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A layered rhombohedral polymorph of indium (lll) triiodide is
synthesized at high pressure and temperature. The unit cell
symmetry and approximate dimensions are determined by single
crystal X-ray diffraction. Its R3 crystal structure, with a = 7.214 A,
and ¢ = 20.47 A, is refined by the Rietveld method on powder X-ray
diffraction data. The crystal structure is based on Inlg octahedra
sharing edges to form honeycomb lattice layers, though with
considerable stacking defects. Different from ambient pressure Inl;,
which has a monoclinic molecular structure and a light-yellow
color, high pressure Inl; is layered and has an orange color. The
band gaps of both the monoclinic and rhombohedral variants of Inl;
are estimated from diffuse reflectance measurements.

High pressure synthesis and the influence of high-pressure
treatment have attracted researchers’ attention in recent years,
as the application of pressure can lead to significant changes in
reaction equilibria and affect both the structures and physical
properties of compounds'=3. High-pressure high-temperature
synthetic techniques may introduce phase transitions and lead
to different polymorphs*®, or result in new formulas or
structures’® that cannot be stabilized using traditional
preparation methods at ambient pressure.

Metal trihalides often crystallize in crystal structures consisting
of 1D-chains or 2D-honeycomb layers 1912, Polymorphism and
phase transition behavior, as well as the structure-related
properties of different phases, are aspects of their study 1316,
and pressure-induced polymorphism has been reported in
several transition-metal-based systems'’~1°, In this context,
some main-group-metal halide systems such as the indium
iodide system?® have also been reported to have relatively
complex polymorphic behavior. Based on information in the

o Department of Chemistry, Princeton University, Princeton, NJ 08544, USA.

b-Department of Chemistry, Michigan State University, East Lansing, MI 48824,
USA.

Electronic Supplementary Information (ESI) available: CCDC deposition number

2311271; The experimental methods and details; Selected bond lengths and bond

angles information. See DOI: 10.1039/x0xx00000x

Inorganic Crystal Structure Database, indium triiodide (Inls) is
suggested to have an aluminum triiodide type monoclinic
structure with In,lg dimers at ambient pressure?l. Another Inls
polymorph, mentioned in the literature as early as the 1940s22
as a low-temperature phase, was suggested to be light-sensitive
and isostructural to the low-temperature phase of CrCl32% but
no modern structural refinement results were reported. In this
report, we describe an R§polymorph of Inlz with a honeycomb
layered structure that is stabilized by high pressure synthesis.
The structure was determined by powder X-ray diffraction
(PXRD) via Rietveld refinement, with the space group symmetry
and cell parameters qualitatively determined by single crystal X-
day diffraction (SCXRD). Stacking faults occur in significant
amounts in high pressure Inl;, which smear out the diffraction
peaks (shown below), making single crystal structure
refinements unreliable. Finally, some light absorption and
physical properties are characterized.

Rhombohedral Inl; was prepared using high-pressure synthesis
method (HP-Inl3). The ambient-pressure phase of monoclinic
Inl; (AP-Inl3) was used as the starting material. Both materials
are air-sensitive and hygroscopic. The purity of the AP-Inl3
starting material was confirmed by Le Bail fitting, as was its
P2,/c monoclinic symmetry (Figure 1A and 1B), consistent with
the reported structure?!. Different from the light-yellow colored
AP-Inl; powder, the sample after high pressure reaction (HP-
Inls, shown in Figure 1C) appears to be orange after grinding
(Figure 1B and 1D insets). Rietveld refinement of the PXRD data
of HP-Inl3, collected at 300 K in an air-free environment (Figure
1D and Table 1), suggests that it has an R3 space group (#148)
with lattice parameters a = 7.2144(4) A and a ¢ = 20.4704(9) A.
Due to a significant amount of disorder and stacking errors, the
refinement gives 73.3% of the total indium content located at
the honeycomb site (6¢c Wyckoff site), and 26.7% at a site in the
honeycomb hole (the 3a site). The rhombohedral unit cell
contains three layers of honeycomb lattice material (Figure 1C),
formed by edge-sharing Inlg octahedra. The space group
symmetry is confirmed by the single crystal diffraction data
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Figure 1 (A) Crystal structure of monoclinic AP-Inl; with Il dimer; (B) Le Bail fitting of PXRD pattern of AP-Inls, with a photo of powder sample shown as inset; (C) Crystal
structure of R3 HP-Inl3, with a view through c-direction to reveal the in-plane honeycomb lattice, as well as the Inls coordination octahedron; (D) Rietveld refinement of HP-Inl;
PXRD pattern, with a photo of powder sample shown as the inset. The reflection positions are labeled with colored sticks in the powder diffraction patterns.

