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One Sentence Summary: 
 
A crown ether-assisted assembly of [Hf/ZrBr6]2- emitting units enables near-unity blue and green 
emissions. 

 
Abstract: 

 
The metal-halide ionic octahedron is the optoelectronic unit for halide perovskites, and crown ether-
assisted supramolecular assembly approach can pack various ionic octahedra into tunable 
symmetries. We demonstrate that near-unity photoluminescence quantum yield (PLQY) blue and 
green emission with the supramolecular assembly of Hf and Zr halide octahedral clusters. 
(18C6@K)2HfBr6 powders showed blue emission with a near-unity PLQY (96.2%), and green 
emission was also achieved with (18C6@K)2ZrCl4Br2 powders at a PLQY of 82.7%. These highly 
emissive powders feature facile low-temperature solution-based synthesis conditions and maintain 
high PLQY in solution-processable semiconductor inks under ambient conditions and were used in 
thin-film displays and emissive 3D printed architectures that exhibited high spatial resolution.  
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Main Text: 
 

Blue and green emission with high photoluminescence quantum yield (PLQY) is at the forefront of solid-
state lighting and color display research. Although Si and Zn co-doped GaN can exhibit a PLQY of 90% 
(1), these covalent semiconductors require high purity to prevent rapid nonradiative recombination at crystal 
structure defects (2-5) and rely on solid-state synthesis at elevated temperatures near 1000 ℃ (6). As an 
alternative to covalent semiconductors, ionic halide perovskites have received attention given their high 
optical absorption coefficient (7), tunable bandgap (8-10), high defect tolerance (11, 12), and efficient 
photo/electroluminescence (13, 14). For example, the blue and green emissive colloidal CsPbClxBr3-x 
quantum dots have exhibited PLQY values ~ 80% (15, 16). In addition, low-dimensional halide perovskites 
like the n = 1 Ruddlesden-Popper phase (C6H5CH2NH3)2PbBr4 show blue emission with a PLQY of 79% 
(17). Despite the remarkable optoelectronic properties of lead-based halide perovskites, the toxicity of lead 
and the complex colloidal synthesis complicate large-scale applications. Moreover, suitable ligands are still 
needed to prevent aggregation of these low-dimensional nanostructures during use (18). 

Recent studies have revealed that the optoelectronic properties of halide perovskites stem from the [MX6]n- 
(M = metal cation, X = halide anion) fundamental building blocks in the crystal structure (19-21) and given 
the ionic nature and high chemical tunability of halide perovskite structures (22), different compositions and 
packing geometries of [MX6]n- could be explored for light-emission applications. The vacancy-ordered 
double perovskite (A2MX6 phase) has been proposed to incorporate tetravalent metal cation octahedra, such 
as [TeX6]2- (23-25), [SnX6]2- (26, 27), and [PtX6]2- (28, 29). Although the [PbX6]4- octahedra are corner-
shared in all three dimensions in the prototypical CsPbX3 structure (30), the [MX6]2- octahedra in the A2MX6 
phase are isolated because a vacancy occupies every other M-site in the crystal structure (23). A few [MX6]n- 
emitters as well as some non-octahedral emitters (31) with high PLQY (~ 95%) have been identified with 
yellow emission, such as [SnX6]4- (32). However, emission of high PLQY with shorter wavelengths is still 
very rare. The isolated nature of the octahedra affects their optoelectronic properties, in that the strong 
coupling of the exciton with lattice vibrations greatly lowers the energy level of the exciton and forces it into 
transient self-trapped exciton (STE) states with a range of self-trapped energy levels (33, 34). As a result, the 
A2MX6 systems generally have broadband emission with a large Stokes shift. 

Although the A2MX6 phase has been widely studied in various compositions, octahedra with Hf4+/Zr4+ 
centers, especially [HfBr6]2- and [ZrBr6]2- octahedra, have rarely been the subject of research (35, 36), even 
though they have interesting optoelectronic properties. Cs2HfBr6 crystals have a blue emission with the PL 
peak at 435 nm (35), and colloidal Cs2ZrBr6 nanocrystals have been demonstrated to have a green emission 
with a PLQY of 45% (36). There are several reasons why they are less explored. Theoretical (37) and 
experimental studies (38) have shown that the Hf4+ and Zr4+ metal centers are extremely air- and moisture-
sensitive in the A2MX6 phase. Their synthesis requires the vertical Bridgman-Stockbarger method at ~ 
1000℃ in sealed quartz ampoules (36, 39, 40). Finally, it is difficult to prepare high-purity samples that do 
not contain a secondary impurity such as CsBr (36). Thus, a new methodology is needed for the synthesis of 
more stabilized and purer solid phases containing the [Hf/ZrBr6]2- octahedra. 

Recently, we proposed a general crown ether-assisted supramolecular assembly approach for tetravalent 
metal octahedra (41). Two crown ether@alkali metal complexes can sandwich a tetravalent metal 
octahedron into a (crown ether@A)2MX6 dumbbell structural unit. The composition of the dumbbell 
structural unit is highly tunable, with crown ether = 18-Crown-6 (18C6), 21-Crown-7 (21C7); A = Cs+, Rb+, 
K+; M = Te4+, Sn4+, Se4+, Ir4+, Pt4+, Zr4+, Hf4+, Ce4+; X = Cl-, Br-, I-. In this work, we extended this general 
supramolecular assembly approach to [HfBr6]2- octahedra to achieve a structure with formula 
(18C6@K)2HfBr6 that features blue emission with near-unity (96.2%) PLQY. We also optimized the 
synthetic route by replacing the challenging high-temperature solid-state synthesis with a low-temperature 



4  

organic solution-based synthesis. Moreover, an efficient green emission was also achieved by tuning the 
composition of the (crown ether@A)2MX6 dumbbell structural unit. (18C6@K)2ZrCl4Br2 demonstrated 
green emission with 82.7% PLQY. By studying the photophysics of the supramolecular assembled samples, 
we could attribute the emission to self-trapped excitonic (STE) states and observed very strong electron-
phonon coupling constant (represented by the Huang-Rhys parameter) > 90 for (18C6@K)2HfBr6. The 
supramolecular assembled samples had longer PL lifetimes (in the microsecond timescale) compared to 
other halide perovskite systems that reflected a low rate of nonradiative recombination. 

The structural integrity and impressive optical properties of the supramolecular assembled solid powders 
were further maintained by generating a powder suspension in nonpolar organic solvents such as 
dichloromethane (DCM) to create an ink system. Polystyrene (PS) polymer was dissolved into the ink to 
further increase the solution processability. We used these inks to fabricate thin films through fast solvent 
evaporation. In combination with a digitally-controlled excitation source, the (18C6@K)2HfBr6/PS 
composite thin film could be used as a display with bright color contrast and fast response time. A solution-
processable ink also allowed three-dimensional (3D) printing of the powders into various blue, green, and 
dual-color emitting structures. 

Crown Ether Assisted Supramolecular Assembly 

We explored a supramolecular synthetic route in which 18C6 greatly increased the solubility of the KBr and 
HfBr4 precursors in polar organic solvents for low-temperature solution-based synthesis. A clear precursor 
solution was obtained with acetonitrile (ACN) at 80℃ with the concentration of 4 mM for 18C6 and KBr 
and 2 mM for HfBr4. Our previous study of the supramolecular assembly of tetravalent metal octahedra (41) 
indicated that a (18C6@K)2HfBr6 dumbbell structural unit was formed in ACN. We grew (18C6@K)2HfBr6 
powders and single crystals using the anti-solvent crystallization method (39). K2HfBr6 powders were also 
synthesized by using a modified solid-state synthesis method. We increased the purity and decreased the 
synthesis temperature to 200℃ by combining mechanical forces with heat to facilitate solid-state diffusion. 
Details of the synthesis for (18C6@K)2HfBr6 and K2HfBr6 can be found in the Supplementary Materials. 

