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ABSTRACT 

The metal sites of MIL-100(Fe), MIL-100(Fe,Al), and MIL-100(Al) metal–organic frameworks (MOFs) 

were decorated with ethylenediamine (EN). Interestingly, the Al-containing MOFs presented 

hierarchized porosity, and their structural integrity was maintained upon functionalization. Solution 

and solid-state NMR confirmed the grafting efficiency in the case of MIL-100(Al) and the presence of 

a free amine group. It was shown that MIL-100(Al) can be functionalized by only one EN molecule in 

each trimeric Al3O cluster unit, whereas the other two aluminum sites are occupied by a hydroxyl 

and a water molecule. The −NH2 sites of the grafted ethylenediamine can be used for further 

postfunctionalization through amine chemistry and are responsible for the basicity of the 

functionalized material as well as increased affinity for CO2. Furthermore, the presence of 

coordinated water molecules on the Al-MOF is responsible for simultaneous Brønsted acidity. 

Finally, the Al-containing MOFs show an unusual carbon dioxide sorption mechanism at high 

pressures that distinguishes those materials from their iron and chromium counterparts and is 

suspected to be due to the presence of polarized Al–OH bonds. 
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Introduction 

Metal–organic frameworks (MOFs) are porous coordination polymers that hold great promise in 

fields such as the capture of greenhouse gases, (1) including carbon dioxide, (2) gas storage for 

energy applications (H2, CH4), (3) drug delivery, (4) sensing, (5) and catalysis. To improve the sorption 

of CO2 and other guest molecules in MOFs, functionalization of those materials with basic functions, 

(6) and more specifically amines, (7) is very efficient. Such functions are also very valuable tools for 

postfunctionalization purposes relying on the rich chemistry of amines, (8) as well as for base-

promoted catalysis. (9) The incorporation of amines is usually carried out using modified linkers to 

build the MOF. However, amine-bearing linkers are often more expensive. One alternative is to 

functionalize metal sites in MOFs with cheap ethylenediamine (EN) (10−14) or other polyamines, (15) 

which use one −NH2 site as an anchor to the MOF’s structure, leaving a second pendant amine site 

available. The chromium-based MIL-100(Cr), built using the benzene-1,3,5-tricarboxylate (also 

called trimesate, BTC3–) ligand, is a MOF that has shown great promise in this perspective. (16−18) 

However, this chromium-based MOF is not likely to be used in large-scale industrial applications due 

to environmental and health concerns. (19) This is because of strong regulations concerning 

chromium, which is highly hazardous in its +VI oxidation state. (20) Nevertheless, the MIL-100 

structure remains very interesting for functionalization purposes because its large pores (25 and 29 

Å diameters) allow for introducing functional units while still maintaining high surface areas. (21,22) 

For this reason, we investigated the possibility to functionalize MIL-100(Al) and MIL-100(Fe), which 

are based on widely available (and thus cheap) and less problematic metals, as well as their 

bimetallic counterpart MIL-100(Fe,Al). Furthermore, because it is based on the lightest metal that 

can commonly attain the +III oxidation state, MIL-100(Al) is more promising for gravimetric gas 

sorption applications owing to its lower density. 

Experimental Section 

INSTRUMENTS 

Powder diffraction data were collected on a STOE STADI P Combi diffractometer using either Mo Kα 

radiation (50 kV, 40 mA) or Cu Kα radiation (40 kV, 40 mA) (graphite primary monochromator). The 

diffracted beam was recorded on a DECTRIS MYTHEN 1K strip detector. The samples were loaded in 

0.7 mm diameter capillaries, aligned to the geometric center of the diffractometer, and measured in 

transmission, with independent 2-theta movement. 
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Infrared spectra were recorded in the 4000–370 cm–1 range on a Bruker Alpha spectrometer 

equipped with a Platinum ATR module (diamond crystal) housed in an argon-filled glovebox. 

Thermogravimetric analysis (TGA) measurements of the MOFs were performed on a Mettler Toledo 

TGA/DSC3+ system equipped with a sample robot. The air flow was 100 mL/min. An initial isotherm 

at 27 °C was applied for 15 min before heating the sample up to 900 °C at a rate of 10 K/min. TGA-MS 

was done by coupling a ThermoStar GSD 301 T mass spectrometer to the outlet of the TGA oven. 

Nitrogen sorption isotherms were measured at 77 K using Micromeritics ASAP2020 equipment. All 

samples were activated at 200 or 150 °C (depending on the sample) under dynamic vacuum for 10 h 

prior to analysis. 

Transmission electron microscopy (TEM) images were obtained using an LEO 922 Omega Energy 

Filter Transmission Electron Microscope operating at 120 kV. The samples were suspended in 

ethanol, and a drop of the suspension was deposited on a holey carbon film supported on a copper 

grid (Holey Carbon Film 300 Mesh Cu, Electron Microscopy Sciences), which was dried overnight at 

room temperature before introduction in the microscope. 

Solution-state 1H NMR spectra were recorded at room temperature (296 K) on a Bruker Avance II 300 

spectrometer operating at 300.1 MHz. Experiments were run under the TopSpin program (3.2 

version, Bruker) using a BBFO {1H, X} probe head equipped with a z-gradient coil. 1H chemical shifts 

are reported in parts per million (ppm) and referenced to the residual signal of DMSO-d5 (δ 2.50 ppm). 

The samples were prepared by adding an appropriate amount of solid to a glass test tube equipped 

with a ground glass joint. For activation, a glass stopcock, connected to a vacuum supply (via a 

Schlenk line), was adapted on the test tube and heating was applied using an oil bath. About 0.5 mL 

of D2SO4 was then added to the sample using a glass pipette, followed by an appropriate amount 

(enough to obtain a clear solution after heating) of DMSO-d6. The test tube was then sealed with a 

glass stopper, and the mixture was heated using a heat gun until a clear solution was obtained (in 

the case of difficult solubilization, some DMSO-d6 was added and the mixture was heated again to 

obtain a clear solution). The solution was then cooled and transferred into a 5 mm thin-walled 

precision NMR sample tube for analysis. Note: The added volume of DMSO-d6 is variable depending 

on the sample to dissolve. The total quantity needed to achieve complete dissolution is dependent 

on the nature of the sample (portions of ∼0.5 mL were added until a clear solution was obtained). 

This results in variable D2SO4/DMSO ratios for each analyzed sample and in slight shifts of peak 

positions in the 1H NMR spectra but does not affect the quantification of the EN/H3BTC ratio. 
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Solid-state 13C and 15N cross-polarization (CP) magic-angle spinning (MAS) NMR spectra were 

acquired at room temperature on a Bruker Avance-500 NMR spectrometer operating at 11.7 T (125.8 

MHz for 13C and 50.6 MHz for 15N) and equipped with a 4 mm CP-MAS Bruker probe. 13C CP-MAS 

spectra were recorded using a contact time of 2 ms, a spinning rate of 10 kHz, a relaxation delay of 5 

s, and 1000 scans. The 15N CP-MAS spectrum was recorded using a contact time of 2 ms, a spinning 

rate of 8 kHz, a relaxation delay of 10 s, and 92 000 scans. The processing comprised exponential 

multiplication of the free induction decay with a line broadening factor of 10 Hz, zero filling prior to 

Fourier transform, phase, and baseline corrections. Chemical shift scales were referenced externally 

to solid adamantane (13C: 38.68 ppm) and ammonium chloride (15N: 39.3 ppm). (23,24) Solid-state 

27Al MAS NMR spectra were acquired at room temperature on a 400 MHz Varian VNMRS spectrometer 

operating at 9.4 T (104.2 MHz for 27Al) and equipped with a 4 mm Chemagnetics T3 probe. MAS 

spectra were recorded using a spinning rate of 8 kHz. Processing comprised manual baseline 

correction. Chemical shifts were referenced externally to aluminum nitrate in H2O (27Al: 0.0 ppm). 

