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A B S T R A C T

Acetate complexes of rare earth elements are extensively studied compounds known for their diverse properties
and potential applications and lanthanum acetate hydrate is commercially available. In this work, a powdered
anhydrous lanthanum acetate (La(CH3COO)3) sample was prepared by dissolving lanthanum oxide (La2O3) in an
excess of acetic acid (CH3COOH) and distilled water (H2O), followed by direct evaporation at 150 ◦C. The
decomposition of La(CH3COO)3 was studied, showing initiation around 300 ◦C and conclusion at ≥700 ◦C, with
four distinct thermal events (I–IV) of mass loss. Gas phase identification revealed acetone and carbon dioxide as
decomposition products, indicating pyrolytic decarboxylation. The final thermal effect (IV) is linked to the
decomposition of La2O2CO3 to La2O3. The DFT refinement of atomic coordinates of hydrogen atoms, which were
unavailable from experiment, was successfully performed. Obtained structural data was checked using vibra-
tional spectroscopy method. The calculated electronic band structure of La(CH3COO)3 indicates it as an indirect
wide band gap material with values of direct transition close to indirect. The optical bandgap is found to be 5.49
eV, suggesting that the charge transfer in La(CH3COO)3 can be optically activated with wavelengths shorter than
226 nm, which falls within the deep UV (DUV) region.

1. Introduction

At present, rare-earth elements have already accumulated in
household garbage in enough quantities for considering urban mining
[1–5]. The drive to minimize humanity’s carbon footprint and maintain
ecological equilibrium suggests that the utilization of complexes of rare
earth elements should be carried out through non-toxic and environ-
mentally safe methods [6,7]. Oxalate extraction methods, along with the
utilization of organic acids and MOF-type compounds are suitable for
extracting rare earth elements [8]. Additionally, the extraction of rare
earth elements using lanmodulin has recently been explored [9–11].

Acetate complexes of rare earth elements are part of the extensively
studied classes of coordination compounds. Centrosymmetric binuclear
coordination compounds of rare earth elements with acetate bridges are
known to exhibit partial cytotoxicity towards MCF-7 cells (breast cancer
cell line) [12]. Lanthanum has been used to reduce serum phosphorus
levels in patients with chronic renal disease and hyperphosphatemia.

Lanthanum acetate has demonstrated effective inhibition of vascular
calcification pathogenesis [13]. Acetates of rare earth elements, along
with their respective complexes, exhibit luminescent properties [14],
magnetic behavior [15], and catalytic activity [16]. Lanthanum-based
compounds exhibit semiconductor properties, too [17,18]. Lanthanum
salts serve as catalysts [16,19] and find applications in the production of
fuel cells based on high-entropy compounds [20,21], as well as in the
manufacturing of ZBLAN (The ZrF4-BaF2-LaF3-AlF3-NaF optical fiber)
[22]. Among the other members of the anhydrous rare-earth (RE)
element acetate family, Ce(CH3COO)3 can be used to synthesize cata-
lysts such as Ce-HZSM-5, which has proven to be a promising compound
for AsH3 removal [23]. Praseodymium acetate (Pr(CH3COO)3) was used
to synthesize Pr2Sn2O7 nanospheres with diameters ranging from 20 to
50 nm, which were found to be composed of nanoparticles with average
sizes of 3–5 nm [24]. We are compelled to conclude that information on
other anhydrous representatives of this acetate family is extremely
scarce. At the same time, this opens a potential for applications related
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to the presence of rare earth ions in the structure, which may indicate
possible use as luminescent or magnetic materials.

The crystal structure of anhydrous rare-earth (RE) elements acetates
varies according to the RE ion as follows: La-Ce − trigonal structure (R3)
[25], Pr − tetragonal structure (P421c) [26], Nd − monoclinic structure
(P21/a) [27], Sm-Er and Y − monoclinic structure (C2/c) [28], Tm-Lu −

orthorhombic structure (Ccm21) [28], and Sc − hexagonal structure
(P63/mcm) [29].

The La(CH3COO)3 monocrystal was synthesized by Meyer et al. [25]
and as was shown above, this material crystallizes in the trigonal R3
space group. The unit cell parameters of (La(CH3COO)3) were deter-
mined at room temperature as a= 22.030(5) Å, c= 9.871(3) Å. Thermal
stability of lanthanum acetate monocrystal and degradation mechanism
in an inert or oxygen environment were studied in several works
[30–32]. Thermal decomposition of lanthanum acetate hydrate with
forming of La2O3 as a final product was studied in work of Hussein et al.
[30].

