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The comparative studies of the luminescent characteristics (photo-, x-ray excited, triboluminescence spectra,
lifetime of excited states and quantum yield of photoluminescence) of crystalline hydrates of lanthanide(III) sulfates
(Ce, Pr, Sm, Eu, Gd, Tb, Dy) were carried out. The positions of the Ln(IIl) ions bands in the triboluminescence
spectra of the studied compounds coincide with the positions in the photo- and x-ray excited luminescence spectra,
which indicates the identity of the luminescence emitters. It has been shown that the triboluminescence spectrum
of inorganic lanthanide salts in the air atmosphere is caused by gas (emitter N») and solid-state (emitter - Ln(III))
components. The excitation of Ln*" triboluminescence occurs according to the type of electroluminescence, namely
due to the separation and recombination of charge carriers in the electric field of the crystal volume.
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Introduction

Currently, many luminescent devices are based on lan-
thanide complexes with organic ligands or inorganic crys-
tallophosphores doped with trivalent lanthanide ions [1-10].
The use of such composite materials is associated with the
need to ensure a high luminescence intensity of Ln(III) ions.
One of the advantages of using not one but many ions of
different lanthanides in these compositions is also the possi-
bility of covering them with characteristic spectra of a wide
range of wavelengths from ultraviolet (UV, ~ 220nm) to
infrared (~ 750nm) [11,12]. Lanthanide crystal phosphors
and organometallic complexes are obtained mainly using
simple oxides and inorganic lanthanide salts [13-16], most
of which do not have high luminescence yields and are
not used in luminescent devices and analytical techniques.
Nevertheless, it has been shown that intense tribolumines-
cence (TL) with a complex spectral composition consisting
of a gaseous (luminescence N, in the UV region) and solid-
state (luminescence centers Ln**) component is observed in
mechanically ground lanthanide sulfate crystals [17]. It has
been found that the intensity of TL in the atmosphere of
inert gases increases, and the release of hydrocarbon gases
leads to the extinguishing of lines N, while lines of atoms
of inert gases and light-emitting products (*CH and *C,)
mechanochemical decomposition reactions of hydrocarbon
gases [18]. A glow was also detected in Ref. [19-21] that
occurs in case of ultrasonic treatment of the suspension
(sonotriboluminescence, STL). Crystals of terbium(III) and
europium(I1I) sulfates were used as the suspension base.
The knowledge about the spectral-luminescent character-
istics of phosphors obtained in the field of TL and STL
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lanthanide sulfates, as well as their luminescence with
other excitation methods, will be of undoubted interest
for the development of new technological processes and
analytical applications in optical spectroscopy. Meanwhile,
comparative systematic studies of the luminescence of a
number of lanthanide sulfates with different methods of its
excitation, despite obtaining certain knowledge and skills in
this field of luminescence, have not been conducted before.

In this regard, detailed comparative studies of lumines-
cence Lny(SOy4)3 - 8H,O (Ln=Ce, Pr, Sm, Eu, Gd, Tb,
Dy) in case of photo-, X-ray, and triboexcitation have been
conducted in this paper. The full spectral and luminescent
characteristics were evaluated and obtained: TL, X-ray ex-
cited luminescence (XEL), photoluminescence (PL) spectra
and their excitation spectra, the lifetime of excited states
of Ln3* ions in crystals, and the quantum yields of their
photoluminescence.

Experimental part

Ln,(SO4); - 8H,0 (Ln=Ce, Pr, Sm, Eu, Gd, Tb, Dy) of
,»CP“(chemically pure) grade were used to study lumines-
cence. The crystals, crushed to a powdery state (250 mg,
average particle size ~ 100 um), were placed in a tightly
closed cylindrical steel cuvette with a diameter of 20 mm
with a quartz window at the bottom [22,23].

To obtain TL, a stirrer made of a fluoroplastic tube, which
was driven by an electric motor at 1000 rpm, was used to
grind crystals along the bottom of the cuvette. TL was also
excited using UZDN-2T ultrasonic system (22 kHz) with a
titanium waveguide with its tip was in direct contact with
the crystal layer inside the cuvette [19,20].
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Figure 1. X-ray diffraction patterns of samples Tb,(SO4)3 - 8H,0 (a) before and (b) after machining. SEM image of particles (c) before
and (d) after mechanical grinding of crystals Tb,(SO4)3 - 8H,O, (e) after ultrasonic treatment of crystals Gd,(SO4); - 8H,O.

The XEL crystals were excited using BSM-1 microfocus
X-ray tube with an anode copper mirror with a voltage up
to 45kV [24]. The glow was recorded in an atmospheric
atmosphere at room temperature (298 K).

