
  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Structural Diversity of Lead Halide Chain Compounds, APbX3, 
Templated by Isomeric Molecular Cations 

Yuan-Yuan Guo and Philip Lightfoot* 

Three new 1D chain structure type hybrid organic-inorganic lead(Ⅱ) halides  are presented: IQPbBr3, QPbBr3 and QPbI3, 

templated by large organic cations, isoquinolinium ([IQ+] = protonated isoquinoline) and its isomer quinolonium ([Q+] = 

protonated quinoline). All three compounds possess the same generic formula as cubic perovskite, ABX3, but adopt  different 

structures. IQPbBr3, adopts a 1D face-sharing single chain hexagonal perovskite structure type, and the other two, QPbBr3 

and QPbI3, adopt a non-perovskite structure which is built from 1D edge-sharing octahedral double chains. Crystal structures 

and preliminary photophysical properties are discussed. Two of them have lower bandgaps than the other reported 

materials with the same structure type, indicating  the value of further exploratory studies for these types of materials.

Introduction 

Halide perovskites, particularly lead(Ⅱ) halide perovskites 

(LHPs), currently play a significant role in materials chemistry, 

due to their promising optoelectronic properties.1–5 Formally, 

LHPs have the APbX3 stoichiometry and a pseudo-cubic crystal 

structure based on an infinite array of corner-linked PbX6 

octahedra.6,7 The A-site position can tolerate not only inorganic 

but also small organic cations, such as methylammonium (MA+) 

and formamidinium (FA+)  due to the relatively large Pb2+ at the 

B-site in a LHP. The tolerance factor (t), introduced by V. M. 

Goldschmidt in 1926,8 t = (rA + rX)/√𝟐(rB + rX), was originally 

applied in inorganic corner-shared cubic perovskites with a 

stoichiometric ABX3 composition to illustrate the relation 

between the ionic radii of A, B and X ions.9,10 In  recent years, 

the tolerance factor has been extended to organic-inorganic 

hybrid perovskites (e.g. Kieslich et al.9) and has rapidly become 

a significant tool to guide the development of hybrid 

perovskites. Various methods have been used to estimate the 

effective radii of the organic moieties.11 It has been established 

that t values of 0.9 – 1 most likely favour the corner-shared 

cubic perovskite structures, whereas lower values give rise to 

distorted (e.g. tetragonal, rhombohedral, etc.) pseudo-cubic 

perovskite structures, due tilting of the octahedral units or 

other distortions.10,12 However, if the tolerance factor is much 

lower, typically when t < 0.8,13 it has been suggested that a 1D 

double-chain non-perovskite structure type rather than corner-

sharing perovskite is preferred, denoted as the NH4CdCl3-

type,14. This can occur in purely inorganic lead halides such as 

δ-RbPbI3 (t = 0.78).15,16 Meanwhile, if the A-site cation is too 

large, and consequently gives rise to a tolerance factor t > 1, a 

1D face-shared single-chain structure type is often 

favoured,13,17 denoted as the CsNiBr3-type,18 occurring in 

hybrids such as TMAPbBr3 (t = 1.10, TMA+ = 

trimethylammonium)19 and DMAPbI3 (t = 1.03, DMA+ = 

dimethylammonium).12 These three structures and their 

preferred tolerance factor ranges are depicted in Figure 1.  

Structural phase transitions and polymorphism are common 

within these ABX3 perovskite-like compositions. For example, a 

simple organic-inorganic hybrid LHP, FAPbI3 (FA+ = 

formamidinium), with the tolerance factor of t = 0.99, adopts 

three distinct structure types: α-FAPbI3 and β-FAPbI3 are black, 

trigonal 3D corner-shared perovskite phases, whereas the 

yellow coloured δ-FAPbI3 phase adopts the CsNiBr3-type, a 

hexagonal face-shared perovskite (2H) structure.20 Another 

simple inorganic LHP, CsPbI3, adopts four distinct polymorphic 

forms: a cubic α-phase, a tetragonal β-phase, an orthorhombic 

γ-phase and a non-perovskite δ-phase.21–23 The first three 

polymorphs can be regarded as the distorted variants of ABX3 

ʺcubicʺ type perovskites (α-phase is aristotype cubic, β and γ are 

lower symmetry versions of the aristotype due to distortions). 

However, the ambient, also the most stable phase, δ-CsPbI3, is 

a completely different structure, adopting the NH4CdCl3-type 
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structure, viz. the 1D edge-shared octahedral double-chain 

structure type. 

Figure 1.  Three of the possible structure types with the ABX3 

stoichiometry and the tentative tolerance factor relationships 

within these structures.13 

 

    The study of the structure-property relationships of  

functional materials with various polymorphic non-perovskite 

structures plays as important a role as the perovskite 

polymorphs. However, in contrast to the relatively large 

number of studies based upon the 3D corner-shared LHPs, both 

in chemical structures and photophysical properties, there are 

relatively few on the ABX3 non-perovskite polymorphs.2,15,24–26 

In this work, we focus on developing the other two polymorphic 

varieties, with the same ABX3 stoichiometry but much less 

common  1D chain structure types. It is clear that if t lies outside 

the standard cubic perovskite limitations one of these two 1D 

chain structures may be preferred for the stoichiometry ABX3. 

