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Recently, hybrid double-perovskite structures have attracted attention due to their versatile multi-
functional properties originating from the variety of different constituent units in these materials. Here,
we report the synthesis and comprehensive multitechnique characterization of a novel hybrid double-
perovskite formate-based material [CHsCH,;NHz],NaGa(HCOO)s. The heat capacity measurements
indicate that this compound has a structural phase transition at 379 K. In the low-temperature phase,
the compound crystallizes in the non-centrosymmetric polar Pn structure, which exhibits a long-range
order of ethylammonium (EA™) cations. Surprisingly, the Pn space group is not affected by the transition
to the high-temperature disordered phase, which indicates that the transitions are isosymmetric making
this compound a unique member of the formate-based double-perovskite family. The presence of the
second-harmonic generation response in both phases confirms their non-centrosymmetric nature, while
the dielectric spectroscopy experiments reveal that the transitions have a continuous order—disorder charac-
ter. The observation of the pyroelectric current, but the absence of the electric polarization switching indicate
that this compound is not properly ferroelectric. The electron paramagnetic resonance experiments of a
compound slightly doped with paramagnetic Fe>* impurities confirm the continuous character of the transi-
tion and allow us to probe the EA* cation and framework dynamics in this system. The vibrational spectro-
scopy data confirm that the phase transition is primarily driven by the progressive ordering of EA* cations and
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DOI: 10.1039/d3tc04529¢ the resulting changes in the hydrogen bond strength. The temperature-dependent luminescence studies
show that the [EA]I;NaCrg931Gap 0so(HCOO)g perovskite is a promising material for noncontact temperature
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Introduction

Recently, three-dimensional (3D) hybrid organic-inorganic per-
ovskite materials with the formula AM"X; (A" denotes a proto-

) ) ) nated amine, M" - a divalent metal ion, and X -a small organic
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linker) have gained significant attention due to their structure-
based multifunctionalities.’™ In some hybrid perovskites, a few
intriguing physical phenomena can simultaneously coexist
making them appealing for a wide range of applications.>*”’
In particular, the simplest halide 3D lead-based perovskites
comprising the smallest organic cations, including methylam-
monium (MA"),¥° fluoromethylammonium (FMA®),"* forma-
midinium (FA%),">™ methylhydrazinium (MHy"),">'® and
aziridinium (AZR")," exhibit excellent optical properties for
optoelectronic photovoltaic, light emitting, and lasing applica-
tions, including tuneable bandgaps, second-harmonic genera-
tion (SHG), excitonic emission, long carrier diffusion lengths,
high mobility, and high absorption coefficients.">*®*° Due to a
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rather scarce choice of molecular cations forming 3D lead
halide perovskites and lead toxicity, perovskites with other
metal ions and longer organic linkers, such as formates,
hypophosphites, azides, cyanides, and dicyanamides, are of
considerable relevance.®>°

Order-disorder phase transitions (PT) are a common feature
in these materials, and they are usually connected with the
emergence of phenomena related to the loss of the inversion
centre.”’® The organic cation A" is often involved in the
ordering due to the interaction with the 3D framework via a
network of N-H- - -X hydrogen bonds (HBs).”*>"??

Because of their remarkable ferroelectric, multiferroic,
dielectric, magnetic, and optical properties, formate perovs-
kites containing divalent metal ions M" are the most
researched group.®?°"2° Only formates, azides, and cyanides
are capable of forming the A,M'M"™X, double-perovskite
structure, which is comprised of an equimolar ratio of mono-
valent (M") and trivalent (M™) metal ions arranged into an
alternately propagating 3D framework of ligand-connected
octahedra.?”*8

There are several members of the A,M'M™(HCOO), family,
where A" = ammonium (AM"), hydrazinium (Hy'), MA®,
dimethylammonium (DMA"), ethylammonium (EA"), imidazo-
lium (IM*), and guanidinium (GA") cations, M' = Na*, K*, and
M™ = A", cr**, and Fe®".*””** Order-disorder PTs have only
been reported for DMA" and EA" analogues, and the latter
compounds have received significant attention due to the
density functional theory (DFT) calculations and experimental
findings suggesting the presence of ferroelectricity”® and
polarization enhancement under high pressure.**** Its exis-
tence, however, has never been proven experimentally for
double-perovskite formates.

All known [EA],NaM™(HCOO)s members (M"" = AI**, Cr’**,
and Fe*") exhibited PT in the 361-369 K range when heated
from the low-temperature (LT) non-centrosymmetric and polar
phase Pn to the high-temperature (HT) centrosymmetric phase
P24/n. In the HT phase, the EA" cations are disordered, and the
arrangement of dipole moments prevents the occurrence of
polar order.*®**° Furthermore, the presence of Cr** ions in the
structure predisposes the aforementioned materials to be used
as luminescent thermometers, with the crystal field strength
being dependent on the applied metal ion ratio.”” We recently
demonstrated [EA],NaCr(HCOO)s as a sensitive thermometer
with low operating temperatures.”’