This paper focuses on the investigation of anhydrous lanthanum
acetate (La(CH3COO)3) powder, including refining the positions of
hydrogen within the crystalline structure, studying its electronic struc-
ture, and determining it’s thermal stability limit.

2. Materials and methods

A powdered sample of lanthanum acetate (La(CH3COO)3) was ob-
tained by dissolving lanthanum oxide (La2O3) in an excess of acetic acid
(CH3COOH) and distilled water (H2O) followed by direct evaporation at
150 ◦C. The following high-purity reagents were used as the starting
materials: La2O3 (99,99 %, ultrapure, TDM-96 Ltd. Russia), acetic acid
(w(CH3COOH) = 70 %, ultrapure, Vekton Ltd., Russia).

The X-ray powder diffraction (XRD) data were collected at room
temperature on a STADI-P STOE (Germany) diffractometer in the
transmission geometry, with a linear mini-PSD detector, using CuKα1
radiation in the 2θ range from 5 to 120◦, with the step of 0.02◦. The
crystal structure refinement was carried out with the GSAS program
suite, using XRPD data [33]. The peak profiles were fitted with a pseudo-
Voigt function, I(2θ) = x × L(2θ) + (1 − x) × G(2θ) (where L and G are

the Lorentzian and Gaussian parts, respectively). The peak width
angular dependence was described by the relation (FWHM)2 = Utg2θ +

Vtgθ +W. The background level was described by a combination of 36-
order Chebyshev polynomials. The absorption correction function for a
flat plate sample in the transmission geometry was applied.

The CASTEP [34] code was used for the complete optimization of
structural parameters and calculation of the electronic structure of La
(CH3COO)3. The local density approximation [35], based on the Perdew
and Zunger parameterization [36] of the numerical results of Ceperley
and Alder [37], was employed. Structural parameters were relaxed until
the maximum forces and stress were below 0.01 eV/Å and 0.02 GPa,
respectively. Norm-conserving pseudopotentials and a plane-wave cut-
off of 830 eV were applied. The reciprocal space of the primitive cell was
sampled using a 3 × 3 × 3 Monkhorst–Pack k-mesh.

The Fourier-transformed infrared spectroscopy (FTIR) measure-
ments were carried out with the use of a Fourier Transform Infrared
Spectrometer FSM 1201 Infraspek Ltd., (Russia). The sample for the
investigation was prepared as a tablet with the addition of annealed KBr.
The Raman spectra were recorded using an i-Raman Plus spectrometer
(B&W Tek, Lubeck, Germany) at a laser excitation wavelength of 785
nm.

The diffuse reflectance spectra were measured on a UV-2600 spec-
trophotometer Shimadzu (Japan) equipped by the ISR-2600Plus
attachment with an integrating sphere. The optical bandgap was esti-
mated on the base of the measurements of diffuse reflectance spectra.

The thermal stability of lanthanum acetate was determined using
thermogravimetry and differential scanning calorimetry on a TGA/DSC
3 + Mettler Toledo (Germany). The samples were heated from 30 to
600 ◦C in a corundum crucible at a rate of 10 ◦C/min in an oxidizing
atmosphere with an air flow rate of 40 mL/min. The pyrolysis products
were analyzed using the Agilent 7890B gas chromatograph equipped
with a multifunctional pyrolyzer EGA/PY-3030D Shimadzu (Japan)
from Frontier Laboratories, and the mass spectrometer with a single
quadrupole mass analyzer Agilent 5977B GC/MS under programmed
temperature conditions. The sample thermally decomposed at temper-
atures ranging from 150 to 650 ◦C at a heating rate of 15 ◦C/min in a
helium flow. Fragmentary ions were analyzed in the mass range of

Fig. 1. Photo (a) and difference Rietveld plot (b) of La(CH3COO)3 powder (black line − calculated pattern, red crosses − experimental pattern, blue line − difference,
magenta tick marks − Bragg positions of reflections).
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15–550 m/z using full scan mode.

3. Results and discussion

A photo of the synthesized product is shown in Fig. 1(a). After
evaporation, a loose clumpy powder of white color was obtained. XRD
data are shown in Figs. 1(b) and S1. All peaks were successfully indexed
by trigonal the unit cell (space group R3) with parameters close to those
previously reported for La(CH3COO)3 [25]. The refinement was stable
and yielded low R-factors (Fig. 1, Table 1).

