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a b s t r a c t

Water-caused luminescence quenching is a well-known and intractable issue for luminescence lanthanide

complexes, greatly confining their broad application as sensing and displaying devices in water system.

Herein, an anionic and coordination-saturated lanthanide complex with a nanosheet-like structure has

been prepared. It exhibits excellent photophysical properties both in solid state and in aqueous suspen-

sion. Noteworthily, a 13% improvement for sensitization efficiency from organic ligand to central lan-

thanide ion has been realized, indicating an exceptional phenomenon of water-induced luminescence

improvement which is rarely reported previously. Moreover, the aqueous suspension of as-prepared lu-

minophore could act as a chemo-sensor responding to various organic solvents in water. Both of water-

induced luminescence improvement and extended sensing behavior in this work provide a new platform

for developing highly performant and practical luminescent materials in the water system.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lanthanide complexes are crystalline hybrid materials assem-

bled by trivalent lanthanide (Ln3+) ions and organic ligands [1–3].

Benefiting from the antenna effect, characteristic luminescence of

Ln3+ ions, especially Eu3+ and Tb3+ ions, are well sensitized by the

light-harvesting ligands via a series of energy transfer processes

[4–6]. These complicated photoluminescence pathways determine

the sensitive nature to circumstance details, thereby providing

an effective platform for chemically responding to metal cations,

oxoanions, organic solvents, and biomolecules [7–10]. However, it

is commonly believed that luminescent lanthanide complexes are

unsuitable for water-bearing systems, because the stretching vibra-

tion of hydroxyl groups in water molecules confines the energy

transfer process from the triplet state of ligand to the receiving en-

ergy level of Ln3+ ions, leading to dramatic luminescence quench-

ing [11–13]. This greatly limits the practicality of lanthanide-based

luminescence complexes. Therefore, it is meaningful, though chal-

lengeable, to develop a water-stable even water-improving lumi-

nescence lanthanide complex.

Enhancing hydrophobicity of luminophores and thereafter in-

hibiting the immediate contact with solvent water molecules is

a potential mean to settle the above-mentioned water-induced

luminescence quenching issue [14]. Based on this considera-

tion, (HNEt3)
+[Eu(DBM)4]

– (briefly as Eu-DBM, DBM = dibenzoyl-

methane) is selected as a luminophore (Figs. S1 and S2 in Support-
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ing information) [15]. Firstly, its phenyl-surrounding outside sur-

face provides strong hydrophobicity. Secondly, it has coordination-

saturated lanthanide centre, which could decrease the impact of

coordination solvent molecular replacement and further weaken

the water-induced effect to lanthanide luminescence. Thirdly, its

anionic framework is helpful to the dispersibility in polar solvents

such as water. Therefore, in this work, the Eu-DBM material is se-

lected as a luminophore to study its potential on water-induced

luminescence improvement. For further enhancing the dispersibil-

ity and stability, the nanosheet-like Eu-DBM material is also pre-

pared. Then, its application on sensitive detection toward extended

organic solvents in water has been investigated.

A top-down strategy was utilized to prepare the Eu-DBM

nanosheet by two facile steps. The bulky crystal of Eu-DBM was

firstly prepared in terms of a previous method [15]. It was then

exfoliated into nanosheets under 720 W ultrasonication for 24

h at room temperature. Atomic force microscopy (AFM) image

revealed its two-dimensional (2D) sheet-like morphology with a

height of uniform 12 nm (Fig. 1a). Scanning electron microscopy

(SEM) image further confirmed a sheet-like appearance with the

size of 100–200 nm (Fig. 1b). Fourier transition infrared (FT-

IR), ultraviolet-visible absorption (UV-vis) thermogravimetric dif-

ferential thermal analysis (TG-DTA) spectra, and the powder X-ray

diffraction pattern of the Eu-DBM nanosheet held similar patterns

with those of bulky ones reported previously (Figs. S3–S6 in Sup-

porting information) [15]. Furthermore, elemental mapping anal-

ysis further proved the composition consisted of C, O and Eu el-
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Fig. 1. AFM (a), SEM (b), and elemental mapping (c) images of Eu-DBM nanosheets.

