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ABSTRACT: New polymorphic modifications of double sulfates f-AEu(SO,), (A—Rb*, Cs*) were obtained by the hydrothermal
method, the structure of which differs significantly from the monoclinic modifications obtained earlier by solid-state methods.
According to single-crystal diffraction data, it was found that the compounds crystallize in the orthorhombic system, space group
Pnna, with parameters f-RbEu(SO,),: a = 9.4667(4) A, b = 13.0786(5) A, ¢ = 5.3760(2) A, V = 665.61(5) A%; f-CsEu(SO4)2: a =
9.5278(5) A, b = 13.8385(7) A, ¢ = 5.3783(3) A, V = 709.13(7) A’. The asymmetric part of the unit cell contains one-half Rb*/Cs*
ion, one-half Eu’* ion, both in special sites, and one SO,>~ ion. Both compounds exhibit nonlinear negative thermal expansion.
According to the X-ray structural analysis and theoretical calculations, the polarizing effect of the alkali metal ion has a decisive
influence on the demonstration of this phenomenon. Experimental indirect band gaps of f-Rb and f-Cs are 4.05 and 4.11 eV,
respectively, while the direct band gaps are 4.48 and 4.54 eV, respectively. The best agreement with theoretical calculations is
obtained using the ABINIT package employing PAW pseudopotentials with hybrid PBEO functional, while norm-conserving
pseudopotentials used in the frame of CASTEP code and LCAO approach in the Crystal package gave worse agreement. The
properties of alkali ions also significantly affect the luminescent properties of the compounds, which leads to a strong temperature
dependence of the intensity of the D, — F, transition in 3-CsEu(SO,), in contrast to much weaker dependence of this kind in /3
RbEu(SO,),.

B INTRODUCTION

Compounds of rare-earth elements with tetrahedral anions

objects have negative and zero expansion in the entire
40—44 . . .

volume. The mechanisms of such behavior are different

in all cases and are determined in most cases by coordination

attract researchers’ attention as they exhibit many interesting
properties.l_7 In recent years, more and more attention is paid
to simple and complex sulfates as functional materials. Among
them are phosphors,”~'* catalysts,">™*' and gas adsorb-
ents.”” % The decisive aspects of the functionalization of rare-
earth sulfates are such issues as polymorphism, isomorphism,
and crystal-chemical transformations in the technological
processes.”’ "’

The vast majority of crystalline compounds undergo
expansion in three directions when heated. However, some
substances experience zero or negative thermal expansion along

one of the directions.”’ > A significantly smaller number of
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effects in the crystal structure.” ™" Such effects are extremely
. . . . spe . 52
interesting for creating new highly sensitive materials.

Among the rare earth compounds, crystals carrying Eu** ions
are of particular interest since the ions create effective red

Received: May 17, 2023

https://doi.org/10.1021/acs.inorgchem.3c01624
Inorg. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuriy+G.+Denisenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxim+S.+Molokeev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingxing+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+E.+Sedykh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+S.+Aleksandrovsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+S.+Aleksandrovsky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+S.+Oreshonkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgenii+M.+Roginskii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maksim+A.+Zhernakov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+Heuler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+Heuler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcel+Seuffert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheshuai+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+V.+Andreev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Mu%CC%88ller-Buschbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.3c01624&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01624?fig=abs1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Table 1. Crystallographic Data and Main Parameters of Processing and Refinement of the Structure of Single Crystals -

AEu(80,), (A = Rb*, Cs*)

single crystals B-RbEu(SO,), B-CsEu(SO,),
M, g/mol 429.56 477.00
Sp. gr, Z Pnna, 2
T, K 100 (2)
a, (A) 9.4667(4) 9.5278(5)
b, (A) 13.0786(S) 13.8385(7)
¢ (A) 5.3760(2) 5.3783(3)
Vv, (&%) 665.61(5) 709.13(7)
D,, mg/m® 4.827 4.468
u, mm™! 17.322 14.499
data collection
wavelength 0.7106 A (Mo K,) 0.7106 A (Mo K,)
measured reflections 24,683 13,701
independent reflections 2102 1367
reflections with I > 26(I) 1752 954
absorption correction multiscan multiscan
Ry, 0.0709 0.1080
20, (°) 80.56 66.24
h -17 = 17 —-14 - 14
k -23 - 23 =21 - 21
1 -9-9 -8-38
refinement
number of refined parameters 57 S7
R[F* > 26(F?)] 0.0238 0.0357
wR(F?) 0.0573 0.0943
S 1.045 0.799
weight w=1/[6*(F,2) + (0.0254P)* ++ 1.426P] where P = max(F,2 + 2F.?)/3 w = 1/[6*(F,*) ++ (0.1P)?], where, P = max(F,? + 2F.%)/3
(A/6) s <0.001 <0.001