However, it is not yet clear whether t can be used as a simple 

criterion to predict which structure type is preferred, for hybrid 

lead halides.  For example IQPbI3,27 [4MiH]PbI3,27 [BzH]PbI3,27 

(C7H7N2)PbI3,28 [C10H7CH2NH3]PbI3,29 (ABT)PbBr3
30 and 

(ABT)PbCl331 (IqH+ = isoquinolinium, 4MiH+ = 4-

methylimidazolium, BzH+ = benzotriazolium, ABT+ = C7H7N2S). all 

have relatively large organic cations at the A-site, resulting in a 

tolerance factor of t > 1, and consequently they might be 

expected to adopt the CsNiBr3-type, the 1D hexagonal structure 

type. However, all of them form the opposite structure type, the 

1D edge-shared double chain structure type (NH4CdCl3-type), 

instead. More explorations and studies are needed to shed 

further light on this interesting competition between the two 

distinct chain structure types. In fact, it is evident that there is 

no suitable, sufficiently small organic moiety as A-site cation in 

hybrid lead(Ⅱ) halide compounds to reach a value of t < 0.8 (the 

smallest MA+ (protonated methylamine) gives a value of t = 0.91 

in MAPbI3). On the contrary, there are a large variety of options 

for bigger organic cations, thus, we choose two large, and very 

similar protonated isomeric amines, isoquinolinium (IQ+) and 

quinolinium (Q+) to act as the A-site cations, together with PbBr2 

and PbI2, to synthesise the target APbX3 products. Obviously, 

both A-site cations are non-spherical, so t cannot be calculated 

in a meaningful way, but they are clearly much bigger than the 

species which are typically accommodated in an APbX3 cubic 

perovskite. All three targeted compounds successfully accept 

the ABX3 stoichiometry, but adopt the two different structure 

types: IQPbBr3 adopts the CsNiBr3-type, whereas the other two, 

QPbBr3 and QPbI3 adopt the NH4CdCl3-type. Each of them is 

discussed in detail in terms of crystal structures, including 

octahedral distortions and the nature of hydrogen bond 

connections within the overall crystal packing. Preliminary 

photophysical property investigations of each composition have 

also been carried out by UV-Vis absorbance spectroscopy.  

Experimental 

Synthesis 

Isoquinoline (C9H7N, 97 %), quinoline (C9H7N, 98%), lead (Ⅱ) 

bromide (PbBr2, ≥98%), lead (Ⅱ) iodide (PbI2, ≥ 98 %), 

hydrobromic acid (HBr, 48%, w/w aqueous solution) and 

hydroiodic acid (HI, 57 %, w/w aqueous solution, stabilised with 

1.5 % hypophosphorous acid) were purchased from Alfa Aesar, 

UK. Acetone (CH3COCH3, ≥99%) was purchased from Fisher 

Chemical, UK. All chemicals were directly used without further 

purification. 

The three title compounds, IQPbBr3, QPbBr3 and QPbI3 were 

all crystallised from the corresponding concentrated acids by 

the slow evaporation method.  

IQPbBr3 (C9H8NPbBr3), the reactants isoquinoline (0.12 mL, 1 

mmol) and PbBr2 (367 mg, 1 mmol) were dissolved in 

concentrated HBr (6 mL) with moderate heating. By naturally 

cooling the solvent for a few hours or overnight, colourless, 

platelet-shaped crystals were obtained. These crystals were 

then collected by filtering and washed with acetone (yield 45% 

based on PbBr2). The sample purity was determined by X-ray 

powder diffraction (Figure S1) and elemental analysis: (Analysis 

Found (%) for IQPbBr3: C, 18.84; H, 1.33; N, 2.45. Calculated: C, 

18.73; H, 1.40; N, 2.43). 

QPbBr3 (C9H8NPbBr3), the reactants quinoline (0.12 mL, 1 

mmol) and PbBr2 (367 mg, 1 mmol) were dissolved in 

concentrated HBr (5 mL) with moderate heating. By naturally 

cooling the solvent for a few hours or overnight, colourless, 

needle-shaped crystals were obtained. These crystals were then 

collected by filtering and washed with acetone (yield 47% based 

on PbBr2). The sample purity was determined by X-ray powder 

diffraction (Figure S2) and elemental analysis: (Analysis Found 

(%) for QPbBr3: C, 18.86; H, 1.32; N, 2.46. Calculated: C, 18.73; 

H, 1.40; N, 2.43). 

QPbI3 (C9H8NPbI3), the reactants quinoline (0.12 mL, 1 mmol) 

and PbI2 (461 mg, 1 mmol) were dissolved in concentrated HI 

(10 mL) with slow stirring and moderate heating. By naturally 

cooling the solvent for a few hours or overnight, needle-shaped, 

yellow crystals were obtained. These crystals were then 

collected by filtering and washed with acetone (yield 42% based 

on PbI2). The sample purity was determined by X-ray powder 

diffraction (Figure S3) and elemental analysis: (Analysis Found 

(%) for QPbI3: C, 15.13; H, 1.06; N, 1.98.  Calculated: C, 15.05; H, 

1.12; N, 1.95). 
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Characterisation 

The low temperature (173 K) and room temperature (298 K) 

single crystal X-ray diffraction data for all the three hybrid 

lead(Ⅱ) halide compounds were measured on a Rigaku SCX Mini 

X-ray diffractometer using Mo-Kα (λ = 0.71075 Å) radiation. The 

data were collected by Rigaku CrystalClear software.32 Crystal 

structures were solved by direct methods using structure 

solution program SHELXT,33 with refinements of full-matrix 

least-squares on F2 by using SHELXL-2018/333 incorporated in 

the WinGX software.34 The corrections for absorption were 

conducted empirically from equivalent reflections according to 

multi-scans by using the CrystalClear software.32 All the 

hydrogen atoms were treated as rigid atoms, and all non-H 

atoms were refined anisotropically. Crystalline powders of the 

three samples were measured on a PANalytical EMPYREAN X-

ray diffractometer using Cu Kα1 (λ = 1.5406 Å) radiation in the 

range of 3 to 70. Solid UV-Vis absorbance spectra were 

recorded at the wavelength range of 200 to 900 nm on a JASCO-

V550 UV-Vis spectrophotometer at room temperature. TGA 

data were collected on a STA-780 instrument between room 

temperature and 250 °C at a heating rate of 5 °C min-1 under 

nitrogen atmosphere. 

