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Abstract

The present work reports on experimental structures, optoelectronic, and luminescence
properties of the series of low-dimensional hybrid organic-inorganic (1,5-Pentanediamine)PbX,
(X=Cl, Br, I) perovskites. Single-crystal XRD data revealed that the chloride and bromide compounds
form quasi 2D perovskite-like structures, whereas the iodide is quasi 1D compound. In accordance
with experiment, DFT modeling predicts that the chloride and bromide are direct bandgap
semiconductors. In contrast, the iodide is an indirect bandgap semiconductor. Experimentally and
theoretically established bandgaps widths of the perovskites follow the same trend. Finally,
luminescent properties of the perovskites were investigated. The study shows that the halogen anions
determine the degree of disorder of the perovskite crystal lattices and degree of distortion of PbXg
octahedra therein. Both structural phenomena affect dimensionality, optoelectronic, and luminescent

properties of the studied perovskites.
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1. Introduction

Nowadays, hybrid organic-inorganic perovskites or perovskite-like structures (Ruddlesden-
Popper, Dion-Jacobson phases) are among the most promising light-transforming materials. Mainly,
they are intended to be used in solar panels for a direct transformation of solar radiation into electric
current [1] or in light-emitting diodes (LEDs) for white light sources, narrow-band light of a specific
color, and even for laser generation [2-6]. Whereas hybrid 3D perovskites are best suited for
photovoltaics, low-dimensional quasi 1D and 2D perovskites pave the way to various light-emitting
applications.

In hybrid quasi 2D halide perovskites the layers of inorganic octahedra MXg are separated from
each other by the layers of organic cations. The latter often represent diamines. Two amino groups of
such cation form hydrogen bonds with neighboring layers of inorganic MXg octahedra. This choice of
organic cation is intended to increase the stability of perovskite crystal [7]. The number of organic
cations used to form quasi 2D perovskite structures is ever-increasing. At present, several hundreds of
them are already known [8].

A particular sub-family of low-dimensional hybrid halide perovskites contain alkanediamine
cations with terminal amino-groups, i.e. NH3-(CH;),-NH3. In contrast to hybrid halide perovskites
with aromatic organic cations demonstrating strong interaction of inorganic electronic subsystem with
an organic one, members of this sub-family feature only hydrogen bonding interaction between
inorganic and organic subsystems. Their alkyl chain lengths are directly related to the distance between
the layers of inorganic MX¢ octahedra. However, their electronic and optical properties are not directly
affected by the length of alkyl chain being governed solely by the inorganic subsystem composition as
we have showed recently using 1,6-hexamethylenediaminium perovskite as an example [9].

As arule, quasi 2D hybrid perovskites show complex luminescence properties [10] combining
narrow-band and broadband luminescence. The narrow-band luminescence is usually attributed to the
luminescence of free excitons [11]. While still debated, the nature of broadband luminescence is
attributed to both the luminescence of autolocalized excitons [11] and to the luminescence at crystal

lattice defects [12].
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Generally, luminescence properties of hybrid low-dimensional perovskites are considered
through the prism of the structure of their organic cation (linear [13], branched or cyclic, presence or
absence of double bonds, etc. [11]). Much less attention is paid to the structural role of halogen.

Here, we focus on haloplumbates with 1,5-pentamethylenediaminium (PDA) cation. It was
known that the use of PDA as a cation in the synthesis of hybrid lead iodide perovskite leads to a
formation of low-dimensional (quasi 1D) crystals in which chains of the inorganic Pbls octahedra are
oriented along [111] crystallographic direction [ 14]. This was the only scarce piece of information one
could find in the literature until very recently. A more detailed information about the crystal structure,
electronic, and optical properties of PDAPbCIl,; was reported not that long ago [15]. Here, a
comparative study of the effect of halogen on the dimensionality, structure, optoelectronic, vibrational,

and luminescence properties of PDAPbX, (X = Cl, Br, I) perovskites is conducted.

2. Experimental and modeling techniques

2.1. Synthesis

The samples of PDAPbX, (X=CI, Br, I) were prepared using 'wet-chemistry' approach.

Materials: Lead (II) bromide (PbBr,, 98%, Acros Organics), lead (II) iodide (Pbl,, 99%, Acros
Organics), lead (II) chloride (PbCl,, 99%, Acros Organics), hydroiodic acid (HI, 56% in water,
Iodobrom), hydrobromic acid (HBr, 40% in water, lodobrom), hydrochloric acid (HCI, 36% in water,
NevaReaktiv), 1,5-diaminopentane (PDA) (CsH4N,, 98%, Macklin) were purchased and used in this
work. All reagents were used as received without further purification.

Synthesis of CsH;sN,PbCly (PDAPbCl4): PbCl, (2.00 g; 7.19 mmol) and PDA (0.73 g; 7.19

mmol) were separately dissolved in 47 ml and 9 ml of HCI, respectively. Then, the resulting solutions
were mixed, and crystalline precipitate was formed after several days. The obtained crystals were
filtered, washed with HCI, and thereafter with acetone. Finally, the crystals were dried in a vacuum
oven at 50°C.

Synthesis of CsH;,N,PbBry (PDAPbBry4): PbBr, (2.00 g; 5.45 mmol) and PDA (0.56 g; 5.45

mmol) were separately dissolved in 9 ml of HBr. Then, the resulting solutions were mixed, and
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crystalline precipitate was formed after a few minutes. The reaction mixture was heated until complete
dissolution of the precipitate and then cooled slowly to room temperature. The obtained crystals were
filtered, washed with HBr, and thereafter with acetone. Finally, the crystals were dried in a vacuum
oven at 50°C.

