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In this paper, a series of acyl amino acid europium complexes (Eu[CH3(CH2CH2)nCONHCH(CH3)COO]3, n =
0 � 5) were synthesized using N-acyl amido alanine as ligands, and their structures and photophysical
properties were studied.The structural and functional group information of europium complexes was
obtained by elemental analysis, as well as infrared and hydrogen nuclear magnetic spectral analysis
(1H NMR). The theoretical structure of the complexes was obtained by density functional theory (DFT)
calculations; the theoretical structure of the complex was shown to be reliable by the comparison of the-
oretical and experimental vibrational and 1H NMR spectra. Additionally, the photophysical properties of
the solid complexes at room temperature were determined by analysis of Ultraviolet–visible spec-
troscopy(UV–vis) and luminescence spectra. From the test results, it can be seen that the complex had
good light absorption capacity in the range of 200–––300 nm; By comparison of the luminescence inten-
sities of the complexes and EuCl3 proved that acyl amino acid ligands played a role in sensitizing Eu3+

characteristic luminescence. In addition, the effect of solution concentration on fluorescence performance
has been studied. It can be inferred that complexes with longer carbon chains are less prone to aggrega-
tion in solution (increasing repulsive forces with increasing hydrophobicity), and the concentration,
where fluorescence quenching occurs, is higher. Moreover, the solvent effect on the luminescence perfor-
mance of the complexes was investigated by testing the luminescence spectrum of the complexes with
different carbon chain lengths in a methanol solution(0.01 mol/L). Finally, the variable temperature spec-
tral analysis provided information on the temperature-dependent variation of the luminescence proper-
ties of the complexes. The fluorescence performance of complexes with different carbon chain lengths
that having different changing trends with temperature, with long carbon chain complexes exhibiting
better high-temperature fluorescence stability.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Adam, 2022; Guillaume et al., 2021; Crawford et al., 2021). Never-
Ions of rare earth elements have attracted much attention in the
field of luminescence because of their unique narrow-band lumi-
nescence characteristics that are not easily affected by the external
ligand field(Nagaishi et al., 2003; Xiong et al., 2020; Nazabal and
theless, due to the difficulty of spontaneous electronic transitions
of 4f level electrons, rare earth ions themselves have weak light
absorption capacity, which enables them to achieve sensitization
luminescence by bonding with organic ligands with good light
absorption capacity(Khan and Khan, 2018). Amino acids are small
biological molecular substances essential to life. They are also
abundant in natural biological systems and are environment-
friendly. Moreover, amino acids contain many coordinating func-
tional groups, such as –COO-, –NH2, –OH, etc., which makes amino
acids good biological ligands(Wen, 2010). Rare earth acidic com-
plexes have long been studied in the past(Liu et al., 1997; Zhang
et al., 2005). However, the sensitization ability of amino acid
ligands to rare earth ion luminescence is weak. Because the single
amino acid ligands, except for phenylalanine, tryptophan, and tyr-
osine that have absorption ability in the near ultraviolet region
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(220–––300 nm), due to their R groups (such as the benzene ring
substituent, hydroxyl, etc.) containing a benzene ring, primarily
absorb light in the far ultraviolet region (<220 nm), and their over-
all light absorption capacity is weak. Moreover, phenylalanine,
tryptophan, and tyrosine are strong fluorescent substances, their
energy transfer to rare earth ions in a non-radiative way is difficult
and the luminescence of the newly formed complexes is poor(Prias
et al., 2022). Therefore improving the light absorption and energy
transfer ability of amino acid ligands has become an urgent prob-
lem to be solved. In recent years, acyl amino acid rare earth com-
plexes have shown good sensitivity to the luminescence
properties of rare earth ions(Iida et al., 2006; Shi et al., 2022;
Zhang et al., 2021; Zhang et al., 2022). The introduction of the
amide group enhances the light absorption ability of the ligands
as well as the sensitization ability of amino acid ligands to rare
earth ions. These studies explored the effect of different R groups
of amino acids on the luminescence properties of rare earth ions.
In this paper, alanine is selected as the basic ligand. Carbon chains
are introduced into alanine through different amide substituents to
investigate the impact of carbon chains of different lengths on the
luminescence properties of rare earth complexes. Trivalent euro-
pium has a special energy level structure and strong luminescence
characteristics(Wu et al., 2018; Gao et al., 2018; Yang et al., 2021;
Gao et al., 2018; Liu et al., 2022).The characteristic light color of
Eu3+ is red, red light plays an important role in simulating indoor
natural light, horticultural cultivation, detecting biological infor-
mation, treating physical diseases, and machine vision(Li et al.,
2020; Rajendran et al., 2019). Thus, in this study, N-acyl amino
acids are used as ligands to synthesize europium amino acid com-
plexes with the objective to study their photophysical properties.
In addition, the thermal quenching of rare earth ions is an impor-
tant factor affecting the use of rare earth fluorescent powders(Zhao
et al., 2021). In recent years, there have been many studies on the
temperature dependent fluorescence spectra of inorganic doped
complexes(Niu et al., 2023; Meena et al., 2022), but there has been
less research on the fluorescence changes of organic rare earth
complexes at different temperatures. Therefore, this article con-
ducts temperature dependent fluorescence spectroscopy testing
on amino acid europium complexes, with the aim of finding
organic rare earth fluorescent powders that can still emit stable
light at higher temperatures.

2. Experimental

2.1. Preparation of the complexes

First, the ligands were prepared by in-solution synthesis using
alanine (�99%) and ethylene, butyl, hexyl, octyl, decyl, and lauryl
chloride (�99%) compounds. Then several amino acid rare earth
europium complexes were prepared according to the experimental
method used by naren et al(Naren et al., 2009). A specific weight of
each N-acyl amino acid ligand compound was dissolved in metha-
nol, into which a KOH methanol solution was added to adjust the
pH to about 6, and reacted for several hours under stirring. After
that, the EuCl3 methanol solution was added dropwise to adjust
the pH value and also reacted for several hours. A white solid pow-
der was finally obtained after purification with ethanol and ace-
tone. The elemental analysis results of these amino acid rare
earth complexes are as follows: Eu(C5H8NO3)3�2H2O(abbreviated
as Eu(ac-ala)3�2H2O): Anal: C 31.38, H 4.22, N 7.30 wt%. Theoreti-
cal: C 31.16, H 4.53, N 7.27 wt%. Eu(C7H12NO3)3�H2O (abbreviated
as Eu(but-ala)3�H2O):Anal: C 39.17, H 6.11, N 6.41 wt%. Theoretical:
C 39.13, H 5.94, N 6.25 wt%. Eu(C9H16NO3)3�H2O (abbreviated as Eu
(hex-ala)3�H2O):Anal: C 45.26, H 7.04, N 5.76 wt%. theoretical: C
45.07, H 6.84, N 5.82 wt%. Eu(C11H20NO3)3�H2O (abbreviated as
Eu(oct-ala)3�H2O):Anal: C 48.97, H 7.68, N 5.17 wt%. Theoretical:
2

