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Optical and magnetic characterization of
one-dimensional Cu(i)-based perovskite: a high
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A one dimensional copper(i)-based perovskite, (CsHgN3)[CuCls], was successfully synthesized. XR-
diffraction demonstrates that the mineral framework of this perovskite is formed by infinite needle-like
chains [CuClsls, where each Cu?* ion, with its [4+2] coordination sphere, adopts a nearly tetragonal
symmetry. The simultaneous TGA/DSC analyses demonstrate the stability of the material at ambient
temperature and up to 130 °C. The convergence of the optical experimental results and the theoretical
DFT calculations of the electronic structure demonstrates the semiconducting character of the
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synthesized compound with an experimental direct band gap energy of 2.21 eV. The optical analysis
shows that a cooperative Jahn—Teller effect is manifested around the copper ions. Both ligand to metal
charge transfer (LMCT) transitions and crystal field transitions (d—d) make the material suitable for green
solar cell applications. The magnetic properties of (CsHgN3)[CuCls] can be described by a model of
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Introduction

Since 2009, three dimensional (3D) lead halide perovskites that
are derived from the parent structure ABX; (with A = CH3NH; or
HC(NH,),; B = Pb and X = Br, Cl, or I) have attracted significant
attention in the photovoltaic (PV) solar cell (SC) community">
In particular, CH;NH;Pbl; and CH3;NH;PbBr; result in high
performance in SCs due to their simplicity of deposition and
semiconducting properties with high electron-photon conver-
sion efficiency (EPCE) reaching 3.8% for CH;NH;PbI;." Unfor-
tunately, the application of Pb-based perovskites in SCs suffers
from the limitation of their commercialization because of the
use of the environmentally, as well as health, hazardous lead.?
In addition, lead halide perovskites are thermally unstable and
have shown high degradation under real-world conditions; they

“ Laboratory Physico Chemistry of the Solid State, Department of Chemistry, Faculty
of Sciences of Sfax, Sfax University, Tunisia. E-mail: houcine_naili@yahoo.com
b The University of Western Australia, Faculty of Sciences, School of Molecular
Sciences, 35 Stirling Highway, Crawley, Perth, Western Australia 6009, Australia
°PJ. Safdrik University in Kosice, Faculty of Sciences, Institute of Physics,
Park Angelinum 9, SK-041 54 Kosice, Slovakia
4 Computational Laboratory for Hybrid/Organic Photovoltaics (CLHYO), Istituto
CNR di Scienze e Tecnologie Chimiche ““Giulio Natta” (CNR-SCITEC),
Via Elce di Sotto 8, 06123 Perugia, Italy
¢ Physics Department, College of Science, Jouf University, Sakaka 2014,
Saudi Arabia. E-mail: naalthubiti@ju.edu.sa
+ Electronic supplementary information (ESI) available. CCDC 1897590. For ESI and
crystallographic data in CIF or other electronic format see DOIL: 10.1039/d1tc04336f

17158 | J Mater. Chem. C, 2021, 9, 17158-17166

S = 1/2 antiferromagnetic dimers with exchange interaction J/kg = —122.7 K.

