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ABSTRACT: Silver—europium double sulfate AgEu(SO,), was
obtained by solid-phase reaction between Ag,SO, and Eu,(SO,);.
The crystal structure of AgEu(SO,), was determined by Monte b4

Carlo method with simulated annealing, and after that, it was — ==
refined by the Rietveld method from X-ray powder diffraction “/s&é\__\ /gu; ;
data. The compound crystallizes in the triclinic symmetry, space \\‘.:_or_ N/ N
group P1 (a = 0.632929(4), b = 0.690705(4), ¢ = 0.705467(4) nm, f/\ \‘Z 3

a = 98.9614(4), f = 84.5501(4), y = 88.8201(4)°, V = | ‘Lﬁ
0.303069(3) nm®). Two types of sulfate tetrahedra were found Ag/\‘
in the structure, which significantly affects the spectroscopic prop- S
erties in the IR-range. In the temperature range of 143—703 K, the
average linear thermal expansion coeflicients of cell parameters 4,
b, and ¢ are very similar, (1.11-1.67) X 10~° K™ in magnitude,
and therefore, AgEu(SO,), expands almost isotropically. Upon heating in argon flow, AgEu(SO,), is stable up to 1053 K. The
luminescence spectra in the region of ultranarrow D,—’F,, transition contain a single narrow and symmetric line at 579.5 nm
that is evidence of good crystalline quality of AgEu(SO,), and uniform local environment of Eu’* ions in the structure.
Distribution of luminescence bands is determined by the environment of Eu®" ions in the structure. Influence of Ag* ions on the
electron density distribution at Eu sites is detected.

(102

1. INTRODUCTION

In modern technologies, the oxide compounds of rare-earth
elements (REE) are the basis for creating highly efficient poly-
functional materials with precise control of composition and
micromorphology and reproducible characteristics.'™® A wide
range of applications of rare earth compounds is generated by

and tungstate hosts having tetrahedral groups MO, (M = Mo,
W).”_23 In the technology of separation, enrichment, and
utilization of raw rare-earth materials, the double salts of rare-
earth elements are extremely important.”*™>" Also, the double
sulfates of rare-earth elements are of interest to researchers due

to the catalytic property manifestation in oxidation—reduction
133

such factors as their specific electronic structure and spectro-
scopic properties and diverse crystal chemistry.””'® Among
different chemical classes of REE crystals, the double salts
formed by tetrahedral anions are of special scientific and tech-
nological interests. Indeed, many valuable laser and lumines-
cence materials are created based on complex REE molybdate

-4 ACS Publications  © 2018 American Chemical Society

processes.””
The compounds A'Ln(SO,), (A = Li, Na, K, Cs, NH,) have
been studied in the past, and crystal structures were defined for
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several sulfates.”>*~** The available structural information is
shortly summarized in Table S1. It is evident that, depending on
the selection of A and Ln cations, the different structures were
observed in the A'Ln(SO,), crystals. As based on the effective
ion radii similarity, besides alkaline metals and ammonium,
the formation of Ag'Ln(SO,), compounds could be reasonably
assumed. Indeed, the fragmentary report on the unit cell
parameters of AgPr(SO,), and AgEr(SO,), sulfates was found
in the literature.” The crystal structures or other properties of the
compounds, however, cannot be found in the conventional
sources. Hence, it could be concluded that the formation of
Agln(SO,), compounds is feasible, but information about
possible synthesis routes, stability, and chemical and physical
properties of these crystals is absent in the literature. Thus, the
present study is aimed at the synthesis of AgEu(SO,), and
evaluation of their structural, thermophysical, and spectroscopic
properties. The selection of europium(II1) for this experiment as
a representative member of the Ln family is governed by several
reasons. In the present photonics, the Eu**-bearing compounds
are actively studied as red-light-emitting ghosphors for the
creation of efficient WLED sources.””"*~* Respectively, the
spectroscopic characteristics of AgEu(SO,), are very interesting
because, in this structure, the Eu®" ions could be assumed to be
in the specific low-symmetry coordination similarly to Ln**
coordination in other related A'Ln(SO,), (A = Na, K)
crystals.37_41 As it is known, the electronic transitions in Eu®*
ions are highly sensitive to the crystallographic environment.”* >
Besides, the different sulfates of europium(IIl), due to the
presence of two redox centers Eu®** and SO,*", can exhibit a
catalytic effect on the oxidation and reduction reactions of
organic compounds.33’52’54

