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An efficient pink luminescent Eu(in) coordination
polymer excited on a blue LED chipt
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Two new sets of lanthanide-based coordination polymers (CPs), [Ln(DHTP)(NOs)(H,O)4l, [Ln1 = Gd1,
Eul] and [Eux(DHTP)(TTA)4(DMF),(MeOH),], (Eu2) using 2,5-dihydroxyterephthalic acid (DHTP) and
incorporating thenoyltrifluoroacetone (TTA) units, have been synthesized via condensation reactions and
characterized. The single-crystal X-ray diffraction studies revealed that the Eul CP has a 2D zig-zag
chain while the Eu2 CP exhibits a 2D polymeric structure derived from dinuclear Eu(m) building blocks.
A detailed photoluminescence study proved that the band structure of the DHTP ligand is suitable for
the luminescence sensitization of Eu(m). Efficient red emission is observed for the Eu(i) polymers in the
solid state with a fairly large luminescence intrinsic quantum yield (Qg,) of 52% from the Eu2 CP. Finally,
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a light emitting diode (LED) was fabricated by using a resin of 10% Eu2 CP-silicon oil as the emitting
layer over an InGaN blue LED chip. Interestingly, the Eu2/InGaN LED displays pink light with CIE 1931
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1. Introduction

Coordination polymer (CP) synthesis continues to stimulate
research interests worldwide due to their potential for applica-
tions in a range of fields." Among the plethora of metal ions,
trivalent lanthanide [Ln(wm)] ions remain at the forefront to
synthesize lanthanide coordination polymers (LnCPs) due to
their structural diversity and intriguing unique photophysical
properties.>” These properties include, but are not limited to,
highly monochromatic photoluminescence (PL) (full width at
half maxima (FWHM) = less than 10 nm), a large Stokes shift of
the absorbed and emitted radiation, high PL quantum yield
and a long luminescence lifetime (millisecond to microsecond).
Moreover, a special property is the fingerprint PL (red PL for
Eu(w), green PL for Tb(w), orange to deep red for Sm(m) etc.. . .)
that covers the entire visible spectrum.® Thus, manipulation of
PL colour could be achieved by just changing the Ln(ui) ions
without the use of expensive synthetic chemistry, which is
needed when a transition metal ion is chosen. The LnCPs are
designed and synthesised by self-assembly of a suitable organic
“linker” with the Ln(m) metal ion into multi-dimensional
solids.” In addition to their fascinating optical properties,
LnCPs possess good chemical and thermal stability® with
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chromaticity coordinates of (0.437, 0.185).

improved mechanical strength.’” Because of these features,
several LnCPs have been used in a range of applications such as
sensors'® and full-colour and white LEDs."

Within the class of LnCPs, the Eu(m) CPs have attracted
attention for red LEDs. Hasegawa and co-workers have devel-
oped a red phosphor excited by a blue LED."* The synthetic
manipulation of red phosphors can be readily achieved by
altering the organic linker(s).">"* First, the organic linker itself
can act as an antenna, and because Eu(ui) has a low-lying, first
excited state of D, at 17000 cm ™', any organic linker with
triplet state energy higher than 19000 cm™" can sensitize the
Eu(u) centre efficiently and promote its emission quantum
yields according to Latva's empirical rule.’® Second, attachment
of various functional groups such as hydroxyl, amino or nitro
groups can alter the nature of the steric effects through variable
hydrogen bonds (HBs) in the crystal lattice. This could lead to
the formation of a tight 3D packed array of polymers that would
suppress the non-radiative relaxation transitions about the
Eu(m) centre. In addition, these packed arrays can enhance
thermal stability of the polymers, making them suitable
materials for LEDs."®

Ln(m) ions are hard acids and thus have a strong tendency to
coordinate with hard bases. Due to the strong oxophilicity of
Ln(ur) ions,"” many studies have focused on the linkers contain-
ing multi-carboxyl aromatic systems.'®'® The multidentate
carboxyl groups in the ligands provide abundant coordination
modes with Ln(m) that lead to variable structures and lumines-
cence properties.” In the present work, we have utilized DHTP
as a prime organic antenna moiety to design and synthesize a

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 The synthetic routes for the coordination polymers: Eul and Eu2. Bottom: The different coordination modes of the DHTP ligand.

