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Organic metal halide hybrids with low-dimensional structures at 

the molecular level have received great attention recently for their 

exceptional structural tunability and unique photophysical 

properties. Here we report for the first time the synthesis and 

characterization of a one-dimensional (1D) organic metal halide 

hybrid, which contains metal halide nanoribbons with a width of 

three octahedral units. It is found that this material with a chemical 

formula C8H28N5Pb3Cl11 shows a dual emission with a 

photoluminescence quantum efficiency (PLQE) of around 25%. 

Photophysical studies and density functional theory (DFT) 

calculations suggest the coexisting of delocalized free excitons and 

localized self-trapped excitons in metal halide nanoribbons leading 

to the dual emission.   

Metal halide perovskites and perovskite-related organic-

inorganic hybrid materials have emerged as an important class 

of functional materials for a wide range of applications, 

including solar cells, light emitting diodes (LEDs), scintillators, 

etc. The exceptional structural tunability of this class of hybrid 

materials via the control of both organic and metal halide 

components has led to the development of a variety of low 

dimensional structures at the molecular level, ranging from 

quasi-two dimensional (2D) to layered-2D, corrugated-2D, one-

dimensional (1D), and zero-dimensional (0D) structures.1 Due to 

the isolation of metal halides by organic components, different 

degrees of electronic band formation and structural distortion 

can be achieved in these materials, which exhibit unique optical 

and electronic properties different from those of 3D metal 

halide perovskites.2 For instance, narrowband emissions with 

small Stokes shifts from free excitons (FEs) are obtained in many 

quasi-2D and layered-2D metal halide perovskites3, 4 while 

strongly Stokes-shifted broadband emissions from localized 

self-trapped excitons (STEs) are recorded in most 1D and 0D 

organic metal halide hybrids.5, 6 For a few corrugated-2D and 1D 

organic metal halide hybrids, the coexistence of FEs and STEs 

can produce multiband white emissions.2, 7  

While early reports on 1D organic metal halide hybrids date 

back to the 1990s,8 they have attracted great attention since 

2017 with the discovery of 1D C4N2H14PbBr4, which exhibits 

bluish white emission with PLQEs of up to 20%.7 Dozens of 1D 

organic metal halide hybrids have been reported since then 

with improved PLQEs. For instance, Gautier et al. reported 

white emitting 1D (TDMP)PbBr4 with a PLQE of around 45%.9 

More recently, a PLQE of around 60% was recorded in yellowish 

white-emitting 1D [C4N2H12]3[PbBr5]2·4DMSO.10 The rich 

chemistry of organic metal halide hybrids has enabled synthesis 

of diverse 1D structures containing corner-, edge-, and face-

sharing metal halides. In addition to 1D linear chains, 

corrugated and tubular 1D structures have been assembled 

using metal halides.11, 12 The different 1D structures lead to 

distinct optical properties, with some showing dual emissions 

from both FEs and STEs and others exhibiting strongly Stokes-

shifted broadband emissions from STEs only. The recent 

advances in 1D organic metal halide hybrids suggest that there 

is ample room to develop new types of 1D structures.5 One 

classic 1D structure that has not been explored for metal halides 

is 1D ribbons. Like using benzene rings as building block for the 

formation of 1D graphene nanoribbons,13 we hypothesize that 

1D metal halide nanoribbons could be prepared using metal 

halide polyhedra as building block. 

Here we report for the first time the synthesis and 

characterization of a 1D organic metal halide hybrid, 

C8H28N5Pb3Cl11, containing metal halide nanoribbons with a 

width of three octahedral units. In this unique 1D hybrid, the 

corner- and edge-sharing octahedral lead chloride chains 

(Pb3Cl11
5-)∞ are encompassed by long multiply charged organic 
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tetraethylenepentammonium cations (TEPA5+, C8H28N5
5+). 

Greenish-white light emission with peaks at around 420 nm and 

540 nm is observed under UV light irradiation (365 nm) at room 

temperature, with a PLQE of around 25%. 

