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ABSTRACT

Numerous studies revealed the potential of metal-organic frameworks (MOFs) with
strong binding sites for sorption-based applications. To evaluate this, a fundamen-
tal understanding of their water sorption characteristics is mandatory, as water-
adsorbent interactions play a key role.

This work gathers a comprehensive understanding about the hydration behav-
ior of CPO-27-type frameworks. It is found that the incorporated metal center in
CPO-27-M (M = Co, Cu, Mg, Mn, Ni, Zn) orchestrates the water uptake into the one-
dimensional micropores, governed by coordination of the open metal site. CPO-27-Zn
reveals a prototypical behavior, showing occupation of distinct positions in distin-
guishable sorption steps. Most other materials (M = Co, Mg, Mn, Ni) show severe
differences, depending on the metal center. Contrary, water uptake in CPO-27-Cu
proceeds entirely differently in one step without participation of the metal center.
Additionally, the precise arrangement of water molecules, i.e., their interactions
with the host framework, affects the hydrolytic stability of CPO-27-M.

Further, the hydration behavior of CPO-27-type frameworks is altered by their
pore size and incorporated defect sites. More defect sites alter the adsorption mech-
anism of CPO-27-Ni. Increasing pore size results in enthalpy-driven hydration
without water-pore wall interactions, showing classical pore condensation, initiated
by the formation of water bridges between water molecules coordinating to the metal

center.
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KURZFASSUNG

Das Potenzial von metall-organischen Geriistverbindungen (kurz MOF's) mit attrak-
tiven Bindungsstellen fiir sorptionsbasierte Anwendungen wurde in zahlreichen
Studien nachgewiesen. Zur Beurteilung ebendieser Netzwerke ist eine detaillierte
Kenntnis ihrer Wassersorptionseigenschaften notig, da vorhandene Wasser-MOF
Wechselwirkungen eine Schliisselrolle spielen.

In dieser Arbeit wird ein umfassendes Verstindnis des Hydratationsverhaltens
von CPO-27-artigen Netzwerken gewonnen. Es zeigt sich, dass das in CPO-27-M (M
= Co, Cu, Mg, Mn, Ni, Zn) enthaltene Metallzentrum die Wasseraufnahme in den
eindimensionalen Mikroporen steuert, welche durch die Besetzung der offenen Koor-
dinationsstelle am Metall eingeleitet wird. CPO-27-Zn zeigt ein einzigartiges Verhal-
ten unter der Besetzung verschiedener Positionen in klar definierten Sorptionsschrit-
ten. Die meisten anderen Materialien (M = Co, Mg, Mn, Ni) zeigen Unterschiede
in Abhédngigkeit vom Metallzentrum. Im Gegensatz dazu zeigt CPO-27-Cu eine
Porenkondensation von Wasser ohne Beteiligung des Metallzentrums. Zusétzlich
beeinflusst die Struktur adsorbierter Wassermolekiile, insbesondere ihre Wechsel-
wirkungen mit dem MOF, die hydrolytische Stabilitat von CPO-27-M entscheidend.

Dariiber hinaus wird das Hydratationsverhalten von CPO-27-artigen MOFs
durch die Porengrofle und durch eingebaute Defekte verdndert. Eine Vielzahl
an Defektstellen beeinflusst den Adsorptionsmechanismus von CPO-27-Ni. Mit
zunehmender Porengrofle erfolgt eine enthalpiegesteuerte Hydratation ohne Wasser-
Porenwand-Wechselwirkungen, was in einer Porenkondensation resultiert, welche
durch die Bildung von Wasserbriicken zwischen Wassermolekiilen, die an das Met-

allzentrum koordinieren, initiiert wird.
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CHAPTER

INTRODUCTION

1.1 Metal-organic Frameworks

etal-organic frameworks (briefly MOF's) are inorganic-organic hybrid ma-
terials that gathered severe research interest over the past decades. These
compounds are formed through a self-assembling reaction mechanism of
inorganic building blocks (e.g., metal cations, metal-(oxo)-clusters) and organic, mul-
titopic linker molecules. Coordination of these linkers to the inorganic units results
in crystalline, two- or three-dimensional frameworks, characterized by permanent

accessible porosity (Figure 1.1).1!

g+/_

metal ion, organic linker
metal-cluster molecule

metal-organic framework (MOF)

Figure 1.1: Schematic illustration of MOF's built by a self-assembling reaction mechanism

of inorganic (metal ions or -clusters) and organic (linker molecules) building units.



CHAPTER 1. INTRODUCTION

The large surface areas and pore volumes along with diverse structure and,

in some cases, high thermal stability make these hybrid materials particularly

interesting for many applications.?~4! This includes the separation of gases, %!

[5,6] [7-9] [10,11]

gas

storage, catalysis or water harvesting.

1.1.1 Structure and Properties of CPO-27

One prominent and heavily studied example for these porous hybrid materials
is CPO-27121 (CPO = coordination polymer of Oslo), which is also known by its
synonym MOF-74.113! Tt is well established due to its vast variety of usable bivalent
metal centers (M?*), including M = Cd, 14151 Co,[12! Cy, 18] Fe, 117181 Mg 191 Mp, [20]
Ni,2!! and Zn.3 The inorganic building unit adopts a rod-like alignment formed
by corner-sharing octahedra of six-fold coordinated metal ions (i.e., MOg) in a helical

arrangement (Figure 1.2).

Figure 1.2: Representation of the (a) rod-like inorganic building unit of desolvated
CPO-27-M. (b) Connectivity within the rod-like unit, showing multiple coordinative bonds
of the dhtp4‘ linker molecule toward different metal centers. (¢) Illustration of the one-
dimensional channels along the crystallographic c-axis, highlighting undercoordinated

metal centers, i.e., open metal sites.

These metal octahedra are formed by coordination of three carboxylate oxygen
atoms and two phenolate groups, both provided by the 2,5-dihydroxyterephthalate
(dhtp*~ or dobdc*") linker molecules and one coordinating solvent molecule (usually

N,N-dimethylformamide (DMF) or water, stemming from the reaction solution) to

2



1.1. METAL-ORGANIC FRAMEWORKS

saturate the coordination sphere. The thus-formed framework possess a honeycomb-
like cross-section, exhibiting cylindrical, one-dimensional, i.e., individual micropores
that are parallel to each other.

Post-synthetic removal of the coordinating solvent molecules by different meth-
ods such as thermal activation or solvent exchange procedures generates an open
metal site (OMS),[22! j.e., under-coordinated metal cations, directed toward the pore
space. These highly attractive sites are accessible for a variety of different guest
molecules (including HoO and COy).

The framework can be further modified by incorporation of multiple metal
cations?324] to obtain mixed-metal MOFs, or by the selective introduction of struc-
tural defects with (partial) use of linker molecules with a lower topotacticity, 2528
i.e., missing carboxylate and/or phenolate coordinating groups. This gives rise to
materials with tailor-made properties such as thermal stability, stability against

water, and reactivities.

1.1.2 Properties of CP0O-27 and Its Interactions with Small

Molecules

The easy accessibility of generated OMS makes CPO-27-M an interesting material
in terms of sorption-based applications. MATZGER et al. analyzed the COy uptake of
a series of CPO-27-M (M = Co, Mg, Ni, Zn) frameworks, depending on the exposure
toward humidity.'2?! They first analyzed the effect of different relative humidities on
the uptake of CPO-27-Mg and found that even exposure to low relative humidities
resulted in a significant loss of the COy uptake after thermal regeneration (150°C,
under a dry Argon stream). Afterward, the performance of all frameworks was ana-
lyzed at 70% relative humidity (Figure 1.3), suggesting that the hydrolytic stability
of these frameworks decreases as follows: Co > Ni > Mg > Zn. Powder X-ray diffrac-
tion (PXRD) experiments revealed that the crystallinity of all compounds is indeed
maintained, although peak broadening is visible in some cases. Finally, CPO-27-Co
was subjected to multiple humidity/regeneration cycles, showing a complete loss of
the CO9 uptake after 20 cycles.

Further studies comparing the hydrolytic stability of CPO-27-Mg and CPO-27-Ni
suggested a higher stability of the nickel-based framework.!3%! The authors at-
tributed this to the generally higher stability of divalent metal oxides with increasing

electronegativity of the M2* center, since the rod-like inorganic units are dominated

3
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140

[ pristine
120 [ regenerated ]|

100 | -

Co Mg Ni Zn

M,dhtp

H D [0
o o o

CO, Capacity (cm® g™, STP)

N
o

o

Figure 1.3: Comparison of COq capacities of pristine and regenerated samples of CPO-27-M

after exposure to 70% relative humidity. 2%

by M-O bonding. Consequently, framework decomposition is thermodynamically
driven and not solely dictated by kinetics. These observations are further supported
by the high water adsorption/desorption cyclability of CPO-27-Ni.!31! (A more de-
tailed view on the water adsorption/desorption behavior of CPO-27-M is given in
Section 1.2.5.)

Later, a more detailed approach was applied on CPO-27-Mg. 32 The effect of the
humidity and temperature on the framework characteristics was studied. Results
indicate lower thermal stabilities for aged samples as well as a nearly complete
loss of porosity. Further, PXRD experiments confirmed lower crystallinity of aged
compounds, shown by severely decreased intensity of the [110] reflection, which
generally reflects the ordering of the cylindrical micropores. These changes became
apparent after only one day, remaining mainly unchanged for longer aging times.
Since Fourier transform infrared (FTIR) spectroscopy revealed no changes in the
carboxylate region, the authors suggested a decomposition mechanism initiated by
coordination of water molecules to the open metal site, facilitating water clustering
(Figure 1.4a). In combination with the high bonding degree of the Mg?* center,
i.e., bond orders of 1 to 1.5, distortion of the inorganic unit is initiated, eventually
resulting in cleavage of the axial Mg-O bonds. As a consequence of the broken bonds
between adjacent one-dimensional pores, individual channels tilt against each other
and (partially) block their respective pore openings, leading to a complete loss of
accessible porosity. However, molecular dynamics (MD) simulations on CPO-27-Zn

suggested a different mechanism, characterized by dissociation of water into H* and

4



1.1. METAL-ORGANIC FRAMEWORKS

OH™ ions, influenced by the Lewis acidic M2*center (Figure 1.4b).[33! Thus, formed
ions result in the formation of metal hydroxides and protonated linker molecules,

leading to a complete collapse of the porous framework.

. M-
Ho Mg H 10

@
Q e .
o 6
oti——0 ———0 —
7572 v i
A

o s s

by & u, u,

Figure 1.4: Proposed decomposition mechanisms for (a) CPO-27-Mg, 32! based on the

dissociation of the axial M-Ognp bond, resulting in rotation of individual pores against each

other. (b) Suggested decomposition mechanism of CPO-27-Zn, 33!

involving the protonation
of the linker molecules, resulting in a complete loss of crystallinity. Only relevant atoms and

bonds are displayed. Waved bonds indicate the extended structure of the framework.

However, approaches emerged in order to overcome the lack of hydrolytic sta-
bility. One of these is the use of multiple metal centers during the framework
synthesis. 3435 Studies highlighted that even incorporation of small amounts of
Cu?* or Ni?* into the CPO-27-Mg structure resulted in significantly higher stabilities
in aqueous solution.

Further computational studies analyzed the behavior of small guest molecules
in CPO-27-M. Application of density functional theory (DFT) to CPO-27-M fo-
cused on the adsorption energies and preferred adsorption sites of small molecules
(e.g., CO,,136:371 N, [36.37] gnd H,[36:38]) While most metal centers revealed a rather
similar behavior, CPO-27-Cu offered distinct differences. In this particular case,
a lower positive charge of the Cu?* centers resulted in structural changes of the
framework with one oxygen atom of the inorganic units blocking the metal center

and further acting as an adsorption site for Hy via H-bonding. 3!

5
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Figure 1.5: Representation of the crystal structure of hydrated CPO-27-M, showing the
five crystallographically independent water positions, indicated by their respective oxygen
atoms (01 — 05).[4041]

Considering water as a potential guest molecule, DIETZEL et al.[*4! studied
the dehydration behavior of CPO-27-M (M = Co, Cu, Mg, Mn, Ni, Zn) and found
five crystallographically defined water molecules per M?*center in fully hydrated
frameworks. They categorized these five molecules in three distinguishable groups,
with respect to their strength of interaction with the host material and with adja-
cent water molecules (Figure 1.5): (i) One water molecule binds to the OMS via a
coordinative bond, possessing the strongest adsorption strength (i.e., chemisorption,
01). (ii) Next, two more water molecules (02, O3) form strong H-bonds with the
coordinating water molecule, revealing weaker adsorption strengths. (iii) Lastly, the
remaining two water molecules (04, O5) solely interact with the last-mentioned
two water molecules by H-bonding. Hence, these are more loosely bonded and show
the weakest adsorption strength. Considering this, the chemical formula of com-
pletely hydrated CPO-27-M is [Mo(dhtp)(H0)2] - 8 H2O, indicating that two water
molecules (one per M?*) strongly bind to the metal center and are therefore a crucial
part of the coordination environment, while eight additional molecules (four per
M?*) are considered as crystal water molecules within the microporous framework

pores.
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1.1.3 Reticular Synthesis

One of the most important concepts in describing MOF chemistry is the concept
of reticular synthesis, %43 established by YAGHI. Within certain boundaries, it
enables to pre-determine the structure of these frameworks by selection of its
building blocks. This concept provides a simplification of the often complex structures
found in MOFs[%448] by viewing these as simplified geometric objects. These building
blocks are called secondary building units (SBUs) and refer back to the respective
geometry and connectivity of the inorganic and organic moieties based on extension
points (e.g., carboxylate carbon atoms, see Figure 1.6). Assuming that these units
are rigid, they can be viewed as interchangeable. Consideration of the structure
and connectivity of the underlying periodic net, i.e., the network topology, 4?59
then allows a clarified view of the structure of these porous compounds in terms of
connectivity and periodic alignment of individual SBUs. This facilitates synthesis by
design with precise fine-tuning of the framework properties, generating isoreticular
frameworks (i.e., frameworks that adopt the same topology). These opportunities
include the introduction of new functionalities, ?1-56! the modification of the pore

[10,51,57]

size, and the use of different metal cations®®! during MOF synthesis.

Inorganic Units SBUs Organic Units SBUs

Figure 1.6: Representation of typical inorganic and organic building units found in MOF's

and their simplified interpretation as secondary building units (SBUs).[42]
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A well known material to highlight the applicability of this concept is the pre-
viously discussed CPO-27 (or MOF-74). Substitution of the organic SBU, i.e., of
the linker molecules (Figure 1.7a), results in isoreticular frameworks, so-called
IRMOFs-74, with different pore sizes and functionalities such as found for Madondc!®®!
(dondc = 1,5-dihydroxynaphthalene-2,6-dicarboxylate), Mabpp!1557:60-631 (hpp =
3,3’-dihydroxy-[1,1>-biphenyl]-4,4’-dicarboxylate) and Matpp15:57-61.621 (tpp = 3,37-
dihydroxy-2’,5’-dimethyl-[1,1":4’,1”-terphenyl]-4,4”-dicarboxylate). In addition, modi-
fication of the linker substitution pattern (i.e., from para- toward meta-arrangement
of carboxylate groups), results in the formation of frameworks with curved, »banana-
like« pore walls (Figure 1.7b), as demonstrated in Modhip!®*! (dhip = 4,6-dihydroxy-
isophthalate) and Mobpm 6265661 (hpm = 4,4’-dihydroxy[1,1-biphenyl]-3,3’-dicarboxy-
late). These pore engineering possibilities enable to selectively tune the frameworks
surface area from 1100 ... 2400 cm?® g! as well as their respective pore diameters,

within the range from 10 to 23 A, and beyond.

(a) o] (o] o HO
HO HO HO OH HO (o)
o]
HO OH HO C Q
w0
OH OH (o]
o HO OH Q
o OH

H,dhtp H,dhip H,dondc H,bpm

or M,dhtp

Figure 1.7: (a) Examples of linker molecules known to generate CPO-27-type framework
structures. (b) Illustration of the curved, »banana-like« pore walls found in Msbpm in

comparison with Msobpp, enforced by the different arrangement of functional groups.



1.2. WATER SORPTION OF POROUS MATERIALS

1.2 Water Sorption of Porous Materials

orous materials are often used for sorption-based applications, since they
offer benefits such as high surface to volume ratios, high surface areas
coupled with large porosity and often highly-ordered, uniform pores.67]
Independently from the desired application, the adsorption of water is an important
process to understand.®®71 This is due to the interaction of water molecules,

i.e., the adsorptive, with the solid interface, i.e., the adsorbent, in particular on the

internal surface of porous materials (Figure 1.8).

T adsorptive

/ adsorbate

+«——— adsorbent

Figure 1.8: Schematic representation of the molecular adsorption process of molecules from

the gas phase onto a solid interface.

On the one side, a large variety of applications for porous materials are based

on the preferential uptake of water, i.e., strong water-adsorbent interactions. Ex-

[69,75]

amples for these are proton conduction,!”>-74 humidity sensing, water har-

[1L76,77] o1 adsorption-driven heat pumps.'”®7! On the other side, numerous

[69,75,80,81]

vesting

other applications like the detection of gases (except for water),
[82-84] [85—-87]

gas cap-

turing and storage, gas separation or catalysis!"88-9% typically aim for
the absence of water as it is a disruptive factor. This is a consequence of water
competing with the desired target molecules for attractive sorption sites, influencing
selectivity. Additionally, water may negatively affect the materials’ stability. Hence,
a comprehensive understanding of the water sorption behavior is necessary to evalu-
ate potential candidates for industrial applications by detecting possible drawbacks

and benefits. For example, water sorption analysis can provide valuable insight into

9
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91-931 ynder concrete water con-

the stability of a material by analyzing its durability'
centrations, i.e., a given relative humidity, providing information on the long-term
applicability of the material. In addition, this method allows to classify the polarity
of the pore environment. This ultimately enables researchers to pre-select the most
promising candidates for a desired application, making water sorption analysis a
mandatory characterization method.

To monitor the water sorption properties of porous materials, many techniques
have been used in the past, all possessing advantages and drawbacks with respect
to other methods. One of the first applied techniques is the standard gravimet-
ric method that uses saturated salt slurries (SSS), enabling the measurement of
equilibrium water sorption isotherms.®* Therefore, SSS are prepared to generate
well-known relative humidities in closed sample chambers, enabling simultaneous
measurement of various samples. However, since any given salt yields only one
specific humidity value at a given temperature, multiple salt solutions are required
to obtain complete isotherms. Additionally, large sample amounts are needed to
accurately measure the water uptakes with sufficient precision. This results in
time-consuming measurements, i.e., extended equilibrium times (days to weeks),
with intensive laboratory use and difficulties in reproducibility. [#>-98!

In order to overcome these limitations, more advanced gravimetric methods
were developed. The most explored method is the dynamic vapour sorption (DVS)

[97] using a series of desired humidity values. In order to proceed with

apparatus,
the measurement, the sample has to reach a mass equilibrium, which is measured
by a highly sensitive, digital microbalance. As a result, automatic and time-effective
(days to weeks) measurements are possible that yield accurate and reliable water
sorption isotherms using reasonable sample amounts. However, a severe drawback
of this method is the lack of resolution in the low pressure range, i.e., under low
water concentrations, due to the used humidity sensors.?%!

Lastly, manometric methods are more frequently used to generate water sorp-

[100-104] This approach provides

tion data for various different porous compounds.
data with comparable accuracy as aforementioned gravimetric methods, but offers
reasonably faster measurement times. In addition, this approach has proven to be a
powerful tool to provide high accuracy for very low amounts of water, as needed for

a detailed characterization of nano- and microporous materials.

10
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1.2.1 Water Sorption Isotherms

Independently from the used method, the adsorption of water proceeds via different
mechanisms that depend on multiple factors, including the pore size (micropores,
mesopores, macropores), the shape of individual pores, their connectivity (cages,
channels) and the polarity of the pore surface, i.e., hydrophilicity/hydrophobicity
of the adsorbent. All of these material properties affect the interplay between the
adsorbate-adsorbate (here: water-water) and adsorbate-adsorbent (water-interface)
interactions, resulting in differently shaped sorption isotherms. These different
types are classified into seven distinguishable isotherm shapes by the International
Union of Pure and Applied Chemistry (IUPAC), referring to the polarity, i.e., sur-
face hydrophilicity/hydrophobicity, of the adsorbent (see Figure 1.9).11%! As water
isotherms for hydrolytically stable porous compounds differ drastically from those
found for other gases, the respective isotherm shapes found in water sorption mea-

surements do not allow to determine the kind of porosity in any given samples, as it

is possible by nitrogen sorption measurements. 196!
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Figure 1.9: Different types of water adsorption isotherms classified according to IUPAC
with respect to the hydrophilicity/hydrophobicity of the material surface. (Type I - very
hydrophilic; type II and IV - hydrophilic; type III and V - hydrophobic/low hydrophilic with
weak water-adsorbent interactions; type VI - hydrophilic with multiple water-adsorbent in-
teractions and a step-wise adsorption process; type VII - very hydrophobic.) Figure reprinted

with permission from reference [105].

11



CHAPTER 1. INTRODUCTION

In general, the different shapes of water vapor sorption isotherms reflect the com-
plex interplay between the structural and functional properties. Different isotherm
shapes refer to hydrophilic materials (types I, II, IV and VI), which are charac-
terized by selective water adsorption at low relative water pressures p/pg, and
hydrophobic materials (types III, V and VII). The maximum water uptake in the
type I isotherm is obtained at very low water vapor pressures, indicating highly
attractive water-adsorbent interactions (i.e., hydrophilic interface). Compared to
the type I isotherm, type II and IV isotherms show lower slopes at low relative
pressures, indicating a less hydrophilic character. Hydrophilic materials offering
multiple attractive adsorbent-water interactions (or differently sized pores) typically
show a type VI isotherm with step-wise water adsorption. Moderately hydrophobic
materials reveal a type III isotherm with very low uptakes at low p/pg, drastically
increasing with pressure. The characteristic S-shape of the type V isotherm pos-
sesses similar features in the low pressure range as a type III isotherm, presenting
weak adsorbent-water interactions, as found in hydrophobic or low hydrophilic
adsorbents. With increasing pressure, a stable plateau is reached after a distinct
sorption step, indicating the condensation of water in the pores. Lastly, strongly
hydrophobic materials show a type VII isotherm with a nearly linear water uptake
until saturation.[105]

To compare the relative hydrophilicity (or polarity) of different materials, the
steepness of the water vapor adsorption isotherm at low relative pressure is of
severe importance. Therefore, the inflection point a of water sorption steps is de-
termined.3! Its position is defined as the point at which half of the maximum
absorption, i.e., 50% uptake during this step, is reached. Knowing the respective
isotherm shapes and the inflection point a for porous materials allows to evaluate
their utility for water-sorption-related applications, which require specific material
properties. For instance, highly hydrophilic materials that adsorb water at very low
vapor pressures (@ < 0.05) are particularly useful as desiccants, while materials
that reveal a steep uptake in the medium pressure range (0.1 < a < 0.5) are great
candidates for desalination of water, heat transformation or atmospheric water

harvesting. 107!
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1.2. WATER SORPTION OF POROUS MATERIALS

1.2.2 Porous Carbons

Porous carbons are a class of materials that has been comprehensively studied
in water sorption experiments as a consequence of their high availability. They
offer a highly non-polar (hydrophobic) surface structure, which typically results
in low water uptakes at low relative pressures p/pg < 0.3. With increasing vapor
pressure, they reveal a steep uptake, depending on the pore geometry and functional
group density (e.g., N- or O-atoms) on the surface (Figure 1.10).1198] As soon as their

pores are wide enough, i.e., greater than 5 A, porous carbons additionally reveal a

hysteresis loop with its onset and shape also depending on the pore diameter.[109-110]
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Figure 1.10: Schematic representation of water sorption isotherms of ordered, porous

carbons with different pore sizes. Figure reprinted with permission from reference [108].

As a result, most porous carbons reveal a type V adsorption isotherm (i.e., S-
shaped).!1%8! Typically, the adsorption mechanism proceeds as follows: Adsorption of
water molecules to functional groups (e.g., N- or O-atoms) is followed by binding of
additional molecules via hydrogen bonds to previously adsorbed ones. This provides
formation of discrete water clusters. Next, the pores are filled by pore-condensation,
which eventually results in a stable plateau after complete saturation. 11:112! Ag
their pore size increases to the mesopore range, their previously described character-
istics remain similar, additionally showing significantly larger hysteresis loops and
water uptakes. 1121131 These hysteresis loops are also affected by the measurement
temperature. An increase in temperature results in a shift of the desorption branch

toward higher p/pg, while the adsorption branch remains unchanged. This is a con-
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sequence of the differences in the adsorption and desorption mechanism, with the
former being governed by the temperature-independent pore-condensation, solely
affected by water-water and water-surface interactions, while the latter is described
by a temperature-dependent evaporation of adsorbed water molecules.[108114]
However, different circumstances are found as soon as the surface of the ma-
terials is drastically altered. Introduction of polar (hydrophilic) functional groups
(e.g., O or N containing ones) provides attractive nucleation sites for water clus-
ter formation via hydrogen bonds, being a result of more favorable water-surface
interactions. This forces the formation of hydration layers along the pore walls
and eventually results in capillary condensation at lower p/py when compared to
non-functionalized carbons. 1121161 Hence, different water sorption isotherm shapes
might be observed, with their precise characteristics determined by type and density

of surface functional groups.

1.2.3 Porous Silica-based Compounds

(a) H

mesoporous inorganic silica

(b) | 0 on

CO i &
OOOOO o,

mesoporous organosilica

Figure 1.11: (a) Mesoporous inorganic silica with variable surface silanol concentrations,

achieved via thermal treatment, and (b) mesoporous organosilica, with different incorporated

organic moieties. 117!
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If highly polar adsorbents are needed for water adsorption, either zeolites or
mesoporous silica are the preferred choice. However, the high activation temper-
atures and limited pore space of zeolites is a significant drawback in some appli-

cations.118] Contrary, mesoporous silica offer milder regeneration conditions, high

[119] [120]

water sorption capacities along with tuneable pore size, and

[121]

pore structure
surface polarity.

The pore surface polarity can be altered by different methods such as thermal

treatment to remove surface-bonded silanol groups, i.e., dehydroxylation, 122!

)[121,123]

or by
functionalization (during or post synthetic of the pore walls (Figure 1.11).
Another method is the use of organically functionalized building blocks instead of
regular silica sources, leading to the formation of organosilica hybrid materials,
also referred to as periodic mesoporous organosilicas (PMOs), that offer cylindrical
pores with organic moieties as an intrinsic part of (crystalline) pore walls.124:125]
Generally speaking, mesoporous silica often reveal type V water sorption isotherms
with pronounced hysteresis and capillary condensation, both dependent on the pore

size, thus behaving similarly as the above-described porous carbons. 126!

1.2.4 Metal-Organic Frameworks

While the water sorption behavior of many porous materials such as porous carbons
or porous silica has been investigated for decades, MOF's initially gathered little
interest, as early research focused on the discovery of novel structures. This changed
as the research interest shifted toward potential applications. 171271 Contrary to
the previously discussed materials, MOFs show no uniform sorption behavior, which
stems from the large range of polarities enforced by the different SBUs.4243] This
results in various isotherm shapes, differing in concrete shape, i.e., onset of water
uptake, steepness, hysteresis and inflection point. However, as discussed in Chap-
ter 1.1.2, some structures lack sufficient water stability due to the dynamic nature of
the assembled coordinative bonds.!128! Nevertheless, their tuneable properties (see
Section 1.1.3) offer enormous potential for MOF's in industrial applications, making
them interesting research objects.

One example for this is the mesoporous MIL-101-Cr'131! (MIL = Matériaux de
I'Institut Lavoisier), a well-studied mesoporous terephthalate-based (bdc?’) MOF.
When activated, it offers vacant Cr®* sites and two differently sized cages of 29 and
34 A diameter (Figure 1.12a). Researchers analyzed the effect of functional groups

on the water sorption behavior of this framework (Figure 1.12b-c).!13% The pristine
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Figure 1.12: (a) [llustration of the differently sized pores of MIL-101-Cr. Figure is taken from
Reference [129]. (b) Selected dicarboxylate-based linker molecules used for the synthesis
of functionalized MIL-101-Cr frameworks. (¢c) Water adsorption isotherms for desolvated
MIL-101-Cr, MIL-101-Cr-NHy and MIL-101-Cr-SO3H measured at 25 °C.[130]

MIL-101-Cr reveals a step-wise water adsorption due to the different diameter of its
two cages. After adsorption of water molecules to the OMS below p/pg < 0.4 (point A),
additional water molecules start to adsorb thereon, resulting in the formation of
distinct water clusters.!132! Then, pore condensation starts in two distinguishable
steps. First, the smaller cages (diameter of 29 A) are filled completely (p/po ~ 0.5,
point B). Afterward, water molecules adsorb to the larger cages (diameter of 34 A)
until complete saturation (point C). When the framework is functionalized with
hydrophilic groups (e.g., -NHs or -SO3H), a shift of the adsorption isotherm towards
lower p/pg is observed when compared to the pristine framework (Figure 1.12¢). This
indicates higher hydrophilicity at the pore surface, consequently leading to stronger

water-framework interactions.

Microporous MOF's typically yield S-shaped water sorption isotherm (type IV
and V) with inflection points @ within a pressure range p/pg =0.1... 0.3. Thisis a
result of the different polarities of their building blocks, i.e., hydrophilic inorganic
SBUs and hydrophobic linker moieties, present inside the framework pores. These
effects have been extensively studied for the cubic Ui0-66,[134! a framework based
on metal-oxo-clusters, i.e., [ZrgO4(OH)4], formed of Zr** cations coordinated by
oxido and hydroxido anions (Figure 1.13a-c). Those inorganic building blocks are
interconnected by a total of 12 deprotonated terephthalic acid (bdc?) moieties to
form a framework of fcu topology with tetrahedral and octahedral cages, possessing

a diameter of 7.2 and 8.4 A, respectively.
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Figure 1.13: (a) Building units of UiO-66, showing its inorganic, i.e., 12-connected
[ZrgO4(OH)4(COO™)12] SBU and the organic bdc?~ linker molecule. (b) Illustration of the
tetrahedral and octahedral cages, found in the fcu topology, adopted by UiO-66. (c) Crystal
structure of unmodified UiO-66-Zr. Representation of different hydrophilic (d), hydrophobic
(e) and elongated linker molecules (f), incorporated into the UiO-66 framework structure. (g)
Water vapor adsorption isotherms of pristine and functionalized UiO-66 materials, measured

at 25 °C, reprinted with permission from reference [133].
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LU et. al'133) systematically analyzed the water sorption behavior of UiO-66-Zr
and isoreticular frameworks by measuring water sorption isotherms at 25 °C. They
classified all investigated materials into three different groups (Figure 1.13e-f). First,
they compared functionalized frameworks (UiO-66-R) containing linker molecules
with hydrophilic (group A; R = OH, NHg, OHj, ...) and hydrophobic moieties (group B;
e.g., R = CHg, Cl, Br, ...) with the pristine framework. Pristine UiO-66 showed a
S-shaped water sorption isotherm (type IV), indicating a hydrophilic framework with
multiple water sorption sites (Figure 1.13g). After a gradual increase of the adsorbed
water until p/pg =~ 0.2, a steep adsorption step is visible in the range of p/pg 0.25
... 0.4. Afterward, small amounts of water are adsorbed, resulting in a maximum
water uptake of 0.51 g g (at p/pg = 0.9). Functionalized materials of group A,
i.e., hydrophilic functional groups, revealed a decreased total uptake, stemming
from the lower surface areas (Figure 1.13g). Further, a shift of the sorption step,
i.e., inflection point, toward lower p/pg was detected. However, most members exhibit
a similar isotherm shape as the pristine MOF, while solely UiO-66-(OH), revealed
a type I isotherm with no clear sorption step, suggesting a much higher surface
polarity.['33! Similar observations on the dependence of the substituent’s polarity on

[135,136] Continuing

the isotherm type and inflection point were made in other studies.
with group B, i.e., hydrophobic functional groups, materials also revealed a decreased
total water uptake when compared to UiO-66. This effect is more pronounced than
for group A, further increasing with substituent size. However, the pressure range

of the sorption step remains nearly unchanged for all materials.