novel class of Eu(m) CPs of the general formula: [Eu(DHTP)-
(NO3)(H20),4], (Eul) (Scheme 1). Long-range non-covalent inter-
actions (NCI) such as inter- and intra-molecular HB interactions
play a central role in supramolecular chemistry and molecular
recognition.*"** In the DHTP linker, there are two hydroxyl groups
at 2 and 5 positions that could be involved in inter- and intra-
molecular HB interactions to form 2D and 3D supramolecular
structures, which is indeed the case as determined using single
crystal X-ray diffraction studies (vide supra). Moreover, HB inter-
actions could be beneficial in improving the PL properties by
suppressing the non-radiative relaxation transitions.”*** Further-
more, the supramolecular structures formed through the HB effect
could trigger other NCIs such as - - -n interactions (vide supra)®
and will certainly be helpful in improving the thermal stability,
energy migration and electron transport properties.>* Moreover,
the presence of water and solvent molecule(s) in the inner-
coordination sphere has a detrimental effect on the PL processes
due to vibronic coupling. Nevertheless, this can be overcome by
replacing them with additional suitable ligand(s). One of the
ligands of choice is “p-diketone” that has dominated the lantha-
nide coordination chemistry. We have employed TTA as an
ancillary ligand to synthesize another set of Eu(u) CPs with the
formula: [Eu,(DHTP)(TTA),(DMF),(MeOH),],, (Eu2). The presence
of TTA would result in chemically and thermally stable Eu2 CPs
due to the presence of hard donor oxygen atoms with favourable
triplet states, especially for Eu(m), improving the PL properties of
polymers. The photophysical properties of the Eu(m) CPs were

This journal is © The Royal Society of Chemistry 2023

analysed in detail by means of excitation and emission time-
resolved spectroscopy. The effect of the bonding ancillary ligand
in the present LnCPs has been discussed in detail by correlating
with the Judd-Ofelt (2, and Q,) intensity parameter, radiative (kg)
and non-radiative (kxg) decay rates, and radiative lifetime ().
Encouraged by the interesting photophysical properties, we doped
the Eu2 CP onto a InGaN blue LED device. The fabricated device
displayed pink emission with CIE coordinates of x = 0.41 and
y=0.18.

2. Experimental section
General details

All organic reagents, metal salts and solvents were purchased
from commercial suppliers and used as received without
further purification. Infrared spectra were recorded using KBr
pellets on a PerkinElmer FT-IR spectrometer BX in the range of
4000-400 cm ™", Electrospray (ES) mass spectra were recorded
on a VG Autospec magnetic sector instrument. Elemental
analysis for carbon, hydrogen and nitrogen was performed
using the PerkinElmer 2400 CHNS/O Series II Elemental
Analyser.

Synthesis of Ln1 CPs (Eul and Gd1)

The general procedure of preparing Ln1 CPs involves reacting
Ln(NO;);-xH,O (Ln = Eu or Gd) salts with the ligands ina 1:1
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molar ratio in the presence of MeOH/water. The mixture was
refluxed for 4 hours at 100 °C. For example, DHTP (0.050 g,
0.25 mmol) was dissolved in a mixture of MeOH (10 mL) and
water (30 mL) and refluxed for 30 minutes. The pH of the
solution was adjusted to 7 by the addition of a few drops of
dilute NH;. Then Eu(NO3);-5H,0 (0.10 g, 0.25 mmol) dissolved
in 2 mL of water was added dropwise to the previous solution.
The mixture was stirred at 100 °C for 4 hours and then cooled to
RT. Colorless crystals formed, which were filtered and washed
with MeOH. The polymers are air and moisture stable solids,
and their characterization data are as follows:

[Eu(DHTP)(NO,)(H,0),], (Eu1)

Colorless blocks. Yield 80%. EuCgH;,N;0;3 (482.08) Exp (calc):
%C 20.01 (19.93), %H 2.43 (2.50), %N 2.72 (2.90); ESI-MS m/z
567.2 {[Eu(DHTP),H,0]}", 432 {[Eu(DHTP)(NO;) H,O]}", and
646 {{Eu(DHTP),(NO;)(H,O)]} (Fig. S1, ESIT). FT-IR cm " (solid):
3345, 2960, 1590, 1506, 798.

[GA(DHTP),(NO;)(H,0),], (Gd1)

Colorless blocks. Yield is 80% of yellow powder. GACgH;,N;013
(487.43) Exp (calc): C% 19.63 (19.69), H% 2.45 (2.48), N%
2.79 (2.86); ESI-MS m/z: 633 {[Gd(DHTP),(NO,)(H,0)]}", 651
{{GA(DHTP),(NO5)(H,0),]}".

