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The use of the post-synthetic modification of metal-organic frameworks is a recent strategy for 
engineering the coordination sphere of lanthanide cations and optimizing the light-emission properties of 
organic-inorganic hybrid materials. Here, IRMOF-3 was modified with 2-chloroacetic acid, glyoxylic 
acid, diethyl (ethoxymethylene)malonate and methyl vinyl ketone (vapour) and characterized by 
elemental analysis, solution and solid-state NMR, Fourier Transform Infrared spectroscopies, powder X-10 

ray diffraction and scanning electron microscopy. The yields of the amino group’s conversion were, 
respectively, 100% (IRMOF-3-CA), 75% (IRMOF-3-Gl), 80% (IRMOF-3-EM), and 76% (IRMOF-3-
MVK). The reductive amination of IRMOF-3-Gl was carried out using sodium triacetoxyborohydride. 
The modified IRMOF-3 pendant groups were used to coordinate Eu3+ and Nd3+ and generating infrared 
(and visible) light emission. 15 

Introduction  
Metal Organic Frameworks (MOFs)1-9 are very popular because, 
among other reasons, they are amenable to post-synthetic 
modification, that is, the organic linkers protruding into the 
nanochannels may undergo chemical reactions after the MOF’s 20 

synthesis. For this to be possible, MOFs must be nanoporous, 
allowing the diffusion of reagents to the linker sites, chemically 
stable to the reaction media and incoming molecules.9 The post-
synthetic modification of MOFs has a number of advantages 
relatively to direct synthesis, such as the possibilities of 25 

controlling the type and number of functional groups that may be 
incorporated into the framework without affecting its stability, 
and of preparing topologically identical but functionally diverse 
frameworks. MOFs properties (e.g., porosity, hydrophobicity, 
chemical stability, etc.) may be modulated and improved by post-30 

synthetic modification10 aiming at applications in gas sorption,11 
catalysis,12 manipulating and monitoring reactions,13 
biomedicine,14 and luminescence.15 
Trivalent lanthanide (Ln3+) ions are important light emitters 
employed in many applications ranging from laser lighting 35 

displays to optical telecommunication amplifiers.16 The shielding 
of the 4f electrons by occupied 5s2 and 5p6 orbitals is responsible 
for the unique and diverse properties of the Ln3+ ions, and their 
wavelength maxima do not shift upon change of external 
conditions, such as temperature, pH, or biological environment, 40 

which have encouraged scientists to use them as centres for 
constructing functional materials.17 The lanthanide ions suffer 
from weak light absorption due to the forbidden f-f transitions, a 
problem that may be overcome by the so-called antenna effect (or 
sensitization). The role of the antenna (usually an organic ligand) 45 

is to transfer the energy from the incoming radiation to the 
lanthanide ions, boosting their luminescence.18 
Trivalent neodymium plays an important role in near-infrared 
(1060 nm) light-emitting materials and devices.19 Such materials 
find application in the military sector, night-vision illumination 50 

sources, consumer electronics, and spectroscopic analysis, 
especially in optical telecommunication systems.20 In fact, 
examples of near-infrared light-emitting lanthanide frameworks 
are scarce due to both, the presence of high-energy C-H, N-H, 
and O-H oscillators in the ligands and solvents, which effectively 55 

quench non-radiatively the metal excited states, and to the fact 
that Nd3+ has small energy gaps between the ground and the 
excited electronic states.21 Eu3+ and Tb3+ which exhibit, 
respectively, green and red 4f–4f-emissions are attractive due to 
their intense, long-lived, sharp emission in the visible region and 60 

large energy gap between their main emissive and receiving 
states, avoiding pronounced vibrational quenching. Eu3+ and Tb3+ 
have many important applications including in lasers, phosphors 
and optical communication amplifiers.22 Lanthanide-β-diketonate 
complexes are attractive due to their high-quantum yields and 65 

narrow-band emission. These chelates have long been known to 
give intense emission lines upon UV light irradiation, because of 
the effective intramolecular energy transfer from the ligands to 
the central lanthanide ions, which in turn undergo the 
corresponding radiative emission process.23 70 

The synthesis of Ln-based MOFs is, at present, a very active field 
of research,24 particularly in view of the possibility of  combining 
microporosity and light emission for fabricating sensor devices 
for small molecules,25 anions,26 cations,27 gases and vapors,28and 
temperature.29 Other applications for Ln-MOFs encompass light-75 

emitting devices,30 multimodal imaging,31 and drug delivery.32 
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We have been interested in the design of new MOFs with Ln 
active sites for light-emitting devices. Recently, we have shown 
that post-synthetic modification of MOFs is an excellent route for 
preparing infrared and visible-light emitters,15 and here we wish 
to extend our studies to other linker modifications, in order to 5 

firmly establish the general character of this approach.  
IsoreticularIRMOF-3 was chosen due to its high porosity and the 
presence of non-coordinating amino groups on the 
benzenedicarboxylate linker, which may be easily 
modified.33Thus, the amino group of IRMOF-3 were post-10 

synthetically modified by nucleophilic substitution (chloroacetic 
acid), nucleophilic addition (glyoxylic acid), reductive amination 
(glyoxylic acid) and α- and β-additions to α,β-unsaturated 
carbonyl compounds, and subsequently coordinated to Eu3+ and 
Nd3+ ions. 15 

Experimental 
1. Materials 

2-Aminoterephthalic acid (99%, Aldrich), zinc nitrate 
hexahydrate (Merck), N,N-dimethylformamide (DMF, 99.9%, 
Aldrich), chloroform (99.5%, Aldrich), acetonitrile (PA, Fisher 20 

Scientific), neodymium(III) chloride hexahydrated (99%, 
Aldrich), europium(III) chloride hexahydrated (99%, Aldrich). 