Note: The MIL-100(Al) sample that was used for solid-state NMR investigations was first activated 

and then rehydrated by prolonged exposure to air for several days. 

Solid-state UV–vis measurements of bromothymol blue impregnated samples were performed on a 

Shimadzu UV-3600 Plus UV–Vis–NIR spectrometer equipped with a Harrick single-beam Praying 

Mantis Diffuse Reflectance collection system. A Spectralon Diffuse Reflectance Standard was used 

to measure the background spectra. 

Solution-state UV–vis measurements of the ninhydrin tests were collected on a 1700 UV/visible 

spectrophotometer from Shimadzu. 

Volumetric carbon dioxide sorption experiments were performed on an IMI-HTP Sievert’s apparatus 

from Hiden Isochema. For the experiments, about 100 mg of sample was used and activated under 

vacuum at 100 or 200 °C before sorption experiments. The excess uptake values were converted to 

mmol/g of dry sample based on the sample’s weight after activation. 

Gravimetric cyclic sorption experiments were performed on a Mettler Toledo TGA/DSC3+ system. For 

each experiment, the sample was activated in situ in the thermogravimetric analyzer by heating (10 

K/min) to 100 °C (2 h isotherm) and cooling back to 25 °C (10 K/min) and maintaining this 

temperature for 90 min, all of these operations were performed under helium (100 mL/min). The 

adsorption/desorption cycles were realized by switching gas fluxes every 60 min from helium (100 

mL/min) to carbon dioxide (100 mL/min) and vice-versa at a constant temperature of 25 °C. 

Elemental analyses (ICP and CHN) were performed by Medac Ltd. (U.K.). 
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Gravimetric CO2 low-pressure sorption isotherms were performed using a Netzsch STA 449 F3 TGA 

instrument equipped with a stainless steel oven hosted in an argon-filled glovebox. The sample was 

subjected to a constant gas flux of 100 mL/min of an Ar/CO2 mixture with an increasing proportion 

of CO2 every 30 min (0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, and 80%) under a constant temperature of 

27 °C. The adsorption was followed by 90 min desorption under a flux of 100 mL/min of argon. The 

mass increase at equilibrium after 30 min of exposure to each gas mixture of a given composition 

was plotted against the partial pressure of CO2 to obtain the corresponding adsorption isotherm. 

The samples were degassed at 100 °C under vacuum ex situ before the experiments and transferred 

to the glovebox without contacting air. 

CHEMICALS 

Trimesic acid (98%), heptane (99%), thiophosgene (85%), iodomethane (99%, stabilized), dry ether 

(99.5%, extra dry), triethylamine (99%), and toluene (99.85%, Extra Dry, AcroSeal) were purchased 

from Acros Organics. Denatured ethanol (Technisolv, 99%), dimethylformamide (HiPerSolv, 

CHROMANORM), methanol (HiPerSolv, CHROMANORM), dichloromethane (DCM, HiPerSolv, 

CHROMANORM), pentane (HiPerSolv, CHROMANORM), hexane (HiPerSolv, CHROMANORM), sodium 

hydroxide pellets, HCl 37% (AnalaR, NORMAPUR), and ninhydrin (AnalaR, NORMAPUR ACS, Reag. Ph. 

Eur., for analysis) were purchased from VWR Chemicals. D2SO4 and DMSO-d6 were purchased from 

Euriso-top. Ethylenediamine (>99.5%), boron trifluoride diethyl etherate, aluminum chloride (98%), 

and hexylamine (99%) were purchased from Merck. Bromothymol blue was purchased from Alfa 

Aesar. All chemicals were used as received. 

SYNTHETIC PROCEDURES 

GRAM SCALE SYNTHESIS OF MIL-100(AL) 

Caution! This synthesis employs large amounts of chemicals; therefore, precautions must be taken. 

This is especially the case for the dissolution of aluminum chloride in water, which is extremely 

exothermic and may release hydrogen chloride. Therefore, this dissolution must be performed 

under an efficient fume hood using good quality borosilicate, thick-walled glassware. Water must be 

poured as quickly as possible on AlCl3 to avoid overheating. This step causes impressive and 

excessive fuming. Preparation of solution A: A total of 31.5 g of trimesic acid was dissolved in 3 L of 

denatured ethanol in a 4 L Erlenmeyer flask. The flask was shaken until all of the acid was completely 

dissolved. Stepwise addition of the acid and sonication are recommended for avoiding the 

formation of aggregates and speeding up the process. Once a clear solution was obtained, 3.15 mL 
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of concentrated hydrochloric acid was added and the mixture was homogenized by shaking. 

Preparation of solution B: A total of 17.25 g of AlCl3 was added in a dry 4 L Erlenmeyer flask. Then, 3 L 

of demineralized water was added through a large glass funnel, and the first 1000 mL were added as 

fast as possible (Exothermic reaction!). The mixture was homogenized, followed by the addition of 

35.0 mL of DMF. The flask was shaken to obtain a homogeneous mixture. Preparation of the MOF: 

Solutions A and B were mixed together in a 10 L polyethylene can. The can was closed with a screw 

cap and thoroughly shaken to obtain a homogeneous mixture. The mixture was then poured into 

glass bottles (10 bottles of 500 mL capacity, each containing 400 mL of the reaction mixture, and 1 

bottle of 2.5 L capacity containing 2000 mL of the mixture). All of the bottles were placed into an 

oven at 83 °C for 6 days. The white precipitate was centrifuged at 6000 rpm and washed with water 

(3 times) and ethanol (3 times). The powder was then suspended in a minimum amount of ethanol, 

and the suspension was evaporated under reduced pressure at 70 °C using a rotary evaporator. 

SMALL-SCALE SYNTHESES OF AL-BTC MOFS 

Solutions A and B were prepared as described above (in smaller volumes). Then, 200 mL of each 

solution were mixed together in 500 mL screw-capped glass bottles. The bottles were sealed and 

placed in an oven at 80 °C for a given amount of time (4, 5, 6, 8, 11, or 15 days). The white precipitate 

was centrifuged at 4000 rpm and washed with water (3 times) and ethanol (3 times). The powder 

was then suspended in a minimum amount of ethanol, and the liquid was evaporated under reduced 

pressure at 70 °C using a rotary evaporator. Note that the rotation speed during the centrifugation 

is lower than for the large-scale synthesis (the speed for the large-scale synthesis was increased to 

recover more material). This has two consequences on the obtained product: (1) more material is 

recovered when using higher speed (the supernatants are not clear solutions but have an aspect 

similar to milk) and (2) the size distribution of the particles changes when higher speeds are used; 

this can be seen by broadening of the powder X-ray diffraction (PXRD) peaks and on the Barrett–

Joyner–Halenda (BJH) pore size distribution of the materials. The presence of very small (nano)-

particles is in agreement with the aspect of the supernatants. 