must be protected from oxygen and moisture.”> Nowadays, the
increasing exigency in the environmentally friendly energy
conversion devices has led to the advancement of lead-free
perovskite SCs. Theoretical studies on the electronic properties
of Pb-based perovskites have shown that their electronic struc-
ture and the existence of the dormant 6s orbitals are accoun-
table for the PV performance. So, an effective strategy to achieve
non-hazardous SC devices is the substitution of the Pb ions by
other cations that comprise the dormant s orbitals, such as
Ge*', sn**, Bi**, and Cu®".°° Despite their promising EPCE of
13%,8 comparable to Pb-based SCs, the Sn-based devices exhi-
bit instability because of their oxidation and ambient
hydrolysis.'® Due to their smaller atomic radius than that of
Pb, the application of transition metals to substitute Pb led
towards the stabilization of two-dimensional hybrid perovskites
(RNH;),MX,." "2 This reduction of the dimensionality from 3D
to 2D generates major changes in the optical, magnetic and
dielectric properties due to the multi-quantum electronic struc-
ture of 2D perovskites."® A typical two dimensional perovskite
exhibits a value of excitonic binding energy up to 300 meV and
its large band gaps make it suitable for light emitting devices."*
In the last years, Cu-based low dimensional perovskites have
been extensively studied due to their high piezoelectric as well
as ferro/antiferromagnetic responses.’>” Recently, Cu-based
2D perovskites have demonstrated their performance as alter-
native to Pb-based absorbers in SCs. In 2016, D. Cortecchia
et al. studied the optoelectronic properties of a series of
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MA,CuCl,Br,_, layered perovskites, which are characterized
with gap energies ranging 2.8 and 3.1 eV, and proved their
performance for green SC applications with a low power con-
version efficiency (PCE) reaching only 0.017% with MA,CuCl,.°
This very low efficiency was related to the low absorption
coefficient in the visible region, and authors revealed that the
integration of aromatic organic cations with transition metals
in the low dimensional perovskites will improve their PV
performance compared to MA,CuCl,Br,_,. This prediction is
proved by the reported C¢H,NH,CuBr,I which exhibits a PCE of
0.5%."® In a report by Cui et al. a PV device based on (p-F-
Ce¢HsC,H,NH;),CuBr, perovskite, with band gap energy of
1.74 eV, revealed a PCE of 0.51%.'° Moreover, low-
dimensional Cu-based metal halides have recently attracted
great attention due to their excellent good stability under
ambient conditions.>**?* The two-dimensional layered
(C¢H5CH,NH3),CuBr, perovskite, investigated for SC applica-
tion with a PCE of 2.0%, is humidity-stable, heat-stable, and
ultraviolet (UV) light-stable.”® Recently, K. Ahmad and S. M.
Mobin have employed high water-stable (Cu)-based perovskites
(CeH4NH,CuBr,I and C¢H,NH,CuCl,I) as light absorbers for
the development of Pb-free PSCs.>* Most two dimensional Cu-
based perovskites showed a green emission band around
500 nm. A. Elseman et al. developed (CH3NH;),CuX,-based
perovskite SCs and indicated that (CH3;NHj;),CuCl, presents
photoluminescent properties.>® Then, R. Valiente and F. Rodri-
guez have commented this work and demonstrated that this
material does not show any photoluminescence under UV-
excitation and that this is extended to all others copper(u)
based 2D perovskites previously studied.>® In fact, the d-d
transitions improve visible light absorption and enhance
PCE.?° Hence, the use of Cu(u) blocks the photoluminescence
mechanism, thanks to the d-d electronic transitions within the
Cu*" cation. Recently, a 1D Cu-based perovskite (CsHy4N,)
[CuCl,], characterized with an energy gap of 2.56 eV, has been
developed by our group as a light absorber material for SC
applications.>” In the present work, a novel low dimensional
lead free perovskite, (CsHgN3)[CuCl;], is synthesized for green
SC applications.

Experimental section
Materials

Given the importance of obtaining high quality crystals, all the
employed chemicals and reagents were received from commer-
cial sources (Sigma-Aldrich). CuCl,-2H,0 (99.999%) and
CsH;N; (97%) were used without further purification. Hydro-
chloric acid (HCI) and distilled water were introduced into this
synthesis.

Synthesis

(CsHgN3)[CuCl;s] was prepared via slow evaporation technique
at room temperature. 0.2 mg of 2-Amino-4-methylpyrimidine
was dissolved in 5 ml of distilled water; hydrochloric acid (HCI)
(pH = 2.5) was added drop by drop to the solution and stirred
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Fig. 1 (a) Microscopy image of the microcrystals (scale bar, 25 pm) and
(b) perspective view of the structure of (CsHgN3)[CuCls].

with 5 ml of solution containing 0.17 mg of CuCl,-2H,O until
the solution became clear. The mixture was stirred for
30 minutes using a magnetic stirrer and slowly evaporated at
room temperature. Green single crystals, with suitable dimen-
sions for crystallographic study, were collected after a few days.
The microscope image in Fig. 1(a) shows the morphology of the
crystals.

