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Chapter 1 
MOFs: Metal Organic Frameworks 

 

MOFs or Metal Organic Frameworks are relatively new organic-inorganic hybrid materials 
that consist of a regular array of positive metal ions connected by organic 'linker' molecules 
to create a periodic and crystalline structure. 

They have been widely studied in the last past two decades for their promising properties 
(such as porosity, gas adsorption and storage, flexibility/rigidness, low density…) and 
chemical tunability [1]. 

 

1.1 Terminology 
 

To aid understanding various terms have been defined as follows, according to IUPAC 
recommendations: 

- Coordination polymer: 

«A coordination compound with repeating coordination entities extending in 1, 2, or 3 

dimensions».[2]. Note that, according to IUPAC definition; coordination polymers do 
not need to be crystalline [2] 
 

- Coordination network: 

«A coordination compound extending, through repeating coordination entities, in 1 
dimension, but with cross-links between two or more individual chains, loops, or 
spiro-links, or a coordination compound extending through repeating coordination 

entities in 2 or 3 dimensions» [2]. A coordination network is, in fact, a subset of 
coordination polymer. 
 

- Metal organic framework: 

«A metal–organic framework, abbreviated to MOF, is a coordination network with 

organic ligands containing potential voids» [2]. Note that, according to this definition, 
it is not required that a MOF be crystalline. However, it is common to ascribe 
crystalline properties to MOFs by definition [3]. 
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1.2 Early studies 
 

In the year 1999 two articles were published about two new and highly porous materials: 
MOF-5[4] and HKUST-1[5] (fig. 1.1). In both cases the new material was a periodic 
combination of inorganic metal ion clusters with organic linkers into a 3D channelled 
structure, stable to high temperatures and easy to functionalize. They were both referred to as 
“MOF”. 

Before MOFs, common and known porous materials were for example inorganic zeolites 
(inorganic aluminosilicates solids made up by the periodic repetition of [SiO4]4- and [AlO4]5) 
or active carbons. Although those materials combine nano-porosity with high thermal 
stability, they are difficult to derivatize in a systematic way [6]. MOFs, instead, have the 
potential for more flexible rational design through the control of the architecture and 
functionalization of the pores [4]. 

For example, in the field of water adsorption, the water uptake of classical desiccants (e.g., 
CaCl2, silica gel, or zeolites) is high but their strong affinity to water makes their regeneration 
energy intensive, while MOFs can be tailored for a reversible water adsorption with low 
energy regeneration by proper functionalization of the framework structure [4]. 

                    

Fig. 1.1: MOF-5 and HKUST-1 structures. In HKUST-1 (right) Cu paddlewheel secondary building units 
(SBUs) are coordinated via 1,3,5-benzenetricarboxylate (BTC) to form three-dimensional porous cubic 
networks, MOF-5 (left) consists of Zn4O clusters connected to ditopic linear BDC linkers [7] 

 

1.3 Evolution of reticular chemistry 
 

Reticular chemistry (based on the Latin reticulum: small net) is concerned with linking 
molecular building blocks through strong bonds to form porous crystalline 1D, 2D and 3D 
frameworks in a designed manner. At the dawn of the field, structures with such properties 
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(strong bonds, porosity, crystalline) were very rare and challenging to make. One important 
reason was the disconnection between solid state organic and inorganic chemistry.  

Organic synthesis forms strong covalent bonds that enable the multistep pathways that lead to 
precise complex organic molecules or polymers, however the crystallization into extended 2D 
o 3D structure is complicated. On the other hand, inorganic synthesis is often carried under 
thermodynamic control in a single step and creates crystalline 2D or 3D structure. However, 
it’s difficult to control the size and shape of the product and it’s more likely to obtain a dense 
crystal [1]. 

Early reported coordination polymers mixed inorganic metal ions and organic linkers [8], but 
they were often simple solids whose structure showed one metal ion node bonded to the 
organic linkers with pure electrostatic (weak) coordinative bonds (usually M-N), so they 
easily collapsed when guest molecules inside their pores got removed [9].  

In contrast, recent MOFs are linked through strong and directional bonds: organic units are 
ditopic or polytopic organic carboxylates (and other similar negatively charged molecules) 
linked to metal-containing units. The resulting structure is architecturally robust and stable 
against the removal of the guest molecules, thus enabling permanent porosity and high 
surface area [10] (examples are MOF-74 series [11], MIL-100 [12] and 101 [13], [14], 
HKUST-1 [5] etc). 

 

1.4 Properties and applications 
 

MOFs owe their appeal to the variety of properties they can show and specifically to the 
tunability of such properties. Without doubts, the principal one is their inherent porosity and 
thus high surface area, which make them perfect materials for gas storage, gas separation, 
catalysis, sensing, drug delivery and more.  Typically, all the phenomena happening inside 
the pore structure of MOFs are highly influenced by the pore size. In the case of gas storage, 
indeed selectivity, capacity, and reversibility of the adsorption process are directly correlated 
with this parameter [15]–[17]. 

