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Abstract

Noble metal halide compounds are an exciting class of materials which display

unique crystal chemistry with temperature and pressure. Here we report two new

compounds, Single-valence formamidinium platinum iodide [(FA)2PtIV I6] and mixed-

valence methylammonium gold iodide [(MA)2AuIAuIII I6]. Structural changes be-

tween 300 K and 100 K have been monitored. The compounds crystallize in two dif-

ferent perovskite-related structure classes, with the added complexity of a disordered,

“tumbling”, organic cation at 300 K. This tumbling is significantly reduced at 100 K.

(FA)2PtIV I6 undergoes in-phase octahedral tilting similar to related vacancy-ordered

perovskite materials. At 100 K, (MA)2AuIAuIII I6 undergoes a transition which facili-

tates stronger Au–I covalent bonding as made evident by a contraction of the unit cell

and distances between Au and I atoms in the ab plane.

1. Introduction

Noble metal chemistry is exceedingly impactful and relevant, from catalysis to biomedical

research.1 These elements are interesting in that they can provide selective reactivity as

well as low activation barriers for oxidation and reduction. Furthermore, noble metal salts

and oxides frequently display unique electrical properties owing to the propensity of the

noble metal to occur in more than one oxidation state (mixed-valence). Mixed-valence

platinum and gold complexes have been studied as one dimensional metallic conductors.2

Though the class of mixed-valence alkali and hybrid platinum halide materials have

been studied before,3 the mixed-valence alkali gold halide complexes A2[AuIX2][AuIIIX4]

(A = K, Rb, Cs; X = Cl, Br, I), referred to as A2Au2X6 compounds hereafter, have received

more attention. These materials were first prepared and described crystallographically in

19794 as chloride and bromide derivatives5 and later as iodides.6 These materials crystal-

lize with both linear AuII−2 and square-plane AuIIII−4 subunits, or alternatively described,

as a distorted perovskite structure of elongated and compressed AuI6 octahedra that stack
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alternatively along the [001] and [110] directions. Under pressure, these materials un-

dergo a phase transition to a cubic perovskite structure (stabilizing the Au(II) ion), where

the structure of Cs2Au2Cl6 above 12.5 GPa and at room temperature undergoes a transition

from the tetragonal I4/mmm space group to the cubic Pm3̄m,7 and Cs2Au2I6 undergoes

a transition from I4/mmm to either Immm or Ibmm.8 As pressure is increased, these

AuII6 and AuIIII6 octahedra are driven closer to equivalency, and when equivalent, the

electronic structure of Au nears the d9 valence state. Just beneath the phase transition

pressure, strong electron-phonon interactions are due to the mixed-valence effect of the

Au (which is understood to be fluctuating rapidly), whereas just above the transition, the

strong electron-phonon interactions arise from the Jahn-Teller effect.9 This phenomenon

is undoubtedly of scientific interest, especially for studying the interactions of itinerant

electrons and the implications of high pressure on conductivity.

Other hybrid organic-inorganic gold iodides have been prepared previously with uni-

valent Au,10 as well as a more recent report of two mixed-valence gold iodide compounds

made with the counter cations (NH3(CH2)7NH3)
2+ and (NH3(CH2)8NH3)

2+ which stabi-

lize two dimensional mixed-valence Au-I layers similar to the alkali gold iodides.11 These

compounds are exciting as potential superconductors, as well as potential members of

the flourishing hybrid perovskite and perovskite related optoelectronic field.12 In this re-

port we describe the high and low temperature structures of two hybrid compounds:

a vacancy-ordered double perovskite formamidinium platinum iodide [(FA)2PtI6] and a

mixed-valence methylammonium gold iodide [(MA)2Au2I6]. We describe the structural

changes that occur with temperature, which are relevant to future high pressure studies

of these materials, as well as to related hybrid perovskite optoelectronic material research

that is focused on the dynamics of the small organic cations and their implication on device

performance.
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2. Experimental

Formamidinium iodide (CH(NH2)2I) was prepared by combining formamidine acetate with

hydroiodic acid. Solid formamidine acetate (1.00 eq, 99%, Sigma-Aldrich) was added to

room temperature hydroiodic acid (2.0 eq., 57% wt/wt in aqueous solution, Spectrum.)

After stirring for 2 hours, the excess solvent was removed using a rotary evaporator. The

residue was washed with boiling toluene to remove any triazine contaminant, recrystal-

lized from ethanol, vacuum filtered and dried to give white needle habit crystals. The

crystals were placed in a vial wrapped in aluminum foil and stored in a glove box.