This work is focused on the structural, dielectric, electric,
optical, and phonon properties of a novel analogue, [EA],Na-
Ga(HCOO)e. We show that, despite various similarities, the
physicochemical properties of this compound stand out in
the group, primarily because the HT phase is also polar.
As an outcome, the compound displays an extremely rare
order-disorder polar-polar PT, which has been reported
among formate perovskites only for the subgroup of [MHy]-
M"(HCOO); (M" = Fe, Mg, Mn, and Zn).>* The mechanism of
this unusual PT is discussed. The investigated perovskite can
be used as a non-linear optical switch and a luminescent
thermometer.
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Experimental
Materials and synthesis

The crystals of [EA],NaGa(HCOO) (1) were synthesized using the
solvothermal method described earlier for [EA],NaCr,Al, ,-
(HCOO)e.>” All chemicals were purchased and used without
further purification. To synthesize 1, a mixture of ca. 4 mmol
(ca. 1.5 g) of Ga(NO;);-XH,O (Sigma Aldrich, 99.9%), 4 mmol
(0.3262 g) of ethylamine hydrochloride (Sigma Aldrich, 98%),
and 8 mmol (0.5441 g) of sodium formate (Sigma Aldrich,
99%) was dissolved in 10 mL of distilled water. Next, 25 mL of
N-ethylformamide (Sigma Aldrich, 99%) and 5 mL of con-
centrated formic acid (Avantor Poland, 98-100%) were
added. The solution was sealed in a Teflon-line autoclave
and heated at 140 °C for 24 hours. The obtained liquid was
then allowed to slowly evaporate at room temperature (RT).
After two days, the crystals were separated, washed with
10 mL of anhydrous methanol (Sigma-Aldrich, 99.8%), and
dried in air.

Despite attempts to synthesize a mixed sample with a
composition of 25 mol% Cr’" and 75 mol% Ga**, a sample
with much more chromium crystallized. The EDS tests con-
firmed that we were only able to synthesize a sample composed
of ca. 6.9 mol% Ga** and 93.1 mol% Cr*" ions, namely
[EA],NaCry o31Gag, o6o(HCOO)s (2).

To get more information on the framework contribution to
the mechanism of PT, an additional sample comprising a small
amount (ca. 0.01 mol%) of paramagnetic Fe*" ions (3) was
prepared in the same manner.

X-ray diffraction

The single crystal of 1 was mounted on a CCD Xcalibur
diffractometer (graphite monochromatic, MoKo radiation, A =
0.71073 A) at 293(2) K and 391(2) K. The corrections to the
Lorentz and polarization factors were applied to the reflection
intensities. The structures were solved by direct methods
applying the SHELX program. The H atoms were determined
from the geometric concepts and refined in a riding model with
isotropic temperature factors 1.2 times the U, value of the
parent atom. All non-hydrogen atoms were located from differ-
ence Fourier synthesis and refined by the least squares method
in the full-matrix anisotropic approximation. The crystallo-
graphic data for 1 and details of the X-ray experiment are
collected in Table S1 (ESIt). The structure drawings in the ESIT
were prepared by using OLEX program.>®

The CCDC deposits 2254366 (293 K) and 2254367 (391 K)
contain the supplementary crystallographic data for 1.1 These
data can be obtained free of charge at https://www.ccdc.cam.ac.
uk/structures.

Powder X-ray diffraction patterns of 1, 2, and 3 were col-
lected using an X'Pert Pro X-ray diffraction system fitted with a
PIXcel detector, a focusing mirror, and Soller slits for CuKa
radiation (Z = 1.54056 A). Fig. S1 (ESI{) presents a comparison
of experimental patterns with a simulated pattern based on
structure refinement for 1 at 293 K.

This journal is © The Royal Society of Chemistry 2024
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Differential scanning calorimetry (DSC)

The heat capacity of 1 was measured from RT to 400 K using a
Mettler Toledo DSC-1 calorimeter with a high resolution of
0.4 pW. Nitrogen was used as a purging gas, and the heating
and cooling rates were 5 K min~'. The mass of the measured
sample was 6.1 mg. The excess heat capacity associated with the
PT was calculated by subtracting from the data a baseline
representing the system variation in the absence of PTs.

Second harmonic generation (SHG)

SHG properties were studied using a laser system Coherent
Astrella Ti:Sapphire regenerative amplifier providing femto-
second laser pulses (800 nm, 75 fs) at a 1 kHz repetition rate.
The laser fluence at the sample was set to 0.28 mJ cm ™ 2. The
single crystals of 1 were crushed with a spatula and sieved
through an Aldrich mini-sieve set, collecting a microcrystal size
fraction of 88-125 um. Next, size-graded sample of 1 was fixed
in-between microscope glass slides to form a tightly packed
layer, sealed, and mounted to the horizontally aligned sample
holder. No refractive index matching oil was used. The
employed measurement setup operates in the reflection mode.
Specifically, the laser beam was directed onto the sample at
45 degrees to its surface. Emission collecting optics consisted
of a ¥25.0 mm plano-convex lens of focal length 25.4 mm
mounted on the 400 pm 0.22 NA glass optical fiber and was
placed along the normal to the sample surface. The distance
between the collection lens and the sample was equal to 30 mm.
The spectra of SHG responses were recorded using an Ocean
Optics Flame T XR fiber-coupled CCD spectrograph with 200 pm
entrance slit. Scattered pumping radiation was suppressed with
the use of a Thorlabs 700 nm hard-coated short-pass dielectric
filter. The temperature-dependent SHG study was performed in
the 353-403 K range using a Linkam LTS420 Heating/Freezing
Stage. Temperature stability was equal to 0.1 K. Kurtz-Perry
powder tests were performed at 293 K, using potassium hydrogen
phosphate of the same particle size as the SHG reference.