Instruments

The FT-IR spectrum was obtained using a PerkinElmer 1600FT
spectrometer with frequency in the range of 500 and 4000 cm ™"
by producing on a pressed pellet of the powdered sample
dispersed in KBr at room temperature. The UV-Vis-NIR diffuse
reflectance spectrum was recorded at room temperature using a
Varian Carry 5000 spectrophotometer. TGA-DSC measure-
ments (10.416 mg sample) were performed using a Mettler
Toledo TGA/DSC1 1100 system with a UMX1 balance, in a
hermetically sealed capsule under thermal recording condi-
tions at a heating rate of 10 K min~" between 40 °C and
800 °C, and an argon flow of 20 ml min~"'. The magnetic
properties were measured using a Quantum Design MPM3
magnetometer on a nascent polycrystalline sample held in a
gelatin capsule. The diamagnetic contribution of the capsule,
core diamagnetism estimated using Pascal’s constants, and
typical temperature-independent paramagnetism were sub-
tracted from the measured data.

X-ray diffraction analysis

Data of (CsHgN3)[CuCls] were collected using an Oxford Gemini
S diffractometer with Mo K,, radiation (2 = 0.71073 A) at 125 K.
The molecular structure was solved by direct methods using
SHELXS-13%® and refined by full-matrix least-squares proce-
dures on F* using SHELXL-13.>° A summary of the important
crystallographic data, data collection and refinement details is
presented in Table S1 (ESIt). Two main domains were present
in the used crystal and hence, two-component twin integration
was carried out resulting in a BASF of 0.5967. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
placed in calculated positions and constrained to ride on their
parent atoms with Ujso(H) = 1.2 Ugq(C) and a X-H distance of
0.93 A for aromatic (X = C, N), Uiso(H) = 1.5 Ueq(C) and a C-H
distance of 0.96 A for methyl, and Uiso(H) = 1.2 Ueg(C) and a
N-H distance of 0.86 A for the NH,~H atoms. The latter was
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treated as a terminal CH, group in order to reduce the number
of parameters in the non-centrosymmetric space group.

Computational details

Electronic structure investigation. All calculations have been
performed using the Quantum Espresso program package.*
Geometry optimization was carried out by keeping the experi-
mental cell parameters fixed and relaxing only the atomic
positions using the PBE exchange correlation functional®'
and a 2 x 2 x 2 k-point mesh grid. The core-valence electron
interactions were described using ultrasoft pseudo potentials
(shells explicitly included in calculations: Cl 3s3p; N, C 2s2p; H
1s; Cu 3s3p3d4s) and a cutoff on the wavefunctions of 25 Ryd
(200 Ryd on the charge density). For simulating the electronic
structure, a single point calculation on the relaxed geometries
has been carried out using the HSE06 functional,®*a 2 x 1 x 1
k-point mesh grid and a cutoff on the wavefunctions of 70 Ryd
(280 Ryd on the charge density). For the hybrid HSE06 calcula-
tion, we adopted scalar-relativistic norm-conserving pseudo
potentials with electrons from H 1s; C 2s2p; N 2s2p; Cl 3s3p;
and Cu 3s3p3d4s shells explicitly included in the calculations.

Magnetic simulation. The Broken Symmetry (BS) DFT
calculations®® were performed using the ORCA 5.0.0 computa-
tional package®* using the B3LYP exchange-correlation
functional.*® The exchange interaction was obtained using

Eys — Eps
($%) s —(S?)s
single-point approach (using the X-ray determined structure),
with a spin Hamiltonian in the form H-= 72]35315‘2. Relativistic
effects were taken into account by using the zeroth-order
regular approximation (ZORA)*”*® together with the corres-
ponding segmented all-electron relativistic contracted (SARC)
version of the triple-{ basis set Def2-TZVP**"*° for all atoms. All
calculations utilized the RI approximation, and the chain-of-
spheres (RIJCOSX) approximation to exact exchange'' with
appropriate decontracted auxiliary basis sets SARC/] and
Def2-TZVP/C.**** Integration grid DefGrid2 and tight SCF con-
vergence criteria were used.

