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Enhancement of near-infrared luminescence of 

ytterbium in triple-stranded binuclear helicates 

Bing Li, Hongfeng Li,* Peng Chen, Wenbin Sun, Cheng Wang, Ting Gao 
and Pengfei Yan* 

A bis-β-diketone, bis(4,4,4-trifluoro-1,3-dioxobutyl)(2,2'-bithienyl) (BTT), which can be looked 

upon as coupling of two mono-β-diketone (2-thenoyltrifluoroacetone, TTA) at the 5,5'-position of 

thiophene ring, has been designed for exploring the advantages of binuclear helical structure on 

sensitizing the lanthanide NIR luminescence. The Yb(III) ion was selected as luminescence 

center, and its corresponding mono-β-diketone complex Yb(TTA)3(DMSO) (1) and bis-β-diketone 

complex Yb2(BTT)3(DMSO)4 (2) were synthesized and isolated. X-ray crystallographical analysis 

reveals that bis-β-diketone complex Yb2(BTT)3(DMSO)4 adopts a triple-stranded dinuclear 

structure, in which the two Yb(III) ions are helically wrapped by three ligands, and each Yb(III) 

ion is eight-coordinated by six oxygen atoms from three ligands and two oxygen atoms from the 

coordinated DMSO molecules. Whereas, the mono-β-diketone complex Yb(TTA)3(DMSO) is a 

mononuclear structure, the central Yb(III) ion is coordinated by seven oxygen atoms from three 

ligands and a DMSO. The photophysical properties related to the electronic transition are 

characterized by the absorbance spectra, the emission spectra, the emission quantum yields, the 

emission lifetimes, and the radiative (kr) and nonradiative rate constants (knr). The luminescence 

quantum yields experiment reveals that the dinuclear complex has about 10 times luminescent 

enhancement compared with the mononuclear complex. This enhancement mainly benefits from 

its helical structure, which effectively depresses the nonradiative transition caused by high-

energy oscillators in ligands, and the part-encapsulated structure decreases the probability of 

solvents closing to the metal centers. 

Introduction 

Near-infrared-luminescent lanthanide ions such as Nd(III), 

Er(III) and Yb(III) have attracted much interest because of their 

significant application in optical communication,1 biomedical 

analysis,2 medical imaging and therapy.3 The forbidden nature 

of the f–f transition in trivalent lanthanide ions results in a low 

absorbance coefficients, while inorganic or organic antenna 

ligands are commonly used to absorb excitation light and 

transfer energy to the lanthanide in order to achieve bright 

emission.4 Compared with the efficient NIR emission of 

lanthanide ions in inorganic systems, low luminescence 

quantum yields are commonly observed in the organic 

lanthanide complexes. This is due to the low-energy excited 

states of the NIR luminescent lanthanide ions, which is prone to 

be quenched through multiphonon de-excitation caused by the 

coupling of high energy oscillators like O–H, N–H and C–H, 

present in the organic ligands or solvents.5 Strategies to 

overcome this problem include: i) Exploit the sterically 

demanding and/or multidentate ligands that can encapsulate the 

ion forming the hydrophobic shell around the metal ion,6 and ii) 

Replace the ubiquitous C–H bonds with C–D bonds or C–F 

bonds.7  

    Among the NIR emitters, the Yb(III) undoubtedly is one of 

the most efficient lanthanide ions, a result of the “clear” excited 

and ground state levels, and the relatively larger energy gap 

between them (10 250 cm–1).8 According to rationally optimize 

the ligands, the Yb(III) ion will show the highest NIR 

luminescence quantum yields in lanthanide complexes. 

Previously, various ligands have been designed for sensitizing 

the Yb(III) ion NIR luminescence, including macrocyclic 

porphyrins,9 coronands,10 cryptands,11 cyclens,12 calixarenes 

and resorcinarenes;13 acyclic beta-diketones,14 quinolinates,15 

terphenyl,16 polyaminocarboxylates;17 as well as other chelating 

agents such as some dyes derivatives,18 tropolonates,19 

imidophosphinates20 and boron dipyrromethene (BODIPY).21 

Nevertheless, the luminescence quantum yields observed 

remain modest, typically in the range of 10–3–10–2, due to the 

easy quenching by the high energy oscillators present in ligands 

and solvents. Therefore, clever design of the ligands that can 
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efficiently depress nonradiative transition is critical for 

synthesizing high efficient organic lanthanide emitters.  

S
CF3

O OH
S

S

CF3

F3C

O

O
OH

HO

TTA BTT  
Chart 1 Structures of the ligands TTA and BTT. 

