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Zusammenfassung

Diese Arbeit untersucht Komposite von Metallorganischen Geriistverbindungen (engl.
Metal-Organic Frameworks, MOFs) durch die Einfiihrung funktioneller Materialien in
die Poren des MOFs, um die Adsorptionseigenschaften zu verbessern. In dieser Arbeit
wurden MOF-basierte  Kompositverbindungen  fir Anwendungen in der
Adsorptionswéarmetransformation (engl. Adsorption Heat Transformation, AHT)

(Abschnitt 3.1) oder der Schwefeldioxidadsorption (Abschnitt 3.2) untersucht.

In Abschnitt 3.1 wurde LiCl@UiO-66 als Kompositsalz in pordser Matrix erfolgreich
synthetisiert, indem hygroskopisches Lithiumchlorid in das mikroporéses MOF UiO-
66 als Wirtsmatrix durch die Nassimpriagnierungsmethode eingebaut wurde. Die
Komposite weisen die folgenden Eigenschaften auf: (i) Im Vergleich zum
Ausgangsmaterial UiO-66 erhoht LiCl die Wasseradsorptionskapazitit stark. UiO-66
mit enem Gehalt von 30 Gew.-% LiCl hat eine achtmal héhere Wasseraufnahme als
das urspriingliche UiO-66 bei p py! = 0,1. Dariiber hinaus zeigen (i) die
Wasserdampf-Isothermen einen Hydratationszustand von LiCl innerhalb des MOF von
LiCl'2-4H,0 i den drei Kompositen (LiCl@UiO-66 19, LiCl@UiO-66 29,
LiCl@UiO-66 30), der viel hoher ist als fiir reines LiCl mit 0,5 H,O bei p ps' = 0,1,
wahrscheinlich aufgrund der Dispersion von klenen LiCl-Clustern mit ihrer hohen
Oberflichenenergie in der pordsen Matrix. (i) Die kinetische Analyse der
Wasseraufnahme in gravimetrischen Messungen iiber die Zeit zeigt, dass die erwartete
Adsorption in LiCl@UiO-66 langsamer ist als die in remem UiO-66 aufgrund von
Porenblockierungseffekten. (iv) Die hohe Wasseradsorptionskapazitit (271 mg g ') bei
ppo’ =0,1 von LiCl@UiO-66 30 fallt mit einer hohen thermischen Speicherkapazitdt
(900 kJ kg!, 0,25 kWh kg!') zusammen, was dieses wasserstabile Komposit fiir
thermische Batterieanwendungen geeignet macht. (v) Die Leistungszahl (engl

Coefficient of performance, COP) fiir den Wiarmepumpenmodus (bei Tges/Tads/ Tevap =



90/40/10 °C) fir LiCl@UiO-66 30 betrdagt 1,64 und tlbertrifft damit die meisten der

anderen MOF-, Salz@MOF- oder Salz@Kieselgel-Komposite.

In Abschnitt 3.2 wurde das Cucurbituril-MOF-Komposit CB6@MIL-101-ClI
synthetisiert, durch Einlagerung der Cucurbit[6]uril-Molekiile in die groBen Poren des
MIL-101 zusammen mit einem OH-zu-Cl-Ligandenaustausch. CB6@MIL-101-Cl
kombiniert die starke SO,-Affinitdt der starren CB6-Makrozyklen und die hohe
SO,-Aufnahme von MIL-101, daher zeigt es eine hervorragende SO,-Aufnahme von
438 cm? g! (19.5 mmol g') bei 1 bar und 293 K. Die Menge an SO,, die von
CB6@MIL-101-Cl bei 0,01 bar und 293 K aufgenommen wurde, betrug 2,1 mmol g,
was dreimal hoher ist als die des Ausgangsmaterials MIL-101 (0,7 mmol g') unter den
gleichen Bedingungen. Die SO;,-Adsorptionsenthalpie bei nahezu Nullbedeckung von
CB6@MIL-101-Cl betragt 50 kJ mol!, hoher als die 35 kJ mol! von MIL-101. Es
spiegelt den Einfluss der eingebauten CB6-Makrocyclen wider, die eine hohere
Affinitit zu SO, aufweisen. Die Wechselwirkungen zwischen SO, und den
Cucurbit[6]uril-Anteilen des CB6@MIL-101-C1  wurde  durch  Fourier-

Transformations-Infrarotspektroskopie (FTIR) verifiziert.

MIL-101 erwies sich als instabil gegeniiber trockenem SO, durch den Verlust von
Kristallinitit und  Porositdit nach der  SO;-Adsorption wie  Pulver-
Rontgendiffraktometrie (PXRD) und N,-Adsorptions-Desorptionsmessung zeigten. Im
Vergleich zu MIL-101 wurde die Stabilitit durch einen unerwarteten Austausch von
Hydroxid-zu-Chlorid im  {Cr3(O)X(BDC)s}-Metalkknoten ~ von MIL-101 zu
CB6@MIL-101-Cl verbessert. Energiedispersive Rontgenspektroskopie (EDX) und
Rontgenphotoelektronens pektroskopie (XPS)  Analysen  unterstiitzten  das
Vorhandensein des OH-zu-Cl-Ligandenaustauschs.  Zyklische = SO,-Adsorptions-
Desorptions-Messungen bestitigten die Stabilitit von CB6@MIL-101-Cl iber 10
Zyklen. Nach der Behandlung mit feuchtem SO, verringerte sich die

SO,-Aufnahmekapazitit von nanoCB6-H aufgrund der geringeren Porositit. Fiir

Vi



MIL-101 und CB6@MIL-101-Cl verringerte sich die Aufnahmekapazitit bei 1 bar und
293 K jeweils um ca. 20 % im Vergleich zu threm jeweiligen Verhalten unter trockenen
Bedingungen, jedoch zeigte sich bei 0,01 bar eine bessere Adsorptionsleistung fiir
CB6@MIL-101-Cl als fiir MIL-101. CB6@MIL-101-Cl ist daher aufgrund seiner
ausgezeichneten Zyklenstabilitit, hohen Kapazitit und starken Affinitit fiir SO, bei

niedrigen Driicken ein attraktives Sorptionsmittel fiir die SO,-Abtrennung.
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Summary

This work investigates composites of Metal-Organic Frameworks (MOFs) via the
mtroduction of functional materials into the pores of the MOF, in order to improve the
adsorption properties and to better suit certain practical applications. In this thesis, we
have synthesized different MOF-based composites compounds for Adsorption Heat
Transformation (AHT) applications (section 3.1) and sulfur dioxide adsorption

applications (section 3.2), respectively.

In section 3.1, LiCl@UiO-66 as a 'composite salt inside porous matrix’ (CSPM) was
successfully synthesized via incorporating hygroscopic lithum chloride into
microporous UiO-66 (University of Oslo) as the host matrix through the wet
impregnation method. The composites exhibit the following advantages: (i) Compared
to the parent UiO-66, the LiCl@UiO-66 composite features a strongly enhanced water
adsorption capacity. UiO-66 with a 30 wt% content has an 8 times higher water uptake
over the parent UiO-66 at p p,/ = 0.1. In addition, (i) the water vapor isotherms show
a hydration state of LiCl inside of the MOF of LiCl-2-4H,0O in the three composites
(LiCl@Ui0-66 19, LiCl@UiO-66 29, LiCl@UiO-66 30), which is much higher than
for bulk LiCl with 0.5 H,O at p py/ = 0.1, due to the dispersion of small LiCl clusters
with their high surface energy in the porous matrix. (iil) Kinetic analysis of water uptake
in gravimetric measurements over time shows that the expected adsorption in
LiCl@UiO-66 is slower than that in pure UiO-66 due to pore blocking effects. (iv) The
high-water adsorption capacity (271 mg g') at p-py! = 0.1 of LiCl@UiO-66 30
coincides with a high thermal storage capacity (900 kJ kg!, 0.25 kWh kg!), which
makes this water-stable composite suitable for thermal battery applications. (v) The
coefficient of performance (COP) for the heat pump mode (at Tges/Tags/ Tevap = 90/40/10
°C) for LiCl@UiO-66 30 is 1.64, which outperforms most of the other MOF,

salt@MOF or salt@silica gel composites.
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In section 3.2, the cucurbituril-MOF composite CB6@MIL-101-Cl was synthesized by
incorporating cucurbit[6]uril molecules into the large cages of the MIL-101 together
with a concomitant OH-to-Cl ligand exchange. CB6@MIL-101-Cl combines the strong
SO, affity of the rigid CB6 macrocycles and the high SO, uptake of MIL-101, thus it
shows an excellent SO, uptake of 438 cm3-g! (19.5 mmol g!) at 1 bar and 293 K. The
amount of SO, captured by CB6@MIL-101-Cl at 0.01 bar and 293 K is 2.1 mmol g,
which is three times higher than that of the parent MIL-101 (0.7 mmol g!) under the
same conditions. The SO, adsorption enthalpy of CB6@MIL-101-Cl near
zero-coverage is 50 kJ mol!, which is higher than 35 kJ mol'! of MIL-101. It reflects
the influence of the incorporated CB6 macrocycles which have a higher affinity towards
SO,. The interactions between SO, and the cucurbit[6]uril moieties of the CB6@MIL-

101-ClI were verified by Fourier-transform infrared spectroscopy (FTIR).

MIL-101 was shown to be unstable to dry SO, due to the loss of crystallinity and
porosity of MIL-101 after SO, adsorption, as evidenced by powder X-ray diffraction
(PXRD) and N, adsorption-desorption measurement. Compared to MIL-101, the
stability of CB6@MIL-101-Cl1 was improved, which may be due to the unexpected
exchange of hydroxido-to-chlorido i the {Cr;(O)X(BDC);} metal node of MIL-101.
Energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy
(XPS) analysis supported the existence of the OH-to-Cl ligand exchange. Cyclic SO,
adsorption-desorption measurements further confirmed that CB6@MIL-101-Cl was
stable over 10 cycles. After exposure to humid SO,, the SO, uptake capacity of
nanoCB6-H decreaseddue to its decreased porosity. For MIL-101 and CB6@MIL-101-
Cl, the uptake capacity at 1 bar and 293 K both decreased around 20% compared to
their respective behavior under dry conditions, however, at 0.01 bar CB6@MIL-101-
Cl exhibited a better adsorption performance uptake than MIL-101. CB6@MIL-101-Cl
is therefore an attractive sorbent for SO, capture due to its excellent cycling stability,

high capacity and strong affinity for SO, atlow pressures.
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1 Introduction

This introduction covers the research of the metal-organic framework (MOF)-based
composite materials in two applications: adsorption heat transformation and sulfur
dioxide adsorption. The introductory section consists of the following parts: The
overview of porous metal-organic framework materials and some prototypical MOF
structures will be presented (Section 1.1); Functionalization of MOF will be introduced
(Section 1.2); MOF-based composites and their synthesis method will be described
(Section 1.3); The potential applications of MOFs will be introduced, including

adsorption-based heat transformation and sulfur dioxide adsorption (Section 1.4).

1.1 Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are organic-inorganic hybrid solids with an infinite,
uniform framework structure built from mnorganic metal ions or metal-containing
cluster nodes and organic ligands. It possessesthe features of zero-, one-, two-, or three-
dimensional framework structures via coordinative metal-ligand interactions (Figure
1).! MOFs possess the features of large surface area, high porosity, highly tunable pore
size/shape and surface functionality. Owing to these unique features, MOFs have been
of great interest and importance in various potential applications, such as gas storage
(hydrogen/methane),?:3 gas adsorption and separation.*-5 Alongside this outstanding
interest in gas uptake, other applications include heterogeneous catalysis,® chemical

sensing,” proton conduction®, luminescence® and biotechnology.!'©
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Molecular assembly

Metal ions Ligands Metal-organic frameworks

Structuring of MOFs at macroscopic/mesoscopic scale

0D Superstructures 1D Superstructures 2D Superstructures 3D Superstructures

Figure 1 Conceptual diagram of MOFs at the micro/meso scales. Four different
dimensionalities as presented: zero-dimensional (0OD) structure, one-dimensional (1D)
structures, two-dimensional (2D) structures, and three-dimensional (3D) structures.
Reproduced with permission form ref 1. Copyright 2014 Royal Society of Chemistry

1.1.1 Some prototypical MOFs

In the 1990s, two milestone MOFs emerged, MOF-5 ([ZnsO(BDC);], BDC = 14-
benzenedicarboxylate) ! and HKUST-1 ([Cu3(BTC),(H,O);], BTC = 13,5-
benzenedicarboxylate)!? with their prominent robust porosity. These findings prompted
the development of other novel porous materials. Shortly afterward, in 2005 Férey et
al. reported a representative MOF with high chemical and thermal stability, MIL-101
([Cr3(13-O0)X(H,0)2(BDC);3], X =F, OH)!3. In 2008, Cavka et al. discovered another
new type of MOF, UiO-66 [Zrs(15-O)4(pu3-OH)4(BDC)s]'4. The rapid development of
the field during these two decades has been driven largely by the observation of the

various exciting properties and promising applications of these porous solid materials.



MOF-5 is also termed IR-MOF-1. It is a three-dimensional cubic porous framework
with [ZnsO]%" clusters linked together through 1,4-benzenedicarboxylate (BDC?)
ligands.!! It is thermally stable up to 300 °C but is unstable to water.!!-1> Water
molecules candissociate the structure of MOF-5, thereby destroying the relatively weak
metal-ligand interactions in MOF-5. IR-MOF-n (n = 1-16)!¢ is a series of cubic iso-
reticular MOF structures built from the same secondary building unit (SBU) [ZnsO(-
COO)¢] and various linear dicarboxylate linkers (Figure 2). IR-MOF-n crystalline
materials possess up to 91% void space of the unit cell volume in the solvent-guest free
state, large tunable pore sizes ranging from 3.8 to 28.8 A, and specific pore volumes up
to 1 cm? g1.16 Of these, IR-MOF-16 has a record-high porosity of 91% of the unit-cell

volume in the solvent-guest free state.

Figure 2 A series of isoreticular MOFs and central spheres represent open pore spaces
such as those shown (MOF-5, CSD-Refcodes SAHYIK, SAHYOQ, and EDUSIF). The
different objects in this figure are not drawn to scale. Reproduced with permission form

Ref 16 Copyright 2002 American Association for the Advancement of Science.



HKUST-1 is a three-dimensional copper-trimesate compound that is well nvestigated
in crystal structure and surface area,!’-18.19as well as water vapor uptake.20.21,22,23
HKUST-1 consists of square Cu, paddlewheel clusters coordinated with four
independent BTC linkers (Figure 3).24 It has a rigid porous framework with a face-
centered-cubic (fcu) topology, and large square-shaped pores (9 A x 9 A). The
framework of HKUST-1 is stable up to 240 °C.2° It features bimodal pore size
distributions and it is one of the most studied MOFs with unsaturated metal sites (open
metal site).2¢ It has a high-water vapor uptake of 32 mmol g ! at 298 K and 90 % relative
humidity (RH).?” The crystalline structure of HKUST-1 will suffer an irreversible
degradation when exposed to water in a liquid or vapor form in a long term, due to the
very strong interactions between open Cu (II) sites from the copper paddlewheel and

water molecules.28

benzene-1,3,5-tricarboxylate,
trimesate
btc

Figure 3. The structural components of trimesate and {Cuy(COQ)4} building unit in
HKUST-1 (top) and two directions of the packing mode (bottom). (CSD-Refcode
FIQCEN). The different objects in this figure are not drawn to scale. Reproduced with
permission form Ref 24. Copyright 2010 Royal Society of Chemistry.



UiO-66 (University of Olso) is the progenitor of a family of zirconum-based MOFs,
and it is made up of [ZrsO4(OH)4] clusters with 1,4-benzenedicarboxylate (BDC?2"),
forming a fcu topology (Figure 4).2° The microporous UiO-66 features octahedral and
tetrahedral cages, with the diameter of 11 A and 8 A, respectively.3? Based on the same
SBU {ZrsO4(OH)4(COO);5}, UiO-67 and UiO-68 with the same topology were
synthesized via the extended number of benzene rings, 4,4'-bipheny! dicarboxylic acid
(H,BPDC) and p-terphenyl-4,4"-dicarboxylic acid (H,TPDC). The stability of the
framework is primarily controlled by the inorganic unit and the strength of the chemical
bond between the inorganic unit and the linker. Group four elements have a strong
mteraction with oxygen, and therefore they are considered to be stable morganic
cornerstones. In addition, UiO-66 and UiO-67 have the same decomposition
temperature (Tgecomp = 540 °C), due to the weakest bond between the benzene rings and
the terminal carboxyl group instead of the connection between the norganic brick and

the linker or the inorganic brick itself. !4

¢ wahy . Ui0-86
fcu-a Zr,0,(OH),(BDC),

Figure 4 Crystal structure and fcu topology of UiO-66 MOFs. All hydrogen atoms are
omitted for clarity. Color code: Zr, blue; C, gray; O,red. The orange spheres indicate
the largest pores in the tetrahedral cages. (CSD-Refcodes RUBTAK). Adapted with
permission from ref 29. Copyright 2019 Jonh Wiley and Sons.



The MIL-n series (Materials Institute Lavoisier) originated from the Férey group. The
metal is found to be some transition metals, such as trivalent cations, such as
chromium(I1I),3! iron(II1)3233 and vanadium(IIl), Titanium(IV)3* and p-elements, for

instance, aluminum(III),?5 gallium(III) or indium(IIT).

MIL-101 is one of the MIL-n series structures with the outstanding properties of high
porosity and hydrothermal stability. MIL-101 is stable over months under air
atmosphere, even treated with organic solvents at high temperature or boiling water for

a week.3¢ The detailed structure of MIL-101(Cr) will be introduced in Chapter 2.

1.1.2 Synthesis and design of MOF's

Metal-organic frameworks are mostly synthetized via solvothermal/hydrothermal
(water as reaction solvent) methods, where the mitial mixture is often heated at
temperatures less than 250 € . In general, metal sources, organic chemicals and the
solvent are mixed, then n some case modulator is added to modulate the pH of the
solution. After stirring for a period, the mixture is transferred to the autoclave with a
PTFE inset or glass vessel for crystallization. Different MOFs can be generated even
from the same reaction mixture, which is affected by many factors, such as temperature,
pH, heating time and so on. Besides solvothermal methods,?¢-37-38 other synthesis
methods, such as electrochemical methods,”® microwave-assisted heating, 3°
mechanochemical4?-4! and sonochemical methods.37:38 Different synthesis methods
may have a significant effect on yield, particle size, morphology or the possibility of

large-scale implementation.

The design and synthesis of MOF similar to conventional zeolites with various
topologies has been well described and summarized. > A wide variety of MOF
structures can be obtained through the ideal choice of metal ions and linkers of different
sizes and shapes. Moreover, a great number of MOFs with different compositions and

porosity originated from the various building units and connection modes. Some



common SBUs are shown in Figure 5.4 Furthermore, the pore size of the MOF
structure can also be modulated by the length of various organic ligands (biphenyl,

tetrahydropyrene, pyrene, and terphenyl).+
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Figure 5 Some morganic SBU examples. Reproduced from ref 43. Copyright 2013
American Association for the Advancement of Science.

1.1.3 Hydrolytic stability of MOFs

Some benchmark MOFs like HKUST-1 (copper trimesate) and MOF-5 (Zinc
terephthalate) are not water stable. The weak coordinative bonds between metal nodes
and linker molecules can be attacked by nucleophilic H,O, resulting in the degradation

of the framework structure and the loss of porosity.43-13

In the presence of water, the degradation of MOFs usually occurs through either
hydrolysis or linker replacement.*¢ In the case of hydrolysis, the metal-organic bond is
broken while metal-hydroxide and the conjugated acid of the ligand (neutral) are
formed (eqn 1). During ligand replacement, the water molecules are inserted mto the
metal-linker bond, leading to the formation of a hydrated SBU and a deprotonated

linker (eq 2).
M-L + H,O0 - M—(OH) + HL eqn 1

M-L +H,0 - M—(OH,) + L eqn 2



The thermodynamic and kinetic factors that affect the hydrolytic stability of MOFs are
listed in Table 1. According to Lewis acid—base chemistry, the higher the pK, of the
protonated linker, the stronger the metal-linker bond. Compared to carboxylate-based
linkers (e.g., benzenedicarboxylic acid and benzenetricarboxylic aicd, pK, = 4),
imidazolate or pyrazolate-based linkers have stronger bonding to the metal component
of the framework (e.g., imidazole, pK, ~ 14.5; pyrazole, pK, =~ 19.8).47-48:4% This makes
metal-nitrogen bonds thermodynamically more stable than metal-oxygen bonds in

carboxylate-based MOFs.

Moreover, the higher the charge of the metal and the smaller the ionic radius, the
stronger the acidity and therefore the stronger the bond between the metal and the
organic ligand. Thus, MOFs incorporated with trivalent metal ions seem to be more
stable than bivalent metal ions,*:°° while high stability is attributed to tetravalent

Zr/HF 145051

In addition, metal ions with 6-fold coordination are often more stable than the
corresponding 4-fold coordination metal ions, because the dense packing of

coordination spheres makes the coordination of water and metal ions more difficult. 52

The steric hindrance canbe achieved by the high coordination number,> bulky linkers>4
or interpenetration of the framework. Note that although these factors are discussed

separately, in practice they cannot always be completely separated (Table 1).

Table 1 The effect of the thermodynamic and kinetic factors on the stability of MOFs
in the presence of water.

Thermodynamic stability/instability Kinetic inertness/lability

e pK, of the linker (basicity) e Steric hindrance (i.e. “coordination

e Oxidation state and ionic radius of the number”) and rigidity of the constituents
metal (acidity) e Steric hindrance through

e Reduction potential of the metal interpenetration

e Coordination geometry e Hydrophobicity

e Electronic configuration of the metal ions




1.2 Functionalization of MOFs

The functionalization of MOF can finely adjust the structure and property of MOFs,
thus improving the performance in practical applications and broadening the
application range of this material. The functionalization of MOF is maly divided into
the following three categories: in-situ, pre-synthetic, and post-synthetic modification.
The post-synthetic modification are divided into weak, strong, and covalent

modifications according to the strength of the interaction (Figure 6).3°
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Figure 6 Possibilities of chemical functionalization of MOFs. Adapted with permission
from ref 55. Copyright 2019 Jonh Wiley and Sons.

