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Aspects of lanthanide complexes for the selectivity, strengthen 
and sharpness in luminescence bands from twenty-four 
praseodymium, europium and gadolinium complexes with 
differently distorted-hexadentate ligands†
Miki Hasegawa*,a,b, Shoya Sakurai,a Masafumi Andrew Yamaguchi,a Daichi Iwasawa,a Naho Yajima,a 
Shuhei Ogata,a Yudai Inazuka,a Ayumi Ishiib,c,d and Kengo Suzukie 

We structually and spectroscopically investigated a series of praseodymium (Pr) complexes with eight ligands that form 
helicate molecular structures. The mother ligand skeleton (L) has two bipyridine moieties bridged with ethylenediamine. 
The bridged skeleton of PrL was changed to diamines 1-methyl-ethylenediamine, trimethylenediamine and 2,2’-dimethyl-
trimethylenediamine, and the corresponding  ligands were designed Lme, Lpr and Ldmpr. Each Pr in these complexes upon UV-
excitation. The luminescence quantum yields of PrL and PrLpr in the visible and near infrared (NIR) regions indicate that PrL 
is excited by both the electronic state of the ligand and the ff absorption band, whereas PrLpr  is excited through the ligand. 
The addition of a methyl group to PrL and PrLpr has different effect on the Pr emission intensity with the intensity of PrLme 
decreasing more than that of PrL and PrLdmpr increasing more than that of PrLpr. Thus, the coordination of Pr and the 
increased rigidity of the ligand pon methylation enhance luminescence. The azomethine moieties on Lme, Lpr and Ldmpr were 
reduced and formed the corresponding PrLH, PrLmeH, PrLprH and PrLdmprH complexes. The luminescence of the non-
methylated series is due to transition related to the 1D2 level and thus the methylated series luminesces due to high energy 
levels such as 3PJ arising from the shortened π electronic systems. We also discuss the strong red emission of a series of Eu 
complexes with eight ligands from the viewpoint of their molecular structures and luminescence efficiencies and evaluate 
the Judd-Ofelt parameters from the luminescence spectra of Eu complexes.

Introduction
Luminescent materials with trivalent lanthanide (Ln) ions are 
widely interested because of their stable luminescence colour 
assigned to the typical ff transitions localized on metal centres. 
For the design of molecular shape with luminescence properties 
in Ln complexes, it relatively depends on experiences base on 
phenomena or in literatures already reported due to the 
difficulty to expect the binding-direction of neighbor 
coordination atoms/ions or to no hybridized orbital theory. 

Finally the molecular design of luminescent Ln complexes needs 
unique points to induce the ability of photo-antenna effect 
based on the coordination between ligands1 and Ln having the 
shortest distances, the energy levels-corresponding between 
the donor in excited ligands and accepter in Ln ion, and keeping 
the spin conservation law of spin multiplicities on the energy 
donor and accepter levels.2, 3 The design of the molecules and 
energy states between the ligand and Ln ions were considered 
based on these approaches for the highly luminescent complex 
formations of Eu complexes.4, 5 Also, coordination symmetry or 
ligand distortion will also enhance their luminescence ability 
through the antenna effects.6,7 

The luminescence bands of trivalent praseodymium (Pr) 
appear in a wide wavelength region from the UV to near 
infrared (NIR), due to their split f levels which have a unique spin 
multiplicity. These luminescence bands arising from ff 
transitions are sensitized with the coordination of organic 
compounds which act as photo-antenna upon UV irradiation.1,8 
Inner relaxation events compete with luminescence intensity, 
resulting in a weaker intensity of ff emission of Pr compared to 
europium (Eu) ion due to the electronic structure of Pr. There 
some reports to provide the strategy of efficient luminescent Ln 
complexes even in solutions.9,10 The luminescence behaviour of 
Pr provides information pertinent to its application in electric 
devices and in understanding the probability of energy transfer. 
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Fig. 1 Designed molecular structure of a series of helicate complexes with Ln (Ln = 
Pr, Gd or Eu). Counter anions are omitted for clarity.

Emission enhancement of ff transitions of Pr ion is usually 
difficult because the electron configuration of the Pr ion causes 
internal conversion during energy relaxation process. Actually, 
only few Pr complexes were succeeded to intensify their 
luminescence in Metal-Organic-Frameworks with twitterionic-
ligands or using four energy transfer pathways from 1S2*, 1S1* 
excited ILCT(intra-ligand charge transfer) and 3T* states.11,12

The number of scientific papers examining the utility of Pr 
complexes in electrical engineering and bio-stimuli 
luminescence has increased over the past decade.13,14 For 
instance, the addition of Pr ion to ceramics such as GaN and 
(Bi0.5Na0.5)TiO3 induces red emission due to defects in the 
crystal structure.15, 16 Mixed metal complex systems with Pr and 
Dy were reported as a white-light emission material.17 Such 
characteristic electronic transitions have been the focus of 
several investigations, such as that of the absorption and 
luminescence spectra of Pr complexes with selected 
phosphonate ligands.18,19

