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Solid gold(I) fluoride remains as an unsynthesized and uncharacterized compound. We have per-
formed a search for potential gold(I) fluoride crystal structures using USPEX evolutionary algorithm
and dispersion-corrected hybrid density functional methods. Over 4000 AuF crystal structures have
been investigated. Behavior of the AuF crystal structures under pressure was studied up to 25 GPa,
and we also evaluated the thermodynamic stability of the hypothetical AuF crystal structures with
respect to AuF3, AuFj, and AuzFg. Mixed-valence crystal structure Auz[AuF,] with Au atoms in
various formal oxidation states emerged as the thermodynamically most stable AuF species.
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I. INTRODUCTION

Along with copper(I) fluoride, gold(I) fluoride remains
as a so far inconclusively synthesized and character-
ized group 11 binary monohalide [1, 2]. The other
gold(T) monohalides, gold(I) chloride, gold(I) bromide,
and gold(I) iodide, are known, all having tetragonal
crystal structures consisting of polymer-like zig-zag links
of alternating Au and halogen atoms [3-5]. AuCl
(I41/amd) and AuBr (I4;/amd and P4s/ncm) can be
prepared by controlled thermal decomposition of AuCl,
and AuBrj, respectively. Aul (P45/nem) has been pre-
pared by reacting a gold(III) salt with potassium iodide
and by a direct reaction of gold metal and iodine [1].

Three binary gold fluorides are known: gold(III) flu-
oride AuF;, gold(V) fluoride AuF;, and gold(ILIIT) flu-
oride AugFg. AuF, can be prepared for example either
by reacting gold metal with BrF; and removing the re-
maining BrF; by heating, or by direct low-pressure, high-
temperature fluorination of gold metal [6, 7]. The crystal
structure consists of corner-sharing square-planar AuF,
units forming one-dimensional infinite chains [8]. AuFj
can be prepared by oxidising gold metal with krypton
difluoride or by heating gold in the presence of oxygen
and fluorine [9, 10]. In both cases, an intermediate salt
containing [AuFg] ™ anions decomposes to AuFj;. The
structure is dimeric, Au,F;,, unlike that of any other
known pentafluoride such as MoF; [11, 12]. The crys-
tal structure of AuFy is isotypic with y—MoCl; [13] and
NbBr; [14]. Mixed-valent AugFg, which can be described
as Au(II)[Au(III)F,],, has been reported to be a simple
paramagnet [15, 16].

A synthesis of gas-phase gold(VII) fluoride, AuF,
from the reaction of AuFy and atomic fluorine has also
been reported [17], but later computational studies sug-
gest that the reported compound is in fact the complex
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AuF; - F, [18, 19]. Contemporary attempts to replicate
the synthesis route have only yielded AuF; [20].

Previously, it was thought that the preparation of
gold(I) fluoride would simply be impossible based on
thermodynamic estimates of Waddington [21]. Later
quantum chemical studies suggested that AuF could ac-
tually exist both in the gas phase and the solid state
[22-24]. Since then, molecular AuF has been charac-
terized in the gas phase by neutralization-reionization
mass spectroscopy [25], emission spectroscopy [26], and
microwave spectroscopy [27]. In addition, Ne-AuF and
Ar—AuF species have been observed in noble gas matrices
using matrix infrared spectroscopy [28].

The first computational studies on possible AuF solid
state structures by Schwerdtfeger et al. [29, 30] focused
on structure types known for binary group 11 halides such
as the zinc blende (F43m) and rock salt (Fm3m) struc-
ture types, as well as the chain-like tetragonal gold halide
structures discussed above. Grochala and Kurzydlowski
[31] studied potential AuF solid state structures by start-
ing from the rock salt, CsCl (Pm3m), AuCl, and Aul
structures. They found that these structures were not
true local minima for AuF. The structures were then dis-
torted in the direction of imaginary phonon modes and
re-optimized. At 5 GPa, a new orthorhombic C'mcm
modification was found to have the lowest energy (Fig-
ure 1). A transition to a high-pressure tetragonal phase
(P4/nmm) at 20 GPa was also predicted (Figure 1).
High pressure comproportionation AuFs; + 2 Au — 3
AuF was proposed as a synthesis route. They also inves-
tigated the use of xenon as a mediator to obtain AuF at
lower pressures [32].