Synthesis of CsH;¢N,Pbl, (PDAPbI,): Pbl, (2.00 g; 4.34 mmol) and PDA (0.44 g; 4.34 mmol)

were separately dissolved in 9 ml of HI. Then, the resulting solutions were mixed, and crystalline
precipitate was formed after a few minutes. The reaction mixture was heated until complete dissolution
of the precipitate and then cooled slowly to room temperature. The obtained crystals were filtered,

washed with HI, and thereafter with acetone. Finally, the crystals were dried in a vacuum oven at 50°C.

2.2. Characterization

The powder diffraction data of PDAPbX, (X=Cl, Br, I) was collected at room temperature with
a Colibri powder diffractometer (Bourevestnik, Cu-Ka radiation) and linear VANTEC detector. The
step size of 20 was 0.02° and the counting time was 35.4 s per step.

The full profile X-ray analysis of PDAPbBr, and PDAPbCIl, single-crystals was performed
using Bruker Kappa Apex II diffractometer with graphite-monochromatized MoK, radiation [16] at
100 K. The data reduction and multi-scan absorption correction was carried out using original software.

Diffuse reflectance spectra were recorded in the spectral range [200-800] nm under ambient
conditions using Lambda 950 UV/vis/NIR spectrophotometer. An optical-grade BaSO4 powder was
used as a reference standard.

The Raman spectra of samples (PDAPbBr, and PDAPbI, single crystals and PDAPbCly
powder) were obtained using Senterra (Bruker) Raman spectrometer equipped with Olympus BX51
microscope in backscattering geometry. The Raman scattering was excited with 785 nm solid state
laser. The laser power under the 20x lens with 14 um spot diameter was ~1 mW. The diffraction grating
was 400 1/mm, the aperture was 25x1000 um. The accumulation time was 150 s with 6 repetitions.

FTIR spectra of the powdered samples were obtained using at Nicolet 8700 (Thermo Scientific)

FTIR spectrometer with ATR diamond accessory. The KBr beamsplitter and the liquid nitrogen cooled
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mercury-cadmium-telluride type (MCT-A) detector were used. The spectra were obtained with 4 cm-
I resolution and Blackman-Harris apodization function. 150 scans were accumulated of each spectrum.
The phase correction was performed according to the Mertz method.

Low-temperature luminescence spectra and luminescence excitation spectra of the perovskite
samples in the spectral range [250—850] nm were registered using the spectrofluorometer Jobin-Yvon
FluoroMax Plus. All the recordings were performed using the modified sample holder enabling a
precise setup at every spectrum registration stage. The radiation within particular spectral ranges was
filtered with glass color filters. Prior to the spectra recordings, the vacuumized samples were placed in
the optical nitrogen cooled cryostat LN-121-SPECTR (Cryotrade engineering, Russia) compatible
with the spectrofluorometer Jobin-Yvon FluoroMax Plus. The cryostat windows are made from high
quality quartz KVY-1 transparent in all the studied spectral regions. The temperature control was
accomplished via the integrated thermocouple and thermoregulation unit TPM-210. The luminescence

lifetimes were determined using a setup described in detail in the supplementary materials.

2.3. Computational approach

Electronic structures of PDAPbX, perovskites were modeled theoretically using a periodic
DFT approach. This was accomplished by employing the Plane Augmented Wave (PAW) approach
[17] in conjunction with the Generalized Gradient Approximation (GGA) Perdew-Burke-Ernzerhof
(PBE) [18,19] density functional as implemented in VASP 5.4.4 program [20-23]. The P2,/c spatial
symmetry of the perovskite crystal lattices determined by XRD was employed. The perovskite unit
cells correspond to the chemical formula PbsX;¢C,0NgHg4 (X=Br, I). The chloride unit cell is twice as
large. The reason for this is given later in the text. SCF energy convergence criterion was set to 1.0x10-7
eV. Atomic kinetic energy cutoffs were set to their default values. Brillouin Zones (BZ) were sampled
over the Monkhorst—Pack grid [24] of 7x9x9 k-points (9x9x3 k-points for the monocrystalline chloride
perovskite). Electronic band structures were computed at 181 k-points along the high symmetry path

I'-A-C-D-D1-E-X-Y-Y1-Z of monoclinic BZ. Electronic band structures and density of states were
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plotted using the Gnuplot 5.2 software package [25]. Throughout the text, chemical structures are
visualized using the program VESTA [26].

For PDAPDbI, perovskite, the calculations of phonon properties at I'-point were carried out in
the framework of GGA PBE density functional and norm-conserving pseudopotentials as implemented
in the CASTEP software (Materials Studio) [27,28]. The plane wave basis cutoff energy was set to
1000 eV. The SCF energy convergence criterion was set to 5x1077 eV. Dimension of k-space was
chosen in order to provide a step of 0.05 1/A in k-space. The Monkhorst—Pack grid was chosen. At the
initial stage, the geometry optimization was carried out with the aid of the Limited-memory Broyden—
Fletcher—Goldfarb—Shanno (LBFGS) method [29] to achieve residual forces and stresses below 0.01
eV/A and 0.02 GPa, respectively. For the optimized structure, the phonon frequencies were calculated

by the linear response method (Density Functional Perturbation Theory) [30].

