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Abstract: [Ln(BPTA)1.5(Phen)]·0.5DMF; Ln 
= Y, Eu, Gd, Tb, Dy (1b-5b) were prepared 
employing 2,5-bis(prop-2-yn-1-
yloxy)terephthalic acid (2, 5 - BPTA) as the 
primary ligand and 2, 2′ bipyridine (1a-5a) 
and 1, 10 phenanthroline (1b-5b) as the 
secondary ligands. Single crystal 
structural studies on 
[Gd(BPTA)1.5(Bpy)]·0.5DMF, 3a and 
[Dy(BPTA)1.5(Phen)]·0.5DMF, 5b 
compounds indicated that the compounds have two-dimensional structure. The Y-compound exhibits 
blue emission and the other compounds exhibits emission in the expected region (λex = 350 nm). White 
light emission was achieved by careful mixing of the red (Eu3+) and green (Tb3+) components in the blue 
emitting Y – compound. Thus, Y0.96Tb0.02Eu0.02 (bpy), and Y0.939Tb0.06Eu0.001 (phen) was found to show 
white emission, when excited using a wavelength of 350 nm. The introduction of N-N containing 
ancillary ligands (i.e. bpy and phen) increased the overall quantum yield (QY) of white light emission 
to 31% and 43% respectively. The high QY observed for the Tb and Eu compounds was found to be 
sensitive and selective for the fluorometric detection of azinphos-methyl pesticide and trinitrophenol 
(TNP) in aqueous medium in ppb level. The same behaviour was observed in utilising the compounds 
as an onsite paper strip sensors. Magnetic properties were also studied revealing for the Tb and Dy 
derivatives slow relaxation of the magnetisation at low temperature. The present study highlights the 
usefulness of rigid π – conjugated molecules such as 2, 2′ - bipyridine and 1, 10 – phenanthroline in 
enhancing the many utilities of rare – earth containing MOFs towards white - light emission, sensing 
of harmful and dangerous substances and magnetic properties. 
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Introduction 

The predictable coordination geometries of the d-block elements have been employed in the 
study of coordination polymers/MOFs over the years.1–9 The f – block elements have also been 
explored for their structure and properties.10–14 The f – block rare earth elements, generally, have 
coordination numbers that are higher than that observed with the d – block elements. One of the 
interests in the use of rare – earth elements is their characteristic emissions arising from the sharp f-f 
electronic transitions.15–19 One of the drawbacks of the lanthanide ions is their low molar absorptivity, 
which results in weak emission when excited directly.20–23 The lanthanide ion emission, however, can 
be significantly enhanced by employing suitable chelate that can absorb and transfer the energy across 
to the lanthanide ions.24–29 The direct excitation of the ligand (chelate) leads to the excited singlet state, 
which undergoes a triplet state transition through intersystem crossing. Strong lanthanide metal – 
centred emission can be observed by the energy transfer from the excited triplet state of the chelate 
to the lanthanide ion through a non – radiative process. This approach is known as ‘antenna effect’ 
and has been exploited extensively over the years to observe intense and characteristic emissions from 
the lanthanide ions.11,30–33 

In inorganic materials chemistry, compounds possessing multi – functionality has been one of the 
desired properties. In MOFs, the multi – functionality is achieved by having functional ligands.34–37 The 
ligands, both primary as well as secondary, have extended π – conjugation and can be employed for 
many different applications. The π – conjugated ligands give MOFs excellent luminescence behaviour, 
which were exploited towards the detection of many different species in aqueous solutions, with low 
detection limits.38–43 Thus, many harmful ions such as arsenate, chromates, organic molecules 
including pesticides, explosives etc have been detected by the use of turn - off luminescence 
behaviour.44–53  

Along this line, we have reported 2D and 3D framework compounds assembled from Ln(III) ions and 
2,5-bis(prop-2-yn-1-yloxy)terephthalic acid (2, 5 – BPTA) that exhibited luminescence and catalytic 
properties.54 In these compounds, the coordination spheres of the Ln ions contained H2O as the ligand 
which is not ideal for luminescence efficiency. In the present study, the coordinated water molecules 
were replaced with 2, 2′ - bipyridine and 1, 10 – phenanthroline units, which enhances the 
luminescence behaviour of the rare -earth ions significantly. We have prepared rare – earth containing 
two dimensional layered compounds, [Ln(BPTA)1.5(Bpy)]·0.5DMF and [Ln(BPTA)1.5(Phen)]·0.5DMF; (Ln 
= Y, Eu, Gd, Tb, Dy), and explored the compounds towards the sensing of pesticides (azinphos-methyl), 
nitroaromatics (trinitrophenol). In addition, the Y – compound, [Y(BPTA)1.5(Bpy)]·0.5DMF and 
[Y(BPTA)1.5(Phen)]·0.5DMF were found to be blue emitting – aided by the primary ligand, which were 
modified to obtain white light emission. The magnetic behaviour was also investigated. In this paper, 
we describe and discuss the synthesis and characterization of the compounds.  

 

Experimental 

Synthesis: The synthesis of all the compounds, [Ln(BPTA)1.5(Bpy)]·0.5DMF and 
[Ln(BPTA)1.5(Phen)]·0.5DMF; (Ln = Y, Eu, Gd, Tb, Dy) were carried out by slow inter – diffusion of three 
different layered solutions of respectively, the Ln(III) ion, the bpy or phen ligand and 2,5 – BPTA in 
1/1/1 ratio, following a procedure reported earlier.54 The synthesis conditions are summarized in ESI 
(Table S1). 

Initial Characterization: The compounds were characterized using: (i) Powder X-ray diffraction (PXRD) 
(Figure S1, S2); (ii) SEM-EDX analysis (Figure S3, S4); (iii) the IR spectra (Figure S5); (iv) the UV-Vis 
spectra (Figure S6); (v) Thermogravimetric analysis (TGA) (Metler-Toledo) (Figure S7); (vi) the 
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photoluminescence spectra (Horiba FluoroMax Plus Figure S15) and elemental analyses (carbon, 
hydrogen, oxygen and nitrogen) (Table S1B).  

Magnetic measurements were carried out Physical property Measurement System (PPMS, Quantum 
Design) using VSM or ACMS configuration for either DC or AC measurements. The samples were 
compressed in pellets or mixed to grease and hold in a gelatin capsule. Magnetic susceptibility data 
were collected in a field of 1 kOe and isothermal magnetization were recorded up to 70 kOe. The 
susceptibility data have been corrected for the diamagnetic contributions of the holder and all the 
atoms using the Pascal tables.55 AC susceptibility were recorded with HAC = 3 Oe in a frequency range 
between 1 and 104 Hz. The software PHI was used for fitting the χMT = f(T) and M = f(H) behaviors.56  

Single crystal structure determination was carried out at 100 K on a Bruker SMART APEX CCD X-ray 
diffractometer using graphite-monochromator MoKα radiation (λ = 0.71073 Å). The structures were 
solved by direct methods and refined against |F2| using full-matrix least-squares employing 
SHELXL2018 suite of programs.57,58 The alkyne chains of the ligand and lattice DMF molecule were 
found to be disordered and modelled isotropically.59 A summary of the crystal data and the relevant 
refinement parameters for the compounds [Gd(BPTA)1.5(Bpy)]·0.5DMF (3a) and 
[Dy(BPTA)1.5(Phen)]·0.5DMF (5b) are listed in Table 1. CCDC 2262684, 2262689 contain the 
crystallographic data for this paper. The data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

IR spectroscopic studies indicated the expected IR bands (Figure S5), which are summarized in Table 
S5 (Figure S5, ESI). The UV-Vis absorption spectra indicated bands corresponding to the π-π* and n-π* 
transitions of the ligands, 2, 5 – BPTA, 2, 2′ - bipyridine and 1, 10 – phenanthroline.60,61 The spectra 
exhibited a red shift in the absorption of the π-π* and n-π* transitions in the metalated compounds 
(Figure S6, Table S6). 

Thermal Studies: Thermogravimetric analysis (TGA) on all the compounds was carried out from 30–
1000 °C (heating rate = 5 °C/min) in flowing N2 atmosphere (Figure S7). The thermal decomposition 
behaviour of all the compounds (1a-5a and 1b-5b) were found to be comparable (Figure S7). For 
example, the Y compound (1a), exhibited a weight loss of ~2.7% in the region of 130-190 °C which 
corresponds to the loss of half of lattice DMF molecule (calc ~ 2.5%). After the elimination of the DMF, 
the compound exhibits a broad weight loss, which is accompanied by the decomposition of the 
framework. The final product after the TGA studies were found to be Y2O3 PXRD (Figure S8). 

 

Results and Discussions 

Structure of the compounds 

The obtained product after the synthesis, in all the cases were single crystals only. The single 
crystal structures were found to exhibit considerable disorder in the structure, specially involving the 
terminal -CH2-C≡CH units of the ligand. We obtained much be[er-quality crystals for 
[Gd(BPTA)1.5(Bpy)]·0.5DMF (3a) and [Dy(BPTA)1.5(Phen)]·0.5DMF (5b) samples, which were solved to 
obtain the single crystal structures. The experimental powder diffraction data (PXRD) for 3a and 5b 
were found to match exactly with the simulated powder diffraction data (PXRD) obtained from single 
crystal structure. The experimental PXRD patterns of the other compounds with 2, 2′ bipyridine was 
matched with that of [Gd(BPTA)1.5(Bpy)]·0.5DMF, 3a, and for the 1, 10 phenanthroline compounds the 
PXRD patterns were matched with [Dy(BPTA)1.5(Phen)]·0.5DMF, 5b to establish the phase purity of the 
prepared compounds. In all the compounds, we did not observe any additional peaks. (Figure S1a, 
S1b). The structure of the Gd – containing compound (3a) is used as an illustration of the structural 
arrangement of 2, 2′ bipyridine compounds and Dy – containing compound (5b) is used for 
phenanthroline containing compounds. 3a has 48 non-hydrogen atoms with one crystallographically 
independent Gd3+ ion, one and half 2, 5 – BPTA anion and one 2, 2′ bipyridine (Figure S9a). The primary 
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ligand, 2, 5 –BPTA, can be considered into two different types (acid-1 and acid-2) for the ease of 
describing the connectivity (Figure S9b).  

