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a b s t r a c t

To achieve a lower detection limit has always been a goal of analytical chemists. Herein, we demonstrate

the first picomolar level detection capability for Fe3+ ion via luminescence detection technology. The re-

sults of structural analysis and theoretical calculation show that Fe3+ ions are adsorbed on the central

node of Eu-DBM (DBM = dibenzoylmethane) sensor in the form of single ion at ultralow concentration.

Subsequently, the pathways of photo-induced charge and energy transfer of the obtained Eu-DBM@Fe3+

material have been changed, from the initial DBM-to-Eu3+ before Fe3+ adsorption to the ultimate DBM-

to-Fe3+ after adsorption process, which quenches the luminescence of Eu3+ ion. This work not only ob-

tains the highly sensitive luminescence detection ability, but also innovatively proposes the single-ion

adsorption mechanism, both of which have important scientific and application values for the develop-

ment of more efficient detection agents in the future.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferric ion (Fe3+) is indispensable to living organisms because of

its importance in hemoglobin formation, oxygen absorption, and

DNA/RNA synthesis [1–4]. For clarifying the Fe3+effect in physio-

logical system, it is necessary to conduct ultrasensitive quantita-

tive analysis of Fe3+ ion, preferably to achieve the detection capa-

bility at single-molecule level (10−15−10−12 mol/L). To achieve this

goal, analytical chemists have developed a series of techniques up

to now. However, it is difficult for these physical and chemical de-

tection techniques to work in the biomedical field. Luminescence

detection is a promising technology effectively combining chemical

detection and biomedical mechanism analysis, which is conducive

to realize the chemical detection by monitoring the luminescence

intensity, then to observe the dynamic mechanism of analytes in

cells through confocal imaging methodology [5–7]. Although sub-

nanomolar level Fe3+ detection has been realized by now [8], it

is still difficult and requirable for single-molecule detection at the

picomolar (pmol/L) level.

Traditionally, the luminescence detection behavior is generally

realized by inner filter effect and/or Förster resonance energy

transfer mechanism [9,10]. However, the non-immediately contact

between sensor and analyte confines the sensitivity, because of

many environmental factors. Therefore, an adsorption strategy is

necessary for realizing the ultrasensitive detection, in which the

analyte directly changes the energy/charge transfer pathways of
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the luminescence sensor at close range. Based on this consid-

eration, a luminescent lanthanide complex, (HNEt3)
+[Eu(DBM)4]

–

(DBM = dibenzoylmethane, denoted as Eu-DBM), is selected as the

sensor because of its excellent luminescence performance and ex-

ceptional water-induced luminescence improvement phenomenon

[11]. More importantly, its paddle-like molecular structure and

open Eu-O nodes provide an ideal platform for Fe3+ ion adsorp-

tion.

The Eu-DBM was synthesized by following the protocols previ-

ously reported [11] (Figs. S1−S6 in Supporting information). Upon

the excitation from 365 nm, its 1 g/L well-dispersed aqueous sus-

pension kept the intense luminescent emission at 614 nm cor-

responding to the electric dipole transition (5D0→7F2), compara-

ble to the solid-state sample (Fig. S7 in Supporting information).

This rendered stable and intense red-light emission with the Com-

mission Internationale de L’Eclairage (CIE) coordination of (0.648,

0.330) [12] (Fig. S8 in Supporting information). In addition, the

complex-maintained luminescence intensity of more than 80% un-

der the conditions of pH 5−11 or temperature 0−90 °C. Its aqueous

suspension also ensured that the solid does not settle within 48 h,

and the luminescence intensity remained above 90%. The above ex-

perimental results proved the good stability at solid state and in

the aqueous suspension of the Eu-DBM complex (Figs. S9−S14 in

Supporting information).

Then, the Eu-DBM as a sensor was mixed with isometric aque-

ous solution containing 0.01 mol/L concentration of various com-

mon metal cations in human physical system. According to Figs.
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Fig. 1. (A) The concentration-dependence luminescence spectra of Eu-DBM toward

Fe3+; (B) The SV plot of Eu-DBM toward Fe3+; (C) Fluorescence intensity of 1 g/L Eu-

DBM sensor containing low concentration Fe3+ ions (1−20 pmol/L); (D) The limit of

detection towards Fe3+ ions were compared with the literature results reported in

the previous 7 years.

