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Section S1 Materials and General Procedures 

All solvents and reagents were purchased commercially and, unless otherwise noted, were used 

without further purification. Microanalyses were carried out at the Anorganisch-Chemisches Institut of 

the University of Zurich. Elemental analyses (for boron and Zn) were performed at Mikroanalytisches 

Labor Pascher, Remagen, Germany. Fourier transform infrared (FT-IR) spectra were recorded on a 

Perkin-Elmer BXII spectrometer with KBr pellets. The solid state UV/vis spectra were recorded on a 

Perkin-Elmer Lambda 650S spectrometer. The powder XRD patterns were obtained with a Bruker D8 

Advance system equipped with Cu sealed tube (λ = 1.5406 Å). All solid state 11B{1H}, 15N, 13C and 

2H{1H} NMR were recorded on Bruker AV-500 spectrometers. Solid samples were spun at 5 kHz or 5-

15 kHz (for 11B), using 4 mm ZrO2 rotors filled up in a glovebox under dried nitrogen atmosphere. The 

15N and 11B chemical shifts were referenced to CH3NO2 (δ = 0 ppm) and liquid BF3OEt2 (δ = 0 ppm) 

respectively. All the 2H and 13C chemical shifts were referenced to TMS-d12 (δ = 0 ppm).  

 

Section S2 Synthesis  

The activated material of DMOF-1-NH2 was prepared according to the literature procedure.[S1] 

15N-labeled activated DMOF-1-NH2 (DMOF-1-15NH2) was synthesized by an analogous 

preparation,[S1,S2] replacing the natural abundance 2-aminoterephthalic acid (14N natural abundance of 

99.6%)[S3] with the analogous 2-aminoterephthalic acid-15N.[S4] The source for B2H6 and B2D6 was 

prepared by the metathesis reaction of LiBH4 and LiBD4, respectively, with ZnCl2 in a Spex 8000 M 

mixer mill for 90 min according to the following reactions.[S5] 

5LiBH4 + 2ZnCl2 → LiZn2(BH4)5 + 4LiCl 

5LiBD4 + 2ZnCl2 → LiZn2(BD4)5 + 4LiCl 

General synthesis procedure for the preparation of Amino Borane Substituted MOFs:  

In a typical synthesis procedure the activated DMOF-1-NH2 and the diborane source were charged (inside 

an Ar glovebox) in two different heatable stainless steel (SS) vessels connected by gas-permeable SS 

tubing (Figure S1). After closing the setup under Ar atmosphere the whole unit was taken out from the 

glovebox and connected to a system equipped with a pressure gauge and vacuum/Ar line. Following 

evacuation of the system the diborane source was heated at 140 C to facilitate the formation of H2/B2H6 

gas mixture and to react with the activated DMOF-1-NH2. After a specific reaction time the whole system 

was evacuated and transfer to the glovebox under vacuum to collect and preserve the amino borane 

modified materials. 
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Preparation of DMOF-1-NH2BH3: Heating the diborane source (200 mg) at 140 °C (initially 25 to 140 

C @5 C/ min) for 5-7 min results H2/B2H6 pressure of 1.8-2 bar in the system. This generated H2/B2H6 

gas mixture was allowed to expose to activated DMOF-1-NH2 (0.180 mg, 2.99 × 10-4 mmol) at room 

temperature for 15 minutes followed by evacuation to remove excess B2H6 and H2. After this time the 

whole unit was taken inside the glovebox under vacuum and the vessel containing modified MOF was 

open to collect and preserve the material at temperature  -10 C. Yield: 188.27 mg (100% with respect 

to DMOF-1-NH2). Microanalysis for DMOF-1-NH2BH3, C22H28B2N4O8Zn2, Calcd: C, 42.08; H, 4.49, N, 

8.91%. Found: C, 41.00; H, 4.34, N, 9.11%. ICP-AES for DMOF-1-NH2BH3, Calcd: B, 3.44, Zn, 20.79%. 

Found: B, 3.55, Zn, 20.02%. 

DMOF-1-NH2BD3: Heating the diborane (with deuterium enriched) source (190 mg) at 140 °C (initially 

25 to 140 C @5 C/ min) for 5-7 min results H2/B2D6 pressure of 1.9 bar in the system. This generated 

H2/B2D6 gas mixture was allowed to expose to activated DMOF-1-NH2 (0.165 mg, 2.66 × 10-4 mmol) at 

room temperature for 15 minutes followed by evacuation to remove excess B2D6 and H2. After this time 

the whole unit was taken inside the glovebox under vacuum and the vessel containing modified MOFs 

was open to collect and preserve the material at temperature  -10 C. Yield: 168.72 mg (100% with 

respect to DMOF-1-NH2). 