2. Synthesis of IRMOF-3 

Zn(NO3)2·6H2O (1.795 g, 6 mmol) and 2-aminoterephthalic acid 
(0.370 g, 2 mmol) were dissolved in DMF (50 mL) at room 25 

temperature. The obtained solution was sealed and placed in the 
oven at 100°C for 18 h. The obtained crystals were separated, 
washed with DMF (three times), CHCl3 (three times), then 
immersed into CHCl3 overnight to remove DMF guest molecules 
from IRMOF-3, and finally stored under CHCl3. 30 

3. Post-synthetic modifications of IRMOF-3 

3.1. Synthesis of IRMOF-3-CA 
Freshly prepared IRMOF-3 (1.0 g, 3.3 mmol equiv of –NH2) was 
dispersed in CHCl3 (15 mL). To this mixture, a solution of 
chloroacetic acid (0.945 g, 10 mmol) and triethylamine (1 mL, 10 35 

mmol) in CHCl3 (15 mL) was added dropwise at room 
temperature, and the mixture was kept for 48h at room 
temperature. The crystals were then washed three times with 
CHCl3 and finally stored under CHCl3. 

3.2. Synthesis of IRMOF-3-Gl 40 

IRMOF-3 (1.0 g, 3.3 mmol equiv of –NH2) was dispersed in 
CH3CN (15 mL). To this mixture, a solution of glyoxylic acid 
monohydrate (0.61 g, 6.6 mmol) in CH3CN (15 mL) was added 
dropwise at room temperature, and the mixture was sealed and 
kept for 48 h at room temperature. The crystals were then washed 45 

three times with CH3CN and finally stored under CH3CN. 

3.3. Synthesis of IRMOF-3-Gl-R 
Reductive imination using sodium triacetoxyborohydride was 
performing by dispersing a sample of IRMOF-3-GL (1.2 g) in a 
vial containing CH3CN (15 mL). To this mixture, a solution of 50 

sodium triacetoxyborohydride (0.250 g, 1 mmol) in CH3CN (15 
mL) was added dropwise at room temperature, and the mixture 
was heated for 24h at 60 °C. The sample was washed twice with 
CH3CN and dried in air. 

3.4. Synthesis of IRMOF-3-EM 55 

A toluene solution of diethyl (ethoxymethylene)malonate (0.6 
mL, 6 mmol) was added dropwise at room temperature to 
IRMOF-3 (1.0 g, 3.3 mmol equiv of –NH2) dispersed in toluene 
(15 mL), and the resulting mixture sealed and kept for 24 h at 
80°C. The crystals were then washed three times with toluene and 60 

exchange the solvent with CHCl3, finally stored under CHCl3. 

3.5. Synthesis of IRMOF-3-MVK (Solid–vapour reactions) 
Crystals of IRMOF-3 (1.0 g, 3.3 mmol equiv of –NH2) were 
transferred inside the conical filter paper of a reactor designed to 
perform a solid-vapour reaction. Methyl vinyl ketone (MVK) (10 65 

mL) was introduced with the help of a syringe at the bottom of 
the vessel avoiding any direct contact with the MOF. The system 
was heated overnight at 200 °C. The yellow IRMOF-3 crystals 
were washed three times and then soaked in CHCl3 overnight to 
remove the excess MVK. The product was stored in fresh CHCl3. 70 

4. Complexation with lanthanides 

4.1. Synthesis of Ln-IRMOF-3-CA (Ln = Eu, Nd) 
A sample of IRMOF-3-CA (1.2 g) was divided equally in two 
vials containing CHCl3 (15 mL). To this mixture, a solution of 
NdCl3·6H2O (0.50 g, 2mmol) in C2H5OH (15 mL) or a solution 75 

of EuCl3·6H2O (0.672 g, 2mmol) in C2H5OH (15 mL) was added 
dropwise at room temperature, and the mixture was stand for 3 
days. The sample was washed twice with CHCl3 and dried in air. 

4.2. Synthesis of Ln-IRMOF-3-GL (Ln= Eu, Nd) 
A sample of IRMOF-3-GL (1.2 g) was equally dispersed in two 80 

vials containing CH3CN (15 mL). To this mixture, a solution of 
NdCl3·6H2O (0.50 g, 2 mmol) in C2H5OH (15 mL) or 
EuCl3·6H2O (0.672 g, 2 mmol) in C2H5OH (15 mL) was added 
dropwise at room temperature, and the mixture was stand for 3 
days. The sample was washed twice with CH3CN and dried in air. 85 

4.3. Synthesis of Ln-IRMOF-3-EM (Eu, Nd) 
A DMSO (15 mL) solution of NdCl3·6H2O (250 mg, 1 mmol) 
orEuCl3·6H2O (336 mg, 1 mmol) was added dropwise at room 
temperature to IRMOF-3-EM (340 mg, 1 mmol) dispersed in 
DMSO (15 mL), being the resulting mixture stand for 3 days. The 90 

sample was washed twice with CHCl3 to remove the DMSO 
molecules from the pores of MOFs, and then dried in air. 