C 48.81, H 7.65, N 5.18 wt%. Eu(C13H24NO3)3�H2O (abbreviated as
Eu(dec-ala)3�H2O):Anal: C 52.22, H 8.32, N 4.68 wt%. Theoretical:
C 52.41, H 8.30, N 4.64 wt%. Eu(C15H28NO3)3�H2O (abbreviated as
Eu(dod-ala)3�H2O):Anal: C 55.09, H 8.84, N 4.28 wt%. Theoretical:
C 55.53, H 9.06, N 4.38 wt%.

2.2. Test method for complex analyses

To investigate the structure and properties of the complex, the
following tests were conducted(Iida et al., 2006; Shi et al., 2022;
Zhang et al., 2021; Zhang et al., 2022): A Perkin Elmer Spectrum
Two FT-IR instrument was used to obtain the infrared vibrational
absorption spectra of the complexes in the 400–––4000 cm�1. A
BRUKER NMR600 NMR spectrometer was used for 1H NMR spectral
analysis. The solvent was DMSO d6, and the structural information
of the complex was inferred. The self-diffusion coefficient of com-
plexes in methanol solution were obtained with Conductivity tes-
ter. The absorption spectra of the complexes were obtained with a
Perkin Elmer Lambda 35 UV–Vis spectrometer in the wavelength
range of 200–––700 nm, the solubility of the complex in methanol
is the best, therefore a methanol solution of the complex was used
for testing. The excitation and emission spectra of the complexes
were obtained with an Edinburgh Instruments FS5 luminescence
spectrophotometer, and the quantum yield and luminescence life-
time were determined.

2.3. Computational details

All calculations were performedwith the GAUSSIAN 09 software
package(Frisch et al., 2009). The ground state structure of the ligand
compound molecules was optimized using the M062X functional
and the 6-311G (d,p) basis set; theoretical infrared vibrational spec-
tra were obtained through vibrational analysis. Based on the theo-
retical ground state structure, the PBE0 and M062X functionals
and the 6-31G (d,p) basis set is used to simulate the excited state
structure. Based on this excited state structure, the PBE0 and the
M062X functionals and the def2TZVP basis set are used to obtain
the excited state energy levels of the ligand compounds.

For the complexes, due to the large atomic number of the Eu3+

ion and the complexity of the internal 4f electronic layer, the Stutt-
gart pseudopotential basis set is introduced to simulate the theo-
retical structure of the complexes. The PBE0 functional and the
ECP53MWB (for Eu3+) and 6-31G (d, p) (for C, O, N, and H) basis
set was applied to determine the molecular structure and obtain
the vibrational spectra.

1H NMR of the ligand compounds and complexes were com-
puted using the revTPSS functional and the pcSseg-1(de Oliveira
et al., 2021) (for C,O,N and H) and ECP53MWB (for Eu3+).

2.4. Formula used

From the CIE coordinates (x, y) of the complexes, the color coor-
dinates (u ’, v’) of each complex are determined using Equation(1)
(Hooda et al., 2022):

u0 ¼ 4x
�2xþ 12yþ 3

; v 0 ¼ 9y
�2xþ 12yþ 3

ð1Þ

The correlated color temperature(CCT) of the synthesized euro-
pium complexes was determined from Equation(2)(McCamy,
1992):

CCT ¼ �437n3 þ 3601n2 � 6861nþ 5514:31 ð2Þ
where n specifies the inverse line slope and can be estimated by
ðx� xeÞ=ðy� yeÞ; here xe,ye = 0.332, 0.186, represent the chromatic-
ity epicenter.
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The value of color purity in the synthesized complexes was esti-
mated using Equation(3)(Zapata-Lizama et al., 2020):

CP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� xið Þ2 þ y� yið Þ2
xd � xið Þ2 þ yd � yið Þ2

s
� 100 ð3Þ

Where xd(0.688) and yd(0.331) represent the dominant points
for red color and xi(0.333) and yi(0.333) signify the illumination
points(Nehra et al., 2022).

Luminescence lifetime curves were fitted to a double exponen-

tial equation: IðtÞ ¼ I0 þ A1 exp � t
s1

� �
þ A2expð�t=s2Þ, where s1 and

s2 are luminescence lifetimes, A1, A2, and I0 are (amplitudes A and
initial intensity I) fitting parameters. Then the final luminescence
lifetimes of the six complexes were obtained by the equation for
the mean lifetime: s ¼ ðA1s21 þ A2s22Þ=ðA1s1 þ A2s2Þ.

The coordination environment in the complexes around the
Eu3+ ion was determined using the Judd-Ofelt theory. Photolumi-
nescence data were utilized to determine the J-O parameters and
transition rates. Radiative transition rates of the complexes were
calculated by summation of the radiative rates (AOJ) for 5D0?

7F0-
4. AOJ was estimated by the relationship Equation (4)(De Sa et al.,
2000):

AOJ ¼ AO1
IOJ
IO1

� �
vOJ

vO1

� �
ð4Þ

where IO1; IOJandvO1;vOJ are the intensity and the energy for
5D0?

7F1 and 5D0?
7F0,2,3,4, respectively. The value of AO1 is 50 s-1

(de Sá et al., 2000). These transition rates were associated with
the decay time using Equation(5)(Singh et al., 2020):

s ¼ Arad þ Anradð Þ�1 ð5Þ
The luminescence quantum efficiency of the complexes was

determined using Equation (6)(Biju et al., 2006):

g ¼ Arad

Arad þ Anrad
ð6Þ

where Arad is the radiative and Anrad is the nonradiative rate.
Judd-Ofelt intensity parameters (X2 and X4) were affected by

the coordination field around the Eu3+ ion, which can be estimated
by Equation (7)(Yu, 2020):

A0J

A01
¼ e2

Smd

v3
0J

v3
01

n n2 þ 2
� �2
9n2 Xk 5D0kU vð Þk7Fj

h i2
ð7Þ

where e is the electronic charge; n is the refractive index, which was

determined as 1.5(Hooda et al., 2022); 5D0kU vð Þk7Fj

h i2
are the

reduced matrix elements, which are 0.0032 and 0.0023 for J = 2
and 4 respectively(Cao et al., 2011); v0J is the transition frequency;
Smd is the magnetic dipole transition line strength, determined as
7.83 � 10-42 esu(c)cm2(Tian et al., 2011).

