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Organic metal halide hybrids, an emerging 
class of functional materials, have received 
tremendous research interests recently.[1] 
One significant scientific achievement in 
this field is the synthetic control of dimen
sionality of this class of materials at the 
molecular level. By assembling appropriate 
organic and metal halide components, 
organic metal halide hybrids with layered[2] 
and corrugated 2D structures,[3] 1D wire[4] 
and tubular structures,[5] and 0D mole
cular[6] and cluster structures,[7] have been 
developed to exhibit properties significantly 
different from those of 3D ABX3 metal 
halide perovskites. The unique photophys
ical properties of these molecular level low
dimensional organic metal halide hybrids 
are mainly attributed to the high degree of 
structural distortion and strong quantum 

confinement effect.[8] As a result, different radiative decay mech
anisms involving either free excitonic states or selftrapped states 
exist in these hybrid materials.[9] The presence of selftrapped 
excited states could lead to broadband emissions with large 
Stokes shifts, which are of interest for a variety of optoelectronic 
applications, such as lightemitting devices and luminescent 
solar concentrators.

Despite the advance of organic metal halide hybrids from 3D 
to 2D, 1D, and 0D at the molecular level during the last couple 
of years, the research in this field is still in the early stage with a 
relatively small number of low dimensional organic metal halide 
hybrids reported to date. Nevertheless, the limited number of 
examples has already demonstrated the exceptional structural 
tunability of these materials. For instance, it was found that 
metal halide octahedra can be connected by cornersharing,[10] 
edgesharing,[4b,11] facesharing[4a] or combinations[5b,12] to form 
linear, zigzag, bilinear, or even tubular 1D structures. This 
suggests that there is ample room for further exploring the 
composition, size, and morphology of bulk assemblies of low
dimensional organic metal halide hybrids with novel structures 
and functionalities. Motivated by the previous success in control
ling quantum confinement as well as the optical and electronic 
properties in morphological 1D inorganic nanowires,[13] we have 
carried out research on developing new bulk assemblies of 1D 
metal halides with the width of the metal halide wire/chain 
exceeding that of a single octahedron. This enables us to expand 
the structure–property space of this family of hybrid materials 
for more effective property tuning and novel functionalities.

The family of molecular level low-dimensional organic metal halide hybrids 
has expanded significantly over the last few years. Here a new type of 1D 
metal halide structure is reported, in which metal halide octahedra form a 
corrugated double-chain structure via nonplanar edge-sharing. This material 
with a chemical formula of C5H16N2Pb2Br6 exhibits a broadband yellow emis-
sion under ultraviolet light excitation with a photoluminescence quantum 
efficiency of around 10%. The light-yellow emission is considered to be attrib-
uted to self-trapping excitons. Theoretical calculations show that the unique 
alignment of the octahedra leads to small band dispersion and large exciton 
binding energy. Together with previously reported 1D metal halide wires and 
tubes, this new bulk assembly of 1D metal halides suggests the potential to 
develop a library of bulk assemblies of metal halides with controlled struc-
tures and compositions.
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Here we report a new 1D organic metal halide hybrid, 
C5H16N2Pb2Br6 (TMEDAPb2Br6), in which corrugated1D 
doublechain metal halide nanowires (Pb2Br6)2− are separated 
by the large bandgap organic cations (N,N,N’trimethylethylene
diammonium, TMEDA2+). The “1D” herein is defined as mole
cular level 1D nanostructure within the bulkassembly crystal.[14] 
As observed in other molecular level low dimensional organic 
metal halide hybrids, the site isolation between the doublechain 
nanowires enables the bulk crystals to exhibit the intrinsic prop
erties of the individual nanowires.[15] A strongly Stokesshifted 
lightyellow emission peaked at 554 nm with a large full width 
at half maximum (FWHM) of 155 nm and a photoluminescence 
quantum efficiency (PLQE) of around 10% was observed. Density 
functional theory (DFT) calculations found that the dispersion 
of both the valence and conduction bands is small even along 
the direction of the nanowire as a result of the nonplanar edge
sharing, and that the emission is from the selftrapped exciton 
(STE) with the hole and the electron localized at the adjacent 
Pb3+ and Pb2