3D photoluminescent spectra of Eu-DBM nanosheet in solid state (d) and in aque-

ous solution (e). (f) Comparison of lifetime and quantum yield in this work with

previous reports. (g) Comparison of Eu-DBM bulky crystal and nanosheet in solid

state and in aqueous suspension.

ements (Fig. 1c). Elementary analysis, X-ray photoelectron spec-

troscopy (XPS), and energy disperse spectroscopy (EDS) presented

an agreeable proportion of elements with crystallographic data (Ta-

ble S1 in Supporting information) [15]. These results indicated that

the obtained Eu-DBM nanosheets had the same structure and com-

position as their bulky crystals.

The three-dimensional (3D) photoluminescence (PL) spectra of

Eu-DBM nanosheet exhibited strong emission at 614 nm through-

out the excitation from 250 nm to 390 nm, rendering stable and

intense red-light emission with the Commission Internationale de

L’Eclairage (CIE) coordination of (0.648, 0.330) (Fig. 1d and Fig.

S7 in Supporting information). This excitation-wavelength indepen-

dence in such a broad range was rarely reported in the lumines-

cence lanthanide complexes [12,13]. The unsplit band at 614 nm

implied a highly symmetric structure of the Eu-DBM complex [16].

The electric dipole transition (5D0→7F2) at 614 nm was approxi-

mately 22-fold stronger than the magnetic one (5D0→7F1) at 592

nm, indicating the highly symmetric coordination environment of

central Eu3+ ion in the complex [17]. Noteworthily, after dispersing

the Eu-DBM nanosheet in water, the 1 g/L suspension presented

the nearly same 3D PL contour as the solid-state one, exhibiting

the strong red-light emission (Fig. 1e). The time-dependent curve

showed that the luminescent intensity at 614 nm could remain at

least 24 h with a < 5% declination (Fig. S8 in Supporting informa-

tion). This excellent stability originated from the good dispersibility

of the complex nanosheets in water.

The presence of strong Eu3+ characteristic luminescence and

the absence of DBM ligand fluorescence suggested an effective an-

tenna effect in the Eu-DBM complex: the adsorbed UV light by

DBM ligand could effectively transfer to the Eu3+ ion, and then

sensitize its characteristic luminescence. To confirm this hypoth-

esis, the sensitization efficiency (ηET) was subsequently calculated

in terms of the following equations Eqs. 1–3 [18–20].

ηET=Φoverall

ΦLn

(1)

ΦLn = τobs
τrad

(2)

1

τrad
= AMD,0n

3(
Itot

IMD

) (3)

According to Eq. 1, Φoverall was the overall luminescence quan-

tum yield measured by the integrated sphere method (Table S2 in

Supporting information). ΦLn was the intrinsic quantum yield of

the lanthanide luminescence, obtained in terms of Eq. 2, where

the observed lifetime (τ obs) was determined by monitoring the

emission decaying curve within the 5D0→7F2 transition at 614 nm

(Figs. S9–S11 in Supporting information). The calculated radiative

lifetime (τ rad) could be calculated through Eq. 3, where AMD,0 was

the spontaneous emission probability of the magnetic dipole tran-

sition and equated to 14.65 s−1 for Eu3+ ion (5D0→7F1); n rep-

resented the refractive index of the tested sample (n equated to

1.55 for solid-state Eu-DBM and 1.33 for Eu-DBM nanosheets aque-

ous suspension); Itot and IMD were the integrated emission of the

total 5D0→7FJ transition and the 5D0→7F1 transition, respectively.

