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Ten hybrid metal halide perovskites containing divalent dabconium cations and alkali-metal ions have been
structurally characterised and their band gaps determined, with six new crystal structures reported. Five
compounds of the formula (CgH14N)[BXs], where B = Na* and X = Cl" or Br', B = K* and X = Cl” or Br
and B = Cs* and X = I, were found to exhibit one-dimensional (1D) hexagonal perovskite structures
containing face-sharing metal halide octahedra that form 1D inorganic polymers. Five compounds of the
formula (CeH14N>)[BX3l, where B = K* and X = Br  or I, and B = Cs* and X = Cl, Br or a mixture of Cl”
and I”, display three-dimensional (3D) parent perovskite structures containing corner sharing metal halide
octahedra that form a 3D framework. A correlation was found between the formation of a 1D or 3D
perovskite structure and the sum of ionic radii of the metal and halide ions. The band gaps of the
compounds fall in the range 3.42 eV to 5.33 eV. It was found that a 3D perovskite has a smaller band gap
than a 1D perovskite, while the halide ion also affects the band gap.
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Introduction

Metal halide perovskites have enjoyed much attention from
the scientific community over recent years because of their
wide range of applications, specifically as sensitisers in
perovskite solar cells (PSCs).' The three-dimensional (3D)
parent perovskite structure has the general formula ABXj;,
where A is either an organic or inorganic cation, B is usually
a metal cation, and X is an anion.>* In this structure, the A
cation has a 12-fold coordination and the B cation a 6-fold
coordination, with BXs octahedra sharing corners. If A is an
organic cation and X is a halide anion, a hybrid metal halide
perovskite structure is formed.

In addition to the 3D parent hybrid perovskite structure
described above, other hybrid perovskite structures may also
be formed. Relevant to the current study is one-dimensional
(1D) hexagonal perovskites which also exhibit the formula
ABX;.? The 1D hexagonal perovskite structure contains face-
sharing octahedra, forming 1D halide-bridged polymers.®

To predict whether the A-site cation will “fit” in the BX-
framework and allow for the formation of the parent 3D
perovskite structure, several prediction factors may be utilised.
These include the Goldschmidt tolerance factor® (¢), the
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octahedral factor’ (u), and Bartell's tolerance factor® (z). More
detail on these factors are given in the Section S1.}

The parent hybrid halide perovskites of lead have shown
promise as sensitisers in PSCs. The hybrid halide perovskite
MAPbI;, with MA = methylammonium, originally synthesised by
Weber in 1978,° was first utilised in PSCs by Miyasaka and
Teshima.'®™"* Since its initial application in PSC's, MAPbI; has
been modified using other A-cations such as formamidinium
(FA) and other organic cations."”® Furthermore, halide mixtures
(X = CI, Br or I') have also been employed,'* as well as
combinations of lead and other divalent metal ions, in an
attempt to increase the stability and efficiency of PSCs."

Due to their potential application in PSCs, 3D parent
hybrid perovskites are sought after materials. Since lead is a
highly toxic metal, there has been a drive to reduce the lead
content of these hybrid perovskites, leading to the
investigation of the use of lead-less perovskites, where the
lead ions in a perovskite structure are partially substituted by
other metal ions, or lead-free perovskites, in PSCs."®

In the parent 3D hybrid halide perovskite structure, the
organic A cation typically has a charge of +1, while the B metal
cation is divalent. However, in the current study we decided
to switch these valences, and use B" metal ions and A*
organic cations to form perovskite compounds of the formula
ABX;. The non-toxic group 1 alkali metal ions'” Li*, Na*, K
and Cs" were selected as B" metal ions, thus avoiding the use
of lead as metal ion. In addition, a divalent organic cation,
namely the dabconium cation, which is obtained via
protonation of the 1,4-diazabicyclo[2.2.2]Joctane molecule, was
selected as A>" organic cation.
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Compounds, and their corresponding structures, will be
referred to according to an abbreviation based on their
composition. In the abbreviation D-BX,, D indicates that the
organic cation is dabconium, B represents the alkali metal ion,
X indicates the halide anion, and 7 gives the ratio of halide ions
to metal ions in the molecular formula. For example, the
abbreviation D-NaCl; indicates the compound or structure
resulting from the combination of dabconium cations and
anionic species comprised of Na" and CI” ions. The addition of
a number in brackets at the end of the abbreviation, e.g. D-
KBr;(1) and D-KBrs(2), indicates polymorphs of the same
compound.

A search of the Cambridge Structural Database (CSD
(Version 5.44, update June 2023)"®) indicated that a number
of structures containing dabconium cations, and metal-
halide anions comprised of monovalent alkali metal ions and
halide anions, have been reported in the literature.

Two 1D structures have been reported. The 1D hexagonal
perovskite structure consisting of dabconium cations and KCl-
based anions (D-KCl;) has been reported twice, with the CSD'®
reference codes DOTHOK' and DOTHOK01.*° The two
structures were determined at 100 K and 120 K respectively,
with the same structure present at both temperatures.

The combination of dabconium and a RbI-based anion (D-
Rbl;) also results in the formation of a 1D hexagonal
perovskite structure, with CSD'® reference code HEJHOW,*'
with the structure determined at room temperature (293 K).

Five 3D perovskite structures have been reported in the
literature for the combination of the dabconium cation and
different alkali metal ions and halide ions. The perovskite
structure obtained from the combination of dabconium and a
KBr-based anion, D-KBr3(2), with CSD'® reference code FIZYIZ,*
was determined at 300 K. In addition, two different structures
have been reported for the combination of dabconium and a
RbCl-based anion, with CSD'® reference codes GUYNEU*® (D-
RbCl;(1)), GUYNEU01*' (D-RbCl;(1)) and GUYNEU02*' (D-
RbCl;(2)), with the structures forming a trigonal phase at 120 K
and 293 K and a cubic phase at 458 K. Furthermore, two 3D
structures have been reported containing dabconium cations
and a RbBr-based anion, with CSD*® reference codes HEJGUB**
(D-RbBr;(1)) and HEJGUB01>' (D-RbBr;(2)), with the structures
representing trigonal and cubic phases of the compound
determined at 293 K and 353 K, respectively. Additionally, a
monoclinic 3D perovskite structure was reported to form for the
combination of dabconium and a CsCl-based anion (D-CsCly),
with CSD'® reference code GUYNIY,** determined at 120 K.
Finally, the structure of an orthorhombic 3D perovskite
resulting from the combination of dabconium with CsBr-based
anions (CSD'® reference code BEFXODO1) has also been
determined at 193 K.**

The literature survey indicates a tendency of compounds
formed by the combination of the dabconium cation and
alkali metal halides to form perovskite structures, either of
the 3D parent perovskite type or 1D hexagonal type. However,
not all the structures in this family have been reported, and
those that have been reported, were determined at different
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temperatures. This aim of this study is to determine the
outstanding structures and to re-determine the reported
structures at the same temperature. The study will also focus
on determination of the band gaps of these compounds,
since their band gaps have not been reported.

The three tolerance factors mentioned previously were
calculated for all the compounds of interest, with the results
of the calculations given in the Section S1.f The ionic radius
of the dabconium cation was taken as 339 pm, as per the
determination using density functional theory calculations
reported in the literature.>® The Shannon ionic radii*® of the
metal ions were used.