The fluorescence branching ratio that depicts the involvement
of each transition as the percentage of radiative decay rate was cal-
culated using Equation(8)(Righini and Ferrari, 2005):

b ¼ AO�JP
J¼0;1;2;3;4AO�J

ð8Þ
3. Results and discussion

3.1. Molecular structure analysis of the complexes

1H NMRwas used for the identification of the different chemical
environments of hydrogen atoms in the rare earth molecular com-
plexes based on the different resonance signal intensities and
3

chemical shifts. The chemical shifts ‘‘d” of the hydrogen atoms in
the six ligands are as follows: H(ac-ala):1H NMR (600 MHz,
DMSO d6) d 13.22 (s, 1H), 8.43 (s, 1H), 3.92 (s, 1H), 1.41 – 1.40
(m, 6H). H(but-ala): 1H NMR (600 MHz, DMSO d6) d 8.26 (s, 1H),
8.14 – 8.02 (m, 1H), 3.91 – 3.90 (m, 1H), 2.45 – 1.58 (m, 2H),
1.39 (s, 5H), 1.29 – 1.20 (m, 2H), 0.95 – 0.76 (m, 1H). H(hex-ala):
1H NMR (600 MHz, DMSO d6) d 12.42 (s, 1H), 8.07 (s, 1H), 4.17
(s, 1H), 2.08 (s, 2H), 1.56 – 1.22 (m, 9H), 0.85 (s, 3H)。H(oct-ala):
1H NMR (600 MHz, DMSO d6) d 12.42 (s, 1H), 8.06 (s, 1H), 4.18
(s, 1H), 2.08 (s, 2H), 1.48 (s, 2H), 1.31 – 1.26 (m, 2H), 1.25 (s,
5H), 1.24 (s, 4H), 0.86 (s, 3H)。H(dec-ala): 1H NMR (600 MHz,
DMSO d6) d 12.30 (s, 1H), 8.07 (s, 1H), 4.17 (s, 1H), 2.13 (s, 2H),
1.54––1.23 (m, 17H), 0.86 (s, 3H)。H(dod-ala): 1H NMR
(600 MHz, DMSO d6) d 12.29–––12.11 (m, 1H), 8.07 (s, 1H), 4.17
(s, 1H), 2.18 (s, 2H), 1.24 (s, 21H), 0.86 (s, 3H)。The chemical shifts
of hydrogen atoms in the six Eu3+complexes are as follows: Eu(ac-
ala)3:1H NMR (600 MHz, DMSO d6) d 7.76 (s, 1H), 4.38 – 4.01 (m,
1H), 2.13 – 2.07 (m, 1H), 1.48 – 1.00 (m, 3H), 0.63 – 0.27 (m,
2H). Eu(but-ala)3:1H NMR (600 MHz, DMSO d6) d 7.70 – 7.62 (m,
1H), 4.40 (s, 1H), 1.86 – 1.15 (m, 2H), 1.05 (q, J = 6.8 Hz, 3H),
0.66 (s, 5H). Eu(hex-ala)3:1H NMR (600 MHz, DMSO d6) d 8.04 (s,
1H), 4.20 – 4.18 (m, 1H), 1.41 (d, J = 7.2 Hz, 5H), 1.23 (t,
J = 7.1 Hz, 6H), 0.62 (s, 3H). Eu(oct-ala)3:1H NMR (600 MHz,
DMSO d6) d 5.82 (s, 1H), 4.23 (d, J = 185.8 Hz, 1H), 1.90 – 1.49
(m, 3H), 1.38 – 0.97 (m, 12H), 0.85 (t, J = 7.2 Hz, 3H). Eu(dec-
ala)3:1H NMR (600 MHz, DMSO d6) d 6.06 (s, 1H), 4.45 – 4.02 (m,
1H), 1.70 (s, 2H), 1.46 – 0.95 (m, 17H), 0.85 (m, J = 7.0 Hz, 3H).
Eu(dod-ala)3:1H NMR (600 MHz, DMSO d6) d 7.45 (s, 1H), 4.41 (s,
1H), 1.70 – 1.31 (m, 2H), 1.21 – 1.07 (m, 21H), 0.86 (d, J = 6.9 Hz,
3H). Fig. 1 shows the position of hydrogen atoms corresponding
to each signal in the 1H NMR spectra of the europium (III) com-
plexes and ligand compounds. The two peaks highlighted in red
in Fig. 1 are the solvent peak (2.49 ppm) and solvent water peak
(3.3 ppm) of DMSO d6, respectively. Comparing the 1H NMR signals
of the experimental and the theoretical spectra of the complexes, it
can be seen that there is only a small difference in the chemical
shifts of nonreactive hydrogens, proving the reliability of the theo-
retical structures obtained for the complexes. Furthermore, the
chemical shift differences of the complexes relative to those of
the individual ligands are significant, supporting the binding of
europium ions to the ligands. In addition, it can be seen from the
theoretical structure of the complexes shown in Fig. 1 that the
ligands coordinate to the central Eu3+ through the bidentate chela-
tion mode.