As the other porous solids, MOFs are divided into three categories according to their pore 
size [15]: 

- Microporous: pore size below 20 Å 
- Mesoporous: pore size between 20 and 500 Å 
- Microporous: pore size above 500 Å 

Each of these three categories, thanks to the different properties, finds applications in 
different processes. 
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In recent years, within the enormous plethora of MOFs systems known, the one featuring 
open metal sites (OMS) have witnessed great interest. OMSs are coordination vacancies in 
the coordination sphere of the metal atoms. These can be naturally present in the framework 
or being introduced following activation procedures or the formation of defects. An example 
is provided by MIL-100(Fe) MOFs which, upon activation, features three Fe3+ OMS in its 
inorganic building unit (fig 1.2). 

The presence of metal atoms directly facing into the pores structure of MOFs can be 
exploited to build better performing materials for different physicochemical processes. For 
example, in the case of gasses adsorption, the direct interaction between guest molecules and 
metal d-orbitals can induce high selectivity towards specific types of molecules. Long et Al 
has shown in the case of Fe-BTTri (Fe3[(Fe4Cl)3(BTTri)8]2·18CH3OH, H3BTTri =1,3,5-
tris(1H-1,2,3-triazol-5-yl)benzene)) how the direct interaction between Fe and CO molecules 
enhances its selective adsorption towards different gasses thanks to a spin crossover 
mechanism taking place at the iron sites [18]. 

Nevertheless, MOFs featuring open metal sites also find applications in catalysis. Indeed, the 
OMSs' chemical environment can be easily functionalized, tuning the electrochemical 
situation of metal sites involved in catalytical reactions with guest molecules. To date, many 
different catalytic processes are performed using MOFs as heterogenous catalysts, 
consequently achieving the annexed advantages [19], [20]. 

Although the great benefits coming from having OMSs, undercoordinated metal sites inside a 
metal-organic structure often induce lower stability of the framework, especially in humid 
conditions [21]. Water molecules can strongly bind metal sites creating strong interactions 
that can perturbate the framework geometry and stability.  

Studying exposed metal-water interactions in water-stable MOFs can then improve the 
comprehension of the structural-electronic changes associated with this phenomenon. 

 

Fig. 1.2: Formation of open Fe3+ sites and Fe2+ site in an octahedral iron trimer of MIL-100(Fe) by dehydration 
and partial reduction through the removal of the anionic ligand [22]. 

 

The work presented here focuses on three different MOFs with OMS describing their 
synthesis procedure and characterization via X-ray-based experiments under different humid 
atmospheres. 
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1.5 Synthesis routes 
 

MOFs are most synthesized following a solvothermal approach which consists of combining 
a solution of the ligand with a solution of the metal and heating the mixture via conventional 
electrical methods [23].  

Although easy from a practical point of view, synthesizing MOFs following solvothermal 
methods often comes with many problems. Due to the many variables involved in a 
solvothermal synthesis, precise control of outcomes is challenging. It is still not completely 
clear how each parameter affects the result making it hard to predict the best conditions to 
obtain the desired compound.[24] For these reasons, the single-step route implies an accurate 
control of all the variables that occur during the reaction such as: 

- Temperature 
- Concentration of solutes 
- pH 
- Stirring 
- Molar ratio between metal and linker 
- Chosen solvents 

Using pre-built inorganic building blocks instead of free metal ions may help achieve the 
target [23]. Here is the convenience of the reticular chemistry's approach of deconstructing 
the target MOFs into their topology nets. Topology nets originates from the combination of 
SBUs and ligands both modelized into geometric simple shapes. Each net is identified by a 3-
letter acronym (fig. 1.3). 

Over the years, other synthetic methodologies have been investigated as alternatives to the 
thermodynamically controlled solvothermal method, such as microwave-assisted, 
electrochemical, sonochemical, mechanochemical, and spray-drying synthesis[23]. 

Moreover, in recent times, green syntheses started to attract the interest of many. Due to the 
current and spreading social awareness on environmental issues such as pollution, over-
exploitation of natural sources, shortage of raw materials, and climate change, the importance 
of new solvent-free non-toxic synthetic strategies is growing. Green syntheses aim to limit 
the use of organic solvents that are often toxic and difficult to dispose of and to use mild 
conditions such as room temperature and pressure [25]–[28]. Examples are the water-based 
synthesis of MOF-74 [28] or solvent-free mechanochemical synthesis of Fe MIL-100 [25]. 
 



6 
 

 

Fig. 1.3: Topology nets originated from the combination of geometric building units of ligands and metals. Most 
MOFs show simple nets while fewer structures are known to take complex nets. Moreover, many combinations 
are still not explored, no MOFS are known which take them, thus leaving room for researchers to challenge 
themselves in their realization [29]. 
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Chapter 2 
Water harvesting 

 

2.1 Water stability of MOFs 
 

A water stable MOF is one which retains its structure and configuration when exposed to 
water molecules. Instead, it is unstable if it loses its crystallinity and assumes an amorphous 
structure. As described in paragraph 1.4, the presence of exposed metal sites facing the pores 
can induce greater sensibility to water molecules, increasing the risk of water-driven 
degradation of the framework. 

