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ARTICLE INFO ABSTRACT

Keywords: In order to synthesize single crystals of europium-silver double sulfate monohydrate, a hydrothermal reaction
Structure route was used. It was found that the crystallization cannot be performed under standard conditions. The com-
Ther.mochemistry pound AgEu(S04)2-H20 crystallizes in the trigonal crystal system, space group P3,21 (a = 6.917(1), ¢ = 12.996(2)
Iéﬁ;?;&iscence A, V =538.53(17) A%). The structure consists of triple-capped trigonal prisms [EuOs], in which one oxygen atom
Europium belongs to crystalline water, silver octahedra [AgOg], and sulfate tetrahedra [SO4]. The hydrogen bonds in the

system additionally stabilize the structure. The electronic band structure wasstudied by density functional theory
calculations which show that AgEu(SO4)2-H20O is an indirect band gap dielectric. Temperature dependent pho-
toluminescence spectroscopy shows emission bands of transitions from the °Dy state to the spin-orbit components
of the “F symultiplet (J = 0-6).The ultranarrow transition 5Dy - "Fy shows a red shift with respect to other
europium-containing water-free sulfates that is ascribed to the presence of OH group in the crystal structure in the
close vicinity of the Eu®" ion. An effect of abnormal sensitivity of the Q4 intensity factor to minor distortions of the
local environment is detected for the observed low local symmetry of Cp.

1. Introduction

Today, optical technologies determine progress in micro- and nano-
electronics, communication, processing, storage and display of infor-
mation, medicine, biology, energy and other areas. One of the key areas
of optics is photonics, which covers the field of science and technology
associated with the use of light radiation in optical elements, devices, and
systems in which optical signals are generated, amplified, and detected,
as well as recorded or displayed [1-3]. The growing requirements for the
quality of single-crystal materials associated with solving the problem of

stabilizing the characteristics of optical devices require the development
of methods for growing crystals with certain properties [4-7].

Recently, interest in rare-earth sulfates based materials has increased
significantly, as they were found to be catalysts [8], phosphors [9-11],
and gas adsorbents [12,13]. The decisive aspect of their application in-
cludes questions, such as polymorphism, isomorphism, and
crystal-chemical transformations in the technological process [8-13].

Stoichiometric europium compounds are increasingly attracting
attention of researchers due to the possibility of creating self-activated
phosphors [14-18]. In contrast to doped phosphors, the uniqueness of
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Fig. 1. Diffraction patterns of samples obtained by the crystallization of solutions containing stoichiometric amounts of Ag*, Eu>*, SO~ (1:1:2) ions under normal (a)

and hydrothermal (b) conditions.

Table 1

Crystal structure parameters of AgEu(SO4),-H>0.

Single crystal

AgEu(S04)2-H0

Moiety formula AgEuH,00S,

Dimension (mm) 0.3 x 0.25 x 0.2

Color colourless

Molecular weight 469.97

Temperature (K) 296

Space group, Z P3,21, 3

ad) 6.917 (1)

c(®) 12.996 (2)

V(A% 538.53 (17)

Peale (g/cm®) 4.347

p (mm 1) 11.987

Reflections measured 11573

Reflections independent 1998

Reflections with F > 46(F) 1962

20max (°) 78.06

h, k, I- limits -11<h<12;—
11 <k<12—
22<1<22

Rine 0.0383

The weighed refinement of F>

w = 1/[6*(F2)+(0.017P)*+1.74P], P = (F24-2F2)/
3

Number of refinement 66
parameters
R1 [F, > 40(F,)] 0.0248
wR2 0.0552
Goof 1.128
Apmax (e/A%) 2.21
Apmin (e/A%) —4.44
(A/6)max 0.000

the crystallographic positions of the europium ions in such materials
allows tracking of the influence non-structural factors on the luminescent
properties [19-21].