Lastly, they studied the influence of the pore size and surface area on the sorp-
tion properties by incorporation of elongated linker molecules (group C). For this
purpose, they used biphenylene (bpdc?™ resulting in UiO-67134) and naphthalene-
based (ndc? resulting in DUT-52[137); DUT = Dresden University of Technology)
dicarboxylate linker molecules, yielding frameworks with extended pore structures
of 8.2/10.0 A (for DUT-52) and 11.2/21.0 A (for UiO-67). Their results highlighted
that the total water capacities decreased remarkably with increasing pore size:
0.51 g gt (Ui0-66) > 0.33 g g1 (DUT-52) > 0.19 g g'! (Ui0-67, see Figure 1.13g). As
discussed for porous carbons and silica (see Sections 1.2.2 and 1.2.3), the sorption
step is shifted towards higher p/py with increasing pore size. These results suggest
a primary role of the pore size on the micropore filling that affects the binding
affinity of water, which decreases with increasing pore size as a consequence of

larger hydrophobic domains, i.e., extended organic linker backbones.'33! However,
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different results suggest that this behavior can be fine-tuned by introduction of

functional groups in different ratios. 133:1381

1.2.5 Water Sorption Behavior of CPO-27-type Frameworks

Despite the previously mentioned issues with its hydrolytic stability (see Sec-
tion 1.1.1), CPO-27 is another heavily studied material with respect to its wa-
ter adsorption/desorption properties. One of the first measurement sequences on
CPO-27-M (M = Co, Mg, Ni, Zn) was performed by YAGHI et al..'13% Although all
materials revealed a fast saturation with water at low relative humidities, their
experiments did not consider the effect of the OMS on the sorption behavior, as
samples were stored in air prior to the measurements. Further studies on the
CPO-27-M series (M = Co,[140] Mg, [141,142] 1 [15,31,143,144] 7, [145]) oopgidered these
circumstances and observed significantly higher overall water uptakes for all mate-
rials, additionally revealing type 119! water sorption isotherms, highlighting the
high hydrophilicity of these compounds.

In addition to these experimental studies, computational investigations focused
on the adsorption of water and its interactions with the CPO-27-M (M = Mg, Zn)
framework. [39:145:146] Thege studies revealed discrete sorption sites, similar to the
above-described crystallographic water positions found in fully hydrated CPO-27-M
(see Section 1.1.2).11] These sites are located (i) at the open metal site, (ii) near the
oxygen atoms of the inorganic SBUs and (iii) near the phenylene backbone. Distinct
differences between the occupation of these sorption sites became apparent for dif-
ferent metal cations. On the one hand, for CPO-27-Zn!1*5! an energetically favorable
adsorption to the OMS was found. On the other hand, results for CPO-27-Mg!39:146]
suggest otherwise, revealing similar sorption energies for water molecules at the
OMS and near the inorganic SBU, after adsorption of few water molecules to the
open metal site. This suggests a simultaneous occupation of both sites, with far less

attractive interactions near the phenylene moieties forming the pore walls.
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Figure 1.14: Water adsorption/desorption isotherms, closed and open symbols respectively,
of Nigdhtp (black), Nigbpp (purple) and Nistpp (green), measured at 25°C. Figure reprinted

with permission from reference [15].

Further investigations on different isoreticular MOFs, i.e., IRMOFs-741%! were
made, revealing a type IV water sorption isotherm for frameworks with larger pores,
i.e., Nigbpp and Nigtpp, rather than a type I isotherm for Niadhtp (i.e., CPO-27-Ni;
see Figure 1.14). In addition, the inflection point « is shifted toward higher p/py with
increasing linker size, thus being in agreement with the above-stated observations
for porous carbons (see Chapter 1.2.2) and MOFs (see Chapter 1.2.4).[133]
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1.3 Chemistry of Water in Confined Spaces

n order to fully explore the water sorption behavior of porous materials, an un-
derstanding of the chemistry of water in nanoscopic confined spaces, i.e., voids
with limited entry and exit points (e.g., pore opening), is required (Figure 1.15).
Under such circumstances, the molecular behavior is controlled by a complex inter-

play of multiple factors rather than by distinct forces or interactions. This results in

[147] [148] [149]

sometimes drastically different reactivities, selectivities and stabilities

of confined molecules when compared to respective bulk-phases. Such confined

[150] [1491 55 well as in artificially

spaces are found in nature, e.g., enzymes or zeolites,
made porous compounds such as MOFs, ! carbons! 198! and silica.!1?5! Despite the
rather complex situation, those environments offer unique possibilities to control

molecular behavior, 151
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Figure 1.15: Schematic illustration showing water molecules in a confined space, highlight-

ing the limited space as a result of entry and exit points.

In the particular case of water in confinement, its behavior stems from the
high degree of molecules interacting with the interface of the porous host struc-
ture.[152:153] Thege interactions are altered by different factors such as the surface
polarity, pore geometry and pore dimensions of the confining structure. 117-154155]
This is a direct consequence of competing water-surface and water-water inter-
actions of adsorbed water, affecting the local H-bonding network. Hence, water
under confinement shows different arrangements than found in the bulk-phase,
leading to altered structural and dynamic properties of these molecules.!14-157]
Examples for these effects include the formation of monocrystalline water at room
temperature, 152! drastically modified diffusion properties, 13158 and diverse water

structures.[159]
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1.3.1 Water under Anisotropic Confinement

Multiple studies on water under confinement focus on inorganic porous compounds
such as carbon nanotubes and porous silica. This is a consequence of two things:
(1) The highly anisotropic environment inside defined pore channels with spatial
limitations along the pore perpendicular to the pore axis with fewer restrictions
along the pore axis. (ii) The option to modify the pore surface polarity (as discussed
in Chapter 1.2).

FROBA et al.''%0 demonstrated the effect of pore wall functionality in silica
compounds (mesoporous silica and PMOs) on the arrangement of water in the
cylindrical mesopores. They compared MCM-41 (MCM = Mobil Composition of
Matter) with three PMOs, i.e., phenylene (PMO-phen), biphenylene (PMO-biphen)
and divinylaniline (PMO-(NHgs)2), of comparable pore size. All materials exhibited
the expected behavior, showing pore condensation and type V isotherms, with the
onset shifted toward higher p/py with increasing hydrophobicity. However, despite
similar water sorption characteristics, the arrangement of water was found to be
drastically different. For the less polar (or more hydrophobic) materials PMO-phen
and PMO-biphen, water was found to adsorb near the inorganic silica moieties
with no indication of water residing near the hydrophobic pore walls. Contrary, for
PMO-(NHy)2 a strong interaction with the inorganic walls is initiated by H-bonds
toward the amine group. Thus, pore filling occurs uniformly along the pore walls.

Similar observations were made by TIEMANN et al..['21 They studied the effect
of the pore wall surface polarity in MCM-41 on the arrangement of water molecules
by functionalization of mesoporous silica with trimethylsilyl moieties. Their study
combined experimental and theoretical methods and revealed that hydrophilic
pore wall surfaces lead to an »ice-like« water arrangement, being a consequence
of comparably strong water-water and water-surface interactions. Contrary, the
functionalized and more hydrophobic silica showed a water arrangement more
comparable to liquid water due to less strong water-surface interactions. Further,
they found that the average coordination number (CN), i.e., the number of H-bonds
with adjacent atoms from other water molecules or the solid interface, is affected by
the number of surface-bond silanol or methyl groups, since these groups alter the
pore wall polarity.

Additional studies by SCOTT et al.''17! investigated the arrangement of water
in dependence of differently sized organosilane backbones within SBA-15 (SBA =

Santa Barbara Amorphous). Results indicated that highly ordered water molecules
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Figure 1.16: (a) Chain of H-bonded water molecules anchored at silanol groups (the blue
dotted lines represent hydrogen bonds) and (b) reduced ordering as a result of partial
dehydroxylation of the organosilica. The red dotted oval highlights the loss of a hydrogen

bond anchoring. 117}

are located around the organic moieties, forming water-bridges between adjacent
silanol groups, only possible for a sufficient silanol group density on the surface
(Figure 1.16). Similar observations were made for water molecules adsorbing to
a functionalized carbon surface.''1%! These effects are due to the entropy-driven
hydration of small hydrophobic domains, viewing them as discrete perturbations,
resulting in the adsorption of high-entropy water. As the hydrophobic domains
increase in size, the Gibbs hydration energy (AGhydration) becomes dominated by the
enthalpy term, leading to water molecules avoiding the pore walls. The reversal of
this effect is observed at a domain length of ca. 10 A.[161-163]

1.3.2 Behavior of Adsorbed Water in Metal-Organic

Frameworks

The huge variety of different pore sizes and functionalities of MOFs makes them
particularly relevant for the investigation of confinement effects. While the adsorbed
amount of water in highly hydrophobic, i.e., non-polar MOFs, such as FMOF-1[164
(FMOF = fluorinated MOF, i.e., Ago[Agstz], tz = 3,5-bis(trifluoromethyl)-1,2,4-tri-
azolate, see Figure 1.17) is negligible compared to other porous materials, the behav-
ior of water is rather unique.!1%®! At low vapor pressures, isolated water molecules
adsorb to small micropores of the framework (see Figure 1.17¢c), which is explainable

by the absence of H-bonding. This is possible, due to structural changes of the
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framework, caused by adsorption of (mostly) pentameric water structures into larger
micropores of the framework. Similar water cluster formation was also observed
in hydrophobic, nanoporous carbons. '8! With increasing p/pg, the concentration
of isolated water molecules increases. In addition, more water clusters form in the
larger pores, indicating the possibility of fluorine atoms acting as H-bonding sites.
During the desorption, isolated water molecules are desorbed preferentially due to
the lack of positive interactions, while water molecules in the larger pore seem to
agglomerate near the pore center, being a consequence of the highly hydrophobic

pore surface, i.e., fluorine atoms.
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Figure 1.17: View along the crystalligraphic a-axis (a) and b-axis (b) of FMOF-1. (¢) Zoom
of the marked region, highlighting the small micro pore space (red ellipsis), yielding room
for the adsorption of an individual water water molecule via structural changes in the
framework structure. Silver is displayed in brown, carbon grey, nitrogen blue, fluorine

green. [165]

Further studies on water in MOFs focused on the adsorption mechanism and
water interactions within the aldehyde containing ZIF-90 (ZIF = zeolitic imida-
zolate framework, i.e., Zn(imCa)g, imCa = imidazolate-2-carboxaldehyde), using
D,0.1166.167] They combined experimental and theoretical data and suggested the

following mechanism: Minor adsorption is found at low relative pressures p/pg < 0.3.
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Afterward, pore condensation is apparent, resulting in a type V isotherm shape.
Condensation is initiated by the entropically favorable adsorption of water molecules
to the interior surface of the framework and results in weak H-bonding interactions
towards aldehyde groups, when compared to water-water interactions in the bulk
phase. After the initial adsorption, entropic gain enables the additional uptake of
water to the interior pore surface, resulting in further H-bonding opportunities
for subsequent molecules. As a consequence, additional molecules preferentially
form H-bonds with surface-bound molecules rather than with aldehyde groups in
adjacent pores. This leads to simultaneous water clustering and pore condensation,
characterized by subsequent filling of individual pores instead of simultaneous pore

filing. Similar observations were made for other isoreticular ZIFs. 168!

1.3.3 O-H Vibration Band of Water in Different Environments

A powerful experimental method to identify the interactions of water molecules
at surfaces and within pores is Fourier transform infrared (FTIR) spectroscopy.
For this purpose, the characteristic O—H stretching vibration band of water, found
in the range of 2800 ... 3700 cm™!, is analyzed. This band is a superposition of
at least three vibrational bands corresponding to HoO molecules in varying H-
bonding environments. Their respective vibrational frequencies are blue-shifted,
i.e., toward higher wavenumbers, with decreasing number of H-bonding partners.
Following the commonly used classification proposed by BRUBACH et al.!1%°! for
three bands, these are assigned to the following three situations: (i) Water molecules
that display a coordination number (CN) = 4 (here: number of H-bonding partners)
are noted as »network water«. This type of water reveals the lowest O—H stretching
vibration frequencies, typically around 3300 cm™!. (ii) Water molecules that are
poorly connected with their respective environment, exhibiting only few H-bonds
(e.g., as found in dimeric or trimeric water structures) are referred to as »multimer
water«. These have the highest vibration frequencies located around 3590 cm™.
This resembles to water molecules terminating a liquid-like network at a liquid-
solid/gas interface. (iii) The third type of water molecules presents an intermediate
H-bonding situation, i.e., between network and multimer water. Hence, they are
accordingly termed »intermediate water«. Water molecules located farther apart
from the interface are associated to this type, revealing vibration frequencies around
3460 cm™L.

Analysis of the respective contributions of the different modes, i.e., their peak
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Figure 1.18: Example for the deconvolution of the O—H stretching vibration of liquid water
(solid line), showing three types of water molecules, referring to water in different H-bonding
situations. Network, intermediate and multimer water are displayed in orange, red and

purple, respectively. The cumulative fit is shown as a doted line. 16!

areas, provides valuable insight about the H-bonding framework of water. This in-
formation is obtained by deconvolution of the broad O—H stretching vibration band,
using least-square fits of at least three Gaussian profiles (Figure 1.18). Further
research validated the applicability of this method to water in a confined geometry,

[170,1711 41 jn mesoporous silica.!121:172] Results reveal

as found in inverse micelles
that the respective contributions of the three water types primarily depend on
three factors: (i) The surface polarity and functionality of the porous compounds, (ii)
the dimension of the confined space, i.e., pore size, and (iii) the »loading, i.e., rel-
ative amounts of adsorbed water. A combination of these factors determines the
arrangement of water in limited spaces and ultimately allows the polarity of the
environment to be classified. Further information is obtained by consideration of
the respective differences between the peak center locations of different vibrational
modes x and y, i.e., the wavenumber splitting AVyy,. This approach enables to classify
the average H-bonding symmetry of water molecules. Generally, lower AV, values

suggest a higher symmetry in the local H-bonding of water and vice versa.173:174]
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MOTIVATION

nderstanding of the precise hydration mechanism of porous adsorbents is
crucial to evaluate their potential in industrial applications. For MOFs,
recent research addressed this issue. However, these hybrid materials
offer a vast variety of different building blocks that enforce a complex interplay of
hydrophobic (linker molecules) and hydrophilic (typically the inorganic SBUSs) sites.
This severely affects the observed interactions with water which play a crucial role
in microporous frameworks. In addition, the arrangement of water is influenced by

large confinement effects, resulting in drastically different sorption mechanisms.

2.1 Influence of the Metal Center on the
Properties of CPO-27-M

his thesis aims to collect a comprehensive understanding of the water sorp-
tion behavior and the interactions of adsorbed water molecules within MOF's.
For the first part of this work, CPO-27-M is selected as a promising com-
pound, since it offers highly attractive binding sites, i.e., open metal sites (OMS).
Additionally, recent work revealed the existence of discrete, crystallographic po-
sitions of water in fully hydrated materials. Encouraged by this, the effect of the
given metal center in CPO-27-M (M = Cu, Co, Mg, Mn, Ni, Zn) on the water sorption

properties of this framework is investigated by water vapor sorption analysis (Fig-
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ure 2.1). To gain more insight into the mechanism, density functional theory (DFT)
based molecular dynamics (MD) simulations are performed on selected materials
by collaborating partners. Present interactions of water molecules with their re-
spective environment are further evaluated by Fourier transform infrared (FTIR)
spectroscopy. Combination of these methods allows to precisely analyze the sorption
behavior of individual frameworks and identification of the responsible reasons
for water-host interactions. This provides a comprehensive knowledge of the effect
of the incorporated metal center on the observed water sorption behavior. Finally,
the influence of the arrangement of water molecules in the micropores of these
frameworks is used to compare their respective hydrolytic stabilities with each other

and highlight the key factors, affecting the materials durability.

! sorption mechanism i
arrangement

interactions Y ° i ’ & )

Figure 2.1: Illustration of the different bivalent metal cations (M?*) selected for CPO-27-M

synthesis to analyze metal center dependent differences in the hydration behavior.
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2.2 Water Sorption Behavior of Pore Engineered
CPO-27-Ni

he second part of this work analyzes the effect of the pore size and hydropho-

bic domain size on the water adsorption/desorption behavior of different

CPO-27-type frameworks. Again, particular interest lies in the analysis of
interactions of adsorbed water molecules with each other and the MOF surface. NiZ*
is selected as the metal center as current research progress suggests high hydrolytic
stabilities of these materials. Combination of different metal sources with various
linker molecules (L), all unique in substitution pattern and/or molecular size, allows
to synthesize isoreticular compounds (i.e., NigL, see Figure 2.2) with tuneable pore
size and pore wall hydrophobicity. Finally, precise analysis of incorporated defect
sites is performed by solution 'H nuclear magnetic resonance (NMR) spectroscopy on
acid decomposed MOF samples to investigate their effects on the water adsorption

mechanism.

H,bpm

Figure 2.2: Utilized linker molecules for the synthesis of CPO-27-type frameworks to study

pore size dependent effects on their respective water adsorption/desorption behavior.
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CHAPTER

HYDRATION BEHAVIOR OF CPO-27-M

he porous coordination polymer CPO-27 has been extensively studied by

many researchers with respect to its applicability in sorption-based appli-

cations, revealing metal-center depending differences. This is a direct conse-
quence of the chemical nature of the metal ions and the accessible OMS, generated
by removal of the coordinating solvent molecules, presenting highly attractive bind-
ing sites for a variety of guest molecules (e.g., CO9, Hy and H20O). To be promising for
industrial applications, a material must fulfill several criteria, such as: (i) Moderate
to good hydrolytic stability, (ii) easy accessibility and (iii) good cyclability, i.e., easy
regeneration after use. A majority of possible applications either rely on strong
water-adsorbent interactions (e.g., water harvesting) or try to avoid any interaction
with the material to maintain large selectivities, sorption capacities or stability
(e.g., catalysis and carbon capture). Hence, a comprehensive understanding of the
interactions of individual water molecules with the framework and neighboring

molecules is needed.
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3.1 Impact of the Metal Center on the Hydration of
CPO-27-M (Cu, Zn)

revious results revealed large differences in the general sorption behav-

ior of the isoreticular CPO-27-M series, with CPO-27-Cu acting drastically

different. This knowledge makes them interesting candidates for studying
their precise hydration behavior, starting with selected CPO-27-M (M = Cu and Zn)
frameworks. This was accomplished by analyzing their water adsorption/desorption
behavior with water vapor sorption analysis. Further insight on the arrangement
of water molecules and its interactions with the MOF host was gained by Fourier
transform infrared (FTIR) spectroscopy. In addition, density functional theory (DFT)
based molecular dynamics (MD) simulations were employed by collaborating part-
ners, allowing the determination of net atomic charges of the framework atoms
and adsorbed water molecules, quantifying electronic differences. Results reveal
entirely different sorption mechanisms, resulting from changes in their electronic
charges and the M?* coordination environment. CPO-27-Zn showed a step-wise
sorption mechanism, initiated by saturation of OMS, characterized by occupation
of discrete positions for adsorbed water molecules. This is a direct consequence
of strong framework-water interactions. Contrary, micropore filling in CPO-27-Cu
occurs all at once, like classical pore condensation, with the adsorbed water forming

elongated, bulk-like, water clusters along the pore channels.
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Understanding Hydration in CPO-27 Metal-Organic
Frameworks: Strong Impact of the Chemical Nature of the

Metal (Cu, Zn)

Marvin Klof}, Michael Beerbaum, Dominik Baier, Christian Weinberger, Frederik Zysk,
Hossam Elgabarty, Thomas D. Kiihne,* and Michael Tiemann*

CPO-27 is a metal-organic framework (MOF) with coordinatively unsaturated
metal centers (open metal sites). It is therefore an ideal host material for small
guest molecules, including water. This opens up numerous possible
applications, such as proton conduction, humidity sensing, water harvesting,
or adsorption-driven heat pumps. For all of these applications, profound
knowledge of the adsorption and desorption of water in the micropores is
mandatory. The hydration and water structure in CPO-27-M (M = Zn or Cu) is
investigated using water vapor sorption, Fourier transform infrared (FTIR)
spectroscopy, density functional theory (DFT) calculations, and molecular
dynamics simulation. In the pores of CPO-27-Zn, water binds as a ligand to
the Zn center. Additional water molecules are stepwise incorporated at
defined positions, forming a network of H-bonds with the framework and with
each other. In CPO-27-Cu, hydration proceeds by an entirely different
mechanism. Here, water does not coordinate to the metal center, but only
forms H-bonds with the framework; pore filling occurs mostly in a single step,
with the open metal site remaining unoccupied. Water in the pores forms

alarge number of metals, including Znl°!
and Cu.l®) CPO-27 has 1D micropores
arranged in parallel with a honeycomb-
like cross section. The metal centers are
coordinated by three carboxylate and two
phenolate groups of the linker molecules,
as well as by a solvent molecule from the
synthesis (dimethylformamide (DMF)
or water). Removal of this molecule
through thermal activation creates the
open metal site that is exposed to (and
therefore accessible through) the pores.
Thus, a variety of guest molecules,
including H,O, can coordinate to the
open metal sites.””) Numerous applica-
tions are based on the uptake of water,
such as humidity sensing,!'%!!l water
harvesting,['213] proton conduction,[**18]
or adsorption-driven heat pumps.*’]
Other applications aim at the uptake

W) Check for updates

clusters with extensive intra-cluster H-bonding.

1. Introduction

Within the constantly growing diversity of metal-organic
frameworks (MOFs),!?] materials with open metal sites, that
is coordinatively unsaturated metal centers, are particularly
interesting.’! One fascinating example is CPO-27,[*! also known
as MOF-74.) Tt contains the linker ligand 2,5-dioxido-1,4-
benzenedicarboxylate (dobdc*~) and has been synthesized using

of other molecules, for example, gas

sensing (other than water),?*?!l carbon

capture, 2223l or catalysis.?*) In these

latter cases, water can be an interfering component that com-

petes with the target molecule for sorption sites. In addition, the

structural integrity of the framework materials may be affected by

humidity.[>] Hence, it is mandatory to understand the behavior
of water inside the pores of the CPO-27 host material.

CPO-27 may be regarded as an ideal system for compre-

hensive hydration/dehydration studies, because intra-pore water

molecules are known to occupy well-defined sites. Dietzel et al.
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identified five crystallographically defined water molecules per
Zn center in fully hydrated CPO-27-Zn.[?°] Based on temperature-
dependent, in situ powder X-ray diffraction (XRD) and thermal
analysis data, they categorized the five molecules in three dis-
tinct groups, according to their strength of interaction with the
host material and with neighboring water molecules:®! (i) The
water molecule that coordinates to the metal center exhibits the
strongest adsorption strength (chemisorption). (ii) Two more
molecules interact with the coordinating one by H-bonding and
show a weaker adsorption strength. (iii) Finally, the last two water
molecules interact only with the last-mentioned two molecules by
H-bonding and exhibit the weakest adsorption strength. The for-
mula of CPO-27-Zn is therefore [Zn, (dobdc)(H,0),]-8H,0, indi-
cating that two water molecules (one per Zn) coordinate, while
eight molecules (four per Zn) are considered as crystal water
molecules inside the pores.

Obviously, measuring the adsorption (and desorption) of wa-
ter from the gas phase is a very promising means of studying the
hydration (and dehydration) behavior of MOFs.[2027] However,
for CPO-27, water sorption studies to date have mostly employed
the gravimetric method (microbalance), with particular focus on
the structural integrity of the framework.[?*?°! The manometric
technique, on the other hand, has proven to be a very powerful
means of studying water vapor sorption in many porous media
including some MOFs;3%3! however, to the best of our knowl-
edge, it has not been applied systematically to CPO-27. The
manometric technique provides very high accuracy especially
for very low amounts of water, that is, low water vapor pressure.
This is particularly helpful for detailed hydration/dehydration
studies in CPO-27, due to the strong water-metal
interaction.

Further insight in the unique behavior of water in confined
space is obtained by computational methods. Density functional
theory (DFT) has been applied to CPO-27-M (M = Cu, Mg, Zn) to
study adsorption energies and preferred adsorption sites of small
molecules (e.g. CO,,3233I N, 3231 and H,3234)). Studies focusing
on the adsorption of water in CPO-27-M (M = Mg, Zn)B353¢l out-
line differences between the first (open metal site), second (near
the oxygen atoms of the inorganic building units) and third wa-
ter sorption sites (near the phenylene backbone). While results
on CPO-27-Zn!*! strongly suggest an energetically favorable ad-
sorption to the first site, simulations for CPO-27-Mgl3¢*’] sug-
gest otherwise. In the latter, similar sorption energies for the
first two sorption sites, after adsorption of one water molecule,
suggest a simultaneous occupancy of both positions, while
the third sorption site is far less attractive. Depending on the
metal center, these observations hint toward a different sorption
process.

Here we present a study on the hydration behavior and wa-
ter structure in CPO-27-Zn and CPO-27-Cu by a combined
experimental and computational approach. The objectives of
our investigation is to gain a better understanding of the in-
teractions between water molecules and the framework (co-
ordinative bonding, hydrogen bonds) on the one hand, and
the H-bonding behavior of the water molecules among them-
selves on the other hand. In particular, water-induced struc-
tural changes in the framework are investigated. We study
the adsorption and desorption of water by manometric va-
por sorption analysis. In addition, water-induced structural

Adv. Mater. Interfaces 2024, 2400476 2400476 (2 of 11)
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distortion and changes in charge distribution of the ma-
terials are discussed by employing density functional the-
ory (DFT). The DDECG6 atomic population analysis***] ob-
tains net atomic charges (NAC) by assigning valence elec-
trons as a function of the total electron density distribu-
tion to the observed system. The obtained NAC are cal-
culated on several criteria, such as transferability to differ-
ent conformations of the same molecules. The electron den-
sity distribution needed for the analysis is obtained by DFT.
Further, the spatial distribution of water molecules in the
pores is analyzed using semi-empirical (PM6-FM) molecular
dynamics (MD) simulations. Combination of static and dy-
namic calculations allows for a unique insight, understand-
ing the differences in macroscopic behavior on an atomic
levels.

2. Results and Discussion

2.1. General Characterization

CPO-27-Znl** and CPO-27-Cul®! were prepared by modified
solvothermal methods previously reported in the literature, as de-
scribed in detail in the Supporting Information section. Powder
X-ray diffraction (XRD) patterns (Figure 1a/b) confirm the frame-
work structure of all materials with no evidence of crystalline im-
purities. To assess the stability of the frameworks to an excess
of water, the materials were washed with water (approx. 50 mg
sample with 8 to 10 mL H,0) and then air-dried on filter paper
at room temperature. XRD confirms that both materials remain
crystalline. The microporous nature of the products is confirmed
by N, physisorption analysis, revealing type-I sorption isotherms
(Figure 1c).[*] The measurements prove high surface areas and
large pore volumes (Table S1, Supporting Information).

Elemental analysis of the hydrated materials reveals C/H ra-
tios that are reasonably consistent with mostly defect-free frame-
works (Table S2, Supporting Information). The calculated num-
ber of water molecules per formula unit (M, (dobdc)) is approxi-
mately ten for CPO-27-Zn, in accordance with literature data.[?]
CPO-27-Cu-hyd has only 9 water molecules per formula unit,
which can be explained by generally weak interaction of the
Cu?* open metal site with guest molecules!***’] due to Jahn-
Teller distortion.[*] Thermogravimetric analysis coupled with
mass spectrometry (TGA/MS) of the hydrated frameworks reveal
very similar results to those obtained by Dietzel et al. (Figure S1,
Supporting Information).’!

Fourier transform infrared (FTIR) spectra of the desolvated
frameworks (Figure 2a) show the absence of the carboxyl O—H vi-
bration, confirming the absence of unreacted (protonated) linker
molecules. Spectra of the hydrated samples show typical vibra-
tion bands of water (for a closer inspection of the stretching
modes, see below). Otherwise, the spectra show only slight differ-
ences (slight shifts in the oscillation frequencies) to those of the
desolvated materials. In the low wavenumber region (Figure 2b),
the M—O stretching vibration within the framework®# is ob-
served at slightly higher wavenumber for CPO-27-Cu (600 cm™")
than for CPO-27-Zn (580 cm™), suggesting a higher Cu—O than
Zn—O bond strength. This is consistent with the observation of
shorter distances between the Cu center and the coordinating O
atoms in the framework (see below).

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Powder X-ray diffraction patterns of desolvated and hydrated frameworks, (a) CPO-27-Zn and (b) CPO-27-Cu, confirming structural integrity
after hydration. (c) N, sorption isotherms of CPO-27-Zn and CPO-27-Cu (the latter sample showed extra-pore condensation at the highest measured
pressure, p/py = 0.995; the respective data point was removed for clarity).
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Figure 2. FTIR spectra of desolvated and hydrated CPO-27-Zn and CPO-27-Cu. Hydrated samples show typical H,O vibration bands (a); the Cu—O
stretching vibration occurs at slightly higher wavenumber than Zn—0O (b).
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Figure 3. Deconvolution by least-square fitting of the FTIR O—H stretching vibration band of water in hydrated (a) CPO-27-Zn and (b) CPO-27-Cu,
revealing a higher degree of H-bonding ('network water’) in CPO-27-Zn than in CPO-27-Cu (black lines are the sums of the three fitted Gaussian profiles).

2.2. Experimental Studies of Hydration

A closer inspection of the stretching vibration bands of H,0
in the hydrated samples by FTIR in attenuated total reflection
(ATR) mode provides some insight in the interactions of water
molecules within the pores. Previous studies have shown that for
water in confinement, the O—H stretching vibration band in the
range of 2800 ... 3700 cm™ can be deconvoluted into three contri-
butions originating from water in different environments.3%31:5)
Three bands that result from least-square fitting of Gaussian
profiles correspond to ‘network water’ (molecules that interact
strongly with adjacent ones by approximately four H-bonds),
‘multimer water’ (molecules that are poorly connected by only a
few H-bonds), and ‘intermediate water’ (H-bonding situation be-
tween ‘network’ and ‘multimer’). Figure 3 shows that the relative
contribution from network water is higher in CPO-27-Zn (71%)
than in CPO-27-Cu (55%), while the opposite is observed for the
contribution from multimer water (Zn: 5%; Cu: 14%). Hence,
water molecules in the pores of CPO-27-Zn seem to form more
extensive H-bonding networks than in CPO-27-Cu, as discussed
below.

To understand the hydration and dehydration of CPO-27-Zn
and CPO-27-Cu in more detail, we carried out manometric wa-
ter vapor sorption measurements at 25°C. Two consecutive cycles
of adsorption/desorption were performed without removing the
sample from the device between cycles, that is without additional
thermal activation after the first cycle. This allows to identify wa-
ter molecules that occupy the open sites, that s, coordinate to the

Adv. Mater. Interfaces 2024, 2400476 2400476 (4 0f'|'|)

metal centers, since these will not be removed by the desorption
process. In this case, a different situation is expected for the sec-
ond adsorption isotherm. For both materials, an overall higher
total uptake is observed during the second adsorption/desorption
cycle than during the first cycle (see below). We explain this find-
ing by a partial degradation of the frameworks due to cleavage of
metal-linker bonds during the time-consuming measurements
(several days), leading to the formation of additional open metal
sites. This is consistent with previous reports for MOFs with va-
cant coordination sites, including CPO-27-Mg.[*’!

The water sorption isotherms of CPO-27-Zn show a stepwise
progression (Figure 4a). Since most of the water is adsorbed at
low relative pressure (p/p, < 0.1), we show all isotherms both in
a linear and in a semi-logarithmic representation. (Figure 4b/c,
Missing data points below ca. p/p, = 0.002, except in the first
adsorption isotherms, are due to technical experimental restric-
tions) Initially, a step around p/p, = 0.01 is observed in the first
adsorption isotherm, during which ca. 20% of the total water up-
take takes place. This step is not reversible, that is these 20%
of water remain in the sample after the completed first adsorp-
tion/desorption cycle. We assign this uptake to the coordina-
tion of water molecules to the open Zn?* centers (first adsorp-
tion site). This is consistent with the above-mentioned findings
that the coordinating molecule is one out of five crystallograph-
ically defined water molecules in the fully hydrated material.?*]
Then, further water adsorption occurs in another three distin-
guishable steps: First, a well-defined step in the pressure range
p/p, = 0.01 ... 0.025 is observed. During this step, another ca.
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Figure 4. Water vapor sorption isotherms (25°C) of (a) CPO-27-Zn and (b) CPO-27-Cu (two consecutive adsorption/desorption cycles). Data are shown
at linear scale, in semi-logarithmic representation (c,d), and as the normalized first derivatives (e,f). Horizontal lines mark 20%, 40%, 60%, 80%, and

100% of the total water uptake during the first cycle.

40% of the total water uptake takes place, which we attribute
to two water molecules interacting quite strongly with the coor-
dinating water molecule through H-bonding (second and third
adsorption site), consistent with the above-mentioned observa-
tions made by Dietzel et al.l%! Next, there is another step at p/p,
= 0.025 ... 0.05, whereby another approx. 20% of the total wa-
ter uptake occurs (fourth sorption site). This uptake can be at-
tributed to a water molecule with weaker interaction. Finally, the
uptake of the remaining ca. 20% occurs gradually, over a wide
pressure range of p/p, = 0.05 ... 1, which corresponds to one
last water molecule with the weakest interaction to neighboring
molecules.

