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1 Introduction

3 .
Due to these unique optical properties, such as large antenna- type to the Eu " jon
monochromaticity, high luminescence complexes are isolated with two solvent molecules which quench

generated shifts

Efficient red emission from poly(vinyl butyral) films doped with a
novel europium complex based terpyridyl as ancillary ligand:
synthesis, structural elucidation by Sparkle/RM1 calculation, and
photophysical properties

Chaolong Yang, ™ Shaojun Liu,’ Jing Xu,* Youbing Li,> Mingyong Shang,’ Lei Lei,’ Guoxia
Wang,’ Jian He,? Xuanlun Wang,® Mangeng Lu®

A novel efficient antenna Eu-complex Eu(TTA),Tpy-OCHs.2H,0 based on the terpyridyl derivative 4'-(4-methoxyphenyl)-
2,2":6',2"-terpyridine(Tpy-OCHs) as ancillary ligand has been synthesized, structurally characterized, and its photophysical
properties examined. The new Eu-complex displays bright red luminescence upon irradiation at the ligand-centered band
in the range of 200-450 nm, irrespective of the medium. Sparkle/RM1 calculation was utilized for predicting the ground-
state geometries of this complex. Theoretical Judd-Ofelt and photoluminescence parameters, including quantum
efficiency, predicted from this model are in good agreement with the experimental values, proving the efficiency of this
theoretical approach implemented in the LUMPAC software (http://lumpac.pro.br). The kinetic scheme for modeling
energy transfer processes show that the main donor state is the ligand triplet state and that energy transfer occurs on
both the °D; (20.7%) and *Do (79.3 %) levels. As an integral part of this work, the synthesis, characterization, and
luminescent properties of poly(vinyl butyral) (PVB) polymer films doped with Eu-complex are also reported. Upon Eu-
complexe Eu(TTA),Tpy-OCHs.2H,0 was doped into the PVB matrix forming the films, the PVB polymer matrix acting as a
co-sensitizer for Eu®* ion enhances the luminescent lifetimes and quantum efficiencies in comparison with the precursor
complex. The new luminescent Eu/PVB films therefore show considerable promise for polymer light-emitting diode and
active polymer optical fiber applications. To the best of our knowledge, this is the first report which detailed study the
photophysical properties of doped europium fluorescent films based on PVB as the polymer matrix.

the important “antennas” in terms of high harvest emissions
because of the effectiveness of the energy transfer from this ligand
Bl n general, B-diketonate europium

efficiency, and long excited-state lifetimes, make europium the lanthanide emission by activation of non-radiative decay

. . . . o (4] :
complexes have significant technological applications in amplifiers ~pathways . To overcome this problem, the solvent molecules

for optical communications, optoelectronic, supra-molecular,
luminescent probes for biological systems and sensors uses @
Unfortunately, the long luminescent lifetimes of europium ion
result in a low absorption coefficient. To overcome the problem,
organic ligands which have much large absorption coefficient are
usually coordinated to sensitize europium complexes. So the design
and synthesis of organic ligands with larger absorption coefficient
are very important to improve luminescent properties of europium

complexes.

As well-known, the B-diketone ligand class is emerging as one of
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should be replaced by ancillary ligands containing chromophores
that are equipped to play the antenna role B, Therefore, the
positive effect of ancillary ligands like tpy (terpyridine) was often
employed to replace the solvent molecules to enhance the
luminescent intensity. Some reports have confirmed that tpy is an
excellent neutral ligand for Eu-complexes; it can reduce the non-
radiative decay of the excited states of the europium ion, improve
the stability of the europium complexes, and increase the energy

transfer efficiency from the ligands to the Eu*ions .

In the field of coordination compounds, the semiempirical
Sparkle/RM1 model has proven to be effective in lanthanide
chemistry because it allows the prediction of the coordination
geometry for both small lanthanide complexes and more
sophisticated structures in a relatively short time and with a low
computational demand”™ ®. Recent results have shown good
prediction for the ground state geometry, when compared to single
crystal data el So, when the data of monocrystals for lanthanide
complexes can not be obtained, the semiempirical Sparkle/RM1
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model was often used to calculate the ground-state geometries of
these lanthanide complexes.

As well-known, the lanthanide complexes typically display low
thermal-stability, and limited photostability B It is known that
polymers provide a series of advantages for the development of
molecular materials, for instance, thermal and chemical stability,
flexibility, versatility, biocompatibility, hydrophobic-hydrophilic
balance and the characteristic luminescence of lanthanide ions ™,
All of these features offer excellent expectation for fabricating a
new class of highly luminescent materials 02 A popular polymer
matrix for use as a host for luminescent lanthanide complexes is
poly(vinyl butyral) (PVB) which is a low-cost, good transparence and
simply prepared polymer of excellent optical quality 131 When
lanthanide complexes incorporate with it forming a new complex-
containing polymer/film, it will lead to significant flexibility,
versatility, thermal and photo-stability [ Meanwhile, as is well-
known, there are some carbonyl groups in PVB chain, but so far, the
report about whether these carbonyl groups play a key role for
improving luminescent properties of Eu-complex doped in PVB

matrix is quite limited.

Therefore, in this work, to understand the role of PVB matrix in
Eu-complex doped in PVB, we designed and synthesised a new and
unsaturated europium complex based on terpyridyl(Tpy-OCHs) as
ancillary ligand, Eu(TTA),Tpy-OCH3.2H,0, calculate the ground state
geometry using the Sparkle/RM1, and calculate the intensity
parameters, transfer and back transfer rates and energy level
populations. With these data we can compare the theoretical
results to experimental ones and use the theoretical data to explain
some experimentally observed facts. Further, in order to study the
role of PVB matrix in doped films, this unsaturated europium
complex was doped into the PVB matrix forming films, FTIR and PL
results indicated carbonyl groups in PVB successfully replaced the
water molecules and coordinated with Eu®". The overall aim of this
work was to develop a simple and feasible method for the
production of a luminescent material with the objective of
obtaining information about the photo-luminescence (PL) behavior
of the optical material incorporated into the PVB matrix. The
sensitization effect of the polymer matrixes on the Eu® luminescent
center is discussed in detail based on excitation and emission
spectra, experimental intensity parameters, and quantum
efficiency. To the best of our knowledge, this is the first report
which detailed study the photophysical properties of doped

europium fluorescent films based on PVB as the polymer matrix.

