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A series of mononuclear lanthanide complexes
featuring 3-D supramolecular networks: synthesis,
characterization and luminescent properties for
sensing guest molecules†

Waqar Ahmad, Lijuan Zhang* and Yunshan Zhou*

A new series of four isostructural mononuclear lanthanide complexes Ln(HPDH)3(H2O)3·H2O (Ln = Sm(III)

1, Eu(III) 2, Tb(III) 3 and Dy(III) 4; H2PDH = 6,7-dihydropyrido(2,3-d )pyridazine-5,8-dione) has been

prepared and characterized by IR, elemental analysis, XRD and TG-DTA methods. Single crystal X-ray

diffraction analysis of both complexes 1 and 3 revealed that the mononuclear discrete complexes form

3-D supramolecular networks via hydrogen bonds and offset stacking (–H⋯π) interactions. The photo-

luminescence study of the title complexes revealed the photoluminescent potential of the antenna ligand

(H2PDH) toward the concerned lanthanide cations. The luminescence based sensing ability of the partially

dehydrated complex Tb(HPDH)3(H2O)3 3a towards small solvent molecules, along with its reusability, has

been studied. Isopropyl alcohol was found to be an excellent sensitizer, while tetrahydrofuran was a

highly quenching solvent with a first order behavior towards the photoluminescence intensity. The photo-

luminescence intensity was found to decrease with the increase of the dielectric constant and normalized

Dimroth–Reichardt ET parameter values for protic solvents, while reverse behavior was observed for

dipolar aprotic solvents.

1. Introduction

Photoluminescent Ln(III) complexes sensitized by organic
ligands have excellent photophysical properties, such as dis-
tinctive sharp emissions, long excited-state luminescence life-
times up to milliseconds and large stokes shifts, which make
these complexes vital probes in sensing the guest mole-
cules.1 Luminescence based sensing and molecular recog-
nition has become an essential tool for many biological
processes in living cells and the environment.2,3 So far, in the
sensing mechanism the complexes are mainly thought to
perform two functions: first they recognize the guest molecules
(receptor) and then show a response by exhibiting a lumines-
cence change either by quenching or enhancing (transducer).
The luminescence intensity of a particular emission band can

be used as a corresponding sensing signal which depends
upon the tendency of host–guest interactions.3 However, one
has to admit that the details involved in the exact sensing
mechanism of small guest molecules by luminescent com-
plexes still remains ambiguous, as this ability of the complex
is very sensitive to and dependent on various factors, such as
the structural characteristics of the complex, nature of the
ligand,1b,c coordination environment of the metal,1d nature of
the pore surfaces,4 and their interactions with guest species
through coordination bonds, π⋯π interactions and hydrogen
bonding etc.,5 which have provided the solid ground to
develop luminescent sensing complexes. Further the lumines-
cent properties of Ln(III) cations are largely influenced by the
radiationless deactivation process that occurs upon interaction
with OH, NH, and CH oscillators of the solvent molecules,
which can simply be reduced by the entire filling of the first
coordination sphere.6 Although water molecules in the first
coordination sphere usually quench the luminescence of a
lanthanide cation, at the same time they offer chances to be
replaced by other organic solvent molecules when such com-
plexes are immersed in organic solvents and consequently
help in sensitizing the lanthanide cation.

Lanthanide based metal–organic frameworks (LnOFs) have
been extensively studied for guest sensing.1,7 However, to the
best of our knowledge, mononuclear discrete lanthanide
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complexes have rarely been studied for guest sensing.8 It is a
well known fact that relatively weak interactions have been
extensively utilized for molecular recognition associated with
biological activity, and for crystal engineering of molecular
solids.9 Such non-coordinated synergistic interactions are
more flexible than coordination bonds, and have an additional
influence on the structure and luminescence properties of
complexes.10 Therefore, it is expected that mononuclear dis-
crete lanthanide complexes, which can normally construct 3-D
networks by hydrogen bonds and/or offset stacking (–H⋯π) as
well as other supramolecular interactions, may show distinct
luminescence properties for sensing guest molecules.

Herein, we selected a stable, conjugated and rigid ligand
[6,7-dihydropyrido(2,3-d )pyridazine-5,8-dione (H2PDH)],
having different coordination atoms (N– and O–), assuming
it as an attractive candidate for antenna sensitization, and
created a new series of four isostructural mononuclear
lanthanide complexes Ln(HPDH)3(H2O)3·H2O (Ln = Sm(III) 1,
Eu(III) 2, Tb(III) 3, Dy(III) 4), which feature hydrogen-bonded 3-D
networks. The photoluminescence properties of the com-
plexes, selective sensing and reproducing ability of the par-
tially dehydrated complex Tb(HPDH)3(H2O)3 3a with respect to
the dielectric constant, coordination ability and Reichardt’s
solvent polarity parameters values of solvents are investigated.