The ff absorption bands of a series of Pr complexes and their 
red or NIR luminescence characteristics by UV excitation have 
been examined.20-34 For instance, ternary Pr complexes with 
dithiocarbamate with 1,10-phenanthroline or 2,2’-bipyridine 
were examined their photoluminescence properties because 
the intensities were notably high.29 In addition, d-f multinuclear 
complexes have been synthesized and their up-conversion 
properties and the sensitization of ff emissions by the metal-to 
ligand charge transfer transition states.35,36 Energy transfer 
pathway of Pr complexes was examined with the comparison of 
the excited state as energy donor of aromatic compounds (EnD) 
and split-f levels of Pr ion as an accepter (EnA).27, 37, 38 We 
previously reported the selective luminescence of Pr complexes 
with a series of phenanthroline ligands based on the picosecond 
time-resolved luminescence spectra.39 The split f-levels of a 
trivalent Pr ion adopt both singlet and triplet states and ligand 
elongation/shortening clearly affects the Dexter type-energy 
transfer pathway. Thus, it indicates the need to understand the 
principle of energy transfer in Pr complexes by using spin 
multiplicities fitting the transition energies between the ligand 
as EnD and Pr as EnA.

Here, we report a series of helicate Ln complexes with eight 
organic ligands (Fig. 1). Helicate and high-chelate effective 

complexes with Ln were reported for a structural interesting 
and stability in solutions.40,41 The mother ligand, L, has two 
bipyridine moieties bridged with ethylenediamine and forms 
stable structured monodentate complexes with a series of 
lanthanide ions.42-46 The Eu complex, EuL, shows a high 
luminescence quantum yield (QY) of over 55% in the solid state 
and a QY of 12% in acetonitrile. These high QY values are caused 
by the efficiency of the energy donor level located in the excited 
triplet state of L for forwarded intramolecular energy transfer. 
The energy donor level of trivalent Pr ion is similar to that in Eu 
ion. The spin states of Pr ion are unique because the split f-
orbitals have singlet and triplet states, as well as the major 
multiplicities of organic compounds.47-50 We previously 
reported the energy transfer from the excited triplet state of 
the ligand of Pr complexes with phenanthroline derivatives (Pr-
phen) to the triplet accepter level of the Pr ion, 38 and that such 
energy transfer does not occur in the singlet state due to the 
Dexter mechanism.51 Pr also luminesces in NIR region, and some 
literatures show enhancement of the NIR luminescence in Pr 
complexes.21, 24, 33, 34

The selective energy transfer properties of Pr complexes led us 
to design a series of lanthanide complexes. We examined the 
structures of PrL, PrLme, PrLpr, PrLdmpr, EuLme, EuLpr and 
EuLdmpr, and electronic transitions of twenty four-complexes 
by single X-ray structural analyses and their electronic spectra. 
Eu complexes with the ligands were also characterized to shed 
light on the energy transfer properties of these ligand 
complexed with Pr ion. 

Results and discussion
Structural analyses of Pr and Eu complexes with L, Lme, Lpr and 
Ldmpr. 

Compound L is a hexadentate ligand that wraps around a Pr 
ion in which two nitrate oxygen atoms coordinate to the metal. 
A series of Pr complexes with L and its derivatives were 
synthesized, single crystals prepared, and the structures 
analyzed, as shown in Fig. 2 and Table S1. Three Eu complexes, 
with Lme, Lpr and Ldmpr, are also shown in the figure. PrL and PrLme 
an isoform of other previously reported Ln complexes.42, 43, 46 
The interatomic distances between the Pr ion and the 
coordinating atoms in PrL are also belong the trend in the 
lanthanide contraction with those of LnL complexes.

PrLme was crystallized as a racemic mixture of R- and S-type 
bridging sites in the complex. The complex forms a helicate 
structure, with two nitrate ions at the apical sites. The dihedral 
angles of the two bpy moieties in PrLme were larger than that in 
PrL. PrLpr and PrLdmpr also adopted helicate structures, and the 
dihedral angel between the two bpy moieties in PrLpr was larger 
than those of the other three complexes.

We obtained single crystals of EuLpr and Eudmpr. As shown in 
Fig. 2, the molecular formation of each Eu complex is that of the 
Pr complex with the corresponding ligand, indicating that each 
Eu complex forms helicate structures with different degrees of 
distortion (Table S2). Very recently, we found circularly 
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dichroism localized on the ligand and circularly polarized 
luminescence of centre metal ion in EuLme in acetonitrile.45 
Fig. 2 Top and middle: ORTEP drawings of four praseodymium complexes and three europium ones, (a) PrL, (b)PrLme, (c) PrLpr, (d) PrLdmpr, (e) EuLme, (f) EuLpr and (g) 
EuLdmpr. Hydrogen atoms, PF6

- and acetonitrile are omitted for clarity. Bottom: their side views to compare the dihedral angles among two bipyridine moieties. Grey: 
carbon, blue: nitrogen, red: oxygen, pale green: praseodymium, and pink: europium. For each of the illustration, NO3

- ions are omitted for clarity. EuLme was published 
in ref 46.

