
ORIGINAL ARTICLE

Luminescence of fusion materials of polymeric
chain-structured lanthanide complexes

Saki Sato1, Ayumi Ishii1, Chisaki Yamada1, Junguen Kim2, Chul Ho Song2,4,5, Akihiko Fujiwara2,
Masaki Takata3 and Miki Hasegawa1

Polymeric chain-structured complexes were prepared with helical lanthanide complexes (LnL; Ln=EuIII, TbIII, GdIII) and

benzene-dicarboxylate derivatives (benzene-1,4-dicarboxylate (bdc), 2-aminoterephtalate (atpa) and 2-hydoloxyterephtalate

(htpa)), which show some noteworthy physicochemical properties, photoluminescence and thermal stabilities. The complex

EuL-bdc shows bright luminescence originating from EuIII by UV excitation. The emission color can be tuned by mixing with

TbL. The structures of these chain complexes were clarified with synchrotron X-ray powder diffraction measurements. The

derivation of the linker moiety (bdc, atpa or htpa) was found to affect the intermetal energy transfer from TbIII to EuIII.
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INTRODUCTION

Fusion materials of metal and organic ligands have great potential for
use as multifunctional materials with luminescence, magnetism,
catalytic activity, gas storage and separation. For instance, porous
coordination polymers (PCPs), metal-organic frameworks (MOFs) or
other molecular networks have attracted much attention because of
their tunable structures, thermal stabilities and potential applications
as functional materials.1–6

Recently, PCPs or MOFs based on lanthanide ions (Ln) have been
reported as highly luminescent materials.7–14 Emissions from these
materials are originated from ff transitions of the Ln ion that occur at
inner unoccupied 4f orbitals shielded by the occupied 5s and 5p
orbitals. Europium (EuIII) and terbium (TbIII) complex with organic
ligands as photo antennas and exhibit red- and green-colored
emission, respectively, by UV excitation.15,16 García and co-
workers17 reported two series of isoreticular chiral MOFs assembled
from Ln(III), Na(I) and chiral flexible-achiral rigid dicarboxylate
ligands in which Ln(III) forms a polyhedron structure with oxygen
ions of the dicarbozylate ligand. These materials show tunable
UV−vis−IR light emission through an effective Ln(III) sensitized via
dicarbozylate ligands at room temperature. Deacon and co-workers18

demonstrated one-dimensional coordination polymers of lanthanide
trichloride hydrates and dibenzoylmethane with Cs or K ions. In these
systems, unfortunately, undesirable energy back transfer occurs
that reduces luminescence quantum yields. The thermostability of
PCPs and MOFs has been widely investigated.19–24 Chen and
co-workers19 first reported temperature-sensitive three-dimensional

MOFs with heterolanthanide ions linked by 2,5-dimethoxy-1,4-
benzendicarboxylate. These mixed lanthanide MOFs have enabled
energy transfer among the Ln ions and temperature-sensitive lumi-
nescence of the Ln ions. Hasegawa and co-workers20 also investigated
a thermosensing coordination polymer of an Eu(III) and Tb(III)
complex with hexafluoro acetylacetonato as the ligand and 4,4′-bis
(diphenylphosphoryl)biphenyl as the linker. This coordination poly-
mer exhibits a high emission quantum yield and temperature
sensitivity with a stability range of 200–500 K.
These PCPs and MOFs with a one- or three-dimensional structure

