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Abstract

We describe solid-state structural evolution in four hybrid hexaiodoplatinate(IV)
compounds, demonstrating the increasingly important role that extended hydrogen
bonding plays in directing the structure across the series. The compounds are AsPtlg,
where A is one of the following amines: ammonium, NH4+ ; methylammonium MA,
CH3NHj ; formamidinium FA, CHy(NH2)5 ; and guanidinium GUA, C(NHs)3, and are
closely related in structure and properties to the hybrid halide perovskites of Pb(II)
that have recently established their prowess in optoelectronics. The first three of these
compounds crystallize in the vacancy-ordered double perovskite A,Pt[1lg ((J indicates
a vacant site) structure in the KoPtCls archetype, despite the relatively large perovskite
tolerance factors involved. The last compound, (GUA).Ptlg crystallizes in a vacancy-
ordered variant of the hexagonal CsNiCl; structure: the KsMnFg structure. A combina-
tion of Pt and 'H solid-state NMR spectroscopy and detailed density functional the-
ory calculations help to reveal structural trends and establish the hydrogen-bonding
tendencies. The calculations and measured optical properties support the surprising
observation in these iodosalt compounds that for smaller A cations, the conduction

bands are considerably disperse, despite lacking extended I-Pt-I connectivity.



Introduction

The AMXj5 perovskite crystal structure is unique in that it is the simplest and only ternary
structure type that has near-180° extended M-X-M interactions in all three dimensions.
The extended interactions result in the disperse bands that can enable a host of interesting
functional properties in perovskites. Halide perovskites with the formula AMX;, where A
is an alkali metal or small organic cation, M is a divalent main group metal, and X are
halides are one such materials family combining impressive optoelectronic properties with
remarkable ease of preparation.'™ Thin film, single junction photovoltaic devices of these
perovskite materials have exhibited upwards of 22 % power conversion efficiency (PCE),
owing to a direct band gap electronic structure, inherently long lived charge carriers, and
high defect tolerance of the perovskite active material.®

Halide perovskites, like their oxide counterparts, are a diverse class of materials that
can tolerate many different kinds of chemical substitutions.®” This includes A-site substi-
tution by different ions to obtain layered variants.®° The substitution of divalent M by a
trivalent ion such as Bi(III) can result in a vacancy-ordered perovskite such as K3Biy[lg
where every third M is missing, indicated by a vacancy [1.!° Forking the charge on the
divalent M-site through substitution with mono- and trivalent cations results in double-
perovskites or elpasolites. "1 Finally, substitution on the M site with a tetravalent ion
creates vacancy-ordered perovskites where M atoms and vacancies [J (usually) display 3D
rock-salt like ordering. The aristotype for this structure type is K,PtClg in the F'm3m space
group. '© It is interesting to note that vacancy-ordered perovskites are rare or non-existent
in the oxide perovskite world, even when permitted by the perovskite tolerance factor (for
example, the hypothetical compound La,W[JOg), as a consequence of the cost of oxide-
oxide repulsions and of stabilizing high cation charge states in isolated species.

Halide compounds with the K,PtCls composition have been known for a long time.
They have been examined as diamagnetic hosts (A;Ptls) of paramagnetic ions (Ir**, Re**,

0s*1),'7 and have been studied for their interesting lattice dynamics associated with free
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rotation of isolated MX octahedra.'® A comprehensive review by Armstrong on A;MX ma-
terials (A = NHy, K, Rb, Cs, M= Pt, Ir, Os, Re, W, and X = Cl, Br, I) provides an overview. !’
The structure type is also associated with charge disproportionation of the M site metal, as
seen for Cs,SbClg, which displays mixed-valence Sb(III) and Sb(V) atoms instead of what
would appear to be Sb(IV).!° Hybrid A,MCls and A,MBr compounds were previously stud-
ied for how organic cations, predominantly methylammonium in (MA),MXs compounds
(M= Sn, Pt, Te and X = Cl, Br, I)2°-2% or dimethylammonium in (DMA),MXgs compounds
(M= Sn, Pt, Te, Se and X = Cl, Br),2>"2” impact structural phase transitions through molec-
ular reorientation.

The 2014 demonstration that the molecular iodostannate salt Cs,Snlg is an effective
hole conductor — despite not possessing extended I-Sn-I connectivity — that can be em-
ployed as the hole-transport layer in dye-sensitized solar cells has been an important land-
mark in the way in which these materials are viewed.2® Related work that has appeared in-
cludes a study of the role of defects in determining the properties of Cs,Snls and Cs,Tels?’
and of the role of anharmonicity in dictating the properties of A;Snlg when A = CH3NH;
or CH(NH,),.3!

In the present work, we study the series of compounds A,Ptls series [A = ammonium
(NH} ), methylammonium [CH3NH; abbreviated MA], formamidinium [CH(NH,); abbre-
viated FA], and guanidinium [C(NH,)4 abbreviated (GUA)]. The synthesis and composi-
tion of several A,Ptly compounds were already reported by Datta in 1913,32 albeit with no
descriptions of the structure. Furthermore, Datta refers back to some literature on these
from the first half of the 19th century. The crystal structures of A,Ptls at room temperature
for A = NH,3*3% and MA?2° have been previously reported. We demonstrate that hydro-
gen bonding becomes especially important in retaining the vacancy-ordered perovskite in
the compounds with the larger A cations. Specifically, if the organic cation is small, I-I
van der Waals interactions guide atomic packing, and if the organic cation is large, hydro-

gen bonding forces (N-H- - -I) guide the structure. Consequences of the hydrogen bonding



tendencies manifest in solid-state 'H NMR experiments and in density functional theory
(DFT) based electronic structure calculations. Just as in the case of Cs,Snlg,® we find that
for the smaller A cations, the valence and conduction bands of A,Ptls display surprisingly
disperse electronic bands. The measured optical properties are compared with the results

of DFT calculations.

Experimental

The starting material CH3NH;I was prepared by adding a solution of CH;NH, (1.00 eq.
33% wt/wt in absolute ethanol, Spectrum) solution of HI (1.05 eq., 57% wt/wt in aque-
ous solution, Spectrum) held at 0°C. After stirring for 2h at 0°C, excess solvent was
removed using a rotary evaporator. The precipitate was recrystallized twice from a hot
ethanol/water mixture, washed with ether, and dried under vacuum overnight to give
white crystals with a plate-like habit.