Both consecutive cycles of adsorption/desorption in CPO-27-
Zn show significant hysteresis, which may be interpreted as a
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configurational rearrangement of the adsorbed water molecules.
Hysteresis in water sorption isotherms is often explained by
a rearrangement of water molecules (from a metastable state,
i.e., preliminary pore saturation) with increasing vapor pressure
(i.e., during adsorption). If such a rearrangement leads to an
increase in the density of the adsorbed water and is not re-
versible when the pressure decreases thereafter (i.e. during des-
orption), it will create hysteresis. This effect has been discussed
mainly for larger pores and/or for hydrophobic pores (including
micropores).3151%0) We hypothesize that a similar effect occurs
in our case, since the pore walls of CPO-27 contain hydropho-
bic (phenylene) units between the (hydrophilic) coordinated
metal centers. Assuming that all five water molecules are ulti-
mately located at crystallographically defined positions, they may
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temporarily (partially) exist in a different, metastable configura-
tion during the adsorption process.

CPO-27-Cu exhibits a completely different water sorption be-
havior than CPO-27-Zn (Figure 4b). Almost no uptake is observed
at pressures up to ca. p/p, = 0.1. Then, adsorption of ca. 80%
(i.e., four molecules per Cu) occurs all at once, followed by the
residual 20% (one molecule) in the remaining pressure range
(p/py = 0.1 ... 1). This behavior resembles classical pore con-
densation, with no option to distinguish between crystallograph-
ically distinct water sites. Almost no hysteresis is observed. Most
notably, the adsorption of all five water molecules is reversible,
that is, any water molecule near the open site at the Cu®* cen-
ter, binds only weakly, if at all (see below). This is in accordance
with literature data that revealed weak interactions of H,O with
Cu’* centers in other open-metal-site frameworks due to Jahn-
Teller distortion.!®!) This leads to steric constraints that result in
drastically reduced Cu-O Coulomb interactions and significantly
lower partial charge than for the other members of the isoretic-
ular series.**] As a consequence, one oxygen atom of the linker
molecule is oriented into the pore, sterically blocking the metal
site and inhibiting interactions with water, as will be confirmed
by DFT calculation shown below. Ultimately, this oxygen atom
acts as a nucleation site facilitating water cluster growth through
hydrogen bonding.

Summarizing the water sorption data, we can conclude that
the high water uptake at low relative pressure (p/p, < 0.1) is clear
evidence of the hydrophilic nature of CPO-27-Zn. The affinity of
the open metal site becomes evident by the coordination of water
(strong bonding; 20% of total water uptake). The irreversibility of
this sorption process verifies the existence of vacant coordination
sites prior to sorption measurements (i.e. after activation). Devi-
ating from this behavior, CPO-27-Cu shows a (nearly) reversible
pore condensation behavior driven by water-water interactions.
Distortion of the local coordination environment causes one oxy-
gen atom from the inorganic building unit to be oriented into
the pore, thereby initiating water cluster formation via hydrogen
bonding without participation of the Cu?* site (see theoretical cal-
culations below).

2.3. Computational Studies

DFT simulation of the hydration utilizes supercells of the frame-
works (1 X 1 X 4) under periodic boundary conditions (pbc); the
studied structures possess a total of three independent pores with
no defects. The supercells are based on crystallographic data of
the dehydrated frameworks, that is with unoccupied, open metal
sites (M,(dobdc)).l*”] We distinguish three types of framework
oxygen atoms (Oy,or) according to their respective environment:
(i) carboxylate oxygen atoms exposed to the pore (Og,), (ii) car-
boxylate oxygen atoms pointing “inward”, that is slightly away
from the pore (O;), and (iii) phenolate oxygen atoms (O;), as
displayed in Figure 5a/b. One water molecule was placed next to
each metal site at a distance of 2 A, resulting in the monohydrate
framework (M, (dobdc)(H,0),, that is, one water molecule per
metal center). The system was then allowed to relax into the ge-
ometrically optimized structure. Higher hydration degrees were
obtained by filling the pores of less hydrated frameworks with
bulk water from centroid molecular dynamics (cmd) simulations

Adv. Mater. Interfaces 2024, 2400476 2400476 (6 of 1 1)

www.advmatinterfaces.de

Figure 5. Distinguishable framework O atoms in hydrated (a) CPO-27-Zn
and (b) CPO-27-Cu, not showing coordinating water molecules for clarity.
Top views (c,d) and side-on views (e,f) of the changes in the local coordi-
nation environment before (transparent atoms/bonds) and after (colored
atoms/bonds) hydration and geometric optimization. (g) Comparison of
the coordination environment in hydrated CPO-27-Cu (solid color) and
CPO-27-Zn (hollow). (Color code: O - red, C - dark gray, Zn - green, H -
white).

using the second-generation Car-Parinello-based quantum ring
polymer contraction method, as described in the Supporting In-
formation section.

For CPO-27-Zn, we observe that the water molecule forms a co-
ordinative bond (Figure 5¢/d) to the metal. Its oxygen atom O,
is at a distance to the Zn center of 2.32 A (0.2 A farther than in the
hexaaqua zinc(II) complex!®?)); its hydrogen atoms H,,,., are in
proximity to one Op and one O, atom. This results in a distorted
octahedral coordination geometry with most bonds being slightly
elongated (see Table S3, Supporting Information). Seven Oy;qr—
H,,..: distances are below 3.0 A, which indicates a strong affinity
of the Zn site to water, in agreement with the water sorption data
(Figure 4) and with previous studies.[**]

In addition, the coordination of water causes a change in
the electron densities within the framework, which we quan-
tify using the DDEC6 atomic population analysis charges

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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(see Table S4, Supporting Information). Compared to the (origi-
nal) desolvated structure, the charge of the O, atoms is now sig-
nificantly higher (—0.526 before — —0.560 after hydration). The
same effect, though to a weaker extent, is observed for the O,
atoms (—0.603 — —0.610), while the O, atoms are now slightly
less negatively charged (—0.592 — —0.585). The Zn center is now
slightly more positively charged (+0.977 — +0.987). The changes
in electron densities result from both polarization and charge
transfer effects due to the presence of the water molecule itself,
and also from the subsequently induced geometrical relaxation of
the framework, as shown in Table S4 (Supporting Information);
the charge increases to +1.000 upon relaxation only, excluding
the influence of water. These findings suggest a significant trans-
fer of electron density from the coordinating water molecule to
the CPO-27-Zn framework. In the monohydrate framework, this
creates a positive net charge (+0.105) on the coordinating water
molecule. Addition of more, non-coordinating water molecules,
gradually reduces this net charge through H-bonding.[®*! For
50% and 70% hydration (Zn,(dobdc)(H,0)s, Zn,(dobdc)(H,0),
obtained by MD simulation), the net charge of the coordinating
molecule is reduced to 0.071 and 0.051, respectively. In turn, a
positively charged layer in the non-coordinating water domain
is observed at a distance between ca. 3 and 5 A from the pore
center. However, we do not observe the creation of a negatively
charged sublayer or significant changes in charges of all hydro-
gen atoms (Figures S2 and S3, Supporting Information). We note
that our observations stand in slight contrast to previous DFT
calculations on gas-phase fragments of desolvated CPO-27-M,**]
where higher charges for all atoms as well as a higher charge
for O, than for O, were observed, contrary to our results. We
attribute these differences to the different approach and applied
methods (here: continuous framework) and to deviating degrees
of pore filling.

CPO-27-Cu shows an entirely different picture, consistent with
our experimental findings. After hydration and geometric relax-
ation, the local Cu environment undergoes a radical change from
a distorted square-pyramidal to a highly distorted, nearly square-
planar configuration (Figure 5d/f). This is a consequence of the
elongation of the axial Cu—O,; bond from 2.42 to 2.60 A (as the
Cu center moves into the direction of the pore space) and the low
affinity of the Cu center to water resulting in a large Cu—O,,,
distance of 2.64 A (for the closest water molecule). Both axial
bonds are ca. 0.2 A longer than for the loosely bound axial wa-
ter molecules in the hexaaqua copper(Il) complex,[*-%] which is
right at the boundary of the combined van-der-Waals radii.[”) Ad-
ditionally, the water molecule is tilted toward the equatorial CuO,
plane (bond lengths of 1.99 + 0.02 A) with one hydrogen atom
pointing toward the O, and Oy, atoms, highlighted by two short
Onior—Hyaier distances below 2.5 A (see Table S3, Supporting In-
formation). These observations verify our previously mentioned
assumption that water does not coordinate to the open Cu metal
site and instead interacts with the O atoms of the inorganic build-
ing unit via H-bonding.

Upon hydration, the atomic charge of the Cu center increases
notably; for 20% hydration (Cu,(dobdc)(H,0),), the charge be-
comes less positive (+0.873 — +0.840, see Table S5, Supporting
Information). Further, charges of O, increase (—0.537 — —0.532)
while the opposite is observed for O, (~0.508 — —0.522). At the

Adv. Mater. Interfaces 2024, 2400476 2400476 (7 of 11)

39

www.advmatinterfaces.de

O; atom, the charge also decreases (—0.601 — —0.587), with its
negative charge remaining the highest observed. For 50% hydra-
tion (Cu,(dobdc)(H,0);, obtained by MD simulation), remark-
ably similar values are observed, which confirms that the im-
pact of the first water molecule can hardly be distinguished from
additional ones. Interestingly, we observe a broadening of the
standard deviation for all oxygen atoms, which seems to depend
on their accessibility to form H-bonds (O, > O, > O;).*’! In
addition, we observe a minor intra-molecular electron density
transfer from the O to the H atoms, which is more pronounced
for water molecules near the framework atoms, but does not af-
fect the charge balance in water (Figure S4, Supporting Informa-
tion). In contrast to previous experiments on water surfaces,!®
no (positively or negatively) charged sub-surfaces are observed
in our study, which we attribute to (i) the confined space, as the
reported depths for negatively charged subsurface layers lay be-
tween 3 and 8 A1 and (ii) the limited interactions of the frame-
work atoms with the confined water molecules. Except for the
already mentioned significantly higher charges in previous DFT
calculations,>*] we observe the same trends in our calculations
on CPO-27-Cu.

In summary, the DFT data confirm significantly different sit-
uations for CPO-27-Zn and CPO-27-Cu (Figure 5g). Coordina-
tion of water to the open metal site in CPO-27-Zn results in a
slightly distorted octahedral coordination environment of the Zn
center, which becomes more positive in charge. Further, the more
approachable O, atoms possess the highest negative charge of
all O atoms, thus favoring H-bonding with water, acting as sec-
ondary sorption sites. Otherwise, minor changes to the local
Zn environment are observed. CPO-27-Cu shows a more dras-
tic change. As a result of the higher electron densities of Cu and
O; after hydration, the Cu-O; distance is strongly elongated,
suggesting that O, leaves the Cu coordination sphere. Further,
no water molecules are in close proximity to the Cu center as wa-
ter molecules interact with the O atoms of the framework (O,
and O;) via H-bonding. As a consequence, the previously square-
pyramidal environment of the Cu center is transformed to nearly
square-planar geometry.

Next, we studied the spatial distribution of water molecules
in the pores of CPO-27-Zn and CPO-27-Cu for different degrees
of pore filling by molecular dynamics simulation. For CPO-27-
Zn, the stepwise water uptake in the vapor sorption isotherm
(Figure 4) suggests that the water molecules occupy defined, in-
dividual sites within the pores, similar to what crystallographic
data revealed.|?] Addition of the first water molecule per Zn (i.e.
Zn, (dobdc)(H,0),, monohydrate material) results in the satura-
tion of the first site, which is the open metal site, as shown in the
H, O density probability histogram (Figure 6a). In the water sorp-
tion isotherm (Figure 4), this corresponds to the first, irreversible
adsorption step (20% total water uptake). In the radial O, den-
sity distribution (Figure S5, Supporting Information), this corre-
sponds to the single, narrow peak at 5.5 A distance from the pore
center. We note that the coordinating water molecules show only
slight vibrational displacement.

Addition of another ca. 1.5 water molecules per Zn (i.e.
Zn,(dobdc)(H,0)s) results in a weighted O occupancy of the
other four sites. These are located at distances (from the pore cen-
ter) of 5.5 A (second site, same distance as the first site, compare

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Probability density distribution histograms of water in CPO-27-Zn = Zn, (dobdc) (H,0),; (a) x= 2 (monohydrate), (b) x=5, and (c) x=7. For
clarity, values > 3.5 and > 6.0 g cm™ (occurring at the coordinating water molecule) are not shown in images (b) and (c), respectively; histograms with
the full density value range are shown in Figure S7 (Supporting Information). (White lines are due to periodic boundary conditions of our simulations.
Missing bonds in the framework structure are an artefact of the used VMD software package and do not refer to the real connectivity between the
framework atoms. Unusually high densities stem from the small grid, that is, < 0.1 x 0.1 A2, that was used to track the position of the atomic nuclei,
used for density calculations.).
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Figure 7. Probability density distribution histograms of water in CPO-27-Cu = Cu, (dobdc) (H,0),, (a) x = 2 (monohydrate) and (b) x = 5. Molecules
form a star-like structure, resulting in seven pillars in the pore center. No molecules are found close to Cu, creating an empty space in its vicinity. Water
shows a clear preference for H-bond formation with the framework carboxylate O atoms.

Figure SG6, Supporting Information), 4.85 A (third site), 4.05 A
(fourth site), and 1.3 A (fifth site) (Figures S5 and S6, Support-
ing Information). This is supported by the density probability
histogram (Figure 6b) that shows high occupancies at the sec-
ond, third, and fourth site, because of the previously described
H-bonding to framework oxygen atoms (O, and O,, see also
H,.er atom distribution, Figure S8, Supporting Information).
The non-coordinating water molecules (i.e. second to fifth site)
are ‘mobile’, that is, they exchange between sites,[** resulting in
broad density distributions along preferred paths. Negligible oxy-
gen density is found near the center of the pore (fifth site), which
makes it virtually indistinguishable from random movement
through the pore. Again, this is consistent with the water sorption
isotherms.

Further addition of another water molecule per Zn (i.e.
Zn,(dobdc)(H,0),) increases the population of all available po-
sitions (Figure 6¢). Those near the pore center experience the
largest growth in occupancy (fourth and fifth adsorption site).
In addition, the H,,,, atom distribution (Figure S8, Support-
ing Information) shows a strong preference for the added water
molecules toward the pore center, resulting in the connection of
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all oxygen atoms via a H-bond network. This aligns with the third
step in the water sorption isotherm (Figure 4a), expecting a pre-
liminary pore saturation (i.e., meta-stable state). We hypothesize
that further addition of water to the framework will result in more
distinct positions, matching those found in previous hydration
experiments.?) This is a gradual process that slowly progresses
over a larger relative water pressure range as the movement of wa-
ter molecules between different sorption sites becomes severely
more hindered with each adsorbed water molecule. This is what
the water sorption data (Figure 4a) suggest; future work will
be dedicated to confirm this hypothesis by molecular dynamics
simulation. We note that our radial water densities in CPO-27-
Zn matches the general trend previously reported for CPO-27-
Mg.1*l However, we observe a different weighting of the individ-
ual peaks, which may stem from (i) the incomplete pore filling in
our system and/or (i) the different metals discussed and/or (iii)
the different methods used.

For CPO-27-Cu, addition of the first water molecule per Cu
center (i.e. Cu,(dobdc)(H,0),, monohydrate material) does not
suggest occupation of the open metal site (Figure 7a), consistent
with the above-made observations. Rather, the water molecules

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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tend to reside at the center of the pore (see also Figure S5, Sup-
porting Information). We note that this state is not observed in
the water sorption measurement, since adsorption of the first ca.
80% water occurs nearly simultaneously (Figure 4). Addition of
another ca. 1.5 water molecules per Cu (i.e. Cu,(dobdc)(H,0)s,
Figure 7b) allows a more conclusive view on the interactions and
arrangement of the water molecules, even though it marks a tran-
sition state during the sole sorption step in our experiments. As
stated above, no oxygen atoms are found in proximity to the Cu
center, resulting in an empty pocket. The nearest water molecules
form H-bonds toward the O, and O, atoms, while others form
additional H-bonds toward the O, atoms. This eventually en-
forces a curved, star-like water arrangement (Figure S9b, Sup-
porting Information). The pronounced peak in the radial density
plots centered at 4.0 A (see Figure S5, Supporting Information)
indicates the accumulation of water close to the phenylene ring
(third sorption site), which matches our findings on CPO-27-Zn
and previous findings on CPO-27-Mg.*¢l Close to the center of
the pore, no preferred hydrogen atom orientations or positions
are visible (Figure S9, Supporting Information). We observe the
formation of seven pillar-like water clusters along the channel
axis, one of which is located in the exact center of the pore (peaks
at 2.5 and 0 A, respectively, see Figure S5, Supporting Informa-
tion). We assume that at higher loadings, the visible arrangement
becomes more pronounced, as our results suggest that the per-
pendicular water clusters increase in intensity with water uptake.
As soon as enough water molecules can be adsorbed (ca. 80% of
total uptake with respect to our sorption experiments), accumu-
lation of the aforementioned interactions results in pore conden-
sation.

In summary, the molecular dynamics simulations confirm
that water shows much stronger affinity to the open metal site
in CPO-27-Zn than in CPO-27-Cu. As a result, the mechanism
of pore filling and the structure of water in the filled pore are
entirely different.

3. Conclusion

By combining experimental methods (manometric water vapor
sorption analysis and FTIR spectroscopy) with DFT and MD cal-
culations, we were able to obtain a comprehensive picture of the
uptake of water in CPO-27-Zn and CPO-27-Cu. This includes the
distinction of individual sorption sites and water-induced struc-
tural relaxation of the frameworks. CPO-27-Zn and CPO-27-Cu,
though topologically identical, show completely different prop-
erties with respect to hydration. The uptake of water into the
micropores occurs via different mechanisms, and the resulting
structure of the water in the pores is also different. In CPO-27-
Zn, water first coordinates to the Zn center. The coordinated wa-
ter molecule serves as an anchor for adsorption of further water
molecules by H-bonding, although the latter also form H-bonds
with framework oxygen atoms. Adsorption occurs stepwise, with
water molecules occupying defined positions inside the pores
and exchanging between them. In CPO-27-Cu, water does not
coordinate to the metal center for geometric reasons and for re-
sulting electron density distribution; the respective position re-
mains unoccupied. Water molecules adsorb to the pore wall by
H-bonding to framework oxygen atoms. Pore filling occurs all at
once, like classical pore condensation. Water in the pores of CPO-
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27-Cu show high mobility, forming clusters along the pore axis.
The DFT as well as the MD calculations validate the distinct dif-
ference in behavior in the two CPO-27 materials. We have shown
that the water in CPO-27-Zn accumulates at defined positions.
The strength of interaction depends on the position inside the
cell and relates to the electronic interactions between the frame-
work and water molecules, which favor a step-wise pore conden-
sation process. For CPO-27-Cu we observe a distinct difference
in both structure and electronic interactions in the simulations.
We found little interactions between MOF and water, which favor
a complete pore condensation in one step.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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METHODS: EXPERIMENTAL

Materials and Methods: CPO-27-Zn!" and CPO-27-Cu'? were synthesized under solvothermal
conditions according to modified reported procedures. The solvent was removed by heating under
dynamic vacuum conditions; the desolvated samples were stored in a glove box under Ar atmosphere.
Products were characterized by PXRD and compared with literature data (CCDC numbers 1516648 for
Cul® and 1863522 for Zn!¥l) using simulated peak positions, obtained with the VESTA software
package.l® The linker molecule (2,5-dihydroxyterephthalic acid) was synthesized according to a
modified literature procedure.!® All other chemicals and solvents were purchased from commercial
suppliers (as stated below) and used without further purification.

Synthesis of 2,5-dihydroxyterephthalic acid: Dimethyl 2,5-dioxo-cyclohexane-1,4-dicarboxylic acid
(11.4 g, 51.4 mmol, 1.0 eq) was dissolved in glacial acetic acid (50 mL). The mixture was heated to 80 °C
and N-chlorosuccinimide (NCS, 7.22 g, 54.2 mmol, 1.08 eq) was added portion-wise over the course of
30 minutes. During this process, a yellow precipitate was formed. After complete addition of NCS, the
mixture was heated for additional 2 hours to 80 °C. After cooling back to room temperature, a bright
yellow solid was filtered off and washed with copious amounts of deionized water (300-400 mL) and
methanol (2 x 10 mL). The product was dried overnight at 60 °C. Dimethyl 2,5-dihydroxyterephthalate
(8.34 g, 36.9 mmol, 74 %) was isolated as a bright yellow, crystalline solid. *H NMR (700 MHz, CDCls):
8 =10.05 (s, 2H), 7.46 (s, 2H), 3.97 (s, 6H) ppm. 3C NMR (175 MHz, CDCl3) & = 169.7, 153.1, 118.5,
118.0, 53.0 ppm. Dimethyl 2,5-dihydroxyterephthalate (8.34 g, 36.9 mmol, 1 eq) was dissolved in a
solution of sodium hydroxide (6.71 g, 167.7 mmol, 4.55 eq) in deionized water (130 mL). The mixture
was heated to 80 °C for 6 h, during which the initially yellow solution turned into an orange and finally
dark brown solution. After cooling to room temperature, the solution was poured into a mixture of
concentrated aqueous hydrochloric acid and ice. During this process, a light-yellow precipitate was
formed. The pH was adjusted to 1. The product was separated by filtration and washed with copious
amounts of water (approx. 700 mL) until the pH was neutral. The product was dried overnight at 60 °C
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in an oven to afford 2,5-dihydroxyterephthalic acid (5.27 g, 26.6 mmol, 72 %) as a light-yellow solid. *H
NMR (500 MHz, dmso-ds): 6 = 11.34 (brs, 2H), 7.27 (s, 2H) ppm. *C NMR (125 MHz, dmso-d¢) 6 = 170.8,
152.5,119.8, 117.8 ppm.

Preparation of CPO-27-Zn: Zinc(ll) nitrate hexahydrate (4.19 g, 14.1 mmol, 1.0 eq) was dissolved in a
mixture of DMF (30 mL) and deionized water (3.6 mL) and transferred to a Teflon-lined insert (125 mL).
Then, 2,5-dihydroxyterephthalic acid (0.9 g, 4.55 mmol, 0.33 eq) was dissolved in a mixture of DMF
(30 mL) and ethanol (3.6 mL). The obtained solution was transferred to the insert containing the zinc
salt solution and the mixture was stirred briefly. The insert was placed in a stainless-steel reactor (Parr
Instruments), sealed, and reacted in a preheated oven at 120 °C for 24 h. After cooling, the yellow solid
was separated by filtration over a glass frit and washed with deionized water (4 x 30 mL) and methanol
(30 mL). Afterwards, the solvent was exchanged by methanol (four times), leaving each portion to
stand for 30 to 45 minutes. The obtained product was dried in multiple steps. For the first step, the
product was placed in a round flask under dynamic vacuum for 20 h. Then, the product was heated in
three steps from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 150 °C (hold for 20 h).
The desolvated product (orange-yellow solid) was stored in a glove box under argon atmosphere.

Synthesis of CPO-27-Cu: Copper(ll) nitrate trihydrate (2.414 g, 10.0 mmol, 1.0 eq) was dissolved in
DMF (15 mL) under sonification and transferred to a Teflon-lined insert (125 mL). Then,
2,5-dihydroxyterephthalic acid (0.99 g, 5.0 mmol, 0.5 eq) and 1,4-diazabicyclo[2.2.2]octan (dabco,
0.28 g, 2.5 mmol, 0.25 eq) were separately dissolved in DMF (2,5-dihydroxyterephthalic acid in 40 mL,
dabco in 10 mL) under sonification. The obtained solutions were combined in the insert and the
mixture was stirred briefly. The insert was placed in a stainless-steel reactor (Parr Instruments), sealed,
and reacted in a preheated oven at 60 °C for 72 h. After cooling, the dark red solid was separated by
filtration over a glass frit and washed with deionized water (4 x 30 mL) and methanol (30 mL).
Afterwards, the solvent was exchanged by methanol (four times), leaving each portion to stand for 30
to 45 minutes. The obtained product was dried in multiple steps. For the first step, the product was
placed in a round flask under dynamic vacuum for 20 h. Then, the product was heated in three steps
from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 120 °C (hold for 20 h). The
desolvated product (dark brown solid) was stored in a glove box under argon atmosphere.

NMR: *H and *C NMR spectra were recorded using Bruker Advance 500 and Bruker Ascent 700
spectrometers. Chemical shifts were calibrated to the resonance of residual non-deuterated solvent.

FTIR: FTIR spectroscopy was performed with a Bruker Vertex 70 spectrometer in ATR mode using the
Platinum ATR unit A225 with a diamond ATR crystal. Powder samples were pressed on the crystal
during the measurement. After the measurement of hydrated samples, an automatic baseline
correction was applied using the OPUS 7.2.1 software package. The correction was performed using a
concave rubberband correction, using 10 iterations and 32 baseline points. Gaussian least-square fits
of the water stretching band were performed using the peak analyzer function of the Origin23b
software package. First, the data within the range from 4500 to 2400 cm™ was taken and normalized.
For the fitting procedure, the data from 3850 to 2750 cm™. Then, three peaks were set with starting
positions at 3560 cm™ (multimer water), 3390 cm™ (intermediate water) and 3210 cm™ (network
water). Only positive peak areas were allowed while the previously freely adjusted baseline was set
constant. No further restrictions were used. We note that the selection of different (reasonable)
starting positions resulted in similar results. It is noted that the fit results possess a small error, caused
by the overlap of the aromatic C-H vibration of the linker molecule with the water stretching bands.
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XRD: Powder X-ray diffraction (XRD) data was collected on a Bruker D8 Advance diffractometer with a
step size of 0.02° and a counting time of 1 or 3 seconds per step. Patterns are normalized for better
comparison of relative intensities.

N Physisorption: N, physisorption analysis was performed with a Quantachrome Autosorb 6B at 77 K.
The relative pressure range suitable for the BET surface area calculation was determined using the
Rouquerol criteria.” Total pore volumes were determined from the uptake at p/po = 0.5. Activation of
the samples was performed in a stepwise manner. The desolvated (ds) samples were transferred to
the measurement cell and dispersed in methanol twice for 45 minutes. After each step, the solvent
was removed under dynamic vacuum. The pre-dried samples were degassed for approximately 17
hours applying the following procedure: The samples were heated from room temperature to 60 °C
with a heating rate of 2 °C min! after which the temperature was held for two hours. Then, the sample
was heated to 100 °C with the same heating rate (2 °C min) and the temperature held for another
two hours. Finally, the sample was heated (2 °C min?) to 150 °C (or 120 °C for the copper derivative)
and the temperature held for additional 12 hours, after which the sample was allowed to cool to room
temperature.

H.0 vapor sorption: Water experiments were performed on a 3Flex instrument (Micromeritics) at
298 K (25 °C) with double distilled (and degassed) water. The samples were heated from room
temperature to 60 °C with a heating rate of 2 K min* after which the temperature was increased to
100 °C with the same heating rate (2 K min) and, finally, heated (2 K min™) to 150 °C (or 120 °C for the
copper derivative).

Thermal analysis: Thermogravimetric (TGA) analysis was performed using a TGA PT1000
thermobalance from Linseis. The sample was placed in a corundum crucible. Measurements were
performed under a constant Argon gas (Purity 5.0 from Wéhning Gas) flow (100 mLmin?) in a
temperature range from 25 °C to 800 °C using a heating rate of 5 °C min™’. For mass spectroscopy, the
instrument was coupled with a Pfeiffer Vacuum Omnistar mass spectrometer.

Elemental analysis: Elemental analysis was performed using an Elementar vario MICRO Cube of the
company.

METHODS: SIMULATION

All simulations were performed on 1x1x4 supercells, based on the crystal structure data (CCDC
Numbers 1516648 for Cu, 1516647 for Zn)3* using periodic boundary conditions (pbc). The created
cells are without defects. One water molecule was added to each metal center with a preselected
distance of 2 A. Geometry was optimized using KS-DFT, which is provided in the Quickstep (QS) module
in cp2k. We employed the Gaussian and plane waves method.!®°! We applied GTH-PBE potentials!%-*2
with a DZVP-MOLOPT-GTH basis set,*3! which was set to the short-ranged basis set for the transition
metals, which work well in condensed phases. For the XC potential we used the PBE potential with the
DFTD3 correction provided by Grimme et al..*¥

Additional water molecules were added to the pores in order to obtain various filling degrees. For the
first fillings step, we generated bulk water via centroid molecular dynamics (cmd) simulations using
the second-generation Car-Parinello-based quantum ring polymer contraction method by Kiihne et
al..*>® We used the program zeo++ with the largest inner pore diameter and the largest free diffusive
diameter to determine the free space filled by water.”*8 This resulted in a loading of exactly 4.8 and
5.1 water molecules per formula unit for the copper and zinc compounds, respectively. For the higher

3
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filling degree of 7.2 water per formula unit of CPO-27-Zn (i.e. Zn;(dobdc)(H,0);), we used the NVT
equilibrated structure of Zn,(dobdc)(H20)s and added additional water molecules.

The cells were equilibrated using PM6-FM semiempirical MD calculations!**2°! for a timeframe of at
least 20 ps. The CSVR thermostat/?*! was applied at 300 K with a time constant of 30.0 fs and a
temperature tolerance of 20 K in the NVT ensemble. The evaluated trajectory was set in the NVE
ensemble at 300 K, with a timestep of 0.1 fs, for a total trajectory length of 300 ps. For both the
equilibration and production run, we set the first 648 atoms, which belong to the atoms of the MOF
structure, to static conditions, leaving only the water molecules mobile.

We furthermore determined the charges on the atoms by determining the electronic densities within
cp2k with KS-DFT, using the same basis sets and potentials as previously mentioned. The charges were
obtained using the DDEC6 charge partitioning method included in Chargemol 3.5/2%23 based on one
frame each. For discussion, averages of the charges for all atoms of the same type and structural
behavior were used.

Radial distribution function, as provided by the TRAVIS package,'?#?! with a resolution of 1 pm were
calculated. We employed the correction for the radial distribution and averaged the distances. Finally,
the radial density probability distributions as well as the topological density probability distributions
(see Equations $1-S2) were calculated with a resolution of 0.1 A for all calculations.

Radial particle density calculations were performed by employing a hollow cylindric approach around
each pore axis:

m; 1 1 1
p= 217 * Ntimesteps = Zi MiNi * Ng*Npores®(R?~1%)h * Ntimesteps (51)

with P local density [ﬁ]

m; total mass of atoms i [g]

v volume [em?]

Neimesteps number of frames calculated [-]

M; molar mass of atoms i [ﬁ]

N; number of atoms of type i per frame [-]

Ny Avogadro number [ﬁ]

Npores number of pores per cell [-1]

R outer radius of the hollow cylinder [A]

r inner radius of the hollow cylinder [A]

h height of the cell [A]

Topological particle density calculations were performed by applying a fine grid with a size of Ax and
Ay over the cell and tracking the positions of the individual atoms inside each grid cell:

1 1

m; 1 Z
=Z.—.7= M:N; o . (52)
p v Ntimesteps LU NpeAxAysh  Niimesteps
with Ax grid size along axis x [Al
Ay grid size along axis y [A]
4
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SUPPORTING DATA:

Table S1. Specific surface areas and pore volumes
(determined at p/po = 0.5) obtained from the N, sorption isotherms.

SBET/ mZ gil VPore/ m3 gil
CPO-27-Zn 1240 0.59
CPO-27-Cu 860 0.37

Table S2. Elemental analysis (C, H) of hydrated CPO-27-Zn and CPO-27-Cu
and the assigned amounts of water molecules x per formula unit M,(dobdc)(H,0)x.

C H X
19.03 4.41 10
19.05 4.42 10
Zn 19.32 5.44 10

19.22 4.31 10

20.08 4.14 9

cu 20.14 4.13 9

20.09 4.27 9

19.95 4.12 9

(a) (b)

weight | %

norm. rel. ion current

time / min

temperature | °C
weight | %

norm. rel. ion current

time / min

Figure S1. Thermogravimetric analysis coupled with mass ion detection (m/z = 18: H,0*,
m/z = 44: CO,*) of hydrated (a) CPO-27-Zn and (b) CPO-27-Cu (heating rate: 5 °C min?).
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3.1. IMPACT OF THE METAL CENTER ON THE HYDRATION OF CPO-27-M (CU, ZN)

Table S3. Interatomic distances in monohydrate CPO-27-Zn (= Zny(dobdc)(H,0);) and monohydrate
CPO-27-Cu (= Cuy(dobdc)(H20),). The Zn centers possess a slightly distorted octahedral coordination
sphere, with the water molecule tightly bound to the open metal site. In contrast, the Cu centers adopt a
distorted planar square coordination environment, with the axial O¢" leaving the coordinating sphere.

