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We report a new luminescent Eu
II
-containing complex. The 

complex is excited with visible light, leading to emission centered 

at 447 nm with a lifetime of 1.25 µµµµs. Computational studies 

suggest that the steric bulk of the ligand is a major factor 

influencing the wavelength of emission.  

Luminescent materials and complexes have numerous applications 

in displays,1 lighting,2 imaging,3 sensing,4 and catalysis.5–6 Two of 

the most desirable traits for luminescent materials are tunability 

and high quantum efficiency. Recently, a highly efficient EuII-

containing complex, Eu1Cl2 (Figure 1), was reported that displayed 

yellow luminescence with a bathochromic shift from typical EuII-

based excitations and emissions to the visible region of the 

electromagnetic spectrum.7 These large shifts prompted us to 

explore the ligand-induced tunability of emission for EuII. Here, we 

report a new EuII-containing complex that advances the 

understanding of the effect of ligand design on the enhancement 

and tunability of EuII luminescence in solution. 

 

 
Fig. 1 Structures of (left) Eu1Cl2 and (right) Eu2I2. 

 

Our design was based on experimental and computational studies 

that demonstrated that an increased splitting of 5d-orbital energies 

results in decreased f–d transition energies.7–8 The influence of a 

strong-field ligand on f–d transitions was demonstrated by the 

bathochromic shift observed with Eu1Cl2 relative to a EuII-

containing [2.2.2]-cryptate.7,9 We hypothesized that conversion of 

the secondary amine donors of Eu1Cl2 to tertiary amines would 

increase the ligand field splitting of the 5d orbitals, inducing a 

smaller f–d transition energy and a further red-shifted emission. 

 

The conversion of secondary amines on ligand 1 to the tertiary 

amines of ligand 2 was accomplished following a reported 

procedure that used an Eschweiler–Clarke reaction to functionalize 

the secondary amines with methyl groups.10 Hexamethylated ligand 

2 was metalated by mixing solutions of EuI2 and 2 in 

tetrahydrofuran, resulting in the precipitation of Eu2I2. Complex 

Eu2I2 is soluble and luminescent in degassed water, but attempts at 

crystallization from water were unsuccessful. However, vapor 

diffusion of tetrahydrofuran into a concentrated methanolic 

solution of Eu2I2 yielded yellow crystals that were suitable for X-ray 

diffraction. 

 

X-ray crystallography was performed to explore the geometry of 

Eu2I2, revealing a unit cell containing four dicationic units of [Eu2]2+, 

eight outer-sphere iodide ions, and four disordered outer-sphere 

molecules of methanol (Figure 2). The europium ion is coordinated 

by each tertiary nitrogen atom of the ligand in a distorted bicapped 

trigonal antiprism, and Eu–N bond lengths are between 2.822 and 

2.975 Å, which are within the expected range for divalent europium 

with tertiary amines.6–7,11–12 When viewing the complex along the C3 

axis (Figure 2, right), the three anterior methyl groups are oriented 

in the opposite direction as the three posterior methyl groups. As a 

result of this orientation, two methyl groups from adjacent arms 

are situated in front of the EuII ion between each pair of arms of the 

cryptate. These methyl groups sterically block the sites at which 

anions or solvent molecules coordinate to EuII in other cryptates. 7,12 

Unlike Eu1Cl2 that contains one inner-sphere chloride, Eu2I2 has no 

inner-sphere anions or solvent molecules, likely due to the 

alignment of the methyl groups. However, because of the 

difference in anions between Eu1Cl2 and Eu2I2, we could not rule 
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out the possibility that the larger iodide anion precluded 

coordination instead of the methyl groups. 

 

 
Fig. 2 Crystal structure of Eu2I2 oriented (left) perpendicular to and 

(right) along the C3 axis. Hydrogen atoms, two outer-sphere iodide 

ions, and one molecule of methanol are omitted for clarity. Thermal 

ellipsoids are drawn at 50% probability. Crystallographic data for 

this structure are available at the Cambridge Crystallographic Data 

Centre under deposition number CCDC 1826978. Blue = nitrogen; 

grey = carbon; and seagreen = europium. 

 

To study the relative influence of methyl groups and counteranions 

on geometry, we crystallized Eu1I2. The structure of Eu1I2 revealed 

a similar nine-coordinate hula-hoop geometry as Eu1Cl2 with iodide 

replacing chloride (Figure 3).7 The iodide structure indicates that 

the methyl groups, and not the size of the anion, were responsible 

for the change in coordination of Eu2I2 relative to Eu1Cl2 or Eu1I2. 

After observing the structural features of Eu2I2, we characterized its 

photophysical properties. 