Nowadays, a multitude of approaches are available for
predicting novel crystal structures with quantum chem-
ical methods [33, 34]. Evolutionary algorithms mim-
icking evolutionary principles provide a way to explore
a much larger search space than predictions based on
known structure types. The use of structure prediction
algorithms enables the evaluation of potential structures



Figure 1.

AuF crystal structures predicted by distorting
known binary group 11 halide structures [31]. Left: Cmcem
structure (C), right: P4/nmm structure (H).

which may adopt an unexpected or unique structure type
[35-37]. Evolutionary algorithms have so far been used
successfully in many structural prediction studies of tran-
sition metal compounds and prospective materials based
on them, both at ambient and higher pressures [38-42].
The valence states of gold in Au-F compounds under
high pressure have very recently been studied by Liu et
al. using particle swarm optimization and density func-
tional theory (DFT) [43]. They predicted two new AuF
crystal structures (Figure 2).

We describe an evolutionary algorithm -based crys-
tal structure prediction study for gold(I) fluoride using
the USPEX (Universal Structure Predictor: Evolution-
ary Xtallography) algorithm and dispersion-corrected hy-
brid density functional methods. We have recently used
the same methodology for investigating copper(I) fluo-
ride, resulting in several novel structural candidates that
possess lower energy than the previously reported hypo-
thetical CuF crystal structures [42]. We also investigate
the known binary gold fluorides AuF;, AuF;, and AusFg
and the previously reported hypothetical AuF crystal
structures at the same level of theory.

II. COMPUTATIONAL DETAILS

Version 9.4.4 of the USPEX code was used for the crys-
tal structure predictions [44-46]. Quantum chemical cal-
culations within the USPEX simulations were carried out
with the CRYSTAL [47] code using the USPEX interface
we have developed [41]. In the DFT calculations, we ap-
plied a hybrid PBEO functional with 25% Hartree-Fock
exchange [48, 49]. The aurophilic d'* - - - d'* interac-
tion of Au(I) [50-52] was included in the USPEX search
by using Grimme’s D3 dispersion correction with zero-
damping (ZD) [53, 54]. The hybrid DFT-PBEO func-
tional has been shown to produce consistent structures
and energetics for a number of d-metal fluorides.[55, 56]
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Figure 2. AuF crystal structures predicted with particle
swarm optimization algorithm [43]. Top: P21 /c (correspond-
ing to D), bottom: P2;/m structure (E).

We have recently used the DFT-PBE0-D3 approach to
investigate hypothetical copper(I) fluorides and in addi-
tion to describing the cuprophilic d'° - - - d'0 interactions,
the method also properly described the experimentally
known group 11 fluorides CuF, and AgF.[42] The basis
sets used were Gaussian-type triple-(-valence + polar-
ization (TZVP) and split-valence + polarization (SVP)
derived from molecular Karlsruhe def2 basis sets [57].

In the USPEX simulations, we used different numbers
of formula units (Z) to study the configuration space
of the unknown crystal structure of AuF. Formula units
were investigated from Z = 2 to Z = 8, and except for
the computationally more demanding Z = 7 and Z = §,
two USPEX simulations were carried out. Composition
Z =1 was judged to be too small already in our previ-
ous study for CuF [42]. Composition Z = 4 was found to
produce the lowest energy structure, and thus two further
USPEX simulations were carried out with Z = 4 using an
external hydrostatic pressure of 20 GPa in the CRYSTAL
geometry optimizations. To speed up the evolutionary
searches, the CRYSTAL geometry optimizations within
the USPEX simulations were carried out with looser con-



vergence criteria compared to the criteria reported below.
Three structural optimizations with increasingly strict
convergence criteria were carried out for each structural
candidate. Reciprocal space k-point density of 0.10, 0.08,
and 0.06 2rA~1 was applied for the first, second, and
third optimization steps, respectively. For the composi-
tions from Z = 2 to Z = 6, we used two different basis set
combinations in the USPEX simulations: (1) SVP in all
three optimization steps and (2) TZVP in the third op-
timization step. Similar results were obtained from both
approaches. Input examples for USPEX and CRYSTAL
are included in the Supporting Information.