C8H28N5Pb3Cl11 single crystals were prepared by gradually 

cooling a hydrochloric acid solution of tetraethylenepentamine 

pentahydrochloride (TEPA∙5HCl) and lead chloride (PbCl2) 

(Figure 1a). The crystal structure of colorless thin plate-like 

single crystals was determined by single-crystal X-ray diffraction 

(SCXRD), which shows a structure with orthorhombic space 

group Pbca. Detailed structural analysis can be found in the 

Supporting Information (Table S1). The uniformity and 

structural phase consistency of 1D C8H28N5Pb3Cl11 single crystals 

were confirmed by powder XRD (Figure S1). Although 

C8H28N5Pb3Cl11 single crystals were found to contain a small 

amount of water molecules (~ 1.5 %), as confirmed by 

thermogravimetric analysis (Figure S2) and elemental analysis 

(see details in the Supporting information), computational 

studies suggest that such O-containing impurities (H2O) have 

little-to-no effect on their structural properties, and a minimum 

effect on the optical properties, primarily an increase in 

absorption at shorter wavelengths for x-polarization (Figure S3). 

The novel 1D structure at the molecular level is depicted in 

Figure 1b, in which anionic metal halide nanoribbons (Pb3Cl11
5-

)∞ are isolated and surrounded by multi-charged organic cations 

C8H28N5
5+. For an individual metal halide nanoribbon (Figure 1c), 

metal halide octahedra (PbCl64-) are connected via both corner-

sharing in the long a-direction and edge-sharing in the short c-

direction, unlike corner-sharing only as in typical layered-2D 

perovskites.14 The width of an individual nanoribbon with three 

metal halide octahedral units is about 0.92 nm, which is 

significantly smaller than the typical Bohr exciton radius of 

metal halide perovskites (~7 nm),15 suggesting strong quantum 

confinement in two dimensions. As shown in many previous 

studies, the geometry and charge of organic cations play an 

essential role in controlling the formation of low dimensional 

metal halides.16, 17 The nanoribbon structure here is indeed 

enabled by organic cations C8H28N5
5+, where the length of an 

organic cation (~14 Å) is similar to that of three metal halide 

octahedral units (~12 Å). Also, the distance between nearby 

ammonium groups (~3.8 Å) is similar to the length between two 

chloride atoms along the octahedral edge (~3.8-4.2 Å), allowing 

ammonium groups to bind closely with chloride atoms to form 

a layer of organic cations on metal halide nanoribbons.  
Structural distortion is an important characteristics of metal 
halides, which affects the formation of STEs and subsequently 
the photophysical properties. For 1D C8H28N5Pb3Cl11, three 
types of metal halide octahedra (PbCl64-) with different degrees 
of structural distortions are present in an individual nanoribbon 
(Figure 1d). To quantify the structural distortions, we have 
calculated the distortion of each PbXCl6

4- (X = 1, 2, and 3) 

octahedron according to the formula 𝛥oct =
1

6
∑ (

𝑑𝑖−𝑑avg

𝑑avg
)
2

𝑖 ,18 in 

which 𝑑𝑖  is the distance of each Pb-Cl bond and 𝑑avg  is the 

average Pb-Cl bond distance. Pb1Cl6
4- is located in the middle of 

the ribbon, linking both Pb2Cl64- and Pb3Cl64-. The Pb1-Cl bond 

lengths range from 2.821 to 2.956 Å and 𝛥oct of Pb1Cl64- is 2.4  
10-4. Pb2Cl64- and Pb3Cl64-, located on both sides of the metal 

halide nanoribbon along the a-axis, are highly distorted 

compared to Pb1Cl6
4-, giving 𝛥oct of 20.0  10-4 and 19.0  10-4, 

respectively, with Pb-Cl bond lengths ranging from 2.705 to 
3.114 Å in Pb2Cl64- and from 2.734 to 3.085 Å in Pb3Cl64-. Metal 
halide distortions of this magnitude have been found to lead to 
the formation of STEs.2, 12 

 

Figure 1. (a) Synthetic scheme for the material preparation; (b) 

crystal structure of C8H28N5Pb3Cl11 (Grey spheres, carbon atoms; 

blue spheres, nitrogen atoms; red spheres, lead atoms; green 

spheres, chloride atoms; hydrogen atoms and oxygen atoms 

were hidden for clarity); (c) view of a lead chloride nanoribbon; 

(d) ball-and-stick model of a lead chloride nanoribbon. 