Double salts of rare-earth elements also play a significant role for the
technology of separation of rare-earth raw materials [22-27]. Moreover,
double sulfates of rare-earth elements are of interest because of catalytic
properties in redox processes [28,29]. The information on double sulfates
containing trivalent europium is extremely episodic, while the corre-
sponding double molybdates and europium tungstates with monovalent
cations are well studied [30-33]. Employment of silver ions instead of
alkaline ones in the structure of rare-earth containing double salts is
expected to result in both variation of local field upon rare earth ions and
variation of a complex of physical properties of a material that are
important for some applications [34]. For the europium containing
double sulfate monohydrates of potassium and thallium, the significant
influence of reaction conditions and hydrothermal conditions is known
[35-371.

The aim of this work is to study the crystallization conditions of
europium-silver sulfate monohydrate from aqueous solutions, as well as
to study its structural, thermochemical and luminescent properties.

2. Methods and materials

A crystallization base solution was prepared by mixing the three stock
aqueous solutions: 5 ml AgNOs3 (C(Ag*) = 1 mol/L), 5 ml Eu(NO3)3
(C(Eu®") = 1 mol/L), 5 ml HySO4 (C(SO77) = 2 mol/L). Thus, a stoi-
chiometric ion ratio was achieved in the base solution: Ag™, Eu3+, SO‘Z(
(1:1:2). Methods for preparing stock solutions are given in the Supporting
Information.

The crystallization from the base solution with a molar ratio of
1Ag™:1Eu>*:2503" ions was carried out under two different conditions.
In the first case, the base solution was left in a desiccator over concen-
trated sulfuric acid for 12 h (298K, 101325 Pa). In the second case, the
hydrothermal crystallization was performed. For this, the base solution
was transferred into a Teflon autoclave with a steel body and heated to a
temperature of 180 °C. At this temperature, the autoclave was kept for
12 h. In both cases, the crystals formed were separated from the mother
liquor on a Schott funnel, washed with deionized water, squeezed be-
tween sheets of filter paper and kept in a desiccator above water to a
constant weight (~36 h).

The X-ray diffraction intensity patterns were collected from a single
crystal of AgEu(SO4)2-H20 at 23°C using a SMART APEX II single crystal
diffractometer (Bruker AXS) equipped with a CCD-detector, graphite
monochromator and MoKa radiation source. The absorption corrections
were applied using the SADABS program. Absorption corrections were
applied using the SADABS program. The crystal structures were solved by
the direct methods using package SHELXS and refined in ananisotropic
approach for all non-hydrogen atoms using the SHELXL program [37,38].
All hydrogen atoms of the HoO molecules were found via Fourier dif-
ference maps and refined with bond length restraints d(O-H) = 0.9 Aand
Uiso(H) = 1.2Ueq(0O).The structure test for the presence of missing sym-
metry elements and possible voids was produced using the program
PLATON [39]. The program DIAMOND wasused for the crystal structure
plotting [40].

The crystallographic data have been deposited in the Cambridge
Crystallographic Data Centre (CCDC #2015507). The data can be
downloaded from the site (www.ccdc.cam.ac.uk/data_request/cif).

For general phase analysis, X-ray powder diffraction was carried out
on a BRUKER D2 PHASER diffractometer with a LYNXEYE linear detector
(CuKa radiation, Ni filter). The higher quality powder X-ray diffraction
data of AgEu(SO4)2-H20 was obtained using a D8 ADVANCE diffrac-
tometer (Bruker) equipped by a VANTEC detector with a Ni filter. The
measurements were made using Cu Ko radiation. The structural param-
eters defined by single crystal analysis were used as a base set for the
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Fig. 2. Crystal structure of the AgEu(SO4)>-H>0 unit cell (a). The ellipsoids are drawn at the 80% probability level. Hydrogen bonds between H,O molecule and SO% ™~
are depicted as dashed lines (b).
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Fig. 3. Linear cell parameters increasing with T increasing: a) a(T); b) ¢(T); ¢) V(T).

