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One-dimensional hybrid organic—inorganic halide perovskites have recently come under the spotlight of
research due to their unique optical properties, including strong light absorption and other physico-
chemical characteristics relevant to energy conversion applications. Exchanging organic cations in the
perovskite lattice is known to strongly affect the optical and dielectric properties of the material along
with structural stability, stimulating investigations of new organic cations favoring the formation of low-
dimensional phases. Herein, we report the synthesis, dielectric and Raman spectroscopy, calorimetric
properties, and linear and nonlinear optical behavior of 1D hybrid organic—inorganic lead iodide with the
pyrrolidinium cation (C4HgNH,Pbls, PyrPbls). To the best of our knowledge, our results are the first
showing the phase transition (PT) in this compound, which allowed us to determine its behavior in both
phases. The material undergoes a first-order structural PT at 266.0 K (262.2 K) on heating (cooling).
As a result of the structural PT, an abrupt rise in the dielectric permittivity, characteristic of dielectrically
switchable materials, was observed. Temperature-dependent Raman spectra showed that the mecha-
nism of the occurring PT is mainly associated with the sudden freezing of the Pyr* cations. In addition,
using independent optical methods such as photoacoustic and photothermal deflection spectroscopy,
photoluminescence and third harmonic generation measurements, we determined the band gap energy
of 2.6 eV. Thanks to in-depth optical measurements, we further the understanding of the photolumines-
cence emission origin in PyrPbls and question the generality of the attribution of broad band emission
to self-trapped excitons.

Introduction

In recent years, tremendous efforts have been devoted to the
study of hybrid organic-inorganic perovskites (HOIPs) due to
their significant contribution to the development of opto-
electronic devices, including photovoltaic cells, light emitting
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diodes, and optically pumped lasers.' ® The bulk of the existing
research on HOIPs largely focused on lead(u) halide perovskites
(LHPs), in which the lead perovskite crystal lattice is usually
defined as a network of corner-sharing [PbXs]*~ octahedra, with
a general APbX; or A,PbX, stoichiometry, wherein A and X
denote a monovalent organic cation and a halogen anion (Cl ™,
Br, I, or a mixture thereof), respectively. HOIPs not only offer
rich chemistry e.g. in terms of the organic cation diversity, but
also extend to the spatial arrangement of all inorganic and
organic components involved, creating three-, two-, one-, or
even zero-dimensional structures. Such reduced dimensionality
of the inorganic subnetwork has a significant impact on
the optical and electronic properties of HOIPs through the
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dielectric and quantum confinement of charge carriers."*™°
Management of this property has promoted tremendous inter-
est in three-dimensional (3D) and two-dimensional (2D) HOIPs
and resulted in the demonstration of structure-property rela-
tionships, as well as helped to establish merits and drawbacks
of respective HOIP subclasses for light harvesting and photo-
luminescence applications."""”"° Low-dimensional counterparts,
such as one-dimensional (1D) HOIPs constructed from single
chains of [PbX]'~ octahedra, have captured much less attention
of the perovskite community. This has changed only recently,
since 1D HOIPs have earned growing publicity as a separate
category of HOIPs, thanks to the possible capacity for enhanced
quantum and dielectric confinements favourable for practical
applications.”® In a similar manner to 2D structures, a large
diversity of available ‘A’-site organic cations offers enormous
opportunities for tuning the structural, physical, and optical
properties of 1D compounds. Quantum confinement in 1D
perovskite structures offers additional tuning of their optical
properties, relevant to both light-absorbing (tandem solar cells,
spectrally-selective®® or polarization-sensitive®® photodetectors)
and -emitting devices. Strong electron (exciton)-phonon inter-
action combined with high exciton binding energy gives rise to a
plethora of unique effects; for instance, it has been shown that a
1D structure is favourable for exciton self-trapping to produce
highly efficient below-gap broadband luminescence useful for
white-light-emitting diodes.>*?> In addition, a highly enhanced
non-linear optical (NLO) response in the form of third harmonic
generation (THG) was noticed, which can be further exploited to
understand the excited states of such systems.>**’

In recent time, research on compounds that exhibit a broad
and strongly Stokes-shifted emission band has attracted a lot of
attention. It has become a common practice in the scientific
community to attribute this behaviour to emissions from so-
called self-trapped excitons (STEs) created by the strong carrier-
phonon interaction in the soft crystal lattice of perovskite
materials. However, more often than not, the actual role of
STEs in these materials is unclear, and the question remains
whether they are responsible for broadening the emission band
in all cases. To resolve these uncertainties, theoretical first-
principles calculations are performed, and/or a combination of
optical techniques is used, including ultrafast spectroscopy to
investigate the dynamics of the observed processes.?*? Study-
ing single crystals rather than common solution-processed
thin layers is crucial to exclude grain boundaries of the tested
materials. It is important to stress that although halide per-
ovskites and their related compounds generally exhibit impressive
optoelectronic performance metrics, some of their relevant photo-
physical characteristics are governed by defects.”*** Hence,
detailed investigation into broad-emission perovskite compounds
with high quantum efficiency has to be undertaken to distinguish
between these effects.