2 Experimental sections
2.1 Materials and instrument

Polyvinyl butyral (PVB) (AR, Mn = 98,400, polydispersity index
(PDI) = 1.34, the butyral content 45.0-49.0% (wt%), water content
less than 0.2 wt %), purchased from Sinopharm Chemical
Reagent, China. Eu,03 (99.99%) was purchased from a Chinese

company, Beijing Founder. EuCl;.6H,0 was obtained by dissolving
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acid. 2-
Thenoyltrifluoroacetone(TTA) from Aladdin
Company, China, and other chemicals were all commercially
available and used without further purification. FT-IR spectra were

Eu,0, in concentrated chlorhydric

was purchased

carried out using a Nicolet Is-10 (Nicolet) Fourier Transform Infrared
Spectrometer. Elemental analysis data were obtained from Vario EL
elemental analyzer. Differential scanning calorimetry (DSC) made
on TA Q20 at a heating rate of 15°C/min under nitrogen.
Thermogravimetric analysis was made with TA Q50 at a heating rate
of 15°C/min under N, atmosphere and over a temperature range
from 35 to 650 °C. All the ESI-MS spectra were recorded in LCQ
DECA XP mass spectrometer. Elemental analysis data were obtained
from Vario EL elemental analyzer. X-ray diffraction (XRD) patterns
were determined with a DX-2500 diffractometer (Fangyuan,
Dandong) using Cu Ko radiation (30 kV and 200 mA) at a step width
of 0.04°. NMR spectra were taken on a DRX-400 MHz (Bruker)
superconducting-magnet NMR spectrometer with TMS as an
internal standard. UV-vis absorption spectrum was determined on a
Shimadz spectrophotometer (UV 2540). The photoluminescence
(PL) measurements in solid state and THF solution were conducted
in a Hitachi F-4600 florescence spectrophotometer. Fluorescent
lifetimes were obtained with the FLS920 steady state spectrometer
with a pulsed xenon lamp.

2.2 Synthesis of 4'-(4-methoxyphenyl)-2,2':6',2"-terpyridine(Tpy-
OCH,)

2-Acetylpyridine (1.21 g, 10 mmol) was added into a solution of
p-methoxybenzaldehyde (0.68 g, 5 mmol) in EtOH (50 mL). KOH
pellets (0.78 g, 85%, 10 mmol) and ammonia solution (15 mL,
29.3%, 12 mmol) was then added to the solution. The solution was
stirred at room temperature for 12 h. The milk-white solid was
collected by filtration and washed with EtOH (3x20 mL). Yield: 1.1 g
(65%). "H NMR (400 MHz CDCl3): 8.64-8.72 (m, 6H, tpy), 7.84-7.88
(t, 4H, ArH), 7.32-7.35 (t, 2H, tpy), 7.0-7.02 (d, 2H, ArH), 3.87 (s, 3H,
—OCH;). ®C NMR (100 MHz CDCl; ): 160.48,155.91, 149.29, 136.88,
130.59, 128.43, 123.74, 121.29, 118.23, 114.13, 55.31. ESI-MS: m/z
340.3 (M + H)" . FT-IR (KBr pellet, cm™): 1602, 1585, 1568, 1521,
1468, 1392, 1265, 1190, 1042, 833, 793, 730, 662, 569, 517.

2.3 Synthesis of Eu-complex Eu(TTA),Tpy-OCH;.2H,0

The complex was prepared according to the well-established
method ™!, Tpy-OCH; (0.39 g, 1 mmol) was dissolved in THF (50
mL), to which Eu(TTA),.4H,0 (0.67 g, 1 mmol) was added. The
whole mixture was refluxed for 3 h and cooled to room
temperature. The resulting precipitate was collected and washed
twice with water to give the target complex (0.79 g, 81%) as a light-
yellow powder. 'H NMR (400 MHz CDCl;): 14.08 (s, 1H, tpy-H),
11.46 (s, 1H, tpy-H), 8.70 (d, 4H, tpy-H), 7.88 (s, 4H, tpy-H), 7.38 (s,
2H, tpy-H), 7.06 (d, 2H, ph-H),6.24 (d, 2H, Th-H), 5.38 (s, 2H, Th-
H),4.47(s, 2H, Th-H), 3.88 (s, 3H, —~OCHs), 3.65(s, 2H, TTA-CH), 1.24(s,
4H, H,0). (Found: C, 50.01; H, 3.01; N, 4.26. EuCsgHyoFsN305S,
[Eu(TTA),Tpy-OCH;] requires C, 49.32; H, 3.08; N,4.42%). ESI-MS
m/z: [M+6H"+Na']": 998.29. FT-IR (KBr pellet, cm™): 1605(C=0

This journal is © The Royal Society of Chemistry 2015
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stretching in TTA), 1540 (C=C stretching in TTA), 1312, 1187, 1137,
638(0—>Eu), 456(N—>Eu).

2.4 Synthesis of Eu-Complex-Doped PVB Polymer Films.

The PVB polymer was doped with the Eu-complex Eu(TTA),Tpy-
OCH3.2H,0 in the proportions 1, 3, 5, and 7%(w/w). The PVB
powder was dissolved in chloroform, followed by addition of the
required amount of Eu-complex Eu(TTA),Tpy-OCH3.2H,0 in THF
solution, and the resulting mixture was heated at 60 °C for 30 min.
The polymer film was obtained after evaporation of excess solvent
at 60°C.

Figure 1 Ground-state geometry of Eu(TTA),Tpy-OCH3.2H,0
calculated using the Sparkle/RM1 model.

