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Abstract Five lanthanide complexes with polydentate coordination were successfully synthesized

by volatilization of 2,4-difluorobenzoate and o-phenanthroline ligands. The structure general for-

mula is [Ln(2,4-DFBA)3(phen)]2, (Ln = La(1), Gd(2), Tb(3), Dy(4), Ho(5); 2,4-DFBA = 2,4-difl

uorobenzoate, phen = o-phenanthroline). The crystal structures of five complexes were determined,

and supramolecular structures were probed. Characterization was performed by elemental analysis,

IR, Raman spectroscopy and XRD, followed by an examination of the fluorescence and heat capac-

ity properties. The molar heat capacities of complexes 4 and 5 were determined in detail by the DSC

apparatus, and the thermodynamic functions were calculated. Finally, the fluorescence properties of

complexes 3 and 4 were investigated. Using DFT, the HOMO, LUMO energy levels of the ligands

and their single and triplet state energy levels were calculated at the level of the valence layer cleav-

age 6-311G(d,p) basis group, and the fluorescence enhancement mechanism was explained from the

energy transfer perspective.
� 2022 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

Lanthanide ions are more likely to form coordination mod-
els of lanthanide complexes with high coordination numbers
and multiple structures due to their unique 4f electron layer

structure (Mikhalyova and Pavlishchuk, 2019). Therefore,
lanthanide complexes are widely used to synthesize and
explore their properties. Many scholars have focused on

the synthesis of oxygen-containing ligands (deKoning
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et al., 1997, Chruszcz-Lipska et al., 2008), N-containing
ligands (He et al., 2005, Gao et al., 2014), and the study
of how they form complexes with lanthanide ions (Wu

et al., 2019, Zhao et al., 2021). Based on the excellent prop-
erties of lanthanide complexes in many fields such as mag-
netism (Kumar et al., 2020), optics, electrical conductivity,

catalysis, and biomedicine (Du et al., 2002, Misra et al.,
2004, Shinoda and Tsukube, 2011). They are often used as
various magnetic materials (Du et al., 2002, Kumar et al.,

2019a, 2019b, 2019c, Biswas and Neugebauer, 2021, Qu
et al., 2021), optical devices (Bai et al., 2017, Kumar
et al., 2018, Cantelar et al., 2020), superconductors
(Edleman et al., 2002), efficient catalysts (Loughmari et al.,

2012, Chen et al., 2017), and anti-tumor drugs (Chan
et al., 2014). All of these hold great promise for applications.
It is well known that lanthanide ions can coordinate with

oxygen, nitrogen, halogen, sulfur, phosphorus, and other
atoms to form various types of complexes (Wu et al.,
2021). Still, their coordination abilities are pretty different

(Huang et al., 2017). From the theory of acidity and basicity
of metal ions (Chattaraj and Ayers, 2005, Anderson and
Ayers, 2014), lanthanide ions belong to the hard acid group

of metals. After continuous theoretical research and practice,
it is found that among them, they have strong coordination
ability (Kumar et al., 2019a, 2019b, 2019c, Ashashi et al.,
2021) with coordination atoms belonging to hard bases such

as oxygen, fluorine, and nitrogen atoms. Therefore, our
group is devoted to studying oxygenated aromatic carboxylic
acid ligands as the main ligands (Zhao et al., 2018, Zhu

et al., 2019). In order to make its structure more unique
and novel, auxiliary ligands containing nitrogen such as
pyridines were introduced to investigate its unique structure,

thermal properties, fluorescence properties, etc. Aromatic
carboxylic acid ligands are commonly used to construct
complexes and have been used to date to synthesize a variety

of complexes. Both oxygen atoms in the carboxylate can be
coordinated with the lanthanide ion in various coordination
modes, so the coordination mode is very flexible (Sen et al.,
2020). In addition, the oxygen atom on the carboxyl group

is easier to form hydrogen bonds (Kumar et al., 2019a,
2019b, 2019c). To further enhance the stability of the com-
plex, the use of halogenated aromatic carboxylic acids allows

the halogens on the benzene ring to form hydrogen bonds.
The lanthanide aromatic carboxylic acid complexes have
good thermal stability properties (Li et al., 2020). The ther-

mal decomposition mechanism and molar heat capacity were
investigated by thermal analysis techniques, which can suc-
cessfully predict the thermal stability of the materials and
facilitate the subsequent production applications. Based on

the above analytical studies, five complexes [Ln(2,4-
DFBA)3(phen)]2 (Ln = La(1), Gd(2), Tb(3), Dy(4), Ho(5);
2,4-DFBA = 2,4-difluorobenzoate, phen = o-phenanthro

line) were subjected to single-crystal X-ray determination,
followed characterization by elemental analysis, infrared
spectroscopy, Raman spectroscopy, and thermogravimetric

analysis, and the thermal and fluorescence properties were
investigated. Using DFT, the energy transfer between ligands
and lanthanide ions was investigated to explain the lumines-
cence phenomenon of lanthanide complexes.

