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One Sentence Summary:

A crown ether-assisted assembly of [Hf/ZrBrs]** 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)>HfBrs powders showed blue emission with a near-unity PLQY (96.2%), and green
emission was also achieved with (18C6@K).ZrCl4Br; 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.



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 °C (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 (/1, 12), and efficient
photo/electroluminescence (13, /4). For example, the blue and green emissive colloidal CsPbClxBrs«
quantum dots have exhibited PLQY values ~ 80% (15, 16). In addition, low-dimensional halide perovskites
like the n = 1 Ruddlesden-Popper phase (CsHsCH2NH3):PbBrs 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 (/8).

Recent studies have revealed that the optoelectronic properties of halide perovskites stem from the [MXe]™
(M =metal cation, X = halide anion) fundamental building blocks in the crystal structure (/9-27) and given
the ionic nature and high chemical tunability of halide perovskite structures (22), different compositions and
packing geometries of [MXg]™ could be explored for light-emission applications. The vacancy-ordered
double perovskite (A2MXs phase) has been proposed to incorporate tetravalent metal cation octahedra, such
as [TeXe]” (23-25), [SnXe]* (26, 27), and [PtXs]* (28, 29). Although the [PbXs]* octahedra are corner-
shared in all three dimensions in the prototypical CsPbXs structure (30), the [MXs]> octahedra in the AXMXs
phase are isolated because a vacancy occupies every other M-site in the crystal structure (23). A few [MXe]™
emitters as well as some non-octahedral emitters (37) with high PLQY (~ 95%) have been identified with
yellow emission, such as [SnXc]* (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
AoMXs systems generally have broadband emission with a large Stokes shift.

Although the A;MX phase has been widely studied in various compositions, octahedra with Hf*"/Zr**
centers, especially [HfBrs]* and [ZrBrs]* octahedra, have rarely been the subject of research (35, 36), even
though they have interesting optoelectronic properties. Cs;HfBrs crystals have a blue emission with the PL
peak at 435 nm (35), and colloidal Cs,ZrBrs 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 Hf*" and Zr*" metal centers are extremely air- and moisture-
sensitive in the Ao2MXs phase. Their synthesis requires the vertical Bridgman-Stockbarger method at ~
1000°C 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/ZrBrs]* octahedra.

Recently, we proposed a general crown ether-assisted supramolecular assembly approach for tetravalent
metal octahedra (4/). Two crown ether@alkali metal complexes can sandwich a tetravalent metal
octahedron into a (crown ether@A),MX¢ 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 =Te*, Sn*, Se*", Ir*", Pt*, Zr*", Hf*", Ce*"; X = CI, Br,, I. In this work, we extended this general
supramolecular assembly approach to [HfBre]* octahedra to achieve a structure with formula
(18C6@K),HfBrs 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



organic solution-based synthesis. Moreover, an efficient green emission was also achieved by tuning the
composition of the (crown ether@A)MXs dumbbell structural unit. (18C6@K)>ZrClsBr> 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)HfBrs. 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),HfBre¢/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
HifBr4 precursors in polar organic solvents for low-temperature solution-based synthesis. A clear precursor
solution was obtained with acetonitrile (ACN) at 80°C 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 (47)
indicated that a (18C6@K),HfBrs dumbbell structural unit was formed in ACN. We grew (18C6@K),HfBrs
powders and single crystals using the anti-solvent crystallization method (39). KoHfBrs powders were also
synthesized by using a modified solid-state synthesis method. We increased the purity and decreased the
synthesis temperature to 200°C by combining mechanical forces with heat to facilitate solid-state diffusion.
Details of the synthesis for (18C6@K),HfBrs and KoHfBrs can be found in the Supplementary Materials.

The crystal structure of (18C6@K),HfBrs was determined from single-crystal x-ray diffraction (SCXRD).
(18C6(@K),HfBrs crystallized in the R3- [note this is 3 with an overbar] space group with lattice parameters
ofa=14.1332 A and ¢ =21.0189 A (Fig. 1A and table S1). The (18C6@K)HfBrs dumbbell structural unit
belongs to the S¢ point group, where two K cations and the Hf*' cation sit on the S axis. The sixfold
symmetry axis of the 18C6 and the Ss axis of Op-symmetric [HfBre]* octahedron were aligned (Fig. 1B).
The KoHfBr; crystals were face-centered cubic (fcc) (Fig. 1C) (42, 43) in which the [HfBrg]* ionic octahedra
were charge balanced by the surrounding K™ cations (Fig. 1D).