Methylammonium iodide (CH3NH3I) was prepared following an acid-base reaction of

hydroiodic acid with methylamine. A solution of CH3NH2 (1.00 eq. 33% wt/wt solution

in absolute ethanol, Spectrum) was added to a 0 ◦C solution of hydroiodic acid (1.05 eq.,

57% wt/wt in aqueous solution, Spectrum). After stirring for 2 hours at 0 ◦C, the excess

solvent was removed using a rotary evaporator. The residue was recrystallized twice from

a hot ethanol/water mixture, washed with ether, and dried under vacuum overnight to

give white, plate habit crystals. The crystals were placed in a vial wrapped in aluminum

foil and stored in a desiccator.

The (FA)2PtI6 was prepared by dissolving 100 mg (0.376 mg) of PtCl2 (Strem, 99.9)

in 3.0 g (13 mol HI) fresh 57% wt/wt hydroiodic acid (Spectrum). The hydroiodic acid

used contained free iodine due to absence of stabilizer. After dissolution, 84.21 mg (0.752

mmol) of CH(NH2)2I was added, prompting formation of a dark precipitate. The solution

was brought to a boil, held for 10 minutes, and slowly cooled. Dark cubes of (FA)2PtI6

were washed with ether, isolated via vacuum filtration, and stored in a glove box. Pt(II) is

oxidized to Pt(IV) by the free iodine present in the stabilizer-free hydroiodic acid used in

the synthetic procedure.

The (MA)2Au2I6 was prepared by dissolving 100 mg (0.254 mmol) HAuCl4 (Strem,

99.9985%) in 3.0 g (13 mol HI) 57% wt/wt hydroiodic acid (Spectrum). The hydroiodic

acid used contained free iodine due to absence of stabilizer. After dissolution, 56.86 mg
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(0.5078 mol) CH3NH3I solid was added, prompting a dark precipitate to form. The solu-

tion was brought to a boil and slowly cooled. Dark colored, plates of (MA)2Au2I6 form,

which were isolated via filtration. (MA)2AuI6 is very hygroscopic and soluble in most sol-

vents such as ethanol and ether. Single crystals were kept in the hydroiodic acid mother

liquor and removed just prior to the diffraction data collection. Crystals of (MA)2Au2I6

were flushed with nitrogen during the diffraction experiments.

Single crystal X-ray diffraction data of the title compounds were collected on a Bruker

KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH

monochromator with a Mo Kα X-ray source (λ = 0.71073 Å). The crystals were mounted

on a cryoloop under Paratone-N oil and kept under nitrogen. Absorption correction of the

data was carried out using the multiscan method SADABS.13 Subsequent calculations were

carried out using SHELXTL.14 Structure determination was done using intrinsic methods.

All hydrogen atom positions were omitted. Structure solution, refinement, and creation of

publication data was performed using SHELXTL. Crystal structures were prepared using

the VESTA software suite.15

3. Results and Discussion

3.1 Crystallographic analysis

Figure 1 shows the 300 K and 100 K structures for (FA)2PtI6. Figure 1(a) depicts the 300 K

structure viewed down the c-axis, and illustrates the isolated PtI−2

6 octahedra and disor-

dered formamidinium cations. This structure is the same as K2PtCl6 where Pt forms a

face-centered cubic lattice with formamidinium ions in the tetrahedral cavities (in place of

the potassium ions) corresponding to the Fm3̄m cubic space group.16 The formamidinium

moiety has a reliably placed C atom but disordered N atoms. However, the disorder ap-

pears to have partial preferential orientation, or “clicking”, as is depicted in Figure1(a).

These orientations provide the greatest level of hydrogen bonding between the amine
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Figure 1: Crystal structure of (FA)2PtI6. (a) 300 K structure viewed down the c-axis, (b)
100 K, viewed down the c-axis emphasizing octahedral titling and (c) 100 K structure,
CCDC submission numbers, RT = 1513695, LT = 1513696.
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Figure 2: Positive Fourier difference map of 300 K (FA)2PtI6 structure with 95% probability
ellipsoids. The F(max)(eÅ−3) was 1.1059 for this data set, and is displayed with a max
level of 0.75. (a) Electron density surrounding carbon atom. (b) Full 300 K structure
viewed down the c-axis.
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hydrogens and nearest neighbor I atoms. Figure1(b) shows the tetragonal P4/mnc struc-

ture at 100 K, where the PtI−2

6 octahedra tilt in phase in the ab plane, as is commonly

seen in related perovskite and metal vacancy-ordered perovskite structures. The tilting of

the vacancy-ordered perovskite, as described by Glazer tilting nomenclature,17 is a0a0c+,

meaning that the octahedra rotate in phase equally in the ab plane, and not at all along the

c-axis. Figure 1(c) illustrates the structure of (FA)2PtI6 at 100 K, where the carbon atom

is reliably placed. However, in both room and low temperature structures, there was diffi-

culty assigning N density with certainty. To further our understanding of these structures,

we determined Fourier difference maps to describe the positive electron density surround-

ing the formamidinium carbon.