 

2.1.1 Degradation mechanisms 

M. Yaghi et al. has proposed the following mechanism for the decompositions of MOFs 
systems through water interactions [30]. 

- Hydrolysis: the metal-ligand bond is broken by the insertion of OH- anion on the 
metal cation leading to the formation of a hydroxylated cation and a protonated 
ligand: 
 
Mn+---Ln- + H2O - Mn+---(OH)- + HL(n-1)- 
 

- Ligand displacement:  an H2O molecule replaces the ligand leading to a hydrated 
cation and to the release of a free ligand molecule: 
 
Mn+---Ln- + H2O - Mn+---(H2O) + Ln- 

Here, the interaction of water molecules with metal centres is the starting point for a sequence 
of chemical reactions which lead to the formation of metal-aqua complex or metal oxides. 
Moreover, it was suggested that clusters of water molecules around the SBU drives the 
degradation of MOFs [31]. Water not only plays an important role in replacing the linker, but 
additional water molecules stabilize, by solvation, the hydrolyzed SBU as well as the 
expelled linker [28]. 
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2.1.2 Improving water stability 

 

As depicted in the previous paragraph, the weakest bond inside MOFs is often the metal-
ligand bond [30]. To increase the water stability of MOFs it is necessary to increase the 
strength of this interaction or, as said, to protect the metal centres from the adsorption of 
water molecules. Another well exploited technique, indeed, is to increase the kinetical 
stability of the metal ligand bond meaning to protect it from the interaction with other guest 
molecules. 

Thermodynamic stability 

The prediction of the strength of the interaction between transition metals (often present in 
MOFs) and linkers is generally described recalling Hard and Soft acids and bases theory [33], 
[34] According to this principle most stable bonds are formed coupling hard-hard/weak-weak 
pairs of acids and bases. The strength of their interaction is therefore governed by the 
basicity/acidity as well as by the polarizability of deprotonated linker and metal ions [33], 
[34]. Between the most stable MOFs therefore we find UiO family (made up by Zr4+ clusters 
and carboxylate linkers) and the azolate frameworks based on soft metals (Cu, Ni, Zn etc.) 
[35], [36]. 

Kinetic stability 

Another common strategy to increase the stability of the framework regards the protection of 
the inorganic building units. In this case, in fact, it is kinetic stability that occurs when H2O 
molecules cannot physically reach the metal centres [30]. This is usually achieved through 
two main strategies [30]: 

- exploiting highly interconnected inorganic SBUs to prevent any possible interaction 
between the water molecules and the metal cluster (fig. 2.1). 
 

- exploiting the high chemical tunability of the MOF structure thanks to which is 
possible to functionalize the organic linkers. Typically, hydrophobic organic pendants 
or functional groups are employed to build a water-repellent pocket around metal sites 
avoiding their contact with water guests. Another possibility is introducing 
hydrophilic groups far away from the metal centres, thus capturing water away from 
the SBUs. 

Both strategies typically induce a diminished pore volume of the framework affecting 
consequently the adsorption capability of the material and its applicability. 

 



9 
 

 

Fig. 2.1: example of highly connected SBU [37]. 

 

2.2 Water harvesting from air 
 

The water vapour in the earth’s atmosphere equals to about 10% of all liquid freshwater 
resources of the planet [30]. In many arid regions it is the richer source of water. Therefore, 
creating new water-adsorption devices able to produce fresh water would help solving the 
global water problem. As previously described, conventional desiccants or porous materials 
(as zeolites, porous carbons, CaCl2 …) often show energy intensive regeneration temperature 
or low capacity. MOFs, instead, are porous materials that can be tailored for a reversible 
water adsorption with low energy regeneration and high capacity, hence, they are promising 
materials in the research for developing new water harvesting devices. 

 

2.3.1 Parameters 

 

For clarity of exposure, here are some parameters used in water adsorption studies: 

- CH2O is the adsorption capacity that is the ratio of cm3 of adsorbed water per grams of 
MOF sample [33]. 

- a is the relative pressure P/P° (P° is the saturated vapour pressure at 298 K) at which 
half of the total capacity is reached [33]. 

- Temperature and Pressure ranges are ranges in which the adsorption takes place. 
- RH or relative humidity is the amount of water vapor in air expressed as a percentage 

(%RH) of the amount needed to achieve saturation at the same temperature. 
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2.3.2 Ideal properties of adsorbent MOFs 

 

As said, MOFs are promising systems for water harvesting applications. Thanks to their 
porous nature and to their chemical tunability it is possible to build appropriate materials 
exploiting the principles of reticular chemistry. 

