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Abstract

The paper presents the synthesis of a solid hydrocomposite material in a water-
glycerol medium based on [MoO4]

2–, Zr4+, Er3+, and Na ions in a 1:1:1:3 molar ratio 
using directional mixing of solutions in a U-shaped vessel. X-ray diffraction analysis 
confirmed the partially amorphous structure of the synthesized product. Infrared 
spectroscopy revealed the presence of bound water molecules and characteristic 
functional groups, including hydroxyl, aliphatic, and metal-hydroxide fragments, 
as well as bands characteristic of [MoO4]

2– ions. Elemental and atomic emission 
analyses confirmed the presence of all the initial ions and revealed the molar 
ratio of the elements. X-ray microanalysis demonstrated chemical heterogeneity 
of the solid phase, while electron microscopy revealed an overall morphological 
homogeneity of the particles. Investigation of the luminescent properties showed 
the superposition of several peaks in the visible spectrum associated with 
transitions in the 4f shell of erbium ions, indicating the material's potential for 
applications in biomedicine, sensors, and optoelectronics. Thermal analysis further 
confirmed the presence of chemically bonded water molecules. The obtained 
results provide a basis for further investigation and targeted modification of the 
properties of such hydrocomposite systems.
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1. Introduction

The relevance of this research is driven by the 
growing importance of rare earth elements (REEs), 
zirconium compounds, and molybdate-based mate-
rials in medicine and various industrial fields [1–4]. 
The luminescent properties of lanthanide-based 
compounds are comparable to those of noble met-
al complexes currently in use; however, lanthanide 
compounds offer a significant advantage in terms of 
lower production costs [5–7]. Luminescent materi-
als are capable of emitting visible light upon exter-
nal excitation [8, 9]. Their applications are extremely 
diverse and include security marking technologies, 
light-emitting devices, optoelectronic components, 
and, in particular, organic light-emitting diodes 

(OLEDs), which are widely utilized in modern pho-
tonic and display technologies, as well as in laser 
systems [10–12].

Previously, organometallic compounds of no-
ble metals (primarily platinum and palladium) were 
used in industry [13]. However, such compounds 
have several drawbacks: their synthesis is complex 
and expensive, and the emission itself is charac-
terized by low monochromaticity [14]. In contrast, 
coordination compounds of lanthanides are high-
ly monochromatic and significantly less expensive, 
making them particularly attractive for the creation 
of Red, Green, Blue (RGB) lasers and selective optical 
materials [15, 16].

Recently, considerable attention has been de-
voted to the development of multifunctional optical 
materials. Such materials are expected to simultane-
ously possess several important properties, includ-
ing reduced optical loss over a wide spectral range, 
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specific refractive indices, high photoluminescence 
intensity, increased photosensitivity, and stable and 
bright emission due to Raman scattering [17–21].

The combination of these properties is particular-
ly important for the development of compact pla-
nar waveguides, optical amplifiers, lasers, frequency 
converters, and electrolytic modulators [22].

Rare-earth compounds containing two cations 
are capable of efficiently emitting red light when ex-
posed to ultraviolet light. Even low concentrations 
of these compounds can provide high luminescence 
brightness [23].

Erbium (Er3+) plays a significant role in coordina-
tion chemistry owing to its distinctive photophysical 
properties. Erbium-doped materials have attracted 
considerable attention due to their characteristic 
near-infrared emission at approximately 1.54 μm, 
which coincides with the low-loss transmission win-
dow of optical fiber communication systems, making 
them highly relevant for optical telecommunications. 
While inorganic Er3+-doped materials typically exhib-
it relatively narrow emission bands, organic erbium 
complexes often display broader luminescence spec-
tra and enhanced solubility in organic matrices [24]. 
In addition, these complexes enable efficient energy 
transfer processes through sensitizing ligands, which 
absorb excitation energy and subsequently transfer 
it to the Er3+ ion. This combination of strong lumines-
cence, tunable optical properties, and compatibility 
with organic systems renders erbium-based coordi-
nation compounds particularly promising for appli-
cations in photonic and optoelectronic devices [25].