4.4. Synthesis of Ln-IRMOF-3-MVK (Eu, Nd). 
A DMSO solution (15 mL) of LnCl3·6H2O (250 mg, 1 mmol 
(Nd) or 336 mg, 1 mmol (Eu)) [Ln= Eu, Nd] was added dropwise 95 

at room temperature to IRMOF-3-MVK (420 mg, 1 mmol) 
dispersed in DMSO (15 mL), being the resulting mixture stand 
for 3 days at room temperature. The sample was washed twice 
with CHCl3 and dried in air.  

5. Characterization 100 

Powder X-ray diffraction data were collected on an X'Pert MPD 
Philips diffractometer (CuKα X-radiation at 40 kV and 50 mA). 
EDS measurements were carried out on a Hitachi SU-70 fitted 
with a field emission gun. The optical microscope examinations 
were carried out on a Leica EZ4HD Digital Microscope-3.0 105 

Megapixel. Fourier transform infrared spectra were measured on 
a Mattson 5000 in the range 4000-350 cm-1 in transmission mode. 
The pellets were prepared by adding 1-2 mg of MOFs to 200 mg 
of KBr. The mixture was then carefully mixed and compressed at 
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a pressure of 10 kPa in order to form transparent pellets. CNH 
contents were determined on a LECO CHNS-932 elemental 
analyser. Solution NMR spectra were recorded on Bruker Avance 
300 spectrometer (300 MHz) using a solution prepared by 
digesting 7 mg of sample in d6-DMSO (500 µL) and dilute DCl 5 

(100 µL, 35% DCl). 13C CP/MAS spectra were recorded on a 
Bruker Avance-400 (DRX) NMR spectrometer operating at 100.6 
MHz using a 7 mm CP/MAS Bruker double-bearing probe. All 
samples were finely ground before packing in the rotors. Rotors 
were spun at 9 kHz and the spectra were recorded using a 90° 10 

pulse length of 4.0 µs, 1 ms contact time and recycle time of 20 s. 
The photoluminescence spectra were recorded at room 
temperature on a modular double grating excitation 
spectrofluorimeter with a TRIAX 320 emission monochromator 
(Fluorolog-3, Horiba Scientific) coupled to a R928 and H9170 15 

Hamamatsu photomultipliers, respectively, using a front face 
acquisition mode. The excitation source was a 450 W Xe arc 
lamp. The emission spectra were corrected for the detection and 
optical spectral response of the spectrofluorimeter and the 
excitation spectra were corrected for the spectral distribution of 20 

the lamp intensity using a photodiode reference detector. The 
emission decay curves were measured at room-temperature with a 
modular double grating excitation spectrofluorimeter with a 
TRIAX 320 emission monochromator (Fluorolog-3, Horiba 
Scientific) coupled to a R928, using a pulsed Xe–Hg lamp (6 µs 25 

pulse at half width and 20–30 µs tail) or with a Fluorolog TCSPC 
spectrofluorometer (Horiba Scientific) coupled to a TBX-04 
photomultiplier tube module (950 V), 200 ns time-to-amplitude 
converter and 70 ns delay using a Horiba Scientific pulsed diode 
(SpectraLED-355, peak at 356 nm) as excitation source . 30 

Results and discussion  
Schemes 1 and 2 summarise the post-synthetic modifications of 
IRMOF-3 carried out by reaction with 2-chloroacetic acid, 
glyoxylic acid, diethyl (ethoxymethylene)malonate and methyl 
vinyl ketone. The modified crystals were characterized by 35 

powder X-ray diffraction and the results show that the IRMOF-3 
framework preserves its identity (Fig. 1). 
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Fig. 1.Powder X-ray diffraction patterns of IRMOF-3(black) and post-
synthetically modified materials IRMOF-3-CA(red), IRMOF-3-GL(blue), 40 

IRMOF-3-MVK (purple), and IRMOF-3-EM (green). 

 

Scheme 1.Post-synthetic covalent modifications of IRMOF-3 with 2-
chloroacetic acid (IRMOF-3-CA) and glyoxylic acid (IRMOF-3-GL) and 
ensuing coordination to Ln3+ ions. 45 

 
Scheme 2.Post-synthetic covalent modifications of IRMOF-3 with methyl 
vinyl ketone (IRMOF-3-MVK) and diethyl (ethoxymethylene)malonate 
(IRMOF-3-EM)and ensuing coordination to Ln3+ ions. 