Figure 3: Fourier difference map of the 100 K (FA)2PtI6 structure with 95% probability
ellipsoids. F(max)(eÅ−3) was 2.597 for this data set, and is displayed with a max level
of 0.97. (a) Full structure. (b) Electron density surrounding carbon. (c) Electron density
along the 11̄0, 100, and 110 planes. These were chosen to cut the formamidinium carbon
atom into 60 degree segments. The two areas of strong density in the center of each plane
are the the C atoms, and were purposefully placed for ease of comparison.
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In Figure 2(a), it is clear that rings of electron density exist in the form of a tetrahedron,

with smaller areas of electron density are observed further out. These densities suggest

that on average, the nitrogens of the formamidinium cation are found primarily in one of

the four lobes, with the possibility of the formamidinium cation orienting in six different

directions. This more predictable behavior is expected when compared to a smaller or-

ganic cation methylammonium, which is known to shift and tumble to a greater degree,

as we describe later for the (MA)2Au2I6 compound. The electron density surrounding the

formamidinium carbon in the low temperature structure, on the other hand, is less easily

described. Figure 3(a) displays the fourier difference of the full structure, Figure 3(b) the

density surrounding the carbon, and Figure 3(c) the electron density along crystallographic

planes of interest that intersect the formamidinium carbon atom. The data suggests that

the formamidinium cation is statically disordered both in position and orientation as the

PtI6 octahedra tilt, preventing translational symmetry of the N atoms to be reasonably

discerned. In Figure 3(b), the oval shaped C ellipsoid and the density surrounding the car-

bon, leads us to believe that the formamidnium cation can off center substantially without

preference during cooling, presenting many possible orientations for the formamidinium

cation on average. The electron density maps along the planes of interest agree with this

description, as there are many areas of weak electron density which could be attributed

to N density. However, as can be inferred from the 11̄0 plane, there is observable elec-

tron density in the shape of the formamidinium cation (an elongated X shape), which may

be a more probable location for the formamidinium cation. The 110 plane suggests that

though the carbon and one nitrogen may reside in the same plane, one of the formami-

dinium nitrogens may not. These many degrees of freedom of the formamidinium cation

prevent reliable crystallographic description at low temperature, but when compared to

the alkali cation containing vacancy-ordered double perovskites, the polar formamidinium

cation provides potentially accessible properties like ferroelectricity, if the material were

aligned with an electric field. This warrants future temperature and electric field depen-
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dent studies. Furthermore, we expect pressure-induced structural changes to be another

area of exploration, similar to work done for comparable vacancy-ordered palladium io-

dide double perovskites.18

Figure 4: Crystal structure of [(MA)2AuIAuIIII6]. (a) 300 K, emphasizing that at room
temperature, the structure is best described as discrete subunits of AuI−2 and AuI−4 . An
additional view of the disordered methylammonium cation is also included

. The bond length between Au and I is upper bound at 3.3 Å. (b) 100 K, viewed down the
a-axis emphasizing the now slight tilting of the Au–I octahedra and square planes. The

upper bound bond length remains 3.3 Å, indicating that there is increased extended Au–I
covalent bonding in the ab plane. CCDC deposition numbers, RT = 1513697, LT =

1513698.

Figure 4 depicts the crystal structure of (MA)2Au2I6 at 300 K and 100 K. Figure 4(a) and

(b) show the tetragonal I4/mmm room temperature structure, and the low-temperature

P43212 structure viewed down the a-axis, respectively. The structure of (MA)2Au2I6 at

10



  

room temperature contains discrete subunits of AuI−2 and AuI−4 in addition to consider-

ably disordered methylammonium cations. Much like the modeling that has described

methylammonium in methylammonium lead iodide (MAPbI3),
19 it is clear that the cation

is tumbling within its cavity, changing orientation rapidly as it hydrogen bonds between

one of the twelve nearest neighbor iodide atoms. This is possible due to the low energy

barrier for the cation to shift.20 Interestingly, the structure of (MA)2Au2I6 at low tempera-

ture, Figure 4(b), undergoes a distortion which forms buckled Au-I sheets. This suggests

that the structure at low temperatures has increased covalent bonding between the Au of

the AuI−2 subunits and the neighboring I of the AuI−4 moieties. Prior reports have described

that the bonding between gold and iodine is analogous to polyiodides due to similar elec-

tronegativities of Au and I (2.54 and 2.66, respectively),21 with the AuI2 subunit directly

comparable with the linear I−3 anion. If we apply the same criteria for determining covalent

bonding, where the I–I bonding distance is upper bound at 3.3 Å, then at 100 K sheets of