Results and discussion 

Crystal Structures 

Isoquinoline (C9H7N) is a large heterocyclic aromatic organic 
molecule in contrast to the simpler methylamine (MA), or 
formamidine (FA), which are widely used to synthesise the 
functional lead (Ⅱ) halide materials. The values of tolerance 
factor for FAPbBr3 and FAPbI3 are t = 1.01 and t = 0.99, 
respectively. By replacing the small FA+ cation with a much 
larger IQH+ cation, the tolerance factor value for IQPbBr3 is 
certainly above 1, thus, as discussed above, this compound may 
be expected to adopt one of the 1D chain structure types. Single 
crystal X-ray diffraction data for IQPbBr3 were collected at both 
low (173 K) and ambient (298 K) temperatures; the details of 
the crystal structure and refinement data for 298 K are shown 
in Table 1 (the data at 173 K are seen in Table S1). IQPbBr3 is 
found to adopt a 2H hexagonal structure, as shown in Figure 2.  

 

Table 1. Single crystal and structure refinement data for IQPbBr3, QPbBr3 and QPbI3 at 298 K. 

  IQPbBr3 QPbBr3 QPbI3 

Formula C9H8NPbBr3 C9H8NPbBr3 C9H8NPbI3 

Formula weight 577.08 577.08 718.05 

Colour/Habit Colorless/Chip Colorless/Prism Yellow/Prism 

Crystal size (mm3) 0.32 × 0.24 × 0.09 0.25 × 0.06 × 0.04 0.22 × 0.08 × 0.06 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pbca P21/n C2/c 

a (Å) 21.3526(15) 4.3634(4) 25.845(2) 

b (Å) 7.7783(5) 22.5833(18) 4.6540(4) 

c (Å) 31.1680(2) 13.1074(11) 26.044(2) 

α (°) 90 90 90 

β (°) 90 99.068(8) 115.392(7) 

γ (°) 90 90 90 

V (Å3) 5176.6(5) 1275.46(19) 2830.0(4) 

Z 16 4 8 

ρcalc (g/cm3) 2.962 3.005 3.371 

μ (mm-1) 22.263 22.589 18.436 

F(000) 4096 1024 2480 

Reflns collected 39543 12963 13157 

Independent reflns 
4554 2918 3196 

[R(int) = 0.1305] [R(int) = 0.0609] [R(int) = 0.0681] 

Goodness of Fit 0.912 0.87 0.889 

Final R indices (I > 2σ(I)) 
R1 = 0.0412 R1 = 0.0250 R1 = 0.0299 

wR2 = 0.0979 wR2 = 0.0484 wR2 = 0.0616 

Largest diff. peak/hole (e Å-3) 1.925/-2.313 1.295/-1.446 1.636/-1.257 
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Figure 2. The crystal structure of IQPbBr3 with the Pb1-centred 
octahedra shaded pink, Pb2 shaded yellow (a) unit cell packing 
with H-bonding along the b axis (b) viewed along the c axis: note 
the staggering of different chains along b, which leads to a 
quadrupling of the c-axis. (c) the two independent 1D face-

shared [PbBr3] single chains along the a axis. (d) the parent 2H 
structure type, e.g. CsNiBr3.  

    IQPbBr3 crystallises in a 1D hexagonal perovskite structure, 
viz. an infinite PbBr6 octahedral chain motif connecting via 
shared Br–Br–Br faces, separated by relatively large cations.35 
Originally derived from a hexagonal close-packed array of AX3 
atoms, the so-called 2H hexagonal perovskite polytype favours 
a parent hexagonal space group, P63/mmc, such as observed in 
CsNiBr3

18 or TMAPbBr3.19 However, not all of the APbX3 
compositions which have the same structure type can adopt 
such a high symmetry, particularly at low temperature. Most of 
them have distorted, lower symmetry variants in low 
temperature environments. For instance, as shown in Table 2, 
the space group of δ-FAPbI3

20 is P63mc, which is a polar 
symmetry sub-group of the parent, P63/mmc. DMAPbI3,12 has a 
much lower symmetry variant at 100 K with the space group of 
P21/c, whereas it adopts the parent high symmetry at room 

temperature. Similarly, PyPbI3 (Py+ = pyrrolidinium),36 has an 
ideally high symmetry parent space group of P63/mmc at room 
temperature, and a lower symmetry, orthorhombic Pnma at 
173 K. Two other variants have been reported;  C6H11N2PbBr3