Among organic ligands, β-diketones are considered to be 

better candidate for sensitizing lanthanide ions luminescence, 

especially for visible light emitting Eu(III) and Tb(III) ions.22 

However, their ability with respect to populating lanthanide 

ions NIR luminescence seems not to be limited,23 which is 

mainly due to the presence of solvents in the coordination 

sphere of lanthanide ions in the β-diketone complexes. To 

overcome this, the auxiliary ligands are often employed to 

replace the solvents.24 But, it is noted that the ternary 

complexes often have poor solubility and stability in the 

solution, which restrict their applications in device processing 

or bioanalysis area. Therefore, the combination of the efficient 

sensitization of the beta-diketone to lanthanide ions and the 

depression of the nonradiative deactivation would be the key 

for their construction of NIR-emitting organic lanthanide 

emitter. 

 
Scheme 1 Synthetic routes of BTT and its complexes Yb2(BTT)3(DMSO)4. 

In recent years, we, and others, developed several bis-β-

diketone ligands, which coordinate to lanthanide ions to form 

triple-stranded helical structure.25 Research works by Bünzli 

and Piguet et al. have revealed that triple-stranded lanthanide 

helicates assembled about benzimidazole derivatives possess 

satisfied thermodynamic stability in the solution,26 which 

highlights the promising future in bioanalyses and bioimaging. 

In the reported bis-β-diketonate lanthanide complexes, the 

dinuclear structure often shows the higher luminescent quantum 

yields compared with the mononuclear analogue. For instance, 

Pikramenou et al. reported a samarium bis-β-diketone complex 

which exhibited 11 times more intense luminescence signal 

than the corresponding mononuclear analogue.26f However, it is 

not always the case. A recent example reported by us gave a 

contrasting result that the mononuclear complex showed the 

higher luminescence quantum yields.26a Whereas, the 

advantages of bis-β-diketone on sensitizing the NIR-emitting 

lanthanide ions have never been investigated and compared 

with the mono-β-diketone. 

In this paper, we design and synthesize a new bis-β-

diketone, bis(4,4,4-trifluoro-1,3-dioxobutyl)(2,2'-bithienyl) 

(BTT), for the purpose of investigating the advantages of bis-β-

diketone as sensitizer for Yb(III) ions NIR luminescence 

(Scheme 1). The ligand can be looked upon as coupling of two 

mono-β-diketone (TTA) at the 5,5'-position of thiophene ring 

(Chart 1). The triple-stranded helical structure of the 

Yb2(BTT)3(DMSO)4 is characterized by single crystal X-ray 

analysis, and the luminescent properties of the dinuclear 

complex has been compared with the mononuclear complex 

Yb(TTA)3(DMSO). Based on the single crystal structure and 

the spectral analysis, the factors that enhance emission quantum 

yields of bis-β-diketonate complex are elucidated in detail. 

Results and discussion 

Characterization of the ligand and complexes 

The synthetic route for ligand BTT and Yb2(BTT)3(DMSO)4 

are shown in Scheme 1. The 1H NMR spectrum of BTT 

obtained at 400 MHz in CDCl3 is shown in Figure S1. The β-

diketones generally exhibit keto-enol tautomerism. The 

amounts of keto- and enol form can be determined by 

integration of the keto and the enol resonance peaks in the 1H 

NMR spectrum. The observed broad single peak at δ 12.09 

shows the characteristic Henol protons (Hd), and the singlet at δ 

6.99 is assigned to methine Hketo protons (Ha). By integrating 

the areas corresponding to both species, it is found that the 

ligand exists completely in the enolic form in CDCl3. The 

observed two double peaks at δ 7.71–7.82 and δ 8.34–8.40 are 

attributed to the Hc, Hb in thiophene ring, respectively. The 

double peaks are the results of the spin-spin coupling of the 

adjacent protons, and being close to the withdrawing carboxyl 

group make the Hb present at downfield. The FT-IR spectra 

and microanalysis data demonstrate that the L:Yb mole ratios 

are 3:1 and 3:2 in 1 and 2, respectively, and DMSO molecule is 

present. The carbonyl stretching frequencies of free ligands 

(TTA, 1612 cm–1; BTT, 1628 cm–1) shift to 1583–15991 cm–1 

and 1601–1626 cm–1, respectively, thus indicate the 

coordination of the oxygen atoms to the lanthanide ions. 