The monocrystal sample in the work of Meyer et al. [25] was ob-
tained from the ammonia complex (NH4)3[La(CH3COO)3]*0.5H2O by
recrystallization in a glass ampoule at 180 ◦C for two days. Despite
differences in synthesis methods and the final form of the sample, the
structural parameters of both the monocrystal and powdered sample
obtained in this study are identical. Here it should be noted that com-
pounds containing rare earth elements, including La, often exhibit a
phenomenon known as polymorphism [38,39].

DTG, TG and DTA curves obtained on heating (in air) of La
(CH3COO)3 up to 900 ◦C (at 10 ◦C/min) are shown in Fig. 2. The ob-
tained results reveal that the decomposition process of the acetate be-
gins around 300 ◦C and finishes at ≥700 ◦C, involving four (I–IV)
thermal events of mass loss. Fig. 2 indicates that the total mass loss
observed (48.4 %) closely aligns with the expected mass loss (48.45 %)
for the transformation from La(CH3COO)3 to La2O3. To clarify the
physicochemical nature of the thermal phenomena observed, it is

essential to interpret the results of thermogravimetry and DTA, taking
into account the identified composition of both solid and gas phase
products formed throughout the entire decomposition process. Gas
phase identification during the acetate decomposition was conducted
using a gas chromatograph and mass spectrometer (Figs. S2 and S3).
Mass spectrometric detection of the initial three thermal effects revealed
identical decomposition products of the acetate group, namely acetone
and carbon dioxide. The formation of acetone and CO2 molecules arises
from the pyrolytic decarboxylation process, wherein acetate groups
undergo ketonization, yielding acetone and carbon dioxide (2 La
(CH3COO)3 → La2O3 + 3 (CH3)2CO (g) + 3 CO2 (g)). Hydrolytic and
pyrolytic activities account for the gradual mass loss observed along the
sloping plateau (see Fig. 2), characterized by a lack of distinct steps,
resulting in a substantial mass loss (40 %) attributed to the highly
overlapping thermal events I-III. The fourth thermal effect (IV) is asso-
ciated with the decomposition of La2O2CO3 to La2O3 with the release of
one molecule of carbon dioxide, which is consistent with the results of
TG (7.14 %). According to XRD analysis, initial phase of La2O3 and
phase after La(CH3COO)3 decomposition is the same (see Fig. S4).

Initial lattice constants and atomic coordinates (Table S1) of La
(CH3COO)3 for DFT calculations were taken from work of Meyer et al.
[25] and rhombohedral representation of crystal structure in R-3 space
group presented in Fig. 3(a). As the experimental data for hydrogen
atom coordinates were unavailable (not obtained experimentally), the
hydrogen atoms were positioned within the cell around each non-
oxygenated carbon atom. The DFT-optimized structure depicted in
Fig. 3(b), along with related structural data, including the obtained
atomic coordinates of hydrogen atoms, can be found in Table S2.

The experimental Raman and infrared spectra, as illustrated in Fig. 4,
exhibit a multitude of spectral bands observed in both cases. Vibrational
representation for the La(CH3COO)3 should be written as Γvibr = 66Ag +

66Eg+ 65Au+ 65Eu, where the g-labeled modes Raman-active, while the
u-labeled modes infrared-active. The acoustic modes are Au + Eu. As can
be seen from Fig. 4, vibrational spectra are consistent with the vibra-
tional representation outlined above. The DFT calculated wavenumbers
are presented in Fig. 4 as vertical ticks. According to the lattice dynamics
calculation, region of vibrational spectra from 2900 to 3065 cm− 1

related to C–H stretching vibrations. The symmetric-like stretching of
CH3 parts located from 2900 to 2935 cm− 1. The C–O stretching vi-
brations observed from 1525 to 1624 cm− 1. Spectral range of

Table 1
Main processing and refinement parameters of the La(CH3COO)3 sample.

Compound La(CH3COO)3 La(CH3COO)3 [25]

Form Powder Single crystal
Space group R3 R3
a, Å 22.0164(1) 22.030(5)
c, Å 9.8718(1) 9.871(3)
V, Å3 4143.99(6) 4148.78
Z 18 18
Rwp, % 2.94 2.25
Rp, % 2.30 2.65
χ2 1.670 −

R(F2) 7.77 −

Fig. 2. Thermal analysis of La(CH3COO)3.
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1268–1479 cm− 1 consist of C–O2 stretching-like, C–O2 stretching-like
mixed with CH3 deformations and pure deformational vibrations of
CH3 parts of CH3COO molecules. The C–C bond vibrations appeared
between 941 and 1027 cm− 1. Two strongest Raman bands (Fig. 4(a)) in
this area can be attributed to symmetric stretching of CH3COO molecule
as a whole. The group of strong lines from 647 to 703 cm− 1 related to
combination of O and CH3 movements. The medium band at 260 cm− 1

in Raman spectrum associated with CH3 rotations. The low-wavenumber
part of spectra contains large number of vibrations with complex form.