Synthesis of Eu2 CP

The general procedure of preparing the Eu2 polymer involved
reacting EuCl;-6H,0, DHTP and TTA in a molar ratio of 1:1:2
in MeOH/DMF at pH 7. For example, TTA (0.23 mmol, 0.050 g)
and EuCl;-6H,0 (0.040 g) were dissolved in MeOH (7 mL) and
water (5 mL). The pH was adjusted to 7 by the addition of dilute
NH; solution. After stirring for 30 min at 80 °C, DHTP
(0.11 mmol, 0.020 g) was added. The reaction mixture was
stirred at 100 °C for 2 hours. DMF (2 mL) was added and the
reaction mixture was left to cool at room temperature. Pale
yellow crystals formed overnight. The solid was filtered off and
washed with MeOH. The Eu2 polymer is an air and moisture
stable solid, and its characterization data are as follows:

[Eu,(DHTP)(TTA)(DMF),(MeOH),], (Eu2)

Pale yellow blocks. Yield 78%. EuC,,H,3N;01,F¢S, (815.32) exp
(calc): C% 35.39 (35.36), H% 2.77 (2.84), N% 1.79 (1.72) ESI-MS
m/z: 836.25 {{Eu(DHTP)(TTA),(DMF)-(MeOH)|(H,O)}" and 1654.25
{[Eu,(DHTP)(TTA),(DMF),(MeOH),](H,0),}". FT-IR cm™ " (solid):
3237, 1599, 2930, 1124, 1247 and 680.

Single crystal X-ray diffraction analyses

Single crystals of Eul and Eu2 were obtained as detailed above
and the data were collected at 150 K, using a STOE IPDS II
diffractometer equipped with Mo-K, radiation. The sample
temperature was controlled using an Oxford Diffraction Cryojet
apparatus. Data were integrated using the Stoe X-AREA*® software
package. The numerical absorption coefficient, p, for MoKa
radiation is 7.383. The numerical absorption correction was
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applied using the X-RED software package.”” The data were
corrected for Lorentz and Polarizing effects. The structures
were solved using direct methods and subsequent difference
Fourier maps and then refined on F?> by a full-matrix least-
squares procedure using anisotropic displacement parameters
with SHELXS-97.%® All of the hydrogen atoms were positioned
geometrically in idealized positions and refined with the riding
model approximation, with Ujso(H) = 1.2 or 1.5Ucq(C). All the
refinements were performed using the WinGX*° suite of
programs. For the molecular graphics the program Mercury
package was used.*® The non-hydrogen atoms were refined
anisotropically. In [Eu,(DHTP)(TTA),(DMF),(MeOH),], (Eu2),
the carbon atom C22 from the TTA unit is disordered and
was refined as isotropic to keep the refinement stable. Comments
on the checkeif files can be found in detail in the supplementary
information.

Photophysical measurements

UV-visible absorption spectra were recorded on a Varian Cary
5000 UV-visible spectrophotometer in the 250-800 nm range.
Quartz cuvettes of 1 cm path length were used and solvent
background corrections were applied. Steady state emis-
sion spectra and phosphorescence lifetimes (tops) for Eu(ur)
f-f transitions in the solid state were recorded on an Edin-
burgh FS5 fluorimeter at RT. The lifetimes were measured by
recording the decay at the maximum of the emission spectra.
The goodness of the fits was judged by the value of the
reduced chi-squared (7). The triplet state energy of DHTP
was recorded from its Gd(m) polymer in ethanol (1 x 107> M)
at 77 K using an NMR tube. Important photophysical para-
meters such as Judd-Ofelt (J-O) parameters (2, and Q,),
radiative (kg) and non-radiative (kng) decay rates, radiative
lifetime (7,) and intrinsic quantum yield (Qf4) were calculated
using the following eqn (1)-(6) and details were reported
elsewhere.*

3fikg [*Dy — "F,]

QP — - - 3 (1)
32213 yv[> Dy — "F,]|(*Do|[UW || 7F,)|
4
kr = ZkR [SD() — 7FJ} (2)
7=0
SD N 7F ]
5D 7F — ‘/[()71
Do = TF) =55 =] )
3
A [SDO — 7FJ] 5 7
X AFDy = 7F,) kelDo = ]
Ty = l/kR (4)
1 1
kng = ——— >
NR Tobs Tr ( )
_Tobs_ kR
Qru = T kR +kNR ©
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Fabrication of a LED package

An InGaN blue LED as a side-view type LED package (Nichia
Corporation) was fabricated. A silicon resin with 10% of Eu2 CP
was doped on the surface of the blue LED.