The incoming substituent of the linker does not appear in the 50 

single crystal X-ray analysis of these modified IRMOF-3 samples 
probably due to disorder over the four positions on the BDC 
ligand.34,35 To overcome this limitation, the crystals were digested 
in a mixture of d6-DMSO (500 µL) and dilute DCl (100 µL, 35% 
DCl) and presented to solution NMR analysis to confirm the 55 

presence of the modified benzenedicarboxylate ligand. 
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1. Synthesis and structure elucidation of IRMOF-3-CA 

IRMOF-3-CAresulted from the reaction of IRMOF-3 with 2-
chloroacetic acid in chloroform for 48 h at room temperature. The 
1H NMR spectrum of IRMOF-3-CA shows signals at δ 7.45 (dd, 
J 1.6 and 8.2 Hz), 7.80 (d, J 1.6 Hz) and 7.95 (d, J 8.2 Hz) ppm 5 

due to the aromatic CH atoms (Fig. 2). The methylene group of 
IRMOF-3-CA appears as a singlet at δ 4.28 ppm (Fig. S6 
andS7).1H NMR shows that the conversion of the amine group 
was ca. 100% since only signals from the modified structure were 
observed. 10 

8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2
ppm  

Fig. 2. Aromatic region of the 1H NMR spectrum of IRMOF-3-CA after 
dissolution in DCl.	
  

The 13C NMR spectrum of IRMOF-3-CA shows signals at δ 43.2 
(CH2), 113.1, 115.3, 117.2, 131.4, 135.7 (aromatic carbons), 15 

150.1 (Caromatic-N), 167.2, 168.1 and 169.5 (carboxylates) ppm 
(Fig. S8). To ensure that the modification occurs within the 
crystals (and not just on their external surface), the solid-state 13C 
CP/MAS NMR spectrum was measured and it displays 
resonances (δ 44.2, 117.9, 133.1, 137.9, 149.6, 173.0 and 176.8 20 

ppm; Fig.S9),similar to those seen in the solution-state spectrum. 
The Fourier transform infrared spectrum of IRMOF-3-CA shows 
intense bands in the region 1578-1616 cm-1, due to the 
carboxylates, and at 2968, 2878 and 1438 cm-1, assigned to the 
stretching and bending vibrations of the CH2group (Fig. S40). 25 

CHN analysis confirms the chemical formula 
[Zn4O(C10H7NO6)3.2(C2H5)3N)](Table S1). 

2. Synthesis and structure elucidation of IRMOF-3-GL 

The1H NMR spectrum of IRMOF-3-GL show signals atδ7.42 
(dd, J1.6 and 8.2 Hz), 7.65 (d, J 1.6 Hz) and 7.92 (d, J8.2 Hz) 30 

ppm due to the aromatic protons of the modified material and 
signals at δ 7.25, 7.56 and 7.96 ppm due to the aromatic protons 
of the unmodified material (Fig. 3a). The spectrum of IRMOF-3-
GL shows a new peak at 5.31 ppm assigned to the methynic 
proton of the NH-CH(OH)-COOH moiety. A 75% conversion of 35 

the amine group was calculated by comparing the integration of 
the signals from the modified material with the sum of both the 
modified and unmodified IRMOF-3 aromatic signals (Figs. 3a, 
S10, S11).The13C NMR spectrum of IRMOF-3-GL shows signals 
at δ 84.1 (CH-OH), 115.3, 118.2, 120.1, 130.5, 135.4(aromatic 40 

carbons), 145.2 (Caromatic-N), 167.3, 168.4 and 169.5 
(carboxylates) ppm for the modified MOF and signals at δ = 
113.1, 119.3, 132.5, 136.2(aromatic carbons), 148.4(Caromatic-N), 
166.2 and 167.5 (carboxylates) ppm for the unmodified MOF 
(Fig. S12). Solid-state 13C CP/MAS NMR shows also the 45 

expected main signals (δ 86.0, 159.5, 167.7, 173.0-176.6 ppm) 
(Fig. S13). 
The successful linker modification may also be followed by 
infrared spectroscopy, namely via the strong absorptions of the 
carboxylate groups at ca. 1627 cm-1 (asymmetric stretch) and 50 

1392 cm-1 (symmetric stretch),and that at 1578 cm-1 due to 
phenyl ring vibrations. In addition, the –OH bending band 
appears at 1234 cm-1 (Fig. S41).CHN analysis (table S1) confirms 
the chemical formula [Zn4O(C10H7NO7)2.25(C8H5NO4)0.75]. 
The available spectroscopic evidence shows that the reaction of 55 

glyoxylic acid with the MOF-amino group affords a structure 
resulting from the addition of the amino group to the aldehyde 
carbonyl group [Ar-NH-CH(OH)-CO2H]. However, the 
elimination of water leading the imine group does not occur. 

3. Synthesis and structure elucidation of IRMOF-3-Gl-R 60 

A pseudo-reductive amination of IRMOF-3-Gl was performed 
using sodium triacetoxyborohydride to afford IRMOF-3-Gl-R. 
The1H NMR spectrum shows some changes in signals and the 
aromatic protons of the modified material appear at δ 7.45 (dd, 
J=1.6 and 8.2 Hz), 7.69 (d, J= 1.6 Hz) and 7.94 (d, J=8.2 Hz) 65 

ppm (Fig. 3b). The most important change is the disappearance of 
the signal at δ 5.31 ppm and appearance of a new resonance at δ 
4.28 ppm, assigned to the methylene proton of the NH-CH2-
COOH moiety (Fig. 3b, S14 andS15). This indicates that the 
addition of triacetoxyborohydride favours the elimination of 70 

water and the formation of an imine, which is reduced to the 
correspondent amine (Scheme S1). 