CH(NH,),I, FAI was prepared by metathesis, by adding solid formamidinium acetate
(1.00 eq, 99%, Sigma-Aldrich) to room temperature HI (2.0 eq., 57% wt/wt in aqueous
solution, Spectrum.) After stirring for 2h, excess solvent was removed using a rotary
evaporator. The residue was washed with boiling toluene to remove any potential triazine
contaminant, recrystallized from ethanol, vacuum filtered, and dried to give white crystals
with a needle-like habit.

(NH,),Ptl; was prepared by combining 0.46 mg NH4I (0.300 mmol, Sigma Aldrich,
99.5%) and 22.64mg (0.150 mmol) PtCl, (Strem, 99.9%) in 6.0 g 57% wt/wt HI, which
was brought to gentle reflux for 15min. The solution was slowly cooled to room tem-
perature and placed in a refrigerator overnight. The solution was vacuum filtered cold
and washed with diethyl ether. The isolated crystals were vacuum-dried overnight. Small,
dark-bronze cubic habit crystals were isolated. The hydroiodic acid used for this and

all other iodoplatinate reactions did not contain the reducing stabilizer hypophosphorous



acid. The iodine contained in solution (due to not using the reducing stabilizer) is thought
to be responsible for the oxidation of Pt>* to Pt**.

(MA),Ptlg was prepared by combining 0.717 mg CH3NH3I (0.300 mmol) to 60 mg
(0.150 mmol) PtCl, (Strem, 99.9%,) in 9.3g 57% wt/wt hydroiodic acid. This solution
was brought to gentle reflux or 25 min., slowly cooled to room temperature, and placed in
freezer overnight. This solution was vacuum filtered cold and washed with diethyl ether.
Isolated crystals were vacuum-dried overnight. Dark-bronze colored, hexagonal plate habit
crystals were isolated.

(FA),Ptlg was prepared by combining 130 mg (0.760 mmol) CH(NH;),I with 100 mg
(0.375 mmol) of PtCl, (Strem, 99.9%) in 15.5¢g of 57% wt/wt hydroiodic acid. This so-
lution was brought to a temperature no greater than 70°C, and stirred for 25 min. The
solution was slowly cooled to room temperature (no precipitate forms at this point) and
placed in a freezer overnight. Bronze, metallic-looking needles of (FA),Ptlg were vacuum
filtered cold, washed with diethyl ether, and vacuum dried overnight. Exceeding 70°C
results in degradation of the FA cation, producing free ammonium.

(GUA),Ptlz was prepared by combining 282 mg C(NH,)3I (1.5 mmol (Sigma Aldrich)
and 200 mg (0.75 mmol) PtCl, (Strem, 99.9%,) in 15.5 g 57% wt/wt hydroiodic acid. The
solution temperature was raised to gentle reflux for 25 min., slowly cooled to room tem-
perature, and placed overnight in a freezer. This solution was vacuum-filtered cold and
washed with diethyl ether. The isolated crystals were vacuum-dried overnight. Large,
dark grey, block habit crystals were isolated. We note that if a more concentrated reaction
mixture is employed, an unidentified Pt-containing contaminant co-forms with the desired
compound. Careful control of concentration allows the pure compounds to be obtained.

Single crystal X-ray diffraction data was collected on a Bruker KAPPA APEX II diffrac-
tometer equipped with an APEX II CCD detector using a TRIUMPH monochromator with
a Mo Ka X-ray source (A = 0.71073 A). 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 as implemented in SADABS.3> Subsequent calculations were
carried out using SHELXTL.® 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 visualized using
the VESTA software suite.?”

Powder X-ray diffraction was performed on a Panalytical Empyrean Powder Diffrac-
tometer (Bragg-Brentano HD module, no monochromator) equipped with a Cu source A
= 1.5418 A. Rietveld refinements were performed in the TOPAS software suite.3® Solid
state NMR: 'H and %Pt single-pulse experiments, 'H inversion recovery experiments, and
14N spin echo experiments were conducted on a 500 MHz (11.7 T) Bruker Avance NMR
spectrometer with a Bruker 4 mm H/X/Y triple resonance MAS probe. Powdered sam-
ples were packed into a 4 mm zirconia MAS rotor and capped with a Kel-F drive cap. 'H
chemical shift was referenced to adamantane (1.71 ppm relative to TMS at O ppm). *°Pt
chemical shift was referenced to a 1 M solution of Na,PtClg in D,O (0 ppm). Longitudinal
relaxation (7)) experiments utilized the inversion recovery method. CSA parameters for
195pt were extracted using the SOLA line shape analysis module within Bruker Topspin.
Solid state UV-vis spectra were obtained using an integrating sphere equipped Shimadzu
UV3600 UV-NIR Spectrometer in diffuse reflectance mode. The title compounds tested
were suspended in BaSO, medium (via grinding). The reflectance spectra were Kubelka-
Munk transformed for relative absorbance spectra. Thermogravimetric analysis (TGA) on
all compounds was conducted using a TA Instruments Discovery instrument. A rate of
25 cm®/min dry nitrogen purge was employed with a temperature ramp rate of 10°C/min.
The maximum temperature of the experiment was 900°C. Differential scanning calorime-
try (DSC) measurements were performed using a TA Q2000 calorimeter. Samples (2 mg
to 10 mg each) were hermetically sealed inside TZero aluminum pans. Samples were first
cooled to —150°C, then heated to most 180°C at 10 °C/min. This was repeated for three

cycles.