S15 and S16 (Supporting information), Fe3+ ion yielded obvi-

ous luminescent quenching to the sensor, while others only oc-

curred negligible alternation on luminescence intensity. As shown

in Fig. 1A, the luminescent intensity of the sensor was dramatically

quenched as the increasing Fe3+ concentration, featuring heavy

concentration dependence behavior. The depicted Stern-Volmer

(SV) plot conformed to a double- logarithmic relationship between

the quenching efficiency (I0/I-1) and Fe3+ concentration (Fig. 1B)

[13–16]. As a result, the KSV and limit of detection (LOD) were de-

termined as 2.18 × 1010 L/mol and 1.36 × 10−12 mol/L, respectively.

According to these results, the Eu-DBM complex demonstrated

pmol/L level detection capability toward Fe3+ ion. Moreover, it rep-

resented eminent competitiveness and recyclability (Figs. S17−S19

in Supporting information).

Although the above fitting analyses showed that the Eu-DBM

complex possesses pmol/L level detection ability for Fe3+, it was

suspicious whether it exhibited such low detection ability in real

sample of low Fe3+ concentration. In view of this, we used di-

lution method to prepare a series of Fe3+ aqueous solution with

pmol/L level concentration. They were dripped into Eu-DBM aque-

ous solution sensor respectively to test the luminescence quench-

ing of Eu3+ ion. As shown in Fig. 1C, when the concentration of

Fe3+ ion was larger than 5 × 10−12 mol/L, the quenching coeffi-

cient began to be higher than the value of 3σ (σ is the standard

deviation of the luminescence intensity at 614 nm for three groups

repeated blank luminescent measurements, the specific values are

listed in Table S1 in Supporting information) [17–22], indicating

that the detection capability took effect. Based on this, we judged

that the pmol/L level Fe3+ detection has been realized even in the

real-sample tests, prior the previous reports. (Fig. 1D and Table S2

in Supporting information). Furthermore, the pH values of the sus-

pension were 6.88 and 6.38 before and after introducing 20 pmol/L

Fe3+ ions, respectively. The acidity was within the stability range

of the complex, suggesting that the introduction of Fe3+ ion will

not damage the structure of the complex due to the increment of

systematic acidity.

Given that Eu-DBM has an anionic skeleton structure, we hy-

pothesized that there was a strong adsorption capacity of Eu-DBM

to Fe3+ cations at low concentration. To verify this hypothesis, we

soaked Eu-DBM nanocrystal into 20 nmol/L Fe3+ aqueous solution

for 1 h Although a series of data confirmed the existence of Fe3+

Fig. 2. (A) The UV–vis spectra of the filtrate of Eu-DBM nanocrystals immersed in

20 nmol/L Fe3+ solution for 1 h; (B) PXRD patterns of Eu-DBM before and after

detecting Fe3+ cation; (C) Structural schemes of Eu-DBM@Fe3+ after geometric op-

timization of Materials Studio 2017 software (TE = Total energy); (D) The geometric

optimization structure of Eu-DBM before (left) and after (right) adsorption of Fe3+

ions. H and (HNEt3)
+ are transparent.

(Fig. 2A, Fig. S20 and Table S3 in Supporting information), undis-

cernible Fe aggregation nanoparticles could be observed accord-

ing to the PXRD patterns and SEM images (Fig. 2B and Fig. S21

in Supporting information). These suggested that Fe3+ ion was ad-

sorbed by Eu-DBM in a highly dispersed single-ion state rather

than aggregation state. Generally, this kind of single-ion or single-

atom adsorption can be confirmed by means of special aberration

corrected transmission electron microscope and synchrotron radia-

tion technologies. However, due to the particularity of Eu3+ ion in

the outer 4f electron and Fe3+ in the spin polarization, the above

methods cannot work. Therefore, theoretical calculation was forced

to determine the adsorption behavior of Eu-DBM for Fe3+ ion. Ac-

cording to the results of structural optimization and energy calcu-

lation, the Fe3+ ion was preferably adsorbed onto the central Eu-O8

node with two probable modes: (1) Fe-O4 mode where Fe attached

to the above or below plane of the distorted square-antiprismatic

geometry (mode 1 in Fig. 2C); (2) Fe-O3 mode where Fe attached

to the sides of the distorted square-antiprismatic geometry (mode

2 in Fig. 2C). The total energy of Fe-O3 was slight lower than

that of Fe-O4 (Table S4 in Supporting information). In addition, the

structure of Eu-DBM after Fe3+ adsorption also changed: dihedral

angle between the two benzene rings of the molecule was reduced

(Fig. 2D). This was beneficial to the conjugation and charge transfer

between benzene rings and hindered the charge transfer of ben-

zene ring to central Eu3+ ions, both of which affected the energy

transfer and leading to luminescence quenching. To verify this hy-

pothesis, we conducted further analyses of the detection mecha-

nism.