From the measurement of single crystal X-ray analysis of a 
racemic crystal of EuLme, this complex keeps the helicate 
structure as shown in Figure 2 for comparison. Space groups in 
Pr complexes with the four ligands differ (Table S1), and 
correspond to those in Eu complexes with L41, Lme 46and Lpr. The 
molecular packing of PrL is similar to that of EuL.41

The structural comparison between EuL and EuLH were 
already reported from the measurements of single crystal X-ray 
analyses.56 For example, dihedral angles of EuL was 32.0O.42 
EuLH takes two takes two molecular systems in the unit cell, and 
the dihedral angles were 61.7O and 48.8O. We also tried to 
recrystallize other complexes especially with a series of reduced 
ligand, but the crystal qualities of them were not enough for X-
ray analyses. The relation of the structural aspects and spectral 
behaviour will explain later.  

Substitution on the helicate Eu complexes and their luminescence 
behaviour.

Much fundamental information is available regarding the 
nature of electronic transitions of Eu complexes.52, 53 EuL was 
already reported42 as an initial complex for the present series
of complexes and the Eu ion luminesces in the red-wavelength 
region. The QY of EuL in the solid state was over 50% and it 
retains its luminescence in acetonitrile (QY =12%) and ionic 
liquids (32.3%)45 because of the molecular stability conferred by 
the chelate effect with hexadentate ligands. We previously 
reported the single ionic magnetic properties of dysprosium and 
neodymium complexes with L.43 The electronic structures of 
these complexes with L are retained even in the solid state with 
decreased intermolecular interactions. 

Fig. 3, S2 and S3 show luminescence, excitation spectra and 
decay profiles, respectively, of EuLme, EuLpr and EuLdmpr in the 
solid state and in acetonitrile, together with the corresponding 
data of EuL42 and EuLme46. Each complex shows typical 
luminescence of Eu ion in the wavelength region 580-740 nm. 
The band around 590 nm is split into two or three in them. For 
instance, EuL shows two split bands at 590.3 and 597.6 nm in 
the solid state, and 590.0 and 595. 8nm in acetonitrile, which 

Fig. 3 Luminescence spectra of (a, e) EuL42, (b, f) EuLme46, (c, g) EuLpr, and (d, h) EuLdmpr in 
the solid (left column) and in acetonitrile (right column). Inset shows the 5D0→7F1 band. 
λex =300 nm.

can be assigned to the 5D0→7F1 transition. These band positions 
similarly appeared for EuLme. While EuLpr shows corresponding 
bands at 588.7 and 596.1 with new 591.7 nm band in the solid 
and at 588.3 and 596.0 nm with 591.5 nm in acetonitrile. The 
newly appeared bands can be attributed to the 5D1→7F3 
transition of Eu ion.54, 55 The band appearance was also 
recognized in EuLdmpr in both states. From the structural 
analyses of Ln complexes with a series of L, we can categorize 
the coordination shapes of ligand moieties, especially, the 
pentagon and hexagon formation in the centre chelate ring 
after the coordination. For example, L and Lme have former 
chelate ring and Lpr and Ldmpr do latter. Thus, the appearance of 
the 5D1→7F3 transition suggest the distorted coordination 
sphere.

The luminescence lifetimes, QY and calculated photophysical 
data (ESI) are summarized in Table 2 and Fig. S4. The observed 
QY (φobs) of EuLpr in the solid state is almost the same as that of 
EuL, whereas the QY values of EuLme

 and Eudmpr are lower and 
higher than EuL and EuLpr, respectively. This trend for Eu 
complexes in acetonitrile corresponds to that for Pr complexes 
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Table 2 Photophysical data of luminescence for EuL42, EuLme 46, EuLpr, EuLdmpr in the solid 
and in acetonitrile. Ω2, Arad, Anr, τrad, φLn, φobs and ηEnT are Judd-Ofelt parameter, radiative 
rate constant (s-1), non-radiative rate constant (s-1), luminescence lifetime (ms), metal-
centred luminescence efficiency, observed quantum yield by ligand excitation and 
energy transfer efficiency, respectively.

in the solid state in acetonitrile
EuL EuLme EuLPr EuLdmpr EuL EuLme EuLPr EuLdmpr

Ω2 x10-20 8.42 7.46 7.74 8.56 7.88 7.59 8.95 7.51

Arad 369.6 532.0 352.0 371.5 261.2 255.2 283.4 255.0

Anr 499.9 600.4 548.3 521.4 384.0 520.0 425.8 429.9

τrad 1.15 1.05 1.11 1.12 1.55 1.29 1.41 1.46

φLn 42.5 37 39.1 41.6 40.5 32.9 40 37.2

φobs 52.6% 34.3% 51.1% 64.6% 12% 17.5% 9.6% 28%

ηEnT >99% 92.8% >99% >99% 22.6% 53.2% 24% 75.2%

Table 3 Luminescence lifetimes (Amplitude) and QY of EuLH56,57, EuLmeH, EuLprH and 
EuLdmprH in the solid state and in acetonitrile. τrad (s-1) and φobs are luminescence lifetime 
(ms) and observed quantum yield, respectively.

as described later, suggesting that methylation acts as a 
deterrent to reduce structural vibration in the electronic 
transition as described later. 