 

Structural parameter Compound 3a Compound 5b 
Empirical formula [Gd(BPTA)1.5(Bpy)]·0.5DMF [Dy(BPTA)1.5(Phen)]·0.5DMF 

Crystal system Triclinic Triclinic 
Space group P-1 P-1 

a (Å) 11.08(7) 11.27(9) 
b (Å) 11.51(7) 11.43(9) 

c (Å) 12.37(7) 12.97(10) 
α(º) 82.11(2) 80.42(3) 

β(º) 89.57(2) 72.42(3) 
γ(º) 71.20(2) 72.44(3) 

V (Å3) 1479.24(16) 1513.5(2) 
Z 1 1 

T(K) 100(2) 100(2) 

ρcalcd (g cm-3) 1.702 1.728 

μ (mm-1) 2.305 2.532 

λ (Mo Kα/Å) 0.71073 0.71073 
θ range (deg) 1.66– 25.13 1.88 – 25.04 

Final R indices[I>2σ (I)] R1= 0.038 
wR2= 0.091 

R1= 0.040 

wR2= 0.081 

R indices (all data) R1= 0.048 
wR2= 0.096 

R1= 0.056 
wR2= 0.088 

Rint 0.0769 0.09 
a R1 = ∑ ||Fo| − |Fc ||/∑ |Fo|; wR2 = {∑ [w(Fo 2 − Fc 2 )]/ ∑ [w(Fo 2 ) 2 ]}1/2. 

w = 1/[ρ2 (Fo)2 + (aP)2 + bP]. P = [max (Fo, O) + 2(Fc) 2 ]/3 
where a = 0.039 and b = 5.866 for 3a; a = 0.0297 and b = 4.16 for 5b 

 

Table 1: Crystallographic data and structure refinement parameters for the bipyridine and 1, 10 
phenanthroline compounds [Gd(BPTA)1.5(Bpy)]·0.5DMF (3a) and [Dy(BPTA)1.5(Phen)]·0.5DMF (5b) 

The Gd3+ ion is 9 – coordinated with seven oxygen atoms and two nitrogen atoms of 2, 2′ bipyridine 
forming a distorted monocapped square antiprismatic arrangement (Figure S10a). All the seven 
oxygens, are from the carboxylate group, of which O1_4 has a µ3 connectivity connecting two metal 
centres and a carbon, and the remaining ones have µ2 connectivity (one metal centre and one carbon 
atom). The important bond distances and angles are listed in Table S2, S3. Of the two acids, acid 1 
connects to four Gd-centres through the carboxylate oxygens and the acid-2 connects to three Gd-
centres (Figure S9b). 

The two-dimensional structure has edge shared gadolinium dimers (Figure 1a), which are connected 
through the 2, 5 – BPTA ligand (acid-1) forming a one-dimensional chain (Figure S11a). A similar one-
dimensional chain is also formed by the connectivity with the acid-2 (Figure S11b). The two 1D chains 
are connected to give rise to a two-dimensional layer (Figure 1b). The 2, 2′ bipyridine unit binds in the 
cis mode to the Gd - centre with an intra layer separation of 11.50 Å between the two bipyridine units 
(Figure S11c). The inter – layer separation between the 2, 2′ bipyridine ligand was observed to be 3.99 
Å (centroid – centroid distance Figure 1c). In the Dy compound with 1, 10 phenanthroline, the 
structural arrangement is similar to that observed with 2, 2′ - bipyridine, except that the 1, 10 – 
phenanthroline units bind with the metal centre and the metal centre has a trigonal tricapped 
prismatic arrangement (Figure S10b, Figure S12 – S14). The phenanthroline units have an intra-layer 
separation of 11.5 Å (Figure S14) and a inter layer separation of 3.65 Å (Figure 2). 
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Figure 1. (a) The view of Gd2O12N4 dimers observed in compound 3a (b) View of the 2D layers. Note 
the two different acids (acid 1 and acid 2) that connect the dimers to extended layer structure (c) 
The arrangement of the layers. Note that the secondary ligand, 2, 2′ bipyridine, projects into the 
inter – lamellar space. 

 

 

Figure 2. View of the layer arrangement in compound 5b. The 1, 10 phenanthroline units hang in 
the inter layer space from the rare – earth centres 

 

Photophysical studies Luminescence 

The lanthanide compounds are known to exhibit characteristic and enhanced emissions when 
sensitized suitably by molecules having π-systems.62 The enhanced emission is especially noticeable 
when organic moieties with extended π – conjugation binds directly with the rare earth metal centres, 
which would improve the energy transfer. Normally the ligand molecules are excited to a singlet state, 
which undergoes intersystem crossing (ISC) to a triplet state and transfers the energy non – radiatively 
to the lanthanide ion, which then exhibits the characteristic emission.63,64 In the present compounds, 
there are two ligands, one is the carboxylate, 2, 5 – BPTA, and the other is 2, 2′ - bipyridine or 1, 10 – 
phenanthroline. The ligand, 2, 5 – BPTA, was shown to behave as an antenna towards lanthanide 
emission,54 as do bpy and phen.65,35,66 molecules also exhibit luminescence. The 2, 5 – BPTA ligand 
exhibits a broad emission centred around 428 nm when excited using a wavelength of 350 nm. The 2, 
2′ - bipyridine, on the other hand, gives an emission band centred at 380 nm (lex = 350 nm), and the 
phenanthroline moiety gives the emission centred at 430 nm (lex = 350 nm). The ligand centred 
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emission in the compounds containing the rare earth ions, exhibit a broad emission band in the range 
of 400-500 nm, when excited using a wavelength of 350 nm. This emission would be due to the intra-
ligand luminescence (π* → n or π* → π) (Figure S15). The Dy compound 5a exhibits sharp emissions 
at 477 and 573 nm with the former a bit weaker compared to the later, and for 5b (λex=350 nm) at 573 
and 590 nm. These are characteristic emissions due to the f–f transitions F9/2 → 6HJ , where J=15, 13, 
11 (Figure S15e, S15f).67,68 

In case of the bipyridine containing compounds, (Ln = Eu3+ (2a), Tb3+ (4a), and Y3+ (1a)), we observed 
red, green, and blue emissions, when excited using a wavelength of 350 nm (Figure S16a). The Y 
compound exhibited a blue emission centred around 515 nm, which is the intra-ligand electronic 
transieons (π* → π transieon). The Eu compound exhibits intense red emission with emission bands 
at 590, 616, 650, and 695 nm, which can be attributed to the 5D0→7F1, 5D0→7F2, 5D0→7F3, and 5D0→7F4 
transitions, respectively. The Tb compound exhibits emission in the green region with bands at 488, 
544, 585, and 620 nm, respectively, that corresponds to 5D4→7F6, 5D4→7F5, 5D4→7F4, and 5D4→7F3 
transitions (Figure S16a). For the phenanthroline containing compounds also we observed similar 
emission behaviour (Figure S16b) upon excitation at 350 nm. It has been known that the water 
molecules, generally, reduces the lanthanide emission due to non – radiative decay associated with 
the vibronic coupling.69–72 In the present study, the coordinated water molecules were replaced by 2, 
2′ bipyridine and 1, 10 phenanthroline, which incidentally increases the rigidity of the structure 
resulting in an enhanced emission as well as lifetime for the Y, Tb and Eu compounds. The lifetime of 
the 5D0 (Eu3+), 5D4 (Tb3+) and Y3+ at ambient temperatures (298 K) was measured by monitoring the 
corresponding 5D0 → 7F2 (Eu3+) and 5D4 → 7F5 (Tb3+) transitions. The lifetime of the both the 
phenanthroline and bipyridine containing compounds were found to be 1.36 ms and 50.96 ms for the 
Y compound coordinated with bipyridine (1a) and phenanthroline (1b) ligands. The lifetime of the Tb 
compound was found to be 1.004 ms (bipyridine, 4a) and 1.27 ms (phenanthroline, 4b). The Eu–MOF 
has a lifetime of 0.40 ms for the bipyridine compound (2a) and 1.32 ms in the case of the 
phenanthroline compound (2b) (Figure S17). It is satisfying to notice that the life - time values are 
indeed significantly increased compared to those observed for the compounds with coordinated water 
molecules.54 The increased lifetime values likely result from the reduced vibronic coupling and 
increased rigidity to the structure brought about by the chelating N-N ligand. The chelation also 
appears to increase the overall intensity of the emission.73–78 

 

White light emission studies 

The luminescence study with Dy derivative (5a) indicated emission at 477 nm (blue) and 573 
nm (yellow) regions (Figure S15e). There have been indications that the Dy – compounds under 
suitable conditions can exhibit white light emission.68,79  In our studies, we found the 477 nm emission 
to be much weaker compared to the 573 emission. As a result, the blue emission was found to be 
dominant (yellow component intensity is very less) and a white emission is not observed. The 
chromaticity data was found to be (0.17, 0.107), which suggests only blue emission and not white 
emission.  

In order to achieve a white light emission in the present compounds, we turned our attention to the 
three-component option. As, we have established blue, green and red emissions from Y, Tb and Eu – 
derivatives we attempted an appropriate mixing of these three Ln ions in a same compound to attain 
white light emission. To this end, we have doped the Y MOFs (1a and 1b) with different concentrations 
of Eu3+ and Tb3+ ions. Before, we have screened single rare – earth ion doping to achieve maximum 
intensity in the emission of the Eu3+/Tb3+ ion in the Y frameworks. These studies indicated that the 
highest emission intensity was achieved at 3% Tb3+ and 5% Eu3+ substitutions in 1a (Figure S18a, 18b) 
and 7% Tb3+ and 0.5% Eu3+ substitution in 1b (Figure S19a, S19b). The bipyridine containing Y 
compound was initially screened towards white light emission by introducing both the Tb3+ and Eu3+ 
ions. Thus, 2% of the Tb3+ ions substituted Y compound was employed as the base compound and the 
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Eu3+ ion concentration was varied (0%, 0.5%, 1%, 2%, 3%, and 4%). We noticed a progressive change 
in colour which eventually gave the white light emission at 2% Eu3+ substitution (Figure 3a). This was 
confirmed by the CIE chromaticity coordinates indicating that at 2% Eu3+ substitution white light 
emission was obtained (CIE coordinate: 0.33. 0.345) (Figure 4a, Table S7). On higher substitution of 
Eu3+ ions, we observed an increase in the red luminescence (Figure 3a). 

