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ABSTRACT

The structural diversity and tunable optoelectronic properties of halide perovskites originate from
the rich chemistry of metal halide ionic octahedron [MXs]™ (M = Pb*", Sb**, Te**, Sn*', Pt**, etc.;
X = CI, Br, I). The properties of the extended perovskite solids are dictated by the assembly,
connectivity, and interaction of these octahedra within the lattice environment. Hence, the ability
to manipulate and control the assembly of the octahedral building blocks is paramount for
constructing new perovskite materials. Here, we propose a systematic supramolecular strategy for
the assembly of [MXs]™ octahedra into a solid extended network. Interaction of alkali metal-bound
crown ethers with [M(IV)Xs]* octahedron resulted in a structurally and optoelectronically tunable
“dumbbell” structural unit in solution. Single crystals with diverse packing geometries and
symmetries will form as the solid assembly of this new supramolecular building block. This
supramolecular assembly route introduces a new general strategy for designing halide perovskite

structures with potentially new optoelectronic properties.



INTRODUCTION

Halide perovskite has been the spotlight of semiconductor research in the past decade owing to
its superior optoelectronic properties: high optical absorption coefficient, tunable bandgap, long
free carrier diffusion length, high defect tolerance and efficient photo/electro-luminescence.!-?
There are increasing studies revealing the fact that the [MXe]™ (M = Pb?* >3 Sb¥* 68 Te#* o1
Sn** 1213 pt4* 14 etc.; X = CI, Br, I) metal halide ionic octahedral units are the fundamental
building blocks and functional units in metal halide perovskites. To this end, metal halide
perovskites can be described as the extended assembly of those octahedra balanced by counter
cations.'!> In this work, we introduce supramolecular cations as the counter cations for
constructing the metal halide octahedron assembly. Crown ether can readily coordinate with alkali
metals to form crown ether@alkali metal cations that have been widely used for supramolecular
assembly.'®!” Various assemblies of polyoxometalate clusters'® and metal halide clusters, such as
the five-coordinate [SbXs]* complex!® or the four-coordinate [FeCla]2° and [MnBr4]*?! complexes,
can be formed by employing different crown ether@alkali metal complexes. Here we show that
the assembly of metal halide octahedron results in a family of unique dumbbell-shaped (crown
ether@A )2M(IV)Xs (crown ether = 18-Crown-6 (18C6), 21-Crown-7 (21C7); A =Cs', Rb", K*;
M = Te*', Sn*', Se**, Ir**, Pt*', Zr*', Ce*"; X = CI, Br, I) structural units in solution, which can
be further packed into various three-dimensional crystal structures. Moreover, the optoelectronic
properties of the resulted assembly can be tuned by using different building units, providing an
additional knob for the rational design of functional metal halide perovskites.

Previous works have shown, that upon dissolving bulk A>M(IV)Xs vacancy-ordered double
perovskites in polar aprotic solvents, the ionic bond between the [M(IV)Xs]* and the alkali metal

cations (A") dissociates, and the metal halide octahedral units can be stabilized in solution.?



Additionally, when 18C6 was dissolved in solution, the strong electrostatic interaction between
the alkali metal cations A" and the oxygen atoms of 18C6 favored (18C6@A)" cation
formation.”>** Furthermore, we discovered that the [M(IV)Xe]*> octahedra and the (18C6@A)"
cations in solution self-assemble into a (18C6@A)>M(IV)Xe dumbbell structural unit, where each
octahedron is sandwiched by two (18C6@A)" cations (Figure 1). This configuration lays the
foundation for solid-state supramolecular assembly. Using the anti-solvent vapor assisted
crystallization method (Figure S1), the dumbbell building blocks packed into a unique
rhombohedral lattice (Figure 1), which is different from the face-centered cubic (FCC)-type lattice
formed by [M(IV)Xs]* and A" alone. This new, general synthetic strategy allows us to build up a

family of new supramolecular structures based upon these metal halide octahedral building blocks.

