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in isostructural homochiral lanthanide metal-—
organic frameworkst
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Wenbo Wang,? Ruiying Wang,? Yafang Ge® and Benlai Wu (.
Four lanthanide-based homochiral metal-organic frameworks (Ln-HMOFs), {[Lny(HL)>(H,0)4]-2CL-5H,0%},
[Ln = Gd (1), Eu (2), Tb (3) and Dy (4)], have been synthesized through solvothermal reactions of chiral
ligand (S)-5-(((1-carboxyethyllamino)methyl)isophthalic acid (HsL) with corresponding LnClz-6H,O. They
are binodal (3,6)-connected frameworks with kgd nets based on binuclear cluster units and zwitterionic
(HL)>~ linkers. Considering the isostructuralism of these Ln-HMOFs as well as the blue emission of
compound 1 and the strong typical Eu®* and Tb®* emissions of compounds 2 and 3, single-phase mixed-
lanthanide HMOFs have been prepared by doping of Ln®** into the Ln-HMOFs to modulate light-emitting
color. Interestingly, the bimetallic doped Eu/Tb-HMOFs [(Eu,Tby ,)2(HL)2(H20)4]-2CL-5H,0 display a fluent
change of light-emitting color among green, yellow, orange, orange-red, and red by adjusting the doping
concentration of Eu®* ions into the Th-HMOF. Very importantly, the trimetallic doped Eu/Gd/Tb-HMOF
[(Euo.1388Gdo.6108 Tho 2504)2(HL)2(H20)4] - 2CL-5H,O emits white light upon excitation at 355 nm, whose
emission can also be switched between different colors when excited with different ultraviolet light.
Furthermore, the fluorescence response of Tb-HMOF to various usual metal ions, and especially
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Introduction

Further motivated by a longing for greener, safer and energy
efficient light-emitting materials, the exploration of solid-state
luminescent materials through various approaches including
metal-doped or hybrid inorganic materials,' organic molecules,*
polymers,® nanomaterials,® and metal complexes' has evolved
rapidly in recent years. Lanthanide metal-organic frameworks
(Ln-MOFs) owing to their tunable structure diversities,”® attrac-
tive photophysical properties, and potential applications in
biomedical imaging,’® lighting,' and display devices” make them
promising candidates for the development of high-efficiency
light-emitting materials. As is well known, lanthanide ions
feature excellent luminescence properties such as long lifetime,
large Stokes shift and narrow-band but the weak light absorption
caused by Laporte forbidden f-f transitions makes the direct
lanthanide excitation inefficient."* However, Ln-MOFs incorpo-
rating Ln** with judiciously selected organic linkers which can
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fluorescent sensing behaviours to Fe**, Cr¥* and A" have been preliminarily investigated.

participate in efficient light absorption and ligand-to-metal
energy-transfer processes through the so-called “antenna effect”
can possibly overcome this paucity.**** Additionally, the self-
assemblies of varied Ln®" ions with the same organic bridges
under the same reaction conditions always result in isostructural
Ln-MOFs due to very similar coordination environments of Ln**
ions, which provides a facile platform for color tuning and white
light emission through the doping of different Ln*" ions into
isostructural MOFs without disruption of the original struc-
ture.”®™*® Currently, aromatic polycarboxylate ligands have been
well explored in the formation of Ln-MOFs luminescence mate-
rials, not only because their carboxyl moieties can adopt multiple
coordination modes to give high-dimensional unique structures
with good thermal stability, but also because they can increase
light absorption, provide blue color sources, and act as excellent
sensitizers to activate Ln*" ions.?*%*

Homochiral metal-organic frameworks (HMOFs)
attracted special attention owing to their fascinating structures
and intriguing potential applications in asymmetric catalysis
and enantioselective separation.”®** In contrast, studies on
lanthanide-based homochiral metal-organic frameworks (Ln-
HMOFs) as multicolor luminescence materials are still quite
limited at present, although they have unique optical proper-
ties, such as nonlinear optics, circular dichroism and chiral
polarized photoemission,'®**-*” which could further expand its
application in luminescent materials. Herein, (S)-5-(((1-carbox-
yethyl)amino)methyl)isophthalic acid (H;L, Scheme 1), a typical

have
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aromatic polycarboxylate linker being synthesized and used in
our recent fabrication of novel transition metal HMOFs where
H;L ligand displays various existing forms and versatile coor-
dination models and also transmits its chirality into the whole
frameworks,*® was selected as a chiral bridge and sensitizer to
construct Ln-HMOFs. We report the preparation of isostructural
Ln-HMOFs, {[Ln,(HL),(H,0),]-2Cl-5H,0}, [Ln = Gd (1), Eu (2),
four Tb (3) and Dy (4)], and a series of single-phase mixed-
lanthanide HMOFs analogues. More importantly, color tuning
and white light-emission can be easily attained by carefully
adjusting the relative concentration of lanthanum ions in the
resulting 2D Ln-HMOFs. Furthermore, crystal structure, circular
dichroism, luminescent mechanism, color tuning, and cation
sensing have been investigated in detail.

