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Supplementary Figure 1: Scheme of the working (a) and regeneration (b) cycle of an adsorption
driven chiller device with Tcool @s desired cooling temperature (blue) Tw as heat rejection and back

cooling temperature (green) and Taes as driving temperature (red).
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Supplementary Figure 2: IR spectra of CAU-23 in dry and wet state.
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Supplementary Figure 3: Nitrogen sorption measurement of CAU-23.
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Supplementary Figure 4. Thermogravimetric measurements of CAU-23.
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Supplementary Figure 5: (top) Temperature dependent PXRD measurements of CAU-23. (bottom)

Temperature-time profile of temperature dependent PXRD measurements of CAU-23.



(b)

Supplementary Figure 6: a, Asymmetric structure unit combined with electron density map. The
electron density map is represented by Fops (blue, 1.2 A3) and Fo-Fc (green (positive value at 0.63 A3),
red (negative value at -0.63 A-3)). b, Atomic structure model in the full unit cell of CAU-23 obtained

from electron diffraction data.
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Supplementary Figure 7: Observed (black), calculated (red) and difference (blue) PXRD profiles and

allowed reflections (black lines) for the Rietveld refinement of CAU-23 in dry (a) and wet state (b).
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Supplementary Figure 8: Extended asymmetric unit of CAU-23-wet. For clarity, the coordination

sphere of the metal site is completed by symmetry equivalent oxygen atoms, which are marked with a

prime.



Supplementary Figure 9. Topological representation of the CAU-23 structure, viewed long [001].
Carboxylate carbon atoms (green and red nodes) are connected forming a 3-periodic net of CAU-23.

The transitivity is 8 17, and the vertex symbol {426282}{42658}.



Supplementary Figure 10: Complete segment of the inorganic building unit (left), the structure (middle)

and the incorporated linker molecules (right) in MIL-53-BDC,* CAU-23 (this work) and CAU-10.5
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Supplementary Figure 11: Thermogravimetric adsorption/desorption cycling experiments for 40

cycles of CAU-23. Long segments at the beginning, in the middle and at the end of each experiment

were conducted to determine the equilibrium loading of the sample.
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Supplementary Figure 12: Detail view of the thermogravimetric cycling experiment. Comparison of

the adsorption (left) of the desorption (right) behavior of CAU-23 and Al-fum, using the equilibrium step

after 20 cycles (t ~ 4 d and 4.5 d, respectively).
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Supplementary Figure 13: Comparison between the water adsorption isotherms of CAU-23 derived
from the experiment and the GCMC simulations at 25°C. The higher experimental uptake in
comparison to the simulated one can be explained by the fact that CAU-23 is obtained in the form of
very small crystallites. This leads to a large external surface as well as textural porosity, which in turn

leads to higher observed uptakes.
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Supplementary Figure 14: Radial distribution functions of (a) intermolecular O---O and O---H pairs of
water and p-OH moieties on the pore wall of the CAU-23 structure, and (b) intermolecular Ow---Ow
and Ow---Hw atomic pairs of water molecules calculated from the Monte Carlo simulations at low

coverage.
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Supplementary Figure 15: Average number of hydrogen bond connections formed by adsorbed
water molecules over the pressure range at T = 25 °C (left) and a detailed breakdown of different
donor-acceptor scenarios of all the hydrogen bonds (right). Smoothed lines connecting real data

points are drawn for guidance.
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Supplementary Figure 16: Normalized probability distribution of donor-hydrogen-acceptor (D-H----A)
angle formed by: a, adsorbed water molecules only, and also b, including the u-OH moieties of the CAU-

23 framework at saturation capacity.
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Supplementary Figure 17: Snapshots of the ensemble average of adsorbed water molecules within

, (d) p/po = 0.275,

0.225, (c) p/po = 0.25

23 at: (a) p/po = 0.20, (b) p/po =

the 1D channel of CAU

(f) p/po = 0.35. For a distinctive depiction adsorbed water molecules are marked in

(e) p/po=0.30

green.