RESULTS AND DISCUSSION

Structural Unit Formation in Solution. The charge-neutral (18C6@A)M(IV)Xs dumbbell
structural units are formed by dissolving 18C6 and AoM(IV)Xe in acetonitrile (ACN). This was
verified by multiple solution-state characterization techniques, using (18C6@Cs).TeBrs as an
illustrating example. The NMR-active 'H, "’Br, and '**Cs nuclei in the dumbbell structural unit
experience different magnetic fields compared to the isolated nuclei (Figure 2a-c). The 24
homotopic protons on the 18C6 ring have identical NMR absorptions, at around 3.54 ppm in terms
of chemical shift. Once a Cs" is crowned, due to the partial removal of proton electron density by
the cation, the protons will be deshielded and the chemical shift will increase to 3.59 ppm (Figure
2a), consistent with reports that (18C6@Cs)" exists in ACN.? However, with the addition of
[TeBre]* ionic octahedra, the chemical shift is further increased to 3.61 ppm. This increase

indicated further withdrawal of electron density from the protons in the presence of [TeBrs]*,



which implied attachment to the (18C6@Cs)" cations. ’Br NMR revealed strong signals of free
Br ions of CsBr in ACN, while the spin relaxation of 7Br was quenched completely by Te*" in
Cs2TeBrg (Figure 2b) under the same measurement conditions most likely due to quadrupolar
interaction.?> (18C6@Cs)2TeBrs in ACN showed the same quenching behavior as the Cs,TeBrg;
the absence of 7’Br NMR signal confirmed that Br was coordinated to Te*".

To provide evidence that the dumbbell structural unit exists in ACN, '33Cs NMR (Figure 2c)
was also conducted since Cs is the bridging atom that directly coordinates to both, Br of [TeBrs]*
and O of 18C6. The free Cs chemical shift of CsBr was located at 38.81 ppm, while it was located
at 35.56 ppm for Cs2TeBrs in ACN. The 3.25-ppm difference in these controls indicated that the
presence of Te*" in the solution caused the peak to shift to lower ppm values. In contrast, a
pronounced shielding effect was observed when Cs* was crowned into (18C6@Cs)" in ACN,
which suggested a withdrawal of electron density from the crown ether to Cs", consistent with the
"H NMR results. Adding [TeBrs]* into (18C6@Cs)" in ACN changed the Cs chemical shift from
22.22 ppm to 22.97 ppm, which supported the formation of a new species, the dumbbell structural
unit, distinct from its individual components. The dramatically broadened signal also supported
the formation of the dumbbell, as dipole-dipole interactions are introduced in slowly tumbling
large molecular weight species. UV-vis spectrum of (18C6(@Cs)>TeBrs precursors in ACN clearly
shows the A, B and C characteristic absorption bands of [TeBrs]* (Figure 2d),?? indicating the
presence of the [TeBre]* in solution. With the comprehensive measurements in 'H, 7Br, and '**Cs
NMR and UV-vis spectroscopy, we characterized the species in the solution phase, confirming the
integrity of the dumbbell structural unit in solution (Figure 1).

Single Crystal Characterization. With the suspension of (18C6@A)M(IV)Xs units in ACN

solution, we successfully achieved the solid-state assembly, in the form of single crystals, with the



introduction of antisolvents like diethyl ether. For example, the (18C6@Cs).TeCls single crystals
have a parallelepiped shape, consistent with crystallographic symmetry, with a lateral dimension
of approximately 300 um (Figure S2). The structural details of the crystals were determined from
single crystal X-ray diffractions (SCXRD). (18C6@Cs).TeCls crystallized in the R-3 space group
with lattice parameters of a = 13.9378 A and ¢ = 22.0396 A (Table S1). The (18C6@Cs).TeCls
dumbbell structural unit belonged to the S¢ point group, where two Cs* cations and the Te*" cation
sit on the Se axis, and the six-fold symmetry of the 18C6 and S¢ axis of On-symmetric [TeClg]*
octahedron were perfectly aligned. In the (18C6@Cs)>TeCls dumbbell unit, the Te-CI bond length
was determined as 2.546 A, which was comparable to that in the Cs>TeCls vacancy-ordered double
perovskite (2.570 A).” The high symmetry of this dumbbell building block offered a unique
rhombohedral packing of the octahedra at the macroscopic level. Each [TeCls]* octahedron
occupied the b Wyckoff position of space group R-3 and was surrounded by six nearest octahedra
at a Te-Te distance of 10.9 A, which was different from the FCC packing in Cs,TeCls with Te-Te
distance of 7.7 A.° The voids within the lattice are occupied by disordered solvent molecules.
These tunable differences in the metal halide octahedron packing geometry may lead to differences
in the overlap of molecular orbital wavefunctions, yielding unique electronic structures and
optoelectronic properties that will be discussed later.