1.2.1 In situ functionalization

In the MOF synthesis, guest molecules are introduced into the structure of MOF, this
approach is termed in sifu functionalization. This type of functionalization needs to
meet either of these two prerequisites: a) the kinetic diameter of the guest moieties is

bigger than the pore aperture, or b) binding sites exist within the pores between the



framework structure and guest molecules. For example, large inorganic molecules
polyoxometalates (POMs) with a catalytic function were encapsulated in the pores of
MIL-101 during the framework formation. 5¢-57 This approach can be used to
immobilize a wide variety of target molecules in porous MOF matrices that confer

specific functionality.

1.2.2 Pre-synthetic functionalization.

Prior to the synthesis of MOFs, the organic linker can be modified. However, this
method, termed pre-synthetic functionalization, has many limitations. Itis necessary to
consider the compatibility of the modified organic ligand with the MOF synthesis
conditions. Importantly, the modified part cannot affect the formation of the desired
MOF. A representative and successful example is the synthesis of MIL-125(NH,) using
NH,-BDC instead of H,BDC linker.’® MIL-125(NH;) exhibited different properties in
UV absorption. In contrast to the absorption in the UV region of MIL-125,
MIL-125(NH;) demonstrated a second absorption band in the visible region due to the

electron-donating nature of the -NH, group.>8:5

1.2.3 Post-synthesis modification

Post-synthetic modification (PSM) of MOFs allows for a deliberate functionalization,
such as the position and the degree under the premise of retaining the crystallinity,
original structure framework. It is also a complementary tool for the pre-synthetic
modification. As for PSM of MOFs, three approaches are mostly applied according to

the interaction strength between the framework and the additional unit:

a) via weak interactions (encapsulation of guests,’ coordinative functionalization of

open metal site®! or coordinative functionalization of the linker¢?)

b) via strong interactions (solvent assisted ligand incorporation,©®3-64 post-synthetic

linker exchange®’ or post-synthetic linker installation®®)
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c) via covalent interactions (e.g. covalent bond via amino-functionalized MOFs®7)

For guest encapsulation approach, the size of the guest molecule is limited by the pore
opening of the host framework. The molecule is bound to the framework by weak
interactions. The potential problem is leaching phenomenon due to the absence of
spatial confinement.®® Other types with weak interactions also include post-grafting of
coordinated unsaturated metal site (CUS) with chelating agents or electron-rich

molecules via coordinative bond.6!

For solvent assisted ligand incorporation (SALI) technique, a functional group is
itroduced as charge compensation, and is firmly bound to the metal cluster. In general,
solvent-assisted ligand exchange is achieved by immersing a MOF in a concentrated
solution, and the terminal ligands such as —OH and —OH, are replaced by other Lewis
basic charged molecules. For example, with the help of solvent-assisted ligand
incorporation method, perfluoroalkane carboxylates was incorporated into Zr-based
MOF NU-1000 (NU = Northwestern University) through the iteractions with eight
terminal —OH ligands (Figure 7).93 Post-synthetic linker exchange is mostly used to
extend the isoreticular structure while maintaining the framework topology. For
instance, UiO-66 was soaked in a solution containing functionalized BDC derivatives
to form a linker exchanged UiO-66 analogue.®> In contrast, post-synthetic linker
mstallation is used for the topological transformation, thus leading to changes in the
physical, chemical, and mechanical properties of the MOF.% For example, MOF-520,
AL(OH)3(HCOO)4(BTB)s, was constructed from octametallic ring-shaped 12-c
aluminum SBUs and trigonal tritopic BTB linkers, with a FON topology. The BPDC
linker matches well the distance between adjacent SBUs, can be introduced as a new

bridged linker, making the transition from FON into the SKL topology.¢®
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Figure 7 Schematic representation of solvent-assisted ligand incorporation method.
Perfluoroalkane carboxylates are attached to the 8-c zirconium SBUs in the structure of
NU-1000. Reproduced from ref 63. Copyright 2013 American Chemical Society.

For the covalent mteractions approach, it was mainly achieved via amide coupling
reactions. For example, IRMOF-3 was constructed by ZnsO nodes bridged by NH,—
H,BDC linkers. The amino group (—NH>) does not participate in the coordination to the
metal nodes and has potential access to various organic reactions. IRMOF-3 was
successfully acetylated through the covalent interactions of free amino groups with

acetic.¢7

1.3 MOF-based composites

A lot of researchefforts have been mainly aiming at preparing new MOF structures and
exploring their various applications. However, MOF materials exhibit weaknesses such
as poor chemical stability, low uptake in gas adsorption that impede the use of their full
potential. In order to improve these problems, MOF-based composites composed of one
MOF and one or more other functional materials have emerged, and have demonstrated
the ability to combine the advantages of individual components and improve the

weaknesses.
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Due to the large BET surface area, high porosity, and structural diversity and tunability,
MOF is an ideal host platform for encapsulating other functional materials. The
properties of MOF-based composites can be improved further for the greatly enhanced
performance, stability or even novel properties in a specific application, compared to
single-component materials. Until now, lots of examples of MOF composites have been
successfully reported with different functional materials, including polyoxometalates
(POMs), metal nanoparticles (NPs), carbon nanotubes (CNTs), oxides, quantum dots
(QDs), polymers, ionic liquids (ILs), macrocyclic organic molecules, norganic salts
and so on, resulting in new properties that are superior to those of the individual

component (Figure 8).6%:70.71

Thin film
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Figure 8 The composites of MOFs and functional materials. Reproduced from ref 69
Copyright 2014 Royal Society of Chemistry

1.3.1 Synthesis of MOF-based composites

Several methods and approaches have been applied for the preparation of MOF-based
composites.”> Here we focus on the approach of “ship-in-a-bottle”, which realizes the
encapsulation of the functional materials into the pores of the prefabricated MOF. In
this case, the MOF (bottle) is prefabricated, and the functional material or its precursor
is dissolved in a solvent, and the diffusion of the precursor is carried out inside the cages
of the preformed MOF by a solvent system, then the formation of functional materials

(ship) occurs inside of the cages. The particles of the functional materials stay stable
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mside the pores of the MOFs, probably due to the particle size being larger than the
pore apertures of the MOF,”> or by means of chemical or thermal methods. This “ship-
in-a-bottle” approach can be achieved using various techniques such as wet

impregnation, solvent-free solid grinding, and chemical vapor deposition (CVD).

One of the most extensive post-synthesis impregnation methods is wet impregnation.
In this method, the solvent volume exceeds the pore volume of the MOF material. The
functional material such as inorganic salts, organic macrocyclic molecules, or the
precursors of the functional material such as ILs, NPs are first dissolved and well
dispersed in a solvent, the desolvated MOF is then added to the solution. The target
product is obtained from the solvent through solvent evaporation or centrifugation, and
in some cases, a washing process is needed, to remove the functional materials adhering
to the outside surface of MOF particles. Through this strategy, many examples of
IL/MOE,’+75.76 NP/MOF77 or inorganic salt/MOF78.7° composite materials have been

successfully reported and used in adsorption or catalytic applications.

Another technique is solvent-free solid grinding. In this approach the preformed MOF
and the functional material such as ILs are directly mixed without using other solvents.
By using a mortar and a pestle, ILs are incorporated into the pores of the MOF. In order
to achieve a better diffusion of ILs into the pores of MOF, the mixtures are usually
heated for a couple of hours. Some researches on IL/MOF, 808 NP/MOF, 82
MC5@MIL-100Fe 33 composite materials use this post-synthesis impregnation

technology.

Chemical vapor deposition is also a common technique for the construction of MOF-
based composites. Inthis technique, a precursor of the functional material such as metal
nanoparticles generate the vapor under vacuum, which is introduced mto the pores of
the MOFs. Metal NPs are formed inside the pore of the MOF by thermal decomposition

or hydrogen reduction. The MOF-based composites using this synthesis technology are
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MNP@MOF-5 (M =Pd, Auand Cu)3* Pd@MOF-177, Cu@MOF-1775 Ni@ZIF-8,86

and so on.

1.4 Potential applications of MOFs

At present, "energy" and "environment" have become two of the critical issues facing
humanity in this era. Lots of examples demonstrate that MOFs provide enormous
application values for implementation in real-world systems, especially those pertinent
to issues concerning energy and environment. Thus, we focus on these two applications

adsorption-based heat transformation and sulfur dioxide adsorption.
1.4.1 Adsorption-based Heat Transformation

Adsorption-based heat transformation (AHT) is a physical process based on the cycling
adsorption-desorption of a working fluid in a porous adsorbent material. It makes full
use of low-temperature sources (solar, geothermal, industrial waste heat, etc.)8” for heat
and cold reallocation, as driving heat for the regeneration. In other words, it converts
exothermic and endothermic process into the useful heating and cooling by applying
the thermodynamic principle. Thus, AHT contributes to energy-saving technologies,
due to the huge demand for electricity or fossil fuels consumption in the conventional
vapor compression systems.® AHT includes different branches, such as adsorption heat

pump (AHP), adsorption chiller (AC) and heat storage.
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Principle of heat transformation processes

Sorption material, wet

Working fluid Working fluid
\ 1. Working cycle / 2. Regeneration cycle /

Figure 9. In the working cycle, a working fluid is evaporated ata low pressure, taking

up evaporation heat Qp. During incorporation into a porous material, heat of
adsorption Q.4 is released. In the regeneration cycle, driving heat for desorption Qges is
applied, and further condensation takes place at a medium temperature level and
releases condensation heat Qconq. TWo applications can be chosen: (i) cooling (Qeyap) Or
(i) heating (QadstQeond)- Reproduced from ref 89. Copyright 2013 American
Association for the Advancement of Science.

As an alternative to traditional heat exchangers, AHT has been intensively developed
over the last two decades, including thermally driven adsorption chillers (TDCs),
adsorption heat pumps (AHPs) and heat storage. The schematic diagram of the working
principle is also illustrated in Figure 9.3 Heatis taken up from the surroundings by the
evaporation of the working fluid (Q.p), when an active dry adsorbent carries out the
adsorption process on the working liquid. The part of heat converts into the useful
cooling in thermally driven adsorption chillers (TDCs). As the adsorption is exothermic
(Qads), heat will be released into the surroundings at a higher temperature level. Once
the adsorbent is saturated with working fluid, regeneration is processed by using a low
driven temperature (solar heat or waste heat). Energy is taken up from an external heat
source to desorb the working fluid (Qges), subsequently heat is released by the process
of the condensation of the working fluid (Qcng). The heat of adsorption by the active

sorbent materials and the heat of condensation of the working fluid both can be used in
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the adsorption heat pumps (AHPs).% Therefore, AHT canbe used for heating or cooling

applications, depending on whether an exothermic or endothermic process is utilized.

Furthermore, the working pairs and boundary working conditions have been intensively
discussed. °1-92 The working pair of adsorbent-adsorbate plays a vital role in the
performance of the adsorption system. Silica gel, activated carbon and zeolites are
commonly chosen as adsorbent and water, methanol, ethanol®> and ammonia can be
used as adsorbate (working fluid). The basic thermodynamic data of the working fluids
is shown in Table 2. Among them, water is the most used as working fluid, due to its
non-toxic, high evaporation enthalpy (2440 kJ mol! at 25 °C) and harmless to the

environment.

Table 2 Thermodynamic properties of common working fluids.
Heat of

. . .. Freezing point Saturation vapor
Working fluid Vza g 22‘2[%‘;1‘(‘;]“ at 101.3 kPa pressure at 25 °C
Water (H20) 2440 0°C 3.2 kPa

Methanol (CH3OH) 937 -98 °C 17.0 kPa
Ethanol (C2HsOH) 724 —114 °C 8.0 kPa
Ammonia (NH3) 502 —78 °C 1003 kPa

The cycle conditions strongly determine the adsorption performance of a specific
adsorbent. The temperature boundaries are defined by the setup of the equipment and

the specific application procedure. Some common heat sources are listed in Table 3.

Table 3 Overview of temperature boundaries for AHT.%*

Application Heat source Temperature
Heating Earth probe 10°C
Low temperature Heating Ambient air —10°C to 15°C
source Cooling Ambience —10°C to 20°C
. Heating Floor heating 35°C
" mMp‘edrd;fure Heating Radiator 60°C
Cooling Ambience 35°C
Desorption — Waste heat 55-100°C
tempe rature — Gas burner >100°C
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The requirements for the adsorbent can be derived from the application. AHT is acyclic
application, the adsorbents ought to possess high hydrothermal stability at application
temperatures for thousands of cycles. The relative pressures at these temperatures
(ps(T)) can be calculated for adsorption and desorption when steep

adsorption/desorption occurs:

(£> _ Ps(Tevap) <p) 2 (Teona)

Po ads a Ds (Tads) ’ a des a Ds (Tdes)

For a typical heat pump setup, equipped with an evaporation temperature of 10 °C
(water saturation pressure of 1.2 kPa), a middle temperature of 35 °C (water saturation
pressure of 5.6 kPa) and a regeneration temperature slightly below 100 °C (water

saturation pressure of 80 kPa), the preferable relative pressure is from 0.07 to 0.22.

The properties of adsorbents suitable for AHT applications include low regeneration
temperature, high uptake at low relative pressures, and long-term hydrothermal

stability.

The coefficient of performance (COP) is a commonly used parameter to describe
energy efficiency. The COP is defined as the useful energy output divided by the energy

required as input. For heating and cooling, the individual COPs become:

_(Qcon + Qads) Qevap

COPy = , COP; =

Qregen Qregen

Qeon 18 the energy released during the condensation process, and Q. is the energy
released during the adsorption phase. Both have a negative value, because it is an
exothermic process and energy is released from the adsorption cycle. Qcyqp is the energy
taken up in the evaporator. Qgen is the energy required for regeneration of the
adsorbent. Both have a positive value as energy is added to the system (ideally Q,q4¢ +
Qcon = Qges T Qep). The energy required for regeneration (Qregen) 1S In the same order

of magnitude as the energy gained during adsorption (Q,gs). In addition, as the enthalpy
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of adsorption is physically greater than the enthalpy of evaporation, Q,gs will be also
greater than Q. in absolute value. Thus, the coefficient of performance for adsorption

and desorption process becomes:
1<COPy<2 COP-<1

The COPy range from one to two and COP values range from zero to one. Thus, an
optimal adsorbent should offer a higher energy efficiency towards the adsorbate at a

specific boundary condition of the cycle.

1.4.2 Sulfur Dioxide Adsorption

In recent years, there are approximately 1.2 million tons of SO, generated by coal-fired
power plants each year in the United States.? The first environmental problems
associated with SO, occurred in the last century was acid deposition, which led to the
loss of minerals and nutrients in the soil.?® In addition, the dramatic rise in atmospheric
CO; levels is largely attributed to the burning of coal, oil, and natural gas, which
account for 80% of the CO, emissions worldwide.®7-°8 Those gases have forced
humanity to confront various related environmental issues, such as global warming,
acid rain, ecological imbalance and so on.? As an example of the adverse effects on
humans, the World Health Organization (WHO) announced that air pollution caused

about 4.2 million premature deaths in 2016.100

Sulfur dioxide (SO,) in the atmosphere primarily comes from the combustion of fossil
fuels to generate electricity. The main components contain CO, (10-15% [v]), N, (70—
75% [v]) and H,O (~10-18% [v]) in the industrial flue gas stream,!01:192 with the trace
amount of SO, (0.00325% [v], 500-3000 ppm)!%3. Flue-Gas Desulfurization (FGD) is
a technology that removes sulfur dioxide (SO,) or sulfur oxides (SOy) from the flue gas
emitted by thermal power plants or other industrial facilities such as incinerators. 104105
The wet scrubbing FGD technologies is the most mainstream, and have advantages in

their large-scale implementation and mature technology. As shown in Figure 10a, the
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fly ash is processed by an electrostatic precipitator, the flue gas is blown mnto the
reaction tank, also termed a scrubber. Lime or limestone slurry is pumped in and
sprayed from the top of the tank, and reacts with the SO, in the flue gas to form
msoluble CaSO;, which further reacts with oxygen to generate gypsum (CaSO4-2H,0).
Generally, up to 95% SO, from the gas mixture can be removed by the limestone
scrubbing GFD.!% However, trace amounts of SO, <500 ppm remain in the flue gas
and are emitted into the atmosphere. Therefore, further reducing the SO, content in flue

gas is of high economic and environmental importance.

Flue gas to stack

Wet limestone scrubbing
CaCO0,+50,+0.5H,0—CaS0O,0.5H,0+CO,
2CaS0,-0.5H,0+3H,0+0,—2CaS0, 2H O

Electrostatic
precipitator

¢ Limestone
* Water

* Oxidation
® Ajr

Reaction tank

Raw flue gas To by-product system

Figure 10. Schematic of SO, removal through wet limestone scrubbing flue gas
desulfurization (FGD) process. Reproduced with the permission from ref 108.
Copyright 2019 Nature Publishing Group.

MOF materials are a promising alternative for the capture of SO, mainly due to the
specific chemical functionality and pore dimensions.!07-198 The porosity properties of
MOFs, such as BET surface area, and pore volume determine the SO, uptake capacity.
Due to their adsorption properties can be finely tuned according to the pore topology
and chemical composition (chemical functionalities), MOFs are one of the most
promising candidates for capturing the toxic SO, gas. The interaction between MOFs

and the toxic molecules can be optimized and the gas adsorption performance can be
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enhanced. The affinity of SO, and MOFs structure could be improved by the following

strategies:

(1) coordinatively unsaturated metal sites (open metal sites). For example, MFM-170
was reported by Yang and Schroder in 2019, and in its paddlewheel SBU one Cu?*
center is axially coordinated to the nitrogen atom of the pyridyl ligand, and the other
Cu?" coordinatively unsaturated towards the center of the pore. It was demonstrated that
the open Cu?* site is the thermodynamically strongest SO, binding site, but it is weak

enough to almost completely desorb when the pressure is reduced. %

(i) OH groups. MFM-300(In) reported by Yang and Schroder in 2016, consists of SBU
[InO4(OH),(CO0),4] octahedra and tetradentate ligands (L* = biphenyl-3,3',5,5'-
tetracarboxylate).!!0 It is confirmed that SO, molecules are mainly bonded to the p-OH
groups through hydrogen bonds and the hydrogen bonds is further enhanced by
surrounding weak supramolecular interactions with C-H atoms from the aromatic ring

of the ligand.!!!

(i) defective sites. Navarro and co-workers reported defective nickel pyrazolate MOF
materials for the enhanced SO, adsorption uptake and SO,/CO, selectivity, via
incorporating extra-framework Ba?* ions inside the pores of the framework.!'? Owing
to the introduction of defects, the basicity of the nickel hydroxide cluster was increased,
accompanied by the enhanced affinity with SO, molecules via acid-base interaction.
Moreover, the presence of extra-framework Ba?* located close to the defect sites

contributes to the formation of more stable MSOj5 sulfite species.

(iv) halogen functionalization. Xing reported in 2017 a series of MOF materials
SIFSIX-1-Cu, SIFSIX-2-Cu, SIFSIX-2-Cu-i, SIFSIX-3-Zn and SIFSIX-3-Ni
containing inorganic hexafluorosilicate (SiF¢?, SIFSIX) anions (wherein ligand 1 =
4 4'-bipyridine, 2 = 44'-dipyridylacetylene, i1 = iterpenetrated, 3 = pyrazine), the

results showed that SIFSIX-1-Cu exhibits a high SO, adsorption capacity
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(11.01 mmol-g!' at 1.01 bar) with an excellent SO,/CO, selectivity of 54—70.
SIFSIX-1-Cu and SIFSIX-2-Cu-i showed significantly high SO,/N; selectivity, owing
to the strong electrostatic interaction between the SO, molecules and the SiF¢>~ anions,

supplemented by the dipole-dipole SO,-SO; interactions.!!3

The structural stability and reusability of the MOFs are also important parameters for
capturing corrosive SO, in a practical environment. Similar to the factors affecting the
water stability of MOFs, some of those also affect the stability of MOFs toward SO,
such as the strength of the metal-ligand bond, the oxidation state of the central metal
atoms, the robustness of the metal clusters and the supramolecular host-guest
interactions. In addition, some materials are stable to corrosive gases in single -
component studies, however, in actual industrial applications, the potential side
reaction of acid gases to produce strong acids in the humid air will make them
unstable.!14115 For example, a series of M-DMOF-TM (M = Co, Ni, Cu or Zn) materials
were confirmed to be stable both in the presence of water vapor up to 85% relative
humidity and after exposure to dry SO,, however, M-DMOF-TM materials were
decomposed when exposure to humid SO,.!14 Besides, MIL-125 and NH,-MIL-125,
reported by Walton group in 2016, were mnvestigated with a combination of
experimental and computational methods, MIL-125 was stable after exposure to either
dry SO, or water, while it was found to be unstable after exposure to humid SO,,
probably due to the formation of a new acidic species causing the degradation of the
MIL-125 framework. Yet, NH,-MIL-125 was stable under all the experimental
conditions including dry SO,, water and even humid SO,. It was explained that the
degradation reaction pathway under humid SO, conditions for NH,-MIL-125 requires
a higher energy barrier.!! In addition, a facile regeneration condition for the materials

used for the capture of SO, is highly considerable.
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2 Motivation and objectives

For work one, a prototypical UiO-66 as a water adsorbent has been intensively
mvestigated for adsorption heat transformation (AHT), but the uptake capacity at low
pressure is still low (36 mg glatp py! =0.1and 179 mg g'at p py! =0.3). Inorganic
salt such as LiCl has a high hydrophilic nature. Thus, a new strategy for the
encapsulation of the norganic salt LiCl in the pore of UiO-66 is proposed. The obtained
composite could help improve the water adsorption capacity of UiO-66, which is
favorable toward AHT application. Meanwhile, it could prevent the occurrence of
deliquescence of LiCl, due to the limited confine space of adsorbed water inside the

pore of UiO-66.

For work two, MIL-101(Cr) has a large BET surface area, high pore volume, and high-
water stability, but low affinity for SO, under low pressure (0.7 mmol g! at 0.01 bar).
Cucurbit[6]uril (CB6) shows high affinity with SO, under low pressure, but has poor
stability under humid conditions. Therefore, a composite material can be fabricated by
dispersing CB6 molecules in the pore of MIL-101(Cr). The purpose is to increase the
SO, adsorption capacity of MOF under low pressure while maintaining stability under
wet SO,. The composite material can be a promising candidate for the flue gas

desulfurization application.
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3 Cumulative Part

This chapter describes the published works for this thesis. Each published or submitted
work is independent, including a separate short introduction section and a separate
reference list. These publications are presented in scientific, peer-reviewed journals,
attached the supplementary information. Figures, tables and schemes in each
publication do not use the numbering of the thesis, but independently adopt the
numbering of the publication itself. Each publication has a short introduction containing
the journal name, graphical abstract, highlights and the authors’ contribution to the

work.
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3.1 Tunable LiCl@UiO-66 composites for water sorption-based heat

transformation applications
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Highlights:

We report a salt@MOF composite with
- no deliquescence (contrary to many other literature reports on salt@MOF we did
not let dry the excess salt solution but applied careful washing cycles);
- proven 10 cycle stability;
- increased water uptake over neat MOF;
- and higher water uptake over neat LiCl at low relative pressure (low humidity);

- a kinetics evaluation showing a faster water uptake over many other similar
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composites;

- a coefficient of performance (COP) exceeding those of many other similar
composites;

- a heat storage capacity (Cys) of up to 900 kl/kg (= 0.25 kWh/kg), exceeding the

DOE target of 0.07 kWh/kg for thermal battery applications.