the Yamaguchi formalism®® Jps = — from

Results
Description of the crystal structure

(CsHgN3)[CuCl;] crystallizes in the centrosymmetric space
group P1 of the triclinic system with Z = 2. All the measurement
conditions and crystallographic parameters are collated in
Table S1 (ESIt). The asymmetric unit consists of one CuCl;
inorganic fragment and one organic cation [CsHgN;]'. The
molecular crystal visualization, in Fig. 1(b), shows that the
structure is formed with infinite polymeric inorganic fragments
extended along the [100] direction. These inorganic chains are
separated by the organic protonated molecules. As described in
Fig. 2(a), the inorganic part of this structure is formed with
parallel slipped stacks of an edge-shared bis(square planar)
cluster [Cu,Clg]. Therein, the copper ions interact with the Cl1
atom of the above and the CI3 atom of the below-positioned
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Fig. 2 Detailed presentation of the inorganic polymeric fragment:
(a) description of the Cl and Cu ion environments, (b) geometric description
of the CuClg octahedron, and (c) view of a single [CuCls],. inorganic chain.

layers. Hence, the copper(u) coordination is transformed from
the square planar to the [4+2] coordination sphere where the
Cu** ions adopt a nearly tetragonal symmetry. The Cu®>" anion
is surrounded by one terminal chlorine p'-Cl2, two doubly
bridging p>~Cl1 and three triply bridging p*-Cl3 (see Fig. 2(a
and b)). The four equatorial Cu-Cl bonds have the values
2.269(2), 2.239(2), 2.294(2) and 2.310(2) A while the two axial
distances are 3.013 and 3.082 A. The distortion index (4) of the
[CuClg]*~ octahedron was calculated using eqn (1) and found to
be 2.06 x 10 2, being too close to that of (CsH;4N,)[CuCly],
which indicates that the hexa-chlorocuperate(n) octahedra are
highly distorted and that the Jahn Teller effect is arising around
the copper ions.

1< (d; — d)?
A—g;7< a) W

where d is the average value of the Cu-Cl distances and d; are
the six Cu-Cl distances.

The view of the inorganic part in Fig. 2(c) shows that the
mineral polymeric fragment is formed by two infinite strings
along the a-axis. Each string is formed with two opposed edges
shared CuCls octahedra. These strings are condensed together
through three p>~Cl ions in a way that each octahedron shares
four edges with four neighboring octahedra to form an infinite
needle-like chain [CuCl;]... The shortest intra-chain Cu-Cu
distance is 3.460 (2) A, while the two other contacts are about
3.9 and 4.05 A. The geometric data of the inorganic fragment
are tabulated in Table S2 (ESIf). 2-Amino-4-methyl-
pyrimidinium is observed in its N1-protonated form. The C-C
and C-N bond lengths do not allow for a distinction between
single and double bond and range within 1.325(11) and
1.397(12) A. These values are similar to reported structures,
e.g. [CsHgN;],CISbCl,-H,0 and CsHgN;H,PO..**** The short
distance of 1.299(11) A for the C1-N3 bond confirms the sp?
hybridization of the exocyclic N3 nitrogen atom. The reduced
basicity of the N3 nitrogen might favor the protonation at N1,
similar to the compounds reported in the literature.***° Within

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Hydrogen bond networks of (CsHgN3z)[CuCls] extended along
[-211]

the organic network, two pyrimidinium ions interact with each
other via hydrogen bonds between N3-H3NA and N3 with a
H3NA. - -N3 distance of 2.16 A. The organic cations are linked to
the inorganic polymeric fragments via the H- - -Cl bonds to lead
to a linear hydrogen bond network extending along [-211]
(Fig. 3). The geometric parameters of the hydrogen bonds are
collated in Table S3 (ESIt). The (CsHgN;3)[CuCls] structure is
considered as a 1D copper(u)-based perovskite.

Infrared spectroscopy

The infrared spectrum of (CsHgN;)[CuCl;] is based on the
comparison with those of similar compounds reported in the
literature, that contain the (CsHgN;)" cation.** Fig. 4 reports
the presence of different bands cited below.

Two important bands at 3310 and 3400 cm ™" are attributed
to the NH' vibrations due to the protonation of the amine. The
moderately intense bands appearing at 3175 and 3092 cm™*

100 T T T T

80 —

70 o

Transmittance (%)

60 -

— —_— —
4000 3500 3000 2500 2000 1500 1000 500
Frequency (cm)

Fig. 4 The infrared absorption spectra of (CsHgN3)[CuCls], dispersed in a
KBr pellet.
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correspond to the vy stretching vibration of the 2-amino-4-
methyl pyrimidine group. In addition, the band corresponding
to the d,, of (CH3) is found at 3002 cm ™. The asymmetric (V)
and the symmetric (vg) stretching vibrations of the NH, group
appear at 1563 cm ™~ ' and 1640 cm ™, respectively. The vibration
of the double bond (C=C) appears as two lines at 1450 and
1600 cm™". The peak at 1463 cm™ " is assigned to v¢_g. Also the
two peaks around 1343 cm ™ * and 1222 cm ™ * are attributed to
the C-N stretching vibration. Besides, the Off-plane deforma-
tion is displayed at 770 cm ™. Eventually, the peak centered at
682 cm ™ is relative to the stirring of NH,.

