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The hybrid perovskites (ImH)(GuH)PbBr; and (TzH)(GuH)PbBr,
(ImH* = imidazolium, GuH* = guanidinium, TzH* = 1,2,4-triazolium)
both adopt (110)-oriented layer structures. However, the GuH*
cation adopts differing crystallographic sites in the two structures
(intra-layer versus inter-layer); this is discussed in terms of the sizes
of the organic cations and their hydrogen-bonding preferences.

The exploratory synthesis of new hybrid halide perovskites has seen
a huge upsurge of activity recently, due to the relevance of these
materials to solar cell and luminescence applications.13 Amongst the
known families of layered perovskites, those based on so-called (001)
orientation (i.e. the cubic perovskite parent structure is sliced across
the octahedral apices) are by far the most common.
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Fig. 1. Aristotype structures for (110)-oriented layered perovskites
ABX4 (left) and AA'BX4 (right)
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An alternative structural family (the (110)-oriented layered
perovskites; where the structure is sliced across an octahedral edge)
occurs in @ much more limited compositional space and evidently
requires more stringent crystal-chemical criteria for its stability.

In fact, in purely inorganic compositions, there are two closely
related families of (110)-oriented perovskites (Figure 1). These have
generic compositions ABX,4 (X = oxide or fluoride)*>and AA'BX, (X =
oxide)® and can be represented by the aristotype (i.e. highest
possible symmetry) compositions BiReO,” and NdBaScO,,2 both of
which crystallise in the orthorhombic space group Cmcm. Note that
the A and A’ cations order fully in the NdBaScO, structure such that
the larger BaZ+ occupies the ‘intra-layer’ site (A’), tucked within the
perovskite-like A site (resulting in a coordination number of 11),
whereas the smaller Nd3* occupies the ‘inter-layer’ site (A), with a
coordination number of seven.

Hybrid analogues of these structure types occur for the larger
halides. Specifically, Smith et al. record nine examples, viz. two Sn-I,
one Pb-Cl, four Pb-Br and two Pb-I based compositions, but the
number of examples continues to grow.%1® However, the vast
majority of these phases correspond to the ABX, family (i.e. they
contain A2*diamines). The only previously known hybrid examples of
the family AA'BXs are cases where A and A’ are the same
(guanidinium) cation in (GuH);Snl4!! and (GuH),Pbls12 and two cases
where A and A" are different: (H,NC(I)NH,((CH3NHs)Ml; (M = Sn13 or
Pb14).

In this paper we present two further examples of this unusual class
of AA’BX, materials. Inspired by the two observations above: (i) GuH*
acting alone templates this structure type, and (ii) a combination of
two cations having distinct sizes and hydrogen bonding preferences
leads to cation-ordered (110) structures, we chose to focus on mixed
cation systems having ‘disc-shaped’ monoprotonated amines of
similar sizes, viz. GuH*, ImH* and TzH*.

Details of synthesis and characterisation are provided in ESI. The
crystal  structures of  (ImH)(GuH)PbBr,  (“IGPbBrs”) and
(TzH)(GuH)PbBr, (“TGPbBr,”) were determined by single crystal XRD
at temperature of 298 K and 93 K. IGPbBr, adopts the same structure
at each temperature, with the GuH* moiety exhibiting disorder over
two positions around its pseudo 3-fold axis (see ESI for further
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details). On the contrary, TGPbBr, exhibits disorder of the TzH*
moiety at 298 K, and no disorder of the GuH*. The disorder freezes
out to a well-ordered structure at 93 K with a change of space group

Fig. 2. Crystal structures at 93 K of (top) IGPbBrs and (below)
TGPbBrs. Note the octahedral tilting and the inter-cationic
GuH*>TzH* H-bond in TGPbBr,.

from P2/c to P21/c and an effective doubling of the b axis, due to the
ordering of the organic moieties and correlated octahedral tilting
around the a axis. Figure 2 shows the crystal structures at 93 K;
further details are provided in ESI. A further, immediately apparent
feature of the structures is that GuH* occupies differing positions
within each structure, i.e. the intra-layer (A”) site in IGPbBr; but the
inter-layer (A) site in TGPbBr,4. lonic size effects are the first factor
that may influence this feature, but it is clear from the nature of the
disorder that there may also be some frustration of intermolecular
interactions, so hydrogen-bonding also needs to be carefully
considered in understanding the subtle features of this structural
behaviour.
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In attempting to understand the differing cation ordering behaviour
between the two compounds, we first consider ionic size effects.
Kieslich et al.1> used a simple ‘spherical ion” model, based on rotation
of the molecule around its centre of mass, to determine a consistent
set of ionic radii for several small nitrogen-based cations, including
ImH* and GuH*. Unfortunately, TzH* was not included in that work.
Since then, more sophisticated computational methods have been
used to define molecular sizes for some of the organic cations. For
example, Filip et al.1® used DFT methods to estimate ionic size by
taking into account a sphere which included 95% of the electron
density. Becker et al.'7, used a DFT method also based on rotation
around the molecular centre of mass: the radius of the sphere which
contained the complete isocharge density was taken as the effective
ionic radius. We have used two slightly different DFT-based methods
to calculate ionic radii for the same set of molecular cations, but also
include TzH* in our list. Further details of our methods are provided
in ESI but, briefly: Method 1 involves calculating the molecular
volume by integrating over the total electron densities, making no
assumption about molecular shape. These volumes are then
converted to effective radii for a sphere of the same volume. Method
2 involves encapsulating the molecular cation in a cuboctahedral
array of Ne atoms and using the optimised Ne-Ne distances to
calculate effective ionic radii.

