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Crystal Engineering of a Two-Dimensional Lead-Free
Perovskite with Functional Organic Cations by Second-

Sphere Coordination

Daniele Cortecchia,™ < Cesare Soci,™ Massimo Cametti,'” Annamaria Petrozza,*® and

Javier Marti-Rujas*®

Hybrid lead halide perovskite semiconductors are attracting in-
creasing attention for applications in optoelectronics. However,
the high lead content calls for the development of greener
and smarter alternatives through crystal engineering. This is
extremely challenging since the use of functional cations often
results in the disruption of the metal halide framework. Here
we show the rational design of a new lead-free, copper-based
hybrid perovskite following a second-sphere coordination ap-
proach. Our synthetic strategy allows the incorporation of an
organic cationic fluorophore within the two-dimensional Cu—Cl
framework of a layered copper perovskite. The functionaliza-
tion results in a moisture-stable and near-UV/blue-emitting
copper perovskite. Along with the possibility of extending the
emission in the visible range by further synthetic design, our
approach paves the way for the development of a new class of
Pb-free perovskites with potential applications in solid-state
lighting.

Over the last four years, lead halide hybrid perovskites have
been attracting major interest for applications in photovoltaic
energy conversion,!"! photodetection and light emission.” In
particular, light-emitting devices (LEDs),” field effect light-emit-
ting transistors (LE-FETs)™ and tunable lasers®™ were realized re-
cently. Most of these technologies, however, rely heavily on
Pb-based perovskites, such as methylammonium lead iodide
(MAPDbI;) and cesium lead bromide (CsPbBr;), and due to the
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toxicity and strict regulations of lead-based products®™” their
commercialisation could be strongly hampered. For this reason
the development of alternative lead-free perovskites is impera-
tive.®

Copper-based layered perovskites, which are well known for
their ferromagnetic properties,”’ have been recently studied
for their piezochromism,"” as lithium cycling material in hybrid
electrodes"” and as sensitizers in solar cells."” While these
studies focused on transport and magnetic properties of the
metal halide inorganic scaffold, inclusion of functional organic
cations is also important in the design of new tailor-made
smart functional materials."® In this regard, pioneering works
have achieved efficient electroluminescence in two-dimension-
al (2D) lead perovskites combining the transport properties of
the metal halide framework with the optical properties of an
oligothiophene chromophore."*™ However, the use of bulky
organic building blocks represents a big challenge as the steric
hindrance is likely to disrupt the layered 2D structure of the
metal halide networks, resulting in perovskite structures with
different dimensionality, such as 1D or 0D.['®"7

Crystal engineering principles aim at the rational design of
solid materials by combining building blocks via self-recogni-
tion processes into new materials whose properties differ from
those of the starting components. Up to a certain extent, crys-
tal engineering allows the synthesis and the control of func-
tional properties of solid materials such as porosity, magnetism
and conductivity. The self-assembly of metal ions and organic
cations via second-sphere coordination involving reversible hy-
drogen-bonding interactions can be used to design new mate-
rials with functional properties."® Second-sphere coordination,
also known as outer-sphere coordination, refers to any inter-
molecular interaction with the ligands directly bound at the
primary coordination sphere of a metal ion."” Hence, first-
sphere ligands can form second-sphere adducts with virtually
the whole range of noncovalent bonding interactions, such as
coordination bonds, electrostatic, hydrogen bonding, halogen
bonding, charge transfer and van der Waals interactions. In
recent years, hybrid metal-organic materials self-assembled via
second-sphere coordination have shown potential applications
in gas adsorption,”>?" separation® and nonlinear optical
properties.*!

In this study, we apply crystal engineering through second-
sphere coordination interactions using charge-assisted hydro-
gen bonds to synthesise a new type of moisture-resistant
“green” copper-based hybrid metal-organic perovskite that in-
corporates an optoelectronically active organic cation. The so-
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lution-based synthesis is straightforward and can be carried
out in a short time. As opposed to standard perovskites, where
the cation has merely a structural function, the crystal engi-
neering strategy applied here allows incorporation of a func-
tional cation within the perovskite scaffold, conferring UV/blue
photoluminescence (PL) and improved moisture stability. Since
the synthetic design of the organic cation is flexible, the new
material is an ideal platform to achieve optical properties on
demand and has great potential as an alternative lead-free per-
ovskite for light-emitting applications.