8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2
ppm

[a]

8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2
ppm

[b]

 
Fig. 3.1H NMR spectra (aromatic region) recorded in DMSO-d6 after 75 

dissolving the modified MOF in DCl of: (a) IRMOF-3-GL, (b) IRMOF-3-
GL-R (aliphatic signals are not shown, see S13 for details). 

4. Synthesis and structure elucidation of IRMOF-3-EM 

Appending diethyl methylenemalonate to IRMOF-3 was 
accomplished in a 80 % yield by the reaction of the MOF-amino 80 

group with diethyl (ethoxymethylene)malonate in dry toluene at 
80 °C, for 24h (Scheme 2). The 1H NMR spectrum (Figs. S16-
S18) confirms that diethyl (ethoxymethylene)malonate is indeed 
linked to IRMOF-3 via a tandem Michael addition-elimination 
process (Scheme 3). The 1H resonances of IRMOF-3-EM appear 85 

at δ 1.21 and 1.24 (t, 3H, J 7.1 Hz, CH3), 4.13 and 4.20 (q, 2H, J 
7.1 Hz, CH2), assigned to the protons of the inequivalent ethyl 
group, 7.64 (dd, 1H, J 8.2 and 1.3 Hz), 7.86 (d, 1H, J 1.3 Hz), 
8.02 (d, 1H, J 8.2 Hz), attributed to the aromatic protons, 8.39 (s, 
1H, olefinic-H). 13C NMR also confirms the presence of IRMOF-90 

3 bearing a diethyl methylenemalonate group: δ 14.4 (CH3), 60.1 
(CH2), 96.6 (quaternary olefinic carbon), 114.3, 116.5, 120.5, 
131.7, 136.1, 141.2 (aromatic carbons and olefinic CH), 148.5 
(Caromatic-N), 165.7, 167.7 and 168.8 (carboxylates) (Fig. S19). 
All the 1H and 13C assignments were based on 2D NMR 95 
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techniques [HMBC (Figs. S20-22) and HSQC (Figs. S23, 24)]. 
The solid-state 13C CP/MAS NMR spectrum of IRMOF-3-EM 
further confirms the post-synthetic modification, exhibiting 
resonances at δ 13.2 and 61.1 ppm due to the ethyl group, and at 
δ 157.3, 161.2 and 173.5 ppm assigned to the carboxylates (Fig. 5 

4). 

 
Scheme 3. Reaction of IRMOF-3 with diethyl (ethoxymethylene)-
malonate. 

The Fourier transform infrared spectrum of IRMOF-3-EM shows 10 

intense bands in the region 1623 and 1583 cm-1 due to the 
stretching vibrations of chelated carboxylates and of the phenyl 
ring, a band at 1685 cm-1 attributed to the stretching vibration of 
the free carboxylate, a band at 3372 cm-1 ascribed to the amine 
proton, and bands at 3100, 2832 and 2649, 1371 cm-1 due to the 15 

stretching and bending vibrations of CH2 and C-CH3 (Fig. S42). 
CHN analysis (Table S2) confirms the chemical formula 
[Zn4O(C16H15NO8)2.4(C8H5NO4)0.6]. 

200 180 160 140 120 100 80 60 40 20 0
ppm

12

13

10

11
3, 7

1, 2, 4, 5, 6, 8, 9

 
Fig. 4.13C CP/MAS spectrum of IRMOF-3-EM. 20 

5. Synthesis and structure elucidation of IRMOF-3-MVK  

Solid–gas and solid–vapour reactions have been studied since the 
end of the 19th century.36 More recently these reactions have 
been applied extensively to organic,37-41 organometallic42-45 and 
metal–organic46-50 compounds. Such studies have shown that not 25 

only dry-medium reactions are possible in a wide range of cases, 
but also that diverse crystalline forms that are not accessible from 
solution may be produced when macroscopic solvation is 
avoided. Finally, they represent a practicable alternative for 
‘greener’ and cheaper industrial processes. Post-synthetic 30 

methods aimed at constructing C–N bonds have been intensively 
studied, in particular the Michael addition of amines to α,β-
unsaturated carbonyl compounds. We have devised a synthetic 
method for the preparation of ketone-terminated IRMOF-3 via 
the reaction of methyl vinyl ketone vapour with the dry crystals 35 

of IRMOF-3. We have realised that we are in the presence of two 

post-synthetic modifications of IRMOF-3 in a 1:1 proportion: (i) 
a Michael addition of the MOF-amino group to the methyl vinyl 
ketone, appending a 3-oxobutyl group, and (ii) the formation of a 
product resulting from the addition to the α-position of the methyl 40 

vinyl ketone. This may be due to the formation of a π complex 
between the double bond of the methyl ketone and the metal ions 
of the MOF, favouring the α-addition (Scheme 4). 