can be obtained as a single crystal with high symmetry around the Ln
ion.25 The formation of these structures, however, involves a multistep
process spanning from the synthesis of molecular materials to
crystallization. In addition, higher symmetry around the Ln ion in
PCPs and MOFs tends to lower the emission intensity. To obtain
highly luminescent Ln compounds in a simple process, we propose the
construction of a novel chain structure with helical lanthanide
complexes (LnL; Ln=EuIII, TbIII, GdIII) and dicarboxylate derivatives.
LnL has a single helical structure with a hexadentate ligand of two
bipyridine moieties bridged by an ethylenediamine unit, which shows
strong ff emissions through an effective energy transfer from a helical
ligand to a metal ion.26 EuL shows bright emission with a quantum
yield greater than 50% both at 77 K and at room temperature in the
solid state. In contrast, the luminescence quantum yield for TbL is
significantly dependent on the temperature. Here, two nitrate ions
of EuL or TbL are replaced by benzene-dicarboxylate derivatives
(benzene-1,4-dicarboxylate (bdc), 2-aminoterephtalate (atpa) and
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2-hydoloxyterephtalate (htpa)), resulting in a chain coordination
compound that maintained its helical molecular structure and the
electronic state of the complex. Our chain structure of the Ln
complexes with high regularity can be simply constructed by mixing
LnLs and a linker, not by crystallization. Such a facile construction
process of the fusion materials is very useful for their application as
functional materials.
In this paper, we report on the fabrication of novel chain-structured

mixed lanthanide complexes: [Eux,Tb1− x](L)-bdc, [Eux,Tb1− x](L)-
atpa and [Eux,Tb1− x](L)-htpa. Polymerized structures of these chain
complexes were clarified by synchrotron X-ray powder diffraction
(XRPD) observations. Moreover, the thermal stability and lumines-
cence properties were characterized by the absolute emission quantum
yield, from emission lifetime measurements, and using thermogravi-
metric analysis. Depending on the linker and chain network structure,
the chain-structured lanthanide complexes show dual emissions from
each metal ion and/or sensitized emissions through the metal-to-metal
energy transfer (MMEnT).

MATERIALS AND METHODS

Materials and synthesis
Most reagents and solvents were used without further purification. EuL ([Eu(L)
(NO3)2](PF6)), TbL ([Tb(L)(NO3)2](PF6)) and GdL ([Gd(L)(NO3)2](PF6))
were synthesized as previously reported.26 [Eux,Tb1− x](L)-bdc was obtained by
the reaction of EuL (x mmol, 0⩽ x⩽ 1) and TbL (1-x mmol) with Na2bdc
(0.1mmol) in acetonitrile for 24 h. The resulting solid was obtained as a
microcrystalline white powder (60–80% yield). [Eux,Tb1− x](L)-atpa and [Eux,
Tb1− x](L)-htpa were also prepared with H2atpa and H2htpa, respectively. An
ethanol solution of H2atpa or H2htpa with 1 equiv of triethylamine was added
to an acetonitrile solution of LnL and stirred for 48 h, resulting in a white
yellow precipitate (50–60% yield).

Measurements
The Fourier-transform infrared spectroscopy (FT-IR) spectra were recorded on
a FT-720 spectrometer (Horiba Ltd., Kyoto, Japan). X-ray photoelectron
spectroscopy (XPS) measurements were recorded on a KRATOS AXIS ULTRA
DLD (Shimadzu Corporation, Kyoto, Japan) equipped with a monochromatic
Al-Kα X-ray source (1253.6 eV); the binding energies were calibrated at the Au
4f level (84.0 eV). Synchrotron XRPD experiments were performed on a large
Debye-Scherrer camera installed at SPring-8 BL02B2 (SPring-8/JASRI, Hyogo,
Japan), using an imaging plate as the detector.27,28 Nitrogen (N2) gas flow
systems were installed for low-temperature experiments (300 ~ 77 K). The
wavelength of the incident X-ray was 0.9997 Å for LnL-bdc and 1.0009 (1) Å
for the other two series (LnL-atpa and LnL-htpa). TGA and differential thermal
analysis were performed using a DTG-50 instrument (Shimadzu Corporation)
under a nitrogen atmosphere and at a heating rate of 10 °Cmin− 1.