The Judd-Ofelt parameter (Ω2) for evaluating the effect of
deterrent to reduce structural vibration in the electronic 
transition as described later. 

The Judd-Ofelt parameter (Ω2) for evaluating the effect of 
symmetry around the Eu ion was estimated from the observed 
physicochemical values (ESI). For instance, the Ω2 value of EuL 
in acetonitrile was 7.88x10-20, which is rather large, possibly 
indicating EuL has low symmetry. The Anr value of EuL in solution 
was also low. Together, these results suggest a high QY, but in 
fact QY was only 12%, possibly due to vibrational dampening by 
the medium, as is not so high. It was caused by the deactivation 
with the vibration of medium, as supported by the low value of 
ηEnT.

The luminescence spectra of EuLH,56, 57 EuLmeH, EuLprH and 
EuLdmprH in the solid state and in acetonitrile are shown in Fig. 
S5. The position of each band in the solid state corresponds to 
that in acetonitrile. The luminescence lifetimes and QY of these 
complexes are summarized in Table 3. It is noteworthy that the 
observed 5D0-7F1 transitions in EuL, EuLme, EuLH and EuLmeH in 
acetonitrile were split into two and into three in EuLpr, EuLdmpr, 
EuLprH and EuLdmprH. As described above, the middle band 

between the two-split 5D0-7F1 transition of Eu is assigned to the 
5D1-7F3 transition. The 5D1-7F3 band means the high distortion 
around Eu ion. Actually, after the reduction of azomethine 
moieties in a series of L, the single C-N bonds in LHs will enhance 
the higher distortion than the double C=N bonds, even during 
the energy relaxation processes.44 Actually, the 
bridgingethylendiaimne site of EuLH is more flexible than that 
of EuL.56 The luminescence lifetimes of the ff transition band ina 
series of LHs show at least two components both in the solid 
and acetonitrile.

Previously we reported the reduced effect of azometine 
moiety on their luminescence property.55 For example, 
luminescence quantum yields of EuLH and EuL were 5.3% and 
12.0%, respectively. It was caused by the differences between 
energy donor and acceptor levels. The energy differences in 
EuLH is higher than that in EuL due to the shortened π-
electronic systems of the ligand. Similarly, the luminescence 
quantum yields of LH-derivatives of become lower than those 
of L-derivatives.

In the solid state, it looks no enhancement of helicity on the 
luminescence properties in both derivatives of EuL or that of 
EuLH. While in acetonitrile, their methylation of bridging site, 
ethylenediamine or trimethyelendiamine affect to the 
increasing in luminescence quantum yields, owing to the high 
knr by the prohibition of intramolecular fluctuation. In 
acetonitrile. Thus, it found that the energy donor ability takes 
precedence over the helicity in these Eu complexes. 

Selective luminescence of Pr complexes with L, Lme, Lpr and Ldmpr 
and comparison of their excited triplet state in Gd complexes.

The luminescence and excitation spectra of PrL, PrLme, PrLpr and 
PrLdmpr in the solid state and in acetonitrile, together with Gd 
complexes with corresponding ligand are shown in Fig. 6 and S6. 
The use of fluorescence and phosphorescence localized on the 
ligand of the Gd complex provides information on the energy 
donor properties of the ligands of lanthanide complexes.58 The 
fluorescence and phosphorescence band positions are 
summarized in Table S3.

PrL in acetonitrile show luminescence bands 489, 531, 546, 
602, 610, 632, 651661, 683, 706, 1025 and 1045 (sh) nm, and 
were assigned to the 1I6→3H4, 3P1→3H4, 3P1→3H5, 3P0→3H5, 
1D2→3H4, 3P0→3H6, 3P1→3F2, 3P0→3F2, 3P0→3F3, 1D2→3H5, 
1D2→3F3 and 1D2→3F4 transition (Fig. S7), respectively. These 
bands appear at similar positions in the solid state.

