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ABSTRACT

Due to the large number of electrons occupying 4f orbitals, the computational chemistry of
lanthanide complexes is not as easy as that of d-block ones. As a result, even though
lanthanide molecules have attracted attention in various fields in recent years, there has
been little research on their spectrochemical properties or computational science in detail.
In this study, we experimentally measured electronic, circular dichroism (CD), fluorescence,
and infrared (IR) spectra as well as the direct current (DC) magnetic susceptibility curves
(magnetization (M) versus magnetic field (H) curves (MH) and magnetization (M) versus
temperature (T) curves (MT)) of a mononuclear Nd(III) complex with a glutamic acid ligand
and to test the density functional theory (DFT) calculation conditions that can be performed
from the structure optimization. Bands of C=0 and N-H were observed in the IR spectrum,
and paramagnetism was confirmed by measurements. The fluorescence intensity of the
DMSO solution at 300 K was very weak. Ultraviolet-visible (UV-vis) and CD spectra showed
a strong intraligand transition at 200-250 nm and relatively strong sharp f-f transitions at
581, 742, and 801 nm (like the solvated Nd(III) ion). Thus, herein we synthesized lanthanide
Nd(III) complexes coordinated with amino acids and conducted structure estimation
research by comparing experimental measurement results such as electron microscopy,
spectroscopy, and magnetism with DFT calculations (optimized structure). Lanthanide
complexes are difficult to study because their coordination numbers are large, their solution
structures are unclear, and their large number of electrons makes computational chemistry
difficult. In general, metals have large ionic radii, and thus can potentially have high
coordination numbers. Metal ions of hard Lewis acids prefer hard-base ligands (especially
oxygen atoms in water and amino acids). Therefore, it is interesting to try to easily
understand the structure in solution by comparing spectroscopic experiments with
computational chemistry.

Cite this: Eur. J. Chem. 2025, 16(2), 97-103 Journal website: www.eurjchem.com

1. Introduction

materials [3]. As mentioned above, the electrons in the 4f
orbitals are hardly involved in bonds and the effect of the ligand

Unlike the story about the d transition element, the
properties of the f-block transition element, its oxidation state,
complex formation, color, magnetism and fluorescence
spectrum show unique chemistry [1,2]. Lanthanoid elements
are utilized in various fields due to their spectroscopic and
magnetic properties based on the 4f orbitals. By being shielded
by the 5p orbitals, there is no overlap with the coordination
pathway, and the line behaves as an isolated electronic system
with less division by the ligand field [1]. In that case, it is difficult
to obtain a single crystal because the coordination number is
also diverse and a relatively high provisional coordination
number can be obtained compared to the first advanced metal
complex, making it very difficult to analyze the structure of the
complex [1].

On the other hand, the absorption and emission
characteristics of specific wavelengths are based on transitions
between 4f orbitals, and the magnetic properties based on the
orbital angular momentum and spin angular momentum of
electrons in 4f orbitals are unique to lanthanides and can be
used to detect rare earth elements and create functional

field is small, so the absorption is due to a weak transition due
to the Laborte forbidden, but when the excited state is reached,
the emission lifetime is very long due to the small transition
probability, and a very sharp peak is observed when observed
[4]. Ingenuity for creating luminescent complexes includes
introducing antenna ligands to transfer electrons to the excited
level by intersystem crossing or energy transfer and
introducing appropriate multidentate ligands to reduce the
quenching process in which electrons move to the energy levels
of the C-H, O-H, and N-H stretching vibrations of surrounding
ligands such as water [1].

For magnetic properties, in addition to spin angular
momentum, the effective magnetic moment is calculated by
considering the influence of orbital angular motion, which is not
considered for first transition metals. Because 4f electrons do
not participate in bonding, there is almost no overlap between
the 4f orbitals and ligands, and in many cases, they exhibit
paramagnetic properties based on dipole-dipole interactions

[1].
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Table 1. The selected bond lengths and angles of the optimized molecular structure.