37 
has space group P212121 at room temperature and [Et4N]PbBr3

38 
undergoes a ferroelastic transition from the parent hexagonal 
structure to a monoclinic structure, above room temperature. 
In contrast to the majority of the examples listed here, IQPbBr3 
has neither a hexagonal space group nor a phase change 
between our lowest studied temperature and room 
temperature. Instead, it has an orthorhombic space group, 
Pbca, at both low (173 K) and room (298 K) temperature (Table 
2 and Table S1), presumably due to the need to accommodate 
an acceptable, ordered arrangement of the low symmetry 
organic moieties. As is common in the other examples shown in 
Table 2, we may predict there is a higher symmetry hexagonal 
parent phase existing for IQPbBr3 somewhere above RT. The 
three unit cell metrics a, b, c are highly influenced by the organic 
moieties in the 1D structure. Only one metric is dictated by the 
chain of linked PbX6 octahedra, which is the one along the 
infinite chain direction. We shall refer to the unit cell metrics for 
each derivative in Table 2, relative to the hexagonal parent 
structure having metrics ap, cp and unit cell volume Vp. The value 
for the c metric is roughly the distance across two face-shared 
octahedra, or two Pb-Pb non-bonded distances (Pb-Pb-Pb) 
along the infinite chain direction; this produces cp ~ 8 Å for this 
type of lead (Ⅱ) halide family. The other two metrics, a and b, 
are variables dependent on the nature and packing of the 
organic species. Generally, for a high symmetry structure of this 
type, the value of ap is around 8.5 ~ 9.0 for the relatively small 
A-site cations (FA+, TMA+, DMA+). It is clear from Table 2 that 
IQPbBr3 experience more distortion from the parent hexagonal 
symmetry than any other listed example, leading to a unit cell 
volume of eight times the parent cell, with two distinct Pb sites 
(Fig. 2) and two distinct IQ+ cations. The quadrupling of the c-
axis relative to the parent is caused by “staggering” of the 
octahedral chains along the b-axis (Fig. 2a,b), in cooperation 
with an alternation of the orientations of the IQ+ moieties along 
the a-axis, due to their limited H-bonding opportunities. There 
is a considerable deviation of the Pb sublattice required to 
accommodate the large, non-spherical organic moieties, as can 
also be seen clearly from Fig 2a: Pb-Pb distance along the chain 
are 3.89 Å, whereas those in the ac plane vary from 7.85 and 
8.20 Å along c to 11.20-11.83 Å along a.  Moreover, it can also 
be seen (Table 2) that the values of the inter-octahedral 
distortion themselves, Δd and σ2, of IQPbBr3 are amongst the 
largest of the known examples of this structure type.  

 

Table 2. Relative unit cell metrics and calculated octahedral distortions for IQPbBr3 and some related 2H perovskite structures. 

 

APbX3 Space Group $Metrics V/Vp £Δd (×10⁻⁴) £σ² 

δ-FAPbI3 (RT) P63mc ap × ap × cp 1 0.51 16.76 
      

TMAPbBr3 (RT) P63/mmc ap × c × cp 1 0.00 30.71 
      

C6H11N2PbBr3 (RT) P212121 cp × ap × 3 ap   2 64.49 147.07 

      

    4.15 59.87 

[Et4N]PbBr3 (RT) P21/c ap × 23 ap × cp   4 1.14 57.78 
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    0.73 57.79 

      

[Et4N]PbBr3 (HT) P63/mmc ap × ap × cp 1 0.00 77.10 

      

DMAPbI3 (LT) P21/c ap × 3 ap × cp   2 5.23 42.27 
      

DMAPbI3 (RT) P63/mmc ap × ap × cp 1 0.00 36.43 
      

PyPbI3 (LT) Pnma 3 ap × cp× ap 2 0.10 32.08 
      

PyPbI3 (RT) P63/mmc ap × ap × cp 1 0.00 24.99 
      

$$IQPbBr3 (LT) Pbca 3 ap × cp× 4 ap  8 
18.81 68.09 

10.26 69.85 
      

$$IQPbBr3 (RT) Pbca 3 ap × cp× 4 ap  8 
17.16 64.55 

8.66 65.56 

$ The unit cell metrics of these reported 2H hexagonal perovskite structures, relative to the ideal parent phase with hexagonal unit cell metrics ap, cp, Vp. We 

treat cp ~ 8 Å (roughly the two face-sharing octahedra distance along the infinite chain direction), whereas ap is variable, dictated by the various organic species. 

Phases with similar metrics are grouped for the comparisons. 

£ The individual PbX6 (X = Br, I) octahedral distortions: bond length distortion39 and bond angle variance40 of the octahedra in each composition were calculated 

as follows: 

the bond length distortion, ∆𝑑 = (
1

6
)∑ [

𝑑𝑛−𝑑

𝑑
]
2

, where d is the average Pb-X bond distance of each octahedron, dn is the individual bond distance. 

the bond angle variance, 𝜎2 = ∑
(𝜃𝑖−90)

2

11

12
𝑖=1  was calculated as a distorted level of each octahedron from an ideal, undistorted structure (90°), where θi is the X-

Pb-X angle. 

     In order to learn more details of the distortions of the distinct 
1D chain structure, IQPbBr3, the bond lengths and angles are 
analysed more closely here. Shown in Table 3, the Pb-Br bond 
lengths are in the ranges 2.885 – 3.230 Å and 2.842 – 3.297 Å 
for Pb(1) and Pb(2), respectively at 298 K. The octahedral bond 
length distortion Δd values are calculated as 18.81 × 10-4 and 
10.26 × 10-4 for Pb(1) and Pb(2), respectively at low 
temperature, and the values of 17.16 × 10-4 and 8.66 × 10-4 for 
Pb(1) and Pb(2), respectively at room temperature (Table 2 and 
Figure S4). It is apparent that the degree of the bond length 
distortions are slightly larger at low temperature than room 
temperature, but this does not lead to a change in crystal 
symmetry. The bond angle variance σ2 are calculated as 68.09 
and 69.85 for Pb(1) and Pb(2), respectively at low temperature, 
and slightly smaller values of 64.55 and 65.56 for Pb(1) and 
Pb(2), respectively at room temperature (Table 2 and Figure S4). 
It seems that a larger Δd value corresponds to a smaller σ2 value 
within this structure type, even though the origins and detailed 
systematics for the relationship of the distortion behaviors are 
still not clear. There is no significant difference of the inter-
octahedral distortions and Pb(1) and Pb(2) from the Pb-Br-Pb 
angles listed in Table 3, indicating very similar environments for 
Pb(1) and Pb(2) within their own infinite face-shared chains.  

