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Abstract: The molecular structures of
all gold mono- and trihalides and of their
dimers have been calculated at the
B3LYP, MP2, and CCSD(T) levels of
theory by using relativistic pseudopo-
tentials for all atoms except fluorine.
Our computations support the experi-
mental observation that the relative
stability of the monohalides increases
from the fluoride toward the iodide,
while the stability trend of the trihalides
is the opposite. The potential energy
surface (PES) of all gold trihalides has
been investigated. These molecules are
typical Jahn ± Teller systems; the trigo-

nal planar D3h-symmetry geometry does
not correspond to the minimum energy
structure for any of them. At the same
time, the amount and character of their
Jahn ± Teller distortion changes gradual-
ly from AuF3 to AuI3. The minimum
energy geometry is a T-shaped structure
for AuF3 and AuCl3, with a Y-shaped
transition-state structure. For AuI3, the

Y-shaped structure lies lower than the
T-shaped structure on the PES. For
AuBr3 and AuI3, neither of them is the
global minimum but instead an L-shap-
ed structure, which lies outside the
Jahn ± Teller PES. This structure can be
considered to be a donor ± acceptor
system, or a closed-shell interaction,
with I2 acting as donor and AuI as
acceptor. The dimers of gold monoha-
lides have very short gold ± gold dis-
tances and demonstrate the aurophilic
interaction. The dimers of the trihalides
are planar molecules with two bridging
halogen atoms.
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Introduction

Gold halides are interesting and challenging examples to
study structural and bonding peculiarities. However, they are
difficult objects for both experimental and computational
studies, even with today�s sophisticated techniques. Gold
monohalides are probably the ultimate examples of relativ-
istic effects on structural parameters, as the relativistic
contraction reaches a maximum with the filled 5d shell of
gold.[1] Their dimers, with their extremely short Au ´ ´ ´ Au

distances, are the best examples of the metallophilic inter-
action[2] between metals with d10 electronic configuration,
having earned their own name ªaurophilic interactionº.[3]

These attractive interactions are just one of the many
unexpected closed-shell interactions in inorganic chemistry.[4]

The gold trihalides are subject to the Jahn ± Teller effect,[5]

which is one of the intriguing phenomena in chemistry. It tells
us that nonlinear systems in degenerate electronic states will
be unstable and, therefore, spontaneously distort to a lower
symmetry configuration, thereby removing the electronic
degeneracy. Owing to the very nature of the effect, which
involves the coupling of the electronic and vibrational
motions of the molecule, a Jahn ± Teller molecule is a basically
dynamic system. This is one of the reasons why it has been
mostly observed in crystals in which the so-called Jahn ± Teller
cooperativity[6] enhances it into a static effect and makes it
experimentally observable. Their detection in the gas phase is
more difficult.

It is generally supposed that even if there is a Jahn ± Teller
distortion in a molecule, the symmetry of the ground state will
still be the same as that of the undistorted initial degenerate
state, that is, higher than the symmetry of the structure to
which the molecule distorts.[7, 8] This is due to the highly
dynamic nature of these systems and to tunneling effects. The
relative magnitude of the timescale of the vibronic interac-
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tions and the timescale of the measurement by a particular
experimental technique is of importance here. In this respect,
we have to distinguish between the so-called static and
dynamic Jahn ± Teller distortions. In the most frequent
dynamic cases, the molecule distorts from the high-symmetry

configuration to a lower symmetry one along the vibrational
coordinate for which the vibrational degrees of freedom are
nonzero at the symmetric configuration. This distortion lifts
the degeneracy and the potential energy surface (PES) for
such a system is of the ªMexican hatº type, with the high-
symmetry configuration at the center (maximum) and the
distorted one around the brim of the hat (minimum). If there
is only linear vibronic coupling (that is, without higher order
coupling), the PES will be the same around the brim of the
hat, so the molecule can freely move around this minimum. In
such a dynamic Jahn ± Teller case the molecule is not localized
at a particular point on the PES, and the higher symmetry of
the undistorted degenerate structure can be considered the
symmetry of the ground electronic state.

There are cases, however, when in addition to the linear
vibronic coupling, quadratic coupling becomes large enough
to cause the appearance of local saddle points along the brim
of the hat in between the minimum positions (for a trigonal
E� e case, three of them). If the energy difference between
these local minima and the saddle points is large enough, the
molecule may be locked into the minimum positions, and the
ground-state symmetry of the molecule will be nondegener-
ate. Recent theoretical calculations for E� e,[9] T� t2,[10] and
also for H� h[11] systems showed that with large enough
quadratic coupling the ground state becomes nondegenerate.
These are cases of the static Jahn ± Teller distortion, and for
such molecules even a gas-phase experiment may measure the
distorted nongenerate ground-state geometries; an example
of this is the electron diffraction study of MnF3.[12]

Gold trihalides exhibit a strong Jahn ± Teller effect, as was
shown earlier for AuF3 by electron diffraction experiments[13]

and for both AuF3 and AuCl3 by computations.[13±15] The
electron diffraction study of AuF3, as in case of MnF3, proved
beyond doubt that the distortion of the molecule is static in
nature; even at the high experimental temperature, over
1000 K, the F ´ ´ ´ F peak of the radial distribution splits, which
indicates a lower than trigonal symmetry for the average
structure of the molecule.

The description of Jahn ± Teller systems by computation is
rather involved. The Jahn ± Teller PES presents a conical
intersection between two electronic states, and the description
of the high-symmetry degenerate structure is not without
difficulties.[16, 17] The best way to calculate this point is by
multiconfigurational methods, such as the complete-active-
space self-consistent-field (CASSCF) method. Only recently
have methods been suggested to calculate spectroscopic
Jahn ± Teller parameters by ab initio methods for dynamic
Jahn ± Teller cases.[18] For a comprehensive discussion of
vibronic-coupling theory we refer to the monograph by
Bersuker and Polinger.[6]

Gold iodides have received considerable interest recently.
It has been shown that gold iodides with excess iodine can be
used as substitutes in polyiodide networks, and this may open
up a new area of host ± guest chemistry.[19] This brings up the
possible similarity of their bonding. I3 and its ions were
studied recently by Hoffmann et al. ,[20] who showed that the
bonding in these systems can be equally well described by
donor ± acceptor bonding and by hypervalent, electron-rich,
three-center bonding.

Abstract in Hungarian: Arany-mono- eÂs trihalogenidek mo-
nomerjeinek eÂs dimerjeinek a molekulaszerkezeteÂt szaÂmítottuk
ki B3LYP, MP2 eÂs CCSD(T) szinten, pszeudopotenciaÂlok
alkalmazaÂsaÂval mindegyik atomon, kiveÂve a fluort. SzaÂmítaÂ-
saink alaÂtaÂmasztjaÂk azt a kíseÂrleti megfigyeleÂst, hogy az arany-
monohalogenidek stabilitaÂsa a fluoridtoÂl a jodid feleÂ noÍ, míg a
trihalogenidekeÂ ebben az iraÂnyban csökken. Az összes arany-
trihalogenid potentiaÂlis-energia felületeÂt megvizsgaÂltuk. Ezek a
molekulaÂk tipikus Jahn ± Teller torzult rendszerek; a D3h

szimmetriaÂjuÂ szerkezet egyikük eseteÂben sem minimum. A
Jahn ± Teller torzulaÂs meÂrteÂke fokozatosan csökken a fluorid-
toÂl a jodid feleÂ haladva. Az AuF3 eÂs AuCl3 molekulaÂk
minimum energiaÂjuÂ szerkezete T-alakuÂ, egy Y-alakuÂ aÂtmeneti
aÂllapotuÂ szerkezettel. Az AuI3 eseteÂben az Y-alakuÂ szerkezet
kisebb energiaÂjuÂ, mint a T-alakuÂ. Az AuBr3 eÂs AuI3 molekulaÂk
globaÂlis minimuma maÂs; egy L-alakuÂ szerkezet, ami a
potenciaÂlis-energia felületen a Jahn ± Teller felületen kívül esik.
Ezt a szerkezetet felfoghatjuk, mint egy donor-akceptor
rendszer, vagy mint egy zaÂrt heÂjuÂ kölcsönhataÂs, amelyben a I2

a donor eÂs az AuI az akceptor. Az arany-monohalogenidekben
az arany-arany taÂvolsaÂg rendkívül rövid, ami az un. aurofil
kölcsönhataÂsra utal. A trihalogenidek dimerjei sík molekulaÂk,
keÂt hidas halogeÂn atommal.