23 crystal structure showing the

Supplementary Figure 18: A representative portion of the CAU

unigue atom types in which the DFT derived RESP charges were assigned.
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Supplementary Figure 19: Observed (dark), calculated (red) and difference (blue) PXRD profiles and
allowed reflections (black lines) for the Le Bail fits of CAU-23 before (a) and after (b) a 5000 cycle

stability test.
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Supplementary Figure 20: Water adsorption isotherms at different temperatures and their fits or

calculation of CAU-23.
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Supplementary Figure 21: Enthalpy determination and calculation for the steep increase of CAU-23.

Blue dashed line is the condensation enthalpy of water.
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Supplementary Figure 22: Suitable temperature boundaries (Tdriving/ Tcondenserfheat rejection/ Tevaporator)
with Tariving = 55 (top) or 60 °C (bottom) extracted from Figures 5a and 5b. The values for Tcondenser

vary from 28 to 34 °C and Tevaporator from 8 to 14°C.
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Supplementary Figure 23: Water adsorption isotherms for best-in-class adsorbents for adsorption
driven chillers. Data source: CAU-23 (this work), Al-fum, MIL-160, CAU-10 (own measurements). For

MIP-200 recently published data was used.’® Solid lines represent the model fit.
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Supplementary Table 1: Calculated COP values for a coated heat exchanger using different

desorption temperatures.

m (adsorbent) [kg] 1
Cp (adsorbent) [kd/kg - K] 1.2
m (heat exchanger) [kol 5
¢p (heat exchanger) [kd/kg - K] 0.9
Loading [gH20/Qadsorbent] 0.35
T desired cold [°C] 10
Thack cooling/ heat rejection [°C] 30
Tdriving [°C] 60 70 80 90
AT (Tdriving - Theat rejection) [°C] 30 40 50 60
Qevap [kJ] 858.9 858.9 858.9 858.9
Ques* [kJ] 937.2 937.2 937.2 937.2
QH [kJ] 36 48 60 72
Qsens, heat exchanger [kJ] 135 180 225 270
> Quenominator [kJ] 1108.2 1165.2 1222.2 1279.2
COPc 0.78 0.74 0.70 0.67

*AHads,cau-23 = -48.2 KJ/mol

Supplementary Table 2: Elemental analysis of CAU-23.

wt% C wt%H wt% N wt%S
calculated 30.57 2.31 0 13.60
observed 31.89 3.04 0 13.94
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Supplementary Table 3: cRED data processing and structure refinement details of CAU-23.

Number of data sets
Wavelength [A]
Resolution [A]
Crystal system

Space group

Unit cell a, b, ¢ [A]

Total No. reflections
Unique reflections
(F > 4o(F)/all)
Mean I/sigma(l)
Completeness
Parameters
R1 (F > 40(F))/R1(all)
GoF

4
0.0251
1.13
Orthorhombic
P2:212 (No. 18)
15.8(4),
24.1(5),
14.1(3)
19496

2038/3665

3.89
0.959
210
0.206/0.263
1.466

Supplementary Table 4: Crystallographic parameters of the structure refinement of CAU-23.

State Dry Wet
Wavelength 0.82531(1) A Cu-Kaz
Crystal system Orthorhombic Orthorhombic
Space group P21212 (No. 18) P2:2:2 (No. 18)
a[A] 15.53(5) 15.4370(14)
b [A] 24.20(8) 24.0600(16)
c [A] 14.11(4) 14.2606(12)
Volume [A3] 5300(30) 5296.6(8)
Rup(%) 4.981 4.145
Rexp(%) 0.342 0.338
GoF 14.533 12.270
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Supplementary Table 5: AI-MOF with S-shaped H20 isotherms. Employed linkers, -COOH opening