Structural information of the rare earth complexes was
obtained by FT-IR spectral analysis as shown in Fig. 2. There is a
significant difference in the FT-IR spectra between the ligands
and the complexes indicating that the ligands were bonding with
Eu3+. It can be observed that the vibrational peaks of the –CONH-
functional groups of the six europium complexes were distributed
around 3090 cm�1. The acyl chloride reacted with alanine to gen-
erate acyl amino acid ligand compounds, indicated by the fact that
these vibrational peaks only appeared in the infrared spectra of
solid samples. The functional group –CONH- is a secondary amide,
which generally produces three absorption bands. They were the
amide band I (C = O (CONH) which showed a strong absorption
peak in the range of 1680–––1630 cm�1), amide band II (the cou-
pling between dNH and vC-N formed the amide band II due to the
resonance absorption in the range of 1570–––1510 cm�1), and
amide band III (the coupling between dNH and vC-N formed the
amide band III of the resonance absorption in the range of
1335–––1200 cm�1). The complex is an organic carboxylate. Its –
COO- functional group is a multi-electron conjugated system with
strong absorption peaks in the wavenumber range of 1610–––15
60 cm�1 and 1440–––1350 cm�1. They respectively correspond
to the antisymmetric and symmetric stretching vibrations; the
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peak intensity of the symmetric stretching vibration was smaller
than that of the antisymmetric stretching vibration(Ning and
Ernst, 2014). In addition, the absorption peak near 535 cm�1

belongs to the absorption band generated by O-Eu formed by the
ligand binding to the rare earth ions. The lower the wave number,
the higher the energy. The vibration peak of –CH2- shifts towards
the short wave number as the length of the carbon chain increases,
indicating that the vibration of long carbon chains requires higher
energy. And the vibration peak of O-Eu tends to shift towards
higher wave numbers as the carbon chain grows, indicating that
the binding force of short carbon chain complexes is stronger.
The peaks corresponding to the respective functional groups are
shown in Table 1.

According to the infrared spectral analysis, the complex had
characteristic functional groups such as –CONH- and n-alkyl
5

groups. The hydrogen atom in –CONH- is an active hydrogen,
and its characteristic signal was a blunt peak. Additionally, its oxy-
gen atom is a strong electrophile, causing a decrease in the electron
density around the nuclei of the hydrogen atoms and a further
increase in its chemical shift. As a result, its characteristic peak
appeared at about 5.5–––7 ppm. The methylene chemical shifts
of the n-alkyl groups were relatively close, and the peaks were con-
centrated around 1.25 ppm. The top methyl group was the most
obvious, showing triplets at about 0.87 ppm. However, the
electron-affinity of the group affected the methylene hydrogen
atom close to –CONH-, and its chemical shift increased as com-
pared to the other methylene groups, moving to around 1.5 ppm
(Ning and Ernst, 2014). According to the elemental analysis, 1H
NMR, and FT-IR analysis, the molecular structure and the photo-
physical properties of the target product could be determined.
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3.2. Light absorption and luminescence capacity of the complexes

The energy transfer from ligands to rare earth ions is also
known as the antenna effect(Wu et al., 2018). First, the energy
absorbed by the ligand allows for their transition from the ground
state to the excited singlet state level and then passes through the
intersystem crossing (ISC) radiationless transition state to the
excited triplet state level. The energy is transferred to the lowest
excited state level of rare earth ions. Since the light absorption
capacity of the complex is one of the main factors affecting the
luminescence performance of the complex, UV–visible absorption
spectra of the complex in methanol solution (0.01 mol/L) were
taken and analyzed. The results are illustrated in Fig. 3. It can be
observed that the light absorption capacity of the complex came
primarily from the ligand and that the complex had good light
absorption capacity in the range of 200–––300 nm, shown as two
distinct absorption peaks. The above analysis shows that the com-
6

plex contains –CONH- and the carboxyl functional group contains
C = O, where the unpaired n electrons on both sides of the oxygen
atom are excited to the antibonding orbital P* of the C = O double
bond after absorbing energy, thus generating an optical absorption
peak(Jin, n.d.). In addition, the absorption spectra in the enlarged
view of Fig. 3 show that there are some absorption bands with very
low absorption intensity, among which the absorption peak at
394 nm can be attributed to the 4f-4f transition absorption of
Eu3+. There was no significant difference in the absorption capacity
of the six complexes with different chain lengths, with the excep-
tion of the Eu(oct-ala)3 complex, which had a slightly stronger
absorption capacity.

3.3. Luminescence spectral analysis of the solid complexes

The luminescence excitation spectral scan measures the total
excitation wavelength-dependent luminescence of the samples
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(Jin, n.d.). The optimal excitation value of the luminescence emis-
sion spectrum can be obtained by the analysis of the excitation
spectrum. Excitation spectra of EuCl3 and the complexes were
taken, and their analytical results are shown in Fig. 4. As shown
in Fig. 4(a), the sharp absorption peaks of EuCl3 at 298 nm
(7F0?5F4), 318 nm (7F0?5H6), 362 nm (7F0?5D4), 384 nm
(7F0?5L7), 394 nm (7F0?5L6), 416 nm (7F0?5D3), and 464 nm
(7F0?5D2) were attributed to the 4f ? 4f characteristic absorption
peak of Eu3+(Khan et al., 2014). By comparing the EuCl3 excitation
spectra of EuCl3 and the rare earth europium complexes, it was
found that the difference between the excitation peaks of the com-
plex and chloride was small, and the optimal excitation wave-
length was still at 394 nm. The complex still produced
luminescence in the range of 200–––250 nm, but the total lumi-
nescence intensity was weak, indicating that the ligand compound
could transfer energy to Eu3+ only with low efficiency.

The optimal excitation wavelength for each complex deter-
mined from the luminescence excitation spectrum was used for
the luminescence emission spectral analysis. The results are shown
in Fig. 5. The four major emission peaks of the Eu3+ complex were
detected at 590 nm, 610 nm, 650 nm, and 698 nm. The correspond-
ing electronic transitions of Eu3+ are 5D0?

7F1, 5D0?
7F2, 5D0?

7F3,
and 5D0?

7F4, among which 5D0?
7F1 is a magnetic dipole transi-

tion, and 5D0?
7F2 is an electric dipole transition(Wu et al.,

2015). Since this transition emission peak was the strongest, this
peak was used as the detection peak in the luminescence lifetime
7

test of the complex. The remaining emission peaks at 467 nm,
482 nm, 536 nm, 556 nm, and 571 nm correspond to the
5D2?

7F2, 5D2?
7F3, 5D1?

7F1, 5D1?
7F2 and 5D0?

7F0 transitions of
Eu3+(Lima et al., 2017; Wang et al., 2015; Huang et al., 2013;
Jiang et al., 2012). A comparison of the luminescence intensities
of the complexes and EuCl3 proved that acyl amino acid ligands
played a role in sensitizing Eu3+ characteristic luminescence. In
addition, the 5D0?

7F1 (590 nm) transition peak of Eu3+ was attrib-
uted to the magnetic dipole transition, and its intensity was not
much affected by the coordination environment. However, the
5D0?

