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Abstract:

We present several new hybrid organic-inorganic lead(Il) bromide materials with
interesting polyhedral connectivity templated by [4-MelmH] ([4-MelmH] = 4-
methylimidazolium). These include two new examples of a 1D structure-type consisting
of edge-sharing chains ([4-MelmH]PbBr3 and [4-MelmH]os[ImH]o4PbBr3, [ImH] =
imidazolium); the first example of a 2D layered material containing 7-coordinate Pb,
and featuring edge- and face-sharing polyhedra ([4-MeIlmH]Pb2Brs) and two examples
of materials consisting of corner- and face-sharing octahedra; [ImH]PbBr3, which has a
4H-perovskite structure and [4-MelmH]4[ImH]sPbsBr21, which has a structural
resemblance to the 4H-perovskite, but incorporates terminal Br ligands leading to a
complex layered structure.

Keywords: Single crystal X-ray diffraction; Lead halides; Polyhedral connectivity; Structure-
directing effects; Hybrid Organic-Inorganic.

1. Introduction

Organic-inorganic hybrid materials have undergone significant study in recent times due
to their compositional and structural flexibility and the tuneable physical and chemical
properties arising from this.! Recently, many of these studies have moved away from
the archetypal 3D-perovskite structure, ABX3, and instead are targeting lower
dimensional structures in an effort to design materials with desirable physical properties,
such as photoluminescence.*® Some examples of materials with reduced dimensionality
are (100)-oriented”® and (110)-oriented®!! perovskites and layered B-site deficient
‘hollow’ perovskites.!? All three of these structure-types consist of a corner-linked
inorganic octahedral framework that has been either ‘sliced’ [as in both (100)- and
(110)-oriented structures] or features compositional deficiency (B-site deficient
‘hollow’ perovskites) resulting in a disruption of the repeating 3D framework. Of these
structure-types, the (100)-oriented perovskite has undergone considerably more study
due to the compositional variability afforded by the interlayer site.®!3!> However,



several other related structure-types featuring polyhedral connectivity other than corner-
linkages, such as edge- or face-sharing are known. These include the well-known face-
sharing hexagonal perovskites'®!” and the relatively rare edge-sharing chains,'®2? both
of which are 1D frameworks. It is worth noting that variations of hexagonal perovskite

can include both face- and corner-sharing polyhedra.

In our previous work,”'%112 we studied the effect of different disc-shaped
monoprotonated amines and reported several examples of materials featuring octahedral
connectivity. We have previously shown that the hydrogen-bonding preferences and
size of these amines can have a significant effect on structure. An example of this is the
use of [1-MelmH] in [1-MeIlmH]os5[GuH]1.5Snls ([1-MeIlmH = 1-methylimidazolium
and [GuH] = guanidinium) where we have shown that the limitations on hydrogen-
bonding arising from the use of the methyl group on the 1-position results in distinct
ordering of the organic moieties. We have also recently shown that different derivatives
of disc-shaped amines, for example the 1- and 4-isomers of methylimidazolium, can
template differing packing architectures of similar inorganic units due to this same
optimisation of hydrogen-bonding.?

In the present paper, we report several new hybrid lead bromide materials, inspired by
our previous work, primarily templated by the disc-shaped monoprotonated amine [4-
MelmH] (4-methylimidazolium) or a mixture of [4-MelmH] and imidazolium [ImH].
The present compounds adopt a variety of different structure-types corresponding to
different polyhedral connectivity, viz. 1D edge-sharing chains for [4-MeImH]PbBr3; and
[4-MeImH]o.6[ImH]o.4PbBr3, 2D edge- and face-sharing layers for [4-MelmH]Pb2Brs
and face- and corner-sharing hexagonal perovskite derivatives for [4-
MelmH]4[ImH]sPbsBr21 and [ImH]PbBr3.