3. Results

3.1. Crystal structure of the PDAPbX, perovskites

Powder XRD patterns of the three hybrid perovskites are shown in Figure S1. The reference
XRD data available only for PDAPbI, [14]. The XRD pattern of PDAPbI, matches well the reference
XRD pattern indicating the formation of the perovskite. XRD patterns of the chloride and bromide
compounds significantly differ from that of the iodide sample. The single main reflection at ~8° in
both XRD patters corresponds to the interplane distances of 11.25 A and 10.12 A for the chloride and
bromide perovskite, respectively. This observation suggests quasi 2D structure for the chloride and
bromide species.

The structures of PDAPbCl, and PDAPbBT, perovskites were investigated using single crystal
XRD technique as well. The resolved non-hydrogen atomic positions were refined by the least-squares
method in anisotropic approximation. All the hydrogen atoms were placed in geometrically idealized
positions which were then refined using the riding-model approximation with r(C-H) = 0.99 A, r(N-
H) = 0.91 A, and Uiso(H) = 1.2 or 1.5 times Ueq(C, N). The determination and refinement of the

structures were carried out using the SHELXTL program [31]. Some details of the data collection,
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processing, and refinement are given in Table S1. Further details can be obtained from the Cambridge
Crystallographic Data Center by quoting the depository number CCDC - 2269541 (for
NH;(CH;)sNH;3PbCly) and CCDC — 2269539 (for NH3(CH,)sNH;PbB1y).

Resolved structures of the chloride and bromide perovskites as well as the known structure of
the iodide are illustrated in Figure 1. Both the chloride and bromide species demonstrate quasi 2D
perovskite-like structure in which corner-sharing inorganic octahedra form 2D sheets separated from
each other by organic cations. Based on the single crystal XRD patterns of the chloride and bromide
perovskite their powder XRD patterns were simulated. Both of them are demonstrated in Figure S1 as

well. It shows a good match between the experimental and calculated data.

Figure 1. Single crystal XRD structures of a) PDAPbCl,, b) PDAPbBr, and literature data for c)
PDAPbDI,.

The obtained structural data enables analysis of the sizes of inorganic octahedra PbXg and the

degrees of their disorder and distortion as a function of halogen type (see Table 1). Average Pb-X

distances (d,y), the degree of PbXg octahedra distortion (Ad) as well as the octahedral angle variance

o2, were calculated according to the following formulae [32]:

1Gai=12
dav=ﬁ i=1 di)

(1)
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1 = 12(di_dav)z
pd = Ly = 1) 2)
1 qi=12
O%Ct =12 ;: 1 (ai_go)za (3)

where d; — length of the bond i (i=12) and a; — angle X-Pb-X. The averaging is done over two octahedra
of the perovskite primitive cells.

The value d,, serves as a measure of an average size of the PbX¢ octahedra. Table 1 shows that
in the sequence CI-Br-I the octahedra sizes increase. This dependence takes place due to two effects.
First, the halogen anion sizes increase in the same sequence. Second, electronegativity of the halogen
anions decrease in that sequence.

The perovskite octahedra appear to be distorted that is manifested by a dispersion in the Pb-X
bond lengths (eq. 2) and/or by a displacement of lead cations away from the octahedra centers (eq. 3).
As can be seen from Table 1, the dispersion in Pb-Cl bond lengths is about an order of magnitude
smaller than that in Pb-Br bond lengths. In this respect, the Pbls octahedra are the most distorted. At
the same time, the PbCls octahedra feature the largest displacement of lead cations from centers of the
octahedra. In the case of PbBrs and Pbls octahedra this displacement is an order of magnitude smaller.

Yet another type of a perovskite inorganic subsystem structural phenomenon is a tilt of the
octahedra PbX, with respect to each other. Usually, it is characterized by an angle Pb-X-Pb (denoted
as @,, in Table 1) [33]. The more it deviates from 180 ° (angle Pb-X-Pb in ideal 3D perovskites) the
stronger is the perovskite crystal lattice disorder. Table 1 shows that PbX, octahedra tilting in the
chloride perovskite (®,,=145.83°) is just slightly stronger than in the bromide one (®,,=150.53°). Both
tilting angles, however, deviate insignificantly from the ideal angle of 180° enabling the formation of
quasi 2D perovskite structure. In contrast, in the iodide perovskite, the Pblg octahedra tilting is very
large (©,,=75.19°). This results in the edge- and face-sharing Pbls octahedra leading to a quasi 1D

perovskite structure.

Table 1. Structural features of the PbX¢ octahedra: Average Pb-X distance d,, and distortion Ad,

A; average X-Pb-X angle variance o2 and Pb-X-Pb angle @,,, degrees.
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Compound Pb-X, A Ad, A X-Pb-X 02 Pb-X-Pb ©O,,
PDAPbHCl, 2.8624 5.45%10°5 231.62 145.83
PDAPbB, 2.9916 3.48%104 20.37 150.53
PDAPbI, 3.2260 1.12*1073 28.89 75.19

Also, for all the perovskites, the distances from nitrogen atom to the nearest halogen atoms
were determined. For the iodide specie, the -NH;* groups are arranged between the zigzag-like chains
of the Pbl¢ octahedra. Distances from the -NH;3* groups to the nearest three iodine atoms appear to be
3.53 A, 3.67 A, and 3.98 A. In the chloride perovskite, the -NH;" groups are located in cavities formed
by four PbClg octahedra which share corners so that there are three nearest chlorine atoms, and the
N---Cl distance varies within 0.2 A: 3.21 A, 3.28 A, and 3.38 A. As mentioned above, in the bromide
perovskite, two sets of -NH;" groups insignificantly differing in distance from nitrogen atom to three
nearest bromine atoms were found. The distances r(N---Br) for the first set: 2.94 A, 3.35 A, 3.41 A,
while for the second one: 3.09 A, 3.34 A, 3.46 A. PbBrs octahedra in PDAPbBr, perovskite are
arranged in a way similar to that of PbCl, octahedra in the corresponding specie. Thus, distances from
the -NH3" groups to the bromine atoms allow the formation of weak hydrogen bonds N-H---X.