Calculated electronic band structure for La(CH3COO)3 along high
symmetry points of Brillouin zone using LDA approach is shown in Fig. 5
(a). Labels and coordinates of BZ selected points can be listed as
Γ(0,0,0), L(0.5,0,0), T(0.5,− 0.5,0.5), P0(0.211,− 0.788,0.211),
P2(0.211,0.211,0.211), F(0.5,− 0.5,0) and chosen path can be found in

Figs. S5 and 5(a). As can be seen in Fig. 5, La(CH3COO)3 is an indirect
wide band gap semiconductor material with Eg equal to 4.19 eV. The top
of valence band is located at the F point, while the bottom of conduction
band is between P2 and Γ points. Nevertheless, direct electronic transi-
tion (4.21 eV) is close to indirect, while the Γ–Γ transition is about 4.25
eV. According to the calculated total and partial electronic density of
states (DOS), the top of the valence band is formed by the p-states of
oxygen ions. The bottom of conduction band is formed by p-states of
carbon ions. Thus, according to the calculation data, the charge transfer
from oxygen to carbon ions within the molecular group O2C–CH4 is
possible under irradiation of La(CH3COO)3 using a wavelength shorter
than 296 nm (4.19 eV).

The optical diffuse reflectance spectrum recorded for the sample La
(CH3COO)3 is shown in Fig. 6. The optical bandgap determined using the

Fig. 3. Rhombohedral representation of La(CH3COO)3 structure based on experimental data (Table S1) (a) and DFT optimized structure with hydrogen atoms
included in cell (Table S2) (b).

Fig. 4. Experimental Raman (a) and infrared (b) spectra from La(CH3COO)3. DFT calculated wavenumbers shown with vertical ticks.
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Kubelka-Munk algorithm [40] is 5.49 eV. Thus, overcoming the optical
bandgap is possible when irradiating La(CH3COO)3 with a wavelength
shorter than 226 nm, which corresponds to the deep UV (DUV) region
spanning between 280 nm and approximately 200 nm [41]. At the same
time, it can be concluded that La(CH3COO)3 is optically transparent
material across a wide range of wavelengths. Among other wide band
gap materials with a similar electron transition energy, one can

highlight diamond, Eg = 5.47 eV [42], hexagonal boron nitride, 5.96 eV
[43], and β-Ga2O3, 4.8 eV [44].

As can be seen above, the difference between calculated and exper-
imental band gap is about 1.3 eV. The underestimation of experimental
values in DFT calculations using the LDA approximation is common,
reflecting a well-known issue in DFT where band gaps are often
underestimated [45–47].

4. Conclusions

In this study, lanthanum acetate (La(CH3COO)3) was successfully
synthesized from high-purity reagents, with lanthanum oxide (La2O3)
being dissolved in acetic acid (CH3COOH) and water followed by
evaporation at 150 ◦C. Structural characterization of the synthesized
material was performed using X-ray powder diffraction (XRD). Heating
of La(CH3COO)3 up to 900 ◦C in air revealed a decomposition process
initiating around 300 ◦C and stops at ≥700 ◦C. This process involved
four distinct thermal events (I–IV) of mass loss. Gas phase identification
during acetate decomposition was performed using a gas chromato-
graph and mass spectrometer revealing identical decomposition prod-
ucts: acetone and carbon dioxide. Due to unavailable experimental data
for hydrogen atom coordinates, the hydrogen atoms were positioned
within the cell around each non-oxygenated carbon atom, and these
atomic coordinates were successfully refined during the geometry
optimization process. Raman and infrared spectra confirmed obtained
structural model. La(CH3COO)3 is found to be an indirect wide band gap
material, meanwhile, direct electronic transition is close to indirect. The
optical diffuse reflectance spectrum showed an optical bandgap of 5.49
eV determined using the Kubelka-Munk algorithm. Overcoming the
optical bandgap is possible when irradiating La(CH3COO)3 with a
wavelength shorter than 226 nm, corresponding to the deep UV (DUV)
region, thus, La(CH3COO)3 is optically transparent across a wide range
of wavelengths, including visible part of spectra.
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