DMOF-1-15NH2BD3: Heating the diborane (with deuterium enriched) source (195 mg) at 140 °C 

(initially 25 to 140 C @5 C/ min) for 5-7 min results H2/B2D6 pressure of 2 bar in the system. This 

generated H2/B2D6 gas mixture was allowed to expose to activated DMOF-1-15NH2 (0.177 mg, 2.93 × 10-

4 mmol) at room temperature for 15 minutes followed by evacuation to remove excess B2D6 and H2. After 

this time the whole unit was taken inside the glovebox under vacuum and the vessel containing modified 

MOFs was open to collect and preserve the material at temperature  -10 C. Yield: 186.0 mg (100% 

with respect to DMOF-1-15NH2). 

 

 
 

Figure S1. Schematic representation of the basic experimental set-up for diborane reaction with 

activated DMOF-1-NH2. The scheme shows the diborane source that is connected with the activated 

sample in a closed system. The pressure is monitored by pressure gauge P. 
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Figure S2. Photo of activated DMOF-1-NH2 (left); freshly prepared DMOF-1-NH2BH3 (middle) 

obtained after 15 min of B2H6/H2 (2 bar) exposure and the material obtained after storing freshly prepared 

DMOF-1-NH2BH3 at room temperature for 1 week (right). 

 

 

 
 

Figure S3. Solid-state UV/vis spectra of DMOF-1-NH2 and its amino borane substituted products 

measured in the 200 - 800 nm range. 

 

 

Section S3 Crystallographic Data 
 

Single-crystal X-Ray Diffraction Studies on Guest Free DMOF-1-NH2  

Single-crystal X-ray diffraction data were collected at 183(1) K on a Xcalibur diffractometer 

(Rigaku OD formerly Agilent Technologies, Ruby CCD detector) using a single wavelength Enhance X-

ray source with MoKα radiation, λ = 0.71073 Å.[S6] The selected suitable single crystal was mounted using 

polybutene oil on the top of a glass fiber fixed on a goniometer head and immediately transferred to the 

diffractometer. Pre-experiment, data collection, analytical absorption corrections,[S7] and data reduction 

were performed with the Oxford program suite CrysAlisPro.[S6] Using Olex2,4 the structure was solved 

with the SHELXS97[S8] using direct methods and refined with the SHELXL2016/6 program package[S9] 
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by full-matrix least-squares minimization. The program PLATON[S10] was used to check the result of the 

X-ray analysis. 

Due to the highly symmetrical space group and framework, most of the non-H atoms are 

disordered over two (O1, C3), three (C4) or four sites (N2). Nevertheless, only 22 restraints were used 

for the entire model to correct the anisotropic thermal parameters of the disordered N1, N2, C2, C3 and 

C4 atoms (before DELU and SIMU instructions of SHELXL). All H positions were calculated after each 

cycle of refinement using a riding model, with C-H = 0.93 Å and Uiso(H) = 1.2Ueq(C) for aromatic H 

atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H atoms, and with N—H = 0.86 Å 

and Uiso(H) = 1.2Ueq(C) for amino H atoms. No classic hydrogen bonds were found in the crystal structure. 

Attempts to solve the structure in P4/m or even P4, all three space groups having no reflection conditions, 

did not result in the disappearance of the heavy disorders. On the contrary, the disorders were much more 

tedious to deal with for worse results. For P4/mmm: R1 = 0.0273 [I > 2σ(I)], wR2 = 0.0726 (all data, 1073 

reflections); for P4/m: R1 = 0.0307 [I > 2σ(I)], wR2 = 0.0813 (all data, 1853 reflections); for P4: R1 > 0.05 

[I > 2σ(I)], wR2 > 0.12 (all data, 3518 reflections). CCDC 858960 contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif 

 

Table S1. Summary of the X-ray diffraction studies of guest free DMOF-1-NH2. 