 

The photophysical properties of C8H28N5Pb3Cl11 are 

characterized via both steady-state and time-resolved 

spectroscopies. As shown in Figure 2a, 1D C8H28N5Pb3Cl11 single 

crystals are colorless under ambient light and exhibit greenish-

white emission upon ultraviolet (UV) irradiation (365 nm). The 

excitation and emission spectra of C8H28N5Pb3Cl11 are shown in 

Figure 2b. A dual emission with a PLQE of 25% (Figure S4) is 

recorded, whereas the high-energy emission band peaked at 

around 420 nm has a full width at half maximum (FWHM) of ~60 

nm (~ 0.46 eV) and the low-energy emission band peaked at 

around 540 nm has a FWHM of ~100 nm (~ 0.41 eV). The 

excitation spectra (Figure 2b) for peak emissions at 420 nm and 

540 nm are found to be almost identical, and located at the 

absorption band edge (Figure S5), suggesting that both 

emissions originate from the same initially excited state. Room-

temperature time-resolved photoluminescence spectra for 

peak emissions at 420 nm and 540 nm are shown in Figure 2c-

d, giving decay lifetimes of ~1.8 ns and ~250 µs, respectively. 

Considering that similar dual emissions have previously been 

observed in corrugated-2D and 1D organic metal halides where 

FEs and STEs coexist,7 it is reasonable to attribute the high-

energy emission to FEs and the low-energy emission to the STEs 

in this 1D C8H28N5Pb3Cl11. Unlike many previously reported 
systems, showing similar decay lifetimes for the emissions from 

FEs and STEs due to thermal equilibrium at RT,7 1D 

C8H28N5Pb3Cl11 shows completely different decay behaviors for 

FEs and STEs (Figure S6), suggesting that emitting states are not 

in thermal equilibrium in this system. In other words, at short 

times after the excitation, excitons are distributed between FEs 
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and STEs without de-trapping from STEs to FEs. This behavior is 

indeed similar to that observed in many molecular systems 

exhibiting both fluorescence and phosphorescence.19 

Figure 2. (a) Images of C8H28N5Pb3Cl11 single crystals under 

ambient light (left) and under UV (right); (b) excitation and 

emission spectra of C8H28N5Pb3Cl11 single crystals at room 

temperature; (c) photoluminescence decay for the emission 

peaked at 420 nm; (d) photoluminescence decay for the 

emission peaked at 540 nm. 

 

To further clarify the intrinsic nature of the two emission bands, 

we have measured the dependence of emission intensity on 

excitation power density at room temperature (Figure 3a). The 

intensities of both emission bands show a linear dependence on 

the excitation power density, suggesting that both emissions 

are intrinsic properties rather than from defects.20 

Furthermore, to exclude an origin of emissions from permanent 

defects on the surface that often occur in conventional 

semiconducting materials such as CdSe, we have compared the 

emission spectra of bulk single crystals and ground powder of 

C8H28N5Pb3Cl11 with the particle sizes of less than 3 µm.21 The 

almost identical emissions from single crystals and ground 

powder (Figure S7) confirm no significant emission from surface 

defects. Low-temperature photophysical properties were also 

characterized for 1D C8H28N5Pb3Cl11 at 77K. Like most low-

dimensional organic metal halide hybrids, only strongly Stokes-

shifted broadband emission peaked at ~ 580 nm from STEs is 

recorded at 77K (Figure 3b) with a decay lifetime of around 4.6 

µs (Figure 3c). Considering the distinct photophysical properties 

at RT and 77K, we believe that the key photophysical processes 

could be depicted as in Figure 3d. At room temperature, upon 

photoexcitation, 1D C8H28N5Pb3Cl11 generates both FEs and STEs 

without detrapping, resulting in two emissions with different 

decay dynamics. At 77K, fast exciton self-trapping leads to a 

broadband emission from STEs only. 

