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A series of lanthanide—quinoxaline-2,3(1H,4H)-
dione complexes containing 1D chiral Ln,Oz (Ln =
Eu, Tb, Sm, Dy) chains: luminescent properties and
response to small moleculest
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Five new isostructural lanthanide—organic complexes, [Ln,O,(OH)(HQXD)(H,QXD),l-H,O (Ln = Eu 1, Tb 2,
Sm 3 Dy 4 and Gd 5; H,QXD = quinoxaline-2,3(1H,4H)-dione), have been synthesized under hydrothermal
conditions. These complexes are characterized by powder X-ray diffraction (PXRD), infrared spectroscopy
(IR), elemental analysis (EA), thermogravimetric-differential thermal analysis (TG-DTA) and photo-
luminescent spectroscopy. Single crystal X-ray diffraction analysis of complex 1 revealed that the
structure featured in 1D chiral "Eu,O3" chains surrounded by coordinating organic ligands. These chains
are interconnected via hydrogen bonding and offset m---7 stacking interactions of the ligands to form
the 3D supramolecular frameworks. The photo-luminescence studies for complexes 1-5 disclosed that
the ligand (H,QXD) showed an antenna effect to transfer energy toward the lanthanide cations. The
energy transfer mechanism investigations show that the energy transition from the triplet energy level
(rme*) of ligand H,QXD to the Tb®* cation is more effective than to the Eu®*, Sm®* and Dy®* ions;
therefore it has been selected as a representative to examine the potential for sensing small molecules.
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Accepted 20th September 2021 Complex 2/, which was obtained by the heating treatment of 2 at 150 °C, displayed a high luminescence
sensitivity towards small solvent molecules. Tertiary butanol (t-butanol) was found to be an excellent
DOI: 10.1039/d1ra05719g . . . . . , . .
sensitizer, while tetrahydrofuran (THF) was a highly quenching species. Complex 2’ could regain a higher

rsc.li/rsc-advances photo-luminescence intensity after treating for 5 cycles with t-butanol, revealing a prospect for reusability.
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Introduction

Metal-Organic Framework (MOF) materials as chemical sensors
have attracted considerable attention due to their intriguing
topological structures as well as potential applications in
recognition and luminescence based sensing of guest mole-
cules."™ Luminescence based sensing is typically a useful
technique in many biological processes in which luminescence
intensity is quenched or enhanced by the sensor to recognize
the guest molecules.>® However, the precise sensing of small
guest molecules by using this technique is still ambiguous
because the influence factors on the sensibility include not only
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the primary interactions such as coordination environment of
metals, nature of the ligands and pore size of surfaces, but also
the synergistic weak interactions caused by guest species via
hydrogen bonding, van der Waals forces, -7 stacking, non-
radioactive deactivation process and etc.””® Though such kinds
of weak interactions are more flexible than the coordination
bonds therefore they can lead to the construction of 3D
frameworks and may also influence the properties by inducing
guest molecules.*

Recently, lanthanide metal-organic frameworks (Ln-MOFs)
have been considered as promising luminescent sensing
materials because they can generate the visible luminescence
under UV light.>'*'* The Ln-MOFs constructed by lanthanide
cations (Ln*") such as Eu®*" and Tb®" are good choices to
construct photo-luminescent systems due to their high coordi-
nation numbers and variable environments, especially they
exhibit high color purity and fluorescent efficiency.”” However
the direct excitation of electron in the trivalent lanthanide ions
is usually inefficient due to their poor absorption of UV-light
from the Laporte forbidden f — f transitions.” Therefore,
incorporation of suitable organic linkers/chromophores to gain
and then transfer energy is demanded to increase the
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luminescent efficiency of Ln-MOFs to overcome the shortcom-
ings of the low extinction coefficients of Ln*" jons.™

Herein, we selected a stable, conjugated and rigid organic
molecule, quinoxaline-2,3(1H,4H)-dione (H,QXD), as ligand for
antenna sensitization, and synthesized a new series of five iso-
structural lanthanide complexes [Ln,O,(OH)(HQXD)(H,QXD),]
H,O0 (Ln = Eu(m) 1, Tb(i) 2, Sm(ur) 3 Dy(m) 4 and Gd(m) 5) which
featured in 3D supramolecular networks formed by 1D chiral
“Ln,053” chains via hydrogen bonding and offset -7 stacking
of the ligands. The photo-luminescent properties of title
complexes have been studied. Complex 2/, which was obtained
by the heating treatment of 2 at 150 °C, displayed high-
sensitivity towards the small solvents molecules, wherein
tertiary butanol (t-butanol) was found to be an excellent sensi-
tizer and tetrahydrofuran (THF) was a highly quenching species.
Complex 2’ regained almost 70% of its first photo-luminescent
intensity, revealing a prospect for its reusability.

