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A B S T R A C T

In this contribution, the f-f spectroscopy of two racemic nitrate Eu(III) complexes containing an imine-based (i.e. 
[N,N′-bis(2-pyridylmethylidene)-1,2-(R,R)+(S,S)-cyclohexanediamine]) (complex 1) and an amine-based (i.e. 
[N,N′-bis(2-pyridylmethylene)-1,2-(R,R + S,S)-cyclohexanediamine]) (complexes 2) ligands has been revisited, 
in the light of the recent redefinition of the “asymmetry ratio” R2 [I

( 5D0 →7F2
)
/I
( 5D0 →7F1

)]
as “hypersensitive 

ratio”, with regard to the luminescence in the visible spectral range of Eu(III) ion, stemming from the 5D0 level. 
We demonstrate, by means of computational calculations, that R2 directly connected to the Ω2 intensity 
parameter, in turn dominated by a dynamic ligand polarization mechanism (dynamic coupling, DC), is signifi
cantly affected by the polarizability of the oxygen and nitrogen ligating atoms, more than by the geometric 
environment around Eu(III). The larger R2 value of complex 1 is ascribable to the lower polarizability of the sp2 

hybridized nitrogens of the iminic ligand involved in the resonance phenomenon together with the hetero- 
aromatic pyridine rings.

1. Introduction

To date, the major uses of Eu(III) ions are in red phosphors and 
electroluminescent devices [1]. New suggested applications include 
quantum information systems [2] and remote temperature measure
ments [3,4]. Whilst Eu(III) 4f-4f emission peak positions do not change 
significantly, the relative intensities of the bands vary remarkably be
tween different systems [5,6]. Emission transitions from 5D0 to lower 7FJ 
(J = 0-6) multiplets are located in the red-to-NIR spectral range.

The emission intensity ratio R2, defined as I
( 5D0 →7F2

)
/

I
( 5D0 →7F1

)
, widely defined as the “asymmetry ratio” [7–9], is often 

associated only with the site symmetry of the Eu(III) ion. However, Thor 
et al. [10] recently detailed the intrinsic nature of Eu(III) spectral 

intensity, focusing on the hypersensitive 5D0→7F2 transition in the frame 
of the Judd-Ofelt theory [11,12]. They emphasized that the oscillator 
strength of this transition depends on the Ω2 parameter, which consists 
of two contributions: the forced electric dipole (FED, or static coupling) 
and a dynamic ligand polarization mechanism (dynamic coupling, DC), 
being the latter predominant for the case of Eu(III) coordination com
pounds. Consequently, Thor et al. [10] proposed the new term “hyper
sensitive ratio” instead of “asymmetry ratio” because the 5D0→7F2 
transition not only depends on the symmetry, but also on the polariz
abilities of the chemical environment around the Eu(III) ion.

The radiative probability of the 5D0→7F2 transition (and conse
quently the value of the hypersensitive ratio R2) is quantitatively 
explained by the dynamic coupling mechanism. Therefore, the most 
important parameters affecting the 5D0→7F2 emission intensity (and R2 
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values) are the Eu(III) site symmetry, Eu-Ligand distances, ligand 
polarizability, and configurations that mix with 4f6. In other words, the 
R2 cannot be attributed solely to site symmetry. Furthermore, the 
approximation by Mason et al. [13] to Ω2 is possible due to the minimal 
participation of the FED mechanism in Eu(III) coordination compounds 
[14], where the electronic density near the Eu(III) center is soft and 
highly polarizable.

In this contribution, we revisit the spectroscopic data of two Eu(III) 
complexes previously investigated by some of us [15]. These complexes 
are illustrated in Scheme 1 and constituted by the racemic imine ligand 
[N,N′-bis(2-pyridylmethylidene)-1,2-(R,R)+(S,S)-cyclohexanediamine] 
(complex 1) and the amine ligand [N,N′-bis(2-pyridylmethylene)-1, 
2-(R,R + S,S)-cyclohexanediamine] (complexes 2a and 2b).

