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ABSTRACT: Low-dimensional hybrid organic-inorganic materials (HOIMs) are being widely investigated for their unique optoe-
lectronic properties. Some of them exhibit broadband white-light (WL) emission upon UV excitation, providing a potential for the
fabrication of single-component white-light emitting diodes (WLEDs). Here, we report new examples of low-dimensional HOIMs,
based on 4-aminopyridine (4AMP) and group 12 metals (Hg and Zn), for single-component WL emission. The 4AMP cation con-
taining structures feature HgBr4 and ZnBr4 isolated tetrahedra in (CsH7N2)2HgBrs-H20 (1) and (CsH7N2)2ZnBr4 (2), respectively. The
presence of discrete molecular building blocks in the zero-dimensional (0D) structures result in strongly localized charges and bright
WL luminescence with a corresponding Commission Internationale de 1’Eclairage (CIE) Color Coordinates of (0.34, 0.38) and (0.25,
0.26), correlated color temperatures (CCT) of 5206 K (1) and 11630 K (2) and very high color rendering index (CRI) of 87 (1) and
96 (2). The visibly bright WL emission at room temperature is corroborated with high measured photoluminescence quantum yield
(PLQY) values of 14.87 and 19.18% for 1 and 2, respectively. Notably, the measured high CRI values for these new HOIMs exceed
the commercial requirements and affords both “warm” and “cold” WL depending on the metal used (Hg or Zn). Based on temperature-
and powder-dependent photoluminescence (PL), PL lifetimes measurements and density functional theory (DFT) calculations, the
broadband WL emission is assigned to the 4AMP organic molecules emission and self-trapped states.

INTRODUCTION
According to the U.S. Energy Information Administration,

directly to form a WL. However, due to the narrow spectrum of
a LED device, the light formed using this method is a pseudo

21% of all energy consumed in the U.S. in 2017 was from light-
ing. By replacing incandescent bulbs with light-emitting diodes
(LEDs), 40% power consumption reduction is projected to be
achieved by 2030.! To achieve these goals, scientists are taking
a leading role in the development of this technology, which un-
derpins general lighting and electronic displays, by customizing
the emission spectrum, stability, and other properties of inor-
ganic phosphors in the LEDs that help produce finely-tuned
WL. Development of white-emitting LEDs (WLEDs) is the key
step for the implementation of solid-state lighting (SSL) tech-
nologies, which are expected to address the low efficiencies of
conventional incandescent and fluorescent lighting sources.>*
The present SSL technology is based on using a combination of
phosphors to give the desired WL emitting devices. Three tech-
nologies are mainly used to realize solid state white lighting:
first, a blue LED is coated with a yellow phosphor, giving a high
luminous efficacy but poor color rendition.> ® Second, an ultra-
violet LED coated with a mixture of red, green, and blue (RGB)
phosphors, rendering a limited luminous efficiency as a result
of the self-absorption.”® Third, a mixture of RGB LEDs is used

WL with a discontinuous spectrum.’!* Therefore, there is a
growing interest in a single-component phosphor material for
SSL that could overcome these short-comings. '’

In this context, hybrid organic-inorganic materials
(HOIMs), especially halides with perovskite-type structures,
have attracted immense attention due to their remarkable struc-
tural diversity'®?® and outstanding optoelectronic properties,*!
22 which make them promising candidates for LEDs,? light-
emitting transistors,?® laser cooling,?’ laser gain media,?® photo-
detectors,? and solar cells.?® 3! In 2014, broadband WL emis-
sion was first reported in (110)-oriented 2D hybrid halides per-
ovskites (N-MEDA)PbXs (N-MEDA = N1-methylethane-1,2-
diammonium)*? and (EDBE)PbX4 (EDBE = 2,2'-(ethylenedi-
oxy)bis-(ethylammonium)) with X = Br, C1,** and in 2015 a new
example of WL emission in the (100)-oriented 2D HOI perov-
skite (CsH11NH3)2PbBrs.** The physical origin of the unusual
WL emission was attributed to self-trapped excitons (STEs) in
a deformable lattice due to the presence of strong electron-pho-
non coupling.’?3* Follow-up studies by several research groups
yielded new examples of HOIM WL emitters>>-*! and confirmed