The other three Pr complexes in acetonitrile show 
corresponding bands at similar positions and of similar intensity 
but differed for each other. The most intense band appeared 
around 610 nm in both the solid state and acetonitrile, whereas 
othe NIR luminescence intensity of PrL in the solid state is very 
weak. The NIR emission of Pr in the solid state was stronger than 
that in PrLme and PrLdmpr, but not in PrLpr. A previous theoretical 
study of TbL44 showed that the bridged moiety of the ligand is 
distorted in the excited state during the energy relaxation 
process resulting to a large effect on non-radiative relaxation. 
Thus, the methylation of ethylene-diamine or trimethylene-
diamine maintains the stiff skeleton in the excitated state, and 
thus the non-radiative relaxation in methylation derivatives of 

in the solid state
EuLH EuLmeH EuLPrH EuLdmprH

τrad 0.48

(0.70), 

0.22

(0.30)

0.26

(0.81), 

0.14

(0.19)

0.43

(0.65), 

0.13

(0.35)

0.51

(0.66), 0.30

(0.34)

φobs 12.6% 7.3% 9.5% 13.3%

in acetonitrile
EuLH EuLmeH EuLPrH EuLdmprH

τrad 0.27

(1.00)

0.25

(0.66), 

0.42

(0.34)

0.32

(0.91). 

1.12

(0.09)

0.43

(0.62), 0.66

(0.38)

φobs 5.3% 5.8% 8.9% 14.9%
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PrL will be lower than those of PrL derivatives without methyl 
groups. 

The triplet state of Lme and Lpr of Gd complexes in solutions 
were more blue-shifted than in the solid states (Table S3), 
whereas Gd complexes with L and Ldmpr in solution showed no 
shifts compared to that in the solid state. Molecular distortion 
in the helicate ligand accelerates the emission from higher 
energy levels in Ln ions. The spectral differences between the 
four Pr complexes correspond to the trend in dihedral angles 
between the two π electronic systems as shown in Fig. 2.

Four other Pr helicate complexes with the shortened π 
electronic systems (LH, LmeH, LprH and LdmprH) were generated 
by the reduction of L, Lme, Lpr and Ldmpr and their luminescence 
spectra were observed. The π-electronic transitions of the 
corresponding Gd complex are also shown. The ff luminescence 
bands of PrLH appear at the same position in PrL. The 
phosphorescence band of GdLH appeared at shorter 
wavelength regions of GdL, indicating that the energy donor 
level of the ligand of PrLH is higher than in PrL.39 PrLmeH, PrLprH 
and PrLdmprH showed similar spectral changes as PrLme, PrLpr and 
PrLdmpr(Figs. 4, 5 and Table S3). The phosphorescence bands of 
Gd complexes with the same role as the energy donor of PrLH, 
PrLmeH, PrLprH and PrLdmprH were higher than those of PrL, PrLme, 
PrLpr and PrLdmpr in both solution and solid state.

Finally, the luminescence of these eight Pr compelxes indicates 
to categorize that selectivity of ff emissions of Pr in this series 
depend on the reduction/non-reduction of azomethine moiety 
because of their different energy donor levels (Fig. 6). Also, the 
ligand distortion makes to intense the ff emission of Pr ions 
even in solution. 

From the consideration of Dieke’s diagram, the band position 
of acceptor level of Pr which luminesces in NIR region 
superimposes the luminescence band position of own VIS-
luminescence. For the measurements of NIR luminescence QY 
in PrL, Prme, PrLpr and PrLdmpr, we used both excitation 
wavelengths corresponding to the bands of ligand and ff-
absorption band. Here, we focus on the results of PrL and PrLpr. 
Then, the NIR-luminescence QY value of PrL excited by the ff-
absorption band is higher than that by the ligand, indicating that 
the NIR luminescence is able to be sensitized by the ligand and 
ff-absorption-band excitation in PrL (Fig. S8 and Table S4). While, 
the NIR-luminescence QY value of PrLpr excited by ff-absorption-
band is as well as that by ligand excitation, meaning that both 
emissions were induced by the antenna effect. Thus, molecular 
distortion will affect the energy transfer pathway in Pr 
complexes. We believe it is the first aspect to concern the dual 
excitation ability of Pr complexes with molecular distortion 
result in the NIR luminescence. The trend of the QY values for 
the order of these Pr complexes show similarity in those of Eu 
complexes.

The relation between the QY values of Eu complexes and the 
molecular distortion as dihedral angles of two bpy moieties is 
along the distortion. The helicate degree is defined as the 
dihedral angle between the bpy moieties, which resulting in the 
order of LnL, LnLme, Lnpr and LnLdmpr. It indicates the 
luminescence ability surely depends on the π-electronic 
distortions. This result is suitable compared with previous 

Fig. 4 Luminescence spectra of (a)LnL, (b) LnLme, (c) LnLpr and (d) LnLdmpr in the solid 
state (green for ff- and blue for ππ transitions; Ln=Pr) and in acetonitrile (black for 
ff- and red for ππ transitions; Ln=Gd). The ππ transitions localized on the ligands 
in a series of Gd complexes were observed at 77 K. λex= 300 nm.