Rietveld refinement of the powder pattern. The refinement was carried Additional powder patterns were obtained under cooling in the range
out using the program TOPAS 4.2 [41]. The low R-factors and good of 133-303K (Fig. 2S). The Le Bail fitting was used to obtain temperature-
refinement results (Fig. 1S and Table 1S) indicate that the single crystal dependent cell parameters (Table 4S).

structure is representative also for the AgEu(SO4)2-H20 bulk powder First-principle spin-polarized electronic structure calculations were
material. carried out using the plane-wave pseudopotential approach (CASTEP
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Fig. 4. Electronic band structure of AgEu(SO4)>-H30: (a) - spin up, (b) -
spin down.

package [42]), and the Perdew-Burke-Emzerhof (PBE) [43] functional
within generalized gradient approximation (GGA) [44] was chosen to
describe the exchange-correlation functional. The Hubbard U energy
term Uy [45] = 6 eV for the Eu 4f orbital was used. Ultrasoft pseudopo-
tentials generated on-the-fly in CASTEP code were used for calculation
and include 4s? 4p® 4d'° 55! electrons for Ag, 4f”5s25p®6s? electrons for
Eu, 3523p4 electrons for S, 2sz2p4 electrons for O and 1s' electrons for H
as valence ones. The self-consistent field (SCF) tolerance was set to 1.0 x
1077 eV/atom. An energy cutoff of 630 eV was used with 3 x 3 x 2
sampling of the Brillouin zone (BZ) using the Monkhorst-Pack scheme
[46].

Fourier-transformed infrared spectroscopy (FTIR) was carried out
with a Fourier Transform Infrared Spectrometer FSM 1201 (Infraspec,
Russia). The sample for the investigation was prepared in the form of a
tabletby addition of annealed KBr.

Thermal analysis was carried out by simultaneous differential thermal
analysis and thermogravimetry on a thermal analysis instrument (STA
equipment 499 F5 Jupiter NETZSCH (Germany). The powder samples
were inserted into alumina crucibles and heated with a heating rate of
3°C/min from room temperature to 1300 °C. For heat flow change
determination, the equipment was calibrated with standard substances,
such as In, Sn, Bi, Zn, Al, Ag, Au, Ni, prior to the investigation, and the

Density of States, electrons/eV

Transmittance

Journal of Solid State Chemistry 294 (2021) 121898

401 Total
20

04
20 4]
40

40
20

20 -
-40 -

40 -
20

0_ o PN A SS——— \ —
-20
40 -

40
20

w
(7]

©
o
—

20 4]
40 -

40
20

" LN
-20 _-09‘@ Y

404
20

H T spin up
0—+—

-20 1 l spin down
40 -

4 8 12 16
Energy, eV

\
o)

|

IS
o 4

Fig. 5. Total and partial densities of states of AgEu(SO4)2-H0.

20

S0,

T T T T T T T T T
1500 2000 2500 3000 3500

Wavenumber, cm™

T T T
500 1000

4000

Fig. 6. Infrared spectrum of AgEu(SO4)2-H20O obtained at room temperature.
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Table 2
Thermal effects upon decomposition of AgEu(SO4)2-Ho0.
Thermal effect Reaction Ref.
A AgEu(S04)2-H20 — AgEu(SO4)2 + H20 This work
B 2AgEu(S04), — 2Ag + Euy(SO4)3 + SO, + O, [17]
C Euy(S04)3 — Eus0,804 + 280, + O, [46]
D Ag (sol) ~ Ag (iig) [47]
E Eu0,804 — Euy03 + SO5 +/50, [46]

results were analyzed with the program package Proteus 6 2012.