Bearing the mentioned above in mind, we closely examine
the behaviour of 1D hybrid organic-inorganic lead iodide with
the pyrrolidinium as the ‘A’-site cation (C,;HgNH,Pbl;, PyrPbl;).
In the past, only a few reports describing the structure and
optical properties of the PyrPbl; compound have been
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published.>® Xu et al showed that the compound has a
bandgap allowing broad visible light absorption and crystal-
lizes in the hexagonal P6;/mmc space group (273 K),*® while the
Pnma orthorhombic phase is observed at lower temperatures
(173 K).*® So far, none of the previous studies addressed the
topic of phase transition (PT) and its influence on material
properties. In order to fill that knowledge gap, we determined
the PT temperature of PyrPbl;, described its switchable dielec-
tric attributes as well as vibrational features of phases at either
side of the PT. Moreover, we determined the band gap energy
by employing independent optical methods, such as photoa-
coustic and photothermal deflection spectroscopies, photolu-
minescence, and THG measurements. Additionally, based on
the lifetime of photoexcited carriers, we explained the nature of
photoluminescence emission of the material.

Experimental
Synthetic procedures

PbI, (99%, Sigma-Aldrich), pyrrolidine (98%, Sigma-Aldrich),
hydroiodic acid stabilized with H;PO, (57 wt% in H,O, Sigma-
Aldrich), and N,N-dimethylformamide (DMF, 99.8%, Sigma-
Aldrich) were commercially available and used without further
purification. In order to grow single crystals of PyrPbl;, 1 mmol
of Pbl, was dissolved in 3 mL of DMF under stirring at 50 °C.
Then 1 mmol of pyrrolidine (0.083 mL) was added and the
mixture was neutralized by HI. The solution was left at room
temperature (RT) and the yellow single crystals of PyrPbl;,
which grew at the bottom of the glass vial, were separated from
the mother liquid, washed with DMF, and dried at RT. The
comparison of the powder XRD pattern of PyrPbl; with the
calculated ones based on the room-temperature single-crystal
data reported previously®® (space group P6s/mmc) confirmed
the phase purity of powdered samples (Fig. S1 in the ESIT).

X-ray powder diffraction

Powder XRD patterns were measured in the reflection mode on
an X’Pert PRO X-ray diffraction system equipped with a PIXcel
ultrafast line detector and Soller slits for Cu Kal radiation
(% = 1.54056 A).

Differential scanning calorimetry (DSC)

Heat capacity was measured using a Mettler Toledo DSC-1
calorimeter with a high resolution of 0.4 pW. The DSC thermo-
grams were measured dynamically for the cooling and heating
cycles with different temperature rates (1, 2, 5, 10 K min™") to
determine thermal hysteresis. Nitrogen was used as a purging
gas. The mass of the measured sample was 27.78 mg. The
excess heat capacity associated with the phase transition was
calculated by subtracting from the data the baseline represent-
ing the system variation in the absence of phase transitions.

Raman spectroscopy

Temperature-dependent Raman spectra in the 80-3500 cm ™'

range (with the resolution of 2 em™') were measured in a
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back-scattering geometry using a Bruker RFS 100/S FT-Raman
spectrometer operating at 1064 nm (Nd:YAG); the laser power
used was 450 mW. For temperature controlling, the powdered
and pelletized sample was placed in a Linkam THMS600
cryostat cell equipped with quartz windows.

Broadband dielectric spectroscopy

Dielectric measurements of the examined samples were carried
out using a broadband impedance Novocontrol Alpha analyser.
Since the obtained single crystals were not large enough to
perform single-crystal dielectric measurements, pellets made of
well-dried samples were used instead. The powder was pressed
into cylindrical pellets of 5 mm in diameter and 0.5 mm in
thickness. Silver paste was coated on both parallel surfaces of
the sample to ensure good electrical contact. A sinusoidal
voltage with an amplitude of 1 V and frequency in the range
of 1 Hz-1 MHz were applied across the sample. The measurements
were taken every 1 K in the temperature range of 150-325 K, and
the temperature stability of the sample was better than 0.1 K. The
temperature was stabilized by means of nitrogen gas using the
Novocontrol Quattro system.

Photoacoustic spectroscopy

A 150 W quartz tungsten halogen (QTH) lamp coupled to a
320 mm focal length grating monochromator (Horiba iHR320)
through a set of lenses was used as a tuneable light source for
photoacoustic experiments. The pumping beam was mechani-
cally chopped at 10 Hz and focused on the sample mounted
inside a measurement chamber sealed with a quartz trans-
mission window. The thermally excited acoustic waves were
detected using an electret condenser microphone, producing a
voltage signal further demodulated with a lock-in amplifier
(EG&G 7260). Spectral resolution, determining the transition
uncertainty, is 10 meV in the presented spectral range.