 

Table 3. Selected bond lengths (Å) and bond angles (°) for IQPbBr3, 

QPbBr3 and QPbI3 at 298 K, and bond valence sums (v.u.) for IQPbBr3. 

ABX3 
IQPbBr3 

(Pb1)  

IQPbBr3 

(Pb2)  
QPbBr3 QPbI3 

Pb-X (Å) 

3.0034(11) 3.0837(11) 2.8247(6) 2.9956(6) 

3.0763(11) 3.0088(11) 3.0046(6) 3.2092(5) 

3.2299(12) 2.8425(11) 3.0267(6) 3.2996(5) 

2.8846(12) 3.2973(12) 3.0352(6) 3.2207(5) 

2.9535(11) 3.0295(11) 3.2890(6) 3.2749(5) 

3.0398(11) 2.9704(11) 3.0766(6) 3.5212(5) 
     

X-Pb-X (°) 

78.14(3) 78.18(3) 86.43(2) 84.04(1) 

to to to to 

102.93(3) 103.28(3) 93.57(2) 93.08(1) 
     

Pb-X-Pb (°) 

79.53(3) 79.33(3) 92.68(2) 91.28(1) 

78.77(3) 78.22(3) 93.57(2) 91.53(1) 

80.91(3) 80.81(3) 88.62(2) 93.31(1) 

  91.11(2) 88.29(1) 

   
  

*Σν (Pb) 2.17 2.18   

*Σν (Br1 or 4) 0.68 0.67   

*Σν (Br2 or 5) 0.76 0.75   

*Σν (Br3 or 6) 0.73 0.74     

* The bond valence sum, v, taking into account the six Pb-Br bonds for each 

Pb and Br in IQPbBr3. The bond valence of each bond is calculated as: v = 

exp((R0-d)/b), here d is the individual Pb-Br bond length, R0 is a constant (R0 

= 2.68 Å here) for a particular bond type and b is a universal constant (b = 0.37 

Å).41 Note that in IQPbBr3, the six Br are 1, 2 and 3 for Pb1, and 4, 5 and 6 for 

Pb2, respectively.

 

   The overall crystal packing is dominated by the inter-chain 
interactions, mediated by H-bonds from the organic cations. The H-
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bonding details for IQPbBr3 are shown in Table 4. It is apparent that 

all the five H-bonds connect to the closest adjacent [PbBr3] chains 
(along the c axis) within the structure. However, since there is no 
opportunity for H-bonding between adjacent organic moieties, there 
are no direct or indirect H-bonding pathways across the other 
direction perpendicular to the infinite chain direction (i.e. along the 
a axis, Figure 2a). Moreover, the H-bonding options of Br(1), Br(3), 
Br(4) and Br(6) correspond to the bond lengths in Table 3: generally, 
the shorter the Pb-Br bond, the stronger H-bond acceptor the Br will 
be, in compensation, which agrees well with the relatively smaller 
values of bond valence sums of Br(1), Br(3), Br(4) and Br(6) than Br(2) 
and Br(5).  

 

Table 4. Hydrogen bond lengths (Å) and angles (°) for IQPbBr3, 

QPbBr3 and QPbI3 at 298 K. 

APbX3 D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

 N(1)-H(2)...Br(1) 0.86 3.20 3.586(11) 110.3 

 N(1)-H(2)...Br(1)#1 0.86 3.08 3.704(13) 131.5 

IQPbBr3 N(1)-H(2)...Br(6)#3 0.86 3.02 3.654(11) 132.1 

 N(2)-H(10)...Br(3) 0.86 3.11 3.445(12) 106.0 

 N(2)-H(10)...Br(4) 0.86 2.81 3.538(13) 143.1 

      

QPbBr3 N(1)-H(1)...Br(1) 0.86 2.49 3.321(5) 161.8 

      

QPbI3 N(1)-H(1)...I(1) 0.86 2.94 3.611(6) 136.4 

 N(1)-H(1)...I(1)#3 0.86 3.28 3.860(6) 127.5 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1/2,y+1/2,z    #3 x,-y+1/2,z+1/2  (IQPbBr3);    #3 -x+1,y,-z+3/2 (QPbI3) 

    Quinoline, is a structural isomer of isoquinoline, C9H7N. The only 

difference is the nitrogen atom position: at the 1-position for 

quinoline and the 2-position for isoquinoline.42 Naturally, the size of 

protonated quinoline (quinolinium) and isoquinoline 

(isoquinolinium) are almost the same. Following the tolerance factor 

rule discussed above, the value of t is no doubt well above 1 for 

QPbBr3 and QPbI3 as well, thus the structure of QPbBr3 and QPbI3 

might be expected to form a 1D single chain hexagonal structure, viz. 

CsNiBr3-type, the same as IQPbBr3. Experimentally, the single crystal 

X-ray diffraction results reveal the target compounds successfully 

form an ABX3 stoichiometric composition, shown in Table 1. 