In particular, in the selection of the adsorbent material for water, according to Kalmutzki et 
al. [30], it is necessary to evaluate: 

- Water stability: as already discussed, adsorbent materials must show high water 
stability in order to be employed in industrially relevant processes. 

- Cycling stability (the stability under many adsorption-desorption cycles): in order to 
be used repeatedly in water harvesting devices, the material must exhibit a high 
cycling stability. 

-  CH2O (maximum water capacity): a high maximum water capacity is desirable for 
more efficient water collection. 

- Temperature and pressure ranges (ranges in which the material adsorbs and 
releases water): a steep water uptake in a narrow pressure region between 10 and 30% 
RH (i.e., Type IV or V isotherm with a small value for α) facilitates water adsorption 
at low relative pressures (i.e., low RH), while allowing for regeneration under mild 
conditions [30]. Moreover, a huge difference in the water uptake at high and low 
temperatures (low uptake for high T) would allow for an efficient temperature-
depending water adsorption and desorption cycle. 

- Kinetics of the adsorption-desorption process: relatively fast adsorption and 
desorption process at the working temperatures and pressures are desirable. 

- Thermic conductivity and heat capacity (for thermally induced desorption devices 
only): high thermal conductivity and relatively low heat capacity allow for short 
response times with respect to temperature changes[30]. MOFs usually show low heat 
capacity due to their open structure [30]. 

To date, although many known MOFs show promising properties, none of them satisfies all 
the cited requirements. Fig 2.2 shows a comparison of water adsorption properties of the most 
known systems studied for this application.  
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Fig. 2.2: Comparison of the water uptake of different porous materials at P/P0 = 0.3, 0.6, and 0.9. A high 
water uptake at low relative pressures is desirable since it results in strong binding but also allows 
desorption under mild conditions [30] 

 

2.3.3 Influence of ligands’ structure on adsorption properties 

 

In the search for better performing materials towards water harvesting applications various 
strategies have been developed to better satisfy the aforementioned requirements.  

In particular, introducing hydrophilic groups on the ligand side (i.e., -NH2, heteroatoms…) 

induces hydrophilic properties to the pores of the MOF and lowers the relative pressure , so 
water is adsorbed also at lower pressures and the MOF is saturated at lower humidity [38]. At 
the same time, the maximum CH2O water capacity, which depends on free pore volume, 
would be reduced by applying this strategy, especially when functionalising with bulky 
hydrophilic groups [33]. 

On the other hand, the larger and longer the ligand is, the larger the pores are and higher the 
capacity is. Ligand expansion is often applied trying to obtain better guest molecules uptakes. 
The major difficulty encountered applying this strategy is the stability of the framework: the 
augmented dimension of the linker usually enhances the risk of structural collapsing after 
solvent removal and of framework intercalation, reducing the available pore volume. 
Moreover, pores too large tend to increase the risk of capillary condensation and hysteresis in 
the water cycling adsorption-desorption isotherm [30].  
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2.3.4 Influence of the metallic SBUs 

 

Heavy metals usually generate highly charged cations hence strong M-L bonds and water 
stable MOFs. However, they show a high specific weight, so they lower the capacity of 
MOFs that contain them (calculated as cm3 of water per grams of MOF sample) [30]. 

Not less important is the toxicity of the metals because, in the view of exploiting MOFs for 
drinking water harvesting, it should be considered that after repeated cycles of use the 
material may release metals into the harvested water. Therefore, for drinking water it is better 
to use low toxic metals as Al and Fe [30]. 

 

2.3.5 Influence of defects 

 

Another known strategy to increase water uptakes is the defect introduction. It has been 
observed that MOFs with defects show a greater hydrophilicity and higher capacity than the 
defects-free ones, probably because defects create small additional hydrophilic pores in 
which water can fill and increase the pore volume [38] [39], [40]. 

For example, according to H. Furukawa et al, defective MOF-801 showed a maximum water 
uptake 1.3 times greater than the single crystal and defects-free MOF-801 sample [40]. This 
difference in maximum uptake between the two forms of MOF-801 was also observed in the 
N2 sorption measurements and was ascribed to the presence of defects in the powder form 
[40]. 

Another example regards the case of defective UiO66: simulated adsorption isotherms for 
water showed significant changes depending on the concentration of defects [39]. Indeed, the 
presence of defects in the form of missing linkers makes this MOF more hydrophilic [39]. 
This was deduced by calculating adsorption heats: for the ideal Uio-66 adsorption heat 
increased sharply with water uptake (hydrophobic behaviour) while for the UiO-66 with 
defects it decreased at higher water loadings (hydrophilic behavior). 