Experimental
Reagents and general techniques

All chemicals (o-pheylenediamine, oxalic acid dehydrate,
lanthanide oxide (i.e., Eu,03, Tb,05, Sm,03, Dy,05; and Gd,03))
of reagent grade quality are obtained commercially and used
without further purifications. Quinoxaline-2,3(1H,4H)-dione
(H,QXD) is prepared according to the reported method.*
Elemental analyses for C, H, N were performed on a Perkin-
Elmer 240C analytical instrument, while the analyses for Eu, Tb,
Sm and Dy in solution by dissolving the samples in dilute
hydrochloric acid were performed using an ICPS-7500 model
inductively coupled plasma emission spectrometer (ICP-ES).
Powder X-ray diffraction (PXRD) data were collected on a PAN-
alytical X'Pert3 diffractometer with Cu Ko (1.5418 A) radiation at
40 kv and 40 mA at room temperature. The powder X-ray
diffraction data were analyzed using GSAS software to find the
structural parameters.’® Suitable colorless single crystal of 1
with the size of 0.111 x 0.029 x 0.018 mm® was carefully
selected under an optical microscope. Then single crystal X-ray
diffraction data was collected on an Agilent Supernova CCD
diffractometer with Mo Ko radiation source (1 = 0.71073 A) and
graphite monochromator at 180 K. The structure was solved by
direct method and refined with the SHELX 97 program
package.' The final refinement was performed by full matrix
least squares methods with anisotropic thermal parameters for
non-hydrogen atoms on |F|*>.*® Detailed crystallographic infor-
mation is listed in Table 1. CIF file containing atomic coordi-
nates is deposited in Cambridge Crystallographic Data Centre
with the CCDC number of 1521675. Selected bond lengths, and
angles are listed in ESI (Table S1t). FTIR (KBr pellets) spectra
were recorded on a Magna-IR 750 spectrophotometer in 4000-
400 cm™' range. Thermo gravimetric analyses (TGA) and
differential thermal analyses (DTA) were performed on
a NETZSCH STA 449 C unit at a heating rate of 10 °C min "
under argon. The UV-Vis, spectra were recorded on a Shimadzu
UV-2550 spectrophotometer in the range of 200-800 nm. The
phosphorescence spectrum of gadolinium-complex (Gd**com-
plex) in the solid state at 77 K and photo-luminescence
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measurements of all complexes were recorded by using a Hita-
chi F-7000 FL fluorescence spectrophotometer with both exci-
tation and emission slits of 5 nm, using a xenon arc lamp as the
light source (150 W), the photomultiplier tube voltage was
400V, the scan speed was 1200 nm min~ ' and 350 nm filter was
used. The luminescence decay curves and photoluminescence
quantum yields of the samples were obtained using a FLS 980
combined fluorescence lifetime and a steady state
spectrometer.

Hydrothermal synthesis of [Ln,0,(OH)(HQXD)(H,QXD),]
H,0

The five complexes were obtained by hydrothermal reaction of
a measured amount of lanthanide oxides, H,QXD (0.065 g, 0.40
mmol) and 10 mL water in a 25 mL Teflon-lined autoclave at
170 °C for 3 days.

[Eu,0,(OH)(HQXD)(H,QXD),]-H,0 (1). Colourless needle
crystals. Its yield is 0.0134 g, about 13% based on Eu (Eu,Os:
0.042 g, 0.12 mmol). Anal. caled for C,,H,oNgO10Eu,: C, 33.66,
H, 2.35, N, 9.81 wt%. Found: C, 33.63, H, 2.34, N, 9.80 wt%. IR
(KBr v/em™'): 2996 (w), 2916 (w), 2832 (w), 1628 (s), 1445 (m),
1327 (m), 804 (m), 696 (w), 583 (w) and 521 (w).

[Tb,0,(OH)(HQXD)(H,QXD),]-H,0 (2). Colourless crystals.
Its yield is 0.0125 g, about 12% based on Tb (Tb,0,: 0.046 g,
0.062 mmol). Anal. caled for C,4H,0NgO40Tb,: C, 33.12, H,
2.32, N, 9.66 wt%. Found: C, 33.12, H, 2.29, N, 9.65 wt%. IR (KBr
viem™): 3000 (w), 2917 (w), 2828 (w), 1624 (s), 1449 (m), 1325
(m), 800 (m), 695 (w), 582 (w) and 521 (w).

[Sm,0,(OH)(HQXD)(H,QXD),]-H,O (3). Yellow crystals.
Yield: 0.0155 g, ca. 15% based on Sm (Sm,0;: 0.042 g, 0.12
mmol). Anal. caled C,3H,oNgO;0Sm,: C, 33.79, H, 2.36, N,
9.85 wt%. Found: C, 33.72, H, 2.26, N, 9.79 wt%. IR (KBr v/
em™1): 2995 (w), 2911 (W), 2826 (W), 1631 (s), 1442 (m), 1321 (m),
802 (m), 700 (w), 577 (w) and 517 (w).

[Dy,0,(OH)(HQXD)(H,QXD),]-H,O (4). Light yellow needle
crystals. Yield: 0.0152 g, ca. 14% based on Dy (Dy,Oj;: 0.045 g,
0.12 mmol). Anal. caled for C,4H,oNgO10Dy,: C, 32.85, H,
2.30, N, 9.58 wt%. Found: C, 32.82, H, 2.27, N, 9.52 wt%. IR (KBr
v/em™1): 2992 (w), 2909 (w), 2823 (w), 1629 (s), 1439 (m), 1331
(m), 792 (m), 706 (w), 572 (w) and 514 (w).