The crystal structure of (18C6@K)2HfBr6 was determined from single-crystal x-ray diffraction (SCXRD). 
(18C6@K)2HfBr6 crystallized in the R3- [note this is 3 with an overbar] space group with lattice parameters 
of a = 14.1332 Å and c = 21.0189 Å (Fig. 1A and table S1). The (18C6@K)2HfBr6 dumbbell structural unit 
belongs to the S6 point group, where two K+ cations and the Hf4+ cation sit on the S6 axis. The sixfold 
symmetry axis of the 18C6 and the S6 axis of Oh-symmetric [HfBr6]2- octahedron were aligned (Fig. 1B). 
The K2HfBr6 crystals were face-centered cubic (fcc) (Fig. 1C) (42, 43) in which the [HfBr6]2- ionic octahedra 
were charge balanced by the surrounding K+ cations (Fig. 1D).  

The purity of the (18C6@K)2HfBr6 and K2HfBr6 powders was investigated with powder x-ray diffraction 
(PXRD) (Fig. 1E). The PXRD pattern of the (18C6@K)2HfBr6 powders matched with the calculated pattern 
generated from the single crystal structure with no visible diffraction peaks from impurities. The quality of 
the PXRD pattern for the K2HfBr6 powders was much lower because of their extreme air sensitivity. The 
measurement had to be collected in 5 min with an inert atmosphere sample holder to prevent the degradation 
of the powders and measurement of the degradation product. Although the quality of the K2HfBr6 PXRD 
pattern was not ideal, the most dominant peaks of the fcc K2HfBr6 phase were still identifiable. Moreover, 
no HfBr4 or KBr diffraction peaks were present (Fig. 1E), which showed that all the precursor materials 
transformed into the K2HfBr6 phase. Raman spectrum of K2HfBr6 further confirmed the presence of the 
[HfBr6]2- octahedra in the crystal structure (fig. S1). 

The crown ether-assisted supramolecular approach was generalized to produce other emissive centers. For 
example, (18C6@K)2ZrBr6 single crystals and powders were successfully synthesized by the same method, 
and the same crystal structure as (18C6@K)2HfBr6 was obtained (fig. S2 and table S1). Figure S3 shows 
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that phase pure (18C6@K)2ZrBr6 powders could be obtained with our established solution-based synthesis. 
K2ZrBr6 powders were also synthesized with the same solid-state method as K2HfBr6. 

The (18C6@K)2Hf/ZrBr6 dumbbell building blocks were also the electronic units of the new crystal. To 
elucidate the effect of 18C6 on the electronic structures of the assembled [HfBr6]2- octahedra, density 
functional theory (DFT) calculations were performed on (18C6@K)2HfBr6 (Fig. 1F) and K2HfBr6 (Fig. 1G) 
to determine their electronic band structures and partial electronic density of states (pDOS). The electronic 
bands of (18C6@K)2HfBr6 were less dispersive compared to K2HfBr6 because the [HfBr6]2- octahedra were 
more separated in (18C6@K)2HfBr6. The conduction band (CB) of (18C6@K)2HfBr6 was composed of Hf 
5d and Br 4p orbitals, as was the CB of K2HfBr6. However, the valence band (VB) compositions were quite 
different in these two materials. The VB of K2HfBr6 was mainly composed of the Br 4p orbital, but 18C6 
contributed to the VB of (18C6@K)2HfBr6. Thus, the 18C6 molecules were electronically coupled to the 
[HfBr6]2- octahedra, indicating that the entire (18C6@K)2HfBr6 dumbbell building block became a new 
electronic unit. DFT calculations of (18C6@K)2ZrBr6 showed that the contribution from 18C6 to the VB 
and that the band structures were more discrete than K2ZrBr6 (fig. S4). 

Optical Characterization of the Blue and Green Emitters 

Compared to K2HfBr6, (18C6@K)2HfBr2 had greatly enhanced emission intensity. Figure 2A shows the 
extremely bright blue emission of (18C6@K)2HfBr6 powders under 254-nm ultraviolet (UV) excitation. 
The photoluminescence (PL) spectrum of (18C6@K)2HfBr6 powders was measured at 275-nm excitation 
(Fig. 2B). The powders had a blue emission centered at 445 nm (2.79 eV), and the full-width at half-
maximum (FWHM) was 0.73 eV. Photoluminescence excitation (PLE) spectra revealed a large Stokes shift 
(1.35 eV).  

The emission intensity of the (18C6@K)2HfBr6 powders was quantified with PLQY measurement, and a 
near-unity value of 96.2 ± 1.2% was obtained for the (18C6@K)2HfBr6 powders over 6 measurements from 
2 batches of samples (fig. S5). The specific value for each measurement is shown in table S2. In contrast, the 
PLQY of K2HfBr6 powders was 12.8% (fig. S6). K2HfBr6 also had an even larger Stokes shift (1.42 eV) and 
broader emission, with a peak emission wavelength of 457 nm and an FWHM of 0.90 eV (fig. S7). The 
color purity of the emission from the [HfBr6]2- octahedra was also enhanced by the supramolecular approach. 
Figure S8 shows the emission color of (18C6@K)2HfBr6 and K2HfBr6 powders on the CIE 1931 
chromaticity diagram. (18C6@K)2HfBr6 had a much purer blue emission color than K2HfBr6. 

The [ZrBr6]2- units enabled high-PLQY green emissions. Upon 290-nm excitation, (18C6@K)2ZrBr6 had a 
PL peak at 547 nm, and the FWHM of the PL was 0.69 eV (fig. S9). For the same excitation wavelength, 
the PL peak of K2ZrBr6 was at 560 nm, and the FWHM of the PL was 0.70 eV (fig. S10). The PLQY of 
(18C6@K)2ZrBr6 was 49.8% (fig. S11), which was slightly greater than the PLQY of K2ZrBr6 (46.3%) (fig. 
S12). Although the peak position of the PL spectrum was in the green region, simply analyzing the peak 
emission wavelength was insufficient given the broadness of the STE-based emission, as this crystal actually 
produced a yellow-green emission color (fig. S13). 

Given the great chemical tunability of the dumbbell structural unit, an alloying approach at the halide site 
was proposed to achieve a purer green emission with near-unity PLQY emission. For CsPbX3 (X = Cl-, Br-

, I-) nanocrystals, the emission color can be easily controlled by tuning the halide composition (44); 
introducing Cl- in the halide site may generate a shorter wavelength emission color. By carefully tuning the 
KCl/KBr and ZrCl4/ZrBr4 precursor ratio in the synthesis, the Cl-/Br- ratio in the obtained (18C6@K)2ZrX6 
dumbbell structural unit can be precisely controlled. As expected, a larger Cl-/Br- ratio created a more blue-
shifted PL (figs. S14 and S15). For example, (18C6@K)2ZrCl3Br3 and (18C6@K)2ZrCl4Br2 had green 
emission with PL peaks at 534 nm and 530 nm, respectively. Increasing the Cl- content to a composition of 
(18C6@K)2ZrCl4.5Br1.5 changed the PL color to the cyan (bluish-green) color. The established halide-site 
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alloying approach not only generated a purer green emission color, but also boosted the PLQY of the 
emission to near-unity. For the Cl-/Br- ratio from 1:1 to 2:1 to 3:1, the PLQYs were 69.1%, 82.7%, and 
87.0%, respectively (figs. S16 and S17). 