Less well known but no less interesting in the field 
of coordination chemistry, glycerol turns out to be a 
suitable ligand, capable of binding to one or more 
metal centers either directly in its triol form H3gly 
(a rather rare phenomenon) or in various deproton-
ated glycerolate forms such as [H2gly]-, [Hgly]2–, and 
[gly]3– (in most cases) [26]. Since the 1970s, various 
molecular structures obtained from glycerol and 
metal and organometallic precursors have been iso-
lated and characterized, ranging from mononuclear 
complexes to complex aggregates and coordination 
polymers. Based on the single crystal X-ray diffrac-
tion structures reported so far in the literature and 
deposited in the Cambridge Structural Database, 
this structural review examines the different modes 
of coordination of glycerol and glycerolates with 
metals [27]. 

In the present work, compounds containing mo-
lybdenum, zirconium, and rare earth elements (Er) in 
an aqueous glycerol medium. In these materials, the 
REE activator is incorporated into inorganic frame-

works, forming amorphous powdered substances 
with pronounced luminescent properties. Previous 
studies have been carried out in purely aqueous me-
dia; however, in the present work, a water–glycerol 
system is investigated, taking into account literature 
reports indicating a high probability of diffusion-con-
trolled crystallization in such mixed solvents [28].

2. Experimental part

The following reagents were used as starting 
materials: glycerol (≥99%, Sigma-Aldrich, USA), 
Na2MoO4·2H2O (≥99.5%, Merck, Germany), ZrO-
Cl2·8H2O (98%, Merck, Germany), and ErCl3·6H2O 
(99.995%, Merck, Germany). The synthesis proce-
dure was carried out as follows. Equal volumes of 
glycerol and water (8 mL each) were introduced 
into a U-shaped vessel. Subsequently, 6 mL of a 
0.0018 mol sodium molybdate (Na2MoO4) solution 
were slowly added from the right side of the vessel. 
Thereafter, 6 mL of a 0.0018 mol erbium chloride 
(ErCl3) solution and 6 mL of a 0.0018 mol zirconium 
oxychloride (ZrOCl2) solution were sequentially and 
gradually introduced from the left side. The molar 
ratio of 1:1:1:3 was selected in accordance with our 
previous studies [29, 30].

The Mo6+ concentration was determined by com-
plexometric titration, while Er3+ and Zr4+ concentra-
tions were determined gravimetrically by precipita-
tion of hydroxide groups with ammonia. It should 
be noted that when adding salts to a glycerol-wa-
ter solution, a precipitate (cotton-like) immediately 
formed; the vessel was then tightly sealed on both 
sides to prevent carbonation. Over the course of 
15 days of daily observation, it was noted that the 
contents of the vessel slowly acquired a slightly blue 
color on the right side, and a slightly pink color on 
the left side. Then, over the course of 45–50 days, 
a chemical reaction resulted in the formation of a 
homogeneous dark blue substance that did not dis-
solve during filtration; the volume of the precipitate 
no longer changed, and the pH of the filtrate was 
3.5. This spatial color evolution may be related to 
diffusion processes accompanying metal-ligand 
complex formation and the development of concen-
tration gradients within the reaction medium. The 
solid phase was separated from the filtrate, washed 
several times with deionized water, and dried in an 
oven at 50–60 oC. The filtrate after precipitation was 
not subjected to full quantitative analysis; therefore, 
residual metal concentrations in solution were not 
directly determined. The present study focused on 
the composition of the isolated solid phase.
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IR spectra were recorded using a Perkin Elmer 
Spectrum 65 Fourier-transform infrared (FTIR) spec-
trometer (Perkin Elmer Inc., USA) equipped with an 
attenuated total reflectance (ATR) in the spectral 
range of 400–4000 cm–1.

