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The incorporation of Cu,(CO,), clusters, built up from amino
carboxylic acid zwitterionic molecules, led both to the stabiliza-
tion of a layered hybrid perovskite, and to the formation of a
covalent bond pathway between adjacent perovskite layers.

The achievement of structural arrangements with a deliberately
designed architecture remains a difficult challenge for solid state
chemists. Nevertheless, the supramolecular approach, developed
for instance in the field of Metal—Organic Framework compounds
(MOFs), by using clusters as building blocks, leadsto the finding of
predictable topologies.r Also, in the field of organic-inorganic
perovskites, alayered structure can be predicted if suitable organic
cations are incorporated. Thus, starting from such cations, with an
ammonium moiety and a well-defined shape,2 many hybrids
consisting of perovskite layers alternating with organic sheets, with
the general formulas (RNH3z),M!' X4 or (NH3RNH3)M!'X 4 (in most
cases,M = Pb, Sn, Cu; X : 1, Br, Cl; R = akyl, phenyl or thiophene
derivative),23 have been synthesized in the past decade.

Extensive work has been recently devoted to semiconductive
hybrid perovskites based on iodostannate perovskite layers, used as
semiconducting channels in thin-film field-effect transistor
(TFTs).45 A high charge carrier mobility was evidenced (0.6 cm?
V-1 s1) in (CeHsCoHsNH3),Snl .5 which nevertheless remains
two orders of magnitude smaller than that observed in the
CH3NH3Snl, metallic 3D perovskite.® In order to improve this
charge carrier mobility or other semiconductive properties, severa
strategies have been considered, including a melt-processing
technique? rather than asol ution one, and the design of hybridswith
enhanced dimensionality, either multilayer perovskite material s3¢8
or compounds with short interlayer iodine-iodine contacts.®

In the search for new multifunctional hybrid perovskite com-
pounds, the use of zwitterionic amino-based molecules has not been
considered up to now, possibly due to the conditions for the
synthesis of hybrids which is often carried out in concentrated acid
aqueous solutions. Even so, such bifunctional organic entities
would be able to anchor the perovskite layer via the cationic
ammonium part in one hand, and able to complex a metal via the
anionic part on the other hand.

Herein, we report the preparation and the X-ray structura
characterization of the first organic—inorganic hybrid perovskite
incorporating zwitterionic molecules, and displaying a cluster
covalently linking adjacent perovskite sheets. Thetitle compound 1
combines dimeric units of copper atoms held on by four
carboxylate bridges belonging to —O,C—HCH,)s—NH3* zwitterionic
molecules, with lead bromide perovskite layers, the axia positions
of the dimeric units being coordinated by apical bromines of PoBr,
sheets.

Most crystals of ammonium based hybrids are synthesized from
concentrated acid aqueous solutions, especially to improve the
solubility of the halide salt.2 Thus, to keep the ~O,C—CH5)s—NH3z*
Zwitterionic state of 4-aminobutyric acid, only one drop of
concentrated HBr (about 20uL) was added to an aqueous solution
(20 mL) containing a mixture of 4-aminobutyric acid (0.655 mmol)
and copper(i1) bromide (0.327 mmol) in stoichiometric quantities.

T Electronic supplementary information (ESI) available: powder X-ray
pattern of blue-green sample of [Cu(O.C-(CH,)s-NH3]PbBr,. See http:/
www.rsc.org/suppdatalcc/b3/b316847f/
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A small quantity of PbBr, (0.031 mmol) was then added, leading to
its complete solubilization due to alarge excess of bromideions. A
slow evaporation of the clear blue solution, over a period of two
days at room temperature, gave rise to 1 before the complete
evaporation of water. The air-stable blue-green crystals, whose
sizesare up to (2 x 2 x 0.2) mm3 for the biggest ones, were then
collected by filtration, and washed with acetonitrile.

The layered crystal structure of 1 can be first described as
perovskite layers of lead(i) bromide octahedra, separated by
organic sheets, these last al so enclosing copper(i1) ions (Fig. 1).% In
fact, the zwitterionic molecules of 4-aminobutyric acid point their
ammonium parts towards the perovskite layers, whereas the
carboxylate parts act as ligands to complex copper atoms. Dimeric
units of copper atoms held on by four carboxylate bridges are so
defined between the perovskite layers. This well-known robust
Cu,(CO,)4 paddie-wheel cluster, encountered for instance in
hydrated copper acetate, has been extensively studied in copper
carboxylate complexes, especially for the metal-metal inter-
actions.10 More recently, an extensive work by Yaghi has been
devoted to the use of such carboxylate clusters as secondary
building units (SBUs) for the design of porous metal—organic
frameworks (MOFs).t Polytopic rigid carboxylate linkers ensure
the connection of SBUsin the structure, leading to the formation of
such open frameworks in MOFs. Here, the flexible carboxylate
ligands, also possessing ammonium units, lead to both the
formation of paddle-wheel clusters and the achievement of the
perovskite layers. A main interesting structural feature is that the
terminal ligands of the Cux(CO,), units are coordinated by apical
bromines of PbBr, sheets, finaly implying a Br—Cu—Cu-Br
covalent link between consecutive perovskite layers, and conse-
quently an increase of the dimensionality.