 

 

Figure 3. (a) PL emission spectra (λex = 350 nm) of bipyridine containing Y0.98-x%Tb0.02Eux% samples 
with different Eu3+ concentrations (0 < x < 4.0) (b) PL emission spectra (λex = 350 nm) of 1, 10 
phenanthroline containing Y0.94-x%Tb0.06Eux% samples with different Eu3+ concentrations (0 < x < 0.4). 
Note that white light emission was observed at 2 % and 0.1 % for the bpy and phen compounds, 
respectively. 

The phenanthroline containing compounds were also subjected to a similar study with 2% Tb3+ ions 
substituted in the Y compound as the starting material and varying the Eu3+ ions concentration from x 
= 0.0, 0.5, 1.0, 2.0, 3.0, 4.0 %. This approach resulted in compounds having green to red emission 
without giving rise to a white emission (see Figure S20). Then, we reduced the red component (Eu3+) 
significantly to small values of x = 0.0, 0.05. 0.1, 0.2, 0.3, 0.4 %. This was needed as we observed 
maximum intensity for the red emission with a 0.5% of Eu3+ content. The lower concentrations of red 
component in the compounds, however, gave emission in the orange region. It occurred to us that to 
observe the white emission, the green component needs to be increased. Thus, we prepared 
compounds having 6% Tb3+ as the base compound and varied the Eu3+ ions concentration with Eu3+ (x 
= 0.0, 0.05. 0.1, 0.2, 0.3, 0.4 %). This approach was found to be successful and we observed a gradual 
change in colour from green to red via white with the increase of the Eu3+ concentration. White light 
emission was achieved at 0.1% Eu3+ concentration in Y0.939Tb0.06Eu0.001 compound (Figure 3b); with the 
CIE chromaticity coordinates found to be close to the ideal value for the white light emission (CIE: 
0.332, 0.331) (Figure 4b, Table S7). When co – doping Eu3+ ions in Y0.94-xTb0.06Eux compounds, it was 
observed that the emission intensity of Tb3+ ion decreased on increasing the concentration of Eu3+ ions. 
This is in agreement with an energy transfer from Tb3+ ions to Eu3+ ions, which has been observed 
before.80–83 

We made attempts to understand the transfer of energy from the Tb3+ ions to the Eu3+ ions. For this, 
we recorded the excitation spectra of the Y-MOF: Eu3+ and the emission spectrum of Y-MOF: Tb3+ 
compound with both the phenanthroline as well as bipyridine. As can be seen in Figure S21a, S21b, 
there is an overlap between the excitation spectra of Eu3+ and emission spectra of Tb3+ containing 
compounds, which supports an energy transfer between the Tb3+ and Eu3+ in the mixed – Ln materials. 
We have investigated the excitation spectrum of the Y0.96-xTb0.02Eu0.02 – compound (bpy) and monitored 
the emission of the 5D0 → 7F2 transition of Eu3+ ions at 616 nm. The excitation spectrum has both the 
ligand centred transition as well as the f–f transitions of the Eu3+ ions, along with the 7F6 → 5D4 (488 
nm) transition of the Tb3+ ions (Figure S22a). The emission spectra when excited at λex=488 nm, (7F6 → 
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5D4 transition), gave the emission that correspond to the Eu3+ ions (Figure S22b). This indicates good 
energy transfer between the Tb3+ and Eu3+ metal centres. Similar behaviour was also noted for the 
phenanthroline derivatives (Figure S23a, S23b). 

 

Figure 4. CIE colour coordinate diagram of (a) Y0.98-x%Tb0.02Eux% samples (0 < x < 4.0) and (b) Y0.94-

x%Tb0.06Eux% samples (0 < x < 0.40) with different Eu3+ concentrations. The insets show the actual 
emission colour (λex = 350 nm). 

 

To further understand the energy transfer from Tb3+ ions to Eu3+ ions, we have monitored the 
fluorescence decay of the Tb3+ in Y0.98-xTb0.02Eux– compound (0 < x < 4.0 in bpy derivatives) (λex 350 nm) 
at 544 nm (5D4 → 7F5 transition, Figure 5a). The average lifetime of the Tb3+ ions continuously decrease 
with increase in the Eu3+ concentration: 1.03, 0.83, 0.81, 0.79, 0.73 and 0.62 ms for x = 0, 0.5, 1.0, 2.0, 
3.0 and 4.0. Same trend was found for the phenanthroline containing Y0.94-xTb0.06Eux– compounds (0 < 
x < 0.4, λex = 350 nm), where the lifetime of the Tb3+ ions appear to decay somewhat faster with lifetime 
values of 1.40, 1.31, 1.25, 0.84, 0.61 and 0.49 ms for x = 0, 0.05, 0.10, 0.2, 0.3 and 0.4, respectively 
(Figure 5b). We have also plotted the lifetime values of the Tb3+ ions vs. the concentration of Eu3+ ions, 
which appears to indicate that the lifetime decreases monotonically with increasing the concentration 
of the Eu3+ ions (Figure S24).  

 

 

Figure 5. The decay curves for the luminescence of Tb3+ ions as a function of different Eu3+ ion 
substitutions in (a) Y0.98-x%Tb0.02Eux% and (b) Y0.94-x%Tb0.06Eux% – samples, (λex = 350 nm and 
monitored at 544 nm). 

It is probably pertinent to compare the white light emission in the present compounds with those 
reported on similar compounds (Table S8).79–83 It is clear that the QY as well as the correlated colour 
temperature (CCT) values observed in the present compounds are reasonable and comparable to the 
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reported compounds, especially those containing the rare earth ions. The present compounds have 2, 
2′ - bipyridine and 1, 10 – phenanthroline moieties binding with the rare earth centre, which provides 
excellent antenna effect.19,84–91 The combination of the antenna effect, energy transfer from Tb3+ ions 
to Eu3+ ions along with the blue emission from the Y – framework appears to be a good recipe for the 
white light emission (Figure 6). It may be noted that the white light emission is achieved with small 
concentrations of the Tb3+ and Eu3+ ions in the host lattice compared to the previously reported ones 
(Table S8). The quantum yield (QY) of the white light achieved in the present study was found to be 
31% in the bipyridine containing compound (Y0.96Tb0.02Eu0.02) and 43% for the phenanthroline 
containing one (Y0.939Tb0.06Eu0.001). The observed QY values compares well with those reported before 
for similar compounds (Table S8).92–102 The QY for the other rare earth compounds, prepared in the 
present study, also exhibits reasonable values: 22 % (1a), 37 % (1b), 31 % (2a), 49 % (2b), 83 % (4a) and 
79 % (4b) has been obtained. 

 

 

Figure 6. Schematic of the energy transfer mechanism. 

It has been known that the Tb3+ containing compounds always have better QY values compared to the 
Eu3+ containing ones.18,103 This is due to the smaller energy gap of 5D0 → 7F0 levels of Eu3+ ions compared 
to the 5D4 → 7F0 energy levels of Tb3+ ions.17,109 In the present compounds also we observed a similar 
trend with the Eu3+ containing compounds exhibiting a lower quantum yield compared to the Tb3+ 
containing ones. The net quantum yield between the bpy and phen containing compounds differs only 
marginally. It has been proposed that in designing suitable ligands for the antenna effect, it is 
preferable that the ∆E of the ligand (1S*→3T*) is ≈ 5000 cm-1 and that of the lanthanides ∆E (3T* → 
lanthanide emission band) in the range of ~ 2500 – 3000 cm-1.103 These values are guideline values 
only. In many cases small differences in the ligand states can lead to the difference in the overlap 
between the emission spectra of the donor and the absorption spectra of the acceptor. Such situations 
can lead to differences in the observed QY of the lanthanide compounds.109-115 This may be the reason 
for the observed difference in the QY between the bpy and phen containing compounds of europium 
and terbium. 

Sensing studies 

The luminescence behaviour of the MOF compounds have been exploited towards the 
detection of harmful substances in aqueous solutions.36,67,104–106 Though much of the study 
concentrated on the luminescence behaviour of the organic linkers of the MOFs, there has been 
increasing attention towards utilising the lanthanide luminescence as the probe.107–111 The good 
emission efficiency of the present Eu3+ (2a, 2b) and Tb3+ (4a, 4b ) materials made them desirable to 
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explore these compounds towards the fluorescence turn off detection of some of harmful pesticides 
and nitroaromatics in aqueous solution. For this, aqueous dispersions were prepared by mixing 2 mg 
of the Tb and Eu -compounds into 2 mL of H2O. This was ultrasonicated for 1 hr at room temperature 
and the resulting suspension was diluted to 10 mL. Subsequently, using aliquots of 2 mL of this mixture, 
10 mM solution of different nitroaromatics and pesticides in acetonitrile were added incrementally. 

Pesticides Detection in Aqueous Medium: We have explored the detection of azinphos-methyl 
pesticide in aqueous solution. Azinphos-methyl is an organophosphorus pesticide that has been in 
widespread use. It has been shown that organs and tissues of human beings are severely affected 
towards the exposure of organophosphorus compounds,44 therefore, it is important to detect the 
presence of these in aqueous solutions. We monitored the luminescence intensity of 616 nm (5D0 → 
7F2) for Eu – phen and 544 nm (5D4 → 7F5) for Tb – phen compounds (lex = 350 nm) with and without 
the addition of the pesticides. 

