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1. Synthesis conditions

Table S1. Synthesis conditions of the HT screening in the system ZrCly/1,2,4-BTC or
BTec/H,O/HCI1(37%) at 100 °C in 72 h.

1,2,4-BTC
BTeC ZrCl, . H,0 Hfl [HCI]
L:M (37%)
n m (mg) n m V (mL) V (mL) M
(mmol) g (mmol) | (mg)
) 1 0 0
0.1 5 03:1 05 0.5 6
0 1 12
1 0 0
03 gz 1:1 05 05 6
03 70 0 1 12
' 1 0
0.6 gg 2:1 05 05 6
0 1 12
05 0
0.9 ;gg 31 0.5 05 6
0 1 12

Table S2. Synthesis conditions to form UiO-66(Zr)-(COOH) and UiO-66(Zr)-(COOH), via

the round bottom flask route at 100 °C in 24 h.

. Metallic HCI
Ligand precursor H0 (37%)
UiO-66(Zr)- ! ’52}1;111351(3
(COOH) Ilg ZrCly
B.Te C 5 mmol 25 mL 0mL
UiO-66(Zr)- 5 mmol 12¢g
(COOH), 13

Table S3. Synthesis conditions of the solvothermal reactions to form UiO-66(Zr)-(COOH)
and UiO-66(Zr)-(COOH), in pure water or in presence of 7.5 equivalents of HCI (37 %) per

Zr.

1,2,4- HCI
BTC BTeC ZrCly H,0 37 %)
7.5 m(ifol morfol 0.4 mmol 1.75 mL 0.25 mL
HCl/Zrx 85 mg 108 mg 93 mg (1.5 M)
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2. Materials characterisations

Intensity (a. u.)

2 Theta ()
Figure S1. Experimental X-ray powder diffraction patterns of UiO-66(Zr)-(COOH) (blue)

and UiO-66(Zr)-(COOH), (red) (Acy~1.54059 A) compared with the ones calculated from
simulated structures (grey).
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Figure S2. Structureless pattern profile refinement plot of (a) UiO-66(Zr)-(COOH) and (b)
Ui0O-66(Zr)-(COOH), (Acuke=1.54059). Red: experimental points; black: calculated points;
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green: Bragg peaks; blue: difference pattern (exp.-calc.). The profile factor Rp has been
indicated on each figure.
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Figure S3. Thermo-Gravimetric analysis of UiO-66(Zr)-(COOH) (blue) and UiO-66(Zr)-
(COOH); (red) under O, (20 ml.min"":2°C min).

W%mwwwwwww skt

26 (°)

Figure S4. X-ray powder diffraction patterns of UiO-66(Zr)-(COOH),: as synthesized
(black) and after activation at 180°C and re-dispersion in water (red) (Acy~1.54059 A).
(Acquisition time : 15 min).
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Elemental analysis

Elemental analyses (C, H, Zr) were performed by the service central d’analyse, CNRS,
Vernaison, France. C and H contents were determined by analysing the amount of CO, and
H,0 released after the total combustion of the sample (under O, at 1050°C), while the Zr
content was evaluated by ICP-AES analysis after the dissolution of the sample in acidic

medium.

The amount of adsorbed H,O in the title solids depends on the ambient conditions
(temperature, humidity); this amount was thus adjusted to match the absolute % values.
Nevertheless, only the experimental C/Zr ratio was used to determine the accurate formula
(and assess the potential sub-stoichiometry of ligand). A slight substoichiometry may thus be
possible for UiO-66-(COOH).

Table S4. Elemental analysis of the title compounds and calculated values for possible

stoichiometric formulas.

Formula C (wt %) H (wt %) Zr (wt %) C/Zr
(molar)
exp. calc. | exp. | calc. | exp. | calc. | exp. | calc.
Ui0-66-(COOH) 24.42 3.36 23.89 7.8
Zr6O4(OH)4(C9H4O6)6(H20)40 24 .49 4.11 20.67 9.0
Z104(OH)4(CoH406)52(OH); 6(H20)30 24.51 3.62 23.87 7.8
Ui0-66(Zr)-(COOH), 24.75 2.97 18.75 10.0
Z104(0OH)4(C10H405)6(H20)49 24.74 3.74 18.79 10.0

3. Kinetic data

Normalized crystallization curves (o) were extracted from time dependent EDXRD patterns
for both compounds by the integration of the (111) Bragg peaks at different temperatures.
Induction time #, as well as the crystallization time #; were extracted and are summarized in

Table S4.
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Crystallization curves were further analyzed using two models. The first one is the Avrami-
Erofe’ev equation (AE) which relates the extent of crystallization « to the reaction time ¢ and
the induction time ¢ (equation 1).!:? This equation was further linearized using Sharp and
Hancock method (SH) (equation 2),? allowing the extraction of the Avrami exponent ngy and
the rate constant ksy (Table S4).

a=1—exp (-ksu (t-19))"s" (1)

n (-In (1 - @)) = nsylnksy + nln (1)) (2)