Electronic paramagnetic resonance (EPR) studies

The X-band (9.5 GHz) EPR experiments of the sample 3 were
performed using a Bruker ELEXSYS E580 EPR spectrometer. For
the EPR measurements, the crystal samples of [EA],NaGa(H-
COO)e:Fe were ground into a fine powder. For the continuous-
wave (CW) EPR experiments, we used 8 G and 100 kHz field
modulation. The microwave power was adjusted to avoid
saturation of the EPR signal. The pulsed EPR experiments were
performed using 32 ns m-pulse duration. The echo-detected
field sweep (EDFS) spectra were recorded using a Hahn echo
pulse sequence (n/2-t-n-1-echo) with an interpulse delay t of
200 ns and two-step phase cycling. The three-pulse electron
spin echo envelope (ESEEM) time traces were obtained by
integrating the echo obtained using the stimulated echo pulse
sequence (m/2-t-m/2-1'-n/2-1-echo) with the four-step phase
cycling, where the interpulse delay t’ was incremented by a
time step of 8 ns. A stretched exponential function was used for
background correction.

This journal is © The Royal Society of Chemistry 2024
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Dielectric measurements

Dielectric spectroscopy experiments of single crystal and
pressed pellet samples of 1 were performed in the 20-10° Hz
frequency range using an HP4284A LCR meter. The flat capa-
citor model was used to calculate the complex dielectric per-
mittivity from the measured capacitance and dielectric
loss tangent. Silver paste was used for sample electrodes.
Temperature-dependent dielectric spectra were measured on

cooling at a rate of 1 K min ™",

Pyl'OClll‘l‘el’lt measurements

For the pyrocurrent measurements, the pellet sample of 1 was
poled with 50 VDC and cooled down through the PT from 400 K
to RT. Afterwards, the poling voltage was removed and
the sample was shorted. The pyrocurrent was measured using
a 6514 Keithley electrometer during heating at a rate of
1 K min~".

Electric polarization measurements

An Aixact instrument was used to measure the electric field-
dependent electric polarization of a pellet sample of 1. A periodic
triangular signal with a frequency of 100 Hz was used for the
measurements. A high voltage was obtained using a Trek 609E6
voltage amplifier.

Vibrational measurements

RT Raman spectra in the range of 3600-80 cm™* of 1 and 2 were
measured using a Bruker FT-Raman RFS 100/S spectrometer
with a 1064 nm excitation line (YAG:Nd).

The temperature-dependent IR spectra of 1 in the 3250-
675 cm~ ' range were measured using a Nicolet iN10 FTIR
microscope and a Linkam THMS600 stage equipped with ZnSe
windows.

Optical measurements

The diffuse reflectance spectra of 1 and 2 were collected in the
back-scattering geometry using an Agilent Cary 5000 spectro-
photometer.

A Hamamatsu PMA-12 photonic multichannel analyzer paired
with a BT-CCD sensor was employed to obtain temperature-
dependent emission spectra of 2. As an excitation source,
a 405 nm laser diode was used. A Linkam THMS600 stage
was employed to regulate the temperature.

Energy-dispersive X-ray spectroscopy (EDS)

The chemical composition of 2 was determined using a FEI
NOVA NanoSEM 140 scanning electron microscope.

Results and discussion
Thermal properties

The acquired DSC curve, shown in Fig. S2 (ESIT), demonstrates
that 1 undergoes PT at T¢ = 379 and 376 K during heating and
cooling, respectively. A small temperature hysteresis of 2 K as
well as the lambda-shaped change in AC,, and a gradual change

J. Mater. Chem. C, 2024, 12, 4663-4675 | 4665
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Fig. 1 (a) Temperature dependence of the excess heat capacity (AC,) and

change in entropy (AS) obtained for 1.

in AS associated with this PT shown in Fig. 1 imply that this
transformation has a second-order (continuous) nature. The
estimated value of change in entropy AS (3.5 J mol™" K') is
similar to that reported for the [EA]l,NaM™(HCOO), (M = AI*",
Cr**, Fe*") analogues (2.0-5.0 J mol * K ),*>*° indicating a
similar order-disorder mechanism of PTs (see the comparison
of thermal parameters in Table S2, ESIt).

Assuming that AS = RIn N, where R denotes the gas constant,
and N specifies the ratio of disordered states in the HT and LT
phases, respectively, the calculated N for 1 is 1.6. This value is
slightly lower than that obtained from our X-ray diffraction data
(see below), revealing that EA" cations in 1 display two-fold
disorder in the HT phase and become ordered below the T (N =
2). This mismatch indicates that the deformation of the metal-
formate framework triggered by the ordering of EA" cations is
equally significant.