SYNTHESIS OF THE BIMETALLIC MIL-100(FE,AL) MOF 

The synthesis was adapted from a procedure described previously by us, (25) using an 8/2 starting 

molar ratio of Fe/Al and setting the reaction time to 10 h instead of 16 h, allowing the incorporation 

of a higher amount of Al compared to Fe (leading to an Fe/Al ratio of 2/1 in the final material). 

FUNCTIONALIZATION WITH ETHYLENEDIAMINE 
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The following procedure was adapted from an earlier report describing the synthesis of EN@MIL-

100(Cr). (17) A total of 1.2 g of as-synthesized MIL-100 was introduced into a 250 mL three-neck flask 

equipped with a condenser, a rubber septum, and a glass stopcock. The MOF was heated at 200 °C 

under vacuum (using the glass stopcock connected to a Schlenk line) overnight for activation. The 

flask was subsequently allowed to cool down under vacuum, and the stopcock was closed. Then, 

120 mL of anhydrous toluene was added using a syringe. Once the toluene was added, the flask was 

backfilled with argon. Note: adding the toluene when the flask is under vacuum allows wetting the 

MOF powder so that it does not fly up in the flask when the volume is backfilled with argon. The 

suspension was stirred to disperse the MOF, and 0.10 mL of ethylenediamine was added by a syringe. 

The stopcock was closed again, and an argon-filled balloon was added at the top of the condenser. 

The mixture was then refluxed for 12 h. After cooling down the flask, the mixture was centrifuged 

and the toluene supernatant was discarded. The solid was then washed 3 times with n-hexane and 

2 times with n-pentane. The obtained solid was then dried, while still being in the (open) 

centrifugation tubes, in an oven under air at 45 °C for 3 h to afford a powder of the functionalized 

MOF (white powder for EN@MIL-100(Al); brown powders for EN@MIL-100(Fe) and EN@MIL-

100(Fe,Al)). 

SYNTHESIS OF THE 8-THIOMETHYL-BODIPY FLUORESCENT DYE 

The BODIPY dye was synthesized according to a reported three-step procedure, (26) with small 

modifications. In brief, a solution of freshly distilled pyrrole (4.2 mL in 90 mL of dry ether) was added 

dropwise to a thiophosgene solution (2.3 mL in 80 mL of dry toluene) in an ice bath (0 °C) under argon 

using a syringe. After complete addition, the solution was stirred for 30 min. The reaction was then 

quenched by the addition of 100 mL of a 10 mol % NaOH solution in water/methanol (10:90 v/v), 

followed by 1 h of stirring at room temperature. The solvent was then removed in vacuo, and the 

resulting crude product was purified on a short silica pad using a heptane/DCM (1:3 v/v) mixture 

containing 1% triethylamine. Only the bright orange fraction was collected, and the solvents were 

evaporated in vacuo, yielding red crystals of high purity of bis-(1H-pyrrol-2-yl)-methanethione. 1H 

NMR (CDCl3, 300 MHz, 293 K): δ 7.80 (2H, m), 7.42 (2H, m), 6.53–6.54 (2H, m), 2.91 (3H, s). A total of 

0.45 g of the obtained product was subsequently dissolved in 7.4 mL of DCM under an argon 

atmosphere, followed by the addition of 2.9 mL of methyl iodide. The mixture was stirred for 26 h at 

room temperature, and the solvent was evaporated in vacuo. The obtained crude 2-[methylsulfanyl-

(1H-pyrrol-2-yl)-methylene]-2H-pyrrolium iodide was used for the last step of the synthesis without 

further purification or analysis. Then, 0.88 g of the obtained product was dissolved in 19 mL of DCM 
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under an argon atmosphere, followed by the addition of 2 mL of triethylamine and subsequent 

stirring at room temperature for 40 min. Then, 1.63 mL of BF3·Et2O was added and the mixture was 

stirred further for 24 h. Solvents were removed in vacuo, and the obtained crude product was 

dissolved in some DCM. The product was purified by chromatography on silica by subsequently 

using heptane/DCM/triethylamine mixtures with various solvent ratios (100:10:1.1 → 100:100:2 → 

50:100:1.5). A second purification, consisting of washing in water and extraction in toluene, allowed 

obtaining high purity 8-(thiomethyl)4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY). 

POSTFUNCTIONALIZATION WITH BODIPY DYE 

A total of 50 mg of as-synthesized (nonactivated) MOF sample was soaked in a 15 mL of solution of 

the BODIPY probe in dichloromethane (1 mg in 100 mL) and stirred for 10 min before being filtered 

and washed with dichloromethane on a PTFE filtration membrane (pore size 0.45 μm). The BODIPY 

functionalized samples were finally air-dried. 

NINHYDRIN AND BROMOTHYMOL BLUE TESTS 

NINHYDRIN TEST 

First, a solution of 5 × 10–3 M of ninhydrin in ethanol was prepared. Then, a calibration plot was 

determined with hexylamine as a standard primary amine. A specific amount of hexylamine solution 

(between 5 × 10–5 and 8.3 × 10–4 M) was mixed with ninhydrin for 2 h at 65 °C, then cooled for 15 min 

at room temperature. The primary amine peak appears at 580 nm (blue coloration). Suspensions of 

0.5 g/L of activated MOFs (recovered after Brunauer–Emmett–Teller (BET) analysis) were prepared 

in ethanol and dispersed for 5 min under ultrasonic treatment. Then, 2 mL of these suspensions were 

mixed with 1 mL of ninhydrin solution for 2 h at 65 °C and cooled at room temperature for 15 min. 

The samples were centrifuged at 15 000 rpm for 30 min. Then, the UV–vis spectra of the supernatants 

were measured with the spectrophotometer and the concentration of primary amine was estimated 

thanks to the absorbance measured at 580 nm and the calibration plot. 

ACIDITY DETERMINATION BY ADSORPTION OF BROMOTHYMOL BLUE 

A transparent solution of bromothymol blue in toluene was prepared (50 mg in 100 mL), and about 

10 mL of this solution was added to 50–100 mg of the solid to be analyzed (a nonactivated MOF or a 

reference sample) in a test tube. The solution was stirred with a glass rod until the sample was 

colored (about 1 min). Then, the solid was decanted, toluene was removed using a pipette, and the 

sample was washed twice with n-hexane and once with n-pentane, followed by drying in a vacuum 
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oven at 60 °C for about 30 min. The diffuse reflectance spectra of the obtained samples were then 

measured. 

Results and Discussion 

COLLAPSE OF MIL-100(FE) UPON CONTACT WITH ETHYLENEDIAMINE 

Our first attempt concerned the functionalization with ethylenediamine of MIL-100(Fe), which was 

obtained using a previously described method. (25) To do so, the synthesized MOF was first activated 

by heating under vacuum at 200 °C to remove the physisorbed and coordinated solvent molecules 

and was then refluxed under argon in toluene in the presence of EN. However, the powder X-ray 

diffraction (PXRD) pattern of MIL-100(Fe) after this treatment revealed that the compound had 

completely lost its crystallinity, becoming amorphous (see the Supporting Information, Figure S1). 