Abstract in German: Die Molekülstrukturen von allen Gold-
Mono- und Trihalogeniden und ihrer Dimere wurde berechnet
auf dem B3LYP, MP2, und CCSD(T) Niveau unter Verwen-
dung relativistischer Pseudopotentiale für alle Atome mit
Ausnahme vom Fluor. Unsere Rechnungen unterstützen die
experimentelle Beobachtung, dass die relative Stabilität der
Monohalogenide vom Fluorid zum Iodid gröûer wird, wäh-
rend der umgekehrte Trend für die Trihalogenide gefunden
wird. Die Energiepotentialflächen aller Goldtrihalogenide sind
untersucht worden. Diese Moleküle sind typische Jahn ± Teller-
Systeme; die trigonal-planare D3h-symmetrische Struktur ent-
spricht für keines der untersuchten Trihalogenide der Mini-
mumstruktur. Die Gröûe und der Charakter der Jahn ± Teller-
Verzerrung ändert sich graduell vom AuF3 zum AuI3. Die
Minimumstruktur besitzt eine T-förmige Anordnung der
Atome für AuF3 und AuCl3, während die Y-förmige Anord-
nung einem Übergangszustand entspricht. Für AuI3 liegt die
Y-förmige Struktur energetisch tiefer auf der Energiepotential-
fläche als die T-förmige Struktur. Sowohl für AuBr3 als auch
für AuI3 repräsentiert weder die T- noch die Y-förmige Struktur
das globale Minimum sondern eine L-förmige AuX3 Struktur,
welche auûerhalb der Jahn ± Teller-Fläche liegt. Diese Struktur
kann als Donor-Acceptor-System oder closed-shell Wechsel-
wirkung aufgefasst werden, mit I2 als Donor und AuI als
Acceptor. Die Dimere der Goldmonohalogenide besitzen sehr
kurze Gold-Gold-Abstände, die auf aurophile Wechselwirkun-
gen hinweisen. Die Dimere der Trihalogenide sind planare
Moleküle mit zwei verbrückenden Halogenatomen.



Gold Halides 3657 ± 3670

Chem. Eur. J. 2001, 7, No. 17 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0717-3659 $ 17.50+.50/0 3659

Experimentally only the monochlorides, -bromides, and
-iodides have been known until recently. The existence of AuF
was first suggested by computations[21] and then proven by
neutralization-reionization mass spectrometric experi-
ments,[22] and finally by microwave spectroscopy,[23] the latter
providing the geometry of the molecule as well. Attempts to
determine their structure by electron diffraction failed.[24] The
molecular constants of AuCl and AuBr have been determined
by microwave spectroscopy[25] and for AuCl also from the
rotational structure of the visible transitions in the emission
spectra.[26] AuF[13, 27, 28, 29] and AuCl[14, 29, 30, 31] have been stud-
ied by computations at different levels; for AuBr and AuI only
two computational studies have been published.[29, 31] Their
dimers have only been studied by computation.[13, 14, 27, 31]

There have also been computational studies on isolated
anions of gold halides, for example, AuX2

ÿ, AuX4
ÿ, AuF6

ÿ,[15]

AuCl4
ÿ,[14] and Au2X4

2ÿ.[32]

The stability of the gold trihalides decreases from the
fluorides toward the iodides, and our attempt to register the
diffraction picture of the monomer of gold trichloride
failed.[14] The chances for an experimental gas-phase structure
determination for AuBr3 and AuI3 are rather slim. According
to textbooks, AuI3 has not even been isolated;[33] it only exists
in its complexes as an AuI4

ÿ ion, although a recent study
claimed to have registered a trigonal planar AuI3 molecule as
an inclusion compound in a cluster.[34] AuBr3 and AuI3 have
not yet been studied by computational methods either. The
dimers of the trihalides are interesting for their
coplanar gold configuration, for example, Au2F6 in
the vapor phase,[13, 15a] Au2Cl6 in the crystal[15a, 35] as
well as in the vapor phase,[14, 15a] and Au2Br6 in the
crystal.[36] This is in accord with the planarity of AuX4

ÿ

ions, but in contrast with most metal trihalide dimers
whose geometry is the typical halogen-bridged struc-
ture with two distorted tetrahedra sharing a common
edge.[37] Gold trifluoride has a helical structure in its
crystal with a coplanar gold configuration.[38]

It seems that experimental gas-phase structural
determination is not feasible for the complete range
of gold halides, and the only techniques for their
comprehensive structural study are computational
methods. Earlier computations utilized different
levels of theory and different basis sets, hence it
seemed worthwhile to do a consistent study at the
same level of theory and with comparable basis sets.
AuBr3 and AuI3 and their dimers are studied here for
the first time.

Computational Details

Our goal was to compare the structures and energetics of all
simple gold halide molecules, therefore it was important to
carry out the calculations in such a way that the results could be
compared reliably with each other. Calculations were carried
out with the Gaussian 98 program package.[39] Pseudopotential
techniques were applied for all atoms, except fluorine, for which
the 6-31G(d) standard basis set was used; the use of all-electron
basis sets for first row atoms is better concerning accuracy and
efficiency. A multielectron-adjusted quasirelativistic effective

core potential covering 60 electrons ([Kr]4d104f14) was used for gold. The
halogen pseudopotentials covered the following electronic configurations:
Cl: [Ne]; Br: [Ar]3d10, and I: [Kr]4d10. The basis set for gold was an
(8s7p6d)/[6s5p3d]-GTO valence basis set (311111,22111,411). For the
halogens a (5s5p1d)/[3s3p1d] valence basis set (311,311,1) was used. Both
the pseudopotentials and the corresponding basis sets were those of the
Stuttgart group.[40] Comparison of this data set with better basis-set results
of Ref. [13] shows differences that were no larger than 0.01 ± 0.02 � for the
bond lengths. The reliability of the pseudopotentials for the larger halogens
was checked by comparing them with the results of Ref. [14], in which
different gold trichlorides were calculated with the same basis/ECPs on Au
and several all-electron bases on chlorine. The results were within about
0.02 � of each other. The bond angles in all these molecules were constant
and relatively independent of the basis sets. Trial calculations on the Au2X2

dimers at the B3LYP and CCSD(T) level were also carried out with a larger
basis set on Au, in which two f-type polarization functions were added, a
compact one to describe the Au-X covalent bonds and a diffuse one to
describe polarizability and van der Waals interactions (with coefficients
1.19 and 0.2, respectively). These polarization functions did shorten the
distances, especially the Au ´ ´ ´ Au distances of the dimers (see Table 1). At
the same time, as shown by the data in Table 1, the B3LYP results of this
test calculation for Au2F2 were not right; in this case the basis set was not
balanced, larger basis sets are needed for the fluorine as well to balance the
gold basis set. We tried several and at least a 6-31�G(3d) or better quality
is needed. Therefore, to save CPU time, we carried out our further
calculations without the additional f functions on gold.

Full geometry optimizations were carried out at three different correlated
levels of theory: MP2, density functional with the B3LYP formalism,[41] and
CCSD(T). All stationary points were characterized by a frequency analysis
at the B3LYP and the MP2 level. Mulliken population analyses and natural
bond orbital (NBO) analyses[42] were carried out to investigate the bonding
in all molecules at the B3LYP level.

Table 1. Geometries [distances in �, angles in 8].[a]

F Cl Br I

AuX, 1Sg, C1v

Au-X B3LYP 1.956 2.293 2.406 2.584
MP2 1.946 2.277 2.389 2.570
CCSD(T) 1.954 2.293 2.407 2.590

Au2X2, 1Ag, D2h

Au-X B3LYP 2.230 2.564 2.659 2.807
B3LYP (2f)[b] 2.219 2.551 2.646 2.796
MP2 2.223 2.537 2.631 2.782
CCSD(T) 2.229 2.557 2.653 2.807
CCSD(T)(2f)[b] 2.229 2.519 2.613 2.722

Au ´´´ Au B3LYP 3.051 2.818 2.809 2.827
B3LYP (2f)[b] 3.224[c] 2.772 2.761 2.776
MP2 3.008 2.793 2.776 2.772
CCSD(T) 2.951 2.797 2.788 2.792
CCSD(T)(2f)[b] 2.809 2.717 2.708 2.722

aX-Au-X B3LYP 93.7 113.3 116.2 119.5
B3LYP (2f)[b] 86.9 114.2 117.1 120.5
MP2 94.8 113.2 116.3 120.5
CCSD(T) 97.1 113.7 116.6 120.4
CCSD(T)(2f)[b] 101.9 114.9 117.6 121.0

T-shaped AuX3, 1A1, C2v

Au1ÿX2 B3LYP 1.908 2.295 2.434 2.661
MP2 1.896 2.274 2.413 2.632
CCSD(T) 1.902 2.287 2.428 2.655

Au1ÿX3 B3LYP 1.916 2.301 2.432 2.630
MP2 1.911 2.281 2.408 2.603
CCSD(T) 1.911 2.293 2.426 2.630

aX2-Au1-X3 B3LYP 95.0 96.9 97.2 97.8
MP2 93.9 95.5 96.2 97.5
CCSD(T) 94.4 95.9 96.2 97.2

D[(Au1ÿX2)ÿ (Au1ÿX3)] B3LYP ÿ 0.008 ÿ 0.006 0.002 0.031
MP2 ÿ 0.015 ÿ 0.007 0.005 0.029
CCSD(T) ÿ 0.009 ÿ 0.006 0.002 0.025
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Our earlier results indicated that both AuF3 and AuCl3 are Jahn ± Teller
distorted molecules with a typical ªMexican hatº type potential energy
surface (PES).[13, 14] This time the PES of AuBr3 and AuI3 was calculated at
the B3LYP level. For comparison the PESs of AuF3 and AuCl3 are also
shown, in these last two cases the full electron aug-cc-pVDZ basis sets were

used for the halogens. In each case the energy was calculated as
a function of the two X-Au-X angles in 58 steps. None of the
determined points was corrected for zero-point vibrations; such
corrections are calculated to be rather small, of the order of
0.1 ± 0.2 kcal molÿ1, in the harmonic approximation.