2. Experimental
2.1. Reagents and general techniques

All chemicals were obtained from commercial sources, of
reagent grade quality and used without further purification. IR
(KBr pellets) spectra were recorded on a Nicolet FT IR-170SX
spectrometer in the 4000–400 cm−1 range. Elemental analyses
for C, H, N were performed on a Perkin-Elmer 240C analytical
instrument, while analyses for Eu, Tb, Sm and Dy were per-
formed using an ICPS-7500 model inductively coupled plasma
emission spectrometer (ICP-ES) with all samples dissolved in
dilute hydrochloric acid. Thermogravimetric analyses (TGA)
and differential thermal analyses (DTA) were performed on a
NETZSCH STA 449C unit at a heating rate of 10 °C min−1

under a nitrogen atmosphere. Powder X-ray diffraction (XRD)
measurements were performed on a Rigaku-Dmax 2500 dif-
fractometer at a scanning rate of 15° min−1 in the 2θ range
from 5° to 90° with graphite monochromatized Cu Kα radi-
ation (λ = 0.15405 nm). Photoluminescence measurements of
all complexes (solids and emulsions) were recorded using a
Hitachi F-7000 FL spectrofluorometer with both excitation and
emission slits of 5 nm, using a xenon arc lamp as the light
source (150 W), the photomultiplier tube voltage was 400 V,
the scan speed was 1200 nm min−1 and a 350 nm filter was
also used. The luminescence decay curves were obtained with
an Edinburgh spectrometer FLS980 using a tunable laser with
a 262.8 nm wavelength, bandwidth of 10.2 nm, pulse width of
930.8 ps and a gate of 100 ns. Single-crystal X-ray diffraction
data was collected on a Bruker APEX2 X-Diffraction instrument
with Mo Kα radiation (λ = 0.71073 Å) in the ω scan mode. The

structure was solved by a direct method and refined anisotropi-
cally using a full-matrix least-squares method with the SHELX
97 program package.11 The non-hydrogen atoms were located
in successive difference Fourier syntheses. The final refine-
ment was performed by full matrix least squares methods
with anisotropic thermal parameters for non-hydrogen atoms
on |F|2.12

2.2. Hydrothermal synthesis of 6,7-dihydropyrido(2,3-d )-
pyridazine-5,8-dione (H2PDH)

The 2,3-pyridinedicarboxylic acid chloride was prepared
according to the literature,13 except that we used toluene at
the place of more toxic benzene, as a result the reaction took
one hour longer than the reported method. The as-prepared
2,3-pyridinedicarboxylic acid chloride was immediately used
without further purification. A mixture of 2,3-pyridinedicar-
boxylic acid chloride 10.2 g (0.05 mol) and hydrazine dihy-
drochloride 5.25 g (0.05 mol) were dispersed in 60 mL of
distilled water, which was then transferred to a 80 mL Teflon-
lined autoclave and maintained at 170 °C for 24 h then cooled
slowly to room temperature (Scheme 1).

The obtained off-white needle crystals were collected and
repeatedly washed with distilled water followed by absolute
ethanol, and then dried at room temperature naturally (yield:
5.6 g; 55.5% based on 2,3-pyridinedicarboxylic acid chloride).
Anal. calcd for C7H5N3O2 (H2PDH): C, 51.53; H, 3.06; N, 25.76.
Found: C, 52.04; H, 3.09; N, 25.18; 1HNMR (400 MHZ, D2O): δ
9.1 (d, J = 4, 1H), δ 8.92 (d, J = 8, 1H), δ 8.79 (dd, J = 8, 1H), δ
8.17 (dd, J = 2, 6, 1H), δ 8.05 (dd, J = 4, 8 1H) (Fig. S1, ESI†). IR
(KBr, cm−1) (Fig. S2†): 3477 (s), 3186 (s), 3108 (s), 3046 (s),
2928 (s), 1697 (s), 1641 (m), 1585 (m), 1501 (s), 1453 (s), 1405
(s), 1349 (s), 1217 (s), 1092 (s), 842 (s), 792 (s), 710 (s), 646 (s).14

2.3. Hydrothermal synthesis of Sm(HPDH)3(H2O)3·H2O (1)

The pale yellow bold needle crystals of complex 1 were
obtained by a simple hydrothermal reaction of Sm2O3 (0.043 g,
0.12 mmol) and H2PDH (0.065 g, 0.4 mmol) in a 10 mL
aqueous solution at 170 °C for 4 days in 25 mL Teflon-lined
autoclave. Yield: ca. 0.0127 g (29.7% based on Sm). Anal. calcd
for C21H20N9O10Sm: C, 35.58, H, 2.82, N, 17.78. Found: C,
34.86, H, 2.27, N, 17.39%. IR (KBr, cm−1) (Fig. S2†): 1634 (s),
1495 (s), 1371(s), 1084 (s), 1014 (s), 814 (m), 752 (s).