3+ sites, respectively, in the metal halide framework.
Single crystalline C5H16N2Pb2Br6 was prepared via slow 

vapor diffusion of diethyl ether into hydrobromic acid solution 
of N,N,N’trimethylethylenediamine dihydrobromide (TME
DABr2) and lead bromide (PbBr2) (see the experimental details 
in the Supporting Information). Single crystal Xray diffraction 
(SCXRD) was used to characterize its structure (Tables S1 and 
S2, Supporting Information). The powder Xray diffraction exper
iment was also carried out for the grounded C5H16N2Pb2Br6 pow
ders to confirm the SCXRD results (Figure S2, Supporting Infor
mation). Figure 1a shows the front view of the bulk assembly 
crystal structure facing the direction of the metal halide nanowire 
arrays. Figure 1b,c shows the side views of an individual lead 
bromide double chain composed by PbBr6 octahedra without 
and with organic cations, respectively. Along the growth direction 
of an individual 1D nanostructure, the octahedra first share two 
noncoplanar edges with two adjacent octahedra to form a 1D zig
zag chain (Figure 1b front part), then the second chain (Figure 1b 
back part) slide and stack together with the first chain, connected 
also through edgesharing. Therefore, the 1D metal halide nano
wire can be regarded as a corrugated1D double chain structure. 
This connecting arrangement of sharing noncoplanar edges is 
rarely reported for 1D metal halide hybrids.[11a,16] Moreover, com
pared with the edgesharing single chain 1D metal halide hybrids 
with a general formula of ABX4 (in which A stands for divalent 
organic cations, B stands for divalent metal cations, and X for 

halides), the increase of the B:X ratio from 1:4 in ABX4 to 1:3 
in C5H16N2Pb2Br6 indicates that the lead bromide octahedra in 
C5H16N2Pb2Br6 share more Br atoms and are thus more “con
densed.” As a result, the coordination numbers of Br atoms in 
C5H16N2Pb2Br6 increase up to 4 (The coordination number of 
Br atoms are 1, 2 to 4). The different environments for the bro
mine atoms result in varied PbBr bond lengths from 2.811 to 
3.340 Å and varied BrPbBr bond angles from 81.68° to 98.59° 
(Tables S3 and S4, Supporting Information). The distorted octa
hedra within the 1D lead bromide wire should be favorable for 
the exitonic state structural deformation and the formation of 
selftrapped excitonic states. As shown in Figure 1a,c, the double 
chain arrays are surrounded and isolated by the bulky organic 
cations; therefore, no significant interchain electronic inter
action is expected (confirmed by the DFT calculation below). 
C5H16N2Pb2Br6 can therefore be viewed as the bulk assembly of 
core–shell quantum wires exhibiting the intrinsic properties of 
corrugated1D lead bromide chains.

We further characterized the thermal and optical properties of 
C5H16N2Pb2Br6. Although C5H16N2Pb2Br6 has a large degree of 
structural distortion (Table S5, Supporting Information), it has a 
high decomposition temperature of 270 °C determined by ther
mogravimetric analysis (Figure S3, Supporting Information). 
Moreover, almost no change of the PL spectrum occurred after 
leaving this material in air for six months (Figure S4, Supporting 
Information), suggesting good stability of this material for its 
potential application in devices working under harsh conditions. 
The photophysical properties of C5H16N2Pb2Br6 were character
ized by static and timeresolved photoluminescence spectros
copies. As shown in Figure 2a, C5H16N2Pb2Br6 single crystals 
are colorless under ambient light and exhibit light yellow emis
sion under illumination of ultraviolet (UV) radiation (365 nm), 
suggesting a belowgap broadband emission with large Stokes 
shift. The excitation spectrum shows that C5H16N2Pb2Br6 can be 
excited by UV light from 250 to 390 nm. The absorption spectrum 
is generally in accordance with the excitation, and the absorption 
onset of around 400 nm suggests an optical bandgap of around 
3.1 eV. The broadband emission of C5H16N2Pb2Br6 covers the 
whole spectrum of visible light from 400 to 750 nm with a 
single peak located at around 554 nm and an FWHM of 155 nm 
(Figure 2b). We also observed similar emission spectra obtained 
with three different excitation wavelengths (330, 360, and 
380 nm), indicating the excitationindependent property of the 
emission (Figure S5, Supporting Information). The Commission  
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Figure 1. a) Crystal structure of C5H16N2Pb2Br6 (red: lead atoms; green: bromine atoms; blue: nitrogen atoms; gray: carbon atoms; purple polyhedron: 
PbBr6 octahedra; hydrogen atoms were hidden for clarity). b) Side view of an individual lead bromide double chain. c) Side view of an individual lead 
bromide double chain with the organic cations.
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Internationale de l’Eclairage (CIE) chromaticity coordinates for 
this lightyellow emission are calculated to be (0.38, 0.48) with 
a color rendering index (CRI) value of 67, falling in the region 
of “warm white light” (Figure 2c). Compared with our previ
ously reported blueemitting edgesharing 1D C4H14N2PbBr4,[4b] 
the lightyellow emission of C5H16N2Pb2Br6 is significantly red
shifted. The large Stokes shift of C5H16N2Pb2Br6 also indicates 
strong spontaneous excitedstate relaxation, which suppresses 
the direct bandtoband transition. The PLQE of C5H16N2Pb2Br6 
bulk crystals is measured to be around 10%, comparable with 
other emissive bulk assemblies of 1D metal halides.[4b,5b] The 
decay lifetime was determined to be 98 ns by singleexponential 
fitting of the emission decay curve (Figure 2d, the functional for
mula of the fitting curve is specified in the Supporting Informa
tion). With the temperature lowered to 77 K, its photolumines
cence remained excitation independent (Figure S6, Supporting 
Information), while the emission peak redshifted to 595 nm, 
with a significantly reduced FWHM of 110 nm (Figure 2b). The 
average decay lifetime at 77 K also increased to 3.2 µs (Figure S7, 
Supporting Information, the functional formulas are specified 
in the Supporting Information). To rule out the possibility of 
defect emission, we have measured the dependence of PL inten
sity on the excitation power density. As shown in Figure S8 in 
the Supporting Information, the intensity of emission excited 