Tunability of the Supramolecular Approach. To demonstrate the general applicability of our
approach, we produced various crystals through this supramolecular assembly strategy. In fact, the
composition tunability of this new (18C6@A)M(IV)Xs structure is as rich as the tunabilities on
A, M, and X sites in A2M(IV)Xs double perovskites.?® There are four compositional components
in the (18C6(@Cs),TeCls dumbbell structural unit that can be tuned by virtue of the precursors: (a)

octahedron cations (M), (b) halide anions (X), (¢) alkali metal cations (A), and (d) crown ethers



(Figure 3). Apart from the [TeXe]*, various tetravalent center cation octahedra, such as [SnXe]*,
[SeXe6]*, [IrXs]*, [PtX6]*, [ZrXs]*, [CeXe]*,!>13?735 can also be assembled into similar dumbbell
structural units with S¢ symmetry. For typical 3D-connected halide perovskites, such as low-T
phase CsPbls,*¢ due to the geometrical constraint imposed by the ionic framework sizes, such as
the tolerance factor and proper bonding directions, a mismatched ionic size will lead to the
breakdown or instability of the perovskite structure.’’ In contrast, the isolated nature of the
dumbbell structural units enables a more flexible control over the structure diversity without losing
the prototypical crystal structure. Herein, we achieve a variety of unique dumbbell structures with
our unique synthetic approach by simply changing the precursors. All structural details of the
highly tunable (18C6@A)M(IV)Xs dumbbell structural units were obtained by powder X-ray
diffraction (PXRD) and SCXRD (Table S1-S7).

The comparison of PXRD patterns for the seven different octahedron center cations (Te*", Sn*,
Se*', Ir**, Pt**, Zr**, Ce*") is shown in Figure 4a. Despite size differences between the different
metal halide octahedral units, represented by the M-CI bond length (from 2.324 A to 2.555 A)
summarized in Figure 4b, they all had similar hexagonal PXRD patterns, with strong and distinct
(101) and (110) diffraction peaks. In order to better evaluate the geometry of the dumbbell
structural unit with various composition, we used a simplified model made up with two cones and
one octahedron (Figure S3). A larger halide anion (from CI" to Br to I') leads to a larger octahedron
size (Figure 4d), and the length of the dumbbell structural unit increases in all three dimensions,
reflected by the shifting of all diffraction peaks to lower 26 values (Figure 4c). While the bromide
version remained in the R-3 space group (Table S2), the iodide version deviated from the
hexagonal symmetry and crystallized in the monoclinic crystal system with the space group of

P21/m (Table S7 and Figure S4) due to the larger size of the iodide anion. On the contrary, we