Furthermore, the presence of signals at 1060 cm–1and 684–642 

cm–1 due to the C–S bond confirms the presence of DMSO in 

two complexes. In addition, the absence of any broad bands 

around 3500 cm–1 in complexes proves that no water molecules 

are present in the coordination sphere of Yb(III) ions or the 

crystal lattice. The thermal stability of the complexes was 

examined by means of thermogravimetric analyses and typical 

thermograms are depicted in Fig. S2. It is clear from TG curves 

that 1 firstly undergoes a mass loss of about 8.8% (calcd. 8.5%) 

between 139 and 187 ºC, corresponding to the loss of one 

coordinated DMSO. Then, a long plateau is observed until a 

full decomposition at ca. 280 ºC. In 2, a mass loss of about 

15.6% (calcd 15.7%) corresponding to the loss of four 

coordinated DMSO is observed in the first step (135−192 ºC). 

The second step from 280 to 510 ºC corresponds to the thermal 
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decomposition of the organic ligands, and finally leading to the 

formation of the stoichiometric amounts of Yb2O3. 

X-ray crystallographic analysis 

In order to obtain accurate structure information, single crystals 

of 1 and 2 are grown and the molecular structures are 

determined by single crystal X-ray diffraction (Table S1). The 

results reveal that 1 and 2 crystallize in the orthogonal space 

group P212121 and monoclinic space group C2/c, respectively. 

In the case of 1, the Yb(III) ion is seven coordinated to one 

DMSO molecule and three bidentate mono-β-diketonate ligands, 

as shown in Figure 1(a). The Yb–O distances are in the range of 

2.223(9)–2.263(2) Å, while the distance of Yb–O (sulfoxide O 

atoms) is 2.256 Å. 

 
Figure 1 Ball-and-stick representation of the crystal structures of 1 (a), 2 (c) and 

their coordination polyhedra (b), (d). Ytterbium atoms are shown as cyan 

spheres, and C atoms in each ligand is represented in different colors. 

Complex 2 is a triple-stranded dinuclear helicate featured 

by the coordination of three bis-β-diketonate ligands to two 

crystallographically equivalent Yb(III) ions, as shown in Figure 

1(c). There are four Yb2(BTT)3(DMSO)4 units in the unit cell 

that each helicate has homochiral Yb(III) centers in either a 

left-handed Λ–Λ or right-handed ∆–∆ helix. The 

crystallographically distinct Yb(III) ion is ligated to six oxygen 

atoms from the three bis-β-diketones and two oxygen atoms 

from DMSO. The Yb–O distances are in the range of 2.289(2)–

2.352(1) Å, which are longer than values in mononuclear 1. 

The Yb···Yb distance in the same helicate is 13.0 Å. The 

formation of helicate requires the ligands to undergo helication 

twisting to wrap about the metal ions. The extent of the twisting 

of ligands is mainly controlled by the principle of 

stereochemical matching.27 In the self-assembly processes of 2, 

one of the three stranded ligands adopts cis-, while it is trans- 

for the rest two. The dihedral angles between the two thiophene 

planes in trans-conformation are 18.6° and 20.9°, whereas it 

increases to 45.2° in cis-conformation. With respect to the 

trans-conformation, the small torsion angles make the ligand 

exist large tension, and looks like an “arch” (Figure S3). In 

addition, it is interesting to observe the occurrence of C–H···F 

interactions in 1 and 2, which have been implicated in the 

stabilization of the molecules structures and conformational 

preference (Figure S4).28 Meanwhile, π···π interaction is found 

between the thienyl rings of the adjacent helicate in complex 2. 

The whole structure of 2 is stabilized through the combination 

of π–π and C–H···F interactions. 

UV–Vis Spectra 

UV–Vis absorption spectra of the ligands TTA, BTT and their 

corresponding Yb(III) complexes in dimethyl sulfoxide (DMSO) 

solution are shown in Figure 2. TTA and BTT exhibit two 

broad, intense absorption transitions in the spectral range of 

250–500 nm. The formers are attributed to the 1π–π* transition 

in thiophene and bithiophene groups. The others are attributed 

to the singlet–singlet 1π–π* transition of the β-diketone moieties, 

with maxima bands λmax = 337 nm and 397 nm for TTA and 

BTT, respectively. In comparison to the ligands, the absorption 

maxima of 1 and 2 present small blue shifts by 3 nm and 6 nm, 

respectively. Moreover, the spectral patterns of the complexes 

are similar to that of the free ligand, indicating that the 

coordination of the lanthanide ions play a very minor role on 

the ground states properties of the ligands. The molar 

absorption coefficient values of 1 and 2 are calculated to be 

0.71 × 105 (337 nm) and 1.41 × 105 (397 nm) L·mol−1·cm−1, 

respectively.  