Figure 1 also shows distances between the planes formed by lead atoms in the quasi 2D
perovskites PDAPbCI, (11.55 A) and PDAPbBr,, (10.74 A). These values derived from the single
crystal XRD data are very close to their counterparts obtained from the analysis of the powder X-ray
diffraction patterns: 11.25 A (PDAPbCly) and 10.12 A (PDAPbBr;). Presumably, such differences in
interplane distances between the chloride and bromide compounds cannot be related to the sizes of
inorganic octahedra alone. Here, the organic cation orientation could play an important role as well.
Indeed, Figure 1 shows that in the chloride perovskite the organic cation is oriented almost
perpendicular to the planes formed by the lead atoms, whereas in the bromide perovskite the organic

cation is inclined to them at the angle of ~45.0°.

3.2 Vibrational spectroscopic studies
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FTIR and Raman spectra of PDAPbX, samples were recorded at room temperature in the
spectral regions [700-4000] cm! and [70—4000] cm’!, respectively (see Figures S2 and S3). The
majority of observed bands are interpreted in Table S2. The computed vibrational modes of PDAPbI,
active in IR absorption spectrum are given there as well. The calculated and experimental data show
very good agreement and help to identify vibrational modes for PDAPbCl, and PDAPbBr, (Figure
S2). The Raman spectra low-frequency region in Figure 2 is due to lattice vibrations involving heavy
Pb and X atoms. The PDA cations are inactive in this spectral region and behave as rigid species.

PDAPbDI,
PDAPbBry
PDAPbCIy

9198 132 156

Relative intensity, a.u.

100 150 200 250 300
Raman shift [cm'lj

Figure 2. Raman spectra of lattice phonons in PDAPbI,, PDAPbBry4, and PDAPbCl,.

Figure 2 shows that the breathing modes of PDAPDbI, are represented by a single intense peak
at 98 cm’!. Phonon spectra of the bromide and chloride compounds show two (91 cm™! and 112 cm!)
and four (98 cm!, 132 cm™!, 156 cm’!, and 178 cm!) peaks, respectively. Such a difference in the
lattice phonon vibrational region can be explained based on the structure of the considered compounds.
The inorganic framework of PDAPbI, consists of identical, side-by-side arranged chains of almost
regular face-sharing Pblg octahedra, while the layered structures of PDAPbBr, and PDAPbCI, are
formed by corner-sharing PbBrg and PbClg octahedra of several types. The higher number of peaks in
the spectrum of PDAPbCl, as compared to that in the spectrum of PDAPbBr, is attributed to the

following. The PbClg octahedra feature larger displacement of Pb cations from the octahedron centers
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as compared to the PbBry octahedra. Besides, the PbClg octahedra are more tilted than the PbBrg
octahedra.

The higher frequency vibrations (>200 cm™!) are due to the PDA cations. At these frequencies
the heavy lead and halogen ions remain almost stationary.

The broad-band components are noted in the high-frequency range [2800-3300] cm! (see
Figure 3a). The peaks at ~2863 cm™! and ~2929 cm™! correspond to the symmetric and antisymmetric

stretching vibrations in the PDA methylene groups [34,35].

a)

Absorbance, a.u.
Absorbance, a.u.

1450 1500 1550 1600 1650

Wavenumbers (cm™) Wavenumbers (cm™)
Figure 3. FTIR spectra of PDAPbX, in the v(NH) (a) and 6(NH) (b) frequency regions: 1 —

PDAPbI,, 2 — PDAPbBry, 3 — PDAPbCI,. The spectra of solid PDA (4) and PDA

dihydrochloride (5) diluted in KBr pellets are presented for comparison [40].

The absorption band maxima appeared near 3093 cm!, 3025 cm™!, and 3030 cm™! for the iodide,
bromide, and chloride compounds, respectively, can be assigned to the N—H stretching vibrations (see
spectra 1-3). Due to the hydrogen bonding, these bands for salts of primary aliphatic amines are
downshifted by ~250-300 cm™! as compared to those for primary aliphatic amines in condensed phase
or diluted in non-polar solvents [35,41,42]. The H-bonding effect on the band shape and band position
can be clearly seen for PDA salt (spectrum 5) and PDA (spectrum 4), both diluted in potassium
bromide [40]. In general, the greater the band downshift, the stronger the H-bonding. This results in
wider absorption bands featuring more types of H-bonds in a system. It is known that for molecular

complexes of ammonia or amines with hydrogen halides in a gas phase or in cryogenic matrices, the
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energy required for dissociation of HX increases in the series [ — Br — C1 — F [36-39]. Thus, the gradual
weakening of the H-X bond promotes the formation such complexes.

In cryogenic matrices and in a gas phase, the halogen-involving vibrations of N---H---X and
H—X types were detected for NH;---HX complexes [36,43]. Such vibrations were not detected even
for PDAPDbCI, that is apparently due to the large number of halogen atoms weakening the
intermolecular interactions.