 

2.3.6 Scheme of a passive water harvesting device 

 

An ideal water harvesting device is one that makes use of an adsorbent with high capacity 
and that exploits a renewable, low grade and abundant source of energy, as solar-thermal 
energy, in order to potentially allow its deployment in households, especially those located in 
sunny arid places [41].  
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The process through which such devices produce fresh water follows three main steps [30]: 

1. Adsorption of water from air at low temperatures and high RH  
2. Desorption at high temperatures 
3. Condensation at low temperatures 

A simple scheme of a passive water harvesting device is illustrated in fig. 2.3: a box is 
equipped with an adsorbent MOF layer and a condenser on opposite sites. First step, box 
open, is the adsorption of water by the adsorbent exposed to cool humid air (i.e. 20°C and 
20% RH) with release of adsorption heat to the environment. These conditions are common 
during the night in hot desert areas. In the second step, the adsorbent saturated, box is closed 
and the temperature increases (i.e. solar heating during day time), the adsorbent releases 
water vapour inside the box, increasing the RH. Finally, cooling the air close to the condenser 
up to the dew point (100% RH) generates liquid water ready to use, while condensation heat 
is released to the environment. 

 

Fig. 2.3: Scheme of a passive water-harvesting device. The MOF is saturated with at 20 °C (20% RH, night 
conditions, point 1); subsequent heating during the day regenerates the MOF (point 2); the humidity ratio inside 
the device is increased until 100% RH is reached close to the condenser (point 3). Water condenses (point 4) 
and the dry air is exchanged by humid air again to close the cycle [30] 

 

An example of such apparatus is the one studied by Yaghi et al. where MOF-801 has been 
used as an adsorbent layer [41]. Once water vapor is adsorbed into the MOF, solar energy 
was used to release the adsorbate. Water was then harvested using a condenser maintained at 
temperatures near that of the surrounding environment. For MOF-801, a temperature swing 
between 25° and 65°C can harvest more than 0.25 liters kg–1 at >0.6 kPa vapor pressure (20% 
RH at 25°C) [41]. A photo of the device developed by Yaghi et Al. is illustrated in fig. 2.4 
[41]. 
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Fig. 2.4: Image of a water-harvesting prototype with activated MOF-801 with a weight of 1.34 g, a packing 
porosity of ~0.85, and outer dimensions of 7 by 7 by 4.5 cm [41]. 

 

MOF-801 is a Zr based MOF with fumarate as organic linker. The structure features two 
types of tetrahedral pores (5.6 Å and 4.8 Å across) and one octahedral pore that has a 
diameter of about 7.4 Å (fig. 2.5). Such small pores are optimal for the adsorption of small 
molecules as water molecules [42]. 

 

 

Fig. 2.5: structure of MOF-801 illustrating three different cavities, two of which are tetrahedral (green and pink 
spheres) and one of which is octahedral (yellow sphere) [30] 

 

More recently Yaghi et al has reported another system, MOF 303 which has shown 
promising properties for the adsorption of water [43]. Thanks to a multi-technique approach 
they were able to deeply characterize the water adsorption mechanism in MOF-303 
highlighting the role of the metal sites. 
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MOF303 is an aluminium based MOF 
obtained by coupling PZDC linkers and 
aluminium octahedra. The resulting 
structure features two type of pockets. The 
first one, due to the presence of polar 
organic linkers, is a hydrophilic one (fig. 
2.6) and facilitate the adsorption of water 
while the second one possesses 
hydrophobic properties thanks to the 
relative arrangement of the organic linkers. 
This pore-configuration makes the 
material particularly interesting for water 
adsorption applications. Through in situ 
SC-XRD (Single Crystal X-ray 
diffraction) it has been possible to locate 
the first binding site of water inside the 
pore structure. This appears to be near the 
aluminium metal sites thanks to which first 
adsorbed water molecules act as nucleation 
sites for the following water molecules. By 
the use of the same technique was also 
possible to confirm the desorption of water 
in the hydrophobic pores which, due to 
their nature, would be the first sites 
hosting the desorption of water molecules. 

 

Fig. 2.6: side view visualizing two hydrophilic 
pockets defined by a pair of pyrazole-based 
linkers with their nitrogen atoms (green) 
pointing toward each other and flanked by two 
aluminum oxide rod-like SBUs [43] 

As seen, the use of protected inorganic SBUs has hindered the water-guided degradation of 
the frameworks allowing the use of this material for water harvesting applications. Again, 
also in this case the deep comprehension of the water adsorption sites and the understanding 
of the metal-water interactions reveals to be a key point for the development of better 
performing materials. 
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Chapter 3 
Purpose of the thesis 

 

Purpose of this thesis work is the synthesis and characterization of various metal-organic 
frameworks with open metal sites with a view to a possible application in the field of water 
harvesting.  

We chose to focus on MOFs featuring open metal sites because of their common 
hydrophilicity [44] and because of the intention to make use of XAS and XPS experiments 
through which, in the presence of open metal sites, it is possible to observe the local 
geometric and/or electronic structural modifications of the metal ions interacting directly with 
water molecules during the whole process of water adsorption at those mentioned exposed 
metal sites.  

In particular, we studied water-stable MOFs in order to better understand the phenomena that 
occur during metal-water interaction in such compounds that exhibit both water stability and 
OMS. 