 
Figure 2 UV–Visible absorption spectra of the ligands TTA, BTT, 1 and 2 in DMSO 

(c = 2.0 × 10
-5

 M for TTA, 1; c = 1.0 × 10
-5

 M for BTT, 2). 

Photoluminescent properties of the complexes 

The photophysical properties of the Yb(III) complexes were 

investigated in DMSO with the same Yb(III) ions concentration 

at room temperature. The excitation spectra of complexes were 

recorded by monitoring the maximum emitting bands at 975 nm 

(Figure 3). The excitation spectra of mono- and bis-β-diketone 

complexes show bands in the range of 318–390nm and 330–

480 nm, respectively, which match the corresponding 

absorption spectra confirming the energy transfer takes place 

from the ligands to Yb(III) ions. Notably, the excitation band of 

bis-β-diketone complex extends from UV to the visible range 

(420–480nm), which is especially important for the materials 

employed in bioanalysis and bioimaging, since living tissue are 

usually damaged by UV light.29 
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Figure 3 Excitation (left) and emission (right) spectra of 1 and 2 in DMSO. 

The emission spectra of Yb(TTA)3(DMSO) and 

Yb2(BTT)3(DMSO)4 in DMSO are shown in Figure 3. Upon 

excitation with the isoabsorptive band at 368 nm (Figure 2), the 

characteristic emission of Yb(III) ion corresponding to the 
2F5/2–

2F7/2 transition at 900–1100 nm is observed for their 

complexes. In order to conveniently compare their luminescent 

intensity, the maximum emitting intensity of 2 at 975 nm is 

normalized. As shown in Figure 3, the bis-β-diketone complex 

displays about 10 times higher signal intensity than the mono-

β-diketone complex. Taking the Yb(TTA)3(H2O)2 as 

reference,30 the values of emission quantum yields (Φtot) of two 

complexes in DMSO were calculated to be 0.24% for 1 and 

2.35% for 2, respectively. The value of 2 is comparable to those 

highly luminescent Yb(III) complexes with the azulene and 8-

hydroxyquinolines ligands.31 However, the more important 

issue should be the reason why the helicate gives so large 

enhancement of luminescence intensity in comparison to the 

mononuclear complex? 

It is well-known that the luminescence quantum yield of the 

complexes upon excitation of the organic ligand is determined 

by the efficiency of the energy transfer (ηET) and the intrinsic 

quantum yield (ΦLn) of the lanthanide luminescence (eqn. 1) 

���� � �����	 				�1 

According to this equation, simultaneously optimizing the two 

parameters is crucial in the development of systems that result 

in high quantum yields from lanthanide centered emission. The 

intrinsic quantum yields of Yb(III) ion luminescence could be 

estimated using the equation 2, after the calculation of the 

radiative lifetime (τrad) from the absorption spectra of Yb(III) 

ion (Figure 4) with a modified Einstein equation (equ. 3):32 

��	 � ���� � �	� � �������� 							�2 

1
���� � �� � 2303 � 8����� !� �2" � 1

#$�2"’ � 1 & ' �� (� 				�3 

� ! � )� ∙ '�� (� 
) '�� (�  

Where, NA is Avogadro’s number, c is the speed of light in 

centimeters per second, J and J' are the quantum numbers for 

the ground and excited states, respectively. ) �� (�  is the 

integrated spectrum of the f–f transition, � ! 	is the barycenter of 

the transition, and n = 1.4795 for DMSO. The calculated values 

of the radiative lifetime (τrad) are 534 µs for mononuclear 1 and 

338 µs for binuclear 2.  

 
Figure 4 Near-infrared spectra of f–f absorption transition for 1 and 2 in DMSO.  

The observed lifetimes (τobs) were determined by monitoring 

the emission decay curves within the 2F5/2–
2F7/2 transition at 975 

nm. Typical decay profiles of 1 and 2 are shown in Figure S5. 