2. Experimental

2.1. Materials

As reagent grade materials, the products purchased in the mar-
ket can be used without further purification of the reaction. All

the reagents used in the experiments are listed in supporting
information Table S1.

2.2. Experimental equipment and conditions

Mo-Ka and Cu-Ka rays (k=0.71073 Å) monochromatized by
graphite were used as the incident light source. The diffraction

data of single crystals 1–5 were measured at room temperature
on a single crystal X-ray diffractometer Smart-1000 (Bruker
AXS). After collecting the data, the SHELXS-97 program
(Sheldrick and Schneider, 1997) in the computer was used to cal-

culate the analysis. A direct method was used to determine the
structures of complexes 1–5, and full-matrix least-squares
refinement on F2 was used to refine the structures. Measure-

ments were performed in the wavelength range 4000–400 cm�1

using the KBr press method by Bruker TENSOR27 infrared
spectrometer. Powder X-ray diffraction experiments were per-

formed on five complex powders by a Bruker D8 ADVANCE
X-ray diffractometer at room temperature, using copper-
potassium radiation (k = 0.71073 Å) scanned in the range of

5-50�. The Raman spectra of the complexes were measured
using a Bruker VERTEX-90 FTIR-RAMANII in the wave-
length range of 4000–50 cm�1 with an Nd:YAG laser (k = 1.0
64 lm) and a liquid nitrogen cooling device with a resolution

of 4 cm�1 and a laser power of 400 mW and 100 scans in the
wavelength range. The TG/DSC-FTIR experiments were per-
formed in a simulated dynamic air atmosphere (20 mL/min of

nitrogen, 10 mL/min of oxygen, and 30 mL/min of nitrogen as
the protective gas). Experiments were performed using a
NETZSCH STA 449 F3 and a BRUKERTENSOR27 Fourier

transform infrared spectrometer and equipped with a liquid
nitrogen system for the experiments, using an alumina trioxide
crucible for release and a blank alumina trioxide crucible as a
reference. The heating rate is 10 K/min and heated to 800℃.

The fluorescence spectra were measured with an FS5 fluores-
cence spectrophotometer. The excitation spectra and emission
spectra of complexes 3 and 4weremeasured under Xe lamp irra-

diation, and complex 3 fluorescence lifetimes were determined.
The Gaussian09 program package was used for the theoretical
part of the calculations. Density functional theory (Geerlings

et al., 2003) is a quantum mechanical method to study the elec-
tronic structure of the multi-electron system. In this case, the
B3LYP hybridization generalization (Tirado-Rives and

Jorgensen, 2008) is used, using the nonlocal correlations pro-
vided by the LYP expressions. The 6-311G(d,p) cleavage
valence bond group is chosen, which describes the system wave
function better than the STO-3G group.
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2.3. Synthesis

The acidic ligand 2,4-DFBA (6� 10-4 mol) and the ligand phen
(2� 10-4 mol) were mixed and dissolved in 6mL of 95% ethanol
and in 3 mL of distilled water, lanthanide nitrate (2 � 10-4 mol)

was dissolved. After adjusting the pH to 5–7 by adding sodium
hydroxide solutionwith a concentration of 1mol/L to the ligand
solution, it was poured into the lanthanide nitrate solution. Stir-
red at room temperature with a magnetic stirrer for about 6 h

and left to stand for about 12 h. Using the room temperature
solution volatilization method, the filtrate was extracted and
placed in a small clean beaker, covered with a layer of cling film

with small holes, and left to stand at room temperature for about
a week to obtain the crystals.

Elemental analysis (in percent content): C66H34F12La2N4-

O12, Calcd: H, 2.17; C, 50.15; N, 3.54. Found: H, 2.16; C,
50.35; N, 3.72. C66H34F12Gd2N4O12, Calcd: H, 2.12; C,
49.01; N, 3.46. Found: H, 2.07; C, 49.03; N, 3.49. C66H34F12-

Tb2N4O12, Calcd: H, 2.12; C, 48.91; N, 3.46. Found: H, 2.09;
C, 48.92; N, 3.43. C66H34F12Dy2N4O12, Calcd: H, 2.11; C,
48.69; N, 3.44. Found: H, 2.11; C, 48.98; N, 3.35. C66H34F12-
Ho2N4O12, Calcd: H, 2.10; C, 48.55; N, 3.43. Found: H, 2.06;

C, 48.70; N, 3.42.