The analysis showed that if the dabconium cation is
combined with LiCl-, NaCl-, KCI-, CsCl-, LiBr-, or Lil-based
anions, the resultant structure is unlikely to be of the 3D
perovskite type. This is because either the A-site ion is not
large enough (indicated by ¢) or that octahedral coordination
is unlikely (indicated by g). Bartel's tolerance factor agrees
with these predictions on combinations containing Li'.
Therefore, it is highly improbable that LiX-based anions with
dabconium cations would result in 3D perovskite structures.

Furthermore, when dabconium cations are combined with
RbCl-, NaBr-, KBr-, RbBr-, CsBr-, Nal-, KI-, RbI- or CsI-based
anions, this could result in 3D parent perovskites. This is
also strongly supported by the literature survey, which shows
that the combinations that contain KBr-, RbCI- or RbBr-based
anions all lead to 3D parent perovskite structures. Only the
combination of the dabconium cation with RbI-based anions
is predicted incorrectly by all three factors as a 3D perovskite
structure, however, a 1D hexagonal perovskite structure was
reported in the literature (HEJHOW>").

It can be deduced that the Goldschmidt tolerance factor,’
the octahedral factor,” as well as Bartel's tolerance factor,® when
used in combination with each other, are often successful in
predicting the formation of a 3D parent perovskite structure
when considering the structures reported in the literature.

In the current investigation dabconium cations were
combined with the alkali metal halides NaCl, NaBr, Nal, KClI,
KBr, KI, CsCl, CsBr or Csl in an organic:inorganic molar
ratio of 1:1, to form hybrid materials. In addition to the
structural investigation, the band gaps of the compound were
determined using diffuse reflectance spectroscopy (DRS).

Due to the tolerance factors' prediction that the combination
of dabconium with Li-halide salts is not expected to yield 3D
perovskite structures, the Li*-members of the series were not
investigated. Furthermore, Rb-halide salts are prohibitively
expensive, and these members of the series were not included
in this study, however, some of these structures have been
reported in the literature.?%*!

Experimental section
Materials

All reagents and solvents used (except distilled water) were
reagent grade purchased from Sigma Aldrich and were used
without further purification or modification. Distilled water was

This journal is © The Royal Society of Chemistry 2025
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Table 1 Synthetic information
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Combination HX volume Resultant Product Yield
(BX + HX) Organic mass (g) BX mass (g) (ml) structure mass (g) (%)  Elemental analysis
NaCl + HCl  1.0079 (8.99 mmol)  0.5050 (8.64 mmol)  3.10 D-NaCl; 0.8437  40.0 Found: C, 29.52%; H, 6.02%; N, 11.50%
Calc.: C, 29.59%; H, 5.79%; N, 11.50%
NaBr+ HBr  1.0153 (9.05 mmol)  0.8933 (8.68 mmol)  8.90 D-NaBr; 1.8461 56.4 Found: C, 18.98%; H, 3.60%; N, 7.79%
Calc.: C, 19.12%; H, 3.74%; N, 7.43%
KCI + HCI 1.0060 (8.97 mmol)  0.6451 (8.65 mmol) 3.20 D-KCl; 1.9175 85.4 Found: C, 27.78%; H, 5.24%; N, 10.83%
Calc.: C, 27.76%; H, 5.44%; N 10.79%
KBr + HBr 2.0826 (18.57 mmol) 2.1467 (18.04 mmol)  9.00 D-KBr3(1) 5.8023 81.8 Found: C, 18.41%; H, 3.35%; N, 7.05%
Calc.: C, 18.34%; H, 3.59%; N 7.13%
KBr+ HBr  2.0007 (17.84 mmol) 2.1225 (17.84 mmol)  9.00 D-KBry(2) 6.6743  95.3 Found: C, 18.49%; H, 3.31%; N, 7.07%
Calc.: C, 18.34%; H, 3.59%; N 7.13%
KI + HI 1.5075 (13.44 mmol) 1.3442 (8.10 mmol)  5.00 D-KI, 4.7263  68.7 Found: C, 13.55%; H, 2.20%; N, 5.01%
Calc.: C, 13.5%; H, 2.64%; N 5.25%
CsCl+ HCl  1.5086 (13.45 mmol) 2.2630 (13.44 mmol) 10.00 D-CsCl;  2.8467 15.0 Found: C, 20.13%; H, 3.90%; N, 8.19%
Calc.: C, 20.39%; H, 3.99%; N 7.93%
CsBr + HBr 2.0071 (17.89 mmol) 3.8058 (17.88 mmol)  4.00 D-CsBr; 3.8058 52.1 Found: C, 14.57%;j H, 2.70%; N, 5.61%
Calc.: C, 14.93%; H, 2.70%; N 5.77%
CsI + HI 0.2178 (1.94 mmol)  0.4640 (1.79 mmol) 0.50 D-Csl; 0.7753 69.1 Found: C, 11.29%; H, 2.22%; N, 4.55%
Calc.: C, 11.48%; H, 2.25%; N 4.46%
Csl + HCI 0.2171 (1.94 mmol)  0.4660 (1.79 mmol) 1.20 D-CsCL,I  0.6597 82.7 Found: C, 15.89%; H, 2.86%; N, 6.33%

obtained from the in-house distillation facility. Specific
information: NaCl (=99%), NaBr (=99%), Nal (=99%), KCl
(299%), KBr (299%), KI (=99%), CsCl (=99%), CsBr (=99%),
Csl (=99%), 1,4-diazabicyclo[2.2.2]octane (99%), HCl (37%
solution), HBr (48% weight) and HI (57% weight, stabilised
solution).

Synthesis

No attempts were made to optimise the yields of the reactions.
All relevant synthetic information is summarised in Table 1.

Crystal growth

The general method employed to grow crystals was a slow
evaporation method, and was carried out as follows: in a 100
ml beaker, a given mass of 1,4-diazabicyclo[2.2.2]octane was
dissolved in 20 ml distilled water. To this solution, a molar
excess of HX (X = CI', Br, or I') was added. Thereafter, an
equimolar amount of BX (B = Na', K, Cs" and X = CI, Br_ or
I") was dissolved in a minimal amount of distilled water and
added to the acidic solution. The resultant solution was left
at room temperature, open to the atmosphere, for the solvent
to evaporate.

The crystals were harvested once all the solvent had
evaporated and were washed with reagent grade acetone. All
resultant crystals were colourless. The slow evaporation
method was successful in delivering crystals for the following
materials: D-NaCl;, D-NaBr;, D-KCl;, D-KBr;(1), D-KI3, D-
CsCl;, D-CsBr;, D-CsI; and D-CsCL;1.

Bulk powders

The heated evaporation method was employed to obtain bulk
powders of the materials. The bulk powders were characterised
using powder X-ray diffraction (see Section S21).

This journal is © The Royal Society of Chemistry 2025

Calc.: C, 16.20%; H, 3.17%; N 6.30%

This method was performed as follows: a solution of
1,4-diazabicyclo[2.2.2]octane along with an equimolar mass
of BX, and excess HX, was prepared in a 100 ml glass beaker
with enough distilled water to form a dilute solution. The
solution was placed on a hot plate and heated to between 80
°C and 110 °C until all the solvent had evaporated. The
resultant product was a white powder in each case.

