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Metal-Organic Framework

Synthesis

All the MOF synthesis was inspired from the literature and adapted to relative large scale production 
(0.5 to 4 gr of MOF per synthesis) 

MOF acronym 
and anhydrous 

formula
Metal salt ligand solvent heating 

process activation ref

MIL-53
Al(OH)bdc

Al(NO3)3, 9H2O
3g

Terephthalic acid
(H2-bdc)

1.5g
H2O (40ml) 210°C, 24h

DMF(40 ml),150°C 
(12h)

and desolvation at 
200°C (12h)

1

MIL-100
Al3O(OH) (btc)4

Al(NO3)3, 9H2O
7.48g

Trimesic acid (Me3-btc)
3.39

H2O (91 ml) 
+ HNO3 (1M, 

25ml)
180°C, 3h

DMF (40ml), 150°C 
(5h) and 

desolvation at 
300°C (5h)

2

MIL-120
Al4(OH)8(btec)

Al(NO3)3, 9H2O
3.2g

Pyromellitic acid (H4-
btec)
0.5

H2O (20ml) 
+ NaOH 

(4M, 3.4ml)
210°C, 24h

H2O (200ml), 
100°C (5h) and 
desolvation at 
150°C (12h)

3

HKUST-1
Cu3(btc)2

Cu(NO3)2, 3H2O
3.5g

Trimesic acid (H3-btc
2.1g

H2O (36ml) 
+ EtOH 
(36ml)

110°C, 12h 150°C, 16h 4

ZIF-8
Zn(Im)2

Zn(NO3)2, 6H2O
0.6g

1-methylimidazole
(H-Im)
0.32g

H2O (3ml) +
NH4OH RT, 10min 150°C, 16h 5

UiO-66
Zr6O4(OH)4(bdc)6

ZrCl4
1.1g

Terephthalic acid
H2-bdc
0.68g

DMF (60ml) 120°C, 24h 150°C, 16h 6



Structural characteristics and description

Figure S1: Illustration of the structures of the MOFs discussed in this work

MOF Pore aperture(s)
Å

cavity diameter(s)
Å

Calculated density of 
the anhydrous solid

(g/cm3)
MIL-53 8 / 0.97

MIL-100 5.4 and 8.8 25 and 29 0.80

MIL-120 5.4 x 4.7 / 1.56

HKUST-1 / 5 and 13 1.08

ZIF-8 3.4 11.6 0.92

UiO-66 6 8 and 11 1.22

 



Table S1: Cross section calculation given in barns (b) per atom, where b = 10-24 cm2

Metal Energy (MeV) Total attenuation 
(barns/atom)

1.17 2.54
Al

1.33 2.38

1.17 7.98
Zr

1.33 7.48

1.17 5.70
Cu

1.33 5.35

1.17 5.90
Zn

1.33 5.54

1.17 0.19
H

1.33 0.18

1.17 1.17
C

1.33 1.09

1.17 1.36
N

1.33 1.28

1.17 1.56
O

1.33 1.46



Picture

Figure S2a: Picture of MOF powders, illustrating the impact of irradiation MOF aspect
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Figure S2b: SEM Picture of HKUST-1 MOF powders, for different doses of irradiation



IRMA facility

IRMA (Irradiation of MAterials) is a panoramic irradiation cell for studying how 
materials or equipment react to the effects of dose and dose rate due to exposure to 
gamma radiation.

The research facility hosts four cylindrical sealed sources of cobalt-60 (T½ = 5.27 
years), totaling 1276 TBq as of January 2016.  The dose rates at the test location can 
range from 5 µGy/h to 20 kGy/h. The radioactive sources are remotely handled after 
withdrawal from their safe repository (lead castle). The required number of 60Co 
sources are then displayed in order to deliver the targeted dose rate to the items to 
be tested during a predetermined time (hence, the programed dose).

Figure S4a: the IRMA facility (Saclay Research Center)

Figure S4b: inside the irradiation cell (inner volume 24 m3)



Figure S4c: MOF samples layout before irradiation

With the sources in the lead castle, the irradiation cell can be entered safely, thus offering a 
convenient roomy area for setting up the material samples or equipment (e.g., printed circuit 
board) on the test bench. The test sequence for an irradiation experiment is as follows:

1- Selection of sources to be used, according to the targeted dose rate;
2- Calculation of the theoretical distances between the source(s) and the items under test 

using a dedicated software (Microshield®) to simulate the dose rate absorbed by air at the 
material samples or equipment locations;

3- Validation of the theoretical distances by measuring the dose rate (air equivalent) using 
calibrated ionization chambers (volume of chamber available ranging from 0,125 cm3 to 3 
L, in order to measure dose rates in the µGy/h to kGy/h ranges) at the location of the 
experimental mock-ups representative of the material under irradiation;

4- Installation in the irradiation cell of items to be tested at their test locations, as validated 
hereabove.