2.4. Determination of X-ray single-crystal structure and
structural analysis

The complexes 1–5 with good crystal quality were selected and
measured in a single crystal X-ray diffractometer Smart-1000

(Bruker AXS). The radiation source was Mo-Ka and Cu-Ka
rays (k = 0.71073 Å) monochromatized by graphite, and their
crystal diffraction data were measured at room temperature.
The rhythmic structures were structurally resolved by the direct

method using the SHELXS-97 program (Sheldrick and
Schneider, 1997) and refined by full-matrix least-squares on F2

to obtain the crystal structures. All atoms in the structure are

non-isotropic except for hydrogen. Based on the above data,
the crystal.cif file is imported into Mercury/Diamond software
to visualize the crystal structure and facilitate the study. The

crystal model is drawn in Diamond software according to the
structure in Mercury software. As a 3D crystal simulation soft-
ware (Pennington, 1999), Diamond can display crystal models

verywell, rotate,move, and scale freely as needed, andmake rea-
sonable changes to the coloring scheme. For the coordination
environment of the central metal ion, the simulation calculation
was carried out by using the shape software. Via the continuous

shape measure method (Alvarez et al., 2014, Terebilenko et al.,
2022). This software can well classify and organize the topolog-
ical types and solve the previous errors with the naked eye obser-

vation. In complexes 1–5, the 2,4-difluorobenzoate ligand
adopts a total of three coordination modes (Zhou et al., 2021)
to Ln(III), namely double-dentate chelate (Fig. 1a), bridged

double-dentate (Fig. 1b) and bridged tri-dentate (Fig. 1c).

3. Results and discussion

3.1. Description of the crystal structure

The complexes 1–5 were analyzed by single crystal X-ray
diffraction. The crystallographic data and the corresponding
structural refinement parameters are listed in Table 1. The
selected bond lengths and angles are listed in supporting infor-
mation Table S2, Table S3. Hydrogen bond data are shown in
supporting information Table S4. Upon analysis of the data,

complexes 1–5 are all monoclinic crystal systems with space
group P21/n. All compounds are isostructural. It is noteworthy
that complexes 1, 2 and complexes 3–5 have the same struc-

tural formula, both crystal systems and space point groups
are the same. However, they have different crystal structures,
coordination environments, and coordination numbers. This

may be due to the contraction of the lanthanum system. There-
fore, two other crystal structures, represented by complexes 1
and 4, are selected for detailed discussion below.

3.1.1. Central coordination geometries of complexes 1–5

Continuous shape measurement (CShM) calculations classified
the central ion coordination geometry configuration. The cor-

responding geometric parameters are imported into the shape
software and compared through a series of defined reference
polyhedra, and the calculated results are presented as CShM
parameters. Supporting information table S5 lists the CShM

values for the central geometric configurations of the com-
plexes 1–5. The lowest value of the CShM parameter corre-
sponds to the higher coherence of the obtained coordination

geometry (Kumar et al., 2019a, 2019b, 2019c). According to
the results, the central geometrical configuration of the lan-
thanide elements in complexes 1 and 2 are muffin-shaped

(MFF-9, point group Cs), while the geometrical configuration
of complexes 3–5 are biaugmented trigonal prism (BTPR-8,
point group C2v). The calculated configurations are all consis-

tent with the drawn configurations. In conclusion, the CShM
values used to calculate the Ln(III) centers are essential for
determining the structural differences.

3.1.2. Structural description of [Ln(2,4-DFBA)3(phen)]2,
(Ln = La(1), Gd(2))

The crystal structure of 1 and 2 has a muffin-shaped spatial
geometry (Fig. 2b), and this configuration was calculated

(Madanhire et al., 2020) by the shape software. This configura-
tion is used for complexes 1 and 2 with coordination number
nine. Introduce complex 1 as an example in detail. The struc-

tural unit of complex 1 (Fig. 2a) consists of two central La(III),
six 2,4-difluorobenzoate ligands, and two o-phenanthroline
ligands. It has the same two central La(III) coordination envi-

ronments as a binuclear molecule. Among them, the two nitro-
gen atoms (N1, N2) that were ligated with the central ion were
derived from the o-phenanthroline ligand. The remaining

seven oxygen atoms were all derived from the 2,4-
difluorobenzoate ligand. Interestingly, these seven oxygen
atoms have three coordination modes. They are bridged tri-
dentate (O1#, O1, O2), bridged double-dentate (O3, O4),

and double-dentate chelate (O5, O6). The bond length of the
La-O bond ranges from 2.412(3)-2.801(3) Å. The critical length
is similar to that reported in the literature (Shen et al., 2018,

Zhu et al., 2018). The average bond length of the La-O bond
is significantly longer than that of the other conformation of
the complex, which is due to the bond length of La1-O1#

involved in the tridentate coordination. As shown in Fig. 3a,
through hydrogen bonding along the crystallographic c-axis,
complex 1 formed a 1D chain structure. In addition, the adja-

cent structural units formed a 2D faceted supramolecular
structure along the crystallographic ac-plane by C-H���F



Fig. 1 (a-c) Three bonding modes of 2,4-difluorobenzoate.
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hydrogen bonding (Fig. 3b) with forces of 3.243 and 3.528 Å,

respectively.