Fig. 5 Luminescence spectra of (a) LnLH, (b) LnLmeH, (c) LnLprH, and (d) LnLdmprH, in 
the solid state (green for ff- and blue for ππ transitions; Ln=Pr) and in acetonitrile 
(black for ff- and red for ππ transitions; Ln=Gd). The ππ transitions bands localized 
on the ligands in a series of Gd complexes were observed at 77 K. λex= 300 nm.

reports.44 Whereas in the case of Pr complexes, although the 
quantum yield of PrLdmpr was the highest, the values were not 
in the order of molecular distortions. Thus, methylation of the 
bridging site on the ligand maintains the rigidity of the molecule
even in the excited state, consistent with the increased intensity 
of ff emission in case of the tripheylene moiety. We will consider 
the molecular distortion with the effective methylation in the 
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Fig. 6 Energy relaxation diagrams of ff emission in a series of (a) PrL and of (b) 
PrLH. Notation of 3PJ states around 1I6 are omitted for clarity.

antenna ligand for getting the high luminescence lanthanide 
compounds.

Experimental
Synthesis of hexadentate ligands

The initial hexadentate ligands, L and LH, were prepared as
described previously.42, 59 Three hexadentate ligands, Lme, Lpr 
and Ldmpr, were synthesized by the reaction of 2 eq. of 
bipyridine-6-aledehyde (CHO-bpy) and 1 eq bridging amine 
(either propane-1,2-diamine, propane-1,3-diamine or 2,2-
dimethylpropane-1,3-diamine, respectively). The reduced 
compounds, LmeH, LprH and LdmprH, were synthesized by the 
same method as used to obtain LH. Characterization were 
summarized in ESI (Fig. S9). 
Lme. CHO-bpy (100 mg; 0.543 mmol) in 5 ml methanol was 
stirred with 19.0 mg of propane-1,2-diamine (0.256 mmol) for 3 
h, and a yellowish oil was obtained as Lme after vacuum drying. 
Yield: 96.4 mg (0.238 mmol, 92.8 %), 1H-NMR (500 MHz, CDCl3); 
δ 8.69 ppm (2H, d), 8.54 (1H, s), 8.50 (1H, s), 8.45 (2H, d), 8.40 
(2H, d), 8.37 (2H, d), 8.08 (2H, d), 8.03 (2H, d), 7.84 (2H, t), 7.78 
(2H, t), 7.29 (2H, d), 3.95 (2H, m), 3.43 (1H, s), 1.43 (3H, d). 
Lpr. CHO-bpy (100 mg; 0.543 mmol) in 5 ml methanol was stirred 
with 20.5 mg of 1,3-propanediamine (0.277 mmol) for 3h. Lpr 
was obtained as a yellowish oil after vacuum drying. Yield: 105 
mg (0.259 mmol 93.4 %), 1H-NMR (500 MHz, CDCl3); δ 8.67 ppm 
(2H, d), 8.54 (2H, s), 8.45 (2H, d), 8.40 (2H, d), 8.06 (2H, d), 7.88 
(2H, t), 7.80 (2H, t), 7.31 (2H, t), 3.86 (4H, t) and 2.23 (2H, m) 
ppm. PrLpr was prepared using 100 mg LPr and 111.8 mg  
Pr(NO3)3･6H2O in ethanol. Yield 176 mg (0.240 mmol, 97.2 %). 
MS (FAB+); m/z, 671.09 [M – NO3

-]+ (calcd. 671.07). These 
complexes were crystalized from a mixed solution of 
acetonitrile and diethylether.
Ldmpr. CHO-bpy (100 mg; 0.543 mmol) in 5ml methanol was 
stirred with 27.5 mg (0.269 mmol) of 2,2-dimethyl-1,3-
propanediamine for 3 h. The obtained yellowish oil was 
characterized as Ldmpr. Yield: 118 mg (0.272 mmol, >99%), 1H-
NMR (500 MHz, CDCl3); δ 8.68 ppm (2H, d), 8.51 (2H, s), 8.44 (4H, 
m), 8.12 (2H, d), 7.86 (2H, t), 7.78 (2H, t), 7.29 (2H, d), 3.67 (4H, 
s), 1.12 (6H, s). 
LmeH. As-obtained Lme in methanol was reduced by the adding 
0.05 g (1.32 mmol) of NaBH4 for 1 h, and LmeL was obtained as a 
yellowish oil. Yield: 86.9 mg (0.212 mmol, 78 %), 1H-NMR (500 
MHz, CDCl3); δ 8.64 ppm (2H, d), 8.39 (2H, d), 8.24 (2H, d), 7.72 
(4H, d+t), 7.29 (4H, dt), 4.08 (1H, m), 3.95 (2H, d), 2.74 (4H, dd), 
1.18 (3H, d). 

