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Hybrid perovskites provide the possibility of integrating
useful organic and inorganic characteristics within a single
crystalline molecular-scale composite, enabling unique
electronic, magnetic and optical properties. The ability to
understand and control the organic and inorganic struc-
tural attributes of these hybrids is important for being able
to engineer the physical characteristics, both for fund-
amental studies as well as potential applications. Recently,
a number of new and interesting perovskite structures have
been reported and a better understanding has begun to
emerge with respect to crystal design considerations. This
contribution will review several of these new developments
and will provide a more general discussion of structural
engineering within this diverse family of compounds.

1 Introduction

Organic compounds offer a number of useful properties,
including structural diversity, plastic mechanical properties,
ease of processing, and efficient luminescence. Inorganic
materials have a distinct set of advantages, including good
electrical mobility, band gap tunability (enabling the design
of metals, semiconductors, and insulators), mechanical and
thermal stability, and interesting magnetic or dielectric transi-
tions. Organic—inorganic hybrids offer an important opportun-
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ity to combine useful properties from these two chemical realms
within a single molecular scale composite. Numerous natural
examples, including mollusk sea shells, tooth enamel, and bone,
have evolved over millions of years into highly organized com-
binations of inorganic and organic phases, leading to compos-
ites with superior strength, fracture toughness and durability
compared with either of the components independently."! More
recent examples of man-made organic-inorganic systems
include sol-gel derived silicates,” surface derivatized quantum
dot structures,® and sequentially deposited organic-inorganic
superlattices.* Each of these hybrids consists of at least one
amorphous component (either organic or inorganic). Fully
crystalline materials have the advantage that they can structur-
ally be characterized using techniques such as X-ray or neutron
diffraction, making it possible to correlate crystal structure
features with specific materials properties. The ability to exam-
ine the structural properties across an entire family of com-
pounds also enables a better understanding of and the ability
to control these structural features and therefore create more
functional materials.

The organic-inorganic perovskites are one of the most exten-
sively studied crystalline families of hybrids,® consisting of a
wide range of inorganic anions (each comprised of an extended
network of corner-sharing metal halide octahedra), alternating
with a variety of different organic cations. In addition to struc-
tural flexibility, interesting and potentially useful magnetic,
electrical and optical properties arise in the perovskites as a
result of the unusual structural and electronic attributes. By
independently controlling the energy levels of the organic and
inorganic components of the hybrids, for example, self-
assembling quantum well structures can be designed and syn-
thesized. In contrast to the analogous structures created using
molecular beam epitaxy (MBE), these systems have atomically
smooth interfaces and single crystals of the structures can
readily be grown. The interesting properties of these natural
quantum well structures include a semiconductor-metal
transition and large electrical mobility in the tin(i) halide-
based hybrids,*® and novel optical properties, arising from
exciton states associated with the inorganic sheets in the
germanium(ir), tin(ir), and lead(ir) halide-based systems.’'?
Many of the first row divalent transition metal halide hybrids
are also ideal model systems for the study of lower-dimensional
magnetism.'3"

The hybrid perovskites self-assemble from ambient-
temperature solutions and are generally stable up to the
decomposition point (typically >250 °C). In a few cases the
hybrids melt before decomposing and crystals can be grown
from the melt."* Intimate mixtures of the starting metal halide
and organic salts will sometimes undergo solid-state reaction
even at room temperature.’ In addition, the structures will
generally form from the vapor phase using, for example,
two-source thermal evaporation'® or single source thermal
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ablation.!” The substantial stability for the hybrids and pro-
pensity to self-assemble from the solid, liquid, or vapor phase
derives from the specific range of chemical interactions found
in these systems—f{rom relatively weak van der Waals inter-
actions among the organic components, to hydrogen bonding
interactions between the organic and inorganic components (as
well as among the organic molecules), and stronger ionic and
covalent interactions within the metal halide sheets.

The tendency to self-assemble from either the solution or
vapor phase also enables a number of useful thin film
deposition techniques for the hybrids, including spin coating,
stamping, ink-jet printing and thermal evaporation.>'® While
the relatively mature discipline of organic electronics has
attracted attention as a result of the possibility of forming
devices that can cheaply be processed on flexible substrates,'*2
the emerging field of organic-inorganic hybrid electronics'®
offers many of the same processing advantages, with the added
benefits (e.g. high mobility, thermal stability) of an inorganic
framework. Recently, an organic—inorganic field-effect tran-
sistor (OIFET), based on a spin-coated tin(1) iodide-based
perovskite channel layer, has been demonstrated,?! with a field-
effect mobility of 0.6 cm? V™! s™! (comparable to amorphous
silicon). A bright green electroluminescent device has also been
reported,”? employing as the light-emitting layer a thermally
ablated film of a perovskite based on lead(1) chloride layers
and the oligothiophene derivative 5,5"-bis(aminoethyl)-2,2":
5',2":5" 2"-quaterthiophene (AEQT).

The ability to rationally design materials for use in fund-
amental studies or applications is a key motivation in the field
of solid-state chemistry. Given the complexity and range of
interactions within most real solids, accurately predicting struc-
tures using computational techniques is generally not practical.
Nevertheless, through the characterization of a sufficient
number of compounds within a particular structural class,
empirical rules can often be generated to aid in the design
and control of the structures. Since the first mention of
organic-inorganic perovskites over 100 years ago,?® hundreds
of related structures have been reported and some understand-
ing and guidelines for the construction of the hybrids can now
be deduced. It is the aim of this Perspective to summarize
some of the recent structural developments within the hybrid
perovskite field, as well as to outline some of the consider-
ations that direct structure formation within this interesting
class of materials.

2 Basic perovskite structures

The cubic AMX; perovskite structure (Fig. 1) consists of an
extended three-dimensional (3-D) network of corner-sharing
MX, octahedra, where M is generally a divalent metal and X a
halide. The larger A cations fill the 12-fold coordinated holes
among the octahedra. A typical example is provided by (CH;-
NH;)Snl;, which has the cubic lattice constant a = 6.2397(5) Ad
Analogous lead(ir)-based perovskites have also been formed
and characterized.* For the 3-D perovskites the size of the
organic A cation is limited by the size of the 3-D hole into
which it must fit. For a perfectly packed perovskite structure the
geometrically imposed condition for the A, M, and X ions to be
in close contact is (R, + Ry) = 1\2 (Ry + Ry), where R,, Ry,
and Ry are the ionic radii for the corresponding ions and the
tolerance factor must satisfy ¢ = 1. Empirically it is found that
0.8<¢<0.9 for most cubic perovskites, although there is a
slightly expanded range for distorted structures.”® Using 7= 1
and essentially the largest values for Ry; and Ry (e.g Rp, =1.19,
R, =220 A),” the limit on R, is found to be approximately
2.6 A. Consequently, only small organic cations (i.e. those con-
sisting of three or less C—-C or C-N bonds) are expected to fit
into the structure. Recently, the methylammonium cation has
been replaced by the larger formamidinium cation.?” The fully
substituted (NH,CH=NH,)Snl; system has a cubic lattice at
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Fig. 1 (a) Ball and stick model of the basic AMX, perovskite unit cell
and (b) polyhedral representation of how the structure extends in three
dimensions.
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Fig. 2 Schematic representation of single-layer (100)-oriented
perovskites with (a) monoammonium (RNH;") or (b) diammonium
("NH;RNH;") organic cations.

room temperature with a=6.316(1) A, approximately 1.2%
larger than that for the methylammonium analog.