7F2 (610 nm) transition is an electric dipole transition, and
its intensity was quite sensitive to changes in the surrounding
chemical environment. Therefore, the coordination environment
of Eu3+ ions could be determined by comparing the two transition
intensities. The general indicator for a centrosymmetric coordina-
tion environment is I(610 nm/590 nm) < 8(Jin, (1068)). The lumines-
cence intensities at 610 nm and 590 nm of the six Eu3+

complexes were compared, and the results are as follows: IEu(ac-
ala)3 = 3.114; IEu(but-ala)3 = 2.664; IEu(hex-ala)3 = 3.254; IEu(oct-ala)
3 = 3.585; IEu(dec-ala)3 = 4.442; IEu(dod-ala)3 = 4.160. The comparison
showed that the six complexes Eu3+ were in a centrosymmetric
position. According to Refs.(Shi et al., 2012; Binnemans et al.,
1997), the Judd-Ofelt (J-O) intensity parameter X2 (shown in
Table3) significantly impacts the intensity of the ultra-sensitive
transition (5D0?

7F2), which is determined by the asymmetry of
the coordination environment of rare earth ions. The increase in



Fig. 2. FT-IR spectra of ligands and europium complexes.
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asymmetry will enhance the luminescence intensity of rare earth
ions leading to a difference in the luminescence intensity of the
complexes in Fig. 5(b).

3.3.1. Energy transfer mechanism
According to the excitation spectrum of the complexes in 4(b),

there is total fluorescence generated by the energy transfer from
the ligand to the Eu3+ in the range of 200–––250 nm, but the peak
8

intensity is low. The excited triplet energy level of the ligand com-
pound has been obtained by theoretical calculation, as shown in
Table 2, determined by the calculation algorithm presented above.

According to the Dexter electronic exchange mechanism princi-
ple(Zhang et al., 2012): the triplet state energy level of the ligand
needs to be 2000–––5000 cm�1 higher than the lowest excited
state energy level of the rare earth ion to carry out effective energy
transfer, otherwise it will lead to an inverse transfer of energy. It



Fig. 2 (continued)

Table 1
Infrared spectral data (wavenumbers) for the ligands and complexes.

–CONH- (solid state) v(–CH2-) vC = O(COOH) vC-OH vsC-OH vasCOO- vC = O(CONH) msCOO- O-Eu

H(ac-ala) 3176 2942 1720 2526/2618 1184/848 – 1580 – –
H(but-ala) – 2928 1730 2510/2592 1176/866 – 1626/1584 – –
H(hex-ala) 3068 2900 1728 2516/2602 1176/864 – 1632/1580 – –
H(oct-ala) 3068 2926/2864 1712 2560/2652 1238/924 – 1648/1594 – –
H(dec-ala) 3066 2920/2856 1716 2570/2650 1238/932 – 1632/1596 – –
H(dod-ala) 3034 2916/2852 1700 2562/2672 1238/934 – 1644/1598 – –
Eu(ac-ala)3 3344 2910/2974 – – – 1602 1506 1302/1346 526
Eu(but-ala)3 3358 2878/2970 – – – 1604 1500 1304/1372 540
Eu(hex-ala)3 3358 2924/2974 – – – 1568 1488 1304/1372 550
Eu(oct-ala)3 3250 2858/2926 – – – 1632 1528 1292/1370 550
Eu(dec-ala)3 3324 2856/2922 – – – 1618 1570 1332/1364 556
Eu(dod-ala)3 3328 2858/2922 – – – 1626 1538 1300/1372 524

Fig. 3. UV–vis spectrum of ligands and europium complexes (a) ligands (b) complexes.
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Fig. 4. Excitation spectrum of EuCl3(a) and europium complexes(b).

Fig. 5. Emission spectrum of EuCl3 (a) and europium complexes (b).

Table 2
Triplet excited state energy levels of ligand compounds.

Excitation
energy

T DE(T2-Emission level)
1 2 Eu3+(5D1

19027))
Eu3+(5D0

17250))

H(ac-ala) 12083.8 25832.3 6805 8582.3
8492.8
8367.8
8287.9
8321.8
8373.4

H(but-ala) 12257.2 25742.8 6715
H(hex-ala) 12178.9 25617.8 6590
H(oct-ala) 12178.9 25537.9 6510
H(dec-ala) 12178.9 25571.8 6544
H(dod-ala) 12184.6 25623.4 6596
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can be seen from Table 2 that the difference between the triplet
energy level of the ligand compound corresponding to each com-
plex and the lowest excited state energy level of the europium
ion is far higher than the range of effective energy transfer, which
leads to low energy transfer efficiency.
10
3.3.2. CIE color coordinates and color temperature
From the emission spectrum data of the complexes, chromatic-

ity coordinates were analyzed, and the CIE diagram was drawn, as
shown in Fig. 6. The color parameters for synthesized complexes
are located within the red region of the CIE triangle. From the
CIE coordinates (x, y) of the complexes, the color coordinates (u ’,
v’), the correlated color temperature(CCT) and the value of color
purity in the synthesized complexes was estimated. Several optical
parameters of the complexes are presented in Table 3.

The CCT is an imperative luminescence indicator related to the
measurement of temperature and color of lighting sources. Their
values for the complexes reflect their application significance. It
can be seen from Table 3 that the color purity (CP) and CCT of
the complexes increase with the length of the carbon chain of
the ligand.

3.3.3. Luminescence lifetime, efficiency, and Judd-Ofelt parameters
The luminescence lifetime and quantum yield tests of the com-

plexes were carried out to assess their luminescence lifetime and
quantum yield which are important indicators for the lumines-
cence performance of substances., The luminescence lifetime curve
is shown in Fig. 7. Luminescence lifetime curves were fitted to a
double exponential equation:

IðtÞ ¼ I0 þ A1 exp � t
s1

� �
þ A2expð�t=s2Þ, where s1 and s2 are lumi-

nescence lifetimes, A1, A2, and I0 are (amplitudes A and initial
intensity I) fitting parameters. Then the final luminescence life-
times of the six complexes were obtained by the equation for the
mean lifetime: s ¼ ðA1s21 þ A2s22Þ=ðA1s1 þ A2s2Þ. The test results
are shown in Table 4.

The coordination environment in the complexes around the
Eu3+ ion was determined using the Judd-Ofelt theory. Photolumi-



Fig. 6. Real object diagram of rare earth europium complex CIE and luminescence (a)Eu(ac-ala)3; (b)Eu(but-ala)3; (c)Eu(hex-ala)3; (d)Eu(oct-ala)3; (e)Eu(dec-ala)3; (f)Eu(dod-
ala)3.