Downshifts of v(NH) are about the same for the bromide and chloride perovskites and greatly
exceed that for the iodide compound. This may indicate a stronger interaction of nitrogen with protons
of -NH;" groups surrounded by halogens of the PbX¢ octahedra in PDAPbBry and PDAPbCI, as
compared to PDAPDI,. It should be noted that the absorption range of N—H fragments involved in the
formation of N—H---X-type bonds in PDAPbBT1, is wider than that in PDAPbCl, and PDAPDbI,.

A thorough examination of the structures obtained from crystallographic data (Figure 1)
allowed us to determine the nearest halogen environment for the nitrogen atoms in each sample. As a
result, it was determined that in the structures of PDAPbI, and PDAPbCIl, nitrogen atoms in -NH;*
groups are arranged uniformly throughout the structure, while for PDAPbBr, there are two slightly
different configurations of the arrangement of -NH;3* groups in cavities formed by PbBrg octahedra.

Following the classification of the hydrogen bond by strength depending on the N-H distance
and the relative Av(NH) shift [44], the binding of the PDA ammonium groups with halogen atoms of
the inorganic framework should be considered weak for all the perovskites. The analysis of structural
data confirmed the conclusions about the strength and diversity of interactions of the N-H:---X type in
the studied perovskite materials made from spectroscopic data (Figure 3a).

The spectral manifestation of the H-bond can also be traced in the N-H deformation vibration
range [35,45]. H-bonding shifts the N-H deformation band frequency to higher values.

In FTIR spectra, the most prominent features below 1600 cm™! are complex absorption bands
(see Figure 3b). The band at ~1622 cm™! attributed to the alkyl-diamine NH, scissoring mode (spectrum
4) is absent in the spectra of PDA salt (spectrum 5) and PDA halide perovskites (spectra /-3) that

confirms the high affinity of nitrogen in -NH;" to the proton. In the range [1420-1500] cm!, the C-H
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bending vibrations contribute to the complex band shape at ~1440-1450 cm!, as demonstrated by
Raman and FTIR spectra in Figures S2 and S3. The peaks with maxima at 1450-1500 cm™! and 1550-
1625 cm! are related to the symmetric and antisymmetric bending vibrations in -NH3"™ group,
respectively [35,41,46]. The 6(NH) and d,s,m(NH) frequencies are as follows (see Figure 3b and Table
S2). For PDAPbIy: 1464 cm! (the shoulder at 1450 cm™!) and 1574 cm™! (the shoulder at 1565 cm!).
For PDAPbBr,. doublet with maxima at 1483 cm'! and 1467 cm! and doublet with maxima at 1587
cm™!' and 1575 cm!. For PDAPbCl,: 1487 cm™! (shoulder at 1469 cm™') and 1602 cm™! (shoulder at
1585 cm™!). Obviously, with decreasing halogen size, a shift of both bands towards higher frequencies
is observed. This result also confirms the strengthening of hydrogen bond N-H---X in the same
halogen sequence [45].

Predominantly one narrow band in the iodide perovskite spectrum indicates a weak and
uniform halogen environment of the -NH;" groups in the inorganic matrix, and for bromide perovskite
the presence of doublets for 6(NH) and 8,,m(NH) bands indicates the coexistence of two types of -
NH;* groups in the perovskite structure (Figure 3b). It should also be noted that spectra of all the
perovskites reveal a band below 2000 cm™! (see Figure S4) attributed to a combination of the C-C-N
torsional vibration and the antisymmetric deformation vibration of -NH3" groups (1550-1625 cm!)
[35,42]. The presence of this spectral feature may indicate the lack of threefold symmetry of the
pentadiamine cations [42].

The effect of H-bond on the primary amines spectra is the most clearly manifested in the range
[700-1000] cm! where the broad absorption of weak-to-medium intensity alters in shape and position
depending on the number of H-bonds present (compare spectra /-4 with spectrum 5 in Figure S5). This
range is mainly due to combination bands involving the H-N—H twisting (1) and rocking (p) vibrations
(see Table S2). Unfortunately, vibrations associated with the C—C—N angles and C—N bonds which are
active in this spectral range as well complicate understanding of the H-bonding picture.

Thus, as far as the perovskite crystal structures is concerned the data obtained by IR
spectroscopy confirm and complement the data obtained by XRD analysis. While XRD method is

well-suited for studies of the inorganic subsystem of the perovskite crystal lattices, IR spectroscopy
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allow us to describe interactions between their inorganic and organic subsystems. It was demonstrated
that all the hydrogen atoms of the -NH;3* groups participate in the formation of N-H---X bonds. This
is evidenced by the fact that in the IR spectra all the N-H vibrations are perturbed by H-bonding. No

bands belonging to free N-H vibrations were observed.

