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Abstract

The unusual Au®* ternary halide AuPbzl; has been isolated from reactions of Aul, Pbl,, and
l>. AuPbyl; crystallizes in the triclinic P-1 space group as micron-scale needles with cell
dimensions a = 4.5170(3) A, b = 7.3847(4) A, ¢ = 12.2970(7) A, 0. = 76.374(4)°, p = 83.711(4)°,
vy =72.987(3)° at room temperature with p = 6.538 g/cm® and has no structural phase transition
down to 100 K. The title compound has a unique three-dimensional structure composed of [PbaI7]*
pseudo-layers extending in [010] bridged by square planar Au®* at an oblique angle in the [001]
direction. The pseudo-layers are composed of /..[Pb2I,]?* chains propagating down [100] linked
by square planar 1" ions through [010]. AuPb2I- has a band gap of 1.17 eV and is stable in air for
a several days, before degrading to Pbl,, Au®, and I.. Density Functional Theory calculations show
that AuPbzl7 is an indirect bandgap semiconductor where the band gap stems predominantly from

Au — | metal ligand charge transfer.



Introduction

The class of heavy-metal halide semiconductors without organic cations has sparked a quickly
growing interest in understanding their structural chemistry and optoelectronic properties for
potential uses in various electronic devices including hard and soft radiation detection.’® In
particular, there is a search for alternative materials to alleviate the stability issues which plague
the organic-inorganic hybrid perovskites.® Such efforts have focused on alternative B-site cations
for the AMX3 perovskites® /, perovskite-like phases®®, and the AsM’2Xq defect perovskite phases
where A =Rb, Cs, Tl; M = Pb; M’ = Bi, Sb; X =1, Br, CL.>° Very little perovskite chemistry has
been reported when the A site is not an alkali ion but a group 11 ion. Literature reveals that no
report of CuPbls, and the Agl — Pbl, system is shown only to have ordered mixtures at elevated
temperatures.** Thus, Au remains the last system to investigate.

In the case of ternary Au halides, few have been isolated as purely inorganic phases'?4,
and even fewer with iodine as a direct ligand to Au.!**" First are the monoclinic phases of an
alkali metal ion with Au in the 3+ oxidation state, such as LiAuls and KAuls, having molecular
square planar [Auls]™ units charge balanced by the alkali metal cation, Figure la. Rb and Cs
stabilize the formation of tetragonal perovskite-like Rbz[Auls][Aulz] and Csz[Auls][Au'l2], Figure
1b.2> 17 In these phases gold is found in two different valence states (1+ and 3+), alternating in
square planar and linear coordination to form the pseudo-perovskite lattice encapsulating the
cation. There are no current reports of Au being substituted on the A site of AMI3 phases. Au'* is
much smaller than Rb or Cs, and if it could be incorporated it would surely destabilize the
perovskite-type lattice but it could be expected to form other structure types similar to TIPblz

which is two dimensional.®



Here were report that our attempts to produce “AuPbls” led to the isolation of the surprising
compound AuPb2l7 which does not contain Au* but is composed of anisotropic pseudo-layers of a
3D structure of extended [Pb217]* pseudo-layers bridged by square planar Au®*. AuPbl- is the first
reported gold heavy metal halide to be structurally characterized. AuPbl7 grows on the surface of
recrystallized Pbl, from the off-stoichiometric reactions of Aul and Pbl> as well as direct synthetic
methods with I.. The compound is black with an experimental band gap of 1.17 eV. Density

Functional Theory calculations demonstrate an indirect bandgap semiconductor.

EXPERIMENTAL SECTION
Synthesis
All chemicals were used as obtained from the supplier: Aul, Pblz, and 12 (99.999%, Sigma-Aldrich,
St. Louis, MO). 1 to 1 and 1 to 2 ratios of Aul and Pbl, were used for initial off stoichiometry
syntheses at the 1 mmol (323.8 mg Aul and 461.0 or 921.0 mg Pbl2) or 2 mmol (627.6 mg Aul and
921 mg or 1842 mg Pbl.). For direct syntheses 1 mmol scale stoichiometric ratios of Aul (323.8
mg), Pbl> (921 mg), and 1> (253.8 mg) were used. All materials were weighed, mixed, and
transferred into 13 mm fused quartz tubes on the benchtop. Tubes were sealed at or below 3 x 10°
¥ mbar and heated to 600 C in 48 hours, held for 48 hours, and cooled to 30 C in 24 hours. Minute
quantities of micron-scale black crystals of the title compound grow on surfaces of recrystallized
Pbl2. Due to crystallization on the surface of Pblz, AuPb:l7 proves difficult to mechanically isolate
as a pure phase (Yield: 0.1g, Less than 10% based on Au).