2.4. Hydrothermal synthesis of Eu(HPDH)3(H2O)3·H2O (2)

The colorless needle crystals of complex 2 were obtained by a
simple hydrothermal reaction of Eu2O3 (0.042 g, 0.12 mmol)
and H2PDH (0.065 g, 0.4 mmol) in a 10 mL aqueous solution

Scheme 1 Synthesis of ligand H2PDH.
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at 170 °C for 4 days. Yield: ca. 0.0124 g (29.7% based on Eu).
Anal. calcd for C21H20N9O10Eu: C, 35.50, H, 2.82, N, 17.75.
Found: C, 35.05, H, 2.39, N, 17.01%. IR (KBr, cm−1) (Fig. S2†):
1632 (s), 1405 (s), and 1101 (w).

2.5. Hydrothermal synthesis of Tb(HPDH)3(H2O)3·H2O (3)

The light yellow needle crystals of complex 3 were obtained by
a similar hydrothermal method to that of complex 1 except
with the use of Tb4O7 (0.046 g, 0.062 mmol). Yield: ca.
0.0138 g (30.1% based on Tb). Anal. Calcd C21H20N9O10Tb: C,
35.16, H, 2.79, N, 17.57. Found: C, 34.86, H, 2.26, N, 17.19%.
IR (KBr, cm−1) (Fig. S2†): 1635 (s), 1495(w), 1383 (s), 1028 (s).

2.6. Hydrothermal synthesis of Dy(HPDH)3(H2O)3·H2O (4)

The light yellow needle crystals of complex 4 were obtained by
a simple hydrothermal reaction of Dy2O3 (0.046 g, 0.12 mmol),
and H2PDH (0.065 g, 0.4 mmol) in a 10 mL aqueous solution
at 170 °C for 4 days. Yield: ca. 0.0143 g (31.3% based on Dy).
Anal. calcd for C21H20N9O10Dy: C, 34.98, H, 2.77, N, 17.49.
Found: C, 34.47, H, 2.42, N, 17.18%. IR (KBr, cm−1) (Fig. S2†):
1648 (s), 1495 (s), 1480 (w), 1377 (s), 1036 (s).

2.7. Partial dehydration of complexes 1–4

Complexes 1–4 were heated at 150 °C overnight to remove one
uncoordinated water, to yield partially dehydrated phase com-
plexes as 1a–4a. Elemental analyses of the partially dehydrated
complexes show that the percentages of C as 36.51, 36.40,
36.02, 36. 84, of H as 2.59, 2.58, 2.56, 2.55 and of N as 18.24,
18.19, 18.01, 17.80 for complexes 1a–4a, respectively, which are
in good agreement with the elemental compositions of
C21H18N9O9Ln (where Ln = Sm for complex 1a, Eu for complex
2a, Tb for complex 3a and Dy for complex 4a).15

3. Results and discussion
3.1. Synthesis

The synthesis of the H2PDH ligand has been carried out in an
easy fashion by the treatment of aromatic diacidchloride with
hydrazine dihydrochloride (1 : 1) in water by a hydrothermal
method at 170 °C for 24 h and achieved a reasonable yield of
55.5% (Scheme 1). The reactions between the lanthanide
oxides and H2PDH under hydrothermal conditions resulted in
the formation of four new lanthanide complexes 1–4. Under
the defined optimal conditions (the molar ratio of Ln(III)/
H2PDH = 1 : 4, reaction temperature = 170 °C, reaction time = 4
days, 25 mL Teflon-lined autoclave), almost a 25% yield of all
complexes were obtained.

3.2. IR

The IR spectrum of free ligand H2PDH shows a strong absorp-
tion band at 1697 cm−1, which may be assigned to the stretch-
ing vibration of the carbonyl group υ(CvO).16 The medium
intensity bands appearing at 3352 and 3384 cm−1 can be
assigned to the aromatic υ(N–H) stretching, and the peaks at
848 and 786 cm−1 are assigned to the aromatic C–H bonds.17

The bands in the region of 1595–1501 cm−1 are attributed to
aromatic υ(CvN) and υ(CvC).18 The IR spectra of complexes
1–4 are very similar, the characteristic frequency of the free
ligand υ(CvO) at 1697 cm−1 shifts to 1634, 1632, 1635 and
1648 cm−1 for complexes 1 to 4 respectively, indicating that the
oxygen atom of the carbonyl group of the ligand is involved in
the coordination interaction with Ln(III) in the four complexes,
as shown in Fig. S2.†

3.3. XRD

The purity of the title complexes was confirmed by X-ray
powder diffraction analysis, in which the experimental spectra
of complex 1 (Fig. 1b), complex 2 (Fig. 1c), complex 3 (Fig. 1d)
and complex 4 (Fig. 1e) are almost consistent with the simu-
lated spectra XRD pattern (Fig. 1a) generated on the basis of
structural data of the crystal for the complex 1. Based on the
powder XRD patterns, complexes 1–4 are isostructural, no
other peaks can be found in the pattern of the four complexes,
revealing that there is no impurity in the products.

