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12 ABSTRACT: The photophysical mechanism of ultrabright visible light emission in
13 the zero-dimensional (0D) hybrid organic−inorganic material (HOIM), (DETA)-
14 PbCl5·H2O (DETA: diethyltrimonium), has been studied. This compound exhibits
15 efficient room-temperature bluish white light (WL) emission, corroborated by a
16 high photoluminescence quantum yield (PLQY) value of 36.8 % and a Commission
17 Internationale de l’Eclairage (CIE) color coordinates of (0.18, 0.17). Optical
18 investigations reveal that broad-band emission containing multiple emission centers
19 originates from both the fluorescence of the organic molecules DETA and self-
20 trapped excitons within the [Pb2Cl10]

6− inorganic bioctahedra dimers. Furthermore,
21 an enhanced PLQY of up to 40.3% with an adjusted pure WL emission (CIE of
22 (0.33, 0.34)) and a remarkable color rendering index of 90 was achieved through the
23 incorporation of Mn2+ within (DETA)PbCl5·H2O. These findings aid in
24 understanding the photophysical properties of 0D HOIMs and preparation of new families of highly emissive materials for
25 solid-state lighting applications.

1. INTRODUCTION

26 Recently, solution-processable hybrid organic−inorganic ma-
27 terials (HOIMs) have attracted considerable attention due to
28 their outstanding photophysical properties, which make them
29 promising candidates for a variety of applications.1 Among the
30 fascinating properties of these materials is white light (WL)
31 emission, which was first reported in some two-dimensional
32 (2D) HOIMs,2−4 and attributed to self-trapped excitons
33 (STEs).2−4 Since then, the number of HOIMs WL emitters
34 have been expanded to include low-dimensional materials,
35 demonstrating unique interesting structural properties and new
36 photophysics including light emission contributions originating
37 from free excitons, structural defects, and bound excitons
38 localized in organic and inorganic moieties.5−16 It has been
39 evidenced that lowering the structural dimensionality of
40 HOIMs enables strong quantum and dielectric confinement
41 effects. In combination, these effects provide highly localized
42 charges resulting in high exciton binding energies (Eb) and
43 high photoluminescence quantum yield (PLQY).11,14,17−19 In
44 particular, for single-layered 2D lead halides, broad-band
45 emissions with large Stokes shifts occur as a result of STEs
46 localized on highly distorted inorganic substructures.6−8

47 However, this need not be the case, as careful materials design
48 approaches could yield materials in which the organic cations

49also contribute to the observed broad-band light emis-
50sion.11,13,20,21 Building on these ideas, we report a bright
51bluish WL emission with PLQY of 36.8% involving
52contribution from both fluorescence of organic molecules
53DETA and STEs within the [Pb2Cl10]

6− inorganic anions in a
54new zero-dimensional (0D) HOIM, (DETA)PbCl5·H2O,
55which advantageously shows high air and thermal stability.
56Furthermore, by incorporating Mn2+ within (DETA)PbCl5·
57H2O, we could enhance the PLQY to 40.3% and optimize the
58Commission Internationale de l’Eclairage (CIE) color
59coordinates to be very close to the pure WL emission.
60Moreover, the resultant Mn2+@(DETA)PbCl5·H2O displays a
61color rendering index (CRI) of 90, a value that meets the
62requirements for color-critical high-level requirements such as
63surgery, museum galleries, and cinematography.18