 
Scheme 4. Reaction of IRMOF-3 with methyl vinyl ketone. 45 

To confirm the formation of the covalently functionalized 
IRMOF-3-MVK, a wide range of NMR spectra were measured, 
namely 1H NMR (Figs. S25-S28), 13C NMR (Fig. S29), 13C 
CP/MAS (Fig. 6), HSQC (Figs.S30-S32), HMBC (Figs. S33-
S36), and 2D COSY (Figs. S37-S39). The structure resulting 50 

from the Michael addition to methyl vinyl ketone is supported by 
the 1H NMR resonances at δ 2.08 (s, 3H, CH3), 2.76 (t, 2H, J 6.4 
Hz, CH2CO) and 3.35 (t, 2H, J 6.4 Hz, CH2NH), assigned to the 
aliphatic moiety, and those at 7.02 (d, 1H, J 1.4 Hz), 7.07 (dd, 
1H, J 8.2 and 1.4 Hz), 7.83 (d, 1H, J 8.2 Hz) due to the aromatic 55 

protons, and the carbon resonances at δ 30.5 (CH3), 37.5(CH2NH) 
and 42.4 (CH2CO), 112.8, 114.3, 115.4, 132.7, 136.2 (aromatic 
carbons), 150.5 (Caromatic-N), 167.7 and 169.8 (carboxylates), 
208.6 (ketone). The structure resulting from the α-addition of the 
amino-IRMOF-3 to methyl vinyl ketone is confirmed by the 1H 60 

resonances at δ 1.31 (d, 3H, J 7.1 Hz, CH3), 2.52 (s, 3H, COCH3), 
4.33 (quart, 1H, J 7.1 Hz, CHCH3), 7.16 (dd, 1H, J 8.3 and 1.5 
Hz), 7.21 (d, 1H, J 1.5 Hz), 7.81 (d, 1H, J 8.3 Hz) and the 13C 
resonances at δ 17.7 (CH3), 37.2 (CH3), 57.0 (CHCH3), 112.3, 
113.9, 117.7, 132.3, 135.7 (aromatic carbons), 148.7 (Caromatic-N), 65 

167.8 and 169.1 (carboxylates), 211.3 (ketone). The solid-state 
13C CP/MAS NMR spectrum of IRMOF-3-MVK further 
confirms the post-synthetic modification, as shown in figure 6. 
The HMBC spectrum unequivocally proves the presence of the 
described two structures, mainly the connectivity of the CH2NH 70 

with the Caromatic-N (150.5 ppm) in the case of the Michael adduct 
and of CHCH3with the Caromatic-N (148.7 ppm) in the case of the 
α–addition (Fig. 5). 

 
Fig. 5. Main connectivities observed in the HMBC spectrum. 75 
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Fig. 6. 13C CP/MAS spectrum of IRMOF-3-MVK. 

The Fourier transform infrared spectrum (Fig.S43) presents 
characteristic intense bands in the region 1623-1583 cm-1 due to 
the stretching vibrations of chelated carboxylates and phenyl ring, 5 

a band at 1706 cm-1 attributed to the stretching vibration of the 
free C=O. CHN analysis (Table S1) confirms the chemical 
formula [Zn4O(C12H11NO5)1.38(C12H11NO5)0.9(C8H5NO4)0.72]. 

6. Complexation with lanthanides 

The pendant groups of the modified IRMOF-3 were used to 10 

coordinate Nd3+ and Eu3+. To a solution of NdCl3.6H2O or 
EuCl3·6H2O in ethanol was added to IRMOF-3-CA dispersed in 
chloroform, IRMOF-3-Gl dispersed in acetonitrile and the 
resulting mixtures were allowed to stand at room temperature for 
3 days (Scheme 1), while a solution of NdCl3·6H2O or 15 

EuCl3·6H2O in DMSO was added to crystals of IRMOF-3-EM or 
IRMOF-3-MVK (Scheme 2). These different procedures are due 
to the stability of these structures, only the latter being stable in 
air. Powder X-ray diffraction showed that the framework and 
crystallinity of the MOFs were preserved upon Ln chelation (Fig. 20 

S1-S4). 
The crystal morphology of Ln3+-IRMOF-3-CA, Ln3+-IRMOF-3-
Gl, Ln3+-IRMOF-3-EM and Ln3+-IRMOF-3-MVK was 
determined by scanning electron microscopy and optical 
microscopy (Figs. S44-S47). As observed for previous IRMOF-3 25 

samples, these materials exhibit a cubic habit. The presence of Ln 
ions and the composition of the materials were determined by 
energy dispersive X-ray spectroscopy analysis of 10 crystals 
(Tables S1 and S2). 

6.1. Ln3+-IRMOF-3-CA 30 

The comparison of the infrared spectra of Nd-IRMOF-3-CA, Eu-
IRMOF-3-CA and IRMOF-3-CA show significant differences. 
The CH2 group of IRMOF-3-CA displays two intense bands at 
2984, 3031 cm-1 corresponding to the symmetric and asymmetric 
stretching modes, but only one in Ln-IRMOF-3-CA 2984 cm-1; 35 

the pair of bands assigned to ring CH modes at 3062 and 3078 
cm-1are replaced by a broad and mostly symmetrical single band 
at 3075 cm-1. The C=O stretching vibration appearing as a 
shoulder in IRMOF-3-CA at 1683 cm–1 is shifted to lower (60 
cm–1) wavenumbers in the complexes indicating the participation 40 

of carboxylates in the chelation of Ln3+. New bands are found in 
the spectra of Nd-IRMOF-3-CA at 582and 487 cm–1 and assigned 
to Ln–OCO and Ln–N stretching vibrations (Fig. S40). 
Therefore, it is concluded that IRMOF-3-CA coordinates with 
Ln3+ ions via its deprotonated carboxylated and the amino groups. 45 

EDS analysis showed that the molar ratio of Zn2+ to Ln3+was 4:3 
and of Ln3+ to Cl was 1:1. CHN analysis and EDS confirm the 
chemical formula of Ln-IRMOF-3-CA as [Zn4O(C10H5NO6LnCl· 
6H2O)3, Ln= Eu or Nd].  