Because the 2:1 Cl-/Br- ratio composition had both pure-green emission color and high PLQY, we selected 
(18C6@K)2ZrCl4Br2 for detailed studies of green emission. (18C6@K)2ZrCl4Br2 single crystals were 
synthesized by controlling the Cl-/Br- precursor ratio to be 2:1. The formula of (18C6@K)2ZrCl4Br2 was 
determined by SCXRD (Cl-:Br- = 4.3:1.7, fig. S18 and table S3) and energy-dispersive x-ray spectroscopy 
(EDX) elemental mapping (Cl-:Br- = 4.1:1.9) (fig. S19). The Cl and Br atoms were perfectly miscible in the 
crystal structure. PXRD of the (18C6@K)2ZrCl4Br2 powders (fig. S20) also indicated that this composition 
was a phase-pure system. The (101) and (110) diffraction peaks of (18C6@K)2ZrCl4Br2 were slightly shifted 
to larger 2θ values compared to the corresponding PXRD peaks of (18C6@K)2ZrBr6, suggesting smaller 
lattice constants (fig. S21).  

Figure 2C shows the bright green emission of (18C6@K)2ZrCl4Br2 powders under 302-nm UV lamp 
excitation. The PL spectrum of (18C6@K)2ZrCl4Br2 powders was measured at 295-nm excitation (Fig. 2D). 
The green emission had a similar Stokes shift (1.36 eV versus 1.35 eV) and FWHM (0.80 eV versus 0.73 
eV) to the blue emission of the (18C6@K)2HfBr6 powders, suggesting similar emission properties of the Hf 
and Zr metal centers in the supramolecular assembly materials system. The PLQY of the emission from 
(18C6@K)2ZrCl4Br2 powders was 82.7 ± 0.9%, which was determined through the measurement of 4 
samples from 2 batches (table S4). Therefore, we achieved highly emissive powders with blue and green 
emission colors based on the supramolecular assembly approach. The blue and green colors of the emissions 
from (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2, respectively, are summarized in the CIE 1931 diagram 
(Fig. 2E). 

Next, we conducted a comprehensive photophysics analysis to confirm and gain deeper insights into the 
STE emission mechanism that underlies these blue and green emissions. The distinctive features of STE 
emissions, including their large Stokes shift and broadband nature, are primarily attributed to the electron-
phonon coupling effect. To unravel the STE emission mechanism, we performed low-temperature PL 
measurements to examine the electron-phonon coupling in (18C6@K)2HfBr6. With increasing 
temperatures, the PL peak gradually broadened, and the peak was slightly red-shifted, indicating greater 
phonon participation at higher temperatures (Fig. 3A). A small shoulder peak at ~ 550 nm was present that 
especially distinct at lower temperatures that we attribute to the Zr impurity in the HfBr4 precursor (35). 
Inductively coupled atomic emission spectroscopy revealed a ~ 0.5 at% ZrBr4 impurity in the as-obtained 
HfBr4 precursor, and that there was ~ 0.6 at% Zr4+ impurity in the synthesized (18C6@K)2HfBr6 single 
crystals (table S5). 

To deconvolve the emission from (18C6@K)2ZrBr6 impurities, a two-peak Gaussian fitting was applied to 
the PL spectrum at each temperature. Figure S22 shows an example at 4 K. The FWHMs of the 
(18C6@K)2HfBr6 peaks were obtained from the Gaussian fittings and summarized in table S6. The 
temperature dependence of the FWHM of the emission peak was modeled by using the theory of Toyozawa 
(45), which applies a configuration coordinate model to explain the broadening of the emission originating 
from electron-phonon coupling. The FWHM depends on the effective phonon energy Eph, the temperature 
T, and the Huang-Rhys electron-phonon coupling parameter S: (46) 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 2.36√𝑆𝑆𝐸𝐸𝑝𝑝ℎ�𝑐𝑐𝑐𝑐𝑐𝑐ℎ
𝐸𝐸𝑝𝑝ℎ
2𝐾𝐾𝐵𝐵𝑇𝑇

                                    (1)    
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The relation between FWHM and temperature is shown in Figure 3B. Analyzing the data according to Eq. 
1 yielded a coupling factor S1 = 92.2 ± 3.6 and an effective phonon energy Eph1 = 21.4 ± 0.5 meV. This 
phonon mode corresponded to the asymmetric stretching mode (Eg) of the [HfBr6]2- octahedra, which was 
observed at 20.4 meV (164.5 cm-1) in the Raman spectrum (fig. S23). However, this phonon mode was only 
responsible for STE formation up to 190 K. For temperatures > 190 K, a higher energy phonon mode 
dominated STE formation. 

Shifting the zero temperature of Eq. 1 by 190 K, a second fit could be obtained with a coupling factor S2 = 
108.8 ± 12.4 and an effective phonon energy Eph2 = 25.8 ± 1.6 meV. This phonon mode corresponded to the 
symmetric stretching mode (A1g) of the [HfBr6]2- octahedra at 25.1 meV (202.5 cm-1). The large Huang-
Rhys factor S in both scenarios indicated a very strong electron-phonon coupling in this material. For 
example, S for CsPbX3 (X = Br- or I-) is < 1 (47), and the S for double perovskite Cs2AgBiBr6 is only ~ 12 
(48). Self-trapping exciton behavior is closely related to the octahedra packing dimensionality. Through our 
supramolecular approach, the [HfBr6]2- octahedra were more isolated by the bulky (18C6@K)+ complexes, 
which led to stronger self-trapping with larger S values. 

Excitation wavelength-dependent PL mapping of (18C6@K)2HfBr6 (Fig. 3C) showed that for excitation 
wavelengths < 285 nm, a broad PL peak at 445 nm emerged. The PL peak position and shape were 
independent of the excitation wavelength < 285 nm. Thus, for above bandgap excitation, the emission 
originated from the relaxation of the same excited state. However, for excitation wavelengths > 285 nm, a 
much weaker PL peak at ~ 550 nm replaced the previous PL peak that arose from the ~ 0.6 at% 
(18C6@K)2ZrBr6 impurity, and 2D PLE mapping of (18C6@K)2ZrBr6 showed a single PL peak at ~ 550 
nm from 245-nm to 330-nm excitation (fig. S24). 

Time-resolved PL (TRPL) studies on the supramolecular assembled single crystals revealed that the PL 
decay of the (18C6@K)2ZrBr6 could be mostly described by a mono-exponential decay profile on the 
microsecond µs time scale, with a PL lifetime of 6.80 µs (Fig. 3D and table S7). In contrast, Cs2ZrBr6 bulk 
crystal featured a triple-exponential PL decay, yielding decay time constants of 40 ns (8.9%), 0.99 µs (24%), 
and 4.6 µs (68%) (35). Additionally, Cs2ZrBr6 nanocrystals showed a double-exponential PL decay with 
time constants at 0.78 µs and 4.5 µs (49). The PLQY was related to both the radiative and non-radiative 
decay rates (PLQY = krad/(krad + knon-rad), so a more sluggish radiative decay did not necessarily correlate to 
a lower PLQY. Remarkably, the PLQY of (18C6@K)2ZrBr6 powders (49.8%) was greater than that of 
K2ZrBr6 powders (46.3%, from our measurement) and Cs2ZrBr6 nanocrystals [∼44%, from (49)]. This 
observation suggested that the nonradiative decay rate of the supramolecular sample was slower than that of 
the vacancy-ordered double perovskite phases and may indicate a lower defect density in our assembled 
crystals. The PL decay of (18C6@K)2ZrCl4Br2 single crystal could also be fit with a single exponential 
function, with an even longer PL lifetime (12.1 µs) (Fig. 3D and table S8). Cs2ZrCl6 had a slightly longer PL 
lifetime (7.5 µs) than Cs2ZrBr6 (50). This result suggested that the supramolecular material system had a 
longer PL lifetime and slower non-radiative decay rate. 

