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Effect of Alkyl Substituent on the Amide of Bis-lactam-1,10-
phenanthroline Ligands for Lanthanide Extraction
Fengxin Gao,a Dong Fang,*b and Chengliang Xiao*ab

2,9-Diamide-1,10-phenanthroline (DAPhen) and bis-lactam-1,10-phenanthroline (BLPhen) ligands have been demonstrated 
to extract light lanthanides through size-specific coordination cavities selectively. Given that the alkyl chain has a substantial 
impact on the extraction performance of DAPhen, elucidating the role of the substituent chain for BLPhen is of great 
importance. In this study, four BLPhen ligands with varying alkyl substituents were synthesized to investigate the impact of 
alkyl chain length and branching on the extraction and coordination behavior toward trivalent lanthanides. Extraction 
studies demonstrate that the extraction trend for lanthanides was primarily governed by the size of the coordination cavity 
of BLPhen, and remained unchanged upon the introduction of variations in alkyl chain length or branching. However, ligands 
with shorter straight-chain alkyl groups (L1) exhibited optimal extraction efficiency and selectivity for light lanthanides, while 
increasing the alkyl chain length or incorporating branching led to a decline in performance. Slope analyses indicate variable 
metal-to-ligand stoichiometries for light, middle, and heavy lanthanide elements. UV–vis titration and ESI-MS analysis in 
homogeneous solution confirmed uniform 1:1 complexation for all metal-ligand systems. X-ray diffraction single-crystal 
structure provided clear coordination information, showing that coordination by the rigid ligand occurred without the need 
for conformational rotation, thereby minimizing energetic costs and enhancing complex stability. Overall, this study 
highlights the role of alkyl substituent geometry in modulating the coordination strength and selectivity of BLPhen ligands, 
providing a structural foundation for the rational design of highly efficient and preorganized extractants for rare earth 
separation.

Introduction
Rare earth elements (REEs), comprising scandium (Sc), yttrium 
(Y), and the lanthanides (Lns), play a pivotal role in electronics, 
magnetic materials, metallurgy, medical applications, and 
catalysis owing to their unique electronic configurations and 
exceptional physicochemical properties1,2. With the rapid 
advancement of high-tech industries, the global demand for 
rare earth elements continues to increase, making them 
indispensable in numerous cutting-edge applications3,4. In 
addition to their significant market value, REEs have also 
emerged as critical resources in the global transition toward a 
greener and more sustainable economy5. However, REEs are 
typically found in nature as coexisting mixtures, and the 
lanthanide elements exhibit highly similar chemical 
characteristics, with most existing in the trivalent oxidation 
state, which renders their separation exceptionally 
challenging6,7. Therefore, it is urgently necessary to develop 
efficient, cost-effective, and environmentally sustainable 

technologies for separating trivalent lanthanides (Lns(III))8,9, 
which are critical for promoting the sustainable growth of green 
energy technologies10-12. 

Currently, solvent extraction is widely used in industry as the 
primary method for separating various target metal ions13-15. 
This technique offers significant advantages, such as high 
processing capacity and relatively low energy consumption, 
making it the predominant approach for industrial lanthanide 
purification16. Although Lns(III) exhibit only minor variations in 
their chemical properties, these subtle variations can be 
effectively amplified through the rational design of ligands in 
combination with multistage or cascade extraction processes, 
enabling the stepwise separation of lanthanides within the 
series17-20.