Intrinsic reaction coordinate (IRC) calculations were carried
out to check whether the located transition states belong to
either of the two minima under consideration. 200 points in
both directions were calculated. In cases in which 200 steps did
not lead to a minimum, an optimization followed that utilized
the last geometry of the IRC.

The computed geometrical parameters for all molecules are
given in Table 1 and the relative energies in Table 2. The
computed frequencies and absolute energies are given as
Supporting Information. Molecular models and the numbering
of atoms in all species are shown in Figure 1. In our discussion,
unless otherwise noted, CCSD(T) geometries and energies will
be quoted.

Results and Discussion

Gold monohalide monomers : The stability of gold
monohalides increases from the fluorides towards
the iodides; thus while AuI is a well-known solid
with a zig-zag chain-like structure and two-coordi-
nate gold,[43] the very existence of AuF has only been
proven recently (vide supra).[21, 22] Its AuÿF bond
length (re) is 1.918449(5) �, from microwave spec-
troscopy.[23] From among the many computed values,
the 1.922 � (MP2) value of Schwerdtfeger et al.[27] is
the closest to the experimental bond length, fol-
lowed by our earlier MP2/F: aug-cc-PVTZ value of
1.911 �. The bond lengths from higher level com-
putations, such as CCSD(T) and QCISD(T) tend to
be a few hundredths of an angstrom larger. The
experimental bond lengths of AuCl and AuBr
(2.1990287(9)[25] and 2.318410(1) �,[25] respectively)
are shorter than the computed values by almost
0.1 �. There is one consistent set of MP2-level bond
lengths for the AuX and Au2X2 systems (X�Cl, Br,
I) in the literature,[31] in good agreement with our
results.

Gold fluoride (AuF) is the best-studied binary
gold-halide so far, especially by Schwerdtfeger and
co-workers.[21, 27, 29, 30] These and other studies[28]

have been mostly concerned about the role of
relativistic and correlation effects on the geometry
and other properties of these systems. The short-
ening of bonds due to relativistic effects is especially
pronounced in the monohalides of gold as the
0.184 � (MP2)/0.175 � (CCSD(T)) and the 0.192 �
(CCSD(T)) decreases demonstrate (these values
were calculated for AuF[27] and AuCl,[30] respective-
ly). This is due to the pronounced contraction of the
6s orbital in the d10 electronic configuration of gold.

Comparison of the bond lengths of the mono-
halides with those of the trihalides (vide infra) shows a
changing pattern. We would expect the monohalides to have
longer bonds than the trihalides and this is observed for the
fluorides; the AuÿF bond is about 0.05 � longer than the

Table 1. Continued

F Cl Br I

Y-shaped AuX3, 1A1, C2v

Au1ÿX2 B3LYP 1.919 2.287 2.411 2.603
MP2 1.909 2.254 2.375 2.569
CCSD(T) 1.916 2.276 2.401 2.598

Au1ÿX3 B3LYP 1.909 2.310 2.450 2.688
MP2 1.902 2.291 2.425 2.631
CCSD(T) 1.903 2.301 2.444 2.671

aX2-Au1-X3 B3LYP 139.6 137.9 138.6 141.9
MP2 140.0 138.5 138.4 138.5
CCSD(T) 139.6 138.2 138.6 140.1

D[(Au1ÿX2)ÿ (Au1ÿX3)] B3LYP 0.010 ÿ 0.023 ÿ 0.039 ÿ 0.085
MP2 0.007 ÿ 0.037 ÿ 0.050 ÿ 0.062
CCSD(T) 0.013 ÿ 0.025 ÿ 0.043 ÿ 0.073

L-shaped AuX3, 1A', Cs
[d]

Au1ÿX2 B3LYP 1.912 2.275 2.398 2.588
MP2 1.925 2.259 2.380 2.571
CCSD(T) 2.277 2.400 2.593

Au1ÿX3 B3LYP 2.003 2.360 2.475 2.666
MP2 2.237 2.381 2.474 2.654
CCSD(T) 2.400 2.500 2.684

Au1ÿX4 B3LYP 3.093 3.748 3.991 4.394
MP2 3.032 3.595 3.812 4.169
CCSD(T) ± 3.635 3.857 4.221

X3ÿX4 B3LYP 1.572 2.125 2.382 2.786
MP2 1.444 2.063 2.331 2.744
CCSD(T) ± 2.094 2.363 2.779

aX2-Au1-X3 B3LYP 167.3 171.6 172.6 173.9
MP2 174.8 175.7 176.1 177.3
CCSD(T) ± 175.4 176.0 177.3

aAu1-X3-X4 B3LYP 119.3 113.3 110.5 107.4
MP2 109.0 107.8 105.0 101.1
CCSD(T) 107.8 105.0 101.2

Au2X6, 1Ag, D2h

Au1ÿX5 B3LYP 1.896 2.307 2.452 2.677
MP2 1.889 2.286 2.433 2.659
CCSD(T) 1.891 2.296 2.445 2.677

Au1ÿX3 B3LYP 2.062 2.437 2.566 2.763
MP2 2.052 2.403 2.526 2.719
CCSD(T) 2.052 2.422 2.550 2.751

Au1 ´´´ Au2 B3LYP 3.187 3.586 3.747 4.040
MP2 3.147 3.495 3.649 3.942
CCSD(T) 3.164 3.766 3.844 3.994

aX3-Au1-X4 B3LYP 78.8 85.3 86.2 86.0
MP2 79.8 86.7 87.5 87.1
CCSD(T) 79.1 86.4 87.4 87.1

aX5-Au1-X6 B3LYP 89.7 90.9 91.1 91.5
MP2 89.3 90.4 90.7 91.8
CCSD(T) 89.6 90.6 90.5 90.8

X2, 1Sg , D1h

X1ÿX2 B3LYP 1.404 2.059 2.323 2.734
MP2 1.421 2.043 2.310 2.728
CCSD(T) 1.444 2.067 2.337 2.760

[a] Experimental geometries: AuF:[23] re(AuÿF)� 1.918449(5) �; AuCl: AuÿCl�
2.1990287(9) �,[25], 2.19903(21) �;[26] AuBr:[25] AuÿBr� 2.318410(1) �; AuF3:[13]

rg(Au1ÿF2)� 1.893(12) �, rg(Au1ÿF3)� 1.913(8) �, aaF2-Au1-F3� 102.5(1.9)8 ;
Au2F6 (at 600 K):[13] rg(Au1ÿF5)� 1.876(6) �, rg(Au1ÿF3)� 2.033(7) �, aaF3-Au1-
F4� 80.4(1.6)8, aaF5-Au1-F6� 92.1(1.0)8 ; Au2Cl6:[14] rg(Au1ÿCl5)� 2.236(13) �,
rg(Au1ÿCl3)� 2.355(13) �, aaCl3-Au1-Cl4� 86.8(1.8)8, aaCl5-Au1-Cl6� 92.7(2.5)8.
[b] Calculation with two additional f-type polarization functions on Au, see text.
[c] r(Au ´ ´ ´ Au)� 2.969 � with a 6-31�G(3d) basis set on fluorine. [d] Always trans
geometry.
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shorter bond of the T-shaped ground-state structure of AuF3

(our earlier higher level computation gave a difference of
0.06 �).[13] For the chlorides the bond lengths are about the
same in the two molecules, while for the bromides and
especially the iodides the trend reverses and the trihalides
have longer bonds. This is in accord with the fact that the
stability of monohalides increases towards the iodides while
the opposite is true for the trihalides; hence the bonds get
gradually longer/weaker in the trihalides. Another possible
explanation is the different extent of relativistic shortening of
bonds in the mono- and trihalides. While the relativistic
shortening of the monohalides is large, due to the substantial
contraction of the 6s orbital (vide supra), it is much less
pronounced for the trihalides, for which the expansion of the
5d orbitals partially compensates the contraction of the 6s
orbitals. The increasing relativistic shortening of the heavier
monohalides compared with the lighter ones increases their
stability and makes their bonds eventually shorter compared
with the trihalides. For the trihalides, the larger degree of ionic
bonding in AuF3, compared with the heavier trihalides,
stabilizes its higher oxidation state. At the same time, the
larger relativistic effects in the heavier halides increase the
gap between the s and p orbitals, making the p orbitals less
available for bonding and, therefore, being at least partially
responsible for their decreasing stability.