3.4. Structural description of the Ln(HPDH)3(H2O)3·H2O
complexes

As all of the complexes were isostructural, for representation
only complex 1 is selected as a model for structural descrip-
tion. A summary of the crystallographic data and structural
determination parameters of complexes 1 and 3 are given in
Table S1.† CIF files for the structures reported in this paper
have been provided and the deposition numbers are given in
Table S1.†

Complex 1 crystallizes in the monoclinic crystal system and
belongs to the P21/c space group. Single crystal X-ray analysis
revealed that the asymmetric unit is composed of one Sm(III)
center, three HPDH− ligands, three coordinated water mole-
cules (OW7, OW8 and OW9) and one uncoordinated water

Fig. 1 X-Ray powder diffraction (XRD) analysis patterns of complex 1
simulated (a), experimental (b), complexes 2 (c), 3 (d) and 4 (e).
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molecule (OW10) (Fig. 2a). Fig. 2b reveals that each indepen-
dent Sm(III) center is nine coordinated with the coordination
geometry of a distorted tricapped trigonal prism, which is
enclosed by three acylamino oxygen atoms (O1, O3 and O5),
three pyridyl nitrogen atoms (N1, N4 and N7) from three
different HPDH− ligand molecules, and three coordinated
water oxygen atoms (OW7, OW8 and OW9).

The six Sm1–O distances (from the three coordinated water
molecules and from the three different pyrazine rings of
HPDH− ligands), Sm1–OW7 = 2.4017(3) Å, Sm1–OW8 = 2.4549
(4) Å, Sm1–OW9 = 2.5680(3) Å, Sm1–O1 = 2.3519(2) Å, Sm1–O3
= 2.3855(3) Å, and Sm1–O5 = 2.4044(3) Å are almost equivalent
to each other. Similarly, the three Sm1–Npyridyl distances,
2.6958(3) Å for N1, 2.7412(5) Å for N4 and 2.6340(3) Å for N7
are also comparable with each other. The bond lengths of
Sm1–OW9 and Sm1–N4 are the larger bond lengths among all
the Sm1–O and Sm1–N bonds in complex 1. The O–Sm1–O
and O–Sm1–N bond angles vary from 76.18° to 139.57° and
62.73° to 145.16°, respectively (Table S2†).

Each HPDH− molecule adopts a uni-connected coordi-
nation mode, the pyridyl N atom (N1/N4/N7) and one acyl-
amino O atom (O1/O3/O5) chelate to one Sm(III) center while
other acylamino O atoms (O2/O4/O6) and pyrazine N atoms
(N2/N3, N5/N6, N8/N9) remain uncoordinated.

The mono nuclear discrete units form a 1D chain along the
b direction (top right in Fig. 3) through hydrogen bonding
interactions (OW8⋯O4 = 2.707(3) Å). The 1D chains further
interact with lattice water molecules OW10 via hydrogen
bonding interactions (OW9⋯OW10 = 3.012(4) Å), and then
form 2D layers (top right in Fig. 3) by offset stacking inter-
actions of the H10a of the lattice water molecules OW10 in a
chain and the pyridyl ring (C2, C3, C5–C7, and N1) (OW10–
H10a⋯π = 2.689 Å) of its neighbouring chain (top left in
Fig. 3) (Table S3†).

Interestingly, the 2D layers further form a 3D structure via
complex supramolecular interactions (bottom right in Fig. 3).
Detailed hydrogen bonding interactions between adjacent 2D
layers (Fig. S3†) are shown in Table S3,† which are in the range
of 2.853(4) Å–3.130(4) Å. Further scrutiny of the X-ray structure

of complex 1 highlights the existence of more O/N/C–H⋯π
(offset stacking) interactions19 between the adjacent 2D layers.
There are four inter 2D layer offset stacking interactions as
follows (bottom left in Fig. 3): N6–H6 of pyrazinedione ring
(C8–C11, N5 and N6) of a 2D layer interacting with the pyridyl
ring (C9, C10, C12–C14, and N4) (N6–H6⋯π = 3.262 Å) of a
neighboring 2D layer; C12–H12 of the pyridyl ring (C9, C10,
C12–C14, and N4) of a 2D layer with the pyrazinedione ring
(C8–C11, N5 and N6) (C12–H12⋯π = 3.412 Å) of a neighbour-
ing 2D layer; C6–H6A of pyridyl ring (C2, C3, C5–C7, and N1)
of a 2D layer interacting with pyrazinedione ring (C1–C4, N2
and N3) (C6–H6A⋯π = 3.758 Å) of a neighboring 2D layer; N3–
H3 of pyrazinedione ring (C1–C4, N2 and N3) of a 2D layer
interacting with the pyridyl ring (C2, C3, C5–C7, and N1) (N3–
H3⋯π = 3.44 Å) of a neighboring 2D layer.