Due to the gradual decrease in ionic radii across the 
lanthanide series and the corresponding increase in effective 
nuclear charge from La(III) to Lu(III), the well-known lanthanide 
contraction effect arises. As a result, most ligands tend to form 
stronger coordination bonds with heavier lanthanides 
possessing higher effective nuclear charges, such as 
diglycolamide (DGA)21 and tributyl phosphate (TBP)22. In recent 
years, N,O-heterocyclic ligands based on the 1,10-
phenanthroline scaffold have demonstrated great potential in 
the separation of f-block elements, which exhibit numerous 
distinctive and significant properties. Their affinities for 
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Fig. 1 Ligand structures of (a) NaDOAPA, (b) Ph2-BPPhen, (c) 
DAPhen, (d) BLPhen, and (e) this work.
lanthanides exhibited different trends across the series, 
including normal extraction, inverse extraction, and peak-
shaped extraction centered in the middle of the series. For 
example, the saponified phenanthroline carboxamide ligand, 9-
(N,N-dioctylcarbamoyl)-1,10-phenanthroline-2-sodium 
carboxylate (NaDOAPA, Fig. 1a), exhibited pronounced 
selectivity toward heavy lanthanides. At pH = 4, the SFLu(III)/La(III) 
reached 787, enabling efficient discrimination of heavy 
lanthanides from their light and medium counterparts23. On the 
other hand, 2,9-bis(diphenylphosphine oxide)-1,10-
phenanthroline (Ph2-BPPhen, Fig. 1b) exhibited a non-
monotonic trend in its extraction efficiency for Lns(III), with 
DEu(III) exceeding both DLa(III) and DLu(III). The logβ values obtained 
from UV–vis titration corroborated this observation, which has 
been attributed to the optimal size match between the ligand 
coordination cavity and Eu(III)24. Moreover, for the 
phenanthroline diamide ligands (DAPhen, Fig. 1c), the 
extraction efficiency declined markedly as the lanthanide 
atomic number increased, with a preferential affinity toward 
light lanthanides (La(III), Ce(III), and Pr(III)), a behavior arising 
from their size selectivity25. Furthermore, changing the alkyl 
substituent can significantly influence the extraction behavior 
of the DAPhen ligands26-28. It has been demonstrated that the 
reduction of the alkyl substituent length from dodecyl to butyl 
led to over a fivefold enhancement in the ligand’s extraction 
efficiency for f-block elements29,30. Leveraging the inherent 
advantages of preorganized ligands, bis-lactam-1,10-
phenanthroline (BLPhen, Fig. 1d), derived from DAPhen, has 
demonstrated superior extraction performance toward f-block 
elements, while maintaining pronounced size selectivity for 
light lanthanides. Notably, BLPhen exhibited a sharp transition 
in extraction distribution ratios across the lanthanides, resulting 
in remarkable selectivity between light and heavy lanthanides, 
with SFLa(III)/Lu(III) values exceeding 17,00031-33. However, these 
ligands decomposed rapidly under high acidity, limiting their 
potential applications. Thereafter, the more stabilized BLPhen 
was designed and synthesized, which overcame the stability 
issues of previous versions34 and achieved SFLa(III)/Lu(III) values 
consistently above 10035.

Although numerous studies have shown that the alkyl chain 
length on the amide group and the substituents on the aromatic 
ring significantly affect the extraction capacity of ligands36-38, it 
remains unclear the effect of alkyl substituent properties on the 
extraction performance of BLPhen. Herein, four BLPhen ligands 

(L1–L4, Fig. 1e) bearing amide functionalities with alkyl 
substituents of varying chain lengths were synthesized to 
evaluate the impact of alkyl structural variations on lanthanide 
extraction behavior. Ligands L1, L3, and L4 featured linear alkyl 
chains, while L2 incorporated a branched 2-ethylhexyl group. 
The extraction performance of these ligands toward 
lanthanides was systematically evaluated under different nitric 
acid and ligand concentrations. Additionally, UV–vis 
spectroscopy titration was employed to determine the stability 
constants (logβ) of the corresponding metal-ligand complexes 
in homogeneous solution. Detailed insights into the complexes 
were obtained from ESI-MS and single-crystal X-ray diffraction 
analyses. This work aims to elucidate the structure-property 
relationships governing ligand-lanthanide interactions, with 
particular focus on the role of amide alkyl substituents, thereby 
providing insights for the rational design of efficient and 
selective ligands for f-elements separation.