2. EXPERIMENTAL METHODS

The double sulfate AgEu(SO,), was synthesized according to the solid-
phase reaction:

Ag,SO, + Eu,(SO,); — 2AgEu(S0O,),
Initially, Eu,(SO,); was fabricated according to reactions:

Eu,0; + 6HNO, — 2Eu(NO,); + 3H,0

2Eu(NO,); + 3H,SO, — Eu,(SO,); | +6HNO,

After the precipitation reaction, the reaction mixture was evaporated
to a dry residue. The resulting polycrystalline product was calcined at
723 K for 168 h in a muffle furnace. The obtained powder, according to
X-ray diffraction and X-ray fluorescent analysis, was of pure europium
sulfate III. According to the gravimetric analysis, the content of sulfate
ions in the synthesized product was 48.66%, and the theoretical value is
48.65% for Eu,(SO,);. The possible error in the content determination
is 0.02%, which does not exceed the value of the relative error for this
method of analysis (0.15%).

High purity starting reagents were used for the synthesis: Ag,SO,
(ultrapure, Vekton Ltd., Russia) and Eu,0; (99.99%, ultrapure, TDM-
96 Ltd. Russia). The dry reagents weighing was carried out on an
analytical balance with an accuracy of 0.1 mg. The stoichiometric sulfate
charge was carefully ground in an agate mortar, and then, the mixture
was transferred to an alumina crucible and treated in a muffle furnace at
923 K. The heat treatment was carried out for 12 h in the air atmo-
sphere. The resulting cake was carefully ground in an agate mortar, and
then, the heating procedure was repeated. After the annealing, the
sample was cooled to room temperature together with the furnace.
As seen in Figure S1, under illumination by sunlight, the synthesized
AgEu(SO,), product possesses a light cream color, which is a general
characteristic of Eu**-containing oxide compounds.®”*

The powder diffraction data for AgEu(SO,), structural analysis were
collected at room temperature with a Bruker D8 ADVANCE powder

diffractometer (Cu Ka radiation) and linear VANTEC detector. The
20 range of 10—144° was measured with 0.6 mm divergence slit, the
step size of 20 was 0.016°, and the counting time was 5 s per step.
Additional 15 XRD patterns were measured in the temperature range of
143—703 K using the Anton Paar/Bruker-AXS TTK-450 heat attach-
ment. The 26 range of 8—90° was measured with 1 mm divergence slit, the
step size of 20 was 0.016°, and the counting time was 0.3 s per step.

To see the particle morphology, scanning electron microscopy
(SEM) was implemented with the use of electron microscope JEOL
JSM-6510LV.

Thermal analysis was carried out in synthetic air (80% Ar, 20% O,)
flow using simultaneous thermal analysis (STA) equipment 499 FS
Jupiter NETZSCH (Germany). The powder samples were inserted into
alumina crucibles. The heating rate was 5 K/min. The equipment was
initially calibrated with the use of standard metal substances such as In,
Sn, Zn, Al, Ag, Au, and Ni. The possible error in determining the tem-
perature does not exceed 0.5%.

Fourier transform infrared spectroscopy (FTIR) was carried out
using Fourier transform infrared spectrometer FSM 1201. The sample
for the investigation was prepared in the form of a tablet with addition
of annealed KBr at the weight ratio KBr:AgEu(SO,), = 100:1. The
unpolarized Raman spectra were collected in backscattering geometry,
using a triple Raman spectrometer Horiba Jobin Yvon T64000
operating in subtractive mode. The spectral resolution for the recorded
Stokes side Raman spectra was set to ~2 cm™' (this resolution was
achieved by using gratings with 1800 grooves/mm and 100 mm slits).
The microscope system based on an Olympus BX41 microscope with
an Olympus 50X objective lens f = 0.8 mm with numerical aperture
(NA) = 0.75, which provides a focal spot diameter of about 2 ym on the
sample.””*® Single-mode $14 nm Spectra-Physics Stabilite 2017 Ar*
laser was used as an excitation light source. The laser power was
adjusted to be 1 mW at the samples in order to avoid samples heating.
The luminescence spectra under room temperature were registered on
Horiba Jobin-Yvon T64000 spectrometer with the spectral resolution
2.7 cm™'. The excitation wavelength was 514.5 nm that, despite the
absence of exact resonance, was shown to be useful for measurements of
high quality and high-resolution luminescence spectra of europium in
oxide matrixes.*® The Raman spectrum was fitted by Lorentzian line-
shapes, and infrared spectrum was fitted by Gaussian profile functions.

