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In addition to the known Au®* and Au®', it has recently been shown that Au is likely to possess unusual
valence states in compressed Au—F compounds. However, our simulations reveal that polymeric ground-state
AuF, shows an unexpected 6-fold coordination rather than a 4-fold one, indicating that more complete
comprehending on the anomalous Au** is highly required. To fully understand the nature and origin of
anomalous valence states in Au, we have extensively investigated the ground-state structures of Au-F
compounds at high pressures using quantum mechanical computational methods. As a consequence, we
identify several previously unreported (stable) AuF,, AuFs and AuF4 structures. Our results extend the

known polymorphism of AuF, compounds and offer a fundamental understanding of the origin of unusual

rsc.li/pccp valence states in Au that prevail at high pressure.

1. Introduction

Gold (Au) is well known for its inert noble metallic character,
remaining pristine and untarnished even when exposed to air."
As a result of the relativistic effect, Au is unique and apparently
different from other elements (Ag and Cu) of the same group,>*
forming stable compounds, typically oxidized to Au®**, under
certain conditions. Of all compounds that may occur, fluorine
(F), having the highest electronegativity of all elements, is
expected to be among the most effective at capturing electrons,
oxidizing a metal to its highest valence state. The reaction of Au
and F has indeed been reported, with new valence states
occurring upon their combination, in particular in organic
compounds.? The most stable AuF; crystallizes in the space
group P6,22 with Au atoms lying at the centers of elongated
octahedra containing two Au-F; bonds (d = 2.04 A), two Au-F,
bonds (d = 1.91 A) and weak cross-linking with Au- - -F (2.69 A)>°
(Fig. 1a). The square-planar AuF, units are joined by symme-
trical fluoro bridges to form chains. The search for other
unconventional Au-F compounds with diverse Au valence states
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has attracted considerable attention, as evidenced by several
theoretical and experimental reports that have been published in
recent years.” *? To date, Au™" (n # 3) species have been reported
in metastable phases, as molecular gas'>™® or in complex
compounds with ligands,'®"” with elusive Au’, Au**, and Au®*
occurring in some of these aurides.'”> The stable solid binary
Au-F compounds with unusual oxidation states, by contrast, are
relatively unexplored. In particular, the existence of crystalline
AuF, with new oxidation states remains an open question under,
especially, non-ambient conditions such as high pressure.
Compression has been widely recognized as being highly
effective in modifying the properties of materials, causing
increased density via changes in inter-atomic distances, in
bonding and in polyhedral arrangements and stacking. It may
also induce charge transfer, and thus cause structural phase
transitions and stabilize new structures, especially involving the
formation of unconventional stoichiometries representing new
valence states that are generally inaccessible under ambient
conditions. Of particular interest, in the context of the Au-F
system, there are several theoretical investigations that suggest
that Cs,"® Ir,"® Hg,*° 1,”" and Xe>” may show unexpected valence
states at extreme pressures, even to the extent that negative
oxidation states for Au were reported in the Li-Au compounds
under high pressures.>® It seems, therefore, that compression
provides a potential route to obtain new and unconventional
compounds with unusual valence states, for example (in this
case), via the reaction of Au and F. Very recently, a study using
density functional theory (DFT) reported that new valence states
of Au exist in new stoichiometric compounds AuF, and AuFg
under compression, indicating the existence of Au** and Au®*.>*
It is noteworthy that the stabilities of these compounds are

Phys. Chem. Chem. Phys., 2019, 21, 17621-17627 | 17621


http://orcid.org/0000-0003-2332-115X
http://orcid.org/0000-0001-9513-0147
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp02409c&domain=pdf&date_stamp=2019-07-26
http://rsc.li/pccp
https://doi.org/10.1039/c9cp02409c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021032
SH-USER1
Text Box
HPSTAR
816-2019


Published on 18 July 2019. Downloaded by Fudan University on 12/25/2019 7:01:58 AM.