at 360 nm showed a linear dependence on the excitation power 
density up to 3.6 MW cm−2. This indicates that the emission is 
intrinsic rather than from defects which usually will give a sat
urated emission under such high excitation power density. All 
these results are very similar to the STE emission characteris
tics of previously reported corrugated2D and 1D organic metal 
halide hybrids,[4c,17] suggesting that the broadband emission with 
large Stokes shift is the result of the radiative decay of STEs.

To gain a better understanding of the mechanism under
lying the optical properties of this 1D material, we performed 
DFT calculations to obtain its electronic band structure and the 
properties of the selftrapped exciton. The calculated electronic 
structure of C5H16N2Pb2Br6 (Figure 3) shows that the valence 
(conduction) band is made up of antibonding states of Br4p 
and Pb6s (Pb6p) (Figure 3b). The band dispersion is negligible 
in the directions perpendicular to the 1D lead bromide chain, 
indicating extremely weak interchain electronic coupling. Inter
estingly, both the valence and conduction bands have small dis
persion even along the 1D chain direction. This is likely due 
to the structure of the 1D chain, in which no PbBr bonds 
are parallel to the chain direction and, as such, there is not an 
undisrupted linear PbBrPb bonding network connecting 
the Pb ions aligned along the chain direction. In comparison, 
our previously reported 1D metal halide hybrid C4H14N2PbCl4 
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Figure 2. a) Images of C5H16N2Pb2Br6 crystals under ambient light (left) and UV light (365 nm, right). b) Excitation (black line, probed at 550 nm), 
absorption (red line), room temperature emission (blue line, excited by 360 nm UV light), and 77 K emission (dark cyan line, excited by 350 nm UV 
light) spectra of C5H16N2Pb2Br6 crystals. c) CIE chromaticity coordinates of the emissions from C5H16N2Pb2Br6 (red star) and C4H14N2PbBr4 (blue 
square, ref. [11]). d) Time-resolved PL decay and its single-exponential fitting of C5H16N2Pb2Br6 crystals (excited by 365 nm diode laser, probed at 
580 nm) at room temperature.
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has the linear PbClPbClPb bonding network run
ning parallel to the 1D chain direction; thereby, exhibiting 
dispersive bands along the chain direction.[18] The bandgap of 
C5N2H16Pb2Br6 is slightly indirect. The valence band maximum 
is located at the A0 point while the conduction band minimum 
is at the D point (Figure 3a). The calculated indirect bandgap 
is 2.76 eV at the Perdew–Burke–Ernzerhof (PBE) level, which 
should be underestimated due to the wellknown PBE bandgap 
error. The PBE0 calculation increases the bandgap to 4.43 eV.

