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ABSTRACT
Two coordination polymers, {[Ln(2-stp)(4,4′-bipy)(H2O)].(H2O)}, [Ln =
Dy (1) and Eu (2), 2-stp = 2-sulfoterephthalate and 4,4′-bipy = 4,4′-
bipyridine] have been characterized by solid state UV-vis, FTIR spec-
tra, X-ray single crystal diffraction and solid state photoluminescence.
Variable-temperature magnetic susceptibility and isothermal magne-
tization as function of external magnetic field is also studied for both
complexes. After ligand-mediated excitation, both complexes show the
characteristic visible and NIR luminescence of the corresponding LnIII

ions (Ln = Dy, Eu) which is due to efficient energy transfer from the lig-
ands to the central LnIII ions via an antenna effect. The indirect energy
transfer in both complexes has been investigated and discussed in
detail.

Introduction

Investigation into the potential of lanthanide based complexes extending from understand-
ing of fundamental concepts like quantum mechanical insight into quantum tunnelling of
magnetization, coherence, luminescence, lighting, lasers, upconversion, and other unique
photophysical properties, to their potential in applied science has taken an innovative turn in
recent times [1]. Moreover, the structural diversity of lanthanide complexes with specifically
designed ligands inspirited researchers to manipulate the resulting material properties to
encompass and extend its application in more interdisciplinary areas like pharmaceutical
studies [2]. As possible candidate for photoluminescence studies the lanthanide ions are
known to showcase extremely narrow emission bands and intense long luminescence decay
times (such as EuIII and TbIII) along with low absorption coefficients [3]. The poor absorption
is the consequence of forbidden transitions on symmetry grounds between the 4f orbitals
of the ions. The elucidation lies with the ligand-sensitized, near-infrared (NIR) luminescent
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LnIII complexes. Focus is provided in the design/choice of the sensitized ligands to promote
population of the emitting levels of the ions followed by effective intramolecular energy
transfer from the coordinated ligands to the central lanthanide ions, commonly known as the
“antenna effect” [4]. Since the discovery of europium possessing light emission characteristics
[5], the field has bloomed with efforts to optimize the choice of ligands with the lanthanide
ions to enhance the luminescence properties and mitigation of energy to achieve higher
efficiency.

2-Sulfoterephthalate (2-stp) ligand has two carboxylate groups and one sulfonate group,
which show stronger coordination ability and more flexible coordination fashions as a
linker and could be useful in construction of a new family coordination polymers. On the
other hand, 4,4′-bipyridine (4,4′-bipy) ligand plays a key role in the construction of novel
coordination polymers, for their abilities of coordinating to metal ions and altering the
coordination environment of central ions and the dimension of the frame works. In order to
obtain lanthanide-based coordination polymers, 2-sulfoterephthalate ligand has been used
as versatile ligands [6,7]. Another effective approach for synthesis of coordination polymers
is to incorporate a second organic ligand such as 4,4′-bipyridine into the structures [8,9].

Keeping the goals and problems inmind our group wasmotivated to identify new 4f-metal
complexes designed with efficient antenna ligands to probe the sensitized visible and NIR
luminescence. The crystal structures and photoluminescence properties in visible region of
1 and 2 were previously reported [10]. In order to elucidate the low temperature magnetic
properties and NIR region photoluminescence properties of both compounds, we have
synthesized the title compounds and re-determined their crystal structures. Herein, we
report detailed solid state photoluminescence properties of both complexes and their free
ligands (2-stp and 4,4′-bipy) in Visible andNIR region, and discussed indirect energy transfer
mechanism via antenna effect. The IR and solid state UV-Vis spectra of 1 and 2were analyzed
in comparison with that of their free ligands (2-stp and 4,4′-bipy) and variable-temperature
magnetic susceptibility and isothermal magnetization as function of external magnetic field
is also studied for complexes 1 and 2.

