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1. Experimental

1.1 Materials and methods

All materials were purchased from commercial vendors and used as received. ZrCls, adipic acid and terephthalic
acid and KsPO4 were purchased from Sigma Aldrich. ZrOCl,-8H,0 was purchased from Merck. 3-Methyladipic
acid, acetic acid and formic acid were purchased from TCI. Concentrated hydrochloric acid was purchased from
Honeywell. Anhydrous N,N-Dimethylformamide (DMF) was purchased from Acros.

Powder XRD data were collected using a Bruker D8-Advance X-ray powder diffractometer with Cu Ko, radiation,
at a resolution of 0.02° and a scan rate of 0.1-0.5 s/point.

Thermogravimetric analyses (TGA) data was collected using a TA Instrument Q500. Samples were heated at a
rate of 5 °C/min to 600 °C under air.

Liquid state *H NMR on digested MOF samples were done using a JEOL 500 MHz spectrometer. Samples were
digested in a saturated solution of KsPO4 dissolved in DO. The relaxation delay was increased to 30 seconds to
ensure accurate integration.

Solid state NMR was done using a JEOL JNM-ECZ600R/M3 spectrometer with a MAS spin rate of 20 KHZ.
Sorption measurements were performed using a BELSORP-max Absorption Measurement Instrument equipped
with cryogenic temperature controller.

Scanning electron Microscopy (SEM) analysis was performed with a JEOL JSM 5600 scanning electron
microscope (tungsten source), equipped with an Oxford Link ISIS with an accelerating voltage of 10 to 15 kV.
Prior to SEM analysis, samples were sputtered with gold using a JEOL JFC-1200 Fine Coater.

Infrared spectroscopy was performed on Perkin Elmer Spectrum 2000.
1.2 Synthesis of mixed adipate-terephthalate UiO-66

A 50 ml screw cap glass bottle was charged with terephthalic acid, adipic acid (see Table S1 for amounts) and
DMF (20 mL). The mixture was agitated by ultrasonication until the terephthalic acid and adipic acid were fully
dissolved, then concentrated hydrochloric acid (35 wt%, 100 uL) was added, followed by ZrCl4(233 mg, 1 mmol).
The mixture was again agitated by ultrasonication until homogenous. The mixture was placed in a preheated oven
at 130 °C for 24 hours. The white powder formed was collected by suction filtration, rinsed with DMF (about 5
mL) and then with ethanol (about 20 ml). The collected solids were then resuspended in water (20 mL) and heated
to 80 °C for 2 hours to replace the DMF within the pores with water. The solids were then collected again by
filtration, rinsed with water, and dried in an oven at 60 °C for 1 hour. Material composition in Table S1 was
determined by digesting about 10 mg of sample in a solution of about 10 mg of K3sPO4in D0.
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Table S1. Linker amounts employed in the synthesis of mixed linker UiO-66-x

Experiment Terephthalic acid used Adipic acid used Mole percentage of adipate w.r.t
terephthalate in MOF

mg mmol mg mmol mol%

1 166 1 146 1 0
2 149 0.9 160 1.1 5
3 132 0.8 175 12 14
4 116 0.7 190 1.3 19
5 100 0.6 204 14 28
6 83 0.5 219 15 35
7 66 0.4 234 1.6 40
8 50 0.3 248 17 51
9 33 0.2 262 1.8 69
10 17 0.1 277 1.9 87

1.3 Synthesis of mixed 3-methlyadipate-terephthalate UiO-66

To investigate the generality of our method, we extended our study to another linear aliphatic acid,
3-methyladipate. Crystalline MOFs with Zr and 3-methyladipate have previously been reported,* and we chose
this ligand to study if our method can be applied to other aliphatic acids, as well as to understand how the
functional groups on the aliphatic ligand may affect the loading and properties on the obtained materials. The
methods for the synthesis of the MOFs containing 3-methyladipate are the same as those for the MOFs containing

adipate, as outlined below.