For the photoluminescence investigations, the sample was mortared,
filled in a quartz glass cuvette, and examined at room temperature and at
77 K (using special liquid nitrogen-filled Dewar assembly). The spectra
were recorded with a Horiba Jobin Yvon Spex Fluorolog 3 spectropho-
tometer equipped with a 450 W Xe short-arc lamp (USHIO), a 10 W
xenon flash lamp (Excelitas FX-1102), double-grated excitation and
emission monochromators, a photomultiplier tube (R928P) and a TCSPC
upgrade using the FluoroEssence software. Both excitation and emission
spectra were corrected for the spectral response of the monochromators
and detector using spectral corrections provided by the manufacturers.
Also, the excitation spectra were corrected for the spectral distribution of
the lamp intensity by use of a photodiode reference detector. The emis-
sion decays were recorded using the Data Station software. Exponential
tail fitting was used for calculation of the resulting intensity decay using
the Decay Analysis software. The quality of each fit was confirmed by y?
value.

3. Results and discussions

The conditions of crystallization from solutions containing stoichio-
metric amounts of Ag*, Eu3+, SO%_ (1:1:2) ions significantly affect the
composition of the crystallized products. Thus, crystallization at room
temperature and normal atmospheric pressure in the presence of a drying
agent (H,SO4) leads to a mixture of separate single crystals of Ag,SO4 and
Eup(S04)3-8H50 (Fig. 1a). At the same time, carrying out hydrothermal
crystallization at a temperature of 180 °C and an elevated pressure
created in a closed system (autoclave) allows one to obtain single crystals
of europium-silver double sulfate monohydrate AgEu(SO4)2-H20
(Fig. 1b). Transparent, shiny single crystals were obtained with a yield of
67.4% (1.5836 g).

The unit cell of AgEu(SO4)2-H20 corresponds to trigonal symmetry.
Space group P3,21 was determined from the statistical analysis of the
reflection intensities and extinction rules. The main crystal data are
shown in Table 1. The atom coordinates and main interatomic distances
are given in Tables 2S and 3S, respectively. The asymmetric part of the
unit cell contains one Eu®* ion, one Ag™ ion, one S®* ion, four 0®~ ion
and one H,0 molecule. The Ag* ion is coordinated by six O?~ ions
forming octahedra, S®* ion coordinated by four 0%~ ions forming tetra-
hedra and Eu®" ion is coordinated by eight O?>" ions and one H,O
molecule forming tricapped trigonal prism (Fig. 2a). All polyhedra join
with each other by nodes, forming a 3D net. The H,O molecule has H-
bonding with SO4 ions (Fig. 2b) which additionally stabilize the
structure.

According to the data of temperature dependent powder diffractom-
etry, the compound has positive thermal expansion coefficients in all
crystallographic directions in the temperature range of 133-303 K
(Fig. 3). The crystals expand almost isotropically. Moreover, the crystals
expand almost isotropically with thermal expansion because a(a), a(c)
thermal expansion coefficients are similar: a(a) = 20.5 x 10°° 1/K; a(c)
=18.5 x 107® 1/K. The cell volume also has positive thermal expansion
a(V) = 59.6 x 107¢ 1/K.

The path along Brillouin zone high-symmetry points was chosen as I'-M-
K-T-A-L-H-A|L-M|H-K-Hj for the AgEu(S04)2-H20 electronic band struc-
ture calculations. Coordinates of these points are: 1'(0,0,0), M(0.5,0,0),
K(0.3333,0.3333,0), A(0,0,0.5), L(0.5,0,0.5), H(0.3333,0.3333,0.5),
H2(0.3333,0.3333,-0.5). The calculated spin-polarized electronic band
structure of AgEu(SO4)2-H20 is presented in Fig. 4. It can be observed that
the conduction band minimum (CBM) and valence band maximum (VBM)
are found at the I and H points, correspondingly. Thus, the AgEu(SO4)2 x
H,0 is an indirect band gap materials and values of E' gareequal to 3.97 and
4.091 eV for spin up and spin down band gaps, respectively. The direct
electronic transitions in AgEu(SO4)2-Hy0 are in the vicinity of the I" point.
The band gap value of AgEu(SO4),-Ho0 was also obtained by the determi-
nation of fundamental absorption edge from the absorption spectrum as
shown in Fig. 3S. The value of experimental optical band gap is about 4.56
eV. It should be noted, that according the results of calculation, the direct
optical band gap is in the vicinity of I' point and the difference between
direct and indirect transitions is very small (~0.02 eV).