Paper

(a)

[
i O
£ 0
4&7 I.‘)ZJO 1.919

BET

View Article Online

PCCP

(d)

Fig. 1 The crystal structures of AuF,: (a) the P6,22 phase (AuFz) at 0 GPa, (b) the Cmc2; phase (AuFz) at 10 GPa, (c) the P2;/c phase (AuF,) at 0 GPa, (d) the
Pnma phase (AuF,) at 20 GPa, (e) the P2;/m phase (AuF) at 10 GPa, (f) the P2;/c phase (AuF) at 10 GPa, (g) the C2/c phase (AuF,4) at 20 GPa, (h) the Pnma
phase (AuFs) at 0 GPa, (i) the R3 phase (AuFe) at 20 GPa, and (j) the C2/c phase (AuF,) at 20 GPa. The large gold and small blue spheres represent Au and F

atoms, respectively. The lengths of Au—F bonds are indicated in A.

highly sensitive to the ground states of phases across the Au-F
system, where formation energies are finely balanced. More-
over, knowing their precise adopted crystal structures is key, as
the coordination number plays a fundamental role in control-
ling the physicochemical properties (especially the valence
state) of these materials. With these points in mind, a further
in-depth search of the ground states in this system is para-
mount in understanding the AuF, compounds in particular,
and anomalous valence states of Au more generally.

Here, the possible Au-F structures across a range of chemical
compositions (AuF,, n = 1-7) have been explored extensively at zero
temperature and high pressure using crystal structure prediction
methods with first principles total energy calculations. Different
from earlier findings,** we find that AuF; transforms from the
ambient-pressure hexagonal structure (P6,22) to a new layered
orthorhombic structure (Cmc2,) at around 6 GPa. In addition, an
orthorhombic AuF, phase (Pnma) and a 6-fold coordinated mono-
clinic AuF, phase (C2/c) are found to be energetically stable above
about 15 and 6 GPa, respectively. Our results define the ground
states in the AuF, system and confirm that Au can indeed adopt
unconventional valence states under high pressures.

17622 | Phys. Chem. Chem. Phys., 2019, 21, 17621-17627

2. Computational details

The ground states of AuF,, (n = 1-7) were probed systematically
using the Crystal structure Analysis by Particle Swarm Optimi-
zation (CALYPSO) code,**® which is based on a search of the
global minimum in the free energy surfaces calculated by DFT
total energy calculations. CALYPSO provides structural predic-
tions from the knowledge of only the chemical composition
and given intensive thermodynamic variables, such as pressure.
This method has been found to be a powerful tool in discover-
ing unreported crystal structures and resolving experimental
uncertainties.”’*° Our simulation cell comprised 1-6 formula
units (f.u.) (2-24 atoms) of AuF,, (n = 1-7) at 1, 10, and 20 GPa.
The population size of each search generation was 50. The best
20 structures from the previous generation and 30 new ones
generated by the algorithm composed each subsequent gen-
eration. Generally, each search was steered by energy and
terminated after the generation of 2000-2500 structures.

DFT calculations, including structural optimizations, and
calculations of enthalpies, electronic structures and phonons,
were performed using the Vienna Ab initio Simulation Package
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(VASP)*' code with the Perdew-Burke-Ernzerhof*”> exchange-
correlation functional. The 5d'°6s and 2s”2p° electrons were
treated as valence electrons for Au and F, respectively. To
ensure that all enthalpy calculations were well converged to
about 1 meV per atom, a Monkhorst-Pack grid was selected
with sufficient density (2 x 0.03 A~ for AuF and 27 x 0.08 A™*
for AuF,.,) in reciprocal space, as well as an appropriate
energy cutoff (700 eV). The electronic properties were calculated
over a k-point grid of 21 x 0.04 A~" with a 700 eV energy cutoff.
The electron localization function (ELF)**~** was also calculated
using the VASP code. The Crystal Orbital Hamiltonian Popula-
tion (COHP) formalism was used for bond analysis, as imple-
mented in the LOBSTER package.**” The phonon calculations
were carried out using a finite displacement approach®® through
the PHONOPY code,” which uses the Hellmann-Feynman
forces calculated from the optimized supercells through the
VASP code. In our calculations of phonon spectra, we selected
21 x 0.05 A~ and 900 eV as the parameters and extended the
unit cells to supercell volumes larger than about 1000 A®. Tt has
been proven that these computational schemes are suitable
for the theoretical studies of aurides and can describe their
properties well at high pressures.**"*°

