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Incorporating paramagnetic metal ions into hybrid materials is a standard practice to enable electron
paramagnetic resonance (EPR) studies of phase transitions and dynamics. Yet, the inclusion of foreign
ions in the lattice can significantly distort the local structure, resulting in the inaccurate understanding of
the material properties. Less invasive paramagnetic defects can be formed by high energy irradiation. Here,
we report a continuous-wave (CW) EPR study of X-ray-irradiated [(CH,),NH,][Zn(HCOO),] hybrid per-
ovskite, which possesses a structural phase transition at ~160 K. The CW EPR spectrum reveals a rhombic
g-tensor with no clearly resolved hyperfine splittings. Assisted by the DFT calculations, we assign the spec-
trum to a radical species on the formate linker. The temperature dependence of the measured g _ component
reveals a broad anomaly in a broad temperature range close to the phase transition point, which we relate

to the change in the dynamics of a formate linker.
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1. Introduction

Lately, hybrid organic-inorganic materials have
gained a significant scientific attention [B].
The interest in hybrid compounds is due to their
versatile chemical and physical properties originat-
ing from a vast variety of possible organic and in-
organic moieties. The main possible applications of
these hybrid materials include efficient solar cells
[H, H], multiferroic memories [E, ﬂ], gas storage de-
vices [H], and catalysis [E].

One of the most researched hybrid mate-
rial group is formate perovskites [ﬁ, ], [A]
[M(HCOO),], where A denotes an alkyl-ammo-
nium cation and M is a divalent metal ion. These
hybrid materials typically possess structural phase
transitions, which are usually connected with
the emer%nce of ferroelectric and dynamic phe-

nomena , ].

Among various experimental techniques, elec-
tron paramagnetic resonance (EPR) spectroscopy
has emerged as a particularly powerful tool for
probing local structural changes associated with
phase transitions and dynamics in hybrid materi-
als [[13-17, @, 3-27]. However, the majority of
hybrid materials do not have intrinsic paramag-
netic centres. Thus, typically, a small amount of
paramagnetic transition metal ions is incorporated
into a structure acting as local spin probes. Despite
the success of EPR for investigating hybrid mate-
rials, the incorporation of guest ions may distort
the local structure, complicating the interpretation
of phase transitions and dynamical processes. Such
effects are especially pronounced for Jahn-Teller-
active ions such as Cu?* [B, @, @].

Paramagnetic defects created by high-energy
irradiation are typically less invasive and provide
access to less perturbed dynamic and structural
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information []. Here, we use X-ray irradia-
tion to create spin probes in the inorganic frame-
work of [(CH,),NH ][Zn(HCOO),] (DMAZn)
hybrid perovskite, which exhibits a structural
phase transition at ~160 K [, @]. We perform
X-band continuous-wave (CW) EPR spectroscopy
to explore the created radical and its response to
the structural phase transition of DMAZn.

2. Experimental and simulation details

2.1. Sample preparation

ZnCl, (99.999%, Sigma-Aldrich), a 2.0 M solution
of dimethylamine in methanol (Sigma-Aldrich),
methanol (99.8%, Sigma-Aldrich) and formic acid
(98%, Fluka, Switzerland) were commercially avail-
able and used without further purification. Crystals
of DMAZn were grown by a slow diffusion method.
Namely, 2.5 mL of the 2.0 M solution of dimeth-
ylamine in methanol and 0.5 mL of formic acid
were added to 10 mL of methanol. This solution
was placed at the bottom of a glass tube (20 mm
inner diameter). To this solution, 2 mL of metha-
nol was layered, followed by 20 mL of the methanol
solution containing 1 mmol of ZnCL,. The tube was
sealed and kept undisturbed. The colourless crys-
tals were harvested after 3 days, washed three times
with methanol, and dried at room temperature.

2.2. X-ray exposure

X-ray irradiation was conducted at room tempera-
ture using a BSV-2 vacuum X-ray tube integrated
with the high-voltage generator of a Rigaku Smart-
Lab system. The tube was operated at a constant
accelerating potential of 60 kV and 30 mA, cor-
responding to 1.8 kW electrical power deposited
into the anode. Tube voltage and current were
continuously monitored by the SmartLab control
electronics and remained stable throughout the ex-
posure. The BSV-2 tube employed a copper anode,
generating a polychromatic bremsstrahlung spec-
trum with characteristic Cu K_(=8.04 keV) and Kﬁ
(=8.90 keV) emission lines. The emitted radiation
passed through the tube’s beryllium window (inher-
ent filtration) and an unobstructed 25 cm air path
before reaching the sample, without an additional
filtration, slits, or collimation; X-ray divergence
from the focal spot defined the illumination field.

The synthesized DMAZn crystals were ground-
ed into a fine powder and placed into a 4 mm outer
diameter EPR tube. The dose rate at the sample po-
sition was determined via alanine dosimetry and
subsequent EPR spectral readout, yielding an air-
kerma-equivalent dose rate that resulted in a total
accumulated dose of =12,000 Gy for the full 19 h
16 min irradiation.

2.3. EPR spectroscopy

The irradiated sample was placed into an unir-
radiated 4 mm outer-diameter EPR tube for
measurements at X-band (9.5 GHz) frequency.
We used a Bruker ELEXSYS E580 spectrometer
equipped with a high-Q ER4122SHQE microwave
resonator. A helium flow cryostat was used to sta-
bilize the temperature. For experiments, we used
the 1 G and 100 kHz amplitude and frequency
of the modulation field, respectively. The micro-
wave power was adjusted to avoid the saturation
of the EPR signal.