LprH. The ligand was synthesized using the same method as for 
LmeH. Yield: 90.8 mg (0.221 mmol, 81.5 %), 1H-NMR (500 MHz, 
CDCl3); δ 8.66 (2H, d), 8.40 (2H, d), 8.24 (2H, d), 7.74 (4H, m), 
7.27 (4H, m), 3.98 (4H, s), 2.82 (4H, m), 1.86 (2H, m). 
LdmprH. The ligand was synthesized using the same method as 
for LmeH. Yield: 90.8 mg (0.207 mmol, 76.3%), 1H-NMR (500 MHz, 
CDCl3); δ 8.65 ppm (2H, d), 8.42 (2H, m), 8.24 (2H, d), 7.72 (4H, 
m), 7.29 (4H, m), 3.98 (4H, s), 2.57 (6H, s), 1.01 (4H, s). 
Synthesis of praseodymium, europium and gadolinium complexes

PrL. PrL was prepared as described previously for the LnL 
series.38 Yield: 110 mg (0.153 mmol, 60.7 %). Elemental analysis, 
calcd for [PrL(NO3)2](NO3)･2H2O (C24H24N9O11Pr); C 38.16, H 
3.20, N 16.69: found: C 38.34, H 3.31, N 16.51; MS (FAB+); m/z, 
657.1 [M – NO3

-]+ (calcd. 657.37). 
PrLme. Lme (100 mg; 0.247 mmol) dissolved in 2 ml ethanol was 
mixed with an ethanol solution of Pr(NO3)3・6H2O (111.8 mg, 
0.257 mmol), and PrLmeL was obtained as a white powder. Yield: 
110 mg (0.150 mmol, 60.7%). Elemental analysis, calcd for 
[PrLme(NO3)2](NO3)･2.5H2O (C25H27N9O11.5Pr): C 38.57, H 3.50, N 
16.19; found: C 38.62, H 3.44, N 16.26; MS (FAB+); m/z, 671.08 
[M – NO3

-]+ (calcd. 671.07).
PrLpr. The complex was obtained as a white powder using the 
same protocol for PrLme. Yield: 176 mg (0.240 mmol, 97.2%). MS 
(FAB+); m/z, 671.09 [M – NO3

-]+ (calcd. 671.07).
PrLdmpr. The complex was obtained as a white powder using the 
same method for PrLme. Yield: 180 mg (0.236 mmol, 92.9%). 
Elemental analysis, calcd for [PrLdmpr(NO3)2](NO3) ･ 1.5H2O 
(C27H29N9O10.5Pr): C 41.13, H 3.71, N 15.99; found: C 41.13, H 
3.67, N 15.95; MS (FAB+); m/z, 699.14 [M – NO3

-]+ (calcd. 
699.11).
PrLH, PrLmeH, PrLprH, and PrLdmprH. Each Pr complex was 
obtained as a white powder by mixing of 100 mg of each ligand 
in ethanol with 111.8 mg of Pr(NO3)3・6H2O, then characterized.
PrLH. Yield 132 mg (0.179 mmol, 71.0%). MS (FAB+); m/z, 661.1 
[M – NO3

-]+ (calcd. 661.09).
PrLmeH. Yield 177 mg (0.239 mmol, 98.0%). MS (FAB+); m/z, 
675.13 [M – NO3

-]+ (calcd. 675.11).
PrLprH. Yield 122 mg (0.165 mmol, 67.6%). MS (FAB+); m/z, 
675.11 [M – NO3

-]+ (calcd. 675.11).
PrLdmprH. Yield 151 mg (0.197 mmol 86.4%). MS (FAB+); m/z, 
703.13 [M – NO3

-]+ (calcd. 703.14).
Eu complexes. The syntheses of EuL and EuLH were previously 
published.41, 58 New complexes with Eu ions were obtained with 
the corresponding method of Pr above described.
EuLme. Yield: 174 mg (0.234 mmol 94.7%). Elemental analysis, 
calcd for [EuLme(NO3)2](NO3)･3H2O (C25H28N9O12Eu): C 37.60, H 
3.53, N 15.79; found: C 37.62, H 3.61, N 16.00; MS (ESI-TOF, 
acetonitrile); m/z, 683.29 [M – NO3

-]+ (calcd. 683.09).
EuLpr. Yield: 82.1 mg (0.110 mmol 44.5%). Elemental analysis, 
calcd for [EuLpr(NO3)2](NO3)･ 2H2O (C25H26N9O11Eu); C 38.47, H 
3.36, N 16.15; found; C 38.52, H 3.11, N 15.91; MS (ESI-TOF, 
acetonitrile); m/z, 683.29 [M – NO3

-]+ (calcd. 683.09).
EuLdmpr. Yield: 74.1 mg (0.0959 mmol 37.8%). Elemental analysis, 
calcd for [EuLdmpr(NO3)2](NO3)･H2O (C27H28N9O10Eu); C 41.02, H 
3.57, N 15.95; found; C 40.91, H 3.53, N 16.23; MS (ESI-TOF, 
acetonitrile); m/z, 711.37 [M – NO3