We also evaluate the photostability of these highly emissive blue and green emitters. Notably, previous 
research in the OLED community has utilized a xenon lamp to simulate solar irradiation, dissolving Ir-
complexes in deuterated toluene for reference measurements of green and blue emission (51, 52). To ensure 
a fair comparison, we applied identical irradiation energy density (62 mW/cm2) and temperature (35℃), and 
deuterated toluene was used to disperse the (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2 powders. Figure 
S25 shows the PL intensity decay of the (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2 samples under 
continuous irradiation. Both decay trends could be accurately described by the integrated rate law for the 
first-order reaction (ln(It/I0) = -kt). The rate constants of photodegradation were estimated to be 5.1 × 10-3 h-

1 and 3.0 × 10-3 h-1 for (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2, respectively. Remarkably, even under 
stringent irradiation conditions, the PL intensities of (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2 decreased 
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to 80% after 43 hours and 73 hours, respectively. These findings underscore the superior photostability of 
the supramolecular assembled samples compared to most Ir-complexes, rivaling the best-reported green-
emitting fac-[Ir(ppy)3] reference (k = 2.6 × 10-3 h-1) (51, 52). Previous studies on the photodegradation of the 
Ir-complexes, such as Ir(ppy)3 and Ir(piq)3, have identified singlet oxygen attack and interaction of the 
excited-state molecule with its local environment as primary degradation pathways (53). 

Blue-Green Dual-Color Display and 3D-Printing 

The high PLQY of the blue and green emission colors in the powders were preserved in thin films, which 
would enable various optoelectronic device applications (54-56). Because the powders were stable in 
nonpolar organic solvents, they could be evenly dispersed into solution to form inks. We used 
dichloromethane (DCM) because its low boiling point (39.6℃) leads to high volatility for drying films, and 
added polystyrene (PS) to create inks suitable for drop casting or spin coating by increasing the viscosity (57, 
58) (Fig. 4A). The image of (18C6@K)2HfBr6/PS ink under a white lamp (Fig. 4B) shows that a uniform 
white suspension was achieved that exhibited a bright blue emission under 254-nm excitation. The emission 
was solely from the (18C6@K)2HfBr6 powders in the ink, as the shape of the PL spectrum was the same as 
the PL shape of the powders (fig. S26). The solution PLQY was 90.8% (Fig. 4B and fig. S27), which was 
only 5.5% less than the powder PLQY. This reduction was expected because DCM and PS do not absorb 
strongly in the blue color wavelength region (fig. S28), and the suspended powders in the ink could cause 
losses through scattering. The (18C6@K)2ZrCl4Br2/PS ink also preserved the green emission of the 
(18C6@K)2ZrCl4Br2 powders with a solution PLQY of 75.0% (Fig. 4C and fig. S29). 

The inks could be drop casted under ambient conditions, and after rapid solvent evaporation, a uniform thin 
film forms (Fig. 4, A, D, and E). PXRD patterns of the (18C6@K)2HfBr6/PS composite (fig. S30) and 
(18C6@K)2ZrCl4Br2/PS composite (fig. S31) showed that the structural integrity of the powders was 
preserved in the PS matrix. Scanning electron microscopy (SEM) imaging of the (18C6@K)2HfBr6 powders 
and (18C6@K)2HfBr6/PS composite thin film surface (fig. S32) indicated that the submicrometer-sized 
powders were uniformly dispersed. Cross-sectional SEM imaging of the thin film (fig. S33) proved the 
presence and uniformity of the powders across the thin film. Under UV irradiation, (18C6@K)2HfBr6/PS 
and (18C6@K)2ZrCl4Br2/PS composite thin films showed bright blue and green emission, respectively (Fig. 
4, D and E). The shapes of the PL spectra of the thin films were the same as for the powders (figs. S25 and 
S34), and the PLQYs were 80.3% (fig. S35) and 69.0% (fig. S36) for blue- and green-emitting composites, 
respectively. 

The stability of the air-sensitive Hf and Zr octahedral clusters was further enhanced in the PS polymer 
composite. Both Cs2HfBr6 and Cs2ZrBr6 double-perovskite structures are predicted to be thermodynamically 
unstable in the presence of water and oxygen (37), and we found that K2HfBr6 and K2ZrBr6 powders turn 
from a white to a brownish color after a few minutes of air exposure and became non-emissive. In contrast, 
the (18C6@K)2HfBr6/PS and (18C6@K)2ZrCl4Br2/PS composites maintained their blue and green emission 
colors, respectively, after 1 month of storage in the air (fig. S37). The air-stable PS polymers along with the 
hydrophobic crown ethers could greatly protect the air-sensitive Hf and Zr metal emission centers. 

We explored display applications of the powder/PS composite thin films. A digital mirror device with pixel 
resolution of 2560 by 1440 sequentially patterned 250-nm UV light through projection optics onto the 
(18C6@K)2HfBr6/PS composite thin film with a spot size of 6.9 mm by  3.9 mm at a frame rate of 60 Hz 
(schematic of the process is illustrated in Fig. 4A). An emissive “Blue Cal Logo” was illuminated on the thin 
film with dimensions 3.8 mm in height and 4.7 mm in width (Fig. 4F). The logo exhibited high luminosity, 
characterized by sharply defined edges. To further demonstrate dynamically changing display luminescence, 
we illuminated the alphabet sequence (from A to Z) onto the thin film with a fast flipping rate (0.1 s per 
letter). A video of 2.6 s was recorded (movie S1). Although the duration of each letter was very short, the 
blue emission with the shape of the letters was sharp and bright, as illustrated in the snapshot photos (Fig. 
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4G). The size of the letters was only 3.1 mm in width and 3.9 mm in length, but every feature of the letters 
was clearly visible with similar emission intensity owing to the high uniformity of the thin film. Furthermore, 
the response time of the display should be fast since the PL decay rate of the (18C6@K)2HfBr6 powders was 
~ 3 orders of magnitude faster than the frame rate of the digital mirror device. The letters switch extremely 
fast, with no blurring, ghosting, or trailing effects. 

These emissive powders could also be processed with high-resolution 3D printing technologies. after 
blending them uniformly into a monomer resin. Conventional resins for 3D printing typically use dyes as 
the photoabsorber to control the depth of UV penetration and, consequently, the printing resolution. 
However, dyes absorb light and also color the final printed parts. To avoid interference with our blue and 
green emitters, we developed a photo-absorber-free resin mainly comprised of photomonomer poly(ethylene 
glycol) diacrylate (PEGDA) but with a high content of photo inhibitor to control the printing resolution. The 
polymerized PEGDA resin exhibited minimal absorption within the visible spectrum, featuring a modest 
absorption peak from 355 to 425 nm (fig. S38A). Also, under 250-nm UV excitation, the resin exhibited 
significantly low emission intensity (fig. S38B). Hence, the emission colors in the blue and green range of 
our emitters remained largely unaffected. 