largest diff. peak and hole

3.082 and —2.480 e/A3

5.055 and —2.617 e/A3

photoluminescence, suitable for creating WLED devices with
spectral properties similar to daylight. In recent years, the
spectroscopic properties of various Eu3+-containing phosphors
have been evaluated to see the link between their structural and
optical characteristics."”**>> However, in the phosphor
compounds, the doping level of Eu’* is usually low, and the
distribution of Eu** ions over the corresponding crystallographic
positions is often questionable. For this reason, in complex
compounds, it is difficult to determine the connection between
spectroscopic parameters and the coordination of Eu®* ions in
the host lattice. In this situation, europium compounds, in which
Eu®" is a constituent element, are more suitable for this purpose
since the coordination of Eu** ions can be accurately determined
by the methods of modern crystal structure analysis.*~"*°~>°
The investigation of the dependencies that govern the band
gap of crystalline materials goes back multiple decades.
Typically, experimental measurements are supported by DFT
calculations and construction of the band structure diagram that
allows the determination of the theoretical value of the band gap
as the distance between corresponding bands and, consequently,
the revealing of the nature of the optical transition governs the
onset of the band gap. In modern materials science, numerous
computer simulation methods are used, and the choice of
methods and approximations plays an important role in the
simulation of the properties of specific materials. In some
studies, the selection of such tools as certain approximations or
functionals is one of the main tasks.”’”®* Unfortunately
nowadays, it is rather difficult to predict which set of simulation
tools will be the most successful for a specific set of materials.

Previously, it was found that double sulfates AEu(SO,), (A—
Rb**° Cs**°) crystallize in monoclinic modifications. Since we
obtained new modifications of these compounds of higher
symmetry in this work, we assigned the designation f to them.

B RESULTS AND DISCUSSION

Structural Analysis. -RbEu(SO,), and S-CsEu(SO,),
crystallize in the orthorhombic system with the corresponding
parameters, which are presented in Table 1. The detailed
crystallographic information is shown in Tables S1—S3.

The asymmetric part of the unit cell contains one-half Rb*/
Cs" ion (Figure 1), one-half Eu** ion, and one SO, ion. Eight
oxygen atoms from six sulfate groups coordinate each Eu®" ion.
Two sulfate groups form a bidentate coordination with the
europium(I1I) ion, the rest monodentate. Thus, each europium-
(1IT) ion forms a square antiprism [EuOy], which is connected to
the SO,*” tetrahedra by nodes and edges, forming two-
dimensional Eu(SO,), layers. Rb*/Cs" ions are located between
these layers. Each of the [EuOyg] antiprisms binds via the oxygen
atoms of the sulfate groups and forms an interesting tetrahedral-
antiprismatic junction. Previously, such joints of the "Fliigel”
type have already been observed in the structures of the rare-
earth metal sulfates: 5-Yb,(SO,); and Y,(SO,);*’

The analysis of the effect of A* cation replacement on either
the structural type or the space group has not demonstrated any
apparent correlation, as presented in Table §4.>"3%%6965 The
wide variety of space groups identified for AEu(SO,),
compounds suggests a high degree of structural flexibility and
variation in the combination of coordination polyhedra. To
obtain a more complete data set and to establish any
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Figure 1. Projections of the crystal structure of f-AEu(SO,), (A = Rb*, Cs*) (a), the structure of the tetrahedral-antiprismatic junction
{[EuO4](SO,)¢} of the "Fliigel” type (b), and the two-dimensional layers formed by them (c).

dependencies, a more thorough investigation of the structure,
including studies of solid solutions, is necessary.

Unit Cell Parameters Thermal Expansion. The cell
parameters change under heating of these compounds (Table
S4) are depicted in Figure 2. Altogether, the cell parameter
trends for either Cs" or Rb" compounds are similar. Both of
them show nonlinear negative thermal expansion of the a cell
parameter. The b cell parameter shows almost identical thermal
expansion coefficients 60(2) and 64(2) MK™* for Cs* and Rb*
compounds, respectively, in the range of 300—600 K. The ¢ cell
parameters and cell volumes also show similar expansion
coefficients (Figure 2b,c). Only one significant difference can
be marked since the a cell parameter and b cell parameter in the
Cs compound shows about five times bigger module of the
thermal parameter in the range of 600—700 K.

