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Combined experimental and density functional theory studies of
an Organic-inorganic hybrid perovskite

S. Kassou,” R. El-Mrabet,” A. Kaiba,® P. Guionneau,” and A. Belaaraj °

Single crystals of [CeHs-C,Ha-NH3],ZnCl, were obtained by slow evaporation at room temperature. Single-Crystal X-Ray
(SCXRD),
spectroscopy were used to characterize the crystal structure, thermal and optical properties respectively. At 293 K PEA-
ZnCl, crystallizes in a monoclinic unit-cell, P2;/c space group (a=7.449(2) A, b=24.670(3) A, c=11.187(2) A and B=
91.762(5)°, V=2054.8 (2) A% and Z=4. The DSC and TGA analysis show respectively the presence of two first order reversible
phase transitions and a sample thermal stability below 541 K. The optical study reveals that the compound undergoes a

Diffraction Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) and UV-Visible

direct optical transition and an energy gap about of Eg= 4.46 eV. In parallel, an ab-initio DFT calculation is performed to
study the electronic band structure, to examine electronic density and to calculate the gap energy value. The calculated

values are in good agreement with the experimental data.

Introduction

Organic-inorganic  hybrids perovskite have drawn
increasing interest notably from both the experimental and
theoretical scientific communities for the past decades due to their
interesting structure, optical, thermal properties Y11 and their
promising applications in many areas like optoelectronic devices,
magnetic and solar cell 1214 Their structure consists of alternating
layers between organic and inorganic moieties and they have new
properties intermediate between those of the two constituent

15, 16

moieties . The optical properties like band gap present one of

the interesting features of this kind of compounds. They constructs
LB the inorganic anion

constructs the well deep of the multiple quantum wells because the

a multi-quantum well energy band

energy bands near of the Fermi level is mainly governed by the
orbital of inorganic atoms 17, while the organic cation plays the role
of a potential barrier, this lead to a new kind of functional material
% In this regard there is certain interest focus the compounds
based on ZnCI42' for its lower dimensionality (0 D), solid—solid phase
transformation, and Alternative current conduction and for their

. . 19-22 . .
Ferroelectric properties™ ““. The correlation between the electronic
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structure and macroscopic properties (eg gap energy and density of
state) can benefit from predictive modelling of these materials
using density functional theory (DFT).

In the present work, we [CeHs-CyHy-NH3],ZnCl,
(hereinafter PEA-ZnCl,), synthesis, crystal structure, phase
transition temperature, enthalpy and entropy determined by
Differential Scanning Calorimetry (DSC) and weight loss by
Thermogravimetric analysis (TGA). The optical band gap energy for

report for

PEA-ZnCl4 is determined by UV-Visible spectroscopy and was
compared to the value obtained from DFT calculation. The band
structure and density of state were also calculated.

Experimental
Crystal growth

The single crystals of the (CgHs-C,H,-NH3),ZnCl, compound
hereinafter called as PEA-ZnCl, were grown by slow evaporation of
the concentrated aqueous solution at room temperature. The
typical experimental process is as follows: 560 mg (1 mmol) of ZnCl,
was dissolved in 5 ml of water. In other hand we have dissolved 0.5
ml of phenylethylamonium (1 mmol) in 7 ml of ethanol/water (1:1
in ratio) protonated by few drops of HCl (37 %). The mixture
between these solutions was carried out at room temperature in a
glass tube. White plate-like crystals were obtained after several
weeks.

J. Name., 2013, 00, 1-3 | 1
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Crystallographic characterization

A PEA-ZnCl, crystal was selected under a polarizing
microscope in the order to perform its structural analysis by SCXRD.
The measurements were performed on a Nonius Kappa CCD with
Mo-Ka radiation. The collection was made at room temperature
using a mixture of @, Q scan mode. The structure was solved by
SIR97 2 and the refinement of atomic parameters based on full-
matrix least squares technique F? was performed using SHELX97 2,
The non-hydrogen atoms were refined anisotropically and the
hydrogen atoms were placed theorically. All above programs were
used within the WINGX package % The drawings were made with
Diamond %°. The crystallographic data and experimental parameters
for the intensity collection are summarized in the Table 1.