We chose to synthesize Co and Mn of the series of MOF-74 (also known as CPO-27) and 
(Fe)-MIL-100. Co and Mn MOF-74 are known for their water stability and gas storage 
capacity as well as (Fe)-MIL-100 [12] and that makes them good candidates for the 
developing of a water harvesting device. Out of the series of MOF-74 we focused on Mn 
because it is one of the least studied until now and on Co because, according to previous 
literature, it shows great gas-adsorption properties [45], [46]. Moreover, Co and Mn can be 
analysed with XAS and XPS experiments, hence allowing to study the influence of the metal 
in such systems. On the other hand, (Fe)-MIL-100 is interesting because of its low toxicity 
and high cycling stability [12]. 
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Chapter 4 
Synthesis and PXRD&IR 

characterization of target MOFs 
 

4.1 Co and Mn MOF-74 
 

MOF-74 series have general formula M2dobdc where dobdc stands for the deprotonated form 
of the 2,5-Dihydroxyterephthalic acid of formula (HO)2C6H2-1,4-(CO2H)2. 

The M2dobdc structure type features one-dimensional metal oxide chains that are connected 
by dobdc4− ligands to form a hexagonal array of channels, approximately 11 Å across. 
Moreover, it shows an infinite chain of square pyramidal metal cations that have an open 
coordination site directed into the channel [45] (fig. 4.1). 

 

Fig. 4.1: Crystal structure representation of MOF-74 (M—blue, C—grey, O—red); view along the 
crystallographic c axis. The structure is shown for the solvent-free state: the metal centers are penta-coordinated 
(blue pyramids) with one open site directed into the channel [47]. 
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According to M. H. Rosnes et al [48], (Mn)-MOF-74, synthesized as reported in the literature 
[49], started to decompose at 520 K and at 700 K was fully decomposed, while (Co)-MOF-
74, synthesized as reported in [50], started at 680 K and ended at 800 K. TGA 
(thermogravimetric analysis) analyses in the same study showed loss of non-coordinated 
water between 293 and 350 K and loss of coordinated water between 350 and 390 K for 
(Mn)-MOF-74 and loss of water from 300 and 500 K for (Co)-MOF-74. 

 

4.1.1 First synthesis of (Mn) and (Co)-MOF-74 

 

For the synthesis of the first (Mn)-MOF74-1 the procedures reported in literature were 

followed with little variations [46], [51]. For a typical synthesis MnCl24H2O (220.3 mg, 
1.113 mmol, 3.3 equiv) and 2,5-dihydroxyterephthalic acid (66.3 mg, 0.335 mmol, 1 equiv) 
are dissolved in a 15:1:1 (v/v/v) mixture of DMF-ethanol-water (30 mL) in a 50 mL screw 
cap jar.  The reaction jar is capped tightly and heated in an oven at 125ºC for 3 days.  The 
sample is then removed from the oven and allowed to cool to RT. The product was partly 
stored immediately without washing and partly washed with methanol several times and then 
stored, in order to analyze both the washed and as synthesized compounds. 

 

For the first (Co)-MOF-74-1 the synthesis procedure follows the one reported in 
literature[52] with little variations. For a typical synthesis 70.8 mg of 2,5-dihydroxyter-
ephthalicacid (dobdc) and 214.8 mg of Co(NO3)2·6H2O are dissolved in a 50 mL jar in 10 
mL of dimethylformamide(DMF), 10 mL of ethanol and 10 mL of water. The jar is capped 
tightly and placed in oven at 125°C for 3 days. The sample is then removed from the oven 
and allowed to cool to RT. It is partly stored immediately without washing and partly washed 
several times with methanol and then stored, in order to analyze both the washed and as 
synthesized compounds. 

 

4.1.2 IR characterization of synthesized (Mn) and (Co)-MOF-74-1 

 

The (Mn) and (Co)-MOF-74-1 samples were analyzed with IR spectroscopy (ATR-FTIR, 
instrument details in the experimental section) both as synthesized (labelled as “AS”) and 
after washing procedures (labelled as “EXEX”). Figures 4.2 and 4.3 show the IR spectra of 
(Mn) and (Co)-MOF-74-1 respectively. 
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Fig. 4.2: ATR-FTIR spectra of (Mn)-MOF-74-1 (AS---black, EXEX---red) 

 

Fig. 4.3: ATR-FTIR spectra of (Co)-MOF-74-1 (AS---black, EXEX---red) 
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For both Co and Mn MOFs, the washed (EXEX) spectra showed a decreased intensity for the 

peak at 1650 cm-1 due to the carbonyl of DMF, and the disappearance of the peak at 670 
cm-1 due to the stretching of C-N bonds of DMF, sign that the methanol washing has been 
effective in removing a major part of DMF from the pores. Probably the little peaks 
remaining are due to DMF strongly chemisorbed on the open metal sites (IR spectra of DMF 
and dobdc ligand are reported in the experimental section). 

