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ABSTRACT: Zero-dimensional (0D) hybrid organic-inorganic lead halides have been shown to display efficient broadband 
photoluminescence and are, therefore, of significant interest for artificial lighting applications. However, work that 
investigates the formability of the materials as a function of templating organic cation structure are rare. This severely 
limits our ability to rationally design new materials displaying specific structural and photophysical properties. With the 
goal of accessing rare 0D trimeric bromoplumbates, we have systematically varied templating N-alkylpyridinium cations 
and examined their impact upon inorganic lattice structure. Whereas comparatively short and flexible N-alkyl substituents 
(ethyl, 2-hydroxyethyl, and pentyl) yield one-dimensional (1D) inorganic chains, more rigid substituents (benzyl, 
acetamidyl, and cyanomethyl) afford hybrids composed of lead-bromide face-sharing trimers ([Pb3Br12]6-). Of the rigid 
substituents studied, benzyl groups were found to enforce the highest level of distortion of the [PbBr6]4- octahedra that 
comprise their trimeric structures. Upon exposure to ultra-violet (UV) light, N-benzylpyridinium lead-bromide (1)6[Pb3Br12] 
exhibits a broadband emission, centered at 571 nm, which spans from 400 to 800 nm. More specifically, it displays a large 
Stokes shift of ca. 1.39 eV and a full width at half maximum (FWHM) of ca. 146 nm. This broadband emission decays with a 
comparatively long lifetime of 426 ns at room temperature, which increases to 5.8 µs at 77 K. The reduced size and 
dimensionality of its inorganic lattice also results in a photoluminescence quantum yield (at least 10 %) that is 
approximately one order magnitude higher than that of its 1D congeners. Mechanistically, broadband emission in 
(1)6[Pb3Br12] is believed to originate from triplet excited state(s) obtained from excited-state structural reorganization of 
the [Pb3Br12]6- moiety. 

INTRODUCTION 

In recent years, organic-inorganic metal halide hybrids 
have been intensively investigated due to the exceptional 
versatility of their structural and optoelectronic 
properties.1-3 When appropriate organic and inorganic 
components are chosen, the connectivity of their 
constituent metal halide polyhedra can be tuned to provide 
three- (3D), two- (2D), one- (1D), or zero-dimensional (0D) 
anionic inorganic architectures.4-9 Such structural variety 
implies that there is a vast parameter space available for 
exploration of novel structures that may exhibit new and 
useful features. For example, lowering the dimensionality 
of the inorganic lattice leads to more localized electronic 
states and, consequently, narrower conduction and 
valence bands. This promotes self-trapping of excitons and 

yields stronger exciton emission. As a result, unlike the 
narrow, weakly Stokes-shifted emission bands, typically, 
observed in 3D metal halide hybrids, 2D, 1D and 0D 
materials have been shown capable of displaying efficient 
and heavily Stokes-shifted luminescence, at a wide range 
of wavelengths.10-15 Such properties render the low-
dimensional materials promising phosphors for artificial 
illumination. 

Structurally, 2D metal halide hybrids can be viewed as 
being derived from their 3D counterparts by slicing the 
inorganic lattice along either the (100), (110), or (111) 
crystallographic planes.1-3, 16 These 2D structures are 
typically templated by long, narrow organic cations 
containing primary ammonium functionality, which permit 
efficient packing and exhibit strong H-bonding interactions 



 

with the inorganic lattice.1-3, 16 Although early observations 
of broadband emission in 2D perovskites were limited to 
comparatively rare corrugated (110)-oriented 
structures,17-18 the more common (100) variants were also 
later shown to exhibit similar broad PL features, albeit 
with a strong dependence on temperature.19-20 The 
physical origin of the broadband emission in these 
materials has been attributed to transient self-trapping of 
excitons in the inorganic lattice, which relax radiatively (to 
the ground state) from a broad and structurally distorted 
excited state.14, 21-22 Although organic-inorganic metal 
halides are often considered to be similar to inorganic 
semiconductors, with extended band structures, it has 
been suggested that exciton self-trapping in these 
materials involves excited state structural reorganization 
(distortion and/or bond breaking).23-24 This results in 
conversion of delocalized excitons to localized excitons. 
Alternatively, it has been proposed that permanent color 
centers, such as positive and negative ion vacancies, and 
atoms in interstitial sites, are responsible for the observed 
exciton trapping and luminescence processes.25 

Meanwhile, inclusion of organic cations containing 
sterically hindered charge centers can lead to 1D 
structures, in which the metal-halide octahedra arrange in 
chains via different connectivity modes (face-, corner-, or 
edge-sharing).1-3, 6 In addition, 0D hybrids consisting of 
discrete molecular mono- or oligometallate structures can 
be obtained with organic cations possessing rigid and/or 
bulky substituents.1-4 As a consequence of pronounced 
structural distortion upon photoexcitation, these materials 
typically display broadband emissions with large Stokes 
shifts.7-8, 26 Furthermore, owing to abundant exciton self-
trapping states and enhanced electron-phonon coupling in 
their organic-inorganic ‘host-guest’ lattices, highly efficient 
PL has been demonstrated for 1D and 0D hybrid 
materials.11-12, 27-32 In particular, broadband emission with 
photoluminescence quantum efficiencies (PLQE) of up to 
10 – 20 % have been reported for 1D hybrids. Further 
reducing the dimensionality to 0D clusters was shown to 
allow for further improvement of the PLQE to near unity 
values. 

