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ABSTRACT: The crystallization of a new series of A-site substituted lanthanum
ferrite materials (La1−xREx)FeO3 was explored by the hydrothermal method at 240
°C, for rare earth (RE) = Nd, Sm, Gd, Ho, Er, Yb, and Y, with 0 ≤ x ≤ 1. The effect of
elemental substitution on the morphological, structural, and magnetic properties of the
materials was studied using high-resolution powder X-ray diffraction, energy dispersive
spectroscopy (EDS) on the scanning electron microscope, Raman spectroscopy, and
SQUID magnetometry. If the radius of the La3+ and the substituent ions is similar,
such as for Nd3+, Sm3+, and Gd3+, homogeneous solid solutions are formed, with the
orthorhombic GdFeO3-type structure, and a continuous evolution of Raman spectra with composition and distinct magnetic
behavior from the end members. When the radius difference between substituents and La3+ is large, such as for Ho3+, Er3+, Yb3+, and
Y3+, then instead of forming solid solutions, crystallization in separate phases is found. However, low levels of element mixing are
found and intergrowths of segregated regions give composite particles. In this case, the Raman spectra and magnetic behavior are
characteristic of mixtures of phases, while EDS shows distinctive elemental segregation. A-site replacement induces an evolution in
the crystallite shape with an increasing amount of substituent ions and this is most evident for RE = Y from cube-shaped crystals seen
for LaFeO3 to multipodal crystals for (La1−xYx)FeO3, providing evidence for a phase-separation-driven evolution of morphology.

■ INTRODUCTION
The ABX3 perovskite structure class encompasses a huge
variety of compounds. Many cations of metallic ions in the
periodic table can be incorporated into the perovskite
structure. Oxides (X = O2−) and fluorides (X = F−) comprise
the vast majority of perovskite compounds, and the perovskite
structure is found for many combinations of cations and
anions. Chlorides, bromides, hydrides, oxynitrides, and sulfides
are also known as perovskite structures.1 Rare earth (RE)
orthoferrites RE3+Fe3+O3 with distorted perovskite structures
have been intensively studied because they are potential
multiferroics, which may combine ferromagnetism and
ferroelectricity, and they have also been applied in other
technical fields, including solid oxide fuel cells,2 photovoltaic
sensors,3 and heterogeneous catalysis.4

Distortions of BO6 octahedra in RE orthoferrites can be
assigned to three mechanisms: distortions of the octahedra,
cation displacements within the octahedra, and tilting of the
octahedra.5 The study of the structural distortions is
fundamental because they directly link to the bulk electronic
and magnetic properties and even the surface properties of the
perovskite oxides, further influencing their application
performances.6 Previous investigations on lattice distortions
resulting from A-site substitution in RE perovskite oxides
focused on using a cation with higher valence7 and/or with a
lower valence in comparison to A3+.8,9 However, the
introduction of the second metal cation into the metal oxides

may cause undesired phase separation and structure collapse
due to the large ionic radii and charge mismatch of the
substituent ion and the original ions. This phenomenon will
induce impurities and lead to the limited performance of the
perovskite materials for applications.10,11 Only a few studies
fine-tuned the local structure of lattice oxygen via the A-site
substituted by a trivalent ion without significantly changing the
crystal structure type of perovskite. Zhang et al. recently
synthesized La1−xCexFeO3 (x = 0, 0.25, 0.5, 0.75, 1) solid
solutions and found that by tuning the degree of the distortion
of BO6 with A-site substitution, the performance of the
samples in chemical looping methane partial oxidation-CO2
splitting can be improved and La0.5Ce0.5FeO3 with the
maximum distortion of the FeO6 octahedra exhibited the
best performance among all samples.12 Li et al. studied the
catalytic performance of different REFeO3 (RE = La, Pr, Gd,
and Y) perovskites and found that the average Fe−O bond
angle, which is decided by the distortion degrees of FeO6, is
dependent on Fe−O covalency, the O 2p band center, and the
charge-transfer energy. The average Fe−O−Fe bond angle
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between FeO6 octahedra is positively related to the activity for
the oxygen evolution reaction, and 180° is the optimal value.13

The rare-earth orthoferrites have also attracted attention due
to their interesting magnetic properties such as spin
reorientation (TSR), antiferromagnetic transition of Fe (TN1),
compensation effect (Tcomp), ordering of RE moments (TN2),
and weak ferromagnetism (canted antiferromagnetism).14

These properties also depend on the degree of structural
distortion.

In this work, we have investigated the use of mild
hydrothermal conditions for the direct crystallization of RE-
substituted lanthanum ferrites (La1−xREx)FeO3. This followed
from the work by Feng and coworkers who reported the
hydrothermal crystallization of ternary REFeO3 perovskites,
aided by the inclusion of urea in the reagent solutions.15

Hydrothermal synthesis has more generally been applied for
the synthesis of a wide variety of perovskite oxides16 and
various iron oxide materials17 and offers the advantage of the
control of the crystal form and, in some cases, the formation of
metastable polymorphs. Herein, we explore the limitations of
forming solid solutions of the ferrite perovskites and have
investigated the magnetic properties of the resulting materials
as a signature of structure distortion and phase separation. The
evolution of the crystal morphology with A-site substitution is
also considered, which is related to phase separation when a
large size mismatch of A-site cations is used.

