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Strong circularly polarized luminescence of mixed lanthanide 
coordination polymers with control of 4f electronic structure 
Md Jahidul Islama, Yuichi Kitagawa,*ab Makoto Tsuruic, and Yasuchika Hasegawa*ab

This paper reports chiral mixed Eu(III)-Ln(III) coordination polymers 
(Ln = Gd and Sm) with a large dissymmetry factor of circularly 
polarized luminescence (gCPL = 0.15) for the enhancement of the 
emission quantum yield (Φtot ≥ 50 %), achieved via the control of 4f 
electronic structures. 

Advanced optical systems based on circularly polarized 
luminescence (CPL) allow the construction of future three-
dimensional displays1-3 and biosensing applications4-5. The CPL 
is composed of electric (𝜇𝜇�⃗ ) and magnetic (𝑚𝑚���⃗ ) dipole transitions6 
and evaluated using dissymmetry factor which is defined by the 
following equation: 

𝑔𝑔CPL = 4 ∙
|𝜇𝜇�⃗ ||𝑚𝑚���⃗ | cos 𝜃𝜃
|𝜇𝜇�⃗ |2 + |𝑚𝑚���⃗ |2 = 4 ∙

� |𝜇𝜇�⃗ |
|𝑚𝑚���⃗ |� cos 𝜃𝜃

� |𝜇𝜇�⃗ |
|𝑚𝑚���⃗ |�

2
+ 1

    (1), 

where θ is the angle between 𝜇𝜇�⃗  and 𝑚𝑚���⃗ . The CPL of typical chiral 
organic compounds are based on π-π* electronic transitions (𝜇𝜇�⃗  
>> 𝑚𝑚���⃗  ), resulting in small gCPL (< 0.01).7,8 On the other hand, the 
CPL in trivalent lanthanide (Ln(III)) complexes have almost equal 
contributions from electric and magnetic dipole transitions (𝜇𝜇�⃗ ≃
𝑚𝑚���⃗ ), resulting in large gCPL6. Among them, Eu(III) complexes with 
chiral 3-(trifluoroacetyl)camphor (tfc) ligands have been 
reported to have extra-large gCPL values (gCPL > 0.10).6,9-13 Chiral 
Eu(III) coordination compounds with tfc ligands exhibit a 
characteristic ligand-to-metal charge transfer (LMCT) band at 
around 400 nm14 (Fig. 1), resulting in an effective decrease in 
emission quantum yield (Φtot). The problem of the trade-off 
relationship between large gCPL and small Φtot of the Eu-tfc 

complex can be solved by controlling the electronic structure in 
LMCT band. Formation of a chiral Eu(III) coordination polymer 
with control of 4f electronic structure leads to an increase in the 
LMCT level for suppression of Eu(III) emission quenching. 
Recently, our group has reported the increase of LMCT energy 
level upon mixing Gd(III) in Eu(III) coordination polymer.15 Their 
characteristic spin configurations should reduce the LMCT 
delocalization, leading to enhanced emission quantum yield. 
Based on this concept, chiral mixed-lanthanide  coordination 
polymers are introduced for obtaining large gCPL with high 
emission quantum yield. Here, we selected Gd(III) and Sm(III) 
for preparing mixed Eu(III)-Ln(III) coordination polymers (Fig. 1), 
because they show extra small 4f-4f and LMCT absorption 
bands in the visible region. Herein we report on the novel 
molecular design and photophysical analysis of chiral Eu(III) 
coordination compounds with large gCPL and Φtot values. 

 
Fig. 1. Schematic of LMCT in Eu(+tfc)3 derivative and chemical 
structures of coordination polymer. 
 
The Eu(III)-Ln(III) (Ln = Gd and Sm) coordination polymers were 
obtained by the reaction of Eu(+tfc)3(H2O)n and Ln(+tfc)3(H2O)n 
(Ln= Gd and Sm) with 4,4'-Bis(diphenylphosphine 
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oxide)biphenyl (dpbp). The Eu(III)-Ln(III) coordination polymers 
were identified and characterized by elemental analysis, IR 
spectroscopy, ESI-MS, and XRD analysis. The ESI-MS results 
indicate the existence of the [EuLn(+tfc)5dpbp]+ frameworks in 
Eu(III)-Ln(III) coordination polymers (Fig. S1). The XRD patterns 
of these coordination polymers are similar to that of the pure 
Eu(III) coordination polymer (Fig. S2).  

 The diffuse reflectance spectra of pure Eu(III) and mixed 
Eu(III)-Ln(III) coordination polymers are shown in Fig. 2. The 
strong absorption bands at around 350 nm are originated from 
the σ-π* and π-π* transitions. The LMCT bands of the pure 
Eu(III) coordination polymer are observed at around 400 nm, 
while no significant LMCT bands were observed for Eu-Gd and 
Eu-Sm coordination polymers. The emission spectra of pure 
Eu(III) and mixed Eu(III)-Ln(III) coordination polymers are also 
shown in Fig. 2. These spectra were normalized by intensity 
maxima. For each coordination polymer, the sharp emission 
bands at around 590, 610, 650, and 700 nm are assigned to the 
5D0 → 7F1, 5D0 → 7F2, 5D0 → 7F3, and 5D0 → 7F4 transitions, 
respectively, of the Eu(III) ion.16 The Eu(III)-Sm(III) polymer also 
showed an additional band at around 640 nm, which is assigned 
to the 4G5/2 → 6H9/2 transition of the Sm(III) ion.17 The Eu(III) 
emission spectral shapes of the Eu(III)-Ln(III) coordination 
polymers agree well with that of the pure Eu(III) coordination 
polymer, which is directly linked to the Eu(III) coordination 
geometry.  