A view of the copper cluster together with linked |lead octahedra
are shown in Fig. 2a. Geometric characteristics of both copper and
lead coordination polyhedra are close to those quoted in the

Fig. 1 View of the layered structure of 1, showing perovskite layers (oneis
displayed as viewed along c)) connected by dimeric units of copper atoms
held on by four carboxylate bridges.
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Fig. 2 8) ORTEP plot of a part of the structure of 1 showing the copper
cluster connected to two lead octahedra via apical bromine atoms of the
PbBr, sheets. Selected bond lengths [A] and angles [°]: Cu-Cu 2.649(2);
Cu-011.969(5); Cu—02 1.957(5); Cu—03 1.9983(5); Cu—04 1.961(5); Cu—
Br4 2.643(1); Pb-Br4 3.103(1); Pb-Br2 2.871(1); Pb-Brequatoria 3.031
(average value); Cu—Cu-Br4 169.81(6); Cu—Brd—Pb 152.09(4); Br4—Pb—
Br2 169.03(3). b) Perspective view of a part of the structure of 1 showing
the connection of copper clusters to four adjacent lead octahedra, together
with the hydrogen bonding at the organic-inorganic interface (dashed
lines)). Except for two —O,C—~CH5)s—NHz* molecules, the propylammon-
ium units have been removed for clarity.

literature. Copper atoms are dlightly out of the sguare plane of
oxygen atoms, directed towards the terminal bromine atoms. Cu—-O
and Cu—Cu bond distance values (Fig. 2a) can be compared to those
foundin [CUz(Hzo)g(CH3COZ)4] -CH3;CO-H (1975 A and 2.617 A
respectively),11 or in [CuyBry(0O,C—CHy)s-NH2)4]Br, (1.973 A
and 2.653 A respectively),2 while Cu-Br4 distance (d = 2.643(1)
A) indicates a strong interaction between both atoms. For
comparison, Cu—Briemina bond distance evidenced in the last
quoted salt is 2.597(1) A, and in (CgHsCoH4NH3),CuBr,4,13 based
on copper(i) octahedra displaying a [4+2] Jahn-Teller effect,
d(Cu-Br) are found to be 2.435 A and 3.057 A for the equatorial
and axial bonds respectively (average vaues). The lead atom is
surrounded by a dightly distorted octahedral coordination of
bromide. The Pb-Br2 bond distance, Br2 being the free apical
bromine atom, appears shorter than the five other Pb-Br bond
distances (Fig. 28). The PbBrg octahedra define a well-ordered
perovskite layer which appears distorted owing both to hydrogen
bonding between the NH3* part of the molecules and bromide, and
to the structural constraint imposed by robust clusters. Never-
theless, distortions are not so important, as illustrated by the Pb—
Brequatoria—Pb bond angles of 163.56(3)° and 153.55(4)°.

Thefour copper cluster connected to four adjacent lead octahedra
of PbBr, sheets can be considered roughly related by a pseudo —4
symmetry axis paralld to the ¢ axis (Fig. 2b). The hydrogen
bonding provides two different situations. As encountered in
organic—inorganic perovskites, only N—H---X (here, X = Br) are
foundfor N = N1 (N1-H---Br1: 2.58 A; N1-H---.Br4: 2.47 A). For
N = N2, one oxygen atom belonging to a carboxylate group also
participates in the hydrogen bond network (N2-H---.03: 2.09 A;
N2-H---Br2: 255 A). Finaly, it must be noted that the
replacement of the four carbon chain of butyric acid molecules by
shorter or longer chain molecules in hybrids, would certainly
modulate the distortions of perovskite layers, if formed, the
hydrogen bond network, or the tilt angle of copper clusters related
to the perovskite sheets.

In conclusion, we have prepared and structurally characterized
an organic-inorganic perovskite based on 4-aminobutyric acid
zwitterionic molecules, displaying Cu,(CO,), paddie-wheel clus-
ters which connect adjacent PbBr, perovskite sheets. This molec-
ular approach opens interesting perspectives to achieve new Snl,
based materials with enhanced mobility properties, by selecting
suitable entities able to be covalently linked to perovskite layers or
able to covaently link adjacent perovskite layers. On the other
hand, the incorporation of zwitterionic molecul es opens the way to
a new class of perovskite based multifunctional materials, and
many compounds may be imagined, for instance displaying a
bidimensional inorganic subnetwork templating by the anionic
parts. Work in these directions is in progress.
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