A vapor transport experiment was also conducted; 1 mmol Aul (323.8 mg), 2 mmol of Pbl.
(921 mg), and 1.2 mmol of 1> (304.6 mg) were combined on the bench and sealed in a fused quartz

tube at or below 3 x 10 mbar. A slight excess of I, was added to help function as a transport agent.



The tube measured approximately 230 mm, and was centered in a horizontal two zone furnace
with the hot zone set to 450 C and cold zone set to 200 C. Reagents were set in the hot zone. For
both zones temperature controllers were set to ramp to the target temperature in 10 hours, hold for
72 hours, and cool to room temperature in 15 hours. No transport of the title compound was
achieved, but unreacted Pbl, was transported away from the product yielding slightly easier
isolation. Micron scale crystals can be isolated in small quantities for optical and single crystal

diffraction experiments (Yield: 0.1g, Less than 10% based on Au).

Single Crystal X-Ray Diffraction

Single Crystals of AuPbl7 were isolated from the reaction mixture under Paratone N oil to shield
samples from oxygen. Samples of sufficient size were isolated off the surface of Pbl, for X-ray
diffraction. Once selected the small needles were mounted on a MiTeGen™ mounts using
Paratone N oil. Diffraction was conducted at 298 K and 100 K on a Bruker KAPPA APEX
diffractometer with a MoKa microsource and Quazar™ optics monochromator. Using the
COSMO program provided in the APEX 3 software, data collection strategy with a series of 0.5°
scans in ® and @ was determined.® The exposure time was 10 s/frame, and the crystal-to-detector
distance was 60 mm. SADABS or TWINABS was used for face-indexed absorption, incident
beam, and decay corrections.?%-?! The structure solved by the direct method and refined on F? using

the SHELX14 program suite.?? All atoms were refined anisotropically.

Powder X-ray diffraction
The presence of AuPb2l7 was verified by power diffraction using a Rigaku Miniflex power X-ray

diffractometer with Ni-filtered Cu Ko radiation operating at 30 kV and 15 mA. Scans were



performed with a resolution of 0.02° and a scan rate of 10°/min. Simulated powder patterns of
AuPb2l;  were calculated using the refined room-temperature crystal structure CIF with

MERCURY, part of the CSD software suite.?®

Scanning Electron Microscopy

A Hitachi S-3400 scanning electron microscope equipped with a PGT energy-dispersive X-ray
analyzer was used to acquire images and semi quantitative EDS analyses. Spectra were collected
using an accelerating voltage of 25 KeV and current of 70 uA for 60 s. No reduction of Au was
observed during the SEM experiments due to the electron beam. The reported composition from

EDS is based on multiple independent spectra, see supporting information.

Solid State UV-Vis Spectroscopy

A Shimadzu UV-3600 PC double-beam, double-monochromator spectrophotometer was used to
collect diffuse-reflectance spectra in the range of 200—2500 nm. The instrument was equipped
with an integrating sphere and controlled by a personal computer. BaSO4 was used as a standard
and set to 100% reflectance. Samples were prepared by quickly placing the ground crystalline
products on a bed of BaSO4 in air. Collected reflectance data were converted to absorbance
according to the Kubelka—Munk equation o/S = (1 —R)2 /2R, where a is the absorption coefficient,
S is the scattering coefficient, and R is the reflectance.?* The band gap was determined by

extrapolating the intercept of the fitted converted data.