■ EXPERIMENTAL SECTION
Materials and Synthesis. La(NO3)3·6H2O (99.9%), Nd(NO3)3·

6H2O (99.9%), Gd(NO3)3·6H2O (99.9%), Yb(NO3)3·6H2O
(99.9%), Sm(NO3)3·6H2O (99.9%), Ho(NO3)3·6H2O (99.9%), and
Er(NO3)3·6H2O (99.9%) were obtained from Alfa Aesar, while

Fe(NO3)3·9H2O (98%) and urea (NH2CONH2) (99−100.5%) were
purchased from Sigma Aldrich. KOH (85%, pellets) was purchased
from Fisher Scientific. The synthesis of LaxRE1−xFeO3 (RE = Nd, Sm,
Gd, Ho, Er, Yb, and Y) was undertaken by placing 5 mL of 0.4 M
Fe(NO3)3 in a 40 mL Teflon-lined steel autoclave, to which was
added the required stoichiometric amounts of 0.4 M RE(NO3)3 and
0.4 M La(NO3)3. After this, 4.5 g of KOH was added to the mixture
(∼60% fill) and homogenized by stirring for 30 min before being
allowed to cool to room temperature. Finally, 1.5 g of urea was added
with further stirring and the reactant solution was sealed inside the
autoclave and heated for 48 h at 240 °C. After cooling to room
temperature, the as-produced powders were washed using deionized
water before being dried in air at 80 °C. The washed and dried
materials were then gently ground using a pestle and mortar before
further study.
Characterization Methods. Powder X-ray diffraction data were

collected in Bragg−Brentano geometry with a Panalytical Empyrean
diffractometer with Co Kα1 and Kα2 radiation (average wavelength =
1.7889 Å) and a PIXcel solid-state detector. Cobalt radiation was
chosen to eliminate the high background of X-ray fluorescence that
occurs when iron is exposed to Cu Kα. The data were collected over a
range of 2θ, 20°−90°, using a step size of ∼0.013°, with sample
spinning at 15 rpm and a measurement time 1 h scans. High-
resolution XRPD data for structure refinement were obtained on
Beamline I11 (wavelength = 0.82456 Å) at the Diamond Light Source
Ltd., U.K. Samples were loaded into 0.1 mm internal diameter
borosilicate capillaries and measured at room temperature in
transmission geometry using a position-sensitive Mythen detector.
Electron microscopy was undertaken on Zeiss Gemini SEM 500 using
an Inlens detector with an accelerating voltage of 3 kV and a 20 μm
aperture. Elemental analysis was performed on the electron
microscope with an Oxford Instruments X-MaxN 150 solid-state
detector with an accelerating voltage of 10 kV, a 30 μm aperture, and
with the high current setting enabled. Spot analysis was undertaken a
minimum of 5 times on a given sample and the results were averaged.

Figure 1. (a) Comparison of PXRD (λ = 1.7889 Å) patterns of simulated LaFeO3,
19 NdFeO3, and synthesized LaxNd1−xFeO3; (b) Rietveld fit for

synchrotron XRD (λ = 0.82456 Å) pattern of La0.5Nd0.5FeO3, (c) refined LaxNd1−xFeO3 parameters, (d) unit cell volume of LaxNd1−xFeO3 (the
error bars are smaller than the data points). Expected lines are extrapolated from the lattice parameters of the end members.
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Acquisition and control were handled by Oxford Instruments
AZtecEnergy software. The zero-field cooled (ZFC) and field-cooled
cooling (FCC) magnetization measurements were performed in an
applied field of 1 kOe using a Quantum Design MPMS-5S and an
MPMS-3 SQUID magnetometer. Raman spectra were recorded with a
Renishaw inVia Reflex Raman microscope with a low wave number
spectral cutoff at about 120 cm−1. Experiments were conducted in
micro-Raman mode at room temperature by using a 633 nm He-Ne
laser as an exciting wavelength. It is well known that Raman spectra
recorded on transition-metal oxides often show strong dependence on
the exciting laser power, leading to structural modifications, phase
transitions, or even locally decomposed material. In order to avoid
this situation, the experiments were performed with a laser power of
<1 mW under the microscope to avoid structural transformations or
overheating from taking place.

■ RESULTS
LaxNd1−xFeO3 Solid Solutions. To our knowledge, this is

the first report of this perovskite solid solution. As shown in
Figure 1a, the as-prepared LaxNd1−xFeO3 samples have similar
X-ray diffraction patterns, which can be assigned to an
orthorhombic perovskite structure, although the effects of
the preferred orientation can be seen in relative peak intensities
from these laboratory data. An obvious shift in the Bragg peak
position occurs because of the smaller ionic radius of Nd3+

(1.27 Å) compared to La3+ (1.36 Å).18 The space group Pnma
was used in structure refinement (it should be noted that some
literature reports use the nonstandard setting Pbnm of the
same space group for this distortion of the perovskite). Figure
1b shows the Rietveld fit obtained for one composition (see
the Supporting Information, Figure S5 and Table S1 for fitted
patterns, refined parameters and fitting statistics of all
materials). As Figure 1c and d depict, the substitution of the
smaller ion Nd3+ induces changes in the cell parameters, the
value of a and c become increasingly different, and the cell
volume linearly decreases with increased Nd3+. The refined
lattice parameters of the end members, LaFeO3 and NdFeO3,
agree well with those reported in the literature for materials of
the same composition prepared by conventional synthetic
methods (Table S1).

For an evaluation of the distortion degree of FeO6 octahedra
in LaxNd1−xFeO3, two variables were employed, viz, the
deformation index δ and the average Fe−O−Fe angle ⟨Fe−O−
Fe⟩. Specifically, δ is used to describe the deformation of FeO6
from regular octahedra and is calculated by

n
r r

r
1 ( )

i

i
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Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

=
(1)

where ri, r, and n represent the Fe−O bond length, average
Fe−O bond length, and the number of Fe−O bonds in an
FeO6 octahedron, respectively.12 The other variable ⟨Fe−O−
Fe⟩, the mean value of Fe−O−Fe bond angles, is used to
indicate the tilting degree of FeO6 octahedra. When the FeO6
octahedra are more tilted, the ⟨Fe−O−Fe⟩ angle is smaller.
The average Fe−O−Fe angle and the distortion degree of
FeO6 are found to increase with the enhancement of the Nd3+

amount in samples, as shown in Figure 2.
Scanning electron microscopy (SEM) with elemental

analysis by EDS of the LaxNd1−xFeO3 samples (x = 0.1,
0.2,...,0.9), Figure 3, shows that the samples present cubic-

shaped crystallites with some surface faceting evident for some
samples, and with La, Fe, and Nd distributed uniformly in each
particle. This is in good agreement with the XRD analysis that
homogeneous solid solutions are formed. Quantification of the
EDS results shows the expected trend in atomic composition
across the solid solution (Table S10).