Instead of using 4,4-bipyridine, which is known to form
a similar type of 2D perovskite-like structures,* we chose here
the organic building block 4,4'-(1,1-biphenyl-4,4'-diyldioxy)di-
aniline (L). This ligand, which has a rigid rodlike geometry (ca.
19 A length), can be considered to be composed of a conjugat-
ed oligoaromatic core (the biphenyl group) linked to two ani-
line anchoring units (Figure 1a). These end groups make the

(a) 7~

HCI; CuCl,
_—

[HoLJ[CuCl,]

Figure 1. a) Synthesis of the 2D perovskite using the organic building block
L and CuCl,. b) Photograph of perovskite 1 yellow powder and b) SEM pic-
ture of a cluster of perovskite microcrystals showing the platelike crystal
shape (scale bar=5 pm).

ligand ditopic and increase its hydrophobicity since the aro-
matic units balance the hydrophilicity of the amino groups. In
addition, the ether bridges and the biphenyl core contribute
to the torsional flexibility of the bulky ligand which is accom-
modated in the final perovskite and stabilises the layered
structure. The single-crystal X-ray (SC-XRD) structure of L
shows the predisposition of the ligand in the crystal packing in
terms of both C—H--m and &7 stacking interactions, and the
hydrophilicity endowed by the amino groups which coordinate
water molecules in the hydrated structure (Figure S1 in the
Supporting Information).

When the preformed organic salt [H,LICl,"** (Figure S2) was
reacted with CuCl, in acidic (i.e., HCl) DMSO solution under
ambient atmosphere, a fine yellow powder was instantly ob-
tained (Figure 1a, b). Scanning electron microscopy (SEM)
images show that microcrystals with a platelike shape formed
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(Figure 1c). Single crystals of micrometric size were structurally
characterized by single-crystal X-ray diffraction (SC-XRD), con-
firming the formation of the hybrid 2D perovskite with formula
[H,LI[CuCl,] (1).

In the structure, in the asymmetric unit there is half cation
and half [CuCl,]*~ anion, and there is no solvent included. The
two amine groups in the organic cation are protonated and
act as hydrogen-bond donors. By means of second-sphere co-
ordination interactions, the organic ammonium groups interact
with the [CuCl,]*" metal ion via three N—-H*--Cl~ charge-assist-
ed hydrogen bonds with N—C| distances ranging from 3.174 A
to 3.282 A and N-H™--CI~ angles going from 145° to 169°,
forming a well-defined organic layer (Figure 2a). The molecular
packing in the hybrid material induces a nearly perfect planar
conformation of the biphenyl (torsion angle=2.718%), which
allows the maximum electronic delocalization between the ad-
jacent aromatic rings.”*®

Regarding the inorganic part of the structure, [CuCl,]*~ units
are arranged by alternating Cu--Cl—Cu bridges which ultimate-
ly forms an infinite 2D layer extending along the bc plane
where each Cu" center adopts an octahedral coordination ge-
ometry, distorted by an evident Jahn-Teller effect. In fact, the
Cu—Cl1 distances are 2.284 A, 2.283 A and 2.293 A, while the
longest one is the Cu—Cl2, 2.884 A. The two longest distances
correspond to the chloride-bridged Cl-u-Cl bond. An important
aspect is that the 2D perovskite can also be prepared as pow-
ders homogeneously. The X-ray powder diffraction pattern of
the bulk powder is the same as that simulated from single-
crystal X-ray data indicating that the powder material has the
same structure as the single crystal (Figure S3a).

Interestingly, the N—H*--Cl~ charge-assisted hydrogen bonds
are strong enough to overcome the hydrogen bonding with
water molecules (observed in the free ligand L, Figure S1)
yielding a completely water-free material. The second-sphere
interactions, together with the aromatic character of the
ligand, contribute to strongly protect the final material against
moisture, which is generally detrimental for the stability of the
hybrid perovskite.”” Moreover, as observed in other isostruc-
tural Pb-based compounds, the intrinsic layered structure of
the 2D perovskite contributes to further obstruct water diffu-
sion in the material as compared to the standard 3D perov-
skites.” Indeed, this was confirmed by exposing the perov-
skite powders to air for one month, which did not cause signif-
icant changes in the powder X-ray diffraction pattern of the
material (Figure S3).

The observed octahedral distortion is in agreement with the
Cu’* electronic configuration 3d° (t,,°;), which is particularly
prone to undergo Jahn-Teller distortion in an octahedral crys-
tal field. The coordination complex [CuCly*", with distorted oc-
tahedral coordination, is therefore characterized by a series of
d-d transitions based on Cu®>" (Figure 3a,), giving rise to
a broad absorption band in the near-infrared region (NIR) be-
tween 8000-1600 cm ™" (625-1250 nm; Figure 3 b).