Table 1 Crystallographic and structure refinement data for PEA-ZnCl4

Empirical formula C16 H24 Zn Cl4 N2

Formula weight 451.54

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2,/c

Unit cell parameters a=7.449 (2) A
b =24.670(3) A
c=11.187(2) A
B=91.762 (5)°

Volume 2054.8 (2) A

z 4

Density (calculated) 1.46 g/cm3

Absorption coefficient 1.715 mm™

F(000) 927.9

Crystal size 0,.3x0,.5x0,.03 mm?

O range data collection

2.46 °t026.37°

Index ranges -9<h<9
-30<k<30
-13<1<13
Reflections collected 4186
Independent reflections 3050
Completeness to(0) 26.36°-99.5°
Absorption correction Empirical
Refinement method F? Full-matrix
Data/Restraints/Parameters 4186/210/0
Goodness-of-fit on F2 1.078
Final R indices [I>2 o(l)] R1=0.0363,
wR2 =0.0925
R indices (all data) R1=0.0431,
wR2=0.111

Thermal analysis

The Thermogravimetric analysis (TGA) was performed using a
DTG-60H Analyzer, from 288 to 530 K on a 16.410 mg of PEA-
ZnCl,. A Differential scanning Calorimetry (DSC) measurements
using a DSC131 Evo instrument. The
measurements were carried out on a 10 mg of PEA-ZnCl, loated

were performed

into an enclosed alumina crucible with heating and cooling rates
of 5°C/min under nitrogen atmosphere. The crystallization
points were determined from the tangential sigmoidal baseline
fitting of the endothermic and exothermic peaks, respectively.

2| J. Name., 2012, 00, 1-3

UV-vis diffuse reflectance spectrum

The UV-vis diffuse reflectance spectroscopy was
performed on a jasco v-570 spectrophotometer over the spectral
range 200-1200nm. A barium sulfate (BaSO,) plate was used as the
standard (100 % reflectance) on which the finely ground sample
from the crystal was coated. The absorption spectrum was
calculated from the reflectance spectrum using the Kubelka-Munk

function: F(R) = (1—R)2/(2R) 7 \were R is the reflectance.

Computational details

All of the calculations were performed within the
framework of (DFT) 28 by using the Perdew, Burke, and Ernzerfhof
(PBE) generalized gradient approximation (GGA) with Fritz-Haber-
Institute (FHI) pseudopotentials 2 implemented in the ABINIT
package . The 4xax4 k-point meshes are used to perform the
Brillouin Zone integrations by considering the Monkhorst Pack
scheme . Plane-wave basis set have been chosen with an energy
cutoff of |K+G|2 < 600 eV and was used in all calculations. The
experimental data were used as a starting point for the
optimization of atomic positions. The atomic positions within the
unit cell relaxed until the forces were less than 0.01 eV/A, the
displacement parameters, between experimental and optimized
atomic positions along the tree axis, are shown in Table 2.

Table 2 Displacement (A) parameters of Zn, Cl, N, C atoms for PEA-ZnCl,

Usx Uy Uz
Zn 0.002542 0.042753 0.000980
al 0.003151 0.092835 0.002073
al 0.001404 0.108039 0.001343
al 0.001521 0.113270 0.000471
cl 0.001279 0.001980 0.003772
N 0.033497 0.004676 0.006924
N 0.025188 0.006588 0.017732
C 0.002100 0.000500 0.000300
C 0.000100 0.000010 0.000900
c 0.001400 0.000290 0.001900
c 0.000900 0.000600 0.000400
c 0.001800 0.000760 0.000200
C 0.000600 0.000400 0.000800
C 0.000100 0.000380 0.002300
c 0.000900 0.001100 0.001800
C 0.001300 0.000300 0.000200
c 0.001900 0.001200 0.000200
c 0.005700 0.000900 0.001700
c 0.001900 0.001200 0.001200
C 0.002500 0.000000 0.000300
C 0.000800 0.001500 0.003000
c 0.001800 0.000500 0.000900
c 0.000700 0.001100 0.002100