Lower-dimensional perovskites are defined as structures that
can conceptually be derived from specific cuts or slices of the
3-D perovskite structure. The simplest layered perovskite con-
sists of MX,>~ layers of corner-sharing metal halide octahedra,
alternating with organic cation bilayers (for monofunctional
cations) or monolayers (for bifunctional cations) (Fig. 2). The
inorganic layers are derived from the 3-D parent compound by
taking single (100)-oriented layers from the AMX; structure.
Note that, in contrast to the 3-D perovskites, the layered two-
dimensional (2-D) systems can accommodate much larger and
more complex organic cations, since the cage into which the
organic cation must fit is no longer confined in three dimen-
sions. Several guidelines can be established for selecting suitable
organic cations for incorporation within the layered perovskite
framework.® First, the organic molecule must contain one or
more terminal cation groups that can ionically interact with
and effectively hydrogen bond to the extended inorganic anion,
without the rest of the organic molecule sterically interfering
with the halides of the inorganic sheets. For most known
layered perovskites the organic molecule (R) is terminated with
one or two protonated primary amines, yielding the general
formulas (RNH;),MX, or (NH;RNH;)MX,.

The choice of hydrogen bonding scheme is important for
determining the orientation and conformation of the organic
molecule within the layered hybrid structure. In principle, the
ammonium head(s) of the organic cations can hydrogen bond
to any of the eight halides (i.e. four bridging/four terminal)
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Fig. 3 Two hydrogen-bonding schemes typically observed in the
(RNH;),MX, and (NH;RNH;)MX, type structures: (a) the bridging
halide configuration and (b) the terminal halide configuration.®

within the holes formed by the corner-sharing MX, octahedra
(Fig. 3). In practice, due to the geometric constraints of the
ammonium group and the organic tail, the N-H - - - X inter-
actions generally form either to two bridging halides and one
terminal halide (bridging halide configuration) or to two
terminal halides and one bridging halide (terminal halide
configuration). Note that some MX,?~ frameworks are more
flexible than others. In the copper() halide systems, for
example, the Jahn-Teller distortion of the CuXg octahedra
enables a larger degree of flexibility in the hydrogen bonding
between the organic cation and the inorganic sheets.

The second structural criterion for layered systems involves
the size and shape of the organic molecule. While the organic
molecule in the layered structure is no longer three-
dimensionally constrained to the relatively small interstices
within the AMX, perovskite structure, the molecule must still
fit within the “footprint” provided by the 2-D inorganic frame-
work. The projection down the long axis of the organic cation
(or the “cross sectional area” of the molecule) must approxi-
mately fit into an area defined by the terminal halides from four
adjacent corner-sharing octahedra. One edge of the square is
approximately twice the average bridging interatomic M-X
distance. As an example, the copper(i) chloride framework
provides an area of approximately 27 A2, whereas the larger
lead(m1) iodide framework yields a square covering approxi-
mately 40 A2 If the “cross sectional area” of the organic mole-
cule is much smaller than the area provided by the inorganic
framework, the structure can accommodate by allowing the
organic molecules to tilt or interdigitate. On the other hand, if
the molecular cross-sectional area is too large, the perovskite
structure may not be able to accommodate the steric inter-
actions among nearest-neighbor organic moieties and a
different structural type may result.

In contrast to the width of the organic cation, the length of
the molecule (which should extend nominally away from the
perovskite sheets) can take on a wide range of values, since the
distance between perovskite sheets can vary. Consequently, long
and narrow molecules are favored over molecules with a large
cross-sectional area. In fact, many of the reported layered
perovskites contain minimally branched aliphatic ammonium
cations or aromatic cations with a narrow structural profile.
Note that, besides the size and shape of the organic molecule,
interactions between the organic R groups can either stabilize
or destabilize the perovskite structure. These interactions may
include hydrogen bonding, aromatic—aromatic or van der Waals
interactions. While many of these interactions are weak, in
more complex organic moieties with multiple functional groups

3

Fig. 4 Polyhedral representation of the (C¢Hs;C,H,NH,),CuX,
(X = C)) structure,?® viewed approximately down the b axis. The dashed
lines indicate the unit cell outline. The same structure is observed with
X =Br.

the effects of the interactions along the length of the organic
molecule are additive and can therefore play a more important
structure-directing role.

The nature of the coupling between the organic and
inorganic components of the perovskite structures suggests
that the inorganic framework can play an important templating
role with respect to the ordering and conformation of the
organic component. Likewise, the organic cations should also
have a templating influence on the inorganic framework.
Recently, several examples have appeared of organic-inorganic
hybrid systems in which one component controls the structure
and properties of the other component or directs the overall
structural characteristics of the material. The following
examples also highlight the structural guidelines discussed
above.

3 Controlling the organic layer structure
3.1 Simple organic cations

Most layered organic-inorganic perovskites contain relatively
simple organic layers, consisting of aliphatic or single ring
aromatic cations. One interesting family, (C{H;C,H,NH;),-
MX, (e.g M =Cu, Pb or Sn; X =Cl, Br or 1), is based on the
phenethylammonium cation. The basic structural unit of
(C¢HsC,H,NH;),CuX, (X=ClI or Br) (Fig. 4), for example,
consists of well ordered layers of corner-sharing CuXg
octahedra, with a layer of phenethylammonium cations
capping each inorganic sheet on both sides.”® The ammonium
group on each organic cation hydrogen bonds to halogens
in the perovskite layer. The full 3-D structure is then created
by stacking the neutral organic-sheathed (C4HsC,H,NHj;),-
CuX, units along the ¢ axis. Weak (e.g van der Waals)
interactions between the phenyl groups of successive (C¢Hs-
C,H,NH,),CuX, layers hold the structure together, with no
interleaving among the phenethylammonium cations from
adjacent layers.

The unit cell for (C{H;C,H,NH;),PbCl,, though similar, is
not isostructural with the cell reported for (C{qH;C,H,NHj;),-
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Fig. 5 Single layer from the (C;H;C,H,NH;),MCl, structures, viewed
perpendicular to the perovskite sheets, for (a) M = Cu and (b) M = Pb.”®
The dashed lines indicate where the unit cell intersects each perovskite
layer, with the axes of the M = Cu structure rotated by 45° with respect
to those of the M =Pb structure to achieve the same orientation
relative to an ideal perovskite sheet. For the M = Cu structure the filled
(black) bonds represent short Cu—Cl bonds, while the open (white)
bonds represent elongated Cu-Cl semicoordinate bonds. The M = Pb
structure contains four independent phenethylammonium cations
(labelled PE1-PE4).