As might be inferred from the aforementioned reports, 
the efficiency of PL emission from metal halide hybrids is 
highly sensitive to dimensionality of the inorganic lattice 
and the nature of the templating cations. Thus, any work 
that contributes to our understanding of the molecular 
design criteria required for successful formation of 0D 
structures, which display broadband emission of superior 
efficiency, is of significant value. Unfortunately, despite the 
plethora of reports detailing 1D and 0D metal-halide 
hybrids templated by organic cations of diverse 
architectures, including those based around hydrocarbon-
,11, 33-35 heteroatom-endowed linear aliphatic, 36-39 cyclic 
aliphatic,7, 26, 40-41 and aromatic moieties,31-32, 42-43 
systematic studies of the impact of cation structure upon 
inorganic lattice structure and PL properties are still 
relatively scarce.35, 38, 44 Instead, the overwhelming 
majority of works involve the use of largely, unrelated 
organic cations, which make structural analysis difficult. As 
a result, our ability to rationally dictate the dimensionality 
of the materials through the modification of organic 

cations is limited and accessing materials with specific 
inorganic lattice fine structure is rather hit-and-miss. 

Our group is interested in investigating the impact of 
systematic variation of templating organic cation upon the 
structure of self-assembled low-dimensionality lead halide 
inorganic lattices, and its concomitant influence upon their 
photophysical properties. For instance, we have shown 
that appending hydrogen bonding functionalities to 
viologens can induce their dimerization and endow the 
resulting 1D materials with photoconductivity.45 In 
addition, we reported the role of primary ammonium 
groups (-NH3+) as a prerequisite for formation of 2D lead-
halide perovskites.46 Neutral (i.e. uncharged) H-bond 
donor functional groups, such as hydroxyl, carboxyl, and 
carbonamide were, on the other hand, found to result in 
formation of 1D structures. We further demonstrated that 
slight modification in organic cation structure would lead 
to formation of 2D perovskites with different 
interoctahedral connectivity that render the materials to 
exhibit favorable white-light emitting behaviors.47 The 
unifying theme across these studies is the use of cyclic 
cations, such as pyridiniums, with appended alkyl 
substituents, which are straightforward to structurally 
vary and prepare. 

Utilizing the aforementioned cyclic ammonium cation 
motifs, we sought to access comparatively rare trimeric 
bromoplumbate compounds. To this end, a series of N-
alkylpyridinium salts were prepared and used to template 
formation of new low dimensional organic-inorganic lead 
bromide hybrids (1 – 6; Fig. 1). Based upon literature 
precedent,46, 48-49 it was anticipated that inclusion of 
flexible and short N-alkyl substituents, such as ethyl (4), 
pentyl (5) and 2-hydroxyethyl (6), would result in 
assembly of 1D inorganic chains. The coulombic 
interactions between the pyridinium rings and inorganic 
lattice, in such systems, cause the former to orientate 
parallel to the latter. These interactions are distinct from 
those that dominate in 2D perovskites, where H-bonding 
interactions associated with the ammonium functionality 
of the cations are a controlling factor.2, 16, 50  By extension, 
it was postulated that relatively rigid N-alkyl substituents, 
such as benzyl (1), acetamidyl (2) and cyanomethyl (3), 
would increase the effective steric impact of the organic 
cation and, thereby, cause a further reduction of the 
dimensionality of the bromoplumbate. This proved to be 
true and allowed synthesis of a handful of rare trimeric 
bromoplumbates. We performed detailed studies of the 
optical properties of one of them, (1)6[Pb3Br12], and found 
that it displays heavily Stokes-shifted, broadband emission 
that is more efficient that it’s 1D analogues. 

 

 

Figure 1. The N-alkylpyridinium cations used in this work. 

 



 

EXPERIMENTAL METHODS 

Chemicals. Lead(II) bromide (99.999%), Lead(II) 
chloride (99.999%), Lead(II) iodide (99.999%), 
bromoethane (≥99%), 1-bromopentane (98%), 2-
bromoethanol (95%), and 2-bromoacetamide (98%) were 
obtained from Sigma Aldrich, while pyridine (anhydrous, 
99.5+%), α-bromotoluene (99%), 2-bromo-acetonitrile 
(96%), and α-chlorotoluene (99%) were purchased from 
Alfa Aesar. Unless otherwise stated, all reagents were used 
without purification. 

Synthesis. The following general procedure was used to 
synthesize the N-alkylpyridinium bromide salts: a round 
bottom flask was charged with pyridine (1 equivalent) and 
1.1 equivalent of the requisite bromoalkyl reagent. 
Acetonitrile was added and resulting mixture was stirred 
at reflux, under an argon atmosphere, for 1 – 2.5 days. The 
course of the reaction was monitored using 1H NMR 
spectroscopy and upon completion it was allowed to cool 
to room temperature. The precipitate obtained was 
isolated by filtration, washed thoroughly with diethyl 
ether, and dried in vacuo to give the desired products.  

1-(benzyl)pyridin-1-ium bromide, (1)Br. Isolated as 
a brown solid (1.37 g; 90% yield). 1H NMR (400 MHz, 
DMSO-d6): δ 9.36 (d, 2 H, ArH), 8.65 (dd, 1 H, ArH), 8.20 
(dd, 2 H, ArH), 7.60 (dd, 2 H, ArH), 7.41 (m, 3 H, ArH), 6.00 
(s, 2 H, CH2). 13C{1H} NMR (100 MHz, DMSO-d6): δ 146.0, 
144.8, 134.3, 129.3, 129.2, 128.8, 128.4, 63.0. 

1-(acetamidyl)pyridin-1-ium bromide, (2)Br. 
Isolated as a white solid (1.11 g; 91% yield). 1H NMR (400 
MHz, DMSO-d6): δ 8.97 (d, 2 H, ArH), 8.65 (dd, 1 H, ArH), 
8.18 (dd, 2 H, ArH), 8.02 (s, 1 H, C(O)NH2), 7.69 (s, 1 H, 
C(O)NH2), 5.41 (s, 2 H, CH2). 13C{1H} NMR (100 MHz, 
DMSO-d6): δ 166.0, 146.2, 146.0, 127.4, 61.5. 