2. EXPERIMENTAL SECTION

642.1. Synthesis. All starting reagents were purchased from
65commercial sources and used without further purification
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66 unless otherwise stated. All syntheses steps were conducted in
67 air.
68 DETACl3 organic salt was prepared using the reaction
69 between stoichiometric amounts of DETA and HCl (37 wt %).
70 The solution was well stirred for 30 min. Then, the solvent was
71 evaporated by heating at 100 °C using a rotary evaporator.
72 Finally, to ensure the product purity, the resulting colorless
73 precipitate was washed with diethylether and dried under
74 vacuum.
75 Single crystals of (DETA)PbCl5·H2O were obtained by slow
76 solvent evaporation at room temperature. Stoichiometric
77 amounts of PbCl2 were added to the precursor DETACl3
78 salt, stirred well in 2 mL of dimethyl sulfoxide solvent, and kept
79 at room temperature. After 1 day, centimeter scale colorless
80 platelets were formed.
81 A MnCl2/(DETA)PbCl5·H2O = 5:100 molar ratio mixture
82 was prepared by mixing the freshly prepared single crystals of
83 (DETA)PbCl5·H2O with MnCl2. The mixture was thoroughly
84 ground for 10 min, then added to a glass vial and annealed at
85 80 °C in an oven for 90 min. Finally, the sample was allowed to
86 cool to room temperature and was used further for
87 characterization. It is worth noting that our attempts to grow
88 single crystals of Mn2+@(DETA)PbCl5·H2O using the solvent
89 evaporation technique described above for (DETA)PbCl5·H2O
90 were unsuccessful.
91 2.2. Single-Crystal X-ray Diffraction. Single-crystal X-ray
92 diffraction (SXRD) data were collected on a Bruker D8 Quest
93 with a Kappa geometry goniometer, an Incoatec Imus X-ray
94 source (graphite monochromated Mo Kα (λ = 0.71073 Å)
95 radiation), and a Photon II detector. The data were corrected
96 for absorption using the semiempirical method based on
97 equivalent reflections, and the structures were solved by
98 intrinsic phasing methods (SHELXT) as embedded in the
99 APEX3 v2016.9.0 program.22 All atoms except hydrogens were
100 refined with anisotropic displacement parameters. Site
101 occupancy factors were checked by freeing occupancies of
102 each unique crystallographic site. Details of the data collection

t1 103 and crystallographic parameters are given in Table 1. Atomic
104 coordinates, equivalent isotropic displacement parameters, and
105 selected interatomic distances and bond angles are provided in
106 Tables 1 and S1 in the Supporting Information (SI).
107 Additional information on the crystal structures investigations
108 can be obtained in the form of a crystallographic information
109 file (CIF), which was deposited in the Cambridge Crystallo-
110 graphic Data Denter (CCDC) database (deposition numbers
111 1903945 for (DETA)PbCl5·H2O and 1911266 for DETACl3).
112 2.3. Powder X-ray Diffraction. Powder X-ray diffraction
113 (PXRD) measurements were carried out at room temperature
114 on a Rigaku MiniFlex600 system equipped with a D/tex
115 detector using a Ni-filtered Cu Kα radiation source. Typical
116 PXRD scans were collected in the 3−90° (2θ) range, with a
117 step size of 0.02°. The collected room-temperature PXRD data
118 of (DETA)PbCl5·H2O were fitted using the crystal structure
119 obtained from SXRD 100 K via the decomposition method
120 (also known as Pawley fitting) as embedded in Rigaku’s
121 PDXL2 software package.23 To study the air stability of
122 (DETA)PbCl5·H2O, a finely ground polycrystalline powder
123 sample was left in ambient air on a laboratory bench for 3
124 months. During this period, PXRD patterns were measured
125 periodically under the same measurement conditions as
126 described above.
127 2.4. Thermal Stability Analysis. Simultaneous thermog-
128 ravimetric analysis (TGA) and differential scanning calorim-

129etry (DSC) measurements were carried out on a TA
130Instruments SDT650 unit. Measurements were done in 90
131μL alumina crucibles on 5 mg samples under a 100 mL min−1

132flow of nitrogen in the 45−500 °C range with 5 °C min−1

133heating rate. TGA results suggest no mass loss up to ∼200 °C
134(SI, Figure S1). Moreover, DSC scan suggests that (DETA)-
135PbCl5·H2O undergo two distinct endothermic temperature
136events at T1 = 220 °C and T2 = 305 °C (Figure S1), attributed
137to the melting of the material24 and, subsequently, complete
138evaporation of the compound above 300°C. The observed
139thermal behavior of (DETA)PbCl5·H2O is comparable to that
140of other HOIMs reported in the literature.15,25,26