Experiment
Materials and general procedures

All the reagents were of analytical grade and obtained from
commercial sources without further purification. Enantiopure
ligand  (S)-5-(((1-carboxyethyl)Jamino)methyl)isophthalic  acid
(HsL) were prepared according to our reported procedure.’®
Elemental analyses were performed with a Carlo-Erba 1106
elemental analyzer. IR spectra (KBr pellets) were recorded in the
range 400-4000 cm ™' on a Nicolet NEXUS 470 FT-IR spectro-
photometer (Fig. S1f). Thermal analysis curves were scanned
from 30 to 800 °C under air on a STA 409 PC thermal analyzer
(Fig. S2t). X-ray diffraction (PXRD) patterns of the samples were
recorded on a RIGAKU-DMAX2500 X-ray diffractometer with Cu
Ka radiation (Fig. S3-S4t). The luminescence spectra for the solid
and suspension samples were determined at room temperature
on a Hitachi F-4500 fluorophotometer with a xenon arc lamp as
light source. The fluorescence lifetime 7 was determined by
a FLS980 fluorescence spectrometer. The emission quantum
yield measurements were carried out on solid samples using an
integrating sphere on an Edinburgh FLS980 fluorescence spec-
trometer. Solid-state circular dichroism (CD) spectra (KBr pellets)
were recorded at room temperature on a MOS-450 spectrometer.
Inductively coupled plasma (ICP) spectroscopy was detected on
a Thermo ICAP 6000 DUO spectrometer. On the basis of inter-
national CIE standards, the Commission International de
I'Eclairage (CIE) color coordinates were calculated. The general
colour rendering index (CRI) were designated by the symbol R,,
which is the average value of R, to Rg.***® The numbers in
parentheses indicate the Munsell colour system.*' The correlated
colour temperature (CCT) values were obtained based on the
corresponding CIE colour coordinates.

% /
L,,// Ln = Gd**, Eu®* W

O OH

Ln=Tb*, Dy*

Scheme 1 Schematic representation of chiral ligand HsL and the
coordination modes of its zwitterionic (HL)?>~ in 1-4.
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Synthesis of compounds

All compounds including the mixed-lanthanide ones were
synthesized in a similar procedure except for the different
starting lanthanide salts. The synthesis of {{Gd,(HL),(H,0)4]
2Cl-5H,0}, (1) is detailedly introduced as a representative:
a mixture of HsL (0.0134 g, 0.05 mmol), GdCl;-6H,0 (0.0183 g,
0.05 mmol), deionized H,O (0.5 mL) and acetonitrile (2 mL) was
sealed in a 25 mL Teflon-lined stainless autoclave and heated at
120 °C for 24 h. After the mixture was cooled to room temper-
ature at arate of 5 °C h™?, colorless block crystals were obtained,
washed with distilled water, and dried in air, resulting in 62%
yield (based on Gd). Anal. caled for C,,H,0Cl,Gd,N,0,, (%): C,
26.74; H, 3.74; N, 2.60. Found: C, 26.58; H, 3.75; N, 2.58. IR
(KBr, cm™1): 3439 (m), 2960 (w), 1641 (s), 1553 (s), 1534 (s), 1451
(s), 1395 (s), 1249 (w), 1116 (w), 816 (w) 780 (s), 732 (s).

{[Eu,(HL),(H,0),]-2Cl-5H,0},, (2). Yield 62% (based on Gd).
Anal. caled for C,4H,40CLEU,N,0,; (%): C, 27.01; H, 3.78; N,
2.62. Found: C, 26.90; H, 3.81; N, 2.65. IR (KBr, cm ™ '): 3428 (m),
2981 (w), 1640 (s), 1552 (s), 1534 (s), 1449 (s), 1393 (s), 1249 (w),
1112 (w), 815 (w) 781 (s), 731 (s).

{[Tb,(HL),(H,0),]-2Cl-5H,0}, (3). Yield 64% (based on Tb).
Anal. caled for C,y4H40ClN,0,,Tb, (%): C, 26.66; H, 3.73; N,
2.59. Found: C, 26.44; H, 3.75; N, 2.61. IR (KBr, cm™*): 3443 (m),
2952 (w), 1643 (s), 1548 (s), 1539 (s), 1457 (s), 1396 (s), 1250 (W),
1114 (w), 816 (w) 780 (s), 733 (s).

{[Dy,(HL),(H,0),]-2Cl-5H,0}, (4). Yield 65% (based on Dy).
Anal. caled for Cy4H,40ClDy,N,0,; (%): C, 26.48; H, 3.70; N,
2.57. Found: C, 26.37; H, 3.73; N, 2.56. IR (KBr, cm ™~ ): 3430 (m),
2952 (w), 1646 (s), 1550 (s), 1540 (s), 1456 (s), 1397 (s), 1249 (W),
1111 (w), 818 (w) 782 (s), 732 (s).