Significant changes were also observed in the Fourier transform infrared (FTIR) spectrum of MIL-

100(Fe) after the reaction with EN (see the Supporting Information, Figure S2). This shows that MIL-

100(Fe) cannot be functionalized with ethylenediamine without collapsing using toluene as a 

solvent, unlike the more robust MIL-100(Cr), which possesses a well-known framework stability 

thanks to the kinetic inertness of Cr3+ complexes. (16,17) Coordinating solvents that can compete 

with ethylenediamine, like ethanol, have, however, been reported to allow the functionalization of 

this MOF with EN (27) or other amines (28) with at least partial retention of the crystal structure. The 

lower stability of MIL-100(Fe) compared to its Cr-analogue can be explained by the fact that it, and 

Fe-complexes in general, possesses kinetic lability of the linkers bound to Fe and because Fe3+ can 

be reduced to Fe2+, which forms weaker bonds with carboxylate linkers. 

OPTIMIZED SYNTHESIS OF MIL-100(AL) 

Regarding MIL-100(Al), most reports on the synthesis of this particular MOF use hydro- or 

solvothermal processes involving high reaction temperatures requiring autoclaves. (29−31) We thus 

attempted an approach using a lower temperature, set at 80 °C. We obtained the Al-based MOF by 

mixing an ethanol solution containing trimesic acid and some HCl with an aqueous solution of AlCl3 

containing some DMF (see the Experimental Section for details). The obtained mixture was 

incubated in closed screw-capped glass bottles in an oven at 80 °C, and the resulting white 

precipitates were washed with water and ethanol and collected by centrifugation followed by drying 

under vacuum. 

Nitrogen sorption experiments were performed on MOF samples obtained after different incubation 

times to evaluate their specific surface area by the Brunauer–Emmett–Teller (BET) and Langmuir 
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methods (Figure 1A) as well as their Barrett–Joyner–Halenda (BJH) pore size distribution (Figure 1B). 

From the obtained results, it is clear that a maximum surface area is obtained after 6 days of reaction 

(SBET = 1937 m2/g); longer reaction times leading to a continuous decrease of surface areas. Overall, 

all of the obtained MOF samples have quite large surface areas compared with the ones of other 

reported syntheses (see Table S3): between 1479 and 1937 m2/g (BET) or 2019 and 2667 m2/g 

(Langmuir) (Figure 1A). 

Figure 1 

 

Figure 1. (A) Evolution of the Brunauer–Emmett–Teller (dark colors) and Langmuir (light colors) surface areas of Al-BTC 

MOF samples obtained after different reaction times. Both BET and Langmuir values are given, as these are the most 

commonly reported textural data in the literature for MOFs. (B) Evolution of the Barrett–Joyner–Halenda pore size 

distribution of Al-BTC MOF samples obtained after different reaction times. (C) PXRD patterns of Al-BTC MOF samples 

obtained after different reaction times, along with simulated patterns of MIL-100 and MIL-96 for comparison (wavelength: 

1.5406 Å). 

To determine why the evolution of the surface area went through a maximum, powder X-ray 

diffraction (PXRD) patterns of all samples were measured after activation by heating under vacuum 

at 200 °C for 10 h (Figure 1C). The MOFs obtained after 4, 5, and 6 days of reaction time show the 

presence of a pure MIL-100 phase, whereas the samples isolated after longer reaction times also 

contain MIL-96 as a secondary phase. Therefore, the samples obtained during this optimization step 

were named “Al-BTC” as they are not all phase pure. MIL-96 is another Al-BTC MOF having a lower 

surface area than MIL-100, (32,33) thus explaining why it decreases after 6 days of reaction. The 

formation of MIL-96 upon longer reaction times can be explained by its better thermodynamic 

stability. (30) The presence of unreacted trimesic acid in the pores of the compounds, which is 

commonly encountered when other preparation methods are used, can be excluded according to 
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the FTIR spectra of the different samples (Figures 2A and S3), as the characteristic bands of C═O 

(1720 cm–1) and C–O (1349 and 1273 cm–1) stretching of free H3BTC are not present. (34) The increase 

of the surface area between 4 to 6 days of reaction is presumably due to the slow formation and 

crystallization of MIL-100, leading to the highest quality MIL-100(Al) sample after 6 days. 

Figure 2 

 

Figure 2. (A) FTIR spectra of as-synthesized MIL-100(Al) and EN@MIL-100(Al) MOFs, the arrow indicates the peak 

corresponding to the C–N stretch of ethylenediamine. (B) EN/cluster ratios calculated from integration of the linker and 

ethylenediamine peaks in 1H NMR spectra of digested EN@MIL-100(Al) samples treated at different temperatures (45 °C = 

as-synthesized sample, 120 and 150 °C were heated under vacuum). (C) Solution-state 1H NMR spectra of the as-

synthesized and activated EN@MIL-100(Al) digested samples. 

 

To our delight, the BJH pore size distribution plots show the presence of not only micropores in the 

materials but also small mesopores with a diameter of around 20 Å (Figure 1B). The presence of such 

mesopores would not be expected based on the crystal structures of MIL-100 or MIL-96, which are 

both microporous and should give rise to a type I isotherm. Furthermore, the nitrogen sorption 

isotherms displayed a hysteresis (see the Supporting Information, Figures S4 and S5), which is not 

what would be expected for microporous compounds. The mesoporous nature of those cavities is 

furthermore indicated by the shape of the hysteresis, intermediate of the H2(b) and H5 types 

according to IUPAC classification, which is both typical of the presence of mesopores in the material. 

(35) This led to the conclusion that the obtained materials possess hierarchized porosity. This is a 

useful textural feature because large pores are of interest to keep large surface areas upon 

functionalization of MOFs, and hierarchized solids allow faster diffusion of guest molecules through 

the porous framework. (36) The analysis of the BJH plots shows that there is also an optimum of the 

pore size distribution after 6 days of reaction. Moreover, the presence of a second hysteresis in the 
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adsorption isotherms at partial pressures close to unity with a characteristic shape of a H3 type 

according to IUPAC is typical of nonrigid aggregates of plate-like particles. Transmission electron 

microscopy (TEM) imaging shows that the obtained solid is indeed composed of such aggregates 

(Figure S10). 

Given the interesting textural properties of the obtained MIL-100(Al) MOF, we decided to investigate 

the possibility to scale-up the synthesis as the yield was quite low. For this purpose, several liters of 

precursor solution were prepared (see the Experimental Section for the detailed procedure) and the 

MOF was successfully obtained on a gram scale by applying the optimized reaction conditions. The 

scaled-up sample was characterized and showed good phase purity (see the Supporting 

Information) and was thus used for further experiments, and named MIL-100(Al), in contrast with the 

samples resulting from the small-scale synthesis optimization. However, it should be noted that 

higher centrifugation speeds were used for recovering this sample, which led to the collection of 

smaller particles, as supported by TEM imaging (Figure S10). Therefore, a large amount of 

interparticle voids has also been formed in this sample. This is supported by a much more significant 

H3 type hysteresis at partial pressures close to unity on the nitrogen sorption isotherms (Figure S6) 

and the presence of porosity in the range of macropores on the BJH plots (Figure S7). However, the 

surface area of the obtained MOF samples was comparable to the sample from the small-scale 

synthesis (Figure S8) and the ratio between the t-plot calculated surface areas of micropores and the 

external surface area remained constant (Figure S9), mainly because interparticle voids develop 

small surface areas. 