[Gd,0,(OH)(HQXD)(H,QXD),]-H,O (5). Light yellow needle
crystals. Yield: 0.0139 g, ca. 13% based on Dy (Gd,O3: 0.045 g,
0.12 mmol). Anal. caled for C,,H,oNgO;0Gdy: C, 33.25, H,
2.33,N, 9.69 wt%. Found: C, 33.12, H, 2.31, N, 9.62 wt%. IR (KBr
v/em™"): 2997 (w), 2903 (w), 2827 (w), 1633 (s), 1431 (m), 1335
(m), 790 (m), 701 (w), 578 (w) and 519 (w).

Results and discussion

Phase identification and refinement of lattice parameters

The powder X-ray diffraction patterns (PXRD) of H,QXD ligand
and complexes 1-5 at room temperature are shown in Fig. 1.
The similar PXRD patterns of complexes 1-5 indicate that they
may take the same structural fashion. No obvious peaks were
found for impurities. The powder X-ray diffraction data
complexes 1-5 are refined through Rietveld refinement method

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement parameters for complex 1
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Item Information Item Information

Empirical formula C,4H,0Eu,NgO4 Temp. (K) 180.0

Formula mass (g mol ) 856.38 F(000) 1648

Crystal system Monoclinic Crystal size (mm®) 0.111 x 0.029 x 0.018
Morphology Needle shaped

Space group P24/n Index ranges —8=h=8-15=k=10; -30=1=30

a(A) 7.4220(3) Number of reflections measured 9563

b (A) 25.7340(1) Number of independent reflections 4385

c(A) 13.2847(8) Number of observed reflections 3212

a(?) 90 Number of refined parameters 175

6(°) 100.008(5) Independent reflections [R (int)] 0.0594

v (°) 90 Data/restraints/parameters 4385/0/374

Volume (A%) 2498.799(2) Goodness-of-fit on F* 1.055

z 4 Final R indices [I > 24(1)] R, = 0.0510, wR, = 0.0989

Density (g cm™?) 2.276 R indices (all data) R, = 0.0845, wR, = 0.1133

Absorption coefficient (mm™*) 5.048 Largest diff. peak and hole (e A~) 1.829 and —1.201

F(000) 1648 CCDC number 1521675
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Fig.1 Powder X-ray diffraction patterns of H,QXD and complexes 1-
5.

with gsas software to get the cell parameters of each complex.
The powder X-ray diffraction data is refined using the structural
parameters obtained from the single crystal X-ray diffraction
analysis for complex 1 (Table 1). Good refinement results are
obtained with refinement factors Rwp*® =< 0.025 and Rp* =
0.013. The typical Rietveld plots of powder X-ray diffraction data
of complexes 1-5 are shown in Fig. S1 in ESL{ The lattice
parameters are listed in Table 2, and the change of the parameters
is normal, which is consistent with the change of the radii of the
lanthanide cations in eight coordinate. The refined results confirm
that the complexes 1-5 are isostructural and crystallize in triclinic

structure with P2,/n space group. Therefore, the structure of
complex 1 determined by the single crystal X-ray diffraction data is
discussed in detail as the representative.

The refined results confirm that the complexes 1-5 are iso-
structural, therefore the structure of complex 1 determined by
the single crystal X-ray diffraction data is discussed in detail as
the representative.

Structural description of complex 1

The asymmetric unit of complex 1 is composed of two Eu(m)
atoms, two O atoms, one OH group, three ligands (each
contributing two oxygen atoms) and one water molecule with
the formula of [Eu,(u3-O),(OH)(HQXD)(H,QXD),]-H,O (Fig. 2).

Among the three ligands, two present as H,QXD, i.e., in its
neutral form (I) while the third one is in an anion form HQXD ™
(I1), that is, it dissociates a proton. The O-C bond lengths of the
three ligands fall in the range of 1.226(1) to 1.319(1) A while the
N-C bond lengths vary from 1.262(2) to 1.323(1) A, which reflect
the resonance effects in the conjugated systems of N—=C-O and
N-C=O0 (Table S1t). The very short N4-C10 (1.262 (1) A) bond
supports the removal of proton from the N4 atom and the
formation of strong double bond interactions between N4 and
C10. There are total ten oxygen atoms (01-010) in asymmetric
unit of complex 1 as shown in Fig. 2. The six oxygen atoms (O1-
06) from three ligands adopt different coordination modes: O1,
04 and 06 are u,-O atoms that joint to both Eul and Eu2 while
02, 03 and O5 atoms are mono-connected, that is, 02 and O5

Table 2 Lattice parameters obtained from Rietveld refinement of powder X-ray diffraction data of complexes 1-5

Sample Tonic radii a(A) b (A) c (A) 8 (°) V(A%

3 Sm 1.079 7.4241(9) 25.735(3) 13.286(2) 100.008(8) 2499.8(5)
1Eu 1.066 7.4223(7) 25.736(2) 13.2843(12) 100.008(5) 2498.9(4)
2Tb 1.040 7.4191(17) 25.727(7) 13.286(4) 99.96(2) 2497.7(11)
4Dy 1.027 7.4187(6) 25.7331(15) 13.2792(8) 99.950(6) 2497.0(3)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The asymmetry unit of complex 1 [Eu,O,(OH)(HQXD)(H,-
QXD),]-H,O with isomeric forms of the ligand. The H atoms are
omitted for clarity. Color code: green-blue, Eu; blue, N; red, O; white,
C.