This method generally resulted in the same materials as
obtained from the slow evaporation method, however, with
one exception. For the combination of 1,4-diazabicyclo[2.2.2]
octane with KBr and HBr, the heated evaporation method
delivered a different polymorph, named D-KBr(2) (see Table 1
for synthetic details), from the polymorph obtained by slow
evaporation, named D-KBr(1). To distinguish between these
materials the suffix (1) or (2) is employed. (1) refers to the
slow evaporation method product, whereas (2) refers to the
heated evaporation method product.

Instrumental techniques

Powder X-ray diffraction. Powder X-ray diffraction patterns
for all bulk materials were collected at room temperature
using a Bruker D2 Phaser instrument and Cu radiation (4 =
1.54 A), with the sample sprinkled on a low background
silicon sample holder. A typical powder pattern was collected
between 5° and 45° 26 with a step size of 0.05° and a time
interval of between 1 and 3 seconds per step. The X-ray tube
was powered at 300 W with 10 mA and 30 kV. To ensure
phase purity, and exclude phase transitions, experimental
room temperature (ca. 298 K) powder patterns were matched
against powder patterns calculated from low-temperature
(150 K) single crystal structures (see Section S27).

Single crystal X-ray diffraction. For all single crystal
structures reported, data were collected on either a Rigaku

CrystEngComm, 2025, 27, 2545-2558 | 2547
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Table 2 Crystallographic parameters of 1D hexagonal perovskite structures

Structure abbreviation D-NaCl; D-NaBr; D-KCl, D-KBr3;(1) D-Csl;

Empirical formula 3n(CeH4N,)>* 3n(CeH4N,)* 3n(CeH4N,)* 3n(CeH4N,)** n(CeH14N,)>"
n[NazClo]* n[NazBro > n[K;Clo]*~ n[K3Bro ]~ n[CsI;]*~

Formula weight (g mol™) 243.53 376.88 259.64 392.99 627.80

Crystal system Trigonal Trigonal Trigonal Trigonal Hexagonal

Space group R3¢ R3¢ R3¢ R3¢ P63/mmc

Temperature (K) 150(2) 150(2) 150(2) 150(2) 150(2)

a (A) 15.87470(10) 16.3508(2) 16.0388(2) 16.5223(3) 10.0382(2)

b (A) 15.87470(10) 16.3508(2) 16.0388(2) 16.5223(3) 10.0382(2)

c(A) 21.1921(2) 21.9979(2) 22.2094(4) 23.0126(6) 7.9849(2)

a(°) 90 90 90 90 90

B 90 90 90 90 90

7 (°) 120 120 120 120 120

zZ 18 18 18 18 2

Density calculated (g cm™) 1.574 2.212 1.569 2.159 2.992

Absorption coefficient (mm™) 8.077 13.230 1.164 10.312 9.267

F(000) 2268 3240 2412 3384 556

Reflections collected 29780 10907 23980 15695 7018

Unique reflections/R; 1061/0.0452 1207/ 0.0251 1613/0.0162 1716/0.0711 424/0.0554

Goodness-of-fit F> 1.034 1.146 1.157 1.064 1.293

Final R indices (Ry/WR,)
R indices (all data) (Ry/WR,)

0.0226/0.0777
0.0230/0.0781

XtaLAB Synergy R single crystal diffractometer, with a HyPix
detector, equipped with a rotating anode source providing Cu
or Mo radiation or a Bruker D8 Venture single crystal
diffractometer, with a Photon 100 CMOS detector and an IuS
source providing Cu or Mo radiation. Data were collected at
150 K, with cooling achieved using an Oxford Cryogenics
Cryostat. Structures were solved by direct methods in ShelXT
and refined using ShelXL (SHELXT 2018/2, SHELX12018/3).>¢
Hydrogen atoms were placed as observed in the difference
map, where possible, otherwise they were placed
geometrically using a riding model. Structure D-KI; was
refined as a four component twin, exhibiting both normal
and inversion twinning. Structure D-CsBr; was refined as a
two component twin. In structure D-CsBr;, atoms Brl, Br2
and Br3 were modelled as disordered over two positions, with
occupancies of 0.976, 0.979 and 0.971 for the atoms with the
highest occupancies respectively.

Diffuse reflectance spectroscopy (DRS). Diffuse reflectance
spectra were collected using a Cary 500 UV-vis-NIR
spectrophotometer with a Praying Mantis Accessory by
Harrick Scientific Products Inc. Samples were prepared as a
bulk powder for analysis. The reflectance of samples was
measured between 200 nm and 800 nm at room temperature.
The instrument changes from a deuterium lamp to a wolfram
lamp at 350 nm, which leads to a jump-discontinuity in the
recorded spectra. DRS data were processed using the
Kubelka-Munk theory (see ESIf for further details).

Crystallographic discussion of
structures

Ten compounds were prepared and the single crystal
structures of nine were determined, six of which are new and
have not been reported in the literature. Single crystal X-ray

2548 | CrystEngComm, 2025, 27, 2545-2558

0.0159/0.0375
0.0160/0.0375

0.0159/0.0422
0.0164/0.0424

0.0198/0.0222
0.0495/0.0500

0.0233/0.0522
0.0244/0.0524

diffraction data for all compounds, were collected at 150 K,
to allow for the identification of structural trends. Tables 2
and 3 list crystallographic parameters, and Tables S2 and S3
(see Section S37t) list additional parameters. All geometrical
parameters for the structures are listed in Tables S4 and S5
in Section S3.f Fig. 1 illustrates the asymmetric units of
representative structures.

1D hexagonal perovskite structures

Five structures were found to exhibit the 1D hexagonal
perovskite structure, namely D-NaCl;, D-NaBr;, D-KCl;, D-
KBrs(1) and D-Csl;, with the first four
isostructural, and crystallising in the space group R3¢, while
structure D-Csl; crystallises in the space group P6;/mmc. The
crystal structure of D-KCl; has been reported previously
(CSD'® reference code DOTHOK' (determined at 100 K) and
DOTHOKO01*° (determined at 120 K)). In this study the
structure has been re-determined at 150 K and the compound
was found to have the same structure at this temperature as
DOTHOK"® and DOTHOK01.?° In addition, the 1D hexagonal
perovskite structure of D-RbI; (HEJHOW) has been reported
in the literature, crystallising in the space group P62c, and
will be included for comparison purposes.

The asymmetric units of the isostructural structures D-NaCl;,
D-NaBr;, D-KCl; and D-KBrz(1) consist of half a dabconium
cation moiety and a [B,X,] anion, as illustrated for structure D-
NaCl; in Fig. 1(a), with the anion containing two
crystallographically independent metal ions. The crystal structure
of D-NaCl; will be discussed as an example of the structures in
the isostructural series. Two crystallographically independent
halide ions bridge the metal ions, with repetition of the inorganic
part of the asymmetric unit forming a face-shared, halide-tri-
bridged polymer extending along the c-direction, as illustrated in

structures

This journal is © The Royal Society of Chemistry 2025
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Table 3 Crystallographic parameters of 3D perovskite structures

Structure abbreviation D-KI; D-CsCl; D-CsBr; D-CsICl,

Empirical formula n(CeH14N,)** 4n(CgH4N,)* n(CeHy4N,)** n(CeH14N,)>"
n[Ki;]>~ n[Cs4Cly,]* n[CsBr;]* n[CsCLI]>