Experimental

Materials and physical measurements

All chemical reagents and solvents were purchased from TCI America or Aldrich and used
without further purification. Elemental (C, H, N) analyses were carried out by standardmeth-
ods with a LECO, CHNS–932 analyzer. FT-IR spectra were measured with a Perkin-Elmer
Spectrum 65 instrument in the range of 4000–600 cm−1. Powder X-ray measurements were
performed using CuKα radiation (λ = 1.5418 Å) on a Bruker-AXS D8-Advance diffractome-
ter equipped with a secondary monochromator. The data were collected in the range 5°< 2θ
< 50° in θ−θ mode with a step time of ns (5 s < n < 10 s) and step width of 0.02°. Solid
state UV-visible spectra were measured at room temperature with an Ocean Optics Maya
2000Pro Spectrophotometer. Solid state photoluminescence spectra in the visible and NIR
region were measured at room temperature with an ANDOR SR500i-BL Photoluminescence
Spectrometer, equipped with a triple grating and an air-cooled CCD camera as detector. The
measurements were done using the excitation source (349 nm) of a Spectra-physics Nd:YLF
laser with a 5 ns pulse width and 1.3 mJ of energy per pulse as the source. DCMagnetic mea-
surements were performed using aQuantumDesign SQUIDmagnetometer with applied field
of 0.1 T, except when otherwise stated. To avoid possible orientation effects, microcrystalline
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Scheme . A schematic representation of the compounds Ln= Dy (1) and Eu (2).

powders were pressed in pellets. The data were corrected for sample holder contribution and
diamagnetism of the sample using Pascal constants.

Synthesis of [Dy(-stp)(,′-bipy)(HO)].(HO) ()
Amixture of Dy(NO3)3.x(H2O) (0.1 mmol), 2-NaH2stp (0.1 mmol) and 4,4′-bipy (0.1 mmol)
in 10 ml of distilled water was sealed into a bomb equipped with a Teflon liner (23 mL) and
then heated at 140 °C for 5 days. The final pH values of these reactions media are close to 4.0.
Crystals of Dy (1) (Orange) was collected and washed with distilled water (63% yield based
on Dy). Elemental Analysis. C18H15DyN2O9S: Calcd. C, 28.45; H, 4.38; N, 3.69%; Found: C,
28.49; H, 4.32; N, 3.66%. IR: 3543, 2989, 2902, 1610, 1393, 1151, 851, 771, 620.

Synthesis of [Eu(-stp)(,′-bipy)(HO)].(HO) ()
Amixture of Eu(NO3)3.5(H2O) (0.1 mmol), 2-NaH2stp (0.1 mmol) and 4,4′-bipy (0.1 mmol)
in 10 ml of distilled water was sealed into a bomb equipped with a Teflon liner (23 mL) and
then heated at 140 °C for 5 days. The final pH values of these reactions media are close to 4.0.
Crystals of Eu (2) (Orange) was collected and washed with distilled water (62% yield based
on Eu). A schematic representation of the compounds Ln = Dy (1) and Eu (2) are shown in
Scheme 1. Elemental analysis. C18H15EuN2O9S: Calcd. C, 28.85; H, 4.44; N, 3.74%; Found: C,
28.81; H, 4.48; N, 3.72%. IR: 3549, 2987, 2901, 1610, 1393, 1153, 848, 770, 619.

X–ray structure determination

X-ray diffraction data of the complexes 1 and 2were collected on a Xcalibur, Eos diffractome-
ter using MoKα radiation at room temperature (293 K). The data were corrected for Lorentz,
polarization and absorption effects using the analytical numeric absorption correction tech-
nique [11]. Using Olex2 [12], all structures were solved by direct methods using SHELXS
[13] and refined by full-matrix least-squares based on |Fobs|2 using SHELXL [13]. The non-
hydrogen atoms were refined anisotropically, while the hydrogen atoms, generated using ide-
alized geometry, were made to “ride” on their parent atoms and used in the structure factor
calculations. Details of the supramolecularπ-interactions were calculated with PLATON1.17
[14] program. ‡ CCDC–1451792 (1) and CCDC– 1451793 (2) contain the supplementary
crystallographic data for 1 and 2, respectively.

N 

# 

0 0 

I I 
Ln LJl 
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Result and discussion

X–ray structure of {[Ln(2-stp)(4,4′-bipy)(H2O)].(H2O)}, [Ln=Dy (1), and Eu (2)]

The crystal andmolecular structures of 1 and 2, previously described by Ren et al [10] was re-
determined by us. Compounds 1 and 2 are isostructural. The LnIII center are nine coordinated
with seven oxygen atoms from four 2-stp ligands, one nitrogen atom from 4,4′-bipy ligand
and one oxygen atoms from lattice water molecule (Fig. 1). The bond lengths and angles are
similar to those already published. Further structural details are contained in SI and ref 10.