The luminescence quenching (turn off) studies were carried out with an incremental addition of 
azinphos-methyl to the Tb and Eu dispersed in water. The luminescence of MOFs gradually loses the 
intensity up to 92 % of the initial intensity for the Tb – phen and 90 % in the case of Eu-phen on adding 
75 µM of azinphos–methyl solution (Figure 7, inset shows the change in the colour during the 
incremental addition of the pesticide). A luminescence quenching titrations at low concentrations (30 
µM) of the pesticide (Figure 8). It has been established that the low concentration linear response is 
because of the static quenching due to the interactions between the analytes and the host. At higher 
concentrations, energy would be transferred between the host and the analytes and is known as the 
dynamic quenching (Figure S25). It has been known that the excitation light source may also be 
absorbed by the analyte and indirectly contribute to the quenching of the luminescence in addition to 
the static and dynamic quenching. From the Stern – Volmer plot, the obtained KSV values was found to 
be 1.88 × 104 M-1 for the Tb-phen MOF and 3.8 × 104 for the Eu-phen MOF (Figure 8). These values 
suggest good sensitivity towards azinphos–methyl pesticide detection.  

 

Figure 7. Emission spectra of (a) Tb-phen MOF and (b) Eu-phen MOF upon incremental addition of 
azinphos-methyl (λex = 350 nm). 

The limit of detection (LOD) was calculated to be 1.06 ppb and 4.93 ppb, respectively, for azinphos-

methyl pesticide using the Tb and Eu – phen compounds (Table S9). These values are comparable to 

those reported earlier in the literature (Figure S26).41,42,112,113 The selectivity in sensing of azinphos-

methyl was examined in the presence of other pesticides (Figure S27a, 27b). The investigations 

indicated that the Tb and Eu-phen compounds are selective for azinphos-methyl only. We observed 

significant changes in the luminescence spectra for the azinphos-methyl pesticide and a small change 

for chlorpyrifos. For other pesticides, the decrease in the luminescence intensity was marginal (Figure 

S28a and Figure S28b). 
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Figure 8. Plot of I0/I of (a) Tb and (b) Eu-phen MOFs (at 544 nm and 616 nm) vs concentration of 
azinphos-methyl (up to 30 μM). 

We have examined the stability of the MOF compounds towards the fluorescence detection of 
azinphos-methyl. For this, the MOF suspension was allowed to be in contact with 75 µM azinphos-
methyl solution for 24 h at room temperature. The compound was filtered, and the structural integrity 
was investigated by PXRD. The PXRD patterns were found to be consistent with the simulated PXRD 
patterns of the compounds (Figure S29). The recyclability studies towards the sensing of azinphos-
methyl were attempted, which indicated good stability as well as recyclability for at least up to four 
cycles (Figure S30).  

The turn - off luminescence of the compounds towards azinphos-methyl intensity can be understood 
by comparing the absorption of the MOFs and the azinphos-methyl compound (Figure. S31a). The 
absorption bands of the azinphos-methyl are centred at ~300 nm, which has overlaps with the 
absorption spectra of the compounds (Figure. S31a). This overlap indicates competition for the 
excitation energy. In addition, the emission spectra of the MOFs and the tail of the UV-Vis absorption 
spectra of the azinphos-methyl has some overlap (Figure S31b). This opens up the possibility of 
resonance energy transfer between the lanthanide MOFs and the pesticide, which would help in the 
transfer of energy from the ligand excited state to the LUMO of the analytes. 

We made attempts to understand the interactions between azinphos-methyl and the compounds, 
which leads to the luminescence quenching. To this end, we soaked the Eu and Tb MOF compounds 
2b and 4b with azinphos-methyl solution for 12h followed by IR spectroscopic studies. The -C≡C 
stretching of the terminal alkyne for the pristine Tb - compound appears at 2126 cm-1 (Table S5), which 
appears to shift to 2121 cm-1 after the interaction with azinphos–methyl. This suggests that there may 
be some electron donation to the pesticide. The IR bands corresponding to -C=O and -C=N appears at 
1670 and 1614 cm-1for the pristine compound, which also exhibits a red shift of 4 and 12 cm-1 (Figure 
9a). It is likely that the -C≡C moiety along with the –C=O and –C=N groups have interactions with the 
pesticide molecule. Similar observations were reported earlier.114–117  Similar behaviour was also 
observed for the Eu-phen MOF compound as well (Figure 9b) 

We have also explored the Tb and Eu – bpy compounds towards the luminescence sensing of azinphos-
methyl pesticide, and the reduction of luminescence intensity was observed to be 90.9 % and 87 %, 
respectively, with a LOD value of 6.8 ppb and 7.17 ppb (Figure S32, S33).  

The present compounds exhibit good sensitivity as well as selectivity towards azinphos-methyl. We 
wanted to explore the suitability of the present compounds towards the detection of azinphos-methyl 
without the need for extensive experimental set-up. Thus, we prepared a simple paper strip-based 
detector. The MOF suspension, which was employed for the liquid phase detection of azinphos-methyl, 
was prepared and 2 cm × 4 cm Whatman filter paper strips were dipped in the solution and dried under 
atmospheric conditions. The Tb/Eu (phen/bpy) coated paper strips exhibited the expected green and 
red luminescence under the UV lamp (Figure 10, inset). The Tb-phen coated paper strips were dipped 
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in 75 µM solutions of the azinphos-methyl for a few seconds and investigated under UV-lamp. We 
observed a drastic change in the fluorescence colour from green to black (Figure S34). This clearly 
indicates that the present compounds are useful for onsite detection of azinphos-methyl pesticide. We 
carried out the same studies on the test rare-earth coated paper strips with other well-known 
pesticides such as chlorpyrifos, diazinon, endosulfan, malathion and dichlorvos. We did not observe 
any drastic changes in the green luminescence in the presence of these pesticides (Figure S34). This 
study also confirms that the Tb-phen paper strips are specific for azinphos-methyl only.  

 

Figure 9. IR spectra of (a) Tb phen and (b) Eu phen MOF before and after the pesticide interactions. 
The vertical lines are the guide to highlight the shift in the bands. 

 

 

Figure 10. Paper strip-based sensing of azinphos-methyl (a) Tb-phen MOF and (b) Eu-phen MOF 
(λex = 350 nm). Inset shows the actual colour of the paper strips under UV light. 
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The limit of detection (LOD) value for the azinphos-methyl was evaluated for the paper strip sensing 
by soaking the test strip with different concentrations of azinphos-methyl solution (1 µM to 75 µM). 
The paper strips were dried and examined under a UV lamp (Figure 10a, inset). The studies revealed 
that the intensity of the green emission gradually diminished with the increase in the concentrations 
of the azinphos-methyl solution (Figure 10a). The calculated LOD value (low concentration region), was 
found to be 4.45 ppb (Figure S35), which is closer to the LOD value obtained in aqueous medium (1.06 
ppb). We have also examined the efficacy of the paper strip-based sensing for azinphos-methyl with 
Eu-phen, Tb-bpy, Eu-bpy, which gave LOD values of 5.28 ppb, 7.19 ppb and 16 ppb, respectively 
(Figure10b, S35 and S36). 

 

Nitroaromatics Detection in Aqueous Medium: Similar to the pesticide detection, we have carried out 
the luminescence quenching titrations by gradual addition of the nitroaromatic acetonitrilic solutions 
to the MOFs dispersed in water. The change in the luminescence intensity (monitored at 616 nm for 
Eu-bpy and at 544 nm for Tb-bpy MOF) with the increasing addition of trinitrophenol (TNP) was 
monitored (Figure 11). We observed a reduction of 93 % and 92 % of the original luminescence 
intensity on addition of the TNP (100 µM).  

 

 

Figure 11. Emission spectra of (a) Tb-bpy and (b) Eu-bpy MOF upon incremental addition of 
Trinitrophenol (TNP) (λex = 350 nm). 

 

We have also examined the sensing of TNP in the presence of benzene and toluene as these aromatics 
usually remain as impurity along with nitroaromatics explosives. To this end, we added toluene and 
benzene (100 µM each) to the Tb and Eu-bpy MOF compounds followed by the stepwise addition of 
TNP. We observed that the reduction of the luminescence intensity was unaffected by the presence of 
benzene and toluene (Figure S37, S38). We have checked the luminescence quenching behaviour with 
other substituted phenol derivatives, like 4 – aminophenol, 4-aminobenzonitrile, 4-chlorophenol etc., 
and we observed that the luminescence is unaffected by the addition of these compounds to the MOF 
solutions (Figure S37, S38). The calculated KSV values for the TNP sensing was found to be 73428 M-1 

for the Eu – bpy MOF and 78476 M-1 for the Tb -bpy MOF. The large KSV values indicates that the 
presence of TNP turns off the luminescence intensity of the Tb and Eu- bpy MOFs (Figure 12). The 
Stern-Volmer fitting of the luminescence data indicates both static quenching (low concentrations) and 
dynamic quenching (higher concentrations) would be responsible for the loss of luminescence 
intensity (Figure S39). The calculated LOD value was found to be 0.97 and 1.23 ppb (Figure S40, Table 
S9). The Tb and Eu – phen compounds exhibited a related turn-off luminescence sensing of TNP, (λex = 
350 nm); a reduction of luminescence intensity of respectively, 95 % and 93 % was observed. LOD value 
of 0.34 ppb and 2.88 ppb (Figure S41, S42) were obtained. 
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We have also examined the possible detection of other nitro aromatics, such as 1,3-dinitro benzene 
(DNB), 2,4-dinitro toluene (DNT), nitro benzene (NB), and 4-nitro toluene (NT), by using the bpy 
containing compounds. For the Tb – bpy MOF, we observed a quenching efficiency of ~77% and ~52%, 
respectively, for the DNT and DNB molecules. Only marginal quenching of the luminescence intensity 
was noted for the NB and NT molecules (Figure S43 for Tb-bpy MOF).118 Similar behaviour was noted 
in the case of Eu-bpy MOF as well (Figure S44). 

 

 

Figure 12. Plot of I0/I of (a) Tb-bpy and (b) Eu-bpy MOFs (at 544 and 616 nm) vs concentration of 
trinitrophenol (TNP) (up to 100 μM). 