3.1.3. Structural description of [Ln(2,4-DFBA)3(phen)]2,
(Ln = Tb(3), Dy(4), Ho(5))

Fig. 4a shows the structural unit of complex 4, which can be
seen as a binuclear molecule consisting of six 2,4-
difluorobenzoate ligands and two o-phenanthroline ligands

in coordination. The coordination environments of the two
central Dy(III) are the same, and the coordination number is
8. The coordination environment is obtained as a biaugmented
trigonal prism column after the calculation (Madanhire et al.,

2020) of the shape software (Fig. 4b). Each central Dy(III)
forms a coordination environment with two N atoms in one
o-phenanthroline ligand (N1, N2) and six O atoms in five

2,4-difluorobenzoate ligands (O1, O2, O3, O4, O5, O6). A clo-
ser look reveals that the coordination of oxygen atoms is
divided into two types, which are double-dentate chelation

(O5, O6) and bridging double-dentate (O1, O2, O3, O4). The
two central Dy(III) are connected by four 2,4-
difluorobenzoate ligands (O1, O2, O3, O4, O1#, O2#, O3#,

O4#) in a bridging double-dentate coordination mode. The
bond lengths of Dy1-O bonds range from 2.273(5)-2.430(5)
Å with an average bond length of 2.350(5) Å. The average
bond length of Dy1-N is 2.546(5) Å. This is similar to the pre-

viously reported (Casanovas et al., 2021) ranges for the same
species of chemical bonds. To further investigate the crystal
structure, the one-dimensional chain-like structure of complex

4 along the crystallographic c-axis direction (Fig. 5a) and the
two-dimensional faceted (Fig. 5b) supramolecular design along
the crystallographic bc-plane direction was drawn. As shown
in the figure, the adjacent structural units form a one-

dimensional chain in the crystallographic c-axis direction by
C-H���F hydrogen bonding. The hydrogen bonding force is
formed by the F4 in the bridging bidentate coordination of
2,4-difluorobenzoate and the C(20)H(20) in the bidentate che-

late coordination in the adjacent structural unit with a weak
force distance of 3.143 Å. The adjacent one-dimensional chains
are in turn interconnected by C-H���F hydrogen bonding,

forming a two-dimensional faceted supramolecular structure
on the bc surface. Both hydrogen bonding interactions are cre-
ated by the forces of C(20)H(20) in the 2,4-difluorobenzoate

ligand using the bidentate chelate coordination mode and
F(4) in the 2,4-difluorobenzoate using the bridging bidentate
coordination mode. The distances were 3.143 and 3.406 Å,

respectively. In analogy to the previously reported (Du et al.,
2021) [Ho(2-FBA)3(5,5‘-DM-2,2‘-bipy)]2, the hydrogen bond
length is in the appropriate range.

3.1.4. Comparison of two different crystal structures

Interestingly, single-crystal X-ray diffraction shows that the
two crystal structures have the same monoclinic crystal system

and P21/n space group. Since complexes 1–5 are isostructural,
the selected bond lengths and bond angles were compared. The
values were found to be similar to those previously reported
(Shen et al., 2018, Zhao et al., 2018, Zhao et al., 2021), which

again confirms the accuracy of the synthesized new structures.
Although the general structural formula is the same, there are
apparent differences in the coordination mode. The first type

of structure (complexes 1 and 2) has one more bridged tri-
dentate than the coordination pattern of the second type of
structure (complexes 3, 4, and 5). This leads to a muffin-like



Table 1 Crystallographic data of the complexes 1–5.

Complex 1 2 3 4 5

Empirical formula C66H34F12La2N4O12 C66H34F12Gd2N4O12 C66H34F12Tb2N4O12 C66H34F12Dy2N4O12 C66H34F12Ho2N4O12

Formula weight/

g�mol�1
1580.79 1617.47 1620.81 1627.97 1632.83

Temperature/K 293(2) 293(2) 293(2) 293(2) 293(2)

Wavelength/Å 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

space group P21/n P21/n P21/n P21/n P21/n

a/ Å 15.0114(13) 14.9841(13) 14.9747(13) 14.9881(15) 14.9684(13)

b/ Å 13.9262(11) 13.5045(12) 13.5144(12) 13.5352(14) 13.5042(12)

c/ Å 15.2708(14) 15.0686(14) 15.0766(14) 15.0448(14) 14.9763(14)

a/(�) 90 90 90 90 90

b/(�) 112.951(5) 109.290(4) 109.117(4) 108.962(4) 108.916(3)

c/(�) 90 90 90 90 90

Volume/ Å3 2939.7(4) 2878.0(4) 2882.8(4) 2886.5(5) 2863.8(4)