3. Results and discussion

3.1 Synthesis, characterization and thermal analysis of
Eul CP

New Ln(ur) CPs, where Ln is Eu and Gd with DHTP, have been
successfully synthesized and their structures were established
by single crystal X-ray diffraction, elemental analysis, infrared
spectra and thermogravimetric analysis. The synthetic routes
for the polymers are presented in Scheme 1. The first set of
polymers, Lnl, was obtained from the reaction of Ln(m) nitrate
salts with DHTP in a 1: 1 molar ratio in aqueous media at pH 7.
After a couple of hours under reflux, the polymers started to
precipitate. Crystals from [Eu(DHTP)(NO3)(H,0),]., (Eul) were
successfully obtained by solvent diffusion within a few minutes.
Eul CP exhibits a 2D zig-zag chain in a 2D network. However,
another set of Ln(m) CPs has been designed by the incorpora-
tion of TTA units to afford further protection for the Ln(im)
centre from coordinating water molecules. EuCl;-6H,0, DHTP
and TTA moieties were reacted in a molar ratio of 1:1:2 in a
mixture of MeOH and DMF at pH 7. Sharp needles of the CP:
[Eu,(DHTP)(TTA)4(DMF),(MeOH),], (Eu2) were obtained by the
slow evaporation of the reaction mixture within a few hours.

Table 1 Crystal data and structure refinement for Eul and Eu2 CPs

View Article Online
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The second polymer, Eu2, is based on dinuclear Eu(u) building
blocks that exhibit a different 2D chain of polymers.

Infrared results

The solid-state infrared spectra (IR) of DHTP and its CPs were
investigated (Fig. S2, ESIT). For DHTP, a strong stretching band
of O-H attributed to the carboxylic acid and alcohol is observed
at 3450 cm™; and a carbonyl (C=O0) band attributed to the acid
is observed at 1638 cm ™. However, to determine the coordina-
tion mode of the carboxylate group, one can use the equation:*?

Av,s_s = [025(COO) — v5(COO)]

where v,5(COO) and vs(COO) are, respectively, the asymmetric
and the symmetric stretching of C=O0 in the carboxylic acid.
Generally, if the stretching difference Av,s_¢ value is less than
200 cm %, it is believed that COO~ adopts the bidentate and
bridging mode. If the Av,,_, value is greater than 200 cm ™, it is
believed that the COO™ adopts the monodentate mode. In the
IR spectra of the Ln(ur) CPs, the calculated Av,s ¢ value is less
than 200 cm™" for the coordinating DHTP. For example, for
Eul, the asymmetric stretching vibration peak of the COO™
groups is located at 1590 cm ™, while the symmetric stretching
vibration absorption peak appeared at 1506 cm™*. The calcu-
lated Av,s value is 84 cm™*. These results confirm that the
COO™ groups adopt the bidentate chelating mode by bridging
the two Ln(m) centres in all sets of CPs. In addition, the CPs
exhibit a broad band centered at around 3300 cm ™" confirming

Identification code Eul Eu2
Empirical formula CgH;,EuUNO;5 Cy4Hy o EuFgNO,GS,
Formula weight 514.14 796.49
Temperature 150(2) K 150(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P2,/c P24/n

a 15.460(3) A 9.990(2) A

b 6.4600(13) A 19.280(4) A

c 15.470(3) A 15.570(3) A

o 90° 90°

B 90.10(3)° 90.30(3)°

y 90° 90°

Volume 1545.0(5) A* 2998.9(10) A*
zZ 4 4

Density (calculated) 2.210 Mg m 3 1.760 Mg m™>
Absorption coefficient 4.144 mm! 2.317 mm !
F(000) 1000 1560

Crystal size
Theta range for data collection
Index ranges

0.200 x 0.200 x 0.100 mm?®
2.633 t0 26.356°

—17<h<19,-8<k<8-19<1<19

Reflections collected 11687
Independent reflections 3137 [R(int) = 0.1054]
Completeness to theta = 25.242° 99.8%

Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 2sigma(J)]
R indices (all data)

Full-matrix least-squares on F>
3137/8/218

1.266

R, = 0.06608, WR, = 0.1594

R, = 0.0951, WR, = 0.1754

Extinction coefficient 0.0013(4)
Largest diff. peak and hole 3.826 and —2.625 ¢ >
CCDC deposition number 2204044

This journal is © The Royal Society of Chemistry 2023

0.180 x 0.160 x 0.050 mm?®
2.428 to 27.497°

12 < h <12, -23 < k<25 -20 <1< 20
27796

6863 [R(int) = 0.0592]

99.9%

Full-matrix least-squares on F*
6863/209/442

1.152

R, = 0.0644, WR, = 0.1502

R, = 0.0756, WR, = 0.1566
0.0038(4)

1.631 and —1.818 e A~3
2204043
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the presence of OH units of DHTP protonated and uncoordi-
nated to the metal centres.

Thermogravimetric analysis

The thermal stability of the Ln(u) CPs has been investigated
using thermogravimetric analysis, TGA. Fig. S3 (ESIT) shows the
thermogram of Eu2 recorded under an inert N, atmosphere.
The TGA curve gives a good indication of the stability of the
polymer up to 170 °C. In fact, the first decomposition process
occurs between 170-360 °C as the TTA units are lost with a
weight loss of 51.1%, calc (52.1%). The second weight loss takes
place between 360-1150 °C as the main coordination polymer
[Eu(DHTP)] decomposes with a weight loss of 26.6%, calc
(27.2%). Finally, the last decomposition step corresponds to
the residual europium oxide with a weight loss of 22.1%, calc
(21.7%). We observed similar behaviour for other Ln1 CPs.