In particular, we have focused our attention on the hypersensitive 
ratio of the Eu(III) ion in these two complexes differing by the nature of a 
couple of nitrogen atoms (imine N possessing sp2 hybridization in 
complex 1 and amine N possessing sp3 hybridization in complexes 2A 
and 2B). Although the same Eu(III) site symmetry present in these two 
types of complexes, different R2 values have been measured. These 
values have been confirmed by theoretical calculations and the main 
structural and electronic factors affecting the intensity of the hyper
sensitive 5D0→7F2 transition, have been considered and rationalized.

2. Materials and methods

2.1. Synthesis and structural characterization

Complexes 1 and 2 have been synthesized and structurally charac
terized by Single Crystal X-ray Diffraction (SC-XRD) technique, as re
ported in Ref. [15].

CCDC 837304 and 837305 contain the supplementary crystallo
graphic data for complexes 1 and 2. These data can be obtained free of 
charge from The Cambridge Crystallographic Data Centre via www.cc 
dc.cam.ac.uk/data_request/cif.

2.2. Photoluminescence

Photoluminescence measurements were carried out as reported in 
Ref. [15], on powdered samples possessing the same crystal structure 
discussed in that contribution.

3. Theoretical calculations

All electronic structure calculations were performed using ORCA 
version 6.1 [16]. We employed the Density Functional Theory (DFT) 
method with the ωB97X-D3 functional [17,18], which incorporates 

long-range correction and empirical dispersion correction [19]. The 
basis set utilized for all atoms except Eu was the split-valence quality 
def2-TZVP [20]. The MWB28 basis set and effective core potential (ECP) 
for the Eu atom were applied to account for relativistic effects [21]. To 
enhance computational efficiency, the def2/J auxiliary basis set [22] 
was used in conjunction with the Coulomb fitting technique. All calcu
lations were single-point energy evaluations based on the crystallo
graphic geometry of the neutral complexes.

To gain a deeper understanding of how the electronic density on the 
coordinating atoms affects the hypersensitive ratio, we define the 
chemical environment's electronic density ρ́  associated with a ligating 
atom (A) and the atoms bonded with it (B). We quantify ρʹ using Eq. (1): 

ρʹ( r→)= 2
∑MOs

l

nl

∑N

aϵA

∑N

bϵB

cl
aϕa( r→)cl

bϕb( r→) (1) 

where nl is the molecular orbital occupation, cl
a and cl

b are the co
efficients from the linear combination of atomic orbitals expansion for 
atoms A and B, respectively, and ϕa and ϕb represent the contracted 
functions that describe the atomic orbitals. The density is calculated 
using the ChemBOS (Chemical Bond Overlap Software) [22,23]. In 
addition to the numerical value, electronic maps that illustrated this 
density were also generated. The entire process was done for all atoms in 
the first coordination sphere of the complexes, in order to better un
derstand how the changes in the ligand structure modify the chemical 
environment of the Eu(III) ion.

The FED contribution to Ω2 involves the odd-rank crystal field pa
rameters, described by mixed parity states, such as 4f-5d, 4f-5g, and 
continuum states [13]. However, the DC mechanism is often dominant 
in determining the value of Eu(III)-based compounds [14]. Thus, the Ω2 
(DC) can be easily calculated through the approximation by Mason et al. 
[13,24]: 

Ω2(DC) ≅
28
5

〈4f
⃒
⃒r2⃒⃒4f〉2

∑3

m=0

(
2 − δm,0

)
⃒
⃒
⃒
⃒
⃒

∑

j

αj

R4
j

(
C(3)

m
)

j

⃒
⃒
⃒
⃒
⃒

2

(2) 

In determining the Ω2 (DC) these parameters are quite significant: 

1) α is the mean polarizability contribution of each ligand j (a parcel of 
the ligating atom isotropic polarizability which interacts with the 
lanthanide),

2) R is the metal-ligand bond distance, and
3) C(3)

m is a third-rank spherical tensor.