A 50 ml screw cap glass bottle was charged with terephthalic acid, 3-methyladipic acid (see Table S2 for amounts)
and DMF (20 mL). The mixture was agitated by ultrasonication until the terephthalic acid and adipic acid were
fully dissolved, then concentrated hydrochloric acid (35 wt%, 100 uL) was added, followed by ZrCls (233 mg, 1
mmol). The mixture was again agitated by ultrasonication until homogenous. The mixture was placed in a
preheated oven at 130 °C for 24 hours. The white powder formed was collected by suction filtration, rinsed with
DMF (about 5 mL) and then with ethanol (about 20 ml). The collected solids were then resuspended in water (20
mL) and heated to 80 °C for 2 hours to replace the DMF within the pores with water. The solids were then collected
again by filtration, rinsed with water, and dried in an oven at 60 °C for 1 hour. Material composition in Table S2

was determined by digesting about 10 mg of sample in a solution of about 10 mg of K3PQO4in D;0.

Table S2. Linker amounts employed in the synthesis of mixed linker UiO-66-3Me-x

Experiment Terephthalic acid used 3-Methyladipic acid used | Mole percentage of 3-methyladipate
w.r.t terephthalate in MOF

mg mmol mg mmol mol%

1 166 1 160 1 11
2 132 0.8 192 1.2 16
3 100 0.6 224 1.4 31

S3



1.4 Thermolysis of adipic acid in UiO-66-x

Samples of mixed linker UiO-66-x (about 150 mg) were placed in a programmable furnace and the temperature
was ramped from room temperature to 300 °C at 10 °C/min. The temperature was then held at 300 °C for 5
minutes, after which the samples were removed from the furnace and allowed to cool to room temperature under

ambient conditions.

Table S3. Mole fraction of adipate (x) in UiO-66-x, measured by both liquid *H NMR (xnmr) Of digested samples
and TGA (xrea), TGA mass loss of adipate and terephthalate as a weight % of ZrO, and corresponding ratio of
terephthalate, adipate and defects in each sample as calculated by the method described by Shearer and

coworkers.?

Experiment XNMR XTGA Weight loss of Number of Weight loss of Number of Number of
terephthalate terephthalates adipate adipates per Zrg defects per Zrs

(Wt% ZrO,) per Zrg node (Wt% ZrO,) node node

1 0 0 110 5.5 0 0.0 0.5
2 5 6 108 54 6 0.3 0.3
3 14 16 96 48 16 0.9 0.3
4 19 20 90 45 20 1.1 0.4
5 28 27 75 3.7 25 1.4 0.8
6 35 31 69 34 27 15 1.0
7 40 36 60 3.0 30 1.7 1.3
8 51 46 45 2.2 34 1.9 1.8

Table S4. Mole fraction of 3-methyladipate (x) in UiO-66-3Me-x, measured by both liquid *H NMR (xnwr) of
digested samples and TGA (xtca), TGA mass loss of 3-methyladipate and terephthalate as a weight % of ZrO,

and corresponding ratio of terephthalate, 3-methyladipate and defects in each sample as calculated as above.

Experiment XNMR XTGA Weight loss of Number of Weight loss of Number of 3- Number of
terephthalate terephthalates | 3-methyladipate methyladipate defects per Zrs

(Wt% ZrO,) per Zrg node (Wt% ZrO,) per Zrgnode node

1 11 11 100 5.0 12 0.6 0.4
2 16 19 89 44 20 1.0 0.5
3 31 31 68 34 30 1.6 1.0
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2. Scanning electron microscopy
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Figure S3: SEM images of UiO-66-14 (left) and UiO-66-14-th (right)
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Figure S6: SEM images of UiO-66-35 (left) and UiO-66-35-th (right)
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Figure S9: SEM images of UiO-66-69 (left) and UiO-66-87 (right)
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3. Powder X-ray Diffraction
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Figure S10: Powder X-ray diffraction patterns of UiO-66-x samples (before thermolysis)
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Figure S11: Powder X-ray diffraction patterns of UiO-66-x-th samples (after thermolysis)
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Figure S12: Comparison of XRD patterns of UiO-66-40, as synthesized, after thermolysis and after evacuation.

Table S5: List of selected peaks, full width at half maximum (FWHM) and crystallite size calculated by the
Scherrer equation.