shown in Figure 2, especially in the (hk0) and (hk1) reciprocal
lattice planes, although some ambiguous scattering may be
observed due to the disorder in the system. (The streaking in
the (hOI) and (Okl) reciprocal lattice planes is an indication of the
disorder in the system.)

In HP-Inl3, the indium has a relatively symmetric octahedral
coordination, with the In-1 bond lengths ranging from 2.904 to
2.911 A in the Inlg octahedra (Table S1). When comparing these
two polymorphs of Inls, it is revealed that the In atoms in AP-
Inl;, which display a tetrahedral coordination, bond to iodine
with distances at around 2.64 A (the bonds to the iodines
forming the unshared edges of the dimers) and 2.84 A (the
bonds forming the shared edges of the dimers)?l. These In-I
bond lengths are generally shorter than the ones in HP-Inlz,
which suggests a stronger In-I bonding in the In,lg dimer of AP-
Inl;. However, based on the structures presented in Figure 1,
AP-Inl3 is closer to being a molecular solid, in other words a
much weaker interaction between different dimer units is
observed. This may be due to the influence of iodine lone pairs

in the AP polymorph, leading to the significantly lower density
of AP-Inl3 (4.72 g/cm3) compared to HP-Inl3 (5.35 g/cm3), thus
making the R3 polymorph more favored under pressure. This
structural type, based on stacked honeycomb layers, is
relatively common in metal trihalides®. Similar pressure-
induced phase transition behavior can also be observed for
Mg(103),, which transits from a monoclinic P2; phase to a
trigonal P3 between 7.5 and 9.7 GPa at ambient temperature?3.
It is consistent with the commonly held principle that high
pressure favors phases with higher density and larger
coordination number.

The unit cell and color of HP-Inl3; match the description of the
“low-temperature polymorph” of Inlz 2924, Although the latter
paper is inclined to assign an R3 symmetry to that polymorph
based on a Hamilton significance test, we have not found
evidence for the absence of an inversion center when
determining the structure of HP-Inl3 and thus attribute R3tothe
phase in this report. Previous reports also indicated that this
phase is light-sensitive (while ours is not), and that it would

Table 1 Structural parameters and standardized crystallographic positions of HP-Inl;, from the Rietveld refinement of laboratory PXRD data collected at 300 K. wR = 12.29%, GOF =
2.479, reduced 2 = 6.15. Due to the multiplicity differences, the 6c site accounts for 73.3% of the In total while the 3a site accounts for 26.7%. (Standard deviations are indicated

by the values in parentheses).

Refined Formula Inl;
F.W. (g/mol) 495.54
Symmetry Trigonal
Space group; Z R3 (#148); 6
a(A) 7.2144(4)
c(A) 20.4704(9)
Vv (A3) 922.69(9)
Density (g/cm3) 5.3508
Atom Wyck. Occ. X y z U0 equiv. [A?] Multi.
11 18f 1 0.3517(5) 0.0043(6) 0.08371(11) 0.0134(10) 18
In2 6¢ 0.733(7) 0.6667 0.3333 -0.0018(7) 0.021(4) 6
In3 3a 0.534(14) 0.0000 0.0000 0.0000 0.043(11) 3
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Figure 2 The Okl (top) hkO (middle) and hk1 (bottom) reciprocal lattice planes of single
crystal HP-InlI3 at 300 K.