1-(cyanomethyl)pyridin-1-ium bromide, (3)Br. 
Isolated as a white solid (0.78 g; 83% yield). 1H NMR (400 
MHz, DMSO-d6): δ 9.16 (d, 2 H, ArH), 8.71 (dd, 1 H, ArH), 
8.23 (dd, 2 H, ArH), 5.99 (s, 2 H, CH2). 13C{1H} NMR (100 
MHz, DMSO-d6): δ 147.6, 145.5, 128.6, 114.3, 47.7. 

1-(ethyl)pyridin-1-ium bromide, (4)Br. Isolated as a 
white solid (1.25 g; 84% yield). 1H NMR (400 MHz, DMSO-
d6): δ 9.28 (d, 2 H, ArH), 8.63 (dd, 1 H, ArH), 8.17 (dd, 2 H, 
ArH), 4.72 (q, 2 H, CH2), 1.52 (t, 3 H, CH3). 13C{1H} NMR 
(100 MHz, DMSO-d6): δ 146.0, 145.2, 128.6, 56.8, 16.9. 

1-(pentyl)pyridin-1-ium bromide, (5)Br. Isolated as a 
yellow solid (1.22 g; 91% yield). 1H NMR (400 MHz, DMSO-
d6): δ 9.20 (d, 2 H, ArH), 8.63 (dd, 1 H, ArH), 8.18 (dd, 2 H, 
ArH), 4.66 (t, 2 H, CH2), 1.92 (m, 2 H, CH2), 1.33 (m, 4 H, 
CH2), 0.85 (t, 3 H, CH3). 13C{1H} NMR (100 MHz, DMSO-d6): 
δ 145.5, 144.7, 127.9, 60.2, 30.4, 27.2, 21.4, 13.5. 

1-(2-hydroxyethyl)pyridin-1-ium bromide, (6)Br. 
Isolated as a brown solid (0.94 g; 88% yield). 1H NMR (400 
MHz, DMSO-d6): δ 9.09 (d, 2 H, ArH), 8.63 (dd, 1 H, ArH), 
8.17 (dd, 2 H, ArH), 4.73 (t, 2 H, CH2), 3.86 (t, 2 H, CH2). 
13C{1H} NMR (100 MHz, DMSO-d6): δ 145.7, 145.2, 127.7, 
63.1, 60.0. 

1-benzylpyridin-1-ium chloride, (1)Cl. Isolated as 
pale yellow oil (1.12 g; 85% yield). 1H NMR (400 MHz, 
DMSO-d6): δ 9.29 (d, 2 H, ArH), 8.63 (dd, 1 H, ArH), 8.19 
(dd, 2 H, ArH), 7.59–7.40 (m, 5 H, ArH), 5.91 (s, 2 H, CH2). 

13C{1H} NMR (100 MHz, DMSO-d6): δ 146.0, 144.9, 134.3, 
129.4, 129.2, 128.8, 128.5, 63.2. 

1-benzylpyridin-1-ium iodide, (1)I. Isolated as brown 
solid (1.17 g; 83% yield). 1H NMR (400 MHz, DMSO-d6): δ 
9.20 (d, 2 H, ArH), 8.64 (dd, 1 H, ArH), 8.19 (dd, 2 H, ArH), 
7.58–7.38 (m, 5 H, ArH), 5.88 (s, 2 H, CH2). 13C{1H} NMR 
(100 MHz, DMSO-d6): δ 146.0, 144.8, 134.3, 129.4, 129.2, 
128.8, 128.5, 63.3. 

Crystal growth. In general, vials were charged with 
concentrated solutions (~0.25 – 0.33 M) of stoichiometric 
amounts of PbBr2 and N-alkylpyridinium halide salt in 
dimethyl sulfoxide (DMSO), after which the antisolvent 
acetone was introduced by the vapor diffusion method, 
under ambient conditions. The single crystals, which 
formed within 2 – 7 days (~37-72% yield based on Pb 
content), were either used in X-ray crystallographic 
studies or isolated and dried in vacuo for further 
characterization. 

Nuclear Magnetic Resonance (NMR) spectroscopy. 1H 
and 13C{1H} NMR spectra of organic compounds were 
recorded in DMSO-d6 solution using a Bruker AV400 
spectrometer. Chemical shift values (ppm) are referenced 
against residual protic solvent peaks. 

X-ray crystallography. Crystals were mounted on a 
Bruker X8 Quest CPAD area detector diffractometer and 
data was collected using a IμS 3.0 Microfocus Mo-Kα 
radiation source (λ = 0.71073 Å), at cryogenic 
temperatures (100 K). Data reduction and absorption 
corrections were performed using the SAINT and SADABS 
software packages, respectively.51 All structures were 
solved by direct methods and refined by full-matrix least 
squares procedures on F2, using the Bruker SHELXTL-2014 
software package.52-53 Non-hydrogen atoms were 
anisotropically refined, after which hydrogen atoms were 
introduced at calculated positions and the data was further 
refined. The graphical illustrations of crystal structures 
used throughout the main paper and supporting 
information were created using the program VESTA.54 

Powder X-ray diffraction. Powder X-ray diffraction 
measurements were conducted using a Bruker AXS D8 
ADVANCE system containing a Cu K radiation source ( = 
1.5418 Å). The XRD spectra were recorded with an 
incident angle of 5, a step size of 0.05, and a delay time of 
1s for each step. 