Zny(dobdc)(H,0), Cu(dobdc)(H20),
atomic crystal after atomic crystal after
distance structure /A | hydration / A distance structure /A | hydration /A
Zn —0p 2.03+0.01 2.02+0.03 Cu—0p 1.94 +0.02 1.99 £ 0.02
Zn —Og 2.15+0.01 2.18 £0.03 Cu-—0g 1.94 +0.02 1.99 £ 0.02
Zn — Oc¢p 1.96 £ 0.01 2.02+0.03 Cu—Oc¢p 1.94 +0.02 1.99 £ 0.02
Zn-0¢" 2.03+0.01 2.18 +£0.03 Cu—-0¢" 2.42 +0.02 2.60+£0.03
Zn —Ow - 2.32+0.03 Cu—-0Ow - 2.64 +£0.07
2.25+0.01
2.35+0.01
2.41+0.01
Owor — H:0w ; 2.45+0.01 Owor — H:0w ;gg i 8:82
2.50+0.01
2.65+0.02
2.77 £0.01

Table S4. Atomic charges (in electrons) of Zn, coordinating O atoms as well as net charges on the water
molecules, determined for different amounts of water. The electronic structure in the framework changes
upon hydration, as a consequence of both the presence of the water molecule itself and the thus-induced
geometrical relaxation of the framework. (To discriminate between both factors, the water molecule was
temporarily removed again, after geometric relaxation, keeping the (relaxed) structure unchanged.)
Coordinating water transfers electron density to Zn. Further addition of water increases the electron
density of the coordinating water molecules. After the addition of 7 water molecules per formula unit (i.e.
Zn,(dobdc)(H20);), the average charge in the non-coordinating water becomes near zero; however, this
does not reflect the charge distribution close to the surface (see Figures S2 and S3).

atomic charges / electrons

atom desolvated relaxed partially hydrated framework Zn,(dobdc)(H20)x
framework framework” x=2 x=5 x=7

Zn 0.977 £ 0.001 1.000 £ 0.001 0.987 + 0.001 0.987 £ 0.015 0.981 £ 0.013

Op -0.603 £0.001 | -0.592 £0.001 | -0.610£0.002 | -0.610 £ 0.008 | -0.610 + 0.009

Ocp -0.526 £ 0.001 | -0.541 £0.001 | -0.560 £0.001 | -0.561 +£0.011 | -0.560 £+ 0.010

Oc/Oc¢” -0.592 +0.002 | -0.591 +0.001 | -0.585 +0.001 | -0.580 +0.009 | -0.580 +0.010

0 °fﬁf8r(‘é';’;'t'”g -0.709 £ 0.001 | -0.744 £0.006 | -0.751 + 0.004

H OfFffg r(‘:i':/‘;‘t'”g 0.407 +0.001 | 0.403+0.003 | 0.395 +0.001
net charge

coordinating H,0 0.104+0.002 | 0.071+0.001 | 0.051%0.002
O of non-

coordinating H,0 -0.761 £ 0.001 | -0.755 +£0.003
H of non-

coordinating H,0 0.390 + 0.001 0.387 £ 0.001

net charge non-

coordinating H,0 0.019 +£0.005 | 0.019 £ 0.005

O of all H,0,
average -0.751+0.029 | -0.751 +0.026
H of all H,0,
average 0.395+0.016 | 0.389+0.015
net charge all H,0,
average 0.039+0.002 | 0.028 + 0.002

*in the absence of water
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Figure S2. Charge distributions at coordinating and non-coordinating water molecules in
Zny(dobdc)(H20)s: (a) Hwater atoms, (b) and Ouyater atoms, (c) resulting H,O net charge. (For the
net charges, those of both H atoms and the O atom were considered. The position relative to

the pore center refers to the respective water O positions.) Charges of Hyater atoms in non-
coordinating water do not change in relation to their position and differ from those of Huater
atoms in coordinating water. For the Owater atoms, we note a distinct decrease of electron
charge density close to the pore walls of the framework, resulting in a net positive charge of
the surface-near water layer (see Table S4).
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Figure S3. Charge distributions at coordinating and non-coordinating water molecules in

Zny(dobdc)(H,0)7: (a) Hwater atoms, (b) and Owater atoms, (c) resulting H,0O net charge. (For the
net charges, those of both H atoms and the O atom were considered. The position relative to
the pore center refers to the respective water O positions.) The Hwater atoms show no charge
dependency in respect to their location as the average charge of Hwater atoms in coordinating

water matches those found in non-coordinating water. When compared to lower water

loading, the average charge of Hwater atoms in coordinating water decreases (see Table S4).

For Owater atoms up to a distance of ca. 3 A, the average charge does not depend on their

respective position, while a more positive charge is observed for water molecules near the
pore walls of the framework (between ca. 3 A and 5.5 A).
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Table S5. Atomic charges (in electrons) of the copper metal center, coordinating oxygen atoms as well as the
charges on the water molecules, determined for different water amounts. The electronic structure in the MOF
changes during reorientation of the structure. This is reflected by an increased electron density at the copper
metal site. The addition of water has no effect on the average charges. Additionally, oxygen atoms involved in
hydrogen bonding possess a broader charge distribution. The water molecules carry no net charge.

atomic charges / electrons
atom partially hydrated network
pristine network relaxed network Cu;(dobdc)(H,0)
X=2 x=5
Cu 0.873 £ 0.001 0.843 + 0.006 0.840 + 0.009 0.839 + 0.003
Op -0.537 £ 0.001 -0.521 +0.003 -0.532 + 0.004 -0.520 £+ 0.007
Ocp -0.508 + 0.001 -0.520 + 0.002 -0.522 + 0.009 -0.525 +£0.010
Ogi -0.601 + 0.001 -0.589 + 0.003 -0.587 £ 0.004 -0.584 £+ 0.005
O of (non-
coordinating) H;0 -0.769 + 0.002 -0.767 £ 0.002
H of (non-
coordinating) H,0 0.384 + 0.001 0.383 £ 0.002
net charge (non-
coordinating) Hz0 -0.001 + 0.002 0.00 + 0.002
0.50 r . r . T . -0.60 T T T T T T
(a) Cu,(dobdc)(H,0)s (b) Cu,(dobdc)(H,0)s
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Figure S4. Charge distributions (non-coordinating) water molecules in Cux(dobdc)(H,0)s

distance from pore center | A

:(a)

Huwater atoms, (b) and Ouater atoms, (c) resulting H,O net charge. (For the net charges, those of
both H atoms and the O atom were considered. The position relative to the pore center refers
to the respective water O positions.) A slight increase in electron density is observed for
hydrogen atoms located near the pore walls, while the opposite is the case for the oxygen
atoms. Ultimately, the overall charge of the whole water molecule is unaffected.
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Figure S5. Radial average density probability distributions of (a) water molecules, (b) Owater atoms, and
(c) Hwater atoms in the pores of hydrated CPO-27-Zn and CPO-27-Cu with different amounts of water. In
CPO-27-Zn, some water molecules are strongly bound to the open metal sites (ca. 5.5 A); additional
water is adsorbed near the pore walls at preferred positions (peaks at 4.85, 4.05 and 1.3 A). H atoms are
less fixed than the respective O atoms; the H atoms of the coordinating water molecules (preferred
distances at 5 and 5.3 A) point into the pores, overlapping with H atoms from molecules at the second
site. In CPO-27-Cu, water molecules show no affinity to Cu and accumulate in the pore center, forming a
total of seven pillars of water (peaks at 4, 2.5 and 0 A); H-bonding to framework O atoms is reflected by a
small peak at ca. 4.8 A.
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Figure S6. Radial average density probability distributions of
Owater atoms in the pores of Zn,(dhtp)(H,0)7, with and without
consideration of the strongly bound, coordination water
molecules located at the previously open metal sites (ca. 5.5
A), highlighting water molecules located at the second sorption
site.

Figure S7. Probability density distribution histograms of water
in CPO-27-Zn = Zn,(dobdc)(H,0)y; (a) x =5, and (b) x = 7.
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Figure S8. Atom probability density of Hyater atoms in CPO-27-Zn = Zn,(dobdc)(H,0),.

(a) x =2 (monohydrate), (b) x =5, and (c) x = 7. H atoms show preferences for several positions and
orientations. Butterfly-like arrangements near the aromatic rings of the pore walls are created by an
overlap of several preferred positions. Additionally, hydrogen atoms show a preference for the
exposed O atoms of the inorganic building unit (i.e., Oa and Oc). (c) x = 7: H atoms begin to form a
continuous network which is pointing towards the center of the pore; in addition, accumulation
close to the oxygen positions is observed.
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Figure S9. Atom density of Hyater atoms in CPO-27-Cu = Cu,(dobdc)(H,0)x,
(a) x = 2 (monohydrate) and (b) x = 5. H atoms in the pore center are isotopically arranged. Near the
pore walls, formation of H bonds with framework Oc, atoms as well as (to lesser extent) with Oa
atoms is observed.
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CHAPTER 3. HYDRATION BEHAVIOR OF CPO-27-M

3.2 Water in the Micropores of CPO-27

Metal-Organic Frameworks

ncouraged by the previous results on CPO-27-M (M = Cu and Zn), revealing

that the adsorption of water within CPO-27-Zn proceeds by occupation of

discrete positions, similar to those reported for fully hydrated CPO-27-M
frameworks, the water adsorption/desorption behavior of four additional members
(M = Co, Mg, Mn, Ni) was analyzed. For that purpose, water vapor sorption studies
were applied. In addition, the effect of the water structure (analyzed by FTIR
spectroscopy) and the contact time on the hydrolytic stability of these materials
was studied, allowing to determine crucial factors for the durability of CPO-27-M.
Obtained results highlight that the arrangement of adsorbed water molecules as
well as the adsorption/desorption mechanism of the CPO-27-M series is dictated
by the given metal center, with CPO-27-Zn revealing a prototypical behavior with
easily distinguishable sorption steps. These differences are a consequence of altered
water-framework interactions, providing distinct differences in H-bonding (with the
framework atoms and adjacent water molecules). In contrast, CPO-27-Cu revealed
an adsorption mechanism similar to classical pore condensation, with adsorbed

water molecules showing a bulk-like behavior.
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ARTICLE INFO ABSTRACT

Keywords: The metal-organic framework CPO-27 exhibits free coordination sites (open metal sites) and can be prepared
Metal-organic frameworks with a wide range of metals that influence its properties. It is therefore an intriguing structure to study sorption
CPO-27

phenomena. We analyze the water resistance and sorption behavior of these frameworks, with particular
attention to the sorption mechanism in detail and the structure of the confined water molecules. For this purpose,
we use manometric water vapor sorption analysis and FTIR spectroscopy. The respective metal center orches-
trates both the adsorption behavior and the arrangement of the water molecules in the micropores of the
framework. The extent to which water molecules form hydrogen bonds (with each other and with framework
oxygen atoms) plays a crucial role in the stability of the framework towards water. Water adsorption is governed
by the coordination of water molecules to the open metal sites (except for CPO-27-Cu) and subsequent H-
bonding. A stepwise adsorption of water is observed, with significant differences depending on the choice of

Open metal sites
‘Water vapor sorption

metal.

1. Introduction

Metal-organic frameworks (MOFs) are known for their vast diversity
of structures [1,2], including materials that exhibit open metal sites, i.e.,
metals with unsaturated coordination spheres [3]. One example is
CPO-27 [4], also called MOF-74 [5]. It is well known for its variety of
possible bivalent metal centers (M2+), including M = Co [4], Zn [5], Ni
[6], Fe [7,8], Mn [9], Cu [10], Cd [11,12], and Mg [13]. The inorganic
building unit adopts a rod-like structure with a helical arrangement,
built by corner-sharing octahedra of coordinated metal ions. These are
formed by coordination of three carboxylate oxygen atoms and two
phenolate groups, originating from the 2,5-dihydroxylterephthalate
(dhtp4’ or dobdc4’) linker molecules, as well as from one solvent
molecule (typically DMF or water). The resulting framework exhibits a
honeycomb-like arrangement of building units, presenting cylindrical
micropores. Removal of the coordinating solvent molecules (e.g. through
thermal activation) generates open coordination sites exposed to the
pores. These are accessible for coordination of guest molecules (e.g., CO2
[14-171, CO [18], Hy [6,9,19], O3 [7], NO [20], H20 [16,21-231), with
manifold possible applications, including as catalysts [24-26], sensors
[27,28], proton conductors [29-36], battery electrolytes [37], COy
sorbents [38,39], water harvesters [40,41] or for separation of light
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hydrocarbons [42,43]. Considering the strong binding of water towards
the metal centers, it is crucial to analyze its behavior inside the cylin-
drical pores of the host material, to evaluate possible drawbacks and
limitations in any given application.

The interaction of water molecules at surfaces and within pores can
be analyzed by Fourier-transform infrared spectroscopy (FTIR). The
characteristic O-H stretching vibration band of water (typically located
in the range of 2800 ... 3700 em™Y) is a superposition of bands corre-
sponding to HpO molecules with different degrees of H-bonding.
Following the designations proposed by Brubach et al. for liquid water in
confinement or at solid surfaces [44], these bands correspond to the
following situations: (i) 'Network water’ molecules exhibit approxi-
mately four H-bonds with adjacent atoms. This type of water shows the
lowest O-H stretching vibration frequencies, typically around 3300
cm . (ii) Poorly connected H20 molecules with only few H-bonds (as
present in dimers or trimers) are designated as 'multimer water’,
showing the highest vibration frequencies around 3590 cm™!. Water
molecules that terminate a liquid-like network at an interface (to a solid
or gas phase) belong to this type. (iii) Finally, H,O molecules with an
intermediate H-bonding situation are accordingly termed ’intermediate
water’, with vibration frequencies around 3460 cm ™. These molecules
are farther apart from the interface. Deconvolution of the broad O-H
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stretching vibration band by least square-fitting of three Gaussian pro-
files allows determining the respective contribution of the three modes.
This is also applicable to water in confinement, such as in inverse mi-
celles [45,46] or in mesoporous silica [47]. It turned out that the
respective contributions largely depend on two factors: the
surface-chemical nature of the porous material and the relative amounts
of water ("loading’) in the pores. This then determines the arrangement
of water in limited spaces and ultimately allows the polarity of the
environment to be classified.

Previous studies on the fully hydrated structure of CPO-27-M (i.e.
M>(dhtp)(H20)10), detected five water molecules (per metal center M)
located at crystallographically unique positions within the cylindrical
pores. These five molecules were categorized using variable tempera-
ture, in-situ powder X-ray diffraction (VT-XRD), along with thermal
analysis data. Three groups of water molecules can be distinguished
with respect to their relative strength of interaction with neighboring
water molecules [13,23]: (i) First, the coordinating water molecule
located at the metal center revealing the strongest adsorption strength
(chemisorption). (ii) Next, two water molecules interacting with the
coordinating one via H-bonding, possessing a weaker adsorption
strength. (iii) Lastly, the remaining two molecules, that solely interact
with the previously mentioned two molecules through H-bonding and
therefor having the weakest adsorption strength.

In order to thoroughly understand the hydration (and dehydration)
behavior of any porous material, measuring the adsorption/desorption
of water from the gas phase is an obvious method of choice [48,49]. In
the particular case of CPO-27-M, water sorption studies so far have
focused on gravimetric (microbalance) [50,51] and manometric tech-
niques [52,47]. We recently highlighted the benefits of the latter method
and its excellent accuracy at low water vapor pressures, ie., very low
amounts of water, by analyzing the hydration/dehydration behavior of
microporous CPO-27-M (Cu and Zn) [53]. Although both compounds
adopt the same network topology, drastically different sorption behav-
iors were observed. CPO-27-Zn revealed a strong affinity towards the
first sorption site (i.e., open metal site) [54,55]. Additional water mol-
ecules predominantly occupy the second (near the oxygen atoms of the
inorganic building units) and third sorption sites (near the phenylene
backbone). Sorption energies for both sites are rather similar, as neither
position is preferred, which deviates from previous computational
studies on CPO-27-Mg [56,571, highlighting preferred sorption to the
first two sorption sites. In contrast, CPO-27-Cu showed a one-step uptake
of water over a small relative pressure range, reminiscent of classical
pore condensation. This is enabled by distortion of the local copper
coordination environment causing one oxygen atom to slightly move
into the pore space, sterically blocking the Cu?* site and serving as an
anchor for H-bonding, facilitating water cluster formation. These ob-
servations hint towards a drastic impact of the metal center on the
precise water sorption behavior/mechanism of the isoreticular
CPO-27-M series.

Here we present a comprehensive study on the hydration behavior
and water structure in the CPO-27-M series (M = Co, Cu, Mg, Mn, Ni,
Zn), extending our previous study [53]. We use FT-IR spectroscopy to
analyze the behavior of water in the one-dimensional pores and its effect
on the framework stability against an excess of water. Further, adsorp-
tion and desorption of water by manometric vapor sorption analysis is
studied to highlight differences in the adsorption mechanism (occu-
pancy of different sorption sites) between the members in the iso-
reticular series.

2. Experimental

Synthesis: CPO-27-M materials were synthesized under sol-
vothermal conditions according to modified reported procedures (M =
Co [31], Cu [19], Mg [14], Mn [19], Ni [15], Zn [58]); details are given
in the Supporting Information section. Solvent was removed by heating
under dynamic vacuum conditions to obtain desolvated (ds) samples,

62

Microporous and Mesoporous Materials 381 (2025) 113352

which were stored in a glove box under Ar atmosphere. All products
were characterized by powder X-ray diffraction (XRD) and compared
with literature data (CCDC Numbers 1516643 for Co [15], 1516648 Cu
[15], 1516645 Mg [15], 1031480 Mn [19], 1516644 Ni [15], 1863522
Zn [59]) using calculated peak positions, obtained with the VESTA
software package [60]. The linker molecule (2,5-dihydroxyterephthalic
acid, H4dhtp or Hsdobdc) was synthesized according to modified liter-
ature procedures [61]; details are given in the Supporting Information
section. All other chemicals and solvents were purchased from com-
mercial suppliers and used without further purification.

General Characterization: 'H and '3C NMR spectra were recorded
using Bruker Advance 500 and Bruker Ascent 700 spectrometers.
Chemical shifts were calibrated to the resonance of residual non-
deuterated solvent. Data derived from XRD measurements was
collected on a Bruker D8 Advance diffractometer with a step size of 0.02°
and a counting time of 1 or 3 s per step. Patterns are normalized (to 0-1
range) for better comparison of relative intensities. Elemental analysis
was performed using an Elementar vario MICRO Cube. Thermogravi-
metric analysis (TGA) was performed using a TGA PT1000 thermoba-
lance from Linseis. The sample was placed in a corundum crucible.
Measurements were performed under a constant Argon gas (purity 5.0
from Wohning Gas) flow (100 mL min Y in a temperature range from
25 °C to 800 °C using a heating rate of 5 °C min~!. For mass spec-
trometry, the instrument was coupled with a Pfeiffer Vacuum Omnistar
mass spectrometer. N, physisorption analysis was performed with a
Quantachrome Autosorb 6B at 77 K. The relative pressure range suitable
for the BET surface area calculation was determined using the Rouquerol
criteria [62]. Total pore volumes were determined from the uptake at
p/po =~ 0.5. Activation of the samples was performed in a stepwise
manner. The desolvated (ds) samples were transferred to the measure-
ment cell and dispersed in methanol twice for 45 min. After each step,
the solvent was removed under dynamic vacuum. The pre-dried samples
were degassed for approximately 17 h, using the following procedure:
The samples were heated from room temperature to 60 °C with a heating
rate of 2 °C min’l, after which the temperature was held for 2 h. Then,
the sample was heated to 100 °C with the same heating rate (2 °C
min1), and the temperature was held for another 2 h. Finally, the
sample was heated (2 °C min~1) to 150 °C (or 120 °C for the copper
derivative), and the temperature was held for additional 12 h, after
which the sample was allowed to cool to room temperature.

FTIR: FTIR spectroscopy was performed with a Bruker Vertex 70
spectrometer in ATR mode using the Platinum ATR unit A225 with a
diamond ATR crystal. Powder samples were pressed on the crystal
during the measurement. After the measurement of hydrated samples,
an automatic baseline correction was applied using the OPUS 7.2.1
software package. The correction was performed using a concave rub-
berband correction, using 10 iterations and 32 baseline points. Gaussian
least-square fits of the water stretching band were performed using the
peak analyzer function of the Origin23b software package. First, the data
within the range from 4500 to 2400 cm™! was taken and normalized.
The data from 3950 to 2750 cm ™ * was selected for the fitting procedure.
Then, three peaks were set with reasonable starting points with respect
to the different vibrational band: ca 3560 cm ™! (multimer water), ca
3390 cm ™! (intermediate water), and ca 3210 em™! (network water).
Only positive peak areas were allowed while an automatic baseline
correction was performed, after which the baseline was set to a constant
value. No further restrictions were used. It is noted that the fit results
potentially possess a small error caused by the overlap of the aromatic C-
H vibration of the linker molecule with the water stretching bands.

H0 vapor sorption: Water experiments were performed on a 3Flex
instrument (Micromeritics) at 298 K (25 °C) with double distilled (and
degassed) water. Samples were degassed under vacuum by heating from
room temperature to 60 °C, after which the temperature was increased
to 100 °C and, finally, heated to 150 °C (or 120 °C for the copper de-
rivative). The heating rate was kept at 2 K min~* for all steps.
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3. Results and discussion
3.1. General Characterization

A series of CPO-27-M materials (M = Co, Cu, Mg, Mn, Ni, Zn) was
synthesized by modified solvothermal methods previously reported in
the literature (see Experimental section). The crystal structures and
phase purity of all materials are confirmed by powder X-ray diffraction
(XRD); no evidence of crystalline impurities is observed (Supporting
Information, Fig. S3a). Further, N3 physisorption analysis reveals type-I
sorption isotherms [63] for all compounds, consistent with micropores
(pore diameters ca. 11 A, depending on the metal M, Fig. S3b). In
addition, the N; sorption measurements prove large BET surface areas
(860 ... 1780 m* g ') and large pore volumes (0.37 ... 0.90 cm® g 1) for
all compounds, revealing accessible porosity (Supporting Information,
Table S1).

3.2. Stability against water

Additional XRD studies were carried out to evaluate the stability of
the frameworks against an excess of water. We prepared two sets of
water-treated samples and compared them with the desolvated frame-
works (CPO-27-M-ds), i.e., samples with an open metal site. The first set
of hydrated frameworks (CPO-27-M-hyd) was prepared in analogy to
our previous studies [53] (i.e., ca. 50 mg sample washed with 8-10 mL

(c)
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H,0 of HPLC-grade water). For the second set, samples were dispersed
and stored in water for 16 h (50 mg sample in 1 mL, CPO-27-M-disp).
Both sets of samples were subsequently air-dried on filter paper at room
temperature prior to further analysis. All frameworks remain crystalline
after short exposure to water (CPO-27-M-hyd), with no significant shift
in the XRD peak positions (Supporting Information, Figs. S4-59). The
two most intense reflections are most relevant, concerning the periodic
structure of the framework. These belong to the (110) plane (ca. 6.8°)
and the (300) plane (ca. 11.8°). These lattice planes reflect the ordered
pore structure of the framework and the periodic alignment of the
rod-like (inorganic) building units parallel to the crystallographic c axis,
respectively (Fig. 1a and b). Both peaks remain mostly unchanged for
the first set of samples (CPO-27-M-hyd), with only a few samples
showing a slight change in relative intensities. Drastic differences
become apparent after long exposure to water (i.e. CPO-27-M-disp).
Here, we can categorize all investigated samples into two groups with
respect to their stability. Group One (M = Cu, Mg, Ni) shows a shift in
the peak positions as well as a pronounced change in the relative in-
tensities of the (110) and (300) reflections (Fig. 1¢), which is consistent
with literature data [50]. We propose that the decomposition of this
group of materials follows a mechanism previously described, according
to which the open metal site is occupied by water, leading to cleavage of
the axial M-O bond and thus creating an additional coordination site for
water molecules [50]. A reduced connectivity of adjacent pores is the
result, allowing them to rotate and (partially) block each other. This

(b) inorganic building unit
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Fig. 1. (a) Illustration of the (110) and (300) planes in the crystal lattice of CPO-27-M. (b) Comparison of the desolvated and hydrated inorganic rod-like inorganic
building units, viewed along the crystallographic a-axis. (¢,d) Normalized powder XRD patterns of desolvated (ds), hydrated (hyd), and dispersed (disp) samples of
CPO-27-Ni and CPO-27-Zn, given as selected representatives of their respective groups. Patterns are normalized for better comparison.
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reduces the ordered arrangement of the pores, and parts of the porosity
is lost. Up to a certain point, this process is reversible. However, XRD
data (Supporting Information, Figs. S4-S6) do not indicate the formation
of appreciable amounts of crystalline metal hydroxides (M(OH),) or
oxides (MOy). For group Two (M = Co, Mn, Zn), the (110) and (300)
reflections are either completely missing or barely visible (Fig. 1d).
Interestingly, all members show some Bragg reflections at higher angles
that do not match the protonated linker molecule (Supporting Infor-
mation, Fig. S10) but align well with the high-angle reflections of the
respective dehydrated frameworks. Again, no indication of M(OH), or
MO, formation is observed. CPO-27-Co-disp shows a nearly complete
loss of crystallinity, while CPO-27-Mn-disp and CPO-27-Zn-disp still
show weak (110) and (300) reflections, indicating that the stability
within this group decreases from Zn — Mn — Co. Decomposition of these
samples arguably follows a different mechanism [64]. Here, coordina-
tion of water molecules to the open metal sites is accompanied by their
deprotonation, which results in strongly bound hydroxido ligands as
well as protonation of the linker molecules, creating additional open
metal sites. Eventually, this results in an irreversible, complete loss of
crystallinity and pore structure. The remaining reflections indicate that
some kind periodicity (i.e. pore walls and inorganic building units, see
Fig. 1b) is maintained.

For both sets of samples (CPO-27-M-hyd and CPO-27-M-disp),
elemental analysis reveals C/H ratios that are reasonably consistent with
largely defect-free frameworks (Supporting Information, Table S2).
Hence, we assume that only very small and/or stoichiometrically equal
amounts of metal and linker ions leave the framework during treatment
with water; we calculated the number x of water molecules per formula
unit (Ma(dhtp)(H20),), assuming the detected carbon originates entirely
from the pristine framework. For CPO-27-M-hyd, we observe approxi-
mately ten water molecules per formula unit for most materials,
consistent with literature data [23]. However, there are two exceptions:
(i) CPO-27-Cu-hyd has only nine water molecules [53], owing to the
previously discussed absent water coordination to the cu?t open metal
site. This is a consequence of the Jahn-Teller distortion [65], causing
generally weak interactions of Cu>" centers with small guest molecules
[15,19,66,67]. (ii) CPO-27-Mg-hyd reveals more than ten water mole-
cules, indicating either a higher water density inside the pores or
adsorption of water at/between particle surfaces. For the CPO-27-M--
disp samples, the calculated amount of water molecules is generally
reduced by one. We attribute this to structural changes caused by the
aforementioned (partial) decomposition. For group One (M = Cu, Mg,
Ni), it can be assumed that the slightly lower amounts of adsorbed water
result from damage of the pore system (i.e., less ordered pore arrange-
ment and additional open metal sites). In the case of group Two (M = Co,
Mn, Zn), our observations suggest that the materials maintain a certain
degree of porosity with less uniform (crystalline) pores that enables the
adsorption of water (complete loss of porosity would yield significantly
lower amounts of water). Further, some water molecules coordinate to
(additional) open metal sites. Finally, the determined elemental ratios
indicate the absence of significant amounts of M(OH), and/or MO, in
any of the water-treated samples.

Further analysis of all samples was carried out by Fourier transform
infrared (FTIR) spectroscopy. Spectra of the desolvated frameworks
(Supporting Information, Figs. S11-S17) reveal the absence of the
carboxyl O-H vibration, indicating that no unreacted (protonated)
linker molecules are present within the samples. All water-treated
samples (CPO-27-M-hyd and CPO-27-M-disp) show the typical vibra-
tion bands of water [44], i.e., the stretching (3750 ... 2800 cm’l),
bending (1700 ... 1650 cm’l), and libration bands (1000 ... 400 cm ™).
Otherwise, the spectra reveal only slight differences (minor shifts in
wavenumbers) to those of the respective pristine materials. The M-O
stretching vibration is observed at 600 ... 570 cm! (Fig. 2a—f), similar
to previous reports for CPO-27-M (M = Co [22], Ni [68], Cu [53] and Zn
[531). The energy of this band depends on the respective metal and re-
mains unchanged (within the measurement resolution) in the
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Fig. 2. FTIR spectra of desolvated (ds), hydrated (hyd), and dispersed (disp)
CPO-27-M samples. The M-O vibrations are indicated by dashed lines. Data for
(a) M = Cu and (b) M = Zn are reproduced from Ref. [53].

water-treated samples. Using Badger’s rule [69], we can estimate the
relative M-O bond strengths from the force constants, associated with
the vibrational frequencies. This suggests that the Cu-O bond is the
strongest (band at 600 cm’l), followed by Ni-O (588 cm’l), Mg-O (583
em™!), Co-0 (582 ecm™1), and Zn-O (581 cm ™). Finally, CPO-27-Mn
reveals the weakest M-O bond (573 cm™!) of all investigated frame-
works. This agrees with crystal structure data (desolvated frameworks at
180 °C) which show a similar trend for the mean M-O distances [15]; the
significantly longer axial Cu-O bond length (observed in the crystal
structure) result from the Jahn-Teller distortion [65]. Our results sug-
gest that stronger M-O interactions in group One (Cu, Mg, Ni) as
compared to group Two (Co, Mn, Zn) result in less water-induced
decomposition. The remaining signals in the low wavenumber range
are attributed to the C-H out-of-plane deformation (>600 em ™) and
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aromatic ring deformation vibrations (<550 em ™) of the linker mole-
cule (see Supporting Information, Fig. S17) [70,71]. Furthermore, there
is little to no indication of M(OH), or MO, formation in the spectra of the
water-treated frameworks, as no characteristic O-H vibration (ca. 3700
em™! or 3600 cm ™! in the case of CPO-27-Cu) [72-75] is observed (see
Figs. S11-516). Also, CPO-27-Co and CPO-27-Cu show no other char-
acteristic vibrations. In case of CPO-27-Mg, two weak bands at 459 cm™*
and 408 cm ™! may indicate the formation of small amounts of Mg(OH)2
[76]. However, these bands are the only evidence and since they also
appear in the original sample, hydroxide formation seems altogether
unlikely, in agreement with XRD data (Fig. S5). Similar observations are
made for CPO-27-Mn and CPO-27-Zn. The former shows two vibration
bands at 816 cm~! and 885 cm’l, which are also found in Mn(OH),
[73]. For CPO-27-Zn, a very weak band at 484 cm s the only evidence
of a hydroxide phase [77]. Lastly, CPO-27-Ni presents a slightly different
situation. Here, a band at 528 cm™! is visible, possibly arising from
Ni-OH bending vibrations [78]; this band is absent in the pristine
framework. Nevertheless, the XRD data and the absence of other char-
acteristic bands suggest that hydroxide formation is at least
questionable.

To further assess the structural stability of the materials, we per-
formed thermogravimetric analysis coupled with mass spectrometry
(TGA/MS) on the hydrated frameworks (CPO-27-M-hyd). Despite
slightly different measuring conditions, we observe a similar thermal
behavior (Supporting Information, Figs. S18-524) as previously re-
ported in the literature [23] (Fig. 3). We observe slightly lower dehy-
dration temperatures (see Table S3), which is presumably due to a
higher gas flow (100 mL min~!) and higher initial heating rate (5 °C
min~ 1) compared to literature-based data. However, after the initial
weight loss, we observe a small, steady release of water (detection of
H,0"; m/z = 18) over a broader temperature range for all materials
except CPO-27-Cu-hyd. (For CPO-27-Mg-hyd, the first 90 s of the m/z =
18 trace were discarded due to a high initial signal stemming from re-
sidual atmospheric water in the sample chamber.) Framework decom-
position is indicated by the increase in the m/z = 44 (CO3) mass signal,
which is often accompanied by a weak m/z = 18 signal. This is probably
due to the release of (strongly bond, coordinated) water molecules upon
network collapse. The Cu- and Mg-based materials behave similarly to
those reported previously. This is also true for CPO-27-Mn-hyd,
considering that dehydration progresses slowly after the highlighted
range. Previous reports show a slow mass decrease associated with CO,
evolution before the pronounced decomposition step. However, some
samples show differences in their decomposition behavior. Differences
in the mass curves for CPO-27-Co-hyd and CPO-27-Zn-hyd from previ-
ously reported data may be due to the different synthesis methods (i.e.,
here: DMF vs. Co: THF/water [4]; Zn: THF/water/NaOH [79]). Previous
results on defects in CPO-27-M [80] showed that a low metal-to-linker
ratio (here: 0.8) results in a small number of defects in the framework.
In contrast, in water-based syntheses, a higher degree of defects is ex-
pected due to water-induced decomposition of the framework (as dis-
cussed above). Therefore, it is fair to assume that this will result in lower
thermal stability [23]. For CPO-27-Ni-hyd, a unique thermal behavior is
observed. There is a stronger, constant weight loss starting at 360 °C,
accompanied by a m/z = 44 mass signal. This decrease in mass ulti-
mately leads to the breakdown of the framework. We attribute this to
defects caused by acetate anions (from the used metal source), as similar
observations were made for in-situ formed formate anions (HCO3) in
reactions with a high metal-to-linker ratio [80]. Therefore, we attribute
the first, less defined signal in the m/z = 44 MS curve to decomposition
of acetate anions.