Author’s contribution to the work:
My contributions:
- Experimental work and analysis (with the helpful discussion from Christian Jansen
and Serkan Gokpinar)

- Writing the manuscript, drawing up the figures (exception: Scheme 1) and tables

- SEM images were taken by Alex Spiel3

- The gravimetric cyclic water vapor measurements were processed with the help of
Raphael Wiedey

- The schematic working principle (Scheme 1) of an adsorption-based thermal battery
(ATB) was drawn by Sebastian-Johannes Ernst. The coefficient of performance
(COP) for heating pump mode under the application-specific condition were
calculated and discussed by Sebastian-Johannes Ernst and Alexander Nuhnen
Corrections of the manuscript and responses to reviewers during the review process

were made by Prof. Christoph Janiak
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Abstract

Porous composite materials are potential candidates for water-based adsorptive heat
transformation (AHT) applications. Here, the solid adsorbent LiCl@UiO-66 as
composite ‘salt inside porous matrix’ (CSPM) has been prepared by incorporating
hygroscopic lithium chloride into the microporous metal-organic framework (MOF)
UiO-66 as host matrix through the wet impregnation method. In our wet impregnation
we did not let dry the excess salt solution to prevent salt precipitation on the matrix
surface. This yielded a true salt@MOF composite with no deliquescence of LiCl and
strongly enhanced the water adsorption capacity of UiO-66 through the salt content. At
p/po = 0.1 the water vapor sorption isotherms show a hydration state of LiCl inside the
MOF of LiCl-2-4H,0 which is much higher than for neat LiCl with 0.5H,0, due to the
dispersion of a small particle size inside the matrix. LiCl@UiO-66 with 30 wt% LiCl
content (LiCl@UiO-66 30) has a 3 to 8 times higher water uptake over neat UiO-66
(depending on relative pressure) and could reach a volumetric and gravimetric water
uptake of over 2.15 g/g at p/py = 0.9, which outperforms the so far known UiO-66-
based composites. Cycling tests confirmed the hydrothermal stability of the
LiCl@UiO-66 composites. Kinetic evalution of the gravimetric water uptake (at 90%

relative humidity) over time yielded rate coefficients up to 2.0(1) x 10+ s~! which is
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slower than in neat UiO-66 (6.7(6) x 10* s!) but faster than for salt@silica gel
composites. The coefficient of performance for heat pumping mode (at Tges/Tads/ Tevap
set to 90/40/10 °C) of 1.64 for LiCl@UiO-66 30 exceeds those of other MOFs,
salt@MOF or salt@silica gel composites. For thermal battery applications the heat
storage capacity (Cys) for LiCl@Ui0-66 30 is 900 kJ/kg (= 0.25 kWh/kg), which can
reach the Department of Energy (DOE) value of 2.5 kWh/35 kg with just 10 kg of

material and outperforms CaClL,@UiO-66 38 with a CHS value of 367 kl/kg.

Introduction

Adsorptive heattransformation (AHT)systems have demonstrated the possibility to run
air conditioners with lower electricity consumption than compressor systems by
operating on low thermal energy sources such as industrial waste heat and solar energy
for regeneration and driving energy.!* AHT is based on cycling adsorption and
desorption of a working fluid in a highly porous substrate (Fig. S1, ESI{). AHT includes
different branches such as adsorption heat pumps (AHPs), adsorption chillers and heat
storage. Different vapors can be used as working fluid, like methanol, ethanol and
water. Water is preferred for AHTSs, because of its high evaporation enthalpy, ready

availability and environmentally friendly features.

To date, many kinds of porous materials have been investigated for adsorptive heat
transformation (AHT), including silica gels,> activated carbons%’ zeolites,?
aluminophosphates®!%nd more recently metal-organic frameworks (MOFs).!!-16 Two
recent studies of MOFs for AHT include a new MOF framework CAU-23 with ultra-
low regeneration temperature for adsorption chillers!” and an easy hydrophilicity tuning
of Al-Based MOFs through solid-solution mixed-linker strategy.'® MOFs can be
designed or functionalized by post-synthetic modification to increase their water uptake
capacity and adjust the relative vapor pressure region.!>23 Although some
investigations of MOFs have been made in AHT, disadvantageous aspects, such as low

adsorption capacity are still to be tackled in real applications.
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‘Composites salts inside porous matrix’ (CSPM) combine porous materials as matrix
and inorganic salt as active ingredients.?* The inorganic salt is intended to improve the
water sorption capacity of the porous material, and the matrix of porous material could
avoid the drawbacks of mnorganic salts in an AHT process such as deliquescence and
intumescence (swelling up). (Deliquescence is the absorption of moisture by a

substance until it dissolves in the absorbed water to yield a solution.)

Mechanistically water sorption at a CSPM is considered to occur by water adsorption
on the host matrix, inducing the chemical reaction between water and salt, resulting in
the formation of crystalline hydrates, and eventually water absorption by the aqueous
salt solution in the pores (Fig. S2, ESIT). The host matrix provides for efficient transfer
of the heat of hydration and disperses the salt reagent, which greatly enhances the
reaction kinetics. The vapor-solid reaction is much faster for a dispersed salt inside the
host than for bulk salt, so that the rate of the sorption process is only controlled by inter-
or intraparticle diffusion. Consequently, the water sorption by a composite is not a
linear combination of that of the host matrix and salt.?4?7 Therefore, salt@MOF
composites should combine the merits of the salt and the pore features of the MOF. The
typical active salts for CSPMs are halides, sulfates, nitrates of alkali and alkali-earth
metals.?® Moreover, a porous material with an already higher water uptake capacity

under low relative pressure (p/po below 0.3) is preferred for AHTS.

Up to now, only a few MOF-based CSPMs have been reported. Garzon-Tovar et al.
developed a UiO-66-based CSPM adsorbent with 38 wt% CaCl, for thermal batteries
and 53 wt% CaCl, for refrigerator using a spray-drying continuous flow method.??
Permyakova et al. analyzed six water-stable MOFs containing CaCl,, prepared by
soaking MOFs in the inorganic salt solution. It was demonstrated that mesoporous and
amphiphilic robust MOFs could achieve a higher salt encapsulation rate. The higher
loading lifts and energy storage densities of MIL-100(Fe) with 46 wt% CaCl, and MIL-

101(Cr) with 62 wt% CaCl, composite sorbents were suggested for seasonal heat
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storage.30 Tan et al. synthesized the composites salt@MIL-101(Cr) whose salt content
was up to 60 wt% CaCl, and 42 wt% LiCl when the salt solution concentration was
30% CaCl, and 20% LiCl through incipient wetness impregnation. For the 60 wt%
CSPM deliquescence was observed, but the composites with 53 wt% CaCl, and 36 wt%
LiCl exhibited low desorption activation energy, fast sorption rates and high adsorption
in low humidity compared to neat MIL-101(Cr).3! Xu et al. reported LiCl@MIL-
101(Cr) composites through adding a specified quantity of LiCl into a well-dispersed
MIL-101(Cr) aqueous suspension (5 mg/mL) for sorption-based atmospheric water
harvesting (AWH) in arid climates. LiCl@MIL-101(Cr) composites have a high-water
sorption performance of 0.77g/g under arid working conditions (30% RH at 30 °C) and
an AWH device based on this composite adsorbent can be utilized by natural sunlight
without putting in additional energy.?*> All these efforts showed that the water vapor

uptake of MOFs could be improved after incorporating salt into the parent adsorbent.

Herein, we have explored the influence of three different weight fractions of LiCl on
the sorption properties of UiO-66-based novel LiCl@UiO-66 CSPMs. Extensive
thermodynamic and kinetic water adsorption studies were carried out on UiO-66-based
CSPMs, which show no deliquescence but a higher water adsorption capacity than neat
Ui0-66. We selected UiO-66 as the porous matrix because of its exceptional chemical

and thermal stability.32 LiCl was chosen due to its known high hydrophilicity.33
Experimental
Materials and instrume ntations

The chemicals used were obtained from commercial sources. Zirconium(IV) chloride
(ZrCly, 98%) was bought from Alfa Aesar, 1, 4-benzenedicarboxylic acid (H,BDC, >
99%) from Acros Organics, N,N-dimethylformamide (DMF, 99.5%) from Fisher
Chemicals, and lithum chloride anhydrous was purchased from Fischer Scientific. No

further purification was carried out. The water used was Millipore deionized water.
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Powder X-ray diffractometry (PXRD) was performed at room temperature on a Bruker
D2 Phaser powder diffractometer equipped with a flat silicon, low background sample
holder using Cu-Ka radiation (A = 1.5418 A) in the range of 5° < 20 < 50° with a
scanning rate of 0.0125° s-1 (300 W, 30 kV, 10 mA). The analyses of the diffractograms

were carried out with the “Match! 3.5.3.109” software.

SEM images were acquired on a Jeol JSM-6510LV QSEM Advanced electron
microscope (Jeol, Akishima, Japan) with a LaB6 cathode at 5-20 keV. The microscope
was equipped with an Xflash 410 (Bruker, Billerica, US) silicon drift detector and the

Bruker ESPRIT software for EDX analysis.

The adsorption—desorption isotherms of nitrogen were measured at 77 K using an
Autosorb-6 from Quantachrome and evaluated with the AsiQwin V3 software. For
activation, the sample was degassed in a vacuum of 5 X 1072 mbar at 150 °C for 12 h.
The Brunauer—Emmett—Teller (BET) surface areas were calculated in the p/p,range of
0.01-0.05. Total pore volumes were calculated from nitrogen adsorption isotherms at
p/po=0.90. Nitrogen sorption isotherms were also measured on a Micrometrics ASAP
2020 in order to obtain the pore size distribution which was calculated using NDFT

method at 77 K for “N; on cylindrical pores”.

Flame atomic absorption spectroscopy (AAS) was performed on a PerkinElmer
PinAAcle 900T spectrometer equipped with a single element lithium hollow cathode
lamp using mixture gases of N,O and air. The wavelength of Li is 670.78 nm. The slit

width in the spectrometer was 0.2 nm.

A Varian 715-ES ICP-optical emission spectrometer was used. Approximately 5 mg of
the sample was mixed with 8 mL of aqua regia and 2 mL of hydrofluoric acid. The
digestion was performed in a microwave-assisted sample preparation system

"Multiwave PRO" from Anton Paar at ~220 °C and ~50 bar pressure. The digested

31



solution was filled up to 100 mL and measured with ICP-OES. The data analysis was

performed on the Varian 715-ES software "ICP Expert".

Water vapor sorption multi-cycle tests of the composites were carried out with a
gravimetric SPS11-10p water sorption analyzer from proUmid, Germany. The mass of
the sample was recorded every 10 minutes by an electronic balance with an accuracy
of +10 pg. For each sample, the mass change at different sorption times was calculated
as mass change at equilibrium related to the lowest net weight in %. The cycles between
a relative humidity of 90% and 0% were carried out under a maximum equilibration
time of 3 hours per climate cycle. The minimal mass of each sample was 50 mg. The
adsorption kinetics curve was acquired at 20 °C and at a set target relative humidity of
90%, which took around one hour to achieve in the chamber. Another 40 cycles were
performed under arelative humidity of 80% and 20% with a maximal equilibration time

per climate cycle of 2 h. The general equilibrium condition was 0.01% per 15 minutes.

Volumetric water vapor sorption isotherms were measured on a Quantachrome VSTAR
vapor sorption analyzer at 293 K. For activation, the sample was evacuated on the
FloVac®Degasser at 150 °C for 16 h. The volumetric water sorption measurement was
performed under the possible "slowest" condition, that is, the maximum possible time
provided by the setting parameters before the measurement advanced to the next data
point. The equilibrium settings for volumetric measurement under ‘pressure points
mode’ were ‘Equilibrium points number: 10’; ‘Equilibrium points interval time (s): 90
to 180’; ‘Sorption rate limit (Torr/min): 0.001 to 0.01°. From repeated and reproducible
volumetric water vapor sorption isotherms the variance of the water uptake values is

around 5%.

Thermogravimetric analysis (TGA) was done with a Netzsch TG 209 F3 Tarsus in the
range from 25 to 600 °C, equipped with an Al,Os-crucible and applying a heating rate

of 5 K-min'! under air atmosphere.
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Synthesis of UiO-66

Ui0-66,  [Zre(us-O)(13-OH)4(BDC)s] (BDC =  benzene-14-dicarboxylate,
terephthalate) was synthesized using a slightly modified procedure of Lillerud et al.?*
with decreasing the amount of N ,N-dimethylformamide, DMF. The molar ratio of the
reactants was ZrCly: H,BDC: DMF = 1: 1: 135. The typical synthesis procedure was as
follows: ZrCly (2.33 g, 10 mmol) was dissolved in 55 mL of DMF and terephthalic acid
(1.66 g, 10 mmol) in 50 mL of DMF. The ligand solution wasslowly added to the metal
salt solution and after 30 min of stirring, the mixture was distributed into three
appropriately-sized Teflon-lined autoclaves. The autoclaves were placed in an oven at
120 °C for 24 h. The precipitates were collected via centrifugation, thoroughly washed
with DMF (20 mL twice) and then immersed mn 20 mL of methanol for 3 days. After
separation, the solid products were dried in the oven at 65 °C overnight and then in a

vacuum oven (5 x 10-2 mbar) at 150 °C for 12 h. The combined yield was 1.88 g (68%).
Preparation of LiCl@UiO-66 CSPM samples

Three different concentrations of LiCl solution with 5.9 mol/L, 10.1 molL and 15.5
mol/L were prepared. UiO-66 samples were outgassed at 150 °C under vacuum (5 x
102 mbar) to remove water and volatile impurities. Activated UiO-66 (500 mg) was
immersed in 10 mL of LiCl solution with different concentrations for 4 hours atroom
temperature. The solid samples were separated from the LiCl solution by centrifugation
and decantation of the supernatant, then washed one time with 8 mL of water for 5
minutes to remove any salt adhering to the outside surface of the MOF particles
(Scheme S1, ESIT). Finally, the samples were dried at 65 °C in an oven overnight.
Yields were 515 mg, 550 mg and 587 mg, for LiCl@UiO-66 x, x = 9, 19, 30,
respectively. For impregnation, the times of 12 h?2:3! and of 2h or less30-3% were reported
in the literature. We have conducted the impregnation procedure for 6 or 4 hours with
different concentrations of LiCl, which led to similar results. Thus, we decided to

choose the less time-consuming procedure.
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The composite LiCl@UiO-66 36 wasobtained from UiO-66 impregnated with the 15.5
mol/L LiCl solution under the same condition, except that the washing process was

only 2 minutes.

For the recycled UiO-66 from LiCl@UiO-66 30, samples of 50 mg each were
immersed in 10 mL of methanol under stirring for 12 h, and then separated by

centrifugation. The samples were dried and kept at 65 °C until analyzed further.

Results and discussion
Synthesis

Lithium chloride wasused because of its large availability, low cost and excellent water
vapor uptake capacity. Three UiO-66-based CSPMs were synthesized by immersion of
activated UiO-66 (outgassed at 150 °C for 16 h under vacuum) in an aqueous solution
(10 mL) of LiCl with different concentrations (5.9 mol/L, 10.1 mol/L and 15.5 mol/L)
for 4 hours at room temperature (see Exp. section for details). We used a salt solution
whose volume (Vs) exceeded the pore volume of the UiO-66 amount (Vp, that is, Vs >
Vp). This method is called wet impregnation.?8 If the volume of the salt solution would
have been the same as the pore volume (ie. Vs = Vp) then this method is termed dry

impregnation or incipient wetness impregnation. 2

By mass, the offered amounts of LiCl were 2.5 g, 4.2 g and 6.7 g per 0.5 g of MOF.
The samples were collected after centrifugation and washed to remove the inorganic
salt adhering at the outside of the UiO-66 matrix. From atomic absorption spectroscopy
(AAS) the mass fraction of LiCl in the CSPM samples was determined to 9, 19 and 30
wt% (see details in the ESIf). The samples were abbreviated accordingly as
LiCl@UiO-66_x, where x is the mass fraction my;c)/mcspy x 100% of LiCl in the
composite (Table 1). The wt% of both Li and Zr was measured by inductively coupled
plasma — optical emission spectroscopy (ICP-OES), confirming the above AAS values

for wt% LiCl, and yielding the molar ratio of Li to Zr (Table 1). The amount of LiCl in
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the composite increases, with the increase of impregnation salt concentration (Table 1).
Still, from the theoretically possible loading of about 90 wt% of LiCl only about 30
wt% of LiCl were found incorporated (after the washing step).

Table 1 LiCl content in UiO-66-based CSPMs
theor. wt% LiCl wt% LiCl

Composite? max" content®  content®by ICP- Ato m l;i'itw
Wt% LiCl by AAS OES Li:Z
LiCl@UiO-66_9 &3 9 10 0.88
LiCl@UiO-66_19 89 19 20 1.53
LiCl@UiO-66 30 93 30 29 2.80

a The suffix xin LiCl@UiO-66 x indicates the wt% LiCl = my;c/mespm x 100% in
the composite and was derived from the postsynthetic AAS measurement. b The
theoretical maximum wt% LiCl if the full amount of LiCl would have been impregnated
mnto the MOF. ¢ LiCl content calculated from postsynthetic Li determination by AAS
or ICP-OES, standard deviation of wt% LiCl is £1. 4 The atomic ratio of Li: Zr was
measured by ICP-OES

We emphasize that in our wet impregnation we did not let dry the excess salt solution
to prevent salt precipitation on the matrix surface. In our work a specific amount of
deionized water was used to remove the excess salt adhered on the external surfaces of
the composites. Hence, only part of the salt inserted into the pores of the material and
the rest was removed. It is worth noting that such washing workups are necessary in
order to remove free inorganic salt precipitates from the external surfaces of MOF and
to achieve a true salt@MOF incorporation in a composite. Yet such washing is rarely
done in the literature following the wet impregnation.23 Most authors simply allow the
solvent from the salt solution to dry without separation by decantation or washing.3%-3!
This then yields rather a physical mixture of salt and MOF with only part of the salt
incorporated into the MOF. In comparison to other wet impregnation works with a
similar separation (and washing) workup, the salt content of the LiCl@UiOs composite
presented here is similar to the achieved salt incorporation in other works.3¢-37 For
example, for lithum chloride m silica gel the LiCl content in the composite was 13 wt%
when the lithium chloride solution was 30 wt%.3¢ When impregnating calcium chloride

in silica gel the CaCl, content in the composite was between 12 and 35 wt% for CaCl,
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offered up to the solubility lLimit in water.3” Noteworthy, for salt@MOF no similar
separation (and washing) workups seemto have been done following wetimpregnation.
Other authors use wet impregnation without including a separation step of the
supernatant excess salt solution and allow the salt solution to dry with salt precipitation
on the matrix surface. Then higher weight percentages of salt@MOF became possible,

such as 60 wt% CaCl, or 42 wt% LiCl in MIL-101(Cr).3!

Powder X-ray diffractograms (PXRDs) of UiO-66 and CSPMs show that the structure
of UiO-66 is preserved after the wet impregnation with LiCl solution (Fig. 1).
Reflections corresponding to anhydrous or hydrated LiCl are not clearly observed in
the PXRD pattern of the CSPM samples, although there may be an overlap with the
nearby UiO reflections in the 20 region of 30-36°. Still the almost absence of the
characteristic peak at 24° 20 for LiCI'-H,O rules out a significant LiCl-H,O
crystallization on the outer MOF surface. Inside the MOF, the pores are too small to
allow for the formation of a diffracting crystalline LiCl phase, that is, with several unit
cells in each direction. For the three CSPM samples, a significant decrease of the
relative intensity of the diffraction Bragg peaks was observed with increasing LiCl
content and in comparison to neat UiO-66 (under identical measurement conditions).
This decrease is caused by the inorganic salt inside the matrix. We use approximately
the same mass amount of the probes in our given sample holders. As the relative amount
of MOF decreases in the composite with higher (non-diffracting) salt content, there will
be less amount of MOF on the sample holder. With the incorporation of guest species
in the pores of MOFs, also the electron density changes can lead to the decrease of
PXRD intensity, especially in the low-angle range.30-38-39 Scanning electron microscopy
(SEM) images show that UiO-66 is crystallized as intergrown nano-sized particles.
Under higher magnification, round 200 nm-sized particles could be observed. The SEM
images of UiO-66 and its CSPMs show retention of crystallite morphology (Fig. 2).

This also supports the absence of LiCl having formed outside the UiO-66 particles.
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Fig.1 PXRD patterns of UiO-66, LiCl@UiO-66 x, x=9, 19, 30, anhydrous LiCl (COD
number:1011314), LiCI-H,O (COD number:101495) and simulated diffractogram of
Ui0-66 (CCDC number: 1018045).40

Fig. 2 SEM images of Ui0-66 and LiCl@UiO-66 x, x =9, 19, 30. Scale bar 5 pm.

Lithium cannot be detected by energy dispersive X-ray (EDX) detector because as a
light element it has a low X-ray (emission) yield due to the competing and predominant
Auger electron emission.*? The co-existence of Zr and Cl in the CSPM samples was
confirmed by SEM-EDX elemental mapping (Fig. S3, ESIf) and demonstrates that

LiCl was homogeneously distributed.

UiO-66 and other Zr-MOFs are known for and prone to missing-linker defects.*
Zirconium-based MOFs can tolerate a detectable and significant defect amount without

losing their structural stabilities.#! The calculation of linker defects was carried out by
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the quantitative analysis of thermogravimetric analysis (TGA) data (Fig. S4, ESIT) and
followed the determination of linker defects by Shearer.4?> From TGA the number of
missing-linker defects of UiO-66 was derived as 1.4 and the corresponding simplified

formula unit then should be [ZrsO7.4(BDC)4¢] (compared to [ZrsOs(BDC)g]).