The mechanism of the negative expansion in a direction
seems to be associated with the polarizing effect of the alkali
metal in the structure, which displacement, as a result of an
increase in the amplitude of thermal vibrations, leads to an
increase in the forces of electrostatic attraction between the
alkali metal ion and negatively charged oxygen atoms (Figure 3).
This interaction leads to a compression of these polyhedra along
the a direction. To confirm this mechanism, single-crystal X-ray
diffraction data of f-RbEu(SO,), were collected at 100 and 300
K. According to the defined crystal structure (see Supporting
Information), it can be observed that the interatomic angles
along the a direction within [EuOg] polyhedra decreased from
82.93(5) to 82.76(9)° as temperature increases from 100 to 300
K. Although the distances are normally elongated, such
decreased angles strongly contribute to the contraction effect,
resulting in the net negative thermal expansion along the a axis.

https://doi.org/10.1021/acs.inorgchem.3c01624
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Figure 2. f-AEu(SO,), cell parameter dependence per T: (a) a cell parameters; (b) b cell parameters; (c) c cell parameters; and (d) V cell parameters.
Thermal expansion coefficients & for all compounds are depicted in the figures.
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Figure 3. Proposed mechanism of negative thermal expansion in j-
AEu(S0,),.

To disclose the lattice dynamical mechanism of the negative
thermal expansion, here, first-principles phonon simulation was
carried out. For the phonon spectrum in both of RbEu(SO,),
and CsEu(S0,),, none of the imaginary frequencies is observed,

confirming the dynamical stability of both compounds. The
thermal expansion of a solid is principally due to the
anharmonicity of phonons (Figure 4ab). The Griineisen
parameter, which characterizes the frequency shifting vs lattice
volume, is the key to shedding light on the origin of the thermal
expansion.

Accordingly, the phonon modes with the negative Griineisen
parameter are positioned at ~2, S, 13, and 18THZ for both
compounds (Figure 4a,b), suggesting that these modes
predominantly contribute to the negative thermal expansion.
Atomic vibration assignment reveals that the modes around
~2THZ originate from the transversal vibration of the interlayer
alkali cations (Rb* or Cs*) (Figure 4c), whereas those around
~§, 13, and 18THZ mainly originate from the distorting
vibration of the [EuOg] polyhedra. This suggests that the
anomalous thermal expansion is ascribed to the heat-induced
synergetic effect of the transversal vibration of the alkali ion and
the distortion vibration of the [EuOg] polyhedra, which
confirms the conclusion deduced from the structural analysis.

Vibrational Spectroscopy. The vibrational (Raman and
infrared) spectra of the compounds investigated (Figure S) are
in full agreement with the structural model. Narrow bands in the
range from 400 to 500 cm™" related to the symmetric bending
5,(S0,) and bands in the range from 550 to 700 cm ™" related to
the antisymmetric bending 6,,(SO,) vibrations of the tetrahedra.
Bands in the range from 900 to 1300 cm ™" are associated with
the stretching of SO,*~ ions. In the Raman spectrum, a strong

https://doi.org/10.1021/acs.inorgchem.3c01624
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Figure 4. Griineisen-parameter-weighted phonon spectra of (a) f-RbEu(SO,), and (b) #-CsEu(SO,),, and (c) atomic vibration of the phonon modes
with negative Griineisen parameters.
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Figure 5. IR (black lines) and Raman (blue lines) spectra of f-AEu(SO,), compounds A = Rb* (a) and Cs* (b).

narrow band is observed in the region of 1000 cm™' related to high in the IR. The low-intensity bands in the range of low

the symmetric stretching (v,(SO,)) vibration of the sulfate wavenumbers correspond to the lattice modes.

The Brillouin zone (BZ) of the investigated f-sulfates is
shown in Figure S1. The chosen path along high symmetry
the same time, the intensity of the remaining bands associated points of the BZ is presented as [—X—S—Y—['—Z—U—-R—T—

with antisymmetric stretching v,,(SO,) is low in the Raman and Z. Coordinates of these points are I'(0, 0, 0), X(0.5, 0, 0), S(0.5,

group, which is practically not observed in the IR spectrum. At
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Figure 6. Spin up (a) and spin down (b) electronic structure. Orbital (c) and atom (d) projected density of states for f-RbEu(SO,), calculated in

ABINIT code.

0.5,0),Y(0,0.5,0),Z(0,0,0.5),U(0.5,0,0.5), R(0.5, 0.5, 0.5),
T(0, 0.5, 0.5).

Electronic Structure. The electronic structure of the f-
RbEu(S0O,), calculated by PBEO is presented in Figure 6. With
europium being a lanthanide element, spin-up and spin-down
states are shown in different colors (Figure 6a,b). According to
this figure, it can be supposed that -RbEu(SO,), is a dielectric
material with E, equal to 542 eV (see Figure 6a). The
conduction band minimum (CBM) and valence band maximum
(VBM) are located at the I point. The CBM is formed by the d-
electrons of the Eu®" ions, while the VBM is the p-electrons of
O*ions (Figure 6¢). The narrow flat branches in the range from
3.06 to 4.36 eV in Figure 7a correspond to the localized states
between CBM and VBM. According to the analysis of projected
densities of states (PDOS) shown in Figure 6¢,d, these localized

states are revealed as the sharp peak of f-orbital electrons in the
Eu atom, which can be attributed to unfilled f-electron states.