angles and IBUs.2

Al-MOF Linker opening angle IBU
cis corner-sharing
MIL-1606 Furane dicarboxylic acid 116°
[AlOs]polyhedra
cis corner-sharing
CAU-10-H5 Isophthalic acid 120°
[AlOg]polyhedra
cis corner-sharing
CAU-10-PDCS® Pyridinedicarboxylic acid 120°
[AlOs]polyhedra
[-4 cis - 4 trans-] corner-
CAU-23 Thiophenedicarboxylic acid 150°
sharing [AlOs]polyhedra
trans corner-sharing
MIL-53-TDC” Thiophenedicarboxylic acid 150°
[AlOg]polyhedra
trans corner-sharing
MIL-53-fum? Fumaric acid 180°

[AlOs]polyhedra

a Additionally, an Al-MOF containing pyrazoledicarboxylic acid (opening angle 150°) has been published

recently, denoted MOF-303,° but in this publication only a structure model has been given, which

nevertheless differs from the one observed in CAU-23.
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Supplementary Table 6: LJ potential parameters and partial charges for the H2O molecules taken

from TIP4P/2005 model

Atom type o [A] e/ks [K] q (e)
O_e 3.1589 93.200 0.0000
H_ e 0.00 0.000 0.5564
M_e 0.00 0.000 -1.1128

Supplementary Table 7: LJ potential parameters and partial charges of the CAU-23 crystal structure

Atom type o [A] e/ks [K] q (e)

C1 3.4730 47.857 0.677
Cc2 3.4730 47.857 -0.133
C3 3.4730 47.857 -0.121
H1 2.8644 0.000 0.142
H2 2.8644 0.000 0.382
o1 3.1180 30.193 -0.550
02 3.1180 30.193 -0.864
S1 3.5948 0.000 0.100
All 4.0082 0.000 1.452
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Supplementary Table 8: Results of the Le Bail fits of the coated CAU-23 samples before and after

5000 cycle stability test.

CAU-23 CAU-23
CAU-23 wet before 5000 cycles after 5000 cycles

space
group P2:1212 P212:2 P21212

a[A] 15.4370(14) 15.4718(16) 15.4874(12)

b [A] 24.0600(16) 24.0760(14) 24.0836(13)

c [A] 14.2606(12) 14.2349(15) 14.2280(11)

Rwp - 3.58 3.93

Rexp = 1.74 1.72

Gof - 2.05 2.28

Supplementary Table 9: Gravimetric water uptake determination.

before cycle after cycle
test test
sample dry 1 33.2 33.9
weight wet 44.3 454
[mg] dry 2 33.0 34.0
giff ) dry 1 - wet 334 335

ifference in

loading [wi%] wet - dry 2 34.2 33.9
average 33.8 33.7
uptake taking binder mass 38.9 38.7

into account [wt%)]
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Supplementary Table 10: Volumetric water uptake, calculated from the crystal structure of the

different metal-organic frameworks discussed for their usage in adsorption driven chiller systems.

CAU-10511 CAU-23* Al-Fum®#12 MIP-20012 MIL-160614.15
sum formula [Zr6O4(OH)4
ok [AI(OH)(CsO4H4)] [AI(OH)(CeSO4H2)] [AI(OH)(C404H2)] (C1708Hg)2(HCOO).] [AI(OH)(Cs0sH2)]
Zunit cell 16 16 4 3 16
M 208.11 214.13 158.05 1539.91 198.07
[g/mol]
Munit cell
q- 1021 5.53 5.68 1.05 7.67 5.26
Vf}_{taie" 4781 5300 990 6475 4728
bensity 1.16 1.07 1.06 1.18 1.11
[g/cm3]
usable water
capacity 0.30 0.37 0.35 0.30 0.36
[gHZO/gsorbem]
volumetric
water uptake 0.35 0.40 0.37 0.36 0.40
[gH20/0m3sorbent]
*This work
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Supplementary Methods

Elemental analysis
The samples were analyzed on an Elementar Vario Micro Cube elemental analyzer (CHNS).
The sum formula of the calculated values for CAU-23 is [Al(CeH204S)(OH)] - 1.2 H2O (water

content is varying with the external relative humidity and temperature; Supplementary Table 2).