Single-crystal X-ray diffraction

The structure of 1 has been determined at 293 and 391 K. Both,
the HT and LT phases belong to the monoclinic system, non-
centrosymmetric and polar space group Pn at 293 and 391 K.
Table S1 (ESIf) contains the experimental data regarding the
single-crystal structure determination. Table S3 (ESIt) provides
the geometrical parameters for both phases.

In the HT phase, the asymmetric part of the unit cell
consists of two metal ions (Ga*" and Na*) surrounded by six
formate (HCOO™) linkers and two protonated EA" cations (see
Fig. 2 and Fig. S3, ESIt). The metal centres are connected through
formate linkers in the anti-anti mode configuration forming a 3D
network with pseudo-cubic voids. The cavities are occupied by EA"
cations joined to the framework by stronger N-H- - -O and weaker
C-H:--O HBs (Table S4, ESIt). The organic cations are dynami-
cally disordered in two positions (Fig. 2a and Fig. S3 and S4, ESI¥).
The crystal structure is very similar to previously studied [EA],Na-
M™(HCOO), (M™ = AI**, Cr*", Fe*") members with disordered HT
phases, in which dipole moment alignment leads to the dis-
appearance of polar properties in the HT centrosymmetric P2,/n
phase.”*?® In contrast, the HT phase of 1 remains non-
centrosymmetric despite the similar disorder of EA" cations.

4666 | J Mater. Chem. C, 2024, 12, 4663-4675
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Fig. 2 Structures of 1 at (a) 391 K (disordered phase) and (b) 293 K
(ordered phase). The M" label stands for Ga®*/Fe>*/Cr**.

Lowering the temperature below 377 K causes the organic
cations to order. The asymmetric unit in the LT phase has
remained mostly unaltered. However, the PT strongly affects
the HB network, as the donor-acceptor distances (D- - -A) are in
the 2.865(5)-3.277(5) A range for the LT phase and 2.85(4)-
3.444(19) A range for the HT phase (see Table S4, ESI¥).

The distortion of octahedral coordination in both phases is
depicted in bond lengths and valence angles (see Tables S2 and
S3, ESIt). At 293 K, the Ga-O distances range from 1.965(3) A to
1.987(3) A, while the Na-O from 2.385(5)-2.531(4) A, resulting
in the bond length distortion indexes 4 of 0.0040 and 0.0196 for
the GaOs and NaOg octahedra, respectively. The corresponding
bond angle variances ¢* are equal to 1.77 and 17.04 deg’,
respectively, implying that the NaOg octahedra are more dis-
torted in the LT phase compared to the GaO, ones. The increase
of temperature to 391 K results in a decrease of 4 (0.0027) and
¢ (1.42 deg®) for GaOg, making it less distorted. In contrast, for
NaOg the 4 parameter slightly increases to 0.0231, while ¢ is
decreased to 12.06 deg® Taking into account the 4 and o”
parameters for all members of the [EA]l,NaM"™(HCOO); family,
the crystals of 1 are composed of the most distorted NaOg and
M™Og octahedra (Table S2, ESIY).

Second harmonic generation

Temperature-dependent SHG study was performed by illumina-
tion of 1 with 800 nm femtosecond laser pulses in the 354-403 K
temperature range. The temperature plot of integral intensities of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Integral intensities of the SHG signal of 1 for heating (red squares)
and cooling (blue squares) runs.

the SHG signal of 1 is shown in Fig. 3, while the experimental
spectra are provided in Fig. S5 (ESIT). It is apparent that both LT
and HT phases show the SHG response, confirming a non-
centrosymmetric nature of these phases. Moreover, one also sees
a gradual decrease in the SHG intensity with increasing tempera-
ture (LT phase) with an inflection at around 387 K, above which
the SHG response stays flat (HT phase). There is also a negligible
temperature hysteresis for heating and cooling runs. These
features indicate the continuous character of the transition
between the two acentric phases, in line with the DSC studies.
From the quantitative perspective, the amplitude of the SHG
response is rather moderate. A Kurtz-Perry powder test*” using
a size-graded sample of 1 at 293 K shows that the SHG response is
0.01 versus a KDP reference of the same particle size, see Fig. S6
(ESTH).

Dielectric properties

The temperature dependence of the real ¢ and imaginary &”
parts of the complex dielectric permittivity (¢* = ¢’ — ig”) a single
crystal sample of 1 is presented in Fig. 4. A sharp anomalous
increase of ¢* can be observed at 380 K (Fig. 4) due to the
isosymmetric phase transition in good agreement with the DSC
and SHG results. A similar anomalous behaviour is also
observed for the pressed pellet sample (see Fig. S7a, ESIT).
Note that we did not observe any additional dielectric anoma-
lies, which can be associated with the phase transitions down
to 5 K temperature (Fig. S7b, ESIt). The overall dielectric
response is similar to that of the related [EA],NaFe(HCOO)s
compound.*®

We analysed the dielectric anomaly using the Curie-Weiss
law &' = C/(T — T¢), where C is the Curie-Weiss constant and
T denotes the phase transition temperature.*® It follows from
this equation that 1/¢’ should linearly depend on temperature,
which is indeed observed in our dielectric data (see inset in
Fig. 4a). The values of the determined Curie-Weiss constants in
the ordered and disordered phases are 101 K and 195 K,
respectively. Both values are close to the value of the transition
temperature confirming the order-disorder nature of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Temperature dependence of the (a) real and (b) imaginary parts of
the complex dielectric permittivity of a single crystal sample of 1 obtained
at selected frequencies. The inset in (a) shows the 1/¢’ vs. temperature plot,
where the linear fits (solid lines) correspond to the Curie—Weiss fits above
and below the phase transition point.