2. Experimental
2.1. Materials

Lead (IT) bromide (PbBr2, >98%), hydrobromic acid (HBr, 48%, w/w aqueous solution),
4-methylimidazole (CsH7N2, 98%), imidazole (C3HsN2, 99%) and 1-methylimidazole
(C4H7N2, 98%) were purchased from Alfa Aesar. Diethyl ether ((C2Hs)20, 99.5%) was
purchased from Sigma Aldrich. All chemicals were directly used without further
purification. All samples were obtained by slow-evaporation methods.

2.2. Sample Preparation
2.2.1. [4-MelmH]PbBr;

Stoichiometric amounts of 4-methylimidazole (332 mg, 4 mmol) and PbBr; (369 mg, 1 mmol)
were dissolved in conc. HBr (2.42 mL) with moderate heating. By cooling for a few hours,
colourless needle-shaped crystals of approximate dimensions 0.15 mm x 0.15 mm x 0.4 mm



were obtained. These were filtered and washed with diethyl ether. Elemental analysis: Anal.
Calc. (%) for (C4N2H7)PbBr3: C, 9.06; H, 1.33; N, 5.29. Found: C, 9.87; H, 1.44; N, 5.13.

2.2.2. Preparation of [4-MelmH]o.s/ImH]0.4PbBrs3

Stoichiometric amounts of 4-methylimidazole (166 mg, 2 mmol), imidazole (138 mg, 2 mmol)
and PbBr2 (737 mg, 2 mmol) were dissolved in conc. HBr (2.6 mL) with moderate heating. By
cooling for a few hours, colourless, cuboid-shaped crystals of approximate dimensions 0.05
mm x 0.05 mm x 0.1 mm were obtained. These were filtered and washed with diethyl ether.
Elemental analysis: Anal. Calc. (%) for (C3.6N2Hs2)PbBr3: C, 8.25; H, 1.19; N, 5.34. Found:
C, 8.24; H, 1.09; N, 5.14.

2.2.3. Preparation of [4-MelmH]>Pb>Brs

Stoichiometric amounts of 4-methylimidazole (166 mg, 2 mmol) and PbBr: (737 mg, 2 mmol)
were dissolved in conc. HBr (2.6 mL) with moderate heating. By cooling for a few hours,
colourless needle-shaped crystals were obtained of approximate dimensions 0.01 mm x 0.01

mm x 0.25 mm. These were filtered and washed with diethyl ether. Elemental analysis: Anal.
Calc. (%) for (C4N2H7)Pb2Brs: C, 5.36; H, 0.79; N, 3.12. Found: C, 5.51; H, 0.80; N, 3.38.

2.2.4. Preparation of [ImH]PbBr3 and [4-MelmH] 4+/ImH]5PbsBr2;

Stoichiometric amounts of 4-methylimidazole (83 mg, 1 mmol), imidazole (69 mg, 1 mmol)
and PbBr; (737 mg, 2 mmol) were dissolved in conc. HBr (3 mL) with moderate heating. By
cooling for a few hours, a mixture of colourless crystals of approximate dimensions 0.1 mm x
0.1 mm x 0.1 mm were obtained. Some of these crystals were extracted, separated, filtered and
washed with diethyl ether. Crystals used in the structure determination of [ImH]PbBr; were
filtered but those used for [4-MelmH]4[ImH]sPbsBr21 were left in solution. Elemental analysis
was obtained for these separated crystals: Anal. Calc. (%) for (C3N2Hs)PbBr3: C, 6.98; H, 0.98;
N, 5.43. Found: C, 7.21; H, 0.74; N, 5.20; Anal. Calc. (%) for C31N1sHs3PbeBr2:1: C, 10.35; H,
1.48; N, 7.01. Found: C, 10.83; H, 1.33; N, 7.07.