The spectra of PL excitation, X-ray excited and tribo-
luminescence, the lifetime of the excited state, and the
quantum yield of PL were recorded using Fluorolog-3 and
Zolix OmniFluo-900 spectrofluorimeters. When studying
the excitation spectra, PL, lifetime, and quantum yield,
the crystals were placed in a holder for solid-state samples
that were exposed to exciting radiation (xenon lamp 450,W
Fluorolog-3 and 75,W Zolix) or pulsed LEDs NanoLED
(pulse duration < 1.2ns), CNI Laser diode lasers (pulse
duration 0.02—1 ns, depending on repetition rate).

The quantum yields of PL were evaluated using an
integrating sphere used to determine the absolute quantum
yield on a Zolix spectrofluorimeter.

The luminescence spectra were corrected in all cases
using standard instrument correction. Spectral data and
time characteristics of luminescence were processed using
spectrofluorimeter software.

The morphology of microcrystals was studied by scanning
electron microscopy (SEM) using a Hitachi Regulus SU
8220 (FE-SEM) electron microscope. The SEM images
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were recorded in the secondary electron recording mode
with an accelerating voltage of 2kV.

X-ray diffraction analysis of lanthanide(III) sulfate pow-
ders was performed using Shimadzu XRD-7000 diffrac-
tometer with CuK,-radiation. Scanning was performed in
the range of angles 20 from 5° to 60° with 1 deg/min rate.

Results and discussion

Previously, the PL, XEL, and TL of cerium, europium,
and terbium sulfates were studied sporadically [17]. The
luminescence in case of different methods of excitation of
sulfates of most other lanthanides has been poorly studied.
For example, there is no information in the literature about
the XEL of crystals of gadolinium, praseodymium, dyspro-
sium, and samarium sulfates. Only recently, TL of Sm3*
was discovered when crystals of samarium sulfate were
exposed to ultrasonic waves [25]. Comparative information
has been obtained in this report about the spectral and
luminescent characteristics of sulfate crystallohydrates of
seven lanthanide(III) ions, which emit characteristic light
in the UV and visible regions of the spectrum at PL, XEL
and TL and have sufficiently high quantum yields of PL.
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Figure 2. Spectra Ce,(SO4)3 - 8H,0: (a) excitations of PL (dotted line, Ajum = 330nm) and PL (solid line, Aexe = 290nm), A1 = 0.5 nm;
(b) XEL, Xray, 45keV, Al = 1nm; (c) TL, AA = 2nm. (d) Kinetics of luminescence decay Ce*" with pulse excitation NanoLED-280

(;Lexc =288 nm, ;Llum = 335 nm).

It should be noted that lanthanide sulfate crystallohydrates
crystallize isostructurally in the monoclinic space group
C2/c [26-32]. Lanthanide atoms are coordinated with
eight O atoms (four oxygen atoms of the sulfate group and
four water molecules). All water molecules are located in
an internal coordination sphere and are bound to lanthanide
atoms.

Based on the results of X-ray diffraction analysis of the
studied powders and literature data, it was revealed that
mechanical action (including ultrasonic powder treatment)
does not lead to a significant change in the crystal structure.
For example, Fig. 1,a, b shows X-ray diffraction patterns
of terbium(IIl) sulfate powders before and after grinding
the crystals with a stirrer. A slight broadening of the
peaks and a decrease of their intensity are observed
after mechanical grinding of the powder layer [25], which
mainly indicates a decrease of the particle size in the
crystalline phase. Indeed, while lanthanide salts have an
average crystal size of 100—500 um before grinding, these
microcrystals have an average size of about 10—30um
after mechanical grinding, and their size is 5—10 um after
ultrasonic treatment (Fig. 1,¢, d, e).

Photoluminescence

The  luminescence  of the  studied  crystals
Ln,(SO4);3 - 8H,0O collectively covers the spectral range
from ~ 220 to ~ 750 nm (Fig. 2—8,a). In the PL spectra,
the luminescence of Ce** ions (Fig. 2,a) and Pr**
(Fig. 3,a) is attributable to transitions from 5d to 4f -shell,
which are characterized by intense wide bands in the UV
region of the spectrum.