Photothermal deflection spectroscopy

In a similar manner to photoacoustic spectroscopy, a tuneable
light source consisting of a 250 W QTH lamp and a 250 mm
grating monochromator was used for exciting the sample, with
the beam modulated with a mechanical chopper at 10 Hz. The
sample was mounted in a quartz cuvette filled with a thermo-
optic medium (Fluorinert FC-72, 3M). A probing laser beam
(670 nm) was passed close to the sample surface, where the
pumping beam is focused with a lens to form a spot ~0.2 mm
in size. Absorption-related periodic material heating caused
probing beam deflection, measured with a quadrant photodiode
and demodulated with a lock-in amplifier (Stanford Research
Systems SR830) to ensure a high signal dynamic range.

Steady-state photoluminescence measurements

Photoluminescence (Stokes emission) measurements were per-
formed in the backscattering configuration, using a 375 nm
diode laser (Omicron QuixX 375-70 PS) operating in the
continuous-wave mode used for exciting the material (laser
optical power given in relevant places). The emission spectra
were analysed using a thermoelectrically cooled Si CCD array
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detector (Avantes, AvaSpec-HSC1024x58TEC-EVO). A 400 nm
longpass filter was placed in front of a fibre coupler to attenuate
residual laser light scattered by the sample. For temperature-
dependent measurements, either above room temperature (RT)
or down in the cryogenic temperature range, a liquid nitrogen
cooled microscopic stage with a quartz optical transmission
window (Linkam FTIR600) was utilized.

Time-resolved photoluminescence measurements

The luminescence kinetics of PyrPbl; was investigated using
the time-correlated single-photon counting (TCSPC) method.
We used a Becker & Hickl system (Berlin, Germany) constructed
from a TCSPC Module (SPC-130-EM) and a hybrid photomulti-
plier detector (HPM-100-06) powered and controlled with
a dedicated card (DCC 100), mounted on the exit slit of an Acton
SpectraPro-2300i monochromator (Princeton Instruments, Tren-
ton, NJ, USA). The sample was excited using a 375 nm BDL-377-
SMC picosecond laser diode (20 MHz repetition rate, average
power 6 mW), whereas the luminescence was passed through the
monochromator to monitor 660 nm wavelength. The average
luminescence lifetime values and their components were
obtained from the fitting of data to biexponential functions,
after the deconvolution of the instrument response function
(IRF) which is ca. 200 ps. The average lifetime has been calcu-
lated using the following formula

i T2A; + 12 A4,
av — b
1141 + 124>

in which 7, and 7, are the decay components, 4; and 4, are their
weights, and t,, is the average decay time.

Temperature control of the sample was performed using a
Linkam LTS420 heating/freezing stage employing liquid nitro-
gen cooling.

Spectrally-resolved THG measurements

SR-THG measurements were performed using a laser system
consisting of a Coherent Astrella Ti:Sapphire regenerative
amplifier, providing 800 nm pulses (75 fs pulse duration,
1 kHz repetition rate) driving a wavelength-tuneable TOPAS
Prime optical parametric amplifier (OPA). The output of the
OPA was set in a range from 1200 nm to 1625 nm, using a
25 nm step. Prior to the measurements, the single crystals of
PyrPbl; and those of potassium dihydrogen phosphate (KDP)
were crushed using a spatula and sieved through a mini-sieve
set (Aldrich), collecting a microcrystal size fraction of 125-
177 pm. Next, size-graded samples of PyrPbl; and KDP were
fixed in between microscope glass slides (forming tightly packed
layers), sealed and mounted to the horizontally-aligned sample
holder. No refractive index matching oil was used.

The employed SR-THG measurement setup operates in the
reflection mode. Specifically, the laser beam was directed onto
the sample at 45 degrees to the sample surface and was
unfocused. Emission collecting optics consisted of ¥25.0 mm
plano-convex lens of focal length 25.4 mm (Thorlabs) coupling
light into a 400 pm, 0.22 NA glass optical fibre (Ocean
Optics) and was placed along the normal to the sample surface.
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The distance between the collection lens and the sample was
30 mm. Scattered pumping radiation was suppressed with the
use of a 1000 nm or 1200 nm shortpass dielectric filter
(FESH1000 and FESH1200, Thorlabs), depending on the applied
pumping wavelength.

Note that the geometry of the SR-THG experimental setup
and the intensity of the pumping laser beam were strictly the
same for both samples at a given wavelength. This allows us to
demonstrate the wavelength spectrum of the relative THG
efficiency of PyrPbl; versus KDP standard and eliminates
the need for adjustment of the pumping laser intensity to a
constant power across all the investigated wavelength range.
Stabilization of the samples’ temperature was done using a
Linkam LTS420 heating/freezing stage. The emission spectra
collected were recorded using an Ocean Optics Flame T
spectrograph.