 

The MOF compounds were found to be stable as well as recyclable during the nitroaromatics sensing 
(Figure S45a and S45b). The possible mechanism for the nitroaromatics detection by the present 
compounds is similar to those observed for the pesticide detection. We observed considerable overlap 
in the UV-Vis spectra of the host and the analyte (Figure S46a) suggesting competition between the 
compounds and the analyte (TNP) for the absorption of the photons. The overlap between the 
emission spectra of the MOF and the absorption spectra of the analyte indicates possible energy 
transfer that would result in the decrease of the luminescence intensity (Figure S46b). The IR 
spectroscopic investigations indicated a shift of 3 cm-1 in the -C≡C (Figure S47) and 7 cm-1 shift in the -
C=N bands, which is suggestive of interactions between the MOF and the TNP. We observed the –NO 
stretching frequency at ~1550 cm-1, which also suggests that the nitroaromatics and MOFs interact 
strongly (Figure S47). Similar observations have been made earlier.119–122  

The detection of trinitrophenol (TNP) was also obtained with a paper strip coated with 4a, Tb – bpy. 
The strips were dipped in 100 µM solution of the nitroaromatics and other phenol substituted 
derivatives and the green emission was affected only in the presence of TNP (Figure S48). We have 
also investigated the LOD of TNP by dipping the coated strips in TNP solution of varying concentrations 
(2.5 – 100 µM). The strips were dried and the change in the luminescence behaviour was examined 
(Figure 13a), revealing a gradual decrease in the luminescence intensity with increasing concentration 
of the TNP. The calculated LOD value was found to be 3.06 ppb, which is comparable to the value 
obtained for the detection in the solution state (0.97 ppb, Figure S49). We attempted paper strip-based 
sensing for 2a, 2b, 4b, the other compounds, Eu-bpy, Tb-phen, Eu-phen: LOD values of 3.3 ppb, 2.42 
ppb and 2.11 ppb, respectively, (Figure13b, S49 and S50) were obtained. 
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Figure 13. Paper – strip sensing of Trinitrophenol (TNP) using (a) Tb – bpy MOF and (b) Eu- bpy 
MOF (λex = 350 nm). Inset shows the actual colour of the paper strips under UV-light. 

 

Magnetic studies: 

An interesting feature of these compounds is the binuclear [Ln2] unit, which acts as node of 
the extended coordination network. In this unit, the Ln(III) ions are bridged by the oxygen atoms of 
carboxylate groups (Figure 1a). Such an arrangement was document to possibly give rise to blocking of 
the magnetisation, i.e. Single Molecule Magnet behaviour, for lanthanide ions displaying magnetic 
anisotropy, such as Tb(III) and Dy(III).123–125 Therefore, the magnetic behaviors for the Gd (3a,b), Tb 
(4a,b), and Dy (5a,b) derivatives were investigated. The temperature dependence of the magnetic 
susceptibility for 3b, 4b, and 5b are plotted in the form of χMT versus T in Figure 14, where χM stands 
for the molar susceptibility relative to a [(LnPhen)2(BPTA)3] moiety. The behaviours for the Bpy 
homologues (i.e. 3a, 4a, and 5a) are very similar and can be found in SI (Figure S51). The values of MT 
obtained at 300 K, 15.9 cm-3mol-1K for 3b, 22.6 for 4b, and 27.4 for 5b, are is good agreement with the 
expected paramagnetic contributions of two Ln ions, that is 15.76, 23.6, and 28.3 cm-3mol-1K 
respectively for the Gd(III), Tb(III), and Dy(III). 

For 3a, the value for χMT remains unchanged as T is reduced to about 15 K, below which it falls sharply 
to 12.8 cm-3mol-1K for 2 K. Such a behavior is suggesting a weak antiferromagnetic interaction between 
the Gd(III) centers. The field dependence of the magnetization at 2 K leads to a magnetization at 
saturation of 14.0 µB for 70 kOe (Figure S52). These behaviors were simultaneously modeled by a dimer 
model for two S = 7/2 centers, which yielded an exchange parameter of J = -0.03 cm-1 (based on H = -
JSGd1⋅SGd2) and g = 2.01. The χMT versus T behaviours for 4b and 5b are characterized by a constant 
decay as T decreases, which is the result of the crystal field effect applying for these ions. Below about 
15 K, however, they show a marked difference. While for 5b the decrease of χMT continues up to 17.4 
cm3mol-1K for 2 K, a slight rise is observed for 4b. The latter reveals a ferromagnetic interaction that 
compensates the effect of the crystal field on the temperature dependence χMT.126 The absence of 
such a characteristic signature for 5b does not exclude a ferromagnetic interaction between the Dy; 
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the expected increase in χMT may simply be smaller than the decrease induced by the crystal field 
effect.127 This is supported by the comparison of the behaviour of 5b with the behaviour obtained for 
Dy(III) diluted to about 8% in an Y(III) framework, i.e. [(Y0.92Dy0.08Phen)2(BPTA)3]. In the latter, the 
presence of [Dy2] units can be ruled out, so the magnetic behavior will be that of isolated Dy(III) ions. 
The subtraction of this intrinsic contribution of the Dy(III) from the behaviour of 5b allows to 
qualitatively evidence the exchange contribution occurring for the bimetallic unit,126,127 which is clearly 
ferromagnetic for [Dy2] (Figure S53). The same approach confirmed also the ferromagnetic interaction 
for the Tb derivative 4b (Figure S54). The possibility for slow relaxation of the magnetisation for the Tb 
and Dy derivatives was evaluated by AC susceptibility studies (test frequency was 1 kHz). For all the 
derivative, no out of phase component of the magnetic susceptibility (χM’’) was found in the absence 
of a DC field whereas the onset of an χM’’ component appeared below 5 K when a field of 1 kOe was 
applied (Figure S54). But no maximum was visible above 2 K, therefore no further investigations were 
undertaken. 

 

Figure 14. Experimental χMT versus T behaviors for 3b, 4b, 5b, and (insert) low temperature 
behavior for the Tb derivative. The full line is the calculated behavior for the Gd compound (see 
text for parameters). 

 

Conclusions 

Two dimensional lanthanide compounds, [Ln(BPTA)1.5(bpy)]·0.5DMF; Ln = Y, Eu, Gd, Tb, Dy (1a-
5a) and [Ln(BPTA)1.5(phen)]·0.5DMF; Ln = Y, Eu, Gd, Tb, Dy (1b-5b) with 2,5-bis(prop-2-yn-1-
yloxy)terephthalic acid (2, 5 – BPTA) as a primary ligand and 2, 2′ bipyridine and 1, 10 phenanthroline 
as the secondary ligand has been prepared and their structures determined by single crystal X-ray 
studies. The use of larger 1, 10 phenanthroline secondary ligands results in the lanthanides to have a 
tricapped trigonal prismatic geometry compared to mono – capped square antiprismatic geometry for 
the 2, 2′ bipyridine ligands. The rigid secondary ligands act to produce good antenna effect that results 
in intense characteristic emissions from the rare- earth metal centres. The Y – compounds exhibit good 
blue emission and along with the Eu (red) and Tb (green) substitutions gave rise to white emission. The 
compounds, (Y0.96Tb0.02Eu0.02) – bpy and (Y0.939Tb0.06Eu0.001) – phen exhibit white emission with 31 % and 
43 % quantum yield (QY). The intense rare earth emission along with good QY was exploited for sensing 
of pesticides and nitroaromatics. Paper – strip-based detectors have been prepared and established 
to be efficient in the detection of azinphos-methyl (pesticide) and trinitrophenol (explosive) with good 
selectivity and sensitivity (ppb) levels. The present study highlights the many different aspects of rare-
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earth based compounds and their fluorescence-based utilities towards detection of harmful 
substances in the environment. 
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SUPPORTING INFORMATION 

 

 

 

 

 

Materials 

The chemicals required for the synthesis of the compounds: La(NO3)3.xH2O (Ln= Y, Eu, Gd, Tb, 
Dy) propargyl bromide (80 wt% in toluene, 0.3% magnesium oxide as stabilizer) (Sigma-Aldrich); the 
compounds for the catalytic studies and 2, 5-dihyroxyterephthalic acid (TCI); THF, DMF, EtOH, KOH, 
MeOH, HCl (SDfine, India). The organophosphorus pesticides and nitroaromatics (Sigma) were used as 
purchased without any purifications. The water used was double distilled through a Millipore 
membrane. All the chemicals were used as purchased without any further purifications. 

Synthetic procedure of the Ligand and MOF Compounds 

The primary ligand, 2,5-bis(prop-2-yn-1-yloxy) terephthalic acid (2, 5 BPTA) was prepared by 
employing a known procedure.1 

All the compounds were prepared by the sequential layering of three different solutions. The 
lanthanide nitrates, Ln(NO3)3•xH2O, (0.05 mmol , ~0.020 g) was dissolved in 1 mL water (Solution A). 
Buffer solution (1 mL) was prepared by mixing 1:1 H2O and DMF (Solution B). 2, 2′ Bipyridine (0.05 
mmol, 0.008 g, compound 1a-5a) or 1, 10 phenanthroline (0.05 mmol, 0.009 g, compound 1b-5b) 
was dissolved in the buffer solution. The ligand 2,5-BPTA (0.05 mmol, 0.013 g) was dissolved in 1 mL 
of N, N-DMF (Solution C). In a Teflon-capped reaction vessel, solution A (1 mL) containing the 
lanthanide salt was added at the bottom. Then, 1 mL of solution B was carefully layered on the top of 
solution A followed by the addition of 1 mL of solution C. The reaction vessel was closed with a cap, 
and kept undisturbed in an oven at 75 ºC for 3-7 days. In the case of 2, 2′ bipyridine, large amount of 
cubic block shaped colourless crystals were isolated after 7 days. In case of 1, 10 phenanthroline, 
products with similar morphology came after 3 days. The yield in all cases was found to be in the 
range of ~60 - 70 % with respect to the lanthanide ions. Elemental analysis for all the compounds is 
listed in Table S1. Powder X-ray diffraction (PXRD) studies (Figure S1) has confirmed the phase purity 
of the prepared samples. The mixed metal compounds were also prepared employing a similar 
procedure (Figure S2, S3).  
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Table S1A. Synthesis of compound 1-5 in layering method 

Compound Layer A Layer B Layer C Temp 
(°C) 

Time 
(days) 

Shape and 
colour of 

crystal 
Compounds 

1a-5a 
Ln(NO3)3·xH2

O salt (0.020 
g, 0.05 
mmol) in 1 
mL of water 

2, 2′-bipyridine 
(0.008 g, 0.05 mmol) 
dissolved in the 1 mL 
buffer solution of 
DMF and water 

2,5 BPTA 
(0.013 g, 
0.05 mmol) 
in 1 mL of 
DMF 

75 7 Colourless, 
cubic 

Compounds 
1b-5b 

Ln(NO3)3·xH2

O salt (0.020 
g, 0.05 

mmol) in 1 
mL of water 

1, 10 phenanthroline, 
(0.009 g, 0.05 mmol) 
in the 1 mL buffer 
solution of DMF and 
water 

2,5 BPTA 
(0.013 g, 

0.05 mmol) 
in 1 mL of 

DMF 

75 3 Colourless, 
cubic 

 

 

Table S1B Elemental Analysis of Compound 1-5 (a, b) 

Compound %C %H %N %O 
As Synthesized Calc. As Synthesized Calc. As Synthesized Calc. As Synthesized Calc. 