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion. 10%; ID(¢p)= 0.019). These values clearly indicate that the [ZnCI4]'2
anion has a slightly distorted tetrahedral stereochemistry.

Structural description .
Table 3 Selected interatomic distances (A) and angle (°) in the inorganic part

The PEA-ZnCl, compound crystallizes in the monoclinic

system with P2,/c space group and the cell parameters Zn-Cli(A) Cl-zn-Cl (*)
a=7.449(5)A, b=24.670(5)A, c=11.187(5)A, B= 91.762(5)°, V=2054.8 Zn-Cl; 2.272(3) Cl-Zn-Cl; 107.40 (1)
(2) A* and Z=4. The asymmetric unit is formed by one [ZnCl,]* anion Zn-Cly 2.279 (3) Cly-Zn-Cl; 110.66 (1)
and two (CgHs-C,H,-NH;)" cations (Figure 1). The Overall structure Zn-Cls 2.253(3) Cly-Zn-Cl; 111.16(1)
consists of 0D inorganic network, interplayed by the Zn-Cls 2.230 (4) Cls-Zn-Cl, 110.26 (1)
phenylethylammonium bilayer ions (Figure 2). In the inorganic Cls-Zn-Cl; 107.60 (1)
layer, Zn-Cl distances (2.230(4) to 2.279(3) A) are shorter compared Cls-Zn-Cl; 109.71(1)

to similer bromated compound Zn-Br (2.3839(14) to 2.4104(14) A)
for (CgHs-C,H4s-NH3),ZnBry *2 this is due to the difference in halogen
radius, which have effect on tetrahedral geometry. The Baur
distortion indices (ID) 3% are calculated for PEA-ZnCl,:

The organic part is formed by two types of organic chains (CgHs-
C,Ha-NH;)" (1) and (CgHs-C,Ha-NHs)* (2). The torsion angles NCCC
are 178.76° and 175.65° for chains (1) and (2) respectively indicate
the planarity of the cations. Overall the crystal structure cohesion is
obtained via various types of interactions. The principal feature of
interest in these structures is hydrogen bonding (Figure 3) that
significantly contributes in the stabilization of the crystal structure.
Each chlorine atoms contributes in three hydrogen bonding, the
length of this bond d (Ni---CIk) is in the ranges of 3.314 to 3.448 A
(Table 4). The presence of n-mt stacking interactions between phenyl

rings presents another kind of interactions. The measurement of
their forces is determinate by the centroids distance between
neighboring phenyl ring d (4.663 A) and the two angles (a, a0);
(61.64°, 7.71°) between the normal of each mean plane through
these rings and the centroid-centroid axis, that demonstrates the
presence of a weak n-mt stacking.

Fig.1  Asymmetric unit cell of PEA-ZnCl,

The Baur distortion indices (ID)

I d)=§4: |ZnCl,-ZnCl_ |
S 4(ZnCl,)

and

Dy ){6: IC1ZnCl,-C1ZnCl, |
& 6(ClznCl,)

Where m means the value for the polyhedron, d= Zn-Cl distance g 5
and ¢= Cl-Zn-Cl angle, are calculated for PEA-ZnCl,. The obtained
indices (ID(d)=7.30. 10'3; ID(¢)= 0.011) are slightly lower than that
obtained for the similar compounds (CgH;oNO),ZnCl, 3 (ID(d)=7.63.