1412.5. Optical Measurements. Room-temperature diffuse
142reflectance spectra of polycrystalline powder of (DETA)PbCl5·
143H2O and DETACl3 were measured using a high-resolution
144PerkinElmer LAMBDA 750 UV−vis−NIR spectrometer
145equipped with a 100 mm InGaAs integrating sphere attach-
146ment.
147Excitation-dependent photoluminescence (PL), photolumi-
148nescence excitation (PLE), and PLQY measurements were
149performed at ambient temperature on polycrystalline powder
150samples, using a HORIBA Jobin Yvon Fluorolog-3 spectro-
151fluorometer using a Xenon lamp and Quanta-φ integrating
152sphere. PLQY data were analyzed using the two-curve method
153in a varied range from 280 to 800 nm. Care was taken to avoid
154any appearance of interference from primary and secondary
155overtones from the source lamp as the measurements were
156taken. Moreover, to ensure the reliability of PLQYs measure-
157ments, the integrated sphere was calibrated by using sodium
158salicylate as standard sample (PLQY = 56%).27 The measure-
159ments performed on different samples yield PLQY value
160variations up to ∼3%.

Table 1. Selected Single-Crystal Data and Structure
Refinement Parameters for (DETA)PbCl5·H2O and
DETACl3

b

formula (C4H16N3)PbCl5·H2O C4H14N3Cl3
formula weight (g mol−1) 339.10 212.55
temperature (K) 100(2)
radiation, wavelength (Å) Mo Kα, 0.71073
crystal system monoclinic orthorhombic
space group P21/c Pmmn
Z 6 2
unit cell parameters (Å) a = 10.1570(2) a = 5.0798(3)

b = 10.2787(2) b = 21.2450(12)
c = 14.5711(3) c = 4.7211(3)
ß = 109.6914(6)°

volume (Å3) 1432.28(5) 509.50(5)
density (ρcalc) (g cm−3) 2.359 1.385
absorption coefficient (μ)
(mm−1)

12.690 0.843

θmin − θmax (deg) 2.13−31.00 3.836−28.288
reflections collected 31 566 4300
independent reflections 4548 718
Ra indices (I > 2σ(I)) R1 = 1.68 R1 = 3.63

wR2 = 3.93 wR2 = 9.95
goodness-of-fit on F2 1.228 1.002
largest diff. peak and hole
(e− Å−3)