The Raman spectra (Figure 4a) of all LaxNd1−xFeO3
samples exhibit typical features of an orthorhombic perovskite.
The band positions have an obvious evolution with
composition with a continuous shift to lower frequencies
when the La content increases, consistent with the formation
of a homogeneous solid solution. The observed phonon modes
were assigned to specific vibrational symmetries using data
from a previous systematic study of REFeO3 that included the
end members LaFeO3 and REFeO3.

20,21 The prior knowledge

Figure 2. (a) Average Fe−O−Fe angle ⟨Fe−O−Fe⟩ and (b) internal deformation index δ of LaxNd1−xFeO3, which is an indicator of the FeO6
octahedral tilting degree. Error bars are smaller than the size of the data points.

Figure 3. (a) SEM Electron micrographs and (b) EDS maps of
LaxNd1−xFeO3 (x = 0.1, 0.2,...,0.9).
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of mode assignments for the end members and the continuous
change between the spectra of each solid solution aided the
assignment of observed bands for this unreported series. The
phonon positions and line widths were determined, and each
spectrum was modeled with 15 or 16 modes (Supporting
Information S12). For most of the samples, it is possible to
assign at least 6 modes with their corresponding vibrational
symmetries, but some modes remained un-assigned because of
the overlapping of the modes, and some modes are not
assigned so far in the literature. The assigned phonon modes
and their positions of NdFeO3 are listed in Table 1. Blue shifts
of O−Fe−O bending (∼441 cm−1) modes were observed in all
LaxNd1−xFeO3, in comparison to LaFeO3 and NdFeO3,
indicating the distortion of the FeO6 octahedra (Figure 4b).

Magnetization versus temperature, M(T), measurements for
pure NdFeO3 are shown in Figure 5a. The data are consistent
with a strong Fe−Fe super-exchange interaction that leads to
long-range antiferromagnetic (AFM) ordering within the Fe
sublattice well above 300 K. Previous neutron diffraction
studies showed a Gx-type order below a Neél temperature TN

≈ 690 K, with the Fe moments aligned antiparallel to their 6
nearest neighbors along the x-axis (a-axis).21−23 The Nd−Fe
interactions are of intermediate strength and result in a
polarization of the Nd3+ ion moments. A spin reorientation
transition is reported from both neutron diffraction and ac and
dc magnetization studies with the Gz-type order below
TSR1.

21−26 Here, we find a spin reorientation indicated by
the shaded region between TSR1−TSR2: 70−170 K. A similar
behavior is seen in both single crystal NdFeO3 (TSR1−TSR2:
100−190 K) and polycrystalline NdFeO3 produced by a
hydrothermal method (TSR1−TSR2: 70−150 K).22,25 Nd
polarization and spin reorientation lead to considerable field
history dependence between the ZFC and FCC curves. The
relative alignment of the Nd and Fe moments can lead to a
compensation point as high as Tcomp = 7.6 K.25,27 Here, there is
a downturn in the FCC M(T) at low temperatures, but the
strength of the measuring field means Tcomp is suppressed to
below 2 K. The weak Nd−Nd interactions lead to a rapid
change in both the ZFC and FCC magnetization at the lowest
temperatures, which is a precursor to long-range AFM ordering
of the Nd3+ magnetic moments at 1.5 K.22

The magnetic response of LaFeO3, shown in Figure 5c, is
different from NdFeO3 because the A-site is diamagnetic. The
magnetic properties of LaFeO3 originate solely from
interactions within the Fe sublattice, with long-range Gx-type

Figure 4. (a) Raman spectra of LaxNd1−xFeO3 with the assignment of
major bands, (b) wavenumber shifts in phonon modes for
LaxNd1−xFeO3 series, and (c) fitted Raman spectra of La0.5Nd0.5FeO3.

Table 1. Assigned Phonon Modes and Atomic Motions of
NdFeO3
symmetry position/cm−1 atomic motion

Ag(2) 140 A(z) out-of-phase
Ag(3) 217 FeO6 rotation, in-phase
Ag(4) 297 O(1) x−z plane
B3g(4) 452.3 FeO6 scissor-like bending, out-of-phase
Ag(7) 463.5 FeO6 scissor-like bending
B2g(1) 110 A(z), in-phase in x−z, out-of-phase in y
B2g(2) 152.1 A(x), out-of-phase

Figure 5. Temperature dependence of the magnetization (ZFC and
FCC) of NdFeO3, La0.5Nd0.5FeO3, and LaFeO3 in 1 kOe from 2 to
300 K. The gray shaded area indicates the temperature region over
which the spin reorientation takes place.
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AFM ordering below 740 K, but with a small canting of the
moments away from the a axis.21,23,24,28−30 There is no spin
reorientation phenomenon.21,29 The magnitude of magnet-
ization is similar to previous work in which polycrystalline
LaFeO3 was also synthesized by the wet-chemical method.31