 

 
Fig. 3 Crystal structure of Eu1I2. Hydrogen atoms and an outer-

sphere iodide ion have been omitted for clarity. Thermal ellipsoids 

are drawn at 50% probability. Crystallographic data for this 

structure are available at the Cambridge Crystallographic Data 

Centre under deposition number CCDC 1826977. Blue = nitrogen; 

grey = carbon; seagreen = europium; and pink = iodine. 

 

To probe the photophysical properties of Eu2I2, absorption, 

excitation, and emission spectra were collected (Figure 4). Solutions 

of Eu2I2 were handled under inert atmosphere because 

luminescence decreased in the presence of air, likely due to 

oxidation of EuII to EuIII. The UV–visible spectrum showed two 

absorbance peaks centered at 261 (ε = 752 M–1 cm–1) and 345 nm (ε 

= 274 M–1 cm–1). Luminescence studies revealed a broad excitation 

peak at 271 nm and another centered at 349 nm that trailed into 

the visible region, with an associated broad emission peak centered 

at 447 nm. These broad peaks are indicative of f–d transitions.8–9,13 

With the addition of the electron-donating methyl groups to the 

coordinating nitrogen atoms of the cryptand, we expected to see a 

bathochromic shift in the absorbance of Eu2I2 relative to Eu1Cl2. 

This shift was expected because an increased splitting of the d-

orbitals by the stronger-field tertiary amine donors of 2 relative to 

the secondary amine donors of 1 should result in a lower-energy f–

d transition for EuII. Instead, we observed a slight hypsochromic 

shift that brought the absorbance of Eu2I2 to the high-energy edge 

of the visible region. We suspected that this shift was due to the 

change in geometry of Eu2I2 relative to Eu1Cl2 overpowering the 

splitting differences, similar to what would be expected when 

moving between octahedral and tetrahedral geometries. 

 

 
Fig. 4 AbsorpOon (―, left y-axis), excitation (··, right y-axis), and 

emission (--, right y-axis) spectra of Eu2I2 (1.8 mM) in methanol. 

 

To support our proposed explanation for the hypsochromic shift, 

we employed time-dependent density functional theory (TD-DFT) 

calculations to identify the molecular orbitals involved in the 

luminescence of [Eu2]2+. Prior to TD-DFT calculations, geometry 

optimization calculations were performed to compare the 

calculated ground-state geometry in solution to the solid-state 

crystallographic coordinates. After optimization of [Eu2]2+
 with the 

SMD implicit solvation model in methanol, the Eu–N bond distances 

from the calculation (2.893–3.145 Å) were found to be in good 

agreement with crystallographic bond distances (2.822–2.975 Å) 

(Table S3).8,14 With the completion of the ground state 

optimization, the calculation for [Eu2]2+ ground-state geometry was 

validated, and excitation and emission calculations were pursued. 

 

TD-DFT calculations (80 states)8,15 were performed to obtain 

simulated excitation and emission spectra of [Eu2]2+. The calculated 

absorbance spectrum (Figure S4) displays two broad peaks centered 

at 268 and 357 nm that are comparable to the broad peaks in the 

experimental spectrum centered at 261 and 345 nm. To simulate 

the emissive state, we optimized the geometry corresponding to 

the high-oscillator-strength transition from the lower-energy 

absorbance curve. TD-DFT calculations of the emissive state were 

then employed to simulate the emission.15 The calculated emission 

spectrum (Figure S5) displayed a maximum value at 384 nm and is 

within the expected error of the experimental value (447 nm).8 To 

further understand the luminescence, natural-transition-orbital 

calculations were performed to characterize the high-oscillator-

strength transitions involved in the two major excitations. For the 
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high-energy excitation at 268 nm, natural-transition-orbital 

calculations revealed an expected 4f–5d transition, specifically from 

a 4fz
3-type orbital to a 5dz

2-type orbital with an oscillator strength 

of 0.029. For the lower-energy excitation at 357 nm, natural-

transition-orbital calculations revealed a 4f–5d transition from a 4f-

type orbital to a 5dxy-type orbital with an oscillator strength of 

0.0036. Comparison of the TD-DFT and natural-transition-orbital 

calculations of [Eu2]2+ to reported calculations of [Eu1Cl]+ revealed 

that both complexes involve similar orbital transitions for both the 

high and low energy excitations.8 Because the orbitals involved in 

the transitions for both [Eu1Cl]+ and [Eu2]2+ are similar, we sought 

to use an orbital energy diagram to compare the relative changes in 

orbital splitting energies. The orbital-energy diagrams for [Eu1Cl]+ 

and [Eu2]2+ based on these calculations (Figure 5) are consistent 

with our measurements but display d-orbital splitting opposite to 

what would be expected based solely on the change from 

secondary to tertiary amines. 