SUCCESSFUL FUNCTIONALIZATION OF AL-CONTAINING MIL-100 WITH EN 

To perform functionalization with EN, the sample was activated under vacuum at 200 °C and then 

reacted with ethylenediamine in refluxing anhydrous toluene. The sample was then isolated by 

centrifugation, washed with hexane and pentane, and dried in air at 45 °C to yield EN@MIL-100(Al). 

The obtained powder was characterized by PXRD (Supporting Information, Figure S1), showing that 

the structure did not undergo collapse during the functionalization procedure by opposition to MIL-

100(Fe). Aluminum-based MIL-100, unlike its Fe analogue, is thus resistant enough to retain its 

structure upon reaction with EN. This shows that the choice of the metal composing the MOF rather 

than the MOF’s structure is of critical importance for achieving efficient grafting of EN. Interestingly, 

a bimetallic MIL-100(Fe,Al) MOF (the preparation and detailed characterization of the bimetallic 

nature is described elsewhere), (25) characterized by a Fe/Al ratio of about 2/1 (determined by 

inductively coupled-plasma optical-emission spectroscopy (ICP-OES), see Table S4), resists the 
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same treatment with ethylenediamine, showing that Al stabilizes the structure, even when present 

in rather low concentrations in the MOF (see the Supporting Information for more details, Figures S1 

and S2). This observation is likely related to the higher strength of the Al–O bonds compared to Fe–

O. Thermogravimetric analysis (TGA) (Supporting Information, Figure S11) of EN@MIL-100(Al) 

showed a decomposition temperature very close to the one of pristine MIL-100(Al) (∼430 °C). A rather 

continuous weight loss, attributed to guest species (i.e., EN and solvent molecules), is taking place 

before decomposition. 

The nitrogen sorption isotherms of EN@MIL-100(Al) after activation at 150 °C (Supporting 

Information, Figure S12B.) revealed a BET surface area decrease from 1861 m2/g for pristine MIL-

100(Al) to 657 m2/g upon functionalization (−64.7%), owing to the EN molecules partly occupying the 

volume of the pores. For the bimetallic MOF, a surface area decrease was also observed (Supporting 

Information, Figure S12C) from 1029 to 839 m2/g after functionalization (−18.5%). For MIL-100(Fe), 

the nitrogen sorption isotherms (Supporting Information, Figure S12A) confirmed that the large 

surface-area MOF (2048 m2/g) completely collapsed, leading to a nonporous (3.98 m2/g) compound 

after contact with EN in toluene. 

The effectiveness of the grafting on MIL-100(Al) was evidenced by the FTIR spectrum (Figure 2A), 

presenting characteristic absorption bands expected for ethylenediamine grafting, especially visible 

at 1370 cm–1. The presence of EN in the MOF was further confirmed by solution-state 1H NMR 

experiments on the digested MOF (details about 1H NMR analysis and reference sample 

measurements can be found in the Experimental Section and Supporting Information, Figure S14). 

The spectrum of activated MIL-100(Al) presents a singlet at 8.14 ppm, corresponding to the aromatic 

signals of the trimesate linker, whereas the spectrum of digested EN@MIL-100(Al) shows the same 

peak (downshifted to 8.28 ppm, due to differences in D2SO4 concentration of the solution) and a 

supplementary singlet at 2.90 ppm, unambiguously demonstrating the presence of 

ethylenediamine. The ratio of the integrals of the peaks of the aromatic protons of the linker and the 

protons of EN allowed us to determine the number of EN molecules per cluster (Figure 2B,C; see also 

the Supporting Information for details on calculations based on the MOF’s structure). The as-

synthesized sample achieved 1.2 EN/cluster on average. A portion of the sample was heated under 

vacuum to remove physisorbed EN and was subsequently digested for 1H NMR analysis. As expected, 

the amount of EN decreased somewhat when the sample was heated to 120 °C, to reach a 0.96 

EN/cluster on average. Heating to 150 °C, however, led to decomposition of part of the EN present in 

the pores (see the Supporting Information, Figure S14, for detailed NMR spectra). Our results show 
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that about one out of three Al sites is occupied by EN, which is in agreement with previous reports 

stating that only one Al per cluster can be coordinatively unsaturated by activation under vacuum, 

(34) and thus accept an EN molecule. 

The FTIR spectra of the bimetallic MIL-100(Fe,Al) before and after functionalization with EN, 

unfortunately, do not display evident differences demonstrating the presence of ethylenediamine 

inside the MOF (Figure S2). Also, given the paramagnetic nature of the iron present in the MOF, 

characterization by digestion and 1H NMR analysis is not straightforward, as this would require the 

elimination of iron species prior to analysis. Therefore, the determination of the presence of EN in 

the bimetallic materials was performed by combining the results from ICP-OES and CHN elemental 

analyses (see Table S4), as no N containing solvents were used throughout the synthesis procedures, 

enabling us to hypothesize that all of the nitrogen contents originate from the presence of 

ethylenediamine. From these determinations, the N/metal content could be determined for the as-

synthesized samples, as well as after degassing under vacuum at 100 °C. The EN/metal ratio is equal 

to 1.9 for the as-synthesized material and to 1.8 after heating at 100 °C, indicating that about two out 

of three metal centers are coordinated to EN on average. However, it was not possible from these 

analyses to determine whether coordination occurs on either Fe or Al or on both metals. ICP analysis 

further showed that the Fe/Al ratio remained constant, which is equal to 2/1 before and after 

functionalization, showing that no metal leaching occurred during the reaction with EN. It is 

noteworthy that although, after functionalization, the EN content of the bimetallic MOF is twice as 

high as for the monometallic one, the percentage of decrease in the surface area for MIL-100(Al) is 

about 3.5 times higher than for MIL-100(Fe,Al). Such a huge difference cannot simply be explained 

by the difference of molar mass between both MOFs (586 g/mol for Fe2AlO(OH)BTC2 and 546 g/mol 

for Al3O(OH)(H2O)BTC2). The explanation for this observation most likely lies in the fact that in the 

bimetallic MOF, the ethylenediamine molecules occupy the mesoporous voids of the material, 

leaving the large surface area developed by micropores mostly unaffected. This is supported by the 

decrease of the size of the hysteresis loop in the partial pressure range between 0.5 and 0.7 on the 

nitrogen sorption isotherm after functionalization (Figure S12C), as well as by the change of the pore 

size distribution (Figure S13B). In contrast, the pore size distribution of MIL-100(Al) does not change 

significantly after functionalization (Figure S13A), indicating that in this MOF, the functionalization 

occurs homogeneously throughout the framework. 

Thermogravimetric analyses were performed to probe the thermal stability of the MOFs before and 

after functionalization, and coupling to MS was used to determine the temperature at which EN 
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leaves the framework of the functionalized materials (see Figure S11 and the corresponding note in 

the Supporting Information for details). Concerning MIL-100(Fe), a completely different 

decomposition temperature was observed for the pristine MOF (∼320 °C) and the product obtained 

after reaction with ethylenediamine (∼300 °C). Such a difference is expected as the nature of both 

samples is different given the collapse of the MOF upon contact with EN. For the bimetallic and 

monometallic Al-based samples, the decomposition temperature remained unchanged upon 

functionalization, the bimetallic compounds having a decomposition temperature very close to that 

of monometallic MIL-100(Fe) (∼320 °C), whereas the Al-based MOFs have a higher decomposition 

temperature close to 430 °C. Based on analysis of MS fragments with m/z values of 30, 42, and 43 (see 

the Supporting Information for detailed explanation), it seems that EN leaves the framework of 

EN@MIL-100(Al) around 290 °C, well below the framework’s decomposition temperature. For 

EN@MIL-100(Fe,Al), it seems that EN remains in the framework until decomposition (∼320 °C). 