found that the M-X bonds were not influenced by the alkali metal cations, and the R-3 space group
can be preserved. Figure 4f shows that the Te-Cl bond lengths were 2.546 A, 2.548 A, and 2.544
A for the Cs-, Rb- and K-based assemblies, respectively. However, when using a smaller alkali
cation, the height of the cone decreased (from ~2.4 A to ~1.8 A when changing from Cs* to K*),
while the diameter of the cone remained nearly unchanged. This height decrease was consistent
with a shift in the diffraction peaks related to the c lattice parameter (such as (101) and (104)
planes) to larger 20 values. In contrast, the diffraction of facets parallel to the c axis, such as the
(110) plane, have almost no shift (Figure 4e and Figure S5 and S6). We also compared the single
crystals of (18C6@K).TeBrs synthesized from ACN and DMF (Table S8), both crystals are in the
R-3 space group and only show slight differences in lattice parameters, which are attributed to the
occupation of disordered larger DMF molecules compared to ACN molecules in the voids within
the lattice. Thermogravimetric analysis (TGA) on (18C6@Cs)>TeCls shows the total relative mass
changes from 98.5% (Mw = 1248.95 g/mol for (18C6(@Cs),TeCls-2DMF) to 88.6% (Myw =1134.76
g/mol for (18C6@Cs)2TeCls) from 80°C to 120°C, and further reduced to 48.9% (Mw = 606.13
g/mol for Cs2TeClg) from 160°C to 220°C. (Figure S7) The same decomposition process is also
verified for (18C6@Cs)>SnClg, and (18C6@Cs)>TeBrs. Thermal analysis studies reveal the fact
that for this family of new materials, the solvent molecules (such as DMF) occupying the lattice
voids is evaporated from 80°C to 120°C, and 18C6 starts to detach at roughly 160°C and
completely decomposes into the corresponding all-inorganic Cs:MXes powders after 220°C. It also
proves the existence of solvent molecules in the lattice voids as we expected from the single crystal
structure studies.

To further confirm the intact O, symmetry of the metal halide octahedral building blocks, we

used Raman spectroscopy to study the vibrational modes of the dumbbell structural unit. Previous



Raman studies of the Cs2TeCls crystal system determined that the vibrational units in the single
crystals were the isolated [TeCls]* octahedra with On point group symmetry (Figure S8).” All three
characteristic Raman peaks were still observed in the (18C6@A ).TeCls single crystals (Figure S9),
confirming the On symmetry of the [TeCls]> unit in the dumbbell building block. Similar O
symmetry Raman peaks were also observed in assembled crystals with other octahedra, such as
[TeBre]*, [SnCls]*, and [SnBrs]* (Figure S10-S12).

The compatibility between the point groups of 18C6 and the metal halide octahedral units
resulted in the rhombohedral R-3 space group of the assembled single crystals. By breaking the
six-fold symmetry of the crown ether, the supramolecular approach can realize more packing
geometries for these metal halide octahedral units. For example, the larger 21-Crown-7 (21C7)
had to distort itself to coordinate with the center Cs" cation (Figure S13a). Such distortion of the
dumbbell building block dramatically altered the packing geometry of those building blocks
(Figure S13b, c). Single crystals of (21C7@Cs)>TeBrs and (21C7@Cs).Tels crystallized in an
orthorhombic lattice with space group Cmc2; (Table S9). The [TeBrs]* units in (21C7@Cs).TeBrs
dumbbell unit were still nearly perfect, but this distorted dumbbell structure was found to be
horizontally packed into a 2-dimensional (2D) array form. In each [TeBrs]* octahedral plane, one
octahedron had four nearest neighbors (Te-Te distance is 9.9 A), with no solvent molecules or
crown ether complexes in between. The interlayer spacing of the 2D octahedral sheets was about
13.7 A. Consistent with a 2D structure, the (002) diffraction peak was much stronger than the other
diffraction peaks (Figure S14). The single crystal had a planar shape with a width of over 400 um
and a thickness of only 35 um (Figure S15 and S16). Therefore, the use of 21C7 introduced another

new type of metal halide octahedral unit packing in our supramolecular assemblies.



Optoelectronic Properties of the Supramolecular Assemblies. The demonstrated synthetic
flexibility and systematic control of the crystal structures assembled from the dumbbell structural
unit have deep implications on their electronic properties. The electronic structure of the structural
unit is primarily determined by the metal halide octahedral units.'* For instance, by tuning the
center metal cation of the [M(IV)Cls]* (M = Sn**, Te**, Ce**, and I+*") ionic octahedron, the optical
absorption onset of the supramolecular assembled crystals varied from 660 nm for [IrCls]*", to 500
nm for [CeCls]*, to 460 nm for [TeClg]*, and to 310 nm for [SnCls]*" (Figure 5a). The differences
in absorption features for these four ionic octahedra are due to their different electronic
configurations. Te*" is a cation with ns® electronic configuration; the absorbance of [TeCls]*
octahedra was dominated by the molecular 5s to 5s5p transitions, represented as the A, B, and C
bands.? Recent studies suggested that sharp absorption band in the UV range for [SnCls]* can be
assigned to a ligand-to-metal charge transfer (LMCT) transition.?®?° The absorption band was also
assigned to the LMCT transition for [CeCls]*".%” For Ir, the subshells of the 5d-orbitals of Ir*" in
[IrCls]* contributed to the weak optical transition bands and intense bands were due to metal-
ligand interactions.*® Changing the halide anions also contributed to different optical absorption.
(18C6@Cs)2TeXs (X =CI, Br,, I) structural units have vastly different optical absorption features
due to shift of the atomic orbital energy levels of halide anions (Figure 5b).