Formula weight (g mol™) 533.99 1413.81 486.80 444.90

Crystal system Trigonal Monoclinic Orthorhombic Trigonal

Space group R32 C2/c Phcn P3,21

Temperature (K) 150(2) 150(2) 150(2) 150(2)

a (A) 9.6698(7) 41.1638(16) 9.8044(2) 9.77000(10)

b (4) 9.6698(7) 9.48990(10) 9.8273(3) 9.77000(10)

c(d) 12.2899(9) 32.6647(13) 27.3662(7) 11.9653(2)

a () 90 90.00 90 90

£ 90 131.638(7) 90 90

y (0] 120 90.00 90 120

Z 18 8 8 3

Density calculated (g cm™) 2.673 1.969 2.453 2.241

Absorption coefficient (mm™) 7.342 3.735 11.862 5.515

F(000) 726 5440 1792 618

Reflections collected 4000 135520 20554 31157

Unique reflections/R; 608/0.0871 13501/ 0.0822 3387/ 0.0314 2095/0.0611

Flack parameter N/A” — — -0.004(13)

Goodness-of-fit F* 1.296 1.027 1.052 1.037

Final R indices (R{/WR,)
R indices (all data) (R,/WR,)

0.0667/ 0.1542
0.0693/0.1553

0.0295/ 0.0703
0.0374/0.0735

0.0344/ 0.0802
0.0429/0.0832

0.0173/0.0354
0.0186/0.0357

¢ Since the twinning involves inversion, no Flack parameter could be determined.

Fig. 2(a). Due to the two metal ions in the asymmetric unit, two

different BXg octahedra are present, one for each
"
Cs1 N1 c1
P6s/mmc
(b)

3% & wC2
P3,21 L o
c
(e ()
Fig. 1 Asymmetric unit of structure (a) D-NaCls;, which is

representative of the asymmetric units of D-NaBrsz, D-KClz, and D-
KBr3z(1), (b) D-Csls, (c) D-KI3, (d) D-CsCls, () D-CsBrsz, and (f) D-CsCl,l.

This journal is © The Royal Society of Chemistry 2025

crystallographically independent metal ion, Nal and Na2. In the
polymer, the metal ion sequence is such that two Nal metal ions
are followed by one Na2 metal ion. Thus, the metal ion sequence
displayed is Na1---Nal---Na2:--Nal---Nal---Na2 etc., as illustrated
in Fig. 2(a). This sequence results in different B---B and B-X
distances in the halide-tri-bridged polymer chain.

The B--'B distances increase with increasing metal- and
halide-ion size. Specifically, Na---Na distances range between
3.4390(17) A and 3.7028(13) A, K-K distances fall between
3.6753(6) A and 3.83 90(6) A and the one Cs---Cs distance is
3.99245(10) A, with individual distances listed in Table S4 in
the Section S3.1

In addition, all the metal ions are co-linear, hence the B-B-B
angles are 180° in each case. In structure D-NaCl;, the Cl-Na2-
Cl angles have values of 180°, 88.925(10)° and 91.074(10)°,
which are closer to a perfect octahedral arrangement (angles of
180° and 90°) than the Cl-Na1-Cl angles which exhibit values
of 172.248(13)°, 83.51(2)°, 88.04(2)°, 89.59(7)° and 99.256(7)°.
This means that the geometry of the octahedron containing
metal ion Na2 is closer to the ideal octahedral geometry than
that of the octahedron containing metal ion Nal. X-B-X values
for the rest of the compounds in the isostructural series are
listed in Table S4.f The ideal B-X-B angle for face-sharing
octahedra has been reported as 70.5°, with relatively little
structural flexibility possible in face-shared systems, compared
to corner- and edge-shared polyhedral structures.”” The B-X-B
angles of the structures in the isostructural family are listed in
Table S4, and range from 63.742(6)° to 75.761(15)°.

A three-dimensional hydrogen bonding network is formed
in structure D-NaCl; and the other isostructural structures in
the family, made possible by the relative orientation of both
the dabconium cation and the polymeric chains, with the

CrystEngComm, 2025, 27, 2545-2558 | 2549
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Fig. 2 (a) 1D halide-bridged polymer, (b) hydrogen bonding interactions, (c) packing diagram and (d) cation orientation in structure D-NaCls. Note

that structure D-NaCls is also representative of the rest of the structures in the isostructural series. (e) 1D halide-bridged polymer, (f) hydrogen
bonding interactions, (g) packing diagram and (h) cation orientation in structure D-Csls.

dabconium cations optimally positioned to form hydrogen
bonds to bridging halide ion acceptors on the 1D polymers.
The hydrogen bonds are shown as light blue dotted lines in
Fig. 2(b) for structure D-NaCl;, and hydrogen bonding
parameters are listed in Table S4 (Section S3t). Each
dabconium cation forms two strong, charge assisted N-

2550 | CrystEngComm, 2025, 27, 2545-2558

H'---"Cl-Na hydrogen bonding interactions to two different
halide-tri-bridged polymers, as shown in Fig. 2(b).

The packing diagram for structure D-NaCl; is illustrated
in Fig. 2(c) and is also representative of the packing of the
other members of the isostructural family. Each inorganic
polymer is surrounded by six cations. The cations, packing in

This journal is © The Royal Society of Chemistry 2025
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a row in the c¢-direction, alternate in orientation, as illustrated
in Fig. 2(d), with every third cation displaying the same
orientation. The cations adopt the specific orientations to
position their N-H" groups to form strong hydrogen bonding
interactions to the bridging halide ions of neighbouring
halide-tri-bridged polymers.

The asymmetric unit of structure D-Csl; is shown in
Fig. 1(b) and comprises a H-C-N-H portion of the
dabconium cation and a CsI moiety. The N-H bond of the H-
C-N-H moiety of the cation lies on a three-fold rotation axis,
which, in combination with a two-fold rotation axis, three
mirror planes and a six-fold roto-inversion axis, forms the full
dabconium cation. Repetition of the inorganic portion results
in the formation of a face-shared, halide-tri-bridged polymer,
along the c¢-direction, shown in Fig. 2(e).

Only one metal ion is present in the inorganic polymer,
namely atom Csl1, and only one Cs-I bond length of
3.7806(3) A, one Cs:--Cs distance of 3.99245(10) A and one
type of octahedron are present, unlike what was observed for
the 1D hexagonal perovskite structures in the isostructural
series. The three I-Cs-I angles are 180.0°, 94.692(4)° and
85.308(4)°, respectively. These values are closer to the ideal
octahedral arrangement than any of those observed for the
structures in the isostructural series discussed previously.
The Cs-I-Cs angle is equal to 63.742(6)°(13). The D-RbI;
structure®" reported in the literature, is similar to the
structure D-CsI; in terms of its structural features, however
they are not isostructural.

In structure D-Csl; each dabconium cation forms two
trifurcated hydrogen bonds to six different I acceptor ions
on three different neighbouring polymers, as illustrated in
Fig. 2(f) and in (g). Thus, each dabconium cation forms six
strong, charge assisted N-H"---'I-Cs hydrogen bonding
interactions, all with the same D---A length of 3.773(4) A, to
three different halide-tri-bridged polymers. This is made
possible by the identical orientation of all the dabconium
cations present in the structure (Fig. 2(h)). The same
trifurcated hydrogen bonds are also present in structure D-
RbI;.>!

Structural trends in 1D hexagonal perovskites

The fact that several structures containing the same organic
cation but a range of metal and halide ions crystallise as 1D
hexagonal perovskite structures allow for the identification of
structural trends in this family of compounds. Firstly, the
distortion of the octahedron in the 1D polymer will be
considered. The distortion in an octahedron (BXs) can be
calculated using different parameters, including B-X bond
lengths, B-X-B angles or B--'B distances, and then evaluating
their range (spread of the values), calculated using eqn (1).