3. Results and discussion
A. The ground states of AuF,, under high pressure

First, the crystal structure evolution of AuF; was studied from
0 to 40 GPa. The lattice parameters and atomic positions for
all candidate structures were allowed to fully relax until the
target pressure was achieved during local geometry structure
optimization. The ground-state hexagonal phase (P6,22) and the
high-pressure P1 phase proposed previously** were successfully
reproduced, confirming the reliability of the computational
scheme adopted in this work. Additionally, we found a previously
unreported energetically stable structure with orthorhombic
symmetry (Cmc2,) at high pressure. The enthalpy curves as a
function of pressure for AuF; (Fig. Sla, ESIT) demonstrate that
our Cmc2, structure is stable between 6 and 25 GPa, then it
transforms to the P1 phase. This 4-fold coordinated Cmc2,
structure still contains square-planar AuF, units with distinct
Au-F bonds (1.919, 1.923, 1.994 and 2.019 A at 10 GPa). The
square-planar units are connected through connecting F atoms and
are co-planar, forming a layered structure (Fig. 1b). As anticipated,
the high-pressure phase is denser than the ambient-pressure
phase (Fig. S1b, ESIT) with a volume collapse of 6.3% occurring
at the pressure-induced first order phase transition from the
P6,22 structure to the Cmc2, one.

In AuF,, the enthalpies of candidates are shown in Fig. S2a
(ESTt). The low-pressure P2,/c phase is a layered structure, with
square-planar AuF, units connected by four connecting F atoms
(Fig. 1c). The high-pressure Pnma phase is stable below 30 GPa
and similar to the reported Cmcm structure.*® This Pnma
structure is composed of isolated AuF, molecules, connecting to
each other through weak van der Waals interactions (Fig. 1d). Its
coordination number is two and Au bonds with nonequivalent
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F atoms, with bond lengths of 1.950 and 1.964 A at 20 GPa, a
little shorter than those of AuF;. AuF, comprises a quasi-linear
molecular structure with a near-linear F-Au-F angle of 177.3°.
For AuF, our structure search reveals that the enthalpies of the
structures are much lower than those of the previous AuF
structures*’ (Fig. S2b, ESIt). The predicted structures in this
work are both composed of zig-zag chains with an alternating
sequence of atoms - - -F-Au-F-Au-F- - - (Fig. 1e and f) with bond
lengths ranging from 2.154 to 2.158 A.

We turn now to the fluorine-rich part of the Au-F binary,
which shows peroxidation states of Au. Unlike a previous report
of the isolated molecular AuF, unit,>* here, AuF, adopts a
structure with monoclinic symmetry (C2/c), which is composed
of two nonequivalent 3-dimensional AuFs units (octahedra)
connected through two fluoride bridges (Fig. 1g). AuF, exhibits
typical polymerization characteristics, which may lower the
enthalpy of this compound. The Au-F bond lengths range from
1.906 to 2.160 A at 20 GPa. Au with four F atoms locates in one
plane, but with a small angle with the adjacent {AuF,} planes of
other units. The known AuF; structure is composed of Au,Fq,
molecular units, with each pair of AuFs units sharing two
F atoms (Fig. 1h). It was reported that the isolated AuFs
molecules have six Au-F bonds of length 1.893 A** (Fig. 1i).
The shortest F-F distances are 2.35 and 2.57 A in the AuF, and
AuF structures, respectively, which suggests that molecular F,
does not exist in these structures (the typical F-F bond length is
1.41 A in molecular F,). AuF; is composed of isolated AuFg
molecules with additional F atoms (Fig. 1j). Intuitively, this
phase is expected to be unstable and tends to decompose into a
mixture of AuFs and F, due to the lack of an expected stable
crystalline configuration.

B. The stability of AuF, in the Au-F system

Our results on the ground-state enthalpies of AuF,, AuF;, and
AuF, resulted in small adjustments to the convex hull of the
Au-F system, which means that the relative stabilities of AuF,
phases may be changed. Our calculated convex hulls, as a
function of pressure, are shown in Fig. 2a-c. Our exploration
of structures in the AuF, system shows that the well-known
AuF; stoichiometry still has the lowest enthalpy across the
entire Au-F binary system. The formation enthalpies of two
stoichiometric compounds, AuF, and AuF,, with Au adopting a
variety of valence states, are negative with respect to end member
mixtures at ~15 and ~6 GPa, respectively (Fig. 2d). Moreover, it
has been shown in previous work that the R3 phase of AuF; is
stable above 5 GPa.** 1t is very clear that high pressure can lower
the formation enthalpies of these new stoichiometries. The molar
volumes of these products are lower than the sum of reactants,
indicating that AuF,, AuF,, and AuF, are denser compared with
AuF; and Au/F (Fig. S3, ESIt). In fact, their synthesis pressures are
likely to be higher than our theoretical values and additionally
high temperature may be necessary, since the kinetic energy
barrier of reaction must be overcome in the nucleation and
growth of a new phase.

