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S1	Methods and Reagents
Initial characterization was performed using a Stoe Stadi P X-ray diffractometer equipped with a xy-stage, in transmission geometry using Mo Kα1 radiation and with data collected by a Mythen detector. Powder X-ray diffraction (PXRD) patterns for structure determination were measured using a Stoe Stadi P diffractometer in transmission geometry using Cu Kα1 radiation and with data collected using a Mythen detector. Infrared spectra were recorded on a Bruker ALPHA-P A220/D-01 FTIR spectrometer fitted with an ATR unit, over the spectral range of 4000‑40 cm‑1. Thermogravimetric analysis was carried out using a NETSCH STA 429 CD analyzer with a heating rate of 4 K min‑1 and under flowing air (flow rate 75 ml min‑1). Elemental analysis was performed using a EuroVector EuroEA elemental analyzer. NMR spectroscopy was performed using a Bruker DRX 500 spectrometer. Micrographs were recorded using a scanning electron microscope, Zeiss Ultra Plus with FE-gun. Sorption isotherms were measured at -196°C for N2 and 25 °C for H2O with a BELSORP-max apparatus (BEL Japan Inc.).

Table S1.1. List of reagents used in the synthesis and their suppliers.
	Reagent
	Supplier
	Reagent
	Supplier

	Zr(SO4)2∙4H2O
	ABCR
	Formic acid
	Alfa Aesar

	ZrOCl2∙8H2O
	ABCR
	Ethanol
	Walter CMP

	ZrCl4
	ABCR
	
	

	ZrO(NO3)2∙xH2O
	ABCR
	
	



2,5-pyrazine-dicarboxylic acid (H2PzDC) was synthesized following the method reported by Schut.1
Table S1.2. List of reagents and suppliers used in the synthesis of the linker H2PzDC.
	Reagent
	Supplier
	Reagent
	Supplier

	2,5-Dimethylpyrazine
	TCI
	Pyridine
	Grüssing

	Selenium dioxid
	Merck-Schuchart
	Ammonia
	VWR

	
	
	Hydrocloric acid
	VWR





Table S1.3 Summary of some Zr-MOFs, their inorganic building unit, their connectivity and the theoretical formula.

	MOF
	IBU
	Connect
	idealized formula
	Ref.

	DUT-52
	[Zr6O4(OH)4(COO-R)12]
	12-fold
	[Zr6O4(OH)4(NDC)6]
	2

	UiO-67
	[Zr6O4(OH)4(COO-R)12]
	12-fold
	[Zr6O4(OH)4(BPDC)12]
	3

	DUT-69
	[Zr6O4(OH)4(COO-R)10]
	10-fold
	[Zr6O4(OH)4(TDC)5(Ac)2] 
	4

	DUT-67
	[Zr6O4(OH)4(COO-R)8]
	8-fold
	[Zr6O6(OH)2(TDC)4Ac2]
	4

	DUT-51
	[Zr6O4(OH)4(COO-R)8]
	8-fold
	[Zr6O6(OH)2(DTTDC)4(BC)2(DMF)6]
	5

	MOF-841
	[Zr6O4(OH)4(COO-R)8]
	8-fold
	[Zr6O4(OH)4(MTB)2(HCOO)4(H2O)2]
	6

	MOF-545
	[Zr6O4(OH)4(COO-R)8]
	8-fold
	[Zr6O8(TCPP-H2)2(H2O)8]
	7

	PCN-521
	[Zr6O4(OH)4(COO-R)8]
	8-fold
	[Zr6(μ3-OH)8(OH)8)(MTBC)2]
	8

	MOF-808
	[Zr6O4(OH)4(COO-R)6]
	6-fold
	[Zr6O4(OH)4(BTC)2(HCOO)6]
	6

	MIL-140
	{Zr(μ3-O)3O4}
	---
	[ZrO(BDC)]
	9

	
	
	
	
	