The distances between the adjacent Sm⋯Sm within a 1D
chain is ca. 9.3 Å, while the adjacent 1D chains lie at a distance
of 10.9 Å in the c direction and adjacent parallel 2D layers are
ca. 6.0 Å far away from each other (based on Sm⋯Sm).

3.5. Photoluminescent properties

The excitation bands for complex 1 under the emission of
561 nm show three main peaks at 226, 271 and 333 nm. Under
the excitation of 271 nm (the maximum excitation wavelength),
complex 1 shows three emission peaks at 562, 590 and 670,
which may be attributed to the 4G5/2 → 6H5/2,

4G5/2 → 6H7/2,
4G5/2 →

6H9/2 transitions, respectively.
20 Further, when the par-

tially dehydrated complex 1a was submitted for evaluation of
the photoluminescence properties under the same conditions,
it was found that the PL (excitation and emission) intensity
was enhanced two fold as compared to complex 1 (Fig. 4).

Complex 2 emits characteristic red luminescence from the
Eu(III) ion in the solid state under UV light irradiation, and the
corresponding excitation and emission spectra of complex 2
and complex 2a are shown in Fig. 5.

The strong broad centered band at 270 nm in the excitation
spectrum of complex 2 is ascribed to the electronic transitions
of the H2PDH ligand. The peaks at 390, 464 and 535 nm can
be assigned to the 7F0 → 5L6,

7F0 → 5D2 and 7F0 → 5D1 tran-
sitions of the Eu(III) ion, respectively (Fig. 5). The detection of
the band (centered at 270 nm) together with its higher inten-
sity relatively to the intra-4fN transitions, points out more
efficient luminescence sensitization via the ligands excited
states than the direct intra-4fN excitation.21

The room temperature emission spectra (Fig. 5) of complex
2 in the solid state, excited at 270 nm (the maximum excitation
wavelength), shows sensitized luminescence bands that corres-
pond to the typical Eu(III) 5D0 →

7Fn (n = 1, 2, 3, 4) transitions.
Complex 2 shows intense red luminescence and the strong
intensities of a magnetic dipole emission at 592 nm and
hypersensitive induced electric dipole emission at 615 nm,
which are attributed to 5D0 → 7F1 and 5D0 → 7F2 transitions,
respectively.22 The magnetic dipole emission of the 5D0 → 7F1
transition is relatively weaker and largely independent of the
coordination sphere, i.e., the ligand field.23 The electric dipole
5D0 → 7F2 transition centered at 615 nm is extremely sensitive

Fig. 2 The coordination environment around Sm(III) in complex 1 with
labeling scheme (all hydrogen atoms are omitted for clarity) (a), and
coordination polyhedra for the one central Sm(III) ion (b). Color code:
yellow, Sm; blue, N; red, O; black, C.
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Fig. 3 The schematic representation of the formation of the 3D supramolecular network (bottom right) from 2D layers (top right) composed of 1D
chains in complex 1. The hydrogen bonds (OW8⋯O4) responsible for the formation of the 1D chains are represented by black dotted lines; the
hydrogen bonds (OW9⋯OW10) and the OW10–H⋯π interactions responsible for the formation of the 2D layers from the 1D chains are highlighted
(top left) in ball-and-stick model; the interactions (N6–H6⋯π, C12–H12⋯π and C6–H6⋯π, N3–H3⋯π), which are responsible for the formation of
the 3D supramolecular structure from the 2D layers, are highlighted in the ball-and-stick model (bottom left). The hydrogen bonds existing in
between the 2D layers are not shown for clarity. Symmetry code: #1 = −x, 1/2 + y, 1/2 − z, #2 = 1 − x, 1 − y, −z, #3 = 1 − x, −1/2 + y, −1/2 − z #4 =
−x, −1/2 + y, −1/2 − z. Inter 2D layer hydrogen bonds are omitted for clarity. The bright green balls are oxygen atoms of uncoordinated water mole-
cules, H atoms are shown in cyan, and the color codes for the other atoms are the same as in Fig. 2.

Fig. 4 Excitation and emission spectra of Sm(HPDH)3(H2O)3·H2O 1 (blue)
and Sm(HPDH)3(H2O)3 1a (black) at λem = 561 nm and λexc = 271 nm.

Fig. 5 Excitation and emission spectra of Eu(HPDH)3(H2O)3·H2O 2 (blue)
and Eu(HPDH)3(H2O)3 2a (black) at λem = 615 nm and λexc = 270 nm.
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to the symmetry of the coordination sphere.24 The intensity
ratio of the 5D0 → 7F2/

5D0 → 7F1 transition is 1.40, indicating
that the Eu3+ ion has an almost symmetrical coordination
sphere,25,26 which is consistent with the single crystal structure
results.