Lowest unoccupied molecular orbital (LUMO) and highest occu-

pied molecular orbital (HOMO) energy levels, as well as the cor-

responding frontier orbitals for Eu-DBM and Eu-DBM@Fe3+, were

calculated, which showed the potential of the existence of elec-

tron transfer (Fig. 3A). The differential charge of Eu-DBM com-

plex molecules before and after adsorption of Fe3+ single ion fur-

ther confirmed the above hypothesis (Fig. 3B). The UV–vis spectra

of Eu-DBM suspension found that the UV absorption edge of Eu-

DBM@Fe3+ was red-shifted, and simultaneously obvious tail ab-
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Fig. 3. (A) The optimized geometry of Eu-DBM@Fe3+ and frontier orbitals of Eu-DBM and Eu-DBM@Fe3+. (B) Differential charge analysis of Eu-DBM@Fe3+; XPS spectra before

and after Fe3+ adsorption of Eu-DBM for Fe 2p (C) and Eu 4d (D). (E) Charge transfer diagram before and after Eu-DBM detection of Fe3+ ion.

sorption (Urbach tail) appeared (Fig. S22 in Supporting informa-

tion) [23,24]. This long-wavelength absorption tail (>400 nm) was

caused by the charge transfer interaction between the Eu-DBM

donor and the Fe3+ acceptor [25].

The appearance of Fe 2p signal in the XPS scan confirmed the

presence of Fe3+ adsorbed on the surface of Eu-DBM (Fig. 3C and

Fig. S23 in Supporting information). It can be seen from Fig. S24

that the O 1s high-resolution spectrum of Eu-DBM was divided

into two peaks at 530.53 eV and 532.55 eV, which were attributed

to metal-bound ionic bonds (Eu-O) and hydroxyl groups (Eu-OH)

[26]. After adsorption, the binding energy of Eu-O and Eu-OH in-

creased, indicating that a chemical bond was formed between Fe3+

and Eu-O. This resulted from the electron transfer from the ex-

tranuclear electrons of O to the unoccupied orbital of Fe3+, result-
ing in a decrease in the density of the extranuclear electron cloud.

Subsequently, the weakening of O nuclear shielding enhanced the

attraction between O 1s electrons and target ions. In addition, the

change of the electron cloud distribution of O will cause the shift

of Eu-O shared electrons, resulting in the shift of Eu 4d bind-

ing energy (Fig. 3D). It was worth noting that these peaks in Eu-

DBM@Fe3+ samples all shifted to higher binding energies, indicat-

ing that strong ionic bonds (Fe-O) were the reason for the effective

adsorption of Fe3+ on Eu-DBM [27]. The above results certified that

the electron transfer from benzene rings to the central Eu3+ ion

was greatly inhibited after adsorbing Fe3+ ion (Fig. 3E) [28]. This

explained that the Fe3+ adsorption as single-ion formation reduced

the charge supply to Eu3+, and further affected its luminescence.

Furthermore, the energy difference between the triplet-state DBM

and the receiving energy level of Eu3+ was decreased, which indi-

cated that the absorbed by DBM ligand as an antenna was harder

to transfer to Eu3+ ion after Fe3+ adsorption (Fig. S25 in Support-

ing information) [29].

In conclusion, luminescence detection of Fe3+ ion in water at

pmol/L level was realized for the first time. The Fe3+ adsorp-

tion as single-ion mode onto the Eu-O8 node greatly inhibited

the charge and energy transfer pathways within Eu-DBM molecule,

which contributed to the ultrasensitive luminescence detection be-

havior toward Fe3+ ion. In this work, the obtained ultralow LOD

and single-ion adsorption mechanism open a door for designing

and developing advanced luminescence sensing materials.
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