As for the isostructural mixed-lanthanide analogues, Eu
Tb** or Eu**/Gd*/Tb*" codoped compounds adopt the same
methods as those mentioned above just by adding the corre-
sponding LnCl;-6H,0 (Ln** = Gd*", Eu** or Tb**) as the starting
materials in different stoichiometric ratios. Their structure and
purity were confirmed by PXRD (Fig. S41), IR spectra (Fig. S11),
and elemental analyses (ICP) (Table S17).

3+/

Luminescence sensing experiments

A ground sample (10 mg) of the Tb-HMOF was dispersed in an
aqueous solution (3 mL) of M(NO;), (M = Na*, K", Ag*, Cd*",
Ba**, Mg>*, Mn**, Ni**, Zn**, Cu®*, Co>", Hg>", Pb*", Fe*", AI’*, or
Cr**, 1 x 107 mol L") which was ultrasonicated for 30 min at
room temperature. The resulted mixtures were used for lumi-
nescent measurements.

X-ray structure determination

On a Bruker APEX-II CCD diffractometer, single-crystal X-ray
data of 1-4 were collected at 293(2) K using graphite-
monochromated Mo Ko radiation (A = 0.71073 A). Absorption
corrections were applied by using the multiscan program
SADABS.** The structures were solved by direct methods and
refined on F* full-matrix least-squares using the SHELXTL
program package.**** All of the non-hydrogen atoms were
refined with anisotropic displacement parameters during the
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final cycles. The H atoms attached to C were generated
geometrically while the H atoms attached to O and N were
located from different Fourier maps and treated as idealized
contributions. Unluckily, the H atoms of some water molecules
were not added owing to not suitable Fourier maps being picked
up. Notably, the precision of the C-C bonds of 2-4 is slightly
low, which perhaps results from the weak diffractions owing to
the bad quality and small sizes of the single crystals and/or from
the effects of heavy Ln atoms whose strong diffraction signals
affect the accurate detection of lighter atoms C. Further
attempts to get suitable single crystals by different methods as
well as the recollecting crystal data at a lower temperature were
of fail. The crystal data were summarized in Table 1, and the
selected bond distances were given in Table S2.t

Results and discussion
Synthesis and general characterization of compounds

The isostructural Ln-HMOFs including the mixed-lanthanide
species were solvothermally synthesized at 120 °C using the
corresponding LnCl;-6H,O and the chiral ligand H3L in
a mixed solvent of deionized H,O and acetonitrile. The crys-
talline products are air-stable and insoluble in water or any
common organic solvents.

The chemical formulas of single-lanthanide compounds 1-4
have been confirmed by satisfactory elemental analysis and
single-crystal X-ray diffraction. In the IR spectra of 1-4, the
strong and broad absorption bands in a range of 3400-
3500 cm™' indicates the presence of vy and the vo y
stretching frequencies of amino groups and water molecules,
respectively. Four complexes exhibit strong characteristic
absorptions around 1534-1646 cm™ " for v,4(~-COO~) and 1393~
1457 cm™ ' for »,(-COO™), respectively. However, no strong
characteristic absorptions around 1700 cm ™" for (-COOH) were
observed, being in agreement with the single-crystal X-ray
diffraction analysis results that all carboxyl groups of ligand
H;L in compounds 1-4 were deprotonated. The accurate molar
ratios of the individual lanthanide elements in the mixed-

Table 1 Crystal data and structure refinement for 1-4
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lanthanide compounds have been determined by inductively
coupled lasma (ICP) spectroscopy (Table S1t), being well
consistent with the corresponding ratios in the starting mixture.
The phase purities and isostructuralism of all the as-
synthesized Ln-HMOFs have been verified by powder X-ray
diffraction (PXRD) measurements. Clearly, the experimental
PXRD patterns of single-lanthanide compounds 1-4 are very
similar to each other and match well with those simulated,
indicating the phase purities and isostructuralism of those
polycrystalline samples (Fig. S31). Meanwhile, the observed
PXRD patterns of all the bi- and tri-metallic doped samples are
in conformity to the simulated pattern of 1 (Fig. S41), demon-
strating that they are isostructural with single-lanthanide
compounds 1-4. Single-lanthanide compounds 1-4 all experi-
ence a very similar three-stepped thermal decomposition
behavior revealed by TGA (Fig. S2t). The first weight loss
corresponds to the removal of five lattice water molecules
(caled. 8.36%, obsed. 7.70% for 1; calcd. 8.44%, obsed. 7.60%
for 2; caled. 8.33%, obsed. 8.23% for 3; calcd. 8.28%, obsed.
7.65% for 4) before 130, 135, 150, and 155 °C, respectively. The
second weight loss occurs in a temperature range of 155-230 °C,
being attributable to the release of four coordinated water
molecules (caled. 6.68%, obsed. 6.60% for 1; caled. 6.75%,
obsed. 6.62% for 2; calcd. 6.66%, obsed. 6.10% for 3; calcd.
6.62%, obsed. 6.07% for 4). The removal of the organic
components (caled. 51.33%, obsed. 48.65% for 1; calcd. 51.84%,
obsed. 48.02% for 2; calcd. 51.17%, obsed. 48.84% for 3; calcd.
50.83%, obsed. 49.45% for 4) occurred in a temperature range
of 300-700 °C. The final residue for each complex corresponds
to the formation of the respective lanthanide oxide. In addition,
the thermal decomposition behavior of the trimetallic doped
sample has been also investigated as a representative of the
mixed-lanthanide species, and the result shows that its thermal
decomposition behavior (weight loss and decomposition
temperature) is surprisingly similar to that of all single-
lanthanide compounds (Fig. S27). The TGA results show that
these single- and mixed-lanthanide frameworks have higher
thermal stabilities being suitable for potential applications in