Density Functional Theory (DFT) Calculations. First-
principles DFT calculations were performed to investigate 
the electronic structure of the compound (1)6[Pb3Br12]. 
Calculations considered a 495-atom unit cell with atomic 
positions taken from the refined experimental structure, 
without further optimization. DFT calculations were 
performed using version 5.4.4 of the Vienna Ab initio 
Simulation Package (VASP),55 employing the Perdew-
Burke-Ernzerhof (PBE) Generalized Gradient 
Approximation (GGA)56 exchange-correlation functional, 
with explicit inclusion of spin-orbit-coupling terms 
employing the approach implemented in VASP. The 
electron-ion interactions were described with the 
projector-augmented-wave (PAW)57 method as 
implemented in VASP.58 PAW potentials labeled “PAW_PBE 
C 08Apr2002”, “PAW_PBE N 08Apr2002”, “PAW_PBE H 



 

15Jun2001”, “PAW_PBE Pb 08Apr2002”, and “PAW_PBE Br 
06Sep2000” were employed for C, N, H, Pb and Br, 
respectively. A plane wave cutoff energy of 440 eV was 
used for the expansion of wavefunctions. For Density of 
States (DOS) calculations, the tetrahedron method with 
Blöchl corrections59 was used and the Brillouin zone was 
sampled on a kpoint mesh of 2 × 2 × 2.  The electronic band 
structure was evaluated along the special k-point paths in 
the Brilllouin zone. 

UV-vis spectroscopy. UV-vis spectra of polycrystalline 
samples were collected using a Shimadzu UV-3600 UV-VIS-
NIR Spectrophotometer, with BaSO4 as the 100% 
reflectance reference. The measurements were conducted 
over a 300 – 800 nm wavelength range, in the diffuse 
reflectance mode, using an integrating sphere, and a 
scanning resolution of 0.5 nm s-1. Relative absorbance was 
obtained from Kubelka−Munk transformation of the 
reflectance spectra: α/S = (1 − R)2(2R)-1, where R is the 
reflectance, and α and S are the absorption and scattering 
coefficients, respectively. 

Steady-state, time-resolved, temperature- and 
power-dependent photoluminescence (PL) 
spectroscopies. Samples were photoexcited with 325 nm 
femtosecond laser pulses, generated using an optical 
parametric amplifier (OPA, Coherent OPerA Solo). The OPA 
was powered by a Coherent LIBRA laser, with a 
fundamental wavelength of 800 nm and output pulse-
width of ~50 fs, at a repetition rate of 1 kHz. The PL signal 
was collected using a  

 

 

Figure 2. Single crystal X-ray structures of the 1D lead bromide hybrids a) 4[PbBr3], b) 5[PbBr3] and c) 6[PbBr3]. Dark gray, 
brown, gray, blue and red spheroids represent Pb, Br, C, N and O atoms, respectively. H atoms are omitted for clarity. 
Thermal ellipsoids are shown at 50% probability. 

 

lens pair and sent to a spectrometer (Princeton 
Instrument, SP-2500 series), where it was detected by a 
CCD camera (Pixis-400) or a streak camera (Optronis) in 
steady-state and TRPL measurements, respectively. The 
power-dependent measurements were obtained in this 
configuration by changing the excitation power in the 
range of 2.5 – 40 µW, using a set of variable density filters. 
For temperature-dependent studies, the samples were 
mounted onto a liquid nitrogen-cooled Janis st-300 
cryostat, adjusted to the optical plane of the inverted 
microscope, and measured within the temperature range 
77 – 293 K. 

Photoluminescence quantum yield. Samples were 
photoexcited with 325 nm femtosecond laser pulses, 

generated using an optical parametric amplifier (OPA, 
Coherent OPerA Solo). The OPA was powered by a 
Coherent LIBRA laser, with a fundamental wavelength of 
800 nm and output pulse-width of ~50 fs, at a repetition 
rate of 1 kHz and 2.5 µW. 

Raman spectroscopy. Raman scattering measurements 
were performed using a WITec alpha 300RAS confocal 
Raman microscope. An Acton spectrometer with a 
diffraction grating of 1800 grooves mm-1 (1.3 cm−1 
resolution) and a thermoelectrically cooled Andor CCD 
detector were used to collect data. To avoid absorption by 
the samples, which could lead to photoluminescence and 
degradation, the 633 nm (red) line from a He−Ne gas laser 
with a power of 5 mW was chosen, while the laser spot 

a)

b)

c)



 

area was ~1 μm2. The backscattered Raman signal passed 
through two 633 nm BragGrate Notch Filters (BNF). 
Measurements at 80 K were conducted under a nitrogen 
gas flow cryostat. 

 

RESULTS AND DISCUSSION 

X-ray crystal structures of the N-alkylpyridinium-
templated compounds containing 1D bromoplumbate 
chains and trimeric bromoplumbates are shown in Figures 
2 and 3, respectively. (Selected bond lengths are provided 
in Table 1, and more extensive lists of structural 
parameters, plus crystallographic and refinement data, are 
provided in the Supporting Information.) As anticipated, 
employing flexible N-alkyl substituents leads to formation 
of 1D polymeric chains of the monomer [PbBr3]-. This is 
exemplified by the cation N-ethylpyridinium (4), where the 
1D chains in 4[PbBr3] (Figure 2a) are built from face-
sharing of its constituent [PbBr6]4- octahedra. The 
coordination sphere of Pb is distorted, with large 
differences between the lengths of Pb–Br bonds (ranging 
from 2.8185(13) to 3.3633(13) Å) mutually trans to one 
another along two of the three molecular axes. Despite the 
potential existence of several C-H···Br intermolecular 
interactions between the bromoplumbate chains and 
pyridinium cations, the main driving force for crystal 
packing is likely to be Coulombic interactions. This notion 
is supported by the tendency of the pyridinium rings to 
align parallel to the inorganic lattices, which minimizes 
separation of the opposing charges of these two 
components. Furthermore, the structures of 5[PbBr3] and 
6[PbBr3] (Figs. 2b and 2c), whose cations contain pentyl 
and 2-hydroxyethyl substituents, respectively, show 
similar properties. This suggests that long-chain linear N-
alkyl substituents and those with neutral H-bond donor 
functionality, do not interfere with self-assembly of the 1D 
Pb-Br polymeric chains. 