3.2 Analysis of single crystal X-ray structures

Crystal structure of Eul. Crystals from [Eu(DHTP)(NO;)-
(H20)4]oo (Eul) crystallize in the monoclinic space group
P2,/c. The important crystallographic data and structure refine-
ment for all the Ln(m) complexes reported herein are listed in
Table 1. X-ray diffraction studies reveal a 1D zig-zag polymer of
Eul assembled from DHTP®>~ and Eu(NO;)** units. The asym-
metric unit of Eul contains one Eu(m) centre coordinating to
one DHTP?" ligand, one nitrate ion and 8 water molecules.
Each Eu(m) centre is in a 9-coordinate environment, with four
carboxylate oxygen atoms (O, O°, 0" and O%) derived from two
bridging DHTP ligands, and another four oxygen atoms (0", 0%,
0? and O%) from four aqua molecules and one oxygen atom (O°)
from the nitrate ion, Fig. 1(a). The EuOy coordination polyhe-
dron can be described as a capped square-antiprism with
approximate C,-symmetry around the metal centre. The bond

(a)

View Article Online
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distances to the Eu(ur) center are comparable to those of
previously published Eu(m) CPs from carboxylate units.>* The
Eu-Ocarboxylate bond length is in the range of 2.480(7)-2.508(8) A
(Table 2); the Eu-Op;qqace bond length is 2.535(7) A; and the
Eu-O,qua bond length is in the range of 2.372(7)-2.422(8) A. The
angle between the two Eu(OCO) planes is 81.78° identified by
atoms: C1, Eul and C5.

Interestingly, DHTP adopts the coordination mode of type I
(Scheme 1) to bridge two Eu(in) centres to form an infinite 2D
zig-zag chain as shown in Fig. 1b. The calculated Eu---Eu
separation is 11.518 A. The alcohol group (-OH) of DHTP does
not participate in coordination to the Eu(u) centre, but is
involved in the formation of hydrogen interactions of O15-
H---015" and O16-H---0O16’ between the alcohol groups on
both sides of the adjacent zigzag chains of Eul to link the 2D
chains into 2D supramolecular zigzag sheets (Fig. 1c). The
distances of the hydrogen interactions in these contacts are
3.113 and 3.314 A respectively. There are other O-H---O con-
tacts that also play an important role in stabilizing the archi-
tecture which have been identified between the aqua ligands
and the COO units. For example, the O2-H---O5 contact is
found to be 2.772 A. As expected, the 3D supramolecular
zig-zag sheets of Eul are packed in an ABAB sequence along
the a-axis direction.

We also synthesised a Gd1 CP with DHTP. All of the spectro-
scopic and analytical data confirmed the formulation of the CP:
[GA(DHTP)(NO,)(H,0),], (Gd1).

Crystal structure of Eu2

The crystal structure of the Eu2 CP exhibits a 2D coordination
polymer derived from dinuclear Eu(u) building blocks, Fig. 2.
The asymmetric unit contains one independent Eu(u) centre
in an 8-coordinate environment, which is bonded to two

(b) L L
( (
" N
\\
7 7 N
J J
Al A
(c) | |
~ T/* N T,»

N \’f\- //l\\”"ﬂ’*\-%(‘\\/\
\ \j//\/ \\\ﬁ/ \/\\\\»
(+\- «'+\- ('{‘

Fig. 1 (a) Presentation of the coordination sphere of Eu(u) in Eul. (b) View of the two-dimensional infinite zig—zag chain formed by Eul CP. (c) View of

the 3D supramolecular zigzag sheets formed by Eul CP.
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Table 2 Bond lengths [A] and angles [°] for Eul
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Table 3 Bond lengths [A] and angles [°] for Eu2®

Eu(1)-0(1) 2.376(9) Eu(1)-0(6) 2.475(9)
Eu(1)-0(2) 2.365(9) Eu(1)-0(7) 2.512(10)
Eu(1)-0(3) 2.412(10) Eu(1)-0(8) 2.486(9)
Eu(1)-0(4) 2.411(10) Eu(1)-0(9) 2.536(9)
Eu(1)-0(5) 2.496(9)