The distortion of the symmetry around the metal ion
causes an intensity enhancement of the electric dipole tran-
sitions, such as the hypersensitive 5D0 → 7F2 transition
(Fig. 5). Two emission peaks with weak intensities of the
induced electric dipole emission at 653 nm and 702 nm corres-
pond to the 5D0 → 7F3 and 5D0 → 7F4 transitions, respect-
ively.27 When the partially dehydrated complex 2a was
submitted for luminescence, it shows all the characteristic
peaks similar to complex 2, while the intensities of both the
excitation and emission spectra are increased two fold as com-
pared to complex 2 (Fig. 5).

The room temperature excitation bands of complex 3 under
an emission wavelength of 546 nm possesses three main peaks
at 230 and 268 nm and one detectable small band at 302 nm,
which may be attributed to the 7F6 → 5D0 transition as an
intra-configurational forbidden 4F8 → 4F8 transition of the
Tb(III) ion.28 The appearance of a band at 268 nm, together
with its higher intensity relative to the intra-4F8 transition,
shows an effective luminescence sensitization via the ligands
excited states than the direct intra-4F8 excitation (Fig. 6).21

The luminescence emission spectrum of complex 3 was
measured upon excitation at 268 nm (the maximum excitation
wavelength). As shown in Fig. 6, the characteristic transitions
of the Tb(III) ion from the emitting level (5D4) to the ground
multiplet (7F6–3) are observed.29 The 5D4 → 7F5 transition is
the strongest emission of the compound, corresponding to the
emission of a bright green light. One intense emission band at
490 nm is ascribed to the 5D4→

7F6 transition of the Tb3+ ion
and a sharp intense line emission at 546 nm corresponds to
the 5D4 → 7F5 transition of the Tb(III) ion, which gives intense
green luminescence, while the two weak emission bands at

585 nm and 622 nm may be attributed to the 5D4→
7F4 and

5D4→
7F3 transitions, respectively.30 The enhanced photo-

luminescence intensity observed for the Tb(III) complex may
result from the efficient nonradiative deactivation mechanism
of the excited states of the Tb(III) ion via O–H vibrations of the
three coordinated water molecules to the metal ion.

Although the H2PDH ligand triplet energy level lies above
the emitter levels of the Tb(III) (resulting in an efficient sensit-
ization) ion, the observed emission intensity is low due to the
high number of vibrational oscillators, which contribute to a
multiphonon deactivation of the excited states.31 For the Tb(III)
complex, even though some back transfer (5D4 → T1 energy
transfer) processes can occur with an appreciable intensity,
the ligand antenna effect is prominent and may be due to the
proximity of the energy levels and the lower contribution of
the vibrational deactivation (Fig. S4†).

The excitation spectra of complexes 4 and 4a under the
emission of 481 nm exhibit three main peaks, at 269 and
346 nm and a characteristic feature corresponding to the
metal-centered transition at 367 nm (4M9/2 ← 6H15/2) for the
Dy(III) derivatives.

The luminescence spectrum shows two apparent emission
bands at 481 nm (4F9/2 → 6H15/2) and 574 nm (4F9/2 → 6H13/2)
and a small band at 654 nm (4F9/2 → 6H11/2) under the exci-
tation of 269 nm (Fig. 7).32

Complex 4 exhibits the typical blue and yellow emission of
Dy(III) for the 4F9/2 →

6Hn (n = 15/2, 13/2, 11/2) transitions, with
a small intense band at 481 nm (4F9/2 →

6H15/2).
26 It is obvious

that the intensity of the blue emission, corresponding to the
4F9/2 → 6H15/2 transition, is a little stronger than that of the
yellow one (4F9/2 → 6H13/2). Further enhancement of the lumi-
nescence intensity to three fold was observed for complex 4a
(Fig. 7).

Based on the above results, it can be concluded that the
luminescent lanthanide complexes are not only influenced by
the energy level matching between the organic ligand and

Fig. 6 Excitation and emission spectra of Tb(HPDH)3(H2O)3·H2O 3 (blue)
and Tb(HPDH)3(H2O)3 3a (black) at λem = 546 nm and λexc = 269 nm.

Fig. 7 Excitation and emission spectra of Dy(HPDH)3(H2O)3·H2O 5 (blue)
and Dy(HPDH)3(H2O)3 4a (black) at λem = 484 nm and λexc = 269 nm.
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Ln(III) cation, but also by a weak vibronic coupling between the
lanthanides and OH oscillators of coordinated water mole-
cules, which normally provide a facile path for the radiation-
less deexcitation of Ln(III) ions.33–35