Results and discussion
Solvent extraction 

Influence of HNO3 concentration. To investigate the extraction 
behavior of the four ligands toward trivalent lanthanides, 
solvent extraction experiments were conducted over a range of 
HNO3 concentrations (0.001–4.0 M), as presented in Fig. 2. All 
ligands exhibited similar trends, with extraction efficiency 
gradually decreasing from La(III) to Lu(III), indicating an inverse 
correlation between extractability and atomic number. Higher 
extraction efficiencies were observed for light lanthanides 
(La(III)–Nd(III)), whereas those of the heavy lanthanides 
(Ho(III)–Lu(III)) decreased markedly, typically below 10%. 
Moreover, the extraction performance of these ligands was also 
influenced by the HNO3 concentration. For light lanthanides, 
maximum extraction occurred at 1.0–2.0 M HNO3, while middle 
lanthanides showed peak extraction at 4.0 M. In contrast, no 
consistent trend was observed for heavy lanthanides due to the 
low extraction efficiency, resulting in significant experimental 
errors. These observations were consistent with the findings of 
Popova et al. on stabilized BLPhen35, further confirming that 
changes in the alkyl chain length of the amide substituent have 
little effect on the extraction sequence of Lns(III). Instead, the 
extraction behavior across the lanthanide series appeared to be 
primarily governed by the size and preorganization of the 
coordination cavity. A notable exception was observed for 
Ce(III), which exhibited a lower extraction efficiency than Pr(III), 
despite having a lower atomic number. This deviation is likely 
due to the partial oxidation of Ce(III) to Ce(IV) under ambient 
conditions, for which the ligands exhibit a weak binding affinity, 
thereby diminishing the overall extraction efficiency39. Among 
the four ligands, L3 and L4 exhibited a more distinct four-region 
extraction profile compared to L1 and L2. Specifically, for the 
light lanthanides (La(III)–Nd(III)), extraction efficiency initially 
increased with acidity before declining; for the middle 
lanthanides (Sm(III)–Eu(III)), it rised continuously; for the 
middle lanthanides (Gd(III)–Ho(III)), it exhibited a rise–fall–rise 
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trend; whereas for the heavy lanthanides (Er(III)–Lu(III)), 
extraction efficiency remained consistently low. On the other 
hand, the extraction behavior and separation performance of 
ligands L1–L4 were evaluated at low, medium, and high HNO3 
concentrations (0.01 M, 1.0 M, and 4.0 M, respectively) as 
shown in Fig. 3e–g. At all three acid concentrations, the 
differences in extraction ability were primarily observed for the 
light lanthanides, following the order L1 > L3 > L2 > L4. This 
suggests that the introduction of longer straight-chain alkyl 
groups may enhance the differentiation in lanthanide 
extraction behavior, and the incorporation of longer and 
branched chains led to a decrease in extraction efficiency, likely 
due to the steric effects of the amide substituent40,41.
Nd(III), exhibiting the lowest extraction efficiency among the 
light lanthanides, and Ho(III), exhibiting the highest among the 
heavy lanthanides, were chosen as representatives of the light 
and heavy lanthanides, respectively. This selection was used to 
evaluate the ligands’ separation performance for light versus 
heavy lanthanides and to assess the feasibility of group-wise 
lanthanide separation. The corresponding separation factors 
(SF) for Nd(III) over Ho(III) are shown in Fig. S11. Notably, under 
1.0 M HNO₃, all ligands exhibited the strongest separation 
capability, with L1 achieving the highest SFNd(III)/Ho(III) (> 500), 

followed by L3 and L4, while L2 displayed the lowest selectivity 
(> 30). However, at 0.01 M and 4.0 M HNO3, the SFNd(III)/Ho(III) for 
all ligands were significantly reduced. These results suggest that 
moderate acidity (1.0 M HNO₃) provided the optimal conditions 
for balancing extraction efficiency and separation selectivity. 

Fig. 3 Extraction slope experiment of (a) L1, (b) L2, (c) L3, and 
(d) L4 for representative lanthanide elements. [HNO3] = 1.0 M.

Fig. 2 Extraction of lanthanide elements by ligands (a) L1, (b) L2, (c) L3, and (d) L4 under varying nitric acid concentrations. 
Extraction efficiencies of the ligands in (e) 0.01, (f) 1.0, and (g) 4.0 M HNO3. [L] = 1.0 mM.

(a) (b)

(c) (d)
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Overall, BLPhen enabled efficient separation between light and 
heavy lanthanides.

Influence of ligand concentrations. To further elucidate the 
extraction behavior of the ligands toward light, middle, and 
heavy lanthanides, slope analyses were conducted using Nd(III), 
Gd(III), and Er(III) as representative ions under varying ligand 
concentrations. The solubility of L2 and L3 in 1,2-DCE was 
limited to less than 1.5 mM. At low ligand concentrations, DEr(III) 
was too low, causing substantial experimental errors and 
hindering data fitting. Therefore, slope experiments for Er(III) 
could not be performed with these two ligands. As shown in Fig. 
3, the slope values of Nd(III) ranged from 1 to 2.2 for all ligands, 
with L1 exhibiting a slope of approximately 2, indicating the 
formation of a 2:1 ligand-to-metal complex. L2–L4 yielded slope 
values between 1 and 2, suggesting a mixture of 1:1 and 2:1 
complexes. Specifically, L2 exhibited a slope closer to 1, 
whereas L3 and L4 had intermediate slopes (~ 1.5), indicating 
the significant presence of both species. For ligands with linear 
alkyl substituents, increasing the chain length from butyl (L1) to 
octyl (L3) reduced the proportion of 2:1 complexes, likely due 
to increased steric hindrance, while further elongation to 
dodecyl (L4) had a minimal additional steric hindrance effect. In 