Results and discussion
Thermal properties

In order to identify the temperature-controlled phase stability,
the differential scanning calorimetry (DSC) measurements were
performed. From the DSC thermogram, it was possible to
identify the temperatures of the PTs occurring in the investi-
gated material, which were lacking in the previous studies. The
conducted calorimetric investigations show a single, repetitive
PT observed at T = 266.0 K (262.2 K) during the heating
(cooling) cycle (Fig. 1 and Fig. S2, ESIt). The observed thermal
hysteresis between heating and cooling cycles depends on the
rate of temperature change (Fig. S2, ESIT). Under the conditions
of complete thermodynamic equilibrium in the system (quasi-
static), which is infeasibly realized under real experimental
conditions, the material would undergo a PT at the temperature
corresponding to the condition of equality of the specific
thermodynamic potentials. The thermal hysteresis occurring
in this compound between heating and cooling cycles indicates

< 2 § dT/dt =5 K/min
~ E 2
T 00| 54 -
= 2 2 -
A 0 a0
g 200 250 300 @.°
2 400 + Temperature (K) °:
o d
O ]
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200} g0
() — A ig
200 220 240 260 280 300

Temperature (K)

Fig. 1 Temperature dependence of excess heat capacity, AC,, obtained
for heating and cooling cycles of PyrPbls with the rates equal to 5 K min™™.
The inset shows the corresponding change of entropy, AS, measured
under the same conditions.
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the first-order type of PT. The heat capacity peaks associated
with PT are symmetrical and sharp because the positions of
atoms at the point of first-order phase transition are changed in
a jumpwise manner. This is also confirmed by the accompany-
ing discontinuous change in the entropy (AS) (see the inset in
Fig. 1). The estimated value of the AS (~8 ] mol " K') is
associated with the structural transformation from the high-
temperature (HT) hexagonal P6s/mmc to the low-temperature
orthorhombic Pnma phase.®®>°

Raman spectroscopy

To elucidate the molecular mechanism of the occurring PT,
Raman spectra were measured as a function of temperature
(Fig. 2). The tentative peak assignment, based on the literature
data, is shown in Table S1 (ESIT).*°™*> At RT, the number of
observed Raman bands is much lower than that predicted by
factor group analysis for the HT phase adopting the hexagonal
P63/mmc space group.”’®** This phase is expected to have 114
vibrational modes, which is far from the observation. This
means that Davydov splitting is weak in the HT phase, and
the individual modes are strongly overlapped. As a result of
dynamical disorder, Raman bands are very broad at RT.** The
gradual lowering of temperature causes a sudden narrowing of
all bands below 250 K, in line with abrupt freezing of the
disordered Pyr' cations upon the first-order PT. The tempera-
ture of this transformation is slightly lower than that extracted
from DSC data because of the partial and local overheating of
the crystal by the infrared laser beam.

The LT phase of PyrPbl; is (Pnma
symmetry).”® Since the cell volume of this phase is doubled,

orthorhombic

the number of expected modes should also be duplicated to
228. Obviously, the splitting of bands is barely seen during
cooling; thus, the Davydov splitting remains weak in the LT
phase as well. It is worth noting that the majority of bands
exhibit a strong increase in intensity during cooling (Fig. 2),
and some of them become visible only below 250 K. This effect
is especially pronounced for bands corresponding to the NH,

/
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Fig. 2 Temperature-dependent Raman spectra measured for PyrPbls.
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groups involved in the creation of the N-H- - -I hydrogen bonds
(HBs). Furthermore, bands corresponding to vsNH,, v,;sNH,,
and 0NH,, which are considered as indicators of HB strength,
downshift by 66, 15, and 10 cm ' when the temperature is
lowered from 300 to 80 K (phonon softening).

Such large offsets and increase of intensity are consistent
with a strong rearrangement of the HB network and freezing of
Pyr' cations when the HT phase transforms to the LT one. This
freezing is caused by strengthening of the HBs, as evidenced by
the decrease of the shortest N-- -1 (H- - -I) contacts from 4.0396 A
(3.2262 A) at 297 K (HT phase)®® to 3.5721-3.6552 A (2.7668-
2.7918 A) in the LT phase.

Fig. 3 and Fig. S3 (ESIT) show the results of Raman bands’
fitting using Lorentz curves, such as changes in the positions
(Fig. 3(a)) and full-width-at-half-maximum (FWHM, Fig. 3(b))
values. It can be clearly seen that nearly all bands exhibit
sudden narrowing and shifts at the PT temperature. Such
pronounced thermal effects on Raman spectra, reported pre-
viously also for Pyr,KM™(CN); (M™ = Co, Fe), Pyr,(H;0)-
Co(CN)s, and CH;NH;PbX; (X = I, Br),*>*"*> suggest that the
PT affects geometry and confinement of the Pyr' cations.
Indeed, according to the crystallographic data, the volume
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Fig. 3 Energy (a) and broadening (FWHM, b) thermal dependencies of
selected Raman bands.
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available for a formula unit decreases from 304.4 A® at 297 K
(HT phase) to 291.3 A® at 173 K (LT phase).*® Furthermore,
ordering of Pyr' cations leads to the increase of HB strength,
and a slight decrease in the Pb-I lengths and Pb-Pb distances
within and between parallel chains.*® The PT into the ordered
structure and subsequent changes in the Pb-I bond lengths, as
well as distortion of the [Pblg]*~ octahedra, are reflected in the
Raman spectra by the strong narrowing and shift of the low-
wavenumber Raman bands (below 150 cm ™", Fig. 2 and Fig. $3,
ESIT), which correspond to Pb-I stretching and bending modes.