The second one is the Gualtieri model* which considers nucleation and growth as distinct
processes as can be seen in equation 3 where a and b are constants related to the nucleation
and k, and n the rate constant of the crystal growth and the dimension of the growth. Here, we
set n= 3 as the UiO-66(Zr) solids crystallizes under a cubic symmetry. The rate constant of

nucleation k, is then calculated by equation 4.

eyt
1+ exp ¢-®/b
p 3)

k,=1/a 4)

[21
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Figure S5. Comparison of crystallization curves of the phase UiO-66(Zr)-(COOH) (dark
sphere) and UiO-66(Zr)-(COOH), (grey sphere) synthesized at (a) 120 °C, (b) 130 °C, (c)
140 °C and (d) 150 °C.
Sharp-Hancock Analyses

Table SS. Crystallization time #, induction time #, and kinetics parameters (nsy and kgp)
obtained by the Sharp-Hancock method with the Avrami-Erofe’ev equation of the UiO-
66(Zr)-(COOH) and UiO-66(Zr)-(COOH), synthesized at different temperatures. Values
based on the integration of the (111) Bragg peak.

t t ksu(1) ksu(2)
Temperatures (min) | (min) Step 1 | ngy(1) (min-) Step 2 | nsu(2) (min)
Ui0-66(Zr)-(COOH)
110 °C 98 31 0.1<a | 1.79 0.036 - - -
120 °C 78 15 <0.95 1.58 0.046 - - -
0.l<a | 1.28 0.105 | 0.86<a 0.262
o]
130 °C 58 8 <0.86 £ 0.95 0.50
140 °C 21 5 0.1<a | 1.20 0.217 - - -
150 °C 18 2 <0.95 1.29 0.202 - - -
Ui0-66(Zr)-(COOH),
0.1<a | 0.85 0.036 -
o - -
120 °C 142 6 £ 0.95
0.1<a | 237 0.034 | 0,86<a | 0.60 0.077
[o] )
130 °C 53 6 <0.86 20,95
0.1<a | 190 0.037 ] 0,83<a | 1.02 0.087
o] 9
140 °C 25 4 < 0.83 £0.95
0.1<a | 247 0.063 | 0,80<a | 0.70 0.065
o] B
150 °C 23 2 <0.80 £0.95
@@ 2 1oc (b) 2 s
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Figure S6. SH analyses using the AE nucleation-growth crystallization model of the phase
(a) Ui0-66(Zr)-(COOH) and (b) UiO-66(Zr)-(COOH), synthesized at five different

temperature.

Non-linear Gualtieri Analyses

Table S6. Kinetics parameters (a, b, k, and k) obtained by the Gualtieri equation.

Temperatures | @ (min) | b (min) | k, (min") | k, (min™)
Ui0-66(Zr)-CO,H
110 °C 54.109) | 89(2) | 0.02(0) | 0.0185(3)
120 °C 29.4(2) 6.8(1) | 0.0181(4) | 0.0340(3)
130 °C 12.9(1) | 2.6(1) | 0.0262(5) | 0.0775(6)
140 °C 7.85(9) | 1.59(8) | 0.061(2) | 0.127(2)
150 °C 43(1) | 1.5(1) | 0.0682) | 0.233(6)
Ui0-66(Zr)-(CO,H),
120 °C 10.6(8) 3.3(6) | 0.0097(9) | 0.09(8)
130 °C 12.9(1) | 2.7(1) | 0.0264(5) | 0.0775(6)
140 °C 7.66(6) | 1.60(6) | 0.053(1) | 0.131(1)
150 °C 4.00(8) | 1.48(8) | 0.0579(9) | 0.250(5)
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Figure S7. Extent of crystallization vs. time for the Bragg peak (111) of UiO-66(Zr)-
(COOH) and corresponding non-linear least-squares fits with the Gualtieri equation as well as
probability curves of nucleation PN.
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Figure S8. Extent of crystallization vs. time for the Bragg peak (111) of UiO-66(Zr)-
(COOH), and corresponding non-linear least-squares fits with the Gualtieri equation as well

as probability curves of nucleation PN.
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Figure S9. Arrhenius plots for the Bragg peak (111) for the temperature-dependant rate
constants from the Avrami-Erofe’ev equation: (a) UiO-66(Zr)-(COOH) and (c) UiO-66(Zr)-
(COOH), and from the the Gualtieri model: (b) UiO-66(Zr)-(COOH) and (d) UiO-66(Zr)-
(COOH),. (nucleation: round and growth: triangle)
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4. Modelling

4.1 Methodology

4.1.1. DFT geometry optimization

The structural model of the anhydre form was geometry optimized as follows.