To gain a better understanding of the structure-property 

relationship for 1D C8H28N5Pb3Cl11, we have performed plane-

wave DFT calculations (see details in the Supporting 

Information). Relaxation starting from the SCXRD structure (a = 

11.35 Å, b = 15.85 Å, c = 32.12 Å, α = β = γ = 90°) gave lattice 

parameters in close agreement (a = 11.32 Å, b = 15.85 Å, c = 

32.15 Å, α = β = γ = 90°), as in work on other materials.22 The 

calculated electronic band structure of C8H28N5Pb3Cl11 is shown 

in Figure 4a; the gap is direct and computed to be 3.24 eV. This 

is close to, though slightly less than, the experimental result 

from Tauc fitting (Figure S8), in accordance with the common 

cancellation of errors between neglect of spin-orbit coupling 

and quasiparticle corrections in hybrid perovskites.23 The 

valence band maximum (VBM) has contribution mostly from p-

orbitals of Cl and C, whereas at the conduction band minimum 

(CBM), p-orbitals of Pb dominate (Figure 4b, 4c). The electronic 

bands are dispersive along the Pb-Cl chain direction (x), with 

effective masses at the Γ point of m*
VBM = -0.34 m0 and m*

CBM = 

0.09 m0, but are nearly flat along other two perpendicular 

directions (y: m*
VBM = -2.25 m0, m*

CBM = 4.23 m0; z: m*
VBM = -18.5 

m0, m*
CBM = 12.5 m0) as shown in Figure 4a. 

Figure 3. (a) Excitation power-dependent photoluminescence; 

(b) emission spectra of C8H28N5Pb3Cl11 single crystals at 77K; (c) 

photoluminescence decay at 77K; (d) schematic photophysical 

processes in C8H28N5Pb3Cl11. 

 

Additionally, we have calculated the absorption (see details in 

the Supporting Information) shown in Figure 4d. The first 

absorption peak is strong along the Pb-Cl chain (x-polarized), 

suggesting that the electronic transition in the band edges is 

coming from the Pb-Cl chain. For x-polarization, the strong 

transition is due to VBM-8 and VBM-7 to CBM+4 bands (very 

close in energy to VBM to CBM transitions). This calculated 

direct absorption peak matches well with our experimental 

absorption results (Figure S5, S8). Similarly for y-polarization, a 

transition from VBM-17 to CBM+47 bands dominates; and for z-

polarization, from VBM-21 to CBM+27 bands. Furthermore, 

Figure 4d shows strong anisotropy in absorption. These 

calculations indicate that the FE emission comes from the 

recombination of excitons on the Pb-Cl chain. The experimental 

emission energy for both emitting states should be lower than 

the bandgap due to the strong exciton binding as usual in low-

dimensional structures, as well as Stokes shifts. We also 

constructed an analogous bulk structure containing 2D sheets 

of Pb-Cl atoms in plane (Figure S9), separated by organic 
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molecules out of plane, and obtained a bandgap of 2.84 eV. The 

orbital nature of the band edges is similar to 1D C8H28N5Pb3Cl11. 

This suggests a quantum confinement effect of 0.40 eV in this 

material as one goes from 2D to 1D. 

Figure 4. Density-functional theory simulations: (a) Electronic 

band structure, with arrows showing optical transitions for 

peaks polarized along x (black), y (red), and z (blue) directions, 

where x is the direction along the Pb-Cl chains, and the solid and 

dotted black arrows indicate the lowest and second-lowest 

energy transitions; (b) partial density of states; (c) wavefunction 

of the conduction band minimum at Γ, localized along the Pb-Cl 

chains; (d) polarized absorption spectra, where the x-polarized 

peaks are solid and dotted as in (a). 

 

In conclusion, we have developed a novel 1D organic metal 

halide hybrid (C8H28N5Pb3Cl11) consisting of metal halide 

nanoribbons with a width of three octahedral units. 1D 

C8H28N5Pb3Cl11 is found to exhibit a dual emission with a high 

energy emission peaked at 420 nm and a low energy broad 

emission peaked at 540 nm, due to the coexistence of free 

excitons and self-trapped excitons. Our work further advances 

research on low dimensional organic metal halide hybrids with 

a unique nanoribbon structure, which bridges between linear 

chain 1D structures and layered-2D structures. It shows once 

again the exceptional tunability of organic metal halide hybrids, 

which could lead to the further development of this class of 

functional hybrid materials for many applications. 
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