CuX, (X = Cl or Br).” Each of the triclinic unit cell dimensions
within the plane of the perovskite sheets [a = 11.1463(3) and
bh=11.2181(3) A] is approximately twice the simple cubic
perovskite lattice parameter, a, [the 3-D perovskite CH;NH;-
PbCl;, for example,* has a, = 5.657(2) A]. The 2a, X 2a, super-
structure is uncommon among the known layered perovskites.®
More typically, the organic-inorganic perovskite structures
adopt a \/Eap X \/Eap superstructure. In (C;H,NH;),PbCl,, for
example, which has the phenethylammonium cation replaced
by a propylammonium cation, the orthorhombic lattice con-
stants are a = 7.815(1), b =7.954(1), and ¢ =25.034(3) A.*' In
(C¢HC,H,NH;),CuCl, the orthorhombic lattice constants are
a=7.328(1), b=7.295(1), and ¢ = 38.618(5) A.*®

A view perpendicular to the perovskite sheets in the
(C¢HC,H,NH;),MCl, (M = Cu or Pb) structures (Fig. 5) high-
lights some factors that give rise to the different superstructures.
In (C¢HsC,H,NH;),CuCl, the antiferrodistortive arrangement
of the long semicoordinate Cu—Cl bonds in the plane of the
perovskite sheets (resulting from Jahn-Teller distortion of
the CuClg octahedra) enables a strong interaction between the
ammonium tail of the phenethylammonium cation and two
bridging chlorides (i.e. the cations adopt the bridging halide
hydrogen bonding configuration). Each phenethylammonium
cation sits nominally in a square defined by four nearest neigh-
bor Cu atoms and the Cu—Cl-Cu linkages between them. If the
CuClg octahedra were perfect and not tilted or rotated relative
to each other, and neglecting the conformation and ordering
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Fig. 6 Conformations for the phenethylammonium cation in (a)
(C¢H,C,H,NH,),PbCl, and (b) (C,HsC,H,NH,),CuCl,.* Upper panels
represent the front view and lower panels the side view for each cation.

of the organic cation, the unit cell dimensions within the
perovskite sheet would be defined by this a, X a, square. In the
actual structure (Fig. 5a) tilting of the octahedra apices away
from the perovskite sheet perpendicular, as well as ordering
of the organic cations, gives rise to the observed \/Eap X \/Eap
superstructure.

In the analogous lead(i) chloride structure there is less
flexibility within the inorganic framework and the phenethyl-
ammonium cations adopt the terminal halide hydrogen
bonding configuration. The square defined by the four nearest-
neighbor Pb atoms and the associated Pb—CIl-Pb linkages is
substantially distorted by rotations of the PbClg octahedra
in the ab plane (Fig. 5b). For the square at the center of the
unit cell (around PE2) the square edges are pinched in along the
b axis and pushed out along the a axis. The nearest-neighbor
squares along both the a and b directions (around PE3 and
PE4) each have the opposite distortion (i.e. they are pinched in
along the a axis and push out along the b axis). The repeat
distance of this alternating distortion along each axis is two
squares, thereby providing for the 2a, X 2a, superstructure.
The substantial difference between the phenethylammonium
positional and orientational ordering in the M = Cu and Pb
structures highlights the important templating influence
provided for the organic cations by the metal halide sheets.

For (C¢H;C,H,NH;),PbCl, all of the carbons in the phenyl
ring, along with the first ethylammonium carbon attached to
the ring, essentially liec in a plane (Fig. 6a). However, the ter-
minal ethylammonium carbon and nitrogen atoms are not in
the same plane. When viewed from the side (i.e. parallel to the
plane of the phenyl group) the molecules adopt an unusual
J-shaped conformation. In contrast, the phenethylammonium
cations in C¢H,C,H,NH,-HCl and (C¢H,C,H,NH,),CuX, (X =
Cl or Br) adopt a more typical conformation (Fig. 6b), with a
single independent phenethylammonium cation in the unit cell
and the ethylammonium fragment curving downward rather
than to the right or left.”®** The resulting trans conformation
for the ethylammonium fragment [N(1)-C(1)-C(2)-C(3)] is
expected to be the most stable configuration for the free
molecule.®® Apparently, in the lead(n) chloride-based perov-
skite, the specific hydrogen bonding interactions and the con-
straints imposed by the distorted perovskite framework stabil-
ize the “J”-shaped conformation. The inorganic framework can
therefore be used to template not only the orientation, but also
the conformation of the organic molecules within the layered
perovskite structures.

Note that, while (C,H;C,H,NH;),CuBr, forms a typical
layered perovskite structure (Fig. 4), closely related bis[methyl-
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Fig.7 Crystal structure of (H,AEQT)PbBr,, viewed down the b axis.*
The compound crystallizes in a monoclinic subcell (C2/c space group),
with the lattice constants a = 39.741(2), b = 5.8420(3), ¢ = 11.5734(6) A,
and f=92.360(1)°.

(2-phenethyl)ammonium] tetrabromocuprate, (C¢HsC,H,NH,-
CH;),CuBr,, forms a distinct structure with isolated CuBr2~
anions (intermediate in geometry between square planar and
tetrahedral), despite the similar 2:1 ratio between the organic
cation and the metal halide components.** The organic cation in
the latter hybrid is similar to the phenethylammonium cation,
except that there is an additional methyl attached to the ammo-
nium tethering group. This methyl group impedes the hydrogen
bonding required to stabilize a layered perovskite structure,
therefore leading to an alternative structure with isolated
CuBr,*" units. The more open inorganic framework enables
hydrogen bonding to the halides, without the methyl group
sterically interfering with the hypothetical inorganic sheets of a
layered perovskite structure.

3.2 Dye molecules

While most of the perovskites studied to date contain relatively
simple organic cations, in principle more complex organic
molecules can also be incorporated, subject to the chemical and
structural constraints described in section 2. An oligothiophene
derivative, 5,5”-bis(2-aminoethyl)-2,2":5',2":5",2"-quaterthio-
phene (AEQT), has recently been designed and incorporated
between the MX,*” (M = Sn or Pb; X = Cl, Br or I) perovskite
sheets (Fig. 7).** The AEQT cation has the appropriate tether-
ing group (i.e. ethylammonium) and rigid, narrow profile
ideally suited for incorporation within the layered perovskite
framework.

An interesting general feature of oligomer-containing
organic-inorganic perovskites is the fact that, as for the
phenethylammonium-based systems, the orientation and con-
formation of the oligomer cations can be controlled or tem-
plated as a result of the inorganic framework. This templating
can have important implications with regard to the optical and
electrical properties of the organic layers. In organic thin-film

Fig. 8 Top (a) and side (b) view of the doubly protonated 5,5"-
bis(2-aminoethyl)-2,2": 5',2": 5", 2"-quaterthiophene (AEQT) molecule
in (H,AEQT)PbBr,.** The AEQT conformation in other examined
(H,AEQT)MX, structures is essentially identical to that found in the
lead(1r) bromide analog.

transistors (OTFTs), for example, the mobility of the channel
layer is critically affected by the degree and type of molecular
ordering within the oligomer layer.**%” By analogy, in hybrids
containing layers of organic molecules with extended m sys-
tems (e.g oligothiophene, oligophenylenes), templating should
affect the electrical transport properties of the organic layer.
The AEQT-containing organic-inorganic perovskite systems
demonstrate that the inorganic sheets can be used to template
the formation of single crystalline layers of relatively complex
organic cations, potentially therefore providing a pathway to
higher mobility oligomer layers than currently achievable in
simple organic thin films.