Compounds 1 and 2 are isostructural, hence only the structure of Dy (1) will be discussed
in detail as a representative. The asymmetric unit of Dy (1) consists of one DyIII ion, one 2-stp
ligand, one 4,4′-bipy ligand, one coordinated and one lattice water molecule. The coordina-
tion environment of the DyIII ion is shown in Fig. 1(a). Each DyIII ion is nine coordinated, in
which seven oxygen atoms from four 2-stp ligands with Dy–O bond distances in the range of
2.304(3)–2.572(3) Å and one nitrogen atom from 4,4′-bipy ligand with Dy–N bond length of
2.579(4) Å, and one oxygen atom from coordinated water molecule with Dy1–O1= 2.344(3)
Å (Fig. 1(a)). All bond distances and angles are comparable to similar structures [43, 46, 49,
50].

Dy1 and Dy1i are bridged through four 2-stp ligands in four directions to form a central
symmetrically dimeric building unit, and the distance between the DyIII ions in the dimeric
unit is 3.9106 Å. Four 2-stp ligands in four directions bridge these dimer units and extend into
two-dimensional (2D) (4,4) grid-like network (Fig. 2a). The 2-stp ligand adopts a hexadentate
coordination mode (see Scheme 1) to connect four DyIII ions to form a 2D framework. The
intermolecular DyIII–DyIII distances are 10.052 Å and 11.514 Å in 2D framework (Fig. 2(b)).

Additional, 2D layers are connected by O–H���O and O–H���N hydrogen bonding net-
work which leads to a three-dimensional (3D) structure for Dy (1) (Fig. 3(a)). It is interesting
to note that different layered structure is also observed in the bc-plane, stacked orthogonally
to the a-axis (Fig. 3(b)). This structures further stabilized by π ···π stacking interactions
(Table S3 and Fig. S1).

Figure . (a) Coordination environment of DyIII. Lattice water molecule and hydrogen atoms are omitted
for clarity. Displacement ellipsoids are drawn at the % probability level (Symmetry operation: i= -x,-y,-
z, ii = /+x,/-y,/+z, iii = /-x, -/+y, /-z). (b) Distorted monocapped square-antiprism geometry
surrounding the DyIII atom in 1.

(a) (b) 
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Figure . (a) The (,) grid-like network basedon thedimer units and -stp ligands in theDy (1). Latticewater
molecules are omitted for clarity. (b) A D structure in the bc-plane of Dy (1).

Figure . (a) Hydrogen bonded D structure and (b) its simplified network topology of Dy(1).

Finally, before proceeding to the spectroscopic, photoluminescence and magnetic charac-
terization, we note that X-ray powder patterns for bulk microcrystalline samples of 1 and 2
were consistent with the exclusive presence of the phase identified in the single crystal exper-
iment (Fig. S2).

FT-IR spectra

The IR spectra of 1 and 2 were analyzed in comparison with that of their free ligands (2-stp
and 4,4′-bipy) which are in agreement with their single crystal structure analysis (Fig. 4). The
broad bands at about 3543 cm−1 indicates the presence of ν(O-H) stretching frequency of
coordinated water molecules. The strong absorption bands at 1390–1610 cm−1 and 1003–
1292 cm−1 for both complexes are characteristic of the carboxylate group and the sulfonate

a) 

a) 
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Figure . IR spectra for compound Dy (1), Eu (2), free -stp, and ,’-bipy ligands.

groups from 2-stp ligand, respectively [15,16]. The absorption peaks at around 606–880 cm−1

for 1 and 2, which is conformity the absorption peaks of 4,4′-bipy ligand, may be attributed
to the existence of coordinated 4,4′-bipy ligand [8,17].

Solid state UV-Vis Spectra

The solid state UV-Vis spectra of 1 and 2 were analyzed in comparison with that of their
free ligands (2-stp and 4,4′-bipy) (Fig. 5). The absorption bands maxima at 375 nm for 2-
stp and, 280 and 483 nm for 4,4′-bipy ligands, respectively. The absorption band at 280 nm,
which can be assigned to the singlet-singlet π–π∗ absorption of the pyridine ring, while other
absorption bands at 375 and 483 nmarise probably from the n-π∗ transition of the free ligands
[18,19].