In La0.5Nd0.5FeO3, (see Figure 5b) the magnetization at 300
K is reduced compared to NdFeO3 because the number of
Nd3+ ions is halved. At lower temperatures, the paramagnetic
contribution of the Nd3+ ions becomes more prominent and
there is almost no hysteresis between the ZFC and FCC curves
and no clear evidence for a spontaneous spin reorientation.
This can be attributed to the presence of an atomically

homogenous solid solution. The diamagnetic La3+ is dispersed
into the NdFeO3 structure and disrupts the Nd−Fe
intermediate magnetic structures present in the NdFeO3
phase, disturbing the magnetic anisotropy of the Nd sublattice,
which is considered as a key factor for a spin-reorienta-
tion.32−36 Taken together, the measured diffraction, spectro-
scopic, and magnetization data of LaxNd1−xFeO3 prepared by
hydrothermal chemistry provide clear evidence for homoge-
neous solid solutions. A similar analysis of LaxSm1−xFeO3 and
LaxGd1−xFeO3 shows that these samples are also homogeneous
solid solutions (see Supporting Information Figures S1, S2, S6,
S7, S13−S18, S23, S24 and Tables S2, S3, S8, S9).

Figure 6. (a) Comparison of PXRD (λ = 1.7889 Å) patterns of simulated LaFeO3,
19 ErFeO3,

25 and synthesized LaxEr1−xFeO3; (b) refined ErFeO3
parameters, (c) refined LaFeO3 parameters, (d) refined phase component of LaxEr1−xFeO3.

Figure 7. (a) Electron micrographs and (b) EDS maps of LaxEr1−xFeO3 (x = 0,0.1,0.2,..., 0.9).
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LaxEr1−xFeO3 Materials. Powder XRD patterns shown in
Figure 6 reveal that all LaxEr1−xFeO3 materials crystallize as
two different perovskite phases, which can initially be assigned
as LaFeO3 and ErFeO3. This is confirmed by the evolution of
three ErFeO3 peaks (020, 112, 021) between 36° and 41° 2θ
and the LaFeO3 peak [002] at 37.6° 2θ. However, a closer
inspection shows that with increasing amount of La3+ in the
samples, the ErFeO3 Bragg peaks shift slightly to lower angles,
indicating lattice expansion, while LaFeO3 peaks remain in the
same positions. Thus, we conclude that the LaxEr1−xFeO3
samples are composed of LaFeO3 and La3+-substituted ErFeO3
(Er1−yLayFeO3) and Rietveld analysis was undertaken using
LaFeO3 and ErFeO3 (with the Pbnm space group) to quantify
this (Supporting Information Figure S9 and Table S5). The
refinement results of the structural parameters are summarized
in Figure 6 where it can be confirmed that the cell parameters
of LaFeO3 change only by a small amount while the cell
parameters of ErFeO3 show changes with the addition of La.
This suggests that, although there are two distinct phases,
some La3+ ions enter into the ErFeO3 structure.

The morphologies and EDS maps of the LaxEr1−xFeO3
samples are shown in Figure 7. All the samples have relatively
small particle sizes, which is estimated in the range of 10−25
μm. The crystal morphology is much less distinct than the
well-formed cube-shaped crystallites seen for LaxNd1−xFeO3,
and even for La0.9Er0.1FeO3, the crystal habit is modified to a
lozenge shape. With an increased amount of Er3+, substantial
changes in crystal morphology are seen and it can be noted
that the samples are constructed as agglomerates of small
bricks of crystals.

The EDS maps, Figure 7b, show that the dispersion of La
and Er is not homogeneous in the samples. Taking the
La0.5Er0.5FeO3 sample as an example, while Fe is found in all
regions of the sample, there are regions that contain only Er,
while others contain only La. In other areas, all three elements
are present, at least on the micron length scale. The
information that is deduced from EDS maps is in good
agreement with XRD refinement that LaxEr1−xFeO3 samples
were composed of pure LaFeO3 phase and La3+ doped ErFeO3.

Figure 8a shows the Raman spectra of LaxEr1−xO3. Unlike
the solid solutions discussed above, the spectral signatures do
not show a gradual shifting in band positions as the La content
changes toward LaFeO3. As Figure 9b shows, instead, the
spectra can be interpreted as a superposition of two distinct
signatures, but with broadening compared to the pure phases.
The broadening of the modes provides some evidence for the

presence of mixed phases formed for a limited substitutional
range.

Magnetization versus temperature measurements for pure
ErFeO3 and La0.5Er0.5FeO3 powders are shown in Figure 9.
ErFeO3 undergoes a transition below 640 K to G-type
antiferromagnetism within the Fe sublattice.21,23,24,26 Studies
on single crystals show that the Fe moments are directed along
the a-axis with a small canting, leading to a net moment along
c. As the temperature is lowered, the Er3+ RE ions are
increasingly polarized antiparallel to the Fe moments, and their
effective anisotropy increases. ErFeO3 undergoes a spin
reorientation transition below TSR2 with the Fe spins rotating
in the ac plane to lie almost parallel to the c-axis by TSR1 with a
net Fe moment now along the a-axis.25,37,38 In this work, (see
Figure 9a) a spontaneous spin reorientation was observed in
the ErFeO3 material over the temperature range TSR1−TSR2, 78
to 97 K, which leads to field history dependence. Similar
behavior was observed for ErFeO3 powders synthesized via a
sol−gel combustion method.39 Previous work has shown

Figure 8. (a) Raman spectra of LaxEr1−xFeO3, (b) Raman spectra of ErFeO3, La0.5Er0.5FeO3, and LaFeO3 compared to the simulated spectra of
0.5ErFeO3 + 0.5LaFeO3 (weighted sum of the measured spectra of the end members).