2 6 (deg) FWHM (deg) Crystallite size (hm)
Ui0-66-40 | UiO-66-40-th Ui0-66-40- Ui0-66-40 | UiO-66-40-th Ui0-66-40-

vac vac

7.4 0.14 0.17 0.23 56 47 35
8.5 0.14 0.16 0.23 59 49 35
25.7 0.17 0.19 0.29 47 42 28
29.8 0.16 0.25 0.42 52 32 19
30.7 0.18 0.26 0.33 45 32 25
33.1 0.18 0.25 0.20 45 33 41
35.6 0.18 0.24 0.32 47 35 26
37.5 0.19 0.24 0.31 45 35 27
40.7 0.19 0.25 0.31 45 34 27
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Figure S13: Powder X-ray diffraction patterns of mixed ligand MOFs containing 3-methyladipate and
terephthalate before thermolysis, UiO-66-3Me-x (highlighted in orange) and after thermolysis, UiO-66-3Me-x-th
(highlighted in purple).
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4. NMR of Digested UiO-66 samples
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Figure S14. *H NMR spectrum of UiO-66-0 digested in K3PO4 in D20.
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Figure S15. *H NMR spectrum of UiO-66-0-th digested in K3POj in D;0.
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Figure S16. *H NMR spectrum of UiO-66-5 digested in KsPOy in D,0.
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Figure S17. *H NMR spectrum of UiO-66-5-th digested in K3PO, in D;0.
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Figure S18. 'H NMR spectrum of UiO-66-14 digested in K3POx in D20.
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Figure S19. *H NMR spectrum of UiO-66-14-th digested in KsPOy in D,0.
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Figure S20. *H NMR spectrum of UiO-66-19 digested in K3POx in D2O.
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Figure S21. *H NMR spectrum of UiO-66-19-th digested in KsPOy in D,0.
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Figure S22. 'H NMR spectrum of UiO-66-28 digested in K3POx in D20.
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Figure S23. *H NMR spectrum of UiO-66-28-th digested in KsPOy in D,0.
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Figure S24. 'H NMR spectrum of UiO-66-35 digested in KsPOx in D2O.
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Figure S25. *H NMR spectrum of UiO-66-35-th digested in KsPOy in D,0.
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Figure S26. *H NMR spectrum of UiO-66-40 digested in KsPOy in D,0.
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Figure S27. *H NMR spectrum of UiO-66-40-th digested in KsPOy in D,0.
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Figure S28. 'H NMR spectrum of UiO-66-51 digested in K3POx in D20.
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Figure S29. *H NMR spectrum of UiO-66-51-th digested in K3PO4 in D,0.
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Figure S30. *H NMR spectrum of UiO-66-69 digested in KsPOy in D,0.
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Figure S31. *H NMR spectrum of UiO-66-87 digested in KsPOy in D,0.
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Figure S32. 'H NMR spectrum of UiO-66-3Me-11 digested in KsPO, in D,0.
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Figure S33. 'H NMR spectrum of UiO-66-3Me-16 digested in KsPO4 in D2O.
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Figure S34. 'H NMR spectrum of UiO-66-3Me-31 digested in KsPO, in D,0.

S22



5. Solid state NMR
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Figure S35. Solid state **C NMR spectrum of UiO-66-5.
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Figure S36. Solid state *C NMR spectrum UiO-66-5-th.
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Figure S37. Solid state *C NMR spectrum of UiO-66-14.
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Figure S38. Solid state *C NMR spectrum of UiO-66-14-th.
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Figure S39. Solid state 1*C NMR spectrum of UiO-66-19
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Figure S40. Solid state **C NMR spectrum of UiO-66-19-th
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Figure S41. Solid state *C NMR spectrum of UiO-66-28.
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Figure S42. Solid state *C NMR spectrum of UiO-66-28-th.