Photoluminescence properties

The solid-state luminescent properties of the free 2-stp and 4,4′-bipy ligands and complexes
1 and 2were investigated at room temperature in the visible and NIR regions upon excitation

Figure . The absorption spectrum of the free -stp and ,’-bipy ligands and compounds 1 and 2.
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Figure . The emission spectrum of the free -stp (left) and ,’-bipy (right) ligands in solid samples at room
temperature. (λexc..=  nm).

at λex = 349 nm (Figs. 6 and 7). The free 2-stp ligand shows broad emission band at λmax

= 480 nm, 510 nm, and 558 nm whereas the free 4,4′-bipy ligand shows a broad emission
band at λmax = 500 nm which may be assigned to the n→π∗ or π→π∗ electron transition
intra-ligand charge transfer (ILCT) [20]. To the best of our knowledge, photoluminescence
properties of DyIII compounds have rarely been reported in the NIR region so far [21, 22].
Compound Dy (1) displays intense typical yellow emission of the DyIII ion (Fig. 7(a)). Four
characteristic peaks are observed at 484 nm (4F9/2→6H15/2), 573 nm (4F9/2→6H13/2), 667 nm
(4F9/2→6H11/2) and 750 nm (4F9/2→6H9/2+6F11/2) [23–26]. The characteristic yellow emission
of 4F9/2→6H13/2 transition ismuch stronger than the blue emission of 4F9/2→6H15/2, so the Dy
(1) compound emits yellow light [24]. Additionally, one weak characteristic peak is obtained
at 840 nm correspond to 4F9/2→6H7/2 transition in the NIR region. For Eu (2), typical red
emission of the EuIII is detected and five characteristic peaks appearing at 579, 591, 613, 652
and 695 nm correspond to 5D0→7Fj (j= 0-4) of EuIII ions [24, 27]. Three weak characteristic
emission peaks are also observed at 1160 nm, 1205 nm and 1370 nm correspond to 7Fj→7F0
(j = 6-4) transitions in the NIR region (Fig. 7(b)). It is well known that the electric dipole
5D0→7F2 transition is the most intense emission which leads to bright red luminescence and
very sensitive to site symmetry, while the 5D0→7F1 transition is magnetic-dipole and insen-
sitive to site symmetry [24, 27, 28]. The intensity ratio I (5D0→7F2) / I (5D0→7F1) is equal to

Figure . Room temperature solid-state photoluminescence spectrum of 1 and 2 (λexc =  nm). (a) Dy (1)
(inset: (upper) the corresponding emission spectra in the region – nm, (below) an enlarged view of
the emission spectrum in the region – nm), (b) Eu (2) (inset: (left) an enlarged view of the emission
spectrum in the region – nm and (right) the corresponding emission spectra in the NIR region).
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ca. 8, indicating that the EuIII ions do not occupy inversion centers which is further confirmed
by crystal structural analysis [28].

The lanthanide-based materials can generate a narrow strong emission bands due to f–f
transitions originating from the emitting state of the LnIII ion but the organic chromophores
show the broad emission bands. The fact that emission bands of the free ligands do not appear
in the emission spectra of compounds 1 and 2 proves that the free ligands act as strong sen-
sitizer, efficiently transferring the excitation energy from ligands to the lanthanide ions. It is
also well known that the coordinated water can quench the emission of LnIII ion, but Dy (1)
and Eu (2) exhibits intense emission, which also may be accounted for by the sensitization of
the ligands and the extensive π system of the polymer structures [29–32].