Although the difference in the observed temperatures at which EN leaves the MOFs could indicate 

stronger binding to Fe than to Al, these deductions are only based on a few fragments in the mass 

spectrum of ethylenediamine and must not be overinterpreted. Indeed, degradation of EN in the 

framework can occur well below the temperatures indicated by TGA-MS, as shown by the solution 

NMR experiments on digested EN@MIL-100(Al) (vide supra). 

Given that the monometallic Al-containing samples contain only nonparamagnetic nuclei and that, 

furthermore, all of these nuclei possess at least one NMR-active isotope, the grafting of EN could also 

be nicely evidenced by solid-state NMR CP-MAS experiments. 13C spectra of MIL-100(Al) show signals 

around 170 and 130 ppm for the carboxylate and aromatic carbons, respectively. (34) Upon EN 

addition, a separated signal around 38 ppm is clearly observed due to the aliphatic chain of the 

added ligand (Figure 3A). Besides that, the 15N solid-state NMR spectrum (Figure 3B) shows the 

presence of two signals of comparable intensities at 25 and 31 ppm, upshifted with respect to liquid 

(neat) EN (17.8 ppm, not shown). These results indicate that the two nitrogen atoms experience a 

similar environment, in agreement with the results reported in the literature (37) and the EN grafting 

model we propose (see the inset of Figure 3B) with one Al-coordinated nitrogen atom and one free 

amine group. Signals of the 27Al spectra of both pristine and functionalized MOFs (Figure S15) present 

a chemical shift around 0 ppm, similar to the previously reported spectra of hydrated MIL-100(Al), 

(34) confirming that the metallic centers are six-coordinated. Furthermore, after functionalization 

with EN, the resulting signal possesses a more important downfield contribution, which can be 
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explained by an increased p character of the Al–N bond of the metal center with the amine compared 

to the Al–O bonds with the oxo-, hydroxo-, and carboxylate ligands. (38,39) 

Figure 3 

 

Figure 3. (A) 13C CP-MAS NMR spectra of MIL-100(Al) after activation at 200 °C and of the as-synthesized EN@MIL-100(Al). 

(B) 15N CP-MAS spectrum of EN@MIL-100(Al) with deconvolution of the signal. The inset is the determined structure of the 

functionalized cluster units of EN@MIL-100(Al). Asterisks indicate spinning sidebands and the arrow indicates the signal of 

the aliphatic chain of coordinated EN. 

AVAILABILITY OF PENDANT AMINES 

The possibility of performing postfunctionalization of the pendant amine sites in the EN@MIL-

100(Al) material was investigated through a fast and simple visual test. This was performed using 8-

thiomethyl-BODIPY (Figures 4A and S18A). This fluorescent molecule specifically reacts with primary 

amines, inducing the formation of linked 8-amino-BODIPY (Figure 4B), shifting the emission 
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maximum of the free dye from 525 nm (green) to 409–427 nm (blue), allowing us to visually 

determine whether the reaction occurred. (26,40) To do this, both pristine and ethylenediamine-

functionalized MIL-100(Al) were soaked in a dichloromethane solution of 8-thiomethyl-BODIPY and 

were then recovered by filtration. After this treatment, the pristine MOF showed green fluorescence 

(Figure 4A), which is typical of the unreacted BODIPY probe, indicating that the molecule was only 

nonspecifically adsorbed onto the MOF’s surface and/or in its pores. In contrast, the EN@MIL-100(Al) 

sample showed the specific blue fluorescence of the bonded BODIPY fluorophore (Figure 4B), 

indicating that the postfunctionalization reaction was performed successfully. It should be noted 

that this methodology was used only to assess the presence of pendant amine sites that are 

available for postfunctionalization in the material, which could be present either on the MOF’s 

external or internal surface, or both, but not to quantify them, as the BODIPY dye was not used in a 

stoichiometric amount. Although this test allows to visually evaluate the presence of amines, the 

fluorescence properties of the resulting solid samples deteriorate with time, likely due to the 

degradation of the fluorophore, which could be triggered by the acidic and/or basic nature of 

EN@MIL-100(Al) (vide infra), as BODIPY dyes can be decomposed in such media. (41) 
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Figure 4 

 

Figure 4. (A, B) Photographs under (upper) visible light and (lower) UV irradiation of (A) MIL-100(Al) and (B) EN@MIL-100(Al) 

after postfunctionalization with 8-thiomethyl-BODIPY, with structures of the unreacted 8-thiomethyl-BODIPY and the 8-

amino-BODIPY grafted upon reaction. (C) Structure of bromothymol blue under different protonation states. (D) Diffuse 

reflectance UV–vis spectra of BTB impregnated MIL-100(Al) and EN@MIL-100(Al). 

Therefore, the degree of availability of the amine functions for medium-sized molecules in the 

material’s bulk was quantified by reaction with ninhydrin (Figure S18B.) in hot ethanol. Ninhydrin 

specifically reacts to form a blue dye, 2-(1,3-dioxoindan-2-yl)iminoindane-1,3-dione (Figure S18C), 

that is liberated in solution after its formation. The quantitative analysis of the dye content in the 

supernatant solution after centrifugal separation of the MOF allows determining the amount of 

amines that reacted with ninhydrin. (42) The UV–vis spectrum of the supernatant solution after 

reaction with ninhydrin revealed that reaction with primary amines occurred, as indicated by the 
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typical absorption band at 580 nm (Figure S16). To ensure that the obtained results were not due to 

a reaction with ethylenediamine leached in the hot ethanol solution, a blank test has also been 

performed. This test consisted of first soaking EN@MIL-100(Al) in boiling ethanol, followed by 

separation of the supernatant solution by centrifugation. In this case, after performing the ninhydrin 

test on the supernatant solution, no absorption band appeared at 580 nm (Figure S17), 

demonstrating that leaching of EN is negligible under the used conditions. Quantitative analysis of 

the ninhydrin test performed on EN@MIL-100(Al), however, revealed that only 0.6 mmol of −NH2 

functions reacted per gram of MOF. This is less than the quantity of free amine functions determined 

by solution-state 1H NMR on the digested EN@MIL-100(Al) sample (∼1.65 mmol/g or one free −NH2 

per Al3O trimer). This might be explained by the different possible diffusion pathways in MIL-100(Al), 

either through the larger hexagonal windows with a size of 8.6 Å or through smaller pentagonal 

windows of 5 Å (Figures S19 and S20). Indeed, although ninhydrin, as well as 2-(1,3-dioxoindan-2-

yl)iminoindane-1,3-dione are both small enough to diffuse through the larger windows, diffusion 

through the smaller ones is impossible, as shown in Figures S18–S21, especially taking into 

consideration that the pore openings are narrowed by the presence of EN coordinated to the Al3O 

clusters. It is possible to calculate the proportion of ethylenediamine molecules that are present in 

the larger accessible mesopores compared to the amount of total EN. These calculations (see the 

Supporting Information for details) give a proportion of available ethylenediamine molecules of 

41%. This nicely correlates with the 36% of amines detected in EN@MIL-100(Al) by the ninhydrin test 

(37.5% if considering that only 96% of the clusters are functionalized after thermal activation). This 

means that the detection efficiency of the amines by the ninhydrin test is about 87–91.5% of the free 

amines in the large pores. The few percent that are not detected can be ascribed to some adsorption 

of 2-(1,3-dioxoindan-2-yl)iminoindane-1,3-dione within the framework. These results indicate that 

it is possible to selectively postfunctionalize part of the EN molecules, localized in the diffusion path 

of the hexagonal windows, with large molecules while leaving those in the small cages in their 

pristine state. 