their great potential in solid-state lighting applications. It was
demonstrated that lowering the structural dimensionality of
HOIMs enables strong quantum confinement and highly local-
ized charges resulting in high exciton binding energies and sta-
ble excitonic emission.'®*" Among notable examples of highly
luminescent HOIMs is C4N2H14PbBrs,> which has a 1D crystal
structure and shows an efficient bluish WL emission with pho-
toluminescence quantum yield (PLQY) of 20% and 12% for
bulk single crystals and microscale crystals, respectively.’
More recently, new examples of broadband WL emitters have
been reported and the specific role of the organic cation in terms
of providing emissive centers has also been discussed in low
dimensional HIOMs.*® 3334 Beyond hybrid halide perovskites,
Luo et al. recently reported a highly efficient and stable warm-
WL emission from the all-inorganic lead-free halide double per-
ovskites Cs2(AgxNaix)InCls with 86% PLQY and stability over
1000 hours. Moreover, Wang et al.> reported that non-perov-
skite HOIMs can also have remarkable light emission proper-
ties, such as in the cases of (H:2DABCO)Pb2Cls and (H3O)(Etz-
DABCO)sPb21Clse compounds that demonstrate WL emission
with high color rendering index (CRI) values of 96 and 88, re-
spectively. In these two materials, inorganic parts contribute to
the blue emission, while the yellow/orange emission originates
from the organic parts, resulting in an overall broadband WL
emission.>® Notably high CRI values of 96 and 88 reported for
(H.DABCO)PDb2Cls and (H3O)(Et2-DABCO)sPb21Clsy are im-
portant; at present, the CRI of most commercial LEDs is around
80, which is considered good for use in everyday lighting.
Nonetheless, for high level color-critical applications such as
museums galleries, cinematography, cosmetic sales counters,
and surgery, WL emission with a CRI > 90 is desired.’’ The
work on (HRDABCO)Pb2Cls and (H30)(Et2-DABCO)sPb21Clso
confirms that non-perovskite HOIMs could also demonstrate
outstanding light emission properties.> However, the develop-
ment of highly-efficient broadband WL emitting HOIMs with
high CRI is still in its infancy, with only a few demonstrated
examples so far.

In this study, we report two new examples of HOIMs,
namely (CsH7N2).HgBrs-H20 (1) and (CsH7N2)2ZnBr4 (2) that
demonstrate excellent light emission properties. X-ray crystal-
lography studies suggest the presence of discrete molecular
building blocks, organic CsH7N»" cations and inorganic tetrahe-
dral MBr4* anions, in the zero-dimensional (0D) crystal struc-
tures of (CsH7N2)2MBr4 results in strongly localized charge car-
riers and bright WL emission with a corresponding Commission
Internationale de 1’Eclairage (CIE) Color Coordinates of (0.34,
0.38) and (0.25, 0.26), and a CRI values of 87 and 96 for 1 and
2, respectively, which are, to the best of our knowledge, among
the highest values reported in the literature to date, and the high-
est value for Pb-free HOIMs . Metal substitution (Hg/Zn) al-
lows us to tune the light emission from “warm” to “cold” WL
with a calculated correlated color temperatures (CCT) of 5206
K for 1 and 11630 K for 2. In addition to the record CRI values,
measured room temperature PLQY values of 14.87 and 19.18%
for 1 and 2, respectively are among the highest reported for
HOIMs. In particular, the 19.18% PLQY of 2 is the highest
value reported for non-toxic HOIMs WL emitters to date. Our
optical investigations supported by density functional theory
(DFT) calculations suggested that the WL emission resulting
from 4AMP-related molecular fluorescence and self-trapped
state.

EXPERIMANTAL SECTION

Reagents used. Chemicals listed were used as purchased and
without further purification: (i) 4-aminopyridinium, 98%,
Sigma; (ii) hydrobromic acid, 47% w/w, Sigma-Aldrich; (iii)
zinc bromide, 99.999%, Alfa Aesar; (iv) mercury bromide,
99.9%, Fisher Scientific; (v) methanol, ACS reagent grade, Al-
drich; (vi) N,N-dimethylformamide (DMF), 99%, Fisher.