 

Table 1. List of selected bond lengths (Å) from the single 
crystal X-ray structures of (1)6[Pb3Br12], (2)6[Pb3Br12], 
(3)6[Pb3Br12], 4[PbBr3], 5[PbBr3], and 6[PbBr3].  

Compounds Pb−(μ2-Br) α Pb−Brt β Pb−Pb 

(1)6[Pb3Br12

] 
3.0016(4), 
3.1665(5) 

2.9219(5) 3.9345(5) 

(2)6[Pb3Br12

] 
3.0583(4), 
3.2722(6) 

2.8764(4) 3.8458(5) 

(3)6[Pb3Br12

] 
2.9746(16) - 
3.2225(17) 

2.8423(17) - 
2.9678(16) 

3.8143(10) 
- 

3.9365(10) 

4[PbBr3] 2.8185(12) - 
3.3633(12) 

 3.9456(16) 

5[PbBr3] 2.9895(8) - 
3.3423(11) 

2.7861(8) 3.9797(5) 

6[PbBr3] 2.8874(9) - 
3.2526(12) 

 3.8667(7) - 
3.9275(7) 

αbridging Pb−Br bond lengths. βTerminal Pb−Br bond 
lengths. 

 

In contrast, distinct bromoplumbate architectures are 
obtained with the more rigid substituents of 1, 2, and 3 
(Figure 3), using the same crystallization conditions. More 
specifically, the resulting  

 



 

 

Figure 3. Single crystal X-ray structures of trimeric lead-bromide hybrids a) (1)6[Pb3Br12], b) (2)6[Pb3Br12] and c) 
(3)6[Pb3Br12]. Dark gray, brown, gray, blue, red, and yellow spheroids represent Pb, Br, C, N, O and S atoms, respectively. H 
atoms are omitted for clarity. Thermal ellipsoids are shown at 50% probability. 

 

hybrids (1)6[Pb3Br12], (2)6[Pb3Br12] and (3)6[Pb3Br12] are 
comprised of discrete molecular [Pb3Br12]6- trimers that 
are separated by, and appear at regular intervals in, a 
matrix of organic countercations. Such inorganic motifs are 
very rare, relative to 1D and 2D hybrids, and are distinct 
from the more common 0D compounds composed of 
monomeric halides.7, 12, 26-27 In fact, we are aware of only 
four compounds containing trimeric Pb-Br units.5, 60-62 The 
major difference between cations 1 – 3 and 4 – 6, used in 
this study, is that the N-alkyl substituents in the former 
group contain sp or sp2 hybridized C atoms. This endows 
them with a degree of rigidity that inhibits ideal packing 
around the inorganic octahedra and, thereby, prevents 
assembly of infinite 1D [PbBr3]- chains. 

The trimers are built from monomeric lead bromide 
octahedra that link to one another in a face-sharing 
fashion. As such, all 6 bromide ions in the central [PbBr6]4- 
octahedra are bridging (μ2-Br-), whereas the outer 
[PbBr6]4- octahedra have 3 terminally bound ions (Brt-) and 
3 that bridge to the central Pb ion. Consistent with 
expectations, the Pb-Brt bonds are generally shorter than 
the Pb−(μ2-Br) bonds (Table 1; for more complete data, 
see the tables in the Supporting Information). For instance, 
in (1)6[Pb3Br12] the former are 2.9219(5) Å long, whereas 
the latter vary from 3.0016(4) − 3.1665(5) Å. 
Furthermore, the Pb−(μ2-Br) distances in the trimers are, 
on the whole, longer than those in the 1D chains templated 
by 4+, 5+ and 6+. Notably, there is deviation in the average 
Pb−Pb distances amongst the three trimers, with those of 
(1)6[Pb3Br12] and (2)6[Pb3Br12] being the longest and 
shortest, respectively, at 3.9345(5) and 3.8458(5) Å. 
Although there is some overlap in their ranges, the Pb-Pb 
separations in the 1D chains are generally longer than 
those in the bromoplumbate trimers (Table 1).  

Interestingly, the tendency to form inorganic trimers, 
rather than 1D structures, is also influenced by the identity 
of the halide. Whereas replacement of the bromide ions in 
(1)6[Pb3Br12] with chloride provides the isostructural, 
trimer-containing compound (1)6[Pb3Cl12], combination of 
PbI2 with (1)I affords the 1D iodoplumbate 1[PbI3] (Figure 
S1). The larger Pb-halide voids formed by the bigger iodide 

anions are, presumably, better able to accommodate close 
packing with the N-benzylpyridinium cation. 