Compounds 1 2 3 4

Formula C24H40Cl,Gd,N,0,, C24H,40CLEU;N,0,4 C24H40ClTh,N, 0,4 C24H4Cl:Dy,;N,054
Temp (K) 293(2) 293(2) 293(2) 293(2)
Formula weight 1077.98 1067.40 1081.32 1088.48
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1

a (A) 9.6682(6) 9.6686(6) 9.6763(4) 9.6947(4)

b (&) 10.0302(6) 10.0202(4) 10.0338(4) 10.0533(5)
c(A) 10.9110(7) 10.8727(4) 10.9853(5) 11.0032(7)

af 104.893(2) 104.824(3) 105.072(3) 105.039(5)

B/ 93.675(2) 93.710(5) 93.691(3) 93.823(4)

e 110.003(2) 109.569(5) 110.107(4) 110.052(4)

Vv (A%) 947.30(10) 946.31(8) 953.10(7) 958.48(9)

Z, Peatea (g cm ) 1, 1.890 1, 1.873 1,1.884 1, 1.886

GOF 1.061 1.052 1.060 1.051

Flack parameter 0.195(8) 0.20(3) 0.25(2) 0.22(2)

R1, wR2 (I > 2 a(I)) 0.0164, 0.0427 0.0603, 0.1298 0.0415, 0.0804 0.0467, 0.0840
Largest diff. peak and hole 0.668, —0.517 3.370, —2.031 0.994, —0.778 1.159, —0.985
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solid-state luminescence materials, and again confirm the
number of lattice and coordinated water molecules in their
chemical formulas.

Crystal structure descriptions

Structures of {[Ln,(HL),(H,0),]-2Cl-5H,0}, [Ln = Gd (1), Eu
(2), Tb (3) and Dy (4)]. Four single-lanthanide compounds 1-4
were determined crystallographically. They are isostructural
with the same chiral space group P1, and feature the dinuclear
cluster-based 2D networks. Though the check results using
PLATON suggest that there is a possibly higher pseudosym-
metry P1 in their structural models, this can be due to the
pseudotranslation symmetry of heavy Ln atoms.**** Their
chirality was further confirmed by the solid-state CD spectra
(vide infra). As a representative case, only the crystal structure of
1 is herein discussed in detailed. The asymmetric unit of 1
consists of two (HL)>~ ligands, two independent Gd** ions, four
coordinated water molecules, five lattice water molecules, and
two free CI”. Gd1 and Gd2 are nine-coordinated by seven O
atoms from two chelating carboxylates and three bridging
carboxylates of five different (HL)*~ ligands and two O atoms
from water molecules, respectively, forming distorted single-
capped square antiprism (C,) polyhedron configurations
(Fig. 1a). The Gd-O bond lengths vary from 2.310(8) A to
2.925(8) A, which corresponds to those reported for other
lanthanide-oxygen donor complexes,*” and the O-Gd-O angles
range from 47.4(2) to 148.2(3)°. Every H;L ligand in 1, with its
three carboxyls being completely deprotonated and meanwhile
its amino group being protonated, exists in a zwitterionic form
of (HL)>~ as observed in its Pb-HMOF.*® Interestingly, the three
carboxylate groups of (HL)*~ adopt three different coordination
modes, namely, chelating fashion w,; — n":n", chelating and

Fig. 1 (a) Coordination geometries of Gd®* in 1; (b) binuclear cluster
[Gd>(COO0),4] unit; (c) wave-like homochiral layer structure of 1 based
on binuclear cluster units [Gd,(COO),] and zwitterionic (HL)?~ linkers.
Symmetry code: (A)x, 1+y,z, (B)-1+x,y,z, (C)1l+x1+y, z

This journal is © The Royal Society of Chemistry 2018
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bridging fashion u, — n*n', and bridging fashion u, — n':n",
unlike to those found in its transition metal frameworks.*®
Consequently, ligand (HL)>~ acts as a k,-linker to connect five
Gd*" ions.