Atom-Atom Bond distances (A) Atom-Atom-Atom Bond angles (°)
1Nd-20 2.36417 1Nd-70-8N 95.74287
1Nd-30 2.39427 1Nd-60-8N 96.25274
1Nd-40 2.38506 60-8N-70 114.53292
1Nd-50 2.36332 60-8N-90 122.62689
1Nd-60 2.41810 70-8N-90 122.84018
1Nd-70 2.43074 60-1Nd-20 114.56809
60-8N 1.29805 60-1Nd-30 135.58966
70-8N 1.29514 60-1Nd-40 111.77473
8N-90 1.20244 60-1Nd-50 144.72675
20-10C 1.27643 70-1Nd-20 144.41366
30-10C 1.27671 70-1Nd-30 106.94010
10C-11C 1.52381 70-1Nd-40 138.63884
11C-20N 1.46137 70-1Nd-50 111.57180
20N-21H 1.01915 20-1Nd-30 55.17787
20N-22H 1.01834 30-1Nd-40 106.81875
11C-12H 1.09482 40-1Nd-50 55.17868
11C-13C 1.56724 50-1Nd-20 94.91431
13C-14H 1.09728 20-1Nd-40 76.00244
13C-15H 1.09514 30-1Nd-50 76.81008
13C-16C 1.55300 60-1Nd-70 53.47065
16C-17H 1.09353 20-10C-30 119.35976
16C-18H 1.09732 20-10C-11C 119.56197
16C-19C 1.51919 30-10C-11C 120.17752
19C-40 1.27557 10C-11C-20N 108.31275
19C-50 1.28075 10C-11C-13C 110.23093
13C-11C-20N 113.21160
11C-13C-16C 119.16993
13C-16C-19C 112.01323
40-19C-50 118.70126
40-19C-16C 121.35550
50-19C-16C 118.98591

The computational science of lanthanide complexes is not
as straightforward as that of d-block metal complexes due to the
presence of electrons occupying 4f orbitals. We previously
performed DFT calculations under various conditions using the
semiempirical PM6 method for a binuclear Sm(III) complex
with 3d-4f orbitals based on the crystal structure obtained [5].
In this study, we prepared a mononuclear Nd(III) complex with
glutamic acid as a ligand and experimentally measured
electronic spectra such as CD, fluorescence, and IR, as well as
DC magnetic susceptibility measurements (MH and MT), and
performed structure optimization to verify [1].

In this paper, a Glu-Nd(III) complex was prepared, and the
elements were confirmed by SEM-EDS, and the magnetism was
confirmed by magnetic measurements (Superconducting
Quantum Interference Device, SQUID). Then, for qualitative
analysis, IR, UV-vis, and CD spectra were measured, and
simulations were performed based on DFT calculations, and the
peaks themselves were observed, but with deviations in
position and intensity. On the other hand, no fluorescence
spectrum was observed at 300 K. The Nd(III) complex is
unreliable because it contains the multidentate ligand glutamic
acid and the coordination number varies greatly, making it
difficult to perform spectral simulations based on the optimized
structure , especially to discuss the intensity under these
conditions.

2. Experimental
2.1. Materials and instrumentation

A Nd(III) complex with glutamic acid was synthesized by
stirring neodymium(III) nitrate and glutamic acid in a mixture
of methanol, a small amount of water, and a small amount of
acetone. SEM-EDS were measured with a JSM-IT800SHL (JEOL).
Magnetic susceptibility was measured at variable temperature
(5000 Oe, 5-300K) or variable field (5K, 0-50000 Oe) using a
SQUID magnetometer (MPMS-XL7AC, Quantum Design). IR
spectra were recorded as KBr pellets on a FT-IR 4200
spectrophotometer (JASCO) in the range of 4000-400 cm at
25 °C. Electronic (UV-vis) spectra were measured on a JASCO V-

650 UV-vis spectrophotometer in the range of 800-200 nm at
25 °C. CD spectra were acquired on a JASCO ]-820 spectro-
polarimeter in the same range and temperature. Fluorescence
spectra were recorded on a JASCO FP-6200 spectrophotometer
at 298 K.