0.916 and −1.455 0.384 and −0.410

aR1 = ∑||F0| − |Fc||/∑|F0|; wR2 = |∑|w(F0
2 − Fc

2)/∑|wF0
22|1/2 bwhere

w = 1/|σ2F02 + (AP)2 + BP|, with P = (F0
2 + 2Fc

2)/3 and weight
coefficients A and B.
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161 Time-resolved photoluminescence (TRPL) measurements
162 were done on single-crystal samples using a HORIBA Jobin
163 Yvon Fluorolog-3 spectrofluorometer equipped with time-
164 correlated single photon counting module. HORIBA Jobin
165 Yvon NanoLEDs (pulsed light-emitting diodes) were used as
166 the excitation source. The duration of the light pulse was
167 shorter than 2 ns. Temperature- and power-dependent PL
168 spectra were measured on single-crystal sample using a double
169 monochromator U1000 equipped with a photomultiplier. The
170 excitation wavelength was the 325 nm (3.815 eV) line of a
171 Spectra Physics Beamlock 2085 argon laser. The sample was
172 placed in a helium bath cryostat, and the measurements were
173 performed between 4 and 295 K.
174 The CIE chromaticity diagram values were calculated using
175 OSRAM Company’s ColorCalculator software available from
176 https://www.osram-americas.com.
177 Raman spectra of (DETA)PbCl5·H2O were recorded on a
178 Renishaw InVia Reflex Raman Mapping Microscope. The
179 excitation line was 633 nm. The laser beam was focused onto
180 the sample through a Leica-X50 microscope objective, and the
181 laser spot dimension was ∼10 μm2 and the excitation power
182 was 10 mW.
183 2.6. First-Principles Calculations. All calculations were
184 based on density functional theory (DFT) implemented in the
185 VASP code.28 The interaction between ions and electrons was
186 described by the projector augmented wave method.29 The
187 kinetic energy cutoff of 400 eV was used for the plane-wave
188 basis. Experimental lattice parameters were used while the
189 atomic positions were fully relaxed until the residual forces
190 were less than 0.02 eV Å−1. Electronic band structure and
191 density of states (DOS) of (DETA)PbCl5·H2O were calculated
192 using the Perdew−Burke−Ernzerhof (PBE) exchange-correla-
193 tion functional,30 while the exciton properties were treated by
194 using more advanced hybrid PBE0 functional,31 which has 25%
195 nonlocal Fock exchange. A PBE calculation usually under-
196 estimates band gap, while hybrid functional calculations
197 significantly improve the band gap description by partially
198 correcting the self-interaction error.31−33 The partial correction
199 of the self-interaction error also leads to better description of
200 charge localization and stability of hole/electron polarons and
201 STEs.34−38 The total energy of an exciton was calculated by
202 fixing the occupation numbers of the electron and hole-
203 occupied eigenlevels [Δ self-consistent field (ΔSCF) meth-
204 od39−41]. The ΔSCF method can be easily used in (DETA)-
205 PbCl5·H2O because the electron and hole are both localized on
206 a single Pb2Cl10 cluster and each occupies one single eigenlevel
207 deep inside the band gap.42 Such localized electron and hole
208 levels are found for both unrelaxed and relaxed excitons. The
209 ΔSCF method combined with the hybrid PBE0 functional
210 allows excited-state structural relaxation and has shown
211 accurate results in exciton excitation and emission energies
212 in many compounds.17,38,42−48 Following the Franck−Condon
213 principle, the exciton excitation and emission energies were
214 obtained by calculating the total energy differences between
215 the excited and ground states using PBE0-optimized ground-
216 state and excited-state structures, respectively.

3. RESULTS AND DISCUSSION
217 (DETA)PbCl5·H2O crystallizes in the monoclinic space group
218 P21/c featuring edge-sharing bioctahedral [Pb2Cl10]

6− units
f1 219 surrounded by bulky organic [DETA]3+ cations (Figure 1).

220 Based on room-temperature PXRD measurements on
f2 221 polycrystalline powder of (DETA)PbCl5·H2O (Figure 2a), a

222phase-pure sample was obtained using wet methods. The
223room-temperature PXRD pattern of (DETA)PbCl5·H2O can
224be well refined using our SXRD results obtained at 100 K,
225ruling out the possibility of the presence of structural phase
226transitions between 100 K and room temperature, often
227observed in several HOIMs.5,49−51 Moreover, polycrystalline
228powder of (DETA)PbCl5·H2O shows good ambient air
229stability for more than 3 months (Figure 2b) and thermal
230stability up to ∼200 °C, comparable to that of other HOIMs
231reported in the literature (Figure S1).15,25 On the other hand,
232the purity of the organic salt DETACl3 was also confirmed
233through room-temperature PXRD measurements, which shows
234a good agreement with the simulated pattern obtained from
235SXRD (Figure 2c).
236As shown in Figure 1b, a bright bluish WL emission with the
237corresponding CIE color coordinates of (0.18, 0.17) is
238observed at ambient temperature upon UV irradiation. To
239probe the origin of this bright emission, we carried out
240comprehensive studies of optical properties (DETA)PbCl5·
241H2O and the corresponding organic salt DETACl3. The optical
242absorption spectrum of (DETA)PbCl5·H2O shows two
243absorption bands at 4.19 and 4.54 eV accompanied with a
244shoulder at 3.62 eV. The absorption band of 3.62 eV is
245corroborated by the presence of a sharp PLE peak at 3.62 eV
246 f3(Figure 3a), and therefore, is assigned to the electronic
247transition from the top of the valence band (VB) including
248Pb(6s) and Cl(3p) orbitals to Pb(6p) orbital at the bottom of
249the conduction band (CB),13,52 within the inorganic
250bioctahedra Pb2Cl10.