Z, Calculated density/

Mg�m�3
2, 1.786 2, 1.866 2, 1.867 2, 1.873 2, 1.894

Absorption

coefficient/mm�1
1.542 2.395 2.544 2.679 2.854

F(000) 1552 1580 1584 1588 1592

Crystal size/mm3 0.22 � 0.18 � 0.11 0.41 � 0.18 � 0.11 0.26 � 0.15 � 0.10 0.23 � 0.13 � 0.08 0.26 � 0.15 � 0.10

h range for data

collection/�
2.06 to 25.02 2.09 to 25.02 2.08 to 25.02 2.08 to 25.01 2.08 to 25.02

Limiting indices �17 � h � 15 �17 � h � 17 �17 � h � 12 �17 � h � 16 �16 � h � 17

�16 � k � 16 �16 � k � 15 �15 � k � 16 �16 � k � 12 �15 � k � 15

�8 � l � 14 �14 � l � 17 �17 � l � 17 �17 � l � 17 �16 � l � 17

Reflections collected /

unique

13,763 / 5174

[R(int) = 0.0526]

14059/5064

[R(int) = 0.0825]

13949/5071

[R(int) = 0.0491]

14024/5076

[R(int) = 0.0817]

13,570 / 5008

[R(int) = 0.0592]

Completeness to

h = 25.02�
99.9% 99.9% 99.9% 99.8% 99.3%

Max. and min.

transmission

0.8487 and 0.7278 0.7786 and 0.4401 0.7850 and 0.5576 0.8142 and 0.5778 0.7634 and 0.5241

Data / restraints /

parameters

5174 / 36 / 437 5064 / 36 / 437 5071 / 36 / 437 5076 / 36 / 437 5008 / 36 / 437

Goodness-of-fit on F2 1.031 1.034 1.073 1.060 1.107

Final R indices

[I > 2r(I)]
R1 = 0.0405,

wR2 = 0.0878

R1 = 0.0467,

wR2 = 0.1064

R1 = 0.0351,

wR2 = 0.0743

R1 = 0.0425,

wR2 = 0.0988

R1 = 0.0496,

wR2 = 0.1047

R indices (all data) R1 = 0.0656,

wR2 = 0.0961

R1 = 0.0678,

wR2 = 0.1162

R1 = 0.0523,

wR2 = 0.0799

R1 = 0.0619,

wR2 = 0.1071

R1 = 0.0686,

wR2 = 0.1094

Largest diff. peak

and hole

(e_snm�3)

1.141 and �0.614 1.564 and �1.845 1.263 and �1.001 0.974 and �1.827 1.430 and �2.583
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centered geometric configuration with coordination number 9
for the first type of structure and a biaugmented trigonal prism

geometric configuration with coordination number 8 for the
second type of structure. In the resulting supramolecular struc-
tures, 1D chain structures of both structures are formed by C-

H���F hydrogen bonding. The difference lies in the 2D faceted
structure, while the second type of structure uses p-p stacking
interactions to create a 2D facet.

3.2. Infrared and Raman spectra

IR and Raman spectra are shown in Fig. 6. It can be observed
from the figure that the spectra of the two ligands are very dif-

ferent from those of the five complexes, indicating the success-
ful synthesis of the new complexes. And the spectral
morphologies of the five complexes were the same, indicating

similar structures.
Supporting information Table S6 shows the IR and Raman
spectral data. The absorption peaks of the 2,4-

difluorobenzoate located at mC=O (IR: 1691 cm�1, R:
1634 cm�1) completely disappeared after the formation of
the complexes. In contrast, the spectrograms of the complexes

showed new absorption peaks mas(coo
–
) (IR: 1616–1610 cm�1, R:

1620–1614 cm�1) and ms(coo
–
) (IR: 1431–1427 cm�1, R: 1416–

1415 cm�1), which indicates the involvement of oxygen atoms

in the formation of coordination sites in the acidic ligands. The
differences between the bands (D = mas(coo

–
) - ms(coo

–
) ) reflect the

coordination pattern (Deacon and Phillips, 1980) of the car-
boxylate with Ln(III). The spectral band differences of all

the complexes were in the range of 189–179 cm�1, indicating
that the coordination modes were chelate and bridging mode.
Furthermore, the appearance of the characteristic absorption

peak of mLn-O in the complex spectrogram (IR: 419–
417 cm�1, R: 423–417 cm�1) confirms the above view (Wang