Figure 9. Temperature dependence of the magnetization (ZFC and
FCC) of ErFeO3 and La0.5Er0.5FeO3 in 1 kOe from 2 to 300 K. The
gray shaded area indicates the temperature region over which the spin
reorientation takes place.
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further cooling leads to a spin compensation at Tcomp = 38−45
K. with the net Fe and Er moments canceling.21,25 This
compensation point is close to the crossover temperature of
the ZFC and FCC curves. Lower field data (see Supporting
Information Figure S21) shows a compensation at ∼40 K in
the ErFeO3. At low temperatures, an upturn in M(T) reflects
the increasing contribution from the Er moments. A peak in
the ZFC curve at 2.5 K marks the onset of long-range AFM
order between the Er moments, slightly lower than the 3.7−4.5
K reported previously.25,38

Figure 9b shows the M(T) data for the La0.5Er0.5FeO3
powders. The temperature dependence and magnitude of the
signal at 300 K suggest that in common with La and Er
orthoferrite, the Fe moments order antiferromagnetically at
some much higher temperature. Although the degree of

hysteresis is reduced in La0.5Er0.5FeO3, a spin reorientation is
clearly still present at a similar temperature. At low
temperatures, the total magnetization of the La0.5Er0.5FeO3
powders is close to half the magnetization of ErFeO3. The
overall magnetic response is consistent with a phase separated
mixture of ErFeO3 diluted by LaFeO3, albeit with some
incorporation of a small number of nonmagnetic La ions into
the ErFeO3 which disrupt the Er−Fe exchange interactions.
This scenario is in good agreement with the XRD and EDS
results.
LaxY1−xFeO3. The comparison in Figure 10a between the

measured patterns and the simulated patterns of both YFeO3
and LaFeO3 clearly indicate the samples contain two distinct
crystallographic phases for 0.2 ≤ x ≤ 0.8. This is evident by the
evolution of three strong YFeO3 peaks between 36° and 41° 2θ

Figure 10. (a) Comparison of PXRD (λ = 1.7889 Å) patterns of simulated LaFeO3,
19 YFeO3,

40 synthesized LaFeO3, YFeO3, and LaxY1−xFeO3; (b)
refined LaFeO3 parameters, (c) refined YFeO3 parameters, (d) refined phase component of LaxY1−xFeO3.

Figure 11. (a) Electron micrographs detailing the evolution in LaxY1−xFeO3 crystal morphology, and (b) EDS maps of fractured crystals.
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but the retention of the strong LaFeO3 at 37.4° 2θ as the
yttrium content increases. These signature peaks begin to shift
as the composition of the samples change, with YFeO3 peaks
shifting to lower angles (expanding lattice) and LaFeO3 peaks
shifting to higher angles (contracting lattice). This peak shift is
consistent with a substitution of La into the YFeO3 lattice
(expanding lattice, shifting Bragg peaks to lower 2θ positions)
and Y into the LaFeO3 lattice (contracting lattice, shifting
Bragg peaks to higher 2θ positions). This suggests that, while
there are two distinct phases, they are both taking up the other
A-site metal to a limited extent.

Electron microscopy of the materials reveals substantial
changes in crystal morphology with the increase of yttrium
used in the precursor mixture. Figure 11a charts this
morphological evolution as a function of Y% and evident is
an elongation of the original cube shape seen in pure LaFeO3
system to a maximum length of ∼25 μm up from a core
particle size of ∼10−15 μm, followed by additional
perpendicular growths at the particle center. These additional
growths appear to always occur in the same plane as the first
axial elongation and reach the same length maximum with a
full particle length in direction of primary and secondary axial
growth equal at ∼25 μm. At higher concentrations of Y3+ the
particles continue to grow arms from a central core, first in the
“z” axis, i.e., in the direction perpendicular to the initial growth
directions and then trending towards spheroids composed of
multiple rods. Morphology changes are common in hydro-
thermal synthesis, with morphology changes reported for
complexing/templating,41,42 agents or changes in pH,43

however, to our knowledge, there are no reported cases of a
doped bi-phasic material undergoing crystal growth in a similar
nature to that seen here.

Also evident is a mixture of Y and La within the crystals,
determined by EDS, with EDS atomic % compositions detailed
in Table S10. The EDS maps, Figure 11b, show clear evidence
for intergrowths of the La-rich and Y-rich phases, and for the x
= 0.5 material, it is apparent that at the crystal center of the
“blades”, there is a notable concentration of Y, while at the tips
of the blades, La is concentrated. This implies that the
multipodal crystal morphology is created by the initial
nucleation of YFeO3 and the subsequent growth of La-rich
material.

Figure 12a shows the Raman spectra of LaxY1−xO3. Unlike
the solid solutions discussed above for LaxNd1−xO3, the
spectral signatures do not show gradual shifting in band
positions as the La content changes toward LaFeO3. As Figure

12b shows, instead, the spectra can be interpreted as a
superposition of two distinct signatures, but with broadening
compared to the pure phases. The broadening of the modes
provides evidence for some degree of A-site mixing.

Figure 13 shows the temperature dependence of the
magnetization of YFeO3, La0.5Y0.5FeO3, and LaFeO3. Qual-

itatively, the magnetic responses of all three samples appear
similar. Neél temperatures, TN of YFeO3 (644.5 K) and
LaFeO3 (740 K)21,24,28 are both well above the maximum
temperature accessible in this work. Both the La3+ and Y3+ ions
are diamagnetic and so the magnetism in La1−xYxFeO3 series
arises solely from the Fe sublattice. Canting of the Fe moments
results in small net magnetization, giving rise to an almost
temperature-independent weak ferromagnetic behavior with a
hysteresis between the zero-field cooled and field-cooled
cooling magnetization curves for all three materials.30 A very
similar behavior was observed previously for YFeO3 nano-
particles.44 Distortions from an ideal perovskite structure are
expected to be more significant in YFeO3 due to the smaller

Figure 12. (a) Raman spectra of LaxY1−xFeO3, (b) Raman spectra of YFeO3, La0.5Y0.5FeO3, and LaFeO3 compared to the simulated spectra of
0.5YFeO3 + 0.5LaFeO3 (weighted sum of the measured spectra of the end members).