A synthesizable solid-state compound also needs to exhibit
dynamic stability. In addition to considering their thermodynamic

Phys. Chem. Chem. Phys., 2019, 21, 17621-17627 | 17623
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Fig. 2 Ground-state and static enthalpy of formation per atom of the AuF,, structures with respect to their end-member counterparts; the fluorine molar
content (x = O corresponds to pure Au; x = 1 to pure F) for the ground state and P = (a) O, (b) 20 and (c) 40 GPa. The symbols on the solid lines indicate
those compounds that are stable at the corresponding pressures, while those on the dashed lines represent those unstable with respect to their
decomposition into elements and other stable compounds. (d) The stable range of pressure for AuF,,.

stabilities, we further confirmed the phonon dispersion curves of
these new structures over the range of pressures corresponding
to their enthalpic stabilities (Fig. S4, ESIt). No imaginary phonon
frequencies were found across the entire Brillouin zone,
confirming the dynamical stabilities of our new structures
under these corresponding conditions. Even though some of
the ground states of the AuF, compounds and the ranges of
stable pressure are different from a previous investigation,>*
the stabilities of AuF,, AuF;, AuF,, and AuFs under compres-
sion are validated here.

With increasing pressure, the potential energy surface of the
Au-F system is changed markedly and becomes more compli-
cated. Therefore, more local minima appear under compression,
corresponding to new (and rather diverse) stoichiometries.
With increasing F concentration, the coordination number of
Au by F increases from four (in AuF;) to six (in AuF, or AuFg)
and the square-planar configuration transforms to octahedral.
Crystal field theory has been used to successfully describe the
breakdown of degeneracy of d electron orbital states.*” The
electrons in the Au 5d orbitals and those in the F atoms repel
each other due to repulsion between like charges. Therefore, the
Au 5d electrons closer to the F atoms have a higher energy than
the others further away, which results in splitting of the energies
of the Au 5d orbitals. In the square-planar AuF; structure, this

17624 | Phys. Chem. Chem. Phys., 2019, 21, 17621-17627

results in four different energy levels (Fig. S5, ESIT). On the
other hand, every six F atoms that form an octahedron around a
Au ion in the AuF, and AuFg structures, the most common type,
split their 5d orbitals into d,y, dy;, d,, (lower energy) dz, and
d,2_,2 (higher energy). Normally, the increase of oxidation state
is helpful in amplifying the magnitude of the splitting energy
difference between the high and low energy levels. The lengths
of Au-F bonds in AuFg are a little smaller than those in the AuF;
structure; therefore, their electrons are closer and more repelled,
usually resulting in a larger difference of splitting energy levels.
The total energy of the system may decrease through crystal field
stabilization as well as from the enhanced crystal field splitting
of 5d orbitals under pressure. As a result, the splitting of Au 5d
orbitals may explain why 6-fold coordinated AuF, and AuF, can
exist to some extent.

C. Electronic properties and valence states of AuF,,

To probe the nature of the electronic properties and the chemical
bonds in the newly reported AuF,, structures, we calculated their
projected density of states (DOS), ELF, and charge population.
As is evident by the sizeable bandgaps, AuF; and AuF, are
semiconducting, whereas AuF, is metallic judged from the
large DOS at the Fermi level (Fig. 3a). This is consistent with
the band structure of the AuF, phase, where three bands clearly

This journal is © the Owner Societies 2019


https://doi.org/10.1039/c9cp02409c

Published on 18 July 2019. Downloaded by Fudan University on 12/25/2019 7:01:58 AM.

0.8

0.6

04

A
> 0.2
L,
B {aw o
Q51 ©
= =~ 20
0 &
2
10] A g
S 10
3 g
0 e Ros

g

T T
-10 -8 -6 4 -2 0 2
Energy (eV)

AuF  AuF, AuF, AuF  AuF, AuF

Fig. 3 (a) The projected DOS of the Pnma phase (AuF,), the Cmc2; phase
(AuFs), the C2/c phase (AuF,) and the P2;/c phase (AuFe) at 20 GPa. The
Fermi level has been set to 0 eV. (b) The electron localized function of the
Cmc2; phase (AuFz) at the (0 1 0) cutoff plane at 20 GPa. As implemented
in VASP, ELF ranges from O (free electron gas) to 1 (localized electrons).
(c) Calculated Bader charge of Au in AuF, at 20 GPa.

cross and overlap at the Fermi level (Fig. S6, ESIt). Although
obtaining the precise bandgaps of these semiconductors is
not the main focus of this study, we note that the computed
bandgaps are likely to be underestimated since normal DFT
calculations are adopted here. For example, the bandgap of the
Cmc2, phase (AuFj;) is calculated to be larger when the screened
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06)" is
employed (Fig. S7, ESIf).