Fig. 3 Structure depiction of complex 1: (a) "Eu,O3" backbone of the
1D chiral chain; (b) 1D chiral chains along the a-direction; (c) formation
of 3D supramolecular network by hydrogen bonding and w---m
interactions of the ligands; (d) hydrogen bonding interactions between
water molecules and ligands; (e) - 1 interactions between the
ligands. Color code: green-blue, Eu; blue, N; red, O; white, C; green, H.

only connected to Eu2 and O3 to Eul. It means that the two O
atoms of each ligand show two kinds of coordination modes:
one is mono-connected and the other is bi-connected, as shown
in Fig. 2. The two oxygen atoms (O7 and O8) are tri-connected
atoms and represented as uz;-O atoms. O7 is connected to two
Eul and one Eu2 atoms. O8 is connected to two Eu2 and one
Eul atoms. The u;-O atoms (O7 and O8) are connected to Eul
and Eu2 atoms giving rise to a zigzag infinite 1D chiral chain,
and an additional 09 atom is linked to Eul as terminal OH
group, as shown in Fig. 3a. Water (Ow10) resides as uncoordi-
nated molecule in the structure. Fig. 3b shows 1D chiral chain
along a-direction. Thus Eul and Eu2 are eight coordinated in
the complex 1. The eight Eu-O bond distances for Eul and Eu2
are given in Table S1 in ESL.f The coordination environment
around Eu(m) in complex 1 is shown in Fig. S2.}
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The six oxygen atoms (O1-06) from three ligands adopt
different coordination modes: O1, O4 and 06 are p,-O atoms
that joint to both Eul and Eu2 while O2, O3 and O5 atoms are
mono-connected, that is, 02 and O5 only connected to Eu2 and
03 to Eul. Water (Ow10) resides as uncoordinated molecule in
the structure. It means that the two O atoms of each ligand
show two kinds of coordination modes: one is mono-connected
and the other is bi-connected, as shown in Fig. 3b. The Eu-O
bond distances are in the range of 2.322-2.572 A and the O-Eu-
O bond angles varies from 71.8(2)° to 157.3(2)°, which are
consistent with the distorted cubic environments around Eu atoms
(Table S17). The 1D chiral chains are well organized in an ordered
manner along the a-direction, forming the 3D structure (Fig. 3c).
The hydrogen bonding interactions between the uncoordinated
water molecules and ligands by O---H:--N interactions N1-H(1A)-
09 (2.71 A), N2-H(2A)-+-010 (2.83 A), N4-H(4A)---08 (2.89 A), N5-
H(5A)---0(10) (2.79 A), and N6-H(6A)---07 (2.78 A) to stabilize the
arrangement (Fig. 3d and Table S27). This distribution also high-
lights the existence of -7 stacking interactions of benzyl rings
between adjacent ligands and more O/N/C-H:--7 offset interac-
tions (N5-H5A = 3.810 A, N2-H2A = 3.942 A) among hydro-
pyrazine rings, as shown in Fig. 3e.

Thermal, FT-IR and UV-Vis spectroscopic analysis

The thermal stabilities of all complexes 1-5 are similar in the
temperature range from 25 to 800 °C under argon at a heating
rate of 10 °C min—*. The complexes 1-5 are decomposed in two
steps (Fig. S37). The initial mass loss 2.52%, 2.12%, 2.02%,
2.18% and 2.03% (caled, 2.10%, 2.07%, 2.11%, 2.05% and
2.07% respectively) between 80 °C to 140 °C corresponds to the
departure of the water molecule with remaining structure. The
change above 300 °C reveals the decomposition of the
complexes, and the total weight loss of the complexes (59.51%
for 1, 58.89% for 2, 59.90% for 3 58.19% for 4 and 58.97% for 5)
corresponds to the destruction of the three organic ligands (i.e.,
CN,0,Hg) and hydroxyl groups (caled, 60.02% for 1, 59.03% for
2, 60.24% for 3, 58.55% for 4 and 59.17% for 5). The total
calculated weight losses, (62.12% for 1, 61.1% for 2, 62.35% for
3, 60.6% for 4 and 61% for 5), are well matched with the
experimental results (62.03% for 1, 61.01% for 2, 61.92% for 3,

(1)
(2)
(3)

(4)
®)

4000 3500 3000 2500 2000 1500 1000 500

Transmittance (%)

Wavenumber (cm™)

Fig. 4 FT-IR spectra of H,QXD and complexes 1-5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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60.37% for 4 and 61.24% for 5). All the complexes show three
endothermic peaks as shown in Fig. S3.T The first one relates to
the removal of water molecules while second and the third
peaks correspond to the decomposition of the ligands.