Table 1 Spherical atomic coordinates calculated via Sparkle/RM1
coordination polyhedron of the complex Eu (TTA),Tpy-OCH3.2H,0

R (A) ¥ (degree) @ (degree)

Eu™” 0.000 0.000 0.000
N(Tpy-OCHs) 2.531 136.635 89.449
N(Tpy-OCHs) 2.547 76.451 65.365
N(Tpy-OCHs) 2.548 147.71 28.492
O(TTA) 2.452 64.263 351.169
O(TTA) 2.448 122.125 330.532
O(TTA) 2.452 19.033 343.775
O(TTA) 2.454 73.603 31.062
O(H,0) 2.527 79.169 277.297
O(H,0) 2.532 83.799 325.025

3 Results and discussion

3.1 Geometry optimization, and simulation of UV and IR spectra
for Eu(TTA),Tpy-OCH,;.2H,0

This journal is © The Royal Society of Chemistry 2015

In the field of coordination compounds, the semiempirical
Sparkle model has proven to be effective in lanthanide chemistry
because it allows the prediction of the coordination geometry for
both small lanthanide complexes and more sophisticated structures
in a relatively short time and with a low computational demand el
The optimized molecular structure of Eu(TTA),Tpy-OCH;.2H,0
predicted by Sparkle/RM1 model are displayed in Figure 1. Here,
The Eu®* ion in this compound is nine-coordinate and the
coordination polyhedron can be approximately described as a
tricapped trigonal prism, and the europium complex belongs to the
C, point-group. The spherical atomic coordinates calculated via
Sparkle/RM1 coordination polyhedron of this Eu-complex is
summarized in Table 1. From the results we know that the central
Eu® ion is coordinated with six oxygen atoms and three nitrogen
atoms, four oxygen atoms are from the two B-diketonate ligands
TTA, the other two oxygen atoms from the water molecules, and
the three nitrogen atoms are from the ancillary ligand Tpy-
OCH;.The average bond length between the Eu® ion and the TTA
oxygen atoms is 2.451A, which is shorter than that of Eu** ion and
water oxygen atoms (2.529 A). This observation could be attributed
to the presence of a formal negative charge on the TTA oxygen
atoms which could enhance the binding to the Eu®* cation due to
electrostatic effects. The average bond length of Eu®* ion and Tpy-
OCHjs nitrogen atoms is 2.542 A. These average bond lengths are
close to the distance estimated using X-ray diffraction data for the
corresponding single crystal Eu-complex based on TTA and
terpyridyl derivatives 0,

The experimental and simulated IR spectra of the Eu-complex
Eu(TTA),Tpy-OCH;.2H,0 are shown in Figure S1. The calculation was
made for a free molecule in vacuum, while the experiment was
performed for the solid state and existed many interaction between
molecules; furthermore, the anharmonicity in the real system was
neglected for the vibration calculations. Therefore, they are
disagreements the and experimental
Nevertheless, the
stretching peaks of Eu(TTA),Tpy-OCH;.2H,0 can be realized, these
absorbance peaks located at 1653, 1594 and 1485 cm™ are
attributed to the C=0 and C=C stretching vibrations of the
coordinated TTA ligand and C=N of the coordinated Tpy-OCHj;
ligand in the Eu-complex, respectively. A comparison of the
calculated and experimental UV spectra for Eu(TTA),Tpy-OCH3.2H,0
is presented in Figure S2. As can be seen, the agreement between

between calculated

vibrational wavenumbers. characteristic

the simulated and experimental spectra is good. Whether in the
calculated or in the experimental spectrum, two main absorption
bands of the Eu-complex are easily observed, which are attributed
to the singlet—singlet m->m enol absorption of TTA and Tpy-OCH;
moieties in the Eu-complex. It is noteworthy that the obvious blue
shift of these two absorption peaks in the calculated spectrum can
be observed (the first and last absorption peak from 296 nm shift to
272 nm, and from 342 nm shift to 308 nm, respectively), which
might be attributed to the solvent effects neglected in the
calculation or any errors inherent in the method itself.

Polymer Chemistry, 2015, 00, 1-11 | 3
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Scheme 1 Synthetic procedures of the Eu-complex Eu(TTA),Tpy-
OCH;.2H,0.
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Figure 2 The FTIR spectra of ancillary ligand Tpy-OCH; and Eu-
complex Eu(TTA),Tpy-OCH;.2H,0.

3.2 Design, Synthesis, and Characterization of ligand, Eu-complex
and PVB fluorescent films

With the aim of studying the role of carbonyl groups in PVB chain
in doped Eu-complex/PVB films, a novel ancillary ligand 4'-(4-
(Tpy-OCH;
corresponding unsaturated Eu-complex based Tpy-OCHj as ancillary

methoxyphenyl)-2,2".6',2"-terpyridine and a
ligand have been designed and synthesized. The ancillary ligand
Tpy-OCH; was synthesized in 65% yield from the condensation of 2-
acetylpyridine and p-methoxybenzaldehyde. The overall procedure
is summarized in Scheme 1. The ligand was characterized by 'y
NMR and **C NMR(Supporting Information, Figure S3 and S4), FT-IR,
and mass spectroscopic (ESI-MS) methods. The Eu-complex Eu(TTA)
,Tpy-OCH3.2H,0 was synthesized according to the well-established
procedure with a high vyield of 81%. The Eu-complex was
characterized by FT-IR, 'H NMR (Figure S5) and ESI-MS (Figure S6),
and elemental analyses. The elemental analyses and ESI-MS studies
revealed that the central Eu®" ion is coordinated to an ancillary
ligand Tpy-OCH;, two TTA ligands, as well as two water molecules.
Compared with the ligand Tpy-OCHj;, in the FT-IR spectrum of Eu-
complex Eu(TTA),Tpy-OCH;.2H,0, three new absorbance peaks
were observed at 1605, 1539 and 1411 cm™ (Figure 2). They are
attributed to the C=0 and C=C stretching vibrations of the

4 |Polymer Chemistry, 2015, 00, 1-11

coordinated TTA ligand and the C=N stretching vibration of the
coordinated Tpy-OCHj; ligand in the Eu-complex, respectively. These
results indicate that the ancillary ligand Tpy-OCH; and the first
ligand TTA had successfully coordinated with the Eu®* ion emission
center.

Eu-complex
—PVB
—_—1%

3%

5%

7%

228 248 272
100
90

5% weight loss

80
70
60
50

Weight loss(%)

40
30
20
10

T T T T ‘l T T T T T 1
50 100 150 200 250 300 350 400 450 500 550
Temperature (°C)

Figure 3 TGA curves of Eu-complex, PVB, and Eu/PVB films.