5- Placing of the source(s) on the test bench for the programed duration of irradiation.
6- Retrieval of the irradiated items after the test.

The irradiation cell is locked up during steps 3 and 5. Otherwise, the sources are safely stored in 
the lead castle. The cell is not contaminated: neither the cell nor the irradiated samples can be 
activated by the 1.332 MeV gamma emission of 60Co.



Powder X-ray diffraction

The powder X-ray diffraction patterns were collected at room temperature with a D8 advance A25 
Bruker apparatus with a Gragg-Brentano geometry. The D8 diffractometer is equipped with a LynxEye 
detector with CuK1/2 radiation. The 2 range was 3-50° with a step of 0.02° and a counting time of 
0.5 seconds per step.

Figure S5a: Comparison of X-ray powder patterns of non-irradiated and irradiated MIL-53(Al)



Figure S5b: Comparison of X-ray powder patterns of non-irradiated and irradiated MIL-100(Al)

Figure S5c: Comparison of X-ray powder patterns of non-irradiated and irradiated MIL-100(Al)-as (as 
synthesized).



Figure S5d: Comparison of X-ray powder patterns of non-irradiated and irradiated MIL-120(Al)

Figure S5e: Comparison of X-ray powder patterns of non-irradiated and irradiated HKUST-1



Figure S5f: Comparison of X-ray powder patterns of non-irradiated and irradiated UiO-66(Zr)

Figure S5g: evolution of the full width half maximum of powder X-ray diffraction peaks of the different 
MOFs as a function of irradiation dose



Gas sorption

Figure S6a: Isotherm curves for the adsorption (solid) and desorption (dash) of nitrogen (77 K) in 
irradiated (1750 KGy) and non-irradiated MIL-53(Al)

Figure S6b: Isotherm curves for the adsorption (solid) and desorption (dash) of nitrogen (77 K) in 
irradiated (1750 KGy) and non-irradiated MIL-100(Al)



Figure S6c: Isotherm curves for the adsorption (solid) and desorption (dash) of nitrogen (77 K) in 
irradiated (1750 KGy) and non-irradiated HKUST-1(Cu)

Figure S6d: Isotherm curves for the adsorption (solid) and desorption (dash) of nitrogen (77 K) in 
irradiated and non-irradiated UiO-66(Zr)



Table S2: Comparison between BET surface areas of irradiated (1750 kGy) and non-irradiated MOF

MOF Irradiation dose 
(kGy)

BET surface
(m2/g)

0 1254
MIL-53(Al)

1750 1264

0 2071
MIL-100(Al)

1750 2286

0 145
MIL-120(Al)

1750 417

0 1164

HKUST-1(Cu) 1750 805

0 1214
UiO-66(Zr)

1750 847

0 1326
ZIF-8(Zn)

1750 598

Figure S6e: Influence of gamma irradiation dose over as-synthesized MIL-100(Al) highlighted by 
Isotherm curves for the adsorption (solid) and desorption (dash) of nitrogen (77 K) 



Infrared

Figure S7a: Comparison of infrared spectra of non-irradiated and irradiated (1750 KGy) MIL-53(Al)

Figure S7b: Comparison of infrared spectra of non-irradiated and irradiated (1750 KGy) MIL-100(Al)



Figure S7c: Comparison of infrared spectra in the range 4000-400 cm-1, of non-irradiated and 
irradiated (500 to 2000 kGy) MIL-100(Al)-as (as synthesized)

Figure S7d: Comparison of infrared spectra in the range 1300-800 cm-1, of non-irradiated and 
irradiated (500 to 2000 kGy) MIL-100(Al)-as (as synthesized)



Figure S7e: Comparison of infrared spectra of non-irradiated and irradiated (1750 KGy) MIL-120(Al)

Figure S7f: Comparison of infrared spectra of non-irradiated and irradiated (1750 KGy) HKUST-1

Figure S7g: Comparison of infrared spectra of non-irradiated and irradiated (1750 KGy) UiO-66(Zr)



Figure S7h: Comparison of infrared spectra of non-irradiated and irradiated (500-1750 KGy) ZIF-8 (Zn)



Nuclear Magnetic Resonance

Figure S8a: Experimental 1H→13CCPMAS NMR spectra of irradiated (1750 kGy) and non-irradiated 
(0 kGy) ZIF-8. An asterisk (*) indicates the spinning side bands

Figure S8b: Experimental 1H→15N  CPMAS NMR spectra of irradiated (1750 kGy) and non-irradiated 
(0 kGy) ZIF-8



Figure S8c: Experimental 1H→13C CPMAS NMR spectra of irradiated (1750 kGy) and non-irradiated 
(0 kGy) MIL-100(Al)

Figure S8d: Experimental 27Al NMR spectra of irradiated (1750 kGy) and non-irradiated (0 kGy) MIL-
100(Al)
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