Dielectric studies

In order to describe more deeply the mechanism of the
observed structural PT, broadband dielectric spectroscopy mea-
surements were performed. Fig. 4(a) shows a temperature
dependence of the real part of dielectric permittivity &'(7),
where a step-like anomaly with small thermal hysteresis at
approximately 261 K is observed. Such behaviour indicates
the first-order character of the observed PT, which is consistent
with the results observed in both DSC and Raman spectra.
In addition, the shape of this anomaly is characteristic of
dielectrically switchable materials, with A¢ equal to 4 at the
PT temperature (inset Fig. 4(a)).*"*’*° To check the phase
stability after several phase switching between On/Off states,
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210 240 270 300
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121 frequency
1MHz - 1Hz
10 . . . .
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dielectric permittivity &'

14 280K
YONNNAARANNT
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1 3 5 7 9 11
Switching cycles

Fig. 4 (a) Temperature dependence of the dielectric permittivity of
PyrPbls pellets measured upon heating. The representative curves are
plotted in frequency decades between 1 Hz and 1 MHz. The changes of
dielectric permittivity for 0.2 MHz during heating and cooling cycles were
enlarged and are presented in the inset. (b) Several cycles of the
temperature-induced dielectric switching of PyrPbls for a frequency of
0.05 MHz.
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the dielectric permittivity was measured as a function of time
and temperature. Each switching cycle consisted of a tempera-
ture change between 250 and 280 K at the rate of 5 K min %,
and after reaching the set temperature (250 or 280 K), the
material was dwelled for 30 min (Fig. 4(b)). These results
indicate the reversibility and stability of the investigated mate-
rials subjected to multiple temperature switching.

The observed frequency dispersion above the PT tempera-
ture confirms the structural Pyr' cation disorder induced by
temperature. Moreover, characteristic of this type of material,
the temperature-induced ionic conductivity process may influence
the dielectric permittivity values at higher temperatures.*”*

Photoacoustic and photothermal spectroscopy

We have performed optical spectroscopy experiments to evalu-
ate the optoelectronic potential of PyrPbl;, with photoacoustic
spectroscopy (PAS) used to reveal absorption properties of
the materials. Photoacoustic spectroscopy, due to its inherent
dependence on nonradiative recombination processes and
non-optical detection of the signal approximating optical
absorption coefficient, is a unique experimental technique for
studying optical transitions in both thick bulk crystals and
powdered materials in the same system, overcoming the limita-
tions caused by transmittance saturation and light scattering in
regular absorbance measurements.>"** Fig. 5(a) shows ampli-
tude photoacoustic spectra of a bulk (0.5 x 3 mm, comparable
with the excitation beam size) PyrPbl; crystal and powdered
sample, ground to grains of around 10 pm in size, as confirmed
by dark-field optical microscopy. Overall, the signal amplitude
for the powdered material is about 2.5 times higher across the
entire spectrum, meaning that grinding increases the absorp-
tion cross section and effectively increases the solid-gas heat
exchange interface area, improving the signal, so all features
seen in the spectra come from the bulk properties. In both
cases, we observed a signal amplitude rise starting at 2.2 eV,
forming a broad absorption edge and signal saturation at
around 2.8 eV. No absorption features below 2 eV, down to
the near infrared range can be observed, with the signal
amplitude remaining at the noise level of the system. Such
results are expected for a material yellow in colour (see the
photograph in Fig. 5(a)).

Assuming linear dependence between photoacoustic signal
amplitude and optical absorption coefficient in the spectral
range below signal saturation, we used Tauc plots for direct
allowed transition,>® presented in Fig. 5(b), to determine band
gap energy of PyrPbl;. The obtained energy gaps are in good
agreement with each other, with 2.62 eV (~473 nm) for powder
and 2.60 eV (~476 nm) for bulk crystal, respectively. The
inflection point in photoacoustic phase spectra lies at the same
spectral position as the determined band gap, further confirm-
ing a rapid change in optical penetration depth reflected by
thermal modulation closer to the material surface.