Figure 13. Temperature dependence of magnetization (ZFC and
FCC) of YFeO3, La0.5Y0.5FeO3, and LaFeO3 in 1 kOe from 2 to 300
K.
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Y3+ ions, and this may lead to the larger signal observed for
YFeO3.

LaxHo1−xFeO3 and LaxYb1−xFeO3 were studied as two more
examples and the results from these phases also are consistent
with phase-separation. (Supporting Information Figures S3, S4,
S8, S10, S19, S20, S24, S26 and Tables S4 and S6).

■ DISCUSSION
Our results show the successful formation by a mild
hydrothermal method of solid solutions of orthoferrites
(La1−xREx)FeO3 for RE = Nd, Sm, and Gd, as evidenced by
a variety of experimental methods that probe the structural
order over various length scales and supported by magnet-
ization measurements. For Nd, this is the first report of this
solid solution, while for Sm, examples have previously been
prepared using a precursor decomposition route at 1000 °C,45

and for Gd only the phase La0.9Gd0.1FeO3 has been reported
from the solid-state reaction at 1200 °C.46 For all of these
materials, the difference in the ionic radius between the A-site
substituents is smaller than 13.4%. In contrast, for RE = Ho,
Er, Yb, and Y, the formation of homogeneous solid solutions is
never successful, and there is only limited evidence for mixing
of the two cations in a single phase. To our knowledge, there
are no previous reports of the synthesis of these quaternary
phases, using any synthesis method. For these materials, the
difference in the cationic radii of the A-site substituent is larger
than 17.2%. In the formation of solid solutions of perovskites,
the Hume−Rothery law, well known for understanding the
range of compositions of alloys, has been used to rationalize
the compositions that can successfully be formed.47−50 From
this work, it can be be suggested that when the radius disparity
is more than 15% between the A-site cation and the intended
substituent cation, segregation occurs, resulting in phase
separation. In more recent computational work, the
thermodynamics of the formability of perovskite solid solutions
has been considered and one of the factors that is concluded to
play a role in the successful formation of a homogeneous solid
solution is the radius variance of A-site substituents.51

A significant new observation from our work is that despite
the lack of formation of solid solutions, a modification of the
crystal morphology is possible when two-phase mixtures are
produced from hydrothermal crystallization. This is most
evident for the largest disparity in the A-site cation radius (La
and Y), where intergrowth structures are observed, implying
that the one phase crystallizes first before the seeded growth of
the second phase. This may imply a kinetic effect in the
solution crystallization of RE ferrites, where different
lanthanide cations lead to different rates of crystallization.
This could also be the origin of why the formation of a
continuous solid solution is not possible for cations of differing
ionic radius, but instead, one phase is initially nucleated
followed by the growth of the second in close proximity,
leading to composite structures on the micron-scale.

■ CONCLUSIONS
To study the effect of A-site substitution on the structure and
properties of LaFeO3, a new series of samples have been
synthesized by the hydrothermal method. A limit of solid-
solution mixed-metal oxide formation from hydrothermal
conditions has been discovered. It can be concluded that
when doping different RE ions into the LaFeO3 structure, (1)
if the radius between La3+ and the substituent ions is close,

such as Nd3+, Sm3+, and Gd3+, homogeneous solid solutions
will be formed; (2) when the radius difference is large, such as
Ho3+, Er3+, and Yb3+, then instead of forming solid solutions,
the substituent ion will cause samples to crystallize in separate
phases, with a limited amount of element mixing in each. For
the former situation, A-site substitution results in a significant
change of the magnetic properties, and we have characterized
some new solid solutions of ferrites as atomically homoge-
neous fine powders. The mixed-phase materials show
intergrown crystallites with a distinct evolution of crystal
morphology with chemical composition. Given the present
interest in ferrite perovskites in various applications, ranging
from multiferroics to heterogeneous catalysis, the ability to
predict the crystallization of desired compositions and
understand the limitations of a particular synthesis method is
of utmost importance. Further work is needed to understand
the atomic-scale mechanism for the complex intergrowth
structures that we observe, such as using spectroscopic
techniques, and this might also involve computational
rationalization of the relationship between composition, crystal
chemistry, and stability of solid solutions of perovskite oxides.
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Fe57 in Orthoferrites. Phys. Rev. 1967, 156, 562−577.
(31) Phokha, S.; Pinitsoontorn, S.; Maensiri, S.; Rujirawat, S.

Structure, optical and magnetic properties of LaFeO3 nanoparticles
prepared by polymerized complex method. J. Sol-Gel Sci. Technol.
2014, 71, 333−341.
(32) Chen, L.; Li, T.; Cao, S.; Yuan, S.; Hong, F.; Zhang, J. The role

of 4f-electron on spin reorientation transition of NdFeO3: A first
principle study. J. Appl. Phys. 2012, 111, 103905.
(33) Prelorendjo, L. A.; Johnson, C. E.; Thomas, M. F.; Wanklyn, B.