The PBE0 calculation (including spin–orbit coupling) shows 
that the excitation of an exciton in C5H16N2Pb2Br6 involves the 
promotion of an electron from the Pb6s orbital to the Pb6p 
orbitals at a single sixfoldcoordinated Pb2+ ion. The calculated 
excitation energy is 3.53 eV (351 nm), within the excitation 
band observed in experiment (Figure 2b). The calculated exciton 
excitation energy is significantly smaller than the calculated 
bandgap (4.43 eV), indicating strong electron–hole Coulomb 
binding at the localized exciton. The excitedstate structural 
relaxation lowers the total energy by 0.38 eV and leads to the 
formation of the STE with its structure shown in Figure 3d,e. 
The hole is mainly centered at a Pb ion (Figure 3d) causing 
the contraction of the six PbBr bonds from 3.04 to 2.87 Å (in 
average). The electron is mainly trapped by the two Pb ions 
adjacent to the holetrapping Pb ion (Figure 3e). The distance 
between the two Pb ions is shortened from 4.49 to 3.71 Å to 
trap the electron. Such selftrapped electron at the Pb2

3+ dimer 
has been observed in layered PbBr2.[19] The calculated large 
binding energy of the STE, i.e., 1.28 eV, (relative to the free elec
tron and hole) suggests that the free electrons and holes do not 
exist at room temperature, which explains the absence of direct 

bandtoband emission. The PBE0calculated exciton emission 
energy is 1.97 eV, in excellent agreement with the experimen
tally observed peak centered at 2.08 eV (measured at 77 K). (Note 
that all the DFT calculations are based on the crystal structure 
measured at 100 K.) The excellent agreement between the calcu
lated exciton excitation and emission energies and the observed 
excitation and emission peak energies show that optical absorp
tion onset (shown in Figure 2b) should be due to the excitonic 
absorption and that the lightyellow emission is due the STE.

Compared with the previously studied 1D edgesharing 
materials, there are several unique characteristics for 1D 
C5H16N2Pb2Br6. First, due to the special corrugated1D struc
ture, no PbBr bond is parallel to the direction of the nano
wire growth, which means the lack of PbBrPbBrPb 
bonding network along the double chain direction. Therefore, 
even though C5H16N2Pb2Br6 employs the same edgesharing 
connection method as some other 1D materials, its electronic 
band structure and excited states are significantly affected by the 
orientation and stacking of the octahedra, resulting in weaker 
intrachain electronic interaction and larger selftrapped exciton 
binding energy for C5H16N2Pb2Br6. (The calculated STE binding 
energy in 1D C5H16N2Pb2Br6 (1.28 eV) is significantly larger than 
that in 1D C4H14N2PbBr4 (0.76 eV), which has stronger intra
chain electronic coupling.) Second, 1D C5H16N2Pb2Br6 studied 
in this work has a larger width of the inorganic wire than those 
previously reported (expanded from single chain to double 
chain), demonstrating that we can synthetically control the size 
of the nanowire in this class of 1D organic metal halide hybrids. 
This provides additional means of property tuning (i.e., bandgap 
tuning, color tuning, etc.) via quantum confinement effect and 
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Figure 3. a) Electronic band structure and b) density of states of 1D C5N2H16Pb2Br6 calculated using the PBE functional (including the spin–orbit 
coupling). c) The high-symmetry k points in the Brillouin zone that are included in the band structure. Partial charge density contours of d) the hole 
and e) the electron wavefunctions of the self-trapped exciton in 1D C5N2H16Pb2Br6. The charge densities on the isodensity surfaces of the hole and 
electron are 0.0003 and 0.001 e bohr−3, respectively.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801474 (5 of 5)

www.advopticalmat.de

paves the way for developing bulk assemblies of 1D metal hal
ides that bridge the molecular 1D and morphological 1D mate
rials. Third, the high stability of this material indicates that ioni
cally bonded organic–inorganic hybrids could be as stable as con
ventional materials to meet the requirements for stable devices.

In summary, we have prepared a novel organic metal halide 
hybrid material composed of isolated arrays of corrugated1D 
lead bromide double chains via a simple crystallization pro
cess. Our discovery of this unique 1D structure and its corre
sponding properties shows once again the structural versatility 
of organic metal halide hybrids. Ongoing research aims to 
achieve synthetic control of the diameter and configuration of 
the 1D metal halide nanowires in bulk assemblies and develop 
theories to guide the preparation of organic metal halide 
hybrids with desired structures and properties.
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