The lowest-energy structures from each USPEX
simulation were re-optimised at the DFT-PBEO-
D3(ZD)/TZVP level of theory and the default CRYSTAL
convergence criteria. Reciprocal space k-point meshes
were chosen in such way that the reported energies are
converged to about 0.1 kJ/mol per atom. The used k-
point meshes are reported in the Supporting Information.
Using Fermi smearing (0.001 a.u.) or double-density k-
meshes for the evaluation of the Fermi energy did not
have any significant effect on the energetics or geometries
of conducting AuF crystal structures. The band gaps re-
ported for the semiconducting structures in Tables I and
IT were obtained directly from the SCF calculations and
confirmed by using double-density k-meshes. Tightened
tolerance factors (TOLINTEG) of 8, 8, 8, 8 and 16 were
used for the evaluation of the Coulomb and exchange in-
tegrals. The same computational settings were used to
study the previously reported hypothetical AuF crystal
structures [31, 43].

All low-energy AuF structures discussed here were con-
firmed as true local minima by means of a harmonic
frequency calculation [58, 59]. To study the thermo-
dynamics of the comproportionation reaction AuF; +
2 Au — 3 AuF and the formation enthalpies of binary
gold fluorides, we also investigated Fy, Au, AuFy, AuF;,
and Au,Fg at the same DFT-PBE0-D3(ZD)/TZVP level
of theory (see Supporting Information for full compu-
tational details on the experimentally known reference
species). All thermodynamic properties were evaluated
within the harmonic approximation.

To benchmark the applied DFT-PBE0-D3(ZD)/TZVP
level of theory, we carried out a full structural optimiza-
tion of experimentally known AuCl (14 /amd) discussed
in the Introduction. The Au—Cl bond lengths and the
aurophilic Au(T). .. Au(I) distances are reproduced well
in comparison to experiment: The optimized Au—Cl dis-
tance of 2.37 A is elongated by 3.0% in comparison to ex-
periment (2.37 A vs. 2.30 A), while the shortest Au(T)- -
Au(T) distance is 0.8% longer in the case of the optimized
structure (3.25 A vs. 3.23 A). The optimized structure
of AuCl is included as supporting information.

Table I. Relative energies, DFT-PBEO and DFT-HSE06 band
gaps, and densities of the lowest-energy AuF crystal struc-
tures A-E at 0 GPa. Z is the number of formula units.

Struct. Space Z AE PBEO  HSEO6 Density

group (no.) (kJ/mol) gap (eV) gap (ev) (g/cm?)
A P1(2) 4 0.0 no gap nogap 12.56
C Cmem (63) 2 14.0 1.1 0.4 11.81
B P3; (144) 3 153 1.0 0.4 11.84
D Pnma (62) 4 18.7 no gap nogap 12.71
E P2, /m (11) 2 18.7 no gap no gap 12.80

III. RESULTS

A. Overview of the lowest-energy AuF crystal
structures predicted with USPEX

Summary of the predicted lowest-energy AuF crystal
structures is presented in Table I. The lowest-energy crys-
tal structure A found in our search is used as reference
in energy comparisons. All relative energies of the AuF
crystal structures are reported with respect to A:

AFE = E(structure)/Z(structure) — E(A)/Z(A) (1)