The purity of the (18C6@K),HfBrs and KoHfBrs powders was investigated with powder x-ray diffraction
(PXRD) (Fig. 1E). The PXRD pattern of the (18C6(@K)H{Brs 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 KoHfBrg 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 KoHfBrg PXRD
pattern was not ideal, the most dominant peaks of the fcc KoHfBrs phase were still identifiable. Moreover,
no HfBrs or KBr diffraction peaks were present (Fig. 1E), which showed that all the precursor materials
transformed into the KoHfBrs phase. Raman spectrum of KoHfBrs further confirmed the presence of the
[HfBrs]* octahedra in the crystal structure (fig. S1).

The crown ether-assisted supramolecular approach was generalized to produce other emissive centers. For
example, (18C6@K),ZrBrs single crystals and powders were successfully synthesized by the same method,
and the same crystal structure as (18C6@K)HfBrs was obtained (fig. S2 and table S1). Figure S3 shows



that phase pure (18C6(@K)2ZrBrs powders could be obtained with our established solution-based synthesis.
KoZrBrs powders were also synthesized with the same solid-state method as KoHfBrs.

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

Optical Characterization of the Blue and Green Emitters

Compared to KoHfBrs, (18C6@K)HfBr» had greatly enhanced emission intensity. Figure 2A shows the
extremely bright blue emission of (18C6@K)HfBrs powders under 254-nm ultraviolet (UV) excitation.
The photoluminescence (PL) spectrum of (18C6@K)HfBrs 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

(135¢eV).

The emission intensity of the (18C6@K)HfBrs powders was quantified with PLQY measurement, and a
near-unity value of 96.2 = 1.2% was obtained for the (18C6(@K)HfBrs 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 KoHfBrs powders was 12.8% (fig. S6). KoHfBrs 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 [HfBr¢]* octahedra was also enhanced by the supramolecular approach.
Figure S8 shows the emission color of (18C6@K)HfBrs and KoHfBrs powders on the CIE 1931
chromaticity diagram. (18C6(@K)HfBrs had a much purer blue emission color than KoHfBrs.

The [ZrBrs]* units enabled high-PLQY green emissions. Upon 290-nm excitation, (18C6@K ).Z1Brs 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 KoZrBrs was at 560 nm, and the FWHM of the PL was 0.70 eV (fig. S10). The PLQY of
(18C6@K)2ZrBrs was 49.8% (fig. S11), which was slightly greater than the PLQY of KoZrBre (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 =CI;, Br
, I') nanocrystals, the emission color can be easily controlled by tuning the halide composition (44);
introducing CI” in the halide site may generate a shorter wavelength emission color. By carefully tuning the
KCIKBr and ZrCly/Z1Br4 precursor ratio in the synthesis, the CI7/Br ratio in the obtained (18C6@K)2ZrXs
dumbbell structural unit can be precisely controlled. As expected, a larger CI/Br ratio created a more blue-
shifted PL (figs. S14 and S15). For example, (18C6@K).ZrCl3Br3; and (18C6@K)ZrClsBr; had green
emission with PL peaks at 534 nm and 530 nm, respectively. Increasing the CI” content to a composition of
(18C6(@K)2ZrClssBri s changed the PL color to the cyan (bluish-green) color. The established halide-site



alloying approach not only generated a purer green emission color, but also boosted the PLQY of the
emission to near-unity. For the CI/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 CI7/Br ratio composition had both pure-green emission color and high PLQY, we selected
(18C6@K)2ZrClsBr; for detailed studies of green emission. (18C6@K):ZrCl4Br» single crystals were
synthesized by controlling the CI/Br™ precursor ratio to be 2:1. The formula of (18C6@K)ZrClsBr> was
determined by SCXRD (CI':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 CI and Br atoms were perfectly miscible in the
crystal structure. PXRD of the (18C6@K).ZrCl4Brz powders (fig. S20) also indicated that this composition
was a phase-pure system. The (101) and (110) diffraction peaks of (18C6@K )ZrClsBr> were slightly shifted
to larger 26 values compared to the corresponding PXRD peaks of (18C6@K).ZrBrs, suggesting smaller
lattice constants (fig. S21).