contrast, the branched substituent in L2 further destabilized the 
2:1 complex, possibly due to greater steric bulk. Linear alkyl 
chains maintained a linear and compact molecular geometry, 
facilitating optimal coordination and favoring the formation of 
2:1 complexes. Conversely, branching introduced additional 
steric volume, interfering with effective ligand packing around 
the light lanthanide metal center and thus hindering higher-
order complex formation. For Gd(III), all ligands exhibited slope 
values close to 1, indicating predominant 1:1 complex 
formation. This trend aligns with previous observations for 
Eu(III), suggesting that middle lanthanides generally favor a 1:1 
coordination mode34. In the case of Er(III), slope values were 
approximately 0.5, deviating from conventional coordination 
behavior. This anomaly may be attributed to the co-extraction 
of nitrate ions and the extremely low extraction efficiency for 
heavy lanthanides, potentially leading to saturation effects or 
underestimation of slope values40.

UV–vis spectroscopy titration

Titration experiments of the four ligands with La(III), Eu(III), and 
Lu(III) were conducted in a mixed solvent system of chloroform 
and methanol to investigate coordination behavior across the 
lanthanide series in a homogeneous phase. UV–vis titration  

(a)

(b)

(c)

Fig. 4 UV–vis titration of L1 with (a) La(III), (b) Eu(III), and (c) Lu(III). Left column: the changes in UV–vis titration spectra; 
middle column: the molar absorptivity of the species; right column: the species distribution diagrams.
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Table 1 logβ of the complexes.
ligands reaction logβ deviation

L1 5.84 0.02
L2 5.72 0.03
L3 5.83 0.007
L4

L+La(III)=La(III)L

5.62 0.03
L1 5.78 0.02
L2 5.68 0.03
L3 5.76 0.03
L4

L+Eu(III)=Eu(III)L

5.45 0.02
L1 5.61 0.005
L2 5.52 0.03
L3 5.60 0.03
L4

L+Lu(III)=Lu(III)L

5.39 0.006

spectra and the logβ were obtained to examine trends related 
to the three representative ions. For L1, similar spectral changes
were observed upon titration with La(III), Eu(III), and  Lu(III), 
indicating a consistent coordination rule across the three ions. 
As shown in Fig. 4, the absorption peaks near 294.0 nm, 326.0 
nm, and 340.0 nm gradually decreased in intensity, 
accompanied by the emergence of new peaks around 301.0 nm 
and 357.0 nm. The presence of four isosbestic points in all three 
titration profiles confirmed the formation of new complexes. 
Titration experiments for L2–L4 with the same metal ions were 
also conducted, and the corresponding spectra are presented in 
Fig. S12. The observed spectral changes closely resembled those 
of L1, suggesting that variations in alkyl chain length or 
branching on the amide substituent did not significantly alter 
the complexation mode in homogeneous solution.

Although the stoichiometries of the metal to ligands varied 
across light, middle, and heavy lanthanides in the extraction 
slope experiments, the titration data fitting using Hypspec 
software revealed that only 1:1 complexes consistently 
provided the best fit for all four ligands with La(III), Eu(III), and 
Lu(III) in homogeneous solution. All fitting deviations were 
within 0.03, indicating high model reliability (Table 1). This 
discrepancy between homogeneous and biphasic systems may 
be attributed to the absence of interfacial effects and phase-
transfer dynamics in solution, which likely attenuate differences 
in ligand-metal interaction strength observed during 
extraction42. Moreover, the affinity of these ligands for metal 
ions followed the order La(III) > Eu(III) > Lu(III), consistent with 
the trend in extraction efficiency. For the three metal ions, the 
ligands exhibited this stability sequence: L1 > L3 > L2 > L4. This 
correlation suggests that the coordination strength decreased 
with the increasing length of the alkyl chain on the amide group. 
Furthermore, compared to the straight-chain ligand L3 with the 
same number of carbon atoms, the branched substituent in L2 
further reduced the binding affinity, possibly attributed to 
increased steric hindrance, which hindered the optimal 
orientation and coordination of the ligand around the metal 
center. All fitted logβ values exceeded 5, surpassing those 
reported for other phenanthroline-based N, O-donor ligands 
such as Et-Tol-DAPhen and PDAM by at least one logarithmic 

unit43,44, indicating substantially greater complex stability with 
f-block metal ions.