In the (H,AEQT)MX, compounds each quaterthiophene
oligomer is ordered between the metal halide sheets in a
herringbone arrangement with respect to neighboring quater-
thiophenes.®® The conformation of the protonated 5,5”-bis-
(2-aminoethyl)-2,2": 5',2": 5",2"-quaterthiophene molecule in
(H,AEQT)PbBr, is shown in Fig. 8. Each quaterthiophene
oligomer can fully be described by two independent thiophene
rings T,{S(1), C(3), C(4), C(5), C(6)} and T,{S(2), C(7), C(8),
C(9), C(10)}. The other half of the quaterthiophene oligomer
is generated by symmetry, yielding the rings T,’{S(1)’, C(3)’,
C4)', C(5)', C(6)'} and T, {S(2)', C(7)’, C(8)’, C(9)', C(10)'}.
The backbone conformation among the four rings is syn-anti-
syn. Each thiophene ring is essentially planar, with all non-
hydrogen atoms falling within 0.01(1) A of the least squares
best plane. The dihedral angle between the planes defined by the
thiophene rings T; and T, (or T," and T,’) is 9.0(2)°. This angle
is accomplished by a combination of a tilting of the connecting
C(6)-C(7) [C(6)'-C(7)'] bond, out of the plane of the central
two thiophene rings (T, and T,’), as well as by a rotation about
this bond axis.

The syn-anti-syn geometry is somewhat uncommon among
the oligothiophenes. Generally, as a result of steric interactions,
the all-anti (or all-trans) geometry can be regarded as the lowest
energy configuration.®® In the solid state the all-anti conform-
ation is adopted for a-quaterthiophene® as well as for
the compounds 5,5"-bis[(2,2,5,5-tetramethyl-1-aza-2,5-disila-
1-cyclopentyl)methyl]-2,2": 5',2": 5", 2"-quaterthiophene ~ and
5,5"-bis[ N, N-bis(trimethylsilyl)aminomethyl]-2,2" : 5',2": 5”,2"-
quaterthiophene, which each have bulky terminal groups
attached to the quaterthiophene moiety.* However, 5,5"-bis-
[(2,2,5,5-tetramethyl-1-aza-2,5-disila-1-cyclopentyl)ethyl]-2,2"
5',2":5" 2"-quaterthiophene has recently been shown* to
adopt a nearly planar (dihedral angle of 5.0° between
least-squares best planes containing adjacent thiophene
rings) syn-anti-syn conformer, similar to that observed in
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(HLAEQT)PbBr,. In each of these cases the specific environ-
ment for the quaterthiophene moiety, as modified by the tether-
ing groups and the interaction with the extended inorganic
anions (for the perovskite), leads to the shift in conformation
from all-anti to syn-anti-syn.

Other chromophore-containing perovskites have also
recently been considered, including the compounds (RNHj),-
PbCl, (R =2-phenylethyl, 2-naphthylmethyl, or 2-anthryl-
methyl).*** This is a particularly interesting series because,
for R =2-phenylethyl, the singlet and triplet states of the
organic cation are higher in energy than the exciton state of
the inorganic sheets, and therefore emission from the inorganic
exciton is observed in the photoluminescence spectrum. For
R = 2-naphthylmethyl the inorganic exciton state apparently
falls between the organic singlet and triplet states, and phosphor-
escence from the organic molecules dominates the emission
spectrum. Finally, for R =2-anthrylmethyl, the inorganic
exciton state is higher in energy than both the organic singlet
and triplet states, and chromophore singlet emission is domin-
ant. Similar tunability with respect to the relative energy level
positions for the hybrid organic and inorganic components has
been reported in (H,AEQT)PbX, (X = Cl, Br or I1).** The ability
to incorporate dye molecules within the layered perovskites
therefore has a profound effect on the optical properties, as well
as the structural attributes, of the hybrids.

3.3 Polymerization

Another interesting example of templating involves solid-state
polymerization within the organic layer of perovskite struc-
tures.**** For this class of perovskites, more reactive R groups
(such as diene or diyne groups) are employed within the organic
layers of the (RNH;),MX, structures. Generally the goal is
for the suitably designed perovskite to undergo “topochemical
polymerization”, i.e. a diffusionless solid state transformation
of a crystal containing a monomer to one containing the
corresponding polymer, in such a way that the center of gravity
positions and symmetry of the monomers are constrained to be
similar to those found in the base units of the polymer.*® In this
type of process the reaction proceeds by a specific rotation of
the monomer on each lattice site, in a manner determined by
the packing properties of the molecules in the crystal structure.
If polymerization can proceed with a sufficiently small change
in the position and orientation of the monomers, then a single
crystal containing the monomer may be transformed into a
single crystal containing the polymer species.

In one example the hydrochloride salt of 6-amino-2,4-
trans,trans-hexadienoic acid, within a cadmium(m) chloride
perovskite framework, polymerizes under ultraviolet (UV) or
vy irradiation. The polymerization occurs through a 1,4 addition
mechanism, leading to a well ordered polymer layer (Fig. 9).*
The exclusive formation of the 1,4-tfrans polymer in the
cadmium(tr) compound results from the layered structure,
which limits the photoreactivity to two dimensions, and
from the appropriate distances between monomer units,
which favor the 1,4-addition process but are too large for the
competing (2 + 2) cycloaddition of the butadiene units.*?
The same photoreactive organic cation in a copper chloride
perovskite framework does not undergo polymerization.
The structural differences in the inorganic framework, induced
by the Jahn-Teller distortion of the copper(i) chloride
octahedra, lead to an unfavorable (with respect to the poly-
merization process) configuration of the monomer within the
organic layer. Consequently, as for the simple phenethyl-
ammonium and oligomer-containing metal(ir) halides, the
inorganic framework can be used to control the ordering of
photosensitive organic molecules. However, in this case, the
control over ordering also determines whether or not a poten-
tially reactive monomer-containing system is susceptible to
polymerization.
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Fig. 9 Crystal structure of the polymerized product formed by
subjecting (HO,CCH=CHCH=CHCH,NH,),CdCl, to UV or y irradi-
ation.*® Polymerization yields ordered 1,4-disubstituted trans-poly-
butadiene [-CH(CO,H)CH=CHCH(CH,NH,)-],.. Hydrogen bonding
between CO,H groups on adjacent layers is shown by dashed lines and
helps to stabilize the structure.