2.2. X-ray Crystallography

Single crystal data were collected at 173 K for all samples. Data for all samples except [4-
MelmH]PbBr; were collected using a Rigaku FR-X Ultrahigh Brilliance Microfocus RA
generator/confocal optics with XtaLAB P200 diffractometer [Mo Ka radiation (A = 0.71075
A)]. Data for [4-MeImH]PbBr; were collected on a Rigaku SCX Mini CCD diffractometer with
a SHINE monochromator (Mo-Ka radiation). Intensity data were collected using o steps
accumulating area detector images spanning at least a hemisphere of reciprocal space. Data
were collected using CrystalClear (Rigaku)** and processed (including correction for Lorentz,
polarization and absorption) using either CrystalClear®* or CrysAlisPro.”> Structures were
solved by dual-space methods (SHELXT?®), and refined using SHELX-2018/37 incorporated
in either the WINGX?® or Olex2% interface. Non-hydrogen atoms were refined anisotropically
and hydrogen atoms were treated as riding atoms. Selected crystallographic data are presented
in Table 1.



3. Results and Discussion

The crystal data and structure refinement parameters for all compositions are listed in Table 1,
with selected bond lengths and angles in Table S2. The newly synthesised materials fall into
three structure-types; 1. 1D edge-sharing chains, 2. 2D edge- & face-sharing layers and 3. Face-
and corner-sharing hexagonal perovskite derivatives.

3.1 1D edge-sharing chains

Two of the newly synthesised materials, [4-MelmH]PbBr; and [4-MelmH]o.¢[ImH]o.4PbBr3,
belong to this first group of structures. They have the general formula ABX3, like cubic
perovskite, but consist of [PbBr3].. edge-sharing chains similar to those found in 3-CsPbl;,*°
which can be considered an archetype of this structure (Fig. 1). While both [4-MelmH]PbBr3
and [4-MelmH]os[ImH]o4PbBr; contain [4-MelmH] as a structure-directing agent, [4-
MelmH]o.s[ImH]o4PbBr3 additionally contains the related disc-shaped amine imidazolium,
[ImH]. This results in substitutional disorder of the same site in a 60:40 ratio of [4-MelmH] to
[ImH]. To the best of our knowledge this is the only known example of a structure of this type
featuring this behaviour. While neither [4-MeIlmH]PbBr3 or [4-MelmH]o.¢[ImH]o.4PbBr3; have
previously been reported, the iodide analogue of [4-MelmH]PbBr3, [4-MelmH]Pbl; was
previously studied by Guo et al.,'® where the structure was described as consisting of a
hexagonal PbX> structure that has been stripped of a double strand of condensed PbXe
octahedra. This results in the short a-axis observed in both [4-MeImH]PbBr; and [4-
MelmH]o.6[ImH]o4PbBr3 (4.4308(3) and 4.3643(1) A, respectively) similar to that observed in
[4-MeImH]Pbl; (4.6110(2) A) . Unlike [4-MeImH]Pbl; (P21/c) both [4-MeImH]PbBr; and [4-
MeImH]o.6[ImH]o.4PbBr; crystallise in the triclinic space group P1 (with Pb-Br bond distances
between 2.960(2) to 3.318(109) and 2.9803(4)-3.2825(7) A, respectively) with an undoubled
b-axis and significant differences in the unit cell angles. Comparison of the structural
distortions of [4-MelmH]PbBr; and [4-MelmH]o.s[ImH]o.4PbBr3; to [4-MelmH]Pblz and 6-
CsPbl; in order to understand the difference in structural behaviour was carried out. The mean
distortion level (Ad) and bond angle variance (¢°) of each octahedron were calculated (details
are provided in ESIf), along with those for several related compounds, and the values shown
in Table 2. The mean distortion level of both [4-MelmH]PbBr; and [4-
MelmH]o.6[ImH]o0.4PbBr3 are significantly larger than in either [4-MelmH]Pbl; or 6-CsPbl;
suggesting that the change in cell structure is likely predominantly due to this. This is further
supported by the similarities in calculated BVS for each atom with the general trend that the



terminal halide (X2) is the most severely ‘underbonded’ and that the bridging halide (X3) is
the least ‘underbonded’. While there are some significant differences in the bond angle
variance between compositions, the exact origin of this remains unclear, however the
significant reduction of ¢® in [4-MelmH]o.s[ImH]o4PbBrs is likely a direct result of the partial
incorporation of [ImH], resulting in a smaller structural distortion compared to the larger [4-
MelmH] cation.