Our values for ionic radii are provided in Table 1, and compared to
those of Kieslich!> and Becker.1? As can be seen, the two quantum-
mechanical approaches we use agree remarkably well with each
other, but generally give lower estimations of effective radii than
Becker’s method, probably due to the fact that we do not assume
spherical symmetry. Perhaps surprisingly, our own calculations are in
closer agreement with the more empirical estimates of Kieslich. In
both our approaches it is seen that TzH* is probably a few pm smaller
than ImH*, but of a similar size to GuH*. The data of Becker support
the assertion that ImH* is larger than GuH* whereas those of Kieslich
contradict this. However, the differences are relatively small and
unlikely in themselves to be the only driving force for the observed
cation ordering in IGPbBr, and TGPbBr,.

Another approach to using the radii might be to calculate perovskite-
like tolerance factors, t, for a hypothetical “APbBrs” cube to
approximate the intra-layer site environment. These values are
derived using the both the standard “Shannon” radiil8 for all ions and
also using the modified (smaller) Pb2* radius suggested by Travis.1?
The corresponding values for the oxide analogue NdBaScO, (using
the Shannon radii) are also given in Table 2. The values for NdBaScO,4
rationalise why the ‘larger’ cation prefers the intra-layer (A") site in
the oxides allowing a ‘snug fit’ for BaZ*. However, in the case of the
hybrid bromides studied here, all t factors are well above the ideal
value of 1. Obviously, there is more flexibility in this structure type
than in a cubic perovskite, but the high tolerance factors for ImH*
suggest that size may indeed be a critical factor in precluding its
occupancy of the intra-layer site, and GuH* is preferred to occupy this
site in IGPbBra.

For the GuH*/TzH* pairing the size difference is less important, and
hydrogen-bonding effects might be considered to play a decisive role
in TGPbBr,. A clue to this is seen in Figure 2, where the enhanced H-
bonding options of the GuH*/TzH* pair allow an inter-cation H-bond
to the unprotonated nitrogen of the TzH* moiety, perhaps stabilising
interactions between adjacent lead bromide layers. A further feature
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here is that occupancy of the intra-layer site by TzH* rather than GuH*
apparently allows octahedral tilting to occur in the lead bromide
layers, at temperatures, further optimising
intermolecular interactions. On the contrary, the retention of
disorder of the GuH* moiety in IGPbBr,4, even at lower temperatures,
coupled with no octahedral tilting, suggests that no satisfactory
additional intermolecular interactions can be formed in this case.

least at lower

Table 1. Comparison of molecular ionic radii based on the methods
introduced herei, versus those of Kieslich!> and Becker!?

Cation' Radius (pm)
Method 1 | Method 2 | Kieslich Becker

NHz* 194 177 146 170
MAH* 235 227 217 238
FAH* 247 245 253 277
HAH* 226 213 217 220
AZH* 276 272 250 284
HYH* 217 202 216 226
EAH* 265 262 274 299
DMH* 265 263 272 296
TMH* 309 307 292 301
ImH* 274 273 258 303
GuH* 266 272 278 280
TzH* 268 269

i. Methods 1 and 2 are based on simple molecular volumes and
optimisations in a cuboctahedral array of Ne atoms, respectively
(B3LYP-D3/6-31+G** level, see ESI).

ii. MaH* = methylammonium; FAH* = formamidinium; HAH* =
hydrazinium; AZH* = azetidinium; HYH* = hydroxylammonium; EAH*
= ethylammonium; DMH* = dimethylammonium; TMH* =
tetramethylammonium.