3.3. Refinement of the PDAPbBr, perovskite crystal structure

In contrast to PDAPbCl, and PDAPDIy, the structure of PDAPbBr, was poorly resolved and
demonstrated duplicated atoms. In order to refine it a combinatorics approach was employed. First,
out of the eight PDA chains present in the original unit cell of PDAPbBr, four distinct conformations
meaningful from a chemical viewpoint and each containing four such chains were identified. This
manipulation let us to get rid of duplicated C, N, and H atoms. Further analysis of the symmetry of the
four PDA chain conformations revealed that only two of them are unique. Then, using combinatorics
approach again, sixteen out of the thirty two bromine anions present in the original perovskite unit cell
were chosen. This resulted in sixteen (organic chains conformation # 1) and seven hundred thirty six
(organic chains conformation # 2) perovskite structures of non-trivial spatial symmetry i.e. belonging
to a space group other than P1. The generated structures feature either triclinic (Space group P-1) or
monoclinic (Space groups P2, Pc, P2,/c) syngony. In total, fourteen highest symmetry structures
(space group P2,/c) were found. Space groups of other perovskites structures are subgroups of the
space group P2,/c. We therefore concluded that an actual bromide perovskite has the space group
symmetry P2;/c, while other perovskites symmetries are simply artifacts of the employed
combinatorics approach. The final step of the PDAPbBT, structure refinement was to choose a single
P2,/c structure out of the fourteen available. This was done based on total energy computations. The

lowest energy structure was assumed to be a true one.

3.4 Electronic structures of the PDAPbX, perovskites
Figure 4 demonstrates electronic BS and DOS of the perovskites modeled using DFT. As can

be seen from Figure 4a, the quasi 2D chloride perovskite (monoclinic; C2) is a semiconductor with the
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direct VB—CB electronic transition occurring in-between the I' and A k-points. The computed
electronic bandgap equals 3.20 eV. This value matches well the bandgap of 3.036 eV recently reported
for the same perovskite by W. Yang et al. [15]. However, the BS plot of PDAPbCIl, presented in Figure
5b therein differs considerably from the one illustrated in Figure 4a of this work. Despite the similar
structure (monoclinic; P2,/c) the BS of PDAPbCI, features direct electronic transition at the I'-point
[15]. At present, we cannot offer any explanation for this discrepancy. What we found even more
confusing is the reported high symmetry k-point path [15]. To the best of our knowledge, monoclinic
syngony features no high symmetry k-points Al, R, and S [47].

Figure 4b shows that the quasi 2D bromide perovskite (monoclinic; P2,/c) is a direct bandgap
semiconductor as well. In contrast to the chloride, it features several energetically close VB—CB
electronic transitions. They occur at the I', Y, and Y1 k-points. The computed electronic bandgap
amounts to ~2.60 eV.

According to Figure 4c, the quasi 1D iodide perovskite (triclinic; P-1) is an indirect bandgap
semiconductor. In this compound, electrons can be excited for the k-point of VB located in-between
the Z and N k-points onto the I" k-point of CB. For this perovskite, the calculations predict an electronic

bandgap of 2.73 eV.
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3.5 Optical properties of the PDAPbX perovskites

Figure 5a shows diffuse reflectance spectra of the studied perovskites.
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Figure 5. Diffuse reflectance spectra (a) and their derivative (b) for PDAPbX,, (X = Cl, Br, I).

One can see that the chloride and bromide feature sharper edges of fundamental absorption as
compared to the iodide that could be related to the larger number of defects in the latter. Optical
bandgaps of the perovskites were determined as crosspoints of the diffuse reflectance spectra
derivatives with X-axis (Figure 5b). They decrease in the sequence CI-Br-I as follows E,=3.69 eV (Cl),
Es=2.96 eV (Br), and E,=2.88 eV (I) that is typical of metal halide perovskites. Figure 5b also shows
that the second maxima of the derivatives are shifted towards higher energies. We have observed and
explained such behavior in 1,6-hexamethylenediamine perovskites earlier [9].

As one can see from Table 2, there is a discrepancy between the theoretical (electronic) and
experimental (optical) bandgaps of the perovskites. There are several reasons for it [48]. We shall
remind the reader that the results of DFT calculations presented here formally correspond to 0 K as
opposed to a finite temperature at which the diffuse reflectance spectra were recorded. It is known that
many materials including semiconductors undergo thermal expansion often resulting in optical
bandgaps which are larger than the predicted electronic ones. This could be one of the reasons why
optical bandgaps listed in Table 2 are somewhat larger than their theoretical counterparts. Taking this
into account we may conclude that the agreement between the experimental and theoretical bandgaps

is rather satisfactory.
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Table 2. Experimental (optical) and theoretical (electronic) bandgaps of PDAPbX, perovskites.

Compound  Experiment, eV ~ Theory, eV

PDAPbCl4 3.69 3.20
PDAPbBI4 2.96 2.60
PDAPbI, 2.88 2.73

As speculated earlier, the second maxima in Figure 5b could be associated with VB—CB+1
electronic transitions [9]. In the case of chloride perovskite, the second maximum is observed
experimentally at 3.89 eV, while the theoretical value predicted by DFT amounts to 3.62 eV. In the
case of bromide perovskite, the second maximum is observed experimentally at 3.17 eV, whereas DFT
predicts the value of 3.09 eV. Finally, in the case of iodide perovskite, the second maximum is
observed experimentally at 3.32 eV, while DFT predicts 3.24. Thus, all the studied perovskites show
very good agreement between the calculated and experimental energies of VB—CB+1 electronic

transitions.

3.6 Luminescent properties of PDAPbX,

Low-temperature luminescence spectra of the PDAPbCl, perovskite are demonstrated in
Figure 6a.

In agreement with the data reported earlier [15], this hybrid perovskite is characterized by a
single broad luminescence band in the region [450-700] nm (curves 1-2) with a maximum at ~550 nm
which is most effectively excited by a radiation with wavelengths of 335 and 315 nm (curve 3). The
sharp edge of the broadband luminescence at 340 nm agrees well with the determined optical bandgap
of 3.69 eV (336 nm) meaning that the broadband luminescence of PDAPbCl, is due to interband

excitation.
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equation 4); (c) temperature dependence of the intensity of luminescence band (line

correspond to the fitting of the experimental data according to equation 5).