NDC2- = 2,6-naphatlenedicarboxylate, BPDC2- = 4,4´-biphenyldicarboxylate, TDC2- = 2,5-thiophenedicarboxylate, DTTDC2- = dithieno-[3,2-b;2´,3´-d]-thiophene-2,6- dicarboxylate, BC = benzoate, MTB4- = methanetetrayltetrabenzoate, TCPP-H2 = meso-tetrakis(4- carboxylatephenyl)porphyrin, MTBC4- = methanetetrayltetrabiphenyl-4-carboxylate, BTC3- = benzenetricarboxylate, BDC2- = benzenedicarboxylate.
1

S2	Synthesis and Characterization of the Linker H2PzDC

[image: ]
Fig. S2.1: Reaction scheme for the synthesis of 2,5-pyrazine-dicarboxylic acid from 2,5-dimethyl-pyrazine.
The synthesis was carried out according to the literature.[1] 25 g SeO2 were mixed with 100 ml of a 10:1 pyridine-water-mixture and 5 g (46.2 mmol) 2.5-dimethylpyrazine were added under stirring. The reaction mixture was stirred for 12 h at 110 °C. The reaction product was separated by filtration and washed with 15 ml 2 M NH3 at RT. The filtrate was evaporate under vacuum to a volume of about 30 ml and 10 ml concentrated HCl were added. The solid was filtrated and washed with concentrated HCl and water. The obtained product was an orange/brown powder.
Yield: 4.8 g (62%)

[image: ]

Fig. S2.2: 1H-NMR-spectrum of 2,5-pyrazine-dicarboxylic acid dissolved in (CD3)2SO 
(* signal of (CD3)2SO and # signal of water).

Synthesis and Characterization of CAU-22
S3	Discovery, Optimization and Synthesis of CAU-22 
The systematic investigation of the chemical system Zr4+/PzDC2-/H2O/HOOC was carried out in a Teflon-lined high-throughput autoclave.[10] To optimize the reaction conditions, different zirconium-salts were tested. With Zr(SO4)2∙4H2O and ZrO(NO3)2∙xH2O as starting material  no crystalline product was obtained. With ZrCl4 and ZrOCl2∙8H2O crystalline products were observed and the employed water/formic acid ratio was further optimized. The optimized reaction conditions are indicated by a red box. For all syntheses, the reaction time was set to 24 h and the reaction temperature to 120 °C.
Table S3.1. Reaction parameters of the HT-assisted synthesis of CAU-22. M = metal source, L = H2PzDC, HCOOH = formic acid. The red box shows the optimized reaction parameter for the synthesis of CAU-22.
	Metal source
	M / g
	H2PzDC / g
	H2O / μL
	HCOOH / μL

	Zr(SO4)2∙4H2O
	0.0533
	0.0252
	1000
	---

	Zr(SO4)2∙4H2O
	0.0533
	0.0252
	1500
	---

	Zr(SO4)2∙4H2O
	0.0533
	0.0504
	1000
	---

	Zr(SO4)2∙4H2O
	0.0533
	0.0504
	1500
	---

	Zr(SO4)2∙4H2O
	0.1066
	0.0252
	1000
	---

	Zr(SO4)2∙4H2O
	0.1066
	0.0252
	1500
	---

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	500
	500

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	400
	600

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	300
	700

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	200
	800

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	100
	900

	Zr(SO4)2∙4H2O
	0.0355
	0.0336
	0
	1000

	
	
	
	
	

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	500
	500

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	400
	600

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	300
	700

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	200
	800

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	100
	900

	ZrO(NO3)2∙xH2O
	0.0231
	0.0336
	0
	1000

	
	
	
	
	