1)

where P, is the average parameter value and P, indicates
the individual parameter values. The value AP indicates the
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spread in the values, hence if AP = 0, then there is no spread
in the P, values.

The spread of the structural parameters B-X (Ad), B:-'B
(AB---B) and B-X-B (AB-X-B) are listed in Table S7 (Section
S4t1), with the sum of the ionic radii of the B- and
X-constituents of the different 1D hexagonal perovskite
structures. In the last two columns of Table S7;i the terms
“Equatorial” and “Axial” are used. These terms do not refer to
the traditional axial and equatorial positions, instead the term
“equatorial angles” refers to angles that are approximately 90°
and “axial angles” refers to angles close to 180°, since the
assignment of axial and equatorial ligands in the octahedra
would be arbitrary. The so-called “Average Spread” parameter is
defined as the average value of the five different individual
spread values. Considering the data in Table S7,} the following
trends can be identified and conclusions drawn.

Two types of octahedra are present in the structures
isostructural to D-NaCl;, with the noticeable trend, from
consideration of the X-B-X angles of both sets of octahedra,
that the octahedra approach the ideal octahedral geometry
with an increase in halide ion radius (CI” to Br) and
increasing metal ion radius (Na" to K'). This trend can be
explained by looking at the B---B distances and B-X bond
lengths. With an increase in halide ion size or metal ion size,
the B---B distances and B-X bond lengths increase, allowing
for a more symmetrical arrangement of the ions, allowing the
octahedra in the 1D face-sharing polymer to tend toward the
ideal conformation.

In terms of the B---B distances in the structure D-NaCl;
and its isostructural counterparts, the B1---B1 distances are
shorter than the B1---B2 distances, and as the metal ion
radius is increased (Na' to K'), the B---B distances start to
converge (ie., the difference between them decreases). This
allows for the octahedra of the two different metal ions to
become similar in geometry and approach the ideal
octahedral geometry.

A similar trend appears in the B-X bond lengths. Three
different B-X bond lengths are found in each of the
structures in the isostructural series. The B-X bond lengths
increase with increasing halide ion radius (from CI” to Br’)
and increasing metal ion radius (Na' to K'). Also, the
difference between the three bond lengths for each structure
becomes smaller as halide and metal ion radii are increased.

The values in Table S7f show that with a combination of
larger metal and halide ions, i.e. a larger sum of ionic radii, a
smaller degree of distortion from the ideal octahedral geometry,
or spread in the structural parameters, is observed. This means
that the “average spread” listed in column eight is reduced with
increasing B' + X ionic radii. This agrees with the fact that
structure D-Csl; crystallises in the ideal space group (hexagonal
P6,/mmc) for 1D hexagonal perovskites since it shows almost no
variation in its structural parameters, bar one, and that the
calculated average spread is small (1.8 x 107).?®

Furthermore, considering all the structures crystallising in
the space group R3¢, the structures D-NaCl;, D-NaBr;, D-KCl;,
and D-KBrz(1) show less distortion in their inorganic
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framework with the combination of larger metal and halide
ions. The space group R3c, in which the structures D-NaCls,
D-NaBr;, D-KCl; and D-KBrs(1) crystallise, is of lower
symmetry than space group P62¢ in which structure D-RbI;
crystallises, which, in turn, is again of lower symmetry than
space group P6;/mmc, exhibited by structure D-Csl;. Thus,
the larger the metal and halide ion (indicated in column 2 of
Table S77), the higher the symmetry of the 1D hexagonal
perovskite structure formed. Moreover, the space group P63/
mmc is seen as the ideal and, therefore, the most symmetrical
space group for 1D hexagonal perovskite structures,?®
meaning that structure D-Csl; represents the ideal 1D
hexagonal perovskite structure.

Continuing the comparison between the higher symmetry
structures D-RbI; and D-Csl;, it is evident that only one axial
bond angle is present in either structure. This angle has a
value of 172.585(19)° in structure D-RbI; and 180.0° in
structure D-Csl;, indicating an ideal geometry in the latter.
Additionally, the distortion from the ideal octahedral
geometry noted in Table S7f for the equatorial angles is less
in the case of the structure D-CslI; than for the structure D-
RbI;. These observations imply that the octahedra in
structure D-Csl; are less distorted and closer to the ideal
octahedral arrangement than the octahedra in structure D-
RbI;, or in fact, any of the 1D hexagonal perovskite structures
reported here. Hence, from this analysis, it may be concluded
that the optimal combination of metal and halide with the
dabconium cation to form a 1D hexagonal perovskite
structure, is Cs" with I". This combination leads to the most
symmetrical 1D hexagonal perovskite structure possible,
since larger ionic radii will prevent the formation of the 1D
hexagonal structure.

3D parent perovskite structures

A total of four 3D parent perovskites were structurally
characterised at 150 K, namely D-KI;, D-CsCl;,*° D-CsBr; and
a mixed halide structure D-CsCLI. The structure D-CsCl;,>°
previously reported in the literature, as determined at 293 K
and 120 K respectively, was re-determined at 150 K, for
comparison purposes, and the same phase as those reported
in the literature was observed at 150 K. In addition, the 3D
perovskite structures D-KBrs(2),>> D-RbCl3(1)*° and D-
RbBr;(1)*" have been reported in the literature, but not
investigated in the current study. Their crystallographic
parameters and geometric parameters are included in Tables
S5 and S6, respectively (see Section S3t). These structures will
not be discussed in detail, however, where relevant, they will
be included in the structural comparison.

The structure of D-KBr;(2)

The compound D-KBr(2) was only synthesised as a bulk
powder in this study, since good quality crystals could not be
obtained. It was confirmed by powder X-ray diffraction that
the powder pattern calculated from the structure reported in
literature matches the experimental powder pattern of the
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bulk sample prepared in this study. The crystal structure of
D-KBr,(2) has been reported in the literature, with CSD'®
reference code FIZYIZ.>> FIZYIZ crystallises in the trigonal
space group P3,;21, which is a member of the pair of chiral
enantiomorphic space groups P3,21 and P3;21, with the
former containing a left handed three-fold screw axis, and
the latter a right handed one.”® The structural features of
structure D-KBr;(2) are similar to those of structure D-CsCL],
which is discussed later.

Of specific interest is that structure D-KBrz(2) and the 1D
hexagonal perovskite structure D-KBr;(1) discussed previously,
are polymorphs.

The 1D polymorph, D-KBr;(1), is formed from crystallisation
at room temperature and the 3D polymorph, D-KBr;(2), is
formed from crystallisation at a higher temperature of ca. 80 °C,
from the same solvent, namely water. Hence, the desired
polymorph may be selectively obtained via adjustment of the
crystallisation temperature. This suggests that the 1D
polymorph is more stable since it is the thermodynamic
product. Moreover, both crystallise in a trigonal space group
(R3¢ versus P3,21), and with the switch from face-sharing
octahedra to corner-sharing octahedra, chirality is introduced in
the 3D structure D-KBr;(2).

The structure of D-CsCl;

The structure D-CsCl; was previously determined at 120 K
and reported by Paton et al,>® with CSD'® reference code
GUYNIY.” The structure determined in the current study, at
150 K, is the same as that reported by Paton et al.,*® and only
its main structural features will be highlighted.