6.2. Ln3+-IRMOF-3-GL 50 

The Fourier transform infrared spectrum spectra of IRMOF-3-GL 
and Ln-IRMOF-3-GL are similar, with small intensity variations 
in a few bands. The spectra are dominated by the strong 
absorptions of the carboxylate groups, around 1620 cm-1 
(asymmetric stretch) and 1392 cm-1 (symmetric stretch). In 55 

addition, the intensity reduction of the broad band at ca. 1250 cm-

1 is consistent with a change in the –OH bending mode. A new 
band is found in the spectra of Ln-IRMOF-3-GL at 385cm- 
assigned to (Ln–N) stretching vibrations (Fig. S41). Energy 
dispersive X-ray analysis gives a ratio Zn2+ to Nd3+ of 4:2.25 and 60 

together with CHN analysis confirms the chemical formula 
[Zn4O(C22H23N7O7LnCl)2.25(C8H5NO4)0.75]. 

6.3. Ln3+-IRMOF-3-EM 

As most β-diketonates may coordinate Ln3+ ions forming stable 
complexes, the terminated β-diketonate IRMOF-3-EM was mixed 65 

with LnCl3·6H2O, in DMSO. Because MOFs functionalization is 
partial, the amount of malonate moieties and Ln-β-diketonate 
complex anions is too low to allow observation of their 
characteristic Fourier transform infrared bands (Fig. S42). 
Fortunately, the successful attachment of Ln3+ ions to MOF 70 

backbones is strongly supported by the symmetrical vibration of 
two C=O links in the resonating structure of the coordinated β-
diketonate ligands around 1535 cm−1, which is similar to peak in 
the spectrum of the modified IRMOF-3-EM. Energy dispersive 
X-ray spectroscopy provides positive evidence for the successful 75 

functionalization of MOF with Ln3+ ions (Table S2) and together 
with CHN analysis confirms the chemical formula of Eu-IRMOF-
3-EM to be [Zn4O(C37H64N8O15Eu)2.4(C8H5NO4)0.6] and that of 
Nd-IRMOF-3-EM [Zn4O(C37H64N8O15Nd)2.4(C8H5NO4)0.6]. 

6.4. Ln3+-IRMOF-3-MVK 80 

A solution of LnCl3·6H2O [Ln= Eu, Nd] in DMSO was added 
dropwise at room temperature to IRMOF-3-MVK. Infrared 
spectroscopy confirms the successful Ln chelation (Fig. S43): the 
spectrum of Ln-IRMOF-3-MVKshows the characteristic 
symmetric and asymmetric stretching vibrations from the 85 

deprotonated carboxylic acids at 1313 and 1580 cm−1, 
respectively. The band of the aromatic benzene vibration appears 
at 1512 cm−1.The large bands at 1006 and 960 cm-1 are due to, 
respectively, S-O and C-S stretching of the coordinated DMSO. 
Additional evidence for this chelation reaction was obtained by 90 

energy dispersive X-ray spectroscopy and CHN analysis, 
confirming the chemical formula of Eu-IRMOF-3-MVK to be 
[Zn4O(C22H40NS5O10EuCl2)1.38(C22H40NS5O10EuCl2)0.9(C8H5NO4

)0.72] and that of Nd-IRMOF-3-MVK 
[Zn4O(C22H40NS5O10NdCl2)1.38(C22H40NS5O10NdCl2)0.9(C8H5NO495 

)0.72]. 
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7. Photoluminescence properties 

Figure 7 shows the emission spectra of the Eu3+-containing 
MOFs. The spectra consist of a series of intra-4f transitions, 
assigned to the 5D0→7F0-4 transitions of the Eu3+ ion, and a broad 
band ascribed to the hybrid host (since it is also seen in the 5 

undoped samples, Fig. S48). A very similar band has been 
reported for Ln3+-complexes of β–diketonates bearing aromatic 
ligands and assigned to π–π* and/or n-π*transitions. 51 
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Fig. 7. Emission spectra of Eu-IRMOF-3-EM (black), Eu-IRMOF-3-10 

MVK (red), and Eu-IRMOF-3-GL (blue) excited at 365 nm. The inset 
depicts part of the energy level scheme of Eu3+ ions. 