Fig. 2 (a) Structural unit of complex 1 and 2 (Ln = La, Gd). (b)The polyhedral coordination environment of central Ln(III) (Ln = La,

Gd).
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et al., 2015). The mC=N absorption peak of o-phenanthroline at
(IR: 1560 cm�1, R: 1507 cm�1) shifts the wavenumber to the

high wavenumber region after the formation of the complex,
and a blue shift occurs, representing lower energy required
for the vibration and a more stable complex moiety is formed

(Hermansson et al., 2009). The characteristic absorption peak
of mLn-N (R: 242–240 cm�1) was also observed in the Raman
spectrum. This further suggests that the lanthanide atoms form
coordination bonds with the nitrogen atoms in the o-

phenanthroline (Ye et al., 2010).

3.3. Powder X-ray diffraction

Experiments with X-ray powder diffraction at room tempera-
ture were conducted on complexes 1–5 and their ligands. The
two different structures of complexes 1 and 4 are used as an

introduction. It can be seen in Fig. 7 (a) that the peak patterns
of the complex powders 1–5 are the same, indicating that these
five complexes have the same molecular structure general for-

mula. The single crystal CIF data of complexes 1 and 4 were
fitted to obtain the corresponding fitted plots Simulated 1

and Simulated 4. As shown in Fig. 7 (b), the peak pattern of
the complex is different from that of the two ligands, indicat-

ing that the complex forms a new phase rather than a simple
summation of the two ligands (Wu et al., 2019). In addition,
the diffraction peaks of each complex powder are consistent

with the data of their single-crystal CIF fits, which further indi-
cates that the obtained complex powders have the same struc-
ture as their corresponding single crystals and the complexes

are relatively pure (Zhu et al., 2019).

3.4. Thermal analysis

Thermal stability is a measure of the physicochemical proper-
ties of substances. Supporting information Fig. S1 shows the
curves of the thermal decomposition process of the five com-
plexes. The collected thermal decomposition data are shown
in supporting information Table S7. The thermal decomposi-
tion processes of complexes 1–3 are consistent, and complex

1 is used as an example to introduce them in detail. From
Fig. S1 (a), it can be seen that the complex is decomposed in
two steps. The first decomposition step occurred in the temper-

ature range 494.15–691.15 K with a weight loss of 60.58%,
corresponding to the loss of two o-phenanthroline ligands
and part 2,4-difluorobenzoate ligands. The second decomposi-
tion step occurred within 691.15–1009.15 K with a weight loss

percentage of 18.21%, corresponding to the loss of the remain-
ing 2,4-difluorobenzoate. The final decomposition product was
La2O3, and the experimental total weight loss for the two-step

decomposition was 78.79%, which was similar to the theoret-
ical total weight loss of 79.39%. The thermal decomposition
process of complexes 4 and 5 are similar and accomplished

in three steps. 2,4-difluorobenzoate is lost in multiple stages,
which is different from complexes 1–3. The final decomposi-
tion products are the corresponding metal oxides (Zhu et al.,

2019).
During the thermal decomposition, the infrared escape

gases of the five complexes accumulate in three-dimensional
space (Fig. S2). The strongest signal peaks in the 3D stacking

diagram at each decomposition stage were solved. The IR
spectra of the strongest signal peaks at different temperatures
were plotted and displayed in supporting information Fig. S3.

Complexes 1–3 have two stacking peaks, and complexes 4
and 5 have three stacking peaks, which is consistent with the
thermal decomposition process. Take complexes 1 and 4 as

examples. For complex 1, the strongest signal of the first
decomposition phase was observed at 619.15 K. The character-
istic absorption peaks of small organic fragments of o-
phenanthroline ligand decomposition were observed, which

were mC=N at 1611 cm�1, mC-N at 1232 and 1257 cm�1, mC-H
at 3188–3083 cm�1, and cC-H (772, 1050, 1130 cm�1). In addi-
tion to this, a CO2 bending vibration peak at 672 cm�1 and an

asymmetric stretching vibration peak at 2366 cm�1 was also
observed. This is due to the partial decomposition of 2,4-
difluorobenzoate. The strongest peak of the signal in the sec-



Fig. 3 (a) The one-dimensional chain structure along the crystallographic c-axis. (b) The two-dimensional faceted supramolecular

structure along the ac-plane.
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ond decomposition stage at 732.15 K. The bending vibration
peak, and the asymmetric stretching vibration peak of carbon

dioxide (672, 2361 cm�1) are visible in the figure, while the
vibration peak of water molecules is not obvious, which may
be due to the small amount of production that the instrument
cannot detect. The strongest signal peak of complex 4