Electronic absorption and luminescence spectra were recorded on a UV-3100
(Shimadzu Corporation) with an absolute specular reflectance attachment and
a Jobin-Ybon Fluorolog 3–22 (Horiba Ltd.), respectively. The emission decay
curves were measured using a Quantaurus-Τau C11367-12 (Hamamatsu
Photonics K. K., Hamamatsu, Japan) excited by a Xenon flash lamp with a
band-path filter (λex= 340 nm). The fluorescence quantum yields were
measured using the C9920-02 Absolute PL Quantum Yield Measurement
System (Hamamatsu Photonics K. K.).29–31

RESULTS AND DISCUSSION

Structure characterization
[Eux,Tb1− x](L)-bdc was synthesized by mixing EuL (0⩽ x⩽ 1) and
TbL (1− x) with Na2bdc in acetonitrile for 24 h (Figure 1). The two
nitrate ions of LnL, binding to the Ln from both apical sites, were
exchanged by the carboxyl group of bdc, forming the chain structure
of [Eux,Tb1− x](L)-bdc. The coordination bond between bdc and LnL
was confirmed from the FT-IR spectra, in which the disappearance
of the two N-O stretching vibrations of the nitrate ion at
1470 cm− 1 (asymmetric) and 1286 cm− 1 (symmetric) was observed
(Supplementary Figure S1). The replacement of the nitrate ion was
also confirmed by XPS measurements (Supplementary Figure S2). LnL
shows the N 1s XPS bands at 396.5 and 404.0 eV originating from the
ligand L and the nitrate ion in the complex, respectively. The N 1s XPS
band of the nitrate ion in LnL disappeared to form the chain complex.
The mixing ratio of Eu/Tb in the chain complex corresponded to the
concentration ratios of EuL and TbL, the source materials of the chain
compound, as determined by XPS analysis (Supplementary Table S1).
The structures of these chain complexes were clarified in the XRPD

measurements. Figure 2 shows the XPRD patterns of EuL-bdc,
TbL-bdc and [Eu0.5,Tb0.5](L)-bdc. For comparison, the XRPD of a
1:1 mechanical mixture of EuL-bdc and TbL-bdc was also measured
and is shown in Figure 2. Each diffraction pattern is observed with
sharp peaks, indicating a high regularity of the structure. TbL-bdc
shows diffraction peaks mainly at 4.01, 5.58, 5.97, 6.85, 7.96, 11.1 and
13.8°, which are assigned to the Bragg reflections of (010), (100),
(10-1), (1-10), (020), (200) and (220), respectively. The chain
structure of TbL-bdc belongs to the monoclinic system (Pī: Z= 2)
with unit cell parameters of a= 12.29 Å, b= 14.36 Å, c= 10.12 Å,
α= 90.0°, β= 123.35° and γ= 90.0°. The length of the b axis
(14.36 Å) corresponds to the estimated interchain distance of
TbL-bdc, where TbL has a molecular width of 12.6 Å (Figure 3a).
In the chain structure, the Ln ion exists at intervals of 12.29 Å along
with the a axis in which the Ln ions are linked by the bdc molecules
(Figure 3b).26,32 After mixing EuL in the TbL-bdc chain structure, the
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Figure 1 The molecular structures of LnL and benzene-dicarboxylate derivatives (bdc: benzene-1,4-dicarboxylate, atpa: 2-aminoterephtalate, htpa:
2-hydoloxyterephtalate).
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diffraction peaks were broadly observed at almost the same positions
as those of TbL-bdc. The broader diffractions indicate the partial
formation of an amorphous-like structure. Notably, the (10-1)
diffraction peak at 5.58° strongly appears in [Eu0.5,Tb0.5](L)-bdc. This
peak suggests that there is another chain at a 0.5 unit difference along
each axis, that is, the chain arrangement of [Eu0.5,Tb0.5](L)-bdc is
different from that of TbL-bdc. The XRD pattern of [Eu0.5,Tb0.5]
(L)-bdc does not correspond with that of the 1:1 mechanical mixture
of EuL-bdc and TbL-bdc. These results support the observation that
EuL and TbL are uniformly ordered in the crystal to create a new
chain arrangement.
[Eux,Tb1− x](L)-atpa and [Eux,Tb1− x](L)-htpa were also obtained