For Eu-IRMOF-3-CA the host band is quite intense indicating an 
inefficient ligand-to-metal energy transfer (Fig. S49). In contrast, 
for Eu-IRMOF-3-EM, Eu-IRMOF-3-MVK and Eu-IRMOF-3-GL 15 

this band is very faint indicating that an efficient energy transfer 
from these matrices to the Eu3+ ions boosts the light emission. 
Furthermore, the 7F1-4 Stark level splitting is better observed in 
Eu-IRMOF-3-MVK, relatively to that of the other two MOFs, 
due to a smaller dispersion of closely similar Eu3+ local 20 

neighbourhoods. The corresponding excitation spectra (Figure 8) 
display broad bands, ascribed to the ligands, overlapping with a 
series of narrow intra-4f lines. The higher relative intensity of the 
broad bands for Eu-IRMOF-3-MVK and Eu-IRMOF-3-EM 
indicates that the ligands sensitization process is more effective in 25 

this case. 
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Fig. 8. Excitation spectra of Eu-IRMOF-3-EM (black), Eu-IRMOF-3-

MVK (red) and Eu-IRMOF-3-GL (blue) at 615 nm. The peak at 375 nm 
is ascribed to the π → π* band of the benzene ring. The wide band is 30 

assigned to the ligand-metal charge transfer. 

It is of interest to optimize the near infrared emission by changing 
the nature of the pendant organic moiety. All Nd3+-containing 
MOFs show emission at 1064 nm (4F3/2→4I11/2) and 1330 nm 
(4F3/2→4I13/2) (Fig. 9), excited via both the hybrid host and intra-35 

4f3 lines (Fig. S48). No significant changes are observed in the 
energy and full-width-at-half-maximum (FWHM) of the lines of 
the Nd-IRMOF-3-EM, Nd-IRMOF-3-MVK and Nd-IRMOF-3-
CA materials. For Nd-IRMOF-3-GL, however, the FWHM of the 
4F3/2→4I13/2 transition is lower (ca. 20 nm, 30 nm in the other 40 

MOFs) and the 4F3/2→4I13/2 transition displays a relatively low 
intensity. 
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Fig. 9. Near infrared emission spectra of Nd-IRMOF-3-EM (black), Nd-
IRMOF-3-MVK (red), Nd-IRMOF-3-CA (blue) and Nd-IRMOF-3-GL 45 

(purple) excited at 378 nm, 395 nm, 365 nm and 527 nm, respectively. 
The inset depicts part of the energy level scheme of Nd3+ ions. The 4F3/2 

energy level is populated via the ligands excited states. 

The corresponding excitation spectra (Figure 10) display a broad 
band in the high-energy region of the spectrum ascribed to the 50 

ligands, overlapping with a series of narrow intra-4f3 lines. The 
higher relative intensity of the broad emission for Nd-IRMOF-3-
MVK indicates that the sensitization process is more effective in 
this case. Nevertheless, because the near-infrared emission is 
observed for excitation of both the hybrid host and intra-4f 55 

transitions, all the modified MOFs are good matrices for 
absorbing energy and transferring it to the Nd3+ ions. 

Page 7 of 10 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

8| New J. Chem. [2015], [39], 00–00 This journal is © The Royal Society of Chemistry [year] 

280 330 380 430 480 530 580 630 680 730 780

4 I 9/
2→

4 S 3/
2,

4 F 7/
2-

5/
2

4 I 9/
2→

2 H
11

/2

4 I 9/
2→

4 F 9/
2

4 I 9/
2→

2 G
7/

2-
5/

24 I 9/
2→

2 K 13
/2

4 I 9/
2→

3 K 44 I 9/
2→

3 K 2

 N
or

m
al

iz
ed

 In
te

ns
ity

 

 

 Wavelength (nm)  
Fig. 10. Excitation spectra of Nd-IRMOF-3-EM (black), Nd-IRMOF-3-
MVK (red), Nd-IRMOF-3-CA (blue) and Nd-IRMOF-3. 

The luminescence emission decays of Nd-IRMOF-3-GL, Nd-
IRMOF-3-MVK and Nd-IRMOF-3-CA were recorded at room 5 

temperature (Fig. S51) and the lifetimes are listed on table 1. The 
quantum yield (QY) is very low (1%) for all Nd3+ doped 
materials. The 5D0 lifetime of	
  Eu-IRMOF-3-GL, Eu-IRMOF-3-
MVK, Eu-IRMOF-3-CA and Eu-IRMOF-3-EM are shown in 
table 1 and the emission decay curves in figure S52.	
   The 10 

synthesised hybrid materials doped with Eu3+ have a low 
quantum yield (1%).  

Table 1 Lifetime values obtained at 300 K under distinct excitation 
wavelengths (λex, nm) . 

Material  Exc (nm) lifetime (ms) 

Nd-IRMOF-3-MVK 395 0.012±0.001 

Nd-IRMOF-3-GL 365 0.011±0.001 

Nd-IRMOF-3-CA 365 0.012±0.001 

Eu-IRMOF-3-GL 420 0.125±0.002 

Eu-IRMOF-3-CA 380 0.173±0.006 

Eu-IRMOF-3-EM 355 0.310±0.001 

Eu-IRMOF-3-MVK 355 0.331±0.001 

 15 

 

Conclusion 
We have successfully developed visible and near-infrared 
emitting lanthanide-organic frameworks using the post-synthetic 
modification technique. This method has the advantage of 20 

preserving the original MOFs structure with the addition of new 
properties, combining the microporosity of the MOFs host and 
the functionality of lanthanide ions. Furthermore, 
photoluminescence studies showed that the post-synthetic 
modified MOF was able to sensitise the Ln3+ ions (antenna effect) 25 

leading to characteristic emission in the near infrared and visible 
regions. 
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