The composition of the solid phase was deter-
mined by qualitative and quantitative elemental 
analysis using inductively coupled plasma atomic 
emission spectroscopy (iCAP PRO XP, Thermo Scien-
tific, USA). The homogeneity and elemental compo-
sition of the samples were investigated by scanning 
electron microscopy (SEM) using a Carl Zeiss EVO-10 
microscope (Carl Zeiss AG, Germany) coupled with 
energy dispersive X-ray analysis (EDX).

Carbon and hydrogen contents were determined 
using a EuroVector EA3000 CHNS elemental analyzer 
(EuroVector S.p.A., Italy).

The luminescent properties of the synthesized 
material were investigated by fluorescence spec-
troscopy using a PerkinElmer LS 55 single-beam 
spectrometer (PerkinElmer Inc., USA). Measure-
ments were performed under the following con-
ditions: a 150 W pulsed xenon lamp (50 Hz) was 
used as the excitation source, and a Monk-Gillieson 
monochromator was employed over the spectral 
range of 200–700 nm. The spectral slit widths were 
set to 10 nm for both excitation and emission, and 
the scanning speed was 600 nm/min. A solid-sam-
ple accessory was used for measurements. Approx-
imately 1 mg of the sample was placed in a dedicat-
ed 10 mm diameter solid-state cuvette and inserted 
into the instrument for recording emission and exci-
tation spectra. Excitation wavelengths were select-
ed based on the electronic absorption spectrum of 
the sample. The resulting luminescence spectrum is 
broad and exhibits main emission maxima at 420, 
485, and 532 nm.

Thermal analysis combining thermogravimet-
ric analysis (TGA) and differential thermal analysis 
(DTA) was carried out using a DTG-60 synchronous 
thermal analyzer (Shimadzu, Japan) under argon 
flow of 100 ml/min at a heating rate of 10 oC/min in 
the temperature range of 23–400 oC. The study was 
conducted in an aluminum crucible under a lid with 
a hole. The sample mass was 6.69 mg.

3. Results and Discussions

The resulting precipitate was separated from the 
filtrate, thoroughly washed with deionized water, 
and dried in an oven at 60 oC. The results of IR spec-
troscopic analysis of the resulting solid phase sam-
ple are shown in Fig. 1.

Fig. 1. IR spectrum of the obtained solid precipitate.

Absorption bands are observed at υ3273 cm–1 
(characteristic of the stretching vibrations of associ-
ated hydroxyl groups υH-OH) and at 1648 cm–1 and 
1565 cm–1, corresponding to the deformation vibra-
tions of δH2O.

Analysis of the spectrum indicates that some wa-
ter molecules are incorporated into the structure of 
the synthesized substance and are not surface-ad-
sorbed. The spectrum also contains absorption 
bands at 2938 cm–1 and 2880 cm–1, corresponding to 
aliphatic stretching vibrations of C-H. A weakened 
peak associated with hydrogen bonds is observed at 
2648 cm–1.

Absorption bands at 1459 cm–1, 1417 cm–1, 1341 
cm–1, and 1222 cm–1 correspond to deformation vi-
brations of OH groups (δOH). Stretching vibrations of 
C-O groups are observed in the region of 1100 and 
1035 cm–1. Stretching vibrations of υ(O-H) are detect-
ed at 653 cm–1, and absorption bands in the range of 
450 and 402 cm–1 may correspond to O-Me bonds 
where Me predominantly refers to Zr and/or Er cen-
ters, since Mo is present mainly as MoO4

2–oxyanions 
rather than participating in metal-oxygen lattice vi-
brations. However, an unambiguous assignment of 
these bands specifically to Zr or Er requires more de-
tailed and advanced structural investigations.

The absorption band at 994.63 cm–1 can be at-
tributed to deformation vibrations of metal hydrox-
ide fragments, characteristic of hydrocomposites 
(hydrocomplexes) [31].