Our observations differ from some of the previous reports
showing a local extremum at 1.8 eV superimposed on the main
absorption edge, with no precise interpretation proposed.*®>’
Not only does it appear in the same spectral range as
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Fig. 5 (a) Amplitude photoacoustic (PAS, bulk and powder) and photo-

thermal deflection (PDS, bulk) spectra of PyrPbls, revealing visible range
absorbance. Straight lines represent Urbach edge fitting. The inset shows
the photography of single crystals. (b) Tauc plots for direct band gaps
based on photoacoustic spectra presented in panel (a). The inset shows
spectral dependence of photoacoustic signal phase, with an extremum
coinciding with the determined band gap energy.

photoluminescence emission (might be detected in the spectro-
meter setup if high-energy illumination is used), but it also
affects the band gap determination from the Tauc plot, coin-
cidently also derived at 1.8 eV. The following publication®”
includes absorption results obtained on spin-coated thin layers
which are more similar to ours, revealing a clear edge and a
peak around 500 nm, with no significant absorption at energies
below that. Pham et al.*® reported a slightly higher direct band
gap energy of 2.7 eV, though with clear influence of sub-gap
absorption on the fitting procedure using the Tauc plot.
Linear absorption dependence in logarithmic scale within
a certain spectral range below the band gap indicates the
contribution of material disorder in the optical absorption
spectrum, represented by the Urbach tail.>®>” We have fitted
the photoacoustic amplitude spectra to the Urbach formula,
with band gap energies used as input parameters (see curves in
Fig. 5(a)). The obtained Urbach energies are the same within

This journal is © The Royal Society of Chemistry 2022
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their uncertainties, which are equal to 202 £ 5 meV for the bulk
crystal and 202 £+ 3 meV for the powdered sample, suggesting
no influence of grinding the material on short range disorder.
The photothermal deflection spectrum (PDS) on single bulk
crystal PyrPbl; shows that PDS offers a better dynamic range
(possibility to probe lower relative absorbance) than PAS in the
below-gap region due to higher method sensitivity, further
confirming the presence of a strong absorption tail. Fitting
the data in a much broader spectral range than for PAS (down
to 1.8 eV) reveals a slightly higher Urbach energy of 212 +
1 meV. Such large Urbach energy at room temperature is typical
for highly disordered or amorphous materials®*®" in semi-
conductors, often representing the activity of defects forming
energy levels close to band edges.*>%

The obtained band gap energy is higher than that for regular
3D lead-halide perovskites, and closer to that typically found for
low-dimensional structures, such as Ruddlesden-Popper per-
ovskites. The importance of residual optical absorption down
to 2 eV lies in the potential applications as absorbers for indoor
photovoltaics, optimized for artificial light sources rather than
the sun in terms of the maximum efficiency bandgap eluci-
dated from the Shockley-Queisser limit.>*®* Its potential as an
energy conversion material could also be exploited in hydrogen
generation by photocatalytic water splitting.®>®” Most organic-
inorganic lead halide perovskites offer exceptionally beneficial
optical properties for that application due to band gaps above
1.23 eV (allowing the generation of photoexcited carriers having
energy sufficient for the reaction) and strong light absorption
when compared to classic inorganic semiconductors, but
previous efforts on exploring their photocatalytic utility were
impeded by rapid material degradation upon exposure to
water.®®®® PyrPbl;, despite having a larger band gap than the
recommended maximum to obtain desirable apparent quan-
tum yield with sunlight illumination (2.36 eV),”® has been
shown to be highly water-resistant.®® It is also worth mentioning
that the issue of water-assisted degradation can be overcome
by using different hydrogen-rich reactants, with hydrohalic
acids (like hydrogen iodide, HI) proven to be promising
competitors.®>”" To fully evaluate the photocatalytic potential
of PyrPbl;, further research on absolute energy level positions
with respect to a vacuum (band alignment) is necessary.

Determination of band gap energy using spectrally-resolved
THG data

Next, we proceeded to the investigation of optical properties of
the PyrPbI; material by means of spectrally-resolved THG
measurements; however, the use of this technique needs a
word of explanation. Specifically, in the past for several coordi-
nation polymers, we investigated the spectral intensity of the
harmonic generation phenomena by monitoring the intensity
of SHG and THG signals as a function of pumping laser
wavelength.”>”® Resulting spectrally-resolved spectra, which
were essentially the excitation spectra of harmonic responses,
demonstrated that the intensity of SHG and THG signals is
attenuated by the presence of one-photon absorption bands not
only at the fundamental (pumping) wavelength (1), but also at
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the wavelength corresponding to the harmonic of radiation
(4/2, A/3). In fact, attenuation of the harmonic radiation due to
the self-absorption of SHG or THG seems to have a much
stronger effect than the self-absorption of radiation at the
fundamental wavelength.”” This property allowed us to draw
a qualitative relationship between the relative strength of
harmonic generation and the one-photon absorption spectra
of the studied coordination polymers. Indeed, spectral areas
with the lowest absorption coefficients featured the highest
relative SHG and THG efficiencies, hence they were referred to
as “optical transparency windows”. This, in turn, led us to the
idea that a simple examination of absorption or reflectance
spectra of coloured samples could be used for an assessment of
which pumping wavelength the harmonic generation is
expected to be the highest. From this perspective, quite inter-
esting seems to be the prospect for a reverse approach - in
which the excitation spectra of harmonic generation could be
used to assess the approximate value of the optical energy band
gap of a material. To the best of our knowledge, such a
measurement technique has not been used so far to assess
the optical band gap. Accordingly, following results are our very
first take on this topic.