The latter is dependent on the coordination symmetry around Eu 
(III). For didactic purposes, the demonstration of equation (2) is detailed 

Scheme 1. Molecular structures of the complexes under consideration in this work. Only the (S,S) enantiomer of the racemic mixture is depicted.
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in the Supporting Information.
With the values of Ω2(DC), the R2 parameter can be estimated 

through [10]: 

R2 ≅ Ω2(DC) ⋅ C⋅
(

n2 + 2
3n

)2

(3) 

where C = 6.6 × 102 cm− 2 is a constant and n is the index of refraction 
of the medium, considered n = 1.5 in this work, which is a common 
acceptable value for lanthanide-based coordination compounds in the 
solid-state [10,25].

4. Results and discussion

4.1. Structural characterization of complexes 1 and 2

As already reported in our previous contribution [15] the molecular 
structure of the complex 1 and 2 has been characterized by single X-ray 
diffraction on single crystals. The reader is referred to this contribution, 
for the full and detailed description of the structures and the crystal 
packings. Here, we report the main structural features of these mole
cules (Fig. 1). Both complexes crystallize as racemates in centric space 

groups (P21/c for complex 1 and Pbca for complex 2). One solvent 
molecule (acetonitrile), omitted here for sake of clarity, is present in the 
crystals of complex 1.

The Eu(III) ion exhibits a 10-fold coordination, characterized by four 
nitrogen atoms from the tetradentate ligand and six oxygen atoms from 
three nitrate molecules. In the structure of complex 2, we observed the 
presence of two conformational isomers (2A and 2B), which differ 
slightly in the position of the nitrate anions and the hydrogen atoms 
bound to the ligand's nitrogens, N9 and N10, in the position labeled as 
“external” (Fig. 1). The relative occupancy is 0.66 for conformer 2A and 
0.34 for conformer 2B.

The observed coordination polyhedra are distorted sphenocoronas in 
the case of complex 1 and complex 2 (conformer A), and a bicapped 
square antiprism for conformer B of complex 2. The bond distances 
involving the Eu(III) ion in the two complexes are reported in Table S1.

From a close inspection of Table S1, we can conclude that in the two 
isomeric conformers of the amine-based complex 2, the Eu–N bond 
distances are similar, regardless of the different hybridization of the 
nitrogen atoms in the ligand [sp3 for N (9) and N (10), sp2 for N (7) and N 
(8)]. On the contrary, as already discussed previously [15], nitrogen 
atoms exhibiting the same hybridization in the imine-based complex 1 

Fig. 1. Molecular structures of Complexes 1, 2a and 2b. The coordination polyhedra are also shown and it can be noticed that there are no drastic differences 
between them. The indications shown in 2a are labels to guide the calculations through different ligand groups. The labels Equ., Ax. (− ), Ax. (+) indicate the NO3

−

groups that are in the equatorial, positive and negative parts of the imaginary axes highlighted in green. The labels ext. and int. define the external and internal 
nitrogen atoms of the main ligand. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[sp2 for all the N atoms] showed different Eu–N bond distances. In 
particular, the bonds involving pyridine nitrogen are longer (on average 
2.63 Å) than the ones involving imine nitrogen (2.55 Å). These features 
are attributable to crystal packing effects. In addition, whilst in the 
complex 1 each nitrate is bound to the metal ion with two almost 
equivalent bond contacts (i.e. as a bidentate ligands), in the dominant 
conformational isomer 2A, the coordination of the nitrates is more 
asymmetric, in particular for one of these (Eu–O (4) 2.644 (4) Å and 
Eu–O (3) 2.506 (8) Å).

In all cases, the Eu(III) point symmetry is C1. The values of the root 
mean square deviation (RMSD) of Cartesian coordinates (x,y,z) between 
the coordination polyhedra (considering only the atoms in the coordi
nation polyhedra) are shown in Table S2. For instance, the coordination 
polyhedron of complex 1 and complex 2B have a lower RMSD value 
(0.219842 Å) compared to the polyhedra of conformers 2A and 2B 
(RMSD = 0.365234 Å). This indicates that despite the different sp2 hy
bridization in 1 and the sp3 hybridization in 2A and 2B, all complexes 
are structurally similar. Thus, this reinforces that the symmetry alone 
cannot account for the major differences observed in the intensity of the 
hypersensitive 5D0 → 7F2 emission.