Ab initio calculations of the crystal structures, electronic structures, and optical prop-
erties were performed with the Vienna Ab initio Simulation Package (VASP)3°? which
implements the Kohn-Sham formulation of density functional theory (DFT) using a plane
wave basis set in conjunction with projector augmented waves.*>** The generalized gradi-
ent approximation was employed using the exchange and correlation functional of Perdew,
Burke, and Ernzerhof (GGA-PBE).* The plane wave basis set cutoff energy (800 eV) and
k-point mesh density (~1500 k-points per reciprocal atom for convergence of the charge
density, ~40,000 k-points per reciprocal atom for computing the density of states and
dielectric function, all I'-centered Monkhorst-Pack sampling*® were chosen based on con-
vergence of the total energy.) Structure relaxations were performed, including van der
Waals corrections (DFT-D3 method of Grimme),*” to a force tolerance of 4meV A-1. All
relaxed structures preserved the original space group symmetry, with the exception of
(MA),Ptls, which appeared to drift slightly from the original R3m high symmetry space
group symmetry, but that was found within a 0.001 A lattice parameter tolerance using
the FINDSYM program“ to actually retain R3m. This symmetrized cell was used for sub-
sequent calculations to minimize computational expense. Brillouin zone paths for band
structure calculations were taken from Setyawan and Curtarolo.*’ Frequency-dependent
dielectric functions were calculated using the method described by Gajdos et al., as im-
plemented in VASP.>? The dielectric tensors were converted to isotropic equivalents, and
subsequently to isotropic absorption coefficients via custom python code. Band structures
and densities of states, including orbital projections, were visualized using custom python

code.

Results and Discussion

All the samples were prepared by standard methods (precipitation from acid) and their

structures solved by single crystal X-ray diffraction; details of the methods employed are



(a) A = NH} (b) A= MA
Fm3m o R3m f

(d) A= GUA
P6smc

Figure 1: Crystal structure evolution at room temperature of the title compounds (a)
(NH4)2Ptlg, (b) (MA),Ptls, (c) (FA)oPtlg, (d) (GUA),Ptlg displaying the evolution from
a cubic to distorted K,Ptl; type to eventually, the hexagonal, polar KsMnFg¢ structure type.
The shading of the [Ptlg]?>~ octahedra reflects depth perpendicular to the display plane.
The (NH,),Ptls, (MA),Ptlg, and (FA),Ptls are viewed as if looking down [001] of the cubic
parent.

provided in the Experimental section above. Figure 1 depicts the A,Ptls series beginning
with the smallest organic cation containing compound, (NH,),Ptls, and ending with the
largest, (GUA),Ptls. The A = NH; compound crystallizes in undistorted cubic K,PtClg
structure (space group F'm3m), the MA compound in a rhombohedrally distorted variant
structure (space group R3m), the (FA) compound in a monoclinic variant (space group
P2,/n). The A = GUA compound crystallizes in a distinct structure type, of KsMnFg in
the polar space group P6smc.>! All compounds could be prepared as pure powders as
confirmed by Rietveld refinement of powder X-ray diffraction data (fits displayed in the
Supporting Information).

The panels of Figure 2 display the evolution with effective ionic radius of (a) the volume
per formula unit and (b) the perovskite tolerance factor for the A;,Ptls compounds reported
here, and data on all-inorganic Rb,Ptl; and Cs,Ptls.3* The effective radii employed for Rb*
and Cs* are the 12-coordinate Shannon values.>%>® Values for other A cations are from
Kieslich, Sun, and Cheetham.>* Six-coordinate radii were employed because these appear
to be consistent with the methods employed to estimate the radii of the more complex

ions.



NH,"Rb Cs MA FA GA

-1 33
A”)
N
(6]
o
| T
=

|

N
)]
o
[ |
1 I 1 [ 1 I 1 I 1

V, (formula unit
w w

[} [{e}

o o
T T

1.3 T | T | T I T .]
G ]
2] . :
= 11 o -
B o) i
1.0_ lo) ]

o

1.2 1.6 2.0 2.4 2.8

R, (CN =12, A)

Figure 2: Evolution of (a) volumes per formula unit and (b) the perovskite tolerance fac-
tors, as a function of the A-effective ionic radius for octahedral coordination (CN = 12).
Radii values employed are from Kieslich, Sun, and Cheetham®>* (for NH;, MA, FA, and
GUA) and from Shannon®%°3 for Rb™ and Cs*. The symbols for A = MA and GUA are dis-
tinct to indicate they do not follow the same volume/size trend as the other compounds.
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Panel (a) of Figure 2 shows that all of the compounds except for A = FA and GUA fol-
low a simple trend that suggests the volume per formula unit of A;Ptlg depends solely on
the A-cation separating out the molecular [Ptlg]?>~ octahedra in the solid state. The A =
FA and GUA compounds do not follow this trend, pointing to a distinct structural role,
which we will presently implicate with hydrogen bonding tendencies. Panel (b) displays
the evolution of the tolerance factors ¢ of these compounds. While the tolerance factor
is frequently employed to understand perovskites, including ones with more complex am-
monium cations,>* its utility in vacancy-ordered compounds of the K,PtCls-type has been
recently noted.>> We observe that the A = MA and FA compounds have tolerance factors
that are well in excess of the range usually expected for compounds with perovskite-like
arrangements of their octahedra. The other surprise is that the (FA),Ptls appears to display
tilting and rotation, which is contrary to the expectation for ¢ > 1. While ¢ should be inter-
preted with care because of the absence of extended I-Pt-I connectivity in the structure,
it appears to be insightful here. In particular, when ¢ is significantly greater than unity, we
see the kind of structural transformation, from F'm3m KyPtCls-type, to P63mc K,MnFg-type
that is reminiscent of what happens with perovskites when the tolerance factor becomes
large, for example, the transformation from the structure of SrRuO; to BaRuOs.%®

To complement the crystallography and to better understand the role of the A-cation,
we have employed room temperature 'H and %°Pt solid state nuclear magnetic resonance
(ssNMR) spectroscopy. 'H ssNMR confirmed the identity of each molecular cation and
probed aspects of each cations motion, and *°Pt ssNMR examined the local Pt environ-
ments to confirm our crystallographic models. !°°Pt single-pulse NMR spectra with 10
kHz magic-angle spinning (MAS) are presented in Figure 3, as well as the relation be-
tween isotropic chemical shift and unit cell volumes. For all members of the A,Ptl; series
only a single Pt site was observed, in agreement with the crystallographic studies. A clear
monotonic upfield shift with increasing countercation size is evident, as well as significant

differences in chemical shielding anisotropy (CSA) and linewidths. Lineshape and CSA
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Figure 3: Room temperature 10 kHz MAS Pt NMR spectra of A,Ptly showing the in-
fluence of the countercation on chemical shift and lineshape. Asterisks indicate spinning
sidebands, shifts are referenced to a 1 M solution of Na,PtClg in D,O (0 ppm), and the field
is 11.7 T (500 MHz for 'H). Inset: Isotropic ?Pt chemical shift, d;,,, is correlated with unit
cell volume per formula unit, V / F.U. A dashed line is drawn as a visual guide.

parameters are given in Table S4 in the Supporting Information and correlate well with Pt

site symmetries from X-ray diffraction..