Table 3
Various optical parameters for Europium complexes.

(x,y) (u’,v’) CCT/K CP/%

Eu(ac-ala)3 (0.551,0.331) (0.375,0.507) 1860 65.07
Eu(but-ala)3 (0.633,0.342) (0.434,0.527) 2544 89.62
Eu(hex-ala)3 (0.640,0.342) (0.439,0.528) 2632 91.71
Eu(oct-ala)3 (0.639,0.340) (0.441,0.527) 2677 91.39
Eu(dec-ala)3 (0.640,0.340) (0.441,0.527) 2700 91.68
Eu(dod-ala)3 (0.648,0.343) (0.445,0.530) 2723 94.10
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nescence data were utilized to determine the J-O parameters and
transition rates. Radiative transition rates, nonradiative rates, the
fluorescence branching ratio that depicts the involvement of each
transition as the percentage of radiative decay rate of the com-
plexes, and several experimentally determined photophysical
parameters such as decay time, and quantum efficiency, are pre-
sented in Tables 4 and 5.
3.4. Performance analysis of the complexes in the solution

3.4.1. The dissociation of metal complexes in the solution
The degree of aggregation/diffusion of the metal complexes in

methanol solution was obtained by measuring the self-diffusion
coefficient of the europium complexes. The decrease in the solute
self-diffusion coefficient indicates an interaction between solute
and soluteAziz et al., 1971. Fig. 8 shows the conductivity of the
11
three europium complexes, Eu(ac-ala)3, Eu(hex-ala)3, and Eu(dec-
ala)3, in methanol as a function of the concentration of the com-
plex. The magnitude of the conductivity in solution at lower con-
centration ranges of the europium complexes is in the order of
Eu(ac-ala)3 > Eu(dec-ala)3 > Eu(hex-ala)3. As the concentrations
increase to about 0.002–––0.012 mol/L, the conductivities of all
three Eu3+ complex solutions increase indicating that dissociation
occurs in the complex solutions. When the concentration is higher
than 0.014 mol/L, with increasing molar mass concentration, the
conductivities of the Eu(ac-ala)3 solution start to decrease. This is
due to the aggregation behavior of metal ions and ligand ions in
solution forming aggregate states(Naren et al., 2009; Naren et al.,
2008). However, the complexes with longer carbon chains are less
prone to form aggregate states.
3.4.2. The effect of the solution concentration on fluorescence
performance

Fig. 9 shows the luminescence intensity of the complexes, (a) Eu
(ac-ala)3, (b) Eu(hex-ala)3, and (c) Eu(dec-ala)3. The luminescence
intensity of all three complexes increases as the molar concentra-
tion increases. This is caused by an increase in the number of lumi-
nescent particles. The fluorescence lifetime of the complexes also
varies with concentration, as shown in Fig. 10, indicating that as
the concentration increases to about 0.002–––0.012 mol/L, the flu-
orescence lifetime of the Eu(ac-ala)3 also increases. When the con-
centration is higher than 0.014 mol/L, as the molar concentration
increases, the conductivities of the Eu(ac-ala)3 solution start to



Fig. 7. Luminescence lifetime diagram of rare earth europium complexes.

Fig. 8. Electric conductivities (r) of Eu(ac-ala)3, Eu(hex-ala)3, and Eu(dec-ala)3 in
methanol as a function of the concentration (C) of the complex.
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decrease, as shown by the dissociation of metal complexes in the
solution that form an aggregated state of Eu(ac-ala)3 at
0.014 mol/L. At this time, the Eu3+ ions are aggregating, one of
the excited Eu3+ ions (ion 1) transfers energy to another nearby
ion (ion 2) through cross-relaxation, ion 1 returns to the ground
state in a radiationless decay and ion 2 is excited to a higher energy
level, which results in a decrease of the original radiation transi-
tion, manifested as a decrease in fluorescence lifetime(Meert
et al., 2014). This trend of the fluorescence lifetime for Eu(hex-
ala)3 reaches a plateau and remains unchanged with further
increasing concentration. It can be inferred that complexes with
longer carbon chains are less prone to aggregation in solution (in-
creasing repulsive forces with increasing hydrophobicity), and the
concentration, where fluorescence quenching occurs, is higher.

3.4.3. Solvent effect on the fluorescence performance of complexes
with different carbon chain lengths

In order to explore the solvent effects on the luminescence
properties of the complexes with different carbon chain lengths,
the luminescence spectrum of a methanol solution (0.01 mol/L)
of the complexes was studied, and the results are shown in
Fig. 11. A comparison of Fig. 11(a) with Fig. 4(b)shows that the
optimal excitation wavelength of the complex solution was still
Table 4
Experimental photophysical characteristics of Europium complexes.

s /ms Arad (s�1) Anrad (s�1)

Eu(ac-ala)3 0.4 339.7 2041.3
Eu(but-ala)3 0.6 319.4 1267.9
Eu(hex-ala)3 0.7 319.1 1089.4
Eu(oct-ala)3 0.4 367.4 1958.2
Eu(dec-ala)3 0.7 406.8 1021.8
Eu(dod-ala)3 0.6 413.5 1253.7

Table 5
Contribution of various transitions to radiative rates.

/ % b(5D0?
7F0) b(5D0?

7F1)

Eu(ac-ala)3 1.17 14.72
Eu(but-ala)3 0.69 15.65
Eu(hex-ala)3 0.81 15.67
Eu(oct-ala)3 0.82 13.61
Eu(dec-ala)3 0.84 12.29
Eu(dod-ala)3 1.04 12.09

12
394 nm. Nevertheless, the total luminescence peak generated at
200–––250 nm by the energy transfer from the ligand compounds
to the rare earth ion disappeared; instead, a smaller total lumines-
cence peak appeared in the range of 250–––275 nm. This phe-
nomenon can be attributed to the dissolution of the complex in
methanol, where the methanol molecules formed a ‘‘solvent cage”
around the complex. During the entire excitation and emission
process, the solvent molecules would participate in the energy
adjustment process(Jin, n.d.), causing a reduction in the energy
level of the ligand compounds. Consequently, less excitation
energy is required, leading to a redshift in wavelength. In addition,
the above analysis shows that the energy transfer efficiency
between the energy level of the ligand compound and Eu3+ was
low, and the energy absorbed by the ligands was mainly dissipated
through the rotation of their own functional groups and the vibra-
tion of the carbon chains. Furthermore, the complex molecules
could rotate freely in the solution, which enhanced the energy dis-
sipation of the complex molecules, leading to a decline in the total
amount of luminescence generated by the energy transfer from the
ligands to the Eu3+ ion. As shown in Fig. 11(b), no significant differ-
ence has been observed in the luminescence intensities of the Eu3+

complexes, which was different from the solid luminescence spec-
trum. As mentioned above, the asymmetric environment of Eu3+

increases the luminescence intensity of the Eu3+ ultra-sensitive
transition, which led to the difference in the luminescence inten-
g (%) X2 (�10-20 cm2) X4 (�10-20 cm2)

14.3 0.31 0.27
20.1 0.29 0.27
22.7 0.31 0.23
15.8 0.36 0.26
28.5 0.41 0.28
24.8 0.38 0.35

b(5D0?
7F2) b(5D0?