Figure 2C shows the bright green emission of (18C6@K).ZrClsBr, powders under 302-nm UV lamp
excitation. The PL spectrum of (18C6@K)2ZrClsBr, 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).HfBrs 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)2ZrClsBr, 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)HfBrs and (18C6@K)ZrClsBr, 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)HfBrs. 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 (395).
Inductively coupled atomic emission spectroscopy revealed a ~ 0.5 at% ZrBrs impurity in the as-obtained
HfBrs precursor, and that there was ~ 0.6 at% Zr* impurity in the synthesized (18C6@K).HfBrs single
crystals (table S5).

To deconvolve the emission from (18C6@K),ZrBrs impurities, a two-peak Gaussian fitting was applied to
the PL spectrum at each temperature. Figure S22 shows an example at 4 K. The FWHMSs of the
(18C6@K),HfBrs 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 £, the temperature
T, and the Huang-Rhys electron-phonon coupling parameter S: (46)

Epn
FWHM = 2.36VSE,, /coth ZK”BT (D)




The relation between FWHM and temperature is shown in Figure 3B. Analyzing the data according to Eq.
1 yielded a coupling factor S; = 92.2 + 3.6 and an effective phonon energy Epn; = 21.4 £ 0.5 meV. This
phonon mode corresponded to the asymmetric stretching mode (Ey) of the [HfBrs]* octahedra, which was
observed at 20.4 meV (164.5 cm™) 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 S> =
108.8 + 12.4 and an effective phonon energy Epn2 =25.8 + 1.6 meV. This phonon mode corresponded to the
symmetric stretching mode (4,) of the [HfBre]* octahedra at 25.1 meV (202.5 cm™). The large Huang-
Rhys factor § 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 Cs;AgBiBrs is only ~ 12
(48). Self-trapping exciton behavior is closely related to the octahedra packing dimensionality. Through our
supramolecular approach, the [HfBre]** 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).HfBrs (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)2ZrBrs impurity, and 2D PLE mapping of (18C6@K).ZrBrs 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).ZrBrs could be mostly described by a mono-exponential decay profile on the
microsecond ps time scale, with a PL lifetime of 6.80 ps (Fig. 3D and table S7). In contrast, CsZrBre bulk
crystal featured a triple-exponential PL decay, yielding decay time constants of 40 ns (8.9%), 0.99 us (24%),
and 4.6 pus (68%) (359). Additionally, Cs;ZrBrs nanocrystals showed a double-exponential PL. decay with
time constants at 0.78 pus and 4.5 us (49). The PLQY was related to both the radiative and non-radiative
decay rates (PLOY = kad/(krad + knon-rad), S0 @ more sluggish radiative decay did not necessarily correlate to
a lower PLQY. Remarkably, the PLQY of (18C6@K)ZrBrs powders (49.8%) was greater than that of
KoZrBrs powders (46.3%, from our measurement) and Cs;ZrBrs 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)ZrClsBr» single crystal could also be fit with a single exponential
function, with an even longer PL lifetime (12.1 ps) (Fig. 3D and table S8). Cs2ZrCls had a slightly longer PL
lifetime (7.5 ps) than CsyZrBrs (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 (57, 52). To ensure
a fair comparison, we applied identical irradiation energy density (62 mW/cm?) and temperature (35°C), and
deuterated toluene was used to disperse the (18C6@K)HfBrs and (18C6@K)ZrClsBr, powders. Figure
S25 shows the PL intensity decay of the (18C6@K):HfBrs and (18C6@K)ZrCl4Br> samples under
continuous irradiation. Both decay trends could be accurately described by the integrated rate law for the
first-order reaction (In(1/Iy) = -kt). The rate constants of photodegradation were estimated to be 5.1 x 10 h-
Pand 3.0 x 10> h! for (18C6@K )HfBrs and (18C6@K),ZrClsBr, respectively. Remarkably, even under
stringent irradiation conditions, the PL intensities of (18C6@K)>HBrs and (18C6(@K)>ZrCl4Br» decreased