The thermal behavior of the Eu-complex Eu(TTA),Tpy-OCH;.2H,0
under a nitrogen atmosphere were examined by means of
thermogravimetric analysis (TGA). The general profile of the weight
loss for Eu-complex is displayed in Figure 3. It is clear from the TGA
data that Eu-complex undergoes a mass loss of approximately 5.1%
(Calcd: 3.8%) in the first step (103 to 228°C), which corresponds to
the elimination of the coordinated water and solvent molecules.
The second decomposition stage occurs from 229 to 373°C, and the
mass loss is about 48.1% (Calcd. 43.7), which corresponds to the
degradation of first ligand TTA. The last decomposition stage
occurs from 376 to 690°C, which corresponds to the decomposition
of ancillary ligand Tpy-OCHs. The final residue is approximately 26%
of the initial mass, it correspond to formation of the non-volatile
europium (111) oxyfluoride.

The PVB matrix was doped with Eu(TTA),Tpy-OCH;.2H,0 in the
proportions of 1, 3, 5, and 7% (w/w) and characterized by FT-IR
spectroscopy. Compared with pure PVB matrix, a new absorption
peak is found at 1605 em™in the FT-IR spectroscopy of Eu/PVB films
(Figure 4), the results indicates that the Eu-complex Eu(TTA),Tpy-
OCHj3.2H,0 successfully doped into the PVB matrix. The band at
1678 cm™ for PVB corresponds to the C=0 vibration, whereas for
the Eu/PVB films, this vibration shifts to 1667 em™ In turn, this
implies that the Eu* complex is stabilized by means of interactions
with the oxygen atoms of the carbonyl group of PVB.

The room-temperature X-ray diffraction patterns from 5 to 40° of
complex Eu(TTA),Tpy-OCH3.2H,0 and Eu/PVB films are shown in
Figure S7. It can be seen from the XRD results that the structural
characteristics of the complex are different when the Eu-complex is
incorporated into the PVB matrix, due to interactions between the

This journal is © The Royal Society of Chemistry 2015
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PVB and the Eu-complex. Two sharp crystal peaks centred about
30.72 and 31.54° are observed in XRD pattern of Eu-complex;
however, there are no any crystalline regions in the XRD patterns of
Eu/PVB films, the result indicates that Eu-complex can disperse in
PVB matrix very well, and no molecular aggregation occurs in this
system. This phenomenon can be attributed to the forming of
cross-linked structure between carbonyl groups of PVB matrix and
Eu3+, means every Eu-complex molecule was surrounded by
different PVB chains in Eu/PVB films. Figure 5 illustrates in a
schematic way how the europium complex is coordinated to the
PVB backbone. Such interactions might stem from the donation of a

pair of electrons from the carbonyl oxygen to the lanthanide ions
[18]

1678
25049 ™

1605
" 4
200
3%
1504
1%

100+
PVB

Transmittance %

50 4

T
600

T
800

0 T T T T
1800 1600 1400 1200 1000

Wavenumber(cm™)

Figure 4 The FTIR spectra of PVB and Eu/PVB films.

Figure 5 A schematic illustration of the structure of Eu(TTA),Tpy-
OCH;.2H,0 complex doped in PVB matrix.

The thermal stability of the Eu-complex is very important

because decomposition leads to decreased fluorescent
performance. The differential scanning calorimetry (DSC) analysis of
the PVB matrix and Eu/PVB films were measured to investigate
their phase stability (Figure $8). The glass transition temperature (T,
) of Eu/PVB film which doped 1% Eu-complex is 74.58 °C, which is
lower than that of the pure PVB(T, 78.07 °C). It is noted that the T,
values of doped 3%, 5% and 7% are reduced to 73.75, 73.02, and
71.83 C, respectively, which means that the rigidity of the Eu/PVB

films was reduced with increasing Eu-complex content.

This journal is © The Royal Society of Chemistry 2015
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The thermal stability of Eu/PVB films was investigated by
thermogravimetric analysis (TGA) (Figure 3). The temperatures of
the thermal decomposition (Ty, 5% weight loss temperature) of
Eu/PVB films doped with the Eu-complex at a ratio of 1, 3, 5, and
7(w/w) are 248, 236, 231 and 228 °C, respectively, which are lower
than that of undoped PVB film (272 °C). Nevertheless, these Eu/PVB
films still have good thermal stability with 5% weight loss occurring
at greater than 220 °C, and still can satisfy application in many
fields.

As can be seen, the TG curves recorded in the temperature
interval from 30 to 210 °C exhibited almost no mass loss event
(near 0.26% mass loss can be attributed to the moisture in
environment and technical errors). This reveals that the water
molecules coordinated to the Eu® ion of the dihydrate complex
precursor are absent after the doping reaction process. When the
Eu(TTA),Tpy-OCH;.2H,0 complex is embedded into the PVB matrix,
the coordination of the two water molecules is replaced by the
interaction between the Eu’* complex and the oxygen atoms of the
PVB matrix (Figure 5), in agreement with the results of other
polymer systems previously analyzed s

1.0+

294 297

327 342

| [— Tpy-OCH,
[ |—TTA
: EU(TTA),Tpy-OCH,.2H,0

0.8 1

0.6 e

0.4 4

Absorbance(a.u.)

0.2

T T
300 350
Wavelength(nm)

400

Figure 6 UV-vis spectra of TTA, ancillary ligand Tpy-OCHjs, and Eu-
complex Eu(TTA),Tpy-OCH3.2H,0 in THF solution(1x10° mol/L).