7F3) b(5D0?
7F4)

57.85 2.24 24.02
56.57 1.66 25.42
59.26 2.01 22.25
62.6 1.85 21.12
63.96 2.11 20.79
58.96 2.18 25.61



Fig. 9. Luminescence intensity of complexes as a function of concentration.

Fig. 10. Fluorescence lifetime in solution as a function of concentration.
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sity of Eu3+ complexes in the solid spectra. However, in the solution
spectra, the complex was dissolved in methanol. The methanol
molecule coordinated with Eu3+, which changed the coordination
environment of the complex(Kropp and Windsor, 1965), thus
13
reducing the difference in luminescence intensity between the
complexes. As can be seen from the luminescence curve in
Fig. 11(b), the coordination environment of Eu(ac-ala)3 in solution
seemed to contribute to the transition from 5D0?

7F4, resulting in a
transition peak intensity that was higher than those of other com-
plexes, and in a large change in the fluorescent color of the solution
compared with that of the solid state (see Fig. 6(a)).

3.5. Variable temperature spectral analysis

The thermal stability of fluorescent substances is an important
index for the service life and luminescent properties of LEDs. Gen-
erally, the use temperature of the LED is about 150 �C(Gu, 2019).
Under the optimal excitation and emission wavelengths of the
complex, the variable temperature spectra were studied in the
range of 25–––160 �C, and the test results are illustrated in
Fig. 12 below. It is evident that within the studied temperature
range, the six complexes could be divided into three groups
according to the trends of the luminescence intensity variation
with temperature: (I) Eu(ac-ala)3 showed a trend of first decreasing
luminescence intensity, then increasing and then again decreasing;
(II) the luminescence of Eu(oct-ala)3 and Eu(dec-ala)3 increased



Fig. 11. Luminescence spectra of europium complexes in methanol solution (a)
excitation spectrum; (b) Emission spectrum.
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first and then decreased; (III) Eu(but-ala)3, Eu(hex-ala)3 and Eu
(dod-ala)3 declined first, then remained stable and then again
decreased; the luminescence intensity of the complexes changed
little in the low-temperature region (20–––60 �C). The unique
energy level structure of Eu3+ is shown in Fig. 13(a). When the dif-
ference between adjacent energy levels of rare earth ions is small
(500–––2000 cm�1), photons at the adjacent energy levels can be
added to saturate the atomic orbitals or removed with the change
of temperature of the fluorescent substance. These adjacent energy
levels are thermally coupled energy levels(Wang et al., 2015;
Dramićanin, 2016). The 5D0 and 5D1 of Eu3+ were thermally coupled
energy levels, consequently, their corresponding luminescence
peak intensities would change with temperature. At high temper-
atures, the energy of two rare earth ions can be attenuated by
cross-relaxation(Meert et al., 2014), as shown in Fig. 13(b). The
photon absorption energy on ion 1 5D0 jumped to the 5D1 level,
and then ion 1 transferred its energy at the 5D1 level to ion 2. Ion
1 returned to the ground state, and ion 2 was excited to the 5D1

level, which enhanced the luminescence emission from 5D1. Thus,
with rising temperature, the 5D1?

7FJ transition increased, and
the 5D0?

7FJ transition intensity decreased. As mentioned above,
the 610 nm peak was attributed to the 5D0?

7F2 transition, and
the 534 nm peak to the 5D1?

7F1 transition. Therefore, the intensi-
14
ties corresponding to the 610 nm and 534 nm peaks of the complex
as a function of temperature were compared, to investigate the
reasons for the change in the luminescence intensity of the com-
plexes (Fig. 14).

The luminescence intensity curves of 610 nm and 534 nm peaks
of the complex were increasing and decreasing at the same time,
which seemed to be inconsistent with the trend of luminescence
intensity variation at the thermally coupled energy level. In this
regard, the author puts forward two points of view. (1) When the
complex was in a low-temperature range, 5D0 and 5D1 had an
uncoupling relationship, which increased the probability of non-
radiative transition of the complex with rising temperature, and
the luminescence intensity of the complex decreased. When the
two energy levels reached the coupling temperatures, the two ions
increased the transition probability of 5D1 by cross-relaxation,
resulting in an increase in the intensity of the 534 nm transition
peak corresponding to 5D1?

7F1. Since the energy difference
between 5D1 and 5D0 was DΕ1 = 1885 (+/-100) cm�1, and the
energy difference between 7F2 and 7F4 was 2064 cm�1, the transi-
tion wavelength of 5D1?

7F4 was similar to that of 5D0?
7F2. Thus,

when 5D1 of Eu3+ was the main emission level, the 5D1?
7F4 transi-

tion supplemented the missing 5D0?
7F2 transition, leaving the

610 nm unchanged or enhancing its intensity. Whether the peak
intensity was enhanced depended on whether the coordination
environment of the complex was suitable for the 5D1?

7F4 transi-
tion. As mentioned above, the 5D0?

7F4 transition of Eu(ac-ala)3
was enhanced in the solution. The coordination environment of
this complex in a molten state was similar to that in solution, so
its 5D1?

7F4 transition was stronger, and its corresponding
610 nm peak was stronger as well, while the intensity of the
534 nm transition peak corresponding to 5D1?

7F1 increased only
slightly, as shown in Fig. 11(a). For the complexes whose coordina-
tion environment was not suitable for the 5D1?

7F4 transition, the
increase in its 610 nm peak intensity was small, whereas the
increase in the 534 nm peak intensity corresponding to 5D1?