IR spectroscopy
The infrared spectra of the reaction products were measured on a Bruker Alpha-P IR
spectrometer. For the drying of the compound it was heated to 100 °C for 16 h (Supplementary

Figure 2).

Nitrogen sorption measurement

The nitrogen sorption experiment was carried out at a BEL Japan Inc. Belsorpmax at 77 K.
The sample was activated at 150 °C for 16 h under reduced pressure (< 0.1 mbar).

The nitrogen sorption measurement of CAU-23 shows a type | isotherm (Supplementary
Figure 3). The BET area is determined as Sger = 1250 m2/g (16 points < p/po = 0.02) and the
micro pore volume as Vmic = 0.48 cm3/ g (at p/po = 0.5). Using the program Materials Studio
5.5 (BIOVIA, formerly Accelrys), the theoretical accessible surface area of CAU-23-dry was
calculated as Sger= 1330 m2/ g. Hydrogen atoms of the thiophene ring were inserted in ideal

positions for theoretical surface calculations and the kinetic radius of nitrogen was set to 1.8 A.

Thermogravimetric measurements

The thermogravimetric curve was recorded in air on a Linseis STA PT 1600 (heating
rate = 4 K min, gas flow = 20 mL/min). For the evaluation the formula
[AI(OH)(CeH204S)] - 3.8 H,O was used (water content is varying with the external rh and
temperature). Since the decomposition product at 1000 °C is not crystalline the composition

Al,O,S was used (Supplementary Figure 4).
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Temperature dependent PXRD measurements

Temperature dependent powder X-ray diffraction patterns were recorded on a Stoe Stadi P
Combi diffractometer in transmission geometry equipped with Mo-Kq radiation, a curved
germanium monochromator and a linear MYTHEN detector with an aperture angle of 17° using

a furnace (Supplementary Figure 5).

Structure determination details from electron diffraction data with cRED of CAU-23

The structure of CAU-23 was solved by direct methods using SHELXT, and all the atom
positions were found directly (Supplementary Figure 6). The structure was refined against the
cRED data using SHELXL.® Atomic scattering factors for electrons and isotropic atomic
displacement parameters were used for the refinement without adding any restraints. The
structure converged rapidly with chemically reasonable bond lengths and angles. The selected
crystallographic data are given in Supplementary Table 3, and the structure details are

provided in the supporting cif file.

Structure refinement details of CAU-23 using PXRD data

Due to the extremely high intensities typical for synchrotron based PXRD measurements or
in-house measurements with long expose time (38 h), Rex is very low, resulting in a GoF that
is higher than the typical value for in-house data (Supplementary Figures 7-8, Supplementary

Table 3).

Stability test of coated CAU-23

The Le Bail fits were performed using TOPAS Academic 6 (Supplementary Table 8).1°

The water uptake capacity of coated CAU-23 was investigated gravimetrically. The sample
was exposed to different temperatures, 100 °C for 2 h, 16 h with 71.1 % relative humidity at
20.1 °C realized by saturated aqueous sodium chloride solution (150 g NaCl in 100 mL water)
and 100 °C for 2 h again. The mass of every sample was measured and the difference was

calculated and used to determine the uptake (Supplementaey Table 9).
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Supplementary Notes

1 Benefits for low adsorption temperature on a adsorption driven chiller system

There are three important factors why a low desorption temperature has multiple benefits
compared to finding MOFs with high adsorption capacities (ideally high capacities and low
desorption would be the ultimate goal).?