3.3 Electronic Absorption Spectroscopy

The UV-vis absorption spectra for free ligands Tpy-OCH;, TTA and
Eu-complex Eu(TTA),Tpy-OCH;.2H,0 in THF solution (1 x 10° mol/L)
are shown in Figure 6. The trend in the absorption spectra of Eu-
complex is identical to the ones observed for the free ligands,
indicating that the singlet excited states of the ligands are not
significantly affected by the complexation to the Eu** ion. Two main
absorption bands of the Eu(TTA),Tpy-OCH3.2H,0 are easily
observed, at 294 nm and 342 nm, which are attributed to the
singlet—singlet m->1 enol absorption of TTA and Tpy-OCH; moieties
in the Eu-complex. However, compared with the ancillary ligand
Tpy-OCHjs, a small blue shift is observed in the absorption maximum
of Eu-complex (from 297 nm shift to 294 nm), and it is attributable
to the ring-forming by Eu®* coordination. In addition, due to the
formation of larger conjugated chelate rings in Eu-complex, the

Polymer Chemistry, 2015, 00, 1-11 | 5
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located 327 nm absorption bands for free ligand TTA shifts to 342
nm for Eu-complex. The presence of the ancillary ligand Tpy-OCHj;
not only enhances the absorption intensity but also satisfies the
high coordination number of the central Eu®"ion and thus improves
the coordination and thermal stabilities of Eu-complex. The molar
absorption coefficient values for Eu(TTA),Tpy-OCH5.2H,0 at 294 nm
are 7.13 x 10 L mol ™ cm™, which is higher than that for ligand Tpy-
OCH; at 297 nm (5.14 x 10 4 L mol™ ecm™ ). The magnitude of the
value is approximately 1.38 times higher than that for the ligand,
and this trend is accordant to the presence of one ancillary ligand
Tpy-OCH; in Eu-complex. Note also that the large molar absorption
coefficient obtained for the newly designed Tpy-OCH; ligand
indicates that it has a strong ability to absorb light.

80+
solide-ex
solide-em
60+ liquid-ex
liquid-em
e
8
2 404
[72]
[ =
]
=
204
04
T T T T A T T T
200 250 300 350 400 550 600 650 700

Wavelength(nm)

Figure 7 The PL spectra of Eu-complex Eu(TTA),Tpy-OCH;.2H,0 in
solid and in THF solution(1x10* mol/L). Left: excitation spectra (Aem
=615 nm), right: emission spectra (A., = 365 nm).

3.4 Luminescence properties of Eu-complex

Excitation spectra of the Eu-complex recorded at room
temperature in solid state and in THF solution by monitoring the
Eu(SDo - 7F2) transition at 613 nm are depicted in Figure 7. For
solution excitation spectra, there was one intense broad band at
278-395 nm. While in solid state excitation spectra, it can be seen
clearly that intense broad band between 200 nm and 450 nm
dominate the large portions of excitation spectra of Eu-complex,
which were attributed to the m->m* transitions of ligands (Tpy-OCH3
and TTA) from the comparison of the UV-vis spectra in Figure 6. In
comparison with the excitation broad bands of ligands, the direct
excitation peaks of europium This
suggested that emission of europium by ligands were much more

efficient than direct excitation of the europium complex.

ion were much weaker.

Meanwhile, the strongly bright
Eu(TTA),Tpy-OCH;.2H,0 in THF solution, upon
illuminating with a 365 nm excitation light provided by a 12w

red emission of Eu-complex
in solid and

ultraviolet lamp, can be easily observed by the naked eye (Inset of
Figure 7).

The mechanism of the energy transfer from ligands to metal ions
had been widely discussed to interpret the luminescence of
lanthanide compounds 29 From the results discussed above, we
can presume that the energy gaps of the Eu* ion were comparable
with the triplet state energy of the ancillary ligand Tpy-OCH3, and
then efficient energy transfer can take place from Tpy-OCH; to
europium ion, we will detailed discussed the energy transfer
progress as below. The Eu-complex exhibited characteristic red
emission of Eu* ion by 365 nm excitation and suggested the
complex can be potential red fluorescent materials.

The emission spectra of Eu(TTA),Tpy-OCH;.2H,0 in solid state
was shown in Figure 7, and characteristic Eu® jon emission was
observed. The lines were distributed mainly in the 550-715 nm
range, which were associated with the 4f - 4f transitions of theSDo
excited state to its low-lying 7FJ(J =0, 1, 2, 3 and 4) levels of B
ions. No emission peaks from the ligands were observed under this
excitation, further confirming that the energy transfer from ligands
to Eu® ion center was quite efficient in this Eu-complex. As well-
known, the emissions of Eu®* ion were usually employed as a
sensitive probe to investigate the coordination and local
environment around cations. For Eu>* ion transitions, observed in
the emission spectrum, occur via three main mechanisms: forced
electric dipole, magnetic dipole, and dynamic coupling. From the
emission spectra, we can see the emissions bands at about 581 nm
and 654 nm were very weak since their corresponding transitions
5D097F0,3 were forbidden both in magnetic and electric dipole
schemes. A prominent feature that may be noted in these spectra
was very high intensity of SDoé7Fz transition at 614 nm. It was well-
known to us that the 5D()$7F1 transition was a parity allowed
magnetic dipole (MD) and is nonsensitive to the local structure
environment, while the 5D097F2 transition was a typical electric
dipole (ED) transition and was sensitive to the coordination
environment to the europium ion. When the interaction of the rare
earth complex with its local environment was stronger, the complex
became more nonsymmetrical, and the intensity of the electric-
As a the
integration intensity ratio of the 5D097F2 transition to 5D097F1
transition (I,/1;) had been widely used as an indicator of europium
ion site symmetry. The calculated results were shown in Table 2.

dipolar transitions became more intense. result,

Table 2 Experimental and calculated values of intensity parameters (Q,), Radiative (A,,4) and nonradiatve (A,.q4) rates, lifetime (t), emission

quantum efficiency (n) for complex Eu(TTA),Tpy-OCH;.2H,0

Structure Roz 02(10'20 sz)

Q4(10° cm?