Table 1: 'H longitudinal relaxation times, T}, for A,Ptls phases, with confidence intervals
expressed as + 1o.

A HT (s)
NH, 6.18 £ 0.07
MA 5.66 + 0.24
FA 1.35 £ 0.01
GUA 0.598 + 0.004

'H inversion recovery experiments were conducted to assess the degree of molecular
motion in the A,Ptls phases (Figure S6), and resulting longitudinal relaxation times, 77,
are given in Table 1. We observe that 77 is substantially longer in the ammonium and
methylammonium phases. The theory of Bloembergen, Purcell, and Pound (BPP)>’ has
been applied to establish molecular correlation times in similar compounds, %2 because

in these plastic crystals, longitudinal relaxation is usually mediated by 'H dipolar inter-

12



actions that fluctuate due to molecular motion. In the “fast motion” limit (wy7c < 1,
where w, is the nuclear Larmor frequency and 7¢ is the autocorrelation time for molec-
ular motion) which is valid for similar plastic crystals at ambient temperature, the ex-
pression for longitudinal relaxation time in BPP theory reduces 7 o T, '. While there
are small differences in the proportionality prefactor related to dipole-dipole separation,
the substantially longer 77 values for the ammonium and methylammonium phases imply
more rapid molecular motion (short 7-) compared to the FA and GUA compounds, which
may be expected simply on the basis of molecular size. However, it is well known that
strong hydrogen bonding of cations like FA and GUA can produce rigid structures, as seen
in formate based perovskites,®>%* or in the recently reported high-temperature ferroelec-
tric material (3-ammoniopyrrolidinium)RbBr;. % Furthermore, when compared to MA and
FA lead iodide perovskites (APbl;) where the molecular cations are known to reorient at

),%2 these two compounds only undergo phase transitions to

room temperature (and below
structures with cation disorder when brought to well above room temperature (Supporting
Information).

To better understand if hydrogen bonding can explain the suspected reduced molecular
motion of the cations in (FA),Ptls and (GUA),Ptl;, we examined how hydrogen bonds
arrange in ab initio relaxed structures. Figure4 shows crystallographic depictions of of
(FA),Ptlg and (GUA),Ptls (including hydrogen bonds). It can be seen in Figure 4(a) that FA
cations hydrogen bond with iodides on [Ptl]?~ octahedra to form a connected network,
and in Figure 4(b), how a representative [Ptls]?>~ octahedron is surrounded by the FA
cations. Each FA cation forms a total of 4 hydrogen bonds (N-H- - -I), two to two iodides
on one [Ptls]?~ octahedron (with bond lengths of 2.71 A and 2.84A), and two “bridging
bonds” to two other iodides on two separate neighboring [Ptls]>~ octahedra (bond lengths
of 2.68 A and 2.80A). These bridging bonds have been labeled in Figures4(a) and (b)

where visible, and are responsible for linking the discrete [Ptls]?~ octahedra together. All

of these bonds create a 3D connected hydrogen bond network for (FA),Ptlg, suggesting that
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Figure 4: Crystallographic depictions of ab initio relaxed structures of (FA),Ptls [(a) and
(b)] and (GUA),Ptls [(c) and (d)] illustrating their hydrogen bond networks. (a) View of
the 3D connected network of hydrogen bonds linking [Ptls]?~ octahedra in (FA),Ptls. The
hydrogen bond length of all shown in (a) is 2.68 A . (b) View of a representative [Ptls]%~
octahedron in (FA),Ptls with FA cations that hydrogen bond to it. (c) View of the 2D
connected network of hydrogen bonds linking [Ptls]?~ octahedra in (GUA),Ptls. (d) View
along the layering direction of GUA cations hydrogen bonding to nearby [Ptls]>~. Each
GUA cation bonds to a total of six iodides on three separate [Ptls]?>~ octahedra.
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hydrogen bonding may contribute substantially to the suspected reduced molecular motion
of the formaminidinium cation. Figure 4(c) shows the 2D hydrogen bond network formed
in (GUA),Ptlg, and Figure 4(d) illustrates a top-down view emphasizing the orientation
of the GUA cations in relation to nearby [Ptls]?>~ octahedra. Figure 4(c) displays a 2D
connected network of hydrogen bonded GUA cations and [Ptls]?~ octahedra, where each
GUA cation hydrogen bonds to a total of six iodides on three separate [Ptl;]*~ octahedra.
In Figure 4(d), one can see how there are two guanidiniums layers per one layer of [Ptl5]?~
octahedra. Similar to the hydrogen bonding seen in (FA),Ptls, we find that the location
of the bonds in (GUA),Ptls help explain the suspected reduced molecular motion of the
organic cation, as each hydrogen on the guanidinium cations aligns directly with a nearby
[Ptls]?>~ iodide. Indeed, we believe it is not a coincidence that the space group symmetry
of (GUA),Ptl; is compatible with the shape of the GUA cation. From this examination, we
believe that the hydrogen bonds formed by these large organic cations actually dictate the
observed structural trends in (FA),Ptlg and (GUA),Ptl,.

Furthermore, the hypothesis of reduced motion in the FA and GUA compounds is
consistent with the analysis of hydrogen bonding geometries. Steiner has reported av-
erage hydrogen bond donor- - -acceptor and H- - -acceptor distances based on a crystallo-
graphic database analysis of crystal structures determined by neutron diffraction.®® The
donor- - -acceptor distances reported here are very similar for —Nsp?H, and —N*TH; donors
and iodide acceptors (~3.7 A). Donor- - -acceptor distances in the X-ray crystal structures of
the A,Ptl; phases presented are similar for FA and GUA (3.63A and 3.76 A respectively),
while those for ammonium (3.95 A) fall outside the reported distribution, and the donor—
H- - -acceptor bond angles for methylammonium (139°) are outside the range considered
by Steiner. This analysis would suggest that molecular motion could be uninhibited in
the ammonium phase, while hydrogen bonding to the neighboring anions significantly
restricts molecular motion in the FA and GUA phases.