4.2. Spectroscopic characterization of complexes 1 and 2

The emission spectra of the complexes 1 and 2, upon direct excita
tion at 465 nm in the 5D2 level of Eu(III), are reported in Fig. 2. These 
spectra were normalized according to the 5D0→7F1 transition to better 
represent the hypersensitive ratio (R2).

All the expected emission peaks, stemming from 5D0 level of Eu(III) 
(5D0→7FJ; J = 0-4) are detected. It is worth noting that the Stark com
ponents of each transition are similar between these two complexes, 
indicating that only minor structural differences exist between them, as 
confirmed previously by the RMSD values.

The values of the experimental hypersensitive ratio (R2) were esti
mated using the JOYSpectra web platform [26,27], specifically through 
the spectrum analysis tool, accessible via http://www.joyspectra.com. 
br. The calculated values are 6.77 for complex 1 and 4.64 for complex 
2. It is important to note that it is not possible to discriminate the single 
spectral contribution of the isomers 2A and 2B to the total emission 
spectrum. Therefore, the R2 value calculated for complex 2, should be 
regarded as the average contribution weighted by the occupation factors 
of each isomer. We also already discussed the presence of two compo
nents for the 5D0→7F0 transition in the complex 2 (inset of Fig. 2, blue 

line), one for each conformer, in agreement with the Eu(III) axial point 
symmetry observed in both isomers (C1 point symmetry) [15]. As ex
pected, as proof of Eu(III) point symmetry lacking the inversion center 
element, the hypersensitive 5D0→7F2 transition dominates the emission 
spectra of both complexes. Interestingly, despite the identical Eu(III) 
point symmetry (C1), the values of the hypersensitive ratio are signifi
cantly different for the two complexes. In agreement with the conclusion 
drawn by Thor et al. [10], R2 value calculated from the Eu(III) emission 
spectra, cannot only be considered as a marker of Eu(III) site/point 
symmetry.

4.3. Relationship between the spectroscopic and structural/electronic 
properties of the complexes

The calculations regarding the atomic polarizabilities serve as a 
guide to check how the Eu(III) ion is affected by the dynamic coupling 
mechanism.

The value of the polarizabilities (α in units of Å3) and electronic 
density (ρ́  in units of e/a3

0) are presented in Table S3. It is noticeable that 
the oxygen atoms (all belonging to NO3

− groups) have a similar average 
density of 8.31 ± 0.04 e/a3

0, while the nitrogen (N) atoms of the main 
ligand present a lower average density of 7.18 ± 0.04 e/a3

0.
The calculated isotropic polarizabilities follow the same trend as the 

densities, with O ligands presenting values around 2.4 ± 0.8 Å3 and the 
N atoms of the main ligand presenting 1.1 ± 0.6 Å3. However, these raw 
polarizability values cannot be used directly in Equation (2) because the 
Eu(III) ion does not interact with the entire density of the ligating atom. 
Consequently, we established a unique set of mean polarizabilities α 
based on the density trends (Fig. 3, represented in symbols: squares, 
triangles and circles). We attributed a value of 2.2 Å3 for each O atom in 
the NO3

− ligands, regardless of the compound (1, 2A, or 2B).
The α value for the N atoms follows the same trend as ρ́  (Fig. 3 and 

Table S4), being generally lower than the O atoms. In complex 1, elec
tronic resonance effects likely lead to a more displaced electronic den
sity through the ligand, resulting in the N atom in the “external” position 
(N9 and N10) having a higher electronic density than the N atom in the 
“internal” position (N7 and N8) compared to compounds 2A and 2B 
(Fig. 3c). This is expected to reflect a more significant polarizable dif
ference between the internal and external N atoms in complex 1.