	ZrCl4
	0.0233
	0.0336
	1000
	0

	ZrCl4
	0.0233
	0.0336
	900
	100

	ZrCl4
	0.0233
	0.0336
	800
	200

	ZrCl4
	0.0233
	0.0336
	700
	300

	ZrCl4
	0.0233
	0.0336
	600
	400

	ZrCl4
	0.0233
	0.0336
	500
	500

	ZrCl4
	0.0233
	0.0336
	400
	600

	ZrCl4
	0.0233
	0.0336
	300
	700

	ZrCl4
	0.0233
	0.0336
	200
	800

	ZrCl4
	0.0233
	0.0336
	100
	900

	ZrCl4
	0.0233
	0.0336
	0
	1000

	ZrCl4
	0.0233
	0.0168
	1000
	0

	ZrCl4
	0.0233
	0.0168
	900
	100

	ZrCl4
	0.0233
	0.0168
	800
	200

	ZrCl4
	0.0233
	0.0168
	700
	300

	ZrCl4
	0.0233
	0.0168
	600
	400

	ZrCl4
	0.0233
	0.0168
	500
	500

	ZrCl4
	0.0233
	0.0168
	400
	600

	ZrCl4
	0.0233
	0.0168
	300
	700

	ZrCl4
	0.0233
	0.0168
	200
	800

	ZrCl4
	0.0233
	0.0168
	100
	900

	ZrCl4
	0.0233
	0.0168
	0
	1000

	
	
	
	
	

	ZrOCl2∙8H2O
	0.0322
	0.0336
	1000
	0

	ZrOCl2∙8H2O
	0.0322
	0.0336
	900
	100

	ZrOCl2∙8H2O
	0.0322
	0.0336
	800
	200

	ZrOCl2∙8H2O
	0.0322
	0.0336
	700
	300

	ZrOCl2∙8H2O
	0.0322
	0.0336
	600
	400

	ZrOCl2∙8H2O
	0.0322
	0.0336
	500
	500

	ZrOCl2∙8H2O
	0.0322
	0.0336
	400
	600

	ZrOCl2∙8H2O
	0.0322
	0.0336
	300
	700

	ZrOCl2∙8H2O
	0.0322
	0.0336
	200
	800

	ZrOCl2∙8H2O
	0.0322
	0.0336
	100
	900

	ZrOCl2∙8H2O
	0.0322
	0.0336
	0
	1000

	ZrOCl2∙8H2O
	0.0322
	0.0168
	1000
	0

	ZrOCl2∙8H2O
	0.0322
	0.0168
	900
	100

	ZrOCl2∙8H2O
	0.0322
	0.0168
	800
	200

	ZrOCl2∙8H2O
	0.0322
	0.0168
	700
	300

	ZrOCl2∙8H2O
	0.0322
	0.0168
	600
	400

	ZrOCl2∙8H2O
	0.0322
	0.0168
	500
	500

	ZrOCl2∙8H2O
	0.0322
	0.0168
	400
	600

	ZrOCl2∙8H2O
	0.0322
	0.0168
	300
	700

	ZrOCl2∙8H2O
	0.0322
	0.0168
	200
	800

	ZrOCl2∙8H2O
	0.0322
	0.0168
	100
	900

	ZrOCl2∙8H2O
	0.0322
	0.0168
	0
	1000


 

[image: ]
Fig. S3.1: PXRD patterns of the products from the high throughput investigation using ZrCl4 as the metal source. The best PXRD pattern and the optimized formic acid (FA) concentration are indicated by a red box.
[image: ]
Fig. S3.2: PXRD patterns of the products from the high throughput investigation using ZrOCl2∙8H2O as the metal source. The best PXRD pattern and the optimized formic acid concentration are indicated by a red box.



Table S3.2. Optimized reaction parameters of the up-scaled synthesis of CAU-22 in a 
25 ml Teflon reactor. The molar ratios were not changed (see Tab. S3.1).	

	Metal source
	M / g
	H2PzDC / g
	H2O / μL
	HCOOH / μL
	T / °C

	ZrOCl2∙8H2O
	0.439
	0.229
	7000
	7000
	120



[image: ]
Fig. S3.3: PXRD patterns of CAU-22 synthesized with ZrCl4 (black) and with ZrOCl2 (red). The red pattern was measured with a wavelength of 0.709 Å but for comparability it was converted to the wavelength of 1.540 Å.