The two decay curves are well-reproduced by single-

exponential functions, indicating that only one species exists in 

the excited state of the complexes. The lifetimes of 1 and 2 

were found to be 2.45 µs and 14.19 µs, respectively. With the 

calculated radiative lifetimes (τrad) and the observed lifetimes 

(τobs), the intrinsic quantum yields (ΦLn, eqn.1) are found to be 

0.46% and 4.20% for 1 and 2, respectively. Obviously, the bis-

β-diketone complex 2 shows about 10 times higher intrinsic 

quantum yield than the mono-β-diketone complex 1, and the 

increasing magnitude is in accord with the observed 

luminescence quantum yield (Φtot). With the observed and 

intrinsic quantum yields, the sensitised efficiencies (ηET, eqn. 2) 

are found to be 52% and 58% for 1 and 2, respectively. The 

similarity in sensitised efficiency makes it not important to 

further investigate the excited mechanisms for Yb(III) 

luminescence. Based on above results, it can be confirmed that 

the remarkable enhancement of luminescence quantum yield 

for bis-β-diketone complex origins from its higher intrinsic 

quantum yield than the mono-β-diketone complex. 

The intrinsic quantum yield is the result of radiative 

transition that competes with the nonradiative transition 

processes (eqn. 2). Thus, it indicates the appearance of the more 

dominantly radiative transition to nonradiative transition in 2 

than that in 1. By using the radiative lifetimes, the radiative rate 

constants (kr) are calculated to be 1870 s–1and 2956 s–1 for 1 

and 2, respectively (eqn. 3). According to eqn. 2, the 

nonradiative rate constants are calculated to be 4.05 × 105 s–1 

and 6.74 × 104 s–1 for 1 and 2, respectively. Generally, the 

reduction of the geometrical symmetry of the coordination 

structure leads to a large radiative rate constants.33 By utilizing 

the SHAPE 2.1 software, the coordination configurations were 
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found to be capped octahedron (COC–7, C3v) for 1 and square 

antiprism (SAPR–8, D4d) for 2. Obviously, the Yb(III) ions in 

mononuclear complexes locate at a lower symmetry 

environment than that in helicates. Thus, the previous empirical 

law seems not to be suitable for this system. This deviation 

probability origins from the variation of metal ions coordination 

configuration in solution, or different coordination numbers of 

Yb(III) ions.34 

In comparison to 1.6 times enhancement of radiative rate 

constant, the helicate 2 displays 6.0 times decrease of the 

nonradiative rate constant to mononuclear analogue. It indicates 

that the nonradiative transition plays more important roles for 

deactivating the excited state of Yb(III) ions in 1. It is well-

known that the quenching of lanthanide excited state by 

nonradiative transition is mainly caused by high-energy 

oscillators, such as C–H and O–H bonds present in ligands or 

solvents. The energy loss from the excited state of Ln(III) ions 

to vibrational energy of a solvent molecule or ligand has been 

proposed to occur according to Förster energy transfer 

mechanism.35 The energy transfer rate, k12 between the two 

centers is inversely proportional to the distance between the 

two centers, r (eqn. 4), while is proportional to the multipole-

multipole Coulombic interaction factor, Cd–d (eqn. 5). Where	�  

is the energy of the resonant transition, g1(� ) and g2(� ) are the 

normalized lineshapes of the emission and absorption transition 

respectively, and f1 and f2 are the oscillator strengths of the 

emission transition of the Ln(III) ions and the absorption of the 

vibrational transition of the oscillator. 

				+,� � C�.�/.0								�4     

2�.� � 3 �3456,6�8��7��8�5� �9&:, �� :��� (� 							�5 

According to eqn. 4, the quenching efficiency of oscillators to 

the lanthanide luminescence significantly depends on the 

distance between them. Thus, we firstly compared the distances 

of metal center to the oscillators. Due to high energy of C–H 

vibrations, the distance of Yb–C…H are firstly measured from 

the single crystal structures, and the values are summarized in 

Table S2. Herein, we classify the C–H bonds into three types 

by the distance of the metal center to C–H bonds, namely the 

nearest methine, the modest methyl in DMSO, and the farthest 

C–H in thiophene rings. As shown in Table S2, the average 

distances of Yb(III) to the carbon atoms of three types of C–H 

bonds are very close in two complexes. The distance 

differences between the same types of Yb–C in two complexes 

are in range of 0.006–0.099 Å. So small changes of Yb–C 

distances indicate that the C–H quenching effects on Yb(III) 

luminescence in two complexes should be similar. In view of 

the low energy gap between the excited state and the ground 

state of Yb(III) ion, the quenching effects of harmonics of other 

lower frequent oscillators, such as C=O, C=C and C–O, etc. are 

also considered. The distances of metal to these oscillators 

show similar case as observed in C–H species. Therefore, the 

effect of the distances of metal centers to oscillators on 

nonradiative transition should also be similar in two complexes.  