3. RESULTS AND DISCUSSION

The X-ray diffraction pattern recorded for AgEu(SO,), is shown
in Figure 1. All reflections of AgEu(SO,), compound were

AgEU(SO,),

Intensity, Counts™?

20 40 60 80 100 120 140
20 diffraction angle, Degrees

Figure 1. Measured (red), calculated (black), and differential (blue)
diffraction patterns of AgEu(SO,),.

indexed by primitive triclinic cell (a = 0.6321, b = 0.6899, ¢ =
0.7048 nm, a = 98.96, ff = 84.56, y = 88.82°, V = 0.30203 nm?,
GoF =44.1). Only two space groups can be suggested: P1 or P1.
First, the P1 group was chosen as a model. The crystal structure
was solved using a simulated annealing procedure applied to
randomized coordinates of one Ag’, one Eu’* ion, and
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randomized coordinates with orientation angles of two SO,
tetrahedra.”” To merge the ions falling in special positions, the
dynamical occupancy correction of the atoms was used.””* The
Monte Carlo algorithm quickly found the global minimum of
R-factors and stopped at R =~ 4%. The analysis of crystal struc-
ture revealed one Ag', one Eu®*, and two independent SO,
tetrahedra all in general positions (2i) (Figure 2). To reduce

Ago,

* $1 04 E.uos;

B,
b\Z—a

Figure 2. Crystal structure of AgEu(SO,),.

number of refined parameters, it was suggested to refine only
one thermal parameter for all O~ ions and one thermal
parameter for two S®* ions. The refinement in the framework of
this model was stable and gave low R-factors (Table 1, Figure 1).

Table 1. Main Parameters of Processing and Refinement of
the Sample AgEu(S0O,),

compound AgEu(S0,),
space group P1
a, nm 0.632929(4)
b, nm 0.690705(4)
¢, nm 0.705467(4)
@° 98.9614(4)
p° 84.5501(4)
7,° 88.8201(4)
V, nm® 0.303069(3)
VA 2
26 interval, © 10—144
No. of reflections 1199
No. of refined parameters 83
R,y % 173
R, % 134
Ry % 118
Ve 1.47
Ry, % 0.85

The coordinates of atoms and main bond lengths are listed in
Tables 2 and 3, respectively. Checking of the AgEu(SO,), crystal
structure with the program PLATON’’ did not reveal any
problem, and this verifies the correct selection of space group P1.

Further details of the crystal structure may be obtained from
Fachinformationszentrum Karlsruhe, on quoting the deposition
numbers: CSD-434695.
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Table 2. Fractional Atomic Coordinates and Isotropic
Displacement Parameters (nm?)

atom o y z B
Ag 0.9575(2) 0.6858(2) 0.2935(2) 0.0170(8)
Eu 0.3593(2) 0.8029(2) 0.7981(2) 0.0050(8)
S1 0.1270(8) 0.1792(7) 0.2056(7) 0.0100(8)
S2 0.4573(7) 0.7115(6) 0.2836(7) 0.0100(8)
o1 0.976(1) 0.026(1) 0.264(1) 0.010(1)
02 0.264(1) 0.288(1) 0.354(1) 0.010(1)
03 0.005(1) 0.323(1) 0.133(1) 0.010(1)
04 0.324(1) 0.093(1) 0.060(1) 0.010(1)
0os 0.311(2) 0.698(1) 0.451(1) 0.010(1)
06 0.568(1) 0.909(1) 0.326(1) 0.010(1)
o7 0.322(1) 0.694(1) 0.121(2) 0.010(1)
08 0.621(1) 0.544(1) 0.264(1) 0.010(1)

Table 3. Main Bond Lengths (nm)“

Ag—O1' 0.2402(8) Eu—05 0.249(1)
Ag—02* 0.272(1) Eu—06"1 0.2329(8)
Ag—03' 0.2584(8) Eu—-07"# 0.250(1)
Ag—03" 0.2988(9) Eu—08! 0.2365(8)
Ag—0s' 0.259(1) $S1-01 0.148(1)
Ag—-06 0.2854(9) S1-02 0.154(1)
Ag—07" 0.251(1) S1-03 0.143(1)
Ag—-08 0.2374(9) S1-04 0.158(1)
Eu—-01" 0.257(1) $2—-05 0.145(1)
Eu—02" 0.254(1) $2—-06 0.1549(9)
Eu—03" 0.251(1) $2—-07 0.149(1)
Eu—04" 0.2495(8) $2—-08 0.1521(9)
Eu—04" 0.240(1)