S26



T T T r T T T T T T T r T T T
240 220 200 180 160 140 120 100 80 60 40 20 0 -20 -40
& (ppm)

Figure S43. Solid state *C NMR spectrum of UiO-66-35.
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Figure S44. Solid state *C NMR spectrum of UiO-66-35-th.
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Figure S45. Solid state *C NMR spectrum of UiO-66-40.
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Figure S46. Solid state *C NMR spectrum of UiO-66-40-th.
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Figure S47. Solid state *C NMR spectrum of UiO-66-51.
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6. Thermogravimetric Analysis
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Figure S48. Thermogravimetric plots of UiO-66-0
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Figure S49. Thermogravimetric plots of UiO-66-5, before (orange) and after (purple) thermolysis.
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Figure S50. Thermogravimetric plots of UiO-66-14, before (orange) and after (purple) thermolysis.
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Figure S51. Thermogravimetric plots of UiO-66-19, before (orange) and after (purple) thermolysis.
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Figure S52. Thermogravimetric plots of UiO-66-28, before (orange) and after (purple) thermolysis.
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Figure S53. Thermogravimetric plots of UiO-66-35, before (orange) and after (purple) thermolysis.
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Figure S54. Thermogravimetric plots of UiO-66-40, before (orange) and after (purple) thermolysis.

260 ~
240

220

Weight (% ZrO,)

120 -
100

80

200
180
160

140

Ui0-66-51
34 wt% 2rQ,
g 1.9 adipate
UiO-66-51-th 45 wt% zr0,
2.2 terephthalate
I I I I T I
0 100 200 300 400 500 600

Temperature (°C)

Figure S55. Thermogravimetric plots of UiO-66-51, before (orange) and after (purple) thermolysis.
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Figure S56. Thermogravimetric plots of UiO-66-3Me-11, before (orange) and after (purple) thermolysis.
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Figure S57. Thermogravimetric plots of UiO-66-3Me-16, before (orange) and after (purple) thermolysis.
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Figure S58. Thermogravimetric plots of UiO-66-3Me-31, before (orange) and after (purple) thermolysis.
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7. Gas absorption isotherms
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Figure S59: N2 sorption isotherms of UiO-66-x before (a) and after (b) thermolysis, and CO; sorption isotherms
of UiO-66-x before (c) and after (d) thermolysis.
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Figure S60: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
Ui0-66-5 and UiO-66-5-th.
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Figure S61: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
UiO-66-14 and UiO-66-14-th.
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Figure S62: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
Ui0O-66-19 and UiO-66-19-th.
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Figure S63: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
UiO66-28 and UiO-66-28-th.
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Figure S64: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
Ui0-66-35 and UiO-66-35-th.
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Figure S65: Nitrogen physisorption isotherms (left) and pore size distribution (right, NLDFT model) for
Ui0-66-40 and UiO-66-40-th.
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Figure S66: Nitrogen physisorption isotherms of UiO-66-5 (left) and UiO-66-14 (right) plotted on a logarithmic

scale for pressure.
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Figure S67: Nitrogen physisorption isotherms of UiO-66-19 (left) and UiO-66-28 (right) plotted on a

logarithmic scale for pressure.
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Figure S68: Nitrogen physisorption isotherms of UiO-66-35 (left) and UiO-66-40 (right) plotted on a
logarithmic scale for pressure.
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8. Computational Modeling

8.1 Computational details

All calculations were done using ORCA 5.0.3. The geometries of two ZrsO4(OH)a clusters bridged by one
terephthalate were extracted from the crystal structure reported by Lillerud and coworkers.® The remaining
terephthalates surrounding the clusters were truncated to formates, and the geometries were optimized with the
coordinates of the formate carbon atoms fixed to replicate the rigidity of the framework. The bridging terephthalate
was replaced with an adipate and a conformer search of the adipate was first done using the GFN2-xTB method
of Grimme and Bannwarth.* The geometries of the conformers found were then reoptimized using the PBE
functional® with an atom pairwise dispersion correction (D4),° together with the def2-SVP basis set” and effective
core potentials for zirconium.® These calculations were performed using RI density fitting approximations with
the def2/J Coulomb fitting basis set.® Single-point electronic energies were recalculated with the PBEO-D4
functional® and the def2-TZVPP basis set.