On the other hand, the quenching efficiency of oscillators to 

Ln(III) ion emitting state is proportional to the oscillator 

strengths (f2) of absorption of the vibrational transition (eqn. 5), 

which can be estimated using eqn. (6) after the calculation of 

the molar extinction coefficient, ε (eqn. 7): 

6 � 4.33	 � 10.= &'> (?												�6 

				' � 	 1�A lg DEFE G					�7 

According to the eqn. (6) and (7), the f2 is inversely 

proportional to transmittance T% of the vibrational bands. 

Therefore, the lower T% of the bands in IR regions reflects the 

higher quenching effect of oscillators on the excited state of 

lanthanides. In order to compare the oscillator strengths of the 

same bands, we assumed that the C–F bonds at 1303 cm–1 have 

the same vibration intensity in two complexes, and the T% is 

normalized as interior reference. It is rational to consider that 

the two ligands have similar molecule structure, and the C–F 

bond locate at the terminal of ligands, where the variations of 

molecule dipolar moment have least influences to this bond. 

With this assumption, the intensities of same bands of the 

complexes are compared, and attributed in details. 

 
Figure 5 FT–IR spectra of the complexes (1, orange line; 2, blue line). 

As shown in Figure 5, the vibration bands at 1626–1583 

cm–1 are attributed to C=O stretching vibration of the ligands. 

In 1, the band red shifts by 10 cm–1 compared with that in 2, 

which is attributed to the shorter Yb–O bond length. The 

shorter distance of metal cation to the oxygen atom decrease the 

electron density of the coordinated atoms, and thus the 

decreasing C=O vibrational energy. Due to exhibiting keto-enol 

tautomerism in two β-diketones, C–O stretching vibrations are 

observed in range of 1195–1187 cm–1 and 1145–1141 cm–1, and 

the keto-enol tautomerism C=C stretching vibrations present at 

1540–1532 cm–1 and 1470–1462 cm–1. Whereas, the C=C 

stretching vibrations of thiophene rings present at 1509–1501 

cm–1 and 1424–1408 cm–1. The C–C stretching vibrations of 

diketone units and thiophene rings present at 1250–1230 cm–1, 
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while the out-of-plane bending modes of ring present at about 

580 cm–1. Apart from the high frequent stretching vibrations of 

C–H, the in- and out-of-plane bending vibrations of C–H can 

also be observed at 1354 cm–1, 1009–1013 cm–1, and 862–719 

cm–1, 936–932 cm–1, which are attributed to the methines of 

diketone units and thiophene rings, respectively. In addition, 

the peaks at 1060 cm–1 and 684–642 cm-1 are attributed to the 

C–S stretching and bending vibration due to the involving of 

DMSO in the coordination sphere. According to above 

comparisons, it is clearly observed that the two complexes have 

very similar spectral pattern, and slight variation of absorption 

position. However, an obvious difference for two complexes is 

that all the absorption intensities in TTA are almost 

overwhelmingly stronger than that observed in BBT. The larger 

oscillator strengths present in 1 undoubtedly lead to the faster 

nonradiative rate, and thus decrease luminescence quantum 

yield of Yb(III) ion. The lower oscillator strengths in 2 should 

benefit from its helical structure. From the crystal structure, we 

can easily observe that the two of three strands ligands keep a 

tensive arched pattern. It means that a large tension exists in the 

helicates, and furthest restrict the stretching or bending 

vibration of the bonds.  

 
Figure 6 Emission spectra of 1 (a) and 2 (b) before and after the addition of 10% 

volume water into DMSO. 

Apart from intramolecular oscillators, the deactivation of 

the excited state of Yb(III) ion by high energy oscillators 

present in solvents were also examined. It is well document that 

the designing of sterically demanding ligands that encapsulate 

the metal within a hydrophobic shell is an effective strategy to 

decrease the nonradiative transition caused by the solvents.36 In 

order to examine the encapsulation properties of mononuclear 

structure and binuclear helical structure to the metal ions, the 

10% volume of water is added into the DMSO solutions of the 

two complexes. As shown in Figure 6, the luminescence 

intensities of Yb(III) ion at 975 nm decreased by 83% and 58% 

for 1 and 2, respectively. The large water quenching effect in 1 

indicates that waters molecules are more prone to access the 

coordination sphere of the lanthanide ions. According to the 

crystal structure, it can be observed that mononuclear complex 

has completely open 3D space for solvents entering into the 

second coordination sphere. In the case of 2, the formation of 

helicate effectively decreases the probability of solvents 

entering into the inner space of helicate. It follows that the 

helicates display obvious advantage for protecting the metal ion 

from deleterious solvent molecules. 