13,52 On the other hand, the 4.19 and
2514.54 eV absorption features of (DETA)PbCl5·H2O are
252attributed to the organic DETACl3 absorption (Figure 3a).
253Upon 3.815 eV irradiation, the room-temperature PL spectrum
254of (DETA)PbCl5·H2O shows a high-efficiency broad-band
255bluish WL emission clearly observed even by the naked eye
256(Figure 1b). This includes multiple emission peaks with main
257maxima at 2.99 eV (P4), two shoulders at 2.70 (P3) and 2.58
258eV (P2), and a low-energy broad band at 1.78 eV (P1) (Figure
2592a). Moreover, by using a higher excitation energy of 4.2 eV,
260we could also detect the inorganic exciton emission at 3.54 eV
261(noted Pex in Figure S2a), usually observed in PbCl-based
262HOIMs,13,52 which suggest that the band gap of (DETA)-
263PbCl5·H2O is higher than 3.82eV. The emission spectrum of
264the organic salt DETACl3 was also measured under identical
265conditions (Figure 3a). Results show that DETACl3 itself

Figure 1. Optical microscopy images of as-prepared single crystal of
(DETA)PbCl5·H2O under (a) ambient light and (b) 325 nm UV
irradiation, showing the bright bluish WL emission at room
temperature. (c) Projection of crystal structure of (DETA)PbCl5·
H2O along the crystallographic a-axis. Yellow, pink, blue, black, blue,
turquoise, and gray spheres represent Pb, Cl, C, N, O, and H atoms,
respectively. The edge-sharing [Pb2Cl10]

6− bioctahedra are empha-
sized in green.
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266 exhibits a broad-band emission formed by three sub-bands
267 almost at the same position as P2−P4 in (DETA)PbCl5·H2O.
268 Furthermore, we observed a good agreement between the high
269 energy emission of DETACl3 and (DETA)PbCl5·H2O and
270 found that the shape of the emission spectra of the organic salt
271 DETACl3 is nearly independent of the excitation energy
272 (Figure S2b). Moreover, the measurement of the room-
273 temperature emission spectrum of as-purchased DETA (liquid,
274 >99% purity) furthermore shows the presence of P2−P4 peaks
275 (see Figure S3), which suggests that the P2−P4 emission peaks
276 of DETACl3 and (DETA)PbCl5·H2O refer to DETA molecular
277 fluorescence.53 Thus, PLE spectrum of DETACl3 measured at
278 an emission energy of 2.99 eV shows a maximum at 3.95 eV
279 accompanied with a shoulder at 3.35 eV due to the excitons in
280 organic molecules, whereas for (DETA)PbCl5·H2O, a single
281 broad PLE peak is observed at 3.62 eV, which is attributed to
282 an overlap between the organic and inorganic excitonic
283 absorptions.
284 Importantly, the measured room-temperature PLQY value
285 of 36.8% for (DETA)PbCl5·H2O is more than an order of
286 magnitude higher than that measured on the organic salt
287 DETACl3 (2.87%), and to the best of our knowledge,
288 represents the highest WL PLQY reported in a 0D lead halide
289 to date.7,12,14,15 The origin of the PLQY enhancement can be
290 related to greater isolation of molecular organic and inorganic

291units in 0D hybrid halide structures compared to the parent
292binary halides and organic salts.
293Figure 3b,c shows the TRPL measurements of (DETA)-
294PbCl5·H2O and DETACl3. All decay profiles can be fitted
295using the biexponential function54

I t A
t

A
t

( ) exp exp( )1
1

2
2

i
k
jjjjj

y
{
zzzzzτ τ

= − + −
296(1)