The breaking of 1D bromoplumbate chains into trimeric 
units is readily apparent in single crystal, low-frequency 
Raman measurements (Figure S2). Based upon a close 
similarity to vibrations (at 142 cm-1) in published 1D 
bromoplumbate compounds possessing face-sharing 
linkages,6, 63 the vibration in 4[PbBr3] at 143 cm-1 can be 
assigned as symmetric stretching of comparatively strong 
Pb−Br bonds. In (1)6[Pb3Br12], this Raman mode shifts to 
lower energy (132 cm-1) and decreases in intensity by a 
factor of  3. The former indicates weakening of the Pb−Br 
bonds and an increase in Pb−Br bond lengths, while the 
latter reflects a decrease of the overall rigidity of bonding. 
These results are consistent with their X-ray crystal 
structures, wherein (1)6[Pb3Br12] contains six terminally-
bound halides in each of their trimeric inorganic 
components, while 4[PbBr3] has none (i.e., all are 
bridging). The peaks below 100 cm-1, contributed by 
vibrations involving scissoring modes of Pb−Br−Pb and 
Br−Pb−Br, differ as well. However, precise assignment of 
these features is not straightforward due to the large 
number of overlapping vibrational modes in this region. As 
such, exact assignments would require a combination of 
calculations and measurements at low temperatures. 

Overall, the bulky N-benzylpyridium cations in 
(1)6[Pb3Br12] impose greater structural distortion of their 
constituent [PbBr6]4- octahedra than the cations that 
template the other trimeric structures, (2)6[Pb3Br12] and 
(3)6[Pb3Br12] (Table 2). The degree of intra-octahedral 
distortion is assessed via the parameters octahedral 
elongation (λoct), octahedral angle variance (σ2oct), and 
octahedral bond length distortion (∆oct),23, 64 which are 
calculated using the following equations: 
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where di corresponds to Pb–Br bond length, d0 to center-
to-vertex distance of a regular octahedron of the same 
volume, dm to average  

 

Figure 4 a) Room temperature UV-vis diffuse reflectance spectrum (DRS), transformed using the Kubelka-Munk (K-M) 
function, and photoluminescence (PL, λex = 350 nm) spectrum of (1)6[Pb3Br12]. b) Chromaticity coordinates for the PL 
emission of (1)6[Pb3Br12]. c) Laser fluence-dependent integrated PL intensity of (1)6[Pb3Br12], recorded at 293 K in the 
range 8 – 143 μJ /cm2, plus a linear fit of the data. d) Time-resolved PL spectra of (1)6[Pb3Br12], recorded at an emission 
wavelength of 570 nm, at temperatures of 77 and 293 K.  

 

bond length, and i to individual Br–Pb–Br angle. λoct and 
σ2oct provide a quantitative measure of octahedral 
distortion independent of the effective size of the 
octahedron, with larger values equating to greater 
distortion.  

It was previously reported, and is generally accepted, 
that the tendency of 2D bromoplumbate perovskites to 
demonstrate broadband photoluminescence increases 
with increasing distortion of their constituent lead 
bromide octahedra.6, 65 Thus, it is noteworthy that the 
levels of intra-octahedral structural distortion displayed 
by (1)6[Pb3Br12] – (3)6[Pb3Br12] are very large, even 
relative to broadband-emitting 2D perovskites.65-67 This is 
a direct consequence of the very different coordination 
spheres of the “central” and two “terminal” lead ions that 
comprise the trimers. More specifically, the terminal 
[PbBr6]4- octahedra contain 3 terminally-bound Br- ions 
and a further three that μ2-bridge in a facial fashion to a 
central Pb2+ ion. By extension, the central Pb2+ ions are 

coordinated only to bridging Br- ions. The inherently lower 
symmetry of the coordination sphere of the terminal Pb2+ 
ions, combined with the significant difference between the 
bond lengths and angles to μ2-bridging Br- ions versus 
terminally-bound Br- ions, results in the aforementioned 
large deviations from ideal octahedral symmetry. 
Consistent with our expectations, all of the trimeric 
hybrids reported herein were found to exhibit broadband 
emission (Figure S3). Of these, we elected to study the 
optical properties of the compound displaying the largest 
intra-octahedral distortions, (1)6[Pb3Br12], in greater 
detail. 

 

Table 2. Distortion parameters derived from the single 
crystal X-ray structures of the trimeric bromoplumbates 
(1)6[Pb3Br12], (2)6[Pb3Br12], and (3)6[Pb3Br12]α 

Compound 
λoct 

(avg)b 
σ2oct 

(avg)c 
∆oct (×10-4)d 



 

(1)6[Pb3Br1

2] 
1.012

0 
39.07 

10.79 

(2)6[Pb3Br1

2] 
1.005

8 
13.04 

27.66 

(3)6[Pb3Br1

2] 
1.011

4 
31.93 

21.93 

αAveraged distortion parameters are given because the 
unit cells of (1)6[Pb3Br12], (2)6[Pb3Br12] and (3)6[Pb3Br12] 
contain two, two, and three geometrically distinct 
octahedra, respectively. Further details are provided in the 
SI. bOctahedral elongation. cOctahedral angle variance. 
dOctahedral bond length distortion. 

 

Single crystals of (1)6[Pb3Br12] appear colorless and 
transparent under ambient light, which is indicative of 
little-to-no light absorption in the visible region and a large 
HOMO-LUMO energy gap. Consistent with this, its 
pseudoabsorption spectrum, converted from diffuse-
reflectance measurements using the Kubelka−Munk 
function, shows an absorption band with a maxima of 318 
nm (Figure 4a). Upon photoexcitation by ≤ 375 nm UV 
light, (1)6[Pb3Br12] exhibits strong photoluminescence (PL) 
at room temperature. The emission band is broad, with a 
maxima at 571 nm, an emission width of ca. 1.45 eV, and a 
full width at half maximum (FWHM) of ca. 146 nm (Figure 
4a). Relative to its absorption onset, the observed PL 
exhibits a large Stokes shift of ca. 1.39 eV. 