However, both QPbBr3 and QPbI3 adopt the NH4CdCl3-type, rather 

than CsNiBr3-type, as shown in Figures 3 and 4. These correspond to 

the same general structure type as our previous reported IQPbI3.27  

 

 

Figure 3. The crystal structure of QPbBr3 (a) unit cell packing with H-

bonding and labelled Br atoms along the a axis (b) viewed along the 

b axis, (c) packing diagram with labelled atoms of 1D infinite edge-

sharing [PbBr3] double-chain for QPbBr3. Note that there are three 

distinct types of bromine coordination here: μ1 (terminal), μ2 (doubly 

bridging) and μ3 (triply bridging). 

 

 

Figure 4. The crystal structure of QPbI3 (a) unit cell packing with 

H-bonding and labelled iodine coordination along the b axis (b) 

viewed along the c axis, (c) packing diagram with labelled atoms 

of 1D infinite edge-sharing [PbI3] double-chain for QPbI3. Again 

there are three distinct types of iodine coordination: μ1 

(terminal), μ2 (doubly bridging) and μ3 (triply bridging).  
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     Due to only slight changes in molecular geometry and no 

phase changes detected within the temperature regime 173 K 

to 298 K, the following discussion refers to the structures at 298 

K only, (details at 173 K are given in Supplementary). QPbBr3 

and QPbI3 crystallise in a non-perovskite 1D edge-shared 

double-chain structure, viz. infinite double PbX6 octahedral 

chains connecting via shared Br–Br (or I–I) edges, separated by 

quinolinium cations.35 There are three distinct types of halide 

environment within each [PbX3] chain, viz. μ1 (terminal), μ2 

(doubly bridging) and μ3 (triply bridging), as shown in Figures 3c 

and 4c, corresponding to Br(1), Br(2) and Br(3) (or I(1), I(2) and 

I(3)), respectively within this structure type. The intrinsically 

asymmetric environments of both the Pb2+ and X- ions leads to 

considerable PbX6 octahedral distortions. The bond lengths and 

angles for QPbBr3 and QPbI3 at 298 K are listed in Table 3, and 

the PbX6 octahedral distortions are detailed in Figure S4. The Pb-

Br bond lengths are in the ranges of 2.825 – 3.289 Å for QPbBr3 

and the Pb-I bond lengths are in the ranges 2.996 – 3.521 Å for 

QPbI3, resulting in the octahedral bond length distortion Δd 

values of 9.31 × 10-4 and 22.80 × 10-4, respectively, as shown in 

Table 5. The Pb-X-Pb bond angles are in the ranges of 86.43 – 

93.57 for QPbBr3 and 84.04 – 93.08 for QPbI3. The bond angle 

variance σ2 values were then calculated as 4.62 and 7.48 for 

QPbBr3 and QPbI3, respectively (Table 5). 

 

 

Table 5. Details of unit cell metrics, calculated octahedral distortions and bond valence sums for QPbBr3, QPbI3 and related known lead(Ⅱ) 

halide structures. 

APbX3 (ABT)PbBr3
30 $QPbBr3 IQPbI3

27 [4MiH]PbI3
27 [BzH]PbI3

27 (C7H7N2)PbI3
28 [C10H7CH2NH3]Pbl3

29 $QPbI3 

Space Group P21/n P21/n P212121 P21/c P212121 P212121 P21 C2/c 

Metrics b × ap × c ap × c × b ap × b × c ap × c × b ap × b × c ap × b × c c × ap × b 2b × ap × c 

b values (Å) 11.91 13.11 12.98 11.86 12.53 12.48 11.68 25.84 

c values (Å) 24.25 22.58 23.34 22.47 22.37 22.36 15.16 26.04 

Δd (×10-4) 7.93 9.31 23.00 17.62 9.93 8.34 18.68 22.80 

σ2 9.63 4.62 11.76 12.03 16.75 12.38 9.92 7.48 

*Σν (Pb) 2.13 2.16 1.79 1.83 1.77 1.78 1.80 1.82 

*Σν (X1) 0.57 0.61 0.54 0.50 0.40 0.42 0.54 0.56 

*Σν (X2) 0.69 0.72 0.55 0.64 0.70 0.64 0.48 0.56 

*Σν (X3) 0.87 0.82 0.69 0.68 0.66 0.72 0.78 0.70 

* The bond valence sum, v, taking into account the six Pb-X bonds for each Pb. The bond valence of each bond is calculated as: v = exp((R0-d)/b), here d is the 

individual Pb-X bond length, R0 is a constant (R0 = 2.68 Å for Pb-Br and R0 = 2.78 Å for Pb-I) for a particular bond type  and b is a universal constant (b = 0.37 

Å).41 
$ The 1D APbX3 structure in this work

 