by the same synthesis procedure as [Eux,Tb1− x](L)-bdc. The sub-
stituent group of atpa and htpa (-NH2 and -OH, respectively) allows a
chain to interact with another one. Observations using FT-IR and XPS
confirmed that atpa and htpa acted as linkers between the LnLs and
other chains (Supplementary Figures S3 and Supplementary Tables
S2). The XPRD spectra of [Eux,Tb1− x](L)-atpa and [Eux,Tb1− x]
(L)-htpa are shown in Supplementary Figure S5. These complexes
only exhibit a halo pattern of the glass substrate, that is, EuL and TbL
form an amorphous structure by connecting with atpa or htpa as a
linker. In [Eux,Tb1− x](L)-atpa and [Eux,Tb1− x](L)-htpa, the substi-
tuent group of atpa and htpa (-NH2 and -OH, respectively) can
interact with the metal ion of the complex or another linker through
coordination or a hydrogen bond, resulting in the formation of a new
network structure with a chain-structured complex.
To evaluate the thermal stability of the chain-structured lanthanide

complexes, TGA and differential thermal analysis of EuL-bdc, EuL-
atpa, EuL-htpa and EuL were measured under a nitrogen atmosphere
at a heating rate of 10 °C min− 1 (Supplementary Figure S6). The
coordination bonding of bdc to Ln was strong; therefore, the chain
structure of LnL constructed by bdc was maintained until the
temperature increased to 280 °C. EuL-bdc shows an exotherm at
247.6 °C, assigned to the decomposition of the ligand L in LnL, and an
endotherm at 150 °C because of the release of some components such
as NO3

− or solvents. In contrast, EuL-atpa and Eu(L)-htpa have a

decomposition point at 387.1 °C and 388.0 °C, respectively. The high
thermal stabilities of [Eux,Tb1− x](L)-atpa and [Eux,Tb1− x](L)-htpa
may be because of their amorphous network structure. In addition, the
photophysical properties of the chain-structured complex were retained
after a heating treatment at ~ 200 °C (Supplementary Figure S7).

Luminescence properties
Lanthanide complexes exhibit a high color purity emission from the
metal ion induced by the photoexcitation of the organic ligands
through an intramolecular energy transfer. To explain the energy
transfer pathway in the lanthanide complex, the energy donor level of
the ligand needs to be estimated because the energy accepter level of
the trivalent lanthanide ion seldom changes in any environment.
The chain complexes LnL-bdc show ππ* absorption bands at 250

and 315 nm in the solid state (Supplementary Figure S8). The former
band originates from the bdc and the latter from the ligand of LnL.
LnL-atpa and LnL-htpa also show absorption bands corresponding to
the ππ* transitions of the LnL and linkers.
To estimate the energy donor level of LnL-bdc, the luminescence

spectrum of GdL-bdc was examined. GdIII has no appropriate
accepter level for energy transfer from the organic ligands and only
shows the ligand emissions. Thus, the GdIII complexes provide
important information regarding the energy transfer pathway.
GdL-bdc exhibits a broadened emission band at ~ 520 nm corre-
sponding to the phosphorescence band of GdL observed at ~ 500 nm
(Supplementary Figure S9). The bdc bonding to GdIII does not
luminesce near this location. Specifically, a triplet level of L works
as the energy donor level in LnL-bdc. The red-shift of the phosphor-
escence bands in the chain structure seems to indicate that the
substituent group or π electron of the linker interacts with the π
electron system of L. GdL-atpa and GdL-htpa also show phosphor-
escence bands originating from L at 530 and 514 nm, respectively,
and the phosphorescence level acts as the energy donor to the
lanthanide f levels.
The luminescence and the excitation spectra of [Eux,Tb1− x](L)-bdc

in the solid state are shown in Figure 4 and Supplementary Figure S10,
respectively. At room temperature, TbL-bdc shows very weak ff
emissions at 489, 544, 585 and 622 nm, which are assigned to the
5D4→ 7F6,

5D4→ 7F5,
5D4→ 7F4 and 5D4→ 7F3 transitions, respec-

tively. Strong corresponding emission bands were observed at 77 K.