Density Functional Theory (DFT) Calculations



Calculations of the electronic structure were performed with the Vienna Ab initio Simulation
Package (VASP)?>-2 which implements the Kohn—Sham formulation of density functional theory
(DFT) using a plane wave basis set and the projector augmented wave formalism.?*° The
generalized gradient approximation was employed using the exchange and correlation functional
of Perdew, Burke, and Ernzerhof (GGA-PBE), with and without the inclusion of spin-orbit
coupling (SOC).3! Hybrid functional calculations which incorporate exact exchange were
prohibitively expensive due to the low symmetry and heavy atoms. Electrons were included in the
valence as follows: Au, 6s?5d% Pb, 6s°5d'%6p?; I, 5s?5p°. The plane wave basis set cutoff energy
(500 eV) and k-point mesh density (9x5x3 for total energy and band calculations, 15x9x5 for
density of states, all Monkhorst—Pack sampling®?) were chosen based on convergence of the total
energy. The Brillouin zone path for band structure calculations was taken from Setyawan and
Curtarolo.®® Ground-state DFT structure relaxations poorly reproduced the experimental
structures, in a manner similar to other soft metal halides. However, unlike higher symmetry
crystals (where the differences between DFT and experiment are more isotropic), the highly
anisotropic connectivity of AuPbzl7 leads to significant shearing of the unit cell (such that the
lattice angle o becomes more acute). As such, the experimental crystal structure was employed for
electronic structure calculations. The net forces on the ions in the experimental structure were

highest for the iodine labeled “I1” in Table 2.

RESULTS AND DISCUSSION

Synthesis
All reactions performed between Aul and Pbl, aimed at obtaining a AuPblz or AuPbzls

compositions failed to do so. No evidence for the existence of such phases was present, however,
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we were able to obtain black needle-like crystals of the ternary compound AuPbzl;. Despite many
attempts at synthesizing a pure phase of AuPb:l7, the compound grows directly on the surface of
Pbl; crystals, Figure 2, and forms regardless of the ratio of Aul and Pbl, combined. To balance
charge in this phase, the Au must be in the 3+ oxidation state. Because the starting Au source is
Aul, to form AuPb.l; Au' must undergo the oxidation in situ to Au®*. However, this oxidation must
be a disproportionation reaction of Au* to Au® and Au®*, and therefore removes gold metal from
the reaction, which can be observed in Figure 3.

To mitigate Au loss to disproportionation, iodine was added to the reaction mixture to act
as an oxidant. The direct method of synthesis with I yields slightly more product, but the reaction
products remain a mixture of AuPbzlz, Pbly, Iz, and Au®, Figure 3. Varying the reaction heating
rate, soak time, and cooling rate from 6 to 48 hours did not show any significant effect on the
formation fraction of AuPbl7. Attempting vapor transport did not yield significant improvement
in isolating the AuPbzl7, however due to the temperature gradient, Pbl, was transported away from
the product, localizing most of the growth of the title compound on the non-transported Pblz. This
can be seen in the larger patches of growth, but underneath remains the Pbl> substrate, Figure 4a.
AuPb2l; decomposes slowly in air to yield Au®, Pblz and I, which is unsurprising as the previously
discussed Au iodide compounds all undergo the same reduction. This is evident in Figure 4b,

where Au has physically expelled itself from the crystal matrix.

Crystal Structure Description
AuPDbl7 crystallizes in the triclinic P-1 space group (No. 2) and presents a 3D structure of

extended [Pb2l7]* pseudo-layers extending in [010] bridged by square planar Au®* at an oblique



angle in the [001] direction. See Tables 1 — 4 for crystallographic data pertaining to refinement
details, atom coordinates, anisotropic parameters, and selected bond distances and angles. The
[Pb217]* layers can be better described as */..[Pb2l2]** backbone-like chains propagating down [100]
linked by square planar I"along [010], Figure 5. A full view of the ball and stick representation of
the structure is shown in Figure 6. The Au atom must be 3+ to charge balance the stoichiometry.
Au®* sits in a square planar site bridging the layers together such that a three-dimensional
structure is attained. The plane of the [Auls]™ unit does not correspond to any cardinal coordinate,
and is oblique to [001]. Bond distances for the [Aul4] are within 2.6330(9) to 2.6344(9) A, which
agrees with other square planar Au®* in A2Au'Au"'ls compounds that report 2.644 A or 2.645 A

for A = Rb, Cs respectively, Figure 7.8 10

The Pb?* atom is eight coordinate, Figure 8a,b, and forms distorted hendecahedra that are
face-sharing in the [001] direction and edges at an angle oblique to [010] to other Pb
hendecahedrons, Figure 8c. When [Auls] and square planar I are considered discrete units, this
suggests the 1/.[Pb212]** backbone that propagates down [100], Figure 8c. The 8 Pb — I bonds
range from 3.1149(10) to 3.8247(12) A, figure 8b. Seven of the eight bonds agree with the
hendecahedral bonds seen in InPb,ls where they range from 3.123 to 3.573 A 3* The final
coordination of Pb to | in the hendecahedra extends to 3.8247(12) A, which is unprecedentedly
long and occurs due to the stereo active lone pair that resides on the Pb atom, which pushes the |

atom further away from the coordination sphere.