 

 
Fig. 5 Orbital-energy diagram for the 5dz

2, 5dxy, and 4fz
3 orbitals for 

(left) [Eu1Cl]+,8 (middle) [Eu2]2+, and (right) [Eu1′]2+ (where [Eu1′]2+ 

is [Eu1Cl]+ forced into an eight-coordinate distorted bicapped 

antiprism, like [Eu2]2+). Dashed lines are visual guides. 

 

To better understand the impact of the different intramolecular 

factors contributing to the orbital energies, we developed a 

computational control experiment in which we forced [Eu1Cl]+ to 

adopt an eight-coordinate distorted bicapped antiprism like [Eu2]2+, 

and we calculated the excitation of the new complex, [Eu1′]2+. Upon 

optimization and subsequent TD-DFT calculations, we found the 

orbital energies for [Eu1′]2+ to be different from the reported values 

for [Eu1Cl]+ in two distinct ways (Figure 5): The change from nine-

coordinate to eight-coordinate geometries lowered the energy of 

the 4f orbitals and decreased the splitting of the 5d orbital energies. 

Further, comparison of the calculations for [Eu2]2+ and [Eu1′]2+ 

revealed that the d-orbital splitting supported our original 

hypothesis regarding expected trends based on the 

spectrochemical series: a smaller splitting energy was observed 

with the secondary-amine donors of [Eu1′]2+ relative to the tertiary-

amine donors of [Eu2]2+. From these calculations, we conclude that 

the cause of the observed hypsochromic shift in emission of Eu2I2 

relative to Eu1Cl2 is dominated by the change in geometry and 

coordination number. 

While characterizing the photophysical properties of Eu2I2, we 

noticed that the luminescence of a solution of Eu2I2 in methanol 

was visible to the unaided eye in ambient (laboratory fluorescent) 

light (Figure 6). Against a white background, the solution appeared 

pale yellow, but when viewed against a black background, the 

solution appeared blue. The color difference was rationalized with 

the assumption that light is reflected off a white surface but 

absorbed by a black surface. The reflected light is absorbed by the 

solution resulting in the transmission of yellow light. Without 

reflected light (black background), only blue luminescence is visible. 

The visible luminescence with ambient-light excitation led us to 

expect a large quantum yield for Eu2I2 in methanol and prompted 

us to characterize the excited state by the measuring quantum yield 

and luminescence lifetime. Using an integrating sphere, the 

quantum yields of four dilute samples (roughly 0.2, 0.4, 0.6, and 1 

mM) of Eu2I2 in methanol were measured, giving a value of 47 ± 

3%.‡ This quantum yield is among the largest of any discrete EuII-

containing complex in solution, and is, to the best of our knowledge, 

the largest in a protic solvent. The lifetime of the excited state of 

Eu2I2 was also measured in methanol and was found to be 1.25 μs, 

which is within the expected range for EuII-containing 

complexes.6,13,16 Because interactions with O–H or N–H oscillators 

from solvent molecules or ligands cause non-radiative decay of EuII 

excited states,7,9,13 the efficient luminescence of Eu2I2 in methanol 

is likely due to two aspects of the cryptand: the lack of N–H 

oscillators on the ligand and the steric shielding of the EuII ion from 

solvent molecules by the methyl groups. Relative to Eu1Cl2, the lack 

of space for inner-sphere coordination and lack of ligand-based N–H 

oscillators results in fewer vibrational modes that quench the 

excited state of Eu2I2 via non-radiative decay. 

 

 
Fig. 6 Quartz cuvette (1 cm path length) containing a solution of 

Eu2I2 (1.5 mM) in methanol with (a) white and (b) black 

backgrounds. (c) The same cuvette under irradiation from a long-

wave UV handheld lamp. 

Conclusions 
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In conclusion, we have described a new EuII-containing complex 

that displays blue luminescence with a high quantum efficiency in 

protic solvent. This efficiency stems from the steric bulk of the 

methyl groups and lack of N–H oscillators. Crystal structures and 

TD-DFT calculations indicated that the blue emission is due to 

geometry having a larger influence on electronic transitions than d-

orbital splitting from the ligand environment. This cryptate provides 

insight into the role of sterics and coordination environment that is 

expected to be useful for the rational design of divalent-lanthanide-

containing complexes with desirable photophysical properties. 
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Modulation of the coordination environment of europium(II)-containing complexes alters the bright and 

visible luminescence arising from f–d transitions. 
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