2.4. Simulation details

We used EasySpin 6.0.10 [@] running on MAT-
LAB R2021b (The MathWorks Inc.) to simulate
the CW EPR spectra.

Density functional theory calculations of EPR
parameters were performed using the ORCA
5.0.4 package. The B3LYP hybrid functional and
the EPR-II basis set were employed. The resolu-
tion-of-identity approximation with the automati-
cally generated auxiliary basis sets (AutoAux) was
used to improve computational efficiency.

3. Results and discussion

First, we measured the room-temperature X-
band CW EPR spectrum (Fig. (a)) of the irra-
diated DMAZn sample to confirm the creation
of the radical species. The observed EPR signal
is typical for a spin Hamiltonian with a rhom-
bic g-tensor with no clearly resolved hyperfine
splittings. We simulated the experimental spec-
trum and determined the principal components
of the g-tensor: g = 1.99695(5), g, = 2.0023(4)
and g_ = 2.0028(2). The resulting simulated spec-
trum is in a good agreement with the experiment

(Fig. [li(a)).
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Fig. 1. The measured (turquoise) and simulated (red) CW EPR spectrum of
radical spins in X-ray-irradiated DMAZn obtained at (a) 295 and (b) 60 K.

To determine the origin of the EPR signal, we
performed density functional theory (DFT) cal-
culations on three possible radical species in this
compound: carbon- or nitrogen-centred radical
on the DMA cation and carbon-centred radical
on the formate linker. Contrary to the experimen-
tal observations, our DFT calculations for radical
species on the DMA cation revealed substantial
'H and "N hyperfine splittings. However, the cal-
culations for a formate radical show the absence
of the hyperfine splittings, and the calculated
g-tensor is g .. = 1.99823, g .. = 2.0018 and
Sorrz = 2:0035, which is in a relatively good agree-
ment with the experiment. Thus, our calculations
confirm that the observed spectrum corresponds
to a radical species formed on the carbon atom of
the formate linker by the removal of the proton
from the C-H roup.

Temperature-dependent CW EPR spectra were
recorded to study how the structural phase tran-
sition at T, ~ 160 K in DMAZn [[17-22] affects
the radical signal (Fig. ). As seen in Fig. (b), there
are only small differences in the signal between 295
and 60 K spectra suggesting that the spectrum is
weakly affected by the ordering of the system, and
such a trend is observed throughout the whole
measured temperature range. Thus, in contrast
to metal centres such as Mn?" and Cu?** [@, @],
the radical species is only weakly sensitive to struc-
tural phase transition in DMAZn.

In order to get a full picture of the temperature
dependence of a radical signal, the principal com-
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Fig. 2. The temperature dependence of the CW
EPR spectrum of radical spins in X-ray-irradiated
DMAZn.

ponents of g-tensor are plotted with respect to tem-
perature in Fig. H g, and 8,, components remain
mainly constant between 60 and 295 K, while the g _
value has a broad anomaly in the temperature range
between 146 and 180 K. Due to the radical being
positioned at the formate linker, we associate this
anomaly with the slowing-down of formate linker
dynamics around the phase transition point.

4. Summary and conclusions

In this work, we used X-ray irradiation to gen-
erate paramagnetic centres in DMAZn hybrid
perovskite. Our DFT calculations and CW EPR
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Fig. 3. The temperature dependence of the principal
components of the g-tensor of radical spins in X-ray-
irradiated DMAZn.

experiments revealed that the radical is created on
the formate linker. In contrast to metal ion para-
magnetic centres, we observed a weak sensitiv-
ity of the radical EPR spectrum to the structural
phase transition in DMAZn, where only a slight
increase in g_is observed between 180 and 146 K
on cooling. This behaviour is likely related to
the slowing dynamics of the organic linker of
the DMAZn framework.

In general, our results show a successful crea-
tion of the EPR-active radical species in DMAZn.
The established radical spins in the structure are
potential spin probes to study methyl group tun-
nelling in DMAZn [@, @] without distorting
the structure by doping it with paramagnetic met-
al ions.
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Santrauka

Paramagnetiniy metalo jony jterpimas j hibridines
medZiagas yra jprasta praktika, leidzianti taikyti elek-
trony paramagnetinio rezonanso (EPR) metodus fazi-
niy virsmy ir dinamikos tyrimams. Taciau svetimy jony
jtraukimas j gardele gali reikSmingai iSkraipyti lokalig
struktiirg, todél medzZiagos savybés gali bati interpre-
tuojamos netiksliai. Maziau invaziniai paramagnetiniai
defektai gali buti suformuoti ap$vitinant bandinj didelés
energijos spinduliuote. Siame darbe pateikiamas rent-
geno spinduliais ap$vitinto [(CH,),NH_][Zn(HCOO),]

hibridinio perovskito tolydziosios bangos rezimo (CW)
EPR tyrimas; $i medziaga pasizymi struktariniu faziniu
peréjimu ties ~160 K. CW EPR spektras atskleidZia rom-
binj g tenzoriy be isskirty hipersmulkiosios sgveikos sig-
naly. Pasitelke tankio funkcionalo teorijos (DFT) skai-
¢iavimus, spektrg priskiriame radikalui, lokalizuotam
formiato jungtyje. ISmatuotos g_ komponentés tempe-
ratariné priklausomybé pasizymi placia anomalija pla-
¢iame temperatiry intervale netoli fazinio virsmo tasko,
kurig siejame su formiato jungties dinamikos poky¢iais.