transition.*® In addition, the ratio of the Curie-Weiss constants
C(T > Tc)/C(T < T¢) is very close to 2 indicating a second-order
(continuous) phase transition in agreement with the DSC and
SHG results.>®

Pyrocurrent and polarization measurements

The temperature-dependent pyrocurrent density of a pellet
sample of 1 obtained after the background correction (see
Fig. S8, ESIt) is presented in Fig. 5a. A clear maximum at the
phase transition point can be observed, which indicates the
pyroelectric nature of the compound. The corresponding elec-
tric polarization is also presented in Fig. 5a showing a typical
behaviour at the phase transition point observed in other
formate-based hybrid perovskites.>*™*!

The pyrocurrent response shows that the studied system is
pyroelectric, but it is not sufficient to prove the ferroelectric
behaviour. A ferroelectric compound should exhibit a ferro-
electric hysteresis loop, i.e. switching of the electric polarization
with the external electric field.”® The obtained electric field
dependent polarization of a pellet sample of 1 at 296 and 360 K
is presented in Fig. 5b showing typical ‘banana’ loops of a
slightly conducting compound** and the absence of ferroelec-
tric switching. This indicates that the studied compound is not
ferroelectric or that the moderate amplitude of the driving field
(22 kv em ™) is insufficient to switch the polarization.

EPR

We further employed CW and pulsed EPR spectroscopy on the
sample doped with a small amount of paramagnetic Fe*" ions

J. Mater. Chem. C, 2024, 12, 4663-4675 | 4667
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and 360 K.

to further probe the phase transition and dynamic properties of
[EA],NaGa(HCOO),. The measured EDFS (10 K) and CW EPR
spectra a sample of 3 show a typical powder pattern of high-
spin Fe*" ions®® (Fig. 6a). The Fe** centre has 3d° electronic
configuration and, in the high-spin state, it has five unpaired
electrons leading to the total electron spin of S =5/2. In a non-
cubic environment, this ion is expected to have a substantial
zero-field splitting providing a complicated fine structure
pattern observed in the measured spectra of 3.

The temperature dependence of the CW EPR linewidth of
Fe®* centres in 3 is presented in Fig. 6b. Upon temperature
increase in the low-temperature phase, the linewidth exhibits
a significant broadening and peaks at 377 K indicating the
structural phase transition in agreement with other methods.
Similar behaviour of the EPR linewidth was observed in a
number of different systems (including hybrid perovskites)
exhibiting ferroelectric and related structural phase transitions,
and it was assigned to the critical dynamics of the order
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Fig. 6 (a) EDFS (10 K) and CW (200, 270, and 400 K) EPR spectra of the
Fe** centres in 3. (b) Temperature dependence of the CW EPR linewidth
(at 70 mT) of the Fe** centres in 3 indicating the phase transition at 377 K
(arrow). Inset in (b) shows the Arrhenius-type temperature dependence of
the EPR linewidth. Error bars in (b) are about the size of the data points.
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parameter fluctuations.**™*” The measured anomaly also indi-
cates that the Fe®" ions are susceptible to the local changes
of the [EA],NaGa(HCOO), lattice occurring during the phase
transition, which confirms the successful incorporation of
these ions in this material.

We analysed the temperature dependence of the CW EPR
linewidth in the low-temperature phase in more detail assum-
ing that the broadening process follows the Arrhenius law:
I' — I'y = I',e ™*", Here, E, is the activation energy of a
dynamic process, k is the Boltzmann constant, and I’y and I,
denote the linewidth in the low and high temperature limits,
respectively. Using I’y = 1.2 mT (low temperature limit), our
analysis provides E, = 204(12) meV (see the inset in Fig. 6b),
which is in the range of typical values for molecular cation
motion observed in different hybrid perovskites such as
[DMA]Zn(HCOO); (266 meV)*® and MAPbI; (80 meV).*® Thus,
the broadening of the Fe** signal with increasing temperature
may be related to the enhanced EA" cation motion, as it directly
couples to the inorganic framework via the H-bonds.

We used pulsed EPR spectroscopy to further investigate the
local Fe*" ion environment in 3. The magnetic field dependence
of the three-pulse ESEEM spectrum in the low-frequency region
is presented in Fig. 7 revealing a well-resolved peak with
frequency linearly dependent on the magnetic field. Such a
signal belongs to a nucleus with non-zero nuclear spin in close
vicinity of the Fe** centre. The slope of the signal occurring
corresponds to the gyromagnetic ratio of **Na nucleus. **We
have not detected any ESEEM signals from ®°Ga and "'Ga
isotopes indicating that Ga®" ions are significantly more distant
than Na* from the iron impurity. Based on the crystal structure
of 1, these results confirm that Fe®" substitutes Ga®" in the
lattice and forms FeOg4 octahedra.