As a result, the Eu-DBM bulky crystal and nanosheet in solid state

and in aqueous suspension exhibited high τ obs and Φoverall val-

ues, surpassing most of the reported luminescent lanthanide com-

plexes and nearly all the Eu-DBM-based complexes (Fig. 1f). Com-

pared with the solid-state Eu-DBM, the 1 g/L aqueous suspension

of Eu-DBM nanosheets showed only slight declination on τ obs and

Φoverall (Table S2 and Figs. S9–S11). Noteworthily, the ηET in Eu-

DBM aqueous suspension was calculated as 46.7%, a 13.0% and

13.3% improvement compared with that of the bulky crystal and

solid-state nanosheets (Fig. 1g). This improvement on sensitiza-

tion efficiency states the increasing energy transfer from the DBM

ligand to the central Eu3+ ions. In other words, the water sol-

vent improved the luminescence of Eu3+ ion, realizing the water-

induced luminescence improvement which is rarely reported pre-

viously (Table S2).

The mechanism of this water-induced luminescence improve-

ment in the Eu-DBM complex was then explored. Firstly, the Eu-

DBM was dispersed in various common solvents to prepare 1 g/L

solution or suspension. As seen in Fig. 2a, the complex exhibited

poor solubility in water but good in nearly all other common or-

ganic solvents. This derived from the strong hydrophobic prop-

erty due to the phenyl-surrounding outside surface of Eu-DBM.

Comparatively, the aqueous suspension of the Eu-DBM nanosheets

presented strong and uniform red-light-emission of characteristic

Eu3+ ion (Figs. 2b and c). However, the Eu-DBM solution in various

common organic solvents was obviously quenched. These excellent

and unorthodox photophysical properties of Eu-DBM in water sys-

tem could attribute to the insolubility and aggregation state which

avoided the immediate contact between water molecules and the

central Eu3+ ions. Secondly, given that water possesses the high-

est surface tension and polarity among all solvents, it could sup-

press surficial phenyl groups and yield structural modification. Ac-

cording to Fig. S5, the PXRD pattern of the Eu-DBM nanosheet had

strong peak at 7.0o, which indicated that the (200) plane was ex-

posed to water solvent, as shown in Fig. 2d. The strong surface

tension of solvent water molecules could compress the hydropho-

bic phenyl groups inward, resulting in the more planarity between

the neighboring phenyl and carbonyl groups. This enhanced the

π-π conjugation and suppressed the stretching vibration of the

C–C bond of benzene rings. After the benzene rings are fixed,

the energy loss caused by the vibration of the chemical bonds

were reduced, making the more effective sensitization of Eu3+

ions (Fig. 2d). Moreover, the dihedral angle and distances between
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Fig. 2. Photo images of Eu-DBM samples in various solvents under daylight (a) and UV lamp (b). Photoluminescent spectra of Eu-DBM samples in various solvents upon the

excitation of 304 nm (c). Mechanism of water-induced luminescence improvement (d).

Fig. 3. Geometrically optimized structure of Eu-DBM without water (left) and with

water (right). H and (HNEt3)
+ have been transparentized.

neighboring phenyl/carboxyl planes was decreasing after putting

Eu-DBM nanosheets into water environment, which promoted the

through-space charge transfer (TSCT) process [21–23]. To prove this

hypothesis, the Eu-DBM molecule in the water environment was

geometrically optimized by theoretical calculation by using Mate-

rial Studio 8.0 software with GGA/BLYP basis set [24]. As shown in

Fig. 3, under the effect of the water molecule, a more planarity be-

tween phenyl and carbonyl groups could be observed. The dihedral

angle between the neighboring phenyl/carbonyl planes were also

reduced by 11.6° and 7.3°, respectively, compared with the original

structure. This confirmed that the water-induced luminescence im-

provement primarily resulted from the TSCT process as discussed

above.

Considering that the as-prepared Eu-DBM nanosheet pre-

sented excellent luminescence improvement in water and obvious

quenching in other organic solvents, it could act as a luminescence

sensor toward extensive organic solvents in water, being an indi-

cator to monitor water purity. Based on this, various organic sol-

vents were gradually titrated into 1 g/L Eu-DBM aqueous suspen-

sion. By monitoring their luminescence intensity at 614 nm upon

the 304 nm excitation, the relationship between volume propor-

tion (v/v) and quenching efficiency was depicted in Figs. 4a and b.