Structure D-CsCl; crystallises in the space group C2/c. Of
specific interest is large unit cell, with a volume of 9536.4(12)
A®. The asymmetric unit, illustrated in Fig. 1(f), contains five
caesium ions, twelve chloride ions, and four dabconium
cations, all of which are crystallographically independent.
One of the caesium atoms lie on an inversion centre and a
mirror plane, while another is located on a mirror plane.

Repetition of the inorganic portion of the asymmetric unit
results in a 3D perovskite inorganic framework, with the
cations packing in the cavities formed by the inorganic
framework, as shown in the packing diagram in Fig. 3(a).
Due to the presence of five crystallographically independent
caesium ions in the asymmetric unit, five different octahedra
comprise the inorganic framework. Four unique inorganic
cages are formed in the structure, each containing one of the
crystallographically independent cations, as illustrated in
Fig. 3(d). Cations pack in a row in the inorganic framework,
and neighbouring cations differ in relative orientation, as
illustrated in Fig. 3(g).

Each of the four unique dabconium cations forms two
charge assisted hydrogen bonding interactions of the type N-
H'---"Cl-Cs, thus eight of the twelve chloride ions are
involved in hydrogen bonding, as illustrated in Fig. 3(d). The
D---A values of the hydrogen bonds range from 3.0038(17) A
to 3.0523(16) A. In each of the four types of cages, the
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Fig. 3 The packing diagrams of structures (a) D-CsCls, (b) D-CsBrs, (c) D-CsCl,l. The hydrogen bonding interactions in structures (d) D-CsCls, (e)
D-CsBrs3, (f) D-CsCl,l. The relative packing of the dabconium ions down the packing diagrams shown in (a), (b), and (c) of (g) D-CsCls, (h) D-CsBrs,
(i) D-CsCl,l, respectively. (j) The inorganic sheet of structure D-CsCl,l parallel to the (033) Miller plane, viewed perpendicular to the sheet. The
same sheet is formed parallel to the (303) and (111) Miller planes. (k) and (1) show the screw axes of the CICs and ICs substructures found in the
chiral structure D-CsCl,l. Note that, for structure D-CsBr3, only the Br atoms with the highest occupancy are shown.
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bridging chloride ions accepting hydrogen bonds are
displaced towards the N-H' group of the cation hydrogen
bonded to it, resulting in non-linear Cs-Cl-Cs angles, and
distortion of the cage and the inorganic framework, with the
Cs-Cl-Cs angles ranging from 155.242(14)° to 167.730(16)°.

The structure of D-CsBr;

Structure D-CsBr; crystallises in the orthorhombic space group
Pbcn, and has been reported before, with CSD reference code
BEFXODO01.>* The structure D-CsBr; determined in this study at
150 K corresponds to the structure BEFXOD01>* determined at
193 K, except that all three Br atoms are disordered over two
positions each at 150 K. The site occupancy of one of the Br
atoms is much higher than that of the other, for all three Br
atoms, with the occupancy of the higher of the two being 0.976,
0.979 and 0.971 respectively for atoms Brl, Br2 and Br3. The
asymmetric unit of structure D-CsBrj, illustrated in Fig. 1(e),
comprises a Br3-Cs2-Br2-Cs1-Brl moiety and a complete
dabconium cation, with atoms Br1, Br2 and Br3 disordered over
two positions, as described above. Two crystallographically
independent caesium ions are present, with one of the caesium
ions lying on a mirror plane, and one on an inversion centre.
Repetition of the asymmetric unit results in a 3D parent
perovskite structure, with dabconium cations filling cavities
formed by the inorganic framework, as illustrated in Fig. 3(b).
Two different types of octahedra alternate in the BX-framework
along the c¢-direction, forming sheets of either Cs1Brg or Cs2Brg
octahedra, parallel to the ab-plane, alternating along the
c-direction. The Cs1 octahedra consist of only Cs1, Brl and Br2
ions, whereas the Cs2 octahedra are comprised of Cs2, Br2 and
Br3 ions. From consideration of the X-B-X angles listed in
Table S5,7 it is evident that the Cs2-octahedra are less distorted
than the Csl-octahedra. Two different CsBr-cages, each
containing one crystallographically independent dabconium
cation, are present, as illustrated in Fig. 3(e). Each cation forms
two strong, charge assisted N-H'---"Br-Cs hydrogen bonds,
however, only the Br atoms with highest occupancy will be
considered as hydrogen bonding acceptors. D---A distances of
3.222(4) A (to atom Bri1A) and 3.139(4) A (to atom Br3A) are
observed. The Cs-Br-Cs angles of bromide ions involving
N-H"---"Br1A-Cs1 hydrogen bonds deviate more from linearity
than those which participate in N-H'--- Br3A-Cs2 hydrogen
bonds.

The packing of the dabconium cations in structure D-
CsBr;, viewed down the c-axis, is illustrated in Fig. 3(h).
Along the c-direction, adjacent cations show different
orientations, with every fourth cation exhibiting the same
orientation.

The structure of D-CsCl,I

Structure D-CsCl,I is a mixed halide structure which has not
been reported previously, with the ratio of chloride to iodide
ions equal to 2:1. The compound crystallises in the chiral,
trigonal space group P3,21, which contains a right-handed,
three-fold screw axis as symmetry element. The structures D-
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KBr;(2),”> D-RbCl;(1)*° and D-RbBr;(1),>! crystallising in the
enantiomorphic space groups P3;21 or P3,21, are related to
structure D-CsCl,1, but not isostructural to it. The asymmetric
unit of structure D-CsCl,I consists of half a dabconium
cation (an NH(CH,)(CH,)(CH,) moiety) and a Cl-Cs-I moiety,
as shown in Fig. 1(f). A two-fold rotation axis generates the
rest of the cation, and the chloride ion is located on a two-
fold screw axis, while the caesium and iodide ions lie on a
two-fold rotation axis. A 3D perovskite inorganic framework,
comprised of Cs'-, CI"- and I -ions, is formed, with the ratio
of CI'- to I'-ions equal to 2:1. The dabconium cations pack
in cavities created by the inorganic framework, as can be
seen in Fig. 3(c) and (f). Three inorganic sheets comprised of
Cs'-, CI'- and T-ions combine to form the inorganic
framework. The sheets are all exactly the same, and parallel
to the (303), (033) and (111) Miller planes. Fig. 3(j) illustrates
the sheet, with three of these sheets packing approximately
perpendicular to each other.

The chirality of the structure is evident in both the
packing of the cations and the inorganic framework. The
cations pack to form a right-handed helix around the three-
fold screw axis, illustrated in Fig. 3(i), and portions of the
inorganic framework forms right-handed helices, with one
type of helix comprised of Cs™-ions and Cl-ions and the
other of Cs™ions and TI-ions, as illustrated in
Fig. 3(k) and (1), respectively.

The crystal structure of D-CsCLI can be viewed as the
repeat of dabconium cations occupying the body centre
position of an inorganic cage consisting of Cs'-, CI'- and T -
ions. The orientation of the cations in neighbouring cages
differ, but all cages are the same. Each cage comprises four
Cs'-ions, one on each corner, eight bridging chloride ions
and four bridging iodide ions. The cation forms two strong,
charge assisted N-H'"---"Cl-Cs hydrogen bonds to two
different chloride ligands, diagonally across the cage, which
can be seen in Fig. 3(f). Only chloride ions act as hydrogen
bond acceptors, with no iodide ions involved in hydrogen
bonding. This can be ascribed to the higher electronegativity
of the chloride ion compared to the iodide ion, which means
that N-H'---"Cl-Cs hydrogen bonds are stronger than N-
H'---"I-Cs hydrogen bonds.