The IR spectrum clearly shows absorption bands 
corresponding to internal vibrations of the [MoO4]2–

group. The bands at 851 cm–1 and 817 cm–1 are as-
sociated with degenerate vibrations υ3(F). The ab-
sorption band at 708 cm–1 corresponds to the triply 
degenerate antisymmetric stretching vibration υ(F2) 
(υas) [MoO4]2–.
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X-ray diffraction analysis (Fig. 2) reveals that the 
synthesized sample possesses a partially amorphous 
structure. The diffraction pattern differs significantly 
from those of the starting components and cannot 
be described as a simple superposition of known 
crystalline phases, suggesting the formation of a 
new solid-state organization within the system. The 
observed broadened and weak reflections prevent 
reliable peak indexing and lattice parameter deter-
mination, making definitive structural identification 
based solely on XRD impossible. Therefore, addition-
al advanced structural investigations are required to 
elucidate the structure of the synthesized material.

According to thermal analysis results (Fig. 3), the 
sample begins to lose mass at 40 oC, likely due to 
the release of water adsorbed on the sample sur-
face (Δm = 0.45%). In the temperature range of 
60–119 oC, the release of chemically bound water 
molecules occurs, accompanied by an endothermic 
peak on the DTA curve with a maximum at 91 oC and 
a mass loss of Δm = 2.33%.

Fig. 2. X-ray pattern of the obtained solid precipitate.

Fig. 3. TGA (a) and DTA (b) curves for the sample.

Further heating to 400 oC results in a gradual 
mass loss according to DTG (Δm = 20.64%) and is ac-
companied by a weak, complex-shaped exothermic 
effect on the DTA curve with an extremum at 272 
oC. The total mass loss of the sample in the studied 
temperature range is 23.42%. It is known from the 
literature that pure glycerol completely evaporates 
in an inert nitrogen atmosphere in the range of 125–
255 oC [32]. The increase in the glycerol elimination 
temperature in the sample is likely due to its coor-
dination by metal centers. Such a pronounced shift 
in decomposition temperature is characteristic of li-
gand-metal interactions and indicates that glycerol 
acts as a coordinating ligand bound to Er3+ and Zr4+ 
centers rather than being present as a free or physi-
cally adsorbed molecule.

Based on the results of IR spectroscopy and ther-
mal analysis, which revealed the presence of chem-
ically bound water, as well as hydroxyl (aliphatic) 
and metal-hydroxyl functional groups, it can be con-
cluded that the synthesized substance is a hydroxo-
composite material. The quantitative composition 
of the partially amorphous solid phase, determined 
by atomic emission spectrometry, as well as the el-
emental analysis of the substance for carbon con-
tent, are presented in Tables 1–2. It should be noted 
that the study did not include a full mass balance 
of the system; therefore, distribution of metal ions 
between solid and liquid phases was not quantified.

Table 1. Quantitative results of inductively coupled 
plasma atomic emission spectroscopy (ICP AES)

Element Mass fraction, %
Er 2.42
Na 0.58
Zr 11.35

Mo 12.43

The partially amorphous sample contains all the 
ions corresponding to the original components, but 
quantitative results indicate chemical heterogeneity 
of the composition. The molar ratio of the elements 
included in the solid phase can be represented as fol-
lows: nNa : nMo : nEr : nZr : nC : nH : nO = 0.025 : 
0.129 : 0.0145 : 0.125 : 1.626 : 4.71 : 3.063 x 0.233 H2O.

Table 2. Results of quantitative elemental analysis of 
the substance for carbon and hydrogen content

Element Mass fraction, %
C 19.51
H 4.71
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It should be noted that the quantitative composi-
tion of the solid phase, determined by atomic emis-
sion spectrometry, as well as the elemental analysis 
of the substance for carbon content, are given as the 
average result of four parallel determinations.