Fig. 6 presents the THG excitation spectrum measured for
PyrPbI; at RT, ie. relative THG efficiencies (expressed as frac-
tion of KDP efficiency), for the excitation range from 1200 nm to
1625 nm, corresponding to THG maxima in between 400 nm
and 541 nm. Experimental spectra of the obtained nonlinear
emissions for PyrPbl; and KDP are provided in Fig. S4 (ESIT).
In the former case, spectra show the presence of THG response
only, confirming the assignment of a centrosymmetric
space group.

It is apparent that the THG excitation spectrum of PyrPbl;
features two distinct ranges. The first range covers THG
responses from 408 nm (3.04 eV) to 492 nm (2.52 eV), in which
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Fig. 6 THG excitation spectrum for PyrPbls as a function of energy of the
produced THG response. Red lines are led through the points as a guide to
assess the inflection point of an experimental curve. It is apparent that for
pumping wavelengths higher than 1475 nm (ie. THG intensities higher
than 491 nm), the relative THG intensities do not significantly increase.
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the relative efficiency of THG steadily rises from 0.13 to 1.12
compared to that of KDP. Beyond that point, a second region is
apparent up to THG located at 542 nm (2.29 eV). Here, the
relative efficiencies of THG rise slowly. A plot formed in this
way thus features a clear inflection point, whose position is
estimated to be at ca. 2.51 €V, as estimated by simple linear
regression through adjacent points. We attribute that value to
the energy of the optical bandgap of PyrPbl;, especially in the
context of the reference value of 2.62 eV obtained from photo-
acoustic measurement.

There is one intrinsic limitation to the proposed method of
determining the optical bandgap from SR-THG data that needs
to be mentioned. Namely, for the femtosecond laser, pulses
show a significant broadening due to chromatic dispersion.”
Because of that, broad NIR laser pulses are converted to THG
response that probes a relatively wide spectral range. For
example, in our case, the FWHM of the obtained THG emis-
sions is about 25-30 nm, hence dense probing of the optical
band gap cannot increase the resolution of the bandgap due
to the overlap between consecutive measurement points. The
FWHM of THG corresponds to ca. 0.1 eV near 500 nm, and we
consider this value as the primary source of uncertainty of
optical band gap determination using femtosecond SR-THG
measurements. Indeed, if one compares E, determined from
SR-THG (2.51 eV) and that determined from photoacoustic
measurement for the powder (2.62 eV), it becomes apparent that
those values match well within the assumed uncertainty range.

The above results also provide an additional argument
into the discussion whether observed emission of PyrPbl; has
excitonic or defect-related character. Namely, it has been pre-
viously reported for 2D Ruddlesden-Popper perovskites that
THG response can be resonantly enhanced if the third harmo-
nic of radiation falls into the edge of the excitonic energy band
gap.”” Resonance enhancement is reflected in the excitation
spectrum of relative THG intensity, which takes a Gauss (Bell)
shape. It was also shown that the position of the excitonic
bandgap of 2D RP perovskites could be regulated by the
thickness of inorganic slabs as well as counterions (bromide,
iodide).”” In either case, the same bell-shaped spectral feature
in THG excitation spectra has been noted. Very recently,
analogous behaviour of SR-THG responses was noted for 1D
lead halide perovskites of pyridinium lead iodide (PyPbls),
which displayed self-trapped excitonic emission.?® As opposed
to these examples, results collected for PyrPbI; demonstrate no
resonant enhancement of THG at the edge of the band gap, but
stabilization of relative THG intensity is observed once third
harmonic signals move away from the one-photon absorption
band. In other words, the observed wavelength dependence
of THG can be predominantly ascribed to harmonic self-
absorption and the apparent lack of resonance enhancement
of THG that we take as an additional hint that observed broad
emission comes from defect-induced states.

Photoluminescence measurements

Further optical characterization of PyrPbl; involved photolumi-
nescence (PL) measurements. Fig. 7 shows room temperature
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Fig. 7 Photoluminescence spectra of a bulk PyrPbls crystal obtained
across a wide range of excitation powers. The inset shows integrated
emission intensity as a function of the excitation power along with best fits
to exponential and asymptotic functions.

PL spectra measured at excitation powers of a 375 nm beam
(Stokes emission) covering two orders of magnitude (0.1 to
10 mW). All spectra consist of a single peak centred around
680 nm (~1.82 eV), exhibiting huge broadening with the
FWHM of ~200 nm, corresponding to 1.3 eV in this spectral
range (not changing significantly with the excitation power),
and emission tails reaching beyond the spectral range of our
measurement system. It is important to mention that the broad
emission may in fact be composed of multiple phonon-coupled
peaks, which is expected for all low-dimensional perovskites
exhibiting strong electron-phonon coupling. When compared
to other lead-halide perovskites, either in the form of single
crystals or thin layers, PyrPbl; has considerably lower photo-
luminescence quantum yield, judging by a typical excitation
optical power range necessary to observe intense emission
using state-of-the-art spectrometers. That, combined with large
Stokes shift of the emission (0.8 eV), calls for deeper analysis,
potentially revealing the nature of PL in PyrPbl;. Our PL data
cover a spectral range superior to previous reports*®>> with
overall good agreement on the spectral position and shape. It is
also important to highlight that no interpretation for such PL
behaviour has been proposed so far.