 DMOF-1-NH2  

empirical formula C22H22N4O8Zn2  

formula weight (g·mol-1) 601.18  

temperature (K) 183(1)  

wavelength (Å) 0.71073  

crystal system, space group tetragonal, P4/mmm  

a (Å) 10.9487(2)     

b (Å) 10.9487(2)     

c (Å) 9.5950(2)    

α (°) 90  

β (°) 90  

γ (°) 90  

volume (Å3) 1150.19(4)  

Z, density (calcd) (Mg·m-3) 1, 0.868  

abs coefficient (mm-1) 1.072  

F(000) 306  
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crystal size (mm3) 0.38 x 0.24 x 0.20  

θ range (°) 2.63 to 30.50  

reflections collected 14032  

reflections unique 1073 [R(int) = 0.0246]  

completeness to θ (%) 99.5  

absorption correction analytical  

max/min transmission 0.675 / 0.575  

data / restraints / parameters 1038 / 22 / 51  

goodness-of-fit on F2 1.123  

final R1 and wR2 indices [I > 2σ(I)] 0.0273, 0.0719  

R1 and wR2 indices (all data) 0.0285, 0.0729  

largest diff. peak and hole (e.Å-3) 0.459, -0.291  

The unweighted R-factor is R1 = (Fo – Fc)/Fo; I > 2σ(I) and the weighted R-factor is wR2 = 

{w(Fo2 – Fc2)2/w(Fo2)2}1/2. 

 

 

 
 

Figure S4. a), the disordered dicarboxylate linkers in the structure of activated DMOF-1-NH2, 

[Zn2(NH2-BDC)2(DABCO)], and b), with selective atomic numbers. Color code for a) and b): Zn: aqua; 

N: blue; O: red; C: gray (or green or plum); H: light gray. 
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Section S4 Powder X-Ray Diffraction Experiments 
 

 

 

Figure S5. The PXRD pattern of activated DMOF-1-NH2 (black) and one of the sample of B2H6 reacted 

products resulted when a high H2/B2H6 (8 bar) pressure and a temperature in the range of 45-150 °C was 

employed for the preparation. 

 

 

 

Figure S6. Schematic experimental setup for the in situ PXRD investigation of the reactivity of activated 

DMOF-1-NH2 with B2H6.  
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Figure S7. The PXRD pattern of activated DMOF-1-NH2 (black) and its B2H6 reacted product obtained 

after 15 min of B2H6/H2 (2 bar) exposure. 

 

 

 

 

 

 

 

 

Section S5 IR Spectra 

 

 
 

Figure S8. FTIR spectra: freshly prepared DMOF-1-15NH2BD3 (black) and as-prepared DMOF-1-

NH2BH3 (red).  



SUPPORTING INFORMATION          

9 

 

 

 

Section S6 ICP-AES Analysis 
 

Method: 

Dissolution with HNO3 and HCl under pressure at 180 °C 

Detection by ICP-AES (inductively coupled plasma-atomic emission spectroscopy); instrument: 

iCAP 6500 by Thermo Instruments 

Boron measured at 249.7 nm 

 

Table S2: The ICP-AES measurement data for DMOF-1-NH2BH3  

 

Sample: DMOF-1-NH2BH3 (Zn2C22H28B2N4O8) 

Element Unit 
Experimental / 

Calculated 

B mass % 3.55 / 3.44  

Zn mass % 20.79/20.02 

 

 

 

Section S7 GC-TCD Analysis 

Gas chromatograms were recorded using a Varian CP-3800 gas chromatograph with argon as the carrier 

gas and a 3 m × 2 mm packed molecular sieve 13X80-100. The gas flow was set to 20 mL/min. The oven 

was operated isothermally at 100 °C. Typically 100 μL gas samples were injected using a Hamilton (1825 

RN) gas tight micro liter syringe. The gases were detected using a thermal conductivity detector (Varian) 

operated at 150 °C (retention times are 1.25, 1.83 and 2.43 min for H2, O2, and N2, respectively. 

 

Sample Preparation: About 100 mg of the freshly prepared DMOF-1-NH2BH3 was enclose in a septum 

sealed schlenk tube and the gaseous product released at different temperatures (24 °C, 50 °C and 77 °C) 

accumulate over a period of 1 h at three different temperatures. After this period the gaseous samples 

were analyzed by GC-TCD (Gas Chromatography - Thermal Conductivity Detector) under the above 

noted experimental conditions. 
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Figure S9. Gas chromatogram of gas evolved from the freshly prepared sample of DMOF-1-NH2BH3 

kept at room temperature for 1 hour (blue), sample of DMOF-1-NH2BH3 heated at 50 °C (red) and 75 °C 

(black) under Ar atmosphere. 