23
Na

:. ('n “que) Aysusyuj
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Fig. 7 Colour plot of the three-pulse ESEEM spectrum vs. magnetic field
of 3 obtained at 10 K and 7 = 130 ns. The field-dependent signal of *Na is
indicated in the plot. The field-independent signal at about 0.6 MHz is
assigned to methyl group quantum rotational tunnelling of the EA* cation.
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Fig. 7 also shows a couple of ESEEM signals below 1 MHz,
which are independent of the magnetic field. The origin of the
weaker signal at about 0.61 MHz can be assigned to the
quantum rotational tunneling of methyl groups of the EA"
molecular cation. Note that such a field-independent ESEEM
effect has recently been observed in Mn- and Co-doped
[DMA]Zn(HCOO);,*>*" and Mn-doped [DMA]Cd(N;);*° hybrid
perovskites, as well as nitroxide radicals.”® The current work
provides the first signatures of this effect detected with a
paramagnetic Fe** centre. The stronger signal occurring at
much lower frequency of 0.1 MHz may originate from the
NH; group tunneling, as, due to the stronger H-bonds, these
groups are expected to have a higher rotational barrier (lower
tunneling frequency) compared to the CH; groups. Note that we
also cannot rule out that the origin of this low frequency signal
is imperfect background correction of the time-domain ESEEM
data. The EPR measurements of the samples containing par-
tially deuterated EA" cations are needed to unambiguously
determine the origin of these field-independent signals.

The frequency at which the tunnelling signal appears can be
used to estimate the rotation barrier of the CH; and NH;
groups in [EA],NaGa(HCOO)s by diagonalizing the rotational
Hamiltonian on the basis of the free quantum rotor.”* The
obtained barrier for the CH; group is 12.1 kJ mol ', which is
similar in value to the energies obtained for methyl group
rotation in DMA-containing hybrid perovskites.>>>" Assuming
that the low-frequency signal originates from the NH; groups, a
rough estimate for the NH; group rotational barrier gives
~18 k] mol . In the calculations, we used rotational constants
B(CH3) = 0.655 meV and B(NH;) = 0.782 meV.>

Phonon properties

We further used vibrational spectroscopy to study the phonon
properties of [EA],NaGa(HCOO)e. Fig. S9 (ESIf) compares the
Raman spectra of 1 and 2 obtained at room temperature. Table S5
(ESIY) includes Raman band assignment based on published data
for [EAl,NaM™(HCOO)s (M™ = AP**, Cr**, and Fe*").>>*° Because
the doping level of Ga’" in 2 is as low as 6.9 mol%, the Raman
spectrum is roughly comparable to that reported earlier for the
pure [EA],NaCr(HCOO), compound.®

When Cr*" ions are replaced with Ga®* ions, a number of
bands move due to differences in weights and electronegativity;
gallium ions are approximately 34% heavier at almost the same
ionic radius, and Ga-O bonds are more ionic than Cr-O bonds.
The most significant change among internal vibrations is
5 cm™', whereas the highest shift among the lattice modes
involving M™ translations is up to 12 cm ™.

IR spectra were obtained as a function of temperature to
better understand the mechanism of the PT occurring in 1
(see Fig. 8 and Fig. S10, ESIT). The assignments of IR bands at
80 and 400 K are summarized in Table S6 (ESIt). As shown by
the results, the number of observed bands at 80 K is signifi-
cantly higher than those at room temperature and at tempera-
tures corresponding to the HT phase (above 380 K). Since for
both phases, the space group symmetry of the cell does not
vary, the number of expected phonon modes for the crystal 1
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Fig. 8 Temperature-dependent IR spectra measured for 1 (a)—-(c) and the
corresponding contour maps of intensity (d)—(f). Horizontal dashed lines in
(d)—(f) correspond to the PT temperature.

also remains the same. Thus, the large number of bands at low
temperatures can only be attributable to strong narrowing and
better separation of closely laid bands. Such narrowing is a
common effect observed for order-disorder transformations,
and it confirms the nature of the observed PT.>>°

Fig. 8a and d present the temperature evolution of bands
corresponding to bending modes of NH; groups that coincide
with antisymmetric OCO stretching. In the HT phase, all bands
in this range merge into a very broad contour. The map
presented in Fig. 8d exhibits that the intensity decreases
quicker above the PT temperature. The disorder of HBs in the
HT phase also contributes to the severe half-width of the bands.
Similar substantial broadening is also observed for IR bands
in the 1250-1400 cm ™' range, which correspond to alkyl chain
bending modes and formate ligand stretching vibrations.
(Fig. 8Db).

Fig. 8c and f present the thermal evolution of bands that
result from the OCO bending vibrations. Fig. Sila (ESI})
depicts the fitting of those bands. The abrupt shifts and the
disappearance of bands in the HT phase are caused by the
fitting procedure, in which the usage of the same number of
bands in both phases fails to produce satisfactory results.
Nonetheless, significant shifts in maxima and differences in
the intensity of band contours imply a more deformed metal-
formate framework in the LT phase.