The structure of D-KI;

The chiral structure D-KI; crystallises in the Sohncke space
group R32 and has not been reported previously. The
asymmetric unit of structure D-KI; consists of a H,C-NH
organic moiety and an inorganic K-I moiety, as shown in
Fig. 1(c). The nitrogen atom and the hydrogen atom bonded
to it lie on three-fold rotation axis, which generates the full
dabconium cation.

In addition, the potassium ion lies on both a two-fold and
a three-fold rotation axis. Repetition of the inorganic portion
results in a 3D perovskite inorganic framework containing
one type of octahedron, with the cations packing in cavities
in the inorganic framework, as illustrated in Fig. 4(a). Each
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(d)

Fig. 4 (a) Packing diagram of structure D-Kls, viewed down an arbitrary
axis. (b) Packing of dabconium cation in inorganic framework and
hydrogen bonding interactions. (c) Metal halide helix formed in structure
D-KIs. (d) Packing of dabconium cations along the b-direction.

dabconium cation is anchored to the inorganic cage via
hydrogen bonding interactions, as illustrated in Fig. 4(b),
with each cation forming two trifurcated, charge assisted
hydrogen bonds of the type N-H'---"I-K. The length of these
hydrogen bonds exceed that of the definition of classic
hydrogen bonds of this type, however, these interactions
definitely provide cohesion in the structure. The inorganic
framework contains right-handed helices, as illustrated in
Fig. 4(c). The cations pack in rows in the organic framework,
with all the cations in a row displaying the same orientation,
as illustrated in Fig. 4(d). The octahedra in the inorganic
framework are slightly distorted, with I-K-I angles of
85.255(19)°, 88.733(2)°, 98.03(2)° and 170.83(3)° and a K-I-K
angle of 170.83(3)°.

Comparison of 3D structures

The 3D perovskite structures obtained in this study crystallise
in a range of phases and space groups, making direct structural
comparison difficult. However, the inorganic frameworks of the
3D structures will be compared using the same spread of values,
calculated using eqn (1), as for the 1D hexagonal perovskites.
The results are summarised in Table S8 in Section S4. The
literature structures D-RbCl;(1),>° D-RbBr;(1)*' and D-KBr;(2)*
are also included in this comparison, though determined at
different temperatures than the rest of the structures, namely at
120 K, 293 K and 300 K, respectively.

The values in Table S8f show an interesting overall trend:
all the structures, though not comparable in a direct sense,
have a similar average spread of values, all of the magnitude
of approximately 107°. Furthermore, the spread in their
parameters does not differ significantly. The structures D-
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RbBr;(1) and D-CsCl; have the same summed ionic radii (348
pm) and average spread. However, the range of the sum of
the ionic radii is not extensive, with a minimum sum of 322
pm, and a maximum sum of 363 pm. Therefore, since the
cation is constant in these structures, and since there is not
much difference in the B and X ionic radii, it makes sense
that the distortion in these structures should be similar.

Of interest is the fact that a number of 3D perovskite
structures, namely structures D-KI; and D-CsCLI and
literature structures D-RbCl;(1),”° D-RbBry(1)*' and D-
KBr;(2)*” are chiral, even though the components comprising
the structures are not chiral.

Comparison of 1D and 3D perovskite structures

Comparison of the 1D hexagonal perovskite structures and the
3D parent perovskite structures allows for the identification of
structural trends. Note that compound D-KBr; has two
polymorphs, a 1D hexagonal perovskite polymorph, D-KBr;(1)
(obtained in this study) and a 3D perovskite polymorph D-
KBr;(2) (reported previously*?), which may be selectively formed
by either allowing crystallisation at room temperature or
heating the reaction mixture, respectively.

In Fig. 5 the different structures are presented as a function
of the sum of the B" and X ionic radii, which range from 283
pm to 387 pm. In the figure, the colour red indicates 1D
hexagonal perovskite structures, while dark blue indicates 3D
perovskite structures. The figure illustrates the change in
structural dimensionality as a function of the sum of the ionic
radii of the B" and X ions. When considering this figure, the
structures D-KBr;(1) and KBr;(2) represent a tipping point, with
a summed B' and X ionic radii of 334 pm, since both a 3D
parent perovskite structure and a 1D hexagonal perovskite
structure can be formed at this point.

The structure D-KBr;(2) represents the 3D parent perovskite
structure, thus containing only corner sharing octahedra, with
the lowest combined summed radii suggesting a tipping point
in the relation between dimensionality and the sum of the ionic
radii at 334 pm since both the 1D and 3D structural
dimensionalities are possible. It 1is possible that the
combination of dabconium, Na* and I", which has a sum of 322
pm would give further insight into the relationship between
these parameters.

Furthermore, structure D-CsBr; is the 3D perovskite with
the highest summed ionic radii of 363 pm, indicating a
second tipping point. For larger values of the sum of ionic
radii, compounds D-RbI; (sum of radii equal to 372 pm) and
D-Csl; (sum of radii 387 pm) revert back to the 1D hexagonal
perovskite structure.

Below the value of 334 pm for the sum of ionic radii, only
1D hexagonal perovskite structures exhibiting face sharing
octahedra are formed. Thereafter, the tipping-point (334 pm)
is reached with D-KBr; which exhibits both a 1D hexagonal
perovskite and a 3D perovskite structure, depending on the
reaction conditions. When the sum of radii range from 334
pm to 363 pm, several 3D perovskite phases are obtained,
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Fig. 5 Schematic illustration of the evolution of the perovskite structure dimensionality between 1D and 3D for dabconium containing structures.
The colours in the arrow change as a gradient from red (indicating 1D ABX3-type structures) to dark blue (indicating 3D perovskite structures).

but at a sum of radii value of 373 pm, a 1D hexagonal
perovskite is again formed. These identified trends allow for
crystal engineering since a direct correlation may be drawn
between the summed ionic radii of the B'- and X -ions and
the resultant structure dimensionality. Hence, any
combination of B'- and X -ions for which the summed B*
and X ionic radii lie between approximately 330 pm and 365
pm may be combined with dabconium cations to form a 3D
perovskite structure.

Structure D-CsCl,I is a prime example of crystal
engineering. It has a summed ionic radii of 361 pm, lying in
the range expected to deliver a pure corner-sharing 3D parent
perovskite, while D-CsCl; is a 3D parent perovskite and D-
Csl; is a 1D hexagonal perovskite. The identification of these
trends now allows for different mixed halide, mixed metal or
mixed halide and metal structures to be predicted for this
family of compounds.

Success of tolerance factor predictions

The ability of different tolerance factors to predict the structural
dimensionality of the structures of interest was assessed, based
on the experimental structural results obtained in this study,
and the results are summarised in Section S5.f

Only the Goldschmidt tolerance factor® had a significant
degree of success, managing to predict seven out of the nine
structure dimensionalities correctly. However, the octahedral
factor’ and Bartel's tolerance factor® had less success, only
predicting four and five out of nine dimensionalities
correctly, respectively.