In both [4-MeImH]PbBr3; and [4-MelmH]os[ImH]o4PbBr3 the orientation of [4-MelmH] is
important in determining where hydrogen bonding is possible. While there are similarities in
the orientation of [4-MelmH] in each, there is a subtle change in hydrogen bonding notably at
the N1 position (Fig. 1). In [4-MeImH]PbBr3 there are two possible bonds, (N1-H1:--Br2 3.50
A and N1-H1---Br3 3.42 A). A slight rotation of the amine in [4-MelmH]os[ImH]o4PbBr;
compared to [4-MelmH]PbBr3 results in a change from two to one possible H-bond. However,
this results in a closer arrangement in [4-MeImH]o.¢[ImH]0.4PbBr3; and subsequently a stronger
bond (N1-H1---Br2 3.38 A). We have not explored whether a wider solid solution may exist
between [4-MeIlmH]PbBr3 and [4-MelmH]o.¢[ImH]o4PbBr3; however it is notable that [4-
MelmH]o.s[ImH]0.4PbBr3 has a slightly higher density than [4-MeImH]PbBr3, suggesting that
incorporation of [4-MelmH] results in marginally more efficient packing.

3.2. 2D edge- and face-sharing layers

Similar reactions to those employed in the synthesis of 1 using a 2:2 ratio of [4-MeIlmH]:PbBr>
were carried out targeting a (110)-oriented perovskite with nominal formula [4-
MelmH],PbBrs, however this proved unsuccessful. Instead, all attempts yielded [4-
MelmH]Pb,Brs, a unique 2D layered structure (Fig. 2) consisting of both edge- and face-
sharing 7-coordinate Pb polyhedra (Fig. 3). The compound crystallises in the monoclinic space
group P2i/c with Pb-Br bond distances ranging from 2.9511(8) to 3.2822(10) A. While this is
not the first report of a hybrid material containing a 7-coordinate Pb polyhedron,?° we believe
that this is the first structure reported that consists solely of 7-coordinate Pb polyhedra rather
than as a mixture of other coordination environments, as well as the only example that features
exclusively edge- & face-sharing polyhedral connectivity, as shown in Fig. 3. Analysis of the
inorganic framework shows two Pb environments, both of which may be regarded as mono-
capped trigonal prisms. Equivalent Pb polyhedral environments (Pb1-Pbl and Pb2-Pb2) are
connected through triangular-face-sharing while inequivalent environments (Pb1-Pb2) are
connected through edge-sharing involving two distinct pathways, and resulting in the
corrugated layer arrangement (Fig. 2). The calculated bond valence sums of each environment
indicate that the unusual 7-coordinate structure is readily accommodated and results in bond
valence sums comparable with the octahedral Pb environments presented here (Vpp1 = 1.91
v.u., Ve = 1.87 v.u.). However, by contrast the edge-sharing Br5S shown on the right in Fig.
3(b), between adjacent face-sharing chains is severely ‘underbonded’ (Vg = 0.40 v.u.).
Inspection of the hydrogen bonding arrangements in [4-MeImH]Pb2Brs (shown in Fig. 2) show
there are no hydrogen bonds formed to stabilise this ‘underbonding’. This is likely due to the
required spatial positioning of the Me-group into the cavity between layers. This defined
arrangement results in a short interlayer distance between adjacent Br4 atoms of ~4.00 A,



which can be considered as a similar size to the [4-MelmH] moiety. Both N1 and N2 are
capable of forming two hydrogen bonds to the other Br atoms present providing stabilisation
to the chain portion of the structure.