An energy minimization procedure was first employed to geometrically optimize this
structure fixing the unit cell parameters to those of the UiO-66(Zr)-(COOH),. This was done
using the Forcite module implemented in the Materials Studio software,> based on the
Universal force field (UFF)® and the charges calculated via the Qeq charge equilibration
method.” Periodic density functional theory (DFT) geometry optimization procedure based on
the hybrid B3LYP functional was further employed to refine the so-obtained structure using
the CRYSTALO9 code,® where both cell parameters and atomic positions were allowed to
fully relax. In this calculation, all electron basis sets were used for each atom of the MOF
framework. Basis sets for Zr and O were taken from Refs. ° and !0 respectively, whereas for C
and H atoms standard 6-31G(d, p) basis sets from Pople’s family were adopted.!! Polarization
functions (one shell) were used on O, C and H atoms. For the numerical integration of the
exchange—correlation term, extra large grid (XLGRID) in a Lebedev scheme was used, which
corresponds to a pruned grid with 75 radial points and 974 angular points in the region of
chemical interest. The condition for the SCF convergence was set to 10-'° Hartree during
geometry optimization. The Pack—Monkhorst/Gilat shrinking factors for the reciprocal space
were set to 2. The five truncation criteria (TOLINTEG) for the bielectronic integrals
(Coulomb and HF exchange series) were set to 7 7 7 7 16. A modified Broyden scheme!?
following the method proposed by Johnson!3 was utilized to accelerate the convergence in the
self-consistent calculations after five SCF iterations, with 50% of Fock/KS matrices simple
mixing and with the Johnson parameter set to 0.05. Such a DFT parameterization has been
successfully employed to optimize the structures of UiO-66(Zr)'4, its extended series' as

well as its functionalized forms.!©

4.1.2. Theoretical Calculations of Pore volume and accessible Surface Area

For the optimized structures of the UiO-66(Zr)-(COOH), and its anhydride form, the
theoretical pore volumes (Vo) were obtained according to the thermodynamic method
proposed by Myers and Monson.!” In these calculations, UFF was used to describe the

Lennard-Jones (LJ) interactions of the framework atoms while the LJ parameters for Helium
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(e/kg = 10.9 K, 6 = 2.64 A) were taken from the work of Talu and Myers.!® The accessible
surface area (a,) is purely based on the geometric topology of the adsorbent and calculated
from a simple Monte Carlo integration technique where the center of mass of the probe
molecule with hard sphere is “rolled” over the framework surface.!” In this method, a
nitrogen-sized (3.6 A) probe molecule is randomly inserted around each framework atom of
the adsorbent and the fraction of the probe molecules without overlapping with the other
framework atoms is then used to calculate the accessible surface area. The L] size parameters

of the framework atoms were the same as those used for the calculations of the pore volume.

4.1.3. DFT calculations of the NMR isotropic chemical shifts

The calculations of the '3C isotropic chemical shifts were performed with the CASTEP?0-2!
density-functional-theory (DFT)-based code available in the Materials Studio 5.0 package.
The projector augmented waves (PAW)?*? and gauge included projector augmented waves
(GIPAW)? algorithms were used. The Perdew-Burke-Ernzerhof (PBE) functional®* was used
in the generalized gradient approximation (GGA) for the exchange correlation energy and the
core-valence interactions were described by ultrasoft pseudopotentials.>> The wave functions
were expanded on a plane wave basis set with a kinetic energy cut-off of 600 eV. The
Brillouin zone was sampled using a Monkhorst-Pack grid spacing of 0.04 A-! (6 calculated k-

points).
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4.2 Correlation between NMR and modelling results

130 140 150 11630 170 180 190

O e PP
Figure S10. Correlation between NMR-measured and DFT-calculated '3C isotropic chemical
shifts. The blue and red symbols correspond to the calculations realized on the optimized and

non-optimized structures respectively while the square and circle symbols are attributed to
the data for UiO-66(Zr)-(COOH), and to the anhydride form respectively.
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5. Gas adsorption
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Figure S11. Nitrogen sorption isotherms (77 K) after activation at various temperatures. Top:
UiO-66(Zr)-(COOH); bottom: UiO-66(Zr)-(COOH),.
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Table S7. BET area and pore volume of UiO-66(Zr)-(COOH) and UiO-66(Zr)-(COOH),:
dependence on the temperature of activation

UiO-66(Zr)-(COOH) UiO-66(Zr)-(COOH),
Activation aRgT Micropore aRgT Micropore
temperature (m? g volume (m2 g volume
°C) (cm® g (cm® g
30 661(17) 0.23(1) 453(11) 0.15(1)
50 673(18) 0.26(1) 527(13) 0.18(1)
70 661(18) 0.26(1) 516(13) 0.18(1)
110 642(18) 0.25(1) 473(12) 0.16(1)
150 556(15) 0.21(1) 435(13) 0.14(1)
190 443(11) 0.16(1) 332(7) 0.09(1)
“ T
a
" o0C 4 200°C
150°C 4 - 100°C
12 4 100°C 75°C
75°C 35 0c
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o W 3
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Figure S12. Isotherms obtained at 30°C with CH,4 (a) and CO, (b) for UiO-66(Zr)-(COOH),

outgassed at increasing temperatures.
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