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Synthesis

All reactants were purchased from Sigma Aldrich or Fischer unless otherwise stated.

ZIF-4 was synthesis according to a modified version of a known literature procedure.® A mixture of zinc nitrate hexahydrate,
Zn(NO3),.6H,0 (1.2 g, 4.04 mmol) and solid imidazole, H-Im (0.9 g, 13.24 mmol) were dissolved in 90 ml of DMF. The flask
was capped and heated to 100 °C (at a rate of 5 °C / minute) and held at this temperature for 72 hours. The mother liquid
was removed through filtration and the white crystals were washed with DMF (3 x 10 ml) followed by solvent exchange
with DCM (20 ml) overnight. The resulting solution was filtered yielding ZIF-4 with DCM held within the pores. The ZIF-4 was
activated at 180 °C under vacuum for 5 hours to eliminate any DCM in the pores. ZIF-zni was prepared according to a
literature procedure? and activated at 120 °C under vaccum for 5 hours to evacuate the pores of the ethanol solvent. ZIF-8

was obtained from BASF and activated at 100 °C under vacuum for 5 hours.

Powder X-Ray Diffraction Data

Diffraction patterns of crystalline and amorphous ZIFs
The following data PXRD was collected on a Bruker-AXS D8 diffractometer (26 range 5-60°) with a LynxEye position sensitive
detector in Bragg-Brentano parafocusing geometry and radiation of (Cu Ka)1 (A =1.540598 A). The data was analysed using

the program X’pert HighScore Plus.

Computational Method and Importance of Dispersive Corrections for Geometry

Optimizations

All electronic and structural calculations were performed with the Kohn-Sham DFT framework using periodic boundary
conditions. The Vienna ab initio package (VASP) 3 a planewave code, was employed for the geometry optimizations of all
the structures. A 500 eV plane-wave cutoff was found suitable for the convergence of the systems to within 0.01 eV/atom.
Starting from the experimentally determined unit-cell of each hybrid structure, both lattice parameters and atomic
positions were fully relaxed in space group P1 with the semi-local Perdew-Burke-Ernzerhof exchange-correlation functional
using D2 dispersion corrections.

It is reasonable to question the need of dispersion-corrected DFT calculations. In the present study, the simulation of the
dense zni structure (in fact the densest of the family) and that of the relatively dense ZIF-4 structure require the use of

dispersion-corrected DFT calculations, as explained in the following section.



We were the among the first ones to investigate the role of dispersion in hybrid frameworks and their contribution, by
comparing calculations from structures optimized with and without dispersion corrections (erf). The latter work, performed
on the highly flexible MIL-53 systems, specifically demonstrated that, unlike dispersion-free DFT methods, DFT-dispersion
ones are mandatory to predict the stabilization of the densest form of MIL-53 (its so-called “closed” pore form) with respect
to its “open” pore version, in line with the experimental observations (See Table 1 in >). Subsequently, we have also
demonstrated through several computational studies that dispersion-corrected DFT calculations are also required to
explore ZIFs’ energy landscape.® 7 We specifically compared in ® DFT calculations (without dispersion correction) and DFT-
D2 ones on a series of ZIFs. These calculations again established that dispersion interactions have a key role in the simple
inverse relationship between density and thermodynamic stability, confirmed by a thermochemical analysis study of MOFs
by Navrotsky et al.28 More recently, we have shown how DFT-D calculations may predict the structure-directing influence of
functionalized linkers in ZIFs.” Finally, DFT-D calculations were used to capture the mechanical properties of hybrid
frameworks.®

In the present work, having in mind that the ZIF-zni crystal structure is the densest one of this family, dispersion forces are

expected to play a crucial role and DFT-D calculations were thus adopted from the start.
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Figure S1. PXRD of crystalline (top) and amorphous ZIF-4 (bottom).
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Figure S2. PXRD of crystalline (top) and amorphous ZIF-zni (bottom).
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Figure S3. PXRD of crystalline (top) and amorphous ZIF-8 (bottom).
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Computational Results

Table S1. ZIF-8 experimental and calculated 3C and '°N isotropic chemical shifts, proposed assignment by comparison with

experimental values and asymmetric unit cells.