Gold trihalide monomers : The usual D3h symmetry trigonal
planar arrangement of metal trihalides is not a minimum
structure for either of these gold trihalides. These molecules,
with gold in a formal d8 electronic configuration, are subjected
to Jahn ± Teller distortions, and this is confirmed by this study
for all four molecules, in accord with earlier experimental
evidence for AuF3

[13] and with computations for both
AuF3

[13, 15] and AuCl3
[14, 15] (molecular models and the number-

ing of atoms in all species studied are shown in Figure 1). The
amount and character of the Jahn ± Teller distortion, however,

Figure 1. Molecular models and numbering of atoms in T-, Y-, and
L-shaped AuX3, and in Au2X6.

Table 2. Relative energies [kcal molÿ1].[a]

DE0 DH298 DG298

F Cl Br I F Cl Br I F Cl Br I

T-AuX3!Y-AuX3

B3LYP 4.72 2.52 1.30 ÿ 1.20 4.12 1.92 0.70 ÿ 0.62 5.27 3.33 2.47 ÿ 2.81
MP2 5.75 2.58 1.29 ÿ 0.08 5.16 1.98 0.70 ÿ 0.08 6.13 3.28 2.37 ÿ 0.01
CCSD(T)[b] 5.65 2.95 1.52 ÿ 0.67 5.07 2.35 0.93 ÿ 0.67 6.04 3.65 2.60 ÿ 0.60

T-AuX3!L-AuX3

B3LYP 49.65 3.10 ÿ 3.18 ÿ 7.42 45.20 1.16 ÿ 3.89 ÿ 6.21 43.15 ÿ 1.11 ÿ 6.16 ÿ 6.55
MP2 67.39 12.33 5.61 0.06 62.08 10.38 4.91 0.73 59.57 8.28 2.64 ÿ 1.85
CCSD(T)[b] ± 6.91 ÿ 0.06 ÿ 5.11 ± 4.96 ÿ 0.75 ÿ 4.44 ± 2.86 ÿ 3.03 ÿ 7.02

T-AuX3!AuX � X2

B3LYP 67.87 20.18 16.43 13.14 67.23 19.56 15.81 13.12 58.22 10.96 7.51 3.10
MP2 76.25 30.36 27.24 23.77 75.49 29.73 26.61 23.73 66.21 20.89 18.01 13.54
CCSD(T)[b] 68.04 24.37 20.67 17.36 67.28 23.73 20.03 17.32 58.00 14.89 11.44 7.13

Y-AuX3!AuX � X2

B3LYP 63.15 17.66 15.13 14.34 63.11 17.64 15.11 13.74 52.95 7.62 5.04 5.91
MP2 70.50 27.78 25.95 23.85 70.33 27.75 25.91 23.81 60.08 17.60 15.64 13.55
CCSD(T)[b] 62.39 21.42 19.15 18.03 62.21 21.39 19.11 17.99 51.96 11.24 8.84 7.73

L-AuX3!AuX � X2

B3LYP 18.22 17.08 19.61 20.56 17.92 16.49 19.00 19.95 9.80 8.74 11.20 12.46
MP2 8.86 18.03 21.63 23.70 8.25 17.38 21.00 23.08 0.51 9.32 13.01 15.40
CCSD(T)[b] ± 17.46 20.73 22.47 ± 16.80 20.09 21.85 ± 8.75 12.10 14.17

2T-AuX3!Au2X6

B3LYP ÿ 70.74 ÿ 46.90 ÿ 43.66 ÿ 37.46 ÿ 69.22 ÿ 45.57 ÿ 42.41 ÿ 35.06 ÿ 54.84 ÿ 31.65 ÿ 28.51 ÿ 25.46
MP2 ÿ 77.90 ÿ 62.39 ÿ 60.91 ÿ 56.84 ÿ 76.39 ÿ 61.04 ÿ 59.65 ÿ 54.43 ÿ 62.82 ÿ 47.55 ÿ 45.88 ÿ 44.31
CCSD(T)[b] ÿ 77.36 ÿ 57.82 ÿ 54.66 ÿ 48.19 ÿ 75.85 ÿ 56.48 ÿ 53.40 ÿ 45.78 ÿ 62.28 ÿ 42.99 ÿ 39.63 ÿ 35.66

2AuX!Au2X2

B3LYP ÿ 16.93 ÿ 20.71 ÿ 23.74 ÿ 28.08 ÿ 16.57 ÿ 20.19 ÿ 23.18 ÿ 27.50 ÿ 8.25 ÿ 11.34 ÿ 14.68 ÿ 18.64
MP2 ÿ 24.19 ÿ 29.22 ÿ 33.15 ÿ 38.99 ÿ 23.84 ÿ 28.72 ÿ 32.59 ÿ 38.40 ÿ 15.14 ÿ 19.77 ÿ 23.85 ÿ 29.35
CCSD(T)[b] ÿ 24.35 ÿ 29.66 ÿ 33.14 ÿ 38.26 ÿ 24.00 ÿ 29.15 ÿ 32.58 ÿ 37.67 ÿ 15.30 ÿ 20.20 ÿ 23.84 ÿ 28.62

Au2X6!Au2X2 � 2X2

B3LYP 189.56 66.54 52.77 35.67 187.11 64.49 50.84 33.80 163.03 42.23 28.85 13.02
MP2 206.21 93.89 82.24 65.39 203.53 91.78 80.27 63.49 180.10 69.55 58.05 42.03
CCSD(T)[b] 189.10 76.91 62.86 44.65 186.41 74.80 60.89 42.75 162.99 52.57 38.67 21.30

[a] Basis-set superposition error was not calculated, since we found no obvious ways to do the counterpoise calculation for these systems. [b] The temperature
correction was taken from the MP2 calculation, since no CCSD(T) frequencies were available; for L-shaped AuF3 the CCSD(T) method did not converge.
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is different in the four trihalides; they change gradually from
the trifluoride to the triiodide.

We have calculated the PES of all four molecules at the
B3LYP level, see Figure 2. The Jahn ± Teller surface is a
typical ªMexican hatº potential energy surface for gold
trifluoride[13] and trichloride,[14] indicative of Jahn ± Teller
distortions for which the quadratic coupling terms are of
importance in describing the vibronic interaction (vide
infra).[7] For all four molecules the Jahn ± Teller surface has
two types of low-energy structures; a T-shaped and a
Y-shaped structure (see Figures 1 and 2). The T-shaped
structure is the minimum of the Jahn ± Teller surface for the
first three trihalides, and for AuF3 and AuCl3 it corresponds to
the global minimum of the ground-state molecule. The
Y-shaped geometry for these molecules describes the tran-
sition state between two minima by way of the exchange of the
positions of the X2 and X3 or X4 atoms. The Jahn ± Teller
stabilization energy (the difference between the D3h-symme-
try singlet (1E'), trigonal planar structure, and the minimum-
energy structure on the Jahn ± Teller surface) is about 29.4,
17.8, 15.5, and 14.0 kcal molÿ1 for AuF3, AuCl3, AuBr3, and
AuI3, respectively, at the B3LYP level. The energy difference
between the minimum energy structure and the triplet, 3E',
trigonal planar geometry is smaller and also decreases, 12.8,
6.6, 5.2, and 4.8 kcal molÿ1, for the above trihalides (B3LYP).

Therefore, for AuBr3 and AuI3 the energy gain due to the
Jahn ± Teller distortion is not very large; hence both species
possess a very flat potential energy surface (Figure 2 bottom).

The energy difference between the T- and Y-shaped
structures also decreases, 4.7, 2.5, 1.3, and ÿ1.2 kcal molÿ1 at
the B3LYP, and 5.7, 3.0, 1.5, and ÿ0.7 kcal molÿ1 at the
CCSD(T) level for AuF3, AuCl3, AuBr3, and AuI3, respec-
tively. For AuI3 the Y-shaped structure is somewhat lower in
energy than the T-shaped structure, and even that does not
appear to be a true minimum but a transition state at the MP2
level (although minimum at the B3LYP level). Thus, we found
it of importance to check the PES of AuX3 further, beyond the
Jahn ± Teller surface. It appears that, indeed, there is a much
lower energy structure with Cs symmetry (see Figures 1 and 2,
vide supra) for AuBr3 and AuI3 with a direct XÿX bond (vide
infra).