Upon stirring and sonication, the powders were uniformly dispersed into the PEGDA resin. We exploited a 
multi-material digital light-printing method (59, 60) to achieve a 3D assembly of the blue and green emitters 
into complex macro- and micro-architectures. Under 405-nm structured UV light illumination, the resin 
rapidly converted into solid 3D structures (Fig. 5A). The PL spectra from the (18C6@K)2HfBr6/PEGDA 
and the (18C6@K)2ZrCl4Br2/PEGDA composites were similar to that of the powders (figs. S38C, S38D, 
S39, and S40). The printed architectural models of the Eiffel Tower (Fig. 5B), after excitation at 254 nm, 
showed their respective blue and green colors (Fig. 5C). The dimensions of the two Eiffel Towers were 
within a few centimeters, with high-resolution spatial features (Fig. 5B). The submicrometer scale of these 
powders and a printing layer thickness of 40 µm enabled even distribution throughout each layer and ensured 
a homogeneous emission color profile across the entire architectural construct. 

A single 3D-printed structure could also manifest emissions in both blue and green by alternative resins 
during the printing procedure. An Eiffel Tower design characterized by blue emissions at its upper and lower 
segments, with green emissions in its central region is shown in Figure 5D, and a second-order hierarchical 
lattice structure (octet truss) was realized with one half radiating in blue and the other in green (Fig. 5E). 
Notably, a close-up view of the boundary between these blue- and green-emitting regions within the octet 
truss structure revealed the high precision in color transition without any color crossover on either side. 
Twisted (Fig. 5F and fig. S41) and conformal (Fig. 5G and fig. S42) octet truss architectures with dual 
emissions were also achieved with bright emissions and high structural accuracy. 

Other complex topologies, such as cuboctahedron, tetrakaidecahedron, octet truss, and Menger sponge with 
the blue emitter embedded (Fig. 5H, figs S43 and S44), were also obtained to exhibit the variety of structures 
that could be printed with the light-emitting ink. These demonstrations served as a proof-of-concept for 
integrating emissive ionic powders with 3D printing technology. The potential applications of 3D-printed 
light-emitting structures are extensive and constantly evolving, ranging from intricate interior ambient 
lighting solutions to seamless integration into wearable devices. 

Discussion 

We have demonstrated a supramolecular assembly strategy for achieving halide perovskite blue and green 
emitters with ultra-high PLQY. Specifically, (18C6@K)2HfBr6 warranted a blue emission with near-unity 
(96.2%) PLQY, and (18C6@K)2ZrCl4Br2 showed a green emission with a PLQY of 82.7%. The emission 
of the supramolecular assembled samples originated from the STE emission, with strong electron-phonon 
coupling and microsecond PL lifetimes. The supramolecular approach is very promising for solution 
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processability. The (18C6@K)2HfBr6/PS-DCM ink maintained a high PLQY of > 90%. Uniform thin films 
were fabricated from this ink through a drop-casting technique. The (18C6@K)2HfBr6/PS composite had 
blue emission with a PLQY of > 80%, making it favorable for patterning, display and printing applications. 
The powders with blue and green emissions were also highly compatible with the 3D printing technology. 
The supramolecular assembly approach for halide perovskite building block catalyzes further investigation 
into the synthesis and characterization of supramolecular assembled functional materials, laying the 
foundation for substantial progress in the field.



11  

References and Notes: 
 
1. M. A. Reshchikov, M. Foussekis, J. D. McNamara, A. Behrends, A. Bakin, A. Waag, 

Determination of the absolute internal quantum efficiency of photoluminescence in GaN co-
doped with Si and Zn. J. Appl. Phys. 111, 073106 (2012). doi:10.1063/1.3699312 

2. M. A. Reshchikov, R. Y. Korotkov, Analysis of the temperature and excitation intensity 
dependencies of photoluminescence in undoped GaN films. Phys. Rev. B 64, 115205 (2001). 
doi:10.1103/PhysRevB.64.115205 

3. A. K. Viswanath, J. I. Lee, D. Kim, C. R. Lee, J. Y. Leem, Exciton-phonon interactions, 
exciton binding energy, and their importance in the realization of room-temperature 
semiconductor lasers based on GaN. Phys. Rev. B 58, 16333–16339 (1998). 
doi:10.1103/PhysRevB.58.16333 

4. W. Shan, B. D. Little, A. J. Fischer, J. J. Song, B. Goldenberg, W. G. Perry, M. D. Bremser, 
R. F. Davis, Binding energy for the intrinsic excitons in wurtzite GaN. Phys. Rev. B 54, 
16369–16372 (1996). doi:10.1103/PhysRevB.54.16369 

5. C. Hauswald, P. Corfdir, J. K. Zettler, V. M. Kaganer, K. K. Sabelfeld, S. Fernández- 
Garrido, T. Flissikowski, V. Consonni, T. Gotschke, H. T. Grahn, L. Geelhaar, O. Brandt, 
Origin of the nonradiative decay of bound excitons in GaN nanowires. Phys. Rev. B 90, 19 
(2014). doi:10.1103/PhysRevB.90.165304 

6. M. Shibata, T. Furuya, H. Sakaguchi, S. Kuma, Synthesis of gallium nitride by ammonia 
injection into gallium melt. J. Cryst. Growth 196, 47–52 (1999). doi:10.1016/S0022- 
0248(98)00819-7 

7. W. Yina, T. Shi, Y. Yan, Unusual defect physics in CH3NH3PbI3 perovskite solar cell 
absorber. Appl. Phys. Lett. 104, 063903 (2014). doi: 10.1063/1.4864778 

8. R. J. Sutton, G. E. Eperon, L. Miranda, E. S. Parrott, B. A. Kamino, J. B. Patel, M. T. 
Hörantner, M. B. Johnston, A.-A. Haghighirad, D. T. Moore, H. J. Snaith, Bandgap-tunable 
cesium lead halide perovskites with high thermal stability for efficient solar cells. Adv. 
Energy Mater. 6, 1502458 (2016). doi: 10.1002/aenm.201502458 

9. M. R. Filip, G. E. Eperon, H. J. Snaith, F. Giustino, Steric engineering of metal-halide 
perovskites with tunable optical band gaps. Nat. Commun. 5, 5757 (2014). 
doi:10.1038/ncomms6757 

10. L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg, R. Caputo, C. H. Hendon, R. X. 
Yang, A. Walsh, M. V. Kovalenko, Nanocrystals of cesium lead halide perovskites (CsPbX3, 
X = Cl, Br, and I): novel optoelectronic materials showing bright emission with wide color 
gamut. Nano Lett. 15, 3692–3696 (2015). doi:10.1021/nl5048779 

11. J. Kang, L.-W. Wang, High defect tolerance in lead halide perovskite CsPbBr3. J. Phys. 
Chem. Lett. 8, 489–493 (2017). doi:10.1021/acs.jpclett.6b02800 

12. K. X. Steirer, P. Schulz, G. Teeter, V. Stevanovic, M. Yang, K. Zhu, J. J. Berry, Defect 
tolerance in methylammonium lead triiodide perovskite. ACS Energy Lett. 1, 360–366 
(2016). doi:10.1021/acsenergylett.6b00196 

13. F. Deschler, M. Price, S. Pathak, L. E. Klintberg, D.-D. Jarausch, R. Higler, S. Hüttner, T. 
Leijtens, S. D. Stranks, H. J. Snaith, M. Atatüre, R. T. Phillips, R. H. Friend, High 
photoluminescence efficiency and optically pumped lasing in solution-processed mixed 
halide perovskite semiconductors. J. Phys. Chem. Lett. 5, 1421–1426 (2014). 
doi:10.1021/jz5005285 



12  

14. F. D. Stasio, S. Christodoulou, N. Huo, G. Konstantato, Near-unity photoluminescence 
quantum yield in CsPbBr3 nanocrystal solid-state films via postsynthesis treatment with lead 
bromide. Chem. Mater. 29, 7663–7667 (2017). doi:10.1021/acs.chemmater.7b02834 