Calc Exp (ppm) Calc Exp (ppm)
C3 10.7 N1 2154 2144 1.0

c2 125.3




Table S2: ZIF-zni calculated 13C and >N chemical shift and proposed assighment by comparison with experimental values.

5: 8iso (PPM) Diff 8iso (PPM) Diff
Calc Exp (ppm) Calc | Exp (ppm)
€1 |1417 [1427 | 10 |NL [2120(2122 | 02
3 |1274 |1262 | 12 [N2 |2158(2152 | 06
2 |1269 |[1253 | 16
Cl0 (1414 (1420 | 06 |N7 [2143 (2141 | 0.2
c12 1294 |[127.8 | 16 |N8 |211.1(2103 | 038
c11 |1267 |1253 | 1.4
7 |1415 |1424 | 09 |[N6 |2161(2155 | 06
co |131.1 [1282 | 29 |[N5 |217.6|2166 | 1.0
8 1255 (1248 | 07
c4 |1409 [1420 | 11 [N4 [2162(2155 | 07
s |1271 [1259 | 12 |N3 [2187 (2172 | 15
C6 |1246 |[1245 | 01




Table S3: ZIF-4 calculated 13C and 15N chemical shift and proposed assignment by comparison with experimental values.

ZIF-4 Jiso (PPM) Diff Biso (PPM) Diff
Calc Exp (ppm) Calc Exp (ppm)

ca 124.9 123.9 1.0 N3  [212.1 |[212.0 0.1
c8 141.5 142.7 0.2 N6 |217.2 |215.2 2.0
c9 128.4 125.6 2.8

c1 144.1 143.9 0.2 N1 |209.6 |211.3 1.7
c2 126.4 124.5 1.9 N2 |216.2 |214.1 2.1
c3 126.8 124.8 2.0

C10

c6 125.4 124.0 1.4 N7 |211.5 |212.0 0.5
c7 143.5 143.5 0.0 N5 |218.1 |[216.1 2.0
Cc10 |129.0 125.8 3.2

cs5 127.2 125.6 1.6 N8 [214.1 |[213.6 0.5
c11  |141.0 142.5 1.5 N4 [218.0 |215.6 2.4
c12  |1275 125.6 1.9

Table S4: 57Zn calculated and experimental® chemical shifts and Cq values for crystalline ZIFs.*

Siso (PPM) Ca (MHz)
Calc Exp Calc Exp
ZIF-8 Znl 297 293 33 1.6
ZIF-4 Znl 291 315 9.5 5
Zn2 295 300 5.9 3.8
ZIF-zni Znl 300 6.9
Zn2 299 7.8

* Note that the state of solvation of the samples in reference 9 was not the same as in our calculations, which were
performed on desolvated systems.



Table S5. 13C and >N chemical shifts and spectral assignements for amorphous ZIFs

13C 15N

ZIF diso (PPM) Assignements diso (PPM) Assignements

. 126 NCC

amZIF-zni 143 NCN 214.7 CNC
126 NCC

amZIF-4 143 NCN 214.8 CNC
15 CHs;
118 NcC 10

amZIF-8 126 NCC 215.2 CNC
148 NCCH3N 10
152 NCCH5N

Table S6. Number of scans for 3C and >N CP MAS experiments at 20 T unless otherwise specified.

ZIF Number of scans
Bccp 15N CP
ZIF-zni 2048 11096
ZIF-4 2048 16384
ZIF-8 2048 20480
ZIF-4 at9.4T 256 n/a
a,ZIF-zni 2048 16384
a,ZIF-4 5120 16384
a,ZIF-8 4096 25282
(b)20T
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Figure S4. 13C CP MAS of crystalline ZIF-4 recorded at (a) 9.4 T under MAS at V,,; = 12.5 kHz and at (b) 20 T under MAS at Vv,

= 21 kHz. H decoupling during acquisition was achieved with SPINAL-64!! with v;(*H) = 83 kHz. Spinning sidebands are
marked with asterisks. The left and right inserts show magnified views of the 146-140 ppm and 128-120 ppm regions,

respectively.
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