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Perovskites, of generic formula ABXA, B = metal cations, X
= anion; usually oxide), are one of the most-studied families of
solid-state inorganic compoun83he perovskite structure may be
pictured in two ways: as a three-dimensional network of corner-
sharing BX% octahedra enclosing nominal 12-coordinate holes
occupied by the A cations, or in terms of cubic-close-packed layers
of composition AX% encompassing octahedral holes, of whith
are occupied by the B catioAS.he second representation is helpful
in showing the relationship of the cuBiperovskite structure to its
2-H hexagonal variant (prototype phase Bahi® which is
constructed from a hexagonal-close-packed stacking sequence of
AX 3 layers? equating to face-sharing columns of B¥ctahedra.

In this communication, we describe the room-temperature
syntheseésand characterization of two novel nonmetallic, molecular,
perovskites based on ammonium-chloride octahedral networks
which are held together largely by hydrogen bonding. The con-
nectivity of the (NH)Cls octahedral building blocks in 8l,H;»
NH,ClsHz0 and GN.H,4NH.CI; replicates the packing of the BX o 1 view down [100] of GNaH1»NH.ClaH:0 showing the
moieties in the cubic and 2-H hexagonal perovskite structures, peroyskite-like octahedral network encapsulating the piperizinium and water
respectively. molecule guest species. H atoms omitted for clarity. Color key: 4jSH

The structurg of piperazinium ammonium chloride hydrate, octahedra, yellow; Clatoms, green; piperazinium N atoms, orange; C atoms,
CaN2H1NH,Cla-H,0 (Figure 1), consists of a cubic-perovskite-  Plu€: O atoms, rose pink.
like array of vertex-sharing (NHIClg octahedra extending in three
orthogonal directions. The orthorhombic cell seen here ia an acting as acceptors for two H bonds each. A novel variant on metal
2b x 2c supercell as compared to that of a nomifatBm- perovskites is the fact that the charge of the divalent piperazinium,
symmetry (NH)Cls octahedral array (which would necessitate Or A cation, is larger than that of the octahedral B cation {NH
disorder for the ammonium H atoms). The inclusion of water in whereas in well-characterized AB@hases, the charge of the A

this structure is a novel feature, andNGH12*NH,ClsH,O could cation is equal to, or less than, the charge of the B cation.
be regarded as a “perovskite hydrate.” The six-8l contact Dabconium ammonium chloride,sR;H14-NH,Cl3 (Figure 2),
distances range from 3.216 to 3.355 A (averag®.272 A), as containg infinite columns of face-sharing (NjCls octahedra,
compared to 3.266 A in sodium-chloride typeNH,CI.” The inter- ~ arranged in the same manner as the Niieties in hexagonal
octahedral N--Cl--+N bond angles (average 166.6) in CsNoH:»* 2-H BaNiG:.* The large unit cell Z = 18) of GiNaH14NH4Cl3

NH,Cls*H,O are all less than 180 as are the corresponding contains five distinct N and Cl species and 1.5 distinct Dabco-
B—O—B angles in oxide perovskites containing tilted octahédra. nium cations. The/3a x +/3a x 3c supercell (which shows strong
The GNzH1NH,ClyH,O crystal structure is completed by rhombohedral pseudo symmetry), as compared to that of BaNiO
doubly protonated piperazinium {8,H;,2") cations, each of which can be related to the stacking pattern of the Dabconium cations
occupies the central region of a cage formed of eight octahedra,along [001] and slight (NiCls octahedral twists, which perhaps
and water molecules which occupy a square site (four surrounding Occur to optimize N-H-+-Cl hydrogen bonding. The ammonium
octahedra) in the (001) plane. The piperazinium cations adopt a hitrogen atoms occupy special positions with site symmetries 3 or
typical chair conformation, and their geometrical parameters are 3, and their H atoms could not be located; they may be disordered
unexceptional. Hydrogen bonding is clearly a key feature determin- over multiple sites. The chloride ion associated with they-
ing this structure. The Nit cation makes N-H-+-Cl bonds to four metry N atom is unequally disordered over two adjace(€[---Cl)