The luminescence intensity dramatically decreased upon the addi-

tion of various organic solvents. When the volume proportion of

added organic solvent was approximate 2.5%, the luminescence in-

tensity dropped by about 50%. In other words, the nanosheets ex-

hibited similar and sensitive changes in luminescence intensity to-

ward nearly all organic solvents. To the best of our knowledge, this

colligative property toward such extensive sensibility was rarely

reported and applicable for water purity monitor. As shown in

Figs. 4c–l, the Eu-DBM aqueous suspension turned to be more pel-

lucid as the gradual addition of various organic solvents. The lumi-

nescent intensity observed by naked eyes also presented an obvi-

ous decrease under the 365 nm UV lamp.

Then, we quantitatively examined the luminescent quenching

coefficient (KSV) of the Eu-DBM sensor toward various organic sol-

vents in water via the distinguished Stern-Volmer (SV) equation:

I0/I – 1 = KSV × [C]n, where I0 and I were the luminescent in-

tensity before and after adding analytes, and [C] was the molar

concentration of the analyte [25,26]. The parameter n equalled to

1 when the SV curve displayed a linear relationship. According to

Figs. S12–S31(Supporting information), the SV curve of the Eu-DBM

sensor displayed a linear relationship in the concentration range of

0–0.6 mol/L toward DMA, DMF, DMSO, EtOH, MeOH, acetonitrile,

and n-propanol, but a distinct curvature toward THF, acetone, and

ethylene glycol (EG). The calculated KSV values were in order of

acetone (8.85 L/mol) > THF (7.35 L/mol) > DMF (7.22 L/mol) >

EtOH (6.54 L/mol) > n-propanol (4.79 L/mol) > acetonitrile (2.54

L/mol) > MeOH (2.52 L/mol) > DMA (2.78 L/mol) > DMSO (2.43

L/mol) > EG (2.11 L/mol). Subsequently, the limitations of detection

(LODs) were calculated via the formula of 3σ /KSV, where σ is the

standard deviation of the luminescent intensity for five-time blank

measurement at 2 min intervals [27–30]. As a result, the LODs to-

ward various organic solvents ranged from 4.07 × 10−4 mol/L to

1.43 × 10−3 mol/L. In order to improve the detection convenience,

the relationship between the volume ratio of the 10 organic sol-
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Fig. 4. (a, b) Relationship between the relative luminescent intensity of Eu-DBM sensor and the added quantity of organic solvents. Photo images under daylight and UV

lamp of Eu-DBM sensor upon adding DMSO (c), EG(d), THF (e), DMA (f), acetone (g), n-propanol (h), DMF (i), EtOH (j), acetonitrile (k) and MeOH (l).

vents and the relative luminescence intensity was averaged and

the polynomial fitting was performed (Fig. S32 in Supporting infor-

mation). The relationship between them is approximately fitted as

y = 5.23x2 – 35.47x + 100.00 and R2 = 0.999. This extensive sen-

sibility toward nearly all organic solvents in water demonstrated

that the as-prepared Eu-DBM nanosheets could be utilized to ratio-

metrically determine the organic solvents in water. In addition, the

sensor could be regenerated and reused for at least five cycles by

centrifugation of the solution after use and washing several times

with water (Figs. S33–S42 in Supporting information).

In conclusion, the water-stable Eu-DBM nanosheets exhib-

ited exceptional water-induced luminescence improvement phe-

nomenon, with a 13% improvement for sensitization efficiency.

This attributes to the combined effect of hydrophobic-caused ag-

gregation and through-space charge transfer in the water envi-

ronment. Moreover, the well-dispersed aqueous suspension of Eu-

DBM nanosheets could act as a luminescence sensor which re-

sponses to trace organic solvents in water, with good universal-

ity and recyclability. In this work, the water-induced luminescence

improvement and extensive sensibility toward organic solvents in

water were rarely reported previously in lanthanide-based mate-

rials. The successful development of this material provided a new

platform for luminescent sensors in the water system, being prac-

tical values on monitoring water quality.
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