Notably, the two independent Gd*" ions are connected by
four carboxylate groups from four (HL)*>~ ligands to form
a binuclear cluster [Gd,(COO),] (Fig. 1b), which is connected by
(HL)*~ to produce a wave-like homochiral layer paralleling to ab
plane (Fig. 1c). In the layer, each (HL)*" ligand bonds three
[Gd,(CO0),] units. Topologically, the (HL)>~ ligand and
[Gd,(COO0),] unit can be considered as 3- and 6-connected
nodes, respectively. Thus, the whole framework of 1 can be
described as a (3,6)-connected kgd net with point (Schléfli)
symbol of (4%),(4°.6°.8%) [Fig. 2]. Those layers stack up along ¢
axis with their chiral aminopropionate groups arraying up and
down. Moreover, every protonated amino group of (HL)*~
ligand hydrogen-bonds two independent chloride anions (Cl1
and Cl2) which are further hydrogen-bonded by another amino
group from the adjacent layer, and in such a way it results in an
interesting 3D porous homochiral pillared-layer supramolec-
ular framework with lattice water molecules in apertures when
regarded the hydrogen-bonded (N,Cl,) rings as pillars (Fig. 3).

It should be mentioned that with the radium decrease of Ln
atoms the k,-linker (HL)>~ in 1 and 2 becomes the kq-linker
(HL)*>" in 3 and 4 owing to the chelating and bridging fashion ,
— n”m" of the carboxylate becoming the bridging fashion u, —
n':n* (Scheme 1, Fig. S5-S71). As a result, both Tb*" in 3 and
Dy*" in 4 adopt eight-coordinated slightly distorted square
antiprism (C,,) polyhedron configurations (Fig. S6-S71). In their
binuclear clusters [Tb,(COO),] and [Dy,(COO),], the bridging
model between the two metal centers is slightly different from
that found in the binuclear clusters [Gd,(COO),] and
[Eu,(CO0),] (Fig. 1 and S5-S77).

Solid-state circular dichroism (CD) studies

To further demonstrate their homochirality, solid-state CD
spectra of 1-4 have been measured with KBr pellets (Fig. 4). In

Fig. 2 Schematic representation of 2D (3,6)-connected kgd topology
of 1.

RSC Adv., 2018, 8, 4210042108 | 42103
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(HL)* -bridged Gd-layer
7

Fig. 3 View of interesting 3D porous homochiral pillared-layer supra-
molecular framework of 1, regarding the hydrogen-bonded (N>Cl,) rings
as pillars (N2---Cl1 = 3.209(10) A, N2---CI2 = 3.071(9) A, N1D---Cll =
3.129(9) A, N1D---ClI2 = 3.210(10) A; lattice water molecules in apertures
were omitted for clarity). Symmetry code: (D) =1+ x,y, 1 + z.

their CD spectra, obvious chiroptical signals have been
observed in the ultra band of 200-400 nm, which perhaps
originate in the w — 7* transitions of (HL)*~ ligand. For 1,
positive Cotton effects center at 203 and 224 nm, and negative
Cotton effects center at 218 and 295 nm. For 2, positive Cotton
effects center at 205, 223 and 240 nm, and negative Cotton
effects center at 217 and 234 nm. The CD spectrum of 3 exhibits
positive Cotton effects centered at 203 and 240 nm, and negative
Cotton effects centered at 220 and 235 nm. As for 4, it displays
positive Cotton effects centered at 203, 242 and 270 nm, and
negative Cotton effects centered at 219 and 249 nm. From the
above results, the inherent chirality of H;L ligand was trans-
mitted to the resulting Ln-HMOFs.

Photoluminescence properties

The lanthanide MOFs usually show excellent luminescent
properties. Hence, the photoluminescence of complexes 1-4
and their lifetimes were investigated at room temperature. The
excitation spectra for free ligand H;L and complexes 1-4 are
given in Fig. S8-59.1 Upon excitation at 310 nm, the free ligand
H;L exhibits a broad fluorescent emission centered at 369 nm

—2

CD (mdeg)

. /\n B el s s
VA

200

CD (medg)
N
i

250 300 350 400 450 500
Wavelength (nm)

T T T T T 1
250 300 350 400 450 500

Wavelength (nm)

Fig. 4 Solid-state CD spectra of compounds 1-4.
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(Fig. 5a), maybe attributing to intraligand w* — m charge
transfer. Complex 1 presents a broad blue emission centered at
443 nm (A, = 365 nm) [Fig. 5b], also assignable to the intra-
ligand charge transition of (HL)>~ ligand. Compared with the
emission of free ligand H;L, the emission peak of 1 red-shifts by
74 nm, indicating obvious influence upon the HOMO and
LUMO levels of the coordinated ligand (HL)*>~ as well as the
energy transitions between them owing to the coordination of
Gd*" ions. This phenomenon is similar to the previously re-
ported.*® The CIE color coordinate is (0.198, 0.214) for 1. Upon
excitation at 395 nm, 2 emits the bright characteristic red color
of Eu®** ions with the CIE color coordinate of (0.587, 0.316). The
emission peaks at 593, 615, 653 and 701 nm are assigned to *Dq
— “F; (J = 1, 2, 3, 4) transitions of Eu®" ions, respectively,
without the emission peak corresponding to D, — ’F, transi-
tion being observed (Fig. 5c). The electric dipole transition *Dj
— ’F, dominates the red color emission while the °D, — "F;
transition is insensitive to the site symmetry as a magnetic
dipole. For 2 the intensity ratio of I[(>D, — "F,)/I(’Dy — "Fy) is
about 5.28, indicating that the Eu®*" ions locate at a low
symmetric coordination environment without an inversion
center.*»* This result is in agreement with the crystal structural
analysis result that every Eu** ion adopts a distorted noncentral
single-capped square antiprism (C,,) polyhedron configurations
(Fig. S6T). Upon excitation at 352 nm, complex 3 exhibits
characteristic Th*" emissions at 490, 545, 586 and 622 nm,
which can be attributed to °D, — “F; (J = 6, 5, 4, 3) transitions,
respectively (Fig. 5d). The most intense transition of D, — "F;
leads to strong green luminescence of the crystal sample, which
makes 3 become a promising green emitting phosphors with
the CIE color coordinate of (0.278, 0.541).