Au–I square planes and octahedra form infinitely in the ab plane, as is depicted in Figure

4(b). In regards to the methylammonium cation at low temperature, the structure was

solved with a translational symmetry describing the orientation of the methylammonium

cation but with understandable difficulty in distinguishing between the nitrogen or carbon

atoms of the methylammonium. This is due to low Z contrast. It could be quite sim-

ilar to methylammonium lead iodide where orientation of the methylammonium cation

alternates consistently but this is hard to discern.22

4. Conclusion

The structures of the vacancy-ordered double perovskite (FA)2PtI6 and the mixed-valence

(MA)2Au2I6 are reported at 300 K and 100 K. At 300 K, the structure of (FA)2PtI6 can be

described with the cubic space group Fm3̄m, and at 100 K with the tetragonal space group

P4/mnc. This reduced symmetry is caused by in-phase tilting of the discrete Pt–I octa-
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Table 1: Crystallographic information for title compounds

Empirical formula (MA)2Au2I6 (MA)2Au2I6 (FA)2PtIV I6 (FA)2PtIV I6
Diffractometer Bruker KAPPA APEX II

Monochrometer TRIUMPH
mode Omega scan

Temperature (K) 300 100 300 100
Crystal habit, color Plate, gold Cube, black

Crystal system Tetragonal Tetragonal Cubic Tetragonal
Space group I4/mmm P43212 Fm3̄m P4/mnc

(No. 139) (No. 96) (No. 225) (No. 128)

Volume (Å3) 895.8(2) 1720.1(2) 1401.8(2) 674.65

a (Å) 8.490(7) 8.3513(4) 11.192(5) 7.6428(5)

b (Å) 8.490(7) 8.3513(4) 11.192(5) 7.6428(5)

c (Å) 12.428(9) 24.663(2) 11.192(5) 11.6659(7)
Z 2 4 4 2

ρ (g mol−1) 1213.42 1213.42 1046.63 1046.63
Dens. (g cm−3) 4.521 4.686 4.959 4.906

Abs. (mm−1) 26.669 27.776 23.193 23.870
F000 1028 2032 1784 872

2θ range
2.906 2.575 3.153 3.187
to 27.028 to 27.039 to 30.533 to 25.242

Reflections
2018(299) 10354 (1887) 1032 (144) 687 (394)

(Unique)
Rint 0.0551 0.0529 0.0390 0.0155

Final R1, wRR 0.0396, 0.1139 0.0469, 0.0870 0.0507, 0.1074 0.0266, 0.0530
[I > 2σ(I)]

R1, wRR, (all data) 0.0433, 0.1159 0.0469, 0.0900 0.0507, 0.1074 0.0269, 0.0531

∂F (eÅ−3)
2.068 4.457 1.082 1.806
and −1.742 and −2.101 and −5.908 and −2.955

GOF 1.246 1.074 1.291 1.348
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hedra. This tilting is seen in the related and well-studied K2PtCl6 compound, as well as

other similar vacancy-ordered double perovskite compounds. The (FA)2PtI6 material at

300 K has a predictably disordered formamidinium cation. At 100 K, the formamidinium

cation presents static disorder, preventing accurate assignment of the formamidinium N

atoms. Due to the polar nature of the formamidinium cation, future temperature and

electric field-dependent studies are of interest to examine induced polarization of the ma-

terial. The (MA)2Au2I6 material crystallizes in the tetragonal space group of I4/mmm at

room temperature, and in the tetragonal space group P43212 at low-temperature. This

compound contains discrete AuI−2 and AuI−4 subunits at room temperature, but upon cool-

ing, an increased Au–I covalent bonding pattern occurs in the ab plane, producing buckled

Au–I sheets. Due to the similar electronegativities of Au and I, this material at 100 K can

be viewed as an extended polyiodide analogue. Additionally, like the related alkali metal

compounds, we expect (MA)2Au2I6 to display interesting crystal chemistry under pressure,

forming a cubic perovskite and stabilizing the electronically interesting Au(II) ion.
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