“Symmetry codes for: (i) %,y + 1, z; (ii) —x + 1, =y + 1, —z + 1;
(iii) « + 1, ¥z (iv) —x + 1, -y + 1, -z (v) —x, -y +1,-z+1
(vi)x,y+ 1, z + 1; (vil) —x + L, —y+2 —z+1; (viii)x,y,z+1.

The bond valence sum calculated for Eu®* using values r, =
0.2076 nm, b, = 0.37,°° and nine bond lengths d(Eu—0) in the
range of (0.2329(8)— 0.257(1) nm) gave the value BVS(Eu**) =
3.20(9) that is close to 3+ formal valence state of Eu ion. Taking
into account all these nine coordinations to O ions, one can build
EuQ, three-capped trigonal prism. The similar bond valence sum
calculations made for all S°* ions using r, = 0.1624 nm, b, =
0.37% gave BVS(S1) = 5.6(2) and BVS(S2) = 5.6(2), which are
in good agreement (within 3¢ of esd’s interval) with 6+ valence
state of S ions. The bond valence calculations performed for the
Ag" ion using parameters ry = 0.1804 nm, by = 0.37°° and 8 bond
lengths in the range of (0.2374(9)—0.2988(9) nm) gave
BVS(Ag") = 0.99(2) which is close to 1+ formal valence state
of Ag" ion. The charge of all cations in the unit cell is 15.4(4),
which deviates from the formal 16 expected but within 26
interval. As far as estimated standard deviation of bond valence
sum can be calculated using approximate formula ¢(BVS) =~
BVSo(d)/b,, where BVS is bond valence sum, b, = 0.37, and
o(d) is average estimated standard deviation of measured bond
lengths, one can see linear relationship between ¢(BVS) and
o(d) of bond lengths. In our case, Rietveld refinement did not
give very precise coordinates of light ions like O*~, and bond
lengths have relatively big o(d), which lead to relatively big
6(BVS). The AgOj; polyhedron can be classified as bicapped
trigonal prism. It is coordinated by two chelate bonded SO,
tetrahedra, four monodentate bonded SO, tetrahedra, and
another AgOg bonded by edge (Figure 2). The EuO, poly-
hedron is coordinated by two chelate bonded SO, tetrahedra
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Figure 3. Cell parameters as a function of temperature T: (a) a(T); (b) b(T); (c) ¢(T); (d) V(T).

and five monodentate bonded SO, tetrahedra. The EuO, groups
are joined with each other by edges forming a cluster, and each
EuOQy is coordinated by two chelate bonded AgOjg polyhedra and
three monodentate bonded AgOjg polyhedra (Figure 2). In total,
the EuO, polyhedron is double-edge connected. Therefore, all
structural elements form a 3D net. The topological analysis of
the net in ToposPro program,®’ using the simplification that the
EuO,, AgOg, S10,, and S20, groups are nodes, revealed that
this is a 4-nodal (6-c)(7-c)(12-c)(13-c) net with point symbol
(3'6.431.5"7.6%)(3'7.43*.5%3.6*) (3°.4°) (3°.4'%), which is new.

It is interesting to compare the structure of AgEu(SO,), with
those of other triclinic sulfates listed in Table S1. The compar-
ison of structures NaLa(SO,), NaNd(SO,), AgPr(SO,),,
KPr(SO,),, KNd(SO,),, and AgEu(SO,), provides the attribu-
tion of all the compounds to the KPr(SO,),-type family. The
situation with triclinic AgEr(SO,), is less clear because the
available cell parameters are drastically different from these of
KPr(SO,),, and the structure of AgEr(SO,), was not reported
on in the literature. Thus, the classification of the AgEr(SO,),
structure is conjectural. The wide variation of the unit cell
parameters should be mentioned in the KPr(SO,),-type
compounds, and this seems to be a specific feature of this
structural family. Besides, on the basis of effective ion radii
relation, the existence of triclinic TI'Ln(SO,), can be predicted.