Overall view of the crystal packing along the a-axis

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Fig. 3

Scheme of Hydrogen-bonding interactions in PEA-ZnCl,

Table 4 Hydrogen bonding parameters in PEA-ZnCl,

N-H - Cl (°) N----CI(A)
163.98 (2) 3.294 (1)
126.66 (2) 3.321(1)
158.33 (2) 3.382(1)
149.40 (2) 3.321(1)
112.37 (3) 3.396 (2)
127.39(2) 3.448 (1)

For obtaining a perfectly packed system the quantification of
the cation sizes was calculated by tolerance factor traditionally
gives by Gold Schmitt et al %> and extended for organic-inorganic by
Kieslich et al 36, by applying the following equation:

_ (rAeﬁ’ +”Xeﬁ)
V2 (ry +0.5h,,, )

Where r refers to the effective molecular or ionic radius of the A-
site, B-site and X anionic-site while hy.4 refers to the height of the
anions in the direction between B-site cations. The obtained value
(a=1.17) is larger than that calculated for [NH,]Cd(HCOOH); (a
=0.62) %7 and RbMnIJHCO,); (o =0.66) % and nearly of that obtained
for hydrated methyl ammonium cation ([CH3NH3.H20] (a =1.13) .
This value is broad as than 1 and is a feature of layered organic
inorganic 0.

Thermal analysis

The Thermogravimetric analysis (TGA) was carried out to
characterize the thermal stability, which was presented in Figure 4.
It's found that the simple is stable below 541 K (temperature of
decomposition), but decomposes over that point, the weight loss
transition has an onset at about 541 K and a corresponding mass

4| J. Name., 2012, 00, 1-3
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loss of 65.24%, almost consistent with the predicted value of 69.82
% for the dissociation of (CgHs-C,H,-NHs),,2Cl.

65.24%

40

300 400 500 600 700
Temperature(K)

Fig.4  TGA curve of PEA-ZnCl4

In order to investigate the phase transitions and the enthalpy for
the PEA-ZnCl,, Differential Scanning Calorimetry (DSC) was carried
out (Figure 5). It is observed that the compound is stable up to 541
K (melting temperature), and exhibits two first order phase
transitions. An overview of the results obviously shows the
existence of two endothermic peaks clearly seen at 464 K and at
501 K on heating. Moreover, two exothermic peaks shows at 485 K
and at 452 K on cooling. The temperature hysteresis of the peaks at
464 K and 501 K were observed to be 12 and 16 K, respectively.
These peaks are associated with a reversible phase transition in the
PEA-ZnCl4 crystals. This transition probably proof of order-disorder
transition of alkyl ammonium %2 The transition enthalpies AH and
entropies AS with the peaks temperature on heating and cooling
are presented in Table 5. There are no significant differences in the
enthalpy and entropy values between the corresponding peaks in
cooling or warming modes.

50

40
30
=
E 20
2
I'TF 10 Exo t
= Cooling
%) -
T ol
Heafifig ™
10
Endo &
204
T T T T T T T T
300 325 350 375 400 425 450 475 500 525
Temperature (K)
Fig.5  DSC thermograph of PEA-ZnCl,

This journal is © The Royal Society of Chemistry 20xx
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Table 5 Calorimetric values from DSC measurements for PEA-ZnCl,

Heating Cooling
T(K) 464 ; 501 452 ; 485
AH ().g7) 40.74 ; 49.74 39.63;47.89
AS (J.K .mol™) 39.64 ; 44.83 39.59; 44.58

Optical band gap

The UV-vis diffuse reflectance spectrum measured and
absorption spectrum calculated for PEA-ZnCl, are represented in
Figure 6. They show an absorption edge of about 278 nm and the
missing absorption in the wavelengths upper than 450 nm. We can
in particular note the presence of a direct band energy transition.
We have also determined the band gap by fixing the tangent line of
the curve and the energy axis. This obtained value is approximately
of 4.46 eV characteristic of an insulator material.