S4	Structural Analysis of CAU-22
S4	Details of the Rietveld Refinement
Laboratory powder X-ray diffraction data were collected using a Stoe Stadi P diffractometer fitted with a Cu Kα1 tube radiation source and a Mythen detector, in transmission geometry. All stages of the refinement, including indexing, Pawley fitting and Rietveld refinement were performed using the routines of TOPAS-Academic V5.[11] The data was indexed in a monoclinic unit cell (a = 21.260(2), b = 14.516(2), c = 8.105(2) Å, β = 84.25(2)°) and found to have systematic absences consistent with the space group C2/m.
Based on this cell, structure solution was carried out using EXPO2009.[12] This initial structural model was completed by inserting the linker molecules and formate ions in suitable positions using Materials Studio.[13] Subsequently this model was optimized by force-field calculations (universal force-field) as implemented in Materials Studio and employed as starting point for the Rietveld refinement with TOPAS. Residual electron density inside the framework’s cavities was attributed to adsorbed water molecules and therefore attributed to oxygen atoms whose occupancy was also refined. Most atoms were freely refined, however, the position of the atoms of one linker molecule had to be fixed. We assume that this is due to rotational disorder of the pyrazine ring which is difficult to model using PXRD data. The lateral atoms of the other linker molecule were refined with occupancy for carbon exceeding 1 to account for the partial occupation with nitrogen atoms. The refinement converged to sufficient figures of merit (RWP = 6.9 %, RBragg = 2.5 %, GoF = 2.9) and the plot is shown in Figure S4.1. Some relevant parameters are summarized in Table S4.1. and the asymmetric unit as well as the most relevant distances are shown in Figure S4.2. and S4.3. as well as listed in Table S4.2. Reflections of weak intensity at angles of 8.8° and 13.6° indicate the presence of a small amount of crystalline byproduct. However, upon thermal activation the peak at 8.8° disappears.    
[image: ] 
Figure S4.1. Rietveld plot for the final refinement of CAU-22. Black line gives the experimental data, red line the calculated fit and the blue line is the difference curve. Black bars indicate the Bragg reflection positions.
Table S4.1. Crystallographic data for CAU-22.

	Compound
	CAU-22

	Space Group
	C2/m

	Crystal System
	Monoclinic

	a / Å
	21.260(2)

	b / Å
	14.516(2)

	c / Å
	8.105(2)

	α / °
	90

	β / °
	84.25(2)

	γ / °
	90

	V / Å3
	2499.6(8)

	Wavelength / Å
	Cu Kα1

	Rp / %
	5.0

	Rwp / %
	6.9

	GoF
	2.9

	RBragg / %
	2.5



[image: ]
Figure 4.2. Asymmetric unit of CAU-22. Oxygen atoms representing water molecules are omitted for clarity. Please note that C6 was refined with occupancy exceeding 1 due to the partial occupation by nitrogen.
[image: ][image: ]
Figure 4.3. Left: The coordination sphere of Zr1. Right: The coordination sphere of Zr2.


[image: ][image: ]
Figure 4.4. Left the zirconium cluster [Zr6(μ3-O)4(μ3-OH)4(OH)2(μ2-OH)2(H2O)2(HCOO)2(COO-R)3] of CAU-22. Right: The zirconium cluster with dedicated oxygen atoms. [Zr6(μ3-O)4(μ3-OH)4(OH)2(μ-OH)2(H2O)2(HCOO)2(COO-R)3].HCOO-


[image: ]HCOO-

Figure 4.5. The 6-fold connected zirconium cluster. The green atoms are the µ-OH- ions.
[image: ]OH-

Figure 4.6. Two hexanuclear zirconium clusters connected to each other by the µ-OH- ions.
[image: ]
Figure 4.7. Four hexanuclear zirconium clusters connected to each other by the µ-OH- ions. In addition the linker molecules are shown that interconnect the chains.
[image: ] 
Figure 4.8. Structure of CAU-22 viewed along the c-axis.
[image: ]
Figure 4.9. Structure of CAU-22 viewed along the c-axis with water in the pores.

[image: ]
Figure 4.10. Structure of CAU-22 viewed along the b-axis.

[image: ]
Fig. 4.11. Conolloy surface generated with water as probe molecule. Please note that protons are not shown, since the structure is derived from PXRD data. 

[image: ]
Fig. 4.12. Conolloy surface of the channels as seen along a-axis.