It is worth noting that the ligand-based emission in the
fluorescence spectra of compounds 2 and 3 was not observed,
indicating effective energy transfer from ligand (HL)>~ to the
lanthanide centers via “antenna effect”. The luminescence
decay curves of 1-3 were obtained in the solid state at room

—~
o
=

(b) —

—HgL

Intensity (a.u.)
Intensity (a.u.)

300 350 400 450 500 550 350 400 450 560 550 600 650 700
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=
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Fig. 5 Solid-state emission spectra of free ligand HsL (a), 1 (b), 2 (c),
and 3 (d) at room temperature. The insets show the corresponding
luminescence pictures under UV-light irradiation at 365 nm.
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temperature (Fig. S10-S121). Complexes 1-3 display the single-
exponential luminescent decay with the lifetimes of 9.88, 352.95
and 826.26 ps, respectively, and the quantum yields @qyeran are
3.9% for complex 2 and 5.2% for complex 3, respectively. When
excited at 365 nm at room temperature, compound 4 displays
blue photoluminescence mainly originating from the intra-
ligand charge transition of (HL)*~ ligand (Fig. S91).

Tuning of luminescent color for bimetallic doped Eu/Tb-HMOFs

The isostructuralism of the resulting Ln-HMOFs 1-4 gives
a chance to synthesize heterometallic frameworks by codoping.
A series of bimetallic doped Eu/Tb-HMOFs [(Eu,Tb;_,),(-
HL),(H,0),]-2Cl-5H,0 were successfully obtained by adjusting
different molar ratios of Eu** and Tb** reactants, and the molar
ratio of Eu®" and Tb** ions was determined by means of ICP
spectroscopy (Table S1t).

As shown in Fig. 6a, the bimetallic doped Eu/Tb-HMOFs
exhibit the dual emissions of Eu** and Tb®" ions in their
luminescent spectra when excited at 370 nm. With the increase
of Eu**/Tb*" molar ratios, the emission intensity of Tb*" at

(a) —10.08% Eu
—14.88% Eu
20.41% Eu
—29.23% Eu

38.51% Eu

——48.26% Eu
—59.05% Eu
—068.36% Eu
—79.01% Eu

Intensity (a.u.)

T v T ¥ T * T X T
500 550 600 650 700

Wavelength (nm)

—
400 450

(b)

02 03 04 05 06 0.7

Fig. 6 (a) Solid-state emission spectra of the bimetallic Eu/Tb-HMOFs
[(Eu,Tby_,)2(HL)2(H>O)4]-2Cl1-5H,O when excited at 370 nm (x =
10.08-79.01 mol%); (b) the CIE chromaticity diagram for Eu-HMOF (2),
Tb-HMOF (3), and the bimetallic doped Eu/Tb-HMOFs. The inset
shows the luminescence picture of the bimetallic doped Eu/Tb-
HMOFs under UV-light irradiation at 365 nm.
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545 nm (°D, — "F;) decreases monotonically, while that of Eu**
at 615 nm (°D, — ’F,) increases stepwise to reach a maximum
when the mole fraction of Eu®" is 29.23 mol%, and then
decreases slightly due to the concentration quenching effect.'”*
The observation suggests the enhanced probability of energy
transfer from Tb** to Eu** with the increase of Eu®*" concen-
tration.®7>* Furthermore, the fluorescence decay of the *D,
— 7Fs transition of Tb®*" and the °D, — ’F, transition of Eu*" in
the bimetallic doped samples of [(Eu,Tb;_,)o(HL),(H,O)4]-
2Cl-5H,0 (x = 14.88-38.51 mol%) was also investigated. The
results show that with the increase of Eu*" doping, the obtained
effective lifetime of Tb®" shortens while that of Eu** basically
increases (Table S3 and Fig. S137), which indicates that the
concentration of doped Eu®" significantly changes the fluores-
cent dynamics of Tb** and further confirm an efficient energy
transfer from Tb*>* to Eu®". Notably, the lifetime of Eu*" also
reaches a maximum when the mole fraction of Eu’* is
29.23 mol%, and then shortens slightly with the further
increase of Eu’' doping, reflecting the above mentioned
concentration quenching effect. In addition, the observed
energy transfer between Tb*" and Eu®" also confirms that the as-
synthesized bimetallic doped compounds are single-phase
coordination polymers where Eu®" has been successfully
incorporated into the lattice of 3 because the energy transfer
could not occur in a mixture of separated phases.