The thermophysical properties of AgEu(SO,), were
evaluated over the temperature range of 143—703 K, and the
dependencies of unit cell parameters on temperature are shown
in Figure 3. As seen, heating of the sample from 143 to 703 K
leads to a continuous increase of all cell parameters (Table S2).
The average linear thermal expansion coeflicients of cell param-
eters a, b, and c are very similar (Figure 3) and, therefore, the
compound expands almost isotropically. Above this, there is no
prerequisite for a phase transition on the temperature decrease
in triclinic AgEu(SO,), because disordered groups are absent in
the structure. The representative SEM pattern recorded for the
AgFEu(S0,), sample is shown in Figure 4. According to the SEM
observation, the product obtained as a result of solid state

Figure 4. SEM pattern of AgEu(SO,),.

reaction contains irregular particles 10—30 ym in diameter. The
clear faceting was not detected for the particles.

To evaluate the solid-phase interaction between Ag,SO, and
Eu,(SO,); used as starting materials as well as to see the stability
of the formed double sulfate AgEu(SO,),, the behavior of an
equimolar mixture of Ag,SO, and Eu,(SO,); (Figure Sa) and
stoichiometric AgEu(SO,), (Figure Sb) on heating in the air
was studied by differential scanning calorimetry (DSC). The
thermograms contains a large number of thermal effects, among
them, several effects are known (A, D, E, and F).**~% The
effects B and C are observed for the first time in the present
study. The interpretation of thermal effects and corresponding
reactions are given in Table 4. According to the thermogram
shown in Figure Sa, no changes appeared in the starting sulfate
mixture up to 697 K. At 697.5 K, an endothermic peak (A) was
detected. However, the sample mass does not change. According
to the literature, this transformation corresponds to a poly-
morphous transition of the rhombic modification of silver sulfate
to hexagonal form.®*~®° The exothermic peak (B) originating at
874.5 K is not accompanied by a change in the sample mass.

13282 DOI: 10.1021/acs.inorgchem.8b01837
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Figure S. TG/DSC curves recorded for the (a) sulfate mixture (Ag,SO, + Eu,(SO,);) and (b) stoichiometric AgEu(SO,),.

Table 4. Thermal Effects in the Sulfate Mixture (Ag,SO, +
Eu,(S0,);) and Stoichiometric AgEu(SO,),

thermal

effect reaction ref
A ﬂ'AgZSO4(rhomb) - a'AgZSO4(hcxagon) 62—-65
B Ag,SO, + Eu,(SO,); — 2AgEu(S0,), this work
C 2AgEu(SO,), — 2Ag + Eu,(SO,); + SO, + O,  this work
D Eu,(S0,); = Eu,0,50, + 250, + O, 15
E Ag (o) ~ Ag(iiq) 66, 67
F Eu,0,80, = Eu,05 + SO, + 20, 15

Earlier, when Ag,SO, and Eu,(SO,); were studied individually,
no similar effect was observed.'>** Accounting for this, the effect
(B) is interpreted as a chemical interaction of the Ag,SO, and
Eu,(SO,); components, leading to the formation of a new
complex sulfate AgEu(SO,),.

The group of peaks (C—F) describing the process of complete
decomposition of the compound AgEu(SO,), is found in the
temperature range of 1053—1473 K. At 1058.2 K, an endo-
thermic peak (C) is recorded, which obviously corresponds to
the decay of the compound AgEu(SO,), into the original com-
ponents. The silver sulfate released under this temperature is
unstable and decomposes with the formation of metallic silver.

This decomposition character is fully confirmed by the mass loss
data. The further course of the decomposition process (D) is
associated with the destruction of Eu,(SO,); resulting in the
formation of europium oxysulfate Eu,0,SO,. The exothermic
peak (E) is caused by the melting of metallic silver. The mass
loss in the temperature range of 1273—1473 K (Figure Sa) and
1364—1557 K (Figure Sb) (peak F) is caused by decomposition
of Eu,0,S0, to the oxide Eu,0;.

In both measured cases, AgEu(SO,), demonstrates practically
the same thermal stability. However, after initiation of the
thermal destruction, the process proceeds in different ways. The
stoichiometric sample was subjected to a long annealing, result-
ing in their increased crystallinity. The process of stoichiometric
sample decomposition is strongly kinetically hindered, and its
complete destruction process is longer. Obviously, the thermal
stability of the compound is determined by the deformation
factors of the crystal structure. However, different kinetic param-
eters of the AgEu(SO,), decomposition indicate a significant
role of size effects in this case.