The electronic band structures of the A,Ptls phases, calculated within the framework
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Figure 5: Electronic band structures (GGA-PBE) for A,Ptls phases, illustrating decreasing
bandwidths (and increasing bandgaps) with increasing countercation size. Orbital pro-
jections of Pt d character and I p character are presented as colored markers of variable
size. In all cases, the valence bands derive primarily from the 5p orbitals of I, while the
conduction bands derive from the unoccupied Pt 5d orbitals with irrep e,. The effect of
spin-orbit coupling is shown to be modest (see Figure S9). Energies are referenced to the
valence band maximum for each phase.

of density functional theory (DFT), are presented in Figure 5 (details are provided in the
Supporting Information). In all cases, the bandgap is between filled I p orbitals and empty
Pt ¢, orbitals, as expected for a low spin d® [Ptls]*~ polyanion. The valence and conduc-
tion bands across the series of compounds display diminished dispersion as one traverses
across from the smaller A = NH; cation to MA and FA. In the hexagonal structure of
(GUA),Ptlg, the valence and conduction bands are nearly fully localized. For the smaller
A cations, the iodine sublattice is essentially close-packed, leading to overlap of the large
5p orbitals between neighboring [Ptl;]?>~ anions. For the undistorted (NH,),Ptls, despite
the extended interactions being non-bonded the conduction bandwidth (=1 eV) is signif-
icant, and despite the central cation being different, it is similar to those reported for
isostructural Cs,Snlg and Cs,Tels where delocalized states similarly emerge due to iodine
close-packing.?®-3° In all cases the bandgaps are indirect, but there are direct transitions

that are only slightly higher in energy, as discussed in the Supporting Information. Ad-

16



ditionally, the electronic bandgaps and line-effective masses for electrons and holes are
given in Tables S5 and S6 in the Supporting Information, together with cell volumes from
ab initio structure relaxation. The computed band structures also offer an explanation for
the downfield '°Pt chemical shift with decreasing countercation size. The increasingly
delocalized electronic states from closer intermolecular contact draw some charge density

away from the Pt nucleus and into the intermolecular regions, deshielding the Pt nucleus.
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Figure 6: Ab initio optical absorption coefficients (GGA-PBE) for A,Ptls phases, with
bandgaps indicated by vertical gray lines. Indirect gap crystalline silicon (c-Si, dashed
gray line) and the strongly absorbing direct gap chalcogenide CuSbS, (solid gray line) are
included for comparison. Absorption in the violet/near-UV is poor for the A,Ptls phases
due to the paucity of available states immediately above the unoccupied Pt e, states.

Optical absorption coefficients for the A,Ptlg series are displayed in Figure 6. Values
for weakly absorbing c¢-Si and strongly absorbing CuSbS,,” calculated similarly, are given
for comparison. Additionally, the spectral dependence for solar irradiance (direct+diffuse
at global tilt, ASTM G173-03) is included for reference.®® For all of the Pt(IV) iodides,
the absorption onset is rather strong despite their indirect bandgaps, reflecting a relatively
high joint density of states near the band gap due to the partially localized nature of the

electronic structure. The A = NH] compound, with the most disperse bands, displays
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the lowest-energy absorption edge, as expected from the band structure. The A = MA
and FA compounds display very similar calculated absorption edges and the A = GUA
compound has the highest-energy absorption edge, in keeping with its more molecular
nature. Despite slight differences in the near-IR and red due to the modestly differing
bandwidths, the A,Ptls phases exhibit very similar absorption around 2 eV, reflecting the
similar underlying molecular character. Absorption is weak for these phases in the violet
and near-UV, a consequence of the wide gap between the Pt e, conduction bands and the

next higher lying excited states.
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Figure 7: Normalized optical absorption spectra of the title compounds recorded on pow-
ders, obtained from Kubelka-Munk transformation of UV-vis diffuse reflectance powder
spectra.

Experimental optical absorption spectra are displayed in Figure 7. The observed absorp-
tion onsets across the different compounds appear to be quite similar, exhibiting a peak
in the absorption about 1€V above the absorption edge, similar to what was calculated
for these compounds. The red-shift of the peak in the calculated spectra when compared
with experiment is consistent with the functionals employed here in the DFT calculation.

The more disperse valence and conduction bands calculated for the A = NH; compound

18



give rise to the slightly sharper absorption edge, at lower energy than seen for the other

compounds.

Conclusion

A study of the evolution of structure and properties the compounds A,Ptlg series, where A
NH;, MA, FA, and GUA suggests the importance of hydrogen-bonding for stabilizing some
of the structure with the larger A-cations and the role of non-bonded I"-I~ interactions
in establishing relatively disperse electronic bands for the compounds with the smaller
A-cations. We describe how as cation size increases, the structures undergo progressive
distortion from the parent cubic vacancy-ordered double perovskite K,PtCls-type structure,
until converting to the the KyMnFg structure type with (GUA),Ptls. Analysis of 'H ssNMR
T relaxation times and ab initio relaxed structures of (FA),Ptls and (GUA),Ptlg suggest
that FA and GUA cations engage in strong hydrogen bonding interactions with nearby
iodide atoms on separate [Ptlg]>~ octahedra, causing reduced cation molecular motion
and distinct structural signatures at room temperature. The hydrogen bonds appear to
guide the final structure formation for the FA and GUA compounds, with structures that
can be best described as hydrogen-bonded networks. From DFT calculations, it is found
that the intermolecular contact through close-packed iodide anions leads to dispersive

frontier bands for the phases with smaller molecular ions.
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purity of powders, details of the NMR studies, further details on the electronic structure,

thermogravimetric analysis, and differential scanning calorimetry data.
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Solid state nuclear magnetic resonance and ab initio calculations help understand the role
that hydrogen bonding interactions play in stabilizing the perovskite-derived structures of
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Material descriptions

All structures reported were solved via single crystal X-ray diffraction with relevant crys-

tallographic data summarized in Tables S1 and S2.