The results of the electronic properties simulations for f-
CsEu(S0O,), using the PBEO method are shown in Figure 7. The
obtained band gap value (E, = 5.31 eV) for f-CsEu(SO,),
(Figure 7a) is slightly different from the value for f-RbEu(SO,),
(Figure 6a). The nature of the electronic transitions in both
compounds investigated is the same. Positions of flat f-electronic
branches slightly shifted from the 2.7 to 4.9 eV range in f-
RbEu(SO,), to 2.65—4.85 eV interval in the -CsEu(SO,),.

A comparison of the band gap values obtained using PBEQ,
LDA + U, meta-GGA + U, and B3LYP approaches is shown in
Table 2. The corresponding graphical data can be found in
Figures S2 and S3. It should be noted that the difference
between LDA + U and meta-GGA + U is only numerical, which
is expressed in the difference between the band gap values and
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Figure 7. Spin up (a) and spin down (b) electronic structure. Orbital (c) and atom (d) projected density of states for f-CsEu(SO,), calculated in

ABINIT code.

Table 2. Calculated Band Gap Values (eV) for the f-
RbEu(S0,), and f-CsEu(S0O,),

compound PBEO LDA +U meta-GGA + U B3LYP
B-RbEu(SO,), 5.42 5.38 5.66 7.09
B-CsEu(SO,), 5.31 5.32 5.56 7.09

the position of the localized f-orbital. In the case of f-
RbEu(SO,), that flat f-electronic branches slightly shifted
from 3.4—3.5 to 2.05—2.1 €V and in the case of f-CsEu(SO,),
from 3.3—3.4 to 2.0—2.05 eV.

Diffuse reflection spectra of the B-RbEu(SO,), and f-
CsEu(S0O,), were recorded and used for the determination of
optical band gaps. For this purpose, Kubelka—Munk functions
modified either for indirect or direct band gap determination
were built. Corresponding plots are shown in Figure 8a for
indirect bandgaps and in Figure 8b for direct bandgaps. Thus,

there is a noticeable difference between the experimental and
DFT-calculated values of the direct bandgaps both for fS-
RbEu(SO,), and -CsEu(SO,), which is in order of 1 eV.
Luminescence Properties. The most striking feature was
observed in the photoluminescence spectra for the correspond-
ing compounds. A strong dependence of the intensity of the D,
— 7F, transition on the temperature was observed in the j5-
CsEu(SO,),, while temperature variation of the other radiative
transitions is rather traditional and exhibits no peculiarities
(Figure 9). Interestingly, the temperature dependence of the °D,,
— ’F, transition is much weaker in the case of f-RbEu(SO,),
than in $-CsEu(SO,),. To resolve the oddity described above,
we can use the Judd—Ofelt parameters €, which determine the
intensities of individual bands in the spectral regions of f—f
transitions, having distinct origins and appearing variously in
different sources. For example, Q, is known to behave differently
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in a system with different polarizability. In 2006, it was shown we detected a similar effect in the crystal of AgEu(SO,)-2H,0
that in the Nay[EuW,,04¢]-14H,0 compound the Eu*" ions where the local symmetry of Eu** is C,”' The temperature
have a slightly distorted D4 local environment and experience behavior of the 5D, — ’F, transition in the #-CsEu(SO,), must
an abnormal enhancement of D, — ’F, transition.”” Recently, be then ascribed to the same effect. In a denser -RbEu(SO,),
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structure, due to the minor variation of the polyhedra, the
conditions for observation of that effect become less favorable.

B CONCLUSIONS

New polymorphic modifications of double europium(III)
sulfates with alkali metals were obtained, and their crystal
structure and effects associated with lattice dynamics were
systematically studied for the first time. Because of the
hydrothermal synthesis, the combination of temperature and
pressure leads to the formation of a more compact structure, in
contrast to the previously described monoclinic compounds. As
shown by high-temperature studies, the compounds experience
negative thermal expansion along one of the selected directions
at elevated temperatures. By combining X-ray diffraction and
theoretical methods, it became possible to determine the role of
the polarizing effect of an alkali metal ion in the demonstration
of this phenomenon. The presence of highly symmetrical sulfate
tetrahedra in the structure determines the high sensitivity of the
vibrational properties of the compound. At the same time, the
polarizing effect of an alkali ion affects the structure-dependent
luminescence properties of the compounds, which leads to a
strong temperature dependence of the D, — ’F, transition.
Therefore, the compounds obtained are promising highly
sensitive functional materials and further studies of this class
of compounds are crucial.
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