Three bridging conformers and one folded isomer was optimized, with the bridging conformers labelled herein as
Zr_adipic_1 to Zr_adipic_3 and an isomer where the adipate is folded and does not bridge the two nodes, labelled

as Zr_adipic_folded. The energies of the 4 structures and their structures are detailed in the following subsection.
8.2 Computed energies

Table S6: DFT-calculated gas phase electronic energies.

Structure Ee (PBE-D4/def2-SVP) Ee (PBEO-D4/def2-TZVVPP)

[kcal/mol] [kcal/mol]
Zr_terephthalate -4102012.657 -4106030.681
Zr_adipic_1 -4055766.481 -4059747.101
Zr_adipic_2 -4055756.669 -4059741.286
Zr_adipic_3 -4055761.003 -4059739.572
Zr_adipic_folded -4055761.264 -4059740.043
Terephthalic acid -381715.2667 -382145.58
Adipic acid -335470.9947 -335862.2938

8.3 Optimized Structures
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Figure S69: Optimized structure of Zr_adipic_1
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Figure S73: Optimized structure of Zr_terephthalate

Table S6: xyz coordinates of all computed structures
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-4.61097
9.853765
8.717521
7.580414
-7.37999
-7.29069
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2.572175
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1.434923
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2.140985
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0.000357
-1.98939
-0.00087
-3.90738
1.136833
0.000621
-1.47149
1.470989
-0.00029
-1.43546
-1.33615
-2.32475
-2.57206
-1.1363
-3.90731
-2.47366
-2.14221
-4.46577
0.000384
2.786191
-0.00155
-2.78592
0.001942
2.786718
-0.00098
0.001445
-2.78597
2.95216
2.954794
-2.95169
-2.95735
5.580994
2.627945
0.000831
2.621299
-2.62518
-2.6243
-5.5808
2.623886
5.580918
2.953204
2.95555
2.625418
-0.00084
-2.9525
-2.95594
-5.58093
-2.62347
-2.62932

3.156081
-3.15714
1.961731
3.159966
3.566977
-1.96021
-3.15821
-3.56462
-1.40592
1.410121
-1.40624
1.404786
0.067634
-0.06833
-1.04221
1.041053
1.041111
-1.0391
3.563876
-3.56552
3.155618
1.957123
-0.06614
0.066223
-1.959
-3.15739
0.125364
-0.12553
-1.96494
1.96252
-1.96478
1.965842
-1.96365
1.965996
1.962066
-1.96375
3.945289
3.949536
3.949082
3.944125
0.228509
-3.94551
-0.23001
-3.94809
-3.9482
-3.94617
0.230288
-3.94914
0.230836
3.949295
3.944327
-3.94573
-0.23246
3.944457
3.948583
0.227643
-3.94862
-3.94593

-8.09612
-8.26965
6.246872
6.578945
7.385751
6.145003
6.394019
7.284329
8.718762
6.739046
8.721728
10.70981
7.582534
12.62637
10.19289
8.722276
8.722259
7.256049
10.05659
10.15406
10.86251
11.19405
12.62729
9.855892
11.29097
11.04347
8.719448
13.18548
8.721795
11.50694
8.724709
5.940533
-5.95365
-3.16918
-8.73694
-5.95146
11.34894
6.096393
6.092034
11.34449
8.717763
11.67309
14.30051
5.76179
5.765287
11.67564
8.71955
-2.99524
-5.94838
-3.32356
-8.57627
-8.90472
-11.5299
-8.57942
-3.3258
-5.94906
-2.99425
-8.90089



9. Infrared spectra
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Figure S74: Infrared spectrum of UiO-66-0
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Figure S75: Infrared spectrum of UiO-66-5
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Figure S76: Infrared spectrum of UiO-66-14
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Figure S77: Infrared spectrum of UiO-66-19
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Figure S78: Infrared spectrum of UiO-66-28

1574

74

1394
|1 666

T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumbers (cm™)

Figure S79: Infrared spectrum of UiO-66-35
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Figure S80: Infrared spectrum of UiO-66-40
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Figure S81: Infrared spectrum of UiO-66-51
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