BRØNSTED ACIDO-BASICITY OF EN@MIL-100(AL) 

It has previously been evidenced that MIL-100(Al) possesses a strong Brønsted acidity due to the 

presence of water coordinated to the aluminum. (43) We assumed that EN@MIL-100(Al) should 

possess both Brønsted acidic sites due to the water molecules and Brønsted basic sites due to the 

presence of −NH2 functions. We decided to investigate this by a method inspired by the one of 

Hammett, which uses colored pH indicators to probe the strength of acid sites on colorless solids. 
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(44) Our method relies on the use of bromothymol blue (BTB), which is fairly soluble in toluene. We 

used several solids which are known for their strong (H3PMo12O40 and ZSM-5 zeolite) or medium 

(chromatography silica gel and UiO-66(Zr) MOF) Brønsted acidity, their strong basicity (NaAlO2, Al2O3, 

MgO), as well as mixtures thereof (SiO2/Al2O3 in various ratios) as reference materials (see the 

Supporting Information, Figure S22). In practice, the solids are immersed in the BTB solution and are 

repeatedly washed with toluene and alkanes before being dried and analyzed by diffuse reflectance 

UV–vis. The absorption spectra of the resulting powders are indicative of the surface Brønsted 

acidity of the materials, given by an absorption maximum around 550 nm for strong acids (pKa < 

−0.66), 425–450 nm for medium acids (0.66 < pKa < 7.10), and 620 nm for bases (pKa > 7.10), resulting 

from the different protonation states of the indicator molecule (Figure 4C). This experiment shows 

that the Brønsted acidic sites in MIL-100(Al) are medium acids (pKa comprised between −0.66 and 

7.10) and that acidic sites of similar strength are present in the ethylenediamine-functionalized 

sample (Figure 4D). The experiment also confirms that additionally to those acidic sites, EN@MIL-

100(Al) possesses basic sites with a pKa > 7.10 due to the presence of amines, imparting both 

Brønsted acidity and basicity to this material. The crystallinity of the materials was checked after 

impregnation with bromothymol blue (see the Supporting Information, Figure S23). Interestingly, 

crystallinity was maintained for MIL-100(Al), whereas the long-range order in EN@MIL-100(Al) was 

clearly disrupted after impregnation. Such long-range order disturbance has previously been 

observed in MIL-100(Al) upon adsorption of other dyes such as methylene blue, Coomassie brilliant 

blue G-250, and rhodamine B. (45) 

CARBON DIOXIDE SORPTION 

The adsorption of carbon dioxide in both pristine and functionalized MOFs was studied by means of 

gravimetric methods at a pressure of 1 atm and by low-pressure adsorption isotherms as well as by 

volumetric methods at higher pressures. Gravimetric adsorption measurements at 1 atm were 

performed on a thermogravimetric system in which the samples were first heated at 100 °C under a 

helium atmosphere to remove physisorbed species but avoid removing or damaging the grafted 

ethylenediamine. The samples were then cooled down to room temperature, and three 

adsorption/desorption cycles were performed by switching the working gas from helium to CO2. The 

obtained results are shown in the Supporting Information (Figure S24). The results are indicative of 

the CO2 sorption kinetics of the materials, as well as their sorption capacity. Concerning the pristine 

MOFs, MIL-100(Fe) is able to adsorb slightly more carbon dioxide than the aluminum-containing 

materials, which can be explained by its higher surface area and higher density of open-metal sites 
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compared to the other materials. The iron-based MOF also reaches full capacity faster than the two 

other pristine MOFs, especially during the first adsorption cycle. Upon functionalization with EN, 

MIL-100(Fe), however, loses its ability to adsorb CO2, which was expected based on the amorphous 

nature of the material that was revealed by PXRD and the nonporous nature determined by nitrogen 

physisorption. EN@MIL-100(Al) adsorbs less CO2 than its nonfunctionalized counterpart, which can 

be explained by its lower surface area (smaller free volume of the pores). The bimetallic MOF, 

however, retains most of its adsorption capacity after functionalization, allowing slightly more CO2 

to be adsorbed in EN@MIL-100(Fe,Al) than in EN@MIL-100(Al). This can be explained by the smaller 

loss of the surface area of the bimetallic MOF upon functionalization compared to MIL-100(Al). For 

all of the MOFs, a decrease of gravimetric uptake was observed after functionalization with EN, which 

is in accordance with a previous report on the functionalization of MIL-100(Cr) with 

ethylenediamine, (17) but contradictory with another report. (16) 

The materials were further investigated by low-pressure gravimetric adsorption experiments (Figure 

S25). This was done after degassing the samples ex situ at 100 °C under vacuum and loading the 

samples in a TGA system, which was hosted in a glovebox, allowing to avoid the uptake of moisture 

before the measurement. The samples were then subjected to gas fluxes with variable CO2/Ar 

proportions, increasing the partial pressure of CO2 stepwise. The sample weight was allowed to 

stabilize between each increase of CO2 partial pressure by a 30 min equilibration time, after which 

the weight gain was recorded. Not surprisingly, the adsorption at the highest CO2 partial pressure (P 

= 0.8 bar) followed the trends of the gravimetric adsorption experiments at 1 atm. More interestingly, 

the uptake in the lower partial pressure range is much steeper for EN@MIL-100(Al) than for all other 

materials. This indicates that this material has a much more marked affinity for CO2, which can be 

explained by the interaction of CO2 with the amine moieties of the MOF. Surprisingly, this feature is 

absent in the bimetallic counterpart, EN@MIL-100(Fe,Al), indicating that in this material, the amine 

functions cannot interact with CO2 as efficiently. When normalizing the adsorbed quantity of CO2 by 

the surface area of the materials (Figure S26), the bimetallic MOF seems to be the best performing 

of all nonfunctionalized MOFs. However, the quantity of adsorbed carbon dioxide by the surface area 

lowers upon functionalization. After functionalization, EN@MIL-100(Al) absorbs about twice as 

much CO2 per square meter than its nonfunctionalized counterpart at partial pressures above 0.25 

and about three times more at low partial pressures (P < 0.1 bar), evidencing the higher affinity of 

the functionalized Al-MOF for CO2 again upon functionalization with ethylenediamine. 