In case of photoexcitation of cerium(III) sulfate crystals,
a broad maximum at 320nm and a shoulder at 336 nm
are observed, attributed to transitions from the 5d'-level
to 2F7/, and 2Fs)s-levels of the spin-orbit-split 4f !-ground
state [33-36]. UV luminescence of Pr3* is associated
with intra-configuration transitions from the lower excited
4f15d!level to the multiplets *Hy 56, *F3.4 and 'Gy of
the ground 4f2- state [33,37-39]. The main maxima of
Sm3* ion (Fig. 4,a) corresponding to transitions from the
4G5/2— level to 6H5/2,7/2,9/2,11/2 level are recorded in the PL
spectrum of Sm;(SO4)3 - 8H,0 crystals as well as the less
intense maxima of 781 nm (*Gs;» — ®Hi3,2), 860—940 nm
(4G5/2 — 6Fj/2) [25,40,41]
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Figure 3. Spectra Pr,(SO4)3 - 8H,0: (a) excitations of PL (dotted line, Aium = 325nm) and PL (solid line, Aexe = 215nm), AA = 1 nmy;
(b) XEL, Xray, 45keV, A1 = 2nm; (c) TL, AL = 3nm. (d) Kinetics of luminescence decay Pr’" with pulsed excitation NanoLED-265

(Aexe = 268 nm, Aym = 315nm).

Several maxima are observed (Fig. 5,a) in case of
photoexcitation of europium(IIl) sulfate corresponding to
transitions from >Do- and >D-levels to "Fy_¢ levels [42-44].
It should be noted that the intensity of the glow from
the °Di-level is rather weak due to rapid nonradiative
deactivation from the °D;-level to the SDy-level.

The PL of gadolinium(III) sulfate is recorded in the UV
region of the spectrum (Fig. 6,a), the main maximum
is observed at 311 nm (°P7, — 8S;1), a less intense
maximum is observed at 305nm (°Ps;, — 8S;,,) [45,46).

Photoexcitation of terbium(III) sulfate results in intense
luminescence maxima in the visible region of the spectrum
(Fig. 7,a) attributable to transitions °D4 — "Fy_¢ [21,47,48].

The PL of dysprosium(III) sulfate is also detected in
the visible region of the spectrum (Fig. 8,a) (transitions
4Ry, — Hisja13/2,11/2,9/2 [49-51)).

The PL excitation spectra for all studied lanthanide
sulfates are shown in Fig. 2-8, it a. The kinetics of
luminescence decay for all the studied compounds is de-
scribed by a single exponent (Fig. 2—8, d), which indicates
the uniformity of the crystal structure, the absence of
impurities and defects in the crystals. Long excited state
lifetimes are characteristic of gadolinium ions (Fig. 6,d),
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europium (Fig. 5,d) and terbium (Fig. 7,d) with forbidden
f-f -transitions, on the contrary, cerium and praseodymium
ions (d-f-transitions) are characterized by short lifetimes
(Fig. 2,d and 3,d) and high PL quantum yields. For
comparison, the PL quantum yield of anthracene (often
used as a reference [52,53]) was estimated using this setup.
The PL quantum yields coincide with the literature data
and amounted to 24 % for 10~* mol/L solution and 28 %
for anthracene powder.

X-ray excited luminescence and
triboluminescence

The positions of lanthanide ion bands in the XEL (Fig. 2—
8, it b) and TL spectra (Fig. 2-8, it with) of lanthanide(III)
sulfates coincide with the positions in the PL spectra. In
the case of TL, the presence of molecular nitrogen lines
in the UV region makes it difficult to accurately identify
the position of the maxima of the Gd** ion. The lines N,
for the Ce>* ion are recorded against the background of the
cerium(IIT) band (Fig. 2, ¢). It was shown in Ref. [25] that in
case of mechanical grinding of crystals, the absence of TL
Sm;(SO4)3 - 8H,O (along with the low quantum yield of
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Figure 4. Spectra Sm,(SO4)s3 - 8H,0: (a) excitations of PL (dotted line, Aum = 640 nm) and PL (solid line, Acxe = 405nm), A1 = 1 nm;
(b) XEL, Xray, 45keV, A2 = 2nm; (¢) TL under ultrasonic exposure (22kHz, 15W), A2 = 4nm. (d) Kinetics of luminescence decay of
Sm>* under pulsed excitation CNI Laser (dexe = 405 nm, Aym = 600 nm).

Sm3*) is also associated with weak pressure on the crystals
and a low rate of mechanical grinding (1-2m/s).

The ultrasonic treatment of samarium sulfate crystals
made it possible to excite its TL with the identification
of the main spectral components of the luminescence
N, and Sm3*. Experiments have shown that ultrasonic
exposure significantly increases the intensity of TL, in
the case of terbium sulfate, the intensity increased by
~ 40 times compared with mechanical grinding using a
stirrer [25]. The bright glow makes it possible to record
TL spectra with high resolution, which makes it possible,
for example, to clearly separate narrow lines of N, and
quasi-lines of Gd** (Fig. 6,c). The high intensity of TL
is ensured by an increase of the number of cycles of
mechanical action of the end of the ultrasonic waveguide
on the crystal layer per second by more than 1000 times
compared with cycles of action during grinding with a
fluoroplastic mixer. Ultrasonic treatment leads to high-
speed collisions of crystals in the reactor with intense crystal
destruction, formation of fine particles and an increase in the
area of the active surface. This leads to an increase of the TL
intensity. For example, it was shown in [54] that the intensity
of TL is directly proportional to the area of freshly formed

surfaces occurring during crystal destruction. Previously,
the ultrasonic method was not used to excite TL, however,
as can be seen, this method allows for a more detailed study
of the spectral characteristics of TL.