Table 4.2. Most important bond lengths observed in the structure of CAU-22 with numbering scheme as in Fig. S4.2. Please note that the positions of the C1, C2, C3 and N4 atoms were fixed and therefore no standard deviation are given for bond length involving these atoms.
	Atom 1
	Atom 2
	Distance / Å
	Atom 1
	Atom 2
	Distance / Å

	Zr1
	O1
	2.121(13)
	Zr2
	O1
	2.124(19)

	Zr1
	O7
	2.127(14)
	Zr2
	O3
	2.147(14)

	Zr1
	O9
	2.164(21)
	Zr2
	O2
	2.199(27)

	Zr1
	O4
	2.179(14)
	Zr2
	O6
	2.231(14)

	Zr1
	O2
	2.179(14)
	Zr2
	O4
	2.242(17)

	Zr1
	O8
	2.215(14)
	Zr2
	O4
	2.205(21)

	
	
	
	Zr2
	O5
	2.209(12)

	O5
	C1
	1.230(13)
	C2
	N4
	1.4027

	O6
	C7
	1.252(18)
	C2
	C3
	1.4144

	O7
	C1
	1.262(13)
	C3
	N4
	1.4104

	O8
	C5
	1.291(21)
	C6
	C6
	1.363(3)

	C1
	C2
	1.5051
	C6
	C8
	1.368(20)

	
	
	
	C7
	C8
	1.572(37)



cif-file of CAU-22
data_
_chemical_name_mineral CAU-22
_cell_length_a  21.28954(73)
_cell_length_b  14.55846(52)
_cell_length_c  8.10658(33)
_cell_angle_alpha 90
_cell_angle_beta  84.1730(30)
_cell_angle_gamma 90
_cell_volume 2499.59(16)
_symmetry_space_group_name_H-M C2/M
loop_
_symmetry_equiv_pos_as_xyz
	'-x, -y, -z'
	'-x, y, -z'
	'x, -y, z'
	'x, y, z'
	'-x+1/2, -y+1/2, -z'
	'-x+1/2, y+1/2, -z'
	'x+1/2, -y+1/2, z'
	'x+1/2, y+1/2, z'
loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_B_iso_or_equiv
Zr1 Zr 0.57851(19) 0.61912(28) 0.04052(51) 1 0.25(12)
Zr2 Zr 0.46334(25) 0.5 0.30676(77) 1 0.25(12)
O1 O 0.55665(86) 0.5 0.1858(27) 1 1.94(31)
O2 O 0.6030(13) 0.5 -0.1157(28) 1 1.94(31)
O3 O 0.5 0.5783(16) 0.5 1 1.94(31)
O4 O 0.51662(61) 0.6283(15) -0.1668(21) 1 1.94(31)
O5 O 0.61125(52) 0.59852(87) -0.3969(16) 1 1.94(31)
O6 O 0.55225(60) 0.76629(88) 0.0129(27) 1 1.94(31)
O7 O 0.64326(72) 0.6566(14) -0.1656(16) 1 1.94(31)
O8 O 0.67366(58) 0.57536(94) 0.0968(25) 1 1.94(31)
O9 O 0.6017(11) 0.6853(19) 0.2656(21) 1 1.94(31)
C1 C 0.64462 0.64903 -0.32096 1 1.67(57)
C2 C 0.69773 0.70101 -0.41577 1 1.67(57)
C3 C 0.72860 0.77244 -0.33751 1 1.67(57)
N4 N 0.72018 0.67907 -0.57970 1 1.67(57)
C5 C 0.7051(14) 0.5 0.1058(51) 0.959(65) 1.67(57)
C6 C 0.54239(80) 0.95320(12) 0.0918(24) 1 1.67(57)
C7 C 0.5 0.8036(19) 0 1 1.67(57)
C8 C 0.5 0.9116(17) 0 1.08 1.67(57)
Ow1 O 0.7475(14) 0.5 0.6819(50) 0.999(48) 3.6(11)
Ow2 O 0.5 0.7959(28) 0.5 1.000(51) 3.6(11)
Ow3 O 0.6655(10) 0.9002(19) 0.0938(31) 1.000(45) 3.6(11)

S5	CAU-22: Thermal and Elemental Analysis
For temperature depended PXRD, the sample was prepared in a 0.5 mm silica-capillary, which was heated up with a heating rate of 50 °C up to 490 °C and a PXRD pattern was measured every 5 °C for five minutes at transmission geometry using Mo Kα1 radiation subsequently. 