The structural, thermal, dielectric, and EPR data demon-
strate that the spectral changes are continuous (Fig. 8 and
Fig. S10 and S11, ESI{). As a result, cation ordering does not
occur abruptly but rather is a gradual process that still occurs
below the PT temperature. This behavior can be demonstrated
by thermal changes in bands corresponding to rocking modes
of protonated amine groups and alkyl chain vibrations
(Fig. S11b, ESIT). They remain quite broad (Fig. S11c, ESIT) at
the PT temperature, and their narrowing upon cooling is still
observed down to 80 K. The corresponding intensity changes
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are also continuous over the entire range of measured tem-
peratures (Fig. S11d, ESIt).

Optical properties

Finally, we investigated the optical properties of [EA],NaGa(H-
COO)s. Fig. S12 (ESIf) presents the absorption spectra of
crystals of 1 and 2. As can be seen, the spectrum of the sample
containing Cr*" ions consists of two broad bands centered at
around 17265 cm™' (579 nm) and 24035 cm™' (416 nm)
attributed to spin-allowed *A,; — “Ty, and Ay, — Ty, transi-
tions, respectively. The low intense and narrow band localized
at 14571 cm™ " (686 nm) is characteristic of the R, line of the
spin-forbidden *A,, — T, transition. The sample of 1 does not
contain any absorption bands in the given range.

Using the diffuse reflectance spectrum, it is possible to
determine the energy band gap (E,) of investigated samples
by applying the Kubelka-Munk relation.”” The E, for 1 equals
5.04 eV and is comparable with the band gap (5.09 eV) of
the recently reported [EA],NaAl(HCOO), (Fig. S13, ESIf).>”
The analogue comprising Cr*" ions 2 has a much lower Ey of
4.71 eV. The decreasing energy band gap with increasing
concentrations of Cr** has been reported lately for similar
compounds.>”>®

In sample 2, Cr’" ions are positioned in the octahedral sites.
The low-temperature (80 K) emission spectrum contains a few
sharp and narrow bands that span from 679 nm to 778 nm
(Fig. S14, ESIf). The most intense line centered at 686 nm
(14577 em™ ') is attributed to the spin-forbidden *E; — “Ay,
transition and is called the R line.*>**> The band localized at
697 nm (14 347 cm ') belongs to the N line and can be assigned
to the Cr’*-Cr’" pair line.’>*>*° Moreover, some anti-Stokes
phonon side bands of the R line are visible in the range of 707~
778 nm.*° Similar behavior has been reported recently for other
formate analogues with Cr’* ions.***®?° Careful analysis shows
a less intense and wide emission band extending up to
1000 nm, which can be attributed to the spin-allowed
*T,, — *A,, transition (Fig. S14, ESIY).

Based on the absorption and emission spectra, the crystal
field (D) and Racah parameters (B and C) were calculated
according to the previously applied methodology.*®**®! The
calculated values are presented in Table 1. The ratio of Dy/B =
2.35 indicates that Cr’* ions are positioned in a strong crystal
field. This value is very close to the 2.3 point on the Tanabe-
Sugano diagram for the d* configuration, where the “E, and
4T2g levels overlap and separate the areas of Dy/B < 2.3 and
Dy/B > 2.3 corresponding to weak and strong crystal fields,
respectively. The obtained values as well as the experimental
data show that the ’E, energy level is located below the T,
state (Fig. 9a and b), and the energy separation between these

Table 1 Energy band gap and crystal field parameters of the investigated
formate perovskites

Sample Eg (eV) Dy/B B(ecm™! C(em™) C/B
1 5.04 — — — —
2 4.71 2.35 689 3157 4.6
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Fig. 9 (a) Temperature-dependent emission spectra of 2, (b) thermal
evolution of the measured intensity at various temperatures, (c) integrated
emission intensity of the spin-forbidden and spin-allowed transitions, and
(d) the schematic energy level diagram of Cr** ions.

two levels is not large. It was mentioned that even at 80 K,
residual emission from the 4T2g level is visible and becomes
stronger upon heating. Careful analysis showed that the inten-
sity of the spin-forbidden transition decreases significantly
with rising temperature, while the broad emission associated
with the “T,; — *A,, transition becomes stronger up to 190 K
(Fig. 9a-c). This phenomenon is related to the temperature-
stimulated energy transfer from the lower 2Eg level to the 4TZg
higher state. Above 190 K, the regular temperature quenching
process occurs via the intercrossing of the “T,, excited state
with the *A,, ground state parabolas (Fig. 9d).

The significant changes in the emission intensity of both
spin-forbidden and spin-allowed transitions can be an attractive
feature for luminescence thermometry applications. Recently, the
potential of hybrid organic-inorganic compounds with a
perovskite-type architecture containing Cr** ions for temperature
detection based on the fluorescence intensity ratio (FIR) of two
emission bands was reported.>”** In the investigated Cr**-doped
perovskite, FIR parameter 4 can be defined as a ratio of the 2Eg -
*Asq (660-718 nm) to the T,y — *Agy (718-970 nm) (Fig. S15, ESIT)
transitions of the Cr** ions. It is not surprising that FIR decreases
with an increase in temperature (Fig. S16, ESIt). To further
compare the luminescence thermometry performance, the abso-
lute (S,) and relative (S,) sensitivities, as well as the temperature
uncertainty (37) were calculated as follows: S, = |[04/0T], S, = 1/4|
04/0T|, and 8T = 1/S,|84/4|, where 94 symbolizes the changes of
4 at 0T temperature change.