Nitrogen physisorption measurements on neat UiO-66 and CSPMs exhibit Type I
isotherms, which are indicative of microporous materials.4® As shown in Fig. 3a, the
nitrogen adsorption and desorption isotherms showed almost no hysteresis. Brunauer-
Emmett-Teller (BET) surface area, total and micropore volume in the CSPMs exhibited
a significant decrease, compared to neat UiO-66 (Table 2). This is attributed to the fact
that the micropores of UiO-66 are filled with the incorporated LiCl. This pore filling
by LiCl in an otherwise unchanged UiO-66 structure was verified through the removal
of LiCl and the re-establishing of the original porosity. To remove LiCl, LiCl@UiO-
66 30 was immersed in methanol for 12 h at room temperature (see Exp. section for
details). The regained UiO-66 had a BET surface area of 1324 m?/g and a total pore
volume of 0.53 cm?/g, which is similar to pristine UiO-66 (1360 m?/g and 0.55 cm?/g)
(Table 2). The PXRD of the regained UiO-66 from LiCl@UiO-66 30 exhibits similar
peak intensities to pristine UiO-66 under identical measurement conditions and,
thereby, confirmed the interpretation of decreasing peak intensity being due to the LiCl

content (Fig. S5, ESIY).
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Fig. 3 a) N, sorption isotherms of UiO-66 and LiCl@UiO-66 x (x=9, 19, 30). Filled
symbols, adsorption; empty symbols, desorption. b) Pore size distribution of UiO-66
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and LiCl@UiO-66 x. Pore size distributions were derived using the NLDFT method at
77 K.

The neat UiO-66 framework features pores of 8 and 11 A (Fig. 3b), which are attributed
to the tetrahedral and octahedral cages,*-4¢ with the cages connected by triangular
windows with an aperture width of 6 A. The pore diameter range between~14 to 18 A
is due to missing cluster (reo-type) defects.4’4® CSPMs exhibit similar pore size
distributions from UiO-66, however, the pores with 6 and 8 A width are slightly shifted
to smaller diameters, while the relative number of pores centered at 11 and 16 A of

UiO-66 decreased with the increase of impregnated salt in the CSPMs.

Table 2 Porosity characteristics of neat UiO-66 and LiCl@UiO0-66 x, x=9, 19, 30

SBET Viotal Vmicro Vmicro/ Vtotal
[m¥/g]* [em*/gl®  [em¥/gl*
Ui0-66 1360 0.55 0.42 0.76
LiCl@UiO-66_9 1148 0.47 0.37 0.79
LiCl@wUiO-66_19 966 0.39 0.31 0.79
LiCl@UiO-66_30 874 0.35 0.28 0.80
recycled UiO-66 from 1324 0.55 0.43 0.78

LiCl@UiO-66 30
2 Brunauer-Emmett-Teller (BET) surface areas SBET were obtained from five

adsorption points in the pressure range p/p0 = 0.01 - 0.05. ® Total pore volume Vi
calculated from N2 sorption isotherm at 77 K (p/po = 0.90) for pores <20 nm diameter.
¢ Micropore volume obtained using the t-plot method from five adsorption points in the
pressure range p/p0 = 0.05 — 0.18.

Water sorption properties

Water vapor sorption isotherms of neat UiO-66, the pure LiCl salt and the three CSPMs
were volumetrically measured to examine the effect of the incorporated inorganic salt

(Fig. 4a).
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Fig. 4 a) Water sorption isotherms of neat LiCl, UiO-66 and LiCl@UiO-66 x, x=9, 19,
30. Closed and open symbols refer to adsorption and desorption. The LiCl water uptake
extends up to 5.46 g/g (Fig. S6, ESIT). b) Expanded uptake for clarity in the range of 0
< p/pp < 0.30. From repeated and reproducible volumetric water vapor sorption
isotherms the variance of the water uptake values is around 5%.

The isotherm of UiO-66 shows an S shape curve (Type V isotherm).#* Three CSPMs
mainly exhibit an already increased water uptake over UiO-66 in the low-pressure
region, in line with the first uptake step of LiCl at 0.05 p/po. The isotherm of the bulk
salt shows the step-wise formation of the lithium chloride hydrates. This first uptake
step of LiCl of 0.21 g/g below 0.1 p/po can be ascribed to the formation of LiCI-0.5H,0.
The large uptake jump for LiCl at~0.15 p/py or the second uptake step leading to about
1.25 g of H,O/g(LiC)) is due to the formation of LiCl-:3H,0 hydrate. LiCl@UiO-66 30
also displays the second step related to the hydration of LiCl. Noteworthy, the
LiCl@UiO-66 19 and -30 surpass and LiCl@UiO-66 9 matches the LiCl wateruptake
up to ~0.14 p/p, (Table 3, values at p/py = 0.1). This is remarkable in view of their lower

LiCl content and the only very small uptake contribution from UiO-66.

Concerning the relative uptake pressure, a higher water uptake at low relative pressure
over neat LiCl may be viewed as disadvantage for low-temperature regeneration.
However, regeneration is never to be seen as an isolated process, since what matters is
the exchanged amount of water per cycle. In general, it is correct that, in absolute terms,

an uptake at a relative pressure as low as possible at a given desorption temperature is
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favorable. However, when it comes to the application, the water exchange per cycle

becomes more important.

If the water uptake of the three composites at p/pp = 0.1 (deducting the UiO
contribution) is related to their LiCl wt%, we have 156/0.09, 228/0.19 and 235/0.30
mg(H,0)/g(LiCl). This translates into a hydration state of LiCl-4H,0O for LiCl@UiO-
66 9, of LiCI-3H,O for LiCl@UiO-66 19 and of LiCl-2H,0O for LiCl@UiO-66 30 at
p/po = 0.1 which is much higher than for neat LiCl. This increased hydration is traced
to the nanodispersion of LiCl in the MOF matrix in connection with the surface energy
of these LiCl nanoclusters. The smaller nanoclusters in LiCl@UiO-66 9 will have a
higher surface energy and thereby adsorb relatively more water on a mg(H,0)/g(LiCl)
basis at the low p/py values. This data is not to be confused with the data in Table 3
which is on a mg(H»0)/g(CSPM) for LiCl@UiO-66 _x. Hence, it canbe concluded that
the properties of a “salt” in a porous matrix vary from those of the neat or bulk salt, due
to the interactions between the salt and the matrix, the dispersion of a small particle size

and its hydration behavior from the higher salt cluster-surface energy.>°

Table 3 Water vapor uptake for neat and CSPMs at the specific relative pressure
Volumetric water uptake [mg/g] *®* Gravimetric water

at p/po = uptake [mg/g] ?
0.1 0.3 0.9 (at p/po =0.9)
Ui0-66 36 179 393 384
LiCl 216 1646 5460 —
LiCl@UiO-66 9 192 338 894 887
LiCl@UiO-66 19 264 455 1628 1682
LiCl@UiO-66_30 271 595 2153 2191

a The data means mg(H,0)/g(CSPM) for LiCl@UiO-66 x. ® From repeated and
reproducible volumetric water vapor sorption isotherms the variance of the water
uptake values is around 5%.

The CSPMs LiCl@UiO-66 19 and -30 continue to steadily adsorb water in a Type III
isotherm branch above 0.2 p/py again in line with the continuing strong increase in water
uptake for LiCl after the second step. For LiCl@UiO-66 9 the water uptake reaches a
plateau between 0.25 < p/py < 0.45 and the increase in uptake is assumed above 0.5

p/po. Evidently, the water uptake of UiO-66-based CSPMs is greatly enhanced over the
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whole relative pressure (p/po) range in comparison with neat UiO-66, demonstrating
that LiCl is very effective in increasing the water uptake. In addition, it is known that
the inorganic salts could be deposited on the external surface area of the matrix after
the pores were completely filled. We have also prepared samples with a higher than 30
wt% amount of LiCl in the CSPM composites LiCl@UiO-66 36 (see Exp. section for
details). However, this sample showed the deliquescence phenomenon after water
sorption measurement, which is not desirable for AHT applications. Hence, we did not
include a detailed analysis of these samples in the present work. Our samples with up
to~30 wt% amount of LiCl in the CSPM did not show a deliquescence phenomenon
even after repeated water sorption measurements, which was supported by the optical
microscopy images of LiCl@UiO-66 30 (Fig. S7, ESIT). It could be expected that the
pore structure of the metal-organic framework could efficiently prevent the confined
inorganic salt from leaching out, due to the limited ability of water uptake to achieve

dissolution.

To visualize the water vapor uptake in detail, only the adsorption isotherm parts in the
range 0 < p/pp < 0.3 were plotted (Fig. 4b). The three LiCl@UiO-66 x (x=9, 19, 30)
CSPMs are more hydrophilic than neat UiO-66 at the mitial relative pressure.
LiCl@UiO-66 30 assumes the character of pure LiCl and has a slightly weaker uptake
of water molecules than LiCl@UiO-66 19 in the low-pressure region up to p/po < 0.05.
This may be due to a faster uptake in the less congested pores of LiCl@UiO-66 19
while the higher loaded LiCl@UiO-66 30 would need more time to reach the
equilibrium pore filling especially at low pressure. The thermodynamic equilibrium is
not necessarily reached in the volumetric adsorption measurement if the set pressure
difference criteria (albeit set to the lowest possible value) advance the measurement to
the next data point. Above p/py = 0.15 the higher amount of LiCl incorporated in the
micropores of UiO-66 also leads to an increased water vapor uptake. The water amounts

adsorbed at p/py = 0.3 reached 0.34 g/g, 0.45 g/g, 0.60 g/g, respectively, which is much
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higher than for neat UiO-66 (0.18 g/g) (Table 3, Fig. 5). Remarkably the LiCl
incorporation increases the water uptake capacity of UiO-66 from 0.18 to 0.60 at p/po
= 0.3. The water vapor uptakes measured volumetrically for UiO-66 and the three
LiCl@UiO-66 x composites are consistent with the results from the gravimetric

measurement (at 0.9 p/py, Table 3).
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4000 -
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Fig. 5 The water capacity of neat UiO-66, the pure LiCl and the three composites
LiClwUiO0-66 x (x=9, 19, 30). From repeated and reproducible volumetric water vapor
sorption isotherms the variance of the water uptake values is around 5%.

In order to evaluate the cycling stability of the CSPMs, the samples were tested
gravimetrically by alternatingly exposing the samples to a relative humidity of 90% and
0% (Fig. 6). Like UiO-66, none of the LiCl@UiO-66 x CSPMs shows a visible loss in
water uptake. The deviation is —3%, —1% and —4% only (for x =9, 19, 30, respectively)
after 10 adsorption-desorption cycles compared to the first cycle, which is still within
experimental error and the variation seen over the 10 cycles. More cycling experiments
were performed under a relative humidity of 80% and 20% (Fig. S8, ESI{) to confirm
the stability under practical engineering applications, as a relative humidity of 0% is
hardly achieved in a practical device. Over 40 cycles only a slight fluctuation around
the equilibrium uptake was observed, which is within the experimental error and caused
of the balance drift, but there was no decrease in uptake. In conclusion, the CSPM

materials can be viewed as stable towards cyclic water adsorption and desorption within
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the test procedure and should also be stable under application related conditions. Thus,
the superior stability and higher uptake capacity of UiO-66-based CSPMs provides a

practical value towards adsorption heat pump application.
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Fig. 6 Gravimetric adsorption and desorption cycles of UiO-66 (black) and the CSPMs
LiClwUi0-66_x, x=9 (blue), 19 (pink), 30 (green) curve. The gravimetric multi-cycle
tests were carried out between a relative humidity of 90% and 0% under a maximum
equilibration time of 3 hours.
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Fig. 7 Gravimetric water sorption measurements of UiO-66 (black) and the CSPMs
LiCl@UiO-66 x, x=9 (blue), 19 (pink), 30 (green) curve at 20 °C in comparison to the
kinetics curve to reach a set target relative humidity of 90% in the chamber (wine red).

Kinetic study

While for adsorption heat pump applications the specific vapor uptake is of primary
importance, adsorption kinetics has also to be taken into consideration and is often

overlooked. Fig. 7 shows that dynamic water sorption of uptake over time has a short
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induction period of ~500 s, followed by a fast uptake section and a slow-down as the
amount of adsorbed water vapor gradually reaches saturation. The induction period can
be best seen for the pristhte MOF and the two 19 and 30 composites in the range
from 0 to ~500 seconds. The slope in this time period is not as steep as that of the curves
between ~500 to ~1500 seconds. The induction period is mainly caused by the still low
relative humidity in the device chamber. The increase in adsorbed water quantity is
mtimately related to the amount of impregnated salt. The gravimetric water uptake over
time of the pristine UiO-66 and three LiCl@UiO-66 x composites were fitted well with

a pseudo-first order model (Eq. (1), Table 4, Fig. S9, ESI¥).

qr = qe(1 —e™*Y) )

Here, g. stands for the equilibrium water sorption quantity (mg/g), ¢ stands for the
dynamic water sorption quantity (mg/g), k stands for the rate coefficient (s!) and ¢ for
time (s). It can be seen from Table 4 that the kinetics of water sorption for the host
matrix UiO-66 is faster than that for CSPM adsorbents. UiO-66 reaches saturation, that
is, the equilibrium water uptake much faster (after about 3000 s) than the CSPMs which
need over 10000 s. This is caused by the increased diffusion resistance due to the
hygroscopic salt incorporated into the matrix pores.’! The CSPMs adsorb a larger
amount of water vapor compared to UiO-66 due to the added affinity of LiCL. Yet, the
amount of larger pores which enable a faster diffusion has decreased in the composites
(cf. Fig. 3b). Therefore, a longer time is required to reach a saturated or equilibrium
adsorption amount, which leads to a lower adsorption rate coefficient of the composite
salt compared to the pristine material. Similarly, Teo et al. showed that the adsorption
rate coefficient of 5% Li(Na) incorporated MIL-101(Cr) is slower than that of pristine

MIL-101(Cr).2!
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Table 4 Kinetic parameters from gravimetric water sorption over time.?

e (Mg/g) k (1/s) R?
Ui0-66 390(8) 6.7(6) x 10 0.9620
LiICI@UiO-66 9  985(24) 2.0(1) x 104 0.9905
LiCIQUiO-66 19 2056(23) 1.54(3) x 10 0.9994
LiCI@UiO-66 30  2619(36) 1.62(4) x 10 0.9990

2 Obtained from fitting the gravimetric measurement with Eq. (1) (cf. Fig. 7 and Fig.
S9, ESIT). Standard deviations are given in parentheses.

For CSPM, the adsorption rate coefficient decreased from LiCl@UiO-66 9 with the
increasing incorporated amount of LiCl to LiCl@UiO-66 19 and 30, which have a
similar rate coefficient. Still, the adsorption rate coefficient of CSPM in this work is
higher than for silica gel impregnated with LiCL, LiBr and CaCl,, where k ranges from
9.03 x 10% s to 1.49 x 10 s'1.52 From Eq. (1), the calculated equilibrium (saturation)
water sorption quantity g (for an infinite time at 90% rel. humidity) for pristine UiO-
66 and three CSPMs is 390 mg/g, 985 mg/g, 2056 mg/g and 2619 mg/g (Table 4). For
neat UiO-66 this g. value compares well with the volumetric water uptake of 393 mg/g
at p/po = 0.9 (Table 3) but g. is increasingly higher than the volumetric water uptake at
p/po = 0.9 with higher salt content. For LiCl@UiO-66 30 ¢.is 2619 mg/g while the
volumetric water uptake at p/pp = 0.9 was only 2153 mg/g (Table 3). This can indicate
that the volumetric uptake was not in full equilibrium. For very slow uptakes with
decreasingly small pressure differences over time, the set measurement boundary
conditions will advance the automatic sorption analyzer to the next data point before

full equilibrium was reached.
Coefficient of performance (COP)

COP is a commonly adopted indicator of the thermodynamic efficiency of the cycling
process and depends strongly on the operating conditions. COP is determined as useful
energy output divided by the required energy as input,! which for the heating model

(COPy) is given by Eq. (2) with heat from condensation (Q¢nq) and heat of adsorption
(Qads)~
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COPH — _(QCQOn+ Qads) (2)
regen

The COPy values can range from 1 to 2.! The higher the COPy values, the better the
energetic efficiency for the heating mode. The volumetric adsorption data were fitted
using with the Dubinin-Astakhov approach, which is quite common for water@zeolite -
systems.36:37:33 Ag conditions for a heat pump an evaporator (cold) temperature of 10
°C, a heating or adsorption temperature of 40°C and a driving (desorption) temperature
of 90 °C was used. This leads to a COPy of 1.64 for LiCl@UiO-66_30 (see details, in

ESIY).

In other work, the coefficient of performance (given in parentheses) for CAU-10 (1.15-
1.3) and SAPO-34 (1.35-1.6) under the desorption temperature ranging from 80 °C-
120°C was lower than 1.64, and only MIL-160 showed a slightly higher COP value of
1.67 than LiCl@UiO-66 30 (1.64) when a desorption temperature higher than 100 °C
was applied (Table 5).54 Also, the COP value was lower for MOF-801(Zr) (1-1.58) and
benchmark AQSOA-Z02 (1.35-1.6) with water as working pair, MIL-53(Cr) (1-1.52),
Zn(BDC)(DABCO)y 5 (1-1.55) and activated carbon (1-1.51) with methanol as working
pair under desorption temperatures ranging from 80 °C-120 °C.! For the adsorbent-
adsorbate pairs such as MIL-101-methanol, SG/LiBr-methanol, CAU-3-ethanol,
Maxsorb III-ethanol, and AX-21-ammonia, the COPyranged only from1.0 to 1.2.35 For
salt@silica gel SWS composites, the COP value for SWS-1S (1.1-1.4) was lower than
1.64, and the highest COP value for SWS-2L(57) (1.2-1.65) was close to LiCl@UiO-
66 30 (1.64), however, the desorption temperature was in the range of 125-150 °C
(Table 5).3¢ Thus, LiCl@UiO-66 30 (1.64) is promising for its high COP value and a

relatively low desorption temperature for regeneration.
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Table 5 Coefficients of performance (COPy) for comparative materials.
Working condition, °C

Compound adsorbate (Tuvan /Tote /T ) COPy Ref.
LiCl@UiO-66 30 water 10/40/90 1.64 This
work

CAU-10 water 15/45/80-120 1.15-1.3 54
SAPO-34 water 15/45/80-120 1.35-1.6 54
MIL-160 water 15/45/80-120 1.2-1.67 54
MOF-801(Zr) water 15/45/80-120 1-1.58 1
;%gcmark AQSOA- ter 15/45/80-120 13516 1
MIL-53(Cr) methanol  15/45/80-120 1-1.52 |
Zn(BDC)(DABCO)g 5 methanol  15/45/80-120 1-1.55 1
activated carbon methanol  15/45/80-120 1-1.51 1
MIL-101 methanol -23/50/140-190 1-1.21 55
Silica/LiBr methanol  -23/50/140-190 1-1.11 55
CAU-3 ethanol -23/50/140-180 1-1.07 55
Maxsorb 111 ethanol -23/50/140-180 1-1.11 55
AX-21(active carbon) ammonia  -23/50/140-190 1-1.18 55
SWS-1S 2 water 7/55/100-135 1.1-1.4 56
SWS-2L(57) b water 7/55/125-150 1.2-1.65 56

a SWS-1S refers to a silica gel with average pore radius of 1.8 nm filled with 21.7%
CaCl,. ® SWS-2L(57) refers to a silica gel with average pore radius of 7.5 nm filled
with 57% LiBr.

Thermal batteries applications

Adsorption-based thermal batteries (ATBs) have been recently introduced as an
alternative storage device to improve the usability of discontinuously supplied low-
grade energy for heating and cooling. The process is based on cyclic adsorption and
desorption of a working fluid on a porous material (Scheme 1). ATBs make use of heat
on different temperature levels such as thermal solar energy or industrial waste heat as

the regeneration energy instead of electricity or fossil fuels.37->8

=5

=
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(a) Charging (b) Discharging

Scheme 1 Schematic working principle of an adsorption-based thermal battery (ATB).
To charge the thermal battery (a), heat on a high temperature level has to be applied
and the working fluid (e.g., water) has to be collected in a storage using a condenser.
The battery can then be discharged (b) by evaporating the working fluid leading to its
adsorption. Thereby the ATB can be used for heating by making use of the heat of
adsorption as well as for cooling by using the heat of evaporation drawn from the

environment.
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Fig. 8 a) Water sorption isotherms of LiCl@UiO-66 30 at 293 K (black) and 303 K
(blue). b) Heat of adsorption LiCl@UiO-66 30. Straight dashed line is the heat of
evaporation of water with 44 kJ/mol at 298 K.

Following the work of Garzon-Tovar and co-workers,?? we chose the working capacity
atlow relative pressures (p/pp =0 —0.1) being desirable to diminish the requirement of
a compressor. Thus, the efficiency of a thermal battery is directly proportional to the
working capacity at p/pp = 0.1 (Table 3, Fig. 5). LiCl@UiO-66 30 has a high-water
capacity of 271 mg/g at p/pp = 0.1. The isosteric heat of adsorption for LiCl@UiO -
66 30 was calculated using water sorption isotherms (Fig. 8a) from two different
temperatures (293 K and 303 K) by applying the Clausius-Clapeyron equation (Eq. 3).
The heat of adsorption rises initially, goes through a maximum at a water uptake of 0.4
g/g, which coincides with the inflection point in the second uptake step in the
volumetric adsorption isotherm (Fig. 4b, Fig. 8a) and then declines gradually with

increasing water loading (Fig. 8b). It was found that AH,4s for a working capacity (Aw)
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of 271 mg/g (at p/po =0.1) was about 60 kJ/mol. The heat storage capacity (Cys) was

estimated according to Eq. 4.

P\T,'T,

AHg 4 =—R-1 (—) — 2
ads n P1 TZ _ Tl (3)
AH ds : Aw
Cps = (;V[ (4)
w

Where M,, is the molecular mass of water. The heat storage capacity (Cys) for
LiClwUiO-66 30 was calculated to 900 kl/kg (= 0.25 kWh/kg), which outperforms
CaCL@UiO-66 38 with a Cys value of 367 kJ/kg.2? According to the U.S. Department
of Energy (DOE),>® the minimum heat storage capacity for ATBs should be 2.5 kWh
with the condition of the maximum weight of the heat exchanger system of 35 kg. To
achieve the targeted minimum heat storage capacity, only 10 kg of LiCl@UiO-66 30
would be needed. This makes LiCl@UiO-66 30 a promising candidate applicable in

adsorption-based thermal batteries.