FT-IR spectra of free H,QXD and complexes 1-5 are shown in
Fig. 4. The FT-IR spectrum of H,QXD shows strong absorption
band at 1700 cm ™' which is assigned to the stretching vibration
of the carbonyl group »(C=0)."* The weak intensity bands at
3254 and 3279 cm ' can be assigned to the aromatic »(N-H)
stretching and the peaks at 848 and 786 cm ™" and (3000-3100)
are assigned to the aromatic C-H bonds." The bands in the
region of 1595-1501 cm ' are attributed to aromatic »(C=
C)."*?° The FT-IR spectra of all complexes 1-5 are similar. The
characteristic frequencies of »(C=0) at of 1700 cm™ " in the free
ligand shifts to 1628, 1624, 1631 1629 em™! and 1630 in
complexes 1 to 5 respectively, indicating that the oxygen atoms
from carbonyl group of the ligands are involved in coordination
interaction with Ln(ur). The UV-Vis absorption spectrum of
H,QXD in ethanol and water is depicted in Fig. S47 and
absorption maxima is given in Table S3.1 The ligand (H,QXD)
was found to be insoluble in the non-polar solvents. However,
red shift was observed with the increasing polarity of the
solvents. In the current case, (where the H,QXD is viewed as
the dione, the two carbonyl groups, joined to a rigid struc-
ture, will be cis to each other) the ligand can have four n —
7* transitions, two of them are forbidden. The data of ¢
values (Table S37) clearly indicated that the long wavelength
band of H,QXD was of ® — w* character and the n — w*
transitions which were substantially blue shifted are hidden
under the strong w — w* transitions.”® The absorption
spectrum of H,QXD has been studied at different pH values.
The absorption spectrum of H,QXD is red shifted on
increasing the alkalinity of the solution and there are no
spectra changes are found after pH 12. This indicates that
anionic species are formed in this case.”* Molar extinction
coefficient value at 236 nm is 2.29 x 10> mmol™* em™?,
indicating the ligand being an adequate light-harvesting
chromophore for the sensitization of lanthanide lumines-
cence (Fig. S47). The singlet energy level of H,QXD ligand (s,
36101 ecm ™' (277 nm)) was also calculated from UV-Vis
absorption spectrum absorbance edge of H,QXD.

Diffuse reflectance spectroscopy

The diffuse reflectance spectra of complexes 1-5 and free ligand
H,QXD are shown in Fig. S5.f The free ligand displays an
absorption band in the UV region at 378-420 nm, which is
assigned to n — w* transition.* The spectra of 1-5 are similar
to the one observed for the free ligand, implying that the singlet
excited state of the free ligand is not significantly affected by the
complexation of the Ln*" ion. Therefore the observed band in
the UV region of 1-5 and of the H,QXD can be assigned to
electronic transitions from the ground state level S, to the
excited level S; of H,QXD. Additionally, a small red shift that is
discernible in the absorption maximum of the complexes is
attributable to an effective interaction between the lanthanide
cations and the organic ligand.*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Phosphorescence spectrum studies

In order to determine the triplet energy levels of lanthanide
complexes, it is common practice to use analogous of a non-
emitting lanthanide ion (i.e., La**, Gd**, and Lu**) because there
is no f-f transitions for such lanthanides.?® In the case of Gd**
ion, lowest excited state °P,,, is too high to accept energy from
a ligand, the triplet energy level of the corresponding ligand can
be obtained from the phosphorescence spectrum of its Gd**
complex (which is synthesized for the sake of measurement) at 77
K.>* Tangent method is applied to phosphorescence spectrum of
complex 5 to determine the triplet energy level (*mt7c*). As shown
in Fig. S6,1 in the phosphorescence spectrum of complex 5, the x
intercept is observed at 402 nm which is related to the triplet

energy level (*rtc*) at 24 875 cm ™.