From composition Z = 3 upwards, the lowest-energy
crystal structures predicted with USPEX were in fact no
longer gold(I) fluorides, but contained gold atoms in var-
ious formal oxidation states. The lowest-energy crystal
structure from our USPEX simulations (A) was obtained
with Z = 4 (Figure 3). It was obtained from USPEX sim-
ulations with Z = 4 both at 0 and 20 GPa. The structure
A adopts a triclinic crystal structure (P1) containing lay-
ers of square-planar AuF, units sandwiched between lay-
ers of gold atoms. Within the square-planar units the
Au-F distances are 1.97 A. This Au-F distance is in
good agreement with experimentally determined Au-F
distances in MAuF, (M = Li-Cs) [60-62]. Each AuF,
unit is connected to two Au atoms wvia bridging F atoms
with a rather long F-Au distance of 2.28 A. The gold
layer itself can be viewed as a structure of three layers
of gold atoms. The gold atoms in the central layer are
8-coordinated, forming a square prism reminescent of a
body centered cubic (bce) arrangement. The Au atoms
in the prism vertices are each connected to one F atom of
the AuF, units. The Au-Au distance of 2.67 A between
the vertex atoms is rather short, corresponding to the
prism height. The Au-Au distances between the central
Au atom and the prism vertices are between 2.84 — 2.88
A, which is very similar to distances in bulk gold (2.88
A) [63]. The mixed-valence crystal structure A can also
be described with the structural formula Aus[AuF,].

The metallic gold layers in the crystal structure A are
reminescent of the metallic sublattice in silver subfluo-
ride Ag,F.[64] Ag,F crystallizes in the anti-CdI, struc-
ture type and is a metal, similar to the mixed-valence
crystal structure Aus[AuF,] (A).[65, 66]



Figure 3. Crystal structure A (P1, top) and B (P31, bot-
tom). Gold atoms and their coordination polyhedra in yellow,
fluorine atoms in blue.

To confirm the existence of a band gap in the crys-
tal structures B and C, we calculated the band gap also
with the screened Coulomb hybrid functional HSE06.[67]
Crystal structures A, D, and E remain metallic, similar
to the original PBEO calculations. For the crystal struc-
tures B and C, the band gap is reduced from about 1.0 eV
to 0.4 eV. This is in line with the fact that HSE06 should
produce smaller band gaps in comparison to global hy-
brid PBEO.

Composition Z = 3 produced the highest-symmetry
crystal structures of our USPEX simulations. They all
adopt trigonal crystal structures reminiscent of the topol-
ogy of the cinnabar structure type previously predicted
for CuF [42, 68]. The lowest-energy Z = 3 structure
B adopts the space group P3; (Figure 3). The Au-F
distances within the chain are 2.10-2.11 A and the inter-
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chain Au-Au distances are 3.03 A. The other two trigonal
crystal structures are isoenergetic and have enantiomor-
phic space groups P3:21 and P3521.

With composition Z = 2, we obtained the previously
predicted orthorhombic crystal structure C with space
group Cmem (Figure 1) [31]. The Au-F distances within
the chain are 2.10 A and the inter-chain Au-Au distances
are 2.98 A.

Two high-pressure USPEX simulations with composi-
tion Z = 4 at 20 GPa also produced crystal structure
A described above. Crystal structures analogous to the
monoclinic structures predicted by Liu et al. were also
reproduced by USPEX [43]. However, D, the analogue
of the crystal structure in space group P2;/c (Figure 2)
was obtained in the supergroup Pnma. When D is reop-
timized at 0 GPa, the Au-F distances within the chain
are 2.17 A and the inter-chain Au-Au distances are 2.58
A. For the crystal structure E (P2;/m), the Au-F and
Au—Au distances are identical to those in D.

In addition, several low-energy crystal structures with
mixed-valence and chain-like features were found at 20
GPa (Fig 4). Their energetics are discussed in the next
section. Crystal structure F (Amm2) with molecular
AuF, AuF,, and Au units building blocks was partic-
ularly interesting and was obtained in both 20 GPa US-
PEX simulations. Another crystal structure G (C2) con-
taining mixed-valent Au atoms had even lower energy in
comparison to F at 20 GPa. However, the symmetry of
both structures lowered to P1 upon reoptimization at 0
GPa.