4 Controlling the inorganic framework
4.1 Metal-deficient perovskite layers

While great flexibility has been demonstrated with regard to
substitutions within the organic layers of hybrid perovskites,
the flexibility of the inorganic framework has generally been
limited by the need to incorporate divalent metals. This valency
constraint derives from the requirement for charge neutrality
among the organic cations and the metal halide anion layers. In
the single layer perovskites, (NH;RNH;)MX, [(RNH;),MX,],
for example, the MX,2~ perovskite sheets counterbalance the
NH,RNH,** [RNH,"] layers. With a halide as the X anion, the
metal (M) is generally expected to be a divalent cation that can
adopt an octahedral coordination (e.g. Cu**, Mn**, Co**, Cd**,
Ge**, Sn?*, Pb** or Eu?").® Recently, however, trivalent-metal-
based (H,AEQT)M,;I, (M =Bi*" or Sb**) systems have also
been reported.*® The trivalent-metal structures are essentially
identical with those reported for the analogous divalent-metal
(H,AEQT)PbX, (X =Br or I) systems (Fig. 7) with, however,
one-third of the metal sites vacant.

The formation of single layers of corner-sharing metal halide
octahedra is unusual in bismuth(i) and antimony(u) hybrid
chemistry. As for conventional perovskite frameworks, bis-
muth() and antimony(mr) halide lattices generally consist of
distorted MX, octahedra. These octahedra form discrete or
extended inorganic networks of corner-, edge-, or face-sharing
octahedra, leading to an extensive family of metal(ur) halogeno
anions (e.g MX, , MX*, MX ™, M,Xo ™, MX,,°~, M;X,,*,
M, X%, MyX,e, MX,,*", and MgX;,°7).Y Within these
networks the metal(1m) sites are essentially fully occupied. The
(HLAEQT)M,;;I, (M =Bi*" or Sb*") systems are the first
members of a proposed more general metal-deficient family of
hybrids consisting of (M""),V,-2.Xs"~ sheets, where the
vacancies, V, are usually left out of the formula and the metal
cation valence, n, is greater than 2.* The metal sites within the
(M")2V u-2yaX4”~ network are essentially arranged in a two-
dimensional square lattice and each site is occupied with prob-
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Fig. 10 (a) View down the long molecular axis of one layer of AEQT
cations in the (H,AEQT)Bi,;], structure.* For clarity, only the quater-
thiophene component of the AEQT molecule is drawn, demonstrating
the herringbone arrangement of the quaterthiophene units in the struc-
ture. In (b) a similar view for one layer of quaterthiophene molecules in
crystalline a-quaterthiophene is shown for comparison.* Reproduced
with permission from Inorg. Chem., 2001, in press. Copyright 2001
Am. Chem. Soc.*

ability p =2/n (assuming a random distribution of vacancies
among the metal sites). Numerical calculations for an infinite
two-dimensional square lattice predict a percolation threshold
at p.=0.59.* Consequently, the trivalent (7 =3) systems are
notable because they are the only members of the metal-
deficient layered perovskite family in which clusters of con-
nected corner-sharing metal halide octahedra are predicted to
extend entirely across each infinite inorganic sheet (e.g for
n=4, p=0.5is less than the percolation threshold).

Each metal cation vacancy creates a local concentration of
negative charge. The creation of a substantial number of
randomly positioned vacancies within the perovskite sheets
should therefore be energetically unfavorable, unless some
other aspect of the system can help to offset the energy deficit.
Attempts to stabilize the metal-deficient perovskites using
bismuth(1) iodide and various long, relatively flexible organic
diammonium cations (e.g diprotonated alkyldiamines) led to
the formation of a distinct class of hybrids containing chains of
corner-sharing bismuth iodide octahedra with fully occupied
metal sites,* rather than the metal-deficient layered perovskites.
Note that, in combination with many divalent metal halides,
these same organic cations readily form the layered perovskite
structure.® It is therefore interesting to consider the potential
role played by the (H,AEQT)*" organic cation layer in stabil-
izing the metal-deficient perovskites layers.

The conformation and ordering of the 5,5”-bis(aminoethyl)-
2,2":5',2":5"2"-quaterthiophene molecule in (H,AEQT)M,;;1,
is very similar to that observed in the lead(i) analogs (Section
3.2). Viewing down the length of the quaterthiophene mole-
cules, the oligomers adopt a herringbone arrangement, similar
to that found in purely organic crystals and films of most
oligothiophenes (Fig. 10).5%33 In fact, the AEQT layer structure

in the perovskites, viewed down the long axis of the quater-
thiophene moiety (Fig. 10a), can virtually be superimposed on
a layer from a-quaterthiophene viewed similarly (Fig. 10b),
despite the very different environment in which the quater-
thiophene moiety is held (i.e. the inorganic framework) and the
different molecular conformation (i.e. syn-anti-syn versus all-
anti). This similarity in structure suggests a particular stability
to these 2-D oligothiophene layers.

The herringbone arrangement of the quaterthiophene
moieties is common among other aromatic organic molecules
(e.g naphthalene,* anthracene,® biphenyl,® quaterphenyl®’)
and can be explained in terms of edge-to-face (tilted-T)
aromatic interactions.’**®% These interactions arise as a result
of electrostatic and London dispersion effects (i.e. van der
Waals interactions)®® and, for typical aromatic-aromatic
encounters, have an interaction energy of approximately —2
kcal mol™1,% similar in magnitude to that of a weak hydrogen
bond. However, for more complex organic molecules, which
consist of a rigid network of multiple aromatic components, the
effects of these interactions can add up and therefore have a
more substantial structure-directing influence on the resulting
system. In fact, edge-to-face aromatic interactions are now
known to play an important role in protein folding® and
molecular recognition.®

For the rigid quaterthiophene moiety (e.g AEQT) the effect
of the edge-to-face interactions is similarly expected to be
important during compound formation. The unusual metal-
deficient inorganic layers are likely to be templated by prefer-
ential formation of the two-dimensional layers of AEQT,
stabilized by the edge-to-face interactions among the rod-like
molecules. Given this proposed structure-directing mechanism,
it is likely that other organic cations may also be used to
stabilize the higher-valence, metal-deficient perovskite frame-
works. In addition to various length oligothiophene derivatives,
analogous oligophenylene derivatives are likely to be suitable.
Other organic cations based on the oligocene (e.g naphthalene,
anthracene, tetracene) series might also be appropriate to con-
sider, since these relatively narrow, rigid molecules are subject to
substantial edge-to-face interactions. Analysis of hybrids con-
taining these alternative organic cations, as well as other related
systems, will help to elucidate the templating mechanism that
is suggested by the (H,AEQT)M,;l, (M = Bi*" or Sb**) struc-
tures. In particular, it will be interesting to see whether the
length of the oligomers or the choice of mono- versus di-
ammonium derivatives has any impact on the stability of the
metal-deficient layers. It is also important to see whether higher
valence (>3+) metal halide frameworks can be incorporated
within the metal-deficient perovskite framework.