The Raman and infrared spectra from AgEu(SO,), are shown
in Figure 6. The vibrational representation for the triclinic phase
at the Brillouin zone center is ', = 36A, + 36A, where acoustic
modes are I', g4 = 34,, and the remaining modes are optical.

DOI: 10.1021/acs.inorgchem.8b01837
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Figure 6. Raman and infrared spectra of AgEu(SO,),.

Raman active modes are labeled g modes; infrared active modes
are labeled u modes. Table S shows the correlation between the

Table S. Correlation Diagram between T4 Point Symmetry,
C, Sites Symmetry, and C; Factor Group Symmetry for SO,
Tetrahedra

wavenumber, T, point C, site C; factor group
cm™7° group symmetry symmetry
983 A, (vy) A A+ A,
450 E(v,) 2A ZAg +2A,
1108 Fy(vs) 3A 3A, + 34,
611 Fy(vy) 3A 3Ag + 34,

free SO, group with T4 symmetry, sites symmetry, and factor
group symmetry of unit cell.®® Taking into account that
AgEu(S0O,), has two crystallographically independent SO,
tetrahedra, we can conclude that eight vibrational modes can
appear in the range of stretching vibrations: two of them are
symmetric stretching, and six ones antisymmetric stretching
modes. The bending modes consist of six antisymmetric and
four symmetric bending modes.

The calculation of AgEu(SO,), lattice dynamics using the
program package LADY® was done to perform the inter-
pretation of vibrational spectra. The atomic vibration values
were obtained using the simplified version of the Born—Karman
model.”” Within this model, only the pairwise interactions and
bond-stretching force constants F are considered, and the model
implies that F depends on r; (interatomic distance). The
dependencies F(r;) are the same for all atom pairs: F(r;) =
lexp(—r,j/ p), where A and p are the parameters characterizing
selected pair interaction. To find the parameters of the model,
the special optimization program was written and tested for
several representative compounds.””*>**”'7%" The crystal
lattice stability conditions were taken into account. The
parameters obtained for AgEu(SO,), are shown in Table S3.

The calculations show that 8 A; and 8 A, vibrational modes
are in the region of SO, stretching, and 10 A, and 10 A, vibra-
tional modes are in the region of SO, bending that is in agre-
ement with the group-theoretical analysis. The complete set of
calculated wavenumbers in comparison with experimental data
is summarized in Table 6. Two high-wavenumber bands at

Table 6. Calculated Wavenumbers versus Experimental
Raman and Infrared Data

Raman infrared
Ay A,
(calcd), (calcd),
exp., cm ™! cm™ exp., cm ™! cm™ assignment
1166.2(6) 1199 1181(3) 1198 v SO,
1147.6(1) 1198 1175
1139 1123(4) 1138
1101.1(3) 1107 1115
1072.2(2) 1048 1073(3) 1073
1055.9(5) 1028 1030
1021.36(5) 1000 1011(2) 1006 v, SO,
992.70(1) 975 984(1) 958
670.91(5) 686 676.7(5) 699 v, SO,
649.47(3) 677 654.6(5) 641
618.82(4) 625 605.9(4) 600
605.6(1) 587 581.0(2) 560
598.15(3) 546 538
585.5(2) 538 522
533.62(3) 500 533.8(2) 448 v, SO,
475.85(1) 429 471.6(2) 436
460.33(3) 421 390
409.74(3) lum. Eu®
400.00(2) 392 360 v, SO,
385.40(5) lum. Eu®*
367.3(1)
239.2(5) 293 311 rot. SO,
281 290
248 263
233 256
222.8(6) 222 216 rot.+ transl. SO,
209.1(9) 215 190
197(2) 200 174
184.3(9) 183 166
164.1(9) 152 127
148.2(9) 133 118
121.5(3) 112 83
108.3(3) 101
78 mixed vibr.
85.5(3) 57 78 transl. Ag, Eu
69.4(5) S1 61
52.69(3) 48 52
42.68(4) 42 51
39

922 and 1024 cm™ in Raman spectra are assigned to symmetric
stretching of S(2)O, and S(1)O, tetrahedra, respectively. The
other lines in the high-wavenumber region are antisymmetric
stretching vibrations of SO,. The shortest S(1)—03 bond gives
the highest wavenumber of antisymmetric vibrations. The sym-
metric and antisymmetric stretching vibrations in the infrared
spectra are observed in the range of 975—1185 cm™.