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)s] reference (k=2.6 x 10> h™) (51, 52). Previous studies on the photodegradation of the
Ir-complexes, such as Ir(ppy); and Ir(piq);, 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°C) 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)HfBrs/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),HfBrs 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)ZrCl4Bro/PS ink also preserved the green emission of the
(18C6@K)2ZrClsBr; 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)HfBrs/PS composite (fig. S30) and
(18C6@K)2ZrClsBry/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)>HfBrs powders
and (18C6@K)HfBrs/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)H{Brs/PS
and (18C6@K),ZrCl4Br»/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 PLQY's 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 Cs;HfBrs and CsZrBrs double-perovskite structures are predicted to be thermodynamically
unstable in the presence of water and oxygen (37), and we found that KoHfBrs and KoZrBrs 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)HfBre/PS and (18C6@K),ZrCLsBro/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),HfBre¢/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)HfBrs 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. 5SA). The PL spectra from the (18C6@K)HfBrs/ PEGDA
and the (18C6@K)2ZrClsBro/PEGDA composites were similar to that of the powders (figs. S38C, S38D,
S39, and S40). The printed architectural models of the Fiffel 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 0of 40 um 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. SE).
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. SH, 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)HfBrs warranted a blue emission with near-unity
(96.2%) PLQY, and (18C6@XK),ZrCl4Br> 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



processability. The (18C6@K),HfBrs/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)HfBrs/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.
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Fig. 1. Two assemblies of the [HfBrs]* ionic octahedron. (A) The rhombohedral unit cell and
(B) the dumbbell-shaped structural unit of (18C6@K)>HfBrs. (C) The Fm-3m unit cell (from
OQMD database (36, 37)) and (D) the isolated [HfBre]> ionic octahedron building block of
K>HfBre. (E) The powder x-ray diffraction (PXRD) patterns for synthesized (18C6@K).HfBrs
and KoHfBrs powders and the calculated diffraction patterns. KoHfBrs 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):HfBrs and (G) K.HfBrs. When [HfBre]*
octahedra were assembled in the supramolecular approach, the dispersion of the bands decreased
and 18C6 contributed to the valence band.
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Fig. 2. Blue emission with near-unity PLQY (96.2%) from (18C6@K):HfBrs powders and
green emission with a PLQY of 82.7% from (18C6@K)2ZrClsBr: powders. (A)
(18C6@K)>HfBrs powders under white light and 254-nm UV excitation. (B) PL and PLE spectra
of (18C6@K)>HfBrs powders with 275-nm excitation. (C) (18C6@K).ZrCl4Brs powders under
white lamp and 302-nm UV excitation. (D) PL and PLE spectra of (18C6@K)2ZrCl4Br> powders
with 295-nm excitation. (E) The CIE 1931 chromaticity diagram for the emission of
(18C6@K)>HfBrs powders and (18C6@K)>ZrCl4Br, powders. “B” stands for the blue emission
of (18C6@K)HfBrs, and “G” stands for the green emission of (18C6@K),ZrCl4Br2. The
coordinates for the emission colors of (18C6@K).HfBrs and (18C6@K)»ZrClsBr, were (0.17438,
0.16922) and (0.30597, 0.41533), respectively.
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Fig. 3. Photophysical analysis of (18C6@K):HfBrs and (18C6@K)2ZrClsBr2. (A) PL spectra
of (18C6@K)>HfBrs powders at 4, 50, 100, 150, 210, and 293 K. (B) Full-width at half-maximum
(FWHM) of the PL spectra of (18C6@K)HfBrs 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)HfBrs powders. (D) Normalized PL decay curves of (18C6@K)>ZrCl4Br> and

(18C6(@K)>ZrBrs single crystals.
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Solution Processibility with Polymers ~
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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).HfBrs 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)HfBrs/PS-
DCM ink under white lamp and 254-nm UV lamp excitation. (C) (18C6@K)>ZrCl4Br/PS-DCM
ink under white light and 302-nm lamp excitation. (D) (18C6(@XK).HfBrs/PS composite thin film
under white light and 254-nm UV excitation. (E) (18C6@K)>ZrCl4Br2/PS composite thin film
under white light and 302-nm UV excitation. The scale bars for (B-E) are 1 cm. The PLQY's of
all samples are shown in the photos. (F) Image of the ‘Cal Logo’ blue emission on
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(18C6@K)>HfBrs/PS composite thin film. (G) Snapshots of a video showing alphabet A to Z
with 0.1 s per letter on (18C6@K)HfBrs/PS composite thin film. The scale bars for (F) and (G)
are 3 mm and 4 mm, respectively.
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Implementation in 3D Printing
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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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