First, by lowering the driving temperature other applications may come into range for
adsorption cooling that yet cannot be used efficiently (district heating, geothermal heating, data
centers. ...). For example our main effort in the past was to achieve High Performance Cooling
using the waste heat from CPUs or GPUs in order to drive the process to cool the boundaries.
Although new CPUs may withstand temperatures up to 90°C, throttling is activated for
temperatures above 70°C.

Second, whereas the cooling energy per cycle is directly correlated to the water uptake, the
regeneration energy is directly correlated to the heat of adsorption and the temperature needed
to remove the water molecules. In a real device, all components like the heat exchanger, binder
and pipes have to be heated up additionally to the necessary driving temperature to remove
the adsorbed water. This can be summed up as sensible heat Qsens Of these parts and is
consumed in every cycle (Qn = isosteric heating of the MOF). This additional term is added to

the COPc (coefficient of performance for cooling) calculation, thus lowering the COP.

Qsens = Qsens,HX + Qsens,binder + Qsens,pipes = Z m CpAT (l)
_ Qevap
COPc =———"— (2)

QdestQIH +Qsens

The higher the necessary driving temperature the more energy is lost by the needed sensible
heat in every single cycle. Taking this point into account, we have carried out an estimation on
the importance of a reduced desorption temperature on the COP for a coated heat exchanger

(Supplementary Table 1), keeping the other parameters constant.
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The reduction of the desorption temperature from 90 to 60 °C leads to a significant
enhancement of the COP from 0.67 to 0.78, an improvement of 15 %. This calculation
demonstrates the change for only one cycle, but the consumed sensible heat has to be
multiplied by the amount of cycles performed during lifetime of the device (>100 000). Thus it
leads to considerable overall amounts, showing the immense influence of the driving
temperature.

Taking the higher necessary desorption temperature for Al-fum of 90 °C into account, whereas
its adsorption enthalpy is comparable to CAU-23 (AHevaparum ~ -50 kd/mol,?
AHevap,cau-23 = -48.2 KJ/mol, this work), the sensible heat Qsens Will have a much larger negative

impact on the COP of Al-fum than it is for CAU-23 (T gesorption = 60°C).

Third, under working conditions a low driving temperature (here < 60 °C) is also advantageous
even if higher driving temperatures are available (e.g. waster heat). For a real system
containing a MOF-coated heat exchanger (device) thermodynamics comes into play and the
heat flow from the source to the fluid to the heat exchanger to the MOF (heat resistance chain)
must take place to desorb the water molecules. In order to have a relevant heat transfer a

temperature difference is needed. This is described in Fourier’s law in its integral form as

Q=xAsGE ®3)

with Q= heat flow rate, A = thermal conductivity, A = cross sectional area, T1, T2 =temperatures
on the different sides and d = thickness of the wall. This equation can also be given in the
differential form.

q=—kVT (4)

with g = heat flux density, k = conductivity, VT = temperature gradient

Reaching the minimum desorption temperature, the MOF starts to desorb efficiently while

consuming heat (desorption is endothermic). Thus a larger heat flux into the material leads to
26



a faster desorption. A higher temperature difference (T1-T2 or VT) will lead to a higher heat
flux and consequently a shorter desorption cycle can be achieved. Thus more cycles per time

are possible, which directly leads to higher cooling power output of the system.
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2 Topological description of CAU-23

Carboxylate carbon atoms have been chosen as the nodes of the underlying 3-periodic net
(Aupplementary Figure 6). There are 8 unique nodes and 17 unique edges (transitivity 8 17)
in this net. All 8 unique nodes are 4-connected, forming a helical twist along the b-axis. Four
(green) of these nodes are located on the straight segments, while the other four (red) form a
full helical twist. Around each green node/vertex are two quadrilaterals, two hexagons, and two
octagons; around each red vertex are two quadrilaterals, three hexagons, and one octagon.
Consequently, the vertex symbol of this net is {426282}{42638}. All red nodes at the helical
segments have the same vertex condition of {42638}, while the green nodes at the straight

segment have the vertex condition {42628%}.
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3 Comparison of the water uptake of CAU-23 and Al-fum