     The three unit cell metrics a, b, c for this 1D double-chain 

structure type, similarly to the 1D hexagonal single-chain type, 

are also highly influenced by the organic moieties within this 

structure. The one metric dictated by the linked PbX6 octahedral 

chain, leads to a short unit cell axis of around 4.5 Å, which 

represents one Pb-Pb bond distance between two adjacent 

edge-shared octahedra along the infinite double-chain 

direction; we shall regard it as metric a. The other two metrics, 

b and c, are variables dependent on the nature and packing of 

the organic species; we shall treat the shorter one as b and the 

longer one as c. In order to allow a better understanding of the 

structure of QPbBr3, another example of the same structure 

type, (ABT)PbBr3,30 is introduced here, as a comparison (Table 

5). It is clearly seen that both of them have the same symmetry, 

with the space group P21/n, and both of them are the ̋ simplestʺ 

variants of the basic unit cell from the values of the three 

metrics. Moreover, all the three bromine sites within the 

[PbBr3] chain show an underbonding feature, which follows a 

clear trend of Br(1) > Br(2) > Br(3), as seen the bond valence 

sums in Table 5. This lack of sufficient bonding for the terminal 

Br(1) in particular, despite the Pb-Br(1) bond being the shortest, 

is compensated partially by Br(1) being the strongest H-bond 

acceptor, thus forming the only hydrogen bond in QPbBr3, as 

shown in Table 4. For the iodide counterpart QPbI3, five more 

previously known hybrid lead(Ⅱ) iodide examples which have 

the same structure type, IQPbI3,27 [4MiH]PbI3,27 [BzH]PbI3,27 

(C7H7N2)PbI3,28 and [C10H7CH2NH3]PbI3,29 are introduced here, 

as a comparison, seen in Table 5. It is clear that all of the known 

structures are the ʺsimplestʺ variants of the basic unit cell from 

the value of the three unit cell metrics. However, QPbI3 exhibits 

a doubled b metric, and a C-centred unit cell. Once again, all of 

the three iodine sites within the [PbI3] chain show an 

underbonding feature in QPbI3, with the trend of I(1) ~ I(2) > 

I(3), as seen the bond valence sums in Table 5. The unobvious 

trend for I(1) and I(2) (i.e. similar values of bond valence sums) 

might lead to the formation of H-bonds from organic moieties 

to both I(1) and I(2), in contrast to its bromide counterpart, 

QPbBr3. However, the geometry of quinolinium in this case does 

not allow the formation of N(1)-H…I(2) H-bonds: (d(H...A) is 4.20 

Å which is much longer than a normal H-bond, see Figure 4a). 

Therefore, I(1) becomes the only  H-bond acceptor in this QPbI3 

case, which is in agreement with the two hydrogen bonds built 

by nitrogen and I(1) in QPbI3, as shown in Table 4. 
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    There are still some tricky questions left in this work: why do 

such similar compositions adopt two completely different 

structure types? Why is IQPbBr3 unique amongst these three 

compositions, and what would happen if IQPbBr3 formed the 

same structure type as the others? To shed the further light on 

these questions, we may make a presumption here: suppose 

IQPbBr3 forms a 1D double-chain structure type the same as the 

other two, or the very close bromide relative, QPbBr3 forms a 

1D single-chain hexagonal structure as IQPbBr3. We shall simply 

swap the position of nitrogen and carbon within the 

quinolinium or isoquinolinium, to artificially ʺcreateʺ a 

quinolinium molecule in IQPbBr3, or an isoquinolinium molecule 

in QPbBr3, and track the H-bonding environments within the 

artificial structures. As shown in Table 6, there are three H-

bonds in pseudo-QPbBr3 (1D single-chain hexagonal structure, 

modified from IQPbBr3), or one H-bond in pseudo-IQPbBr3 (1D 

double-chain structure, modified from QPbBr3). It is apparent  

that there are fewer H-bonding options in the 1D single-chain 

hexagonal structure with the quinolinium as the A-site cation 

than isoquinolinium, which may suggest that quinolinium 

maybe not as suitable as isoquinolinium to stabilise the 1D 

single-chain hexagonal structure system. Meanwhile, it also 

clear to see the H-bonding is weaker (longer bonds) in the 1D 

double-chain structure with the isoquinolinium as the A-site 

cation than quinolinium, suggesting that quinolinium may be a 

better choice of A-site cation than isoquinolinium for the 1D 

double-chain structure system. Therefore, the tolerance factor 

rule discussed above may still be a factor suitable in some cases 

where the A cation is close to spherical or does not have specific 

H-bonding preferences, but there are clearly more complex 

factors based on crystal packing forces and H-bonding, which 

dictate which structure type is adopted, and the finer details of 

relative chain packing and structural distortions.  

 

 

Table 6. Simple alternative models of the two 1D double chain structure types by swapping the position of nitrogen and carbon 

within the quinolinium or isoquinolinium. 

 

APbBr3 D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

IQPbBr3 
     

Real  N(1)-H(2)...Br(1) 0.86 3.20 3.586(11) 110.3 
 N(1)-H(2)...Br(1)#1 0.86 3.08 3.704(13) 131.5 
  N(1)-H(2)...Br(6)#3 0.86 3.02 3.654(11) 132.1 
  N(2)-H(10)...Br(3) 0.86 3.11 3.445(12) 106.0 
  N(2)-H(10)...Br(4) 0.86 2.81 3.538(13)  143.1 
      

Pseudo C(1)-H(1)...Br(1)#1 0.93 3.16 3.769(14) 124.7 

 C(10)-H(9)...Br(3)#1 0.93 3.16 3.848(14) 132.1 
 C(10)-H(9)...Br(4)#2 0.93 3.06 3.621(14) 120.6 
      

QPbBr3 
     

Real  N(1)-H(1)...Br(1) 0.86 2.49 3.321(5) 161.8 
      

Pseudo C(1)-H(2)...Br(1)#3 0.93 3.01 3.466(7) 111.9 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1/2,y+1/2,z    #2 -x+1/2,y-1/2,z    #3 x,-y+1/2,z+1/2 (IQPbBr3);      #3 -x+1,-y+1,-z+1 (QPbBr3) 

 

 