Within the structure, the iodine atoms occupy four sites and exhibit three different
coordination environments. First, two iodine atoms act as a both part of the hendecahedral
geometry of Pb and the square planar geometry of Au which can readily be observed in Figure 6.

They coordinate in a distorted half trigonal prismatic geometry between two Pb atoms and Au,



with the longest ‘bond’ being 3.8247(12) A for the distant Pb. The Y/..[Pb2l,]** backbone contains
another distorted half trigonal prismatic coordinated iodine between three Pb atoms mimicking
the coordination in Pbl in the [100] direction, Figure 8c. The final iodine sits in a unique square
planar geometry between 4 Pb atoms and links the /..[Pb2l]** backbones together to form the

pseudo-layered structure, Figure 8d.

The overarching structure of AuPb2Il7 does not undergo a phase transition at low
temperature with lattice parameters shrinking predictably. However, at 100 K the [Auls]™ unit
distorts and Au — I bonds elongate and shorten from 2.6340(11) and 2.6328(10) A to 2.7986(15)
and 2.5464(12) A respectively. Additional bond shortening in the Pb hendecahedron allows the
unit cell to be drawn differently, figure S5, due to the reduction in the distance between square
planar iodide atoms from 12.7657(8) to 12.226(3) A. Further details of the low temperature

structure are given in the supplementary information.

Optical Absorption and Electronic Structure

The band gap of black AuPbzl7 was determined to be 1.17 eV by UV-vis diffuse reflectance
spectroscopy measurements, Figure 9. Here optical absorption is dominated by metal-ligand
charge transfer transitions within the [Auls]” unit, thus acting as strong chromophore. This
interpretation is supported by the DFT calculations below.

The calculated electronic band structure and density of states (DOS) for AuPbzl7 (Figure
10) indicates a small bandgap (0.35 eV) between valence bands derived primarily from | p orbitals
and a single conduction band derived primarily from an empty Au d orbital, consistent with a
square planar crystal field for d® Au®*. Relatively weak mixing of the filled Pb s states with the

iodine orbitals (due to the distorted hendecahedral coordination) leads to rather localized, slightly
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bonding Pb s states nearly 8 eV below the Fermi level, and weak, slightly antibonding Pb s
contributions to the valence bands within ~2 eV of the Fermi level. The unoccupied Pb p states are
substantially higher in energy than the lowest conduction band, and are unlikely to be responsible
for optical absorption near the absorption onset. The magnitude of the underestimate of the
observed bandgap is typical of calculations employing the generalized gradient approximation.
Spin-orbit coupling has a significant impact only on the higher-lying excited states derived from
Pb p orbitals (Supporting Information, Figure S2).

The calculated bandgap is indirect, between the valence band maximum along R-T" and the
conduction band minimum at R. Given the narrow bandwidths, there are multiple local extrema
within a few 10s of meV of the band edges, and the details of the electronic structure may change
with a more sophisticated treatment of exchange and correlation. The effective masses of holes
and electrons along the R-T" direction are calculated as 1.3me and 2.3me, respectively. Wavevectors
near the band edges correspond to traveling waves at a slightly oblique angle to the pseudo-layers
that stack along [010], suggesting the bridging iodine atoms participate in charge transport. Thus,
despite the rather heavy carriers, the material is best thought of as 3D in an electronic sense, rather
than layered. This is consistent with the absence of obvious excitonic features in the optical
absorption, in contrast to layered halides with significant dielectric confinement and

correspondingly large exciton binding energies.®

CONCLUSION
Here we reported the synthesis and subsequent characterization of the novel Au®*
semiconductor AuPbzl7. The structure presents the modification of the Pbl; sublattice, causing the

formation of a three-dimensional anisotropic network of 1/co[Pb2l2]?* chains bridged by [Auls]

11



and square planar I". The experimental band gap was found to be approximately 1.17 eV. Ab initio
calculations indicate the lowest energy excited states derive from the empty d orbital of the square
planar d® Au"'. AuPbzl; demonstrates the versatility of the Pbl, lattice to incorporate Au** and
suggests that further investigation of lattice modifications in Pblz, as new interesting structures are

surely undiscovered.