(Fig. S3d) appears at three temperature nodes, 621.15 K,
773.15 K, and 820.15 K, respectively. The absorption peak
of small organic fragments of o-phenanthroline decomposition
was observed in the first stage. For example, mC=N

(1607 cm�1), mC=C (1438, 1489 cm�1), mC-N (1231,
1257 cm�1), mC-H (3453–3032 cm�1) and cC-H (768, 1046,
1126 cm�1). At the same time, characteristic absorption peaks
of the fugitive gases H2O (3883–3580 cm�1) and CO2 (671,

2357–2311 cm�1) were also observed, which are due to partial
decomposition of 2,4-difluorobenzoate ligands. The strongest



Fig. 4 (a) Structural unit of complex 3, 4 and 5 (Ln = Tb, Dy, Ho). (b)The polyhedral coordination environment of the central Ln(III)

(Ln = Tb, Dy, Ho).
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signal peaks of the second and third steps are the same, with
temperatures of 773.15 K and 820.15 K, H2O (3753–

3664 cm�1) and CO2 (671, 2361–2311 cm�1) were observed,
proving the loss was of the remaining 2,4-difluorobenzoate.
In summary, the products of each decomposition stage corre-

sponded to the results obtained from the thermogravimetric
analysis.

3.5. Luminescence spectrum

Fig. 8 illustrates that the emission spectrum of Tb3+ at 353 nm
as the excitation wavelength shows four distinct characteristic
emission peaks (Zhao et al., 2004). They are 5D4?

7FJ (J = 5,

4, 3, 2), respectively located at 490, 544, 586, 623 nm. Due to
the appearance of the polycrystalline state of complex 3, the
presence of the crystal field leads to the splitting of the charac-

teristic 5D4?
7F5 emission peak located at 544 nm. Meanwhile,

the 5D4?
7F5 characteristic emission peak is the most substan-

tial jump peak, which is why the green fluorescence (Xiao

et al., 2017) of complex 3 under UV light. The green area in
the CIE coordinates (0.3527,0.5793; Fig. 8, inset) also supports
this conclusion. Due to the strong fluorescence performance of
Tb3+, the double exponential function equation (Lee et al.,

2010) I(t) = B1exp(-t/s1) + B2exp(-t/s2) was fitted, and the fit-
ted equation s=(B1s1

2 + B2s2
2)/(B1s1 + B2s2) was used to cal-

culate the fluorescence lifetime of complex 3 as 1.693 ms

(Fig. 10). For complex 4, a distinct broadband absorption
peak appears in the excitation spectrum, which is due to the
p-p* electron leap of the organic ligand. Two characteristic

leap peaks of Dy3+ can be observed (Carter et al., 2014) in
the emission spectra. They are the characteristic transition
peak of 4F9/2?

6H15/2 located at 481 nm and the characteristic

leap peak of 4F9/2?
6H13/2 located at 574 nm, respectively.

Complex 4 is located in the yellow area at coordinates
(0.3775,0.4269; Fig. 9, inset).
3.6. Energy transfer of ligands and lanthanide ion

The phenomenon of luminescence of lanthanide complexes can
be explained by the energy transfer between ligands and lan-
thanide ions. Energy transfer between the ligand and the lan-

thanide ion depends on the degree of matching between the
triplet excited state and the resonance energy level of the lan-
thanide ion. According to Reinhoudt’s rule of thumb, if the

difference between the lowest singlet and lowest triplet energy
levels of the same ligand is more excellent than 5000 cm�1, it
can be considered an effective inter-system scramble process

(Segall et al., 2002). According to Latvia’s rule (Latva et al.,
1997) of thumb, the lowest triplet state of the ligand should
be 5000–2000 cm�1 higher than the lowest emission energy

level of the lanthanide ion for optimal energy transfer.
The energy level calculations of the ligands are per-

formed on a computer using the Gaussian09 series program
package for simulations. The highest occupied molecular

orbitals and the lowest unoccupied molecular orbitals of
the ligands were investigated at the level of the 6-311G(d,p)
group using the B3LYP method in density generalization

theory (Karabacak et al., 2011), and the results are shown
in supporting information Table S8. On this basis, the
ligands’ single and triplet state energy levels were calculated,

and the obtained data are shown in supporting information
Table S9. The energy levels of the o-phenanthroline were
estimated to be 32,206 and 23,095 cm�1, with an energy
gap of 9111 cm�1. Similarly, the energy levels of the acidic

ligand 2,4-difluorobenzoic acid were 40,123 cm�1 for the sin-
gle heavy state and 28,766 cm�1 for the triplet state, with an
energy gap difference of 11,537 cm�1. This shows that both

o-phenanthroline and 2,4-difluorobenzoic acid ligands can
undergo an effective interlinear scramble process. The lowest
emission energy levels (Dejneka Matthew et al., 2003,

Tsaryuk et al., 2017) of Tb(III) and Dy(III) are usually



Fig. 5 (a) The one-dimensional chain structure along the crystallographic c-axis. (b) The two-dimensional faceted supramolecular

structure along the bc-plane.
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considered to be 20,430 cm�1 and 21,300 cm�1, and the
energy differences between the lowest triplet state of the
ligand and the lowest emission energy level of the Ln(III)
ion are 2665 and 1795 cm�1, respectively. This suggests that
o-phenanthroline is an effective molecular fluorescence sensi-
tizer that enhances the fluorescence intensity of Tb(III).