3.3. Face- and corner-sharing hexagonal perovskite derivatives

Due to the unusual structure of [4-MelmH]Pb2Brs, similar reactions utilising a mixture of 4-
methylimidazole and imidazole were attempted, aiming to synthesise a mixed cationic species
of formula [4-MelmH ] x[ImH]xPb2Brs. Instead, we obtained a mixture of crystalline products
of composition [ImH]PbBr3 and [4-MelmH]4[ImH]sPbsBr21. The first of these, [ImH]PbBr3,
adopts a distorted, but conventional, 4H perovskite-like structure (Fig. 4) and crystallises in the
orthorhombic space group Pnma. The aristotype 4H perovskite structure*® adopts a hexagonal
unit cell, space group P63/mmec, typified by the ambient temperature structures of [DMA]PbCI3
and [DMA]PbBr3.*! [ImH]PbBr; has a symmetry-lowering distortion leading to the observed
~ \3a x ¢ x a cell metrics relative to the aristotype. This appears to be triggered by the
alternating orientations of the imidazolium moiety, coupled to a slight anti-phase rotation of
alternating octahedra around the b-axis [Fig. 4(a)]. There appear to be only three previously
reported hybrid lead halides with the 4H structure (Table 3). Both of the DMA derivatives
display sub-ambient temperature phase transitions to a chiral polymorph, space group P212121,
with similar unit cell metrics to those in [ImH]PbBr3, but showing much larger distortions
(Table 3).

Like [4-MelmH]Pb,Brs, [4-MelmH J4[ImH]sPbeBr»: also adopts a very interesting and unique
structure. Both [4-MelmH] and [ImH] have been incorporated into the structure resulting in a
significantly large and complex unit cell. The compound crystallises in the monoclinic space
group C2/c, and it consists of face- and corner-sharing octahedra (Fig. 5), with an arrangement
based on face-shared dimers similar to the 4H-perovskite structure. A key difference, however,
can be seen from the Pb-Br stoichiometry. The fact that this is not 1:3 suggests that the full 3D
connectivity is broken somehow, with the introduction of some terminal Pb-Br bonds. Closer
inspection reveals the nature of this adaptation. There are three crystallographically distinct
octahedral Pb sites, which may be regarded as Pb(1)Br42Br2, Pb(2)Bre» and Pb(3)Brs»Br. In
other words, Pb(2) shares common bromide ligands with six adjacent octahedra, whereas the
Pb(1) octahedron shares only four vertices, with one octahedral edge accommodating two
terminal Br ligands; Pb(3) has a single terminal vertex. In turn, two Pb(3)-centred octahedra
form a common dimer, whilst a distinct dimer is composed of the Pb(1) and Pb(2)-centred
octahedra. The resulting building unit is shown in Fig. 5. These units further link into a complex
2D layered arrangement, with no direct covalent links to neighbouring layers (Fig. 5c). There
are nine crystallographically-distinct organic moieties, and we find it is possible to assign these
unambiguously to well-ordered [ImH] and [4-MelmH] units. Both [ImH] and [4-MeIlmH] are
capable of forming up to four hydrogen bonds from donor N-H atoms, with N-H---Br distances
ranging from 2.55-3.17 A. Due to the additional steric hindrance of the Me-group in [4-
MelmH], this is only located between 2D layers. By comparison, the smaller [ImH] cation can
be accommodated in the hexagonal ‘channel’-like positions throughout the structure (see Fig
S1). A useful comparison of the mean distortion level and bond angle variance in [ImH]PbBr;3



and [4-MelmH ]4[ImH]sPbsBr21 compared to existing 4H-type lead halides can be made (Table
3). Although the largest bond angle variance values calculated are for [DMA]PbCI; this is not
surprising as large distortion values are common in lead chloride materials. The large Ad values
in [4-MelmH]4[ImH]sPbsBr21, particularly Pbl, compared to [ImH]PbBr3; suggest a much
larger degree of octahedral distortion than the more typical 4H-perovskite structure observed
in [ImH]PbBr3. This may be attributable to the reduction in symmetry due to the incorporation
of terminal Pb-Br bonds, and also to the stricter limitation on hydrogen bonding capacity of [4-
MelmH] compared to [ImH] arising from the greater degree of steric effects attributable to the
Me-group. The difference in hydrogen bonding capability in [ImH]PbBr; and [4-
MelmH]4[ImH]5PbsBr2; is further enhanced by the rotational disorder (around the plane of the
molecule) of [ImH] in [ImH]PbBr; to optimise potential hydrogen bonding. The synthesis of
an analogous composition to [4-MelmH]4[ImH]sPbsBr2i, utilising the isomeric 1-
methylimidazole instead of 4-methylimidazole, was attempted in the hope of probing the
impact of further disrupting potential hydrogen bonding while maintaining similar steric
hindrance, however only [1-MeIlmH] was incorporated into the structure resulting in the 2H-
perovskite, [1-MeImH]PbBr; (see ESI for more information).