Qe(lO'zocmz) Arad/S'1 t/ms(solid/THF solution)  n(%)

Experimental data 0.043 15.12 2.84

6 |Polymer Chemistry, 2015, 00, 1-11

-- 544.70 0.57/0.36 31.05

This journal is © The Royal Society of Chemistry 2015
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Sparkle/RM1 Structure - 15.12 2.84

0.51 549.41 -/-- 31.32

Whether in solid state or in THF solution, the intensity ration of
Eu(TTA),Tpy-OCH;.2H,0 was relatively high. The values of the
intensity rations (I,/1;) for Eu-complex is 13.52 in THF solution and is
10.27 in solid state, respectively. Especially, the value in THF is
higher than in solid state. Why? The result maybe induced by the
solvent molecules replaced the water molecules in Eu(TTA),Tpy-
OCH;.2H,0. This ratio was only possible when the Eu® ion did not
occupy a site with inversion symmetry. It was clear that strong
coordination interaction took place between the organic ligands
and Eu®" ion. Further, the emission spectra of the complex showed
only one line for 5D097F0 transition, indicating that the presence of

[21] In

a single chemical environment around the europium ions
addition, no emission from the ligands was observed in Figure 7, it
indicated that a very efficient energy transfer occurred from the

ligands to the central Eu*ion.

To better understand the luminescent properties of Eu-complex
Eu(TTA),Tpy-OCH;.2H,0 in solid and THF solution, the room
temperature (RT) luminescence decay curves of the 5Do excited
state were measured by monitoring the most intense emission lines
(50097F2) of europium ion center at 614 nm, and under excitation
360 nm Xenon lamp. The RT lifetime values (t) of the 5DO level were
determined by fitting the luminescence decay profiles with
monoexponential functions, irrespective of the media. This is
consistent with a single major emitting species in this Eu-complex,
which was in agreement with the results of only one 5D097F0 linein
the emission spectra and the calculated results of Sparkle/RM1.
Lifetime values gathered in Table 2 show a 37% reduction in going
from solid state to the solution for this complex, from 0.57 ms to
0.36 ms.

The intrinsic luminescent quantum efficiency (n) of the SDO
emission level in this Eu-complex at room temperature was
obtained based on the luminescence data. Eq. (1) a means to

determine the n values from experimental spectroscopic data 22

Arad
A.,+4

rad nrad

n= (1)

Where, A4 and A4 are radiative and nonradiative transition
rates, respectively. The denominator in Eq. (1) is calculated from
the lifetime of the emitting level (1/t = A.,q + Anrag)- In the case of
europium luminescence the value of A4 can be estimated by
spectral analysis with the help of Eq. (2) 1231,

This journal is © The Royal Society of Chemistry 2015

Where, J represents the final 7F0_6 levels, S is the integrated
intensity of the particular emission lines and hw stands for the
corresponding transition energies. Ay is the Einstein coefficient of
spontaneous emission between the 5DO and the 7F1 Stark levels. The
branching ratios for the 5D097F5,6 transitions must be neglected as
they are too weak to be observed experimentally. Therefore, their
influence can be ignored in the depopulation of the 5DQ excited
state. The 5Do97F1 transition does not depend on the local ligand
field seen by europium ions and, thus, may be used as a reference
for the whole spectrum, in vacuo Ay; = 14.65 ) average
refractive index equal to 1.5 was considered, leading to Ag; = 50s™.

According to the above discussion, the intrinsic luminescence
qguantum efficiency of this Eu-complex in solid can be determined,
as show in Table 2.

From the results of Table 2, the Eu-complex Eu(TTA),Tpy-
OCH3.2H,0 exhibited relatively high luminescence quantum
efficiency (31.05%), indicating that the energy transfer from
ligands(Tpy-OCH; and TTa) to emitted center Eu®* ion was very
efficient.

Judd-Ofelt theory is a useful tool for analyzing f-f electronic
transitions **\. Interaction parameters of ligand fields are given by
the Judd-Ofelt parameters Q,(where A = 2, 4, and 6). In particular,
Q, is more sensitive to the symmetry and sequence of ligand fields.
To produce faster Eu®" radiation rates, antisymmetrical Eu*
complexes with larger Q, parameters need to be designed. The
experimental intensity parameters (Q, and Q,) for this Eu-complex
Eu(TTA),Tpy-OCH;.2H,0 was
spectra, based on the SDO -> 7F2 and SDO -> 7F4 electronic transitions
of the Eu** ion, and they are estimated according to the following
eq3 f2el,

determined from the emission

3hc’ 4
| = = 3)

- 2
4e*we <5D0 Ut 7FJ>

Where, e is the electronic charge. x = ng (no2 + 2)2/9 is a Lorenz
local field correction. The square reduced matrix elements are
<5D0 u® F2>2 =0.0032 and <500 u F4>2 = 0.0023, and an average
index of refraction equal to 1.5 was used. The transitionSDo - 7F6 is
not observed experimentally thus the experimentalQg parameter
cannot be estimated.

Table 2 presents the experimental and theoretical values for the
intensity parameters (Q,, Q, and Qg). Firstly, we can note the good
agreement between the theoretical and experimental values for Q,
and Q, parameters. The Qg parameter was only determined
theoretically, since the SDO -> 7F6 transitions are not observed
experimentally. The high values of Q, might be interpreted as a
consequence of the hypersensitive behavior of the SDO - 7F2
transition, which suggests that the dynamic coupling mechanism is

Polymer Chemistry, 2015, 00, 1-11 | 7
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quite operative and that the chemical environment is highly
polarizable. The Q, parameter is less sensitive to the coordination
sphere than Q,; However, its value reflects the chemical
environment rigidity surrounding the Eu’* cation. The relatively low
values of the Q, parameter indicate rigidity associated with the

coordinated sphere of the Eu-complex.

The theoretical radiative and nonradiative rates, and quantum
efficiencies, are also in good agreement with the experimental
values. The value of the emission quantum efficiency, in principle,
should not be dependent on the T, position. Thus, the n behavior of
Eu-complex will reflect vibronic couplings between the Eu** ion and
the ligands, and it was influenced by the countercations.

In addition, Table 2 presents also the Ry, intensity parameter,
which is the ratio between the intensities of the SDO - 7F0 and SDD
- 7F2 transitions. The Ro, parameter may give information on the J-
mixing effect associated with the SDO - 7F0 transition, as previously
described. In this case, this effect is mainly due to the mixing
between the 7F2 manifold and the 7F0 level though the rank-two
components of the ligand field. The Ry, value for this Eu-complex is
relatively small (0.043), suggesting that the J-mixing effect is much
smaller in this complex.