Crystal growth. Crystals of 1 and 2 were grown through slow
evaporation at room temperature under ambient conditions
from stoichiometric (2:1:1 molar ratio of 4AMP to HBr to
MBr2) methanol solutions. The 4AMP and MBr: were solvated
separately then combined and mixed for 5 mins. A stoichio-
metric amount of HBr was added and the solution was stirred
for another 5 min and then allowed to sit at room temperature
to slowly evaporate.

Thin films preparation. Thin films of 1 and 2 were prepared
by spin coating technic. Ten milligrams of polycrystalline pow-
der of 1 and 2 were dissolved in 1 mL of N-Ndimethylforma-
mide (DMF) solvent and spin-coated on a quartz slide at 2500
rpm for 20 s. The film was then annealed at 80 °C for 10 min to
remove residual solvent.

Single crystal X-ray diffraction. The X-ray intensity data for
all compounds were collected on a Bruker D8 Quest Kappa-ge-
ometry diffractometer with a Photon II cpad area detector and
an Incoatec Imus microfocus Mo Kalpha source. The samples
were cooled to 100(2) K by an Oxford Cryostream 800 LT de-
vice. All crystal structures were determined from a nonlinear
least-squares fit. The data were corrected for absorption by the
semi-empirical method based on equivalents and structures
were solved by direct methods using the SHELXTL program
and refined by full matrix least-squares on F? by use of all re-
flections. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters, all occupancies were refined
within two standard deviations, and all hydrogen atom positions
were determined by geometry.

Powder X-ray diffraction. Powder X-ray diffraction
(PXRD) measurements were carried out on polycrystalline
powder and thin films of 1 and 2. A Rigaku MiniFlex600 sys-
tem equipped with a D/tex detector, and a Ni-filtered Cu-Ka
radiation source was used for these measurements. Scans were
performed in the 3-90° (20) range, with a step size of 0.02°.

Thermal analysis. Simultaneous thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measure-
ments were carried out on a TA Instruments SDT650 unit.
Measurements were done in 90 uL alumina crucibles on 10-11
mg samples under a 100 mL/min flow of nitrogen in the 50 —
475 °C range with 5 °C/min heating rate. DSC onset tempera-
tures were determined using TA Instrument’s TRIOS software
analysis package.

Diffuse reflectance and optical absorption. The UV-vis dif-
fuse reflectance measurements were measured on polycrystal-
line powder samples of 1 and 2, using a PerkinElmer Lambda
750 UV/VIS/NIR Spectrometer equipped with a 100mm Spec-
tralon InGaAs Integrating Sphere attachment over a 250-1100
nm range. The diffuse reflectance data were converted to ab-
sorption spectra according to the the Kubelka-Munk equation:
(F(R) = /S = (1-R)%(2R), where R is the reflectance, o is the
absorption coefficient, S is the scattering coefficient. Optical
absorption measurements were also performed, at room temper-
ature, on spin-coated films of 1 and 2 and, and were deduced



from direct transmission spectra acquired using a PerkinElmer
(Lambda 75) spectrophotometer.

Photoluminescence. Room temperature photoluminescence
excitation (PLE) and PLQY measurements were performed on
polycrystalline powder for 1 and 2, and in solution for the or-
ganic 4AMP, using a HORIBA Jobin Yvon Fluorolog-3 spec-
trofluorometer using a Xenon lamp and Quanta-¢ integrating
sphere using the two-curve method in a varied range from 280-
860 nm. Temperature dependence and power dependence PL
measurements were done on thin films of 1 and 2, under exci-
tation by the 325 nm line of a HeCd laser (Kimmon Electric
HeCd dual-wavelength laser, model: IK552R-F). The sample
was placed on the cold finger of a helium closed-cycle cryostat
and the measurements were performed from 4 to 295 K. PL de-
cay was measured on a HORIBA Jobin Yvon Fluorolog-3 spec-
trofluorometer using a time-correlated-single-photon counting
module. HORIBA Jobin Yvon NanoLEDs (pulsed light-emit-
ting diodes) were used as the excitation source. The color ren-
dering index (CRI) values were calculated using OSRAM Com-
pany’s ColorCalculator ~ software available from
https://www.osram-americas.com.