The total and partial density of states (DOS) of the AgEu(S04)2-H20
(Fig. 5) were calculated to explain the nature of the electronic band
structure. The partial DOS of spin up and spin down of Ag, S, O, and H
atoms are nearly symmetrical, while spin states of Eu atoms have
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different patterns. It is clearly seen from Fig. 5, that 4d Ag, 4f Eu, and 2p
O orbitals participate in the VBM hybridization. The band states between
4 and 5.5 eV originate from s electrons of Ag (CBM), but the contribution
to the Total DOS of these electrons is weak. The higher valence bands
(from 6 to 9.2 eV) are occupied by d and f electrons of Eu.

The infrared spectrum of AgEu(SO4)2-HoO is presented in Fig. 6. Ac-
cording to the symmetry analysis of P3,21 space group, the vibrational
representation at the Brillouin zone center should be written as 'yjpy =
21A; + 24A, + 45E. The modes of symmetry A, (23 modes) are IR-active,
while Raman-active modes are A; (21 modes). The E modes (44 modes)
are active in both Infrared and Raman spectra. One A, and one E modes
being acoustical. In the IR spectrum, the sulfate bands are located in the
range of 500-1300 cm™!. The internal symmetric and antisymmetric

stretching vibrations of [SO4]2' ions are situated between 990 and 1300
cm™L. In Fig. 6, the spectral bands below 700 cm™! represent bending
modes of sulfate tetrahedra. The strong bands in high-wavenumber region
of the spectra are vibrational modes of H,O molecules. The symmetric and
antisymmetric stretching modes are in the range of 3300-3650 cm ™! and
region 1570-1670 cm ™ is related to bending modes.

The TG/DTA curves obtained for AgEu(SO4)2-H20 in the temperature
range of 50-1300 °C are presented in Fig. 7. A description of the pro-
cesses occurring during thermal decomposition is systematized in
Table 2. As can be seen, in the temperature range 100-300 °C, a weight
loss is observed corresponding to complete dehydration of the mono-
hydrate (peak A). Despite the fact that, according to the TG data, the
dehydration occurs in one stage, a kink in the DTA curve suggests a
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stepwise nature of the process. As a result, an anhydrous double sulfate of
the potential composition AgEu(SO4)5 is formed, which is stable up to
700°C, after which it decomposes into metallic silver and europium
sulfate (peak B) [17]. The further behavior of the sample is explained by
the stepwise decomposition of europium sulfate Euy(SO4)3 (Peak group
C), resulting in a mixture consisting of metallic silver and europium
oxysulfate [17,47]. Peak D corresponds to the melting of metallic silver
[48]. The strong peak E corresponds to the decomposition of europium
oxysulfate to the stable form of EuyO3 [47].