 
Fig. 2. Diffuse reflectance and emission spectra (λex = 350 nm) of pure 
Eu(III) and mixed Eu(III)-Ln(III) coordination polymers (black line: 
[Eu(+tfc)3dpbp]n, red line: [Eu0.5Gd0.5(+tfc)3dpbp]n, blue line: 
[Eu0.5Sm0.5(+tfc)3dpbp]n). 
 
 The photophysical properties are summarized in Table 1. The 
emission lifetimes and radiative rate constants of the Eu(III)-
Ln(III) coordination polymers are similar to those of the pure 
Eu(III) coordination polymer (τ ≈ 0.6 ms, kr = 1.0 × 103 s-1). The 
large kr and small knr (≈ 6.0 × 102 s-1) of each coordination 
polymer leads to highly internal emission quantum yields (Φff ≥ 
60%). In contrast, the ligand-excited emission quantum yield 

strongly depends on Ln(III) doping (pure Eu(III): 36%, Eu-Gd(III): 
34%, and Eu-Sm(III): 54%). These results indicated that the 
photosensitized energy transfer efficiency of the Eu(III)-Ln(III) 
coordination polymer are strongly affected by the incorporated 
Ln(III) ion. The significant enhancement of the energy transfer 
efficiency in the Eu(III)-Sm(III) coordination polymer should be 
related to the energy modulation of the LMCT band15. The LMCT 
bands are classified into 7LMCT and 9LMCT bands.15,18 The 
delocalized 9LMCT states are formed in the pure Eu(III) 
coordination polymer owing to ligand(tfc)-ligand(dpbp) 
interactions (Fig. 3a). The characteristic localized 9LMCT states 
(Fig. 3b) are also formed in the mixed Eu(III)-Ln(III) coordination 
polymers induced by Ln(III) doping (Ln = Gd, Sm). The energy 
modulation is consistent with the activation energies (∆Ea) from 
the Eu(III) ion to the LMCT quenching states in each 
coordination polymer, as estimated by Arrhenius analysis (Table 
1, See ESI). The ∆Ea values of the Eu(III)-Ln(III) coordination 
polymers are larger than that of pure the Eu(III) coordination 
polymer.  

The Φtot of the Eu(III)-Gd(III) coordination polymer was similar 
to that of the pure Eu(III) coordination polymer, probably due 
to the fast deactivation of ligand T1 states, which was induced 
by the paramagnetic effect of the Gd(III) ion on the +tfc 
ligands.19-20 We consider that the control of the 4f electronic 
structure in the mixed lanthanide coordination polymers allows 
the manipulation of excited-state dynamics.21 
 

 
Fig. 3. Schematic of (a) delocalized LMCT excited states and (b) 
localized LMCT excited states. 
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Table 1. Photophysical properties of pure Eu(III) and mixed Eu(III)-Ln(III) coordination polymers. 

 aτ / ms bΦtot / % Φ ff/ % cnsens / % ckr / s-1 cknr / s-1 ∆Ea / cm-1 

[Eu(+tfc)3dpbp]n 0.61 36 61 59 1.0 × 103 6.4×102 e3600 

[Eu0.5Gd0.5(+tfc)3dpbp]n 0.63 34 63 54 1.0 × 103 5.9×102 4600 

[Eu0.5Sm0.5(+tfc)3dpbp]n 0.60 52d (54)f 60 87 d1.0 × 103 d6.6×102 4090 

[a]λex = 355 nm under Ar. [b] λex = 380 nm under Ar. [c] ηsens: Photosensitized energy transfer efficiency, kr: Radiative rate constant, knr: Non-
radiative rate constant. [d] Calculations were performed by omitting Sm (III) emission contribution. [e] The previously reported value is 4,100 cm-

1. Previously reported data show a large error bar for temperature-dependent emission lifetime [Fig S2, in Ref14]. We re-measured the 
temperature dependent emission lifetime (Fig S3 and Table S1). [f] The value in a parenthesis is emission quantum yield containing Sm(III) 
emission. 
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The gCPL spectra of pure Eu(III) and mixed Eu(III)-Ln(III) 
coordination polymers are shown in Fig. 4. The CPL intensity and 
spectral shape are almost same for all the coordination 
polymers. The maximum gCPL was 0.15 for both Eu(III)-Gd(III) 
and Eu(III)-Sm(III) coordination polymers, same as that of the 
pure Eu(III) coordination polymer. 
 

 
Fig. 4. gCPL spectra of pure Eu(III) and mixed Eu(III)-Ln(III) coordination 
polymers (black line: [Eu(+tfc)3dpbp]n, red line: 
[Eu0.5Gd0.5(+tfc)3dpbp]n, blue line: [Eu0.5Sm0.5(+tfc)3dpbp]n) 
 
In summary, we demonstrated the significant enhancement in 
the emission quantum yield by Ln(III) doping in Eu(III) 
coordination polymers with large chiroptical property (gCPL = 
0.15). The obtained emission quantum yield of the Eu-Sm mixed 
coordination polymer (52%) was highest in the reported Eu(III) 
complexes with tfc-type ligands.9-12,14,22-24 We consider that the 
key factors for the enhancement of the emission quantum 
yields of the Eu(+tfc)3 polymer are control of the LMCT energy 
by lanthanide doping and the paramagnetic effect of the doping 
lanthanide ions. Control of the 4f electronic structure in 
lanthanide coordination polymers offers new avenues in 
photochemistry and materials chemistry. 
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