0(2)-Eu(1)-0(3) 85.5(3) 0(2)-Eu(1)-0(7) 122.7(3)
O(1)-Eu(1)-0(3) 85.0(3) O(1)-Eu(1)-0(7) 76.6(3)
0(4)-Eu(1)-0(3) 134.5(3) 0(4)-Eu(1)-0(7) 144.9(3)
0(2)-Eu(1)-0(6) 71.3(3) 0(3)-Eu(1)-0(7) 73.6(3)
O(1)-Eu(1)-0(6) 127.8(3) 0(6)-Eu(1)-0(7) 93.6(3)
0(3)-Eu(1)-0(6) 141.8(3) O(8)-Eu(1)-0(7) 51.7(3)

carboxylate oxygen atoms from two bridging DHTP ligands,
four oxygen atoms from two TTA units, one oxygen atom from
DMF and one oxygen atom from a methanol molecule. The
EuOg coordination polyhedron has the geometry of a distorted
square antiprism, with approximate C,-symmetry around the
metal centre. The bond distances to the Eu(m) centre are
comparable to those of known Eu(u) polymers with ligands
that adopt similar coordination modes.** As summarized in
Table 3, the Eu-Ocarboxyiate ONds are in the range of 2.340(6)-
2.364(7) A, Eu-Orr, bonds are in the range of 2.302(7)-
2.368(7) A; and the Eu-Opyr bond length is 2.397(7) A. The
angle between the two Tb(OCO) planes is 79.90°.

Compared with Eul, DHTP adopts a different coordination
mode of type II to connect the Eu(m) centers (Scheme 1). Each
building block contains two Eu(im) centres linked together by
one carboxylate unit from one side of DHTP (Fig. 2b). So, within
the di-nuclear building block, the Eu- - -Eu separation is 5.224 A.
The adjacent building blocks connect to each other by one
carboxylate unit from the other side of DHTP resulting in the

Eu(1)-0(1) 2.339(5) Eu(1)-0(6) 2.304(6)
Eu(1)-0(2) 2.362(5) Eu(1)-0(7) 2.325(6)
Eu(1)-0(1M) 2.445(6) Eu(1)-0(8) 2.370(6)
Eu(1)-0(5) 2.365(6) Eu(1)-0(9) 2.392(6)
0O(6)-Eu(1)-0(7) 87.6(2) 0O(7)-Eu(1)-0(8) 72.1(2)

0(6)-Eu(1)-0(1) 106.3(2) O(1)-Eu(1)-0(8) 140.8(2)
0(7)-Eu(1)-0(1) 146.1(2) O(2)#1-Eu(1)-0(8) 73.1(2)

0O(6)-Eu(1)-O(2)#1 142.7(2) 0O(5)-Eu(1)-0(8) 135.1(2)
O(7)-Eu(1)-O(2)#1 100.6(2) 0(6)-Eu(1)-0(9) 76.1(2)

O(1)-Eu(1)-0(2)#1 86.9(2) 0O(7)-Eu(1)-0(9) 145.9(2)

¢ Symmetry transformations used to generate equivalent atoms: #1 —x +
1, —y+1,—z+land #2 —x+2, -y +1, —z+ 1.

formation of a two-dimensional polymer as shown in Fig. 2c.
The polymer exhibits n---n stacking interactions of 3.698 A
between the DHTP and the thenoyl rings that are responsible
for the stability of the polymer. The Eu- - -Eu separation between
two successive building blocks is 12.045 A. In addition, each
building block exhibits variable H-bonding interactions of
OH- - -O(TTA) (2.667 A) and (DHTP) CH---O(TTA) (2.932 and
3.558 A). Finally, the parallel chains of polymers are packed
together through CH- - -F contacts that results in the formation
of 3D supramolecular sheets, Fig. 2d.

4. Photophysical properties

The UV/Vis absorption spectrum of the free DHTP was deter-
mined in dilute tetrahydrofuran solution (10> M) and is shown
in Fig. S4 (ESIT). The spectrum displayed a strong n-r* transi-

tion /255 = 374 nm with a molar absorption coefficient (&) of

Fig. 2 (a) The asymmetric unit of Eu2. (b) Presentation of the dinuclear Eu(m) building blocks in Eu2. (c) View of the Eu2 polymer. (d) View of the 3D

supramolecular sheets formed by the Eu2 CP.
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26000 M~ em™ ' implying that the organic linker has a good
light absorbing capability. The Ln CPs are not soluble in
common solvents and their absorption spectra are not recorded
in solution.