Interestingly, the bimetallic doped Eu/Tb-HMOFs present
a wide range of visible emission colors such as green, yellow,
orange, orange-red, and red under UV-light irradiation at
365 nm (Fig. 6b), indicating that the luminescent colors of the
bimetallic doped Eu/Tb-HMOFs [(Eu,Tb;_,),(HL),(H,0)4]:
2Cl-5H,0 can be systematically modulated through adjusting
different mole fractions of Tb** and Eu®*. At the same time, with
the change of the concentration of the doping Eu®** in the het-
erometallic frameworks, the corresponding CIE chromaticity
coordinates change from (0.325, 0.468) to (0.470, 0.287) (Fig. 6b
and Table S4+).

WLED for trimetallic doped Eu/Gd/Tb-HMOF

Being considered as fourth-generation light sources, white-
light-emitting diodes (WLEDs) have greatly attracted current
interest owing extensive applications in displays and lighting.
Isostructural compounds 1, 2 and 3, as observed above, exhibit
blue, red and green primary colors, respectively, which is ex-
pected that white light emission could be obtained by the
doping of Eu®" and Tb*" ions into the Gd** compound 1.
Indeed, the emission output of Eu/Gd/Tb-HMOFs can be
controlled precisely through the compositional adjustment of
the three metal ions. By optimizing the molar ratio of Eu**, Gd**
and Tb*' ions, the trimetallic doped Eu/Gd/Tb-HMOF
[(Eug.1388Gdo.6108Tho.2504)2(HL)»(H,0)4]- 2Cl- 5H,0 was synthe-
sized successfully. Upon excitation at 370 nm, this three-
component compound simultaneously shows the triple emis-
sions originating from the emissions of Eu®*, Tb*'and the
coordinated ligand (HL)*", respectively (Fig. 7a), and its CIE
color coordinate is (0.285, 0.298). Furthermore, we have
systematically studied the subtle effects of excitation

RSC Adv., 2018, 8, 42100-42108 | 42105
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Fig. 7 (a) Solid-state emission spectra of the trimetallic doped Eu/Gd/
Tb-HMOF [(EUo_13886d0_6108Tb0_2504)2(HL)Z(Hzo)4]'ZCI'SHzo when
excited at 370 nm (the inset shows the corresponding luminescence
picture under UV-light irradiation at 365 nm); (b) the CIE-1931 chro-
maticity diagram for the trimetallic doped Eu/Gd/Tb-HMOF with
excitation wavelengths varying from 310 to 370 nm; (c) solid-state
emission spectra of the trimetallic doped Eu/Gd/Tb-HMOF with
excitation wavelengths varying from 310 to 370 nm.

wavelength changes upon the luminescent color of the trime-
tallic doped Eu/Gd/Tb-HMOF (Fig. 7b and c). As shown in
Fig. 6b, when the excitation wavelength is controlled from 310
to 370 nm, the emission color of the trimetallic doped Eu/Gd/
Tb-HMOF changes from yellow to white (CIE coordinates in
Table S51). The white emission of the trimetallic doped Eu/Gd/
Tb-HMOF has been obtained upon excitation at 355 nm [the CIE
color coordinate is (0.317, 0.331); the average lifetime values for
Tb**and Eu’* ions are 753.59 and 473.03 us, respectively
(Fig. S1471), and the overall quantum yield is about 4.2%,], which
is very close to that of pure white light (0.333, 0.333) according
to 1931 CIE coordinate diagram. The colour rendering index
(CRI) and corresponding colour temperature (CCT) are 82 and
6261 K, respectively, which satisfy the necessary conditions for
high quality white light-emitting materials (CRI above 80 and
CCT in the range of 2500-6500 K). Although the quantum yield
value is smaller than that of several recent trimetallic doped 3D
Eu/Gd/Tb-MOFs,*>* studies on 2D Ln-HMOFs as multicolor
luminescence materials are fewer at present.