Due to the gradual decrease of the energy difference
between the T- and Y-shaped structures, the four molecules
can perhaps be classified into two groups. AuF3 and AuCl3 can
be considered as ideal examples of static Jahn ± Teller systems,
for which the energy difference between the local minima and
saddle points on the brim of the PES are large enough to
prevent the molecule to pseudorotate, and thus the molecule
is locked in the nondegenerate, distorted minimum positions.
The splitting of the peak corresponding to the nonbonded

distances of AuF3 on the elec-
tron-diffraction radial distribu-
tion curve provides evidence
for this (vide supra).[13] The
energy difference of about
5 kcal molÿ1 is large enough to
keep the molecules at the mini-
ma and for the molecules to
have the T-shaped structure in
the gas phase even at the
1100 K temperature of the elec-
tron diffraction experiment. Al-
though our attempts to record
electron diffraction patterns for
the monomeric AuCl3 failed,
the energy difference is high
enough to classify the molecule
as a static Jahn ± Teller case.

In contrast, the energy differ-
ence between the T- and
Y-shaped structures for both
AuBr3 and AuI3 is very small
so the molecules can be consid-
ered more as a dynamic Jahn ±
Teller system. The frequency
associated with the exchange
of the halogen atoms between
the T- and Y-shaped structures
is very small; this makes
the calculations sensitive to
changes in the applied method,
basis set, etc. We may have
reached the limit for frequency
analysis here, although all three

Figure 2. Potential energy surfaces of all AuX3 molecules at the B3LYP level (for applied basis sets see text). (See
also refs. [13] and [14]).
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methods used here (B3LYP, MP2, and CCSD(T)) agree on the
relative stabilities of the T- and Y-shaped structures, offering
some confidence in the results.

Relativistic effects enhance the Jahn ± Teller distortions in
all AuX3 molecules. They lower the energy of the Au 6s orbital
and increase the energy of the 5d orbital. Thus the 5d orbitals
become major contributors to the valence shell and their
shape favors a larger angular distortion. The Jahn ± Teller
distortion is largest in AuF3 and decreases along the series as
pronounced both in the bond lengths and the bond angles.
This is the consequence of the large contraction of the Au 6s
orbital; in spite of the large size of Au, energetically it will be
closest to the fluorine orbitals and thus will have the largest
overlap with them. Figure 3 illustrates this with two selected
sigma bonding MOs of the same symmetry; the decreasing
overlap as going from the fluoride towards the iodide is
conspicuous.

The decreasing amount of distortion along the series is also
reflected by their MO schemes. The splitting of the e-type
orbitals of the D3h-symmetry structure is largest for AuF3 and
the orbital gaps decrease down the group among the halogens
(Table 3).

T-shaped structure : This structure has one shorter and two
longer AuÿX bonds, and two smaller and one larger X-Au-X
bond angles in AuF3 and AuCl3 (Figure 1). The difference
between the two types of AuÿX bonds, D[(Au1ÿX2)ÿ
(Au1ÿX3)], changes from ÿ0.009 � in the trifluoride to
ÿ0.006 � in the trichloride. Although the T-shaped structure
is still a minimum structure for AuBr3 at all levels considered,
the character of this structure changes: there is one longer and
two shorter AuÿBr bonds with a difference of 0.002 �
between them.

AuI3 is different, for this molecule the T-shaped structure is
no longer the minimum of the Jahn ± Teller surface; it has one

imaginary frequency and corresponds to a transition state.
The relationship of the three bond lengths is similar to that in
AuBr3; there are one longer and two shorter bonds with a
difference of 0.025 � between them. Thus, the difference of
the two types of bond lengths, D[(Au1ÿX2)ÿ (Au1ÿX3)],
changes gradually from AuF3 to AuI3 as ÿ0.009, ÿ0.006,
0.002, and 0.025, respectively.

The bond angles of the T-shaped structure also show a
gradual change from AuF3 to AuI3; the X2-Au1-X3 angle is
smallest in AuF3 (94.48) and largest in AuI3 (97.28), in accord
with the decreasing degree of Jahn ± Teller distortion along
the series. It can also be explained by the increasing non-
bonded interactions. The F2 ´ ´ ´ F3 distance in AuF3 is similar
to the 1,3-nonbonded F ´ ´ ´ F distances in other molecules. For
AuCl3 this nonbonded distance is already shorter than the
average of such distances determined for other molecules,
especially if we consider molecules with similarly large central

atoms. This effect is even larger
for the tribromide and the tri-
iodide, so the observed increase
of the X2-Au1-X3 angle is not
surprising.

Y-shaped structure : This struc-
ture corresponds to a transition
state for AuF3, AuCl3, and
AuBr3, with one imaginary fre-
quency (see Supporting Infor-
mation). The energy barrier
associated with this imaginary
frequency is largest for AuF3

(5.7 kcal molÿ1), and gradually
decreases for AuCl3, (3.0 kcal molÿ1) and AuBr3

(1.5 kcal molÿ1). Finally, this structure becomes the minimum
on the Jahn ± Teller surface for AuI3, being 0.7 kcal molÿ1

lower in energy than the T-shaped structure. Similarly to the
T-shaped geometries, gradual changes are observed in the
actual geometrical parameters of the Y-shaped structures as
well. The difference between the two types of AuÿX bonds,
D[(Au1ÿX2)ÿ (Au1ÿX3)], varies as X�F: 0.013, Cl:ÿ0.025,
Br: ÿ0.043, and I: ÿ0.072 �. Thus, for AuF3, the Y-shaped
structure has one longer and two shorter bonds and two larger
and one smaller bond angles (see, Figure 1). This type of
relationship between the geometrical parameters of the
Y-shaped and T-shaped molecules can be expected, consider-
ing the opposite phases of the Jahn ± Teller active vibration
and it is also observed, for example, in MnF3.[12] AuCl3 is
different; it has one short and two longer bonds in its
Y-shaped geometry, while the relationship of the bond angles
is the same as for AuF3. Thus, for AuCl3, both the T-shaped

Figure 3. Molecular orbitals showing sigma-type bonding in T-shaped AuX3 (HF orbitals at the MP2 geometry).

Table 3. Orbital energies [au][a] and energy gaps [kcal molÿ1] due to Jahn ± Teller distortion of T-shaped AuX3, e'')b1ÿ a2 and e') b2ÿ a1.

b1 a2 gap(a2ÿ b1) b2 a1(virt.) gap(a1ÿ b2) gap(a2ÿ b2)

F ÿ 0.60733 ÿ 0.56547 26.30 ÿ 0.56647 ÿ 0.10506 289.50 0.63
Cl ÿ 0.47426 ÿ 0.45097 14.61 ÿ 0.44751 ÿ 0.13248 197.68 ÿ 2.17
Br ÿ 0.43117 ÿ 0.41228 11.85 ÿ 0.40359 ÿ 0.13293 169.84 ÿ 5.45

I ÿ 0.37976 ÿ 0.36577 8.78 ÿ 0.35120 ÿ 0.13180 137.67 ÿ 9.14

[a] HF orbital energies at the CCSD(T) geometry.
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ground state and the Y-shaped
transition-state structures have
one shorter and two longer
bonds. This has been interpret-
ed earlier[14] by the very short
Cl3 ´ ´ ´ Cl4 distance in the
Y-shaped molecule. Using the
present levels of calculation
and comparing with the com-
puted 1,3 X ´ ´ ´ X distances in
other halides with large central
atoms,[37] the X3 ´ ´ ´ X4 distances
are about 0.6, 0.8, and 1.0 �
shorter in the AuX3 (X�Cl, Br,
I) Y-shaped structures, respec-
tively. These are very large
differences and they explain
why the stability of these spe-
cies with respect to decomposi-
tion into AuX and X2 decreases
towards the heavier halides
(Tables 1 and 2). Another pos-
sible reason for these differ-
ences in the geometries is the
relative role of the true Jahn ±
Teller effect and the possible
pseudo-Jahn ± Teller effect[44]

in these molecules. It has been
suggested that pseudo-Jahn ±
Teller effects can happen with
molecules with D3h symmetry
in which the 1A1 and 1E' states
often get close in energy.[18, 45]

E� e Jahn ± Teller cases are
typical examples of having
both true and pseudo-Jahn ±
Teller effects; their relative
magnitudes depend on the en-
ergy differences of the two
states.