Analysis of this broad band by principal-component fitting
yields the contributions of three components. These bands,
peaking at 10893 cm™', 12281 cm™ and 13286 cm™' are as-
signed to the electronic transitions Cud,, ,—Cud,._,,
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Figure 2. a) Crystal structure of the 2D hybrid perovskite 1 showing the lay-
ered nature. b) Enlarged view of the layered nature of the inorganic part of
the second-sphere adduct. c) Detailed view of part of the structure of

1 showing the second-sphere charge-assisted hydrogen-bonding interac-
tions (shown as black dashed lines9 established among the NH;* groups
and the chloride ligands in the first sphere. Colour code: carbon (orange);
oxygen (red); nitrogen (blue); copper (brown); chloride (green); hydrogen
(white).

Cud,,—Cude o, and Cud,—Cud. .,"** respectively, in
agreement with the orbital energy levels of a d° configuration
in octahedral field (Oh) and z-out distortion (D,;,) (Figure 3a).
Accordingly, the coordination complex [CuCl]*~ shows a split-
ting of the e, levels A,=10893 cm™', 10Dg=12281 cm™' and
crystal  field  stabilization energy CFSE=0.6x10Dg=
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Figure 3. Optical characterization of 1 in the NIR region. a) Schematic energy
diagram for a distorted octahedral coordination (D4h symmetry) and corre-
sponding allowed electronic transitions. b) Details of d-d transitions in the
range 8000-1600 cm™~' (625-1250 nm) and principle-component fitting
showing the three electronic transitions contributing to the broadband NIR
absorption in 1.

88.1 kJmol™', which is in agreement with the values previously
reported for similar hybrid copper perovskites."*?

The presence of the optoelectronically active building block
H,L2* in the structure of the 2D perovskite prompted us to
study the photoluminescence properties of 1. Figure 4a shows
the transformed Kubelka—Munk function F(R) obtained from
the powder reflectance R according to the equation F(R)=
(R—1)%/2R (Figure S4, Supporting Information), which gives
a spectrum proportional to the absorption coefficient of the
material. The spectrum of the 2D perovskite 1 features two
main absorption bands: one below 350 nm and a second
peaking at 380 nm, with a shoulder at 440 nm. The latter, with
a direct bandgap of 464 nm (2.67 €V, Figure S4d, Supporting
Information) can be attributed to ligand-to-metal charge-trans-
fer (CT) transitions, in agreement with similar copper perov-
skites.'>3%31 Sych CT states occur between the first-sphere co-
ordination ligands (Cl) and the highest antibonding of the d
orbitals based on copper, and can be expressed as Cl po—
Cud,_,. and Cl pt—Cud,._,.. Conversely, the higher energy
band fits well the absorption of [H,LICl,, with a band gap of
326 nm (3.80 eV, Figure 4a and Figure S4b, Supporting Infor-
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Figure 4. a) Transformed powder reflectance spectrum of the organic salt
precursor [H,LICl, (red) and 1 (black). Photoluminescence properties of

b) [H,LICl, and c) 1: photoluminescence (PL) spectrum at Ao =280 nm
(green) and photoluminescence excitation spectrum (PLE) at Ap,op. =360 nm
(blue). d) Chromaticity coordinates (CIE 1931) of [H,L]Cl, and 1.

mation), and can be assigned to electronic transitions in the
organic component.

Moreover, [H,LICl, shows bright photoluminescence peaking
at 343 nm, with full width at half maximum (FWHM) of 45 nm
and a Stoke shift of 17 nm (Figure 4b), in good agreement
with the fluorescence of biphenyl and biphenyl deriva-
tives.2>33343% |nterestingly, the photoluminescence properties
of the organic ligand are retained upon self-assembly of the
perovskite framework: at an excitation wavelength of 280 nm,
the hybrid perovskite 1 shows fluorescence with 4,,,,=336 nm
(Figure 4c). This emission is largely blue-shifted compared to
the perovskite CT transitions, and therefore cannot be associat-
ed to emission from the perovskite band-edge (464 nm).

On the other hand, the excitation spectrum (A, =360 nm)
of the perovskite (Figure 4c) perfectly matches the excitation
spectrum of the organic salt [H,LICl, as well as its absorption
spectrum (Figure 4a, b), indicating the successful functionaliza-
tion with the organic cation. The slight blue shift (7 nm) and
narrowing (FWHM decrease of 9 nm) of the emission band in
the perovskite may be attributed to the different packing of
the H,L>" cations in the constrained perovskite lattice. In fact,
the molecular packing was found to vary in the three crystals
based on the L ligand (Figure S4, Supporting Information). This
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involves slight differences in the torsion angle of the biphenyl
(with consequent change in electronic delocalization) and
modifications in the intermolecular forces holding the crystal
(C—H--mt and = stacking interactions), which are likely to
affect the collective excited state of the resulting solid.