3.3. FTIR studies of water in the pores
All results presented so far suggest that in the water-treated CPO-27-

M samples, the metal center not only determines the samples’ stability
(thermal and against water), but apparently also the decomposition
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Fig. 3. (a) Thermogravimetric analysis coupled with mass ion detection (m/z
= 18: Hy,0", m/z = 44: CO3) of the hydrated materials (CPO-27-M-hyd)
(heating rate: 5 °C min’l, Ar atmosphere). (b) Temperature ranges for the
initial dehydration and decomposition of CPO-27-M-hyd. Light colors indicate
previous dehydration studies by Dietzel et al. [23].

mechanism of the respective framework. In addition, the contact time of
the framework with water plays a major role. Except for CPO-27-Ni, no
indication of M(OH), or MO, is found in isolated samples. We assume
that the ionic radii and the pore sizes of the respective materials play a
key role in the observed mechanisms. This corresponds to the fact that
materials in group One contain metal cations with smaller ionic radii
(Cu®*, Mg?*, Ni?") [81] and possess smaller pores [15] than members of
group Two (Co%*, Mn?*, Zn®"). Based on our previous studies on
CPO-27-M (M = Cu, Zn) [53] and studies on carbon nanotubes, that
revealed a large effect of the channel size on water-water interactions
and their dynamics [82-84], we propose that the water arrangement in
the one-dimensional channels should be considered for the
water-stability of the CPO-27-M series as well. Therefore, we carried out
FTIR spectroscopic investigations on hydrated frameworks
(CPO-27-M-hyd) in attenuated total reflection (ATR) mode. As discussed
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in the introduction, deconvolution of the O-H stretching vibration signal
in the range of 2800 ... 3700 cm™ into three distinct bands allows
further insight into the water arrangement in different environments
[44-46,47]. By the degree of H-bond formation of water molecules with
each other and with framework oxygen atoms, we distinguish 'network’
water (approximately four H-bonds), ‘multimer’ water (few H-bonds),
and ’intermediate’ water (medium amount of H-bonds).

For a pure liquid water film at the surface of the ATR crystal (see
Supporting Information, Fig. S25), the relative contributions (peak
areas) are 13 % from multimer water (3535 cm’l), 18 % from inter-
mediate water (3405 cm ™ 1), and 69 % from network water (3251 cm ™).
We hypothesize that the multimer water in the liquid film is located at
either of the interfaces, i.e., to the ATR diamond crystal or to air. For the
CPO-27-M-hyd materials with M = Co, Mg, Mn, and Ni, similarities to
CPO-27-Zn [53] are observed. They show a lower contribution from
network water (39 %-71 %) and a higher contribution from interme-
diate water (24 %-51 %) than the pure liquid water film, as shown in
Fig. 4 (see also Supporting Information, Fig. 526 and Tables S4-S5). This
is consistent with the fact that in a fully hydrated framework (i.e., 100 %
water uptake), water molecules are located at defined crystallographic
positions within the pores [23] and therefore possess lower translational
and rotational degree of freedom than in the bulk liquid state; the
average number of H-bonds per HyO molecule is lower. Further, the
contribution from multimer water is also generally lower (5 %-6 %) in
the CPO-27-M-hyd materials than in the pure water film (except
CPO-27-Cu-hyd with 14 %). This suggests that water molecules near the
pore walls possess a high tendency to form H-bonds (with framework
atoms and with each other), more than interface-near water molecules
in a pure liquid film. This is in accordance with our previous studies that
revealed extended H-bond networks with strong interactions for hy-
drated CPO-27-Zn [53]. However, the overall different contributions
suggest that the tendencies to form H-bonds vary for any given metal
center.

Concerning the differences between the members of the series with
respect to the relative amounts of intermediate and network water
(Supporting Information, Table S4 and Fig. S27), we find the highest
contribution of network water for M = Zn (71 %), followed by Mn (66 %)
and Co (65 %). Interestingly, these are the less water-stable materials
(group Two, see above), clearly highlighting the importance of H-bond
networks (water clusters), especially H-bond formation of water mole-
cules near the framework atoms (i.e. located at the first three sorption
sites), on the water durability of these materials by promoting frame-
work decomposition. Lower relative amounts of network water are
observed for the more water-stable materials (M = Cu (55 %), Mg (53 %)
and Ni (44 %); group One), which indicates that occupation of the water
sorption sites near the pore walls in these frameworks proceeds differ-
ently, presumably due to weaker water-framework interactions, and
consequently a lower H-bond tendency, than for the other members.

In addition to the relative contributions (peak areas) of the three
vibration bands, we may also consider their respective wavenumbers v
(peak positions, see Supporting Information, Table S5). Compared to the
pure water film, all CPO-27-M-hyd samples show a redshift of the
network water peak (i.e., towards lower V), and a slight blueshift of the
multimer water peak (towards higher V), except for CPO-27-Cu-hyd
which shows a redshift. The wavenumber of the intermediate water
peak is mostly unchanged, except for CPO-27-Cu-hyd and CPO-27-Ni-
hyd which both show a redshift. Valuable information arises from the
respective differences between the three wavenumbers for each mate-
rial, ie., from the wavenumber splitting Avy, (Table 1). In general,
higher AV values suggest a higher asymmetry in the local H-bonding of
water [85,86]. We observe generally higher values for all CPO-27-M-hyd
materials than for the pure water film (except for CPO-27-Cu-hyd),
indicative of higher degrees of H-bonding asymmetry. This is consis-
tent with the notion of water molecules residing at crystallographically
defined positions with a highly asymmetric local environment. For
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Table 1
Wavenumber splitting AV of the stretching vibration bands of water in the CPO-
27-M-hyd materials and of pure water.

AVmultimer-network AVmultimer-intermed. AVnetwork-intermed.

(em™) (em™ (em™)
Co 336.6 + 2.4 152.6 + 1.5 184.0 + 2.4
Cu 258.5 £5.3 116.0 + 6.7 142.,5 £ 5.3
Mg 357.4 +£3.1 168.9 + 2.0 188.4 + 3.1
Mn 340.1 +£ 2.6 151.8 + 1.5 188.3 + 2.6
Ni 373.6 £5.1 190.8 + 3.6 182.8 +£5.1
Zn 352.8 +£ 2.1 1525 +1.2 200.3 + 2.1
water 284.4 +1.5 130.2 + 2.9 1542 £ 1.5

CPO-27-Cu-hyd, a more symmetric H-bonding is present, which is a
result of weaker water interactions with framework atoms, resulting in a
more bulk-like water configuration [53].

Summarizing the FTIR studies, a higher contribution of the multimer
water peak in CPO-27-M suggests a weaker interaction of water mole-
cules with the open metal site (as revealed for CPO-27-Cu, with no co-
ordination to the Cu®* site [53]). The higher acidity of chemisorbed
water as compared to bulk water seems to affect the decomposition
mechanism, as it either inhibits protonation of the carboxylate/alkoxide
groups (group One; Cu®*, Mg?*, Ni%*) or facilitates it (group Two; Co?™,
Mn?*, Zn®") [87]. In addition, the relative strength of the network water
band is clearly correlated with the formation of extended H-bonding of
water molecules (ca. four H-bonds) with surrounding water molecules
and framework oxygen atoms. The thus-formed water clusters play a key
role in the decomposition behavior, as materials with more extended
H-bond networks are severely more prone to water-related decomposi-
tion (presumably due to the proximity of water molecules to the inor-
ganic building units). Based on our findings, we assume that the other
members of the CPO-27-M series (M = Co, Mg, Mn, Ni) will reveal a
water sorption behavior more similar to CPO-27-Zn than to CPO-27-Cu
[531, as will be elucidated in the following.

3.4. Water vapor sorption studies

We performed manometric water vapor sorption measurements at
25 °C for all CPO-27-M materials, i.e., M = Co, Mg, Mn, Ni, Zn, and Cu.
We have recently presented the respective results for Zn and Cu else-
where [53] but will briefly include them in this study for comparison.
Two consecutive adsorption/desorption cycles were measured without
removing the sample from the device between both cycles, i.e., without
additional thermal activation after the first cycle. This takes into account
that the coordinating water molecule that saturates the open metal site is
irreversibly bound (as in the case of CPO-27-Zn) which will result in a
different starting situation for the second sorption isotherm. All mate-
rials, except M = Cu, show an increased total water uptake during the
second adsorption/desorption cycle, when compared to the first (see
below). We attribute this to the partial degradation of the frameworks
because of cleavage of metal-linker bonds during the time-consuming
measurements (6-15 days), resulting in the formation of additional
open metal sites (as discussed above). This goes along with a decreased
crystallinity of the samples after the water sorption experiment (see
Supporting Information, Fig. 528), being in agreement with previous
reports on CPO-27-Mg [51] and other MOFs with vacant coordination
sites [88]. To account for the fact that most of the water is adsorbed at
low relative pressure (p/po < 0.1), we display all isotherms both with a
linear and with a semi-logarithmic scale, as the latter is necessary to
obtain a full picture of the sorption behavior. First derivatives of the
isotherms (8V/8(p/pg)) were calculated to visualize distinct water
adsorption steps in all sorption isotherms. (As a result of technical
experimental restrictions, data points below ca. p/po = 0.002 are missing
in all, but the first adsorption isotherms.)

Our previous studies [53] have shown that water uptake by
CPO-27-Zn proceeds in a stepwise manner. Molecular dynamics
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simulation revealed that the water molecules progressively occupy
distinct sites within the pores (in agreement with crystal structure data
for fully hydrated CPO-27-Zn [79]). This is shown schematically in
Fig. 5. (Limited computing time did not allow us to carry out similar MD
studies for all six materials; data in Ref. [53] are therefore limited to
CPO-27-Zn and CPO-27-Cu as these two materials show the largest
differences in the experimental data from each other.) In the water vapor
sorption isotherms of CPO-27-Zn (Fig. 6a), the first step corresponds to
the coordination of water to the Zn center (ca. p/po = 0.01). This uptake
is irreversible upon subsequent desorption and accounts for approx. 20
% of the total uptake, consistent with the fact that one out of five water
molecules per metal center is coordinating (Mx(dhtp)(H20)10; Fig. 5b).
Then follows the adsorption of another ca. 40 % of the total water uptake
(in the pressure range p/po = 0.01 ... 0.025); these water molecules
mostly reside at the second and third site, where they interact strongly
with the coordinating water molecule and with framework oxygen
atoms through H-bonding, resulting in a continuous water cluster along
the pore walls (Fig. 5¢). Next, another approx. 20 % of the total water
uptake occurs (p/po = 0.025 ... 0.05), with increasing occupation of the
fourth and fifth sites (Fig. 5d). Finally, the remaining ca. 20 % of uptake
occurs gradually over a wide pressure range (p/po = 0.05 ... 1), with a
rearrangement of the water molecules in the interior regions of the
pores, resulting in a decreased mobility and orientational freedom, with
more asymmetric H-bonding (Fig. 5e). This creates hysteresis, observed
in both pairs of isotherms, due to a non-reversible increase in density

(a)

First sorption site

Second sorption site

Third sorption site

Fourth sorption site

Fifth sorption site

CP0—27—Zn—(H20) CPO-27-Z0-{(H,0)o
Fig. 5. Schematic of the subsequent occupation of distinct sites during hydra-
tion of CPO-27-Zn. Positions with the highest occupancy are displayed for (a)
the desolvated framework, (b) 20 %, (c) 50 %, (d) 70 %, and (e) 100 % of the
total water uptake.
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during rearrangement. Similar effects have been discussed previously
for large pores and hydrophilic micropores [47,83,89-97].

For CPO-27-Cu (Fig. 6b), our previous study [79] showed an entirely
different sorption behavior. Here, water sorption is negligible up to a
pressure of ca. p/po = 0.1. Then, adsorption of ca. 80 % (i.e., four mol-
ecules per Cu center) occurs all at once, revealing classical pore
condensation behavior, making it impossible to distinguish between
distinct water molecules. This is due to a different local coordination
environment of Cu®* and different atomic charges [53,66], resulting in
one O atom of the linker molecule being slightly shifted towards the pore
center. This O atom acts as a nucleation site for water cluster formation
(via H-bonding) and also sterically blocks the metal site, inhibiting co-
ordination. The residual 20 % (one molecule) are adsorbed gradually
(pressure range p/po = 0.1 ... 1), resulting in the formation of pillar-like
water clusters with minimal interaction of water with the surrounding
framework. Finally, adsorption of all water molecules is nearly
completely reversible with almost no observable hysteresis.

Following that, we analyzed the water adsorption behavior of the
other four materials in our study (M = Mg, Mn, Co, Ni). Starting with the
water sorption isotherms of CPO-27-Mg (Fig. 6¢) and CPO-27-Mn
(Fig. 6d), both materials reveal a shape similar to each other but
different from both CPO-27-Zn and CPO-27-Cu [53]. Initially, uptake of
two molecules (i.e., 40 % of the total uptake) in the pressure range of
p/po = 0.001 ... 0.02 is observed. The adsorption of one of these two
water molecules is irreversible, indicating that coordination to the open
metal sites overlaps with adsorption of another water molecule. In the
particular case of CPO-27-Mg, this is consistent with previous observa-
tions [16,571, highlighting a high affinity of the Mg?" metal site towards
water even in a competitive environment (i.e., CO2/H20 mixture of
150/1; ca. 1 % relative humidity [16]). Based on previous findings on
CPO-27-Zn [53] and CPO-27-Mg [55,56], we suggest the following
mechanism: Some water molecules coordinate to the metal center (i.e.,
partial occupation of the first site). The second site (near the inorganic
building unit) is occupied simultaneously, which is a result of the similar
adsorption energies of both sites. Subsequently, a third molecule is
adsorbed in a defined step at ca. p/pp = 0.02 ... 0.05. This water
molecule occupies the third site (near the phenylene backbone) and
possesses a lower binding energy than the previous ones [56]. Formation
of the above-mentioned water clusters along the pore walls of the
framework, with a weighted occupancy of all five positions (predomi-
nant occupation of first three sites, ie, comparable to Fig. 5¢), is
observed at that point. Then, adsorption of the last two molecules (40 %)
is observed in the remaining pressure range in two reasonably distin-
guishable steps at p/pp = 0.05 ... 0.4 (comparable to Fig. 5d) and,
finally, between p/pp = 0.4 ... 1 (comparable to Fig. 5e). As for
CPO-27-Zn, strong hysteresis occurs in the latter region for both cycles,
which suggests a similar rearrangement of a metastable water configu-
ration into a denser configuration, restricting their mobility during the
adsorption process.

Next, CPO-27-Co shows a water sorption behavior (Fig. 6e) which is
partly comparable to CPO-27-Zn but differs from those observed for the
other CPO-27-M (M = Mg, Mn, Cu) materials. Here, uptake of the first
molecule does not occur in a well-defined step as the initial adsorption
isotherm (first cycle) reveals the uptake of the three water molecules
(60 % of the total uptake) in the pressure range of p/po = 0.001 ... 0.03.
Still, a fraction of the initial water uptake is irreversible (a little less than
20 % of the total uptake), attributable to coordinating water (at the first
site). This suggests that, again, coordination of some water molecules to
the open metal site results in more favorable conditions for the second
and third site (i.e., similar sorption energies after adsorption of enough
water molecules, contrary to CPO-27-Mg and CPO-27-Mn). Eventually,
this leads to the formation of water clusters along the pore walls with
similar characteristics as previously described (Fig. 5¢). Then, the fourth
water molecule is adsorbed in a clear step (ca. p/po = 0.03 ... 0.05;
Fig. 5d), before the adsorption of the fifth molecule takes place over the
wide remaining pressure range (p/po = 0.05 ... 1; Fig. 5e). This time, no
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significant hysteresis is observed. However, we suggest that a process
similar to the previously noted phenomenon of preliminary pore satu-
ration (as described for most other members) occurs after the second
sorption step. Here, no large density changes seem to be present,
enabling a reversible process. We determined the total water adsorption
capacity after the first cycle as 23.2 (+2.9) mmol g’l, which agrees with
literature data (25.9 mmol g%, mostly defect-free framework) [48].

Finally, the water sorption isotherms of CPO-27-Ni (Fig. 6f) are
comparable in shape to those of CPO-27-Co, but also reveal decisive
differences. The first defined step occurs in a pressure range of p/py =
0.001 ... 0.03 and corresponds to ca. 40 % of the total uptake (two water
molecules). We note that the desorption data are inconclusive with
respect to reversibility, because, as mentioned above, the low-pressure
data are missing for technical reasons. However, it is reasonable to as-
sume that, as for the other materials, adsorption of water in CPO-27-Ni
starts with coordination to the Ni%" sites. In this case, the interaction
between water and the metal sites is slightly less attractive, which may
stem from rather strong Ni-O interactions (second behind CPO-27-Cu, as
discussed above) in the inorganic building units influencing the atomic
charges on the metal center as well as the preferred coordination envi-
ronment of Ni®* (i.e., square planar, similar to Cu®"). As a result, both
the coordination of water molecules to the metal center and the H-
bonding with framework O atoms becomes less attractive, causing
similar adsorption energies of the first and second site. Furthermore, the
third site also becomes less attractive, possibly due to either an increased
electron density in the linker backbone and/or steric effects (i.e., H-bond
distances between water and oxygen atoms of the inorganic unit at the
second site). As a consequence, adsorption of two water molecules
instead of one is preferred to create the previously mentioned meta-
stable state (step at p/pp = 0.03 ... 0.05; Fig. 5d) instead of a water
cluster along the pore walls. Afterward, gradual saturation is observed
over a larger pressure range (Fig. 5e). In both isotherms, a slightly more
pronounced hysteresis is observed (compared to CPO-27-Co), indicative
of a less drastic density change.

Summarizing the water sorption data, we can conclude that the high
water uptake at low relative pressure (p/pg < 0.1) is clear evidence of the
hydrophilic nature of the CPO-27-M series (see Supporting Information,
Fig. 5§29). The affinity of the open metal sites towards water is charac-
teristic for each metal M** (except for Cu®") and becomes evident by the
coordination of water (i.e., chemisorption, 20 % of total water uptake).
The irreversibility of this sorption process verifies the existence of
vacant coordination sites prior to sorption measurements (i.e., after
activation, Fig. 5a). Deviating from this behavior, CPO-27-Cu shows a
(nearly) reversible pore condensation behavior driven by water-water
interactions, which is a result of changes in the local coordination
environment and atomic charges, causing one oxygen atom of the
inorganic building unit to move slightly towards the pore center,
thereby initiating water cluster formation (via H-bonding) while
blocking the Ccu?t site [53]. For all other materials, the precise water
adsorption/desorption behavior (number of steps, adsorbed amounts,
relative pressure ranges) depends on the metal center M>", consistent
with the previously observed dehydration behavior [23]. With the
exception of CPO-27-Zn, which reveals a prototypical water sorption
behavior with clear identification of the chemisorbed water during
adsorption (i.e., occupation of the first sorption site; Fig. 5b) [53], all
other members reveal a simultaneous adsorption processe (i.e., occu-
pation of the first two sites; first three for Co). Interestingly, the defined
adsorption step at p/po = 0.03 ... 0.05 that corresponds to the uptake of
one water molecule is virtually independent of the metal center (for M =
Co, Mg, Mn, Ni, Zn) and characterized by comparable relative amounts
of water uptake. This step describes the water cluster formation along
the walls of the one-dimensional channels (high occupation of the first
three sorption sites, Fig. 5c, except for Ni). After this step, additional
adsorption (up to 80 %) leads to a metastable state (i.e., preliminary pore
saturation, Fig. 5d). Lastly, re-orientation of water molecules enables
additional water uptake at higher relative pressures (Fig. 5e), which also
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explains the hysteresis in some water sorption isotherms due to the (for
most members) irreversible increase in density of the adsorbed water
[47,83,89,91-95]. However, CPO-27-Ni differs slightly from the
above-described behavior, showing an uptake of two water molecules
during the aforementioned step at p/po = 0.03 ... 0.05. Here, the strong
Ni-O interactions along with occupation of the first two sorption sites
leads to significantly less attractive interactions at the third site (i.e.,
phenylene ring). As a result, preliminary pore saturation (Fig. 5d) is
observed instead of the formation of water clusters along the pore walls.
We conclude that the formation of the above-discussed metastable state
during adsorption is mostly unaffected by the type of metal center and
purely based on confinement effects, as it is observed at similar relative
pressures for all materials. Based on our findings, we suggest that the
water affinity of the CPO-27-M series decreases in the order of Mg?" >
Ni2* > Co?* > Mn?** > Zn?" > Cu®* (Supporting Information Fig. $29),
which is mostly consistent with previous studies on other guest mole-
cules [15,19,57,98].

4. Conclusion

Our study reveals a strong impact of the choice of the metal center in
CPO-27 on the water arrangement inside the one-dimensional micro-
pores and the adsorption mechanism. In addition to the contact time, the
extent to which water molecules interact with adjacent atoms in hy-
drated CPO-27-M, plays a major role on its durability against water. A
high tendency of water molecules to form H-bonds seems to facilitate
protonation of the phenolate and carboxylate groups (M = Zn, Mn, Co;
large network contribution, i.e., more static water) because of water
accumulation near the pore walls. On the other hand, weaker in-
teractions seem to inhibit this (M = Cu, Mg, Ni; large intermediate
contribution), resulting in higher water stability. The precise hydration/
dehydration behavior is governed by the given metal center. While CPO-
27-Cu shows a drastically different behavior, revealing reversible pore
condensation with the adsorbed water adopting a bulk-like behavior
(with symmetric H-bonding) without any involvement of the metal site,
CPO-27-Zn proves to possess a prototypical water sorption behavior
with different, easily distinguishable sites, including the preferred
occupation of the open metal site (first adsorption site). The other
members of series (M = Co, Mg, Mn, Ni) show similarities and differ-
ences in their sorption behavior when compared to CPO-27-Zn. The
precise hydration behavior is governed by the metal center, influencing
the respective occupation of the five distinct sorption sites. Conse-
quently, different adsorption mechanisms are observed. However, for-
mation of water clusters along the walls of the one-dimensional channels
is present in most compounds (except Ni). All materials reveal the for-
mation of a metastable state at 80 % hydration (with respect to the total
water uptake), which is characterized by a continuous H-bond network.
This effect causes a hysteresis in some water sorption isotherms due to
an irreversible density increase of the adsorbed water. In the completely
hydrated state, highly located water molecules in an asymmetric H-
bonding situation are observed in most materials.
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Water in the Micropores of CPO-27 Metal-Organic Frameworks:
A Comprehensive Study

Supporting Information

Marvin KloR,* Christian Weinberger,* and Michael Tiemann*'!

! Department of Chemistry — Inorganic Chemistry, Faculty of Science, Paderborn University
Warburger Str. 100, 33098, Paderborn, Germany

Synthesis of 2,5-dihydroxyterephthalic acid (Hsdhtp): Dimethyl 2,5-dioxo-cyclohexane-1,4-
dicarboxylic acid (11.4 g, 51.4 mmol, 1.0 eq) was dissolved in glacial acetic acid (50 mL). The
mixture was heated to 80 °C and N-chlorosuccinimide (NCS, 7.22 g, 54.2 mmol, 1.08 eq) was
added portion-wise over the course of 30 minutes. During this process, a yellow precipitate
was formed. After complete addition of NCS, the mixture was heated for additional 2 hours to
80 °C. After cooling back to room temperature, a bright yellow solid was filtered off and washed
with copious amounts of deionized water (300-400 mL) and methanol (2 x 10 mL). The product
was dried overnight at 60 °C. Dimethyl 2,5-dihydroxyterephthalate (8.34 g, 36.9 mmol, 74 %)
was isolated as a bright yellow, crystalline solid. "H NMR (700 MHz, CDCls): & = 10.05 (s, 2H),
7.46 (s, 2H), 3.97 (s, 6H) ppm. *C NMR (175 MHz, CDCls) & = 169.7, 153.1, 118.5, 118.0, 53.0
ppm (see Supporting Information, Fig. S1). Dimethyl 2,5-dihydroxyterephthalate (8.34 g,
36.9 mmol, 1 eq.) was dissolved in a solution of sodium hydroxide (6.71 g, 167.7 mmol, 4.55 eq)
in deionized water (130 mL). The mixture was heated to 80 °C for 6 h, during which the initially
yellow solution turned into an orange and finally dark brown solution. After cooling to room
temperature, the solution was poured into a mixture of concentrated aqueous hydrochloric
acid and ice. During this process, a light-yellow precipitate was formed. The pH was adjusted
to 1. The product was separated by filtration and washed with copious amounts of water
(approx. 700 mL) until the pH was neutral. The product was dried overnight at 60 °C in an oven
to afford 2,5-dihydroxyterephthalic acid (Hadhtp, 5.27 g, 26.6 mmol, 72 %) as a light-yellow
solid. "H NMR (500 MHz, dmso-dg): & = 11.34 (brs, 2H), 7.27 (s, 2H) ppm. *C NMR (125 MHz,
DMSO-dg) & = 170.8, 152.5, 119.8, 117.8 ppm (see Supporting Information, Fig. S2).

Preparation of CPO-27-Co: Cobalt(ll) nitrate hexahydrate (2.0 g, 6.86 mmol, 1.0 eq) was
dissolved in deionized water (54 mL) in a glass insert (250 mL). Then, 2,5-dihydroxyterephthalic
acid (Hadhtp, 1.58 g, 8.0 mmol, 1.17 eq) was dissolved in a mixture of ethanol (54 mL) and N,N-
dimethylformamide (DMF, 54 mL) under sonification. The obtained linker solution was
transferred to the glass insert containing the cobalt salt solution and the mixture was stirred
briefly. The insert was placed in a stainless-steel reactor (Parr Instruments), sealed, and reacted
in a preheated oven at 130 °C for 24 h. After cooling, the dark red solid was separated by
filtration over a glass frit and washed with deionized water (4 x 30 mL) and methanol (30 mL).
Afterwards, the solvent was exchanged by methanol (four times), leaving each portion to stand
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for 30 to 45 minutes. The obtained product was dried in multiple steps. For the first step, the
product was placed in a round flask under dynamic vacuum for 20 h. Then, the product was
heated in three steps from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and
150 °C (hold for 20 h). The desolvated product (brown solid) was stored in a glove box under
argon atmosphere.

Preparation of CPO-27-Cu: Copper(ll) nitrate trihydrate (2.414 g, 10.0 mmol, 1.0 eq) was
dissolved in DMF (15 mL) under sonification and transferred to a Teflon-lined insert (125 mL).
Then, 2,5-dihydroxyterephthalic acid (Hsdhtp, 0.99g, 50mmol, 05 eq) and 14-
diazabicyclo[2.2.2]octan (dabco, 0.28 g, 2.5 mmol, 0.25 eq) were separately dissolved in DMF
(Hadhtp in 40 mL, dabco in 10 mL) under sonification. The obtained solutions were combined
in the insert and the mixture was stirred briefly. The insert was placed in a stainless-steel reactor
(Parr Instruments), sealed, and reacted in a preheated oven at 60 °C for 72 h. After cooling, the
dark red solid was separated by filtration over a glass frit and washed with deionized water (4
x 30 mL) and methanol (30 mL). Afterwards, the solvent was exchanged by methanol (four
times), leaving each portion to stand for 30 to 45 minutes. The obtained product was dried in
multiple steps. For the first step, the product was placed in a round flask under dynamic vacuum
for 20 h. Then, the product was heated in three steps from 60 °C (hold for 90 minutes) to 100 °C
(hold for 90 minutes) and 120 °C (hold for 20 h). The desolvated product (dark brown solid)
was stored in a glove box under argon atmosphere.

Preparation of CPO-27-Mg: Magnesium(ll) acetate tetrahydrate (1.93 g, 9.0 mmol, 1.0 eq)
was dissolved in deionized water (6 mL) and transferred to a Teflon-lined insert (125 mL). Then,
2,5-dihydroxyterephthalic acid (Hadhtp, 0.89 g, 4.5 mmol, 0.5 eq) was dissolved in N-methyl-2-
pyrrolidone (NMP, 54 mL) under sonification. The obtained solution was transferred to the
insert containing the magnesium salt solution and the mixture was stirred briefly. The insert
was placed in a stainless-steel reactor (Parr Instruments), sealed, and reacted in a preheated
oven at 120 °C for 24 h. After cooling, the yellow-brown solid was separated by filtration over
a glass frit and washed with deionized water (4 x 30 mL) and methanol (30 mL). Afterwards, the
solvent was exchanged by methanol (four times), leaving each portion to stand for 30 to 45
minutes. The obtained product was dried in multiple steps. For the first step, the product was
placed in a round flask under dynamic vacuum for 20 h. Then, the product was heated in three
steps from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 150 °C (hold for
20 h). The desolvated product (yellow solid) was stored in a glove box under argon atmosphere.

Preparation of CPO-27-Mn: Manganese(ll) acetate tetrahydrate (1.84 g, 7.5 mmol, 1.0 eq) was
dissolved in deionized water (6 mL) and transferred to a Teflon-lined insert (125 mL). Then,
2,5-dihydroxyterephthalic acid (Hsdhtp, 0.74 g, 3.75 mmol, 0.5 eq) was dissolved in N-methyl-
2-pyrrolidone (NMP, 54 mL) under sonification. The obtained solution was transferred to the
insert containing the manganese salt solution and the mixture was stirred briefly. The insert
was placed in a stainless-steel reactor (Parr Instruments), sealed, and reacted in a preheated
oven at 110 °C for 24 h. After cooling, the brown solid was separated by filtration over a glass
frit and washed with deionized water (4 x 30 mL) and methanol (30 mL). Afterwards, the solvent
was exchanged by methanol (four times), leaving each portion to stand for 30 to 45 minutes.
The obtained product was dried in multiple steps. For the first step, the product was placed in
a round flask under dynamic vacuum for 20 h. Then, the product was heated in three steps
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from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 150 °C (hold for 20 h).
The desolvated product (brown solid) was stored in a glove box under argon atmosphere.

Preparation of CPO-27-Ni: Nickel(ll) acetate tetrahydrate (1.79 g, 7.2 mmol, 1.0 eq) was
dissolved in deionized water (6 mL) and transferred to a Teflon-lined insert (45 mL). Then,
2,5-dihydroxyterephthalic acid (Hsdhtp, 0.74 g, 3.6 mmol, 0.5 eq) was dispersed in deionized
water (16 mL). The obtained dispersion was transferred to the insert and the mixture was stirred
briefly. The insert was placed in a stainless-steel reactor (Parr Instruments), sealed, and reacted
in a preheated oven at 110 °C for 24 h. After cooling, the yellow solid was separated by filtration
over a glass frit and washed with deionized water (4 x 30 mL) and methanol (30 mL). Afterward,
the solvent was exchanged by methanol (four times), leaving each portion to stand for 30 to
45 minutes. The obtained product was dried in multiple steps. For the first step, the product
was placed in a round flask under dynamic vacuum for 20 h. Then, the product was heated in
three steps from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 150 °C (hold
for 20 h). The desolvated product (orange-yellow solid) was stored in a glove box under argon
atmosphere.

Preparation of CPO-27-Zn: Zinc(ll) nitrate hexahydrate (4.19 g, 14.1 mmol, 1.0 eq) was
dissolved in a mixture of DMF (30 mL) and deionized water (3.6 mL) and transferred to a Teflon-
lined insert (125 mL). Then, 2,5-dihydroxyterephthalic acid (Hadhtp, 0.9 g, 4.55 mmol, 0.33 eq)
was dissolved in a mixture of DMF (30 mL) and ethanol (3.6 mL). The obtained solution was
transferred to the insert containing the zinc salt solution and the mixture was stirred briefly.
The insert was placed in a stainless-steel reactor (Parr Instruments), sealed, and reacted in a
preheated oven at 120 °C for 24 h. After cooling, the yellow solid was separated by filtration
over a glass frit and washed with deionized water (4 x 30 mL) and methanol (30 mL). Afterwards,
the solvent was exchanged by methanol (four times), leaving each portion to stand for 30 to
45 minutes. The obtained product was dried in multiple steps. For the first step, the product
was placed in a round flask under dynamic vacuum for 20 h. Then, the product was heated in
three steps from 60 °C (hold for 90 minutes) to 100 °C (hold for 90 minutes) and 150 °C (hold
for 20 h). The desolvated product (orange-yellow solid) was stored in a glove box under argon
atmosphere.
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Fig. S1. *H NMR (top) and *3C NMR spectrum (bottom) of
dimethyl 2,5-dihydroxyterephthalate in CDCl; (marked with $).
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Fig. S2. 'H NMR (top) and *3C NMR spectrum (bottom) of 2,5-dihydroxyterephthalic acid in
dmso-ds (marked with $). TMS (marked with #) has been used as internal standard.
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Fig. S3. Powder X-ray diffraction pattern of desolvated (ds) frameworks of the
isoreticular CPO-27-M framework series (a) in comparison with the theoretical
peak positions for the zinc compound (tik marks). The patterns are normalized
for comparison. (b) Nitrogen sorption isotherms of the isoreticular CPO-27-M
series in linear scale, measured at 77 K. The color code is the same as in (a).