Conclusion 

In summary, we have designed a new bis-β-diketone ligand 

(BTT) by coupling of two mono-β-diketone (TTA) at the 5,5'-

position of thiophene ring, which forms triple-stranded 

binuclear structure with the Yb(III) ion in a 3:2 ratio of ligand 

to metal. The luminescence quantum yields experiment reveals 

that the dinuclear complex has about 10 times luminescent 

enhancement compared with the mononuclear analogue. This 

enhancement is attributed to several factors depending on the 

structure: i) the faster radiative rate constant; ii) part-shielding 

the ion from the solvent molecules by encapsulation with the 

helicate to form a protecting shell around the ion; iii) the 

reducing oscillator strengths of absorption of the vibrational 

transition due to the tension caused by the helical twisting of 

ligands in helicate. Based on above analysis, we can conclude 

that the bright luminescence of the bis-β-diketone complex 

mainly results from the efficiently restricting the nonradiative 

transition caused by the oscillators in ligands and solvents. 

These results show the importance of the designing of the 

helicate for enhancing the lanthanide ions NIR luminescence. 

Experimental 

Materials and instruments 

The commercially available chemicals were analytical reagent 

grade and used without further purification. YbCl3·6H2O was 

prepared according to the literature by dissolving 99.99% oxide 

in a slight excess of hydrochloric acid. The solution was 

evaporated and the precipitate was collected from water. 

Elemental analyses were performed on an Elementar Vario 

EL cube analyzer. FT-IR spectra were obtained on a Perkin-

Elmer Spectrum One spectrophotometer by using KBr disks in 

the range of 4000–450 cm–1. UV spectra were recorded on a 

Perkin-Elmer Lambda 25 spectrometer. Thermal analyses were 

conducted on a Perkin-Elmer STA 6000 with a heating rate of 

10 ºC·min–1 in a temperature range from 30 ºC to 800 ºC. The 
1H NMR spectra was recorded on a Bruker Avance III 400 

MHz spectrometer in CDCl3 solution. Electron ionization (EI) 

and Electrospray time-of-flight (ESI-TOF) mass spectra were 

recorded on Agilent 5973N and Bruker maXis mass 

spectrometers, respectively. Crystal data of the complexes were 

collected on a Xcalibur, Eos, Gemini diffractometer with Mo 

Kα radiation (λ = 0.71073 Å). All data were collected at a 

temperature of 23 ± 2 ºC. The structures were solved by the 

direct methods and refined on F2 by full-matrix least-squares 

using the SHELXTL-97 program. The Yb(III) ions were easily 

located and then non-hydrogen atoms (C, S, O and F) were 

placed from the subsequent Fourier-difference maps. All non-

hydrogen atoms were refined anistropically. The data collection 

and refinements were given in Table S1. Excitation and 

emission spectra were measured with an Edinburgh FLS 920 

fluorescence spectrophotometer. Luminescence lifetimes were 

recorded on a single photon counting spectrometer from 

Edinburgh Instrument (FLS 920) with a microsecond pulse 

lamp as the excitation sources. The data were analyzed by 
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software supplied by Edinburgh Instruments. The luminescence 

quantum yields of the complexes were measured in DMSO at 

room temperature (λexc = 368 nm, A = 0.045) and cited relative 

to a reference solution of [Yb(TTA)3(H2O)2] (Φ = 0.35 %), and 

were calculated according to the well-known equation: 

��IJ��KK � ��L�JMN
��JM� LN�JM ��JM  

Where n, A, and I denote the refractive index of solvent, the 

absorbance at the excitation wavelength, and the area of the 

emission spectrum, respectively, and Φref represents the 

quantum yield of the standard [Yb(TTA)3(H2O)2] solution. The 

subscript ref denotes the reference, and the absence of a 

subscript implies an unknown sample.  

Synthesis of 5,5'-diacetyl-2,2'-bithienyl. 5,5'-Diacetyl-2,2'-

bithienyl was prepared according to the process described in the 

literature. Five drops of 85% phosphoric acid were added to a 

refluxing solution of bithienyl (2.1 g, 12.6 mmol) in 25 mL of 

acetic anhydride and the boiling continued for one hour. The 

hot solution was poured on 200.0 g of ice and stirred until the 

acetic anhydride had hydrolyzed. The green crystals were 

removed by filtration and recrystallized once from 75 mL of 

dioxane to give the desired compound as pale yellow flakes 

(2.4 g, 77%). Anal. Calc. for C12H10O2S2 (250.34): C, 57.57; H, 

4.03; O, 12.78; S, 25.62. Found: C, 57.49; H, 4.11; O, 12.74; S, 

25.56. ESI–MS m/z 250.32 M+. 

Synthesis of 5,5′-bis(4,4,4-trifluoro-1,3-dioxobutyl)(2,2'-

bithienyl), BTT. A mixture of sodium hydride (0.8 g, 20 mmol) 