The optoelectronic tunability of the dumbbell unit can be achieved not only by incorporating
various [M(IV)Xs]* ionic octahedra, but also by changing the octahedral packing geometries and
the surrounding coordination environment of the same metal-halide octahedra. The electronic
interaction of these octahedral units has deep implications on the electronic structure of the crystal.
According to the tight-binding model, the superposition of wave functions for isolated atoms will

be greater when atoms are brought closer together in a solid, so the electronic bands will be more
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dispersive and the bandgap will decrease.*! In the current materials system, the individual
octahedron can be viewed as a super ion/atom with specific molecular orbital levels. When the
octahedra of these dumbbell units are closer to each other, their orbital wavefunctions will overlap
to a greater extent. This was confirmed by our experimental observation. The UV-vis absorption
spectra of four different packing geometries of [TeBrs]*” octahedra are shown in Figure Sc. As the
[TeBrs]* octahedra were packed closer in a crystal by using different crown ether complexes, the
A band absorption onset red shifted from 500 nm to 590 nm, causing the crystal to change color
from orange [(18C6@Cs)>TeBrs and (21C7@Cs).TeBrs] to red [Cs2TeBrs] (Figure S17).

The supramolecular assembled crystals have not only tunable optical absorption but also strong
photoluminescence (PL) with highly tunable emission color. For instance, under 250 nm excitation,
(18C6@Cs)2ZrCls displays an intense blue emission at 459 nm, with a full width at half maximum
(FWHM) of 0.90 eV. The photoluminescence quantum yield (PLQY) of (18C6@Cs)>ZrCls is
12.57%, which is calculated from integrating sphere measurements. Apart from high emission
intensities, the supramolecular approach can also enable the fine-tuning of the emission color. The
strong coupling of the exciton with lattice vibrations will greatly lower the energy level of the
exciton, forcing it into transient self-trapped exciton (STE) states with a range of self-trapped
energy levels.!!3%31:4243 [TeClg]* octahedron was selected to study the STE emission of the
dumbbell structural units. The PL spectra (Figure 5d and Figure S18) of the (18C6@A)>TeCls (A
=K", Rb*, Cs") crystals had emission peak wavelengths at 604 nm, 642 nm, 659 nm, respectively.
They all featured a large Stokes shift of 1.13 eV, 1.26 eV, 1.31 eV, respectively, and a very
broadband emission. The PL FWHM were 0.44 eV, 0.54 eV, and 0.55 eV, respectively. The Stokes
shift was larger than that of the Cs,TeCls crystal, with a value of 1.04 eV,” which indicated a

greater exciton-phonon coupling effect.*>*’ Furthermore, the Stokes shift increased with
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increasing alkali metal cation size. This phenomenon was likely due to the difference in the alkali
metal-halide bond strength. A weaker or softer alkali metal-halide bond will force the excitonic
state into deeper self-trapped levels. The PL studies demonstrate that the supramolecular assembly

approach can be used to design emissive and tunable emitters.