Although the polyhedral connectivity may differ across the compositions presented, the
shortest Br-Br ‘interlayer’ or ‘interchain’ distances are relatively similar across all
compositions. The shortest of these (4.002(9) A in [4-MeImH]Pb,Brs) is close to the shortest
interlayer distance reported for the corner-linked (110)-oriented perovskite [EPZ-dp]PbBrs
(3.90 A)* and of a similar size to one of the shortest reported for (100)-oriented perovskites,
in the n = 3 [3-AMP][MA]Pbslio structure (3.97 A)*, where [EPZ-dp] = 1-ethylpiperazinium;
[4-AMP] = 4-(aminomethyl)piperidinium; [MA] = methylammonium.

4. Conclusions

In conclusion, we have prepared several new hybrid organic-inorganic lead bromide
materials templated by 4-methylimidazolium. In [4-MelmH]PbBr3z and [4-
MelmH]o.6[ImH]o.4PbBr3 we provide two new examples of an uncommon structure-type
consisting of [PbBr3]. edge-sharing chains. In [4-MelmH]Pb2Brs we present the first
example of a two-dimensional layered material containing 7-coordinate Pb and
featuring both edge- and face-sharing polyhedra. Finally, both [ImH]PbBr; and [4-
MelmH]4[ImH]sPbeBr21 were prepared from the same reaction and consist of corner-
and face-sharing octahedral units related to the 4H-perovskite structure. However, while
the former does adopt a fully 3D-connected 4H-perovskite structure, the latter has a
much more complex layered structure containing terminal Pb-Br bonds. The versatility
of 4-methylimidazolium as a structure-directing agent has resulted in several unusual
structures that have not previously been observed, featuring unusual polyhedral
connectivity. This work prompts further study of the structure-directing effects of
imidazolium derivatives, and other similar disc-shaped amines, in hybrid organic-
inorganic materials in the pursuit of new previously unrealised structure-types. Isolation
of further examples of the novel layered architectures found in [4-MeIlmH]Pb,Brs and
[4-MeImH]4[ImH]sPbeBr21 , and an understanding of the factors directing their
formation would be of particular interest.
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Table 1 Crystal and structure refinement data for 1-5 at 173 K.

Composition [4-MeIlmH]PbBr; | [4- [4- [ImH]PbBr; [4-
MelmH]o.s[ImH]o4PbBr; | MeImH]Pb;Brs MelmH]4[ImH]sPbsBr;

Formula C4N>H7PbBr3 C3.6N2Hg2PbBr3 C4N>H7Pb,Brs CsN;HsPbBr3 C31N13Hs3PbsBra;

Formula Weight 530.02 524.41 897.03 1881.22 3599.06

Colour/habit Colourless/prism | Colourless/prism Colourless/needle | Colourless/prism | Colourless/prism

Crystal size (mm®) 0.15x0.15x0.38 | 0.02 x0.03 x 0.09 0.01 x0.01 x0.24 | 0.04 x 0.06 x 0.06 | 0.10 x 0.12x0.13

Crystal system Triclinic Triclinic Monoclinic Orthorhombic Monoclinic

Space group P1 P1 P2i/c Pnma C2/c

a(A) 4.4308(3) 4.3643(1) 4.0957(11) 14.2063(6) 29.9994(7)

b (A) 10.4933(7) 10.8092(3) 15.806(4) 14.9288(5) 15.6666(3)

c(A) 11.5533(8) 11.3086(3) 21.734(5) 8.8702(3) 16.7313(3)

a () 101.66(6) 71.877(3)

L© 94.75(6) 79.508(2) 95.243(7) 91.868(2)