In order to evaluate the photoluminescence (PL) properties, emission
and excitation spectra were recorded at room temperature and 77 K and
determined the overall process decay times of the PL processes. The
overall room-temperature luminescence spectrum of AgEu(SO4)2-HoO
excited at 393 nm is plotted in Fig. 8a in comparison with that from a
reference crystal (anhydrous europium sulfate Euy(SO4)3) [16]. Both
spectra contain emission bands related to the transitions from °Dy state to
spin-orbit components of ’F; multiplet (J = 0-6). According to the results
of XRD analysis (section XRD), Eu ions in the lattice of trigonal AgEu(-
S04)2-H20 occupy a single inequivalent site and are coordinated by nine
oxygen ions, just like in the reference crystal Eu(SO4)3. However, in the
crystal under study, the violation of inversion symmetry is more weakly
pronounced. As the result, in AgEu(SO4)2-H20, the intensities of mag-
netic dipole band 5Dg - ’F; and hypersensitive band 5pg - 7F, are
approximately the same while in the reference crystal the hypersensitive
band evidently dominates. The local symmetry of the Eu ion in trigonal
AgEu(S04)2-H20 is Cy, while in the reference monoclinic crystal
Euy(SO4)3, the local symmetry is C;. Therefore, the ultranarrow transi-
tion °Do—’Fomust be observed in both crystals. However, we established
that the peak amplitude for 5D0—>7Foin AgEu(S04)2-H20 is much smaller
in comparison with the magnetic dipole band transition®Dy—’F; than in
Eug(SO4)s. This means that the violation of mirror symmetry at the Eu
site in AgEu(SO4)2-H20 is considerably weaker than in Euy(SO4)3. The
position of the ultranarrow peak in AgEu(SO4)2-H20 is 580.5 nm, while
in anhydrous triclinic AgEu(SO4), [17], it is blue-shifted to 578.5 nm,
and in Ag-free Eup(SO4)3 it is detected at 580 nm. Therefore, we must
note that the inclusion of water molecules into the crystal structure
resulted in a rather unexpected red shift of position of ultranarrow
transition. The Eu®" emission lifetime of AgEu(SO4)2-Hy0 is slightly
shorter than the typical ones for inorganic and coordination compounds
(0.8-4 ms) [49-53] and is 0.4603(3)ms. This is due to the water molecule
that entered the crystal structure in close vicinity of Eu>* and it provided
non-radiative relaxation of excited state by O-H bond vibrations.

The overall 77 K luminescence spectrum of AgEu(S04)2-H20 excited
at 393 nm is plotted in Fig. 8b in comparison with that of a reference
crystal (anhydrous europium sulfate Euy(SO4)3 [16]). A remarkable
feature of the AgEu(SO4)2-H20 luminescence is the high intensity of
5Dy—"F4 band that is especially pronounced at 77 K. This feature was
observed earlier [54] and was explained by the interplay of minor dis-
tortions from Daq local symmetry of Eu®" ion in a highly polarizable
environment. It is highly likely that AgEu(SO4)2-HO is an example of a
crystal structure with the manifestation of the same effect for a lower
local symmetry. This crystal structure enables a higher value of the Q4
intensity parameter with respect to Euy(SO4)3 and, moreover, a variation
of interionic distances upon cooling reveals high sensitivity of this effect
to sequent minor variations of the amplitudes of components of crystal
field. This explanation is supported by the fact that the internal sub-
structure of °Dy—’F4 experiences maximum restructuration upon cooling
in comparison with the restructuration of other bands. Upon cooling
down to 77 K, the Eu®" emission lifetime of AgEu(S04)2-Hy0 rises to
0.7040(5)ms, as the luminescence quenching by O-H bonds vibrations of
coordinated water molecule decreases.

4. Conclusions

By hydrothermal crystallization, a monohydrate of europium-silver
double sulfate was obtained. The close relationship with the structures
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of the previously described compounds AEu(SO4)2-H20 (A = K, T) al-
lows us to suggest the possibility of the existence of polymorphic modi-
fications. However, to systematize a number of AEu(SO4)2-Ho0
structures (A = alkali metal, Cu, Ag, Au, Tl), at this stage there is insuf-
ficient data and work in this direction should be continued. Data on the
characterization of the compound by various methods allow itto be
considered as a multifunctional material. The compound exhibits excel-
lent luminescent filaments and can be considered as a self-activated red
phosphor. First principle calculations of the electronic band structure
revealed that AgEu(SO4)2-H20 is an indirect band gap material. As a
result, the properties of the material can significantly depend on tem-
perature. In addition to the properties described in this paper, the present
framework structure can also be considered in the catalysis of various
organic reactions.
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