Compound 
1a 

55.34 55.46 3.12 3.3 4.35 4.17 23.07 23.83 

Compound 
2a 

49.87 50.69 2.93 3.02 4.01 3.81 21.95 21.78 

Compound 
3a 

50.19 50.33 2.86 3.00 3.85 3.79 21.41 21.63 

Compound 
4a 

50.13 50.22 2.53 2.99 4.01 3.78 21.55 21.58 

Compound 
5a 

49.34 49.98 2.71 2.98 3.9 3.76 21.6 21.47 

Compound 
1b 

56.84 56.99 2.99 3.19 4.1 4.03 23.41 23.01 

Compound 
2b 

52.71 52.26 2.59 2.92 3.81 3.69 20.71 21.09 

Compound 
3b 

52.06 51.89 2.53 2.9 3.86 3.67 20.69 20.95 

Compound 
4b 

52.09 51.78 2.78 2.9 3.76 3.66 20.21 20.91 

Compound 
5b 

51.76 51.54 2.5 2.88 3.66 3.64 20.85 20.80 
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Table S2a Selected bond lengths (Å) and bond angles (deg) for 3a, Gd containing 2, 2′-bipyridine 
MOF. 

 

Compound 3a 
Bond length(Å) Bond angle (°) 

Gd1-O1_4 2.36(4) O1_4-Gd1-O1_5 76.71(15) 
Gd1-O1_5 2.36(4) O1_4-Gd1-N1_2 147.89(17) 
Gd1-N1_2 2.54(5) O1_4-Gd1-N1'_2 147.89(17) 
Gd1-N1'_2 2.57(4) O1_3_a-Gd1-O1_4 90.66(13) 

Gd1-O1_3_a 2.49(3) O2_3_a-Gd1-O1_4 90.66(13) 
Gd1-O2_3_a 2.40(4) O1_4-Gd1-O1_4_b 72.88(12) 
Gd1-O1_4_b 2.58(3) O1_4-Gd1-O2_4_b 122.86(14) 
Gd1-O2_4_b 2.49(5) O1_4-Gd1-O2_5_b 72.44(14) 
Gd1-O2_5_b 2.38(5) O1_5-Gd1-N1_2 80.24(16) 

  O1_5-Gd1-N1'_2 134.47(16) 
  O1_3_a-Gd1-O1_5 75.32(15) 
  O2_3_a-Gd1-O1_5 128.41(14) 
  O1_4_b-Gd1-O1_5 68.85(14) 
  O2_4_b-Gd1-O1_5 79.37(19) 
  O1_5-Gd1-O2_5_b 136.34(14) 
  N1_2-Gd1-N1'_2 63.00(18) 
  O1_3_a-Gd1-N1_2 73.29(15) 
  O2_3_a-Gd1-N1_2 83.45(16) 
  O1_4_b-Gd1-N1_2 121.89(16) 
  O2_4_b-Gd1-N1_2 77.24(18) 
  O2_5_b-Gd1-N1_2 139.85(15) 
  O1_3_a-Gd1-N1'_2 114.87(15) 
  O2_3_a-Gd1-N1'_2 75.32(15) 
  O1_4_b-Gd1-N1'_2 107.70(15) 
  O2_4_b-Gd1-N1'_2 67.56(18) 
  O2_5_b-Gd1-N1'_2 77.09(15) 
  O1_3_a-Gd1-O2_3_a 53.12(14) 
  O1_3_a-Gd1-O1_4_b 136.56(12) 
  O1_3_a-Gd1-O2_4_b 143.77(19) 
  O1_3_a-Gd1-O2_5_b 124.03(15) 
  O2_3_a-Gd1-O1_4_b 153.50(14) 
  O2_3_a-Gd1-O2_4_b 142.74(16) 
  O2_3_a-Gd1-O2_5_b 82.41(15) 
  O1_4_b-Gd1-O2_4_b 50.12(14) 
  O1_4_b-Gd1-O2_5_b 72.98(15) 
  O2_4_b-Gd1-O2_5_b 92.2(2) 

a = 1-x, 1-y, 1-z 
b = 1-x, 2-y, 1-z 
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Table S2b Selected bond lengths (Å) and bond angles (deg) for 5b, Dy containing 1,10-phenanthroline 
MOF 

 

  

Compound 5b 
Bond length(Å) Bond angle (°) 

Dy1-O1_3 2.34(5) O1_3-Dy1-O1_4 72.44(15) 
Dy1-O1_4 2.36(4) O1_3-Dy1-N1_2 82.16(16) 
Dy1-N1_2 2.50(6) O1_3-Dy1-N10_2 131.72(16) 

Dy1-N10_2 2.54(5) O1_3-Dy1-O2_3_b 139.57(13) 
Dy1-O2_3_b 2.38(4) O1_3-Dy1-O1_4_b 77.95(14) 
Dy1-O1_4_b 2.45(3) O1_3-Dy1-O2_4_b 68.56(15) 
Dy1-O2_4_b 2.57(5) O1_3-Dy1-O1_5_c 131.09(13) 
Dy1-O1_5_c 2.38(4) O1_3-Dy1-O2_5_c 77.20(13) 
Dy1-O2_5_c 2.43(3) O1_4-Dy1-N1_2 147.39(16) 

  O1_4-Dy1-N10_2 147.33(16) 
  O2_3_b-Dy1-O1_4 72.47(14) 
  O1_4-Dy1-O1_4_b 74.47(12) 
  O1_4-Dy1-O2_4_b 117.74(14) 
  O1_4-Dy1-O1_5_c 99.85(13) 
  O1_4-Dy1-O2_5_c 79.59(12) 
  N1_2-Dy1-N10_2 65.24(17) 
  O2_3_b-Dy1-N1_2 137.42(16) 
  O1_4_b-Dy1-N1_2 120.29(15) 
  O2_4_b-Dy1-N1_2 68.80(15) 
  O1_5_c-Dy1-N1_2 81.52(15) 
  O2_5_c-Dy1-N1_2 75.03(14) 
  O2_3_b-Dy1-N10_2 76.12(16) 
  O1_4_b-Dy1-N10_2 88.51(13) 
  O2_4_b-Dy1-N10_2 66.90(17) 
  O1_5_c-Dy1-N10_2 79.99(14) 
  O2_5_c-Dy1-N10_2 122.78(13) 
  O2_3_b-Dy1-O1_4_b 73.87(14) 
  O2_3_b-Dy1-O2_4_b 112.28(14) 
  O2_3_b-Dy1-O1_5_c 74.58(14) 
  O2_3_b-Dy1-O2_5_c 115.08(14) 
  O1_4_b-Dy1-O2_4_b 51.51(14) 
  O1_4_b-Dy1-O1_5_c 148.18(15) 
  O1_4_b-Dy1-O2_5_c 148.38(13) 
  O2_4_b-Dy1-O2_5_c 142.28(14) 
  O1_5_c-Dy1-O2_5_c 132.58(16) 

b = 1-x, 1-y, 1-z 
c = 1-x, 2-y, 1-z 
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Table S4 Hydrogen bonding for 3a compound 

 

D-H···A (Å) d(D-H) 
(Å) 

d(H-A) (Å) d(D···A) (Å) ∠DHA (°) Symmetry transforms 

Compound 3a 
C3'_2–H3'_2···O1_6 0.95 2.57 3.49(9) 165.00 x,y,1+z 
C2_6–H2A_6···O1_8 0.99 2.44 3.42(6) 170.00 1-x,1-y,1-z 
C2_6–H2A_6···O1_7 0.99 2.56 3.52(6) 165.00 1-x,1-y,1-z 
C4_6–H4_6···O1_1 0.95 2.10 3.04(19) 170.00 1+x,y,z 
C4_9–H4_9···O1_1 0.95 2.19 3.09(2) 157.00 1-x,2-y,-z 

 

 

Table S5. List of important IR bands observed in 1-5(a, b) 

 

The IR spectra of the ligand, 2, 5 BPTA, (Figure S5a) exhibits a sharp band at 3261 cm-1, which can be 
assigned to the stretching of the alkyne ≡C–H group. The band at 2126 cm-1 corresponds to the C≡C 
stretching. A broad band in the 3000-2780 cm-1 corresponds to the aromatic C–H stretching from the 
benzene ring and the stretching of the methylene group. The IR spectra of 2, 2′ - bipyridine and 1, 10 
– phenanthroline shows aromatic stretching bands at 3052 and 3056 cm-1. The typical C=C and C=N 
frequency appears at 1584 and 1528 cm-1 for bipyridine and 1610, 1539 cm-1 for phenanthroline. For 
the compound 1a-5a, a sharp peak at ~3640 cm-1 corresponds to the stretching frequency of the lattice 
water molecule. Also, the C=N stretching frequency appears to be red shifted to 1528 cm-1 for the 
electron donation from N to the metal centres. For compounds 1b-5b, also, the C=N bond appears at 
~1539 cm-1 which is red shifted from the uncoordinated phenanthroline. There are previous reports in 
this kind of observations.2–4 In addition to these, other IR bands that corresponds to -C=O, ≡C–H, C≡C 
etc. have been observed. All the observed IR bands were listed in Table S5. 