of its six chloride neighborsdf,(H---Cl) = 2.38 A; 9.(N—H--Cl) =0.864(9) Al sites. The @,H12" Dabconium (doubly protonated
= 171°]. The one unique piperizinium NH grouping participates 1,4-diazabicyclo[2.2.2]octane) cations possess typical geometrical
in one N—H-+-Cl bond [d(H---Cl) = 2.39 A; §(N—H-+-Cl) = 151°] parameters and occupy sites between the octahedral columns, akin

and one N-H---O(water) bond. The water molecule makes two t0 the barium cations in BaNiIn the [001] projection (Figure
O—H-+-Cl bonds Ha(H-**Cl) = 2.16 A; O(N—H-+-Cl) = 172] 3), each octahedral column of (M}€ls groups is surrounded by

in the (001) plane. This results in the three unique chloride ions Six Dabconium stacks, and vice versa. Again, H bonding appears
to be a key feature in stabilizing the crystal packing; ammonium
*To whom correspondence should be addressed. E-mail: w.harrison@abdn.ac.uk N—H-++Cl bonds are presumably preseds,[N--Cl) = 3.255 A],
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Figure 2. View down [210] of GN2H14:NH4Cl3 showing the face-sharing
(NH4)Clg octahedra propagating along [001], interspersed by stacks of
Dabconium cations. The minor component of the disordered chloride ion
and H atoms are omitted for clarity. Color key is as in Figure 1.

Figure 3. View down [001] of GNzH14-NH4Cl3 showing the columns of
face-sharing (N Cls octahedra and stacks of Dabconium cations propagat-
ing out of the plane of the page. Color key is as in Figure 1.

and three strong, near-linear, Dabconium-B--Cl links occur
[da(H++-Cl) = 2.11 A; 0,(N—H-+-Cl) = 175.9]. The average inter-
octahedral N--Cl---N bond angle is 694 (Ni—O—Ni angle in
BaNiO; = 80.3). Once again, the A (Dabconium) cation is divalent,
and the B (ammonium) cation is monovalent.

The X-ray powder patterns (CudKradiation,A = 1.5418 A,
T =25+ 2 °C) of the title compounds gave sharp lines and were
in good agreement with simulations based on the single-crystal
structures, indicating phase purity and a high degree of crystallinity.
TGA (ramp at 5°C/min in air) for both GN,H;,*NH,Cl3-H,O and
CoN2H14°NH,4Cl3 indicated 100% weight loss by 60C, confirming
their nonmetallic nature. A distinct weight-loss step of 7.6%
between 62 and 145C for C4yN,H;1»*NH4Cl3-H,O probably cor-
responds to water loss (calc. 7.8%).

Perhaps the closest relatives to the title compounds are the

unusual ASnY family of tin(Il)-halide cubic perovskitésn which

the A cation can be methylammonium (eMHs™) as well as
cesium, and Y= Br or I. However, no 2-H variants are known for
the ASnY; family. Metal-halide octahedra are a feature of many
layered composite perovskit&sn which slabs of vertex-sharing

MX groups incorporate a variety of organic cations into the A
cation sites and interlayer regions of the structure. The interaction
of metal-halide building blocks with organic cations has also been
studied from a crystal engineering perspecti¥and some of the
resulting structures can be related to layered perovskites. A
pioneering study in this area used electrochemical synthesis to
prepare the remarkable family of phases exemplified by (TJEEI~)-
(MogCl1227) (TTF* = tetrathiafulvalene radical cation) which
crystallize as moleculanti-(cubic)-perovskites! In these phases,
which possess novel magnetic properifes, network of vertex-
sharing Y(TTF} (Y = CI, Br, I) octahedra encapsulates anionic
metal-halide clusters occupying the nominal perovskite A sites.

We are now seeking appropriate organic templating cations to
promote the formation of noncentrosymmetric, or even chiral,
perovskite-like octahedral networks akin to those described here.
In this sense, the role of organic cations here parallels their use as
templates in the formation of inorganic open framewdks.
Alternatively, altering the halide species could change the size of
the “octahedral hole” occupied by NH perhaps inducing a
displacive distortion of the ammonium cation resulting in ferro-
electric behavior.
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