Figure 6b shows the decay kinetics of characteristic luminescence band intensities of

PDAPbBCI,. The kinetics of this process follows the exponential dependence:

-t

1= IoeT, (4)

where 1 is a characteristic life-time and I, is an amplitude.

Fitting the data for PDAPbCl, into equation (4) results in the broadband luminescence life-time

of 458+77 ns.
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As temperature increases the luminescence band intensity of the studied perovskites decreases
due to the increase in efficiency of nonradiative recombination channels. Generally, the temperature

dependence of luminescence intensity is well described by the Mott-Seitz equation [49,50]:

I(T)y=—"- 5)

1+A4ek
where [, - luminescence intensity at 0 K, £, - activation energy, and A - dimensionless coefficient
whose meaning depends on whether quenching is internal or external.

Figure 6¢ shows that the temperature quenching of broadband luminescence of PDAPbCl, with
a maximum at 566 nm (2.19 eV) is well described by eq. 5 with E, = ~67.8+6.5 meV.

Figure 7a illustrates the luminescence spectra and the spectra of luminescence excitation of
PDAPbBry. Therein, one can see two components: the narrow band, short wavelength with the
maximum at 414 nm and the wide band, long wavelength with the maximum at 530 nm. The peaks of
both luminescence spectra coincide.

The edge of long wavelength luminescence excitation reaches 427 nm (2.90 eV) matching the
perovskite optical bandgap (2.96 eV). Interestingly, the excitation spectra of both luminescence bands
look alike. This might indicate that both channels of the radiative relaxation originate from the same
excitation pathways due to the intrinsic light absorption.

Decay kinetics of characteristic luminescence band intensities of PDAPbBr, is demonstrated
in Figure 7b. In this perovskite, the luminescence decay occurs much faster as compared to that in
PDAPbBCly. An application of eq. 4 to the experimental decay kinetics data results in characteristic life-
times of 11+0.3 ns and 5+0.2 ns for the luminescence bands with the maxima at 530 nm and 414 nm,
respectively. The latter value is very close to the duration of excitation laser pulse in Figure S6. This
is the reason why an actual life-time of the narrow-band luminescence of PDAPbBr, could not be
determined. Seemingly, it does not exceed 10 ns. Anyway, the difference in decay time for two
luminescence bands infers that there exist two different channels of radiative relaxation corresponding

to two observed luminescence bands.
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correspond to the fitting of the experimental data according to equation 5).

The quenching of both narrow- and broadband luminescence of PDAPbBr, (Figure 7c¢) is also
well described by eq. 5. For the narrow-band luminescence with a maximum at 414 nm (2.99 eV) E,
=100.4£9.4 meV, whereas for the broadband luminescence with a maximum at 530 nm (2.33 e¢V) E,
=68.4+6.9 meV.

The luminescence spectra and the spectra of luminescence excitation of PDAPbI, are showed
in Figure 8a. Therein, one can see two overlapping luminescence bands: the short wavelength in the
range [575-725] nm and the long wavelength in the range [650-850] nm. The long wavelength

luminescence excitation spectrum reaches 430 nm (2.88 eV) that corresponds to the interband
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excitation of this perovskite. The luminescence excitation spectrum is complex and consists of several
bands. Most efficiently the luminescence is excited by a radiation with the wavelengths of 240 nm,
330 nm, and 410 nm.

Figure 8b shows kinetics of decay of the short and long wavelength luminescence of PDAPDI,.
Having approximated the data according to eq. 4, we obtain characteristic life-times of 11.4+0.52 ns
and 12.11£0.8 ns for the luminescence bands with the maxima at 650 nm and 800 nm, respectively.
Such similar lifetimes of the luminescence might indicate a similarity in relaxation mechanisms for
both luminescence bands.

The quenching of both closely spaced luminescence bands (with the maxima at 650 nm and
800 nm) in PDAPbI, (Figure 8c) occurs with activation energies on the order of 49 meV (49.4+1.9
meV and 49.1£1.8 meV, respectively).

Table 3 shows how luminescent properties of PDAPbX,, (X = Cl, Br, I) depend on the type of
halogen atom. According to it, the bromide perovskite features two luminescence channels: free
excitons (FE) and self-trapped excitons (STE). Noteworthy, the narrow-band FE-luminescence is more
stable than the broad-band STE-luminescence. The other compounds demonstrate just one radiative
recombination channel which is STE. The two luminescence bands in the iodide perovskite case

correspond to two types of STE localization states.

Table 3. Luminescence band maximum at 83 K (nm/eV), characteristic lifetimes (ns), and
luminescence quenching activation energy E, (meV) of the luminescence bands of

PDAPbLX, (X = Cl, Br, I) perovskites.

Compound L. max at 83 K lifetime L. quenching E,
PDAPDLCl, 566/2.19 458+77 67.8+6.5
PDAPDbBIry 414/2.99 <5 100.4+9.4
PDAPDbBry 530/2.33 11.0+0.30 68.4+6.9
PDAPDI, 650/1.91 11.4+0.52 49.4+1.9

PDAPbI,4 800/1.55 12.11+0.8 49.1£1.8
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equation 4); (c) temperature dependence of the intensity of luminescence bands (lines

correspond to the fitting of the experimental data according to equation 5).