7F1
was large, as shown in Fig. 14(b). (2) The second proposed mecha-
nism is that the photon absorption energy on ion 1 5D0 jumped to
the 5D1 level and transferred energy to ion 2 through cross-
relaxation. However, different from the above process, the energy
on ion 1 5D1 was transferred to ion 2, causing the transition of pho-
tons on ion 2 from 5D1 to 5D2. As shown in Fig. 10(a), DΕ2

(2153 cm�1) was the energy level difference between 5D1 and
5D2. Although DΕ2 > DΕ1, the temperature supplemented the
energy required for the photon transition, and the photon on 5D1

jumped to 5D2. The photon on ion 1 was deexcited to the 5D0 level,
and the energy on ion 2 5D2 was transferred back to the ion 1 5D0

level. At this time, there were ‘‘two” photons on the 5D0 level,
enhancing the transition peak corresponding to 5D0, or keeping it
unchanged. This process is similar to a photon avalanche
(Chivian et al., 1979). Whether the corresponding transition peak
was enhanced depended on the energy transfer from 5D2 to 5D0.
According to the excitation spectrum of the solid shown above,
the 464 nm (7F0?5D2) absorption peak could also generate the
5D0?

7F2 (610 nm) transition (energy was transferred to 5D0 by
non-radiative transition). The total luminescence peak generated
was determined by the energy transfer efficiency from 5D2 energy
level to 5D0. Therefore, the intensity of I (464 nm/394 nm) was
used to assess the probability of a 5D0?

7F2 (610 nm) transition,
and to measure the energy transfer efficiency from the 5D2 energy
level to 5D0. The results are as follows: IEu(ac-ala)3 = 0.5017; IEu(but-ala)
3 = 0.4086; IEu(hex-ala)3 = 0.3819; IEu(oct-ala)3 = 0.5170; IEu(dec-ala)
3 = 0.6138; IEu(dod-ala)3 = 0.5359. It can be seen that the values of
Eu(ac-ala)3, Eu(oct-ala)3, Eu(dec-ala)3 and Eu(dod-ala)3 were large,
indicating that ‘‘more” 5D0?

7F2 (610 nm) transitions were gener-
ated at the 5D2 energy level. Therefore, within a certain tempera-



Fig. 12. Variable temperature spectrogram of the complexes:(a) Eu(ac-ala)3; (b) Eu(but-ala)3; (c) Eu(hex-ala)3; (d) Eu(oct-ala)3; (e) Eu(dec-ala)3; (f) Eu(dod-ala)3.
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ture range, the 5D0?
7F2 (610 nm) transition peak was enhanced or

modified slightly with temperature.

4. Conclusions

The theoretical structures of the complexes were obtained by
the density functional theory (DFT), and the theoretical structure
of the complex was confirmed to be reliable by the comparison
of theoretical and experimental vibrational spectroscopy and by
1H NMR analysis.
15
The light absorption capacity of the rare earth complex was pri-
marily due to the ligand compounds, which had good absorption
capacity in the range of 200 � 300 nm. The carbon chain length
had little effect on the light absorption performance of the com-
plex. The 7F0?5L6 transition absorption of Eu3+ could be observed
in the absorption spectrum, and its absorption peak was 394 nm,
but the absorption intensity was extremely low. The excitation
and emission spectra of the solid complex and europium chloride
were obtained by luminescence spectroscopy studies. The spectra
showed that the optimal excitation value of the complex was



Fig. 13. (a) Variable temperature energy transfer diagram of the Eu3+complex; (b)
Schematic diagram of Eu3+cross relaxation.
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394 nm, attributed to the characteristic excitation value of Eu3+

itself. A total luminescence peak was generated by energy transfer
from the ligand to the Europium ion in the range of 200–––250 nm
in the excitation spectrum of the complex, indicating that the
ligand compound could transfer energy to the Europium ions.
However, the transfer efficiency was low leaving the optimal exci-
tation value of the complex unchanged. A comparison of the lumi-
nescence intensity of the complexes and EuCl3 in the emission
spectrum showed that the acyl amino acid ligand could sensitize
Fig. 14. Graphs showing the temperature-dependent luminescence intensity of the rare e
(c) Eu(oct-ala)3; (d) Eu(dod-ala)3.
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luminescence, resulting in different luminescence intensities of
each complex due to the influence of the different ligand fields.

Studies of conductivity and fluorescence lifetime in solution
with different concentrations showed that Eu(ac-ala)3 exhibits
aggregation at 0.014 mol/L, resulting in a decrease in its fluores-
cence lifetime. It can be inferred that complexes with longer car-
bon chains are less prone to aggregation in solution, and the
concentration of fluorescence quenching is higher. The lumines-
cence spectral analysis results of the methanol solution
(0.01 mol/L) of the complex showed that the optimal excitation
value of the solution spectrum remained at 394 nm. However,
due to the solvent effect, the emission peak of the emission spec-
trum showed a redshift (610 ? 616 nm), which led to the change
of the luminescence color of the complex, and a redshift of the total
luminescence peak corresponding to the ligand in the excitation
spectrum. Differences in luminescence intensity between the com-
plexes diminished due to the coordination of solvent molecules.
The luminescent properties of the complexes as a function of tem-
perature were studied by variable temperature spectroscopy.
According to the different trends in the variation, the six com-
plexes could be divided into three groups: Eu(ac-ala)3 showed a
trend of first decreasing, then increasing, and then again decreas-
ing luminescence. Eu(oct-ala)3 and Eu(dec-ala)3 showed a trend
of first increasing and then decreasing luminescence; Eu(but-
ala)3, Eu(hex-ala),3 and Eu(dod-ala)3 showed an initial trend of first
arth europium complexes at different wavelengths. (a)Eu(ac-ala)3; (b) Eu(hex-ala)3;



J. Han, G. Naren, A. Bohnuud et al. Arabian Journal of Chemistry 16 (2023) 105246
decreasing luminescence, which remained steady first and then
decreased. The analyses showed that the luminescence intensity
of the complex changed little in the low-temperature region
because 5D0 and 5D1 of Eu3+ had an uncoupling relationship at
low temperatures. As the temperature rose, however, the two
energy levels were thermally coupled. In this case, the energy
could be exchanged and transferred between the energy levels,
and then deexcited through cross relaxation or similar mecha-
nisms, i.e., photon avalanche, resulting in a change of luminescence
peak intensity. Moreover, due to the influence of the ligand fields
of the different complexes, the trends of luminescence peak inten-
sity with temperature change were different.

These rare earth amino acid complexes with excellent proper-
ties have great application potential in chemistry, biology, and
materials science.
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