Apart from the light absorbing capability, an important
parameter of efficiently emitting lanthanide material is energy
matching between the triplet band energy (T;) of the chelating
organic ligand and the emitting state of the Ln(mj) ion in
question. Generally, in CPs, the organic linker DHTP would
most likely behave as an aggregated organic compound with
band-network structures rather than a single molecule.’®
Upon coordination to the Ln(m) centre, the triplet state energy
of the band is responsible for the sensitization process. Thus,
the triplet band energy (T;) of DHTP can be determined
experimentally from the phosphorescence spectrum of its iso-
structural Gd(m) CP recorded in ethanol at 77 K. Generally,
Gd(u) complexes are optimal for this purpose due to the large
probability of the phosphorescence because of the combination
of both paramagnetic®® and heavy atom effects. Moreover, °P,,
of Gd(m) lies at 32 000 cm ™, which is too high to be populated
by most of the organic ligands.?” Therefore, we synthesized a
new Gd1 CP (please see the Experimental section) and mea-
sured its phosphorescence spectrum at 77 K and fluorescence
spectrum at room temperature (Fig. S5, ESIt). From the 77 K
phosphorescence spectrum of Gd1, T; of the DHTP is calcu-
lated which is equal to 21 800 cm ™" (458 nm) and is comparable
to that of related terephthalate ligands reported previously.*®
The energy gap (AE) between T, and D, falls within the range
suggested by Latva’s rule,*>*® AE = 4500 cm ™", highlighting the
efficiency of Eu-CPs. Moreover, according to Reinhoudt’s
empirical rule,** the intersystem crossing (ISC) process
becomes effective if the energy difference, AE(S; - Ty), is
around 5000 cm ™. To check this, we have also calculated the
singlet state energy (S;) of DHTP which is 27 000 cm ™" (370 nm)
with the AE(S; - T;) & 5200 cm " implying effective ISC in the
sensitization process, Fig. S6 (ESIT).

The steady-state PL spectra of Eu(u) CPs were investigated in
detail in the solid-state at room temperature, Fig. 3, and are
summarized in Table 4. Upon excitation, the CPs exhibited
typical Eu(m) emission transitions originating from the °D,
excited state to the ground mutiplets: “Fo_4. The spectra in each
case are dominated by the electric-dipole D, — ’F, transitions.
It has been well documented that the ratio between the relative
intensity of the magnetic-dipole and electric-diploe transitions
i.e. Ryy = I(°Dy— "F,)/I(°Dy— 'F,) (I = integrated emission inten-
sity of the corrected emission spectrum) can be used as a
criterion for the symmetry distortion of the Eu(i) ion’s nearest
surroundings. The high value of R,; =~ 10.28 and 12.70,
respectively, for Eul and Eu2 suggests that the surroundings
around the Eu(m) ion in the CPs are non-centrosymmetric, with a
low symmetry of the crystal field (C,) for the Eu(m) centre in
8-coordinate and 9-coordinate geometries in agreement with their
X-ray crystal structures.”> Moreover, the higher total integral
intensity of °D,—’F, transition compared to °D,—’F; also
indicates that the forced electric dipole and the dynamic coupling
mechanism are dominant over magnetic dipoles.**
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Fig. 3 Room temperature solid-state PL spectra of the Eu-CPs: (a) Eul
(excited at 370 nm) and (b) Eu2 (excited at 345 nm).

The CIE (Commission Internationale de 1’Eclairage) coordi-
nates are used to characterize the color and location of all the
color coordinates produced within the limit of the CIE chro-
maticity diagram. The CIE color coordinates of Eu-CPs are
shown in Fig. 4. The CIE color coordinates of Eul fall in the
orange region while Eu2 displays typical red emission with CIE
color coordinates very close to the National Television System
Committee (NTSC) (0.668, 0.325) and thus Eu2 could be a
promising candidate as a red component for the fabrication of
LEDs.”* The orange emission of Eul could be due to the
presence of residual ligand fluorescence, which arose because
of the presence of water/DMF molecules in the inner coordina-
tion sphere that deactivates the excited state non-radiatively.

To further understand the extent of participation of the non-
radiative process in both Eu(m) CPs, we utilized time-resolved
spectroscopy and determined the °D, excited state lifetime
(Tobs): Tobs Was determined by fitting the decay curves in
Fig. S7 (ESIt). As expected Eul displayed an 8.46 fold shorter
Tobs Value than Eu2. To clearly understand, we have utilized the
steady-state emission spectra and 7,ps to calculate important
photophysical parameters such as the radiative decay rate (kg),

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/D3TC00215B

Published on 09 March 2023. Downloaded on 7/30/2024 10:26:17 AM.

Paper

View Article Online

Journal of Materials Chemistry C

Table 4 Summary of the experimental photophysical parameters of the Eu(mn) CPs at RT

Q, Q, FWHM Tobs T Ke Knr

x 1077 em” (nm) (1) (ns) (s ) Qku Ry CIE(y)
Eu-1 18.05 6.29 11.01 78.00 1463 683.58 12136.93 5.33 10.28 (0.518, 0.340)
Eu-2 22.29 8.50 8.78 600 1756 869.39 797.27 52.16 12.70 (0.668, 0.325)

Q, and Q, were calculated by applying eqn (1) and (2). Kr and kyr were calculated by applying eqn (2) and (4). Qg, was calculated by applying

eqn (6).