Table S1: Crystallographic Data for (NH,),Ptls and (MA),Ptlg

Empirical Formula (NH,),Ptlg (CH3NHs3), Pt
Crystal habit, color cubic, bronze hexagonal, bronze
Crystal system cubic tetragonal trigonal
Space group (#) Fm3m (225)  P4/mnc (128) R3m (136)
Volume (&3) 1397(1) 681.6(1) 1250.5(2)
T (K) 290 100 273
a (A) 11.179(4) 7.6446(5) 7.943(5)
b (A) 11.179(4) 7.6446(5) 7.943(5)
¢ (A) 11.179(4) 11.6625(9) 22.88(2)
a () 90 90 90
B () 90 90 90
v () 90 90 120
A 4 2 3
p (gmol™1) 984.51 985.52 1014.58
Dens. (gem™?) 4.681 4.802 4.042
Abs. (mm™1') 23.257 23.834 19.491
Fooo 1640 822 1284
Reflections (unique) 1167(175) 5177(532) 2643(423)
Rint 0.0523 0.0305 0.0443
R 0.0518 0.0291 0.0412
wRp 0.0954 0.0513 0.1137
oF (6;1_3) 1.117 & —6.062 1.637 & —3.065 1.132 & —2.843
GOF 1.102 1.388 0.905

Figure S1(a) displays the 300K structure of (NH,),Ptlg which crystallizes in the space
group F'm3m and is isostructural to the VDHP K,PtClg. In this structure, Pt and I are
found on face-centered cubic lattices with ammonium cations in tetrahedral cavities. 12 Fig-
ure 1(b) presents the 100 K structure, space group P4/mnc. At low temperature (NH,),Ptls
distorts similar to other perovskites with an in phase octahedral rotation parallel to the c-
axis, described by Glazer tilting nomenclature as a a’a’c* distortion.3

Figure S2 illustrates the 300K structure of (MA),Ptl, space group R3m. We observe
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Table S2: Crystallographic Data for (FA),Ptl; and (GUA),Ptl,.

Empirical Formula
Crystal habit, color

Crystal system
Space group (#)
Volume (A3)

T (K)

a (A)

b (&)

c(R)

a (%)

B ()

v (©)

Z

p (gmol™1)
Dens. (gcm™3)
Abs. (mm™!)
FUOO

Reflections (unique)

Rint

Ry

’LURR

OF (eA™3)
GOF

[CH(NH,).],Ptlg

needle, bronze
monoclinic tetragonal
P2, /n (14) I14/m (87)
855.0(2) 859(3)
100 350
7.679(2) 9.65(2)
13.360(3) 9.65(2)
8.572(2) 9.21(2)
90 90
108.695(9) 90
90 90
2 2
1046.63 1041.59
4.173 4.027
19.516 18.923
892 882
7379(2049) 956(459)
0.0316 459
0.0271 0.0736
0.0577 0.1798
1.313 & —2.026 1.775 & —1.275
1.235 1.104

S3

[C(NH>)3]Ptls
block, bronze
hexagonal
P63mec (186)
924.8(3)

100

9.369(2)
9.369(2)
12.164(2)

90

90

120

2

1076.67
3.866

17.588

924
4907(1083)
0.0335
0.0256
0.0606

1.992 & —1.654
1.047



L.,

Figure S1: Crystal structure of (NH,),Ptls with displacement ellipsoids (95% probability).
(a) 300 K structure, viewed along c-axis, (b) 100K structure, viewed along the c-axis to
emphasize octahedral titling.
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b

Figure S2: Crystal structure of (MA),Ptl; at 300 K, with displacement ellipsoids (95%
probability), viewed down along a-axis.
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no first-order phase transition between 100K and 480K, though a second-order phase
transition has previously been suggested at 134 K.*> The platinum ions in (MA),Ptl; are
found on Wyckoff site 3a with site symmetry 3m, and iodide ions are found on Wyckoff
site 18h with site symmetry .m. The methylammonium cations are modeled here as static

molecules aligned parallel to the c-axis.

Figure S3: Crystal structure of (FA),Ptls with displacement ellipsoids (95% probability).
(a) 340 K, viewed along a-axis. (b) 100K and below, viewed down a-axis.

Figure S3 depicts the high temperature (340K and warmer) and low temperature
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(340K to 100K) structures of (FA),Ptls. Some of the authors previously reported a com-
pound of this empirical formula as isostructural to K,Ptls, but upon NMR analysis con-
cluded this was incorrect. It was found that formamidinium ions degraded in solution
(if the reaction temperature was brought above 70°C), yielding free NH; cations, which
precipitate from solution in the form of (NH,),Ptls. If the solution is kept above 70°C for
20 minutes, (NH,),Ptls is produced essentially pure. An erratum was submitted for the
previous report.8

Figure S3(a) illustrates the high temperature phase of formamidinium platinum iodide,
space group I4/m, viewed along the a-axis, depicting [Ptlg]*~ octahedra and disordered
formamidiniums. Platinum ions are found on Wyckoff site 2a with site symmetry 4/m..,
with two independent iodides residing on the 8k and 4e Wyckoff sites, site symmetry
m.. and 4.., respectively. Formamidinium cations are modeled as distorted tetrahedra.
Figure S3(b) displays the low temperature structure of formamidinium platinum iodide,
space group P2/n, illustrating canted octahedra and ordered formamidinium cations.
The structure contains platinum ions on Wyckoff position 2a with site symmetry 1, and 3
independent iodide ions as well as formamidinium C and N atoms located on general po-
sitions 4e. There are currently few reported formamidinium-containing VHDPs, but there
are compounds that contain organic cations such as dimethylammonium which crystallize
with similar structural motifs. !0

Figure S4 displays the stable structure (between 100 K and 423 K) of (GUA),Ptlg, space
group P6s3mc, viewed along the a-axis. Platinum ions are found on Wyckoff position 2b
with site symmetry 3m. and iodide ions and carbon atoms are found on 6¢ positions, site
symmetry .m.. There are two crystallographically distinct guanidinium cations within the
unit cell of the compound, both of which are modeled here without disorder. The inorganic
lattice is comprised of planes of similarly tilted [Ptls]?~ octahedra which alternate along
the c-axis. (GUA),Ptlg is similar to past reported guanidinium chloro- and bromometallate

structures, though those reported consistently crystallize in the centrosymmetric space

S7



o334
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Figure S4: Crystal structure of (GUA),Ptls at 100 K, viewed along the c-axis, with displace-
ment ellipsoids (95% probability).
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group, C2/m.1!