Energy transfer mechanism

Reinhoudt's empirical rule states that when AE (*r*->m*) of
a ligand is at least 5000 cm ™' then the intersystem crossing
(ISC) process becomes effective.>® The calculated singlet state
energy level (*mt*) of H,QXD was 36 101 cm™ " (277 nm) based
on the UV-Vis spectrum of H,QXD. Since the lowest excited state
®p,,, of Gd*" ion is too high to accept energy from a ligand, the
data obtained from the phosphorescence spectrum of the
complex actually reveal the triplet energy level of the corre-
sponding ligand.>* So the calculated triplet state energy (*mm*)
level at 24 875 cm™ " (402 nm) is due to the H,QXD ligand.
Therefore the energy gap between the 'wm* and *wr* level is
11226 ecm ' for H,QXD, indicating that the intersystem
crossing process in the title complexes is effective as shown in
Table 3. According to the Latva intramolecular energy transfer
mechanism,”® the energy difference between the lowest triplet
level of a ligand and the resonant energy level of the Ln** ion
plays a key role in the energy transfer process in Ln-complexes.
The energy differences for the Eu*" and Tb** ions fall in the
range of 3000 + 500 cm ™" and 3500 & 1000 cm ™ respectively.?’
The photoluminescence intensities of the lanthanide
complexes will decrease when the values of energy difference
fall in out of the range.”® As listed in Table 3, the energy
difference between the lowest triplet levels of the H,QXD ligand
and the resonant energy levels of the Eu*" (°Dy, 19 026 cm™ 1),
Tb*" (°Dy, 20 500 cm™ "), Sm>* (*Gs/2, 17 900 cm ™ ') and Dy”" ions
(*Foj2, 20 875 cm™ ') are 5849 cm ™', 4375 em ™, 6975¢cm ™, and
4000 cm ™" respectively.?*° The resonant energy level of Tb*" is
within the optimal energy gap implying that the H,QXD is more
suitable sensitizer for luminescence of Tb** ions rather than
Eu*", Sm*" and Tb*" ions. Thus, among the complexes 1-5, it is
predicted that complex 2 can emit strong green characteristic
luminescence of Tb** ions. The schematic energy level diagram
and the energy transfer process in complexes 1-5 are shown in
Fig. 5.

Photo-luminescence properties of complexes 1 and 2

The complex 1 in solid state emits characteristic red light under
UV light irradiation. The corresponding excitation and emis-
sion spectra of complex 1 are shown in Fig. 6a. The strong
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Table 3 The singlet (‘ztc*) and triplet (>tc*) energy levels of the H,QXD ligand and energy level differences between Ln** ions and the H,QXD

ligand in the complexes 1-4

Ligand 'mr* (em ™) S (em ™) AE (‘mr*-rm) AE (Crm*-"Dy) AE (Crm*-°Dy) AE (Crm*-"Gs),) AE (*rtit*~"Fop,)
H,QXD 36 101 cm ™t 24 875 cm ™t 11226 cm™* 5849 cm ™ * 4375 cm ™t 6975 cm ™ 4000 cm ™t
Complex 2 emits green light under UV lamp, and its excita-
36000 A—r's" 36000 tion and emission spectra in the solid state is shown in Fig. 6b.
32000 : - 32000 The broad and strong excitation spectrum with three peaks at
28000 ;Ts - 28000 —.; 230, 268 and 302 nm by detecting emission peak of 546 nm is an
24000 . TN - 24000 % overlap of the absorption of the ligands (Fig. S41) and 0°>~ —
200004 _ o~ % rd \\;\ T [2o000 g Eu®" charge transfer, which also indicates the energy transfer
16000 5p, 4 “a,, 2 I 16000 from the ligand to the metal center.* The four emission peaks are
12000 L 12000 characteristic °D, — "F; (J = 6, 5, 4, 3) transitions of the Th(w).1**>%
8000 4 i o L 8000 The strongest peak at 546 nm corresponds to >D; — ’F5 emission,
4000 4 @NIO [ 4000 and the weakest peak at 610 nm corresponds to °D, — ’Fg tran-
0 Ll _H Lo sition of Tb(m). The photo-luminescent properties of complex 3
Eud* Th3+ So Sm3+ Dy3+

Fig. 5 Schematic energy level diagram and the energy transfer
process in complexes 1-4.

absorption broad band in the region 200-350 nm centered at
270 nm is ascribed to the electronic transitions of the ligand,
and the peaks at 390, 414 and 464 nm can be assigned to the "F,
— °Lg, 'Fp — °D; and ‘F, — °D, transitions of Eu(m). The
emission spectrum of 1 under 270 nm excitation wavelength
corresponds to the typical °D, — “F, (J =1, 2, 3, 4) transitions of
Eu(m), showing the energy transfer from ligand to Eu(m). The
peaks at 592 nm relates to the magnetic dipole transition of >D,
— 7F,, while the peak of 615 nm corresponds to electric dipole
transition of °D, — “F,. The former is independent from the
coordination sphere, but the later is sensitive to the coordina-
tion environment. The asymmetric environment around the
metal ion can cause the enhancement of the intensity.">*'3*
Complex 1 shows intense red colour and the intensity ratio of
615 to 592 nm indicates that Eu’" ion has an asymmetric
coordination sphere, which is consistent with the structure
analysis. The asymmetric coordination environment around
Eu(m) in complex 1 is shown in Fig. S2.1 The other two weak
emission peaks at 653 nm and 700 nm correspond to the °Dy —
’F; and °D, — ’F, transition respectively.*

7500 L D, @)
6000 1
= Aem=615nm | 2,=270 nm
S S
3.4500- éo
g c
£3000- w
£ .

1500 -

| Do F
5Do_,

200 300 400 600
Wavelength (nm)

675 750

and 4 in the solid state are given in ESI (Fig. S71).