In the Raman spectrum, 6 lines in the range of 585—670 cm™"
are v, bending vibrations of SO, groups. The region of Raman
spectrum between 360 and S60 cm™' consists of 7 lines;
according to lattice dynamics simulation, the lines at 533, 475,
460, and 400 cm™" are v, bending vibrations of SO,, and the
remaining lines at 367, 385, and 409 cm™! are a triplet of
luminescent lines D, —"F, of Eu** ion. The v, and v, bending
vibrations of SO, were observed in the experimental infrared
spectra below 700 cm ™. A set of 18 A, modes can be expected in
the Raman low-frequency range. The vibrational modes of SO,
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Figure 7. High resolution luminescence spectra of AgEu(SO,), (red) and of the reference crystal (Eu,(SO,);) (blue) excited at 514.5 nm.

tetrahedra in the 230—295 cm™" range are assigned to rotational
modes. The 100—230 cm ™" range of vibrational spectrum can be
described as a combination of translation and vibrational modes
of SO, tetrahedra. The translations of Ag, Eu, and mixed
vibrations are below 100 cm™.

The overall high-resolution luminescence spectrum of
AgFu(S0O,), excited at 514.5 nm is plotted in Figure 7 in com-
parison with that from a reference crystal (anhydrous europium
sulfate Eu,(SO,);).”" Both spectra contain typical emission
bands from °Dj, state to spin—orbit components of ’F multiplet.
The luminescence intensity distribution between the bands both
in AgEu(SO,), and in the reference crystal are in close simi-
larity; however, certain differences can be detected. While in the
reference crystal the hypersensitive transition *Dy—’F, dominates,
in AgEu(SO,), the *Dy—’F, transition exhibits noticeably higher
peak intensity with integral intensities of these two transitions in
AgFu(SO,), being approximately the same. Therefore, parity
breaking effect of the local environment onto the Eu ion in
AgFu(S0O,), is still present but is weaker than that in Eu,(SO,);.
Additionally, the crystal field splitting of all transitions in
AgFEu(S0,), (naturally, except for the ultranarrow one) is larger
than that in the reference crystal. The ultranarrow transition
SDy—"F, is clearly seen (Figure S2) in AgEu(SO,),, which is
consistent with the local symmetry of Eu** ion within this new
triclinic structure, being as low as C,;. However, the amplitude of
the ultranarrow peak in AgEu(SO,), is three times smaller than
that in Eu,(SO,);. Therefore, the effect of the violation of the
mirror symmetry at the europium site in AgEu(SO,), is weaker
than that in Eu,(SO,);. At the same time, the shape of the
ultranarrow line in AgEu(SO,), is almost perfectly symmetric, in
contrast to clearly asymmetric line shape of this transition in
Eu,(SO,);. As a result, the line width at “Dy—"F, transition is
smaller in AgEu(SOy,),. These observations can be treated as
evidence for the good crystalline quality of AgEu(SO,), and the
homogeneity of Eu®" ion environment. At the same time, the
influence of Ag" ions on the electron density distribution at Eu®*
ion sites can be evidenced by the blue shift of ultranarrow line
position to $78.5 nm in AgEu(SO,),.

B CONCLUSIONS

In the presented study, the structural, spectroscopic, and
thermal properties of the new silver—europium double sulfate
AgFu(S0O,), were studied for the first time. To obtain a pure
sample, a solid-phase reaction was used between simple sulfates.
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To date, it is important to develop a technique of production
based on the methods of “soft chemistry”. It is established that the
compound crystallizes in space group P1. Several compounds with
similar structure have been earlier found and, therefore, the
AgEu(S0,), is classified as a member of KPr(SO,),-type family.
The topological analysis of this class of compounds was performed
for the first time, and it revealed that the simplified 3D net is new.
When switching to compounds of heavy rare-earth elements, a
change of structural type should be expected. Heating of the
sample did not lead to any phase transition; the cell parameters g,
b, and ¢ increase with temperature increase, and the dependences
can be approximated by linear functions. The corresponding
average linear thermal expansion coeflicients are very similar;
therefore, the compound expands almost isotropically. The
distribution of the luminescence intensity between the bands in
AgFu(SO,), is in close similarity to that in previously studied
Eu,(SO,);, but the parity violation effect of the local environment
in AgEu(S0,), is less pronounced than that in Eu,(SO,)s.
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