SUPPORTING INFORMATION
Supporting information is available and contains: SEM-EDS results, powder diffraction patterns
of different syntheses, photo of vapor transport product, additional crystallographic parameters for

low temperature data, band structure diagram.
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Table 1. Crystal data and structure refinement for AuPbzl- at 100 and 298 K.

Formula weight 1499.65 1499.65
Temperature 100 K 298 K
Wavelength 0.71073 A 0.71073 A

Crystal system Triclinic Triclinic
Space group P-1 P-1

a=4.4803(9) A, a=45170(3) A,
a=76.29(3)° a=76.374(4)°
. . : b = 7.3443(15) A, b =7.3847(4) A,
Unit cell dimensions B = 84.00(3)° B=83.711(4)°
c=12.226(3) A, ¢ =12.2970(7) A,
y =73.06(3)° y =72.987(3)°
Volume 373.60(15) A3 380.83(4) A3
Z 1 1
Density (calculated) 6.665 g/cm?® 6.539 g/cm?®
Absorption coefficient 46.683 mm* 45,797 mm*
F(000) 614 614
: 0.129 x 0.041 x 0.02 0.027 x 0.042 x 0.067
Crystal size 3 3
mm mm
0 range for data o o
. 1.716 to 24.999 1.706 to 24.999
collection
Index ranaes -5<=h<=5, -8<=k<=8, -5<=h<=5, -8<=k<=8, -
J 0<=l<=14 14<=I<=14
Reflections collected 5840 6032

Independent reflections

Completeness to 6 =
26.000°

Refinement method

Data / restraints /

1279 [Rint = 0.0363]
97.8%

Full-matrix least-
squares on F?

1346 [Rint = 0.0437]
99.8%

Full-matrix least-
squares on F?

1279/0/50 1346 /0/ 49
parameters
Goodness-of-fit 1.235 1.067
Final R indices [I > Robs = 0.0365, WRobs =  Robs = 0.0335, WRobs =
26(1)] 0.1201 0.0804
. Ran = 0.0376, wRan = Ran = 0.0406, WRa =
R indices [all data] 0.1235 0.0880

Largest diff. peak and

hole 2.848 and -3.664 e-A®  2.929 and -1.602 e-A3

R = X|[Fol-|Fe|| / Z|Fo|, WR = (Z[W(|Fof? - [Fe)?] / Z[W([Fo[)])*2 and w=1/[c¥(F0?)+(0.0155P)?+4.1752P]
where P=(Fo?+2Fc?)/3




Table 2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%)
for AuPb2l7 at 298 K with estimated standard deviations in parentheses.

*

Label X y z Occupancy Ueq

Au 5000 5000 5000 1 24(1)
Pb 1641(2) 2749(1) 8594(1) 1 37(1)
11 7315(2) 7904(2) 4043(1) 1 26(1)
12 4704(2) 6069(2) 6916(1) 1 26(1)
13 -1961(2) -349(2) 8621(1) 1 30(1)
14 5000 5000 0000 1 33(1)

“Ueq is defined as one third of the trace of the orthogonalized Ujj tensor.

Table 3. Anisotropic displacement parameters (A?x10%) for AuPbzl at 298 K with estimated
standard deviations in parentheses.

Label U U2 Uss Uiz Uis Uazs
AU 27(1) 29(1) 16(1) 11(2) 3(1) -3(2)
Pb 29(1) 40(1) 43(1) “14(1) 4(1) -10(2)
11 36(1) 32(1) 23(1) 17(0) 3(1) 2(1)
12 46(1) 38(1) 20(1) -20(1) 8(1) 9(1)
13 22(1) 30(1) 25(1) -10(1) 11) 2(1)
14 24(1) 32(1) 24(1) -10(1) 0(1) 9(1)

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy1 + ... + 2hka™b™Usa].
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Table 4. Selected Bond lengths [A] and Bond angles [°] for AuPbzl; Pb2 at 298 K with
estimated standard deviations in parentheses.