Table 2. Tolerance factors (t)i for selected compositions adopting the
(110) perovskite structure

Composition Species in A’ site t
NdBaScO4 Ba 0.99
NdBaScO4 Nd 0.88
IGPbBr, ImH* 1.06; 1.20f
IGPbBr, GuH* 1.04; 1.157
TGPbBr,4 TzH* 1.04
HaNC(1)NH2((CH3NH3)Snly MAH* 1.02; 1.02ii
HaNC(1)NH2((CH3NH3)Pbl, MAH* 1.01; 1.02

. For a “cubic” perovskite ABXs, t = (r(A)+r(X))/\/2(r(B)+r(X)).

ii.The two values refer to calculations using different combinations
of Pb2* radius and molecular radii (Table 1): the first value is
Shannon/Method 1 and the second is Travis/Becker. These represent
the smallest and largest values of t for each ions pair.

iii.Travis radius for Sn2*in each case.

It is worth noting that even the smaller molecular cations (e.g.
methylammonium) result in t > 1 when using the Travis radii, which
appears to justify the previously reported (H2NC(I)NHz((CHsNHs)Ml,
(M =Sn13or Pb'4) adopting the (110) structure type. On the contrary,
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the largest monoatomic inorganic cation, Cs* (r = 188 pm), may be
too small to stabilize the (110) structure in lead halides, with t factors
significantly less than 1 by any of the calculation methods considered
here. Indeed, Cs(GuH)PbX,4 (X = Br or I) has been shown to adopt the
(001)-oriented layered structure.20

UV-vis absorbance spectra (PL)
measurements were carried out for both powder IGPbBr, and
TGPbBr4 and the spectra shown in Figure 3. The absorption spectra
of both compositions feature similar peaks at ~370 nm (3.4 eV) and
~395 nm (3.1 eV). Band gaps (as derived from the Tauc plot; see ESI)
are 2.94 eV for IGPbBr, and 2.88 eV for TGPbBr,. Interestingly, the
emission spectra appear drastically different for the two compounds.

and photoluminescence

A strong narrow peak is observed at 563 nm (FWHM = 20 nm) in
IGPbBr; when excited at 370 nm. In contrast, a broad peak is
observed at 701 nm (FWHM = 130 nm) in TGPbBr; when excited at
the same wavelength.
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Fig. 3. Absorption and emission spectra (excited at 370 nm) for (a)
IGPbBr4 and (b) TGPbBr,.

Previous work regarding (110)-oriented 2D halide perovskites
associated the broad PL emission with high levels of structural
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distortions®. The mean distortion level and the bond angle variance
of each octahedron in both compositions were calculated (details are
provided in ESI) and the calculated values indicate that the PbBrs
octahedra in the TGPbBr; (Ad = 10.97x10% and o2 = 28.22) structure
are significantly more distorted than in IGPbBr, (Ad = 7.39x10# and
02 = 16.16). This is consistent with the observation of a broad
emission spectrum in TGPbBr, but not in IGPbBr,.

Sharp, narrow luminescence has previously been reported to be
attributable to radiative recombination of free excitons?!. While this
has not been investigated in this study, variable temperature PL
measurements could be utilised due to the temperature dependence
of this response. In IGPbBr, this is hypothesised to result in the
gradual loss of the sharp intense peak and the subsequent
observation of a broad feature similar to that observed in TGPbBr,.

In summary, we have prepared two new examples of a rare structural
type amongst lead halide perovskites, viz. the (110)-oriented AA'BXs
structure. Ordering of the organic cations guanidinium, imidazolium
and 1,2,4-triazolium across the intra-layer and inter-layer sites is
observed, and this is discussed in terms of ionic size effects and
hydrogen-bonding factors. The discussion here suggests that both
ionic size effects and specific H-bonding opportunities/preferences
influence the adoption of the (110)-oriented perovskite structure in
the AA'BX, family. However, we can provide no definitive structural
prediction formula based on the data available so far. The competing
factors are complex, as shown by the preference of GuH* for two
different sites in the examples here. Moreover, both G,Snl, (t = 1.12
based on the Travis/Becker radii) and G,Pbl, (t = 1.09 based on the
Travis/Becker radii) adopt this structure type!?, but both display a
series of phase transitions as a function of temperature, involving re-
orientation of GuH*. On the contrary, G,PbBr, (t = 1.14) adopts a very
different structure type containing PbBrs polyhedra in edge-shared
chains.2® These observations perhaps imply that GuH* can be
accommodated in a variety of local structural arrangements, perhaps
related to its choice of H-bonding opportunities, with six potential
H-bond donors.

We also introduce two DFT-derived sets of radii for common organic
cations, which do not involve spherical averaging, and which may
therefore be more appropriate for non-cubic perovskites, such as the
layered hybrid ones studied here. Preliminary luminescence
measurements are presented which suggest a quite different nature
of light emission from the two new compounds.

This study prompts further work to probe the composition
dependence of this interesting structure type, in order to map out its
stability limits in terms of the relative sizes and hydrogen-bonding
effects of the constituent organic species. More detailed correlations
of structure, composition and photophysical properties should then
be carried out.
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