 

4.1.3 Investigation of Mn and Co-MOF-74-1 samples stability to air 

 

The as-synthesized (AS) (Mn)-MOF-74-1 and (Co)-MOF-74-1 series were analyzed with X-
ray powder diffraction (PXRD) to confirm the success of the synthetic procedures and, also, 
after being washed with methanol one time (EX) and two times (EXEX) to monitor the 
cleaning process. Moreover, to check the stability to air of such compounds, both the AS and 
EX/EXEX samples were stored uncapped and analyzed at PXRD several times for 2 months, 
approximately once a week. Figures 4.4 and 4.5 show the trend of PXRD patterns of the as 
synthesized (AS) (Mn)-MOF-74-1 and of the washed series (EX/EXEX) (Mn)-MOF-74-1, 
while figures 4.6 and 4.7 show the PXRD pattern of the (AS) (Co)-MOF-74-1 and 
(EX/EXEX) (Co)-MOF-74-1 respectively. 

 

 

Fig. 4.4: PXRD patterns of the As Synthesized (Mn)-MOF-74-1: time flows from bottom to top. From the 5th 
pattern from bottom (Day 29) the sample was kept uncapped in contact with air and immediately started to 
decompose, suggesting instability to air. 
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Fig. 4.5: PXRD patterns of the (Mn)-MOF-74-1 exchanged with methanol and stored uncapped: time flows 
from bottom to top. From the sixth week the sample was washed a second time with methanol (EXEX) in order 
to complete the washing. The exchanged (Mn)-MOF-74-1 showed great stability towards air and time. 

 

Fig. 4.6: PXRD patterns of the As Synthesized (Co)-MOF-74-1: time flows from bottom to top with the black 
pattern recorded the day of synthesis. The AS (Co)-MOF-74-1 showed great stability towards air and time. 

 

Fig. 4.7: PXRD patterns of the (Co)-MOF-74-1 Exchanged with methanol: time flows from bottom to top. From 
the fourth pattern the sample was washed a second time with methanol (EXEX) in order to complete the 
washing. The exchanged (Co)-MOF-74-1 showed great stability towards air and time. 
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Exchanged (Mn)-MOF-74-1 and (Co)-MOF-74-1 resulted being stable to air and time as well 
as the AS (Co)-MOF-74-1. Interestingly, the AS (Mn)-MOF-74-1 started to decompose when 
left uncapped in contact with air. To confirm this trend in the AS (Mn)-MOF-74 behaviour 
towards air, another experiment has been conducted synthesizing new (second) (Mn)-MOF-
74-2 sample and monitoring the new AS sample through time. 

With these results confirming the stability of washed samples, we proceeded to synthesize a 
new batch of Co and Mn MOF-74. 

 

4.1.4 Synthesis of a new batch of (Mn) and (Co)-MOF-74 

 

The synthesis of new (Mn)-MOF-74-2 has been conducted in four 250 mL vials following the 

procedure of references [46], [51]. Into each vial were added 0.3825 g of dobdc dissolved in 

152 mL of DMF and a solution of 1.2675 g of MnCl2·4H2O dissolved in 10 mL EtOH + 10 
mL H2O. The reaction jars were capped tightly and heated in an oven at 135ºC for 24 hours 
(time and temperature exact as in the referenced literature, hence slightly different from the 
previous batch of (Mn)-MOF-74-1 that used 125°C for 3 days). Once cooled to RT the jars 
were filtered on vacuum on a septum with filter paper and washed with MeOH. Part of the 
AS MOF was stored capped separately for few days, analyzed at PXRD then left stored 
uncapped to see if it degrades when exposed to air. The remaining product was first washed 
with methanol (MeOH) than washed with ethanol (EtOH), hence part of the sample was 
washed also with deionized water (H2O) to check water stability. 

For the new (Co)-MOF-74-2 the reaction has been conducted in four 250 mL vials following 

directions from [52]. Into each vial were added 0.9675 g of Co(NO3)2·6H2O dissolved in 

45+45 mL of H2O + EtOH and a solution of 0. 3175 g of dobdc dissolved in 45 mL DMF. 
The reaction jars were capped tightly and heated in an oven at 125ºC for 72 hours, as exactly 
for the previous batch (hence slightly different from the cited literature). A little part of the 
product was stored as synthesized and the remaining was washed several times with 
methanol. Hence, part of the washed sample was sunk in deionized water to check water 
stability. 

 

4.1.4 IR characterization of synthesized (Mn) and (Co)-MOF-74-2 

 

The AS synthesized (Mn)-MOF-74-2 showed many additional signals in the IR spectrum: 

two DMF peaks are present (1650 cm-1 carbonyl stretching and  670 cm-1 C-N stretching) 

and a broad detailed band between 3200 and 2700 cm-1 due to the stretching of acid O-H 
of unreacted dobdc ligand which overlap with the water/phenol O-H stretching broad band 
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between 3600 and 3200 cm-1 (fig. 4.8-D). After washing with MeOH and EtOH the DMF 

peaks disappeared as well as the broad band between 3200 and 2700 cm-1 of the unreacted 
dobdc (fig. 4.8-C and B). However, the cleaning was not fully effective because the PXRD 
patterns of the samples washed with methanol and ethanol showed many peaks belonging to 
additional phases a part of the one of MOF-74, as illustrated in the following section. 