ESI-MS

ESI-MS analysis of the complex solutions provided detailed 
information on the species. The ESI-MS spectra of the 
complexes formed by the four ligands with La(III), Eu(III), and 
Lu(III) were measured. The comparison of the experimentally 
obtained m/z values with those simulated using ChemDraw is 
presented in Table S1. Fig. S13 shows the ESI-MS spectra of the 
L1 complexes with the three metal ions.

The spectra of the L1 complexes with the three metal ions 
exhibited consistent results, showing the presence of free 
ligand associated with either H+ or Na+, corresponding to 
[L1+H]+ and [L1+Na]+. The signal intensities of these species 
were higher than those of the complexes, indicating that the 
free ligand was the dominant species in the gas phase. 
Moreover, two distinct complex species were identified, 
corresponding to [ML(NO3)2]+ and [ML2(NO3)]2+. However, the 
UV–vis fitting results indicate that only 1:1 ligand-to-metal 
complexes were present in the homogeneous solution. The 2:1 
ligand-to-metal complexes observed in the ESI-MS spectra may 
result from the dimerization of L1 in solution and the gas phase, 
allowing the metal ion to coordinate with the dimeric ligand 
form34,45,46.

X-ray single-crystal diffraction analysis

The single-crystal structure of the complex provides clear and 
direct insights into the coordination environment. We found 
that nitrate complexes of L1 with light and medium lanthanide 
elements readily form precipitates or microcrystals that are 
challenging to analyze. Therefore, Er(NO3)3·6H2O was selected 
as a representative heavy lanthanide, allowing the single-crystal 
structure of the 1:1 L1-Er complex to be successfully obtained. 
In addition, the perchlorate ion, with its weaker coordination 
ability compared to the nitrate47, resulted in the formation of 
the 2:1 L1-Eu complex. The detailed structural information of 
the corresponding single crystals is provided in Table S2.

The 1:1 complex between L1 and Er(III) was composed of 
Er(L1)(NO3)3, in which Er(III) exhibited a 10-coordinate 
configuration, coordinating with two nitrogen atoms and two 
oxygen atoms from L1, as well as six oxygen atoms from three 
nitrate ions (Fig. 5a and 5b). Due to the lactam structure of the 
ligand, no conformational inversion was required during the 
coordination process, allowing the ligand to coordinate with 
Er(III) directly. In its free form, the oxygen atoms of the amide 
group were positioned on opposite sides of the phenanthroline 
plane in the lowest energy conformation (Fig. S14). However, 
upon coordination with Er(III), the directions of the two lactam 
oxygen atoms shifted to the same side of the phenanthroline 
plane, with the average deviation angle increasing from 0.08° to 
3.65°. This suggests that while the ligand structure was fully 
preorganized, it can still undergo slight adjustments to facilitate 
coordination with the metal ions. In the complex, the average 
bond lengths of Er-NPhen, Er-Oamide, and Er-Onitrate were 2.56 Å, 
2.42 Å, and 2.44 Å, respectively. These results demonstrated 
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that the Er-O bond lengths, both from the nitrate and the ligand, 
were shorter than the Er-N bond length, indicating a stronger 
affinity of oxygen for Er(III) than nitrogen.

The 2:1 complex formed between L1 and Eu(III) has the 
composition [Eu(L1)2](ClO4)3 (Fig. 5c and 5d), in which Eu(III) 
adopted a 8-coordinate configuration, with three perchlorate 
ions in the outer coordination sphere to balance the charge. 
Each L1 coordinated to Eu(III) through two nitrogen atoms from 
the phenanthroline and two oxygen atoms from the lactam 
groups. Additionally, the deviation direction of the lactam 
oxygen atoms and the bond length pattern in [Eu(L1)2](ClO4)3 
were similar to those in Er(L1)(NO3)3. However, the 
coordination bond lengths between Eu(III) and the ligand atoms 
were longer than those of Er(III) (Eu-NPhen and Eu-Oamide,  were 
2.68 Å and 2.50 Å, respectively)48. 