Powder X-ray Diffraction

Experimental laboratory PXRD data was Rietveld refined (without atomic occupancy) us-
ing room temperature single crystal diffraction as the structural comparison (Figure S5).
The refinements indicate that the each bulk sample has unit cell parameters close to single

crystal diffraction dimensions (Table S3 refined data, Tables S1 and S2 for single crystal

data).
data
— it
(NH ) Pt — difference
472 6
1 | 1 | 1 | 1 I 1 I 1 | 1
(MA),Ptl,
el |
N T N N T
(FA),Ptl,
L Y M .
‘ I (GUA),Ptl,
. Aowl /o -
*‘T—T l 1 l 1 I 1 I 1 I 1 I 1
10 20 30 40 50 60 70 80

26 Cu-Ka

Figure S5: Rietveld refinements of the A;Ptl; compounds.
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Table S3: Refined lattice parameters of A,Ptls compounds.

Forumla (NH4) 2Pt16 (MA) QPtlﬁ (FA) 9 PtIﬁ (GUA) QPtlﬁ

a (A) 11.175 7.955 7.790 9.424
b (R) 11.175 7.955  13.512 12.377
c (A) 11.175 22.918 8.630 9.424
a () 90 90 90 90
5 (©) 90 90 109.1 90
7 (©) 90 120 90 120

Nuclear Magnetic Resonance (NMR)

1.0

intensity
S o o
(&) o (S,

|
=N
o
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©c o =
o (&) o

1
o
(4

-1.0
10721072107 10° 10" 102 10721072107"10° 10" 10?
Tua (8) Tyq (8)

Figure S6: 'H inversion recovery experiments of the A,Ptl series. (a) (NH,),Ptls, (b)
(MA),Ptlg, () (FA),Ptls, (d) (GUA),Ptl;.

'H inversion recovery experiments (Figure S6) were conducted to assess the degree of
molecular motion in the A,Ptlg phases, and resulting longitudinal relaxation times, T,, are
given in Table 1 in the main text. We observe that T, is substantially longer in the ammo-
nium and methylammonium phases, and reduced in the formamidinium and guanidinium
phases.

'H single-pulse NMR spectra under MAS for the A,Ptl; phases are presented in Fig-
ure S7. At these modest MAS speeds, 'H dipolar interactions are only partially averaged

out, and the three chemically distinct protons of the formamidinium ion cannot be re-
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A=NH, 14 kHz

A = CH,NH, 12 kHz

A = CH(NH,),

A = C(NH,), 14 kHz

60 40 20 0 20 -40

"H chemical shift (ppm)
Figure S7: MAS 'H NMR spectra of A,Ptl; phases, with spinning speed indicated. A small
(3%), mobile impurity is evident in (FA),Ptls at 5.7 ppm, potentially from a NH, impurity
generated through degradation of the formamidinium precursor. At this modest speed,
strong 'H dipolar interactions prevent resolution of the three chemically distinct protons
on the formamidinium ion which are evident in solution. As [NH,]™ and [GUA]" each
have one distinct proton, the broader signal for guanidinium suggests a reduced state of
molecular motion.
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solved.

Table S4: 9Pt NMR lineshape parameters for A,Ptl; phases, Pt site symmetry from X-ray
diffraction, and experimental and ab initio [Ptls]?>~ octahedral volumes, V. {2 = Guassian
broadening. ¥ = Pt site symmetry

A 5iso (Ppm) 6CSA (Ppm) n Q (HZ) _\Ij EXPt- Voct (A) Calc' Voct (A)
NH, —-5006 59 0.001 1963 m3m 25.32 26.34
MA —5478 166 0.106 2377 3m 25.43 26.49
FA —5518 218 —-0.009 1066 1 25.80 26.60
GA —5926 196 0.224 1397  3m. 25.42 26.51

195pt lineshape and CSA parameters are given in Table S4, together with the Pt site
symmetry from X-ray diffraction and the experimental and ab initio (vide infra) [Ptlz]?~
octahedral volumes. The CSA parameters correlate well with Pt site symmetry, with the
smallest dcg4 for the highest site symmetry (m3m), and the largest dcg4 for the lowest
Pt site symmetry (1). While no CSA would be expected for Pt in the ammonium phase,
due to the octahedral site symmetry, very small sidebands are observed. These likely
arise from residual heteronuclear dipolar coupling, spin-orbit coupling, or other sources of
broadening. The Gaussian broadening parameters extracted in lineshape fitting indicate
broader lines in the ammonium and methylammonium phase. The origin of this behavior
is not immediately apparent, as subsequent analysis of motion (vide infra) suggests that
if anything, molecular motion is faster in these phases. In sum, no features are seen in
NMR which suggest that the local environments of Pt deviate significantly from those in

the crystallographic models.

(NH,),Ptlg

200 100 0 =100 =200
“N chemical shift (kHz)

Figure S8: Spin-echo *N (S = 1) experiment for (NH,),Ptls, showing a narrow signal due
to the tetrahedral molecular symmetry of the NH; cation.

Spin-echo *N (S = 1) experiments were additionally carried out (Figure S8) on the

S12



A,Ptls phases, leveraging the quadrupole moment as a probe of motion. A narrow signal
was easily observed for A = NH, due to the tetrahedral molecular symmetry, while no
signals were detected for the other three phases within one hour of acquisition. This
result would be consistent with insufficiently rapid molecular motion to average out strong
quadrupolar interactions, which are not already canceled due to the lower symmetry N
environments in these molecules, though we cannot postulate more quantitative results

without protracted experiments to acquire these (presumably) extremely broad signals.

Electronic Structure

The electronic band structures of the A,Ptlg phases, calculated within the framework of
density functional theory (DFT), are presented in Figure 4 in the main text. Crystal struc-
tures were relaxed including semi-empirical van der Waals corrections, and the exchange-
correlation energy was treated with the generalized gradient approximation (GGA; full
computational details in the Methods section above).