Photophysical Properties 

The room temperature UV-Vis absorbance spectra were obtained for 

all three powder samples, IQPbBr3, QPbBr3 and QPbI3. The spectra 

are shown in Figure 5. From the absorption spectra, we can see that 

the two bromide 1D structures feature similar absorption behaviours 

in both peak shapes and positions: two peaks at ~ 312 nm (3.97 eV) 

and ~ 362 nm (3.43 eV) for IQPbBr3, and ~ 311 nm (3.99 eV) and ~ 

369 nm (3.36 eV) for QPbBr3. However, IQPbBr3 has an extra peak 

around 468 nm (2.65 eV), as shown in Figure 5a, thus leading to a 

band gap (Eg) of 2.18 eV by the Tauc-Plot method,43 shown in Figure 

5d, which is much lower than QPbBr3 (Figure 5e). The UV-Vis 

spectrum for the other 1D material, QPbI3, displays similar 

absorption behaviour to its bromide counterpart, QPbBr3; both of 

them show two separated absorption peaks. The two absorption 

peaks for QPbI3 are at ~ 386 nm (3.21 eV) and ~ 440 nm (2.82 eV). 

The calculated band gap (Eg)  is 2.15 eV by the Tauc-Plot method,43 

shown in Figure 5f. This value is lower than the previous reported 

IQPbI3 case (Eg = 2.36 eV) which has the same structure type. The 

band gap difference is presumably due to the differing degree of 

structural distortion between these two compositions; a slightly 

larger distortion of IQPbI3 results in a larger band gap than QPbI3 

(Table 5). 
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Figure 5. Absorption spectra for (a) IQPbBr3, (b) QPbBr3, (c) QPbI3, 

Tauc plots for (d) IQPbBr3, (e) QPbBr3, (f) QPbI3 at room temperature, 

and pictures of powdered samples (g) IQPbBr3, (h) QPbBr3, (i) QPbI3. 

 

    The band gaps of previous reported lead(Ⅱ) halide structures 

based on the two 1D structure types, CsNiBr3-type and 

NH4CdCl3-type, are listed in Table 7, as a comparison to the 

three new structures in this work. The CsNiBr3-type structure, 

IQPbBr3 exhibits the lowest band gap compared to the other 

bromide materials. QPbI3 also displays a relatively low band gap, 

which is lower than any of the others of the same NH4CdCl3-type 

structures. As quinoline and isoquinoline are larger than most 

previous utilised organic amines, we may speculatively 

conclude that large organic cations such as quinoline or 

isoquinoline can effectively lower the band gap energy in 

structures of this type.  

 

Table 7. The band gaps for the previous reported lead(Ⅱ) halide 1D 

structures and the four new compositions in this work. 
 

APbX3 Structure Type Band gap Eg (eV) 

ABTPbBr3 NH4CdCl3-type 3.35 30 

TMAPbBr3 CsNiBr3-type 3.03 19 

C6H11N2PbBr3 CsNiBr3-type 3.59 37 
$IQPbBr3 CsNiBr3-type 2.18 
$QPbBr3 NH4CdCl3-type 2.73 

$QPbI3 NH4CdCl3-type 2.15 

IQPbI3 NH4CdCl3-type 2.36 27 

[4MiH]PbI3 NH4CdCl3-type 2.28 

[BzH]PbI3 NH4CdCl3-type 2.16 

δ-CsPbI3 NH4CdCl3-type 2.82 44 

δ-RbPbI3 NH4CdCl3-type 2.64 16 

δ-FAPbI3 CsNiBr3-type 2.43 45 

DMAPbI3 CsNiBr3-type 2.39;19 2.59 12 

PyPbI3 CsNiBr3-type 1.80 36 

(C7H7N2)PbI3 NH4CdCl3-type 2.44 28 

[C10H7CH2NH3]Pbl3 NH4CdCl3-type 3.09 29 

$ The 1D structures in this work. 

 

Conclusions 

In conclusion, we have synthesised three new examples of 

hybrid lead (Ⅱ) halide structures using relatively large organic 

amines, isoquinoline and its isomer quinoline. IQPbBr3 adopts a 

1D single [PbBr3] chain structure consisting of face-shared 

PbBr6 octahedra (i.e. hexagonal perovskite), whereas the other 

two, QPbBr3 and QPbI3, adopt a 1D double-chain structure 

consisting of edge-shared PbX6 octahedra. These types of chain 

structures are rarely seen in both inorganic and hybrid lead(Ⅱ) 

halides. Each of the structures has been discussed in detail in 

terms of octahedral distortions, crystal packing and H-bonding 

environments at both low and room temperatures. Structural 

distortions and the crystal packing within these structures, to 

some extent, can be rationalised based upon the H-bonding 

requirements from the organic moieties. However, the 

formation of the two distinct structure types of these lead(Ⅱ) 

halide systems by such similar organic species, suggests that 

compositional and structural features of molecular ʺtemplatesʺ 

that might direct the crystallisation of these two structure 

types, rather than other competing APbX3 polymorphs may be 

hard to predict. The preliminary photophysical properties were 

studied by UV-Vis spectroscopy for all the three materials. Two 

of them exhibit lower band gaps than the previous reported 

examples with the same structure type, suggesting that large 

organic cations such as quinoline or isoquinoline may effectively 

lower the band gap energy. All the three 1D materials show a 

thermal stability at over 160 °C under nitrogen atmosphere. 

More exploration and study are still needed to shed further light 

on the structural diversity and photophysical behaviours, by 

developing more examples of the same structure types and 

more extensive photophysical studies such as PL 

measurements. We may conclude that the formation of these 

differing hybrid lead(Ⅱ) halide 1D chain structure types by very 

similar molecular ʺtemplatesʺ is difficult to predict and that 

further examples are required, which may ultimately lead to 

useful “design criteria” in controlling one structure type rather 

than the other. 
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