Tab. S1. Specific surface area and pore volume (determined at p/po = 0.5) obtained from the sorption
isotherms of the CPO-27-M materials.

Seer/ m? gt Veore/ M3 g™
Co 1220 0.56
Cu 860 0.37
Mg 980 0.44
Mn 1350 0.66
Ni 1790 0.90
Zn 1240 0.59
5
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Fig. S4. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Cu in comparison with the theoretical peak positions.
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Fig. S5. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Mg in comparison with the theoretical peak positions.
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Fig. $6. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Ni in comparison with the theoretical peak positions.
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Fig. S7. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Co in comparison with the theoretical peak positions.
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Fig. $8. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Mn in comparison with the theoretical peak positions.
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Fig. $9. Powder X-ray diffraction pattern of desolvated (ds), hydrated (hyd), and dispersed
(disp) CPO-27-Zn in comparison with the theoretical peak positions.
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Fig. $10. Powder X-ray diffraction pattern of dispersed (disp) CPO-27-M (M = Co, Mn, Zn)
samples in comparison with the protonated dhtp linker molecule and theoretical peak
positions.

Tab. S2. Elemental analysis (C, H) of dispersed and hydrated CPO-27-M materials (2 individually synthesized
batches of each material; two samples of each batch) and the amounts of water molecules x per formula unit
Ms(dhtp)(H20)y calculated from the measured data.

dispersed hydrated

C H X C H X

20.9 4.53 8 20.3 4.5 9

Co 20.88 4.29 8 20.22 4.55 9
20.23 4.18 9 19.84 4.18 10

20.22 4.19 9 19.93 4.45 10

21.11 4.46 8 20.08 4.14 9

21.28 3.79 8 20.14 4.13 9

cu 20.8 3.73 8 20.09 4.27 9

20.75 341 8 19.95 4.12 9
25.11 4.38 8 20.78 5.21 10+
Mg 25.05 4.48 8 21.81 4.83 10+
23.83 5.02 9 21.98 5.01 10+
23.38 4.85 9 22.44 5.07 10+

20.97 4.18 9 20.09 4.8 10

21.02 4.13 9 20 4.64 10

Mn 21.1 4.09 8 19.49 4.24 10
21.03 3.94 8 19.62 4.35 10

20.1 431 9 19.6 4.51 10

Ni 20.09 431 9 19.67 4.59 10
20.04 4.42 9 19.82 4.35 10

20.02 4.47 9 19.78 4.48 10

19.67 4.05 9 19.03 4.41 10

19.54 4.06 9 19.05 4.42 10

an 19.66 4.04 9 19.32 5.44 10
19.48 3.88 9 19.22 431 10
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Fig. S11. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Cu. The spectra are normalized and vertically offset.
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Fig. $12. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Mg. The spectra are normalized and vertically offset.
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Fig. $13. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Ni. The spectra are normalized and vertically offset.
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Fig. S14. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Mn. The spectra are normalized and vertically offset.
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Fig. $15. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Co. The spectra are normalized and vertically offset.
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Fig. $16. Comparison of the FT-IR spectra of desolvated (ds), hydrated (hyd) and dispersed
(disp) CPO-27-Zn. The spectra are normalized and vertically offset.
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Fig. S17. FT-IR spectra of the 2,5-dihydroxyterephthalic acid linker molecule used for the
synthesis of CPO-27-M frameworks.

Table S3. Initial dehydration (Tgenya) and framework decomposition (Tgec)
of CPO-27-M samples determined by thermal analysis.

mass 10ss / % Tdehyd Tdehyd, literature Taec Tec, literature
(°C) (°Q) (°C) (°C)
Co 315 210 230 439 (525) 407
Cu 26.5 90 90 295 (380) 300
Mg 30.5 360 380 467 (625) 607
Mn 28.8 205 280 219 (527) 500
Ni 30.5 250 280 360 (520) 330
Zn 29.2 205 210 325 (500) 230 (440)

* M. H. Rosnes, B. Pato-Doldan, R. E. Johnsen, A. Mundstock, J. Caro, P. D. C. Dietzel,
Microporous Mesoporous Mater. 309 (2020) 110503.
** onset (complete decomposition)
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Fig. S18. Zoom-in of the MS traces (m/z = 18 and m/z = 44) of the measured CPO-27-M-hyd
samples. For CPO-27-Mg, the first 90 seconds of the m/z = 18 trace were discarded due to a
high initial signal stemming from residual atmospheric water in the sample chamber.
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Fig. $19. Thermogravimetric analysis of the hydrated CPO-27-Cu. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively.
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Fig. S20. Thermogravimetric analysis of the hydrated CPO-27-Mg. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively. The first 90 seconds of the
m/z = 18 trace were discarded due to a high initial signal stemming from residual atmospheric
water in the sample chamber.
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Fig. S21. Thermogravimetric analysis of the hydrated CPO-27-Ni. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively.
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Fig. $22. Thermogravimetric analysis of the hydrated CPO-27-Co. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively.
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Fig. S23. Thermogravimetric analysis of the hydrated CPO-27-Mn. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively.
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Fig. S24. Thermogravimetric analysis of the hydrated CPO-27-Zn. The MS traces (m/z = 18 and
m/z = 44) are shown as dashed and doted lines, respectively.
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Fig. $25. FT-IR spectra of pure HPLC grade water (two sample preparations). The doted lines
represent the cumulative fit of the three distinct water bending vibration modes.
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Fig. $26. FT-IR spectra of additional CPO-27-Cu-hyd and CPO-27-Mg-hyd samples. The doted
lines represent the cumulative fit of the three distinct water bending vibration modes.

Tab. S4. Results of the least-square fits, showing the contribution of the different vibrational modes to the
water stretching vibration for hydrated CPO-27-M materials (two independently synthesized samples).

Y multimer water intermediate water network water

area % mean % |error| area% mean % |error| area% mean % | error
6.11 29.55 64.34

Co 5.95 1.15 29.16 5.26 64.89 4.53
5.80 28.77 65.43
6.05 52.65 41.29

Cu 14.34 6.41 30.25 14.24 55.40 9.18
22.64 7.85 69.51
4.65 50.19 45.16

Mg 4.90 0.79 42.30 5.68 52.80 5.11
5.15 34.41 60.44
4.77 25.30 69.93

Mn 5.04 1.01 28.13 5.41 66.83 4.84
5.32 30.96 63.72
4.88 51.47 43.65

Ni 4.87 1.05 51.49 9.07 43.64 7.97
4.87 51.50 43.63
4.71 24.88 70.41

Zn 4.75 0.90 24.16 4.47 71.09 4.05
4.80 23.43 71.77
12.55 19.00 68.45

water 12.67 1.99 18.53 3.21 68.80 1.66
12.78 18.06 69.15

16

88



3.2. WATER IN THE MICROPORES OF CPO-27 METAL-ORGANIC FRAMEWORKS

Tab. S5. Peak center positions and their errors obtained by the least-square fits of the different modes of the
water stretching vibration for hydrated CPO-27-M-hyd materials (two independently synthesized samples).

y multimer water intermediate water network water
wavenumber | cm™| error / cm™ | wavenumber /| cm™ |error / cm™| wavenumber [/ cm™| error / cm™
3559.3 1.5 3406.8 1.3 3221.8 2.9
co 3558.7 1.7 3406.0 1.5 3223.0 3.3
3518.9 10.8 3377.6 3.7 3207.4 9.5
cu 3457.3 6.9 3366.7 2.3 3251.8 2.0
3577.4 0.8 3395.3 3.4 3208.0 3.9
Me 3576.2 0.8 3420.5 1.7 3230.9 2.7
3566.3 1.1 3417.4 1.2 3222.1 2.7
Mn 3565.3 1.6 3410.9 2.0 3229.6 3.9
. 3566.5 1.4 3376.6 4.8 3193.7 5.2
NI 3567.3 1.4 3375.6 5.0 3193.0 5.4
3566.1 1.1 3412.7 1.2 3208.8 2.7
an 3563.8 1.3 3412.2 1.2 3215.4 2.8
3536.7 3.7 3406.0 1.8 3251.2 1.1
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Fig. $27. Results of the least-square fits, showing the area percentages of the three distinct
vibration modes for CPO-27-M-hyd and for pure water. (Doted lines are a guide to the eye.)
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CPO-27-Co-ds

CPO-27-Cu-ds
NI v v FTT BTV PO Y

CPO-27-Mg-ds

intensity

CPO-27-Ni-ds

I T | W Asrhasi

WY ..

CPO-27-Zn-ds

5

10 15 20 25 30 35 40 45 50

28/°

Fig. $28. XRD patterns of re-isolated CPO-27-M samples,
previously used for water vapor sorption measurements.
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Fig. S29. Pore filling percentages of CPO-27-M within different p/po ranges with respect to the
maximum uptake after the first adsorption branch, calculated for the first cycles of the
respective water sorption isotherms. It shall be noted that the first measurement point

CPO-27-Cu (p/po = 0.06) is taken as the respective starting point. The labeling refers to the
additional water uptake within the given pressure range.
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Fig. S30. First adsorption branch for the water vapor sorption isotherms (25 °C) of CPO-27-M.

Data was normalized to the maximum uptake after the first adsorption branch. Horizontal
lines mark 20%, 40%, 60%, 80%, and 100% of the total water uptake.
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CHAPTER

WATER SORPTION BEHAVIOR OF PORE ENGINEERED
CPO-27-N1

ultiple studies on porous compounds revealed that the interactions of water

molecules in confinement are influenced by various factors such as the

surface polarity, the density of functional groups as well as the diameter
of the respective pores. The interplay of these properties affects the given sorption
mechanism, resulting in drastically altered water sorption isotherms, i.e., with
respect to the isotherm shape and the inflection point. Water adsorption studies
on MOFs often focus on materials with strong binding sites, either presented by
OMS or hydrophilic functional groups. Water predominantly adsorbs to these sites,
providing additional H-bonding opportunities, enabling water cluster formation.
As a result, pore condensation occurs. Additionally, the vast variety of possible
modification makes MOF's exceptionally well suited to systematically study the
effect of different factors such as pore size and pore wall functionality on the water

sorption properties.
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4.1 Water Sorption Studies on Isoreticular
CPO-27-type MOF's

revious studies on the water adsorption of MOF's highlighted that the pore

size and pore wall functionality affects of the water adsorption behavior.

Driven by this, the influence of the pore size, the pore wall polarity, and pore
wall uniformity on the water adsorption/desorption mechanism within a series of
six isoreticular, CPO-27-type frameworks was investigated by water vapor sorption
analysis. Pore engineering via substitution of the regular dhtp* linker with different
dicarboxylate-based linker molecules offered precise control of the pore diameter and
pore wall functionality of these isoreticular frameworks. Information on the water
arrangement under MOF confinement was obtained by thermogravimetric analysis
(TGA) analysis and Fourier transform infrared (FTIR) spectroscopy. Finally, defect
analysis was performed by 'H nuclear magnetic resonance (NMR) spectroscopy.
Results revealed that the sorption mechanism of CPO-27, characterized by the
occupation of discrete positions with water in a highly asymmetric H-bonding
environment, is rather unique and can be altered by defect sites. In larger pores,
water molecules adsorbed to the OMS act as H-bonding anchor sites, resulting in
the formation of discrete water clusters. Uptake of more water molecules enables
the construction of water-bridges between adjacent inorganic secondary building
units, leading to pore condensation in a single step with no effect of incorporated
defects. Further, similarities of adsorbed water with bulk water do increase with

pore size.
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Abstract: Pore engineering is commonly used to alter the properties of metal-organic frameworks.
This is achieved by incorporating different linker molecules (L) into the structure, generating isoretic-
ular frameworks. CPO-27, also named MOF-74, is a prototypical material for this approach, offering
the potential to modify the size of its one-dimensional pore channels and the hydrophobicity of pore
walls using various linker ligands during synthesis. Thermal activation of these materials yields
accessible open metal sites (i.e., under-coordinated metal centers) at the pore walls, thus acting as
strong primary binding sites for guest molecules, including water. We study the effect of the pore size
and linker hydrophobicity within a series of Ni?*-based isoreticular frameworks (i.e., NiyL, L = dhtp,
dhip, dondc, bpp, bpm, tpp), analyzing their water sorption behavior and the water interactions
in the confined pore space. For this purpose, we apply water vapor sorption analysis and Fourier
transform infrared spectroscopy. In addition, defect degrees of all compounds are determined by
thermogravimetric analysis and solution 'H nuclear magnetic resonance spectroscopy. We find that
larger defect degrees affect the preferential sorption sites in Nipdhtp, while no such indication is
found for the other materials in our study. Instead, strong evidence is found for the formation of
water bridges/chains between coordinating water molecules, as previously observed for hydrophobic
porous carbons and mesoporous silica. This suggests similar sorption energies for additional water
molecules in materials with larger pore sizes after saturation of the primary binding sites, resulting in
more bulk-like water arrangements. Consequently, the sorption mechanism is driven by classical
pore condensation through H-bonding anchor sites instead of sorption at discrete sites.

Keywords: metal-organic frameworks; MOF-74; IRMOF-74; open metal sites; water vapor
sorption; hydrophobicity

1. Introduction

The concept of reticular synthesis [1] has proven to be one of the most fundamental
concepts within the field of metal-organic frameworks (MOFs), a class of porous inorganic—
organic hybrid materials. On the one hand, it provides a systematic approach to reduce
the complexity of numerous MOFs [2,3] by simplifying their extended structures, reducing
them to simple geometric building blocks, so-called secondary building units (SBUs). On
the other hand, it guides chemists to rationally design new frameworks adopting the same
framework connectivity, i.e., network topology, referring to the structure and connectivity of
the underlying periodic network [4,5]. Substitution of geometrically identical units allows
creation of precisely tailored pore environments by inclusion of new functionalities [6-10],
pore size modification [6,10-13] or the use of different metal cations [14].

One of the most extensively studied examples of the applicability of this concept is
CPO-27-M [15] (i.e., Mpdhtp, dhtp = 2,5-dihydroxyterephthalate, also known as dobdc),
also well-known as MOF-74-M [16]. Substitution of the dhtp-linker molecule [11,17-19]
generates three-dimensional, isoreticular MOFs (i.e., IRMOEF-74) with a honeycomb-like
cross section and one-dimensional, cylindrical pores. This pore engineering concept

Nanomaterials 2024, 14, 1791. https:/ /doi.org/10.3390/nano14221791
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resulted in multiple compounds with different pore sizes and functionalities such as
Mjdondc [20] (dondc = 1,5-dihydroxynaphthalene-2,6-dicarboxylate), Mobpp [11,17-19,21]
(bpp = 3,3'-dihydroxy-[1,1’-biphenyl]-4,4'-dicarboxylate, also known as dobpdc) and
Motpp [11,17,19,21] (tpp = 3,3"-dihydroxy-2’,5'-dimethyl-[1,1":4’,1"-terphenyl]-4,4"-
dicarboxylate). Further studies showed that modification of the linker substitution pat-
tern (i.e., from para- to meta-arrangement of carboxylic acid groups) results in frame-
works with bended, ‘banana-like’ pore walls as in the cases of Mydhip [22] (dhip = 4,6-
dihydroxyisophthalate, also known as m-dobdc) and Mybpm [21-24] (bpm = 4,4’-Dihydroxy
[1,1'-biphenyl]-3,3'-dicarboxylate). All IRMOF-74 frameworks have accessible open metal
sites [25] (i.e., under-coordinated metal centers) created by removing coordinating solvent
molecules. These sites are exposed to the pores, acting as attractive sorption sites for various
guest molecules such as CO, [26-29] or water [28,30-32]. Therefore, these isostructural
frameworks offer unique possibilities for sorption-based applications.

In order to evaluate the material performance, a deep understanding of the water
sorption properties is needed, since applications either heavily rely on the absence (e.g.,
battery technology [33] and carbon capture [34,35]) or presence of water (e.g., proton con-
duction [36—40] and water harvesting [12,41]). Hence, a comprehensive knowledge of the
interactions of water molecules inside the pores of the host framework is necessary. One
powerful method to study the adsorption/desorption behavior of MOFs is water vapor
sorption analysis. The isothermal water uptake of the sample is measured, typically apply-
ing either gravimetric methods (microbalance) [42,43] or manometric techniques [44,45].
For the latter method, we recently demonstrated the potential provided by high accuracy in
the low-pressure range, i.e., for small amounts of water, studying the sorption mechanism
of Mpdhtp (M2+ = Co, Cu, Mg, Mn, Ni and Zn) [46,47], unveiling distinct differences of the
sorption mechanisms, depending on the respective type of metal center.

In general, different sorption sites and unique sorption properties in MOFs [48,49] are a
consequence of the chemical nature of the surface of these porous frameworks, gathered by a
complex interplay of the hydrophilic inorganic building units and the (mostly) hydrophobic
organic domains (i.e., linker molecules). However, discrete information on the polarity
of the framework surface is obtained by determination of the inflection point «, i.e., the
point at which half of the maximum adsorption is observed, of water adsorption steps.
For polar materials, this point is shifted toward lower relative pressures (p/pp), when
compared to less polar compounds [1,50]. Many MOF materials tend to lack sufficient
hydrolytic stability [51,52], which is an immediate consequence of the dynamic nature
of the coordinative bonds in competition with water molecules [53]. Nevertheless, the
above-discussed isoreticular approaches to modulate the pore properties in MOFs make
them interesting materials for detailed water sorption studies. Qian et al. [10] systematically
studied UiO-66(Zr) by independently analyzing the effect of the pore wall polarity (via
linker functionalization) and pore size (via incorporation of larger linker moieties) on
its water sorption behavior. Linkers with higher hydrophilicity revealed a pronounced
shift of the observed sorption step toward lower relative pressures, suggesting stronger
water—framework interactions. Similar observations were also made for other MOFs [13].
However, incorporation of highly polar linkers drastically altered the water sorption
behavior, changing the shape of the observed water sorption isotherm (from type IV to type
I [54]), suggesting highly attractive conditions for water adsorption, as similarly observed
for porous carbon [55]. In contrast, hydrophobic groups only led to severely reduced
water uptake without further visible changes. Further, pore size-dependent shifts of the
sorption step toward higher pressures were observed, indicating that micropore filling is
highly affected by the given pore diameter and the increased size of hydrophobic domains,
since pore condensation relies on water cluster formation, as similarly observed for other
MOFs [56-58].

We present a comprehensive study on the effects of pore size and linker substitu-
tion pattern on the water sorption mechanism and water arrangement within the one-
dimensional, cylindrical pores of a series of isoreticular MOFs (i.e., Ni;L; L = dhtp, dhip,
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dondc, bpp, bpm and tpp). We utilize thermogravimetric analysis (TGA) and Fourier trans-
form infrared (FTIR) spectroscopy to monitor the interactions of water with its environment
in the confined space. In addition, we apply solution 'H nuclear magnetic resonance (NMR)
spectroscopy to monitor the number of defects from missing linker molecules. Finally,
manometric water vapor sorption analysis is used to study the adsorption/desorption
behavior of the IRMOF-74 series.

2. Materials and Methods
2.1. Linker and MOF Synthesis

All ML MOF materials (i.e., Nipdhtp [59], Nipdhip [22], Ni;dondc [20], Nipbpp [11],
Nipbpm [11], Nixtpp [11]) were synthesized under solvothermal conditions according to
modified reported procedures (details are given in the Supplementary Materials). Solvent
was removed by heating under dynamic vacuum conditions to obtain desolvated samples,
which were stored in a glove box under Ar atmosphere until further use. All products were
characterized by powder X-ray diffraction (XRD) and compared with literature results,
ensuring structural integrity with no evidence of crystalline impurities.

Hydhtp [46,60], Hydondc [20], H4bpp [17,61] and Hytpp [17,61] linker molecules
were synthesized according to modified literature procedures (details are given in the
Supplementary Materials). All other chemicals (including Hydhip and Hybpm) and solvents
were purchased from commercial suppliers and used without further purification. All air-
or water-sensitive reactions were carried out under standard Schlenk techniques using a
dry argon atmosphere.

2.2. Preparation of Hydrated Samples

The desolvated samples were placed in a closed vessel with a separate water reservoir
(1 mL per sample, ca. 10 to 15 mg) to load them via the gas phase at 40 °C for 24 h.
Afterwards, we refer to them as hydrated samples (NipL-hyd).

2.3. General Characterization Techniques

Powder X-ray diffraction (XRD) data were collected on a Bruker D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) with a step size of 0.02° and a counting time of 3 s
per step. Patterns are normalized (data range from 0, 1) to the most intense reflection for
better comparison of relative intensities. 'H and '*C nuclear magnetic resonance (NMR)
spectra were recorded using Bruker Advance 500 and Bruker Ascent 700 spectrometers
(Bruker, Ettlingen, Germany). Chemical shifts were calibrated to the resonance of residual
non-deuterated solvent. For defect analysis, small amounts of the samples (ca. 3 to 5 mg)
were diluted overnight in 600 pL of a solvent mixture prepared from dmso-dg (10 mL)
and deuterium chloride (20 wt% in D,O; 0.5 mL). Thermogravimetric analysis (TGA) was
performed using a TGA/DSC1 STAR System thermobalance from Mettler-Toledo (Gieflen,
Germany). Samples were placed in a 70 pL corundum crucible. Measurements were
performed under a constant nitrogen gas flow (50 mL min~ 1, purity 5.0) in a temperature
range from 40 °C to 800 °C using a heating rate of 10 °C min~!.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed using a Bruker Vertex 70 spectrometer (Bruker,
Ettlingen, Germany) in annual total reflection (ATR) mode utilizing the Platinum ATR
unit A225 with a diamond ATR crystal. Powdered samples were pressed on the crystal
during the measurement. After the measurement of hydrated samples, an automatic
baseline correction was applied using the OPUS 7.2.1 software package. The correction
was performed using a concave rubberband correction, with 10 iterations and 32 baseline
points. Gaussian least square fits of the water stretching band were performed individually
using the peak analyzer function of the Origin23b software package. First, the data within
the range from 4500 to 2400 cm ™! were normalized (data range from 0.1) to the maximum
absorbance. For the fitting procedure, the data from 3900 to 2400 cm~! were selected.
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Baseline correction was performed, using a linear baseline. Then, three peaks were set
with the starting positions near 3560 cm~! (multimer water), 3380 cm ™! (intermediate
water) and 3210 cm~! (network water). Only positive peak areas were allowed, while the
previously corrected baseline was set constant. No further restrictions were used. It was
noted that the fit results possess a small error, caused by the overlap of the aromatic C-H
vibration of the linker molecules with the water stretching bands.

2.5. Sorption Analysis
2.5.1. Nitrogen Physisorption Measurements

N, physisorption analysis was performed with a Quantachrome Autosorb 6B (Quan-
techrome Instruments, Boca Raton, FL, USA) at 77 K. The relative pressure range suitable
for the BET area calculation was determined using the Rouquerol [62] criteria. Total pore
volumes were determined from the uptake at p/pg ~ 0.9. Activation of the samples was
performed in a stepwise manner. The desolvated samples were transferred to the measure-
ment cell and dispersed in methanol twice for 45 min. After each step, the solvent was
removed under dynamic vacuum. The pre-dried samples were degassed for approximately
17 h applying the following procedure: Samples were heated from room temperature to
60 °C with a heating rate of 2 °C min~! after which the temperature was held for two
hours. Then, the sample was heated to 100 °C with the same heating rate (2 °C min~1)
and the temperature was held for another two hours. Finally, the sample was heated
(2 °C min~!) to 150 °C and the temperature held for an additional 12 h, after which the
sample was allowed to cool to room temperature. Pore size analysis was accomplished
with the supplied AS-Multistation 2.01 software package using the NLDFT data-based
method (N> at 77 K on silica, cylind. pore, NLDFT adsorption branch data kernel), treating
the samples as silica.

2.5.2. Water Vapor Sorption Measurements

Water vapor sorption experiments were performed on a 3Flex instrument (Micromerit-
ics, UnterschleifSheim, Germany) at 298 K (25 °C) with double distilled (and degassed)
water. Activation of the samples was performed in a stepwise manner, applying the same
procedure as mentioned in the N; physisorption section.

3. Results and Discussion
3.1. General Characterization

All members of our nickel-based frameworks, i.e., Ni;L (L = linker molecule), were
prepared using six linker molecules, each presenting either a different substitution pattern
(para- vs. meta-position of carboxylate groups) or different sizes, resulting in isoreticular
materials with tunable size and pore wall polarities (Figure 1).

Powder X-ray diffraction (XRD) data of the prepared frameworks (i.e., NiyL) are in
agreement with literature data [11,17,20,21], confirming the periodic, three-dimensional
framework structure with a honeycomb-like cross section, with no evidence of crystalline
impurities in any of the prepared samples (Figure 2a). The respective (110) lattice plane
distances, characteristic for the perpendicular arrangement of the one-dimensional cylindri-
cal pores, indicate the expected pore diameters in the range 13 ... 23 A (Table 1). We note
that the broad reflections for most materials indicate small crystallite size, while the signal-
to-noise ratio is attributed to sample preparation and the crystallinity of the frameworks
(longer measurement times were avoided to minimize the influence of humidity).

N, physisorption analysis enabled us to confirm the permanent porosity of all prod-
ucts, revealing type I sorption isotherms [64] for most frameworks in our series, consistent
with the existence of micropores (Figure 2b). In contrast, Niytpp reveals a type IV(b)
isotherm shape typical of mesoporous materials with pore diameters below 40 A. The
suitable pressure range for BET area determination was selected using the Rouquerol [62]
criteria. The high specific surface areas (560 . .. 2320 m? gfl) and large specific pore vol-
umes (0.38 ... 1.03 cm® g1, at p/pg = 0.9) of the networks mostly align with literature data
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(reference data only for Mnydondc) [17,20-23]. We note that the comparable low surface
areas for some materials hint toward the existence of amorphous byproduct, while the
increase in the adsorbed volume at high relative pressures generally indicates interparti-
cle porosity as a consequence of small crystallite size Observed differences for Nipdhip
and Nibpm are slightly larger. Pore sizes analysis (Figure 2c) is in good agreement with
previous studies [21] and our XRD results, verifying that the pore size within our series
approximately doubles from Niydhip to Nixtpp (see Table 1, details are shown in the
Supplementary Materials; NLDFT-based fits displayed in Figures S6-5S11). However, the
uniformity of the pore sizes is seemingly affected by the average pore diameters, resulting
in a broadening of the distribution curve, in agreement with the expectation that larger
inorganic moieties negatively influence the frameworks crystallinity.

(a)

@ -
inorganic
building unit
o o}
HO- HO-
o)
\ HOfé;;OH Hob—(
~ OH
= OH OH
o
organic linker H,dhtp H,dhip
molecules Ho o
HO, 0 HO: HO:
Q HO O Ho Q isostructural

5 frameworks
e S
OH OH
o) O OH

H,bpm Hybpp H,tpp OH
o

Figure 1. (a) Illustration of the inorganic building units and used linker molecules in this research,
forming isostructural NiyL frameworks. (b) Network topology of Niydhtp (msf, reprinted from
ref. [3]) and (c) representation of the honeycomb-like cross section along the crystallographic c-axis,
showing Niydhtp as an example.

Table 1. Determined lattice plane distance dq1o calculated from the Bragg equitation as well as
surface areas Sggt, pore volumes Vpyye and pore sizes dpore NLDFT Of NipL materials determined from
nitrogen sorption data at 77 K.

di10 SBET VPpore Apore, NLDFT

(A) (m? g—1) (em® g 1) (A)
Nipdhtp 12.93 £+ 0.02 1240 + 80 0.55 +0.07 12.73 £0.22
Nipdhip 12.97 £+ 0.06 560 4+ 120 0.38 £+ 0.09 11.93 £+ 0.30
Nipdondc 14.57 +0.10 1010 + 10 0.55 +0.03 13.63 +0.42
Nipbpp 18.36 £ 0.04 1660 + 230 0.74 £+ 0.02 16.68 = 0.57
Nipbpm 18.87 + 0.00 1200 + 50 0.58 £+ 0.02 18.52 +0.52
Niptpp 23.05 + 0.06 2320 + 140 1.03 + 0.06 25.09 + 0.67
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Figure 2. XRD patterns of NiyL frameworks (a). The most intense reflections represent the (110)
and (300) lattice planes (marked with * and # respectively), being shifted toward lower angles
with increasing pore diameter. Patterns are normalized and compared to literature data where
accessible [22,63]. N, physisorption isotherms of NiyL (b) measured at 77 K and their respective
NLDFT-based pore size plots (c).

Recent studies analyzed formate defects in Ni;dhtp stemming from decomposed DMF
(DMF = N,N-dimethylformamide) solvent molecules. They found that the number of defect
sites increases with the metal-to-linker ratio [65]. Therefore, we applied "H NMR spec-
troscopy to analyze potential defects within our series. Samples were diluted in a solvent
mixture of dmso-dg and deuterium chloride (20 wt% in D,O). We note that acid-caused
decomposition of formate anions [66] is a possible error source. However, we suggest that
the impact of this is comparably low due to the reasonably low acid concentration used
for decomposition. NMR spectra of diluted frameworks are shown in the Supplemen-
tary Materials (Figures S12-517). Respective ratios of the linker molecules and formate
anions (For™), or acetate (OAc™) anions for Nipdondc, were calculated considering the
different charges of the coordinating ligands, i.e., one linker (L*) must be replaced by four
For™ /OAc™ ions (capping ligand) to maintain charge balance. This enabled us to determine
the respective sum formula for our materials (see Table 2). We found that even for low
metal-to-linker ratios (e.g., Nipdhtp) the amount of incorporated formate ions is significant
(i-e., 0.62, suggesting 0.16 dhtp*~ molecules are replaced). However, we see the reported
trend of increased defect sites with increasing metal-to-linker ratios for all materials in
our series. The precise amount of the capping ligands depends on the nature of the linker
molecule (acidity, solubility, ...) and the precise reaction conditions. Nipdhip revealed the
largest differences between individually synthesized samples, indicating that its synthesis
is more sensitive to minor changes compared to the other materials in this study. Further,
we found formate ions in diluted samples of Nipdondc (Figure S18), which we attribute to
thermally decomposed DMF used for the replacement of N-methyl-2-pyrrolidone (NMP)
solvent molecules. We suggest that these post-synthetically generated formate ions do not
affect the defect degree of the pristine framework but coordinate to the open metal sites.
Hence, these molecules can be replaced by additional solvent exchange procedures, as
performed prior to sorption analysis. However, this suggests that the determined formate
ion concentration in diluted samples is slightly overestimated as a consequence of residual
DMEF solvent molecules. Nevertheless, the amount of incorporated capping ligands clearly
is another contributing factor for the broadening of the pore size distribution (see above),
in agreement with the negative effect of defect sites on the materials’ crystallinity. For the
sake of simplicity, all materials are referred to Ni,L, and presented defects are discussed
when necessary.
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Table 2. Determined linker and formate (For™) or acetate (OAc™) capping ligand concentrations of
Ni, L materials derived from solution TH NMR and their respective sum formulas, considering charge
balance. (Sum formula for a defect free material would be Ni,L.).

Linker Molecules per  For—/OAc~ Ligands Sum Formula

Formula Unit per Formula Unit
Nidhip 0.65 = 0.09 141 +£035 Ni(dhip)g.65(For)1 41
Nipdondc 0.65 + 0.01 1.39 4+ 0.00 Nip(dondc)g.65(0OAC)1 39
Niszp 0.49 £+ 0.06 2.04 +0.25 Ni2(bpp)0_49(For)2_04
lebpm 0.61 £ 0.06 1.54 +0.25 le(bpm)OM (FOI‘)1.54
Niptpp 0.54 + 0.04 1.85 £ 0.16 Niy(tpp)o.s4(For); g5

3.2. Thermal Analysis

To evaluate the thermal stability of our frameworks and provide an ideal starting point
for our hydration/dehydration experiments, we performed thermogravimetric analysis
(TGA) of the hydrated frameworks (Ni;L-hyd, Figure 3). Samples were prepared by loading
the desolvated materials with water through the gas phase. Therefore, samples were placed
in a closed vessel with a separate water reservoir to load them with water above room
temperature (i.e., 40 °C) for 24 h; for more details, see Section 2.2.

100 ——— Ni,dhtp-hyd
90 Ni,dhip-hyd
i —— Ni,dondc-hyd
80 | — Ni,bpp-hyd
Ni,bpm-hyd
s 70 | — Ni,tpp-hyd
(=)
~
-~
3 60
)
2 50}
40 +
30 +
20 -

| 1 | 1 1 | 1

100 200 300 400 500 600 700 800
temperature / °C

Figure 3. Thermogravimetric analysis of the hydrated materials (NipL-hyd) from 40 to 800 °C under
N, atmosphere (heating rate: 10 °C min~1).