4. Discussion

The considered PDAPbX,, (X=CI, Br, I) perovskites differ from each other only in the type of

constituting halogen atom. This lets us to uncover how halogen atoms affect the perovskite crystal

structures and, as a result, their optoelectronic properties.

There are two ways halogen atoms influence the formation of crystal structures of low-

dimensional perovskites. The first one is a dimensionality factor. Indeed, the halogen atoms differ in

size which increases in the sequence Cl-Br-I. The second is a strength with which halogen atom

interacts with the organic cation and lead atom. This strength depends on halogen atom
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electronegativity which decreases in the same sequence. The cumulative effect of both leads to a
formation of wide variety of hybrid perovskites of different anionic compositions.

The inorganic PbClg octahedra network within the chloride perovskite structure undergoes both
disorder and distortion. The former manifests itself in significant PbClg octahedra tilts with respect to
each other, while the latter results in a slight asymmetry of the octahedra themselves. Thus, in the case
of chloride perovskite optimal positions of the PbClg octahedra with respect to the PDA amino groups
is achieved via tilting of the former. In contrast, in the case of bromide perovskite the same goal is
achieved through the PbBrg octahedra distortion. Yet another scenario is realized in the iodide
perovskite case. As a matter of fact, optimal interactions between the organic and inorganc subsystems
in this perovskite are fulfilled when the Pblg octahedra are connected with each other through common
faces and edges forming a quasi 1D structure.

Electrostatic interactions between cations and anions of a perovskite play an important role in
its formation. In the context of this study, they arise between lead, halogen, and PDA ions. An optimal
arrangement of the PDA protonated amino groups within the perovskite crystals is such that their three
hydrogens point toward the nearest halogens thereby forming H-bonds. This is confirmed by the IR
spectra lacking bands due to non-interacting N-H bonds. Thus, an optimal PDA orientation with
respect to the PbXg octahedra implies the formation of three H-bonds between the protonated amino
groups and halogens.

We would like to emphasize that, here, H-bonds play rather minor role as they are much weaker
than electrostatic interactions occurring between the perovskite ions. Nevertheless, all the three
considered perovskites feature the H-bond formation that leads to a total energy lowering.

In fact, the recorded XRD data revealed that PDA* in PDAPbBr,4 perovskite have two distinct
conformations as showed in Figure 9. The major difference between them is the orientation of one of
the amino groups with respect to the neighboring PbBrg octahedra (compare positions of the atoms N2
and N2A in Figure 9). This can also be regarded as a manifestation of intention of a perovskite to form

as many H-bonds N-H---X as possible thereby stabilizing its structure.
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Figure 9. Two conformations of pentadiamine cation within the unit cell of PDAPbBry.

As indicated by excitation spectra and decay times of the luminescence, its excitation
mechanism in all the three perovskites involves band to band transitions. However, the observed
structure of the luminescence excitation spectra manifests the different character of these transitions
between different electronic band states. In the case of luminescence spectra of PDAPbCl, perovskite,
the wavelength of 335 nm (3.70 eV) corresponds to the electron transition from the top of VB to the
bottom of CB (denoted as Eg(I) in Figure 4). This transition matches well the experimentally
determined optical bandgap of 3.69 eV. In contrast, the wavelength of 315 nm (3.93 eV) seems to
correspond to VB — CB+1 electron transition (denoted as Eg(Il) in Figure 4). This transition is
observed by diffuse reflectance spectroscopy and corresponds to the second maximum of the
absorption derivative reported in Section 3.4 (3.89 eV). These features of the electronic structure and

optical behavior of the synthesized materials can be attributed to the quantum size confinement effect
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that, in turn, creates strong optical and electronic anisotropy in crystals reflecting the strong crystal
structure anisotropy typical of low dimensional perovskites and their derivatives.
The obtained luminescence spectra can be represented as dots on the CIE 1931 color space

shown in Figure 10. As can be seen, PDAPbBT, is a material with a great white light emission potential.
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Figure 10. CIE 1931 color space with the marked positions of the luminescence spectra of various
hybrid perovskites PDAPbX, (X = Cl, Br, I). For the chloride perovskite, the

luminescence excitation wavelength is given in parentheses.

5. Conclusions

In the present work, the synthesis, structure, optoelectronic, and luminescence properties of
PDAPbLX, (X = Cl, Br, I) hybrid perovskites are reported. In contrast to their quasi 1D iodide analog,
the chloride and bromide haloplumbates possess quasi 2D perovskite-like structure.

The role of a size of halogen anion and the strength of its interaction with the PDA and lead
cations is elucidated. It is shown that the halogen anions determine the degree of the PbX¢ octahedra
distortion and overall disorder of the perovskite crystal lattices. The PbX¢ octahedra distortion may
result in asymmetry of Pb-X bond lengths and/or in the displacement of lead cation from its ideal

position within the octahedron. An overall perovskite crystal lattice disorder is achieved through the
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PbX octahedra tilting. In extreme case (PDAPDbI,), the PbX¢ octahedra tilting may lead to their specific
connection pattern in which the neighboring PbX¢ octahedra share their edges and faces as opposed to
the corner-sharing pattern observed in PDAPbCl,; and PDAPbBr,. The orientation of terminal
protonated amino groups changes as well subject to a type of halogen atom. An optimal perovskite
structure explores all of the above-mentioned possibilities. One of the manifestations of such structure

is a formation of as many H-bonds N-H---X as possible.
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