The electronic bandgaps and line effective masses for electrons and holes (not the den-
sity of states effective masses) are given in Table S5, together with cell volumes from ab
initio structure relaxation in Table S6. For the A,Ptls phases, bandgaps and effective masses
increase monotonically with countercation size, consistent with our discussion of inter-
molecular I-I contact. Bandgaps are indirect in all cases, with the valence band maxima
occurring at the zone centers. No pattern in the locations of the conduction band minima
is readily apparent without detailed analysis of the spatial relationship between the Bril-
louin zones of the different lattice types. Despite the use of van der Waals corrections, the
DFT relaxed structures overestimate unit cell volumes by 9% to 17% (corresponding to 3%
to 5% linear), in line with the known underbinding of the GGA.

For (NH,).Ptlg, the valence band is ~19 meV higher at I" than at X, while the conduc-

tion band minimum occurs at X. This phase then has an indirect bandgap, but the direct
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Table S5: Calculated electronic bandgaps (E,) and line effective masses (m}, m;) for mem-
bers of the A,Ptls series. For line effective masses, the first Brillouin zone special point
labels the band extremum, and the second special point indicates the direction from the
extremum along which the dispersion is fitted.

Phase E, (eV) VBM CBM m; / my m;, / mo
(NH,), Pt 0.55 r X X—T:0.43 TI'—X (light): 0.64
X—W:0.39 TI'—X (heavy): 25.3
X—U: 0.38 TI'—K (light): 0.64
I' -K (medium): 0.92
' =K (heavy): 1.90
I'—=L (light): 0.79
I'—=K (heavy): 1.47
(MA),PtI; 0.94 r F F—0Q:061 TI'—L:1.29
F—P;: 0.74 TI'—7:1.29
I'—X: 2.30
(FA), Pt 1.00 r D D—Z7:0.78 I'—>Y:1.75
D—M: 0.87 I'—X:3.98
D—Y:0.61 I'—Z:1.74
(GUA),Ptlg 1.41 r M M—T:3.46 I'—M (light): 3.18
M—K: 11.6 I'—=M (heavy): 6.08
M—L: 32.2 TI'—K (light): 3.26
K—M: 8.72 ' =K (heavy): 5.97
K—TI:3.41 I'—A:4.24
K—H: 2.86
L—A: 2.05
L—H: 2.62

Table S6: Calculated and experimental volume per formula unit (V / F.U.) for members of

the A,Ptl; series.

Phase
(NH,),Ptlg
(MA),Ptl,
(FA),Ptlg
(GUA), Pt

V/FEU. (%), cale. V/F.U. (A%), expt.

382.2
475.1
501.4
531.3
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transition at X is only slightly higher in energy. The valence band is quite flat along the
I'—X line, much like the isotypic Cs,Snlg. 12714

For (MA),Ptlg, the valence band is ~70 meV higher at I" than at F, while the conduc-
tion band minimum occurs at F. This phase then has an indirect bandgap, but the direct
transition at F is only slightly higher in energy.

For (FA),Ptlg, the conduction band is ~30 meV lower at D than at I'. The valence band
is ~25 meV higher at I" than at X, and ~25 meV higher at I" than at X. Accordingly, the band
gap is indirect, but direct transitions at both I' and D are only slightly higher in energy.

For (GUA),Ptl, the conduction band is nearly degenerate in energy (<10 meV differ-
ence) at the M, K, and L points, with the energy at M being the lowest by a slight margin.
In contrast, all other local maxima of the valence band are 10s of meV lower in energy
than the valence band maximum at I". Once again, the bandgap is indirect, but direct

transitions at K and L are only somewhat higher in energy.

=) f ) K a3 ]
T 210 4
Wosl e

l —— 300 400 500
p V/F.U. (A%

2
obl_ ©
s iy

2 _—
= B B F
—
-6 —
DOS

Figure S9: Electronic densities of states (GGA-PBE) for A,Ptl; phases, including orbital
projections of the Ip and Ptd states. Energies are referenced to the valence band maximum
for each phase. Inset: The calculated bandgap is correlated with cell volume for the A =
(NH,4), MA, and FA phases (o), which are increasingly distorted versions of the same anti-
fluorite structure type. The transition to a different [Ptl]?~ packing arrangement for A =
GA (A) widens the bandgap relative to this trend.
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The electronic densities of states calculated for the A;Ptls phases, as well as the cor-
relation between bandgap and unit cell volume, are presented in Figure S9. Tracking the
position of the localized I s states (not shown, ~12 eV below the VBM) relative to the VBM
suggests the VBM drops relative to the vacuum with increasing countercation size (and in-
creasing bandgap). In essence, the band widths are reduced while the band centers remain
nearly constant, as expected for phases with somewhat ionic Pt-I bonding and varying
degrees of intermolecular I-I contact. For the distorted VHDP ammonium, methylammo-
nium, and formamidinium phases, there is a very strong correlation between bandgap and
cell volume (Figure S9 inset), while the different anion packing of the guanidinium phase

results in a larger bandgap than expected from this trend.

~ PRE+SOC

M7

E-Evgu (€V)

[

-6

W K L U L KUX

Figure S10: Comparison of PBE to PBE+SOC calculations for (NH,),Ptl;.

A calculation was performed on (NH,),Ptlg with both PBE and PBE+SOC, which indi-

cated that the effect of spin-orbit coupling is modest (Figure S10).
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Thermogravimetric Analysis (TGA)

Thermogravimetric analysis, presented in Figures S11 - S14, show similar degradation

temperatures for each member of the A,Ptl; series.
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Figure S11: TGA data for (NH,),Ptls from room temperature to 900°C.
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Figure S12: TGA data for (MA),Ptlg from room temperature to 900°C.
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Figure S13: TGA data for (FA),Ptls from room temperature to 900°C.
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Figure S14: TGA data for (GUA),Ptls from room temperature to 900°C.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry of the A,Ptls is presented in Figures S15 - S18.
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Figure S15: DSC data for (NH,),Ptls between —150°C and 150°C. A first order phase
transition can be seen at —20°C.
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Figure S16: DSC data for (MA),Ptlg between —150°C and 175 °C. No first order phase
transition is observed.
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Figure S17: TGA data for (FA),Ptls between —150°C and 150 °C. A first order phase tran-
sition is observed near 63°C.
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Figure S18: TGA data for (GUA),Ptls between —150°C and 175 °C. There is a second or-
der phase transition near 100°C associated with increased molecular motion of the guani-
dinium cation.
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