 

  

Compound ν(≡C–H) 
(cm-1) 

ν(C≡C) 
 (cm-1) 

ν(COO) 
acid 

(cm-1) 

ν(C=C) 
(cm-1) 

ν(C=N) 
(cm-1) 

ν(O–H)str non 
coordinated 

H2O 
(cm-1) 

ν(C-H) 
Aromatic 

 

2,5 BPTA ~3261 ~2126 ~1693  - -  
Compound 1a-

5a 
~3243 ~2117 ~1657 ~1584 ~1528 ~3640 ~3060 

Compound 1b-
5b 

~3309 ~2127 ~1670 ~1610 ~1539 ~3400-3300- ~3065 

2, 2′ Bipyridine - - - ~1578 ~1557 - ~3052 
1, 10 

phenanthroline 
- - - ~1644 ~1586 ~3363 ~3056 
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Table S6. List of UV-Vis spectra observed in 1-5 (a, b) 

 

Sl No: Compound Wavelength (nm) Optical transition 
UV-Vis 

1 Ligand 278 
340 

π-π* 
n-π* 

2 2, 2′ bipyridine 232 
285 

π-π* 
n-π* 

3 1, 10 phenanthroline 256 
330 

π-π* 
n-π* 

4 Compound 1a-5a ~280 
312-365 

π-π* 
n-π* 

5 Compound 1b-5b 
 

~290 
311-364 

π-π* 
n-π* 

 

The room temperature UV-Vis spectra of the ligand (Figure S6a) showed absorption bands 
corresponding to the л–л* (278 nm) and the n–л* (340 nm) transitions. For the 2, 2′ bipyridine, the 
bands are observed at λmax 235 and 282 nm for the л–л* and n–л* transitions. Compared to 2,2′-
bipyridine, 1,10-phenanthroline possesses a more rigid geometry with the three aromatic rings 
substantially coplanar and the two nitrogen atoms in juxtaposition.5 This means that with a greater 
extent of conjugation, less energy is needed (and the longer the wavelength of radiation) to excite an 
electron for the л → л* transition, so that extensively conjugated compounds can absorb longer 
wavelength. Here, the rigidity of phenanthroline is reflected in the structured UV absorption spectral 
features, where we observed the λmax 256 and 330 nm for the л–л* and n–л* transitions.6,7 Compound 
1a-5a exhibited a red-shift in the UV-Vis spectra of both the л–л* and n–л* transitions at 280 and 320-
350 nm. On the other hand, the UV-Vis spectra of the phenanthroline complexes showed the bands at 
~290 nm for the л → л* transition and 311-364 nm for the n–л* transitions.8 Here in individual peaks 
are not observed for the ligand, metal and the bipyridine; a overall broad band is observed due to the 
overlapping of the absorption spectra. Similar kind of observations has been made before.9 All the 
observed UV-Vis band is tabulated in Table S6.  
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Table S7. CIE chromaticity coordinates (x, y) for Y0.98-xTb0.02Eux– MOF material samples with different 
Eu3+ concentrations (0 < x < 4.0) and Y0.94-xTb0.06Eux– MOF material samples 

 

 

 

 

Table S8. Comparison of the literature reported white light emitting MOF materials with the present 
White light emitting materials 

MOFs Excitation 
wavelength (nm) 

CIE chromaticity 
(x, y) 

CCT 
(K) 

Quantum 
yield (%) 

Ref. 

[Dy(TETP)(NO3)3]·4H2O 365 0.33, 0.35 - 58% 10 
[Zn3(TCPB)2(H2O)2]·2H2O·4DMF 1.05% 

Eu and 1.56% Tb 
254 0.3292, 0.3543 - - 11 

NKU-114@9-AA 365 0.34, 0.32 5101 42.07% 12 
Eu0.005Tb0.095-Bi0.9-MOF 325 0.33, 0.31 - - 13 

Eu0.09Tb0.21@1 365 - - 48.5% 14 
 [Ir(ppy)2(bpy)]+@[(CH3)2NH2]15[(Cd2Cl)3

(TATPT)4]·12DMF·18H2O 
370 0.31, 0.33 5409  84.5 % 15 

BGR MOF 360 0.333, 0.336 - - 16 

Tb0.31179Eu0.1099Gd0.5782-SURMOF 360 0.331, 0.329 5614 - 17 

ZJU-1:1.0%Tb3+,2.0%Eu3+ 312 0.32, 0.31  6.11 18 

[Eu(H2O)2(OH)(Hsfpip)]·H2O  380 0.31, 0.35  16.5 19 

Y0.96Tb0.02Eu0.02 (BPTA-bpy) 345 0.334 0.346  5432 28 20 

Y0.96Tb0.02Eu0.02 (BPTA-bpy) 350 0.33, 0.345 5604 31 this 
work 

Y0.939Tb0.06Eu0.001(BPTA-phen) 350 0.332, 0.331 5517 43 this 
work 

  

Y1-0.02-xTb0.02Eux (x = 0.0, 0.5, 1.0, 2.0, 3.0, 4.0 %) 
Sample code CIE X CIE Y CCT (K) 

0.0% Eu 0.252 0.455 7885 
0.5 % Eu 0.286 0.423 6986 
1.0 % Eu 0.303 0.391 6560 
2.0 % Eu 0.33 0.345 5604 
3.0 % Eu 0.370 0.312 3766 
4.0 % Eu 0.411 0.295 2273 

Y1-0.06-xTb0.06Eux (x = 0.0, 0.05, 0.10, 0.20, 0.30, 0.40 %) 
0.0% Eu 0.22 0.431 9444 

0.05 % Eu 0.291 0.391 7035 
0.1 % Eu 0.332 0.331 5517 
0.2 % Eu 0.401 0.312 2271 
0.3 % Eu 0.435 0.295 1883 
0.4 % Eu 0.491 0.274 2291 
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LOD calculation 

The luminescence intensity of the compound was plotted as a function of cation concentration. The 
limit of detection (LOD) is given by: LOD = 3σ/m, where σ is the standard deviation of the blank 
measurements without adding the anion and m is the slope of the linear plot.  

 

Table S9. Standard deviation and detection limit calculation for the azinphos-methyl pesticide and 
nitroaromatics sensing using the Tb and Eu MOFs. 

 

Blank readings of 
MOFs 
(without analyte) 

Luminescence 
intensity 

Standard 
deviation (σ) 

Slope from the 
graph (m) 

Detection limit 
(3σ/m) 

Limit of detection 
(LOD) (ppb) 

PESTICIDE SENSING 
Tb phen-MOF 

Reading 1 865249  
 
11.2 

 
 
1.008×107 mM-1 

 
 
3.33 ×10-6 mM 

 
 
1.06 
 
 

Reading 2 865263 
Reading 3 865251 
Reading 4 865239 
Reading 5 865271 

Eu-phen-MOF 
Reading 1 260676  

 
20.84 

 
 
4.07×106 mM-1 

 
 
1.53 × 10-5 mM 

 
 
4.93 

Reading 2 260678 
Reading 3 260698 
Reading 4 260743 
Reading 5 260640 

NITROAROMATICS SENSING 
Tb bpy-MOF 

Reading 1 522106  
 
24.61 

 
 
1.75 × 107 mM-1 

 
 
4.21 ×10-6 mM 

 
 
0.97 

Reading 2 522171 
Reading 3 522116 
Reading 4 522128 
Reading 5 522157 

Eu bpy-MOF 
Reading 1 526117  

 
27.89 

 
 
1.53 × 107 

 
 
5.46 ×10-6 

 
 
1.23 

Reading 2 526112 
Reading 3 526137 
Reading 4 526157 
Reading 5 526188 
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Figure S1. Experimental and simulated PXRD patterns of (a) 3a compound and (b) 5b compound. Note 
the experimental PXRD pattern of other compounds exactly matches with the simulated pattern of 3a 
and 5b. 

 

 

 

Figure S2. PXRD patterns of (a) Y0.98-x%Tb0.02Eux%– MOF samples (bpy series) and (b) Y0.94-x%Tb0.06Eux%– 
MOF samples (phen series), confirming the structural integrity 
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Figure S3. EDX mapping of all dopped Y – bipyridine MOFs (Y1-0.02-xTb0.02Eux (x = 0.0, 0.5, 1.0, 2.0, 3.0, 
4.0 %)) samples , SEM image of 2%Tb, 2% Eu, Y- bipyridine MOF 
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Figure S4. EDX mapping of all dopped Y – bipyridine MOFs (Y1-0.06-xTb0.06Eux (x = 0.0, 0.05, 0.1, 0.2, 0.3, 
0.4 %)) samples, SEM image of 6%Tb, 0.1% Eu, Y- 1, 10 phenanthroline MOF 
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Figure S5. Infrared spectra of ligand (2, 5 BPTA) (a), 2, 2′ - bipyridine (b), 1, 10 – phenanthroline (c) 
Compounds 1a-5a (d-h) and Compounds 1b-5b (i-m). 

 

 

 

Figure S6. The solid-state UV−Vis absorpeon spectrum of compound 1-5(a,b). 
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Figure S7. Thermogravimetric analysis curve (TGA) curve of compounds 1a-5a (a-e) and compounds 
1b-5b (f-j). 
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Figure S8. PXRD analysis after thermogravimetric analysis curve (TGA) curve of Compounds 1-5 (a, b). 
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Figure S9. (a) Asymmetric unit of 3a (Gd-bipyridine compound) (Thermal ellipsoid with 50% 
probability); (b) The various coordination modes of the 2, 5 BPTA anions in Gd MOF, acid 1 and acid 2  

 

 

 

 

 

 

 

 

Figure S10. Metal coordination of (a) Gd bpy (3a) MOF, [Gd(BPTA)1.5(Bpy)]·0.5DMF capped square 
antiprismatic geometry and (b) Dy phenanthroline (5b) MOF, [Dy(BPTA)1.5(Phen)]·0.5DMF tricapped 
trigonal prismatic geometry.  
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Figure S11. (a) 1D chain formation by acid – 1 (b) 1D chain formation by acid 2 (c) distance between 
the bipyridine units in a single layer (d) The lattice water molecule interactions with layers. 