297where τ1 and τ2 are the PL lifetime, and A1 and A2 are the
298coefficients of the exponential decay terms. The full refinement
299results (see Table S2 in the SI) show that the fastest fitting
300component, τ2, is dominant for all emission peaks and measure
301τ2 (P1) = 13.8 ns, τ2 (P2) = 7 ns, τ2 (P3) = 6.9 ns, τ2 (P4) =
3026.7 ns, and τ2 (Pex) = 12.2 ns for (DETA)PbCl5·H2O, and τ2
303(P2) = 5.4 ns, τ2 (P3) = 5.7 ns, and τ2 (P4) = 6.1 ns for
304DETACl3. These fast decay times (5−7 ns) support the
305assignment of P2−P4 peaks to the emission of DETA
306molecules as the observed fluorescence from singlet excitons
307in organic molecules is typically fast.55 However, the low-
308energy P1 peak, attributed to the emission of STEs localized at
309[Pb2Cl10]

6− inorganic bioctahedra, shows a slightly larger
310lifetime of 13.8 ns. The delay in the STE formation is based on
311the consideration of an energy barrier that is required to be
312surmounted.56 This fact could explain the longer relaxation
313time for low-energy P1 peak compared to the organic P2−P4
314fluorescence bands. Note that the presence of permanent
315defect states can also promote a broad-band emission.
316However, the concentration and recombination lifetime of
317permanent defects are finite, and therefore, their emission
318intensities should saturate at higher excitation power.57 Here,
319 f4as shown in Figure 4, the evolution of the intensity of P1 as a
320function of excitation power demonstrates a linear behavior,
321which excludes the possibility of permanent defect emis-
322sion.4,6,12

323To get further information about the thermally activated
324processes, we measured the temperature-dependent PL of
325 f5(DETA)PbCl5·H2O under 3.815 eV excitation (Figure 5a).
326The thermal quenching of the emission is relatively
327insignificant confirming the high thermal stability of excitons
328(PL 4/300 K ∼ 2), which further supports the high measured
329PLQY value of 36.8% at room temperature. Based on the
330fitting of temperature-dependent PL data (Figure S4), we
331studied the thermal evolution of the integrated intensity,
332position, and full width at half-maximum (FWHM) of
333emission peaks (Figures 5b−d and S5). The P2−P4 PL peak
334positions are almost temperature-independent, whereas the
335low-energy P1 peak first blue-shifts up to 150 K and then red-
336shifts as temperature is further increased. The markedly
337different behavior of P1 compared to P2−P4 peaks is

Figure 2. (a) Powder XRD patterns (red) of (DETA)PbCl5·H2O. Pawley fits and difference plots are shown in blue and black, respectively. (b)
PXRD patterns of (DETA)PbCl5·H2O left in ambient air and measured periodically for over a period of 3 months. (c) Measured (red) and
calculated (black) PXRD patterns of the ammonium salt DETACl3, at room temperature.

Figure 3. (a) Room-temperature absorbance (green lines), PLE (blue
lines, Eem = 2.99), and PL spectra (red lines, Eex = 3.815 eV) of
DETACl3 (doted lines) and (DETA)PbCl5·H2O (solid lines). The
dashed black lines show that P2−P4 PL peaks of (DETA)PbCl5·H2O
result from DETACl3 organic salts emission. Room-temperature time-
resolved PL spectra of (b) (DETA)PbCl5·H2O and (c) DETACl3
measured under 4.2 eV excitation energy.
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338 indicative of a different emission mechanism, supporting our
339 earlier assignments. Moreover, by fitting the thermal
340 quenching of the integrated intensities of P1 peak using an
341 Arrhenius-type model,58 we estimated an activation energy of
342 Ea (P1) = 10.21 meV, which is comparable to those previously
343 reported values4,15,59 and corresponds to the Raman vibration
344 mode of 82 cm−1 (Figure S6) of (DETA)PbCl5·H2O, which is
345 well within the range of Pb−Cl stretching frequencies.13,59