4.2 Thickness of perovskite sheets

The 3-D perovskites discussed in section 2 are stabilized by
mixing 1:1 ratios of metal halides with organic cation salts,
where the organic cation must be small enough to fit in the
holes within the 3-D inorganic network of corner-sharing metal
halide octahedra. In contrast, the single-layered 2-D perov-
skites form from mixtures of metal halide and generally longer
or more complex organic salts. An interesting situation arises
when mixtures of short and long organic cations are employed.
In principle, several possibilities might be expected. The mixed-
cation reaction might macroscopically segregate into a phase
containing the small organic cation and another containing the
longer cation. Alternatively, the organic cations might locally
segregate onto separate layers of a more complex hybrid struc-
ture, thereby creating intergrowths of the 3-D perovskite and
the single-layered perovskite structures (Fig. 11).

When growing crystals of the materials from solution the
outcome of mixing long- and short-chain organic cations
depends on the relative solubility of the two organic ions
and the metal halide under consideration. Given sufficiently
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Fig. 11 Family of intergrowth compounds formed from the parent
AMX; (3-D) and (RNH;),MX, (2-D) perovskites. The (100)-oriented
layered perovskite series, (RNH;),A,_M,X;, 1, can also conceptually
be derived by (a) taking n layers from along the (100) direction of the
3-D perovskite structure and (b) alternating these layers with bilayers of
organic cations.

compatible solubility characteristics for the two organic com-
ponents, intergrowth structures can be stabilized. In addition,
changing the relative ratios of the two organic cations and the
metal halide salt in the starting solution influences the number
of perovskite sheets between the organic layers. In the family
(RNH,),(CH;NH,), M, X;,,, for example, n perovskite
layers alternate with the RNH; bilayers. For R = C,H, (butyl),
M =Sn?**, and X =1", the n=1,2,3,4, and 5 compounds have
all been stabilized in single-phase form.® The n = o0 compound
corresponds to the 3-D perovskite (CH;NH;)Snl;. Similar
layered families have been reported with tin(m) replaced by
lead(ir), iodide with bromide, and the butylammonium cation
by nonylammonium or phenethylammonium.'?

The effective dimensionality of the extended inorganic
anion (as controlled by n) has a significant impact on the
physical properties. For the tin(i1) compounds (C,H¢NHj;),-
(CH;NH;),_,Sn,I;,.; a semiconductor-metal transition is
observed as a function of increasing n.% The n =1 compound is
a fairly large band gap semiconductor, with a room temperature
resistivity of approximately 10° Q cm. With increasing n the
resistivity of the materials rapidly decreases, with a transition
to metallic behavior for n>3. The n—— o end-member,
(CH;NH;)Snl;, is a low-carrier density p-type metal with a
room-temperature Hall mobility (pressed pellet sample) of
approximately 50 cm* V™! s™! and a carrier density of approxi-
mately 10" em™3® The transition in electrical properties from
semiconducting to metallic also correlates with a reduction in
the degree of structural distortion of the Snl octahedra within
the perovskite sheets.® In addition to the unusually high con-
ductivity in the tin(1r) iodides, both the tin(11) and lead(1) halide
organic-inorganic perovskites exhibit enhanced exciton binding
energies due to a dielectric confinement effect (with an associ-
ated intense luminescence peak in the visible spectral range at
room temperature),”® non-linear optical properties with the
potential for third harmonic generation,' and electrolumin-
escence.** Examination of the optical properties as a function
of decreasing thickness of the perovskite sheets in the family
(C4¢H;C,H,NH;),(CH;NH,),_,Pb,l;, ., demonstrates a sub-
stantial increase in the band gap, the lowest exciton energy,
and the exciton binding energy, as a result of quantum
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Fig. 12 Schematic representation of the (110)-oriented family of
layered hybrid perovskites, A',A,M,,X;,,,,. The layered perovskite
framework is derived from the 3-D perovskite parent compound by (a)
taking m layers from along the (110) direction of the 3-D structure and
(b) alternately stacking these layers with organic cations. Note that the
specific choice of organic cations, A’, can determine whether the (100)-
or (110)-oriented perovskite family will form. One member of the (110)-
oriented family” has A’ = NH,C(I)=NH,", A = CH;NH;", M = Sn**,
and X=1".

confinement or dimensionality effects.®® In essence, then, mix-
tures of appropriately chosen organic cations can be used to
vary the thickness of the perovskite sheets and therefore the
physical character of the hybrids.

4.3 Orientation of perovskite sheets

In addition to controlling the dimensionality of the inorganic
sheets, the choice of organic cation(s) can also influence the
crystallographic orientation of the inorganic framework. The
multilayered structures schematically depicted in Fig. 11 consist
of n (100)-oriented layers from the 3-D perovskite structure,
alternating with organic bilayers. Other layering schemes are
also possible within the hybrids, as has previously been
demonstrated with the strictly inorganic oxide- and halide-
based perovskites.®%® The series [NH,C(I)=NH,],(CH;NH,),.-
Sn, L, . ,, for example, has recently been reported,” consisting
of m (110)-oriented perovskite sheets separated by iodoform-
amidinium layers (Fig. 12). Lattice parameters for the observed
family members approximately follow the rule a = a,, b= \/zap,
and ¢c=K + ma],/\/f, where a, is the lattice parameter for the
cubic 3-D perovskite CH,NH,Snl, and K=~ 5.98(5) A. The
monoclinic angle, f, is also found to decrease with increasing
“m”, from 92.96(1) (m = 2) to 91.83(1)° (4).” Note that in con-
trast to the (100)-oriented perovskites, where the in-plane lattice
parameters are approximately @, X @, (most commonly with a
2a, X 2a, or \/Eap X \/Eap supercell), for the (110)-oriented com-
pounds the new slice of the 3-D perovskite structure results
in the distinct in-plane a, X \/Eap dimensions. A similar family
of (110)-oriented layered perovskites also forms with lead(ir)
iodide replacing tin(m) iodide.

While the cation stoichiometries of the (100)- and (110)-
oriented families are slightly different for a given perovskite
sheet thickness (n, m), the same family of oriented structures
crystallizes from solution over a wide range of organic cation:
metal halide ratios, as long as the types of organic cations
remain the same. In fact, the (110)-oriented structures have
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Fig. 13 Crystal structure of the m =2 (110)-oriented perovskite,
[NH,C(I)=NH,],(CH;NH;),Sn,I,, which adopts a monoclinic (P2,/m)
cell with a=6.2649(4), b=8.6624(5), c¢=14.787(2) A, and g=
92.960(8)°.” The iodoformamidinium iodine atom is disordered over
two symmetry equivalent sites. For clarity, only one of the two sites is
shown occupied.

never been observed to form from solutions containing only
alkylammonium halides and tin(m) [or lead(11)] iodide, without
the presence of the iodoformamidinium cation (or some other
similar structure-directing species). Apparently, the specific
molecular features of the iodoformamidinium cation favor the
(110)-oriented rather than the (100)-oriented framework. These
features include the fact that the iodine on the iodoformamidin-
ium cation completes a 12-fold coordination sphere around
the methylammonium cations within the perovskite sheets.
Also, the iodoformamidinium cations form hydrogen bonded
“chains” down the channels provided by the (110)-oriented
perovskite surface (Fig. 13). The selectivity of certain organic
cations toward the formation of specific orientations of
the layered perovskite framework therefore provides a useful
opportunity to control this crystallographic orientation.