CONCLUSION

In conclusion, we demonstrated a general synthetic strategy for a library of new supramolecular
building blocks (crown-ether@A)M(IV)Xe, constructed from ionic halide perovskite octahedral
units and crown ether. The great tunability of (crown-ether@A)>M(IV)Xe¢ can be explored along:
(1) changing the octahedron cation, (2) tuning the halide anion, (3) modifying the alkali metal
cation coupled with the crown ether, and (4) varying the size of the crown ether. In the future,
based on the structural diversity of the supramolecular assembly approach, we expect to extend to
1D and 2D electronic dimensionality solid assembly with connected [MXs]" octahedra. Also, with
all these synthetic possibilities, a more in-depth study of the optoelectronic properties of the ionic
octahedral building blocks can be conducted. We expect that this new assembly strategy of the
supramolecular building blocks could bring a new general method for halide perovskite materials

discovery.
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Figure 1. The supramolecular assembly strategy from [M(IV)Xe]* octahedron to
(18C6@A):M(IV)Xs. Dissolved alkali metal cation (A") and [M(IV)Xe]* octahedron self-
assemble into a dumbbell-shaped structural unit with crown ethers like 18-Crown-6 (18C6). The
solution dispersed (18C6@A)>M(IV)Xs dumbbell structural units can further assemble into a
rhombohedral packing single crystal. The dark field optical microscope image shows single

crystals of (18C6@Cs)Te(IV)Cle.
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Figure 2. Evidence of the formation of (18C6@A):M(IV)Xs dumbbell structural unit in
solution. The composition of (18C6@Cs).TeBrs is applied as an illustrating example for the
dumbbell structural unit, and acetonitrile (acetonitrile-d; for NMR) is used as the solvent. (a) 'H
NMR spectra for (18C6@Cs).TeBrs solution, and the control groups are (18C6@Cs)Br and 18C6
dissolved in solution. (b) ”Br NMR spectra for (18C6@Cs).TeBry solution, and the control groups
are CsxTeBre and CsBr dissolved in solution. (c) '**Cs NMR spectra for (18C6@Cs).TeBrs
solution, and the control groups are (18C6@Cs)Br, Cs2TeBrs and CsBr dissolved in solution. (d)

UV-vis spectra comparison of (18C6@Cs).TeBrs solution and Cs>TeBrg dissolved in solution.
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(18C6@Cs)2TeClg structural unit: (a) seven tetravalent octahedra cations can be applied, including

transition metal cations such as Zr*', Ir*', Pt**

, basic metal cations such as Sn*", metalloid cations
such as Te*", nonmetal cations such as Se*’, and lanthanide cations such as Ce*"; (b) tuning the
halide anion from Cl to Br to I', and the optical images are the powders of (18C6@Cs),TeXs (X
= CI, Br, I') under ambient light; (c) modifying the alkali metal cation coupled with 18C6 from
Cs"to Rb"to K*, and the optical images are the powders of (18C6@A)>TeCls dispersed in an anti-

solvent under UV lamp excitation; and (d) varying the size of the crown ether from 18C6 to 21C7.
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Figure 4. Systematic structural analysis of the family of (18C6@A):M(V)Xe crystals.
Comparison of powder X-ray diffraction patterns by (a) tuning the octahedron center element (M)
in (18C6@A)M(IV)Cls (for M = Ce, Zr, A = Cs; for M = Pt, Ir, Se, Sn, Te, A = K); (c) changing
the halide atom (X) in (18C6@Cs):TeXs, and (e) varying the alkali metal atom (A) in
(18C6(@A)-TeCls. Analysis of the geometric parameters of the dumbbell structural units: (b) the
M-CI1 bond length comparison of the structures with different octahedron center elements; (d) the

M-X bond length increases with larger X; and (f) the height of the cone increases with larger A,
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while the diameter of the cone is insensitive to the change of A.
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Figure 5. Optoelectronic tunability of the crown ether supramolecular approach. (a)
Normalized UV-vis absorption spectra of (18C6@A)M(IV)Cls (M = Sn*", Te*, Ce*", Ir*")
crystals. (b) Normalized UV-vis absorption spectra of (18C6@Cs)>TeXs (X = CI', Br’, I') crystals.
(c) Normalized UV-vis absorption spectra of [TeBrs]* octahedra under four different packing
geometries. (d) Normalized photoluminescence spectra of (18C6@A),TeCls (A = Cs*, Rb", K*)

crystals.
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