346 Furthermore, the thermal broadening in FWHM of the P1 PL
347 peak could be described by60

T T E k T( ) (1 exp( / )0 AC LO LO B
1Γ = Γ + Γ × + Γ × + −

348 (2)

349 where the first term is the natural line width at 0 K, the second
350 term represents the broadening induced by acoustic phonons,
351 and the third term corresponds to the contribution of optical
352 phonons to the peak broadening. Here, ΓLO is the exciton−
353 phonon coupling constant and ELO is the optical phonon

354energy. The best-fitting parameters yield ΓLO = 385 meV K−1

355and ELO = 16.9 meV. The high exciton−phonon coupling
356constant value of 385 meV K−1 is 1 order of magnitude larger
357than those of lead-based three-dimensional hybrid perovskites
358(ΓLO of 40−61 meV),61 suggesting a greatly increased strength
359of the electron−phonon coupling in (DETA)PbCl5·H2O.

62

360Moreover, the ELO value of 16.9 meV is in excellent agreement
361with the Raman mode of 137 cm−1 (Figure S6). These findings
362support the assignment of the low-energy P1 PL peak to
363phonon-assisted radiative recombination of STEs.
364To further understand the electronic structure and exciton
365properties of (DETA)PbCl5·H2O, we performed first-princi-
366ples calculations. The calculated band structure shows flat CB
367 f6and VB (Figure 6a) indicating the localized nature of these

368bands consistent with the 0D structure. The CB and VB are
369primarily distributed on Pb2Cl10 clusters as can be seen from
370the density of states (DOS) plot (Figure 6b). The VB is made
371up of Pb 6s and Cl 3p orbitals, while the CB is derived from Pb
3726p and Cl 3p orbitals. The calculated excitons are localized at a
373 f7single Pb2Cl10 cluster (Figure 7). Two different types of
374excitons (EX-1 and EX-2) were found in calculations. The hole
375and the electron in EX-1 are centered at the same Pb ion, while
376those in EX-2 are separated on two adjacent Pb ions (Figure
3777). EX-2 is more stable than EX-1 by 0.43 eV. The separation
378of the electron from the hole in an exciton has also been found
379in other low-dimensional metal halides.45 This is related to the
380ability of Pb2+ (which has a 6s lone pair) to attract a hole.
381When the hole is centered at a Pb ion, it attracts the adjacent
382Cl ions, shortening the Pb−Cl bonds for stronger Coulomb
383binding. When the electron and the hole are separated in EX-2,
384the hole center shortens six Pb−Cl bonds. On the other hand,
385only four Pb−Cl bonds (which are roughly perpendicular to
386the other two Pb−Cl bonds in the octahedron) are shortened
387in EX-1. The calculated excitation energy of an exciton is 4.22
388eV, and the emission energies of EX-1 and EX-2 are 3.55 and
3891.85 eV, respectively, which present an excellent agreement

Figure 4. Power-dependent PL spectra of (DETA)PbCl5·H2O
measured at 4 K and upon 3.815 eV excitation. The red lines show
the fitting used y = axk.

Figure 5. (a) Temperature-dependent PL spectra of (DETA)PbCl5·
H2O upon 3.815 eV irradiation. (b−d) Thermal evolution of position,
integrated intensity, and FWHM of PL peaks.

Figure 6. Electronic band structure and density of states (DOS) plots
for (DETA)PbCl5·H2O, calculated using the PBE functional. Note
that the band gap is underestimated due to the well-known band gap
error of the PBE calculation.
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390 with the measured Pex and P1 emission peaks of (DETA)-
391 PbCl5·H2O (Pex for Ex-1 and P1 for Ex-2).
392 In combination, highly efficient emission from molecular
393 organic and inorganic units in (DETA)PbCl5·H2O provides a
394 broad bluish emission spectrum; however, blue emission
395 dominates, and as mentioned above, the measured CIE
396 coordinates of (0.18, 0.17) indicate that the emission color is
397 far from the white point of (0.33, 0.33). To optimize the WL
398 emission properties of (DETA)PbCl5·H2O, a strategy can be
399 adopted according to which emission from another compo-
400 nent, either dopants or impurities, helps red-shift the maximum
401 of the broad-band emission.
402 As a preliminary demonstration of the validity of this
403 approach, we prepared a powder sample of Mn2+@(DETA)-
404 PbCl5·H2O, in which a small amount (5%) of MnCl2, a known
405 source of red-emitting Mn2+, is incorporated into (DETA)-