and ethyl trifluoroacetate (2.9 g, 20 mmol) in 40 mL dry DME 

(ethylene glycol dimethyl ether) was stirred for 10 min, 

followed by the addition of 5,5'-Diacetyl-2,2'-bithienyl (2.1 g, 

8.4 mmol), which was further stirred at room temperature for 

24 h (Scheme 1). The resulting mixture was poured into 100 

mL ice-water and acidified to pH = 2–3 using hydrochloric acid 

(2 M), the resulting orange precipitate was filtered and dried in 

vacuum. Recrystallization from toluene gave orange needle 

crystals (2.2 g, 59%). Anal. Calc. for C16H8F6O4S2 (441.98): C, 

43.44; H, 1.82; O, 14.47; S, 14.50. Found: C, 43.49; H, 1.89; O, 

14.54; S, 14.39. IR (KBr, cm–1): 3662 (m), 3097 (w), 1603 (s), 

1542 (s), 1446 (w), 1469 (w), 1408 (m), 1339 (m), 1303 (s), 

1238 (m), 1219 (m), 1175 (s), 1138 (s), 1045 (w), 941 (w), 921 

(w), 855 (w), 782 (m), 705 (w), 672 (w), 635 (w), 575 (w). 1H 

NMR (CDCl3, 400 MHz): 12.09 (s, 2H), 8.37 (s, 2H), 7.79 (s, 

2H), 6.99 ppm (s, 2H). ESI–MS m/z 441.95 [M + H]+. 

Synthesis of Yb2(BTT)3(DMSO)4. BTT (100.2 mg, 0.23 mmol) 

and triethylamine (46.1 mg, 0.46 mmol) were dissolved in 10 

mL hot EtOH. To this solution cooled to room temperature, 

YbCl3·6H2O (62.0 mg, 0.16 mmol) in 10 mL EtOH was added 

dropwise to the solution and stirred 24 h (Scheme 1). The 

precipitate formed after the addition of water was filtered and 

dried in vacuum (75%). Single crystals suitable for X-ray 

analyses were obtained by slow diffusion of n-hexane into 

chloroform/DMSO solution of the complex. Anal. Calc. for 

C56H42F18O16S10Yb2 (1983.86): C, 41.02; H, 2.95; O, 15.61; S, 

19.56; F, 20.86. Found: C, 41.05; H, 2.98; O, 15.69; S, 19.60; F, 

20.89. IR (KBr, cm–1): 2813 (w), 1626 (s), 1604 (s), 1534 (s), 

1500 (w), 1462 (w), 1428 (w), 1302 (s), 1248 (w), 1235 (w), 

1189 (m), 1138 (m), 1058 (w), 1012 (w), 932 (w), 781 (m), 680 

(w), 638 (w). ESI–MS m/z 1694.80 [Yb2(BTT)3 + Na]+.  

Synthesis of Yb(TTA)3(DMSO). TTA (100.2 mg, 0.45 mmol) 

and triethylamine (91.2 mg, 0.90 mmol) were dissolved in 10 

mL EtOH. To this solution, YbCl3·6H2O (58.1 mg, 0.15 mmol) 

in 10 mL EtOH was added dropwise to the solution and stirred 

24 h. The precipitate formed after the addition of water was 

filtered and dried in vacuum (71%). Single crystals suitable for 

X-ray analyses were obtained by slow diffusion of n-hexane 

into chloroform/DMSO solution of the complex. Anal. Calc. for 

C26H18F9O7S4Yb (917.94): C, 41.93; H, 2.84; O, 15.04; S, 

17.22; F, 22.96. Found: C, 41.94; H, 2.87; O, 15.05; S, 17.28; F, 

23.01. IR (KBr, cm–1): 2920 (w), 2849 (w), 1605 (s), 1580 (s), 

1538 (s), 1508 (m), 1462 (w), 1412 (s), 1357 (m), 1302 (s), 

1248 (m), 1231 (m), 1197 (s), 1142 (s), 1059 (m)，1004 (w), 

932 (w), 861 (w) 794 (m), 726 (w), 680 (w), 642 (m), 583 (w). 

ESI–MS m/z 862.92 [Yb(TTA)3 + Na]+. 
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