Band gap measurements

The optical band gaps of the all the compounds synthesised
in this study were measured via diffuse reflectance
spectroscopy (DRS), and the DRS spectra were interpreted
according to the Kubelka-Munk theory (see Section S671 for a
detailed description). The processed spectra are shown in

2556 | CrystEngComm, 2025, 27, 2545-2558

Fig. 6(a) and (b), with the original spectra included in Section
S6.f The experimental band gap values are listed in Table 4.
The DRS technique possesses an accuracy of +0.05 eV, and
hence the values reported here need to be regarded with this
error margin in mind.*® A correlation (R*) factor of 0.98 or
higher was used as a guideline to determine the linear range
from which the band gap was determined.

The band gaps of the dabconium-containing perovskites
with alkali metal halide anions lie in the range of 3.42 eV to
5.33 eV. Trend identification from the values in Table 4 is
made difficult due to the compounds exhibiting different

o D-NaClL

= D-NaBrs

& ——DKCL

& —— D-KBrs(1)
——D-CsL

Energy (eV)
(a)
1
~ ——D-KBrs(2)
= 0
= —D-KI:
g
& 05 ——D-CsCL
5
0.25 =—=D-CsBr:
0 =——=D-CsCLI
2 3 4 5 6
Energy (eV)
(b)

Fig. 6 Processed and normalised DRS spectra for (a) the 1D hexagonal
perovskite materials (b) the 3D perovskite materials.
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Table 4 Optical band gaps of dabconium-containing alkali metal halide
perovskite materials

Perovskite
Material Band gap (eV) structure type
D-NaCl 3.99 1D hexagonal
D-NaBr; 5.33 1D hexagonal
D-KCl 3.42 1D hexagonal
D-KBr;(1) 5.30 1D hexagonal
D-KBr;(2) 5.00 3D parent
D-KI; 4.50 3D parent
D-CsCl; 5.10 3D parent
D-CsBr; 5.26 3D parent
D-Csl; 4.63 1D hexagonal
D-CsCl,1 4.54 3D parent

structural dimensionalities and crystallising in different
space groups. That said, a systematic approach of comparing
halide and metal changes within a series of D-BX; is
possible.

In the isostructural 1D hexagonal perovskite series, D-
NaCl;, D-NaBr;, D-KCl;"**° and D-KBrs(1) a direct
comparison of their band gaps is possible. The band gap
values for D-KX; structures are generally lower than those of
the D-NaX; structures, for X = Cl, Br, even though only
slightly in the Br~ case. Also, upon substituting Cl~ for Br™ in
D-MX;, with B = Na* or K', an increase in the band gap is
seen for the 1D hexagonal perovskites. Hence, the optimal,
and indeed the most optimal combination is that of D-KCl;
which has a band gap of 3.42 eV, the smallest of all the
materials studied.

Continuing with the comparison of the 1D structures, in
comparing D-NaX;, D-KX; and D-Csl;, a direct comparison is
challenging because they are not isostructural, however,
because of their similar dimensionality some insight may be
gathered. D-Csl; has a band gap of 4.63 eV which falls
between that of the others. Its band gap is higher than that
of D-NaCl; or D-KCl;, but lower than that of D-NaBr; or D-
KBr;. It is difficult to ascribe this observation to one effect
since two parameters are changing, namely the halide anion
and the metal cation. More insight may be gathered when
looking at the other materials that contain caesium, however,
to do so, one must first understand the inherent
dimensionality-band-gap-relationship.

The two polymorphs of D-KBr; allows for such a
comparison. Since two different polymorphs of D-KBr; were
structurally characterised, with D-KBr;(1) exhibiting a 1D
hexagonal perovskite structure, and D-KBr3(2)**> a 3D parent
perovskite structure, it is the only material that allows for the
direct study of the effect of dimensionality of the structure
on the band gap. Because the ions comprising the
compounds are the same, any difference in band gap should
arise purely due to structural differences. The 3D material
has a narrower band gap of 5.00 eV compared to the band
gap of 5.30 eV of the 1D material. This narrowing of the band
gap in the 3D case may be attributed to the presence of face-
sharing octahedra in the 1D structure versus corner-sharing

This journal is © The Royal Society of Chemistry 2025
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octahedra in the 3D structure, resulting in better orbital
overlap of B" and X ions in the 3D structure.

That said, the effect of the halide ion on the band gap in
the case of the 3D parent perovskites must also be
considered. When comparing compounds D-KBr;(2)** and D-
KI;, the bromide analogue has a wider band gap (5.30 eV)
than the iodide analogue (5.00 eV). In addition, compounds
D-CsCl; *° and D-CsBr; may be compared, with the chloride
analogue having a wider band gap (>5.30 eV) than the
bromide analogue (5.26 eV). Thus, in the 3D case, the
chloride analogues have larger band gaps than the bromide-
containing compounds, which, in turn have larger band gaps
than the iodide analogues.

In addition, the band gap of the material D-CsCLI is
narrower than that of the other Cs-containing materials D-
CsCl;, D-CsBr; or D-Csl;, correlating with all the observations
thus far, which are that 3D perovskites of the same
constituents have narrower band gaps than that of the 1D
hexagonal perovskites (D-KBrz(1) versus D-KBr3(2)), and that
an iodide containing perovskite should have a narrower band
gap that the corresponding bromide or chloride analogues.
This further implies that within a specific combination of
dabconium and B', it should be possible to tune the band
gap utilising a combination of iodide and bromide as the
anion.

Even though the band gap values of the dabconium-
containing alkali halide perovskites are significantly wider
than the ideal band gap required for sensitiser materials in
PSC devices, which is equal to 1.1 eV, as suggested by the
Shockley-Queisser Theory," they may be suitable for other
applications. Perovskite materials may be used in a range of
applications as reported in the literature.*>

The wide band gaps of the materials indicate that they are
either semi-conductors or insulators. Semi-conductor materials
have potential applications in various optoelectronics (LEDs,
photovoltaics etc.), and insulators mostly as insulating materials
in electronics.*®° Moreover, the D-CsBr; material has been
proposed for use as a flexible X-ray detector by Cui et al.**

Conclusions

All the compounds prepared by the combination of
dabconium cations and alkali metal halides in this study
formed perovskite structures of the formula ABX;, with both
1D and 3D structural dimensionalities exhibited. It was
found that the type of structure formed could be correlated
with the value of the sum of the ionic radii of the B" and X~
ions, where values ranging from 283 pm to 334 pm result in
1D hexagonal perovskite structures. The two polymorphs of
D-KBr; (1D hexagonal and 3D) are formed for a sum of radii
of 334 pm, which represent a tipping point, where either a
1D or a 3D structure can form, depending on crystallisation
conditions. In the range of 334 pm to 363 pm, 3D perovskite
structures are formed, and when the sum of radii falls in the
range of 372 pm to 387 pm, a 1D hexagonal perovskite
structure is again formed.
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All the compounds studied possess wide band gaps (>3.0
eV), placing most of them in the category of semi-conductors
(<5.0 eV). The band gap values suggest that a 3D structure
results in a narrower band gap than a 1D structure. With
increasing halide ionic radius, a narrower band gap is
obtained in the 3D case, and the opposite is true for the 1D
case.

The structural trends identified in this study allows for
structural prediction of members of this family based on the
sum of the ionic radii of the B" and X ions, thereby allowing
for design of materials with a specific, desired structural
dimensionality, namely 1D or 3D.
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