Thermal analysis

In order to analyze the thermal stability of the synthesized
compound, simultaneous TGA-DSC measurements were car-
ried out (Fig. 5). To simplify the description of the degradation
mechanism, we have chosen to discuss the decomposition of a
cluster, (CsHgN3),[Cu,Clg], containing two organic cations and
an inorganic Cu,Cls dimer. The Fig. 5 shows that the total
degradation of the title compound occurs in two stages. The
first one is observed between 150 and 449 °C and corresponds
to the departure of two organic cations. The second stage of
weight loss observed between 450 and 650 results from the
decomposition of the mineral moieties. As we can see in the
TGA curve, the decomposition of the organic moieties occurs in
three steps. As the degradation analysis is performed under O,
atmosphere, they can be attributed to the oxidation of organic
matter and the gaseous products that arise during thermal
decomposition. The obtained theoretical values suggest the
departure of the carbon atoms in two different steps. The first
step can be assigned to the oxidation of three carbons from the
ring with the elimination of CO, with mass loss of 11.84%
(theor. 12.86%). The weight loss of 11.82% corresponds to the
departure of the two remaining carbon atoms as CH, gas
(theor. 11.46%). The nitrogen atoms are probably oxidized into
NO, gas with weight loss of 13.8% (theor. 15%). During the

14
0 \11.84%(6C02) "
- 11.82% (4 CH,) || "

________ "13.8% | E

. (6 NO) g B
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ek (CuClg 4
+5/2Clz)'_2 =
201 [
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CuO |
0 T rr1—r7—7
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Fig. 5 Simultaneous TGA-DSC curves for the decomposition of the
(CsHgN32)2[Cu»Clg cluster.
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second stage of the degradation, the inorganic fragment Cu,Clg
is probably transformed into 2CuCl, after the departure of one
Cl,. As observed in the decomposition mechanism of CuCl,
solid under inert atmosphere,®® the CuCl,(s) decompose into
CuCl(s) at 455.5 °C with the departure of 1/2 Cl, and the
obtained CuCl(s) melt at the same temperature. Then, a part
of the CuCl(liq) evaporate at 488.5 °C. The comparison of this
mechanism with the experimental results suggests that the
decomposition of the inorganic network is done according to
the same mechanism up to the evaporation of a part of CuCl(l).
As the analysis is done under O, atmosphere, 10.76% of the
final decomposition product is the corresponding metal oxide
CuO (theor. 11.3%) obtained after the oxidation of the remain-
ing CuCl(l) and the elimination of 1/2 Cl,. Hence, the second
decomposition stage accompanied by a weight loss of 51.72% is
associated with the departure of CuCl(g) and 5/2 Cl, gases
(theor. 49.34%). This decomposition process is accompanied by
a large endothermic peak on the DSC curve at about 586 °C.

Optical properties

UV-Vis-NIR diffuse reflectance spectroscopy. Due to the
interactions between radiations and the sample, a part of the
incident beam will be absorbed, transmitted or reflected by
the sample. The absorption of radiation in the visible range,
from 400 to 800 nm, and in the ultraviolet range, between 190
and 400 nm,’* causes electronic transitions and thus
disturbances in the electronic structure of atoms, ions or
molecules. For analyzing the electronic transitions within the
structure, the Kubelka-Munk function (eqn (2)) is generally
used to obtain the optical absorption (OA) spectra from the

recorded diffuse reflectance.’>>?

F(R) = (1 — R)*/2R (2)

where R is the absolute reflectance of the sample and F(R) is the
so-called Kubelka-Munk absorption. The obtained OA spec-
trum, presented in Fig. 6(a), shows two broad bands where the
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intense one is located in the wavelength region below 550 nm
and the second band is observed around 803 nm.