Energy-transfer mechanism
For the Lanthanide compounds, characterization by low absorption coefficient, and direct
excitation is rarely efficient. In this sense, the optical transitions within the 4f subshells of
lanthanide ions are parity forbidden [31]. The lanthanide compounds strongly absorb light
in the UV region and transfer the energy from the resonance level of the triplet state of the
ligand to the 4f resonance levels of the lanthanide ions via an antenna effect (Fig. 8), which
can be seen in the spectrum as the overlaps between the excitation spectrum of the complex
and the absorption spectra of its ligands [33, 34]. In the excitation spectra of Dy (1) and Eu
(2) and the absorption spectra of the ligands (2-stp and 4,4′-bipy) are shown in Fig. 9. There
are overlaps between the excitation band of lanthanide [Ln = Dy (1) and Eu (2)] complexes
and the absorption bands of the ligands [2-stp and 4,4′-bipy], which indicate that the typical
sensitization of the LnIII [Ln = Dy (1) and Eu (2)] ions by the both ligands a via an “antenna
effect.” Furthermore, the overlap of wavelength range between the absorption band of 2-stp
and the excitation band of LnIII [Ln = Dy (1) and Eu (2)] complexes are bigger than that of
4,4′-bipy, which suggests that the antenna effect of the 2-stp ligand is more efficient sensitizer
than 4,4′-bipy. As a result, the intramolecular energy transfer in Dy (1) and Eu (2) complexes
mostly happen between the 2-stp ligand and the DyIII or EuIII ions [34].

Energy transfer pathway for the sensitization of LnIII ion photoluminescence is mostly the
ligand-to-metal energy transfer from the lowest triplet level of ligand to an excited state of
lanthanide ion through a non-radiative transition [19]. In terms of Scheme 2; the sensitization
steps take place: (i) the ligands absorb the energy and are excited to do singlet (S1) excited
state, (ii) The energy of (S1) excited state is then transferred to the triplet excited state (T) of

Figure . Sensitization of the intra-f transition of LnIII by organic ligands “antenna.”
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.111 
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Figure . Excitation spectrum for Dy (1) (left) and Eu (2) (right), absorption spectrum of the free -stp and
,′-bipy ligands as solid state.

Scheme . The energy transfer mechanism (left) and energy level diagrams of DyIII and EuIII ions (right).

the ligands through intersystem crossing (ISC) [35], (iii) the energy is transferred to the 4f
levels of the LnIII ions, resulting in the emission of the sensitized LnIII ions [25]. According
to the Dexter’s theory, the energy gap between the 4f levels of the lanthanide ions and the
resonance level of the triplet state of the ligand should be matched. If the energy gap is too
big, the overlap between the ligand and the LnIII ion will decrease, and finally the energy
transfer rate constant would reduce sharply. On the contrary, if the energy gap is too small,
there will be an energy back-transfer from the LnIII ions to the resonance level of the triplet
state of the ligand [36]. In our case, the triplet-state energy level of 2-stp and 4,4′-bipy ligands
weremeasured and calculated to be 20,900 and 20,000 cm−1, respectively. These values match
well with the 4f levels DyIII and EuIII ions, which are ideal for efficient energy transfer from
the ligands to the corresponding lanthanide ions [31].

Magnetic properties of 1 and 2

Magnetic susceptibility measurements were performed on polycrystalline samples of Dy (1)
and Eu (2), respectively, in the 2−40 K temperature range with an applied Dc field of 1 KOe
and in the 40−300 K temperature range with an applied Dc field of 10 KOe (Figs. 10 and 12).
At room temperature, the χMT value is 14.22 cm3 Kmol−1 for Dy (1). These value is close to
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Figure . Temperature dependence of χMT vs T and χM
− versus T for Dy (1). The solid red line represents

the best fit using Curie-Weiss law.

those expected for an isolated LnIII ions; DyIII: 14.17 cm3 K mol−1 (S = 5/2, L = 5, 6H15/2,
gJ = 4/3). Upon cooling, the χMT value decreases gradually to reach aminimal value of 12.37
cm3 Kmol−1 for Dy (1) at 2 K. The decrease in χMT product upon lowering the temperature
can be accredited to three factors: (i) antiferromagnetic interactions between the LnIII ions, (ii)
the thermal depopulation of Stark sublevels together with crystal-field affection, and (iii) the
presence of significant magnetic anisotropy of the LnIII ions. Due to the presence of all these
combined effects in these complexes, it is difficult to separately quantify each contribution
[37–39]. As a complementary characterization, the field dependence of magnetization for Dy
(1) has been measured at 2.0 K (Fig. 11). The magnetization increases rapidly at low field and
eventually reaches saturation of 8.89 NµB at 5 T which is smaller than the theoretical value
(gJJ= 4/3×15/2= 10NμB) for each DyIII ion. Non-saturation of the magnetization indicates
the presence of significant magnetic anisotropy and/or low-lying excited states for Dy (1).