Label Distances Label Angles
Au—11x2 2.6330(9) 11— Au-—I1 180.0
Au—12x2 2.6344(9) 11— Au-—I12 88.37(3)
Pb-13 3.1149(10) 12— Au—I1 91.63(3)
Pb—13 3.1644(10) 12— Au— 12 180.0
Pb— 12 3.3407(11) 13— Pb—13 92.00(3)
Pb—I1 3.3529(11) 1I3—-Pb—11 76.56(3)
Pb—14 3.3849(6) 1I3—-Pb—11 76.97(3)
Pb—13 3.4617(11) 13— Pb—12 90.28(3)
Pb — 14 3.4714(6) 13— Pb—12 143.69(3)
Pb— 12 3.8247(12) 12-Pb-11 68.71(2)
Pb—12—-Pb 77.83(2)
Au-—11-Pb 99.69(3)
Au-—12-Pb 99.97(3)

Symmetry transformations used to generate equivalent atoms:

(1) -x+1,-y+1,-z+1 (2) x+1,y,z (3) x-1,y,Z
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Figure 1. a) The structure of KAu**ls where [Auls]” units extend down [010] charge balanced by
K", a direct analog of LiAuls as drawn from reference 16. b) The perovskite-like structure of
Cs:Aut*Autls where alternating [Aulz]” and [Aulsg™ form pseudo-octahedra around charge

balancing Cs cations, as drawn from reference 15. Rb, Aul*Au®*Is forms the same structure.

Figure 2. SEM Images of single crystals of AuPbl7 growing on the surface of recrystallized Pbl..

Crystals tend to grow near edges where nucleation begins to occur.
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Figure 3. A typical powder diffraction pattern for the reaction mixture of AuPb.l;. Au and Pbl>

are clearly represented in the pattern, but peaks of the calculated pattern from single crystal data

confirms the presence of the title compound.
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Figure 4. a) A larger forest of needles found after vapor transport. These crystals still grow as
layers on top of Pbl, substrate. b) Au metal expelling from needles of AuPbzl; one month after

preparation.

Figure 5. Left) A projection of along [100] of the pseudo-layers in a 3 x 3 x 3 supercell of
AuUPb2l7 . Y/.,[Pb212]?* can be seen propagating down [100] and bridged by Au®*. Middle) A
projection down [010] further demonstrates the pseudo-layered nature of the system. Right) The

projection down [001] which shows the corrugated nature of the pseudo-layers.
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Figure 6. Stick and ball model of the structure of AuPb2l7 viewed down the three different

crystallographic directions. In the view down the [001] direction the Au are totally eclipsed.

N
}\ /
N Y 4
2.6330(9) A \ ,//2.6344(9) A

N

Y

263449 A7\ 2
4

Figure 7. Au®* center in a square planar site of | atoms with bond lengths of 2.6330(9) and

2.6344(9) A.
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3.1644(10) A

b)

3.4617(11) A

\.3.3849(6) A
N/ 34716(6) A

Figure 8. a) The distorted hendecahedron that Pb forms when fully coordinated to neighboring |
atoms. b) Atoms labels and bond distances for the Pb hendecahedron in the same relative
representation as given in a. ¢) The greater packing of the Pb polyhedra that extend form the
pseudo-layers that are bridged by Au®* with a representation of the 1/c0[Pbzl2]?* backbone in the
same orientation. d) The square planar orientation of 1 bridging the */.[Pbl2]?" units to facilitate

coordination down [010].
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Figure 9. The optical absorbance of a mixture of AuPbl7 with some contaminant Pbl. that can

be observed at 2.3 eV. The band gap for the title compound was determined to be 1.17 eV and a

direct function of the [Auls] unit in the structure.
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Figure 10. Electronic band structure and density of states (DOS) for AuPbzl; from density
functional theory, calculated using the generalized gradient approximation (GGA-PBE, with spin-
orbit coupling). Orbital projections indicate the bandgap is dominated by filled I p states and empty
Au d states (consistent with the square planar environment for Au®*), while the empty Pb p orbitals

lie higher in energy.
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We report unusual Au* ternary halide AuPbal; has been isolated from reactions of Aul, Pbl,, and
I> and crystallizes in the triclinic P-1 space group as micron-scale needles with cell dimensions a
=4.5170(3) A, b=7.3847(4) A, c = 12.2970(7) A, 0. = 76.374(4)°, B = 83.711(4)°, y = 72.987(3)°
at room temperature. Optical absorption characterization and theoretical calculations demonstrate

the material is an indirect gap semiconductor.
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Figure S1. SEM image of the regions chosen to grather EDS data from AuPb:l7. Due to growth on

the surface of Pbly, often the pentration depth of the electron beam will be greater than the

thickness of the crystal resulting in overepresented Pb and | atomic %.