Power dependence of emission intensity is sublinear at low
intensity excitation, with the exponent of 0.85 determined from
the fitting procedure. At powers higher than 1 mW, we observed
the saturation of emission intensity, which can be approxi-
mated by an asymptotic function. Sublinear power dependence
is typically observed for defect-related emission rather than
excitonic one, often expected for hybrid perovskites, even at
room temperature. Intensity saturation has been previously
observed on the archetypical hybrid perovskite, CH;NH;PbI;,
serving as evidence for the recombination of donor-acceptor

This journal is © The Royal Society of Chemistry 2022
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pairs.”® Such interpretation would also explain the observed
Stokes shift and extraordinary emission broadening.””

Temperature-dependent photoluminescence in Stokes
configuration (375 nm excitation) has been used to assess the
influence of PTs observed in DSC measurements on optical
activity of the material. Fig. 8(a and b) show two separate
measurement series corresponding to cooling the sample down
from 310 K to 200 K followed by heating back to 310 K. Intense
orange luminescence from the sample can be easily observed
with the naked eye at cryogenic temperatures. Spectral position
of the emission does not change in the covered temperature
range, while emission intensity increases upon cooling. Given
the broad temperature range covered during the experiment,
such behaviour deviates from typical trends expected for either
classic semiconductors”®”? or lead-halide perovskites.®®®! That
observation further confirms our predictions of extrinsic nature
of PyrPbl; emission shown here and in previous reports.

Further analysis of the spectra involved tracing emission
intensity across the covered temperature range by numerical
integration of the spectra in the full range, as summarized
in Fig. 8(c). A significant change in the emission slope is
observed in the 240-260 K range, consistent with the obtained
PT temperatures revealed by DSC. For a more precise evalua-
tion, derivatives of the intensity traces were calculated, and
were further approximated using a bilinear function, all pre-
sented in Fig. 8(d). The transition temperatures, taken at the
intersection of two lines, are 257.5 and 259.6 K for cooling and
heating cycles, respectively. This result proves that although
photoluminescence emission is rather defect-related, it can
still serve as an indication of material disorder and phase
transitions.
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Fig. 8 Temperature dependence of photoluminescence emission spec-
tra upon cooling (a) and heating (b) cycles. Total emission intensity
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Next, we examined time-resolved spectroscopic properties of
PyrPbl; as a function of temperature. In particular, we were
interested to what extent the temperature-induced PT is
reflected in dynamics of excited states. Time-resolved lumines-
cence decay data were found to have two decay components
(Fig. S5 and S6 in ESIT), hence average decay times t,, have
been calculated after fitting to biexponential decay models, as
indicated in the Experimental section. Fig. 9 presents the
calculated t,, values for cooling and heating runs. One sees
that the average lifetimes are generally short, at maximum
ca. 1.5 ns at 243 K.

Even more importantly, there are no apparent signatures of
structural PT in average luminescence decay lifetimes at
around 265 K. These are reflected in time-resolved data only
if one looks at traces of individual 1 components, as seen in
Fig. S6 in the ESL{ In particular, it is the long-lifetime compo-
nent 7, that displays a temperature anomaly due to PT; also, its
relative weight exponentially decreases with increasing tem-
perature. By contrast, the short component 7, is practically
insensitive to structural modification due to PT. All in all, these
results demonstrate that structural phase transition brings
minor changes in time-resolved emission characteristics of
PyrPbl;. It also reinforces our interpretation that the probed
photoluminescence originates from defect states rather than
from exciton recombination.

Conclusions

As research on hybrid organic-inorganic lead halides expands,
standardization of both research methodologies and charac-
terization techniques becomes critical to accurate reporting
and ultimately helps to develop and discover potential applica-
tions of emerging materials. We presented the fundamental
characterization of 1D hybrid organic-inorganic lead halide
with the pyrrolidinium cation (PyrPbl;) and identified a first-
order PT occurring in this material. PyrPbl; also exhibits
switchable dielectric properties at 261 K associated with the
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structural PT. Temperature-dependent Raman spectra showed
that the mechanism of the occurring PT upon cooling is mainly
associated with the sudden freezing of the Pyr' cation, inducing
the shrinkage of the volume available for the cation, subse-
quent re-arrangement, and strengthening of HBs and the
subsequent bond length distortion of [Pblg]'” octahedral
units. The lifetime of photoexcited carriers indicates that the
observed emission of PyrPbl; has a defect-related character.
Independent optical measurements confirmed that the band
gap is approximately 2.5-2.6 eV. Due to the revealed properties,
our work paves the way for potential application in water
splitting and indoor photovoltaics.
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