Computational methods. All calculations were based on
DFT implemented in the VASP code.*® The interaction between
ions and electrons was described by projector augmented wave
method.®® The kinetic energy cutoff of 400 eV for the plane-
wave basis was used for all calculations. Experimental lattice
parameters of 1 and 2 were used while the atomic positions were
fully relaxed until the residual forces were less than 0.02 eV/A.
Electronic band structures and density of states (DOS) were cal-
culated using Perdew—Burke—Ernzerhof (PBE) exchange-cor-

relation functional.®!

RESULTS AND DISCUSSION

Crystals structures and stability. Compounds 1 and 2 crys-
tallize in the orthorhombic space group Pbcm and P212121, re-
spectively (see Table S1 in the Supporting Information (SI)).
Interestingly, although there is no connectivity between the ad-
jacent MX4 units, both compounds exhibit pseudo-layered
structures that effectively isolate the metal halide units from the
organic layer, as shown in Figure 1, which is a feature found in
several other group 12 metal halide systems.*-*!-62 The shortest
distance between Br atoms on two adjacent MBrs units is 4.069
A'in 1 and 4.419 A in 2, only slightly longer than double of the
bromide Shannon ionic radius (2 x r(Br) = 3.92 A).%* Note that
close-packing of halide anions can have a significant impact on
the optoelectronic properties of materials. For example, whilst
the vacancy-ordered double perovskites such as Rb2Snle,®
Cs2Snls** and (NHa)2Ptl®® have 0D crystal structures, the pres-
ence of close-packed halogen sublattice leads to the overlap of
neighboring halogen p-orbitals providing dispersive electronic
states in the vicinity of the Fermi level. Further discussions of
electronic dimensionality is provided below in DFT modeling
section.
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Figure 1. Polyhedral views of the crystal structures of (a) 1 and
(b) 2. Gray, lilac, burgundy, red, pink, blue, and black represent
Zn, Hg, Br, O, H, N, and C, respectively.

Typically, 4AMP-based hybrid organic-inorganic halides of
Sb and Bi are known to result in octahedral MXs units with var-
ying connectivity such as isolated bi-octahedra in 4AMP-
Bi2C111% and 1D Sbls chains formed by edge-sharing Sbls oc-
tahedra in 4AMP-Sbl4.% Interestingly, Ga,%® Cd,%* Cu’ and
Co’! are also known, however, their structures are based on iso-
lated M X4 tetrahedra similar to that in 1 and 2, whereas Pd-an-
alog features square planar PdCls units.” Similar to the close
analogs based on Cd, (4AMP):CdBrs-H.0® and
(4AMP)2Cdls-H20,7 MXa4 tetrahedra in 1 and 2 are slightly dis-
torted (presumably to optimize the hydrogen bonding network),
which can be seen in the selected bond distances and angles
summarized in Table S2 in the SI. In contrast, the Cu analog
exhibits Jahn-Teller distorted CuCly tetrahedra, whereas distor-
tions in Sb- and Bi-based halides of 4AMP cation are attributed
to the presence of lone pair on the metal cations.®®

Instability of HOIM halides is a widely known issue in litera-
ture and remains a major barrier for their industrial-scale imple-
mentation in applications such as solar cells.”*’® The air and
thermal stability of 1 and 2 compounds were investigated
through measurements taken over a period of two months and
simultaneous thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) measurements. Figure S2
shows that the sample 1 is stable in ambient air for several
weeks, which is more air-stable than similar HOIMs such as
(CH3NH3)2CdX4 (X = Cl, Br, I).*": %75 However, especially for
2, the crystallinity slightly decreases over time, and emergence
of small impurity peaks are noticeable in both 1 and 2 after 1-2
months. On the other hand, TGA and DSC measurements pre-
sented in Figure S3 show the typical mass loss above 300 °C as
seen in many HOIMs.”” 8 Thus, as shown in Figure S3a, 1 first
loses its solvated water at 110 °C (T1) and undergoes an associ-
ated structural transition at 119 °C (T2). This is followed by a
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third transition at 189 °C (T3), attributed to melting, and evapo-
ration of sample with onset temperature of 345 °C (T4). In com-
parison, the DSC and TGA curves of non-hydrated 2, shown in
Figure S3b, are simpler with only two thermal events at 239 and
415 °C labeled as T: and Tz, respectively. The first event (T1)
likely corresponds to a melting transition whereas T2 corre-
sponds to the vaporization of the sample. Note that some of the
other well-known HOIMs decompose at lower temperatures
such as CH3NH3PbBr3 at 176 °C, FASnPbl; (FA = forma-
midinium) at 150 °C, and FASnls at 100 °C” which suggest that
1 and 2 are relatively more thermally stable than these com-
pounds. On the other hand, since we did the temperature de-
pendence PL measurements on thin films of 1 and 2, we also
measured their PXRD at room temperature. The Pawley fittings
of the measured PXRD data show a good matching with the
calculated data based on single crystals X-ray diffraction (Fig-
ure S4).