3.6. Thermal analysis

Thermogravimetric analysis (TGA) and differential thermogra-
vimetric analysis (DTA) studies were performed in a nitrogen
atmosphere at a heating rate of 10 °C min−1. The complexes
had similar TG curves (Fig. 8), and here complex 1 is used as a
representative for discussion. The initial mass loss is ascribed
to the loss of lattice water molecules, followed by the co-
ordinated water molecules. The TGA-DTA curves for complex 1
reveals that the initial mass loss of 2.54%, between 85 and
163 °C, corresponds to the start of the departure of the lattice
water molecules. The second major mass loss of 6.95% occurs
between 163 and 295 °C, corresponding to three coordinated
water molecules before 295 °C, the total mass loss is 9.49%,
corresponding to the loss of four water molecules (calcd
10.1%). The decomposition of complex 1 begins above 295 °C,
then complex 1 begins to decompose upon further heating
and undergoes a rapid and significant weight loss of 69.1% in
the temperature range of 295–937 °C, which corresponds to
the destruction of the H2PDH organic ligands (calcd 70.1%),
and is consistent with the crystal structure analysis. The
residue accounts for 19.1%, which is nearly in agreement with
the calculated value of 19.8%, by assuming the final product is
Sm2O3. The DTA curve exhibits three strong endothermic
peaks at approximately 130, 246 and 834 °C, corresponding to
the release of water molecules and decomposition of the
organic fraction, respectively. Thermogravimetric analysis of
compounds 1–4 reveals similar DT-TGA curves, which indicate
three main steps of weight loss.

3.7. Potential of complexes for sensing small molecules

When a metal–organic complex interacts with polar solvents,
intermolecular hydrogen bonds always form between the
solvent molecules and lanthanide complexes.36 These hydro-
gen bonds can change the solute and solvent electronic coup-
ling, which can influence the luminescent properties of
lanthanide complexes.37 In order to understand the potential
application of the title complexes for sensing solvents, the
partially dehydrated Tb(III) complex 3a was selected as a model
for the study. The photoluminescent properties of complex 3a
were investigated in the solid-state and in nine pure solvents at
room temperature. The photoluminescence spectra of the
complex 3a–solvent emulsions were measured after two days of
aging and stirring vigorously before testing. The complex 3a–
solvent emulsions were prepared by introducing 2.00 mg of
complex 3a powder into 2.00 mL of each solvent (iso-propyl
alcohol (IPA), ethanol (EtOH), methanol (MeOH), H2O, aceto-
nitrile (MeCN), DMF, acetone, CHCl3, and THF) in glass tubes.

Under the same conditions their PL emission behavior was
studied at an excitation wavelength of 270 nm, the PL emission
spectra of all samples of complex 3a shows two typical Tb(III)
5D4 →

7Fn (n = 5, 4) transitions, among them the 5D4→
7F5 tran-

sition (546 nm) has the highest intensity, so the peak at
546 nm was selected as a reference for all further PL studies.

As shown in Fig. 9 and 10, the PL intensity is greatly depen-
dent on the identity of the solvent molecule.38 IPA has the
strongest sensitizing effect and THF has a significant quench-
ing influence on the luminescence intensity of complex 3a,
which almost disappeared when complex 3a was immersed in
pure THF, whereas others exhibit varying degrees of increasing
sensitizing or quenching effects. Such solvent-dependent lumi-
nescence properties are very interesting and important for the
selective sensing of IPA or THF solvent molecules.

In order to study the sensing effect in detail with respect to
IPA, H2O was selected as a reference solvent because its
sensing effect appears in the middle of the nine different sol-
vents. Different concentrations of IPA was added into a stan-
dard complex 3a-emulsion in H2O, while the concentration of

Fig. 8 Thermogravimetric analysis (TGA) and differential thermogravi-
metric analysis (DTA) curves in a nitrogen atmosphere at a heating rate
of 10 °C min−1 for complexes 1–4.

Fig. 9 The emission spectra of Tb(HPDH)3(H2O)3 3a-emulsion in
different solvents at room temperature, when excited at 270 nm.
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Tb(III) was kept constant. Complex 3a was dispersed in H2O as
a standard emulsion. As shown in Fig. 11, while the IPA con-
centration was gradually increased (5%, 25%, 50%, 75% and
100%), the PL intensity of the complex 3a-emulsion gradually
increased with the increasing concentration of IPA. The fluo-
rescence enhancement was nearly proportional to the IPA con-
centration (inset in Fig. 11).

Additionally the reusability of complex 3a was also studied
by taking IPA, MeCN, EtOH and MeOH as examples. We

explored the sensing ability of complex 3a by filtering off the
dispersed solution after use, washing several times with H2O–
EtOH and drying under vacuum at 423 K for 5 h. It is note-
worthy that complex 3a almost regains its initial fluorescence
intensity (Fig. S5†), implying a high photostability of the
material for a long time without any contamination.