Although the coordination bond lengths between L1 and 
Er(III)/Eu(III) were longer than or nearly equivalent to those in 
the corresponding DAPhen complexes49-51, BLPhen exhibited a 
markedly stronger affinity for lanthanides. This indicates that 
coordination bond length was not the determining factor for 
lanthanide binding in these ligand systems. Instead, the 
enhanced affinity of BLPhen was primarily attributed to its 
preorganized molecular structure, which minimized the 
energetic cost associated with conformational reorganization 
during metal coordination.

Conclusions
In this study, four BLPhen ligands with varying alkyl substituents 
were designed and synthesized to investigate the influence of 

alkyl chain length and branching on the extraction and 
coordination behavior toward trivalent lanthanides. Extraction 
experiments at different HNO3 concentrations indicate that the 
extraction trend of BLPhen for lanthanides was predominantly 
controlled by the size of the coordination cavity. Variations in 
alkyl chain length and branching did not alter the extraction 
trends of the BLPhen ligands toward lanthanides but affected 
the extraction efficiency. The extraction capability followed the 
order L1 > L3 > L2 > L4. Furthermore, ligands with longer linear 
chains (L3 and L4) displayed a more pronounced tetrad effect in 
the extraction patterns. On the other hand, under 1.0 M HNO3, 
the SFNd(III)/Ho(III) could exceed 500, demonstrating the potential 
for effective group separation of lanthanide elements. Slope 
analysis reveals that the stoichiometries of the complexes 
formed between the ligands and Nd(III), Gd(III), and Er(III) were 
not identical, with slopes of 1–2.2, 1, and 0.5, respectively. 
However, UV–vis titration in homogeneous solution confirmed 
uniform 1:1 complexation for all metal-ligand systems. The 
stability constants (logβ) followed the order L1 > L3 > L2 > L4, 
consistent with extraction data, and decreased from La(III) to 
Lu(III). Er(L1)(NO3)3 and [Eu(L1)2](ClO4)3 offered clear 
coordination information. The preorganized ligand structure 
restricted rotational flexibility, thereby reducing the energetic 
cost of conformational rearrangement during coordination and 
resulting in enhanced complex stability. Overall, this study 
highlights the crucial role of alkyl substituent geometry in 
regulating the coordination strength and selectivity of BLPhen 
ligands, providing a structural basis for the rational design of 
high-performance extractants for rare earth separation.

(c) (d)
2.93°

2.70°

2.70°

2.93°

(a) (b)

5.50° 1.80°

Fig. 5. (a) Crystal structure of Er(L1)(NO3)3, (b) torsional angles of the lactam oxygen atom deviating from the phenanthroline 
plane for Er(L1)(NO3)3, (c) coordination environment of Eu(III) in [Eu(L1)2](ClO4)3 and (d) torsional angles of the lactam. 
oxygen atom deviating from the phenanthroline plane for Eu(L1)2(ClO4)2.
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Fig. 6 Synthetic route of the ligands.

Experimental
General

All chemicals used in this study, including lanthanide nitrate 
hydrates, tetraethylammonium nitrate (Et4NNO3), and other 
reagents for organic synthesis, were purchased from 
commercial suppliers and used without further purification. The 
diluent used in the solvent extraction experiments, 1,2-
dichloroethane (1,2-DCE), was of analytical reagent (AR) grade. 
For UV–vis spectroscopy titration experiments, chloroform (AR 
grade) and methanol (HPLC grade) were employed. Due to the 
radioactive toxicity of Pm, this study excluded this lanthanide 
metal ion.

Organic synthesis

All ligands were synthesized according to the procedure 
described in our previous work34. The synthetic route is shown 
in Fig. 6 Detailed synthesis and structural characterization are 
provided in the Supporting Information (SI).

Solvent extraction

For the experiments at varying HNO3 concentrations (0.001–4.0 
M), the organic phase was prepared by dissolving each ligand 
(1.0 mM) in 1,2-DCE, while the aqueous phase was prepared by 
dissolving a mixture of trivalent lanthanides (total 
concentration: 1.4 mM, each at 0.1 mM) in HNO3 solutions. 
Equal volumes of the organic and aqueous phases were 
transferred into 10.0 mL centrifuge tubes and mixed using a 
vortex shaker at 2000 rpm for 30 minutes to ensure thorough 
phase contact and equilibration. Following mixing, the two 
phases were separated by centrifugation at 3000 rpm for 3 
minutes. The concentrations of metal ions in the aqueous 
phase, both before and after extraction, were determined using 
inductively coupled plasma optical emission spectrometry (ICP-
OES, iCAP™ PRO, Thermo Fisher Scientific Inc., USA).