0.
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Fig. 4 The CIE 1931 chromaticity diagram of the Eu(i) CPs in the solid-
state.

non-radiative decay rate (kyg) and the intrinsic quantum yield
of the Eu(m) centre, Qg,. The Q2 and Q, values were also
calculated by applying the mathematical eqn (1)—(6). All the
obtained data are summarized in Table 4. It can be clearly seen
from the table that Eul exhibited large Kngr = 12,136.93 st
compared to Eu2 (Kyg = 797.27 s~ ). This behaviour is further
reflected in the intrinsic quantum yield of Eul (Qg, = 5.33) that

5D, = 7F
(a) ) o> ‘F2
':‘A.‘ 375 nm
{ <
! ./
! s
! )
H '
' 1
' ]
' H
! '
T |/ -.
Q ] \
2 ! H c
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2 r ! A Do > 7F;
c \
S \ \ 7Ey— 5D,
= \ |\ :
N *. 5Dy > 7F,
|
5\ \ | Do >7Fo Dy >7F;
N \
N 2 ﬂ
250 350 450 550 650

Wavelength (nm)

is more than 10 times lower than that of Eu2 (Qg, = 52.16). The
value of Qg, indicates the extent of non-radiative de-activation
processes in the inner and outer coordination spheres of the
Ln(ur) ion. The Eu(mr) emission is more efficient in Eu2 CP due
to the presence of chelating TTA units that protect the Eu(u)
center efficiently from coordinating water molecules that lead
to de-activation processes. Furthermore, the high values of Q,
viz. 18.05 x 10~ 2° ecm? and 22.29 x 1072° cm? for Eul and Eu2,
respectively, imply that the Eu(u) ions in the CPs are in a highly
polarizable chemical environment, which further leads to
higher values of R,;. The higher Q, value of Eu2 compared to
Eul could be attributed to strong delocalization of the asym-
metric B-diketonate oxygen charge around Eu(m) inside the
coordination sphere.** Finally, the calculated Q, parameter is
related to long-range effects such as NCIs (HB, n-n stacking,
etc.) and rigidity. The high values of the Q, parameter in Table 4
suggest that the Eu(u) CPs display these features as verified by
the crystal structure of the polymers.

Fabrication of LED

Because of the large intrinsic quantum yield of Eu2 CP (Qg, =
52.16), its potential application as a red phosphor in fabricating
a LED was investigated.’ First, the excitation spectrum of Eu2
in the solid-state was studied and presented in Fig. 5a. A broad
band from 300 to 420 nm is observed in addition to 4f-4f
transitions of Eu(m) from "F, — °D, and "F, — °D; transitions
at 466 and 507 nm, respectively. This means that the Eu(u)
centre can be sensitized by the absorption of light between
300 and 420 nm. In fact, DHTP can absorb UV-light at 378 nm.
Therefore, the Eu(in) centre can also be sensitized by using blue

(b) Eu2 CP LED Device

Intensity (cps)

380 430 480 530 580 630 680

Wavelength (nm)

Fig. 5 (a) The excitation and emission spectra of Eu2 CP and (b) the emission spectrum of the Eu2/InGaN chip device excited at 375 nm.
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LED irradiation under excitation at 375 nm. Indeed, a LED was
fabricated by coating a resin of 10% Eu2 CP-silicon oil onto a
blue InGaN chip.'* The emission spectrum of the Eu2/InGaN
LED device is shown in Fig. 5b. It shows a combination of blue
emission from the InGaN chip and a red luminescence from
Eu2 CP. Interestingly, the CIE 1931 chromaticity coordinates
exhibit a considerable shift of the colour coordinates of Eu2
from (0.668, 0.325) to (0.437, 0.185) when doped on the blue
chip. A simple colour detection under a UV lamp reveals the
emission of pink light from the LED (Fig. 5b inset). The red
light from Eu(m) has mixed with the blue light from the InGaN
chip to generate the pink light from the chip device. As a result,
the Eu2 coordination polymer is promising for application as a
red phosphor in fabricating LEDs.

Conclusions

Novel Eu(m) CPs were successfully synthesized and character-
ized. The Eu(m) polymer: [Euy(DHTP)(TTA),(DMF),(MeOH),],
(Eu2) exhibited a large luminescence intrinsic quantum yield of
52% and high thermal stability up to 170 °C. A simple LED was
fabricated by coating a resin of 10% Eu2 CP-silicon onto a
blue InGaN chip. A pink light emission was observed from the
device.
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