Despite the fact that lanthanide sulfates have a complex
TL spectral composition, the mechanisms of excitation of
luminescence of Ny and Ln?* ions differ. Luminescence
of Ny (coinciding with the spectrum of discharges in an
atmosphere of molecular nitrogen) occurs as a result of
discharges formed between differently charged microcrack
walls or crystal surfaces [17,55]. Ln* ions are located in
the crystal volume, therefore, their luminescence is excited
by ultrasonic waves mainly due to the separation and
recombination of charge carriers in the electric field of the
crystal layer [17,23,55,56].

Comparative analysis

For convenience of comparison, the spectral-luminescent
characteristics of lanthanide sulfates at PL, XEL and TL
are summarized in the following table. It should be
noted that lanthanide sulfate crystallohydrates contain eight

Optics and Spectroscopy, 2025, Vol. 133, No. 2
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Figure 5. Spectra Eu,(SO4); - 8H,O: (a) excitations of PL (dotted line, Aum = 6141nm) and PL (solid line, Acxe = 395nm), A1 = 1 nmy;
(b) XEL, Xray, 45keV, 1 =2nm; (¢) TL, A = 4nm. (d) Kinetics of luminescence decay Eu’" with pulsed excitation CNI Laser

(Aexe = 375nm, Aym = 6140m).

Spectral and luminescent characteristics of lanthanide(III) sulfates

PL quantum Triboluminescence
PL, XEL, TL, Lifetime, ‘
Salts yield Grinding US
A (mm) 7 (us) (%) by stirrer impact
Cez(S04)3 - 8H,0 320, 336 0.020 £+ 0.001 724 + +
Pr2(SO4)3 - 8H,0 227, 234, 255, 315, 334 0.018 £ 0.001 71.2 + +
Sm,(S04)3 - 8H,0 560, 595, 640, 700 2.7+0.07 0.5 - +
Eu,(SO4); - 8H,O 592, 614, 651, 698 205+6 6.3 + +
Gd»(SO4); - 8H,O 305, 311 3160 £ 85 10.5 + +
Tb2(S04)3 - 8H,O 490, 543, 589, 620 707 £ 25 17.1 + +
Dy, (SO4)3 - 8H,0 480, 571, 660, 750 2.4+ 0.07 2.1 + +
water molecules in the coordination sphere of the Ln(IlI) ~ Conclusion

ion. Therefore, in most cases, for ions with luminescent
f-f-transitions (Sm, Eu, Gd, Tb, Dy), the low quantum
yield and relatively short lifetime for forbidden transitions
are associated with nonradiative deactivation as a result of
the transfer of excitation energy to high-frequency vibrations
of OH-groups of water molecules [40.57]. The effect of H,O
molecules on luminescent characteristics has been studied in
detail in a number of papers [47,58,59).

Optics and Spectroscopy, 2025, Vol. 133, No. 2

It is shown that the positions of the maxima of the
lanthanide ion bands in the PL, XEL, and TL spectra
of the studied lanthanide(IlI) sulfate crystals coincide,
which indicates the equivalence of the composition of the
luminescence centers.

Ultrasonic treatment of the crystal layer was used to
excite intense TL. The use of ultrasound greatly increases
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Figure 6. Spectra Gd»(SO4); - 8H,O: (a) excitations of PL (dotted line, Aum = 311 nm) and PL (solid line, Acxe = 272nm), A1 = 1 nmy;
(b) XEL, Xray, 45keV, Al = 2; (c) TL under ultrasonic exposure (22kHz, 15W), AL = 1nm. (d) Kinetics of Gd*" luminescence decay
in case of pulsed excitation by a xenon lamp (Aexe = 272 nm, Aym = 311 nm).

the speed and intensity of mechanical treatment of crystals,
resulting in a stable and bright luminescence sufficient to
record the TL spectrum with high spectral resolution. The
luminescence in case of lanthanide salt crystal tribolysis is
excited like the electroluminescence of phosphors, namely
it is caused by the separation and recombination of charge
carriers in the electric field of the crystal layer that takes
place in case of mechanical treatment. The development
of sensors for the destruction of structural materials is an
attractive area for application of TL of lanthanide sulfates
owing to its intensity.
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