The theoretical treatment of the data is enforced using the Curie-Weiss law to probe semi-
quantitatively the magnitude of the exchange constant JEX and the Van Vleck expression that
further encompasses the crystal filed effects expected in the semi integral spin systems. ForDy
(1), the crystal field is expected to have amore profound effect on the χMT vs T behavior. Due
to low symmetry of the said complex, onewould have to determine 27 crystal fıeld parameters.
So, to avoid over parameterization, a single crystal field splitting parameter D is used in the

Figure . Field dependence of magnetization of Dy (1) at  K.
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Figure . The plot ofχMT versus T for Eu (2). The solid red lines represent the best-fit using Eq. () for Eu (2).

analysis. This is equivalent to assuming that splitting of the J = 15/2 ground state may occur
into 2J+1 levels due to an axial, second order crystal field. However, a reliable fit was not
achieved, leading to the fact that an extensive ab initio guesses of CF parameters is required,
which is currently point beyond the scope of this work. Furthermore, using Curie-Weiss and
θ = zJEX J(J+1)

3k , JEX was extrapolated forDy (1), where z is the number of nearest neighbors, 1 in
our case and k is the Boltzmann constant. In all cases θ is found to be negative, i.e., a negative
exchange coupling parameter JEX, further confirming the existence of weak antiferromagnetic
interactions in the system. The best least-squares fit of the experimental magnetic data from
the Curie Weiss law is θ = −0.148 ±0.011, JEX =-0.005 cm−1 and C = 13.053 ± 0.047.

On the other hand, Eu (2) is analyzedwith a different approach, a consequence of thermally
populated excited multiplets in such ion. The spin-orbit coupling in the system instigate the
splitting of the ground term 7F0 for EuIII, resulting in an energy separation from the ground
state that can be equal to kBT at room temperature [40]. As can be seen from Fig. 12, the
χMT value is nearly linear over the whole temperature range for Eu (2). The χMT values at
room temperature are 1.18 cm3 K mol−1 for Eu (2). This value is larger than the theoretical
values of 0.0 cm3 mol−1 K for one isolated EuIII ion (S = 3, L = 3, 7F0, g = 5) in the ground
state. Because not only the ground state of this metal ion but also the first [7F1 for EuIII] and
even highly exited states can be populated at room temperature [41], which bring about mag-
netic properties deviating from the Curie-Weiss (Fig. S3). The χMT values of this compound
decrease monotonically with cooling temperature to a value of 0.017 cm3 mol−1 K for Eu (2)
at 3 K, which indicate the depopulation of the excited states. Since the ground state is non-
magnetic, the crystal field effects are ignored and the magnetic susceptibilities can be fitted
with a single-ion EuIII model based on eq. (1) [42] which only considers the spin–orbital cou-
pling of EuIII ions:

χMTEu =
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Table . Magnetic data for 1 and 2 and a series of related compounds.

Complex Ln…Ln C θ λ g Ref

Dy (1) . . − . This work
Dy . . / []
Dy . . − . []
Dy . . / []
Dy . . []
Eu (2) . —  This work
Eu . − .  — []
Eu . .  — []
Eu .  . []
Eu .  — []

A reasonable fit is achieved with spin-orbit coupling λ = 416.15 ± 2.67 cm−1, with R =
4.35×10−4, as shown in Fig. 12. For EuIII all the gJ factors are equal to 3/2, except g0 which
is 5 [40]. Despite λ being towards the higher end, similar values have already been reported
(Table 1).

Conclusion

In thisworkwe presented extensive optical andmagnetic characterization of two coordination
polymers with Dy (1) and Eu (2). The solid-state photoluminescence measurements display
remarkable yellow emission for Dy (1) and red emission for Eu (2), which are attributed to the
LnIII f–f electronic transitions. In addition, these compounds indicate efficient energy transfer
from ligand to metal ions, which is known as “antenna effect.” The dc magnetic properties of
the complexes were found to be in good agreement with the literature, and analysis of the data
using Curie-Wiess for 1 and single–ion model considering only the spin–orbital coupling for
2 dictates antiferromagnetic coupling in the complexes. It is imperative to extend the study
of NIR emission to other LnIII complexes and sensitized ligands to achieve stable, accessible
energy pathways to ensure the realization of these complexes as technological applications.
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