Figure 2 The synchrotron X-ray powder diffraction patterns of (a) TbL-bdc,
(b) [Eu0.5,Tb0.5](L)-bdc and (c) EuL-bdc, together with the Bragg reflection
assignments. The dotted line (b) shows the XRPD of a 1:1 mechanical
mixture of EuL-bdc and TbL-bdc.

NN

N N

N N

Ln

O
-O

O-O

7.02 Å

12.6 Å

12.3Å

14.4Å

bdc

bdc

LnL

LnL

a

c

b

Figure 3 (a) The molecular structure and molecule size estimated from
single crystal X-ray analysis.26,32 (b) The schematic structure of [Eu0.5,Tb0.5]
(L)-bdc along with the ab plane.

Luminescent polymeric fusion materials with Eu/Tb
S Sato et al

197

Polymer Journal



The absolute luminescence quantum yield ϕff and the luminescence
lifetime τff of TbIII at room temperature were ~ 1% and 0.10ms,
respectively, which remarkably increased to 44.9% and 1.0 ms at 77 K.
Meanwhile, EuL-bdc exhibited strong emissions of EuIII at 579, 592,
616, 649 and 683 nm, which are assigned to the 5D0→ 7F0,

5D0→ 7F1,
5D0→ 7F2,

5D0→ 7F3 and
5D4→ 7F4 transitions, respectively. At room

temperature, these emissions are observed with a ϕff of 17.6% and a τff
of 1.5 ms, which are not significantly different from the results at 77 K
(23.4% and 1.6ms). These results indicate that the temperature
sensitivity of TbIII is much larger than that of EuIII in the LnL-bdc
chain structure, which is caused by an effective back energy transfer
from the emitting level of TbIII to the triplet state of L in TbL-bdc.26

Figure 4 The luminescence spectra of [Eux,Tb1− x](L)-bdc in the solid state (a) at room temperature and (b) at 77K (λex=315 nm), together with
photographs of each solid sample.

Figure 5 The luminescence spectra of (a) [Eux,Tb1− x](L)-atpa and (b) [Eux,Tb1− x](L)-htpa in the solid state at 77K (λex=315 nm), together with photographs
of each solid sample.
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At room temperature, the very weak TbIII emission in [Eux,Tb1− x]
(L)-bdc was because of the large quenching process with the thermal
equilibrium between the emitting level of TbIII and the triplet
state of L.
[Eux,Tb1− x](L)-bdc exhibited both emissions from EuL and TbL,

and the emission color gradually changed depending on the mixing
ratio of EuIII and TbIII. At room temperature, strong emissions of EuIII

appeared with a little mixing of EuL in the TbL-bdc. However, the
emission behavior at room temperature is difficult to discuss because
of the large thermal equilibrium of TbIII, as already described.
Notably, a white emission color was successfully obtained from