A similar PL feature was also observed in ball-milled 
powder samples of (1)6[Pb3Br12] (Figure S4), which 
indicates that differences in particle size and defects do not 
significantly affect the emission. (Purity of the bulk 
(1)6[Pb3Br12] was confirmed using powder X-ray 
diffraction, shown in Figure S5, where the obtained 
pattern exhibits a near perfect match with the simulated 
XRD pattern.) The observed broadband emission 
corresponds to “warm” white-light, with a correlated 
colour temperature (CCT) of 3667 K, Commission 
Internationale de l'Eclairage (CIE) chromaticity coordinate 
(0.43; 0.50), and colour rendering index (CRI) of 64 
(Figures 4b), making it suitable for indoor illumination. 

The PLQE of (1)6[Pb3Br12] was determined to be at least 
10 % (Figure S6), which is similar to that reported for 
other trimeric bromoplumbates.29 As a frame of reference, 
the prototypical 1D compound 4[PbBr3] exhibits a PLQE of 
ca. 1.0 %, which is of a similar magnitude to values 
reported for other 1D lead-bromide hybrids (0.4 – 0.6 %).6, 

44 Thus, although the 1D materials templated by 4 – 6 also 
exhibit broadband emission (Figure S7), moving to a 0D 
trimer can yield a ten-fold enhancement of PLQE. This is a 
straightforward consequence of increased quantum-
confinement and illustrates why a decrease in 
dimensionality is advantageous. 

Identical PL features were obtained for (1)6[Pb3Br12] 
when excitation wavelengths shorter than 375 nm were 
used (Figure S8). Such invariance suggests that the 
broadband emission is an intrinsic feature of this material. 
In addition, photoluminescence excitation (PLE) spectra 
probing the emission band over the range 450 – 700 nm 
retain the same shape and features (Figure S9). This 
implies that the entirety of the observed emission 

originates from a common set of excited states. Moreover, 
the PLE spectra exhibit similar onsets of ca. 390–400 nm 
as the UV-vis data, which further evidences the intrinsic 
origin of the broadband PL. This conclusion is also 
supported by power-dependent continuous-wave PL 
measurements. If the emission arose from permanent 
defects, PL would be expected to saturate as these traps 
become filled. Instead, PL intensity is found to increase 
linearly with fluence from 8 to 143 μJ cm-2 at 293 K 
(Figures 4c and S10), with no signs of saturation. Also, no 
blue-shift of PL spectra was observed with increasing 
excitation fluence, ruling out the possibility of it being 
deep-trap emission. 

The luminescent decay of (1)6[Pb3Br12] at room 
temperature was recorded and, as shown in Figure 4d, 
monoexponential fitting of its broadband emission gives a 
comparatively long lifetime of approximately 426 ns. 
Additionally, no significant variation of PL lifetime is seen 
across different emission wavelengths (Figure S11). 
Decrease of the temperature to 77 K results in an increase 
the luminescent decay lifetime to around 5.8 µs (also by 
single-exponential fitting). This is similar to observations 
reported for 0D organic-inorganic metal halide hybrids 
that have emissions from excitons localized in individual 
metal halide clusters.26-27, 68 In particular, the 
aforementioned behavior of (1)6[Pb3Br12] is indicative of 
emission originating from a triplet excited state(s), similar 
to the phosphorescence commonly associated with heavy 
metal complexes.69 

 

 



 

Figure 5. a) Density Functional Theory (DFT) calculated 
electronic band structure and density of states (DOS) plots 
for (1)6[Pb3Br12]. The computational methodology 
employed is described above. b) Schematic depiction of the 
proposed mechanism of broadband emission in 
(1)6[Pb3Br12]. The straight and curved arrows represent 
optical transitions and excited state rearrangement, 
respectively. 

 

Upon lowering the temperature to 77 K, the emission 
spectrum of (1)6[Pb3Br12] becomes progressively narrower 
and shifts slightly to higher energy (Figures S12 and 13). 
This, presumably, reflects reduced thermal population of 
higher vibrational states at low temperatures. 
Interestingly, we did not observe additional bands 
appearing in the PL spectrum within the temperature 
range of 77 – 293 K. This is in contrast to the previously 
reported trimeric Pb-Br compound templated by the 1-
butyl-1-methylpyrrolidinium cation, (bmpy)6[Pb3Br12],70 
which was shown to exhibit two emission peaks, at 501 
and 564 nm, with respective decay lifetimes of 18 and 44 
μs, at 77 K. To explain this phenomenon, the presence of 
two co-existing excited-state energy minima, accessed with 
different energy barriers, was proposed. The origin of the 
difference between the PL behaviour of (1)6[Pb3Br12] and 
other Pb-Br trimers is not clear at this stage, and the in-
depth photophysics investigations that would be required 
to elucidate the mechanism of emission are beyond the 
scope of the current work. However, we suspect that it 
stems from different structural distortions in the 
photoexcited state(s) that are themselves the result of 
differences in the supramolecular interactions between the 
inorganic clusters and the accompanying templating 
organic cations.  

Modelling the temperature dependence (77 – 293 K) of 
the integrated PL intensity and decay lifetime of 
(1)6[Pb3Br12] with the Self-Trapped Exciton (STE) Model, 
which is normally applied to typical semiconducting 
materials, yields good fits (Figures S14 and S15).43, 71 
However, unlike hybrid metal halide systems of higher 
dimensionalities,14, 21 (1)6[Pb3Br12] is not an extended 
solid; it is comprised of discrete molecular entities. 
Consistent with this, its DFT calculated electronic structure 
exhibits nearly dispersionless “bands” (Figure 5a). This 
implies that the photogenerated excitons would be very 
much localized in the individual bromoplumbate clusters, 
as they are spacially isolated from one another and have 
no appreciable electronic coupling. As such, the highly 
Stokes shifted broadband emission observed in 
(1)6[Pb3Br12] can be assumed to a result of structural 
reorganization of the photoexcited trimers.72-75  