B. Effect of pressure on AuF structures

In order to understand the effect of pressure on the
AuF structures obtained from our USPEX simulations,
we also optimised the lowest-energy structures at an ex-
ternal hydrostatic pressure of 5 GPa, 10 GPa, 15 GPa,
20 GPa, and 25 GPa. Crystal structure A remained as
the lowest-energy structure at all studied pressures. At
20 GPa, the coordination number of each gold atom in
crystal structure A is higher compared to 0 GPa due to
two new Au-Au contacts (2.83 A). Relative energies of
the AuF crystal structures in relation to the one of A at
20 GPa are presented in Table II. Here, we also include
the previously reported tetragonal high-pressure crystal
structure H (P4/nmm), which we did not obtain from
our USPEX runs [31].

We also investigated the enthalpy of the compropor-
tionation reaction AuF; + 2 Au — 3 AuF at dif-
ferent pressures (Figure 5) similar to the approach of
Kurzydlowski and Grochala.[31] Here, the reaction en-
thalpy H, = U + pV was evaluated by using the elec-
tronic energy E as U. Crystal structure A has the most
favorable reaction enthalpy, even though at higher pres-
sures crystal structures D and E become slightly more
feasible. Similar to the previously reported hypothetical
AuF crystal structures, even the most favorable crystal



Figure 4. Crystal tructure F (Amm2, top) and G (C2, bot-
tom) at 20 GPa. Gold atoms in yellow, fluorine atoms in
blue.

Table II. Relative energies, band gaps, and densities of the
lowest-energy AuF crystal structures A-H at 20 GPa. Z is
the number of formula units.

Structure Space group Z AFE Band gap Density
(no.) (kJ/mol) (eV) (g/cm?)
A P1(2) 4 0.0 no gap  14.76
G C2 (5) 4 11.8 no gap  14.99
E P2;/m (11) 4 129 no gap  14.97
D Pnma (62) 4 13.1 0.1 14.94
F Amm2 (38) 4 133 no gap  15.05
C Cmem (63) 2 27.6 0.8 14.27
H P4/nmm (129) 4 28.0 no gap  15.28
B P3y (144) 3 28.1 0.7 14.32

structure A is only metastable with respect to decom-
position to Au and AuF; at ambient pressure, but its
stability should improve at elevated pressures.[31] At 25
GPa, crystal structure B becomes more favorable in com-
parison to the crystal structure C. Of interest here is the
relation between crystal structures C and H. The use of
hybrid DFT and the inclusion of dispersion correction in
the quantum chemical calculations brings down the re-
ported phase transition between these crystal structures

100
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Figure 5. Reaction enthalpy AH, of the comproportionation
reaction AuF3 + 2 Au — 3 AuF for the reported AuF crystal
structures A-H.

from 20 GPa to 10 GPa [31].

C. Enthalpies and Gibbs free energies of formation
for binary gold fluorides

To study the thermodynamics of AuF in comparison
to known binary gold fluorides AuF;, AuF;, and AuyFg,
the standard enthalpies of formation and standard Gibbs
free energies of formation for binary gold fluorides were
calculated at 0 GPa in the temperature range 200-700 K.
Harmonic frequencies were calculated for all structures to
obtain the thermodynamic properties. Experimentally
determined literature values for the standard enthalpy of
formation of AuF; are —348.8 kJ/mol [69], -363.8 kJ /mol
[70], and —413.2 kJ/mol [71]. For AuFg, only the value
—473.4 kJ/mol [71] has been reported and for AuzFg no
data has been reported. No experimental data on the
standard Gibbs free energies of formation of binary gold
fluorides was found. At 298.15 K, we obtained the val-
ues AyH® = 270 kJ/mol and AyG° = ~199 kJ/mol for
AuF;, AyH® = 210 kJ/mol and AyG° = 92 kJ/mol
for AuF;, and AyH® = -788 kJ/mol and A;G° = -592
kJ/mol for AusFg. For the hypothetical Aug[AuF,] crys-
tal structure A, the values AyH°® = -91 kJ/mol A;G°
= —65 kJ/mol were obtained.