To get an insight into the water sorption kinetics of CAU-23 and to be able to compare it to
another state of the art material (Al-fum)?, cycling thermogravimetric measurements were
carried employing the same experimental set up and parameters (Tmin, Tmax, relative humidity,
gas flow rate, similar sample weight). The results are shown in Supplementary Figure 11.
Both samples, Al-fum and CAU-23 show a very similar adsorption/desorption behavior under
the cycling conditions. The desorption behavior of CAU-23, following the equilibrium step after
20 cycles (t ~ 4 d), was compared to those available for Al-fum (Supplementary Figure 12).
Both materials show a similar desorption speed, small differences are due to a slightly larger
dry weight of CAU-23 (17.3 mg) than for Al-fum (15.3 mg). This shows, that the sorption
kinetics of CAU-23 will be appropriate for its use in ADCs.

Both materials show similar desorption and adsorption properties. The small differences are
due to different dry weight of CAU-23 and Al-fum (17.3 and 15.3 mg, respectively) and the

shape of the H,O adsorption isotherm of Al-fum.
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4 Structural trends in selected AlI-MOFs with S-shaped water sorption isotherms

To establish possible trends for the future choice of linker molecules that could lead to suitable
Al-MOFs for ADC applications, a comparison of known Al-MOFs with S-shaped water sorption
isotherms was carried out.

The influence of the opening angle between the two —COOH groups of the linker on the MOF
structures was systematically studied. This investigation led to the discovery of CAU-10-H. A
linear linker as fumaric acid led to a MIL-53-type structure (MIL-53-fum). Decreasing the angle
between the —COOH groups to 120° led to different inorganic building units and different crystal
structures exhibiting different water sorption properties (Supplementary Table 5). Within similar
opening angles (116-120°) using pyridinedicarboxylic acid and furandicarboxylic acid instead
of isophthalic acid the CAU-10 structure is observed. The incorporation of a heteroatom
(oxygen or nitrogen) leads to an increase in the hydrophilicity of the framework and H>O uptake
at lower relative humidity values. Increasing the opening angle to 150° seems to lead to no
predictable correlation between the linker and the resulting MOF structure. Thus with
thiophendedicarboxylic acid (opening angle 150°) the MIL-53 type structure and CAU-23 with
a new inorganic building unit are observed. Both show very interesting but different water

sorption properties.
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5 Volumetric uptake capacity of MOFs with S-shaped water sorption isotherms

The volumetric uptake capacity of a coating is an important number for the construction of a
heat exchanger. The volumetric uptake capacity of the crystals can be directly calculated from
the crystal structure (Supplementary Table 10). All MOFs that have been discussed for ADC
applications exhibit very similar uptake capacities, varying from 0.35 to 0.40 g/cm?®.

The uptake capacity of a coated heat exchanger depends on the composition of the
MOF/binder composite. Hence a CAU-23/binder sample was prepared according to the
procedure given for the coating of a complete heat exchanger with CAU-10.* Thus a
CAU-23/binder (SilRes® MP50E by Wacker Chemistry) composite was coated on cleaned
aluminum metal sheets (4 x 4 cm coating size, 16.7 wt% binder, 83.3 wt% dry MOF). The
coating thickness, as well as the mass of the coatings, were measured and thus the composite
density was determined to be 0.46 g/cm? (each measurement was repeated five times and the
values were averaged). Taking the binder mass and the gravimetric water uptake capacity for
CAU-23 into account, a volumetric uptake capacity of 0.14 gu2o/cm3 compaosite is obtained.
These values are highly depending on the way the coating is manufactured, as changing the
binder content or the binder itself will change the density of the coating. To provide an estimate
value for a full scale heat exchanger, a heat exchanger with 1 L volume and 0.9 m? surface is
considered with a coating thickness of 300 pum. This results in a volumetric density of

37.8 gHZO/Lheat exchanger-
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