7(©) 93.579(6) 89.025(2)

V (A% 522.53(13) 498.09(2) 1401.1(6) 1881.22(12) 7859.3(3)

zZ 2 2 4 8 4

Density (g/cm?) 3.369 3.497 4.253 3.644 3.042

u (mm™) 27.554 28.904 38.276 30.609 23.521

F(000) 464 458 1536 1792 6368

Measured reflns. 5367 6524 16602 9450 50059

Independent reflns. (Rin) 2384 (0.0660) 2184 (0.0278) 2555 (0.0634) 2341 (0.0543) 9056 (0.0383)

Goodness of fit 0.984 1.003 0.925 1.185 1.036

R [1>2 o(D)] 0.0387 0.0230 0.0226 0.0422 0.0273

WR; (all data) 0.0930 0.0430 0.0517 0.1169 0.0554

Largest diff. peak/hole (e/A%) | 2.378/-2.745 0.986/-1.077 1.550/-1.037 3.121/-1.649 1.224/-0.986




Table 2 Summary of calculated bond length distortions (Ad) and bond angle variance (¢%) for
1D edge-sharing chain compounds reported here and in the literature.

Ad(x10%) | o BVS
Pb [XI |X2 |X3
[4-MeImH]PbBr3 25.47 13.54 | 1.93 |0.68 |0.56 |0.69
[4-MeImH]o.6[ImH]o.4PbBr3 21.82 450 | 1.96 |0.68 |0.57 |0.72
[4-MeImH]PbI3" 17.32 1388 | 1.86 |0.66 |0.50 |0.70
[ABT]PbBr3>?¢ 21.30 10.70 | 1.82 |0.56 |0.54 |0.71
[Q]PbBr;*2? 9.34 16.66 |1.79 |0.70 [0.40 |0.68
8-CsPbl3*! 10.61 19.00 [2.04 |0.69 [0.55 |0.81

‘[ABT] = 2-aminobenzothiazole; ?[Q] = quinolinium

Figure 1 Views of the crystal structures of (a) 5-CsPbl; along the b- and a-axes, (b) [4-
MelmH]PbBr; along the a- and b-axes and (c) [4-MelmH]o.¢[ImH]o.4PbBr3; along the a- and
c-axes showing the (left) 1D unit-cell packing and (right) edge-sharing [PbX3].. chains.
Hydrogen bonding is shown in [4-MeImH]PbBr3; and [4-MelmH]o.6[ImH]o.4PbBr3; by the red
lines. Note that in [4-MelmH]o.s[ImH]o.4PbBr3 both [4-MelmH] and [ImH] occupy the same




site but only one of each amine is shown for clarity and to show the difference in spatial
arrangement.



Figure 2 (a) Crystal structure of [4-MelmH]Pb,Brs viewed along the a-axis showing the
arrangement of the [4-MelmH] moiety, highlighting hydrogen-bonding. (b) Layer-like 2D
structure of [4-MeIlmH]Pb.Brs with face-sharing and edge-sharing octahedra. The two different
polyhedra are shown in yellow and blue, respectively.

Figure 3 Polyhedral connectivity in [4-MelmH]Pb,Brs. (a) Face-sharing between equivalent
Pb1-Pbl (yellow) and Pb2-Pb2 (blue) polyhedra; (b) Two different edge-sharing arrangements
between inequivalent Pb1-Pb2 polyhedra.



Figure 4 Views of the crystal structure of [ImH]|PbBr3; along the (a) - and (b) a-axes
highlighting the typical 4H-perovskite structural arrangements and possible hydrogen bonding.



Figure 5 (a) View of a two-dimensional sheet in the crystal structure of [4-
MelmH]4[ImH]sPbeBr21. (b) Partial representation of the structure highlighting the presence of
both face-sharing and corner-sharing of polyhedra and the resemblance to a 4H-perovskite
structure. (¢) Complex 2D layered arrangement with no covalent links to neighbouring layers.
Note that the amines have been omitted for clarity. Terminal Br ligands are shown as the larger
purple spheres.