transform to monoclinic AP-Inl; under light radiation, or by
heating with a transition temperature ranging from 23 to 69 °C.
Our observations confirm that HP-Inl3 is metastable, and that
the samples may undergo a partial phase transition due to a
delicate stimulus from the environment. However, it was also
observed that with good protection, an HP-Inl; sample was
unchanged in either color or structure under ordinary room
light at room temperature in a N,-protected glove box. This
could be because a longer time, stronger light intensity, or
higher energy radiation is needed to trigger HP-Inl; to transform
into the AP-phase than is needed for the low temperature form
of Inl;. Another possible explanation is that an external factor
(for example a tiny amount of moisture) might be needed to
accelerate the phase transition. (This phenomenon has been
observed in some halide systems, one instance being that
CsPbl; was reported to catalytically transfer from a perovskite
phase to a non-perovskite phase in the presence of moisture?.)
Diffuse reflectance measurements were conducted on both AP-
Inl3 and HP-Inl;. Due to the metastability of the HP-phase,
however, the measured sample might have partially
transformed to the ambient pressure phase during the
measurement and thus two transitions can be observed in the
HP-Inl3 sample reflectance curve (Figure 3). According to the
comparison of the two reflectance curves, and the correlation
with their sample colors, we attribute the absorption between
500 to 600 nm to the HP-Inl; phase, and a second absorption at
around 400 nm to the AP-phase. The band gaps were calculated

This journal is © The Royal Society of Chemistry 20xx
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Figure3 Diffuse reflectance spectra of AP-Inl; and HP-Inl; samples. The inset presents

the Tauc plots of indirect transitions to estimate the band gap values.

using Tauc plots (Figure 3 inset) based on the equation:26
(ahv)"= A (hv—Eg), where Aiis a constant and a is the absorption
coefficient (cm™). (n is 2 for direct transitions, and 0.5 for
indirect transitions.) For indirect transitions, the values of the
band gaps are calculated to be 2.71(5) eV for AP-Inl;, and
2.01(2) eV for HP-Inls. DFT calculations obtained from the Open
Quantum Materials Database (OQMD) provide -calculated
density of states for both R3 structure Inlz and P2,/c structure
Inl; 2728, Based on that information, R3 Inl; has a calculated
band gap of around 1.8 eV, while P2,/c Inls is calculated to have
a band gap of 2.2 eV. Although it has been suggested that the
band gaps estimated from diffuse reflectance using the Tauc
plot may be usually underestimated?®, the larger band gap value
of the monoclinic phase compared to the rhombohedral phase
matches the experimental results.

The magnetic susceptibility (M/H) was measured versus
increasing temperature on an HP-Inl; powder sample under
1000 Oe. As is shown in the inset of Figure 4, temperature-
independent diamagnetic behavior is revealed, which is in line
with the expectation of the electron configuration of In(lll).
Heat capacity measurements were also conducted from 2 to
200 K on dense HP-Inl; sample pieces. As presented in Figure 4’s
main panel, no sharp transitions are observed, consistent with
the magnetization behavior of the sample. Some small slope
variation can be observed on the curve, which looks similar to
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Figure 4 Magnetic susceptibility (inset) and heat capacity (main panel) data of HP-Inls,
plotted versus temperature.
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what might happen for a second-order phase transition. A
transition at around 93 K has been mentioned in previous
reports?®. These phase transitions may be due to a minor
structural transformation, suggesting that more complex
polymorphic behavior may be found in the indium iodine
system than is presently known. Thus it may be of future
research interest to determine the low temperature crystal
structure of HP-Inls.

Conclusions

A high-pressure stabilized Inl; polymorph was obtained by a
high-pressure high-temperature synthetic method. Its
rhombohedral structure and R3 unit cell have been determined
by SCXRD and Rietveld refinement of PXRD data. The orange
color and honeycomb layered structure distinguish this HP-
phase from monoclinic AP-Inl;. Diffuse reflectance
measurements are also conducted, from which the band gap
values are estimated to be 2.71 eV for AP-Inl; and 2.01 eV for
HP-Inl;, for indirect transitions. Magnetization and heat
capacity have also been characterized, and suggest that further
study of the polymorphic behavior of the indium iodine system
may be of future interest. Compared with the description in
previous reports, high pressure plays a crucial role in synthesis
and forces the structure towards layered honeycomb Inls, which
further confirms the potential of high-pressure synthesis in
exploring and developing new solid-state materials.
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