Optical properties. Figure 2a shows room temperature dif-
fuse reflectance spectra of polycrystalline powders of 1 and 2.
Sharp band edges were observed, characteristic of a direct gap
semiconductor. Based on the Kubelka-Munk function (F(R) =
o/S = (1-R)*/(2R), where R is the reflectance, a is the absorption
coefficient, S is the scattering coefficient), band gap energies
can be estimated from the Tauc plots [F(R)hv]"" as a function
of the photon energy (hv), where v is equal to 1/2 for direct tran-
sitions and 2 for indirect transitions.®® This method it is often
used to estimate an optical band gap of a given semiconductor
with parabolic bands at the Fermi energy level. Using the direct
and indirect fitting scenarios, band gaps energies of 3.44 and
4.02 eV (direct) and 3.20 and 3.90 eV (indirect) are estimated
for 1 and 2 respectively (Figure S5). Although this analysis is
in accordance with the literature reported procedures**#>8! and
the obtained values are reasonable, the present case is quite dif-
ferent due to low dimensional crystal and electronic structures
of 1 and 2 compounds. Thus, 1 and 2 show an excitonic absorp-
tion features at 370 and 320 nm for 1 and 2 respectively, which
may obscure the absorption onset (Figure 2a-c). Therefore, we
directly measured the optical absorption spectra on spin-coated
thin films of 1 and 2. Based on the absorption spectra shown in
Figure S6, we deduced a band gaps of 3.64 eV and 4.1 eV for 1
and 2, respectively.

Under 325 nm UV irradiation, PL spectrum of 1 shows a very
broad emission, Gaussian shaped, with a maximum intensity at
535 nm, a full width at half maximum (FWHM) of 233 nm, and
a large Stokes-shift (~170 nm) compared to the excitonic ab-
sorption (Figure 2b). Moreover, PLE spectrum shows a sharp
excitonic peak located at 370 nm in excellent agreement with
the absorption spectrum peak (Figure 2b and Figure S6), at-
tributed to excitonic absorption. Similarly, for 2, room temper-
ature PL spectrum shows a bright broadband emission with a
maximum at 438 nm accompanied with a shoulder at 490 nm
and a weaker emission band at 610 nm. Likewise, PLE spec-
trum of 2 shows a sharp peak at 320 nm characteristic of the
excitonic absorption (Figure 2¢). A large Stokes shift of 118 nm
was also observed for 2, which is often the case in 0D HOIMs.%>
8 Importantly, the broadband emission of the studied com-
pounds yield CIE Color Coordinates of (0.34, 0.38) and (0.25,
0.26), and very high CRI values of 87 and 96 for 1 and 2, re-
spectively (Figure 2d), which are among the highest reported in
the literature to date.® It is well-known that CRI is an important
parameter for WL emissive materials, reflecting the ability of a
light source to accurately render the colors of an object com-
pared to daylight. Other notable examples of WL emitting