Conclusions

MOF-based composites of ‘salt inside porous matrix’ with LiCl@UiO-66 were
fabricated by a facile post-modification wet-impregnation method. Thorough
characterization by AAS, ICP-OES, PXRD, N, sorption with BET analysis and
SEM/EDX in comparison to neat UiO-66 confirm the incorporation of LiCl inside the
MOF. Not only the water uptake capacity of LiICl@UiO-66 significantly increased over
neat UiO-66, but an analysis of the water vapor sorption isotherms also shows at p/py =
0.1 a hydration state of LiCl inside the MOF which is much higher than for neat LiCl.
This is traced to the dispersion of small LiCl clusters with their high surface energy in

the porous matrix. A kinetic analysis of the water uptake from a gravimetric

50



measurement over time reveals the expected slower adsorption in LiCl@UiO-66 over
neat UiO-66 due to pore blocking effects. More importantly, this kinetic analysis also
suggests that the volumetric water sorption measurements have not reached full
equilibrium, lacking for example an uptake of over 400 mg/g for LiCl@UiO-66 30 at
p/po =0.9 due to instrument artefacts. The high-water adsorption amount of LiCl@UiO -
66 30 of 271 mg/g at p/po = 0.1 coincides with a heat storage capacity of 900 kJ kg1,
which makes this hydrothermally stable composite readily applicable m thermal
batteries and adsorption heat pumps. As a vision for future work, we believe that a
matrix with a larger pore size could not only increase the loading of inorganic salts but
also the uptake kinetics. On the premise of ensuring no deliquescence, we plan to test
if the optimal loading of inorganic salts inside matrix possessing a larger pore size could

then yield promote a better performance in practical applications.
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Principle of heat transformation processes

Sorption material, w%

Working fluid Working fluid
\ 1. Working cycle / 2. Regeneration cycle

Fig. S1 In the working cycle, a working fluid (favorably water due to its high

evaporation enthalpy and nontoxicity) is evaporated at a low pressure, taking up
evaporation heat Qcqp. During incorporation ito a porous material, heat of adsorption
Q.ds 1s released. In the regeneration cycle, driving heat Qg for desorption is applied,
and further condensation takes place at a medium temperature level and releases
condensation heat Qqong. Depending on the operation direction, the device canbe used
as a chiller or a heat pump. Adapted from ref.! with permission from The Royal Society
of Chemistry, copyright 2012.

Mechanism of water sorption for a CSPM

impregnated
INITIAL STATE anhvdmu-\ salt solid crystalline

hydrates

"” e "”
i e

+ H,0
\urphun

FINAL STATE Lwltaqmm

solution

v solid crystalline
]'I}d.l’dll:!i

Fig. S2 Schematic presentation of the mechanistic aspects of water sorption of
composite salts inside porous matrix (CSPM). Reprinted from ref.2. Copyright Proc. VI
Minsk International Seminar ‘Heat Pipes, Heat Pumps, Refrigerators’, 2005.
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Experimental sche me

Remove Remove
supernatant  supernatant | .

4h, RT + water gte
under stirring o

Degassed UiO-66 LiCl solution LiCI@UiO-66 composite

Scheme S1 Pictorial presentation of the work-flow to prepare LiCl@UiO-66 composite
(CSPM) samples.

Solution preparation for atomic absorption spectroscopy (AAS)

The composites were outgassed at 150 °C under vacuum (0.05 mbar) for 2 h. Then a
chosen amount (around 5 mg) of each composite was weighed with high accuracy into
a 1.5 mL centrifuge tube (Eppendorf tube) and around 20 mg of CsF was added. Then
two drops (0.1 mL) of 12 mol/L HCl and 1 mL of water were added. The dispersions
were left standing overnight to achieve complete degradation. At last, the solutions

were transferred to a 50 mL volumetric flask and water was added to the mark.

The mass fraction of myic//mcspm Was calculated by Equations S1 and S2:

My Nyep X My

Wt%(mLiCl /mCSpM) = = Sl
Megpy Mespy
ci XV
Nyicy = M S2
Li

where:

M, refers to the used chosen mass of the CSPM composites. cj; refers to the
concentration of Li (mg/L), which was obtamed from AAS analysis. V is the volume
of the measured solution (50 mL). My; refers to the atomic mass of Li (6.941 g/mol).

M_ ;¢ refers to the molar mass of LiCl (42.394 g/mol).
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Scanning electron microscopy (SEM) and energy-dis persive X-ray spe ctros copic

(EDX) elemental mapping of CSPM's

SEIl 20kV

SEl 20V wDemm NEQD  BUM  —

Fig. S3 SEM and EDX elemental mapping of zirconium (blue) and chloride (green) in
(a) Ui0-66 and (b-d) LiCl@UiO-66 x (x=9, 19, 30) (top to bottom).
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Determination of defects from thermogravimetric analysis (TGA)

100 220
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Fig. S4 TGA of UiO-66: normalized such that the mitial weight = 100% (left) and
normalized such that the final weight = 100% (right).

The solvent residues are removed under temperatures of 100 € . The dehydroxylation
of the {Zr¢O4(OH)4} secondary building units (SBUs) appears in the temperature
mterval between 100 °C and 435 °C to yield ZrsOg(BDC)g, followed by framework

decomposition above 435 °C.

Determination of defects per SBU of UiO-66 was calculated with the assumption that
the residue in TGA is pure ZrO, following the work of Shearer et. al.> The
dehydroxylated ideal (defect-free) UiO-66 ZrsOs(BDC)¢and its decomposition reaction

would then be as follows:

Zrs04(BDC) ¢ + 450, — 6Zr0, + 48C0, + 12H, 0

The needed theoretical TGA plateau weight Wrpeo plar. and the theoretical weight
contribution per BDC linker Wt.PLTheo was determined by Equation S3 and S4,

respectively:

MComp.

Wrheo.Plat = ( ) X WEna S3

My zr02
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WTheo.Plat - WEnd) S4

Wt PLTheO = < NLId l
ea

where

Mcomp 18 the molar mass of dehydroxylated, defect-free UiO-66 [Zre(ps-O)(us-
OH)4(BDC)¢] (1628.03 g/mol).

Mexz02 is the molar mass of 6 moles of zirconium oxide (739.34 g/mol)

Wend is the end weight of the TGA run (100 % as normalized in the right part of Figure
S2).

NLidealis the number of linkers (6) in the ideal Zrs formula unit.

As a result,

Wrheo.Plat for dehydroxylated UiO-66: Wrheo.Plat (U10-66) = 220.20 %

Wit.PLTheo (Ui0-66) = (220.20 — 100)/6 =20.03 %

The experimental number of linkers per defective Zrs-SBU, NLExp can be determined

by Eq. S5:

(WExp.Plat - WEnd)
Wt.PLrpero

NLg,p = (6 —x) = S5

where

Wexp.platis the experimental TGA plateau and canbe taken from the right part of Figure
S2 (WExp.Plat=192%).

x is the number of linker deficiencies per Zrg formula unit and can be determined by
following equation:

X = 6 — NLExp= 6 — [( WExp.Plat- WEnd)/Wt.PLTheo]= 6 — (192% — 100%)/20.03%
x= 14

With x we obtain the experimental molecular weight Mw by using ZrsOe+x(BDC)s-x
Mw (UiO-66) = 1427.10 g/mol
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PXRD of recycled UiO-66 from LiCl@UiO-66_30

—— LiCI@UiO-66 30
— Ui0-66

reclyed UiO-66
from LiCI@UI0-66_30

Intensity [a.u.]

10 20 30 40 50
2 Theta [°]

Fig. S5 PXRD patterns of UiO-66, LiCl@UiO-66 30 and recycled UiO-66 from

LiCl@UiO-66_30. Recycled UiO-66 was regained by immersing LiCl@UiO-66 30
mnto methanol for 12 hours.
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Water sorption isotherms
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Fig. S6 Water sorption isotherms of neat LiCl, UiO-66 and LiCl@UiO-66 x, x =9, 19,
30.

Fig. S7 Optical microscopy images of LiCl@UiO-66 30 (a) before and (b) after
repeated water sorption with no drying procedure. The scale bar in both images is 0.5
mm.
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Fig S8 Gravimetric adsorption and desorption cycles of UiO-66 (black) and the CSPMs
LiCl@UiO-66_x, x= 9 (blue), 19 (pink), 30 (green) curve for first (left) and second
(right) 20 cycles. The gravimetric multi-cycle tests were carried out between a relative
humidity of 80% and 20% under a maximum equilibration time of 2 hours. The
maximal number of cycles for the device is 20. When the first 20 cycles were finished,
the nstrument was restarted for the second 20 cycles with the sample remaining in the
mstrument. The data from 36 h to 42 h was excluded, as the sorption analyzer did not
reach the targeted relative humidity during these hours.
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Fitting curves for gravimetric water uptake over time

Water uptake [mg/g]

Water uptake [mg/g]
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S9 Gravimetric water sorption measurements of UiO-66 and the CSPMs
LiClwUi0-66 x, x =9, 19, 30 at 20 °C with corresponding fit curves using the

BoxLucas1 model in Origin.
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Coeflicient of performance, COP calculation

To assess the potential of the “salt@MOF” adsorbent in adsorption heat transformation,
the measured water adsorption data were transformed to the following equation
according to the Dubinin-Astakhov approach, which is quite common for

water@zeolite-systems.*>
W(A4) = Woexp[-(bA)"] S6

This approach defines an adsorbed volume W as W = X/puoiquia) and an adsorption

p
ps(T)

potential A as A = —RTIn . The coefficients Wy, b, and n were fitted to

experimental data.®

The coefficient of performance (COP) canbe defined asthe ratio of usable heat to spent

heat:

— Qads + Qcond + QIC

COP
Qdes + QIH

S7

Herein in the numerator the usable heat is summed up (heat of adsorption (Q.4s), heat
from condensation (Qcong) and the heat from isosteric cooling (Qic)). In the denominator
the amounts of heat to apply for desorption (Qges) and isosteric heating (Qpy) of the

adsorbent are summarized.

dQun = Maas(Cpaas + XmaxCps)dT S8
dQues = Maas(cpaas + WA cp 1) dT — Mygsqse(TVdX S9
dQic = Maas(Cpaas + XminCpa)dT  SI10
dQuas = Maas(cpaas + WA cp s1)dT — Mygsqse(T)dX S11

Qcond = Mggds (Ahcond (Tevap) —Cpg (T_ Tcond)) (Xmax - Xmin) S12
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Herein myy, refers to the adsorbent mass, ¢y, ads, Cp,1 and ¢ o to the isobaric heat capacities
of adsorbent, water and water vapor, T to the arithmetic mean temperature during
desorption.

T = O.S(Tdes,max + Tdes,min) S13

Using these setof equations, the COP for a heat pump cycle was calculated for a heating
temperature of 40 °C, a cold temperature of 10 °C and a driving temperature of 90 °C.

The capacity of the adsorbent cj, .qs was assumed to 1 J/(g-K).
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Highlights:

Here we report a CB6-cage@MIL-101 composite with

- improved stability via an unexpected in-situ hydroxide-to-chlorido exchange at the
{Cr(15-0)(H0)X} SBU;

- higher affinity for SO, compared to the parent MIL-101 at a low pressure due to
the incorporated polar molecules of cucurbit[6]uril (CB6);

- three times higher SO, capacity than parent MIL-101 at 0.01 bar;

- a high uptake at 1 bar and 293K exceeding those of many other MOFs,

- proven 10-cycle stability for dry SO, sorption;

- good stability after exposure to humid SO,.

Author’s contribution to the work:
My contributions:
- Experimental work and analysis

- Writing the manuscript

- the humid SO, experimental setup and learning was processed with the help from
Philipp Brandt

- SEM images were measured by Alex Spief3

- XPS survey spectra and high-resolution spectra were drawn by Secil Oztiirk

- pre-viewed and pre-corrected by Jun Liang

Corrections of the manuscript and responses to reviewers during the review process

were made by Prof. Christoph Janiak
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The work presented in this chapter has been online published:

Cucurbit[6]uril@MIL-101-Cl: loading polar porous cages in
mesoporous stable host for enhanced SO: adsorption at low

pressurest

Yangyang Sun,? Jun Liang»® Philipp Brandt2 Alex SpieB,2 Secil Oztiirk? and Christoph
Janiak*ab

Abstract

The robust cucurbituri-MOF composite CB6@MIL-101-Cl was synthesized by a wet
impregnation method and a concomitant OH-to-Cl ligand exchange {CB6 =
cucurbit[6]uril, 3lwt% content in  the composite, MIL-101-Cl1 =
[Cr3(O)CI(H,0),(BDC);], BDC = benzene-14-dicarboxylate}. MIL-101-Cl1 was
formed postsynthetically from standard fluorine-free MIL-101 where Cr-OH ligands
were substituted by Cl during treatment with HCl. CB6@MIL-101-Cl combines the
strong SO, affinity of the rigid CB6 macrocycles and the high SO, uptake capacity of
MIL-101, and shows a high SO, uptake of 438 cm? g! (19.5 mmol g!) at 1 bar and
293K (380 cm’ g!, 17.0 mmol g! at 1 bar and 298 K). The captured SO, amount is 2.1
mmol g! for CB6@MIL-101-CI at 0.01 bar and 293 K (2.0 mmol g 'at 298 K), which
is three times higher than that of the parent MIL-101 (0.7 mmol g!) under the same
conditions. The near zero-coverage SO, adsorption enthalpies of MIL-101 and
CB6@MIL-101-Cl are —35 kJ mol! and —50 kJ mol!, respectively, reflecting the
impact of the incorporated CB6 macrocycles, having higher affinity towards SO,. FT-
IR spectroscopy confirms the interactions of the SO, with the cucurbit[6]uril moieties
of the CB6@MIL-101-CI composite and SO, retention for a few minutes under ambient
air. Comparative experiments demonstrated loss of crystallinity and porosity after dry
SO, adsorption for MIL-101, while CB6@MIL- 101- Cl exhibits nearly complete
retention of crystallinity and porosity under the exposure to both dry and wet SO,. Thus,
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CB6@MIL-101-Cl can be an attractive adsorbent for SO, capture because of its
excellent recycling stability, high capacity and strong affinity toward SO, at low

pressurc.

Keywords: Metal-organic frameworks (MOFs); cucurbituril; composite; sulfur dioxide;

trace adsorption

Introduction

The large-scale emissions of flue gases containing toxic SO, arouses increasing
worldwide concerns. Asof 2010, global energy sector emissions of SO, were estimated
to be about 40 Tg.! The majority of anthropogenic SO, emissions originated from coal-
and oil-burning for electricity generation.>? SO, is responsible for human respiratory
diseases including bronchitis, asthma as well as to cardiovascular diseases,?* and SO,
along with NOx emissions lead to the formation of ‘acid rains’ that poses significant
danger to the health of ecosystems, particularly by inhibiting plant growth and
poisoning aquatic life.> In addition, SO, can react with other air pollutants to produce
sulphate particles, which are a main component of fine particular matter (PM;s).%7

Thus, developing new materials and technologies for SO, removal is imperative.

Limestone scrubbing, ammonia scrubbing and absorptive removal by organic solvents
like monoethanol-amine (MEA) represent the majority of conventional technologies of
SO, removal from flue gases. A capture of more than 95 % SO, from the gas mixtures
could be achieved via use of these traditional approaches.®10 Improvements in energy
efficiency and decrease of wastes suggest physisorption by solid adsorbents as the most
promising alternatives, particularly due to the possibility to minimize energy
requirements. Itis worth noting that because of the corrosive nature of SO», its complete
as possible removal as the first step of flue gas processing allows broader possibilities
for subsequent purification/sequestration steps.!l:12 Therefore, the development of

chemically resistant porous materials for adsorptive SO, removal, especially with high
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uptake and selectivity at industrially relevant low partial pressures of SO,, is of great

interest.

Metal-organic frameworks (MOFs) have drawn intensive attention in the context of
gas storage and separation.!315 Due to their high surface area, high pore volume and
tunable surface functionality, MOFs can be designed for sorption of toxic chemicals
including SO,,'61° and the capture of CO,.2° The stability of MOFs against water vapors
should not be overlooked during evaluation of potential MOF adsorbents for SO,
capture.?! Although some MOFs have been reported to be promising for SO, adsorption
and SO,/CO, separation, 2?30 the efficient MOF-based adsorbents with both high

stability and high-capacity are still very limited.

MIL-101(Cr), which possesses excellent water stability, high surface area and
micro/mesoporosity (29 and 34 A inner diameter), is a particularly interesting adsorbent
for  practical applications (the guest-free form  corresponds to
[Cr3(ws- O)(X)(H,0)(BDC)s], X = F, OH, BDC = benzene-14-dicarboxylate). In
2020, Ibarra et al. reported that MIL-101(Cr)-4F(1%) (-4F = fully fluornated BDC)
shows a high SO, uptake capacity of 18.4 mmol g! at1 bar and 298 K and is chemically
stable towards dry and humid SO,.3! The large pore volume, beneficial at higher
pressures, is the primary reason for the superior performance of MIL-101(Cr) at 1 bar
compared to other microporous MOFs. However, MIL-101(Cr) shows mediocre uptake
at low pressure due to the lower density of strongly adsorbing sites, such as open-metal
sites,>! and polar OH- and H,O ligands. MIL-101(Cr) has also no polar ligand
substituents, such as -NH, or -OH groups and lacks small micropores in the 4-8 A
region, both of which are advantageous for a low-pressure uptake of SO,.25-33-35
Importantly, it was also shown that the MIL-101(Cr) (formed by standard fluorine-free
conditions), would gradually lose its crystallinity and, therefore the accessible surface

area after SO, sorption at298 K even under nearly anhydrous conditions.3!
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One effective method to modulate the pore size of a host framework is to introduce
functional molecules to obtain composite materials, which may exhibit synergetic
performances towards certain adsorbates.3¢40 However, MOF-based composites are not
yet reported for SO, sorption and separation until now to the best of our knowledge.
Recently, our group studied the outstanding SO, sorption and separation performance
of a cucurbit[6]uril microporous hydrogen-bonded organic framework (HOF)*!
nanoCB6-H (H stands for the solid-state honeycomb-like structure).#%43 It was found
that the CB6 cages (“barrels”) have strong mteractions with dry SO, molecules by
forming interactions both on the outer surfaces and in its intrinsic pores at a low
pressure.*! However, the exposure of this CB6 HOF material to humid SO, conditions
led to a phase change and major loss of porosity (particularly its extrinsic pores) due to
its weak hydrogen bonds. We propose that the shortcomings of CB6 HOF frameworks
can be circumvented by dispersing CB6 molecules in a MOF matrix such as MIL-101
to obtain CB6@MIL-101 (Scheme 1).4* Herein, we report the preparation and
characterizations of the targeted CB6@MIL-101-Cl material, which show enhanced
SO, sorption behavior due to the combined merits of high host surface area, optimized
pore sizes, CB6 molecules with high SO, affinity and increased stability toward SO,
molecules. Since CB6 molecules are confined in the pores of MIL-101 frameworks, the
performance is less affected by moisture or humid SO,. Further, we discovered that
hydrochloride could modify the MIL-101 framework and enhance the stability of the
resultant CB6@MIL-101-Cl material toward corrosive SO, molecules. This work
demonstrates for the first time the potential of cage@MOF composite materials for

enhanced SO, removal and storage at low pressures.
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Scheme 1 Top: Schematic representation of the encapsulation of CB6 molecules in
MIL-101 with the formation of the CB6@MIL-101-Cl composite. The two coordinated
aqua ligands on the trinuclear chromium SBU are not indicated for clarity. Bottom:
Formula and structure of CB6 = cucurbit[6]uril. The yellow sphere represents the
intrinsic pore.

Experimental
Materials

All starting materials and solvents were obtained from commercial sources and used as

delivered (Table S1). CB6 was synthesized according to the literature.
Characterization methods

Powder X-ray diffraction (PXRD) data were collected at room temperature on Rigaku
Miniflex 600 powder diffractometer using a low background silicon sample holder and
Cu-Ka radiation (A = 1.5418 A). The measurements were performed over a 20=2-50°
range with a scanspeed of 1.5 deg-min~! (600 W, 40 kV, 15 mA). The diffractograms

were analysed using the software Match!.4
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Elemental analysis (CHNS) was carried out using an Elementar Analysensysteme vario
MICRO cube mstrument. The samples were dried at 150 € under a vacuum for at least

20 h prior to the measurement.

Fourier transform infrared (FT-IR) spectra were measured on a Bruker FT-IR Tensor
37 spectrometer at room temperature in the range of 550—4000 cm! using an attenuated
total reflection (ATR) technique (Platinum ATR-QL, diamond). The activated samples
were exposed to dry SO, for 15-30 minutes at room temperature (samples were
activated prior to the procedure at 150 °C for 20 h). Then the sealed sample tubes with
the MOF in SO, atmosphere were stored at 77 K for the transfer to the FT-IR instrument
room. The tube was allowed to heat up to ~273 K and a sample was quickly transferred
onto the crystal of the ATR unit, and the stamp of the ATR-unit was immediately closed
afterwards. The change of the SO, amount in the sample was monitored during up to
10 minutes (note that the goal of the experiment was to qualitatively monitor the
spectral changes). Resolution: 2 cm™!; Sampling time: 16 scans; Background measuring

time: 16 scans.

Scanning electron microscopy (SEM) was performed using a Jeol JSM—6510LV QSEM
Advanced electron microscope with a LaBg cathode operating at 20 keV. The
microscope was equipped with a Bruker Xflash 410 silicon drift detector for energy-

dispersive X-ray (EDX) spectroscopy.

The nitrogen adsorption isotherms were collected at 77 K on a Quantachrome
Autosorb-6 automatic adsorption analyzer and evaluated with the AsiQwin V3
software. The samples were degassed in 102 mbar vacuum at 150 °C prior to the
measurement. The Brunauer—Emmett—Teller (BET) surface areas were calculated
using the data in the p/p) range of 0.05—0.2. The total pore volumes were calculated
from the adsorbed volume corresponding to p/py=0.90. All gas uptake volume for N,
and SO, is given at standard temperature and pressure, STP, i.e. the equivalent volume

at 273.15 K and 1.013 bar.
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The SO, sorption isotherms were collected at 273 K and 293 K on a Quantachrome
Autosorb iQ MP instrument in 1x103 — 1 bar pressure range. All samples were
activated for at least 12 hours at 150 °C and <0.01 mbar vacuum prior to each

experiment.