15. J. Li, L. Gan, Z. Fang, H. He, Z. Ye, Bright tail states in blue-emitting ultrasmall perovskite 
quantum dots. J. Phys. Chem. Lett. 8, 6002–6008 (2017). doi:10.1021/acs.jpclett.7b02786 

16. S. Wang, C. Bi, J.Yuan, L. Zhang, J. Tian, Original core–shell structure of cubic 
CsPbBr3@amorphous CsPbBrx perovskite quantum dots with a high blue 
photoluminescence quantum yield of over 80%. ACS Energy Lett. 3, 245–251 (2018). 
doi:10.1021/acsenergylett.7b01243 

17. X. Gong, O. Voznyy, A. Jain, W. Liu, R. Sabatini, Z. Piontkowski, G. Walters, G. Bappi, S. 
Nokhrin, O. Bushuyev, M. Yuan, R. Comin, D. McCamant, S. O. Kelley, E. H. Sargent, 
Electron–phonon interaction in efficient perovskite blue emitters. Nat. Mater. 17, 550–556 
(2018). doi:10.1038/s41563-018-0081-x 

18. H. Luo, Y. Huang, H. Liu, B. Zhang, J. Song, Ionic liquid assisted pure blue emission 
CsPbBr3 quantum dots with improved optical properties and alkyl chain regulated stability. 
J. Chem. Eng. 430. 132790 (2022). doi:10.1016/j.cej.2021.132790 

19. M. C. Folgueras, S. Louisia, J. Jin, M. Gao, A. Du, S. C. Fakra, R. Zhang, F. Seeler, K. 
Schierle-Arndt, P. Yang, Ligand-Free Processable Perovskite Semiconductor Ink. Nano Lett. 
21, 8856–8862 (2021). doi:10.1021/acs.nanolett.1c03308 

20. J. Jin, M. C. Folgueras, M. Gao, S. Yu, S. Louisia, Y. Zhang, L. N. Quan, C. Chen, R. Zhang, 
F. Seeler, K. Schierle-Arndt, P. Yang, A new perspective and design principle for halide 
perovskites: ionic octahedron network (ION). Nano Lett. 21, 5415–5421 (2021). 
doi:10.1021/acs.nanolett.1c01897 

21. M. Gao, Y. Zhang, Z. Lin, J. Jin, M. C. Folgueras, P. Yang, The making of a reconfigurable 
semiconductor with a soft ionic lattice. Matter 4, 3874-3896 (2019). 
doi:10.1016/j.matt.2021.09.023 

22. J. S. Manser, M. I. Saidaminov, J. A. Christians, O. M. Bakr, P. V. Kamat., Making and 
breaking of lead halide perovskites. Acc. Chem. Res. 49, 330–338 (2016). 
doi:10.1021/acs.accounts.5b00455 

23. M. C. Folgueras, J. Jin, M. Gao, L. N. Quan, J. A. Steele, S. Srivastava, M. B. Ross, R. 
Zhang, F. Seeler, K. Schierle-Arndt, M. Asta, P. Yang, Lattice dynamics and optoelectronic 
properties of vacancy-ordered double perovskite Cs2TeX6 (X = Cl–, Br–, I–) single crystals. 
J. Phys. Chem. C 125, 25126–25139 (2021). doi:10.1021/acs.jpcc.1c08332 

24. D. Ju, X. Zheng, J. Yin, Z. Qiu, B. Türedi, X. Liu, Y. Dang, B. Cao, O. F. Mohammed, O. 
M. Bakr, X. Tao, Tellurium-based double perovskites A2TeX6 with tunable band gap and 
long carrier diffusion length for optoelectronic applications. ACS Energy Lett. 4, 228–234 
(2019). doi:10.1021/acsenergylett.8b02113 

25. A. D. Nicholas, B. W. Walusiak, L. C. Garman, M. N. Huda, C. L. Cahill, Impact of 
noncovalent interactions on structural and photophysical properties of zero-dimensional 
tellurium(IV) perovskites. J. Mater. Chem. C 9, 3271–3286 (2021). 
doi:10.1039/D0TC06000C 

26. J. Zhou, J. Luo, X. Rong, P. Wei, M. S. Molokeev, Y. Huang, J. Zhao, Q. Liu, X. Zhang, J. 
Tang, Z. Xia, Lead-gree perovskite derivative Cs2SnCl6−xBrx single crystals for narrowband 
photodetectors. Adv. Opt. Mater. 7, 1900139 (2019). doi:10.1002/adom.201900139 

27. Z. Tan, Y. Chu, J. Chen, J. Li, G. J, G. Niu, L. Gao, Z. Xiao, J. Tang, Lead-free perovskite 



13  

variant solid solutions Cs2Sn1–xTexCl6: bright luminescence and high anti-water stability. 
Adv. Mater. 32, 2002443 (2022). doi:10.1002/adma.202002443 

28. H. Yin, J. Chen, P. Guan, D. Zheng, Q. Kong, S. Yang, P. Zhou, B. Yang, T. Pullerits, K. 
Han, Controlling photoluminescence and photocatalysis activities in lead-free 
Cs2PtxSn1−xCl6 perovskites via ion substitution. Angew Chem. Int. Ed. 60, 22693–22699 
(2021). doi:10.1002/anie.202108133 

29. I. N. Douglas, J. V. Nicholas, B. G. Wybourne, Luminescence of Pt4+ in octahedral 
complexes. J. Chem. Phys. 48, 1415 (1968). doi:10.1063/1.1668827 

30. C. Li, X. Lu, W. Ding, L. Feng, Y. Gao, Z. Guo, Formability of ABX3 (X = F, Cl, Br, I) 
halide perovskites. Acta Cryst. B64, 702–707 (2008). doi:10.1107/S0108768108032734 

31. Q. He, C. Zhou, L. Xu, S. Lee, Xi. Lin, J. Neu, M. Worku, M. Chaaban, B. Ma, Highly stable 
organic antimony halide crystals for X-ray scintillation. ACS Materials Lett. 2, 633–638 
(2020). doi:10.1021/acsmaterialslett.0c00133 

32. C. Zhou, H. Lin, Y. Tian, Z. Yuan, R. Clark, B. Chen, L. J. van de Burgt, J. C. Wang, Y. 
Zhou, K. Hanson, Q. J. Meisner, J. Neu, T. Besara, T. Siegrist, E. Lambers, P. Djurovich, B. 
Ma, Luminescent zero-dimensional organic metal halide hybrids with near-unity quantum 
efficiency. Chem. Sci. 9, 586–593 (2018). doi:10.1039/C7SC04539E 

33. M. Li, Z. Xia. Recent progress of zero-dimensional luminescent metal halides. Chem. Soc. 
Rev. 50, 2626–2662 (2021). doi:10.1039/D0CS00779J 

34. J. A. Steele, P. Puech, M. Keshavarz, R. Yang, S. Banerjee, E. Debroye, C. W. Kim, H. 
Yuan, N. H. Heo, J. Vanacken, A. Walsh, J. Hofkens, M. B. J. Roeffaers, Giant electron– 
phonon coupling and deep conduction band resonance in metal halide double perovskite. 
ACS Nano 12, 8081–8090 (2018). doi:10.1021/acsnano.8b02936 

35. K. Saeki, Y. Fujimoto, M. Koshimizu, D. Nakauchi, H. Tanaka, T. Yanagida, K. Asai, 
Luminescence and scintillation properties of Cs2HfBr6 and Cs2ZrBr6 crystals. J. Appl. Phys. 
57, 030310 (2018). doi:10.7567/JJAP.57.030310 