HOIMs with high CRI values include distorted 2D corrugated
hybrid perovskites such as EA4Pb3BrioxClx (EA = ethylammo-
nium) , (N-MEDA)PbBr4, (N-MEDA)PbBrsClos, and
(DMEN)PbBr4 with CRI ranging from 66 to 85°% 48 and more
recently CRI value of 93 was reported by Z. Wu et al. for the
2D corrugated (110)-oriented hybrid perovskite N-(3-ami-
nopropyl)imidazole tetrachloroplumbate.®* Here, the CRI value
of 96 for 2 present matches the record high CRI of
(H.DABCO)Pb2Cls for single-component WL emissive materi-
als, however, advantageously, 2 is based on a nontoxic Zn-
based composition as opposed to the toxic heavy element Pb-
based compound (H.DABCO)Pb2Cls. On the other hand, the
CIE coordinates, especially for 1, is are very close to the for
white point coordinates (0.33,0.33). Furthermore, the room
temperature WL PLQY of 14.87 (1) and 19.18% (2) are higher
than the values reported for the lead halide perovskites.®
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Figure 2. (a) Diffuse reflectance spectra of polycrystalline
powders of 1 and 2 measured at room temperature. (b-c) Room
temperature optical absorption (blue), PLE (pink), and PL (red)
spectra of 1 and 2, respectively. The PL and PLE spectra of the
organic 4AMP are presented by red and pink dashed lines. (d)
The position of 1 (circle) and 2 (square) values in the CIE 1931
chart.

Usually, the physical origin of broadband WL emission based
on HOIMs is attributed to STEs in a deformable inorganic sub-
lattice due to the presence of strong electron-phonon cou-
pling. 3245 48-50. 86,87 However, a few recent examples attribute
the broadband emission to the coexistence of STEs PL peak on
inorganic units and a fluorescence peak from emissive centers
of the organic molecules, which combine to form a broadband
emission covering the entire visible spectrum.* % On the
other hand, our recent report on photophysical properties of
some 0D HOIMs based on group 12 metals (Zn and Cd) showed
that broadband emission could be the consequence of exciton
localization on the aromatic organic molecular cations.®?> Here,
to investigate the origin of the broadband emission for 1 and 2,
we measured the room temperature PL and PLE spectra of the
organic salt 4AMP. As shown in Figures 2b and 2c, under 325
nm excitation, the maximum emission of 4AMP lies in the blue
region with the presence of a sharp peak at 457 nm accompanied



with a shoulder at 395 nm, and PLE spectrum show a sharp peak
at 325 nm. Moreover, by comparing the PL spectrum of 2 with
that of the corresponding 4AMP, we observed an unmistakable
and significant correspondence between the high-energy peaks
near the band edge (A2 and B2) with that of the 4AMP (See
Figure 2¢). Likewise for 1, the presence of a very broadband
emission could be the result of the overlap of at least three emis-
sion sub-bands noted A1, B1, and C1 in Figure 2b. Importantly,
the deconvolution of the room temperature PL spectrum of 1
using three Gaussian function shows a good matching between
the position of the two emission bands of 4AMP and the two
high energy PL bands A1 and B1 (see Figure S7). According to
this, we attribute the high energy Al, B1 and A2, B2 PL bands
to the 4AMP-related organic molecules emission.
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Figure 3. Temperature dependence PL of (a) 1 and (b) 2, under
325 nm UV irradiation. Plots of the temperature-dependence in-
tegrated intensity of (¢c) Al, B1, and C1 peaks of 1 and (d) A2,
B2, C2 of 2.

Figures 3a and 3b show the temperature dependence PL meas-
urements for 1 and 2 under 325 nm excitation. Significant
changes were observed as a function of temperature for both
compounds. For 1, the room temperature broadband WL emis-
sion clearly splits into at least three sub-bands at low tempera-
ture noted as Al, B1, and C1 in Figure 3a, which are located
around 400, 450 and 535 nm, respectively. Based on the decon-
volution of the PL spectra using 3 Gaussian function, we de-
duced the thermal evolution of the integrated intensity, FWHM,
and position of each PL peak of 1 and 2 (Figure 3b-c and Figure
S5). Upon cooling, the integrated PL intensity of Al first in-
creases then decreases below 150 K. However, the integrated
intensities of B1 and Cl1 first increases by cooling then dramat-
ically quench bellow 150 K (Figure 3c). Similar behavior was
also observed for 2 (Figure 3d) and in several HOIMs.* 81,8588
Moreover, the thermal evolution of the position and the FWHM
of PL peaks show an abrupt shift of the position and the width
of peaks in 150-175 K temperature range. Such a critical behav-

ior was observed in several HOIMs and was attributed to struc-
tural phase transition, which could have an important impact on
the optical properties.'*?*3” However, for 1 and 2, the possibil-
ity of the presence of structural phase transition in 150-175 K
temperature range has been ruled out, as a result of the well
matching of the room temperature PXRD data and the single
crystal XRD data measured at 100K (see Figure S1). Thus, the
PL behavior in 150-175K temperature range could be the result
of a strong competition in the recombination process between
the multiple emission peaks.