Lift time decay and quantum yield

The room temperature decay curve D, (Eu®) of complex 1 in
solid state was monitored within the more intense peak of °D,
— 7F, (615 nm) when excited at 270 nm. The emission decay
curve of complexes 1 at room temperature (Fig. 7) is well fitted
by a mono-exponential function. The lifetime decays values of 1
(0.99 ms).*” The sensitization pathway in a luminesescent for
Ln-complexes is well explained by the photophysical mode. The
overall quantum yield (@) of ligand-sensitized Ln-emission is
calculated by using the following formula:*®

(1)

where 7ens is the ligand sensitization efficiency and &y, shows

¢tot = Msens (DLn

the intrinsic quantum yield of the lanthanide luminescence.
The 7gens is the product of the two processes involving inter-
system crossing (ISC) from the first excited singlet state of the
ligand to the triplet state and energy transfer to the lanthanide.
The intrinsic quantum yield of the lanthanide luminescence
step (@rn) can be calculated on the basis of observed lumines-
cence lifetime (tops) and radiative lifetime (tg) of the Eu(m) °D,
— 7F, transitions by using:*

/4

4500 ogF, O
5 Aem=546 NmM Ae=269 Nm
©
2 3000 "Fe>*Dy
g 5D?7F5 I.I: I.Ln
£ 1500 e
- =)
lnI /'h
0- Ll Ll llll {'N
200 300 400 600 800

Wavelength (nm)

Fig. 6 Excitation and emission spectra: (a) [Eu,O,(OH)(HQXD)(H,QXD),l-H2O (1), (b) [TboO(OH)HQXD)(H,QXD),l-H,0 (2).
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Complex 1

In (Intensity)

Time (ms)

Fig. 7 Room temperature emission decay curve of 1 excited at
270 nm and monitored at 615 nm.

@Ln = Tobs/TR (2)
/g = Anip ot Lo Ivip) 3)

where Ayip o = 14.65 s~ " is the spontaneous emission probability
of the °Dy, — “F, transition of Eu(m), 7, the refractive index of the
medium, I/Iup, the ratio of the integrated total area of the cor-
rected Eu(m) emission spectrum to the area of magnetic dipole *Dj
— 7F, transition. Overall quantum yield (@) was determined as
3.94%. By using eqn (1)-(3); radiative lifetime (7g), experimentally
determined luminescence lifetime (zops) intrinsic quantum yield
(®Ln), and sensitization efficiency (nsens) values were calculated as
6.97 ms, 0.99 ms, 14.20%, and 27.74% respectively.

Photo-luminescence (PI) based sensing ability of the complex
2/

Complex 2 was heated at 150 °C for 12 hours to remove the
uncoordinated water molecule and the anhydrous complex 2’
was obtained for the investigation of the sensing effect by small
molecules. The comparative powder X-ray diffraction patterns

5 7
D~ 2

520 530 540 550 560 570 580

Wavelength (nm)
Fig. 8 The emission spectra of complex 2’ at excitation wavelength
Aex = 270 nm after treated by different solvents. Colour codes: t-
butanol, black; secondary butanol, red; n-butanol, green; IPA, blue;

propanol, cyan; ethanol, magenta; methanol, gray; water, dark yellow;
DMSO, navy blue; DMF, violet; CHCls, wine; and THF, olive.
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of complexes 2 and 2’ indicate that the removal of the water
molecules did not cause the change the main structure, as
shown in Fig. S8.7 The FT-IR spectrum of complex 2’ is much
similar to complex 2 as shown in Fig. S9.1 This reveals that the
removal of water molecule did not affect the major peaks in FT-
IR spectrum of complex 2. The removal of on water molecule is
evident from the thermal analysis of complexes 2'. As shown in
FigAs shown in Fig. S107 There is not initial mass loss between
80 °C to 140 °C corresponding to the departure of the water
molecule with remaining structure in complex 2'. The change
above 300 °C reveals the decomposition of the complex 2/, and
the weight loss of the complex 2’ (58.56%) corresponds to the
destruction of the three organic ligands (i.e., CgN,O,H,) and
hydroxyl groups (caled., 58.96% for 2'). No endothermic peak
relating to the removal of water molecule was observed. The
solvent emulsions were prepared by mixing 2.00 mg of samples
with 4.00 mL of each solvent (tertiary butanol (z-butynol),
secondary butanol, n-butanol, isopropyl alcohol (IPA), prop-
anol, ethanol (EtOH), methanol (MeOH), H,O, DMSO, DMF,
CHCl;, and THF separately). The powder was filtered off after
aging of two days and the luminescent spectra were measured at
excitation wavelength of 270 nm. The peak at 546 nm (°D, —
’F5 transition) was selected for further PL study (Fig. 8).