The cyclic SO, sorption experiments were carried out on a Quantachrome Autosorb iQ
MP at 293 K. For the three-cycle ad/desorption measurements, full isotherms (with 17
points for ads. and 12 points for des.) were collected for MIL-101, MIL-101-Cl and
CB6@MIL-101-CL Between eachindividual isotherm sorption experiment the samples
were activated at 150 °C under vacuum (1x10-3 mbar) for 12 hours. For the 10-cycle
adsorption measurements for CB6@MIL-101-Cl, three points (at 0.01, 0.5 and 0.96
bar) were set for quick analysis of adsorption and desorption and also with activation

at 150 °C under vacuum (1x10-3 mbar) for 30 minutes before the next cycle was started.

X-ray photoelectron spectroscopy (XPS) was conducted on a ULVAC-PHI VersaProbe
IT microfocus X-ray photoelectron spectrometer. The spectra were recorded using a
polychromatic aluminum Ko X-ray source (1486.8 eV) and referenced to the carbon 1s
orbital with a binding energy of 284.8 eV. Experimental XP spectra were fitted by the

CasaXPS Software (version 2.3.19PR1.0).
Syntheses

MIL-101. The synthesis was carried out according to a literature method.4®
Chromium(IIT) nitrate nonahydrate (Cr(NOj3);-9H,0; 1.920 g, 4.8 mmol), benzene-1,4-
dicarboxylic acid, (H,BDC; 0.813 g, 4.9 mmol), deionized water (24 mL) and nitric
acid (HNOs3; 0.475 g, 4.9 mmol) as modulator were added in the given sequence. The
mixture was stirred for half an hour, and the formed slurry was accurately transferred
to a PTFE msert of a hydrothermal autoclave. The sealed autoclave was heated at 200
€ for 15 h. After cooling, the obtained solid was separated and washed by

dimethylformamide (DMF; 2x50 mL) and ethanol (EtOH; 3x50 mL) via centrifugation.
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The product was dried at 65 °C overnight. The activation of MIL-101 was performed

by degassing at 150 € and < 0.01 mbar vacuum for 20 hours.

CB6@MIL-101-Cl. The loading of CB6 to MIL-101 was performed via impregnation,
according to a literature method.** 100 mg of MIL-101 was pre-activated and then
added to a solution of 50 mg cucurbit[6]uril (CB6) in 2 mL of concentrated HCI (37
wt%), prepared using sonication. The shurry of MIL-101 was stirred for 4 hours using
a magnetic stirrer (strong stirring was avoided in order to preserve the morphology of
the material). The resultant solid was washed first by 2x6 mL of HCI (37wt%), followed
by 2x20 mL of deionized water and finally 2x20 mL of 96% ethanol (all separations
were performed via centrifugation). The obtained green solid was dried at 65 € in an
oven. The composition of the composite was assessed on its elemental analysis data
and in line with previous work* as [Cr3(O)CI(H,0)2(CsH404)3][C36H36N24012]0.33 of

31 wt% of CB6 in CB6@MIL-101-C1 (see ESIT for details).

MIL-101-Cl. The activated MIL-101 (100 mg) was treated by HCI (37 wt%, 2 mL)
exactly like described in the synthesis of CB6@MIL-101-Cl but without the addition

of CB6.

NanoCB6-H. For comparison in SO, sorption, the preparation of nanoCB6-H was
carried out according to the literature.4! 250 mg of CB6 was dissolved in diluted HCI
(5 mL, 6 mol/L) under sonication (~2 min). The solution was filtered using a syringe
filter (0.2 um) and poured into 25 mL of methanol under stirring. The formed milky
solution was centrifuged for 5 minutes, and the precipitate was washed twice with
methanol (25 mL each). Finally, the obtained solid was dried at 65 °C in oven and
ground slightly for further use. For activation, nanoCB6-H was degassed at 150 °C for

48 hours.

Humid SO, stability test (performed on MIL-101, nanoCB6-H, and CB6@MIL-101-

Cl).
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The method closely follows the description in the literature (Scheme S1, ESIT).2 A
pre-dried air stream (2 L min~') was bubbled through an aqueous sodium metabisulfite
solution (0.4 g Na,;S,0s5 in 80 mL water) within a Schlenk flask (250 mL). The setup
was equipped with a 3-way valve to regulate the outlet of the gas flow. The outlet of
the flask was either connected to a desiccator, playing the role of a humidity chamber,
or to the exhaust air when the concentration of SO, in the chamber reached the target
value. The diluted SO, stream flowed through the desiccator and escaped through a
vent. The desiccator contained a crystallizing dish filled with saturated sodium chloride
solution (80 mL) ensuring a relative humidity (RH) near 75%. The RH value was
monitored with a VWR TH300 hygrometer and the SO, content with Drager Pac 6000

electrochemical sensor.

50 mg of eachMIL-101, nanoCB6-H and CB6@MIL-101-Cl1 were pre-activated (<0.01
mbar, 150 °C overnight) and exposed to humid SO, (35 = 5 ppm content in the gas
stream) by placing them in the desiccator at 75% relative humidity in open broad-
necked glass vials for 6 hours at room temperature. Afterwards, the samples were dried
at 65 °C in the oven and activated (<0.01 mbar, 150 °C overnight) for further

measurements.
Results and discussion

MIL-101, chromium(III) terephthalate, is built of trinuclear {Cr;(us-O)X(H,0)2(0,C-
)}, X =F, OH secondary building units (SBUs), which are bridged by the terephthalate
linkers (BDC?"), forming a porous zeotypic framework with two types of mesocages
with diameters of 29 and 34 A.47:48 The small cages have pentagonal windows with a
diameter of 12 A, and the large cages have hexagonal windows with diameters of 15 A
in addition to the pentagonal windows (Scheme S2, ESIT). The molecular size of CB6
is 14.4 A with a height of 9.1 A.4 Depending on the synthetic conditions the trinuclear
unit has either a charge-compensating fluorido or a hydroxido ligand coordinated by

one of the chromium atoms of the SBU.
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MIL-101, [Cr3(i5-O)(OH)(H,0),(BDC);3] was prepared according to the literature,*3
and was used as a host to load CB6, which was performed via stirring of the MIL-101
in a CB6 solution in conc. HCI (37 wt%) (Scheme 1). We refer to this process as “wet
impregnation”. It should be noted that cucurbit[6]uril was dissolved in conc. HCI (37
wt%) before being treated with MIL-101. A composite material designated as
CB6@MIL-101-Cl was the result of the loading of CB6 into MIL-101. The treatment
of the MIL-101 host with the HCI solution caused the simultaneous exchange of the
charge-balancing hydroxido ligand by chlorido ligand, transforming the host
framework to MIL-101-Cl, [Cr3(pu3-O)CI(H,0)2(BDC);s] during the loading (Scheme
1). Thus, the formation of CB6@MIL-101-Cl, containing 31 wt% of CB6 according to
the elemental analysis, and the conversion of the framework by exchange of the

terminal anionic ligand, were performed as a concomitant “one-pot” process.

Powder X-ray diffraction (PXRD) confirmed the phase purity of MIL-101 and the
retention of the MIL-101 framework structure n CB6@MIL-101-Cl (Fig. S1, ESIfY).
The nearly identical PXRD patterns confirmed that neither the hydroxido-to-chlorido
exchange nor the encapsulation of CB6 into the pores influences the structure of the
framework significantly. Compared with the Fourier transform infrared (FT-IR)
spectroscopy of MIL-101, CB6@MIL-101-CI shows additional peaks at 1740 cm™! and

at 1465 cm! due to the carbonyl and methylene groups of CB6 (Fig. S2, ESIt).#4

The extent of the hydroxido-to-chlorido ligand exchange was quantified by energy
dispersive X-Ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS)
measurements. For MIL-101 a negligible Cl content was confirmed by both EDX and
XPS. EDX data (Fig. S3, Table S3, ESIT) suggests a [Cr3(i-O)CL(OH),_
x(H20)2(BDC);] framework formula with x=0.78 in the CB6@MIL-101-Cl composite.
The Cl/Cr; ratio was checked also after one-cycle of SO, adsorption-desorption. As a

result, the value x= 0.69 was found for CB6@MIL-101-Cl1 (Fig. S3, Table S3, ESIY),
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which are slightly lower compared to the itial materials, ie., prior to the SO,

adsorption-desorption cycle, but still within experimental error.

XPS measurements were carried out after one-cycle of SO, adsorption-desorption (Fig.
S4 — S5, ESIT). The CVCrs; ratio or x in [Cr3(p3-O)CL(OH); x(H20)2(BDC)3] was 1.08
n CB6@MIL-101-Cl (Table S4, ESIT). The XPS survey spectra show Cr and S for
MIL-101, and Crand Cl but no S for CB6@MIL-101-Cl1 (Fig. S4, ESIT). The S content
n CB6@MIL-101-Cl was not detectable. The high-resolution Cl 2p spectrum for
CB6@MIL-101-Cl features the CI 2p;/, and CI 2p3, pair of peaks at 199.2 eV and 197.5
eV binding energies (Fig. S5, ESIT), which corresponds to a chloride ion,**! in line
with the spin-orbit splitting value of 1.6 eV. The high-resolution Cr 2p XPS spectrum
exhibits peaks at 587.3 eV and 577.8 eV for MIL-101, and 586.7 eV and 577.3 eV for
CB6@MIL-101-Cl1 (Fig. S5, ESIf). These values correspond well to typical 587.4 eV
and 577.8 eV binding energies for Cr!l' 2p (two Cr 2p peaks are observed due to spin-
orbit splitting, which matches the expected value of 9.3 eV).3254 The 0.5 — 0.6 eV shift
to lower binding energy of Cr 2p for CB6@MIL-101-Cl compared with MIL-101
derives from the slight change of the average Cr environment due to the hydroxido-to-

chlorido exchange.

The high-resolution S 2p spectrum for MIL-101 (Fig. S5, ESI¥) exhibits the S 2p;/, and
S 2ps/» pair of peaks at 170 eV and 168.8 eV binding energies with a peak separation
of 1.2 eV, which verified the chemical oxidation state of S(IV).3% The S/Cr; ratio is 4.23
in MIL-101 after one-cycle of SO, adsorption-desorption (Table S4, ESIT). In contrast,
sulfur could not be detected in CB6@MIL-101-Cl after SO, sorption. Since XPS
operates under high vacuum we suggest putatively aninitial reaction of Cr-OH in MIL-
101 with SO, under formation of Cr-hydrogensulfite, Cr-OSO,H or -disulfite, Cr-
0S,04H leading to an opening up of Cr coordination sites for further SO,
chemisorption. The S 2p XPS spectrum of MIL-101 matches with metal(Ce, Ti)-

sulfite/hydrogensulfite.21.56.57
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Scanning electron microscopy (SEM) images further confirmed the retention of the
morphology, thereby supporting the expected stability of the material also on the
macroscopic level under mild adsorptive loading conditions. The synthesized MIL-101
and CB6@MIL-101-Cl phases have similar particle sizes (0.5-2.0 um) and feature
octahedral crystals typical for MIL-101%%5° (Fig. S6, ESIt). The absence of other
significant crystal forms or coverage of the octahedral surfaces indicates that CB6 is

not crystallizing separately on the outer surface of the MIL-101 crystallites.

The porosity of the samples was assessed by analysis of the N, adsorption-desorption
isotherms measured at 77 K. The isotherm types of both MIL-101 and CB6@MIL-101-
Cl are similar and retain the characteristic two-step shape (corresponds to [UPAC type
Ib isotherms)®® (Fig. 1). As expected, the uptake decreases after the encapsulation of
CB6 in MIL-101. The Brunauer—Emmett—Teller (BET) surface areas for MIL-101 and
CB6@MIL-101-Cl were found to be 3217 m? g-'and 2077 m? g, respectively, their
pore volumes 1.54 cm’ g! and 1.00 cm? g! (assessed at p/py= 0.9; Table S2, ESI).

The BET surface area for nanoCB6-H was 435 m? g1,
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Fig. 1 Nitrogen adsorption-desorption isotherms at 77 K of MIL-101, CB6@MIL-101-
Cl and nanoCB6-H. Filled symbols, adsorption; empty symbols, desorption.
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The SO, adsorption-desorption isotherms were measured for MIL-101, CB6@MIL-
101-Cl, and nanoCB6-H at 293 K (Fig. 2a). All three materials feature a relatively
narrow hysteresis for the whole measured range. MIL-101 has an almost linear SO,
uptake reaching 620 cm? g-! and 584 cm3 g! (27.7 mmol g! and 24.4 mmol g ') at 293
K and 298 K, respectively, and 1 bar. Expectedly, as the temperature increases, the
amount of gas adsorbed decreases. On the other hand, the uptake for the nanoCB6-H is
6.5 mmol g! (145 cm? g!) at 1 bar and 293 K, in line with its comparatively low total
pore volume (Table S2, ESIT). However, about 43% of the total uptake of nanoCB6-H
occurs in the low-pressure range of 0—0.01 bar, which reflects the strong affinity of CB6
toward SO, (Fig. 2b, Fig. S7, Table S5, ESIF). “Nano” in nanoB6-H refers to a particle
size of 100500 nm. NanoCB6-H shows a higher SO, uptake (63 cm? g1, 145 cm? g~
1) than micro-size crystallites of CB6 (43 cm? g!, 98 cm? g!) at both 0.01 bar and 0.97

bar and 293K, due to the faster diffusion of SO, molecules in nanoCB6-H with smaller

CB6 particle size.*!
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Fig. 2 SO, sorption isotherms for MIL-101 and CB6@MIL-101-Cl at 293 K (normal
lines) and 298 K (thin lines, adsorption branch only), and for nanoCB6-H at 293 K: a)
0-1 bar range. b) 0.001-0.2 range, logarithmic scale (In b the desorption isotherms are
omitted for clarity).

The CB6@MIL-101-C1 composite combined the merits of the two materials for SO,
adsorption. It merges the strong affinity of the CB6 cages at low pressure and the high

capacity of MIL-101. At 1 bar, a high SO, uptake of 438 cm? g! or 380 cm® g~ ! (19.5
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mmol g, 17.0 mmol g) at 293 K or 298 K, respectively, is reached, which is better
than for most other SO,-stable MOF materials (Table S6, ESIf), except of MIL-101
(27.7 mmol g! at 293 K) and MOF-177 (25.7 mmol g at293 K).2 However, MOF-
177 and MIL-101are unstable after SO, exposure, while the composite CB6@MIL-
101-Cl is stable after SO, exposure. Understandably, the maximum uptake decreases
somewhat in the CB6@MIL-101-Cl composite compared to the MIL-101 host, due to
a lower total pore volume (Table S2, ESIf). The SO, adsorption isotherms of MIL-101
and CB6@MIL-101-Cl at 1 bar did not reachsaturation as they still have a high positive

slope and are far from levelling off. Saturation will require a pressure above 1 bar.

At0.01 bar and 293 K the captured SO, amount was 2.2 mmol g! (2.0 mmol g! at 298
K) for CB6@MIL-101-Cl compared to 0.7 mmol g! (0.6 mmol g! at298 K) for MIL-
101, i.e., aremarkable improvement by a factor of three (Fig. 2b). For comparison, the
SO, uptake of nanoCB6-H was found to be 2.8 mmol g! at 0.01 bar. The important
steep increase in the uptake of SO, by CB6@MIL-101-Cl in the low-pressure zone
demonstrates the desirable efficiency for SO, removal at low partial pressure. The
calculated mass-weighted SO, uptake for a physical mixture of CB6 and MIL-101
would be only 1.3 mmol g! at 0.01 bar, indicating a synergistic effectin the composite
CB6@MIL-101-CL. At 293 K and 0.01 bar, the SO, uptake of CB6@MIL-101-Cl (2.2
mmol g! at 293 K and (2.0 mmol g at298 K) is significantly higher than that of most
MOF sorbents in the literature (Fig. S8, Table S6, ESI{), and only lower than that of
SIFSIX-2-Cu-i and MIL-160 (4.2 mmol g1)282% SIFSIX-1-Cu (3.4 mmol g1)28
DMOF-TM (3.8 mmol g1),> MFM-305 (3.3 mmol g!),?” MFM-305-CH3, NH,-MIL-
125(Ti) and mmen-MIL-101(Cr) (3.0 mmol g1),27:29-61 as well as SIFSIX-3-Ni (2.4
mmol g').28 However, those materials show a lower uptake at 1 bar compared to

CB6@MIL-101-Cl (Table S6, ESIY).

The isosteric enthalpy of adsorption (AH,4s) for SO, adsorption on CB6@MIL-101-Cl

and MIL-101 was calculated from the adsorption isotherms measured at 273 K and 293
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K using the virial method (Fig. 3, Fig. S9 — S10, ESIf).¢! The near zero-coverage
adsorption enthalpy of SO, (AH2,.) for CB6@MIL-101-C1 is ~—50 kJ-mol-!, while for

ads

MIL-101 it is ~—35kJ-mol-!. The higher negative AH2, of SO, for CB6@MIL-101-C1
proves that the incorporation of CB6 cages can indeed increase the affinity of materials
towards SO,, probably by narrowing the pores towards multiple optimal gas-adsorbent

interactions?3-33:3%.63 and providing intra/outer surfaces of the relatively polar CB6 for

SO, adsorption, even if the loading may block some of the external sites.

4 nanoCB6-H
80 ¢ CB6@MIL-101-Cl
= MIL-101

—AH 45 [kd-mol™]

Amount adsorbed [mmol-g~"]

Fig. 3 Isosteric enthalpy of adsorption dependence on the amount of SO, adsorbed for
MIL-101, CB6@MIL-101-Cl and nanoCB6-H.

It should be noted that the AH?, . value of SO, for nanoCB6-H was ~—76 kJ mot! when
the material wasactivated at 150 °C, at the same temperature as CB6@MIL-101-Cl1 and
MIL-101 (in previous work,*! where nanoCB6-H was only activated at 100 °C, AH?, .=
—65 kJ mol! was given). From DFT-D3 (dispersion-corrected DFT) calculations on the
possible binding sites for SO, at CB6 macrocycles the cavity of the CB6 cage was the
highest-energy binding site with a calculated binding energy of —82 kJ-mol'!. There,
SO, molecules are primarily adsorbed through two electrostatic O,S%*~ 3-O=C(CB6)
interactions at an S---O distance of 3.04 A. The intrinsic pore of CB6 is large enough

(5.8 A center diameter, 3.9 A window diameters, 9.1 A height) to encapsulate two SO,

molecules, which can enter in these 0,8 3-O=C(CB6) interactions in the confined
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space. The second highest-energy binding site with calculated —50 kJ-mol™! has SO,
located around the outer surface and involves electrostatic O,S% 8-O=C(CB6),

0,85 N(CB6) and OSO%~ 3*H-C(CB6) interactions.*!

With regard to AH?,., the composite is closer to MIL-101 than to nanoCB6-H, while

ads’

0

in the case of a non-interacting, physical mixture, AH

should be equal to the latter.
The decrease could be interpreted as a blockage of active sites, e.g. via MIL-
host---CB6-guest interactions. Also, the state of the CB6 guests in the MIL pores will
be rather amorphous; thereby, the high values for the CB6-H crystalline state, could
barely be expected. With increased loading of SO,, the isosteric enthalpy of adsorption
(—AH,gs) of all three materials is decreased (Fig. 3), according to the occupation of

binding sites in the order of decreasing binding energies, also indicating adsorbents

with different sites.

Comparative FT-IR spectroscopy was employed to assess the possible SO, adsorption
sites in CB6@MIL-101-Cl and MIL-101. A series of spectra of the SO, loaded
compounds with gradually decreasing SO, content, as a result of contact with ambient
atmosphere (0 to 10 min), were collected as described in the experimental section, and
compared with the spectrum of the activated compound (Fig. 4). The new bands,
appearing as a result of adsorption, at 1328 and 1144 cm™! in CB6@MIL-101-Cl and at
1332 and 1146 cm™' in MIL-101 are assigned to the asymmetric and symmetric
stretching vibrations of the physisorbed SO, molecules.®%5 The new bands are slightly
shifted compared to the bands at 1330 and 1149 cm™! for free SO, molecules, thereby
indicating the interaction with the surface of the materials. The intensity of the bands
assigned to the adsorbed SO, gradually decreases with time. The bands are traceable
for around 2 minutes for MIL-101 and around 5 minutes for CB6@MIL-101-Cl under
the same experimental conditions (Fig. 4, Fig. S11, ESIT). This canbe seen in line with

the difference in isosteric adsorption enthalpy since the adsorption kinetics are judged
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as similar from the similar hysteresis widths of the desorption isotherms for MIL-101

and CB6@MIL-101-CL

a) b) ] c=0 v«(COO) v (co0)
= \ 1332cm! vg(SOo) 3 _
© v (s0 o ] .
g H =(502) 2 1 ;[ 1328 cm
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Fig. 4 FT-IR spectra of a) MIL-101 and b) CB6@MIL-101-Cl before and after single
exposure and loading with SO, (see Exp. Section for details).

The comparison of the FT-IR spectra of the activated materials and the materials with
variable SO, contents also show vibrational changes of functional groups of the
frameworks. The bands at 1630 cm™! and 1398 cm™' in MIL-101 and at 1632 cm! and
1394 cm!' in CB6@MIL-101-Cl are attributed to the asymmetric v,s and symmetric v
carboxylate (COOQ) stretching vibrations.®!-% In both materials, after exposed once to
SO,, the carboxylate v,5(COO) band is red-shifted (4 =-3 cm™), and the v{(COQO) band
is blue-shifted (4 =5 cm! for CB6@MIL-101-Cl and invariant within experimental

error of £2 cm! for MIL-101).

It is worth nothing that the carboxylate frequency shifts observed for CB6@MIL-101-
Cl tend to be more pronounced compared to MIL-101. Additionally, the IR spectral
response of CB6 in CB6@MIL-101-Cl upon SO, exposure is also clearly traceable.
Thus, the carbonyl stretching vibration v(CO)= 1740 cm! of CB6 demonstrates a red
shift (4 =-3 cm™') upon SO, adsorption and the methylene bending vibration v(CH,)=
1465 cm™! a blue shift (4 =7 cm!) indicating interactions between SO, and CB6. In

comparison, nanoCB6-H under the same conditions on the same instrument features a
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slightly stronger red shift of v(CO) (4 = -6 cmm!) and a slightly weaker blue shift of

v(CH;) (4 =4 cm™).4

The FT-IR spectra (Fig. S12, ESIT) of MIL-101 andCB6@MIL-101-Cl after one full
SO, ad/desorption cycle followed by degassing at 150°C and 1 x 10-3 mbar for 12 h
were also measured. It was found that the spectrum of CB6@MIL-101-Cl was
essentially unchanged within experimental error which supports the stability of
CB6@MIL-101-ClI towards dry SO, sorption. In MIL-101, the broad v,,(COOQO) band in
MIL-101, initially at ~1630 cm™!, is remarkably red-shifted (4 =—10 cm™"). The shift
is comparable to the one observed in SO, loaded MFM-170 carboxylate MOF (4 =-10
cm'), suggesting the interaction between SO, and carboxylate groups in the
framework.2> More importantly, new bands at 1100 cm™' and 1049 cm™! and a broad
band at 900 — 1200 cm! appeared, which were attributed to the presence of sulfite and
hygrogensulfite species.®3-¢6:67 This is in line with the observation from XPS (Fig. S5,
Table S4, ESIf). The broadening of the v,,(COO) band indicates the partial collapse

and decrease of the local uniformity in the MIL-101 framework.