Bonding in T- and Y-shaped
gold trihalides : An interesting
feature of these molecules is
their p bonding. It has been
shown[14] that there is a considerable p back-bonding in the
T-shaped structure of both AuF3 and AuCl3. Figure 4 shows
the relevant MOs for all four molecules. There are three
bonding p MOs with b1, a2 (both out-of-plane), and b2 (in-
plane) symmetry. The a2 MOs are 3-center bonds, whereas the
b2 MO is delocalized over the entire molecule. As seen from
the figure, the p bonding decreases gradually from the
trifluoride to the triiodide. In AuI3 there is almost no p

overlap. This is also in accordance with the decreasing
stability of the gold trihalides going from AuF3 to AuI3.
There is also a certain amount of p bonding in the Y-shaped
structures (Figure 5), but that decreases even faster than that
in the T-shaped molecules from AuF3 to AuI3. Again, for AuI3

there is almost no p bonding. For the AuÿX3 and AuÿX4
bonds the p bond is present only in AuF3, and this may be one

of the reasons why the relative lengths of the Au1ÿX2 versus
Au1ÿX3,4 bonds changes; while Au1ÿX2 is longer and the
other two are shorter in AuF3, this reverses in AuCl3 and the
rest of the molecules. The difference between the two types of
bonds increases as the halogen size increases; this is also in
accord with the weakening of the Au1ÿX3,4 bonds and the
instability of these molecules against decomposition into AuX
and X2.

An interesting feature of the Y-shaped molecules is their
X ´ ´ ´ X interaction. Figure 6 shows the relevant MOs. Com-
paring the 1a1 orbitals in the four molecules, in AuF3 the
fluorine p-type AOs do not overlap with each other, rather,
they participate in a 3-center Au-F bond. The same applies for
AuCl3, although with a small amount of Au1ÿX2 overlap
mixing in. For AuBr3 and AuI3 the p atomic orbitals (AOs) of

Figure 4. Molecular orbitals showing p back-bonding in T-shaped AuX3 (HF orbitals at the MP2 geometry).

Figure 5. Molecular orbitals showing p back-bonding in Y-shaped AuX3 (HF orbitals at the MP2 geometry).
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the X3 and X4 halogens overlap with each other, providing a
direct X ´ ´ ´ X interaction. There is no more interaction
between these halogens and the Au atom, while the overlap
between the Au and the third halogen is still there. The direct
interaction between the halogens is evident for all four
molecules in case of the 2a1 MO (Figure 6).

The natural bond orbital (NBO) partial charges for both T-
and Y-shaped structures are given in Table 4. AuF3 is a highly
polarized molecule, with the halogen charge being somewhat
smaller on the X2 atom than on the X3,4 atoms for the
T-shaped structure and vice versa for the Y-shaped structure.
The polarization decreases the heavier the halogen. The

charges on all atoms decrease
from the trifluoride to the tri-
iodide. The results of the pop-
ulation analysis are also given
in Table 4 for all four mole-
cules. They show that the pop-
ulation of the 6p orbitals is
small and, hence, they are not
included in the AuÿX interac-
tion; only 5d and 6s Au orbitals
participate in the bond forma-
tion. In accord with decreasing
p back-bonding and decreasing
polarization, the 6s and 5d pop-
ulations increase in the order

F<Cl<Br< I, especially for the Y-species. Both partial
charge and natural electron population considerations indi-
cate that assuming formal d8 Au3� ions to be present in these
trihalides is not correct.

L-shaped structures : In view of the flat Jahn ± Teller surface of
AuBr3 and AuI3, we further explored the potential energy
surfaces of these molecules. It appears that there is, indeed,
another low-energy structure, deeper than the minima of the
Jahn ± Teller surface by about 3 and 7 kcal molÿ1 for AuBr3

and AuI3, respectively (see Figure 2 bottom and Table 2,
B3LYP). The CCSD(T) method yields 5 kcal molÿ1 lower

Figure 6. X ´ ´ ´ X interaction in Y-shaped AuX3 (HF orbitals at the MP2 geometry).

Table 4. Results of NBO analysis for AuX, AuX3, and their dimers [q in e].

AuX q(Au) q(X) BO(AuÿX) Natural electron configuration

F 0.5273 ÿ 0.5273 0.4737 [core]6s(0.66)5d(9.74)6p(0.05)
Cl 0.5040 ÿ 0.5040 0.4853 [core]6s(0.61)5d(9.86)6p( 0.02)
Br 0.4383 ÿ 0.4383 0.5471 [core]6s(0.66)5d(9.88)6p(0.02)
I 0.3386 ÿ 0.3386 0.6420 [core]6s(0.73)5d(9.91)6p(0.02)

T-shaped AuX3 q(Au) q(X2) q(X3/4) q(X3/4)ÿ q(X2) Natural electron configuration

F 1.4383 ÿ 0.3784 ÿ 0.5300 ÿ 0.1516 [core]6s(0.51)5d(8.96)6p(0.09)
Cl 0.9689 ÿ 0.1871 ÿ 0.3909 ÿ 0.2038 [core]6s(0.62)5d(9.36)6p(0.04)
Br 0.7846 ÿ 0.1282 ÿ 0.3282 ÿ 0.2000 [core]6s(0.69)5d(9.47)6p(0.05)
I 0.5433 ÿ 0.0599 ÿ 0.2417 ÿ 0.1818 [core]6s(0.79)5d(9.60)6p(0.06)

Y-shaped AuX3 q(Au) q(X2) q(X3/4) q(X3/4)ÿ q(X2) Natural electron configuration

F 1.3458 ÿ 0.5140 ÿ 0.4159 0.0981 [core]6s(0.67)5d(8.90)6p(0.08)
Cl 0.9163 ÿ 0.4113 ÿ 0.2525 0.1588 [core]6s(0.68)5d(9.35)6p(0.04)
Br 0.7375 ÿ 0.3544 ÿ 0.1915 0.1629 [core]6s(0.73)5d(9.47)6p(0.04)
I 0.4934 ÿ 0.2825 ÿ 0.1054 0.1771 [core]6s(0.81)5d(9.63)6p(0.05)

L-shaped AuX3 q(Au) q(X2) q(X3) q(X4) Natural electron configuration

F 0.5642 ÿ 0.5359 ÿ 0.0491 0.0208 [core]6s(0.78)5d(9.60)6p(0.07)
Cl 0.4680 ÿ 0.5173 0.0336 0.0157 [core]6s(0.78)5d(9.72)6p(0.02)
Br 0.3886 ÿ 0.4660 0.0638 0.0137 [core]6s(0.81)5d(9.76)7p(0.03)
I 0.2706 ÿ 0.3971 0.1052 0.0213 [core]6s(0.87)5d(9.82)6p(0.03)

Au2X2 q(Au) q(X) BO(Au ´ ´ ´ Au) Natural electron configuration

F 0.6500 ÿ 0.6500 0.0477 [core]6s(0.36)5d(9.92)6p(0.08)
Cl 0.6205 ÿ 0.6205 0.0697 [core]6s(0.43)5d(9.92)6p(0.02)
Br 0.5375 ÿ 0.5375 0.0814 [core]6s(0.50)5d(9.92)6p(0.03)
I 0.4139 ÿ 0.4139 0.0939 [core]6s(0.61)5d(9.93)6p(0.03)

Au2X6 q(Au) q(X3) q(X5) q(X3)ÿq(X5) Natural electron configuration

F 1.4497 ÿ 0.5427 ÿ 0.4535 ÿ 0.0892 [core]6s( 0.56)5d(8.91)6p(0.07)
Cl 0.9417 ÿ 0.3162 ÿ 0.3128 0.0034 [core]6s(0.64)5d(9.36)6p(0.04)
Br 0.7602 ÿ 0.2243 ÿ 0.2680 0.0437 [core]6s(0.70)5d(9.47)6p(0.04)
I 0.5216 ÿ 0.1000 ÿ 0.2108 0.1108 [core]6s(0.80)5d(9.60)6p(0.05)
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energy for L-shaped AuI3 and about the same energy for the
L- and T-shaped AuBr3. Apparently, the heavier the halogen
the more stable this L-shaped structure becomes by all
computational methods; frequency analyses show that this
structure is a true minimum for all AuX3 molecules. This
L-shaped structure has CS symmetry, as shown in Figure 1.
The L-shaped AuCl3 is estimated to be about 3 kcal molÿ1

higher in energy than the T-shaped minimum by the B3LYP
method (7 kcal molÿ1 by CCSD(T)). At the same time this
structure is about 50 kcal molÿ1 higher in energy than the
T-shaped minimum for AuF3 (B3LYP, the coupled cluster
calculation for AuF3 did not converge.)