It is found that the luminescent property of complex 2’ is
greatly dependent on the identity of the solvents.** Tertiary-
butanol has the strongest sensitizing effect and THF shows
significant quenching influence on the luminescence intensity
of 2/, in which luminescence almost disappeared when complex
2/ was immersed in pure THF. Complex 2’ exhibits varying
degrees of increasing or quenching effects by other solvents.
Such solvent-dependent luminescence properties are very
interesting and important for the selective sensing of ¢-butanol
or THF solvent molecules (Fig. 8). Although the mechanism for
such enhancing and quenching effects is still not very clear, it
has been found that when lanthanide-organic frameworks

100 t-Butanol 1004 ‘{B:hnol
Sec-Butanol Sec-Butanol
80 80
n-Butanol Tn—Butanol
2 2 60
G 60 IPA = 60 o IPA
§ §
g 40 @ Propanol £ 40 .\Propanol
@_Ethanol Ethanol
20 20 Methanol
.Methanol H,0 lethanol  H.O
—_—
(a) L) (b) — o
04— T v T T T T v 0l - - .
10 20 30 40 50 60 70 80 0.4 0.6 0.8 10
Dielectric constant Reichardt values
4
4
(c) bmsos (d) DMSO @
34 3]
2
£ %.
52 § 2
8
£ £
CHel DMF, DMF
1 s ® 1 CHCIs
pliata——— 1 -
Vad e ¢
. 0
THF THF
0 T T T T 0
10 20 30 40 50 0.225 0.300 0.376 0.450

Dielectric constant Reichardt values

Fig. 9 Photo-luminescence intensities of complex 2’ with respect to
the dielectric constant and Reichardt values of solvents. (a) and (b)
Show the effect of hydroxylic solvents; (c) and (d) present the effect of
nonhydroxylic solvents.
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Fig. 10 The emission spectra of complex 2’ with different concen-
trations of t-butanol (A = 270 nm). Inset shows the linear fluores-
cence enhancement vs. t-butanol concentration.
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Fig. 11 Reusability of the complex 2’ in t-butanol, sec-butanol, IPA,
and ethanol (Aex = 270 nm).

interact with polar solvents, intermolecular hydrogen bonds
always form between solvent molecules and lanthanide
complexes.”>** These hydrogen bonds could change the solute
and solvent electronic coupling which then greatly affect the
luminescent properties of lanthanide complexes.*

In order to understand the solvent effect toward complex 2/,
the photo-luminescent intensities of complex 2" were plotted
against the dielectric constants and normalized Christian
Reichardt values of the solvents as shown in Fig. 9. The corre-
sponding data of the solvents are listed in Table S4 in ESL.{****
The twelve solvents can be divided into two groups: hydroxylic
solvents (t-butanol, sec-butanol, n-butanol, IPA, propanol,
EtOH, MeOH, H,0) and the nonhydroxylic solvents (DMSO,
DMF, CHCl;, THF). It can be seen that PL intensity of complex 2
decreases with the increase of dielectric constant and E;" values
for hydroxylic solvents (Fig. 9a and b), while PL intensity
increases with the increase of dielectric constant and E;" for
nonhydroxylic solvents (Fig. 9c and d).*

Since ¢-butanol shows an enhancing effect on the PL inten-
sity of complex 2/, it was selected for further study. Water was
selected as a comparison solvent in the treatment of complex 2'.
Complex 2’ was dispersed in H,O0, and different volume of ¢-
butanol was added into the aqueous emulsion, while the
concentration of Tb(m) was kept constant. As shown in Fig. 10,
as the ¢-butanol concentration was increased (5%, 10%, 30%,
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50%, 70% and 100%), the intensity of complex 2’ gradually
increased with increasing the concentration of ¢butanol, and
was nearly proportional to the ¢-butanol concentration (Fig. 10).

Reusability study of complex 2’

Additionally the reusability of the complex 2’ was also tested by
taking t-butanol, sec-butanol, IPA, and EtOH as examples. We
explored the sensing ability of the complex 2’ by filtering off the
dispersed solution after use. The filtrate was washed several
times with H,O/EtOH and dried under vacuum for 12 h. It is
noteworthy (Fig. 11) that complex 2’ almost regains its initial
fluorescence intensity, implying a high photo-stability of the
material for a long time without any contamination.

Conclusions

Five  isostructural  lanthanide  complexes  [LnyO,-
OH)(HQXD)(H,QXD),]-H,O (Ln = Eu, Tb, Sm Dy and Gd;
H,QXD = quinoxaline-2,3(1H,4H)-dione) were obtained by
hydrothermal method. The structure of the complexes features
in 1D chiral “Ln,03;” chains which are surrounded by the
organic ligands and further organized via hydrogen bonds and
offset stacking (7---7) interactions to form the 3D supramo-
lecular frameworks. Among the three ligands, two present as
their neutral form (H,QXD) and one losses a proton and
appears as an anion (HQXD ). The two oxygen atoms of each
ligand adopt different coordination modes: one links two Eu
atoms, and the other bonds only to a single Eu cation. These
new complexes exhibit characteristic luminescent emissions of
the corresponding lanthanide cations, and present efficient
energy transfer from the ligands which act as antenna to absorb
the photo-excitation energy. The energy transfer mechanism
investigations show that the energy transition from the triplet
energy level (3m*) of ligand H,QXD to Tb®" cation is more
effective than that of Eu®", Dy>" Sm*" and Gd*' ions. The
sensing studies of Tb(m) complex 2’ by small molecules reveal
that the nature of the solvents play key role in the enhancing or
quenching the photo-luminescence of the complex. It was
found that #-butanol is an excellent sensitizer while tetrahy-
drofuran (THF) is highly quenching species. The complex 2’
regained almost 70% of its first photo-luminescent intensity
after 5 cycles, revealing a prospect for its reusability.
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