To further investigate the stability of these materials against dry SO,, we performed
cyclic adsorption-desorption at 293 K up to 0.96 bar for three runs for MIL-101, MIL-
101-Cl and CB6@MIL-101-Cl and also for 10 runs for CB6@MIL-101-Cl (see the
experimental section). The uptake by MIL-101 gradually decreased to 40% from 620
to 245 cm3 g! (Fig. S13, ESIY), as expected from earlier reports,%!-%° while CB6@MIL-
101-CIl maintained 95% of the mitial uptake amount also over 10 cycles (Fig. 5). Itis
worth noting here that statements about the limited stability of MIL-101 against dry
SO, can be found in a few publications.3!:6! Ibarra et al. had noted that not only the
chromium-hydroxide-containing MIL-101, ie. [Cr3(O)(OH)(H,0),(BDC)s], but also
the more crystalline chromium-fluoride-containing MIL-101 compound, 1ie.
[Cr3(O)F(H,0),(BDC);], were unstable (cf. sample MIL-101(Cr)-HF, Fig. S22-S24 in

ref. 31). A MIL-101 with stability towards dry and humid SO, could only be obtained
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with partial incorporation of a fully fluorinated BDC ligand, giving the sample MIL-
101(Cr)-4F(1%) which then showed a high SO, uptake capacity of 18.4 mmol g! at 1
bar and 298 K.3! There is an ambiguity regarding the scattered literature data on the
stability of Cr(IIT)-MOFs, but the instability against dry SO, is the more surprising as

Cr(III)-MOFs are in general considered to be highly kinetically inert.

293 K
100 1

80 -
60 -

40

SO, maximal uptake [%]

20 4

Fig. 5 SO, adsorption capacity of CB6@MIL-101-Cl at 293 K and 0.96 bar, measured
over 10 repetitive adsorption-desorption cycles.

The enhanced stability of the CB6@MIL-101-C1 composite towards dry SO, could be
explained by the hydroxido-to-chlorido ligand exchange, that is the substitution of the
terminal Cr-OH ligand in the [Cr;(O)X(H,0),(BDC);] coordination framework of
MIL-101 by Cr-Cl n CB6@MIL-101-CL. To check the hypothesis a sample of MIL-
101-Cl was prepared from MIL-101 in the absence of CB6 but otherwise under the
same conditions as CB6@MIL-101-Cl, and submitted to SO, adsorption-desorption
cycling for three runs (Fig. S13, ESI). The textural properties of MIL-101-Cl are listed
in Table S7, ESIt. The BET surface area of MIL-101-Cl is somewhat higher than that
of the parent MIL-101, which we reason with the decomposition of pore-filling residual
coordination species by HCI and the subsequent removal through the washing
processes.”® MIL-101-C1 have kept 97 % adsorption capacity of the initial uptake after

three adsorption-desorption runs at 293 K (Fig. S13, ESIt). The N, sorption-based
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BET-surface area and total pore volume of MIL-101, CB6@MIL-101-Cl and MIL-101-
Cl before and after multi-cycle SO, sorption confirmed the above conclusions from the
cyclic SO, sorption experiments. The BET surface area decreased by 45% (1768 m? g~ !
vs 3217 m? g!) for MIL-101, but was retained within experimental error (2036 m? g!
vs 2077 m?2 g1) for CB6@MIL-101-Cl and even slightly increased (3541 m? g! vs
3408 m? g!) for MIL-101-Cl after SO exposure to SO, at 293 K (Table S7, ESIY). The
comparison of the PXRD patterns before and after cyclic SO, sorption for MIL-101,
CB6@MIL-101-Cl and MIL-101-Cl verified the preservation of the crystallinity in the
two later cases compared to the deterioration of the parent material MIL-101 (Fig. S14,
ESIt). Thereby, the combined N, adsorption and PXRD data confirm the enhanced
stability of CB6@MIL-101-Cl and MIL-101-Cl against SO, compared to the instability
of the parent MIL-101. Further, the comparative experiments with MIL-101-Cl suggest
that its increased stability is due to the facile one-step hydroxido-to-chlorido ligand

exchange in the framework.

In this work we are focusing on the enhanced SO, uptake and stability of CB6@MIL-
101-CL The imteresting and counterintuitive instability of the parent MIL-101 will be

thoroughly addressed in a follow-up study.

Considering the inevitable moisture presence for any possible real-world applications,
the stability of materials towards humid SO, wasalso investigated by PXRD diffraction
and N, sorption analyses. The PXRD patterns of MIL-101 and CB6@MIL-101-Cl after
humid SO, treatment were retained, indicating their intact frameworks. In contrast,
nanoCB6-H lost most of its crystallinity under acidic humid SO, atmosphere condition.
(Fig. S15, ESIT). N, adsorption-desorption isotherms (Fig. 6) showed that MIL-101 and
CB6@MIL-101-ClI kept the BET surface areas unchanged after exposure to humid SO,

(35 ppm) for 6 h.
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Fig. 6 N, adsorption isotherms (77 K) for (a) MIL-101 and CB6@MIL-101-Cl; (b)
nanoCB6-H after exposure to humid SO, for 6 h.

The BET surface area of nanoCB6-H significantly decreasedand only 18% of the mitial
BET surface area was retained (Table S7, ESIT). This result confirmed again that the
hydrogen-bonded organic framework nanoCB6-H is unstable in humid conditions,
which is in line with our previous study.*! The fact that MIL-101 was unstable in dry
SO, but stable in humid SO, conditions could be related to the role of water vapor. We
propose that under dry conditions, the Cr-OH site of MIL-101 is well accessible for the
reaction with SO, molecules, while under humid conditions this site (and possibly other
reactive sites) is blocked and protected by water clusters. Note that MIL-101 has a
medium hydrophilic surface and good stability in acidic solution.”'73 A similar
counterintuitive observation was made in Zeolite Y, which exhibited a better stability
performance under humid SO, exposure conditions than toward dry SO,. Also for
Zeolite Y the pre-adsorbed water in this highly hydrophilic framework may block the

accessibility of SO,.2

In addition, the full SO, sorption isotherms of these three samples (MIL-101,
CB6@MIL-101-Cl and nanoCB6-H) after exposure to humid SO, (35 ppm) for 6 h
were measured (Fig. S16, ESIT). The SO, uptake capacity of nanoCB6-H after exposure
to humid SO, decreased due to its decreased porosity (Fig. 7). Both MIL-101 and

CB6@MIL-101-Cl showed unchanged or even slightly increased SO, uptakes at 0.01
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bar together with around 20% loss of total uptake capacity at 1 bar when compared to
dry SO, sorption (Fig. 7, Table S8, ESIT). Therefore, CB6@MIL-101-Cl exhibits
enhanced stability and SO, removal capability over MIL-101 under lower pressures in
both dry SO, and humid conditions. This stability under humid conditions is a necessity

for realistic applications in view of the ubiquitous presence of water.

30 -4dry, humid
B viL-101
3 cee@MIL-101-Cl
— I nanoCB6-H
Ip, 25_
°
E
E
o 20
-
E _L
a
= - b
o~ -3 =4
@)
0 54
olom (AW
0.01 bar 1 bar

Fig. 7 SO, adsorption uptake (293 K) for MIL-101, CB6@MIL-101-Cl and nanoCB6-
H after exposure to humid SO, for 6 h compared to the behavior under dry conditions
(Table S8, ESIt).

Conclusions

We have systematically mvestigated a cage/MOF composite, named
CB6@MIL-101-Cl, obtained by wet impregnation of cucurbituril, CB6 cages into the
pores of MIL-101 for potential SO, gas removal. It is found that CB6@MIL-101-ClI
shows enhanced performance in the removal of SO, gas under low pressure due to the
combined merits of CB6 cages with high affinity towards SO, and MIL-101 with
hierarchical pores. The relatively strong interactions between SO, molecules and
CB6@MIL-101-Cl surfaces were supported by time-dependent FT-IR (ATR) spectra.
MIL-101 was again confirmed to be unstable towards dry SO,. The stability of
CB6@MIL-101-Cl was enhanced when compared with MIL-101 due to the unexpected
hydroxido-to-chloride exchange in the {Cr;(O)X(BDC);} metal node of MIL-101. This

unexpected postsynthetic modification was supported by EDX and XPS analysis of
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related materials. The targeted CB6@MIL-101-Cl shows a high SO, uptake of 19.5
mmol g! at 293 K and 1 bar and high chemical stability even under humid SO,
conditions. The counterintuitive instability of the parent MIL-101 and the observed
enhanced stability of MIL-101-CI is an unexpected finding, which will be thoroughly
addressed in a follow-up study and for which the technological importance might be
very high. The investigation of the comparable stabilities of different MIL-101-X
materials, where X is a terminal counter-anion, is a task, which we are targeting in the

near future.
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Table S1 Sources for starting materials and solvents.

Items

Manufacturer

Chromium (III) nitrate nonahydrate

Acros Organics

Benzene-1.,4-dicarboxylic acid, H, BDC

Acros Organics

Urea (> 99.5%)

Sigma—Aldrich

Paraformaldehyde Carl Roth
Glyoxal (40 wt%) J&K company
N, N-dimethylformamide Fisher Chemicals

Nitric acid (65 wt%)

Fisher Chemicals

Hydrochloric acid (37 wt%)

Sigma—Aldrich

Methanol

Sigma—Aldrich

Ethanol

Sigma—Aldrich

Natrium metabisulfite (Na,S;05)

Merck

Sodium chloride

Fischer Scientific
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Elemental Analysis:

As a porous material CB6@MIL-101-Cl will adsorb water (humidity) from ambient air
during storage and handling in air. Such water content will not give a meaningful CHN
analysis as was seen by too high H wt% values.

Therefore, a small amount of sample was activated at 150 °C overnight under vacuum
(1x 102 bar), then cooled to room temperature and stored under nitrogen. For CHN

analysis the sample was quickly weighed and directly measured.

MIL-101-CL: [Cr;OCI(H,0),(CsH404)s3] M,, = 735.82 g/mol from which
M(C) =is 288.26 g/mol.

CB6: C36H36N24012 My, = 996.84 g/mol; from which M(N) =is 336.16 g/mol and
M(C) =432.39 g/mol

Found (%) C: 40.35, H: 2.82, N: 10.45

Assuming a formula of the composite as [Cr;OCI(H,0),(CsH404)3][C36H36N24012]a
then for the mass fraction of N (w(N)=0.1045) and C (w(C)=0.4035), we can establish
the two equations:

N: w(N)=336.16 x a: (735.82 +996.84 x a) (1)

C: w(C)=1(288.26 +432.39 x a):(735.82 +996.84 x a) (2)

or (1) divided by (2)

w(N)/w(C)=336.16 x a: (288.26 +432.39 x a)

336.16 x a= w(N)/w(C) x (288.26 +432.39 x a)

336.16 x a— w(N)/w(C) x 432.39 x a= w(N)/w(C) x 288.26

a=w(N)/w(C) x 288.26 : (336.16 — w(N)/w(C) x 432.39)

w(N)/w(C)= 0.2590

giving a=0.333

Then with a = 0. 333 the total molecular weight of the composite
[Cr;0CI(H20)2(CsH404)3][C36H36N24012]0.333 is 1067.77 g/mol.

For this, the calculated weight-% of H is 2.65; to be compared with found H 2.82%.
Thus, the weight percentage of CB6 in the CB6@MIL-101-C1 then is (0.333 x 996.84
/1067.77) x 100% =31 wt%.

The composition of the composite was assessed in previous work based on elemental

analysis data and digestion NMR as 29 wt% of CB6 in MIL-101(Cr).!
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solution, f) H,O.
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Scheme S2 Schematic representation of the MIL-101 structure. Graphics have been
drawn with the software DIAMOND from the deposited cif-files under CCDC no.
605510, Refcode OCUNAC for MIL-101(Cr).2

Table S2 Textural properties of MIL-101, CB6@MIL-101-Cl and nanoCB6-H.

Sper?[m’g '] Vioa® [cm3-g] Vinier® [cm’g 1]
MIL-101 3217 1.54 1.17
CB6@MIL-101-C1 2077 1.00 0.81
nanoCB6-H 435 0.24 0.11

* BET surface area was determined over 7 points in the relative pressure range p/po = 0.05-0.2 from N
sorptionisotherms at 77 K for MIL-101 and CB6@MIL-~101-Cl (p/po=0.02—0.08 for nanoCB6-H).

b Totalpore volumes (Viou1) were determined fromN, sorptionisotherms at 77 K (p/po=0.90).

¢ Micropore volumes were determined using the t—plot method fromfive adsorption points in the pressure

range p/po=0.2 - 0.4 based on N2 adsorption curves at 77 K.
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Fig. S2 FT-IR spectra of nanoCB6-H, MIL-101 and CB6@MIL-101-Cl.
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CB6@MIl-101-CF before
Areal

EDX-Spektrum 2063
SE MAG: 5000 x HV: 20.0 KV WD: 10.4 mm Px: 19 am

CB6@MIL-101-Cl_after
Area 1

EDX-Spektrum 1928
SE_MAG: 5000 x_HV: 20.0 kV_WD: 8.5 mm Px: 18 nm

MIL-101:after
Areal :

EDX-Spekirum 1936
SE _MAG: 5000 x HV: 20.0 kV_WD: 8.5 mm Px: 19 nm

Fig. S3 SEM images and corresponding EDX spectra of CB6@MIL-101-Cl and MIL-
101 before and after one-cycle of SO, adsorption-desorption. Area 1 (whole region) is
shown here as the example for other two areas (part region).

In CB6@MIL-101-Cl, EDX cannot be used for sulfur quantification due to the vicinity/
overlap of the Au and S peak. It is evident that the samples before SO, sorption also

exhibit the same "S shoulder" due to the strong background signal in this energy region.
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Table S3 EDX-based elemental composition of ClICr; atom-group ratios in
CB6@MIL-101-Cl and MIL-101 before and after one-cycle of SO, adsorption-

desorption.?

Cr[At%] Cl[At%] CICr gfiﬁ)
Areal 2.46 0.55 0.22
ﬁﬁf(@lMlL' before Arca2 3.22 0.93 029 078
Arca3 271 0.74 0.27
Arcal 478 115 0.24
after Area2 247 0.56 0.23 0.69
Arca3 1.0 0.23 0.22
Areal 241 — —
MIL-101 after Area2 3.15 — — —
Area3 3.09 — —

? The concomitant SEM images and EDX spectra are shownin Fig. S3.
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Fig. S4 XPS survey spectra of MIL-101 (left) and CB6@MIL-101-Cl (right). The trace

amount of nitrogen in MIL-101 is due to the residual DMF solvent, which was used for
washing the samples.

Table S4 XPS-based elemental composition of CI/Cr; and S/Cr; atom-group ratios in
CB6@MIL-101-Cl and MIL-101 after one-cycle of SO, adsorption-desorption.

Cr Cl S Cl/Crs S/Cr3
Area At% Area At% Area At%
CB6@MIL- 123.08 2.58 4433 0.93 — — 1.08 —
101-Cl
MIL-101 181.88 3.56 — —  256.53 5.02 — 4,23
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Fig. S5 High-resolution Cr 2p XPS spectra of MIL-101 and CB6@MIL-101-Cl, high-
resolution S 2p spectrum i MIL-101 and high-resolution Cl 2p spectrum in
CB6@MIL-101-Cl1 after one-cycle of SO, adsorption-desorption followed by
activation at 150 °C under vacuum.
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Fig. S6 Scanning electron microscopy (SEM) images for MIL-101 (left) and
CB6@MIL-101-ClI (right). The scale bar in both images is 1pm.
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SO:-sorption isothe rm fitting

The fitting of adsorption isotherms of SO, yields affinity constants. Fitting-simulations

were calculated using the 3P sim software.* We applied the dual-site Langmuir (DSL)

model (eq. S1) on the isotherm data. Fitting parameters are shown in Table S5.

DSL:

Geq = 9max1

deq= amount adsorbed [mmol/g]

‘K1p

Kzp

1+Kq'p

e
"max2

1+Ky'p

Qmax = Maximum adsorption capacity [mmol/g]

K, K> = affinity constant for adsorption at site 1, 2 [1/bar]

p = pressure [kPa]

Table S5 Dual-site Langmuir fitting parameters for SO, at 293 K calculated using 3P

sim software.a4

(S1)

Model | R? Affinity | Max. Affinity | Max.
const. loading const. K, | loading 2
K [mmol/g] | [1/bar] [mmol/g]
[1/bar]
CB6@MIL- DSL [ 0.999 | 78.282 | 4.323 0.378 57.502
101-Cl
MIL-101 DSL [ 0.999 | 3.083 12.335 0.302 82.750
nanoCB6-H DSL [ 0.998 | 427.341 | 3.488 0.522 8.694

aDSL  Dual-site Langmuir. The number of three decimal digits may be needed for the
IAST selectivity calculation. Rounding to one decimal digit leads to significant
deviations in the IAST values. The corresponding fitting curves are shown in Fig. S7.

112



309 = MmIL-101
fit. curve

o5 = CB6@MIL-101-ClI
fit. curve
= nanoCB6-H
fit. curve

204

154

10+

SO, uptake [mmol/ig]

- - T T . -
0.0 0.2 04 0.6 0.8 1.0

Absolute pressure [bar]

Fig. S7 Experimental SO, sorption isotherm and corresponding fitting curves of MIL-
101 (red), CB6@MIL-101 (green) and nanoCB6-H (blue).
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Table S6 Comparison of SO, sorption data for MOFs.

The criteria for the stability and/or durability of MOFs are based on the combination of
the unchanged PXRD pattern and a decrease in surface area by less than 10% after dry
and humid SO, compared to the pristine MOF. In addition or alternatively, the maximal
SO, uptake of multiple individual gas adsorption measurements or the cyclic
breakthrough measurement decreased by less than 20% at the second run and kept an
msignificant uptake change in the following runs.

BET surface SO uptake [mmol'g"!] Temp. Stability and/or

Material ?]rea [m?-g~ 0.01 bar | bar K] reusability Reference
CB6@MIL-101-C1 2077 22 19.5 293 yes This work
2.0 17.0 298
nanoCB6-H 435 2.8 6.5 293 no This work
MIL-101 3217 0.7 27.7 293 no This work
0.6 24.4 298
SIFSIX-2-Cu-i 630 42 6.9 298 yes 5
MIL-160 1170 42 72 293 yes 6
DMOF-TM 900 3.8 9.7 293 yes* 7
SIFSIX-1-Cu 1337 34 11.01 298 yes' 5
MFM-305 779 3.3 7 298 unclear® g
MFM-305-CH3 256 32 52 298 unclear® 8
NH>-MIL-125(Ti) 1560 3 10.8 293 no" 6
rlr(l)rrllfgr-)l\/llb 2377 3 o 298 yes' 9
SIFSIX-3-Ni 223 24 2.7 298 probablyno’ 5
MOF-808 1190 2.1 14.6 293 no* 10
NH-MIL-53(Al) 1120 2.0 8.0 293 no' 10
HKUST-1 1490 2.0 13.8 293 yes 11
SIFSIX-3-Zn 250 1.7 2.1 298 probablyno! 5
MFM-300(In) 1071 1.6% 8.28 298 yes™ 12
MFM-601 3644 1.6° 12.3 298 / 13
NH2-MIL-101(Al) 1770 1.5 17.3 293 no" 10
Mg-MOF-74 1206 1.4 8.6 298 / 14,15
Zr-Fum 600 1.3 6.5 293 yes 10
12%;/{’())1(&)- 2176 1.30 184 298 yes 16
NH>-MIL-101(Cr) 2290 12 16.7 293 no 11
CAU-10-H 600 12 4.8 293 no 10
MIL-96(Al) 530 12 6.5 293 no” 10
Al-Fum 970 1.0 75 293 no 10
[Zno(L1)2(bpe)] 275 0.72 6.4 293 yes (only PXRD) 17
Basolite F300 1070 0.6 9.5 293 no 11
MFM-170 2408 0.5 17.5 298 yes 18
MFM-202a 2220 0.42 10.2b 298 no 19
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BET surface SO» uptake [mmol-g-'] Temp. Stability and/or

i g reusabilit
Material ?]rea [m-g 0.01 bar | bar K] y Reference
Ni(bdc)(ted)o.s 1738 0.3? 10 298 yes (only PXRD) 15
MOEF-177 4100 0.25 25.7 293 no 6

aEstimated from isotherm ®MFM-202a undergoes a distinct irreversible framework phase transition
upon SO, uptake at 268—283 K to give MFM-202b which has enhanced stability.

“The breakthrough performance did not decline through cyclic breakthrough tests for 6 cycles,
PXRD indicates the stability after breakthrough.

4 Evaluated by multiple individual SO> sorption runs. MIL-160 shows stability with insignificant
reduction of the gas uptake over 5 runs.

¢The sample was exposed to dry and humid SOz for 6 hours, respectively. Its stability was evaluated
from PXRD and BET surface area (90%), and from the breakthrough experiments for 3 cycles.

f The breakthrough performance did not decline through cyclic breakthrough tests for 4 cycles,
PXRD indicates the stability after breakthrough.

¢ For MFM-305 and MFM-305-CH3, no experimental data or graphic for stability is found, only one
sentence refers to the stability: “the SOz uptake is fully reversible in both materials, and no loss of
crystallinity or porosity was observed forthe regenerated samples.”

h NH,-MIL-125(Ti) displayed a reduced SO uptake in the second run and then stabilized its
adsorption capacity at thethird run. The surface area of NH2-MIL-125 deceased by about 20% under
dry and humid SOz. In the second SO run, the maximal SO uptake decreased by 22%.

i The sample after exposure to pure SOz was evaluated by PXRD and N> adsorption, which indicated
the crystalline and porosity of the sample were preserved. Cyclic breakthrough experiment
displayed a SOz uptake in the second run (83%) and then kept unchanged during 5 cycles.

iIn the combined work is mentioned that “SIFSIX-1-Cu and SIFSIX-2-Cu-i fulfill the requirements
by FGD technology, natural-gas purification and other SO2-separation processes for both SO>
capacity and selectivity.” but there is no experimental stability data of SIXSIF-3-Ni and SIFSIX-3-
Zn given.

k Under dry SO exposure, MOF-808 is stable, but after humid SO» exposure, the surface area
decreased to about 65%.