Table S1. SEM-EDS Spectra Results of AuPbzl7 as assessed from the regions in Figure S1 in

Atomic %.

Spectrum Label

Spectrum 21 Spectrum 22 Spectrum 23

I 68.35 67.08 67.84
Au 10.14 10.12 10.35
Pb 21.51 22.79 21.81

Total 100 100 100
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Table S2. Average Values and Standard Deviation of SEM-EDS Results from Table S1.

Atom Type | Au Pb
Max | 68.4 10.4 22.8

Min | 67.1 10.1 215

Average | 67.8 10.2 22.0

Standard Deviation | 0.64 0.12 0.67
Relative Ratio (Based on Au) | 6.6 1 22
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Figure S2. Powder diffraction from off stoichiometric syntheses also shows the presence of the

tittle compound despite not having additional iodine to mitigate the disproportionation of Au.

| 1 | 1 | 1 | 1 | 1 | 1 | 1
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Figure S3. Powder diffraction from the vapor transport mixture shows little evidence of the title
compound despite having the most observed by electron microscopy. Due to transport of unreacted
Pbl; away from the melt the mixture that remained in the hot end of the tube was far more gold

rich as further described in Figure S4.
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Figure S4. Vapor Transport tube after the transport experiment shows the transported Pbl on the
right side of the image. The black solid on the left hand side is the remaining AuPb2l7 grown on

Pbli2, with a dominant amount of metallic gold. This was in the hot zone.

Figure S5. Unit cells of AuPb2l- at 298 K and 100 K with the low temperature cell superimposed
in red. Due to the change in Au — | bond lengths at low temperature and the general decrease of
Pb — I bond distances the 14 — 14 distance decreases and becomes the c axis of the low temperature

unit cell.
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Table S3. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A%x10%)
for AuPbzl7at 100 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Au 5000 5000 5000 1 9(1)
Pb 8374(2) 3660(1) 8591(1) I 13(1)
14 5000 0 0 I o(1)
13 1961(3) 6750(2) 8626(1) I 10(1)
1 2668(3) 3038(2) 4039(1) I 10(1)
v 5226(3) 2018(2) 6927(1) 1 1(1)

*Ueq is defined as one third of the trace of the orthogonalized Ujj tensor.

Table S4. Anisotropic displacement parameters (A®x10°) for AuPbzl7 at 100 K with estimated
standard deviations in parentheses.

Label Un Un Uss Unz Uns Uz

Au 10(1) 12(1) 6(1) -4(1) 2(1) -5(1)
Pb 11(1) 14(1) 15(1) -4(1) 1(1) -7(1)
14 9(1) 10(1) 8(1) -4(1) 2(1) -4(1)
13 9(1) 13(1) 9(1) -4(1) 3(1) -7(1)
11 13(1) 13(1) 8(1) -5(1) 2(1) -6(1)
1) 15(1) 12(1) 8(1) -5(1) 0(1) -4(1)

The anisotropic displacement factor exponent takes the form: -2n*[h*a"?Uy; + ... + 2hka’b"Uia].
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298 K 100 K

Label Distances Distance

Au—-1I1x2 2.6330(9) 2.5464(12)
Au-12x2 2.6344(9) 2.7986(15)
Pb-13 3.1149(10) 3.1029(17)
Pb—-13 3.1644(10) 3.1493(15)
Pb—-12 3.3407(11) 3.2144(15)
Pb-11 3.3529(11) 3.5209(18)
Pb—-14 3.3849(6) 3.4794(13)
Pb-13 3.4617(11) 3.3355(16)
Pb -4 3.4714(6) 3.6371(17)
Pb-12 3.8247(12) 3.5658(18)

Table S5. Selected Bond lengths [A] for AuPb2l; Pb2 at 298 K and 100 K with estimated standard
deviations in parentheses.
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Figure S6. Electronic band structure and density of states (DOS) for AuPb.l; from density

functional theory, calculated using the generalized gradient approximation (GGA-PBE). The band
structure is shown with and without the inclusion of spin-orbit coupling (SOC), which most

strongly affects states with Pb character.
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