Extraction experiments at varying ligand concentrations were 
conducted at a fixed HNO3 concentration of 1.0 M. 
Representative lanthanides from the light, middle, and heavy 
regions—Nd(III), Gd(III), and Er(III), respectively—were selected 
for slope analysis. For Nd(III) and Gd(III), the experiments were 
performed using ligand concentrations of 0.2, 0.4, 0.6, 0.8, and 
1.0 mM. Due to the relatively low extraction efficiency of the 
ligands for heavy lanthanides, substantial deviations in 
distribution ratios could arise at lower ligand concentrations, 
potentially resulting in inaccurate slope determination. 
Therefore, the slope experiments for Er(III) were conducted at 
higher ligand concentrations of 1.0, 1.2, 1.4, 1.6, and 2.0 mM. 
All other extraction conditions were consistent with those 
described in the HNO3 concentration experiments.

UV–vis spectroscopy titration

UV–vis titration experiments were carried out using a Shimadzu 
UV-2700 spectrophotometer. La(III), Eu(III), and Lu(III) were 
selected as representative lanthanides to investigate their 
complexation behavior with the four synthesized ligands. 
Ligand solutions (0.02 mM) and metal ion solutions (0.2 mM) 
were prepared in a chloroform/methanol mixture (v/v = 2:1) to 
ensure adequate solubility of the resulting metal-ligand 
complexes. For each titration, 2.0 mL of the ligand solution was 
placed in a 1.0 cm path length quartz cuvette, and 10.0 µL 
aliquots of the metal ion solution were added incrementally 
until the UV–vis absorption spectra no longer changed. The 
absorption spectra were recorded on 250–500 nm, as the 
characteristic absorption peaks of the ligands lay within this 
range. Spectral data were analyzed using HypSpec software52 to 
calculate the logβ of the corresponding metal-ligand complexes.

Electrospray Ionization Mass Spectrometry (ESI-MS)

ESI-MS analyses were performed on an Agilent 6545 mass 
spectrometer. Solutions of the ligand and hydrated nitrates of 
La(III), Eu(III) and Lu(III) were prepared in a mixed solvent 
system consisting of HPLC-grade acetonitrile and chloroform, 
with both components adjusted to a concentration of 1.0 mM. 
The solutions were mixed and sonicated for 2–3 minutes to 
facilitate complex formation34, and then diluted fivefold to 
obtain the samples for analysis.

X-ray single-crystal diffraction

X-ray single-crystal diffraction was carried out on a Bruker D8 
Venture system and the refinement was performed using 
APEX3 (Bruker) and Olex2-1.2. Additionally, disorder modeling 
was performed by splitting the carbon atoms of the t-butyl and 
n-butyl groups into two components. Single crystals of L1 with 
Er(NO3)3·6H2O in a 1:1 ratio were grown by the solvent 
evaporation method. Solutions of L1 and Er(NO3)3·6H2O were 
prepared in a chloroform-methanol mixture, and the two 
components were mixed and placed in a 3.0 mL vial. The 
mixture was allowed to stand at room temperature for several 
days, yielding pale yellow crystals. For the 2:1 type single 
crystals of L1 with Eu(ClO4)3, the solvent diffusion method was 
employed. Solutions of L1 and Eu(ClO4)3 were prepared in a 
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chloroform-methanol mixture and then combined in equal 
volumes in a 3.0 mL vial. This vial was placed inside a 20.0 mL 
vial containing 1.5 mL of diethyl ether and sealed. The system 
was left undisturbed at room temperature for 3 days, resulting 
in high-quality yellow crystals suitable for X-ray diffraction 
analysis. Due to the small size of the L1-Er complex crystal, the 
data resolution was limited, resulting in a relatively high Rint 

value and a data completeness cutoff slightly below the 
recommended threshold; however, the cutoff at 2θ = 110° was 
still marginally acceptable. Nevertheless, the crystallographic 
data did not affect the reliability of the structural 
determination.  Eu(ClO4)3 was prepared by mixing an excess of 
Eu2O3 with 1.0 M HClO4 and stirring the mixture at 90 °C for 3 
hours53. The unreacted solid was then filtered off, and the 
filtrate was evaporated to dryness and subsequently vacuum-
dried to obtain colorless crystals. 
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