A further question is whether the observed PL 
behaviour is a consequence of energy/charge transfer 
from the Pb-Br trimers to the organic countercations, with 
broadband emission from the latter. Accordingly, the UV-
vis DRS of (1)Br was recorded (Figure S17), and it was 
found to exhibit an extremely weak feature at similar 
energies to the broadband emission of (1)6[Pb3Br12]. 
Furthermore, the DFT calculations yielded two sets of 
largely cation-based bands (not shown), at 1.36-1.68 and 
2.24-2.59 eV above the Fermi level, intermediate between 

the Pb and Br dominated highest occupied molecular 
orbitals (HOMOs) and lowest unoccupied molecular 
orbitals (LUMOs), which are respectively within 0.5 eV of 
the Fermi level and approximately 3 – 3.5 eV above the 
Fermi level. However, given the spatial separation of the 
organic and inorganic components, which results in the 
majority of Pb 6s and Br 4p contributions to the HOMOs 
being from within the same trimer, there is likely to be 
significant barriers to energy transfer between them. 
Considering this and the relatively high intensity and long 
lifetimes of broadband emission of (1)6[Pb3Br12], we 
favour retention of the exciton within the [Pb3Br12]6- 
moiety. Analogous (and well-evidenced) conclusions were 
drawn for the 0D tetraphenylphosphonium-templated 

chloroantimonate (Ph4P)2[SbCl5], which displays similar 
broadband white light emission properties.12 DFT 
calculations for this compound similarly gave organic 
cation-based LUMOs, but they also showed that the excited 
triplet state of the SbCl5- moiety was substantially 
stabilized and the calculated emission from this state was 
in excellent agreement with experiment.   

A schematic depiction of our proposed broadband 
emission mechanism is provided in Figure 5b. Upon 
photon absorption, the [Pb3Br12]6- species are initially 
excited to a high energy singlet excited state. Subsequently, 
there is ultrafast excited state structural reorganization 
and intersystem crossing to lower energy triplet excited 
state(s), from which the highly Stokes-shifted broadband 
emission occurs. This general mechanism has been 
demonstrated (and is widely accepted) for heavy atom-
containing metal complexes and molecules,71-72, 74-75 and 
has been recently proposed for similar 0D Pb-, Sn-, Ge-, 
and Sb-based hybrids.7, 12, 68 Although it has not yet been 
confirmed that a triplet exciton can be accessed and 
stabilized by the Pb-Br trimers of (1)6[Pb3Br12], its 
relatively long emission lifetime (Figure 4d) is consistent 
with this assumption. Future studies may clarify these 
points. 

One of the most important factors for assessing the 
applicability of a material for practical lighting 
applications, is its stability upon storage and exposure to 
light, under ambient conditions. Accordingly, we measured 
the PL spectrum of (1)6[Pb3Br12] after storage in air, with a 
relative humidity (RH) of 70 %, at room temperature (RT) 
for 3 and 6 months. As shown in Figure 6a, virtually no 
change in PL emission shape and position was observed. In 
addition, upon continuous excitation by 350 nm 
wavelength light (5 μJ cm-2 fluence, at a 1 kHz repetition 
rate) for approximately six hours, under ambient 
conditions (RH = 70 %, RT), (1)6[Pb3Br12] was able to 
retain around 90% of its initial PL intensity (Figure 6b). 
These measurements indicate relatively good stability. We 
attribute this to the presence of the bulky N-
benzylpyridinium cations, which acts as a protective 
“matrix” or “host” for the “guest” [Pb3Br12]6- moieties.  

 



 

 

Figure 6. a) Photoluminescence (PL, λex = 350 nm) spectra 
of (1)6[Pb3Br12] recorded fresh and after storage for 3 and 
6 months under ambient conditions (room temperature 
(RT) and relative humidity (RH) = 70 %). b) Normalized PL 
intensity of (1)6[Pb3Br12] under constant illumination, 
using an excitation wavelength of 350 nm and a laser 
fluence of ~5 μJ cm-2, under ambient conditions (RT and 
RH = 70 %). 

 

CONCLUSIONS 

In summary, we set out to selectively induce formation 
of trimeric bromoplumbates by engineering the molecular 
structure of templating pyridinium cations. This was 
successfully achieved through incorporation of 
comparatively rigid benzyl, acetamidyl, and cyanomethyl 
substituents, which contain sp2 or sp hybridized C atoms. 
The resulting “0D” [Pb3Br12]6- trimers are very rare and we 
aware of only four examples having been published prior 
to this study. As such, we have almost doubled the number 
known. Of the three trimers detailed herein, the N-
benzylpyridinium containing compound (1)6[Pb3Br12] 
exhibits the most severe distortions of the constituent 
lead-bromide octahedra (i.e., coordination spheres). It’s 
highly confined inorganic lattice and strong intra-
octahedral distortions result in PL emission that is efficient 
(at least 10% PLQE), relative to its 1D congeners, ultra-
broad (ca. 146 nm), and highly Stokes-shifted (1.39 eV). 
Mechanistically, the broadband emission is deduced to 
proceed via excited-state structural reorganization of the 
inorganic [Pb3Br12]6- to an emissive triplet state(s). Further 
studies are required to confirm this assertion and exclude 

the possibility of energy/charge transfer to (and emission 
from) the organic cation. Regardless, our work 
demonstrates deliberate tailoring of the Pb-halide lattice 
structure at a molecular level in order to induce desirable 
photophysical properties. This represents a rare example 
of rational design of the microscopic structure of 
haloplumbates, and the cation-inorganic lattice structure 
correlations elucidated herein can be used to inform future 
engineering of p-block metal halide materials possessing 
specific motifs and dimensionalities. 
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