The employed DFT-PBEO method is known to over-
estimate the F-F bond strength and the F-F stretch-
ing frequency in F,,[72] which may explain some of the
differences between our calculated and the experimen-
tal enthalpies of formation for AuF, (-270 kJ/mol vs.
-348.8 or —363.8 kJ/mol). The larger discrepancy be-
tween the calculated and experimentally obtained Ay H®°
value for AuF; (—210 kJ/mol vs. —473.4 kJ/mol) might
also partly be explained by the demanding experimental
set-up which involved violent decomposition of AuFy in
H,0 and NaOH. Likewise, the value for AuF; obtained
in the same study [71] greatly differs from the values re-



Table III. Enthalpies (AH) and Gibbs free energies (AG) of
reaction, according to eq. 2, at 300 K (normalized per atom).
The experimental AH for AuF3 has been reported as —87 or
—-91 kJ/mol per atom (see text).

Structure AH AG
(kJ/mol) (kJ/mol)
AusFy -72 -54
AuF, 68 50
Auz[AuF,] (A) 45 -32
AuFs; -35 -15

ported in the two other references [69, 70].

To enable direct comparisons between binary gold flu-
orides with different compositions, the enthalpy of the
formation reaction xAu + yFo — Au,Fs, was normal-
ized per atom and studied according to equation:

AH = {H(Au,Fay) —[zH(Auw)+yH(F2)]}/(z+2y) (2)

The Gibbs free energy of formation reaction (AG) was
calculated analogously.

AH and AG as a function of temperature are pre-
sented in Figure 6 and Figure 7, respectively. In addi-
tion, the values at 300 K are tabulated in Table III. The
results clearly illustrate the metastability of AuFy, with
the value of AG becoming positive above 550 K. AusFg
and AuF; remain as the thermodynamically most stable
binary gold fluorides throughout the temperature range,
even though at higher temperatures the gap in AG be-
tween them and the hypothetical AuF modifications is
reduced. The lower value for AH of AusFg in compari-
son to AuF is consistent with experimental observations
on the formation of AusFg [15]. Bartlett et al. suggested
that it is energetically more favorable to have Au(III) in
an [AuF,]  anion instead of neutral AuF, units in AuFj,
and therefore the solvolysis of Au(SbF), by anhydrous
HF produces Au(II)[Au(II)F,], instead of AuF;. The
energetical favorability of [AuF,]  anions is also appar-
ent from the Aus[AuF,] crystal structure A found in our
search.

IV. CONCLUSION

We have performed a systematic crystal structure pre-
diction study for AuF with formula unit compositions
from Z = 2 to Z = 8 using USPEX evolutionary al-
gorithm and dispersion-corrected hybrid DFT method.
Over 4000 crystal structures were investigated and struc-
ture prediction simulations were also carried out at a
high pressure of 20 GPa. The energetics and thermo-
dynamics of the lowest-energy crystal structures were
studied in pressures up to 25 GPa and compared with
experimentally known binary gold fluorides. The lowest-
energy AuF crystal structure is not actually Au(I)F but
a mixed-valence Aug[AuF,] species, indicating that the
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Figure 6. Calculated enthalpy of reaction AH per atom for
the reaction zAu + yF2 — Au.Fa, between 200 and 700 K

(eq. 2).
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Figure 7. Calculated Gibbs energy of reaction AG per atom
for the reaction xAu + yF2 — Au.F2, between 200 and 700
K (eq. 2).

formation of Au(I)F is not energetically favorable. This
is further supported by our extensive study on the en-
ergetics and thermodynamics of the hypothetical AuF
crystal structures. The formation of Au(I)F is not fa-
vored over the mixed-valence Aus[AuF,] species even at
pressures as high as 25 GPa, making the synthesis, iso-
lation, and characterisation of Au(I)F a very demanding
task. Nevertheless, our systematic investigation provides
a broad overview on the thermodynamic stability of au-
rophilic binary gold fluorides at different pressures and
temperatures and suggests the existence of interesting
mixed-valence ” AuF” species Aug[AuF,].
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