M. Spin reorientation transitions in DyFeO3. J. Phys. C: Solid State
Phys. 1980, 13, 2567−2578.
(34) Kim, B. H.; Min, B. I. Monte Carlo study of a temperature-

driven spin-reorientation transition in an antiferromagnetic system.
Phys. Rev. B 2008, 77, 094429.
(35) Bazaliy, Y. B.; Tsymbal, L. T.; Kakazei, G. N.; Kamenev, V. I.;

Wigen, P. E. Measurements of spin reorientation in YbFeO3 and
comparison with modified mean-field theory. Phys. Rev. B 2005, 72,
174403.
(36) Durbin, G. W.; Johnson, C. E.; Thomas, M. F. Temperature

dependence of field-induced spin reorientation in GdFeO3. J. Phys. C:
Solid State Phys. 1977, 10, 1975−1978.
(37) Shen, H.; Cheng, Z.; Hong, F.; Xu, J.; Yuan, S.; Cao, S.; Wang,

X. Magnetic field induced discontinuous spin reorientation in ErFeO3
single crystal. Appl. Phys. Lett. 2013, 103, 192404.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c04325
Inorg. Chem. XXXX, XXX, XXX−XXX

J

https://doi.org/10.1002/aenm.202000459
https://doi.org/10.1002/aenm.202000459
https://doi.org/10.1126/science.1125877
https://doi.org/10.1126/science.1125877
https://doi.org/10.1038/nnano.2010.265
https://doi.org/10.1038/nnano.2010.265
https://doi.org/10.1126/science.aam7092
https://doi.org/10.1038/srep02214
https://doi.org/10.1038/srep02214
https://doi.org/10.1038/srep02214
https://doi.org/10.1002/aenm.202003755
https://doi.org/10.1002/aenm.202003755
https://doi.org/10.1002/aenm.202003755
https://doi.org/10.1016/j.apsusc.2013.03.091
https://doi.org/10.1016/j.apsusc.2013.03.091
https://doi.org/10.1021/jacs.8b12101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz400250t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz400250t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz400250t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3EE43683G
https://doi.org/10.1039/C3EE43683G
https://doi.org/10.1002/aenm.201402307
https://doi.org/10.1002/aenm.201402307
https://doi.org/10.1002/aenm.201402307
https://doi.org/10.1021/jacs.0c04643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b01321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3562259
https://doi.org/10.1063/1.3562259
https://doi.org/10.1021/acs.cgd.6b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.6b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202000707
https://doi.org/10.1002/chem.202000707
https://doi.org/10.1002/chem.202000707
https://doi.org/10.1039/D0QI00294A
https://doi.org/10.1039/D0QI00294A
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1016/j.materresbull.2005.02.009
https://doi.org/10.1016/j.materresbull.2005.02.009
https://doi.org/10.1103/PhysRevB.94.214103
https://doi.org/10.1103/PhysRevB.94.214103
https://doi.org/10.1063/1.1657530
https://doi.org/10.1063/1.1657530
https://doi.org/10.1088/0953-8984/17/29/002
https://doi.org/10.1088/0953-8984/17/29/002
https://doi.org/10.1016/0038-1098(83)90820-7
https://doi.org/10.1016/0038-1098(83)90820-7
https://doi.org/10.1063/1.1714088
https://doi.org/10.1063/1.1714088
https://doi.org/10.1016/j.jallcom.2013.08.129
https://doi.org/10.1016/j.jallcom.2013.08.129
https://doi.org/10.1016/j.jallcom.2013.08.129
https://doi.org/10.1016/j.jssc.2007.11.003
https://doi.org/10.1016/j.jssc.2007.11.003
https://doi.org/10.1016/j.jssc.2007.11.003
https://doi.org/10.1103/PhysRevB.87.184405
https://doi.org/10.1103/PhysRevB.87.184405
https://doi.org/10.1016/0022-3697(57)90095-1
https://doi.org/10.1016/0022-3697(57)90095-1
https://doi.org/10.1016/0304-8853(86)90431-2
https://doi.org/10.1016/0304-8853(86)90431-2
https://doi.org/10.1103/PhysRev.156.562
https://doi.org/10.1103/PhysRev.156.562
https://doi.org/10.1007/s10971-014-3383-8
https://doi.org/10.1007/s10971-014-3383-8
https://doi.org/10.1063/1.4716187
https://doi.org/10.1063/1.4716187
https://doi.org/10.1063/1.4716187
https://doi.org/10.1088/0022-3719/13/13/012
https://doi.org/10.1103/PhysRevB.77.094429
https://doi.org/10.1103/PhysRevB.77.094429
https://doi.org/10.1103/PhysRevB.72.174403
https://doi.org/10.1103/PhysRevB.72.174403
https://doi.org/10.1088/0022-3719/10/11/031
https://doi.org/10.1088/0022-3719/10/11/031
https://doi.org/10.1063/1.4829468
https://doi.org/10.1063/1.4829468
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c04325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(38) Deng, G.; Guo, P.; Ren, W.; Cao, S.; Maynard-Casely, H. E.;
Avdeev, M.; McIntyre, G. J. The magnetic structures and transitions
of a potential multiferroic orthoferrite ErFeO3. J. Appl. Phys. 2015,
117, 164105.
(39) Chen, P.; Jiang, L.; Yang, S.; Chen, H.; He, J.; Wang, Y.; An, J.

Effects of combustion agents on the synthesis of perovskite erbium
ferrite (ErFeO3) nanocrystalline powders fabricated by auto-
propagating combustion process. Inorg. Chem. Commun. 2019, 101,
164−171.
(40) Urusova, A. S.; Rudik, V. V.; Mychinko, M. Y.; Cherepanov, V.

A. Phase equilibria, structure, oxygen nonstoichiometry, and thermal
expansion of oxides in the 1/2Y2O3SrO-1/2Fe2O3 system. J. Am.
Ceram. Soc. 2019, 102, 465−475.
(41) Zhang, J.; Li, Y.; Wang, L.; Zhang, C.; He, H. Catalytic

oxidation of formaldehyde over manganese oxides with different
crystal structures. Catal. Sci. Technol. 2015, 5, 2305−2313.
(42) Thirumalairajan, S.; Girija, K.; Hebalkar, N. Y.; Mangalaraj, D.;

Viswanathan, C.; Ponpandian, N. Shape evolution of perovskite
LaFeO3 nanostructures: a systematic investigation of growth
mechanism, properties and morphology dependent photocatalytic
activities. RSC Adv. 2013, 3, 7549−7561.
(43) Chai, P.; Liu, X.; Wang, Z.; Lu, M.; Cao, X.; Meng, J. Tunable

Synthesis, Growth Mechanism, and Magnetic Properties of
La0.5Ba0.5MnO3. Cryst. Growth Des. 2007, 7, 2568−2575.
(44) Maiti, R.; Basu, S.; Chakravorty, D. Synthesis of nanocrystalline

YFeO3 and its magnetic properties. J. Magn. Magn. Mater. 2009, 321,
3274−3277.
(45) Sangaletti, L.; Depero, L. E.; Allieri, B.; Nunziante, P.; Traversa,

E. An X-ray study of the trimetallic LaxSm1‑xFeO3 orthoferrites. J. Eur.
Ceram. Soc. 2001, 21, 719−726.
(46) Ghosh, A.; Masud, M. G.; Dey, K.; Chaudhuri, B. K.