36. A. Abfalterer, J. Shamsi, D. J. Kubicki, C. N. Savory, J. Xiao, G. Divitini, W. Li, S. 
Macpherson, K. Gałkowski, J. L. MacManus-Driscoll, D. O. Scanlon, S. D. Stranks, 
Colloidal synthesis and optical properties of perovskite-inspired cesium zirconium halide 
nanocrystals. ACS Materials Lett. 2, 1644-1652 (2020). 
doi:10.1021/acsmaterialslett.0c00393 

37. C. Kaewmeechai, Y. Laosiritaworn, A. P. Jaroenjittichai, DFT calculation on electronic 
properties of vacancy-ordered double perovskites Cs2(Ti, Zr, Hf)X6 and their alloys: 
Potential as light absorbers in solar cells. Results Phys. 25, 104225 (2021). 
doi:10.1016/j.rinp.2021.104875 

38. W. Thomas, H. Elias, Darstellung von HfCl4 und HfBr4 durch umsetzung von hafnium mit 
geschmolzenen metallhalogeniden. J. Inorg, Nucl. Chem. 38, 2227–2229 (1976). 
doi:10.1016/0022-1902(76)80199-6 

39. E. V. van Loef, G. Ciampi, U. Shirwadkar, L. S. Pandian, K. S. Shah, Crystal growth and 
scintillation properties of Thallium-based halide scintillators. J. Cryst. Growth 532, 125438 
(2020). doi:10.1016/j.jcrysgro.2019.125438 

40. S. Kodama, S. Kurosawa, K. Fujii, T. Murakami, M. Yashima, J. Pejchal, R. Král, M. Nikl, 
A. Yamaji, M. Yoshino, S. Toyoda, H. Sato, Y. Ohashi, K. Kamada, Y. Yokota, A. 
Yoshikawa, Single-crystal growth, structure and luminescence properties of Cs2HfCl3Br3. 
Opt. Mater. 106, 109942 (2020). doi:10.1016/j.optmat.2020.109942 



14  

41. C. Zhu, J. Jin, M. Gao, A. M. Oddo, M. C. Folgueras, Y. Zhang, C.-K. Lin, P. Yang, 
Supramolecular assembly of halide perovskite building blocks. J. Am. Chem. Soc. 144, 
12450–12458 (2022). doi:10.1021/jacs.2c04357 

42. J. E. Saal, S. Kirklin, M. Aykol, B. Meredig, C. Wolverton, Materials design and discovery 
with high-throughput density functional theory: the open quantum materials database 
(OQMD). JOM 65, 1501–1509 (2013). doi:10.1007/s11837-013-0755-4 

43. S. Kirklin, J. E. Saal, B. Meredig, A. Thompson, J. W. Doak, M. Aykol, S. Rühl, C. 
Wolverton, The open quantum materials database (OQMD): assessing the accuracy of DFT 
formation energies. Npj Comput. Mater. 1, 15010 (2015). 
doi:10.1038/npjcompumats.2015.10 

44. Q. A. Akkerman, . D’Innocenzo, S. Accornero, A. Scarpellini, A. Petrozza, M. Prato, L. 
Manna, Tuning the optical properties of cesium lead halide perovskite nanocrystals by anion 
exchange reactions. J. Am. Chem. Soc. 137, 10276–10281 (2015). doi:10.1021/jacs.5b05602 

45. Y. Toyozawa. Further contribution to the theory of the line-shape of the exciton absorption 
band. Prog. Theor. Phys. 27, 89–104 (1962). doi:10.1143/PTP.27.89 

46. W. Stadler, D. M. Hofmann, H. C. Alt, T. Muschik, B. K. Meyer, E. Weigel, G. Müller- 
Vogt, M. Salk, E. Rupp, K. W. Benz, Optical investigations of defects in Cd1−xZnxTe. Phys. 
Rev. B. 51, 10619–10630 (1995). doi:10.1103/PhysRevB.51.10619 

47. Y. Song, X. Zhang, L. Li, Z. Mo, J, Xu, S. Yu, X. Liu, J. Zhang, Temperature-dependent 
photoluminescence of cesium lead halide perovskite (CsPbX3, X = Br, Cl, I) quantum dots. 
Mater. Res. Express 6, 115064 (2019). doi:10.1088/2053-1591/ab4911 

48. S. J. Zelewski, J. M. Urban, A. Surrente, D. K. Maude, A. Kuc, L. Schade, R. D. Johnson, 
M. Dollmann, P. K. Nayak, H. J. Snaith, P. Radaelli, R. Kudrawiec, R. J. Nicholas, P. 
Plochocka, M. Baranowski, Revealing the nature of photoluminescence emission in the 
metal-halide double perovskite Cs2AgBiBr6. J. Mater. Chem. C 7, 8350–8356 (2019). 
doi:10.1039/C9TC02402F 

49. V. Vaněček, J. Páterek, R. Král, M. Buryi, V. Babin, K. Zloužeová, S. Kodama, S. 
Kurosawa, Y. Yokota, A. Yoshikawa, M. Nikl, Cs2HfCl6 doped with Zr: Influence of 
tetravalent substitution on scintillation properties. J. Cryst. Growth 573, 126307 (2021). 
doi:10.1016/j.jcrysgro.2021.126307 

50. K. Saeki, Y. Fujimoto, M. Koshimizu, T. Yanagida, K. Asai, Comparative study of 
scintillation properties of Cs2HfCl6 and Cs2ZrCl6. Appl. Phys. Express 9, 042602 (2016). 
doi:10.7567/APEX.9.042602 

51. H.-H. Kuo, Z.-L. Zhu, C.-S. Lee, Y.-K. Chen, S.-H. Liu, P.-T. Chou, A. K.-Y. Jen, Y. Chi. 
Bis-tridentate iridium(III) phosphors with very high photostability and fabrication of blue- 
emitting OLEDs. Adv. Sci. 5, 1800846 (2018). doi: 10.1002/advs.201800846 

52. H.-H. Kuo, L.-Y. Hsu, J.-Y. Tso, W.-Y Hung, S.-H. Liu, P.-T. Chou, K.-T. Wong, Z.-L. 
Zhu, C.-S. Lee, A. K.-Y. Jen, Y. Chi. Blue-emitting bis-tridentate Ir(III) phosphors: OLED 
performances vs. substituent effects. J. Mater. Chem. C 6, 10486–10496 (2018). doi: 
10.1039/c8tc03194k 

53. S. Schmidbauer, A. Hohenleutner, B. König. Studies on the photodegradation of red, green 
and blue phosphorescent OLED emitters. Beilstein J. Org. Chem. 9, 2088–2096 (2013). 
doi:10.3762/bjoc.9.245 

54. W. Hui, L. Chao, H. Lu, F. Xia, Q. Wei, Z. Su, T. Niu, L. Tao, B. Du, D. Li, Y. Wang, H. 
Dong, S. Zuo, B. Li, W. Shi, X. Ran, P. Li, H. Zhang, Z. Wu, C. Ran, L. Song, G. Xing, X. 