The m =2 (110)-oriented perovskite framework (Fig. 13)
is composed of an extended two-dimensional network of
corner-sharing metal halide octahedra. For m >2, as for
the (100)-oriented layered perovskite family with increasing n,
the inorganic framework becomes progressively more three-
dimensional. For the tin(i1) compounds this increase in effective
dimensionality is reflected in the electrical transport properties,
as the materials become progressively more conducting with
increasing m.” For m = 1, the 2-D extended perovskite frame-
work breaks down into layers of one-dimensional (1-D) chains
of corner-sharing metal halide octahedra (Fig. 12).° The
reduction of effective dimensionality in the m =1 system is
reflected in the optical absorption spectrum for the material,
which is shifted to higher energy relative to the two-dimensional
(m>1) systems.” The [NH,C(I)=NH,],(CH;NH,),.Sn,.1;,..»
family (which can be generalized to other metal halides) there-
fore enables the effective dimensionality of the inorganic
framework to be varied from 1- to 2- to 3-D, all within a single
structural family.

The idealized m = 1 structure from the [NH,C(I)=NH,],(CH;-
NH,),.Sn, I, . , family (Fig. 12) has methylammonium cations
separating the Snls*~ chains, in what is left of the perovskite
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Fig. 14 Comparison of two m =1 structures, [NH,C(I)=NH,],ASnIj,
viewed down the a axis (i.e. parallel to the Snls®~ chains).”" The
A = iodoformamidinium structure (a) crystallizes in a monoclinic
(P2/c) cell with a = 6.4394(4), b=20.069(2), ¢ =18.722(1) A, and f=
92.822(6)°. The corresponding material with A = formamidinium
(b) adopts a triclinic cell with the lattice constants a=6.3635(3),
b=8.8737(5), ¢=10.8782(6) A, a=111.616(5), f=92.938(4), and
7 =95.358(4)°. In (c) the Snls*~ chain structure for the A =iodoform-
amidinium compound is shown extending along the a axis. The shorter
Sn-I bonds are drawn as filled (or black), whereas the longer 3.484(1) A
Sn—1I bonds are drawn as narrower and unfilled.

sheets. While there has been some evidence that this compound
can be crystallized from solution, higher quality crystals have
been grown when the methylammonium cation is replaced by
the larger formamidinium or iodoformamidinium cations.**"*
The 1-D systems can then be expressed, [NH,C(I)=NH,],ASnl,
with A = NH,C(I)=NH,* or NH,CH=NH, " (similar materials
have been made with Pb replacing Sn). Both materials share
very similar gross structural features (Fig. 14). However, the
distinct unit cells and especially the characteristic colors
(orange-yellow for A =iodoformamidinium versus dark red for
A = formamidinium) hint at differences in local tin(11) coordin-
ation in the two structures.

For A =iodoformamidinium the tin(1r) ion is surrounded by
six iodides in a highly distorted octahedral arrangement, with
bond lengths ranging from 2.957(1) to 3.484(1) A.® The longest
and shortest Sn—I bonds alternate down the length of the Snls*~
chain, thereby disrupting the continuity of the extended anion.
The Sn-I(1)-Sn angle of 177.30(5)° indicates that the inorganic
chain is close to being linear along the @ axis. The four terminal
Sn-I bonds, perpendicular to the chain direction, are inter-
mediate in length [3.110(2), 3.097(2), 3.267(2), 3.330(2) A]. For
A = formamidinium the tin(11) ions are coordinated by six more
equidistant iodides.”" In this case the Sn—I bond lengths alter-
nate between 3.210(6) and 3.154(6) A down the length of the
chain, resulting in a chain with substantially better connectivity
than for the A =iodoformamidinium system. The chains are
also closer to being perfectly linear, as indicated by the 179.4°
Sn—I(1)-Sn bond angle. Perpendicular to the chain the four
terminal Sn—I bond lengths are 3.153(8), 3.178(8), 3.140(8) and
3.159(7) A. The average Sn—I bond length for the A = form-
amidinium system, 3.166 A, is substantially shorter than for the
A =iodoformamidinium system, which has an average inter-
atomic distance of 3.202 A. The shorter average Sn—I bond
length and reduced Snlg octahedron distortion correspond to a
smaller band gap for the compound. The choice of “A” cation
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Fig. 15 Schematic representation of the (l111)-oriented family of
layered hybrid perovskites, A’,A, ;M X;, . ;. The layered perovskite
framework is derived from the 3-D perovskite parent compound by
(a) taking ¢ layers from along the (111) direction of the 3-D structure
and (b) alternately stacking these layers with organic cations.

can therefore be used to tailor the detailed chain structure and
band gap of the 1-D inorganic frameworks.

Recently, the compound [CH;SC(=NH,)NH,];Pbl; has also
been reported,” demonstrating that the m=1 framework
can accommodate other organic cations besides the iodo-
formamidinium cation. In contrast to [NH,C(I)=NH,];Pbl,
however, the inorganic chains are highly disrupted, with alter-
nating 3.037(2) and 3.882(2) A bridging Pb-I bonds down
the length of the chain. The Pbl, octahedra are sufficiently
distorted that an alternate description in terms of isolated Pbl;
square pyramids is perhaps more appropriate. The inorganic
framework in this compound might therefore be considered
intermediate between an extended 1-D and an isolated zero-
dimensional (0-D) system. The analogous chloride-based com-
pound, [CH;SC(=NH,)NH,]PbCl,-[CH;SC(=NH,)NH,]CI, has
a very similar structure, with however an additional organic salt
layer between each layer of inorganic chains.”

Other orientations of perovskite sheets besides the (100)- and
(110)-oriented varieties have also been reported, but are less
common. One possibility is the (111)-oriented layered perov-
skite family, A',A, M X;, 3, where A’ and A are organic
cations (Fig. 15). For ideal (111)-oriented slabs, each MXg
octahedron on the outer surface of a slab contributes three
halides to the terminating surface (i.e. an octahedron face). In
contrast, for (100)-oriented slabs (Fig. 11), the terminating sur-
face contains one halide from each octahedron (an octahedron
corner), and for (110)-oriented systems (Fig. 12), each octa-
hedron contributes two halides to the terminating surface (i.e.
an octahedron edge). Although not generally recognized as
such, several ¢ =2 examples of this family include (CH;NH;),-
Bi,Bry, [NH,(CH,;),];Sb,Cl,, and [NH(CHj;);];Sb,Cl,.*" In
each of these systems A’ and A can be the same organic cation
since the molecules are relatively small. Note also that in the
q =2 examples, in order to accommodate the A;M,X, stoichi-
ometry, the metal cation must be trivalent. In fact, in contrast
to the (100)-oriented and (110)-oriented families, A’',A,_;-
M, X;, ., and A AM,X;,.,, if A’ and A are monovalent
cations the A",A, ;M X;, . ; series requires a different average
metal valence for each ¢. So far, the (111)-oriented systems have
only been stabilized with relatively simple organic cations. An
interesting area of future research involves stabilizing higher-
order members of this family, as well as incorporating more
complex, perhaps functional molecules.
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Fig. 16 Crystal structure of the g =1 (111)-oriented system [(CHj;),-
NH,]SnCl,, viewed approximately down the @ axis.”® The structure
adopts an orthorhombic (Pmnn) unit cell with the lattice parameters
a=7.220(1), b="7.340(2), c = 14.446(3) A.