It is also worth noticing that the presence of permanent defect
states in semiconductors could create a broadband emission. *
82 However, the concentration and recombination lifetime per-
manent defect are finite, thus their PL could be saturated at high
excitation power.% In the case of 1 and 2 compounds, as shown
in Figure S9, the intensity of C1 and C2 PL peaks present a lin-
ear dependence with excitation intensity, and the absence of sat-
uration exclude the possibility of permanent defects emission.>
35,44 However, the evolution of the integrated intensity of Al,
B1 and A2, B2 PL peaks of 1 and 2 as a function of excitation
power show a small quenching above 20 W/cm? excitation
power which is probably due to the degradation of the organic
molecules at high excitation intensity. (Figure S9).
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Figure 4. The photoluminescence decay curves of (a-c) Al, B,
and C1 PL peaks of 1 and (d-f) A2, B2, and C2 PL peaks of 2.
The excitation wavelengths are 370 and 314 nm for 1 and 2 re-
spectively.

To understand the nature of excitons and the origin of the
broadband WL emission of 1 and 2, we measured the time-re-
solved PL for each PL peak (Figure 4). The excitation wave-
lengths used are 370 and 314 nm for 1 and 2 respectively, and
the emission wavelengths are 400 (A1), 450 (B1) and 535 nm
(C1) for 1, and 438 (A2), 550 (B2), and 650 nm (C2) for 2. All
decay profiles can be fitted by a three-exponential function. The
first lifetime component of 1-2 ns for all peaks of 1 and 2 is due
to the instrumental response because of the duration of the light
pulse (2 ns). Results slow that the fast component is dominant
for all PL peaks of 1 and 2 and measure t2(A1) = 4.3 ns, t2(B1)
= 5.1 ns, t2(C1) = 7.5 ns, t2(A2) = 5.3 ns, and t2(B2) = 4.7 ns,
and t2(C2) = 2.4 ns. As discussed above, the PL peaks of A and
B are most likely due to the emission by 4AMP molecules. This
is further supported by their fast decay (on the order of nano-
second) because spin-singlet excitons in aromatic molecules
typically have lifetimes of nanoseconds.®> However, the low-
energy C1 PL band of 1 could be due to the emission of STEs



localized at HgBr4 inorganic tetrahedra (see DFT results be-
low). The fast decay of C1 (7.5 ns) is likely the result of signif-
icant nonradiative decay. Note that the reported spin-triplet STE
decay times at room temperature in Pb-based HOIMs range
from a few nanoseconds to hundreds of ns.*% 3% 3% 8590 Short
STE decay times typically correlate with relatively low PLQEs
(<20%)%6 %2 while long decay times were observed in those with
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high PLQEs (>80%), indicating the strong influence of nonra-
diative recombination in PL decay. Concerning C2 PL band of
2, which is dominant at low temperature (see Figure 3d) could
be the result of possible inhomogeneity of organic molecules,
which may significantly perturb electronic states. The attribu-
tion of the dominant PL peaks at room temperature to STEs in
inorganic anions in 1 and 4AMP organic molecules in 2 is sup-
ported by band structure calculations (see below).

(CsH5N,),ZnBr,
=== = =
%sff S
<) 41
>
L
5 ,/() .
&

120 (d) Total | T
—2Zn
1004 o |-
80 [ 4AMP] |
60 ]
40 ]
"L A N
NIV : : 2
2 0 2 4 6

Energy (eV)

Figure 5. Electronic band structure and density of states (DOS) plots for 1 (a-b) and 2 (c-d) calculated using the PBE functional. Note
that the band gap is underestimated due to well-known band gap error of PBE calculations.