[image: ]
Fig. S5.1: Temperature depended PXRD investigation of CAU-22. The compound is thermally stable up to approximately 270°C. 



[image: ]
Fig. S5.2: 3-D plot of the temperature dependent powder patterns of CAU-22.


[image: ]
Figure S5.3. TGA plot for CAU-22 ([Zr6(μ3-O)4(μ3-OH)4(μ-OH)2(OH)2(H2O)2 (HCOO)2(PzDC)3]∙10H2O) showing the weight loss event occurring on dehydration, assigned to the loss of physisorbed water molecules up to 180 °C (10 wt.%; expected 11 wt.%). Up to 270 °C the chemisorbed water and formate ions are removed from the structure (7 wt.%; expected 8%), above this temperature the structure collapses (38 wt.%; expected 36%).

Table S5.1. Comparison of the postulated products of the thermogravimetric analysis and the associated mass loss. 
	Sum formula of postulated product
CAU-22∙10H2O
	T / °C
	Theoretical wt %
	Measured wt %

	[Zr6(μ3-O)4(μ3-OH)4
(μ2-OH)2(OH)2(H2O)2(HCOO)2(PzDC)3]∙10H2O
	25
	100
	100

	[Zr6(μ3-O)4(μ3-OH)4
(μ-OH)2(OH)2(H2O)2(HCOO)2(PzDC)3]
	180
	89
	90

	[Zr6(μ3-O)4(μ3-OH)4(μ-OH)2(OH)2(PzDC)3]
	270
	81
	83

	6∙ZrO6
	570
	45
	45



Table S5.2. Results of the elemental analysis of CAU-22 and comparison to the expected values for [Zr6(μ3-O)4(μ3-OH)4(μ-OH)2(OH)2(H2O)2(HCOO)2(PzDC)3]∙20H2O.
	
	C %
	H %
	N %

	CAU-22-ac
	14.33
	1.72
	4.37

	Expected
	14.18
	3.21
	4.96




S6	CAU-22: Infrared Spectroscopy
[image: ]
Figure S6.1. FTIR spectrum of CAU-22. ṽ (cm-1) = 3267 (b, O‑H stretch – H2O), 2860 (w, C-H-stretch HCOO-), 1590 (m, asymmetric -CO2- stretch – PzDC2-), 1402 (m, symmetric CO2- stretch - PzDC2-).


S7	CAU-22: NMR-Spectroscopy

A sample of CAU-22 was digested for solution 1H NMR analysis using a NaOD/D2O solution. The spectrum (Fig. S7.1) shows a strong resonance for water (δ = 4.93 ppm). By comparison with an NMR spectrum of the H2PzDC linker and HCOOH, the postulated sum linker to formiate ratio could be verified through integration of the signals.

 [image: ]
Figure S7.1. NMR-spectrum of CAU-22 dissolved in NaOD/D2O shows the molar ratio HCOOH : H2PzDC of approximately 2 to 3.



S8	CAU-22: SEM and EDX Investigation
[image: ]
[image: ]

Figure S3.6. SEM micrographs of CAU-22. 

EDX measurements indicate the absence of chlorine in the samples.


S9	CAU-22: N2 and water Sorption Experiments
CAU-22 was activated for sorption measurements by heating the sample to 120 °C under vacuum overnight. CAU-22 is porous towards N2 and water at -196 °C and 25 °C respectively (Fig. S3.7.1.). The BET surface area was determined to be 276 m2 g-1 and the micropore volume to be 0.12 cm3 g‑1, based on nitrogen adsorption. The PXRD patterns before and after the activation procedure show no changes (Fig. S6.9.)
[image: ]
Figure S9.1. N2- and water-adsorption and desorption isotherms for CAU-22 measured at -196 °C and 25 °C respectively.
[image: ]
Figure S9.2. PXRD patterns (λ = Cu Kα1) for CAU-22 before activation and after N2 and H2O sorption experiment. 
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