15  

Gao, J. Zhang, Y. Xia, Y. Chen, W. Huang., Stabilizing black-phase formamidinium 
perovskite formation at room temperature and high humidity. Science 371, 1359–1364 
(2021). doi:10.1126/science.abf7652 

55. F. Mathies, T. Abzieher, A. Hochstuhl, K. Glaser, A. Colsmann, U. W. Paetzold, G. 
Hernandez-Sosa, U. Lemmer, A. Quintilla, Multipass inkjet printed planar 
methylammonium lead iodide perovskite solar cells. J. Mater. Chem. A 4, 19207–19213 
(2016). doi:10.1039/C6TA07972E 

56. S. Li, X. L. Xu, Y. Yang, Y. S. Xu, Y. Xu, H. Xia, Highly deformable high-performance 
paper-based perovskite photodetector with improved stability. ACS Appl. Mater. Interfaces 
13, 31919–31927 (2013). doi:10.1021/acsami.1c05828 

57. M. Kaseem, K. Hamad, Y. G. Ko, Fabrication and materials properties of polystyrene/carbon 
nanotube (PS/CNT) composites: a review. Eur. Polym. J. 79, 36–62 (2016). 
doi:10.1016/j.eurpolymj.2016.04.011 

58. Y. Tu, L. Zhou, Y. Z. Jin, C. Gao, Z. Z. Ye, Y. F. Yang, Q. L. Wang, Transparent and flexible 
thin films of ZnO-polystyrene nanocomposite for UV-shielding applications. J. Mater. 
Chem. 20, 1594–1599 (2010). doi:10.1039/B914156A 

59. H. Cui, D. Yao, R. Hensleigh, H. Lu, A. Calderon, Z. Xu, S. Davaria, Z. Wang, P. Mercier, 
P. Tarazaga, X. Zheng, Design and printing of proprioceptive three-dimensional architected 
robotic metamaterials. Science, 376, 1287–1293 (2022). doi:10.1126/science.abn0090 

60. R. Hensleigh, H. Cui, Z. Xu, J. Massman, D. Yao, J. Berrigan, X. Zheng. Charge- 
programmed three-dimensional printing for multi-material electronic devices. Nat. Electron. 
3, 216–224 (2020). doi:10.1038/s41928-020-0391-2 

61. CrysAlisPro 1.171.39.45f. 
62. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard,  H. Puschmann, OLEX2: a 

complete structure solution, refinement and analysis program. J. Appl. Crystallogr. 42 
339−341 (2009). doi:10.1107/S0021889808042726 

63. G. M. Sheldrick, SHELXT-integrated space-group and crystal-structure determination. Acta 
Crystallogr., Sect. A: Found. Adv. 71, 3−8 (2015). doi:10.1107/S2053273314026370 

64. G. M. Sheldrick, Crystal structure refinement with SHELXL. Acta Crystallogr., Sect. C: 
Struct. Chem. 71, 3−8 (2015). doi:10.1107/S2053229614024218 

65. S. J. Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. I. J. Probert, K. Refson, M. C. Payne, 
First principles methods using CASTEP. Z. Kristallogr. 220, 567–570 (2005). 
doi:10.1524/zkri.220.5.567.65075 

66. D. R. Hamann, M. Schlüter, C. Chiang, Norm-conserving pseudopotentials. Phys. Rev. Lett. 
43, 1494–1497 (1979). doi:10.1103/PhysRevLett.43.1494 

67. W. Kohn, L. J. Sham, Self-consistent equations including exchange and correlation effects. 
Phys. Rev. 140, A1133–A1138 (1965). doi:10.1103/PhysRev.140.A1133  



16  

Figures: 
 

 
Fig. 1. Two assemblies of the [HfBr6]2- ionic octahedron. (A) The rhombohedral unit cell and 
(B) the dumbbell-shaped structural unit of (18C6@K)2HfBr6. (C) The Fm-3m unit cell (from 
OQMD database (36, 37)) and (D) the isolated [HfBr6]2- ionic octahedron building block of 
K2HfBr6. (E) The powder x-ray diffraction (PXRD) patterns for synthesized (18C6@K)2HfBr6 
and K2HfBr6 powders and the calculated diffraction patterns. K2HfBr6 showed quite poor PXRD 
quality because of its poor stability during measurement. Band structure and corresponding total 
partial density of states (pDOS) of (F) (18C6@K)2HfBr6 and (G) K2HfBr6. When [HfBr6]2- 
octahedra were assembled in the supramolecular approach, the dispersion of the bands decreased 
and 18C6 contributed to the valence band.  



17  

 
Fig. 2. Blue emission with near-unity PLQY (96.2%) from (18C6@K)2HfBr6 powders and 
green emission with a PLQY of 82.7% from (18C6@K)2ZrCl4Br2 powders. (A) 
(18C6@K)2HfBr6 powders under white light and 254-nm UV excitation. (B) PL and PLE spectra 
of (18C6@K)2HfBr6 powders with 275-nm excitation. (C) (18C6@K)2ZrCl4Br6 powders under 
white lamp and 302-nm UV excitation. (D) PL and PLE spectra of (18C6@K)2ZrCl4Br2 powders 
with 295-nm excitation. (E) The CIE 1931 chromaticity diagram for the emission of 
(18C6@K)2HfBr6 powders and (18C6@K)2ZrCl4Br2 powders. “B” stands for the blue emission 
of (18C6@K)2HfBr6, and “G” stands for the green emission of (18C6@K)2ZrCl4Br2. The 
coordinates for the emission colors of (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2 were (0.17438, 
0.16922) and (0.30597, 0.41533), respectively.  
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Fig. 3. Photophysical analysis of (18C6@K)2HfBr6 and (18C6@K)2ZrCl4Br2. (A) PL spectra 
of (18C6@K)2HfBr6 powders at 4, 50, 100, 150, 210, and 293 K. (B) Full-width at half-maximum 
(FWHM) of the PL spectra of (18C6@K)2HfBr6 powders at different temperatures, with the red 
and green solid lines denoting the least-square fit to Eq. 1 at low (4 to 190 K) and high (190 to 
293 K) temperature ranges, respectively. (C) Photoluminescence excitation (PLE) spectroscopy 
of (18C6@K)2HfBr6 powders. (D) Normalized PL decay curves of (18C6@K)2ZrCl4Br2 and 
(18C6@K)2ZrBr6 single crystals.  
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Fig. 4. Solution processability and display application of highly emissive blue and green 
semiconductor inks. (A) Schematic illustrating the thin film fabrication method and the display 
application. The inks were formed by mixing (18C6@K)2HfBr6 or (18C6@K)2ZrCl4Br2 
powders and polystyrene (PS) in dichloromethane (DCM). Thin films were obtained by drop 
casting, and they demonstrated programmable display capability. (B) (18C6@K)2HfBr6/PS-
DCM ink under white lamp and 254-nm UV lamp excitation. (C) (18C6@K)2ZrCl4Br2/PS-DCM 
ink under white light and 302-nm lamp excitation. (D) (18C6@K)2HfBr6/PS composite thin film 
under white light and 254-nm UV excitation. (E) (18C6@K)2ZrCl4Br2/PS composite thin film 
under white light and 302-nm UV excitation. The scale bars for (B-E) are 1 cm. The PLQYs of 
all samples are shown in the photos. (F) Image of the ‘Cal Logo’ blue emission on 



20  

(18C6@K)2HfBr6/PS composite thin film. (G) Snapshots of a video showing alphabet A to Z 
with 0.1 s per letter on (18C6@K)2HfBr6/PS composite thin film. The scale bars for (F) and (G) 
are 3 mm and 4 mm, respectively.  
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Fig. 5. Implementation of the blue-green dual-color 3D printing. (A) Schematic illustrating 
the multi-material 3D printing process. Two 3D-printed light-emitting Eiffel Towers under (B) 
white light and (C) 254-nm UV excitation. (D) A dual-emitting Eiffel Tower under 254-nm UV 
excitation. (E-H) Conformal and twisted octet trusses with varying hierarchical structures and 
geometric shapes, including cuboctahedron, tetrakaidecahedron, and Menger sponge structures 
with the blue and green emitters or their combinations, respectively. These printed architectures 
were photoexcited at 254 nm. The scale bars for (B) to (G) are 5 mm. The scale bar for the zoom-
in image of (E) is 0.6 mm. The scale bar for (H) is 4 mm.  
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