The fluorescence intensity ratio curve was fitted using the
following equation: AT = A/(1 + aexp(-AE/kgT) (Fig. S15, ESIT).

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of the highest relative sensitivity (S,) at operating

temperature (T) of selected luminescent thermometers

Compound Sr (% K™ T (K) Ref.
Coordination polymers

[EA],NaCry »;Al 76(HCOO), 2.84 160 27
2 2.11 150
[GA]Mg(HCOO);:1% Cr** 2.08 90 62
[GA]Mn(HCO00)3:3% Cr** 1.20 100 62
[GA]Zn(HCOO);:1% Cr** 1.08 90 62
Inorganic compounds

ZnGa,0,:Cr** 2.8 310 65
La,MgTiOg:Cr*", v** 1.96 165 66
La,MgTiOg:Cr**, Mn** 1.74 220 67
Sr,MgAl,,056:Cr 1.7 310 68
Bi,Al,04:Cr*" 1.24 290 69
MgTiOz:Mn** 1.2 93 70
SrAl;,0;9:Mn*" 0.27 393 71

The temperature dependencies of S, and S, are presented in
Fig. 10. First, upon heating, the sensitivity increases with
temperature and reaches the maximum S, value of 2.11% K™!
at 150 K (Fig. 10b). Then capability of temperature readout
decreases as the temperature increases. However, the sensitiv-
ity above 0.5% K ' can be achieved in the broad temperature
range from 90 to 280 K. The sensitivity of perovskite 2 is
comparable with the S, parameter obtained for other formate
analogues with the EA" and GA" cations.>”*> The summary of
the S, parameters of various luminescent thermometers is
shown in Table 2.

The thermometric performance of the Cr**-based materials
might also be extended by combining the presented approach
with the SHG signal. Such a strategy of temperature sensing has
been successfully used for lanthanide-based nanoparticles and
MOFs.%*%* However, due to the overlap of the SHG excitation
wavelength with Cr** emission bands, this particular method
has not been applied in this study.

Conclusions

A solvothermal method has been employed to successfully
synthesize a novel double perovskite [CH;CH,NH;],NaGa(H-
COO)e. Our multitechnique characterization approach revealed
that this compound exhibits a phase transition at about 379 K.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

We also synthesized its analogues doped with approximately
0.1 mol% Fe®*" ions to study the effects of phase transition on
the metal-formate framework and those doped with roughly
93.1 mol% Cr** to estimate the usefulness for non-contact
temperature sensing. The powder X-ray diffraction, Raman
and EPR studies confirmed the phase purity and that the
dopant ions are located at expected sites in the crystal
structure.

The single-crystal X-ray diffraction studies of [CH;CH,NHj],-
NaGa(HCOO), revealed that the high-temperature phase com-
prises disordered EA" cations in two different positions. Below
the phase transition temperature, they start to order, resulting
in a modification of the H-bond network and deformation of
the metal-formate framework. According to the XRD results,
both phases are represented by a non-centrosymmetric and
polar Prn monoclinic space group. Such an isosymmetric order—
disorder polar phase transition is extremely unusual among
formates. The SHG measurement confirmed the continuous
character of the transition and the acentric nature of both phases.

The dielectric spectroscopy experiments revealed that the
phase transition is of the order-disorder character. The pyro-
current and electric polarization loop measurements demon-
strated that [CH3CH,NH;],NaGa(HCOO), is pyroelectric, but
not a proper ferroelectric, as we did not observe polarization
switching (polarization hysteresis). We note that such a beha-
vior is rather typical for formate-based perovskites.

We also employed EPR spectroscopy to probe the phase
transition and dynamic effects in [CH;CH,NH;],NaGa(HCOO),
enriched with a tiny amount of paramagnetic Fe** ions. Our
CW EPR experiments confirmed the continuous character of
the phase transition and allowed us to probe the dynamics of
the inorganic framework. The pulsed EPR ESEEM experiments
confirmed that the iron ions were successfully incorporated at
the Ga®" sites in the lattice. We also observed ESEEM signals
independent of the magnetic field, which were assigned to
the quantum rotational tunneling dynamics of the CH; and
NH; groups of the EA" cation. This allowed us to estimate
the rotational barriers of these rotors in [CH;CH,NH;],NaGa-
(HCOO)s.

IR investigations confirmed the nature of the observed
phase transition and helped to clarify that the EA" cation
ordering does not occur abruptly but rather is a gradual process
that still occurs below the phase transition temperature. The
narrowing of IR bands corresponding to vibrations of atoms
involved in H-bonding demonstrated that there is still some
degree of disorder at 80 K.

The linear optical results revealed that [CH;CH,NH;],Na-
Ga(HCOO)e has a wide bandgap of 5.04 eV. The analogue,
composed mainly of Cr** ions, exhibited a substantially lower
bandgap value of 4.71 eV. The estimated Racah parameters
showed that Cr*" ions are positioned in a strong crystal field,
which was applied to evaluate the utility of the Cr-doped
material for non-contact temperature monitoring. Based on
the temperature-dependent luminescence, the maximum rela-
tive sensitivity (2.11% K~ ") was reached at 150 K, and this value
is comparable to other hybrid and inorganic materials.
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