To gain further insight into the isomerization of the C2v-
symmetry (T- and Y-shape) structures to the L-shaped Cs-
symmetry structure, we have located the transition states of
the reaction paths: i) T-shaped!L-shaped for AuX3, X�F,
Cl and Br, and ii) Y-shaped!L-shaped for AuI3. The
geometrical parameters of the transition-state structures are
given as Supporting Information. The activation barrier is
calculated to be very large (58 kcal molÿ1) for AuF3, dramat-
ically decreasing to 18 (AuCl3), 8 (AuBr3), and 2 kcal molÿ1

(AuI3) for the heavier halogen species. Several factors
contribute to the activation barrier for this type of halogen
shift: i) unfavorable charge distribution (electrostatic repul-
sion between X3 and X4 atoms, cf. Table 4); ii) breaking of the
Au1ÿX4 bond; iii) charge redistribution upon making the
X3ÿX4 bond.[46] The large electrostatic repulsion, together
with the small F2 bond energy, as compared with, for ex-
ample, Cl2, explains the large barrier for AuF3. It should be
noted that polar solvents or lattice effects may have a
considerable influence on the activation barrier. AuI3 should
be the best candidate to find the Cs structure in an experi-
ment, because of the very small activation barrier to
overcome. Once the Cs-symmetrical AuI3 is formed, it
should be fairly stable as the activation barrier in the other
direction is larger, about 8 kcal molÿ1. If we consider the
reaction AuI � I2!L-AuI3, the formation of the L-shaped
molecule happens without an activation barrier in an exo-
thermic reaction.

The L-shaped AuX3 molecule has only two AuÿX bonds
and one direct XÿX interaction. Since experimentally AuI3

seems to be the most relevant, our discussion focuses on that
molecule. The Au1ÿI2 bond is about the same as in the
Y-shaped structure (which is the lower energy structure on the
Jahn ± Teller surface of AuI3), and the Au1ÿI3 bond is only
0.013 � longer than the corresponding bond in the Y-shaped
molecule. The third gold ± iodine bond of the C2v-symmetrical
trihalide disappears here. The Au1 ´ ´ ´ I4 distance, with its
4.221 � length, of course, is no longer a bond; it is even longer
than the I ´ ´ ´ I van der Waals interaction (3.96 �). At the same
time, the I3 ´ ´ ´ I4 distance is 2.779 �, which is only 0.019 �
longer than the bond in the iodine molecule calculated by the
same method, 2.760 �.

Bonding in L-shaped gold trihalides : This rather intriguing
structure can be rationalized by qualitative valence bond
(VB) considerations. Figure 7 shows three different types of
canonical Lewis structures (A ± C) possible for this molecule.
In each of these structures the gold atom has an expanded

valence shell in which the 5d
electrons are also taken into
consideration.

In the NBO analysis that we
carried out for all molecules,
two-center bonds and lone pairs
are localized, and only one
sigma bond between Au and
X2 and one sigma bond be-
tween X3 and X4 are consid-
ered. Hence, the NBO Lewis
picture corresponds to struc-
ture C (Figure 7). This structure
describes the molecule as con-
sisting of two separate, closed-
shell fragments, AuX and X2. This is indicated, for example,
by the partial charges. For the gold atom as well as for the X2
atom of the L-shaped trihalides, the partial charges are almost
the same as in the corresponding monohalides (see, Table 4).
On Au they change from �0.56 in AuF3 to �0.27 in AuI3, an
indication of an increasing covalent character for the heavier
halides. For all species the partial charges of the XÿX unit are
almost zero (�0.1) indicating that the Lewis structure C is the
best description of the system. The slightly positive charges on
X3 arise from the resonance with structure B (vide infra).
Structure A in Figure 7 represents an ionic structure that does
not seem to play an appreciable role.

In line with the idea of closed-shell ± closed-shell interac-
tions, and considering the L-shaped molecule as a donor ±
acceptor molecule, we looked into the intramolecular donor ±
acceptor interaction between the two closed-shell fragments.
We found a strong interaction between the p-type lone pair of
X3 of the X2 unit with the antibonding sigma orbital (s*) of
the AuX unit for all species. This can also be envisioned as
resonance between structures C and B, and the corresponding
sigma bond can be considered as a 4-electron 3-center bond.
The energy associated with this resonance was estimated by a
second-order perturbation approach; it is largest for the
iodide (79 kcal molÿ1) and decreases toward the fluoride, for
which it is 28 kcal molÿ1 (see Table 5).[47] Separation of the
total interaction between these two fragments (AuX and X2)
shows that mostly the orbitals of the X2 fragment represent
the donor orbitals and the AuX orbitals the acceptor orbitals.
The overall charge transfer from the X2 unit to the AuX unit is
largest for AuI3 and decreases along I>Br>Cl, with a charge
transfer in the opposite direction (AuF!F2) for the fluorine
species (see Table 5). Landis and co-workers have developed
a valence-bond model that works very well in predicting
molecular shapes not only for main group elements but also
for molecules of transition metals.[48] Their prediction is in
agreement with our findings. Strong ionic ± covalent reso-
nance rationalizes ªhypervalentº bonding; such resonances
are usually largest for a linear arrangement of the electron-
pair bond and the electron pair localized on the ligand.

Table 5 also lists the bond orders (BO) in the L-shaped
trihalides. The covalent BO for the AuÿX3 bond is less than
half of the value for the AuÿX2 bond, thus indicating that
structure C should have a larger weight in the resonance
scheme. The estimated natural localized molecular orbital

Figure 7. Canonical Lewis
structures of L-shaped AuX3.
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(NLMO) covalent bond orders[49] for the AuX unit decrease
as expected from I>Br>Cl>F, with increasing polarization
of the AuÿX bond. The X3ÿX4 bond order is almost the same
in all species indicating that mainly non-bonding donor
orbitals (lone pairs on X2) are involved in the interaction
between the two units.[50]

In the interaction of X2 with AuX, the LUMO of AuX is an
antibonding sg* molecular orbital, while the HOMO of X2 is
an antibonding pg MO, which describes lone-pair electron
density. The HOMO ± LUMO gap increases in the order I, Br,
Cl with the largest gap of about 0.63 au for the AuF/F2 system.
Of course, consideration of only HOMO ± LUMO interac-
tions, while being didactic and helpful in understanding the
factors leading to certain structures, is an oversimplification;
several other orbitals also take part in the Lewis acid/base
interaction. Inspection of the molecular orbitals of the
L-shaped structure shows a large number of bonding, non-
bonding, and antibonding interactions between the two
fragments as indicated by a few MOs of AuI3 in Figure 8. In
contrast to the T- and Y-shaped AuX3 molecules, in which

Figure 8. Some of the MOs in L-shaped AuI3 (HF orbitals at the MP2
geometry).

there was practically no p interaction in the heavier halides
(see Figures 4 and 5), there are not only s-type MOs, but also
strong (in- and out-of-plane) p interactions for L-shaped AuI3

(see Figure 8). The sigma-type MOs mainly involve the 6s and
5d orbitals, while the p-type involve only 5d orbitals on gold.

The donor ± acceptor interaction, used above to describe
the bonding in L-shaped AuX3 molecules, is but one example
of the so-called closed-shell interactions that have received a
great deal of attention in recent years.[4, 51] They comprise all
intermolecular interactions, such as hydrogen bonds, donor ±
acceptor (Lewis acid/base) or charge-transfer bonding, metal-
lophilic interactions, and any other attractive interactions
between atoms and molecules. They are especially often
encountered with large atoms of which gold and iodine are
ideal representatives. Suffice it to mention two examples; one
is the L3P ´ I2 donor ± acceptor complexes, for example, Ph3P�
I2, in which one of the iodines is attached to P with a charge-
transfer bond and has a close to linear P-I-I configuration.[52]

In this molecule the IÿI bond is considerably longer
(3.16(2) �) than in free iodine, and this can be explained by
the fact that electron density shifts from the lone electron pair
of phosphorus to a s* orbital of the iodine molecule. Another
example is I3

ÿ, which was described recently as a donor ±
acceptor molecule between I2 and Iÿ, with I2 acting as the
acceptor and Iÿ as the donor, just as in Ph3P ´ I2.[20] The same
authors showed that the bonding in I3

ÿ could also be described
as a hypervalent bond; implying equivalence between the two
bond descriptions.

The bonding in the L-shaped AuX3 molecule is different
from the above two examples in that here the X2 molecule is
primarily the donor and the AuX molecule the acceptor. The
geometrical parameters show this difference; in the L-shaped
AuX3 system the XÿX distance is almost the same as in the
free X2 molecule, for example, r(IÿI)� 2.779 in L-AuX3

versus 2.760 � in the iodine molecule (CCSD(T)).[50]

The different roles of I2 in I3
ÿ, being the acceptor, and in

AuI3, being the donor, are reflected by the differences in the
geometries. I3

ÿ is linear and, as argued by Hoffmann et al.,[20]

this indicates that orbital interactions are important in the
molecule; the linear shape leads to larger overlap between the
p orbital of Iÿ and the s orbital of I2 and, thus, to stronger
bonding in the linear configuration. The Au-I-I fragment in
our L-shaped AuX3 molecule is different in this respect. The I2

molecule acting as the donor and AuI as the acceptor explains
the bent shape of the molecule. With bending the molecule,
the overlap between the iodine p system and the s orbital on
AuI increases, and this stabilizes the system. The covalent
character of the AuX3 molecule increases from the fluorides
towards the iodides, and this is in accord with the fact that the
Au-I-I bond angle decreases in this order, from 1098 in AuF3,
to 1018 in AuI3.