 

 

 

 

Figure S12. (a) Asymmetric unit of 5b (Dy-phen compound) (Thermal ellipsoid with 50% probability); 
(b) The various coordination modes of the 2, 5 BPTA anions in Dy MOF, acid 1 and acid 2  
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Figure S13. (a) Dimeric unit formed by O6 atom (b) 1D chain propagation by the Acid 1-unit (c) 1D 
chain propagation by Acid 2 (d) 2D layer formation in 5b; phenanthroline containing MOF 

 

 

 

 

Figure S14. Distance between 1, 10 phenanthrolines in a single layer   
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Figure S15. Room-temperature photoluminescence spectra for 2, 2′ bipyridine, 1, 10 phenanthroline, 
compound 3a (c), 3b (d), 5a (e), 5b (f) and the ligand (g) 
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Figure S16. Excitation (black dotted) and emission spectra of Eu-MOF, Tb-MOF, Y-MOF in the solid-
state Inset: Photograph showing the luminescence colour of the MOFs under long UV lamp. Note the 
characteristic red, green and blue colour for Eu3+, Tb3+ and the Y containing compound, (a) 2, 2′ 
Bipyridine containing compounds (b) 1, 10 phenanthroline containing compounds. 
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Figure S17. Luminescence decay profiles (298K) for Y, Eu and Tb MOFs. 
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Figure S18. Different substitution of Tb3+ (a) and Eu3+ (b) in Y- bpy MOF 

 

 

 

Figure S19. Different substitution of Tb3+ (a) and Eu3+ (b) in Y- phen MOF 

 

 

Figure S20. Colour of the Y
1-0.02-x%

Tb
0.02

Eu
x%

-MOF (x = 0.0, 0.5, 1, 2, 3, 4) and Y
1-0.02-0%

Tb
0.02

Eu
x%

-MOF (x 

= 0.0, 0.05, 0.1, 0.2, 0.3, 0.4) samples under UV light 
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Figure S21. The spectral overlap between the PLE spectrum of Y-MOF: Eu3+ and PL spectrum of Y-
MOF: Tb3+ materials (a) Y-bipyridine MOFs (b) Y-phenanthroline MOFs. 

 

 

 

Figure S22. (a) The excitation spectrum of Y-MOF bipyridine, 2% Tb3+, 2% Eu3+ sample monitored at 
616 nm; (b) The emission spectrum of the sample at the excitation of 488nm. 

 

 

Figure S23. (a) The excitation spectrum of Y-MOF phenanthroline, 6% Tb3+, 0.1% Eu3+ sample 
monitored at 616 nm; (b) The emission spectrum of the sample at the excitation of 488 nm. 
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Figure S24. Lifetime vs concentration of the Eu3+ plot (a) Y0.98-xTb0.02Eux and (b) Y0.94-xTb0.06Eux 

compounds. 

 

 

 

 

 

Figure. S25. Stern-Volmer plots for (a) Tb and (b) Eu – phen MOF at high concentration of azinphos-
methyl sensing 
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Figure 26. The LOD calculation graph for the pesticide sensing in Tb-phen and Eu-phen MOFs 

 

 

 

Figure S27. Comparison of the luminescence quenching effect of Azinphos methyl in the presence of 
other pesticides (75 mM) using (a) Tb-phen MOF and (b) Eu-phen MOF. 
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Figure S28. (a) Emission spectra of Tb-phen compound (b) Emission spectra of Eu-phen compound 
dispersed in water upon addition of acetonitrile solution of different pesticide solutions Azinphos-
methyl, Chlorpyrivos, Dichlorvos, Endosulfan, Malathion, Diazinon (λex = 350 nm). Concentration of 
pesticides are 75 mM in the medium 

 

 

 

 

 

Figure S29. The PXRD study was carried out after the pesticide sensing studies, which indicated the 
structural integrity of MOF compounds   
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Figure S30. The Recyclability study for the pesticide sensing using the Tb (a) and Eu MOF (b). 

 

 

 

 

 

 

Figure S31. (a) Spectral overlap of the absorption spectra of the azinphos-methyl and the Tb and the 
Eu – phen MOF compounds. (b) The absorption bands of analytes along with the emission spectra of 
Tb MOF. Note the considerable overlap (see text). 
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Figure S32. (a) Emission spectra of Tb - bpy MOF dispersed in water upon incremental addition of 
acetonitrile solution of azinphos- methyl (λex = 350nm). Final concentration of pesticide in the medium 
is indicated in the legend. (b) The LOD calculation graph for the pesticide sensing in Tb-bpy MOF (c) 
Plot of I0/I of Tb - bpy MOFs (at 544 nm) vs concentration 

 

 

 

 

Figure S33. (a) Emission spectra of Eu -bpy MOF dispersed in water upon incremental addition of 
acetonitrile solution of Azinphos - methyl (λex = 350nm). Final concentration of pesticide in the medium 
is indicated in the legend. (b) The LOD calculation graph for the pesticide sensing in Eu-bpy MOF (c) 
Plot of I0/I of Eu-bpy MOFs (at 616 nm) vs concentration  
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Figure S34. Colour of Tb-phen coated paper strips in presence of different pesticides (75 µM). Note: 
the green colour vanishes only in the presence of azinphos-methyl. 

 

 

 

 

 

Figure S35. The LOD calculation graph for the azinphos-methyl using paper strips in Tb-phen and Eu-
phen 
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Figure S36. The decrease in luminescence intensity of the MOF coated paper strips dipped in 
different concentrations of azinphos-methyl solution (a) Tb-bpy (b) Eu-bpy and LOD values for the 
azinphos-methyl solution (c) Tb-bpy (d) Eu-bpy 

 

 

 

 

Figure S37. (a) Emission spectra of Tb-bpy compound (b) Emission spectra of Eu-bpy compound 
dispersed in water upon addition of acetonitrile solution of TNP and different Aromatic compound 
solutions benzene, toluene, phenol (λex = 350 nm). Concentration of analytes are 100 mM in the 
medium 
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Figure S38. Comparison of the luminescence quenching effect of TNP in the presence of other 
aromatics (100 mM) using (a) Tb-bpy MOF and (b) Eu-bpy MOF  

 

 

Figure. S39. Stern-Volmer plots for (a) Tb and (b) Eu – bpy MOFs at high concentration of 
Trinitrophenol. 

 

 

Figure 40. The LOD calculation graph for the TNP sensing in Tb-bpy and Eu bpy   
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Figure S41. (a) Emission spectra of Tb-phen MOF dispersed in water upon incremental addition of 
acetonitrile solution of Trinitrophenol (λex = 350nm). Final concentration of TNP in the medium is 
indicated in the legend. (b) The LOD calculation graph for the TNP sensing in Tb-phen MOF (c) Plot of 
I0/I of Tb-phen MOF (at 544 nm) vs concentration 

 

 

 

 

Figure S42. (a) Emission spectra of Eu -phen MOF dispersed in water upon incremental addition of 
acetonitrile solution of trinitrophenol (λex = 350nm). Final concentration of TNP in the medium is 
indicated in the legend. (b) The LOD calculation graph for the TNP sensing in Eu - phen MOF (c) Plot of 
I0/I of Eu-bpy MOFs (at 616 nm) vs concentration 
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Figure S43. Emission spectra of Tb-bpy MOF dispersed in acetonitrile upon incremental addition of (a) 
DNB (b) DNT (c) NB (d) NT solution (lex = 350 nm). The final concentration of all the nitroaromatics in 
the medium is indicated in the legend. The Quenching Efficiency is 77 %, 52.2 %, 32.49 %, 32.28 % 
respectively. 

 

 

 

Figure S44. Emission spectra of Eu-bpy MOF dispersed in acetonitrile upon incremental addition of (a) 
DNB (b) DNT (c) NB (d) NT solution (lex = 350 nm). The final concentration of all the nitroaromatics in 
the medium is indicated in the legend. The Quenching Efficiency is 75 %, 63.5 %, 28.68 %, 27.62 % 
respectively.  
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Figure S45. The structural retention of the Eu – bpy MOF after nitroaromatic sensing (a) and 
recyclability study for the nitroaromatic sensing using the Eu MOF (b). 

 

 

 

 

 

Figure S46. (a) Spectral overlap of the absorption spectra of the trinitrotoluene and the Tb and the Eu 
– bpy MOF compounds. (b) The absorption bands of analytes along with the emission spectra of Eu 
and Tb MOF. Note the considerable overlap (see text).  
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Figure S47. IR spectra of Eu – bpy MOF before and after the pesticide sensing. Note: the shift in the 
different spectra. 

 

 

 

 

Figure S48. Colour of Tb-bpy coated paper strips in presence of different aromatics. Note: the green 
colour vanishes only in the presence of TNP 
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Figure S49: The LOD calculation graph for the TNP using paper strips in Tb-bpy and Eu-bpy. 

 

 

 

 

Figure S50: The decrease in luminescence intensity of the MOF coated paper strips dipped in different 
concentrations of TNP solution (a) Tb-phen (b) Eu-phen and LOD values for the TNP solution (c) Tb- 
phen (d) Eu- phen. 
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Figure S51. (a) Experimental χMT versus T and (b) M versus H behaviors for 3a, 4a, 5a. The insert in (a) 
is the low temperature behavior for the Tb derivative. The full line is the calculated behavior for the 
Gd compound with best-fit parameters JGdGd = -0.041 +/- 0.001 cm-1, g = 2.00 (H = -JSGd1.SGd2). 
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Figure S52. Field dependence of the magnetization of 3b, 4b, and 5b recorded at 2 K. 

 

 

 

Figure S53. Qualitative Comparison of the MT versus T behaviors for (a) 4b and (b) 5b with the 
behaviors for isolated Tb(III) and Dy(III) in homologous Y-MOF revealing the contribution (∆χMT) of the 
exchange interaction.  The contribution of the exchange interaction (∆χMT in the plots) was obtained 
by subtracting the intrinsic magnetic behavior of two isolated Ln ions (i.e. 2× χMT of Ln@Y, black trace 
below) from χMT of 4b or 5b.21–23 The increase of ∆χMT at low T is indicative for a ferromagnetic 
interaction. 
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Figure S54. AC susceptibility behaviors for 4a, b and 5a, b in absence and with applied static magnetic 
field (HAC = 3 Oe, ν = 1 kHz).  
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