Published in : Inorganic Chemistry (2021), vol. 60, n°21, pp. 16666-16677 
DOI: 10.1021/acs.inorgchem.1c02568 

Status : Postprint (Author’s version)  

 

 

 

Volumetric measurements were performed for all of the MOFs displaying porosity (see the 

Supporting Information, Figure S27) after activation at either 200 °C for nonfunctionalized materials 

or at 100 °C for the MOFs functionalized with EN. As a general trend, the materials with higher surface 

areas adsorbed higher quantities of CO2, the amount adsorbed increases in the following order: 

EN@MIL-100(Al) [SBET = 657 m2/g], EN@MIL-100(Fe,Al) [SBET = 839 m2/g], MIL-100(Fe,Al) [SBET = 1029 

m2/g], MIL-100(Al) [SBET = 1861 m2/g], and MIL-100(Fe) [SBET = 2048 m2/g]. At pressures below 25 bar, 

all of the materials show an adsorption behavior that follows typical Langmuir isotherms (Figure 

S27). However, it is noticeable that although MIL-100(Fe) follows the Langmuir equation, all of the 

materials containing aluminum start to absorb an excess of CO2 compared to what would be 

expected according to a Langmuir equation above a certain pressure (>25 bar). It is noticeable that 

the more aluminum the samples contain, the more this deviation from the expected isotherm 

becomes large. Interestingly, the gas uptake at the pressure point at which the experimental value 

starts to become different from the expected one shows remarkably slowed down kinetics 

compared to the ones of the lower pressure points (see Figure 5 for MIL-100(Al) and Figure S28 for 

other MOFs). Indeed, when following the Langmuir fit, equilibrium is usually reached in about 2 min, 

whereas during the unexpected increase in uptake, the stabilization takes between 7 and 15 min. 

Furthermore, those materials display a small hysteresis upon desorption (see the Supporting 

Information, Figures S29 and 5 for MIL-100(Al)). These observations clearly indicate that some other 

phenomenon than simple physisorption is occurring in the Al-containing materials. Such behavior 

is not observed in MIL-100(Fe) and was not reported for any other MIL-100(M) (M = any metal) 

structure before. (46,47) Calculations (Table S2) show that the deviation from the expected uptake 

at high pressures is close to one CO2 molecule per trinuclear cluster for MIL-100(Al) and EN@MIL-

100(Al), and roughly half that quantity for MIL-100(Fe,Al) and EN@MIL-100(Fe,Al). This indicates that 

the presence of aluminum in the material is responsible for the observed effect. As coordinatively 

unsaturated metal sites are known to be one of the first filled sites during adsorption with 

coordinating gases like CO2, and that this adsorption thus occurs at much lower pressures, we ruled 

out that Al open-metal sites are playing a role in the observed phenomenon. We thus hypothesized 

that species coordinated to Al are likely undergoing a reversible reaction (chemisorption) with CO2 

at high pressure. We ruled out ethylenediamine and water as the active species, as MIL-100(Al) and 

MIL-100(Fe,Al) do not contain EN, and the presence of coordinated water in EN@MIL-100(Fe,Al) was 

ruled out by elemental analysis. The only common species to all of the materials showing the 

unusual adsorption behavior is thus a hydroxyl moiety coordinated to Al. Based on this observation, 
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it can be hypothesized that CO2 insertion occurs between the oxygen and hydrogen atoms of the 

hydroxyl moiety. Such behavior can be promoted by the strong polarization of the Al–OH bonds, 

rendering the hydrogen atoms quite acidic. This mechanism is also in accordance with the fact that 

the difference between the observed excess uptake and the one expected based on the Langmuir fit 

is more important for the monometallic Al-based materials than for the bimetallic ones. Indeed, the 

former contains one Al–OH moiety per cluster, whereas bimetallic Fe,Al materials probably contain 

a mixture of Al–OH and Fe–OH moieties. This explains why the amount of chemisorbed CO2 is less 

than one molecule of carbon dioxide per trimeric cluster for the bimetallic MOFs. Further evidence 

concerning this adsorption mechanism could be gained from in situ spectroscopic characterization 

(FTIR, NMR, etc.) under high pressure of CO2. However, these characterization methods require 

specially dedicated equipment (48) and are thus outside the scope of this work. 
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Figure 5 

 

Figure 5. (A) Scheme of the probable mechanism of CO2 uptake at high pressure in Al-containing MIL-100 MOFs and (B) 

Experimental sorption isotherm of CO2 in MIL-100(Al) together with the Langmuir fit and (inset) difference of adsorption 

kinetics at the 1st and 9th adsorption points (circled on the isotherm), evidencing reaction with CO2. 

Conclusions 

We performed functionalization of the metal sites of two distinct monometallic Fe and Al MOFs from 

the MIL-100 series with ethylenediamine. The second MOF, MIL-100(Al), was obtained under mild 

conditions as a hierarchically structured solid with micro- and mesopores, free of unreacted trimesic 

acid, through a new procedure. Our experiments showed that only MIL-100(Al) retains its crystallinity 

upon reaction with EN, whereas MIL-100(Fe) collapses. These results demonstrate that the choice of 

the metal composing the MOF’s structure is of critical importance for the successful 
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functionalization of the metal centers in MOFs rather than the MOF structure. The efficient 

incorporation of EN in the MOF was demonstrated by an original approach based on solution NMR, 

allowing us to evidence and quantify the presence of the complete EN molecule, which is not 

possible using elemental analysis. Solid-state NMR further confirmed that the grafted EN possesses 

one free −NH2 that adds new functionality to the MOF. The stabilizing role of aluminum in the 

framework was further demonstrated by reacting EN with a mixed-metal MIL-100(Fe,Al) (Fe/Al = 2/1) 

MOF, which preserved its crystalline state. 

The obtained materials are promising for postfunctionalization through amine chemistry, as 

demonstrated by the successful reaction with 8-thiomethyl-BODIPY and ninhydrin. Thanks to the 

reaction with ninhydrin, we were able to demonstrate that the ethylenediamine molecules present 

in the large diffusion channels of EN@MIL-100(Al), accessible through hexagonal windows of 8.6 Å, 

can be selectively postfunctionalized by molecules that are too large to diffuse through the smaller 

diffusion channels formed by the 5 Å-wide pentagonal windows. The amine moieties of the EN in the 

smaller mesopores (about 59% of the pendant amine sites), only accessible through the small 

pentagonal windows, can then remain in their pristine state or could be transformed to a different 

functionality by reaction with a smaller molecule. EN@MIL-100(Al) could thus be used for developing 

bifunctional materials with a hierarchized distribution of functionalities throughout the framework. 

Interestingly, EN@MIL-100(Al) possesses both Brønsted acidic and basic sites, as demonstrated by a 

colorimetric approach based on bromothymol blue adsorption, opening the door to applications 

such as bifunctional acid/base catalysis. The ethylenediamine-functionalized MOFs show lower 

gravimetric and volumetric CO2 uptakes than their pristine counterparts due to the space occupied 

by the EN molecules, but the functionalization of MIL-100(Al) by ethylenediamine is responsible for 

a higher affinity of the resulting material toward CO2 at low partial pressures, as well as higher CO2 

adsorption per surface area, which is promising for gas separation applications. Finally, we 

evidenced the unusual CO2 adsorption behavior of aluminum-containing MIL-100 MOFs and their 

EN-functionalized counterparts, revealing sorption isotherms with an unexpected increase in excess 

uptake above 25 bar together with slowed down adsorption kinetics and a small hysteretic behavior 

during desorption, likely ascribed to the formation of carbonate species, which, to the best of our 

knowledge, is unique among the MOFs of the MIL-100 family. 
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