Using the Tauc plot, the direct fundamental band gap,
which corresponds to electron excitation from the valence band
to the conduction band, was determined from the following
relation:>*

[Frm(R) x hv] = Ag(hv - Ep)"

where hv is the incident photon energy and A4, is a material
dependent constant and Ej is the optical band gap. The value of
n depends on the nature of transition. It can take the value 1/2
when the transition is direct and 2 when the transition is
indirect. As shown in the plot of [F(R) x hv]* as a function of
photon energy hv (Fig. 6(b)), the band gap was extracted from
the extrapolation of the linear part to the x-axis at [F(R) x hv]* =
0. The direct gap energy is found to be 2.21 eV which is smaller
than that of the one-dimensional (CsHy4N,)[CuCl,] (2.56 eV).””
As indicated in previously reported Cu-based materials,**>° the
most energetic band corresponds to ligand to metal charge transfers
(LMCT) from the p-orbitals of the Cl~ anions to the d-orbitals of the
Cu®" cations. The Gaussian fitting of the OA spectrum, plotted in
Fig. 7, shows that the material exhibits five LMCT transitions. The
lowest energetic band observed at 803 nm results from the crystal
field transitions (CFT) within the Cu(u) ions.”” The shift of these
transitions to low energy regions confirms the housing of the copper
anions within octahedral elongated sites with a tetragonal symmetry
Dyp,.”® This local deformation is the result of the high Jahn Teller
effect around the d(Cu)-orbitals. Fig. 7 shows that this broad-band
overlaps three d-d transition bands E1, E2 and E3 from the aq, by,
and e, orbitals to the highest energetic level b,g, respectively.”>
These bands are very intense, when compared to those of the one-
dimensional (CsHy,N,)[CuCly],”” so that they overlap with the LMCT
bands which make the material an excellent UV-Vis-NIR absorber
and suitable for use in SC photovoltaic devices. With reference to
(CsH14N,)[CuCly], we list in Table 1 the assignments of the peaks
observed below 550 nm to their corresponding LMCT transitions.

1.0,
(a) ()
500 -
400 -
o) o
S 2300
@ e
[T 200
100
Egd =221eV
0.0 . . : . ; ) 0 : ; . ; ; .
200 400 600 800 1000 1200 1 2 3 4 5 6

Wavelength (nm)

Photon energy (eV)

Fig. 6 Optical absorption spectrum (a) and Tauc plot of [F(R)*hu)? vs. hv (b).
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Fig. 7 Gaussian fitting of the OA spectrum of (CsHgNz)[CuCls].

Table1l Assignment of the observed LMCT transition (in nm) compared to
those of (CsHyaN,)[CuClyl 2

Observed transition in ~ Transition in

Assignment (CsHgN3)[CuCls] (CsH14N,)[CuCly]
Aoy (T +6) > by (F-y?) 448 418

e, (n+0) - big (x*9%) 406 381

by (M) = bag (x*57) 349 317

eu (T +0) > by (X*y*) 288 270

e (0+m) > by (%) 249 —

Ay (0 +m) — blg (xz_yZ) - 213

Computational modeling. DFT simulations have been car-
ried out to further analyze the structural and optical properties
of the (CsHgN3)[CuCl;] complex, see Computational Details.
Starting from the crystal structure, we carried out hybrid
geometry optimization obtaining a good agreement with the
experimental measurements. In particular we found the Cu-Cl
equatorial distance in a range of 2.25-2.29 A and the axial
Cu-Cl distance in a range between 3.07 and 3.11 A. Moving to
the analysis of the electronic properties, we have shown the
density of states (DOS) in Fig. 8. To further analyze the role of
the Cu coordination geometry and the organic cation in affect-
ing the electronic structure, we compare the DOS of the
(CsHgN3)[CuCl;] complex with that of the previously studied
(CsH14N,)[CuCly] species in ref. 27. Since Cu®" is expected to
show an unpaired electron, spin polarized calculations have
been performed and the relative contributions of the spin-up
and -down components are reported as positive and negative
values, respectively.