Interestingly, if the nine solvents are separated into two
groups; protic solvents (IPA, EtOH, MeOH, H2O) and the
dipolar aprotic solvents (MeCN, acetone, CHCl3, THF), and the
photoluminescent intensities of these solvents were plotted
against their dielectric constant and Reichardt values
(Table 1), it could be observed that the PL intensity of complex
3a decreases with the increase of the dielectric constant and
normalized Dimroth–Reichardt ET parameter (ENT) value for
protic solvents, while the PL intensity increases with the
increase of dielectric constant and for dipolar aprotic solvents
(Fig. 12).39–41

Although the mechanism for the enhancing and quenching
effects of small solvent molecules are still not clear, the
binding interaction of the luminescent metal sites with guest
solvent molecules definitely plays an important role. DMF has
a different effect on the photoluminescence intensity due to
its high coordination ability with Ln(III), which is known as a
solvent effect. As shown in Fig. 2, the N and O donor sets of
three H2PDH ligands form a caved conformation, which is

Fig. 11 The emission spectra of Tb(HPDH)3(H2O)3 3a–IPA emulsion at
different concentrations of IPA when excited at 270 nm. Inset shows the
linear fluorescence enhancement vs. IPA concentration.

Table 1 Dielectric constant (K) and normalized Dimroth–Reichardt ET parameter (ENT ) values of different solvents
a

Solvent IPA EtOH MeOH H2O MeCN Acetone CHCl3 THF DMF

K 18.3 24.6 32.6 78.54 37.5 20.7 4.81 7.6 36.7
ENT 0.546 0.654 0.762 1.0 0.460 0.355 0.259 0.207 0.386

a K = dielectric constant; ENT = normalized Dimroth–Reichardt ET parameter.

Fig. 12 Graphical representation of photoluminescence intensities of
protic solvents with respect to the dielectric constant (a) and normalized
Dimroth–Reichardt ET parameter (ENT ) values (b), and dipolar aprotic sol-
vents with respect to the dielectric constant (c) and normalized
Dimroth–Reichardt ET parameter (ENT ) values (d).

Fig. 10 Luminescence intensities of a 5D4 → 7F5 transition of Tb(HPDH)3-
(H2O)3 3a-emulsion in different solvents at room temperature, when
excited at 270 nm.
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suitable for the coordination with Ln(III), however, this ajar
cavity cannot prevent the solvent molecules from entering.42

The three aqua ligands come to complete the coordination
environment of Ln(III), however, they are easy to replace when
other solvents are present. As a consequence, the entering
solvent will consume either more or less energy than the
ligand triple state energy transferring to the resonant energy
level of the Ln(III).

It is believed that the coordinated H2O molecules on the
Tb(III) sites are gradually replaced by external solvent mole-
cules, leading to their luminescence enhancement and/or
diminishment, respectively. IPA was found to be an excellent
sensitizer, while THF was a highly quenching solvent with a
first order behavior on the photoluminescence intensity in
this study (inset in Fig. 11).

3.8. Lifetime study

The 5D4(Tb
3+) decay curves of Tb(HPDH)3(H2O)3 (3a) in the

solid state and its emulsion in IPA (3a-IPA) were monitored
within the more intense line of the 5D4→

7F5 transition
(546 nm) when excited at 269 nm. The emission decay curves
(Fig. 13) were well fitted by a single-exponential function. The
determined lifetime values of solid compound 3a and 3a-IPA
emulsion are 0.81 ms and 0.97 ms, respectively. However, due
to the extremely low intensity of the 5D4→

7F5 transition (λem
546 nm) of 3a in THF, the emission decay curve of the 3a-THF
emulsion is not observable, indicating that the lifetime of the
3a-THF emulsion is extremely small. This result is consistent
with the results of the solvent sensing study.

4. Conclusion

Four mononuclear discrete lanthanide complexes Ln-
(HPDH)3(H2O)3·H2O [Ln = Sm(III) 1, Eu(III) 2, Tb(III) 3 and Dy(III)
4], with a 3D supramolecular framework formed by hydrogen

bonds and offset stacking (–H⋯π) interactions, were syn-
thesized successfully. The compounds exhibited characteristic
emissions of lanthanide cations in the solid states, indicating
that the H2PDH ligand is a promising candidate for various
photonic applications in the future. The sensing study of small
molecules by the partially dehydrated Tb(III) complex 3a
revealed that the nature of the solvent plays a key role in the
enhancement or quenching of the photoluminescence of the
complexes, and IPA was found to be an excellent sensitizer
solvent while THF was a highly quenching solvent in this
study and also both solvents show first order behavior towards
the photoluminescence intensity. It was found that the photo-
luminescence intensity of complex 3a decreases with the
increase of the dielectric constant and normalized Dimroth–
Reichardt ET parameter (ENT) value for protic solvents, while the
PL intensity increases with the increase of the dielectric con-
stant and ENT for dipolar aprotic solvents. Complex 3a excel-
lently regained its initial photoluminescent intensity, revealing
an interesting prospect for its long-term reusability. The
results of this work may provide useful information about the
design of stable, sensitive lanthanide complexes for the
sensing of small guest molecules.
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