The bent shape of the Au-I-I fragment can also be
explained by the pseudo-Jahn ± Teller effect (PJTE). Bersuker
et al.[53] have recently studied the I3 molecule and its positive
and negative ions and have shown that the bent shape of I3

and I3
� (in contrast to I3

ÿ) can be explained by this effect. The
PJTE describes the coupling of the ground electronic state (of
the linear configuration) with the excited electronic state
through bending, which increases the covalent bonding

Table 5. Bond orders, donor ± acceptor interactions [kcal molÿ1], charge
transfer [qct in e],[a] and orbital energies [au][b] in L-shaped AuX3 molecules.

F Cl Br I

bond order
Au1ÿX2 0.4383 0.4518 0.4893 0.5446
Au1ÿX3 0.1150 0.2005 0.2147 0.2256
X3ÿX4 0.8675 0.8705 0.8655 0.8678

donor ± acceptor interactions
SE(2) [X2ÿAu1!X3ÿX4] 6.41 19.52 26.48 21.88
SE(2) [X3ÿX4!X2ÿAu1] 39.62 116.63 130.42 127.32
Total E(2) 46.03 136.15 156.9 149.20
E(2)[px-LP(X3)! s*(Au1ÿX2)] 27.87 65.63 74.88 78.99

charge transfer
qct (XX!AuX) ÿ 0.0283 0.0493 0.0775 0.1265

HOMO ± LUMO gap
HOMO (XÿX), (pg) ÿ 0.66139 ÿ 0.45396 ÿ 0.41119 ÿ 0.36280
LUMO (AuÿX), (s) ÿ 0.03431 ÿ 0.03815 ÿ 0.03727 ÿ 0.03599
gap (HOMO ± LUMO) 0.62708 0.41581 0.37392 0.32681

[a] At the B3LYP level. [b] HF orbital energies at the CCSD(T) geometry.
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character of the molecule through new s ± p overlaps. This
reasoning applies to the L-shaped AuI3 molecule as well.

It has been shown recently that metal iodides with excess
iodine are capable of replacing polyiodides in crystals.[19]

Among others, the [AuI2]ÿ ´ ´ ´ I2 system was found to have an
L-shaped structure, essentially similar to that of AuI3.

Gold monohalide and trihalide dimers

Structure and bonding : We have collected the first consistent
set of data for the dimers of gold monohalides and trihalides.
The few scattered earlier studies on Au2F2,[13, 27] Au2Cl2,[14]

Au2X2 (X�Cl, Br, I),[31] Au2F6
[13, 15] and Au2Cl6

[14, 15] are in
general agreement with our data. All dimers are planar
molecules with two bridging halogen atoms connecting the
two monomeric units.

The bridging bonds in all dimers are significantly longer
than the corresponding ones in the monomers; this difference
decreases gradually from the fluoride toward the iodide, from
0.275 � in the fluoride to 0.217 � in the iodide for Au2X2. As
it was shown previously,[27, 31] relativistic effects reduce the
bond lengths of the dimers, but to a lesser extent than in the
monomers, by 0.090 and 0.148 � in Au2F2 and Au2Cl2,
respectively. Comparison of the monomer and dimer bond
lengths for the trihalides is more difficult because of the two
different types of bond lengths in the monomer trihalides and
their changing shape as going from the trifluoride to the
triiodide. For these dimers comparison of the terminal and
bridging bonds within the same molecule is of interest. This
difference (bridging/terminal) decreases from the trifluorides
to the triiodides from 0.16 � in Au2F6 to 0.07 � in Au2I6. The
latter is unusually small, which may indicate that neither AuI3

nor Au2I6 is very stable.
The most interesting feature of the Au2X2 dimers is their

extremely short Au ´ ´ ´ Au distance. This is the result of the
well-known aurophilic interaction, which is one of the typical
examples of the strong closed-shell interactions.[4] The auro-
philic interaction is especially pronounced with soft ligands,
and generally with larger atoms as observed earlier with
numerous complexes.[4] Our re-
sults for the Au2X2 dimers is in
agreement with this observa-
tion; the Au ´ ´ ´ Au distance de-
creases along the series from
2.951 � in Au2F2 to 2.792 � in
Au2I2 in accordance with the
increasing covalent bond order
calculated for Au ´ ´ ´ Au (Ta-
ble 4). The Au ´ ´ ´ Au distance
in Au2I2 (2.792 �) is shorter
than the AuÿI bond length
(2.807 �). This is in agreement
with the earlier results of
Schwerdtfeger et al.,[31] who
calculated much shorter dis-
tances for both, Au ´ ´ ´ Au
2.758 � versus Au-I 2.787 �.
The gold ± gold distance can be
expected to be even shorter if

larger basis sets on Au are applied, as our trial calculations
with two additional f polarization functions indicated (see
Table 1). For comparison, the Au ± Au bond length in the Au2

molecule is 2.472 � from experiment[54] and 2.45,[55] 2.486,[56]

and 2.488 �[57] from computation. The Au ´ ´ ´ Au distance in
the zig-zag chain of the gold monoiodide crystal is 3.08 �,
with a AuÿI bond length of 2.62 �.[43]

The Au ´ ´ ´ Au distance decreases with increasing AuÿX
distances going from F to I, and this results in a substantial
opening of the X-Au-X angles along the series, from 97.18 in
Au2F2 to 120.48 in Au2I2. In contrast, the endocyclic bond
angles in the Au2X6 molecules show constancy at about 878
(except 798 in Au2F6) and their Au ´ ´ ´ Au distances increase,
accordingly, from the fluorides towards the iodides. These
distances are also considerably longer than in the dimers of
the monohalides. The more normal behavior is the result of
several factors, among them the enhanced role of d orbitals in
the valence shell in the trihalides and their decreasing stability
towards the heavier halogens. However, in Au2F6 and Au2Cl6,
even the trihalide dimers have a certain amount of direct
interaction between the gold atoms in the central ring, as
indicated by their molecular orbitals in Figure 9, but much less
than in the Au2X2 molecules.

The major difference between the Au2X2 and Au2X6 dimers
is that in the former there are both s- and p-type molecular
orbitals participating in the Au ´ ´ ´ Au interaction; while in the
latter only s-type Au ´ ´ ´ Au overlaps are found (see, Figure 9).
The two MOs (ag and b3u) represent four-center bonds for
Au2F2 and Au2Cl2 with rather large coefficients on the
halogen. At the same time these MOs look like two-center
Au ´ ´ ´ Au interactions in Au2Br2 and Au2I2, with the halogen
coefficients being almost zero. In these last two molecules the
maximum of the electron density is in the middle of the Au ´ ´ ´
Au axis, and this is in accord with finding the shortest gold ±
gold distances in the two heavier Au2X2 molecules. Although
there are p-type MOs in the Au2X6 molecules as well, the
overlap is almost zero. There is an almost constant 5d
population of 9.92 ± 9.93 e in Au2X2, while the 5d population
in Au2X6 increases from 8.91 e in Au2F6 to 9.60 e in Au2I6. The

Figure 9. Molecular orbitals showing intra-ring Au ´´´ Au interactions in Au2X2 and Au2X6 (HF orbitals at the
MP2 geometry).
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6s population increases in both species from the fluorides to
the iodides (Table 4). The electronic populations of the
T-shaped monomer and the dimer are almost identical,
whereas in Au2X2 a smaller 6s but a larger 5d population is
found than in the monomers. It is interesting to note that the
partial charge difference of gold between Au2X2 (formal
gold(i)) and Au2X6 (formal gold(iii)) molecules decreases from
0.8 in the fluorides to 0.1 in the iodides.

Dimerization and decomposition : Reaction energies, temper-
ature corrected enthalpies, and Gibbs free energies of several
decomposition and dimerization reactions are given in
Table 2. Both dimerizations are exothermic, but the energy
gain in the dimerization of AuX3 is much larger, by about 53
(AuF3) to 10 kcal molÿ1 (AuI3), than that of AuX (CCSD(T)).
The dimerization energy of AuX3 decreases for the heavier
halogens; the opposite trend was found for the dimerization
of AuX, indicating the change in relative stability from AuF3

(more stable than AuF) to AuI3 (less stable than AuI) in the
solid state. Our computational results are in accord with this.
All decomposition reactions of AuX3 (to AuX � X2) were
estimated to be endothermic but decreasingly from AuF3 to
AuI3 (58 vs 7 kcal molÿ1). It should be noted that the
computations were carried out for the isolated (gas-phase)
species, thus certain differences from solid-state experimental
data can be expected. Hence solid-state (lattice and solvents)
effects may be responsible for the instability of AuI3 with
respect to its spontaneous decomposition into AuI and I2.
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