In fact, complex 1 presented a higher Ω2 and R2 value due to the 
lower polarizability of the N7 and N8 atoms (α = 0.2 Å3; blue circles in 
Fig. 3b) compared to the values of 2A and 2B (α = 1.2 Å3; Fig. 3b). This 

Fig. 2. Emission spectra of complexes 1 and 2, normalized to the area of the 5D0→7F1 peak (left panel), upon excitation at λexc = 465 nm (7F0→5D2), as represented in 
the right panel. The values of the hypersensitive ratio R2 are also presented. The inset shows the 5D0→7F0 emissions, which indicate that complex 2 has two distinct 
peaks attributed to its two conformers.
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low value of α in N7 and N8 for complex 1 breaks the symmetry by 
polarizability rather than by geometric aspects. In other words, such 
discrepancy of α values among nitrogen atoms makes the deletion of 
terms related to the mean polarizability (α) in the last summation of 
equation (2), less effective.

With the values of α alongside with the angles of the spherical co
ordinates centered at the Eu(III) site (Table S4, bond distances are in 
Table S1), the obtained values of Ω2 and R2 for each compound are 
presented in Table 1. The experimental values were obtained by 
uploading the emission spectra of the complexes to the JOYSpectra web 
platform (http://www.joyspectra.com.br) [26,27] and the pictures of 
this analysis is also in the Supporting Information.

Due to the very similar structure of isomers 2A and 2B, they are 
expected to have the same set of mean polarizabilities α (Table S4 and 
Fig. 3). The differences in their Ω2 values are thus primarily attributable 
to slight changes in their structures, allowing two theoretical Ω2 values 
to be calculated for the isomers of complex 2. The final theoretical Ω2 
value for complex 2 is then a weighted average based on the occupation 
numbers: 0.66 for 2A and 0.34 for 2B. Thus, taking the average value of 

the theoretical data for Ω2 and R2, it is obtained: 

Ω2 (av.)=
(
0.66×9.41× 10− 20 cm2)+

(
0.34×5.26× 10− 20 cm2)=8.00

× 10− 20 cm2,

This result is in agreement with the experimentally obtained value of 
7.84 × 10− 20 cm2.

5. Conclusions

In this contribution, we demonstrate by a combined experimental 
and theoretical investigation that although the two complexes 1 and 2 
exhibit the same Eu(III) point symmetry (C1), their “hypersensitive 
ratio” values R2 are significantly different. In particular, in the case of 
the imine-based complex 1, it is around 1.5 times larger than for the 
amine-based one (complex 2). The lower polarizability of the sp2 ni
trogen atoms of the imine functional groups is mainly responsible for 
this behavior. The type of hybridization of the two non-pyridinic ni
trogen atoms (sp2 in complex 1 and sp3 in complex 2) determines 
whether these atoms are involved in the conjugation with the electronic 
π-system of the pyridine rings. When conjugation occurs (i.e. for sp2 

nitrogen atoms), a lower polarizability of the pyridine nitrogens is 
observed, breaking the symmetry of the distribution of the polarizabil
ities of the N donor atoms around the metal ion, and this promotes a 
higher R2 value. Our contribution further demonstrates that the 
“asymmetry ratio” of the Eu(III) luminescence cannot only be consid
ered as a marker of Eu(III) site/point symmetry, as some people believe, 
but it is also strongly dependent on the polarizability of the ligand 

Fig. 3. Electronic properties of the coordinating atoms for complexes 1, 2A, and 2B. a) Electronic density maps obtained using 8ChemBOS [23,28] software and 
plotted in ChimeraX [29] using isovalues of 0.07 e/a3

0. b) Calculated (α, lines) and applied (α, symbols) values of polarizabilities. c) Values of calculated densities (ρ́ ).

Table 1 
Experimental e theoretical values of Ω2 and R2 for the complexes 1, 2A and 2B.

Experimental Theoretical

Ω2 ( × 10− 20 cm2) R2 Ω2 ( × 10− 20 cm2) R2

1 11.39 6.77 11.18 6.58
2A 7.84 4.65 9.41 5.54
2B 7.84 4.65 5.26 3.10
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donating atoms around the metal ion. To the best of our knowledge, this 
is the first example in which two almost isostructural Eu(III) nitrate 
complexes of tetraaza (N4) ligands, exhibit such a marked difference in 
the “hypersensitive ratio” values of the metal ion.
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