2.2. Theory/calculation

First, the Karlsruhe/Ahlrichs basis sets (def-TZVP) have
been excluded because they are already outdated. According to
general information, the def2 basis set is more systematic and
works better. However, it also has the disadvantage of being
generally larger in size. The main difference between def-TZVP
and def2-TZVP is that def2 is polarized by one additional
angular momentum compared to the def basis set. As a result,
benchmark test research reports are expected to convince
people to use the def2 basis set. That is, the error of the double
zeta def2-SVP is usually smaller than that of the old triple zeta
def-TZVP. On the basis of this knowledge, we selected def-svp
and def-tzvp, looked at the actual calculation results, and
selected the appropriate basis functions.

Simulations of various spectroscopic spectra were perfor-
med using the basic methods described in the software's
manual and the official manual, and no special methods were
used. In this study, the exchange-correlation functional was
fixed to B3LYP, and calculations were performed using Def-SVP
and Def-TZVP for the neodymium atom and 6-31G(d) for other
atoms. as basis functions. Unlike the case of Def-TZVP, when
calculating with Def-SVP as the basis function, the calculation
did not finish and the optimization structure could not be
obtained. Among several proposed structures, the most stable
proposed structure was optimized by DFT (Gaussian09 [6], Nd:
Def2-TZVP functional [5], other atoms: 6-31G(d) [7]) for
spectral simulation (Table 1). Sum of electronic and zero-point
energies = -1392.206326, Sum of electronic and thermal
energies = -1392.190886 where zero-point correction =
0.146202, thermal correction to energy = 1.161642, thermal
correction to enthalpy = 0.162586, thermal correction to Gibbs
free energy = 0.100441 (Hartree / particle) (Figure 1).

2025 - European Journal of Chemistry - CC BY NC - DOI: 10.5155/eurjchem.16.2.97-103.2658



Takahashi et al. / European Journal of Chemistry 16 (2) (2025) 97-103 99

Figure 1. Optimized molecular structure of the Glu-Nd(III) complex.
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Figure 2. SEM images with EDX elemental analysis of the Nd(III) complex.

3. Results and discussion

Morphology and containing Nd was confirmed with
Scanning Electron Microscope (SEM) and Energy Dispersive X-
ray Spectroscopy (EDX) elemental mapping, respectively. The
peaks derived from the carbon atom and nitrogen atom were
weak, suggesting that their amount was lower relative. SEM-
EDS, an elemental analysis of the Nd(III) complex coordinated
with glutamic acid was performed on the carbon tape and the
presence of Nd atoms was confirmed (Figure 2). Note that the
nitrogen atom and carbon atom are contained in the carbon
tape and the polyimide adhesive, so they appear in most of the
image. From these data, the external shape of the crystal of the
rare-earth compound and the types of elements contained were
analyzed. Due to the synthesis of rare earth complexes [8], the
equilibrium of dissociation in solution, and hydration, chemical
species may differ from those that can be isolated in solid form
[9].

The paramagnetic characteristics of the mononuclear
Nd(III) complex (S = 3/2) were confirmed by MH and MT

measurements  (Figure 3). Direct-current  magnetic
susceptibility (DC) measurements of the Nd(III) complex
coordinated with glutamic acid, MH measurements at a
constant temperature of 5 K, and MT measurements at a
constant magnetic field of 5000 Oe were performed. As a result,
magnetic susceptibility increased with increasing magnetic
field in MH measurements, while the magnetic susceptibility
decreased with increasing temperature from near absolute zero
in the MT measurements, indicating that the complex has
paramagnetic properties [10]. However, since the contribution
of orbital angular momentum cannot be ignored [10], the
results of plotting the MT curve with values related to the
effective magnetic moment have no quantitative meaning [10].
It should be noted that the spin-only formula can be used to
calculate the magnetic moment only for La3* (f), Gd3+* (f7), and
Lu3+ (f14). This suggested that it was at least a mononuclear
complex [10]. The effective magnetic moment must be
calculated from the Lande g-factor and the description of the
electron and orbital angular momentum in terms of J [9].
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Figure 3. Results of (a) MH and (b) MT magnetic measurements.
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Figure 4. Experimental IR spectra of the Glu (green) and Glu-Nd(III) complex (blue).