As we can see from the DOSs in Fig. 8, the calculated
HOMO,-LUMOg band gap of (CsHgN;)[CuCl,] is 2.5 eV and it
is 0.2 eV lower than the previous simulated band gap of
(CsHNy)[CuCly] (2.7 eV).*” Both calculated values slightly
overestimate the experimental measurements (2.21 and
2.56 €V,”” respectively) but calculation accurately reproduces
the relative difference.
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Fig. 8 DOS of (a) (CsHgN3)[CuCls] and (b) (CsH14N)[CuClyl.

The VB and CB nature of the two different species are
similar, and in particular, the main contribution to the VB is
associated with the Cl species mixed with a Cu contribution
while the first unoccupied band is mainly associated with Cu
with a lower Cl contribution.

However, the contribution of the organic molecules is
different. For the (CsHq4N,)[CuCl,] species the organic mole-
cules in green, see Fig. 8(b), show the intense signal of their
HOMO,, 3 eV below the VB edge and the signal of their LUMOg
6 eV above the VB edge of the systems. This is expected due to
the aliphatic nature of the organic cation. Moving to the
(CsHgN3)[CuCl;] species, the conjugated character of the
organic molecules induces a different alighment between
the inorganic and organic material partial density of states
(PDOS) contributions. In particular, in that case (Fig. 8(a)) the
organic contribution to the VB in green is close to the edges
lying only 0.5 eV below. A similar situation is retrieved for the
CB, where the organic contribution is 1.1 eV above the CB edge.
This role of the organic cation implies a higher electronic
coupling between the organic and inorganic frameworks of
(CsHgN3)[CuCl;] with respect to (CsH;4N,)[CuCl,] that could in
principle increase the electronic transport, charge transfer and
charge hopping upon photo-excitation, as already proposed in
our previous papers.’®
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Magnetic properties

The magnetic properties of (CsHgN;3)[CuCls] are governed by the
magneto-structural correlations within polymeric chains
formed by [Cu,Clg] units along the a-axis, separated by the 2-
amino-4-methylpyrimidinium cations, and this structural
motive resembles a frustrated spin ladder. The six chlorine
atoms in the structure octahedrally coordinate each Cu** ion.
The Jahn-Teller effect leads to the elongation of the octahe-
dron, as shown in Fig. 2(b). In this case, the single unpaired
electron resides in the d,. . orbital with its lobes oriented in
the equatorial plane of the elongated bipyramid. This configu-
ration leads to an effective overlap of the d,._,» orbitals between
the two closest Cu" ions with 3.46 A separation shown in Fig. 2,
and a strong exchange interaction is expected between them
(dimers forming ladder rungs). On the other hand, the inter-
action between these copper dimers is expected to be weak
along the a-axis. The exchange interactions can also be eval-
uated using the results of Hatfield and Hodgson et al.,>® who
studied a series of bichloride bridged Cu** dimers. The ratio of
the bridging Cu-Cl-Cu angle and the longer Cu-Cl distance
®/R correlate structural features with the expected exchange
interactions. Indeed, the parameter ®/R = 42.18 A~ corres-
ponding to a strong antiferromagnetic (AFM) exchange inter-
action of about —144 K is found for a Cu®" pair on the rungs.
For a pair of Cu®" ions along the legs of the ladder (separated by
a distance of 3.9 A), the parameter &/R = 31.4 A" and negligible
exchange interaction are expected. Two possible values of @/R,
31.3 A"' and 29.7 A™?, can be estimated for a pair of Cu*" ions
separated by the distance of 4.5 A (Fig. 2(c)) suggesting the
presence of a negligible or a weak AFM interaction of about
—10 K.

In addition, we have performed a simple BS DFT calculation
using the ORCA package with the B3LYP exchange-correlation
functional to estimate possible exchange interactions. A frag-
ment of the ladder structure was selected; non-magnetic Zn**
ions replaced all Cu®" ions except for two selected Cu®" ions in
the center of the fragment representing a pair for the BS DFT
calculation. For the rung exchange interaction a fragment of
3 rungs and for the leg and frustrating exchange interaction a
fragment of 4 rungs were selected as shown in Fig. S2 (ESIY).
The results are summarized together with magneto-structural
correlations in Table 2. The results clearly indicate strong AFM
dimers on the rungs of the ladder structure. At the same time,
other interactions seem to be negligible, spanning the range of
small AFM or ferromagnetic (FM) values.