 

 

Section S8 Computational Detail 

The simulations reported in the present work are based on electronic structure calculations using Kohn–

Sham density functional theory within the Gaussian and plane waves (GPW)[S11] formalism as 

implemented in the Quickstep module in the CP2K program package.[S12] Dual-space 

pseudopotentials[S13],[S14] are used to describe the interaction of valence electrons with atomic cores. The 

pseudopotentials for boron, nitrogen, carbon, oxygen and hydrogen assume 3, 5, 4, 6 and 1 valence 

electrons, respectively. The atomic cores of the Zn are described by potentials with 12 valence electrons. 

The Gaussian basis sets chosen for this type of application are of the molecularly optimised type.[S15] The 

PW energy cutoff for the expansion of the density is set at 500 Ry. The Brillouin zone is sampled only at 

the Γ point. Exchange and correlation are calculated with the Perdew-Burke-Ernzerhof (PBE)[S16],[S17] 

GGA exchange-correlation (XC) functional. The XC functional and its derivative are calculated on the 

same uniform density grid that is used for the Hartree energy and is defined by the choice of the PW 

energy cutoff. In order to improve the accuracy in the evaluation of the XC terms, a nearest neighbour 

smoothing procedure is used. Long-range dispersion interactions are been computed using the nonlocal 

PBE-rVV10[S18] formalism. More details about these techniques are illustrated in Reference [S11] 
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Figure S10. A ball and stick representation of the simulation cell containing 16 BDC-NH2 units, of which 

only 8 are binding to BH3 unit. The total number of atoms is 496 and periodic boundary conditions are 

always applied. Atom colors: Zn, gray; O, red; C, cyan; N, blue; B, gold and H, light gray. 

 

 

 

 

Figure S11. Fragmental ball-and-stick representations of a scenario when the ion pair [BH4]
- and 

NH2BH2]
+ are separated and the system optimizes by the proton hopping to the closest O, which 

determines the breaking of the corresponding O-Zn bond. Atom colors: Zn, gray; O, red; C, cyan; N, blue; 

B, gold and H, light gray. 
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Figure S12. Fragmental ball-and-stick representations of a scenario when the ion pair of [BH4]
- and 

NH2BH2]
+ are separated and forced the proton to stay far from the O coordinating Zn, another complex 

is formed via closing the ring. This structure is stable and amounts to ~32 kcal/mol higher in energy in 

comparison to I (Figure 4, left) (Note that this value takes into account also the desorbed H2 molecule) 

Atom colors: Zn, gray; O, red; C, cyan; N, blue; B, gold and H, light gray.  
 

 
Figure S13. Fragmental ball-and-stick representations of the adduct III (Figure 4, left) with a 

dihydrogen bonding HN….HB distance of 2.27 Å. Atom colors: Zn, gray; O, red; C, cyan; N, blue; B, gold 

and H, light gray. 
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\ 

Figure S14. Fragmental ball-and-stick representations of TS estimated for a direct process from III to 

IV (Figure 4, left): To obtained this estimate the nudged elastic band method was applied (See reference 

G. Henkelman, H. Jonsson, J. Chem. Phys. 2000, 113, 9978–9985), where state III and V have been given 

as endpoints and in totals nine band beads have been used. The TS is about 27 kcal/mole above state III. 

Atom colors: Zn, gray; O, red; C, cyan; N, blue; B, gold and H, light gray. 
 

 

Figure S15. Fragmental ball-and-stick representations of the BH5 (V, Figure 4, left) complex forming 

via proton hopping when the ion pair [BH4]
- and [NH2BH2]

+ are kept at a close distance and allowed the 

system to relax spontaneously. Atom colors: Zn, gray; O, red; C, cyan; N, blue; B, gold and H, light gray. 
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Figure S16. An energy profile diagram of the second chemical hydrogen release from amino borane 

unit (VI, Figure 4) to generate imino borane moiety (-NBH) (XII) associating with a very high increase 

in energy (about 42 kcal/mol) in comparison to the amino borane (VI) containing species. The borinium 

borate state (X) is of artificially high energy and does not correspond to a transition state on the reaction 

path c, since it was calculated with separated ions in the MOF cage suffering from the effect of unscreened 

charge, while the calculations of all the neutral, non-ionic species, like the BH3 adduct of the amino borane 

(IX), the BH5 (XI) species and the imino borane (XII) are expected to be well-reproduced in their energies. 
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