40, _ 7o
W =5.1x10" s

35} 9
S‘ L 4 -1 .3
\_\ WE”= 1.3x10" s -\\ \.\‘
30f \ B e
-~ ) a0
"E sl o™’ 1 W, =9.9x10"s" —— 4
o ‘~_
2 %
2 2] 10
X
>
154
2
) '\
& (e '
w or W= 7.7x10 ® Arad i Anrad
ho's | 11204978
st 1 (549.425M| ¢ )
Gl So T Sparkle/RM1 structure ' 7FJ
Ligands Eu®

Figure 8 Schematic energy level diagram, energy transfer processes,
and transfer rates for Eu-complex Eu(TTA),Tpy-OCH3.2H,0 .

3.5 Modeling of the energy transfer progress

For the Eu-complex Eu(TTA),Tpy-OCH3.2H,0, the energies of the
triplet and singlet states calculated for the Sparkle/RM1 structure
using the INDO/S-CIS method are 15,208 cm™ and 32,590 cm™
respectively. Modeling of the sensitization process of this Eu-
complex was made according to Figure 8. The R, parameter is the
distance from the donor state located at the organic ligands and the
Eu® ion nucleus. This quantity has been calculated by:

2
Zci R,
i
L~ 2
ch.
i

R (4)
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with ¢; being the molecular orbital coefficient of the atom i
contributing to the ligand state (triplet or singlet) involved in the
energy transfer, and R, ; corresponding to the distance from atom i
to the Eu®" ion. The two complexes show favorable R, values for
obtaining efficient energy transfer rates.

The potential receiving levels of Eu*" ion, taking into account the
selection rules and the 7F0,1 population at room temperature, are
*D, (~27,500 cm™ ), °D; (~19,000 cm™ ), and *Dq (~17,250 cm™).
energy transfer, rates, and the
percentage contribution of each process to the overall energy
transfer are presented in Table 3 for this Eu-complex. The

Intramolecular back-transfer

simulation points to a rather slow transfer from the singlet state
onto Eu( 5D4 ), >10” slower than the transfer from the triplet state
to either 5D1 or 5Do . However, regarding the latter, back transfer
processes are much faster than for 5D4; nevertheless, the S;- to- °D 2
pathway plays a negligible role(the percentage contribution is only
0.03%). Compared to 5D1, the energy transfer rates of the transfer
to SDO is 2.8 times faster; in addition, back transfer from 5Dl is much
faster than from 5Do, so that the T, -to- SDO process accounts for
slightly more than three fourths (79.3%) of the total energy
transfer.

Table 3 Calculated values of excited state singlet and triplet
energies, R, values, intrenamolecular energy transfer (Wg) and
back transfer (Wjgs) rates for complex Eu(TTA),Tpy-OCH;

Page 8 of 12

ligand state>4f R (A)® W Wer Contribution (%)
state (cm™) (s) (s7)

S,(32590) >°D, 5.0665 13X 51X  0.03

(27586) 10* 107

T,(15208) >°D;  5.2520 86X 99X 207

(19027) 10° 10"

T, (15208) >°D, 5.2520 3.3X 77X 793

(17293) 10’ 10"

®The R, value is the distance from the donor state located on the
T 3+,
organic ligands and the Eu™ ion nucleus.
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Figure 9 The PL spectra of Eu-complex and Eu/PVB films in solid.
Left: excitation spectra (Aey, = 615 nm), right: emission spectra (A¢, =
365 nm).

3.6 Photophysical Properties of Eu-Complex Doped in PVB matrix
films

Lanthanide complexes into polymer matrixes
represent a new class of materials that combine with the

incorporated

characteristics of both complexes and polymers, thus making them
ideal candidates for use in wide range of new technologies 27 n
this manuscript, we describe the incorporation of a newly designed,

highly luminescent complex into PVB, a well-known, low-cost, easily

Polymer Chemistry

prepared polymer of excellent optical and mechanical quality.
Figure 9 shows the excitation spectra of the PVB matrix films doped
with Eu-complex Eu(TTA),Tpy-OCH3.2H,0 at different
concentrations 1, 3, 5 and 7% (w/w), and recorded at room
temperature in the spectral range of 200 to 500 nm, by monitoring
the emission at 613 nm. The spectral region from 200 to 400 nm is
dominated by an intense broad band which is assigned to the
polymer matrix and organic ligands absorption, and subsequent
efficient intramolecular energy transfer to the Eu®* ion.
Furthermore, the typical intraconfigurational transitions are absent
in these excitation spectra, owing to efficient energy transfer from
the organic moiety to the Eu** ion. These facts suggest the PVB

. . o ons 3+ .
matrices serve as efficient co-sensitizers for the Eu®" ion.

Table 4 Experimental Intensity parametersQ, , and luminescent parameters for PVB films doped with various amounts of the complex

Eu(TTA),Tpy-OCH;.2H,0, at 298 K

System 0,(10°°cm,) Q4(10%° cm,) And/St Avad/ST TUms  n(%) 1L/h CIE(x, y)

Eu(TTA),Tpy-OCH;.2H,0 15.12 2.84 54470  1209.69 057  31.05 1027  0.67,0.33
Eu-complex/PVB-1% 18.15 2.91 636.56  976.35 0.62 3947 1157  0.63,0.31
Eu-complex/PVB-3% 18.78 2.95 656.06  814.53 0.68 4461 1192  0.66,0.32
Eu-complex/PVB-5% 18.53 2.95 648.58  702.77 0.74 4800 11.85  0.67,0.33
Eu-complex/PVB-7% 17.41 2.77 61239  537.04 0.87 5328 1118  0.67,0.33

The emission spectra of PVB doped with Eu-complex at a variety
of concentrations and excited at 365 nm exhibit five characteristic
emission bands that are assigned to the 5Do - 7FJ (J = 0-4)
transitions of the Eu®" ion. As displayed in Figure 9, the luminescent
intensity of the Eu®* emission at 617 nm increases with increasing
s
not occurred with the increasing Eu*" content. The transition of
highest intensity is dominated by the hypersensitive SDU - 7F2