Magnetic properties depend on the number of unpaired
electrons, and Ln can be paramagnetic or diamagnetic [10].
Based on the Russell-Saunders coupling [10], the quantum
numbers S and L are coupled to form a total angular momentum
J. This is a kind of angular momentum coupling method in
atomic physics that considers the interaction of orbital angular
momentum and spin angular momentum (the contrasting
method is called j-j coupling) [4]. This coupling is important in
describing the energy levels of multi-electron atoms, especially
those in which the orbital angular momentum cannot be
ignored (except in 3d metal complexes) [10]. Specifically, the
orbital angular momentum and the spin angular momentum of
each electron are coupled to form the total orbital angular
momentum L and the total spin angular momentum §,
respectively. These L and S are then further combined to form
the total angular momentum J. This J is conserved against
external perturbations (e.g. magnetic fields) [1].

The IR spectra of glutamic acid alone and of a Nd(III)
complex with glutamic acid as a ligand were measured with the
KBr method (Figure 4). As a result, it was confirmed that
various vibrational peaks shifted to the lower wavenumber side
due to coordination of C=0 vibration before and after
coordination [11]. Furthermore, although the peak intensity
was weakened, the OH vibration of the carboxyl group was
observed, confirming the presence of uncoordinated carboxyl
groups in the precipitate [11]. In the IR spectrum of a lanthanide
complex, the vibration peaks of the metal bond between the
lanthanide and the ligand are difficult to observe because the
bonds are formed by electrons from the f orbital, and the
vibrations specific to the ligand become stronger [11, 12]. In
this vibration spectrum, although there is a phenomenon of OH
peaks that is believed to be due to loss of hydrogen atoms due
to coordination, it can be seen that the peak intensities of C=0
vibrations and N-H vibrations are stronger than those of
original glutamic acid alone [11].
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The IR spectrum of the Nd(III) complex with glutamic acid
as a ligand was calculated and assigned by DFT as follows: (i)
NH vibration: 3421 cm! (measured value) vs. loss (calculated
value), (ii) OH vibration: 2935 cm (actual value) vs. loss
(calculated value), (iii) C=0 vibration: 1558 /cm (measured
value) vs. 1579 cm! (calculated value).

The actual C=0 vibration peak was predicted. In the DFT
calculation, the functionals used were Nd: def2-TZVP, C, H, N, O:
6-31G(d), and the bond order of the C=0 of the carboxyl group
was established (Figure 5). Furthermore, the calculated peak at
1682 cm was the assumed N=0 vibration of the nitrate ion.
These are reasonable results that correspond to typical peak
values for amino acid compounds or metal complexes
containing glutamic acid [11].

Furthermore, UV-vis spectra were measured using a
solution of neodymium nitrate in methanol and a solution of a
glutamic acid-ligand Nd(III) complex in methanol (Figure 6).
The spectra showed a strong intra-ligand transition at 200-250
nm and relatively strong sharp f-f transitions at 581, 742, and
801 nm (like the solvated Nd(III) ion). These results confirmed
the presence of Nd atoms in the complex [12].

In addition, the UV-vis spectra of the glutamic acid liganded
Nd (III) complex was measured in DMSO (200-700 nm) and
compared with the calculated DFT spectrum (50-950 nm)
(Figure 7). Strong peaks were observed at 262 and 240 nm in
the measured and DFT-calculated spectra, respectively. The
DFT simulation of the spectrum did not show the f-f transition
peaks expected from the 4f orbital splitting.
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The transitions expected from experience or calculations
are relatively too weak in intensity in actual UV-vis spectra, so
they cannot always be observed. The fluorescence spectra
described below are similar depending on the temperature and
energy transfer conditions [12]. The splitting of the 4f orbital is
less affected by the type of ligand or solvent located at the
interior angle than the 5s orbital, etc., so it is thought that the
peak position did not change much when the neodymium
nitrate hydrate was dissolved in water and when glutamic acid
was added [12].