In general, framework decomposition is observed in the range 350 . . . 450 °C, compara-
ble with previous reports [17,21]. However, the above-mentioned formate/acetate defects
affect the thermal stability of the frameworks. Prior to framework decomposition, an
additional smaller mass loss step around 250 °C (Niptpp) and 300 °C (Nipbpp) is observed
for some frameworks. This is in accordance with previous studies on defect engineering
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in Nipdhtp, revealing additional decomposition steps, becoming more pronounced with
higher defect degrees [67]. Our results on Nipbpp and Ni,tpp are comparable to previous
studies, although the here-observed steps are more pronounced and, for Ni,tpp, shifted
toward lower temperatures [17,21]. These differences are likely to arise from slightly differ-
ent synthetic approaches (here: mostly DMF [59] vs. DMF/EtOH/water (1/1/1) mixture
with lower Ni-to-L ratios), resulting in varying defect sites [65]. TGA data further indicate
that the mass stability, i.e., formation of a stable plateau, depends on the defect degree,
as increasing amounts of For™/OAc™ lead to the loss of a stable mass plateau after the
water loss step and finally, an additional pronounced decomposition step. We note that our
results for Nipdhtp deviate from our previous studies [46], where larger amounts of OAc™
ions were incorporated (stemming from the metal source), visible in an additional decom-
position step prior to the collapse of the framework. This suggests that the herein-found
formate defects do not significantly alter the thermal stability of Nipdhtp, agreeing with the
above-referenced studies.

Next, we determined the amount of adsorbed water in all hydrated Ni,L-hyd materials
by considering the first mass loss step between 40 and 250 °C. (We note that the adsorbed
amount of water is generally underestimated due to its strong bonding to the Ni?* sites,
being slowly desorbed over a broad temperature range as well as during framework
collapse [32,46]). All materials reveal similar values (21 ... 25% weight loss, Supplementary
Materials Table S1), slightly increasing with pore size. However, Nixtpp deviates from
this trend, indicating that some loosely bonded water molecules could desorb during
sample preparation, as indicated by a less stable sample mass during measurement setup.
In general, the dehydration step shifts toward lower temperatures with increasing pore
diameter, indicating water—framework interactions become less attractive and the adsorbed
water becomes more comparable to bulk water.

3.3. FTIR Spectra of Hydrated Samples

Our results presented above indicate the expected effect of the channel size on
water-framework interactions and hint toward different water arrangements in the one-
dimensional channels. Thus far, infrared spectroscopy is frequently used to analyze the
interactions of water molecules at surfaces (e.g., inverse micelles [68,69]) or within pores
(e.g., mesoporous silica [45,70] and MOFs [46,71]). This possibility arises from the decon-
volution of the O-H stretching vibration, a superposition of vibrational bands, typically
located in the range of 2800 to 3700 cm~! [72]. Least squares fitting of three Gaussian
profiles enables us to determine the respective contributions (peak areas) of the different
vibrational bands assigned to water in a particular H-bonding environment [45,68,69].
Brubach et al. [72] designated these water molecules as different types with respect to their
coordination numbers (CN), i.e., numbers of H-bonding partners. These three types are
termed ‘network water’ (NW), ‘intermediate water’ (IW) and ‘multimer water’ (MW), as
their respective stretching frequencies reveal a red shift, i.e., toward lower wavenumbers,
with an increasing number of intermolecular interactions. NW resembles highly H-bonded
water molecules interacting strongly with their respective environment, forming roughly
four H-bonds (CN > 4) with adjacent atoms. These structures are often referred to as ‘ice-
like’ arrangements, possessing oscillation frequencies around 3260 cm 1. As the number of
interactions decreases, IW water populations form, showing frequencies around 3460 cm 1.
These populations offer a ‘bulk-like” water arrangement of more dynamic water molecules.
Lastly, MW resembles poorly connected water molecules, often found at interfaces, forming
only few H-bonds (as found in dimeric/trimeric structures). These MW water molecules
are also referred to ‘dangling’ water molecules, being a consequence of their isolation, i.e.,
low connectivity, to other water molecules. MW typically shows vibration frequencies
located around 3600 cm ™.

We carried out Fourier transform infrared (FTIR) spectroscopic measurements in
attenuated total reflection (ATR) mode on hydrated samples (i.e., NipL-hyd) to analyze the
effect of the pore size and linker substitution pattern on the arrangement and interactions of
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adsorbed water molecules. The spectra reveal the integrity of the organic linker molecules
as well as the presence of three of the characteristic vibration bands of water, i.e., the
stretching band (3750 ... 2800 cm™!), the bending band (1700 ... 1650 cm~1!), and the
libration band (1000 ... 400 cm™!) (see Supplementary Materials Figures $19-S24) [72].
Next, least squares fitting was performed for a pure liquid water film located at the surface
of the ATR crystal (Supplementary Materials Figure S25), as a reference to quantify the
relative contributions of the different water vibrations. We observed a contribution of 13%
from multimer water (3535 cm™!), stemming from water in the liquid film that is located
at either of the two interfaces (ATR diamond crystal or air) [46]. Further, contributions
of 18% from intermediate water (3405 cm™1) and 69% from network water (3251 cm™1)
indicate that most of the water molecules not located at the interfaces form multiple H-
bonds with surrounding molecules. All NipL-hyd samples possess significantly lower
contributions for the multimer peak (5-6%) (Figure 4 and Supplementary Materials Table
52) when compared to the pure water film. This suggests that, similar to M,dhtp [46],
water molecules in these confined environments show a higher tendency for H-bonding
than interface-near water molecules of a pure liquid water film. This further suggests
that additional water molecules interact strongly with the coordinating water molecules,
located at the primary binding sites, and with oxygen atoms of the inorganic building
unit, giving rise to further H-bonding possibilities. Further, all Ni,L-hyd networks show
slightly higher contributions from network water (73-78%) as well as similar contributions
from intermediate water (17-22%) when compared to the pure water film, suggesting that
multiple water molecules form a highly connected H-bonding network.

& Nidh Ni.dond --0-- multimer
b) /A () o s0 [8) A intermediate. |
-~ network

?

T
[}
—a—
——

75

absorbance

3800 3600 3400 3200 3000 2800 3800 3600 3400 3200 3000 2800 3800 3600 3400 3200 3000 2800
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Figure 4. Deconvolution of the FTIR O-H stretching vibration band of water in hydrated Ni,L-
hyd samples (a—f) by least squares fitting (Dotted lines: sums of the three Gaussians). Relative
contributions of multimer, intermediate and network water in comparison with a pure liquid water

film (g).

We note that the observed relative contributions of the three vibrational bands in
Nipdhtp-hyd differ from earlier results [46]. As mentioned above, this is explained by
different synthetic procedures, resulting in more defect sites caused by significant incor-
poration of acetate anions (from the metal source). These capping ligands alter the pore
surface, resulting in a less uniform pore wall structure, causing less attractive interactions of
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water with the framework because of reduced H-bonding possibilities. Further, the precise
adsorption mechanism is affected (as discussed below). As stated above, the Nipdhtp
formed here possess fewer defects, which is typical for reactions applying small metal
to linker rations [65]. Consequently, a more uniform pore wall structure and stronger
interactions with more H-bonding opportunities are found. Expecting crystallographically
defined water positions in Nipdondc, similarly for Mnydondc [20], we found different MW
(lowest observed) and NW (second highest) contributions, suggesting a similar number of
water molecules within the hydrated framework (ca. five molecules per Ni?*). However,
defects within the other frameworks seem to play a minor role for these interactions, since
most water molecules form multiple H-bonds even in the presence of significant amounts
of capping ligands. This indicates that potential binding sites near the pore walls are signif-
icantly less attractive for frameworks with larger hydrophobic domains. We hypothesize
that the high NW contributions found therein stem from inner pore, more bulk-like water,
rather than from interfacial water (i.e., MOF-water interactions as found for Mpdhtp [46]).

Consideration of the respective wavenumbers v (peak positions, see Supplementary
Materials Table S3) of the three Gaussian contributions allows us to gain more information
on the O-H bond situation of confined water. When compared to the pure water film, all
NipL-hyd samples show a blue shift (i.e., toward higher ) of the multimer and intermediate
water peak. Observed shifts are comparable for all materials except for Nipdhtp-hyd, which
reveals a less pronounced blue shift, generally indicating O-H bond strengthening upon
hydration. In addition, most compounds reveal no significant changes of the network water
peak. However, Nipdhtp-hyd reveals a red shift (toward lower ), indicating weakening
of the O-H bonds in NW water stemming from highly confined water molecules. For
Niptpp-hyd, the opposite, i.e., blue shift, is found, being a consequence of less confined
water molecules.

The local H-bonding situation inside the one-dimensional pores of hydrated frame-
works is another aspect to bear in mind to monitor pore-size-dependent differences. Infor-
mation on this is derived from the respective differences between the peak center positions
x and y of different vibrational bands, i.e., from the wavenumber splitting Azxy (Table 3).

Smaller Av values suggest a higher symmetry in the local H-bonding of water, indicating
more mobile water molecules with high rotational degrees of freedom and vice versa [73,74].
We determined higher values for all NipL-hyd materials than found for a pure water film.
This indicates a higher degree of H-bonding asymmetry, which is consistent with the
expectation of confined water molecules. Despite the similar trend, the precise Av values
differ for any given compound. For NiyL-hyd materials with smaller pore diameters, i.e.,
L = dhtp, dhip and dondc, generally higher wavenumber splitting is found. In the particu-
lar cases of Nipdhtp [32] and Niydondc [20], this is in accordance with the expectation of
crystallographically defined water positions in a fixed, highly asymmetric local H-bonding
situation. However, frameworks with larger pore diameters, i.e., L = bpp, bpm and tpp,
show the opposite trend, revealing lower Av values. H-bonding becomes more symmetric,
and thus are more comparable with bulk water because of the less pronounced confinement
effects. These observations are in accordance with our TGA experiments and previous
results on mesoporous silica revealing similar effects of the pore size [70], highlighting a
more bulk-like behavior with more flexible water molecules. Considering these results, the
members with larger pores (NiyL, L = bpp, bpm and tpp) should reveal a water sorption
behavior that mostly resembles classical pore condensation (i.e., water cluster formation),
rather than the occupation of discrete positions and confinement effects (as expected for
the smaller pores).
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Table 3. Wavenumber splitting A% of the stretching vibration bands of water in the Nip L-hyd materials
and of pure water.

AV multimer-network AV pultimer-intermed. AU petwork-intermed.
(cm~1) (cm~1) (em~1)

Nizdhtp 3362 +25 146.1 £ 1.1 190.1 £2.5
Nipdhip 3254 +1.8 1422 +1.2 1832+ 1.8
Nipdondc 3370+ 25 1413 +£1.2 181.7 £ 1.7
Nipbpp 321.0+1.9 1409 £ 1.5 1829 +£1.6
Nipbpm 3206 £ 1.7 1426 =14 1788 £ 1.5
Niptpp 309.1 +£2.2 140.0 £2.0 1691+ 1.8
water 2844+ 1.5 130.2 £ 29 1542+ 15

3.4. Water Vapor Sorption

To prove our hypothesis regarding the effect of the pore size on the sorption mech-
anism, we analyzed the hydration/dehydration behavior of the Ni,L with manometric
water vapor sorption measurements at 25 °C. We carried out two consecutive adsorp-
tion/desorption cycles without additional thermal activation in between the two cycles
(i.e., samples were not removed from the device), since our previous water sorption studies
on Mpdhtp [46,47] highlighted that coordination of water to the open metal site during the
first sorption isotherm results in different starting conditions ascribed to strongly bound
(chemisorbed) water molecules. These cannot be removed during the desorption process
without additional thermal activation.

We observed an overall higher total uptake during the second adsorption/desorption
cycle when compared to the first cycle for Nipdhtp. This is explained by a partial degra-
dation of the frameworks resulting in the formation of additional open metal sites caused
by cleavage of metal-linker bonds [42,46,47] during the time-consuming measurements
(several days). Results on Niydhip indicate a poor hydrolytically stability since we observe
a decrease in water uptake during the first desorption isotherm, reflected by the crossing of
the adsorption and desorption branch and large equilibrium times, making it impossible to
further evaluate its water sorption behavior in detail. On the other hand, Ni,L frameworks
containing larger linker moieties (i.e., L = dondc, bpp, bpm and tpp), and thus possess-
ing larger pores, reveal a severely decreased total water uptake during the second cycle,
indicating that water molecules affect the framework’s longevity. All observations are
consistent with the decreased crystallinity of all samples after water sorption experiments
(Supplementary Materials Figure 526), while most materials maintain a larger degree of
their initial pore ordering (except for Ni;dondc, which reveals complete loss of crystallinity).
Since all ML frameworks adsorb water at low relative pressure (p/po < 0.1) due to highly
attractive interactions with vacant coordination sites, we displayed all isotherms, both in
a linear and in a semi-logarithmic representation, to analyze differences in the sorption
behavior. In addition, first derivatives of the isotherms (5V/6(p/pg)) were calculated to
highlight the distinct water sorption steps in all isotherms (see Supplementary Materials
Figures 527-532) (Missing data points below p/pg = ca. 0.002, except in the first adsorption
isotherms, are due to technical experimental restrictions).

The water sorption isotherms of Nip,dhtp (Figure 5a,b), reveal similar characteristics
as observed in previous studies on Mydhtp [46,47], revealing a type I [54] water sorption
isotherm. However, differences arise as both materials are compared with each other.
Accordingly, uptake of the first 20% (with respect to the total uptake) occurs at particularly
low pressures (p/pp < 0.003), attributed to the coordination of water to open meal sites,
even though the desorption data are inconclusive with respect to the irreversibility of this
process, i.e., missing low-pressure data due to technical limitations. The further course
of the isotherms suggests a slightly different sorption mechanism: The observed sorption
step at p/po =0.03 ... 0.05 in this study corresponds to the uptake of one rather than two
water molecules in our previous study (ca. 20%, resulting in 60% of the total water uptake
vs. 40%, resulting in 80%) and presumably results in the formation of a uniform water
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cluster along the pore walls of the framework, being in agreement with the water sorption
mechanisms found for most other metals within the M,dhtp series (except M = Cu) [46,47].
As mentioned above, these findings result from varying defect degrees. Significant incorpo-
ration of acetate anions (and presumably capping ligands in general), results in less uniform
pore walls within the Niydhtp framework, and thus less attractive interactions of water
with the pore walls, i.e., via H-bonding with the phenylene backbone at the proposed third
adsorption site. Consequently, the adsorption mechanism is altered, making the adsorption
of two water molecules more attractive to create a metastable state (i.e., preliminary pore
saturation). However, the further cause of our isotherm suggests that the here observed
formation of a continuous water layer along the pore walls seems to be a meta-stable state,
since gradual absorption of additional water molecules occurs afterwards until complete
hydration is observed, without any sign of additional sorption steps. We attribute this to
stronger Ni-O interactions in the inorganic SBU when compared to the other members of
the Mpdhtp series [47], affecting atomic charges on the metal center, thus preferring a square
planer coordination environment of Ni2+. Consequently, chemisorption of water molecules
to the metal center as well as H-bonding with framework O atoms becomes less attractive,
i.e., larger H-bonding distances, causing similar adsorption energies of both sorption sites.
Subsequent occupation of the third site (near the phenylene backbone) results in more
water molecules arranged in the confined environment. Hence, preliminary pore saturation
is observed at lower relative pressures when compared to Mpdhtp [46,47]. Then, uptake
of additional water molecules with increasing vapor pressure (i.e., during adsorption) is
enabled by relaxation of previously adsorbed molecules, providing additional space while
decreasing their respective mobility. This phenomenon creates a hysteresis because of an
increased density of the adsorbed water, which is irreversible during the desorption, i.e.,
with decreasing pressure. We previously ascribed this effect to the alternating hydrophobic
(phenylene) and hydrophilic (coordinated metal centers) domains within Mpdhtp [46,47],
which is in accordance with similar effects found for other porous materials possessing
larger and/or more hydrophobic pores [45,75-84]. The total water uptake after the first ad-
sorption branch was determined to be 0.51 == 0.06 g g~ !, which is in agreement with earlier
studies [17,85]. Our findings on Niydhtp indicate that the precise sorption mechanism can
be tailored by selective incorporation of defects, giving rise to tailor-made water sorption
properties [59,65,67,86]. We will carry out further experiments in the future to validate this
hypothesis and confirm if this is a general property of the M,dhtp framework series.

Continuing with Niydhip, the water sorption isotherms reveal a similar shape com-
pared to Nipdhtp (Figure 5¢,d). Slight differences within the low-pressure range p/pg < 0.05
suggest that the less uniform structure of the pore walls because of the different substitution
patterns (i.e., para- vs. meta-arrangements of the carboxylate groups) has only a minor
influence on the possible sorption sites within the one-dimensional pores. In addition,
the total water uptake is slightly lower (0.41 & 0.06 g g~1), which is probably due to the
decreased void spaces, affecting especially sorption sites near the pore center. We note that
these effects could also stem from the observed higher defect-degrees within Nidhip when
compared to Nipdhtp. As mentioned above, the framework decomposes during the first
desorption branch, making it impossible to analyze any effects of the chemisorbed water
on the second cycle.
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Figure 5. Water vapor sorption isotherms (25 °C) of Nipdhtp, Nipdhip and Nipdondc (two consecu-
tive adsorption/desorption cycles). Data are shown at linear scale (a,c,e) and in semi-logarithmic
representation (b,d,f). Horizontal lines mark 20%, 40%, 60%, 80% and 100% of the total water uptake
during the first cycle.

The water sorption isotherms of Nipdondc (Figure 5e,f) offer fewer similarities to the
previously discussed Nipdhtp, displaying a type IV [54] water sorption isotherm. Here,
water adsorption proceeds less at low relative pressures (p/pg < 0.1) and is attributed to the
irreversible saturation of the open metal sites, i.e., chemisorption to the primary binding
sites (ca. 20% of the total uptake remain adsorbed after completed desorption). Following
this, a pronounced adsorption step at p/pg = 0.1 is detected, accountable for a majority of
the water uptake. This indicates less favorable conditions for water adsorption, i.e., similar
sorption energies of additional water molecules after chemisorption, because of the larger
pore diameter and hydrophobic moieties. Therefore, water cluster formation is the driving
force for pore condensation, initiated by previously adsorbed water molecules coordinating
to the metal centers [56,57]. After this step, more water molecules are gradually adsorbed
over a large pressure range. Desorption proceeds gradually as no pronounced desorption
steps are visible. This results in a hysteresis between the first adsorption and desorption
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branch, again suggesting the formation of a meta-stable state during the adsorption process.
The total water uptake after the first adsorption branch (0.43 + 0.03 g g 1) is slightly smaller
than for Nipdhtp, which is attributed to the higher molecular mass of the used dondc* lig-
and, resulting in a larger molecular mass. However, our results are in agreement with single
crystal data on as-synthesized Mnydondc [20], suggesting that, once completely hydrated,
water occupies similar positions in fully hydrated Mydhtp (i.e., five distinct positions) (We
note that the authors mentioned significant disorder of the water molecules due to residual
N-Methyl-2-pyrolidone solvent molecules). However, unlike for Niydhtp, these distinct
positions do not stem from the occupation of preferred sorption sites during the adsorption
but rather from an attractive configuration of adsorbed water molecules in hydrated pores.
Continuing with the second cycle, a lower overall uptake is observed after the adsorption
branch, suggesting decomposition of the framework during the measurement, applying
a similar mechanism as discussed for Nipdhtp [42,46,47], i.e., with partial pore blockage,
resulting in decreased water uptake.

Finally, we investigated the adsorption/desorption behavior of the remaining Ni,L
materials (i.e., L = bpp, bpm and tpp). These compounds offer even larger pores than
Nipdondc, but reveal distinct similarities, showing type IV [54] water sorption isotherms.
All these NiyL materials reveal only minor adsorption below a pressure of p/py < 0.2,
which is again attributed to the irreversible adsorption to the primary sorption sites (Ni%*
metal sites, Figure 6a—f). The amount of irreversibly bond water molecules decreases as
shown by 13% (Nibpp) > 11% (Nizbpm) > 8% (Niytpp), suggesting a smaller amount
of water strongly interacting with the framework, resulting in a more bulk-like state,
agreeing with our FTIR experiments. Slight differences in the trend presumably stem
from the significantly higher incorporation of For™ within Nibpp, resulting in lower
hydrolytic stability. As the relative water pressure increases, one large adsorption step is
visible in all isotherms, which is shifted toward higher pressures with increasing pore size:
p/po = 0.21 for (Nizbpp and Nizbpm) < p/py ~ 0.46 for (Nixtpp). Similar dependencies of
the condensation of water on the pore size were reported for other MOFs [10] and carbon
nanotubes [81,87,88]. These pronounced sorption steps are accountable for the majority
of the total water uptake, indicating that for Ni;dondc and other MOFs [56,57], water
adsorption is driven by water cluster formation initiated by chemisorbed water molecules,
facilitating pore condensation. Over the remaining pressure ranges, water is gradually
adsorbed until complete hydration is observed. During desorption, a small hysteresis is
observed, attributed to the above-stated preliminary pore condensation. However, a rather
unusual behavior is found for Ni;bpp and Nisbpm, as the first desorption branch crosses
the first adsorption branch within the pressure range p/py = 0.25 ... 0.41 (Figure 6a-d).
This is assigned to structural degradation of the framework [89], adopting a similar de-
composition mechanism as reported for Nipdhtp [42,47]. There, additional open metal
sites are formed with individual pores tilting against each other, resulting in decreased
porosity. Further evidence for this is found as the second adsorption/desorption cycle is
considered, revealing a significantly reduced water uptake after the second adsorption
branch when compared to the first adsorption branch. We note that a similar phenomenon
might occur for Niytpp (see data range from p/pg = 0.5 ... 0.7) although data are incon-
clusive in this respect (Figure 6e,f). In addition to this crossing, the second cycles are
mostly identical to the first ones, clearly indicating that this effect is caused by framework
degradation rather than unique material properties. The maximum water uptake after the
first sorption branch increases with pore size, 0.57 & 0.02 g g~ (Nisbpp) < 0.65 £0.07 g g~ !
(Nizbpm) < 0.80 = 0.01 g g~! (Niptpp). Except for the observed crossing of the branches,
our results on Ni;bpp and Ni,tpp are generally in agreement with previous studies, reveal-
ing a slightly lower total water uptake [17]. Differences are attributed to either different
measurement settings (fewer data points in the respective crossing regions) or lower defect
amounts (not analyzed therein).
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Figure 6. Water vapor sorption isotherms (25 °C) of Nipbpp, Ni;bpm and Ni, tpp (two consecutive
adsorption/desorption cycles). Data are shown at linear scale (a,c,e) and in semi-logarithmic represen-
tation (b,d,f). Horizontal lines mark 20%, 40%, 60%, 80% and 100% of the total water uptake during
the first cycle (Missing data points for Nipbpm below ca. p/pg = 0.006 stem from technical difficulties).

When compared to our TGA results, the overall water uptake determined by wa-
ter vapor sorption experiments (see Supplementary Materials Table S4) is higher for all
frameworks (23 ... 48 mmol g’l)A Differences become larger with increasing pore size. As
stated above, our TGA analysis underestimates the amount of adsorbed water because the
chemisorbed water is strongly bound and gradually released over a larger temperature
range and during decomposition. Hence, it is not considered in the initial dehydration
step. While this is sufficient to explain the difference for Ni,L frameworks with a smaller
pore apparatus, i.e., L = dhtp, dhip and dondc, additional factors for larger pores must
be considered. We hypothesize that some water molecules in these frameworks, i.e.,
L =bpp, bpm, tpp, are loosely bond and could leave prior to the TGA measurements during
sample preparation. Further, we note that we do not see a clear trend of the maximum
adsorbed volumes in our nitrogen sorption and water sorption experiments (see Table S6),
as found in other studies [82]. Nevertheless, our water vapor sorption analysis indicates
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that additional hydrophilic sorption sites for H-bonding, besides the open metal sites,
i.e., near the inorganic SBUs as present in Nipdhtp, are optimal for high water sorption
at low relative pressures (Figure 7a). Those additional sorption sites are not found in
the other members of the Ni,L series, which is an immediate consequence of the larger
hydrophobic domains. We suggest that water adsorption within the more porous Ni,L
frameworks (L = dondc, bpp, bpm, tpp), is dominated by water cluster formation and
follows a similar mechanism in the low-pressure region, as previously reported for other
MOFs with strong sorption sites [56-58]. First, the open metal sites are saturated before
additional, low-entropy water molecules adsorb thereon, forming distinct water clusters
driven by large hydration enthalpies (We note that this could also be a simultaneous
process). With increasing pressures, previously adsorbed water molecules initiate the
formation of water bridges/chains between adjacent chemisorbed water molecules, acting
as hydrophilic anchor sites (Figure 7b—d), similar to studies previously reported for meso-
porous silica [83,90] and porous carbons [91] possessing similar hydrophobic domain size.
As soon as enough water molecules are present in the gas phase to connect enough adjacent
anchor sites, the formation of a continuous H-bonding network is initiated, resulting in
pore condensation with minimal framework-water interactions. This process is shifted
toward higher relative pressures p/py with increasing hydrophobic domain size, i.e., larger
distances of adjacent chemisorbed water molecules, revealing a direct correlation of the in-
flection point & and the linker polarity (i.e., octanol-water partition coefficients [92,93], see
Table S5). Further, this suggests that the pore wall surface polarity is mostly controlled by
the inorganic domains, even at small domain sizes. These effects are a direct consequence
of the Gibbs hydration energy AGpydration being dominated by the enthalpy term for larger
hydrophobic domains, with water molecules avoiding these units. Conversely, smaller
units are viewed as discrete perturbations, forcing a high-entropy water arrangement near
the hydrophobic surface, resulting in dominant entropic contributions as suggested for
Nipdhtp (i.e., dominant surface-water interactions) [94-96]. The transition length for the
reversal of entropy/enthalpy-driven hydration lies around 10 A (or 1 nm), which is within
the same range as water—water distances for coordination water molecules in Nibpp and
Nipbpm. Following the condensation step, the relaxation of adsorbed water molecules
provides additional room for further water molecules until complete hydration is observed.
Consequently, a more bulk-like water arrangement with increased H-bonding symmetry
is found, as suggested by our FTIR experiments. Hence, the observed H-bonding in NW
water is dominated by water-water interactions for larger pores, which is additionally
supported by the observation of a decreasing amount of irreversible bond water molecules
with increasing pore size. For Ni;dondg, this relaxation process initiates the formation of
more entropic water molecules with more asymmetric H-bonding forced to interact with
the pore walls. Eventually, this results in the occupation of discrete positions, as suggested
by XRD data [20], even though the initial hydration mechanism, i.e., pore condensation,
is enthalpy-driven. This is supported by our spectroscopic results, highlighting a more
asymmetric H-bonding situation.
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Figure 7. Illustration of the different arrangements of water molecules near the framework pore walls
in hydrated Ni,L frameworks. (a) Nipdhtp reveals multiple attractive H-bonding interactions with
framework atoms (dashed orange lines) and surrounding water molecules (dashed blue lines), located
at distinct positions. Formed water bridges, avoiding the hydrophobic domains in (b) Ni,dondc,
(c) Nipbpp and (d) Nitpp, suggest that the size of the water bridges/chains increases with larger
distances of adjacent coordinating water molecules, i.e., H-bonding anchors (distances estimated
from XRD data [11,20,97]).

4. Conclusions

Our study on the isoreticular NiyL framework series enabled us to analyze the effects
of the pore size and linker hydrophobicity on the water sorption mechanism and the ar-
rangement of confined water. We found evidence that defects in Nipdhtp play an important
role on the given sorption mechanism. Higher amounts of formate defects result in a less
uniform pore wall, reducing the attractiveness of the third sorption site (near the phenylene
backbone), offering less H-bonding possibilities. Conversely, incorporation of fewer defect
sites results in a sorption mechanism, more comparable to those discussed for most other
M,dhtp frameworks. This suggests that selective incorporation of defects enables one to
precisely tune the water sorption properties in the M,dhtp series. On the other hand, these
effects play a minor role for larger pores (i.e., NipL; L = dondc, bpp, bpm, tpp). Within the
low-pressure range, water predominantly adsorbs to the open metal sites while additional
molecules adsorb thereon as a result of large hydration enthalpies, forming distinct water
clusters. Water bridges between adjacent chemisorbed water molecules, located at the
primary binding sites, form thereafter, providing additional H-bonding opportunities.
Consequently, the sorption process is facilitated, resulting in classical pore condensation
characterized by a continuous H-bonding network. The observed sorption step is governed
by the pore size, with the pressure range additionally depending on the linker hydrophobic-
ity /hydrophobic domain size. We found that H-bonding is generally more asymmetric in
smaller pores, consistent with the expectation of defined water positions in fully hydrated
Nipdhtp and Niydondc, offering multiple attractive water—framework interactions. Larger
pores offer a more symmetric H-bonding situation, suggesting a more bulk-like water
arrangement under less confinement, dominated by water-water interactions, as indicated
by decreasing dehydration temperatures with increasing pore size.
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Figures S1-S5: NMR spectra of organic compounds; Figures S6-S11: Pore size distribution fits by
NLDFT methods; Figures S12-518: NMR spectra of digested MOFs; Figures S19-524: FTIR spectra of
MOFs in comparison with the used linkers; Figure S25: Deconvolution of the O-H stretching vibration
of liquid water; Figure S26: XRD data of re-isolated MOF samples after water vapor sorption analysis;
Figures 527-532: Normalized first derivatives (8V/5(p/po)) of water vapor sorption data; Table
S1: Total water uptake of MOF samples, determined by TGA analysis; Table S2: Results of least
square fits of hydrated MOF samples in comparison with pure water; Table S3: Peak center position
of the O-H stretching vibration of water in hydrated MOFs; Table S4: Total water uptake of MOF
samples, determined by water vapor sorption analysis; Table S5: Octanol-water partition coefficients
of protonated linker molecules; Table S6: Comparison of the maximum adsorption of the nitrogen
and water sorption isotherms.
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EXPERIMENTAL (LINKER SYNTHESIS)

Synthesis of 1,5-dihydroxynaphthalene-2,6-dicarboxylic acid (Hsdondc): Synthesis was
performed using a previously published protocol under slight modifications.l 1,5-
dihydroxynaphtalene (9.75g, 60 mmol, 1.0eq) and potassium bicarbonate (20.25¢g,
202.5 mmol, 3.375 eq) were finely grounded in a mortar. The solid mixture was transferred to
a Teflon-lined inlay (125 mL), placed in a stainless-steel reactor (Parr Instruments), sealed, and
reacted in a pre-heated oven at 230 °C for 20 h. After cooling to room temperature, the mixture
was carefully acidified using aqueous hydrochloric acid (2 M). The solid was separated by
centrifugation (4000 rpm, 30 min) and washed three time with desalinated water. The obtained
green solid residue was dried at 60 °C over the course of three days before it was re-dissolved
in tetrahydrofuran (THF) and subsequently filtered to get rid of solid impurities. Then, THF
was removed under reduced pressure, yielding a brown solid. Finally, dispersion of the solid
in fresh methanol and removal of the solvent under reduced pressure yielded 1,5-
dihydroxynaphthalene-2,6-dicarboxylic acid (Hsdondc) as a green-brown powder (13.28 g,
53.5 mmol, 88%).

TH NMR (500 MHz, dmso-ds): d = 14.02 (brs, 2H), 12.7 (brs, 2H), 7.81 (d, 2H, 3Jun = 8.8 Hz), 7.74
(d, 2H, 3Jun = 8.8 Hz) ppm.

3C NMR (125 MHz, dmso-ds) 0 =172.5, 159.3, 127.6, 124.9, 113.1, 109.0 ppm (see Figure S1).

Synthesis of 3,3'-dihydroxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid (Hsbpp): For the first step,
a Suzuki-Miyaura cross coupling reaction was performed following a literature protocol with
slight modifications.??! Potassium acetate (2.52 g, 25.71 mmol, 6.3 eq), and Pd(dppf)Cl>DCM
(200 mg, 0.245 mmol, 0.06 eq) were placed in a Schlenk-flask (100 mL) inside an argon
glovebox. Then, 3-methoxy-4-methoxycarbonylphenyl boronic acid (1.03 g, 4.9 mmol, 1.2 eq)
and methyl-4-bromo-2-methoxybenzoat (1.0g, 4.08 mmol, 1.0eq) were added under a
constant argon gas flow. All compounds were suspended in a solvent mixture of p-
dioxane/water (25/10 ml, previously degassed for 45 min). The mixture was heated to 80 °C
for 19 h. After cooling to room temperature, the solid residue was filtrated and washed with
water (total of 200 mL in several portions). Subsequent drying for 48 h at 60 °C in an oven
yielded dimethyl-3,3'-dimethoxy-[1,1’-biphenyl]-4,4’-dicarboxylate as a brown solid (1.3 g,
3.94 mmol, 96%).

H NMR (500 MHz, CDCls): 8=7.89 (d, 3Jun = 8 Hz, 1H), 7.20 (dd, *Jun = 8 Hz, 4Jun =1.5Hz, 1H),
7,15 (d,¥un = 1.5Hz, 1H), 3.98 (s, 6H), 3.92 (s, 6H) ppm. (see Figure S2).