The emission spectra of both the materials contain a visible
component giving a nearly pure blue colour with CIE coordi-
nates (0.148; 0.099) for [H,LICl, and (0.125; 0.155) for the per-
ovskite 1 (Figure 4d and Figure S6). However, the main emis-
sion of the perovskite 1 falls in the UV-A range (A.,=320-
400 nm), which is a challenging spectral region to cover with
traditional semiconductors; this region is currently reached
with AlGaN quantum wells (., <365 nm)®? and nanostruc-
tured ZnO in the near-UV/blue region.®” Ultraviolet LEDs are
typically fabricated with these materials for applications in
high-density information storage, chemical biological analysis,
or combined with phosphor mixtures to generate white light
with high CRI (colour rendering index) values suitable for
indoor applications.?****? While the luminescence properties
of 1 are potentially suitable for such a down-conversion ap-
proach, the possibility of selectively introducing the organic
cation also allows the tuning of the optoelectronic properties
of the hybrid material with the possibility to span across the
visible spectrum, increasing its relevance for applications in
solid-state lighting. For example, the biphenyl could be easily
functionalized with nitro and sulfonate groups to modulate its
luminescence, or the conjugation could be increased by in-
cluding carbazole and anthracene derivatives, placing 1 as the
first member of a big family of functional hybrid, lead-free per-
ovskites.

In summary, we have shown the rational synthetic design of
a new hybrid copper perovskite through a second-sphere coor-
dination approach. The new layered material 1 is based on
4,4'~(1,1'-biphenyl-4,4'-diyldioxy)dianiline as an organic building
block and combines for the first time a two-dimensional
copper chloride framework with an optoelectronically active
bulky cation, achieving near-UV/blue photoluminescence and
moisture resistance in the resulting hybrid. This study paves
the way for the development of a new class of lead-free hybrid
perovskites incorporating functional cations and allowing the
tuning of optical properties through synthetic design by ex-
ploitation of second-sphere coordination interactions. These
characteristics make hybrid functional copper perovskites a val-
uable alternative to Pb-based perovskites, with great potential
for applications in solid-state lighting.

Experimental Section

Single-crystal X-ray diffraction experiments were carried out with
a Bruker X8 Prospector APEX-II/CCD diffractometer equipped with
a focusing mirror (Cu Ka radiation, A =1.54056 A).

Single-crystal XRD data for L: C,,H,N,0;, M,=384.42, monoclinic,
P1, a=5.6806(6) A, b=7.9232(8) A, c=21.668(2) A, a=93.567(7)°,
B=97.413(7)°, y=90.187(7)°, V=965.16(17 A>, T=296(2) K, Z=2,
Peaca=1.323 gcm ™, 3331 reflections measured, 2542 independent
reflections, 262 parameters, 0 restraints, 2.060° < 6 < 66.367°, R, [I>
20())1=0.0845 and wR? [I>20(/)]=0.2909.
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Single-crystal XRD data for [H,LICl,: C,gH3,CLN,S,, M,=597.58, tri-
clinic, P1, a=5.6713(5)A, b=8.2899(7) A, c=15.9733(14) A, a=
85.385(7)°, $=81.832(7)°, y=78316(6)°, V=72692(11) A, T=
150Q) K, Z=2, Peaca=1.365gcm™>, 2459 reflections measured,

2107 independent reflections, 175 parameters, 0 restraints,
2.799° < 0<66.017°, R, [I>20()]1=0.0354 and wR’ [I>20()]=
0.0935.

Single-crystal XRD data for 1: C,,H,,Cl,Cu;N,0;, M,=575.78, mono-
clinic, P21/c, a=23.499(4) A, b=7.4335(12) A, c=7.0455(10) A, p=
97.462(12)°, V=122028(34) &%, T=296)K, Z=4, pPoau=
1.567 gcm 3, 2128 reflections measured, 1471 independent reflec-
tions, 152 parameters, 0 restraints, 6.249° <60 <66.637°, R, [I>
20(/)1=0.0986 and wR? [I>20()]=0.2641.

CCDC 1484918, 1484919, and 1484920 (for L, [H,LICl,, 1) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by The Cambridge Crystallographic
Data Centre. Supporting Information contains additional crystallo-
graphic data and photophysical characterization.
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COMMUNICATIONS

Functional cations: A new two-dimen-
sional Cu perovskite containing an op-
toelectronically active organic cation
(orange in the figure) has been synthe-
sized using second-sphere coordination
interactions. The material shows near-
UV/blue photoluminescence and is
stable for months under ambient condi-
tions.
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