. The pseudo-
potential parameters for Au, Br, and I are presented in Table
V. The basis sets used for the ARPPs are shown in Table VI.
The derivation of the basis sets has already been described.?
The basis sets used for the ligands are summarized in Table
VII. The additional diffuse and polarization functions are
taken from Ref. 63 if available, otherwise from Ref. 64. The
first ionization potentials and the electron affinities for the
atoms are given in Table VIII, compared to results obtained
from numerical HF and DF calculations (HF limit).!®?°
Table VIII shows that the multielectron energy-adjusted
pseudopotentials represent excellently the corresponding
HF and DF values (with errors less than 2.5% ), and hence
should be accurate enough for our molecular calculations.
We wish to point out that in the case of Au the relativistic
effects on the ionization energies exceed the correlation ef-
fects. Therefore, results comparable to experiment can be
only achieved by including relativistic effects.

The SCF calculations have been performed using Da-
vidson’s program MELD®® and an extended version of GAUS-

SIAN 86 for pseudopotentials.®® The CISD and CEPA-1¢’
calculations have been carried out using Meyer’s program
MOLPRO®® and GAUSSIAN 86.° The size consistency correc-
tion is that of Langhoff and Davidson.®® The basis sets used
for the CI and CEPA calculations are the same as described
in Tables VI and VII, but extended by an f function of Au
with exponent 1.1447. The active CI space has been limited
to reduce the size of the CI configurations (which has been
between 40 000 and 200 000 depending on the gold species
calculated). For example, the (5s5p) space for Au has been
kept inactive for all compounds. For the atomic CI calcula-
tions the basis sets in Table VI has been extended by an
additional (2s/2p/2d /3f) function set for Auand a (3s/2p/
2d /2f") set for Br and 1. The active CISD space is complete
within this basis set. Considering the limited basis set used
and the inclusion of only up to double substitutions in the CI
wave function, the atomic CI results for Au, Br, and I are in
good agreement with experiment. We also listed MP2 (sec-
ond-order Méller—Plesset’™) results for Au because it has
often been suggested, that this treatment of correlation
yields poor results for the transition metals. As we see from
Table VI, the MP2 results for gold give very good agreement
with experiment.

IV. SUMMARY

In this article the important role of relativistic effects in
gold chemistry has been demonstrated. The relativistic “Au
maximum” pointed out by Pyykkd and Desclaux® has a
large effect on the properties of gold and its compounds. The
relativistic bond contractions are large (between 0.16 and
0.42 A), often resulting in the AuX bond lengths being
smaller than those of the corresponding silver species.
AuH™ is a special case, because of its low stability at the
nonrelativistic level (the opposite situation occurs for TIH*,
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which is unstable at the relativistic level?®). It is clear that
the relativistic change in the bond stabilities influences the
solid state properties. In many cases, gold compounds have
structures completely different from the corresponding sil-
ver and copper compounds. The relativistic bond stabiliza-
tion is dependent on the ligand electronegativity, showing
the largest stabilization for the alkali-metals and the largest
destabilizations for the halogens. In group(11) only gold
forms stoichiometric compounds with all alkali metals. On
the other hand, AuF has not been detected yet, whereas gas
phase CuF and AgF are well known. The force constants
increase in all cases, even when there are large energetic
bond destabilizations as is the case for AuF. The vibrational
frequencies are therefore shifted to higher values, in some
cases by more than 50%. The ionicity is decreased in gold
compounds with electronegative ligands, showing a decrease
in the dipole moment of 2-3 D. The possible implications for
the structure of gold compounds have been discussed.

We have presented a large number of as yet unmeasured
spectroscopic constants. The pseudopotentials used are ac-
curate enough to produce results of all-electron HF or DF
quality. However, spin—orbit interactions have been neglect-
ed, because they are expected to be small for compounds of
gold with closed 5d shell and open 6s shell. Where measured
data are available, our values agree in most cases very well
with experiment. A large amount of chemistry of Au(1) has
been rationalized with the help of the ionic model in which
AuF and AulLi are considered as two limiting extremes.
Concerning Au(III), one has to consider the open 5d shell
and covalent contributions may become more important.
Relativistic effects reduce the 5d /6s separation and enlarge
the 6s/6p separation significantly (Fig. 2). Since the 5d shell
is fully occupied and the 6p shell is empty in the free atom, we
expect an increase in 5d and a decrease in 6p involvement in
AuXbonds due to relativity. Gold 6p orbitals are found to be
unimportant in diatomic Au(I) compounds at the HF level.
In general, the HOMOs are composed of Au 5d and 6s AOs,
while the LUMOs have large 6p admixture. CI calculations
show an increased mixing of the 6p into the ground states.
The scattered wave Xa approximation yields larger p popu-
lations for similar compounds already at the SCF level.”
However, the 6p involvement in the Au-X bond may be-
come more important in polynuclear Au(I) or Au(lII)
compounds such as AuX; or AuX, . Nonrelativistic and
relativistic calculations on such species would be interesting.
Due to electron withdrawal, electronegative ligands support
more 5d contribution, whilst electropositive ones do not.
Hence we expect the stability series AuX < AuX, < AuX,
for electronegative ligands which should be reversed for the
more electropositive ligands since such compounds need 6p
involvement. This may explain the preference of higher oxi-
dation states for the gold halogenides in contrast to the or-
gano-gold compounds. Similarly, Pyykkd argues in his re-
view article,” that Au(III) compounds containing
electronegative ligands should be relativistically stabilized
because of the relativistic destabilization of the atomic 54
level in Au (Table VIII). Zwanziger et al. found for such
compounds an electron transfer to the ligand of less than one
electron.” The different stabilities of organic and inorganic

gold compounds, mentioned at the beginning of Sec. I, is a
still unsolved but interesting problem and needs more theo-
retical investigation. A detailed analysis will be published in
near future.
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