For the second step, two subsequent deprotection reactions were performed with slight
deviation from previously published protocols.®! Dimethyl-3,3’-dimethoxy-[1,1’-biphenyl]-
4,4’-dicarboxylate (1.3 g, 3.94 mmol, 1eq) was dissolved in dry dichloromethane (DCM,
15mL). The solution was cooled to -78 °C using an acetone cooling bath. Then, boron
tribromide solution, 1 M in n-hexane, (13 mL, 13 mmol, 3.3 eq) was slowly added with a
syringe. After complete addition, the mixture was cooled for additional 5 min before removal

of the cooling bath. The mixture was stirred over night at room temperature. The reaction was
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quenched using ice cold water (same volume than DCM). The solid residue was isolated by
filtration and dried at 60 °C overnight. Then, the filtrate was saturated with sodium chloride
and extracted with ethyl acetate (3 x 50 mL). Combined organic layers were dried over MgSOx
and the solvent was removed under reduced pressure. The obtained solid was then dried at
60 °C overnight. For the next step, both crude products were combined (1.41 g, 4.67 mmol], ca.
1eq) and dissolved in a mixture of THF (12 mL) and aqueous sodium hydroxide (1.87 g,
46.7 mmol, 10 eq, 12 mL) to obtain a 0.2 M solution. Mixture was heated to 50 °C for 24h. After
cooling to room temperature, THF was removed under reduced pressure. Next, aqueous
hydrochloric acid was added to the suspension until a pH <2 was reached. The precipitate
was filtered, washed with copious amounts of water, and dried for 48 h at 60 °C. 3,3'-
Dihydroxy-[1,1-biphenyl]-4,4'-dicarboxylic acid (Hsbpp) was isolated as an off-white solid
(0.91, 3.0 mmol, 76%).

'H NMR (500 MHz, dmso-de): 5= 11.41 (brs, 2H), 7.87 (d, 3 = 8.0 Hz, 1H), 7.20 (dd, 3 = 8.0
Hz, *Jim =1.5Hz, 1H), 7,15 (d, ¥Jim =1.5Hz, 1H), 3.98 (s, 6H), 3.92 (s, 6H) ppm.

13C NMR (125 MHz, dmso-ds) o =166.5, 159.7, 145.8, 132.5, 119.8, 1194, 111.3, 56.4, 52.2 ppm
(see Figure S3).

Synthesis of 3,3"-dihydroxy-2',5'-dimethyl-[1,1":4',1"-terphenyl]-4,4"-dicarboxylic acid
(Hatpp):

For the first step, a Suzuki-Miyaura cross coupling reaction was performed following a
literature protocol under slight modifications!? Potassium acetate (2.23 g, 22.73 mmol, 12 eq),
and Pd(dppf)Cl-DCM (155 mg, 0.189 mmol, 0.1 eq) were placed in a Schlenk-flask (50 mL)
inside an argon glovebox. Then, 3-methoxy-4-methoxycarbonylphenyl boronic acid (0.955 g,
4.55 mmol, 2.4 eq) and 1,4-dibromo-2,5-dimethylbenzene (0.5 g, 1.89 mmol, 1.0 eq) were added
under a constant argon gas flow. All compounds were suspended in a solvent mixture of p-
dioxane/water (25/10 ml, previously degassed for 45 min). The mixture was refluxed overnight
(ca. 16 h). After cooling to room temperature, water (20 mL) was added, and the aqueous phase
was extracted with DCM (3 x 25ml). Combined organic phases were dried over MgSQOa.
Removing of the solvent under reduced pressure and subsequent drying at 60 °C over 48 h
yielded  dimethyl-3,3’-dimethoxy-2,5-dimethyl-[1,4-terphenyl]-4,4'-dicarboxylate as a
off-white solid (0.55 g, 1.22 mmol, 67%).

'H-NMR 5=7.86 (d, it = 7.8 Hz, 2H), 7.16 (s, 2H), 6.98 (dd, 3t = 7.8 Hz, i1 = 1.4 Hz, 2H), 6.96
(d, 4Jun = 1.4 Hz, 2H), 3.93 (s, 6H), 3.92 (s, 3H), 2.28 (s, 6H) ppm (see Figure S4).

For the second step, two subsequent deprotection reactions were performed with slight
deviation from previously published protocols.®l Dimethyl-3,3’-dimethoxy-2,5-dimethyl-[1,4-
terphenyl]-4,4’-dicarboxylat (1.14 g, 2.62 mmol, 1 eq) was dissolved in dry DCM (15 mL). The
solution was cooled to -78 C using an acetone cooling bath. Then, boron tribromide solution,
1 M in n-hexane, (7.8 mL, 7.8 mmol, 3.3 eq) was slowly added with a syringe. After complete
addition, the mixture was cooled for additional 5 min before removal of the cooling bath. The

mixture was stirred over night at room temperature (ca. 16 h). The reaction was quenched
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using ice cold water (same volume than DCM). The solid residue was isolated by filtration and
dried at 60 °C overnight. Then, the filtrate was saturated with sodium chloride and extracted
with ethyl acetate (3 x 50 mL). Combined organic layers dried over MgSOs and the solvent was
removed under reduced pressure. The obtained solid was then dried at 60 °C overnight. For
the next step, both crude products were combined (0.754 g, 1.86 mmol, 1 eq) and dissolved in
a mixture of THF (5 mL) and aqueous sodium hydroxide (0.742 g, 18.6 mmol, 10 eq, 5 mL) to
obtain a 0.2 M solution. The mixture was heated to 50 °C for 24h. After cooling to room
temperature, THF was removed under reduced pressure. Aqueous hydrochloric acid was
added to the suspension until a pH <2 was reached. The precipitate was filtered, washed with
copious amounts of water, and dried for 48 h at 60 °C. 3,3'-Dihydroxy-[1,1’-biphenyl]-4,4’-
dicarboxylic acid (Hstpp) was isolated as an off-whit solid (0.91, 1.65 mmol, 91 %).

IH NMR (700 MHz, CDCls): d= 7.85 (d, ¥ = 8.4 Hz, 2H), 7.17 (s, 2H), 6.93 (dd, ¥ = 8.4 Hz,
4Jun = 1.5 Hz, 1H), 6.92 (d, un =1.5 Hz, 2H), 2.24 (s, 6H) ppm.

3C NMR (175 MHz, dmso-ds) 0 =171.8, 160.9, 148.2, 139.6, 132.2, 131.3, 130.1, 120.2, 117.3,
111.7, 19.5 ppm (see Figure S5).

EXPERIMENTAL (MOF SYNTHESIS)

Preparation of Niz(dhtp): Hidhtp (349 mg, 1.76 mmol, 0.6 eq) was dissolved in N,N-
dimethylformamide (DMF, 50 mL) using ultra sonification. Separately, nickel(Il) nitrate
hexahydrate (854 mg, 2.94 mmol, 1.0 eq) was dissolved in DMF (12.5 mL) and deionized water
(3.2 mL). Both solutions were combined in a Teflon-lined insert (125 mL) and the mixture was
stirred briefly. The insert was placed in a stainless-steel reactor (Parr Instruments), sealed, and
reacted in a preheated oven at 100 °C for 24 h. After cooling, the solid was separated by
filtration and washed with DMF (2 x 20 mL) deionized water (3 x 30 mL) and methanol
(3 x 30 mL). Then, the solvent was exchanged using methanol (three times over the course of
four days). The obtained product was dried in multiple steps. For the first step, the product
was placed in a round flask under dynamic vacuum for 16 h. Then, the product was heated in
70 °C (hold for 18 h). The desolvated product (orange) was stored in a glove box under argon
atmosphere.

Preparation of Niz(dhip)®: Hidhip (149 mg, 0.75 mmol, 1.0 eq) was dissolved in DMF
(12.5mL) using ultra sonification. Separately, nickel(Il) chloride hexahydrate (446 mg,
1.88 mmol, 2.5 eq) was dissolved in a mixture of DMF (20 mL) and methanol (17.5 mL). Both
solutions were portioned equally to five screw-top jars (20 mL, with PTFE seal). The sealed
jars were heated to 120 °C for 18 h in a pre-heated oven. After cooling to room temperature,
the solid residues were combined and washed with DMF (3 x 25mL) and methanol
(3x 25 mL). Then, the solvent was exchanged using methanol (four times ca. 15mL over the
course of four days). The obtained product was dried in multiple steps. For the first step, the
product was placed in a round flask under dynamic vacuum for 16 h. Then, the product was
heated to 70 °C (hold for 18 h). The desolvated product (light-green) was stored in a glove box

under argon atmosphere.
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Preparation of Niz(dondc)!": Hidondc (310 mg, 1.25 mmol, 1.0 eq) was dissolved in N-Methyl-
2-pyrrolidon (NMP, 40 mL) using ultra sonification. Separately, nickel(II) acetate tetrahydrate
(620 mg, 2.5 mmol, 2.0 eq) were dissolved in deionized water (5 mL). Both solutions were
portioned equally to five screw-top jars (20 mL, with PTFE seal). The sealed jars were heated
to 110 °C for 48 h in a pre-heated oven. After cooling to room temperature, the solid residues
were combined and washed with DMF (3 x 25 mL), and methanol (3 x 25 mL). Then, the
solvent was exchanged using methanol (three times 15 mL over the course of four days). The
obtained product was dried in multiple steps. For the first step, the product was placed in a
round flask under dynamic vacuum for 16 h. Then, the product was heated in 70 °C (hold for

18 h). The desolvated product (brown) was stored in a glove box under argon atmosphere.

Preparation of Nix(bpp): Synthesis was performed by upscaling of a previously reported
procedure.l) Hibpp (153 mg, 0.57 mmol, 1.0 eq) was dissolved in DMF (39 mL). Separately,
nickel(Il) nitrate hexahydrate (540 mg, 1.86 mmol, 3.3 eq) was dissolved in DMF (6 mL). Both
solutions were transferred to a Teflon-lined insert (125 mL). Then, ethanol (1 mL) and
deionized water (1 mL) were added. The insert was placed in a stainless-steel reactor (Parr
Instruments), sealed, and reacted in a preheated oven at 120 °C for 24 h. After cooling to room
temperature, the overstanding solution was separated, and the solid residue was dispersed in
DMEF (15 mL). The solvent was replaced four-times over the course of several days. Then, the
solvent was exchanged using methanol (2 x 20mL over the course of four days). The obtained
product was dried in multiple steps. For the first step, the product was placed in a round flask
under dynamic vacuum for 16 h. Then, the product was heated in 70 °C (hold for 18 h). The

desolvated product (light-green) was stored in a glove box under argon atmosphere.

Preparation of Ni:(bpm): Synthesis was performed by upscaling of a previously reported
procedure under use of the Hibpm linker molecule.l®l Hibpm (156 mg, 0.57mmol, 1.0 eq) was
dissolved in DMF (39 mL) using ultra sonification and transferred into a Teflon-lined inlay
(125 ml). Separately, nickel(Il) nitrate hexahydrate (540 mg, 1.86 mmol, 3.3 eq) was dissolved
in DMF (6 mL) separately and added to the linker solution. Then, ethanol (3 mL) and
deionized water (3 mL) were added, and the solution was briefly stirred. The inlay was
transferred into a stainless-steel autoclave reactor (Paar Instruments), sealed, and heated to
120 °C for 24 h in a pre-heated oven. After cooling to room temperature, the solid residue was
filtered of and washed with methanol (5 x 25 mL). Then, the solvent was exchanged using
methanol (2 x 25mL over the course of four days). The obtained product was dried in multiple
steps. For the first step, the product was placed in a round flask under dynamic vacuum for
16 h. Then, the product was heated in 70 °C (hold for 18 h). The desolvated product (light-

green) was stored in a glove box under argon atmosphere.

Preparation of Niz(tpp): Synthesis is based on a previously published procedure.l®l Hatpp
(71 mg, 0.188 mmol, 1.0 eq) was dissolved in DMF (13 mL) in a screw-top jar with PTFE-sealed
cap (20 mL) using ultra sonification. Separately, nickel(II) nitrate hexahydrate (180 mg,
0.62 mmol, 3.3 eq) was dissolved in DMF (2 mL) and added to the screw-top jar. Then, ethanol
(I mL) und deionized water (1 mL) were added. The jar war sealed, briefly shacked, and
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heated to 120 C for 24 h in a pre-heated oven. After cooling to room temperature, the
overstanding solution was separated, and the solid residue was dispersed in DMF (5 mL). The
solvent was replaced four-times over the course of several days. Then, the solvent was
exchanged using methanol (2 x 8mL over the course of four days). The obtained product was
dried in multiple steps. For the first step, the product was placed in a round flask under
dynamic vacuum for 16 h. Then, the product was heated in 70 °C (hold for 18 h). The
desolvated product (brown-green) was stored in a glove box under argon atmosphere.
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NMR (LINKER SYNTHESIS)
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Figure S1. 'H NMR (top) and *C NMR spectrum (bottom) of 1,5-
dihydroxynaphthalene-2,6-dicarboxylic acid (Hsdondc) in dmso-ds (marked
with $).
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Figure S2. 'H NMR spectrum of dimethyl-3,3’-dimethoxy-[1,1’-biphenyl]-4,4'-
dicarboxylate in CDCls (marked with $).
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Figure S3. 'H NMR (top) and *C NMR spectrum (bottom) of 3,3’-Dihydroxy-
[1,1"-biphenyl]-4,4'-dicarboxylic acid (Hsbpp) in dmso-ds (marked with $).
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Figure S4. '"H NMR spectrum of dimethyl-3,3’-dimethoxy-2,5-dimethyl-[1,4-terphenyl]-
4,4’-dicarboxylate in CDCls (marked with $). TMS (marked with #) has been used as
internal standard.
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Figure S5. 'H NMR (top) and *C NMR spectrum (bottom) of 3,3'-Dihydroxy-[1,1'-
biphenyl]-4,4'-dicarboxylic acid (Hstpp) in dmso-de (marked with $). Internal standard:
TMS (marked with #).
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NITROGEN SORPTION DATA
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Figure S6. N: sorption data for Ni2dhtp, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 0.2%).
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Figure S7. N2 sorption data for Nizdhip, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 0.5%).
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Figure S8. N: sorption data for Nizdondc, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 0.6%).
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Figure S9. N: sorption data for Nizbpp, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 0.3%).
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Figure S10. N2 sorption data for Nizbpm, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 0.3%).
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Figure S11. N: sorption data for Niztpp, obtained at 77 K, fitted by a NLDFT
data-based method (Fitting error 1.7%).
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NMR (DIGESTED SAMPLES FOR DEFECT ANALYSIS)

Figure S12. '"H NMR Nixdhtp diluted in a mixture of dmso-ds (marked with #) and DCI (20wt% in D20, marked with $). The
signal at 4.8 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a fast
chemical proton exchange. Residual DMF solvent molecules are marked with %. The remaining two DMF signals are not

visible due to signal overlap or the low relative intensity.
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1)

Figure S13. 'H NMR Nixdhip diluted in a mixture of dmso-ds (marked with #) and DCI (20wt% in D20, marked with $).
The signal at 4.8 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a
fast chemical proton exchange. Residual DMF solvent molecules are marked with %. The third DMF signal (methyl group)

is not visible due to signal overlap.

131



CHAPTER 4. WATER SORPTION BEHAVIOR OF PORE ENGINEERED CPO-27-NI

>=o

HO™ “CHj

= ) L..L__ A

"

Figure S14. '"H NMR Nixdondc diluted in a mixture of dmso-ds (marked with #) and DCI (20wt% in D20, marked with §$).
The signal at 5.1 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a
fast chemical proton exchange. Residual DMF solvent molecules are marked with %. The remaining DMF signal (methyl
group) is not visible due to signal overlap. In addition, traces of formic acids are found, stemming from partial thermal
decomposition of DMF during the desolvation procedure.
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Figure S15. 'H NMR Ni:bpp diluted in a mixture of dmso-ds (marked with #) and DCI (20wt% in D20, marked with $). The
signal at 5.1 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a fast
chemical proton exchange.
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HO™ 'H

Figure S16. '"H NMR Ni:bpm diluted in a mixture of dmso-de (marked with #) and DCI (20wt% in D20, marked with $).

The signal at 5.1 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a

fast chemical proton exchange. Residual DMF solvent molecules are marked with %. The remaining two DMF signals are
not visible due to signal overlap and low relative intensities.
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Figure S17. 'H NMR Ni:tpp diluted in a mixture of dmso-ds (marked with #) and DCI (20wt% in D20, marked with $). The
signal at 5.1 ppm is a superposition of all acidic protons (-OH and -COOH groups, marked with &), stemming from a fast
chemical proton exchange. Residual DMF solvent molecules are marked with %.
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Figure S18. 'H NMR of diluted Ni:L frameworks in the region from 8.5 to 7.5 ppm in comparison with formic acid and DMF,
showing the !Jcn coupling constants of the °C satellites, highlighting that the signal at ca. 8.1 originates from formate ions. No
satellites were found for Ni2dhip.
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TGA (SUPPORTING DATA)

Table S1. Total water uptake determined from the first water mass loss step of
the TGA data for hydrated NizL materials.

Hwater, TGA Nwater, TGA™
(mmol g?) (mmol mmol-!of
MOF)
Nizdhtp 20.84 +0.14 6.35+0.93
Ni2dhip 20.95+2.13 6.27 +0.20
Nizdond 21.14 +2.89 7.91 +0.06
C

Nizbpp 21.06 +1.48 7.16 +0.98
Nizbpm 2497 +2.39 8.77 +1.13
Niztpp 23.22 +1.41 9.30+1.44

*based on sum formulas determined by solution 'H NMR

FTIR (SUPPORTING DATA)
Y H,dhtp
2
g |
I |\ F
Ni,dhtp, hydrated \I‘M U| l‘l\,f‘l‘\’.
N A
40‘00 l 32‘00 ‘ 24‘00 16‘00 ‘ 8;]0

wavenumber [ cm™

Figure S19. FTIR spectra of hydrated Ni2dhtp in comparison with spectra of
the Hadhtp linker molecule. The spectra are normalized and vertically offset.
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Figure S20. FTIR of hydrated Nizdhip in comparison with spectra of the
Hadhip linker molecule. The spectra are normalized and vertically offset.
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Figure S21. FTIR spectra of hydrated Nizdondc in comparison with spectra of
the Hadondc linker molecule. The spectra are normalized and vertically offset.
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Figure S22. FTIR spectra of hydrated Ni:bpp in comparison with spectra of the
Habpp linker molecule. The spectra are normalized and vertically offset.
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Figure S23. FTIR spectra of hydrated Nizbpm in comparison with spectra of
the Hibpm linker molecule. The spectra are normalized and vertically offset.

138



4.1. WATER SORPTION STUDIES ON ISORETICULAR CPO-27-TYPE MOFS

H,tpp

absorbance

Ni,tpp, hydrated

1
4000 3200 2400 1600 800
wavenumber [ cm™

Figure S24. FTIR spectra of hydrated Niztpp in comparison with spectra of the
Hatpp linker molecule. The spectra are normalized and vertically offset.
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Figure S25. FTIR spectra of pure HPLC grade water, showing the three
different vibrational modes of the O-H stretching vibration. The doted lines
represent the cumulative fit of the three distinct water bending vibration
modes.

Table S2. Results of the least-square fits, showing the contribution of the different
vibrational modes to the water stretching vibration for hydrated NizL materials (two or three

independently synthesized samples).

multimer water intermediate water network water

area | % error area | % error area | % error
Nizdhtp 54 0.2 21.6 0.6 73.1 0.4
Ni2dhip 5.8 0.6 20.3 29 739 3.0
Ni2dondc 4.8 0.1 18.1 2.3 77.1 2.3
Nizbpp 5.0 0.2 19.6 1.1 754 1.0
Nizbpm 5.3 1.0 17.7 1.5 77.0 1.8
Niztpp 6.0 04 16.5 0.5 775 0.1
water 12.8 19 184 32 68.8 1.7
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Table S3. Peak center positions and their errors obtained by the least-square fits of the
different modes of the water stretching vibration for hydrated Ni-L materials (two or three
independently synthesized samples).

multimer water intermediate water network water
wavenumber | wavenumber | wavenumber |
ol error - error ot error

Nizdhtp 3565.1 0.8 3419.1 0.7 3228.9 2.4
Nizdhip 3573.6 0.8 3431.4 0.8 3248.2 1.6
Nizdondc 3573.7 0.8 3432.4 0.8 3250.7 1.5
Nizbpp 3574.5 1.2 3433.5 0.9 3253.4 14
Nizbpm 3573.7 1.2 3431.0 0.8 3253.1 1.3
Niztpp 3571.3 1.7 3431.3 1.1 3262.2 1.5
water 3535.9 2.6 3405.8 1.3 3251.6 0.7

WATER SORPTION (SUPPORTING DATA)
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Figure S26. XRD patterns of re-isolated Ni.L samples, previously used for
water vapor sorption measurements. The (110) lattice plane is marked with an
asterisk (*).
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Figure S27. Normalized first derivatives (dV/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Nizdhtp.
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Figure S28. Normalized first derivatives (dV/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Nizdhip.
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Figure 529. Normalized first derivatives (dV/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Ni2dondc.

141



CHAPTER 4. WATER SORPTION BEHAVIOR OF PORE ENGINEERED CPO-27-NI

T T
Ni,bpp
M%AA
s w%
&
S
w
S
< second adsorption
m%nw
n I Ll n P il " L
0.001 0.01 0.1 1

p/py

Figure S30. Normalized first derivatives (OV/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Nizbpp.
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Figure S31. Normalized first derivatives (dV/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Nizbpm.
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Figure $32. Normalized first derivatives (0V/0(p/po)) of the water vapor
sorption
isotherms (25 °C) of Niztpp.
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Table S4. Determined total water uptake after the first adsorption branch #water total

determined from water vapor sorption data.

HMwater,total Nwater,total ™
(mmol g?) (mmol mmol! of MOF)
Nizdhtp 29.89 + 0.96 9.11+1.34
Ni2dhip 22.69 +3.27 6.92 +0.23
Ni2dondc 2413 +1.43 7.55 +0.06
Nizbpp 31.67 +1.20 10.78 +1.48
Nizbpm 41.82 +4.00 14.46 +1.86
Niztpp 4791 +4.04 19.19 +2.96

* based on sum formulas determined by solution 'H NMR

Table S5. Octanol-water partition coefficients log (Pow) of the HiL linker molecules, obtained
from the ChemDraw (V21.0.0) software package.

log Pow
Hadhtp 0.37
Hadhip 0.37
Hasdondc 1.37
Hsbpp 2.04
Hsbpm 2.04
Hatpp 4.69

Table S6. Comparison of the maximum adsorption of the nitrogen and water sorption

isotherms during the first desorption branches.

Vnitrogen Vit
(cm? g) (cm? g?) Vwater | Vhitrogen
At p/po 0.55
Nizdhtp 0.55 +0.07 0.48 £ 0.01 0.87 £0.01
Nizdhip 0.38 +0.09 0.37 £0.06 0.97£0.17
Nizdondc 0.55+0.03 0.36 +0.01 0.66 +0.02
Nizbpp 0.74 +0.02 0.50 +0.03 0.67 +0.04
Nizbpm 0.58 +0.02 0.62 +0.04 1.08 +0.08
Niztpp 1.03 +0.06 0.78 +0.04* 0.75+0.04

* pore volume determined at p/po 0.7
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CHAPTER

SUMMARY AND OUTLOOK

he water sorption behavior of MOF's proves to be a complex interplay of
multiple factors such as the chemical nature of framework metal cations,
pore diameter of the channels and the uniformity of the pore walls, altered by
incorporated defects. Application of different experimental techniques (manometric
water vapor sorption analysis, FTIR spectroscopy, TGA and NMR spectroscopy) in
combination with theoretical methods (DFT and MD simulations) allows to analyze
differences in the precise sorption mechanism of water into the pores of CPO-27 and
isoreticular frameworks and how the water arrangement influences the materials

hydrolytic stability.

5.1 Comprehensive Summary

his thesis aims to obtain a comprehensive overview on the water adsorp-

tion/desorption characteristics of CPO-27-M and isoreticular frameworks.

Particular interest lies in the arrangement of adsorbed water molecules
within the one-dimensional channels. The presented work focuses on two key-aspects:
First, the influence of the incorporated metal center within the CPO-27-M series on
the adsorption/desorption behavior and its hydrolytic stability. Second, the effect
of the pore size, pore wall polarity and defect sites on the given water adsorption
mechanism of different CPO-27-type materials.
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In the first part of this work, the hydration behavior of CPO-27-M (M = Co, Cu,
Mg, Mn, Ni, Zn), a MOF offering vacant coordination sites, i.e., open metal site
(OMS), as strong binding sites, is analyzed. The uptake of water into the micropores
in these topologically identical framework proceeds via different mechanisms and is
characterized by an entirely different structure of the adsorbed water. It is found
that CPO-27-Zn possesses a prototypical sorption behavior. Uptake of water starts
with the coordination of water to the undercoordinated Zn?* center in a single step
(ca. 20% hydration). These water molecules further serve as H-bonding anchors
for the adsorption of additional water molecules, which also strongly interact with
framework oxygen atoms via H-bonding (ca. 60% hydration). A continuous water
layer along the pore walls is formed, with few water molecules residing in the
pore center. Afterward, more water molecules adsorb, occupying positions near
the pore center (ca. 80% hydration). This state marks a metastable conformation
with water molecules freely exchanging between distinct positions. Additionally,
this effect causes a pronounced hysteresis in the water sorption isotherms, being
a consequence of irreversible density changes of adsorbed water. Finally, water is
gradually adsorbed over a larger pressure range until complete hydration, with
water molecules occupying distinct, crystal-like positions in a highly asymmetric
environment.

Most other materials (M = Co, Mg, Mn, Ni) reveal rather comparable sorption
characteristics, with the respective metal center orchestrating the adsorption behav-
ior in the one-dimensional micropores, resulting in altered sorption steps. However,
coordination of the OMS does not occur in a single step but simultaneously with the
adsorption of additional molecules to chemisorbed ones. Nevertheless, the adsorption
of water results in the occupation of similar sorption sites, providing comparable
configurations of adsorbed water. Contrary, CPO-27-Cu reveals an entirely different
behavior. Here, water does not coordinate to the metal center, but only interacts
with the framework via H-bonding. This is a consequence of large changes in the
electron density distribution and an altered coordination environment, i.e., nearly
square planar instead of octahedral coordination with one oxygen atom blocking the
metal center, acting as a H-bonding anchor side. Pore filling is mostly accomplished
in a single step (ca. 80% hydration), characterized by the formation of water clusters
along the pore axis. These clusters provide a high degree in H-bonding, similarly to

bulk water.
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Further, it is found that the hydrolytic stability of CPO-27-M compounds is
largely determined by two factors: (i) The contact time of the framework with water
and (ii) the extent to which adsorbed water molecules form H-bonds with the host
framework. Presence of more static water in the channels (as found for M = Zn, Mn,
Co) facilitates the protonation of the linker molecules, i.e., phenolate and carboxylate
groups. Contrary, weaker interactions inhibit this (as found for M = Cu, Mg, Ni),

yielding frameworks with higher water stability.

The second part of this thesis focuses on six CPO-27-type isoreticular frame-
works with different pore sizes and pore wall polarities. Ni%* based frameworks
are investigated as they displayed good hydrolytic stability in previous studies.
Evidence is found that defects in Nigdhtp play a key role for the observed sorption
mechanism, affecting interactions at sorption sites near the pore wall. This suggests
that selective incorporation of defect sites allows to precisely tune the water sorption

properties of this framework.

Contrary, defects do not influence the hydration behavior of frameworks with
larger pores (i.e., NioL; L = dondc, bpp, bpm, tpp). Here, adsorption of water is initi-
ated by coordination to the OMS, acting as primary binding sites in the low-pressure
range. Additional molecules adsorb thereon, resulting in the formation of distinct
water clusters. Subsequently, water bridges between adjacent chemisorbed water
molecules are formed to avoid the hydrophobic pore walls. This is a consequence of
the dominant enthalpy term for larger hydrophobic domains (> 10 A/1 nm) in the
Gibbs hydration energy AGhydration.- Formed bridges yield further H-bonding oppor-
tunities, facilitating the adsorption process. As a result, classical pore condensation
is observed in a single step, with the pressure range depending on the pore size and
the hydrophobic domain size, confirming previous results on other MOF's. As for
CPO-27-M, gradual adsorption of water proceeds over a larger pressure range until

complete hydration.

In general, H-bonding of adsorbed water in CPO-27-type frameworks is more
asymmetric than found for bulk water. However, this effect is more pronounced
in smaller pores, consistent with the expectation of water molecules located at de-
fined positions with highly directed water-framework interactions in fully hydrated
frameworks (as found for Nigdhtp and Nigdondc). This leads to high-entropy wa-
ter arrangements near the hydrophobic surface, resulting from the entropy-driven
AGhydration, typically found for small hydrophobic domains (< 10 A/1 nm). With in-

creasing pore size, water molecules adopt a more symmetric H-bonding environment
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with dominating contributions of water-water interactions. Thus, a more bulk-like

state is observed, being a consequence of the less confined environment.

5.2 OQOutlook

ollowing the results of this thesis, further investigations on the effect of defect

sites in CPO-27 frameworks are needed in order to verify the assumption

that the water sorption mechanism can be precisely modified. This can be
accomplished by selective incorporation of linker molecules with missing functional
groups or by altered synthetic procedures. Previous studies on mixed-metal CPO-27
reveal better hydrolytic stabilities, indicating different water arrangements and
consequently, altered sorption properties. Hence, additional studies should focus
on the effects of multiple metal centers in CPO-27, providing more information,
enabling to modify the hydrolytic stability of these materials. Finally, modification
of the pore wall surface in CPO-27-type frameworks should be considered. This
may, like observed for mesoporous silica, positively influence the water-adsorbent

interactions, resulting in different water arrangements.
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Comprehensive Tables

APPENDIX

Table A.1: Metal-organic frameworks discussed in this thesis and their respective full

names and incorporated metal cations.

Framework Full name

Metal centers

CPO-27 CPO = coordination polymer of Oslo Cd?*, Co?*, Cu?*,
or Fe2+, Mg2*, Mn2*,

MOF-74 MOF = metal-organic framework Ni2+, Zn2*

FMOF-1 FMOF = fluorinated MOF Ag*

MIL-101 MIL = Matériaux de I'Institut Lavoisier =~ Cr?*

UiO-66 UiO = Universitetet i Oslo Zr*t

DUT-52 DUT = Dresden University of Technology Zr**

Ui0-67 UiO = Universitetet i Oslo Zr*t

ZIF-67 ZIF = zeolitic imidazolate framework Zn?*
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Table A.2: Organic linker molecules mentioned in this thesis, referring to their commonly

known abbreviations, full names and molecular structures.

Abbreviation Full name Molecular structure
S)
O o
@) O
dhtp/dobdc 2,5-dioxidoterephthalate
©
) O
©0
0© 0©
1,5-dioxidonaphthalene- O 0
dondc i J Q
2,6-dicarboxylate 4o 5O
@O
3,3’-dioxido-[1,1’- @O 5
bpp/dobpdc biphenyl]-4,4’- O O
. O O@
dicarboxylate O@
2 5-dimethyl-3,3”- ° -
dioxido-[1,1%:4’,17- 0 0
: InYataW,
terphenyl]-4,4”- S5 O
dicarboxylate 0
O O
dhip/m-dhtp/m- © &)
P P 4 6-dioxidoisophthalate O ©
dobdc o
©
O (®]
0] 0]

bpm

4,4’-dioxido-[1,1’-
biphenyl]-3,3’-

dicarboxylate
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Table A.2: Organic linker molecules mentioned in this thesis, referring to their commonly

known abbreviations, full names and molecular structures. (Continued)

Abbreviation Full name Molecular structure
O
o O
bdc terephthalate >_©_<
%0 0
NH, ©
. 0] 0
bde-NH, 2-aminoterephthalate >_©_<
©g o)
SOsH
0] 0o
bdc-SOsH 2-aminoterephthalate %
°g o)
©
ridine-2,5- @) == 0
bde-N S %
icarboxylate Og N O
OH ©
2,5- O O
bdc-(OH)q i
dihydroxyterephthalate €0 0
HO
OH o
O O
bde-OH 2-hydroxyterephthalate
°g o)
©
0] O
bdc-CHs 2-methylterephthalate
©0 o)
N02 S
. @) 0
bdc-NOo 2-nitroterephthalate
°g o)
Cl o
0] O
bde-Cl 2-chloroterephthalate
©0 o)
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Table A.2: Organic linker molecules mentioned in this thesis, referring to their commonly

known abbreviations, full names and molecular structures. (Continued)

Abbreviation Full name

Molecular structure

Br ©
O 0
bdc-Br 2-bromoterephthalate
©g o)
09
naphthalene-2,6- O 0
nde napn e e I =Y
1carboxylate 5O
S
[1,1-biphenyl]-4,4’- 0 O
dicarboxylate o) oS
N@
3,5-bis(trifluoromethyl)- N~
tz . Y P )—CF3
1,2,4-triazolate N
FsC
c imidazole-2- carboxalde- OArNe
imCa |
hyde N\/)
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