The scanning electron images of the powder sam-
ple in Fig. 4 suggest that the substance as a whole 
consists of particles of a single morphological type. 
However, the X-ray microanalysis results in Fig. 5 
confirm that the material is structurally heteroge-
neous. Quantitative X-ray microanalysis data are 
presented in Table 3.

Table 3. Percentage ratio of elements and assessment 
of homogeneity of the solid phase composition

Element Weight % Atomic %
C 20.24 34.84
О 44.16 57.06

Na 0.70 0.63
Zr 15.85 3.59

Mo 16.62 3.58
Er 2.44 0.30

 

Fig. 4. SEM image of the obtained solid sediment.

Fig. 5. X-ray microanalysis spectra of the obtained solid precipitate.

The luminescent properties of the synthesized 
sample were investigated, and the corresponding 
emission spectra are presented in Fig. 6. The spec-
tra are characterized by a superposition of several 
maxima in the visible spectral range from 350 to 600 
nm. In the case of erbium, luminescence occurs due 
to transitions between different levels in the 4f shell. 
These transitions can overlap, creating a complex 
spectrum with several maxima in this range.

The emission spectra consist of several broad 
and partially overlapping bands in the 350–600 nm 
region. Although the broad character of the spectra 
prevents unambiguous assignment of each individ-
ual maximum, the observed blue-green emissions 
are consistent with electronic transitions involving 
excited 4f states of Er3+ ions [33]. Similar lumines-
cence behavior has been reported for erbium-con-
taining inorganic and coordination materials, where 
the emission originates predominantly from intra-4f 
transitions weakly influenced by the surrounding 
ligand field [34]. The broadening observed in the 
present system may additionally reflect structural 
disorder and the partially amorphous nature of the 
synthesized material [35].

Fig. 6. Luminescence spectra of the sample.
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This behavior is typical of rare-earth ions, as their 
electron transitions in the 4f shell are weakly depen-
dent on the crystal field, leading to narrow and sepa-
rated luminescence bands. Erbium's green emission 
can be used as a biomarker for fluorescence imag-
ing of cells and tissues, in the treatment of cancer 
cells using photodynamic therapy, in optoelectronic 
devices, lasers, and for the creation of temperature 
sensors and detectors.

4. Conclusion

The study demonstrated the formation of a par-
tially amorphous solid hydrocomposite material con-
taining Mo, Zr, Er, Na, glycerol-derived fragments, 
and bound water molecules.

The combined results of physicochemical studies 
confirmed the preservation of molybdate structur-
al fragments, the presence of organic components, 
and the participation of glycerol in the formation of 
the coordination environment of the metal centers.

It was established that the synthesized system 
is characterized by a complex non-stoichiometric 
composition and chemical heterogeneity, likely due 
to the different affinities of the components for ox-
ygen-containing ligands, as well as the formation of 
intermediate coordination forms during the synthe-
sis process. The obtained data also indicate the in-
teraction of glycerol with the metal centers and its 
involvement in the material structure not only as a 
solvent but also as a coordinating component.

Luminescence studies revealed the presence of 
characteristic emission associated with the electron 
transitions of Er3+ ions, confirming the retention of 
their optical activity within the hydrocomposite. This 
circumstance makes such systems promising for fur-
ther study in terms of developing functional materi-
als with tailored optical properties.

Since the quantitative distribution of metal ions 
between the solid and liquid phases was not deter-
mined in this study, the system under consideration 
should be interpreted as an open system in which 
diffusion processes and selective incorporation of 
components into the solid phase can play a signifi-
cant role.

Overall, the obtained results demonstrate the ef-
fectiveness of the proposed approach to the synthe-
sis of multicomponent luminescent hydrocomposite 
materials and provide a basis for further research 
into their structure, formation mechanisms, and po-
tential applications in biomedicine, chemical analy-
sis, and optoelectronics.
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