In this way, herein, we synthesized lanthanide Nd(III)
complexes coordinated with amino acids and conducted
structure estimation research by comparing experimental
measurement results such as electron microscopy, spectros-
copy, and magnetism with DFT calculations (optimized
structure). Even if the crystal structure of the Nd(III) complex
is determined and the coordination mode in the solid state
(which may be one of many isomers) is confirmed, it is difficult
to discuss the exact mode of existence because the ligand
dissociates in solution and the equilibrium state is established.
As one method, we will compare the available experimental
data, promising hypothetical structures, and calculation data
and discuss them here. As a tentative rough trend, it may be
good to assume that it is the predominant chemical species in
solution.

In parallel with the UV-vis spectra, CD spectra were
measured from 200 to 700 nm in methanol (Figure 8), and the
differences in intensity revealed that the intraligand and f-f
transitions were observed at different concentrations. CD
spectra (in DMSO and DFT) were also compared to discuss

(Figure 8) [13]. DFT calculations predicted strong peaks for the
intraligand and f-f transitions, but no peaks in the vicinity were
observed in the experimental data [14]. When the ligand is an
amino acid, that is, when it has an amino group and a carboxyl
group, a chelate ring is formed and a CD spectrum is observed
[15].

Finally, the Glu-Nd(III) complex was dissolved in methanol
and the 3D fluorescence spectrum was measured (Ex: 220 to
500 nm, Em: 220 to 700 nm) (Figure 9). Under these conditions
(300 K, in MeOH), the intensity of the Glu-Nd(III) complex was
very weak. The reason for the very low peak intensity is that the
solubility of the Glu-Nd(III) complex in methanol is very low,
the number of Nd atoms present in the solution is very small,
and the fluorescence emitted by the Nd atoms is close to the
excitation energy of the OH vibration of methanol [12], so the
fluorescence is absorbed by the methanol molecules
surrounding the complex.

4. Conclusions

In summary, a Glu-Nd (III) complex was prepared. Elements
and magnetism were confirmed by means of SEM-EDS and
magnetic measurement (SQUID), respectively. For qualitative
assignments, IR, UV-vis, and CD spectra were measured and
simulated based on DFT calculations. However, fluorescence
spectra could not be observed at 300 K. In solutions, where the
crystal structure is not reliable or available, optimized
structure-based spectral simulation is difficult, in particular
discussion of the intensity at present conditions.
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With regard to lanthanide contraction and the coordination
number in a potentially coordinating solvent, we were able to
gain a deeper understanding of the fact that the actual in-
solution complex structure obtained because of lanthanide
contraction is not constant by comparing it with calculations.
Based on the UV-VIS and CD spectra that served as the basis for
this, it is expected that the color gradation of lanthanides
changes as the number of 4f electrons increases from La to Gd,
and repeats in the same way from Lu to Gd. This time, the trend
for Nd(III) was expected, but it was also found that the f-f
transition was not necessarily observed clearly.

The f-block elements are a very interesting field in inorganic
chemistry. Ideally or simply, it would be expected that many
Ln3+ ions are colored in both solid and aqueous solutions and
that color depends on the number of unpaired electrons. The
mechanism of the correlation between the actual color and the
number of unpaired electrons, which was particularly
interesting this time (depending on the chemical species in the
solution and various conditions), will be necessary to know for
practical application. The diverse chemical properties of f-block
metals influence the formation of various reactions and
compounds. Because it is used industrially as a catalyst, it has
the ability to accelerate chemical reactions and is indispensable
to modern society. It would be great if we could contribute to
the development of new technologies and materials.
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