[Eu0.5,Tb0.5](L)-bdc at 77 K with chain structure formation of the red
emissive EuL, the green emissive TbL and a linker, which was achieved
only by a mixing process. The luminescence lifetimes of EuIII and TbIII

in [Eux,Tb1− x](L)-bdc were not noticeably changed by the mixing
ratio and were almost the same as those of EuL-bdc and TbL-bdc
(Supplementary Table S4). Thus, these results indicate that the
electronic structure of EuL and TbL is independently maintained
without intermolecular or intermetal interactions among neighboring
molecules, even in [Eux,Tb1− x](L)-bdc (Supplementary Figure S11).
To discuss the effect of the network structures with a characteristic

substituent group on the emission of LnL, we obtained the emission
spectra of other chain complexes with atpa and htpa as a linker.
[Eux,Tb1− x](L)-atpa and [Eux,Tb1− x](L)-htpa also show emissions
from EuL and TbL at corresponding positions with [Eux,Tb1− x]
(L)-bdc at 77 K (Figure 5). However, the changes in emission intensity
and color with the mixing ratio of these two chain-structured
complexes differ from that of the [Eux,Tb1− x](L)-bdc. Thus, it
suggests that another energy relaxation process occurs in [Eux,Tb1− x]
(L)-atpa and [Eux,Tb1− x](L)-htpa.
The emission decay curve of EuL in EuL-atpa can be divided into

two components at 0.21 and 0.60ms in the luminescence lifetimes at
77 K, meaning that two EuIII sites exist with different symmetries in
EuL-atpa. EuL-htpa also has two luminescent Eu components at 0.81
and 0.30ms from the emission decay curves at 77 K. Because the
XRPD pattern of [Eux,Tb1− x](L)-atpa or [Eux,Tb1− x](L)-htpa is
broadened as described above, it is suitable to assume that the LnL
will bind/interact not only with the carboxylate group to build the
main chain structure but also with the substituent amine or hydroxyl
group, resulting in amorphous networks.
To evaluate the MMEnT from TbIII to EuIII, the luminescence

lifetime of Tb was investigated. The emission intensity and lifetimes of
TbL in [Eux,Tb1− x](L)-atpa clearly decrease with an increase in the

concentration ratios of EuIII at 77 K. TbIII in [Eux,Tb1− x](L)-atpa
shows a characteristic emission decay curve (Supplementary
Figure S12), meaning that the excitation energy transfer from TbIII

to EuIII occurs quickly. In [Eux,Tb1− x](L)-htpa, the TbL emissions
gradually shift to EuL emissions with an increase in the Eu content.
The luminescence lifetime of TbIII in TbL-htpa at 77 K is 0.49ms, in
which a new decay component of 0.02ms is added with the mixing of
EuL in TbL-htpa. The luminescence lifetime of EuIII does not change
under any mixing conditions of EuIII and TbIII. These luminescence
observations of [Eux,Tb1− x](L)-htpa result from the effective energy
transfer from TbIII to EuIII in the new network structure. The rate
constant of MMEnT (kMMEnT) can be qualitatively discussed, in which
the kMMEnT of [Eux,Tb1− x](L)-atpa will become much larger than that
of [Eux,Tb1− x](L)-htpa.
It is remarkable that the MMEnT is observed in [Eux,Tb1− x]

(L)-atpa and [Eux,Tb1− x](L)-htpa but not in [Eux,Tb1− x](L)-bdc.
This result indicates that the electronic structure of LnL is maintained
in a chain arrangement with bdc as a linker, leading to dual emissions
from EuIII and TbIII. In contrast, in an amorphous network structure
with atpa and htpa, the LnLs are orientated at sufficient distance for an
efficient MMEnT (Figure 6).

CONCLUSION

A series of novel chain-structured mixed Ln complexes with ff
emissions, [Eux,Tb1− x](L)-bdc, [Eux,Tb1− x](L)-atpa and [Eux,Tb1− x]
(L)-htpa, were prepared and characterized. The structures of these
chain complexes were clarified by synchrotron XRPD observations.
The interchain distance of LnL-bdc was estimated to be 14.36 Å. In the
chain structure, the Ln ions exist at intervals of 12.29 Å along an a
axis. These chain structures show thermal stability, thus retaining their
photophysical properties even after heat treatment at ~ 200 °C.
Depending on the linker and chain network structure, the chain-
structured lanthanide complexes show dual emissions from each metal
ion and/or sensitized emissions through MMEnT.
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