Note that for the (I111)-oriented family the g =1 member
actually consists of layers of isolated metal halide octahedra,
and can therefore be loosely considered a 0-D perovskite struc-
ture (Fig. 15). This is in contrast to the (100)-oriented family,
where the n =1 materials correspond to layered systems, and
the (110)-oriented family, where the m = 1 materials are chain-
like 1-D compounds. An interesting example is shown in
Fig. 16, where the tilt direction of each successive layer of
isolated SnCl¢*>~ octahedra alternates along the ¢ axis.”® With
the inclusion of the 0-D perovskite-related systems, it is there-
fore possible to control the effective dimensionality of the
inorganic framework over the range 0-D to 3-D by controlling
the thickness as well as the orientation of the perovskite layers.

5 Conclusion

Organic-inorganic perovskites combine, on a molecular level,
an extended inorganic framework with a network of organic
molecules. Distinct properties and functionality can be associ-
ated with the organic and inorganic structural components
independently, as well as with the interaction and interface
between the two components. In order to fully realize the
potential offered by perovskite systems, it is important to
understand and have the ability to control the structural char-
acter of both components of the hybrids. Given the steric and
ionic constraints imposed by the inorganic framework, several
guidelines have been outlined for designing organic cations to
fit within the structure. First, the molecule must contain tether-
ing cationic end groups (generally protonated amines), which
are able to effectively hydrogen bond to the anionic metal halide
framework. The molecules must also have a relatively narrow
cross sectional area so that neighboring molecules within the
organic layer do not sterically interfere. Finally, the organic
cations may contain functional groups that either stabilize or
destabilize the arrangement imposed by the inorganic frame-
work. Given these constraints on molecular size, shape and
functionalization, the perovskite organic cations are generally
protonated aliphatic or simple aromatic primary amines.
Recently, however, more complex oligomeric cations have also
been incorporated, including an example from the NH;(CH,),,-
T,(CH,),NH,** family, where T, represents an oligothiophene
chain consisting of n thiophenes.***® In these oligothiophene-
based structures the edge-to-face aromatic-aromatic inter-
actions and the rod-like character of the molecules help to
stabilize a layered perovskite structure.

The inorganic frameworks can template the conformation
and orientation of relatively simple organic cations (e.g



phenethylammonium), as well as more complex and functional
dye or oligomeric molecules. For the quaterthiophene-based
cation, AEQT, the inorganic framework helps to stabilize the
syn-anti-syn conformation, rather than the more common all-
anti conformation observed in a-quaterthiophene.’® The tem-
plating arises from hydrogen bonding interactions between the
cationic head group of the organic cation and the metal halide
framework, as well as from steric constraints imposed by the
inorganic arrays into which the organic cation must fit. The
inorganic framework can also be used as an atomic scale “work
bench” on which to perform photochemistry on reactive
organic molecules. One example of this is provided by the
topochemical photopolymerization of organic butadiene-based
cations constrained to certain configurations within layered
perovskite structures.*** In these systems the inorganic frame-
work can be used to control whether or not the molecules are
held in an appropriate configuration for the 1,4 addition
reaction to occur upon UV exposure.

The inorganic frameworks of the hybrid perovskites consist
of 0-, 1-, 2-, or 3-D networks of corner-sharing metal halide
octahedra, separated by organic cations. Just as the inorganic
framework can template the organic molecule, the organic
component of the structure also can template the inorganic
framework. One example of this is found in the metal-deficient
single-layer (100)-oriented perovskites, based on 2-D (M""),,,-
V(,,_z),,,Xf’ sheets, where V is a vacancy (usually left out of the
formula) and the metal cation valence, n, is greater than 2.4
While, in general, these structures are difficult to stabilize,
through the appropriate choice of a particularly stable organic
cation bilayer (e.g arigid, rod-like oligomer layer with substantial
edge-to-face interactions works well), the metal-deficient
layered structures can be formed. The ability to incorporate
non-divalent metal halide layers within the organic-inorganic
perovskite framework widens the range of possible inorganic
frameworks to explore, hopefully enabling new and useful
(e.g semiconducting, ferroelectric, optical, magnetic) properties
to be uncovered.

The most common organic-inorganic perovskites consist of
the single (100)-oriented sheets. By mixing appropriately chosen
short and long organic cations within the reaction, multilayer
perovskite structures can also be stabilized, as the organic cations
segregate onto separate layers of the hybrid structure. By con-
trolling the number of perovskite sheets between the organic
cation bilayers, the effective dimensionality of the inorganic
framework can therefore be tailored. Furthermore, while the
(100)-oriented family of hybrid perovskites are most common,
other orientations of the parent 3-D perovskite structure
can also be stabilized within the lower-dimensional perovskite
family (e.g (110)- and (111)-oriented systems). The different
inorganic frameworks can be templated by the appropriate
choice of organic cation (e.g iodoformamidinium cations for
the (110)-oriented family), as well as by properly selecting the
valence of the metal cation.

Finally, different organic cations substituted into a perovskite
family can have an important impact on the local coordination
of the metal halide octahedra and therefore on the physical
properties. One example of this is the [NH,C(I)=NH,],ASnI;
family, with A = NH,C(I)=NH," or NH,CH=NH,".*"! Both
materials share very similar Snl*~ chain-like structures. How-
ever, the A = iodoformamidinium system provides substantially
more distortion to the tin(1r) iodide octahedra and consequently
a larger band gap relative to the A = formamidinium system.
Presumably this control over coordination is provided by differ-
ences in hydrogen bonding between the two species within the
solid, as well as by the very different steric constraints imposed
by the two related cations. Other examples of structural control
are provided in the (RNH;),MX, family, where for a given
metal halide framework, MX,*", different R groups result in a
different degree of distortion of the M Xy octahedra making up
the framework.

Though the hybrid perovskites have been known for more
than 100 years,?® the recent developments discussed above have
enabled a wider appreciation of the structural issues within this
diverse family. While much still remains to be learned, the
process of designing and synthesizing new organic—inorganic
perovskites has begun to be transformed from a hit-or-miss
proposition to a field in which the term “structural engineer-
ing” is more appropriate. A particularly important aspect to
future hybrid perovskite research involves developing tech-
niques to more effectively model these and related systems, so
that structures and properties can reliably be predicted. As the
field continues to mature, it is expected that many interesting
new materials will be developed, potentially providing import-
ant opportunities for fundamental studies, as well as for
the development of organic—inorganic hybrid microelectronic
technologies.™®
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