The states below or close to the Fermi level are principally
associated with Au 5d and F 2p electrons, while the contribu-
tions from Au 6s and F 2s are quite small or even close to zero.
This may indicate significant charge transfer from Au 6s and
F 2s to Au 5d and F 2p orbitals. With increasing F content, the
F 2p contribution below the Fermi level increases remarkably,
attributed to an increase in charge transfer from Au 5d into
F 2p states with the increase of F concentration.

Our selected ELF of AuF; (Fig. 3b) can map the probability
of finding electron pairs in different regions of the crystal
structure. The largest ELF values are observed near the F atoms,
corresponding to their core 2s electrons, but some electrons
localize around the Au atoms. The ELF values between the
Au and F atoms are significantly different, indicating typical
ionic characteristics.

Electrons tend to transfer from Au to F and thus Au naturally
shows positive oxidation states in this system. In both AuF; and
AuF,, Au-F bonds show dominantly ionic bond character. The
contrasting electronic properties of metallic AuF, can be under-
stood intuitively in terms of the decreased concentration of
nonmetallic F in these phases, which can enable redundant
valence electrons at Au to become free. The charge transfer
between Au and F atoms supports this assumption, which can
be more clearly illustrated using a Bader population analysis.**
This method is calculated by partitioning the space into Bader
basins around each atom based on the stationary points of

This journal is © the Owner Societies 2019
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charge density. The integration of charges in each basin can
give the total charge of each atom. For easy comparison, we
computed the Bader charge of each structure at 20 GPa. Even
though AuF and AuFs; are thermodynamically unstable, we
consider them here for comparison. The calculated Au Bader
charges for AuF, (n = 1-6) are 0.565¢, 1.066e, 1.485¢, 1.741e,
1.939¢ and 2.076e, respectively, increasing monotonically from
AuF to AuFg (Fig. 3c). Usually, the calculated Bader charges are
significantly smaller than the numbers of formal oxidation states
even in the typical ionic compounds.'®** For example, every
F atom accepts 0.5-0.8e from Cs in the Cs-F system. In contrast
to the mixed-valence character found for AuO (Au*Au®'0,) (here,
Au’ and Au®* provide 0.47e and 1.12e, respectively),*® the Bader
charges from the nonequivalent Au atoms in all our AuF,, phases
are very similar, which clearly indicates that Au shows a single
valence state in each structure. Here, each F atom accepts
~0.35-0.57e from Au and the number of electrons that each
Au atom donates to F decreases from a maximum in AuFg
through AuF;_, to AuF, where the Au ions should adopt +6, +5,
+4, +3, +2, and +1 valence states, respectively.

Because the bonding between Au and F atoms in AuF,
compounds is significant, we have also examined these inter-
actions by calculating the crystal orbital Hamilton populations
and the respective integrated crystal orbital Hamilton popula-
tions (ICOHPs). The ICOHP counts the energy weighted popu-
lation of wave functions between two atomic orbitals for a pair
of selected atoms; therefore, this value tends to scale with bond
strength in compounds. The value of the ICOHP between the
Au-F pairs is quite large for AuF and becomes larger with
increasing F content, indicating that the Au-F bonds become
stronger. The ICOHP of Au-Au and F-F shows rather low values
(close to zero) in AuF, (Fig. S8, ESIT).

4. Conclusions

In summary, we have carried out a systematic exploration of the
ground state energies of compounds in the binary Au-F system at
elevated pressure. A pressure-induced phase transition to a new
layered structure is found for AuF; while compressed AuF, con-
tains two nonequivalent 3-dimensional AuF, units. We find that
the compressed Au ions are 2-(AuF,), 4-(AuF;) and 6-fold coordi-
nated (AuF, and AuF) by F for different concentrations of F. Our
studies significantly modify the reported ground-state structures
of the Au-F system and confirm the existence of new stable
stoichiometries in this system at high pressure, highlighting the
existence of additional valence states (+4 and +6) for Au.
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