Antisymmetric exchange interaction, magnetoelectric and magneto-
dielectric response in structurally distorted G-type antiferromagnetic
perovskite: La0.9Gd0.1FeO3. J. Phys. Chem. Solids 2014, 75, 374−378.
(47) Zhang, R.; Xiang, B.; Xu, L.; Xia, L.; Lu, C. Density functional

theory (DFT) investigation on the structure and photocatalysis
properties of double-perovskite Gd1‑xCaxBaCo2O5+δ (0 ≤ x ≤ 0.4).
RSC Adv. 2019, 9, 20161−20168.
(48) Mizutani, U.; Sato, H.; Massalski, T. B. The original concepts of

the Hume-Rothery rule extended to alloys and compounds whose
bonding is metallic, ionic, or covalent, or a changing mixture of these.
Prog. Mater. Sci. 2021, 120, 100719.
(49) Lu, Y.; Fang, Z.; Lu, C.; Ni, Y.; Xu, Z. Control of solar

absorbance and thermal emittance of Cr-doped Sm0.5Sr0.5CoO3. Sol.
Energy 2014, 105, 20−26.
(50) Jha, P. A.; Jha, P. K.; Jha, A. K.; Dwivedi, R. K. Dielectric

behavior of (1−x) BaZr0.025Ti0.975O3−(x) BiFeO3 solid solutions.
Mater. Res. Bull. 2013, 48, 101−105.
(51) Talapatra, A.; Uberuaga, B. P.; Stanek, C. R.; Pilania, G. A

Machine Learning Approach for the Prediction of Formability and
Thermodynamic Stability of Single and Double Perovskite Oxides.
Chem. Mater. 2021, 33, 845−858.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c04325
Inorg. Chem. XXXX, XXX, XXX−XXX

K

 Recommended by ACS

Dual Charge-Transfer Channels Harmonize Carrier
Separation for Efficient U(VI) Photoreduction
Pan He, Tao Duan, et al.
MARCH 07, 2023
INORGANIC CHEMISTRY READ 

Distinct Reaction Route toward High Photovoltaic
Performance: Perovskite Salts versus Crystals
Zihui Liang, Congcong Wu, et al.
FEBRUARY 16, 2023
ACS APPLIED ENERGY MATERIALS READ 

Switchable Dielectric Materials Based on a Diprotonated
Organic Cation Containing Two Different Anions:
(C5H16N2)BF4X (X = Cl, Br, NO3)
Ze-Jie Wang, Jian-Rong Li, et al.
MARCH 07, 2023
CRYSTAL GROWTH & DESIGN READ 

Ni, Co, and Yb Cation Co-doping and Defect Engineering of
FeOOH Nanorods as an Electrocatalyst for the Oxygen
Evolution Reaction
Qi Ouyang, Zuotao Lei, et al.
JANUARY 13, 2023
INORGANIC CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1063/1.4919367
https://doi.org/10.1063/1.4919367
https://doi.org/10.1016/j.inoche.2019.01.028
https://doi.org/10.1016/j.inoche.2019.01.028
https://doi.org/10.1016/j.inoche.2019.01.028
https://doi.org/10.1111/jace.15906
https://doi.org/10.1111/jace.15906
https://doi.org/10.1039/C4CY01461H
https://doi.org/10.1039/C4CY01461H
https://doi.org/10.1039/C4CY01461H
https://doi.org/10.1039/c3ra00006k
https://doi.org/10.1039/c3ra00006k
https://doi.org/10.1039/c3ra00006k
https://doi.org/10.1039/c3ra00006k
https://doi.org/10.1021/cg070523j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg070523j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg070523j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmmm.2009.05.061
https://doi.org/10.1016/j.jmmm.2009.05.061
https://doi.org/10.1016/S0955-2219(00)00267-3
https://doi.org/10.1016/j.jpcs.2013.11.003
https://doi.org/10.1016/j.jpcs.2013.11.003
https://doi.org/10.1016/j.jpcs.2013.11.003
https://doi.org/10.1039/C9RA02820J
https://doi.org/10.1039/C9RA02820J
https://doi.org/10.1039/C9RA02820J
https://doi.org/10.1016/j.pmatsci.2020.100719
https://doi.org/10.1016/j.pmatsci.2020.100719
https://doi.org/10.1016/j.pmatsci.2020.100719
https://doi.org/10.1016/j.solener.2014.03.032
https://doi.org/10.1016/j.solener.2014.03.032
https://doi.org/10.1016/j.materresbull.2012.10.017
https://doi.org/10.1016/j.materresbull.2012.10.017
https://doi.org/10.1021/acs.chemmater.0c03402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c04325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00221?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acsaem.2c03408?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.cgd.3c00063?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c04174?utm_campaign=RRCC_inocaj&utm_source=RRCC&utm_medium=pdf_stamp&originated=1679044433&referrer_DOI=10.1021%2Facs.inorgchem.2c04325
https://preferences.acs.org/ai_alert?follow=1