I After humid SO; exposure, the surface area of NH2-MIL-53(Al) decreased by more than 50%.

m MFM-300(In) displays complete retention of the framework structure upon contact with SO2,
H2S03, and H>SO4 (verified by PXRD and SEM), demonstrating the excellent stability of this
material for SO, capture in both dry and humid conditions.

n Under dry SOz exposure, NH2-MIL-100(Al) and MIL-96(Al) had already demonstrated a major

loss of porosity, and thus were deemed SOz-unstable.
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Fig. S8 Comparison of SO, uptakes of reported MOFs at 0.01 bar and 293 K or 298 K.
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Isosteric enthalpy of adsorption
Virial analysis

To calculate the isosteric enthalpy of adsorption (AH,s) for SO, isotherm data, we
applied the virial method to fit the adsorption data simultaneously at273 K and 293 K
in Origin from equation (eq. S2)?° (Ref. OriginLab Corporation, OriginPro, Version

9.0.0G., OriginLab Corporation 1991-2012.).
In(P) =In(n) + %Zﬁoain" + 37 bint (S2)

In Eq. (1), P is the pressure in kPa, » is the total amount adsorbed n mmol/g, T is the
temperature in K (here 273K, 293K),a; and b;are virial coefficients, and m stands for

the number of coefficients required to adequately fit the isotherms.

Therefore, AH,4s can be calculated from equation (eq. S3), where R is the universal gas

constant.

AHgqs = —Qst = R Zﬁoaini (S3)
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Fig. S11 Intensity change of absorbance bands at ~1330 (black) and ~1144 cm™! (blue)
of MIL-101 (left) and CB6@MIL-101-ClI (right) as a function of time, corresponding
to the asymmetric and symmetric stretching vibration of physisorbed SO,.
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Fig. S12 FT-IR spectra of MIL-101 and CB6@MIL-101-Cl before and after one-cycle
full SO, adsorption-desorption at 293 K followed by degassing at 150 °C and 1 x 103
mbar for 12 h. We note that the peak at slightly below 700 cm™! in MIL-101 and
CB6@MIL-101 exists in non-degassed samples prior to FT-IR measurements,
however, it vanishes when the sample is well degassed directly prior to the
measurement.

120



100 1 B st cycle
B 2nd cycle
— P 3rd cycle
S, 80 -
©
X
S
S 60+
©
£
8 40
g 407
o™
3
20
04

MIL-101 MIL-101-ClI cB6@MIL-101-Cl

Fig. S13 Cycling SO, adsorption-desorption performance of MIL-1012!, MIL-101-Cl
and CB6@MIL-101-Cl at 293 K and 0.96 bar from three-cycle ad/desorption
measurements, full isotherms (with 17 points for ads. and 12 points for des.). Between
each individual isotherm sorption experiment the samples were activated at 150 °C

under vacuum (1x10-3 mbar) for 12 hours. The first SO, uptake value was set to 100%
as reference point with the second and third uptake value given relative to it.

Table S7 Porosity characteristics of MIL-101, CB6@MIL-101-Cl, MIL-101-CI and
nanoCB6-H before and after exposure to cyclic SO, adsorption at 293 K, and after
exposure to humid SO, for 6 h.

before after cyclic SO; after humid SO
ads. exposure
SpET Viotal SpET Viotal SgET Viotal
[mZ.g—l] [Cm3.g— [mZ.g—l] [Cm3.g— [mz.g—l] [Cm3.g—1]
'] ']

MIL-101 3217 1.54 1768 0.84 3228 1.50
CB6@MIL- 2077 1.00 2036 0.98 2104 1.03
101-Cl
MIL-101-Cl 3408 1.63 3541 1.66 3390 1.63
nanoCB6-H 435 0.24 — — 79 0.06

121



Intensity [a.u.]

Intensity [a.u.]

k\/\‘\\ —— after SO, 293 K
M@er cyclic SO, 293 K

—— MIL-101
JLL_; —— Simulated M —— CBB@MIL-101-Cl

T T T T T T y

10 20 30 40 50 10 20 30 40 50
2 Theta [] 2 Theta [

after cyclic SO, 293 K

Intensity [a.u.]

— MIL-101-Cl

T T T T

10 20 30 40 50
2 Theta [°]

Fig. S14 PXRD patterns of MIL-101, CB6@MIL-101-Cl and MIL-101-Cl after cyclic
SO, adsorption (3 cycles for MIL-101 and MIL-101-Cl, 10 cycles for CB6@MIL-101-

CL The samples between each individual sorption experiment were activated at 150 °C
and 1x10-3 mbar. After the last cycle each sample was degassed at 150 °Cand 1 x 10~

3 mbar for 12 h.
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Fig. S15 PXRD patterns of MIL-101, CB6@MIL-101-Cl and nanoCB6-H before and
after exposure to humid SO, (35 £ 5 ppm) for 6h.
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Fig. S16 SO, adsorption isotherms at 293 K of MIL-101, CB6@MIL-101-Cl and
nanoCB6-H before (black) and after (blue) exposure to humid SO, for 6 h.

Table S8 SO, uptake at 293K of MIL-101, CB6@MIL-101-Cl and nanoCB6-H at 0.01
bar and 1 bar.

dry conditions after exposure to humid SO>
SO, wuptake at 293 K at SO, uptake at 293 K at
[mmol-g1] [mmol-g1]
0.01 bar 1 bar 0.01 bar 1 bar
MIL-101 0.7 27.7 0.7 22.7
CB6@MIL- 2.1 19.5 2.4 16.3
101-Cl
nanoCB6-H 2.8 6.5 1.8 4.8
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4 Unpublished Part

The unpublished part includes three porphyrin-based MOFs, such as PCN-224 and Al-
PMOF for heat transformation applications in section 4.1 and section 4.2, as well as
PCN-222 in section 4.3. Chemicals and instrumentations are given in section 4.4 and

the relevant experimental procedures are recorded in section 4.5.

4.1 Structure and vapor sorption of PCN-224

In PCN-224, [Zre(p3-0)a(u3-OH)4(OH)s(H,0)s(TCPP), 5, TCPP =
meso-tetrakis(4-carboxyphenyl)porphyrin)], each Zrg(OH)g core is only connected to
six carboxylates from TCPP ligands and the residual uncoordinated Zr sites are
occupied by terminal OH (or H,O) ligands. The structure of PCN-224 features 3-

dimensional cubic channels with a diameter of 19 A (Figure 11).116

6-connect Zr, TCPP

Figure 11 Representation of PCN-224 with the 6-connected Dj;; symmetric Zrs and
tetratopic TCPP ligand. Reproduced with permission from ref 116.Copyright 2013
American Chemical Society.
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PCN-224 was synthesized via two different approaches, as described in the
experimental part (section 4.5). Powder X-ray diffraction (PXRD) patterns of PCN-224
samples both well matched the simulated pattern, confirming the phase purity of the
targeted materials (Figure 12). Compared to PCN-224 1, PCN-224 2 exhibits a higher

crystallinity, which is in line with the following N, adsorption results.

—— PCN-224_1
——PCN-224_2
AR oA e

I I —— Simulated

10 20 30 40 50
2 Theta [*]

Intensity [a.u.]

Figure 12 PXRD patterns for simulated and experimental PCN-224 samples via two
synthetic approaches (CCDC number: 919444).116

The porosity of the samples was evaluated by analysis of the N, adsorption-desorption
isotherms measured at 77 K. The typical type Ib sorption isotherms of PCN-224
indicated theirr microporous nature. The Brunauer-Emmett-Teller (BET) surface area
and total pore volume of PCN-224 from two synthetic approaches were found to be
different. The isotherms of PCN-224 1 vs PCN-224 2 are shown in Figure 13. PCN-
224 2 shows a higher crystallinity and porosity. However, it is still lower compared to

the previous literature with a BET surface area of 2600 m? g-1.116
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Figure 13 N, adsorption-desorption isotherms at 77 K of PCN-224 samples via two
synthetic approaches (Filled: adsorption, empty: desorption).

On account of the chemical stability of PCN-224 reported in the literature,''® PCN-224
was used to study water vapor adsorption for adsorption heat transformation application
(AHT). The water vapor adsorption isotherm of PCN-224 is shown in Figure 14 left. It
shows a typical type V isotherm and the steep uptake occurred at 0.5 p/py, which
indicates the high hydrophobic nature of PCN-224. The maximal water vapor uptake is
321 mg g'. However, the steep water vapor adsorption that occurs at high relative

pressure is unfavorable for AHT applications.

In contrast to water vapor, PCN-224 exhibits a good affinity towards ethanol at a low
relative pressure (Figure 14 right). The samples of PCN-224 via two synthetic
approaches have similar adsorption curve types and the steep uptake for both samples
takes place between 0.05-0.2 p-ps!. The uptakes at0.2 p-py ' are up to 373 mg g! and
712 mg g!, which are 84% and 85% of the maximal uptake capacity, respectively
(444 mg g ! for PCN-224 1 vs 839 mg g ! for PCN-224 2). Understandably, due to the
high crystallinity and porosity in PCN-224 2, it shows a high ethanol adsorption
uptake. The structural characterization, such as PXRD and N, sorption after ethanol

vapor adsorption need to be further investigated.
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Figure 14 Vapor sorption isotherm of PCN-224 with water (left) and ethanol (right) at
293 K

4.2 Structure and vaporsorption of AI-PMOF

AIFPMOF, [AL(OH),TCPP], reported by Rosseinsky et al. in 2012, was found to be a
water-stable material for optical applications.!!” In AI-PMOF, each porphyrin linker is
coordinated to eight aluminum atoms via four carboxylates, and each aluminum (III) is
connected to four carboxylates through oxygen atoms and is bridged by adjacent two
AP* centers via two W, axial OH-, forming an infinite AI(OH)O4 chain. The crystal

structure is shown in Figure 15.
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Figure 15 TCPP porphyrinic linker and the crystal structure of AI-PMOF viewed from
different directions. Reproduced with permission from ref 117.Copyright 2012 John
Wiley and Sons.

PXRD pattern of synthesized AI-PMOF matches well with the simulated, which
confirms the phase purity of AFPMOF (Figure 16). An N, adsorption-desorption
isotherm of AI-PMOF at 77 K (Figure 17) demonstrated a BET surface area of 966
m% ! with a pore volume of 0.41 cm3g ! (at 0.80 p ps!). The porosity of AI-PMOF
before and after water vapor adsorption at 293 K remained almost unchanged (Figure

17).
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Figure 16 Powder XRD patterns for simulated and experimental Al-PMOF sample
(CCDC number:1500441)117
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Figure 17 N, adsorption-desorption isotherms at 77 K of AI-PMOF before (black) and
after (blue) water vapor sorption (Filled: adsorption, empty: desorption).

AIFPMOF was synthesized under hydrothermal conditions and was therefore
considered to be water stable. The water vapor adsorption and the ethanol vapor
adsorption of AFPMOF were measured, respectively (Figure 18). The results were
similar to PCN-224 and showed that AI-PMOF exhibited quite hydrophobic nature with
a steep water vapor uptake at around 0.5 p ps!. The relative pressure of water vapor
adsorption-desorption of AI-PMOF is not in the range which is favorable for AHT
application (0.05-0.3 p py'). In addition, the behavior of AI-PMOF on ethanol vapor is

different from that of water vapor. AI-PMOF showed a very strong affinity towards
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ethanol vapor and steep vapor uptake at low pressure. The maximal water vapor and

ethanol vapor uptake of AI-FPMOF were 280 mg g! and 305 mg g, respectively.
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Figure 18 Vapor sorption isotherm of AI-PMOF with water (left) and ethanol (right) at
293 K.

4.3 Structure and properties of PCN-222

PCN-222/MOF-545, [Zre(p3-O)a(p3-OH)4(OH)4(H20)4(TCPP),], is a highly stable
mesoporous porphyrinic zirconum MOF. It possesses large hexagonal 1D open
channels, with a diameter of up to 3.7 nm along the c axis (Figure 19).!!8 The
framework of PCN-222 composes of Zrg clusters connected by the square planar TCPP
ligands. Each Zrg(OH)g core is connected to eight TCPP ligands and the Zrs-octahedra

in the triangular faces are capped by eight x3-OH ligands.

rs a2
onfh Fia
ey X =
-
Sag F

Figure 19 Molecular representation of PCN-222 (Reproduced with the permission from
ref 118. Copyright 2017 Springer New Y ork)
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PXRD pattern of PCN-222 is in line with the simulated pattern, demonstrating the

successful synthesis of the pure-phase PCN-222 (Figure 20).

—— Experimetal PCN-222
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Figure 20 PXRD patterns of experimental and simulated PCN-222 (CCDC number:
893545)119.

The porosity of PCN-222 was examined by N, adsorption-desorption experiments at
77 K. PCN-222 affords a high N, uptake of up to 587 cm? g! at 77 K and 1 bar. The
adsorption isotherm shows a steep increase at 0.3 p py/ and presents a typical type IV
isotherm, indicative of the mesoporous framework of PCN-222. A high BET specific
surface area of up to 1348 m2-g! with a total pore volume of 0.89 cm? g! (at 0.9 p
po 1) was calculated (Figure 21 left). The BET surface area and porosity of PCN-222
are lower, compared to the previous literature with a BET surface area of 2200 m? g,
as well as the total pore volume of 1.56 cm? g1.116 The pore size distribution (PSD) of
PCN-222 (Figure 21 right) shows pores with diameters of 12.3, 15.6 and 36.0 A,
assigned to triangular microchannels (12.3 and 15.6 A) and hexagonal mesochannels

(36.0 A), which well corresponds the hexagonal diameter (37 A) of the framework

(Figure 19).
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Figure 21 N sorption isotherm (left) and pore size distribution (right) for PCN-222 at

77 K.

Considering the high BET surface area and good chemical stability, PCN-222 could

have the possibility of encapsulation of porous organic cage (POC). This part of the

work was in cooperation with Dr. Jun Liang. The organic fluorinated [4+4] imine

cage 120 was incorporated into PCN-222 by wet impregnation. Unfortunately, this

experiment was not as expected, and the unsuccessful experiment may be due to the

particularly poor solubility of fluorinated organic [4+4] imine cage, or the insufficient

mteractions between this kind of POC and the framework of PCN-222.

4.4 Chemicals and Instrumentation.

The chemicals used for this chapter are listed in Table 4.

Table 4 Starting materials and solvents are obtained from commercial sources.

Item

Manufacturer

Zirconum(IV) chloride (ZrCl)

Alfa Aesar

N, N-dimethylformamide (DMF)

Fisher Chemicals

Propionic acid

Sigma—Aldrich/Merck

Methyl p-formylbenzoate

Alfa Aesar

Pyrrole

Sigma—Aldrich

Ethanol

Sigma—Aldrich

Ethyl acetate

Sigma—Aldrich

deuterated Chloroform (CDCl)

Sigma—Aldrich/Merck

Tetrahydrofuran

Sigma—Aldrich
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Methanol Sigma—Aldrich

Potassium hydroxide Acros Organic
Hydrochloric acid Fisher Chemicals
deuterated Dimethyl sulfoxide (DMSO-d) Sigma—Aldrich/Merck

Benzoic acid Acros Organic

Zirconyl chloride octahydrate

Acros Organic
(ZrOCl, 8H,0)

Acetic acid Fisher Chemicals
Aluminum chloride hexahydrate

Acros Organic
AICl;-6H,0
N, N-diethylformamide (DEF) Fisher Chemicals
Acetone Fisher Chemicals

Powder X-ray diffractometry (PXRD) was performed at room temperature on a Bruker
D2 Phaser (300 W, 30kV, 10mA) using Cu-Ka radiation (A =1.54182 A) in the range

of 5° <20 <50° with a scanning rate of 0.15° s-! (300 W, 30 kV, 10 mA). The analyses

of the diffractograms were carried out with the “Match! 3.5.3.109” software.

The adsorption—desorption isotherms of nitrogen were measured at 77 K using a
Micrometrics ASAP 2020 for PCN-222 or an Autosorb-6 from Quantachrome for PCN-
224 and Al-PMOF. For activation, the sample was degassed in a vacuum of 5 x 1072
mbar at 150 °C for 12 h. The Brunauer—Emmett—Teller (BET) surface areas were
calculated in the p/py range of 0.01-0.05. Total pore volumes were calculated from
nitrogen adsorption isotherms at p/py = 0.90. The pore size distribution which was

calculated using NLDFT method at 77 K for “N2 on cylindrical pores”.

IH NMR spectra were recorded on a Bruker Avance III-300. 5~10 mg of the dried
sample was dissolved with 600 pL. of the deuterated solvent (CDCl; or DMSO-d),

followed by ultrasonication for half an hour to ensure digestion.
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Volumetric water vapor sorption isotherms were measured on a Quantachrome VSTAR
vapor sorption analyzer at 293 K. Before the measurements, the samples were placed
in cap-sealed glass tubes for initial weighing. The tubes including the samples were

degassed under vacuum for at least 3 hours at 150-170 ° C and weighed again.

4.5 Experimental part
4.5.1 Synthesis of tetrakis(4-carboxyphenyl)porphyrin (H4sTCPP)

Typically, the synthetic procedures were carried out by two steps according to the
previous work:'16 Firstly, the ester form of TCPP was prepared from mixing propionic
acid (200 ml), methyl p-formylbenzoate (13.8 g, 0.084 mol) and pyrrole (6.2 mL, p =
0.96 g'cm>3) in a three-necked flask (250 mL). The solution was refluxed for 12 h at
140 °C and cooled down to room temperature. The product was then self-crystallized
due to its insolubility in propionic acid. Afterward, the mixture was put in the
refrigerator for 5 hours to precipitate crystals. At last, the precipitate was filtered
through a No.4 sand core funnel and was washed slowly with ethanol (80 mL) to
remove unreacted propionic acid, then with ethyl acetate to remove polypyrrole (by-
product). Final washing was carried out with a few drops of THF. The product, a purple
crystal, was put in a vacuum for drying. 'H-NMR (Figure 22): (300 MHz, CDCl) &

8.82 (s, 8H), 8.4 (d, 8H), 8.30 (d, 8H), 4.11 (s, 12H), 2.81 (s, 2H).

Secondly, the acid form of TCPP was continually prepared. The 1.95 g of ester above
was weighed in a flask and stirred in a mixed solvent of THF (60 mL) and MeOH (60
mL), followed by the addition of a KOH solution (6.82 g, 60 mL). This mixture was
refluxed for 12 h and cooled down to room temperature. Afterward, THF and MeOH
were evaporated by rotary evaporation at 335 mbar and 40 °C. Later, the condition was
adjusted to 50 °C with a pressure of 150 mbar. The amount of liquid evaporated should
be equal to the total amount of the mixed solution of THF and MeOH. After that, a

large amount of water (800 mL) was added to completely dissolve the solid. The
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solution was acidified with 1M HCI until a purple solid precipitated (use a disposable
chemical dropper to suck up a small amount of the solution, and drop it on the tissue
paper to see if the purple solid is precipitated). The sample was kept still overnight.
Then the upper salt solution was slowly sucked out by a chemical dropper and the
remaining small amount of the mixture is centrifuged, then washed with water and dried
in a vacuum at 120 °C. '"H NMR (Figure 23): (300 MHz, DMSO-d) 6 2 8.86 (s 8H),

8.39 (d 16H) -2.93 (s, 2H);

4.5.2 Synthesis of PCN-224

Approach 1: Zirconum chloride (30 mg, 0.13 mmol) was added to N,N-
dimethylformamide (DMF, 2 mL), followed by the addition of 400 mg benzoic acid,
and tetrakis(4-carboxyphenyl) porphyrin (TCPP, 10 mg, 0.013 mmol). The mixture was

transferred into an autoclave and heated at 120 °C for 24 h (PCN-224 1 sample).

Approach 2: Zirconyl chloride octahydrate (1.25 g, 3.88 mmol) was added to DMF (150
mL) and sonicated for 15 minutes, then TCPP (250 mg, 0.32 mmol) was added to the
solution. Afterhalf an hour, acetic acid (25 mL) was added. The mixture was transferred
into autoclaves (100 mL) and heated at 80 °C for three days (1 h for heating up to the
target temperature and 2h cooling down to room temperature). The microcrystalline
powder was filtered and washed with DMF (5 x 25 mL) over a three-hour period. The
DMF was then replaced with acetone (5 x 25 mL) over a five-day period. Fmally, the
sample was dried at 120 °C under vacuum (0.05 — 0.01 mbar) overnight (PCN-224 2

sample).

4.53 Synthesis of AI-PMOF

According to the previous report,!'” 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin

(100 mg, 0.126 mmol) and AICL;-6H,O (60 mg, 0.25 mmol) were introduced into 10

mL of deionized water. The suspension was stirred for 10 minutes at room temperature

and then transferred into a 40 mL Teflon-lined autoclave and heated at 180 °C for 16
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hours (1.5 h for heating up to the target temperature, 3 h for cooling down to room
temperature). The solid was centrifuged and washed with DMF (3 x 80 mL) to remove
the unreacted porphyrin and acetone (3 x 80 mL). After drying, the AI-PMOF was

obtained as ared solid (yield: 50 mg, 25%).

4.54 Synthesis of PCN-222

The synthetic procedure was carried out as follows with some modifications:!'!?
Benzoic acid (2.7 g, 22 mmol-g'') was firstly dissolved in N, N-diethylformamide
(DEF), and ZrCly (75 mg, 0.322 mmol g ') was added under stirring. After the mixture
was dissolved, TCPP (50 mg, 0.063 mmol) was introduced. The mixture was
transferred to an autoclave, which was heated in a temperature-programmed oven (80
minutes heating up to 120 °C, kept for 48 h, followed by 10 minutes heating up to 130
°C and kept for 24 h, then 24h for cooling down to room temperature). After the
reaction, the precipitate was washed by filtration with DMF and acetone to remove the
residual benzoic acid. Afterward, DMF (70 mL) and conc. HCI (12 mol L1, 0.35 mL)
and the precipitate were added in a 250 mL flask, and the mixture was green. After
ultrasonication for 20 min, the mixture was refluxed at 120 °C for 17 h, and then cooled
down to room temperature. The mixture turned orange, and the precipitate was filtered.
The precipitate was soaked in DMF for 2 days (4 x 80 mL), followed by washing and
immersing with acetone for 3 days (6 x 80 mL). At last, the purple, needle-shaped

crystal was centrifuged and dried in a vacuum (yield: 37 mg, 48%).
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