f8 406 PbCl5·H2O (details in the SI file). As shown in Figure 8, the
407 PXRD pattern of Mn2+@(DETA)PbCl5·H2O demonstrates
408 that the peak positions systematically shift toward higher
409 angles (by 0.2°), confirming the successful incorporation of

410Mn2+ into the host crystal lattice sites. Although this process is
411yet to be optimized, importantly, the room-temperature PL
412 f9measurement of Mn2+@(DETA)PbCl5·H2O (Figure 9)

413confirms the successful red-shifting of the emission spectrum.
414Note that the P2−P4 emission peaks of (DETA)PbCl5·H2O
415are preserved upon Mn2+ incorporation and the emergence of
416the new low-energy 2.14 eV peak is due to 4T1 → 6A1 Mn2+

417electronic transition.63−66 In combination with emissions from
418the organic and inorganic molecular ions, emission from Mn2+

419centers provides a pure WL emission with CIE coordinates of
420(0.33, 0.34), yielding a very high CRI of 90 (see Figure S7)
421among the highest values reported in the literature to date.19,21

422Furthermore, a notable enhancement of the PLQY value from
42336.8 to 40.3% occurs due to the efficient exciton trapping by
424defects created by Mn2+ dopants, which is consistent with the
425recent findings on other related Mn2+-incorporated lead halide
426perovskites.65−67

4. CONCLUSIONS
427In summary, we report the synthesis, crystal structure, and
428optical properties of the new 0D HOIM, (DETA)PbCl5·H2O,
429which shows a remarkably efficient bluish WL emission at
430room temperature with a PLQY of 36.8%, which is among the
431highest reported for the lead-based halides. The origin of this
432broad and bright visible emission is determined to be from an
433overlapping fluorescence of the organic molecules DETA and
434STE within the [Pb2Cl10]

6− inorganic bioctahedra. We also
435demonstrate that the WL properties of the title compound
436could be optimized through the incorporation of small
437amounts (5%) of Mn2+ source additive leading to PLQY
438enhancement and an adjusted pure WL emission (CIE of
439(0.33, 0.34)) as well as a remarkable color rendering index of
44090. This work demonstrates that by understanding the origin
441of luminescence in HOIMs, a molecular-level materials design
442approach can be developed in which the light emission
443properties of a given material selectively originate from organic
444molecules, inorganic substructures, or dopants/impurities.
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Figure 7. Isosurfaces of the partial charge density (0.0005 e bohr−3)
of hole and electron in two different excitons [EX-1 (a, b) and EX-2
(c, d)] in (DETA)PbCl5·H2O, calculated using the hybrid PBE0
functional. The hole and electron are centered at the same Pb ion in
EX-1 but distributed on two adjacent Pb ions in EX-2. Pb and Cl ions
are represented by red and blue balls, respectively.

Figure 8. (a) PXRD pattern of Mn2+-incorporated host (DETA)-
PbCl5·H2O and (b) a magnified view of 8−16° showing the shift of
the PXRD peak positions. A systematical shift of peaks positions
toward higher angles by 0.2°, which confirms the successful
incorporation of Mn2+ into the host crystal lattice sites of
(DETA)PbCl5·H2O. Impurities peaks are indicated with green
asterisks in (a).

Figure 9. Room-temperature PL spectra of (blue, Eex = 3.815 eV)
(DETA)PbBr5.H2O and (red, Eex = 3.54 eV) Mn2+-doped (DETA)-
PbBr5.H2O.
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