* content, the phenomenon of concentration quenching does

transition at approximately 617 nm, which implies that the Eu® ion
does not occupy a site with inversion symmetry. Moreover, the
presence of only one sharp peak in the region of the 5D0 - 7F0
transition at 581 nm suggests the occurrence of a unique chemical
environment around the Eu®" ion of symmetry type C;, C,, or C,,. It
is well-known that the magnetic-dipole transition 5DO - 7F1 is nearly
independent of the ligand field and therefore can be used as an
internal standard to account for ligand differences. The electric-
dipole transition 5D0 - 7F2, the so-called hypersensitive transitions,
is sensitive to the symmetry of the coordination sphere. The
intensity ratio of the magnetic dipole transition to the electric
dipole transition in the lanthanide complex measures the symmetry
of the coordination sphere. The intensity ratios (/,/I,) of the 5Do -
7F2 transition to the 500 -> 7F1 transition in the Eu/PVB films were
shown in Table 4. Compared with the undoped Eu-complex, the /,/I;
of Eu/PVB films is higher; these results suggest that, when the Eu-
complex is incorporated into the microcavities of the PVB matrix,

This journal is © The Royal Society of Chemistry 2015

the Eu®* ions exhibit different local environments because of the
influence of the surrounding polymer. The symmetry of the
coordination sphere for the Eu® ions changes moderately in the
Eu/PVB films as compared to the undoped Eu-complex. When
incorporated into the microcavities of the PVB matrix, however, the
complexes exhibit disorder of a certain magnitude. Under the
influences of the electric field of the surrounding ligands, the
distortion of the symmetry around the Eu®* ion by the capping PVB
results in the polarization of the Eu3+, which increases the
probability for electric dipole, allowed transition. The influences of
PVB on the coordinative environment of the Eu* ions changes the
energy transfer probabilities of the electric dipole transitions,
accounting for the increases in luminescent intensity of the 617
peak.

In addition, the Eu-complex and the all Eu/PVB films exhibit
characteristic red emission of Eu>* under UV 365 nm excitation, and
it is suggested that these comlexes can be potential red fluorescent
materials. The CIE chromaticity coordinates of Eu-compex, 1%, 3%,
5%, and 7% from the emission spectra are (0.67, 0.33), (0.63, 0.31),
(0.66, 0.32), (0.67, 0.33) and (0.67, 0.33), respectively, which
indicates pure red emission. The results are important because they
indicate these materials can be used in some special fields such as
OLEDs, optoelectric devices, etc.

The luminescence decay curves of Eu/PVB films were obtained by
monitoring the emission at the hypersensitive SDO - 7F2 transition

Polymer Chemistry, 2015, 00, 1-11 | 9
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(613 nm) and excitation at the F0 = °L transition (365nm). These
data were adjusted with a first-order exponential decay function
and the lifetime values (t) of the emitter SDO level of the doped
systems were determined and are listed in Table 4. All t values of
doped polymer systems are higher than that of the Eu-complex
indicating that radiative processes are operative in all the doped
PVB films due to the absence of multiphonon relaxation by coupling
with the OH oscillators from the Eu(TTA),Tpy-OCH;.2H,0.

The experimental intensity parameters (Q, and Q,) for the doped
Eu/PVB films and Eu(TTA),Tpy-OCH;3.2H,0 complex are listed in
Table 4. Large values of Q, are observed and can be validated as a
consequence of two concurrent factors. The first one is the
symmetry around the Ev* ion, allowing the appearance of all odd-
rank components in the noncentrosymmetric ligand field. The other
factor is related to the hypersensitive character of the 5Do - 7F2
transition of the Eu’* ion, suggesting that a dynamic coupling
mechanism is operative and the chemical environment around the
metal ion is highly polarizable. Especially, the values of Q, of Eu/PVB
films are higher the precursor Eu(TTA),Tpy-OCH;.2H,0, it was
attributed to the —C=0 groups successfully coordinated with the
B

around the Eu®".

in Eu/PVB films, and effectively increased the asymmetry

The radiative (A,,q) and non-radiative (A,.q) decay rates, and
quantum efficiencies (n) of the Eu/PVB films doped with
Eu(TTA),Tpy-OCH;.2H,0 at different doping concentrations are
presented in Table 4. Compared with the precursor Eu(TTA),Tpy-
OCH;.2H,0, all the PVB doped films exhibit more excellent quantum
efficiency values, ranging from 39.47 to 53.28%. These spectral data
indicate that beyond immobilizing the Eu®* ions among matrices,
the PVB also acts as sensitizer of the system which greatly enhances
the luminescence of the Eu®"ion. It is well-known that the efficiency
of the intermolecular energy transfer is strongly dependent on the
distance between the donor and acceptor (28], According to this
point of view, it is suggested that for the present system, the PVB
molecule, because of its long chain, has the capability to enwrap
the Eu(TTA),Tpy-OCH;3.2H,0 complex and keeps the acceptor and
donor close. In such a case, energy can be transferred efficiently
from ligand to Eu3+, resulting in the enhancement of intrinsic Eu®
emission of a Eu(TTA),Tpy-OCH;.2H,0. Thus the preserved rigidity
in the complex structure in PVB could be the origin of the enhanced
qguantum efficiencies. To the best of our knowledge, this is the first
report which detailed study the photophysical properties of doped
europium fluorescent films based on PVB as the polymer matrix.

4 Conclusions

We have designed, synthesized, and characterized a novel nine-

coordinate, highly luminescent europium complex based on
terpyridyl derivative Tpy-OCH; as ancillary ligand. The structure of
this Eu-complex is predicted for this chelate by Sparkle/RM1
calculations. The new complex displays efficient sensitized
luminescence in solid with a quantum efficiency of 31.05%.
Additionally, the newly designed complex

europium was

10 | Polymer Chemistry, 2015, 00, 1-11

incorporated into PVB polymer films, which were shown to exhibit
exceptionally high PL quantum efficiencies (39.47-53.28%). This
implies that the PVB with high molecular weight enwraps the Eu-
complex and keeps the donor and acceptor close, which results in
the effective intermolecular energy transfer and, consequently, the
high sensitization efficiency. In conclusion, the PVB films doped with
the Eu-complex show promising PL efficiency and therefore have
potential applications as polymer light-emitting diodes and active
polymer optical fibers.
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The first example of doped Eu-complex/polymer fluorescent films based on PVB as
the matrix has been reported.