Luminescent sensing of metal ions

To research the potential of Tb-HMOF for sensing of metal ions,
the ground samples of the as-synthesized Tb-HMOF were
dispersed in aqueous solutions of M(NO;), (M*" = Na", K, Ag",
Cd2+, BaZ+, Mg2+, MI’12+, Ni2+, Zl’12+, Cu2+, C02+, Hg2+, Pb2+, Fe3+,
AP**, and Cr*"), and handled with ultrasonication treatment for
30 min to form a metal-ion-incorporated Tb-HMOF suspension
whose fluorescent measurements were carried out at room
temperature upon excited at Ax = 352 nm. As shown in Fig. 8,
the incorporated various metal ions exhibit different influences
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Fig. 8 (a) Emission spectra of Tb-HMOF (10 mg) dispersed in various
nitrate salts aqueous solutions (3 mL, 10~ M). (b) Cation selectivity of
the Tb-HMOF (lo/) in H2O.

upon the luminescence of Tb**. For the incorporated Na*, K",
Ccd>*, Ba®", Mg*", Mn*>*, Ni**, Zn>*, Co>", Hg*", or Pb*", the effect
on the luminescence intensity at 545 nm of Tb-HMOF is
negligible. However, for the incorporated Ag®, Cu®*, Cr**, AI*",
or Fe*’, they display different degrees of quenching on the
fluorescence of Tb>" with obviously distinguished spectra: Ag",
A" or Cu® has a certain quenching effect on the luminescence
intensity, whereas Cr** or Fe*" has a rapidly quenching effect on
the luminescence intensity, and especially for Fe*" it can effi-
ciently and completely quench the emission of Tb**. In partic-
ular, accompanied by the quenching effect on the fluorescence
of Tb**, the incorporated Al*" can largely enhance the ligand-
related emission (Fig. 8a). These results suggest that the fluo-
rescence of Th-HMOF is very sensible to Fe**, Cr**, and AI**
ions, and perhaps has potential application in ion detection.
To further understand the fluorescent sensing behaviours of
Tb-HMOF to Fe**, Cr*" and AI’*, concentration-dependent
luminescence measurements were carried out. The as-
synthesized Tb-HMOF samples were ground and immersed in
different concentrations of Fe**, AI**, or Cr’", and then their
luminescence spectra were recorded. As shown in Fig. 9 and
S15,7 the emission intensity of Tb-HMOF suspension is rapidly
quenched with increasing concentration Fe** or Cr**. When the
concentration reaches 5 mM for Fe*" or 30 mM for Cr**, the
luminescence of Tb*" is almost completely quenched.

—0mM
—0.001 mM
—0.01 mM
—0.05 mM
—0.1 mM
0.5 mM

—1mM
—5SmM

Intensity(a.u.)

T T

T T T
500 550 600
Wavelength(nm)

Fig. 9 Emission spectra of Tb-HMOF in aqueous solutions of various
concentrations of Fe** under excitation at 352 nm.
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Fig. 10 Emission spectra of Tb-HMOF in aqueous solutions of various
concentrations of A" under excitation at 352 nm.

Comparatively, the fluorescent quenching effect of Fe** on the
Tbh-HMOF is more quick and thorough than that of Cr**. For the
AP"-incorporated sample, the luminescence intensity of Tb*"
decreases slowly and the emission of the ligand-related emis-
sion centered at 425 nm increases gradually with increasing
concentration Al’*. When the AI** concentration reaches
10 mM, clear quenching of the luminescence of Tb®* can be
seen (Fig. 10). As the concentration of AI** increases to 100 mM,
the luminescence of Tb*" is nearly completely quenched and
only the emission of the ligand can be observed. Further with
the increase of AI** concentration, Th-HMOF dissolves gradu-
ally, and finally forms a clear aqueous solution as the AI**
concentration reaches 0.1 M. This phenomenon has been re-
ported in previous literature.>

Conclusions

In summary, we have successfully synthesized a series of novel
Ln-HMOFs based on chiral ligand (S)-5-(((1-carboxyethyl)Jamino)
methyl)isophthalic acid (H;L). All complexes are isostructural
with (3,6)-connected homochiral frameworks whose phase
purities and chirality are further confirmed by PXRD and CD
studies, respectively. The luminescent investigation of 1-4
suggests that compounds 2 and 3 display the strong charac-
teristic emissions of the corresponding Eu®" and Tb*" ions,
while 1 and 4 exhibit blue emissions arising from ligand (HL)>".
By doped different Ln** ions into single-phase Ln-HMOFs, the
bimetallic Eu/Tb-HMOFs [(Eu,Tb;_,)(HL),(H,0),]-2Cl-5H,0
and trimetallic Eu/Gd/Tb-HMOF [(Eu 1388Gdo.6108Tbo.2504)2(-
HL),(H,0),]-2Cl-5H,0 have been successfully fabricated. The
emission colors of bimetallic Eu/Tb-HMOFs can be tuned
among green, yellow, orange, orange-red, and red by adjusting
the doping concentration of Eu®*" ions into the Th-HMOF. Very
important, the trimetallic doped Eu/Gd/Tb-HMOF [(Eug 1385
Gdo.6108Tbo.2504)2(HL)2(H,0),4]-2Cl- 5H,0 features white light
emission upon excitation at 355 nm, whose emission can also
be switched between different colors when excited with

different ultraviolet light. Furthermore, the fluorescence

This journal is © The Royal Society of Chemistry 2018
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response of Tb-HMOF to various usual metal ions, and espe-
cially fluorescent sensing behaviours to Fe**, Cr** and AI** has
been preliminarily investigated.
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