Fig. 6 (a) Infrared spectra of complexes 1–5 and ligands. (b) Raman spectra of complexes 1–5 and ligands.

Fig. 7 (a) XRD curves of complexes 1–5. (b) XRD curves of ligands and complexes 1 and 4.
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3.7. Molar heat capacity properties and thermodynamic function

calculations

As a result of differential scanning calorimetry (DSC) and
specific heat comparison, the molar heat capacities of com-
plexes 4 and 5 were determined in the temperature range of

260.15 to 386.15 K. As shown in Fig. 11, the molecular vibra-
tional energies are similar because the structures of the two
complexes are similar, and their molar heat capacity curves

almost overlap. With the increase in temperature, the curves
increased smoothly without interruptions. No phase change
peaks appeared, indicating that the two complexes were struc-
turally stable in the temperature range of 260.15–386.15 K

without any phase change, conjugation, or decomposition pro-
cesses. Again, this indicates that the substance is more stable in
this temperature interval. In the experimental temperature
range, the temperature was fitted using the equation x =
[T-(Tmax + Tmin)/2]/[(Tmax-Tmin)/2] to obtain the folded
temperature x. The experimentally obtained values of Cp,m

were subsequently used as y, a polynomial fit to the folded
temperature x yields polynomial equations for the two
complexes.

Complex 4:[Dy(2,4-DFBA)3(phen)]2.

Cp,m/J�mol�1�K�1 = 1403.29077 + 231.50551x-8.36579x2 +
42.15143x3-1.16524x4-28.57373x5 + 3.36235x6.

R2 = 0.99993 SD = 1.29285.

Complex 5:[Ho(2,4-DFBA)3(phen)]2.
Cp,m/J�mol�1�K�1 = 1406.64493 + 235.43261x-9.76328x2 +

26.76058x3 + 0.98861x4-14.59546x5 + 3.08112x6.

R2 = 0.9995 SD = 1.11518.
R2 is the correlation coefficient, and SD is the standard

deviation.



Fig. 8 Fluorescence spectrum of complex 3.
Fig. 10 Fluorescence lifetime decay curve of complex 3.

Fig. 9 Fluorescence spectrum of complex 4.

Fig. 11 Curves of the average molar heat capacity of complexes

4 and 5 with temperature.
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The polynomial equation obtained above is brought into
the following thermodynamic equation.

HT �H298:15K ¼
ZT

298:15K

Cp:mdT

ST � S298:15K ¼
ZT

298:15

Cp;mT
�1dT

The reference temperature was set at 298.25 K. The values
of smooth molar thermal melting, and thermodynamic func-
tions of the two complexes were calculated at 3 K intervals.

The data are shown in supporting information Table S10
and Table S11.
4. Conclusion

In summary, five new lanthanide complexes were successfully

synthesized [Ln(2,4-DFBA)3(phen)]2, (Ln = La(1), Gd(2),
Tb(3), Dy(4), Ho(5); 2,4-DFBA = 2,4-difluorobenzoate,
phen = o-phenanthroline). Although the measured structures

have the same structural formula and belong to the same space
group (P21/n), the coordination geometry configuration is
divided into two types, which are the muffin with coordination
number 9 and the biaugmented trigonal prism with coordina-

tion number 8. Besides, different forces form different 2D
faceted supramolecular structures. One type has only a single
C-H���F hydrogen bonding force, and the other contains p-p
stacking interaction. This is due to the contraction of the lan-
thanum system. The thermal analysis of these complexes by
TG-DSC/FTIR technique showed that the two configurations

were decomposed in two or three steps and the end products
were all the corresponding rare earth oxides. The fluorescence
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properties of complexes 3 and 4 were investigated, exhibiting
characteristic transition peaks for specific Ln(III) ions. The flu-
orescence lifetime of complex 3 is 1.693 ms, which is expected

to be a new type of luminescent material. Finally, the thermo-
dynamic parameters of complexes 4 and 5 were calculated
from the fitted polynomials and thermodynamic equations.

Both complexes were thermodynamically stable in the range
of 260.15–386.15 K, and there were no abnormal thermal
phenomena.
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