The analysis of magneto-structural correlation and BS DFT
calculations thus indicates that (CsHgN3)[CuCl;] can be
described as a system of weakly interacting S = 1/2 AFM dimers
or an exchange alternating S = 1/2 AFM chain (or, in other
terms, dimerized AFM chain). The temperature dependence of
the susceptibility measured in the temperature range of
4.2-300 K shown in Fig. 9 is characterized by a maximum at
T = 76 K compatible with the proposed AFM models. A Curie-
like tail at the lowest temperatures most probably originates
from intrinsic impurities often observed in dimerized AFM
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Table 2 Comparison of estimated exchange interaction from the BS DFT

calculations, magneto-structural correlations, and experiment for
(CsHgN3)[CuCls]

2Jpslks (K) BS ®/R Jkg  Jlks (K)
Copper pair DFT A (K) Experiment
Cu-Cu 3.46 A, rung -126.7 42.18 —144 —122.7°
Cu-Cu 3.9 A, leg 1.23 31.4 0

Cu-Cu 4.5 A, frustration 1.58 31.3,27.7 0, —14 —33°

@ § = 1/2 AFM dimer model. ? Using exchange alternating S = 1/2 AFM
chain model.

0.006

0.005

0.004

x (emu/mol)
o
o
3

0
0.002 :
¢ O experiment
\ AFM dimer
00014 © - exchange alternating AFM chain
0.000 T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Fig. 9 Temperature dependence of the susceptibility of (CsHgN3)[CuCls],
estimated as the ratio of the measured magnetic moment and applied
magnetic field 1 kOe including the fits using models described in the text.

systems as a signature of the fragmentation. The experimental
data were first analyzed using a simple model of S = 1/2 AFM
dimers described by the well-known Bleaney-Bowers formula,®®
including a Curie contribution in the form y = (1 — 2p)xdimer +
PXcurie; Where p represents the concentration of paramagnetic
spins. The spin dimer model is described by the Hamiltonian
in the form Hgimer = —/818,. The fit yielded the exchange
interaction within dimer j/kg = —122.7 K, g-factor g = 2.11,
and p = 0.04 in a good agreement with the values suggested
from magneto-structural correlations. To fit the susceptibility
using high-temperature series expansion (HTSE) formulas for
an AFM spin ladder®®* or exchange alternating AFM chain®®
might be tricky for the present data, since HTSE works well only
at temperatures kg7/J > 0.25. Since the model of exchange
alternating AFM chain is more appropriate here, as suggested
from the previous discussion, we tried to use the HTSE formula
proposed by Hatfield,*® including Curie contribution in the
form y = (1-2p)alterchain * PXcurie- The fit yields J/kg = —125.2 K,
alternation parameter o = 0.265, g = 2.18, and p = 0.043 with the
curve almost indistinguishable from the spin dimer model. The
alternation parameter may be overestimated in this case due to
the lower accuracy of the model at low temperatures.
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Our attempt to fit the spin ladder model with Jrung =J and Jieg
resulting from the studies of Gu et al.®* and Landee®” (valid for
Jieg/Trung < 0.1) indeed yields negligible Jiey = 0 With Jryng/kn =
—122.7 K, g = 2.11, and p = 0.04 identical to the simple S = 1/2
AFM dimer model. In summary, despite the ladder-like
arrangement of the Cu®" ions, the magnetic properties of
(CsHgN3)[CuCl;] are best described by the model of S = 1/2
AFM dimers with J/kg = —122.7 K.

Conclusion

In summary, a 1D lead-free hybrid perovskite based on copper
(CsHgN;)[CuCl;] was successfully fabricated. Optical character-
ization studies show that, due to the Jahn Teller effect, the CFT
improve the absorption behaviors of the material in the visible
region. The theoretical DFT calculation of the electronic struc-
ture demonstrates that the use of a conjugated cation enhances
the electronic transport, the charge transfer and charge hop-
ping upon photo-excitation. The good agreement between the
experimental and the theoretical results reveals the semicon-
ducting properties of the material with a fundamental energy
gap of 2.21 eV. Therefore, thanks to the intense LMCT transi-
tions and CFT, in the presence of aromatic organic rings, this
new material can be suitable for green SCs application as a
good UV-Vis-NIR absorber. The magnetic properties of the
investigated material are described by the model of S = 1/2
AFM dimers with J/kg = —122.7 K.
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