-]+ (calcd. 711.12).
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EuLmeH. Yield: 154.5mg (0.206 mmol 84.4%). MS (FAB+); m/z, 
687.11 [M – NO3

-]+ (calcd. 687.12).
EuLprH. Yield: 87.0 mg (0.116 mmol 47.5%). MS (FAB+); m/z, 
687.14 [M – NO3

-]+ (calcd. 687.12).
EuLdmprH. Yield: 65.0 mg (0.0817 mmol 35.8%). MS (FAB+); m/z, 
715.16 [M – NO3

-]+ (calcd. 715.15).
Gd complexes. Protocols for the synthesis of GdL and GdLH 
were previously published.42, 55 New complexes with Gd ion 
were synthesized as described above for Pr complees.
GdLme. Yield: 175 mg (0.233 mmol 94.3%). MS (ESI-TOF, 
acetonitrile); m/z, 688.18 [M – NO3

-]+ (calcd. 688.09).
GdLpr. Yield: 87 mg (0.116 mmol 47.0%). MS (ESI-TOF, 
acetonitrile); m/z, 688.18 [M – NO3

-]+ (calcd. 688.09).
GdLdmpr. Yield: 92 mg (0.118 mmol 46.5%). MS (ESI-TOF, 
acetonitrile); m/z, 716.22 [M – NO3

-]+ (calcd. 716.12).
GdLmeH. Yield: 116 mg (0.154 mmol 63.1%). MS (FAB+); m/z, 
692.15 [M – NO3

-]+ (calcd. 692.12).
GdLprH. Yield: 158 mg (0.210 mmol 64.8%). MS (FAB+); m/z, 
692.11 [M – NO3

-]+ (calcd. 692.12).
GdLdmprH. Yield: 47.6 mg (0.0608 mmol 26.7%). 
X-ray crystallography

Single crystals of PrL, PrLme, PrLpr, Prdmpr, EuLme, EuLpr and EuLdmpr 
were obtained from the recrystallization after replacing a 
counter anion from nitrato to hexafluorophosphate using 
NH4PF6.

X-ray structural data for PrL, PrLme, PrLpr, Prdmpr, EuLme, EuLpr 
and EuLdmpr were collected on a Bruker Smart APEX-II CCD 
diffractometer equipped with graphite monochromated Mo Kα 
(1.54056 Å) radiation at 90 K. The data were collected to a 
maximum 2 h value of 55° and processed using the Bruker 
Apex2 (Bruker AXS Inc., 2004) software package. The structures 
were solved by the direct method using the program Sir2011,60 
and refined by full-matrix least-squares calculations using 
SHELXL2013.61 All non-hydrogen atoms were refined 
anisotropically, and all hydrogen atoms were located at 
idealized positions. CCDC 1017809, 1043544, 1017810, 
1043545, 1861235 and 1861236 contain the supplementary 
crystallographic data for PrL, PrLme, PrLpr, Prdmpr,  EuLpr and 
EuLdmpr, respectively. The data can be obtained from the 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.jp/data_request/cif.
Instrumentation and solvents

Electronic absorption and luminescence spectra were recorded 
on a Shimadzu UV3600S and a Horiba Jobin-Ybon Fluorolog 3-
22. NIR emission was detected by attaching a C1452-AU 
detector to the above apparatus. Luminescence quantum yields 
were measured using a C9920 Absolute PL Quantum Yield 
Measurement System (Hamamatsu Photonics K. K.).62, 63 

Luminescence lifetimes were obtained by Quantaurus tau 
(Hamamatsu Photonics K. K.). For the observation in solvents, 
ethanol as a glassy solvent and acetonitrile were used at 77 K 
and room temperature, respectively.

Conclusions

The molecular photochemistry in organic compounds is mostly 
established the principle,64 but it is not enough to design the 
high luminescent lanthanide complexes regarding the energy 
transfer still now. Here we identified a new class of Eu emission 
and Pr emission by using a series of helicate compounds.  A 
series of Pr and Eu complexes with eight helicate ligands were 
examined and their luminescence behaviour were discussed. 
Single crystal X-ray analyses of these complexes showed that 
each complex formed a helicate structure with the hexadantate 
ligand. Eu complexes show typical red emissions, and the 
synthesized derivatives help to explain the intramolecular 
energy transfer efficiencies of this series of compounds. Judd-
Ofelt analyses provided insights in to the radiative-/non 
radiative rate constants and the Ω2 values of these complexes. 
The luminescence intensity of Pr depends on molecular 
distortion and restraint of molecular vibration mode by the 
methylation. High-energy luminescence bands of Pr complexes 
were induced by reduction of the azomethine moiety on the 
ligand. In particular, we found the double excitation processes 
from both ligand and ff-absorption band for PrL will contribute 
to enhance ff-emissions, but normal antenna effect for PrLpr.
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