1,0 4
1,0
0,8
0,8
= Z 06
& g
c 0,64 04
i}
=
a 0,2
% 0,4
a ol
< 15 20 25 30 35 40 45 50 55 60
Energy (eV)
0,2
278 nm
0,0

e T R T I T T O T S
200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 6  UV-vis diffuse reflectance plots for PEA-ZnCl,

Electronic properties

The calculated electronic band structure of PEA-ZnCl,
compound is shown in Figure 6a. The analysis of different direction,
reveal the missing of energy dispersion along the (I-Y) direction
(equivalent to the staking axis in real space), there is an ingrained
consequence of dielectric mismatch between inorganic and organic
layers ® The small dispersion observed along (Y-A), (A-R), (R-D) and
(D-A) directions (Figure 6b) may be coming from the reduced
dielectric mismatch between sheets and a weak coupling between
inorganic layers “, Furthermore, the band structures disclose a
direct band-gap transition located at the I' point. The calculated
band gap energy is of about 4.36 eV, this value is slightly smaller in
comparison to the experimental band gap value (4.46 eV). These
results explained by the underestimation supported by ground state
DFT computations.

The composition of the calculated bands can be deduced from the
analysis of the partial density of states (PDOS) and total density of

This journal is © The Royal Society of Chemistry 20xx

states (DOS) diagrams shown in Figure 8. The lowest part of the
valence band (VB) consists of nitrogen 2s orbitals located at -21 eV,
whereas the chlorine 3s located at -13 eV. The range energy of -
12.5 to -5 eV is the feature of the mixed contribution between
carbon (2s, 2p orbitals), nitrogen (2p orbital) and hydrogen. We can
attribute this result to the electronic cloud around N-H and C-H
bands. While the maximum of the valence band (MVB) is composed
by the mixed states 3d of zinc, 3p of chlorine and 2p of carbon. The
minimum of the conduction band (MCB) consists of orbital 3s of
zinc, 3p of chlorine and 2p of carbon. Note that the results are
different from those found for CH;NH;3Pbl; 4 % \herein the
responsible orbital in MVB and MCB are s and p orbitals for iodine
and lead atoms. The 3D gap analysis by Xcrysden 47 extracted from
the calculated density (Figure 9) show the existence of empty
spaces, interactions between different
aggregates. The result is in good agreement with that obtained by
X-ray diffraction and the density of states. This, confirm the role of
hydrogen binding (Figure 9b) in crystal structure building and the

corresponding to the

insulation between the tetrahedra. Also, the presence of a weak m-
1t stacking between organic fragments (Figure 9c).

Energy (eV)

-10

I

20 =

._,
-
>
=
=]
>
N

Energy (eV)

(b)

Fig. 7 (a) Band structure calculated of PEA-ZnCl,, (b) Dispersed energy
between MVB and MCB
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Fig. 8 Calculated DOS and PDOS diagrams for PEA-ZnCl4

Fig.9  Calculated 3D Gap Density: (a) Overall Crystal, (b) Hydrogen bond,
(c) m-rt stacking between phenyl rings

Conclusions

The organic-inorganic hybrid perovskite, (C6H5-C2H4-NH3)2ZnCl4
has been synthesized and crystallized successfully by diffusion
method. The single crystal X-ray diffraction investigation at 293 K
confirms the formation of OD organic-inorganic hybrid structure.
The TGA analysis reveals that this compound is stable below 541 K.
Two reversible phase transitions have been shown by Differential
Scanning Calorimetry measurements. The UV-visible reflectance
measurements reveal that the compound present a direct band gap
transition with gap energy about 4.46 eV, characteristic of an
insulator material. The calculated band gap energy obtained by DFT
is in good agreement with experimental band gap value. The
density calculations allowed us to demonstrate clearly the density
dispersion in the first Brillouin Zone.
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