DFT modeling. DFT-PBE calculations show that 1 has a di-
rect band gap of 2.61 eV at the I" point, and 2 has a slightly
indirect band gap of 3.49 eV; the direct band gap at the I" point
is only 0.02 eV higher in energy. The valence band maximum
(VBM) of 2 is at the I point and the conduction band minimum
(CBM) is located between the X and the I' points (Figure 5).
Note that the above band gap values are lower than the experi-
mentally measured values due to the well-known band-gap er-
ror in the PBE calculation. As shown in Figure 5, the conduc-
tion and valence bands of the two compounds have very small
dispersion especially in the case of 2. The conduction band of 1
(between 2.5 eV and 3.0 eV in Figure 5a) is distributed on

HgBr4 clusters as shown by the partial density of states (DOS)
in Figure 5b. The higher-energy flat band between 3.0 eV and
4.0 eV is made up of highly localized organic molecular orbit-
als. The valence band of 1 has a mixing of organic and inorganic
states; however, the organic molecular states are dominant near

the VBM. A careful examination of the eigenstates reveals that
the energy gap for the inorganic cluster is about 0.28 eV smaller

than that for the organic molecules. This result suggests that the
lowest-energy exciton should be localized at HgBrs clusters.
The conduction band of 2 (about 3.5 eV - 4 eV in Figure 5c¢) is
made up of highly localized organic molecular orbitals (see
DOS in Figure 5d) as evidenced by the flatness of the bands.
The more dispersive band above 4.5 eV with about half an eV



band width is distributed among ZnBr4 clusters. The bands near
the VBM have strong character of both organic and inorganic
components. The energy gap for the organic component is about
1 eV lower than that of the inorganic component. Therefore, it
is expected that an exciton prefers to be localized on a 4AMP
organic molecule. The experimentally measured short PL decay
time indeed suggests fast singlet-exciton emission from organic
molecules. Moreover, despite the two compounds have a quite
similar structural coordination environment (see Figure 1), the
PLQY of 2 is higher than 1. This may be explained by the fact
that the conduction band of 1 is more disperse than that of 2 (see
Figure 5) which suggests that excitons in 1 may be more delo-
calized and more mobile than those in 2. The larger spectral
overlap between excitation and emission in 1 (Figure 2b-c)

should also promote exciton migration by resonant transfer of

excitation energy.gl’ 92 More efficient exciton migration could

lead to a higher probability of encountering defects, resulting in
increased energy loss and lower PLQY.” Thus, the lower
PLQY in 1 compared to 2 is likely due to more mobile excitons
in1.

CONCLUSION

In summary, we report new examples of low-dimensional
HOIM for WL emission applications. The 4AMP cation config-
ured orthorhombic 0D crystal structures feature HgBra and
ZnBr4 isolated tetrahedra in 1 and 2, respectively. The presence
of discrete molecular building blocks in the 0D structures result
in strongly localized charges and bright WL luminescence with
a corresponding CIE Color Coordinates of (0.34, 0.38) and
(0.25, 0.26), a very high CRI of 87 and 96, CCT values of 5206
K and 11630 K for 1 and 2, respectively. The substitution of
Hg with Zn leads to tune the emission from “warm” to “cold”
WL with a calculated correlated color temperatures (CCT) of
5206 K for 1 and 11630 K for 2. Importantly, high PLQY values
of 14.87 and 19.18% were measured for 1 and 2. Our optical
investigations supported by DFT calculations suggest that the
WL emission results from excitons localized in 4AMP and
STEs. The observation of non-toxic (for 2), highly efficient
“cold” WL emission with a record CRI opens interesting per-
spectives in the design of single-component WLEDs. There-
fore, we believe that this work will enrich HOIMs family with
WL emission by arousing a renewed research on low cost, eco-
friendly raw materials (in the case of Zn-based compound), with
facile synthesis and excellent optical properties. Within this
context, we anticipate that these results will stimulate research
on single-emitter-based WL-emitting phosphors and diodes for
next-generation lighting and display technologies to replace
conventional inorganic rare-earth- and quantum dot-based
phosphors that currently dominate the field of optically pumped
WLED:s.
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SYNOPSIS TOC: New 0D organic-inorganic hybrid materials showing a bright WL luminescence with a high PLQY of 14.87
and 19.18% and a record color rendering index (CRI) of 87 and 96.
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