We also soaked part of the washed (Mn)-MOF-74-2 in deionized water and collected an IR 
spectrum to check for water stability: no significant changes were observed in the new IR 
suggesting that the (Mn)-MOF-74 is stable in liquid water (fig. 4.8-A). 

 

Fig. 4.9: IR spectra of (Co)-MOF-74-2 
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Fig. 4.8: IR spectra of (Mn)-MOF-74-2 
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For (Co)-MOF-74-2, the MeOH-washed spectra showed a decreased intensity for the DMF’s 

peaks at 1650 cm-1 and 670 cm-1 as compared to the AS one (fig. 4.9 A,B and C), 
suggesting that the methanol washing has been effective in removing a major part of DMF 
from the pores. Probably the little peaks remaining are due to DMF strongly chemisorbed on 
the open metal sites (IR spectra of DMF and dobdc ligand are reported in the experimental 
section). 

 

4.1.5 Checking air instability of “as synthesized” (Mn)-MOF-74-2 

 

The as synthesized (AS) (Mn)-MOF-74-2 (second batch) was analyzed with PXRD through 
time to double-check the instability to air observed for the previous batch of as synthesized 
(Mn)-MOF-74-1. The new PXRD patterns confirmed the trend: after almost two months (56 
days) of exposure to air the AS sample’s PXRD pattern showed great loss of crystallinity (fig. 
4.10).  

 

 

Fig. 4.10: PXRD pattern of the as synthesized (AS) (Mn)-MOF-74-2 (second batch). Time flows from bottom 
(yellow pattern just left to air) to top (blue pattern, 56 days of air exposure). In the last pattern the main peaks of 

the MOF-74 at 6.5 and 11.5 2q are almost disappeared. 

 

The as synthesized compound is not pure: each pattern was analyzed with Le Bail procedure 
and showed some little peaks not attributable to (Mn)-MOF-74, sign that more than one 
phase is present in the sample. (fig. 4.11 shows the Le Bail fitting of (Mn)-MOF-74-2 AS). 
Since the washed sample is stable to air, we hypothesize that the impurities may induce or 
accelerate the degradation mechanism of the MOF. 
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Fig. 4.11: Le Bail fitting of (Mn)-MOF-74-2 AS pattern. (Blue—calculated pattern, red—experimental pattern, 
grey—difference between calculated and experimental patterns). The red pattern was calculated with parameters  

Rwp 
Space 
group 

Volume/Å3 a / Å b / Å c / Å  / ° β / ° γ / ° 

7.01 R-3 4179.576 26.502 26.502 6.871 90 90 120 
 

 

4.1.6 PXRD characterization of washed & activated (Mn)-MOF-74-2 

 

The cleaning procedure consists of several washing steps in MeOH and EtOH. Although this 
procedure has been proven effective for other materials, in the case of (Mn)-MOF-74-2 
PXRD pattern still showed peaks of impurities (fig. 4.13). 

Hence, a small amount of the sample was sunk in deionized water to check water stability 
and we observed that not only (Mn)-MOF-74 is stable to water but also that it has washed 
completely, and that the crystallinity has improved (fig 4.13): the Le Bail of the water washed 
sample showed no more unindexed peaks (fig. 4.12). 
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Fig. 4.12: Le Bail of (Mn)-MOF-74-2 washed with MeOH, EtOH and sunk in deionized water. All peaks are 
well fitted by the Le Bail calculation suggesting pureness of the sample. (red---calculated pattern, blue---
experimental pattern, grey---difference between calculated and experimental patterns).  

Rwp 
Space 
group 

Volume/Å3 a / Å b / Å c / Å  / ° β / ° γ / ° 

2.82 R-3 4188.246 26.593 26.593 6.838 90 90 120 
 

 

Fig. 4.13: PXRD patterns of (Mn)-MOF-74-2 during the stages of washing: as synthesized (AS), washed with 
MeOH, washed with MeOH than with EtOH and washed with MeOH, EtOH than sunk in deionized water. The 
last pattern (blue, at the top) has been recorded after activation of the sample washed with MeOH and EtOH: it 
shows great loss of crystallinity. 
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The (Mn)-MOF-74 sample washed with MeOH and EtOH was subsequently activated under 
vacuum to remove any DMF left in the pores by heating at 170°C. However, after 1 hour of 
heating the color of the sample shifted into a darker brown, so the temperature was lowered 
to 120°C for one night. PXRD pattern of the activated sample (labelled as “MeOH-EtOH 
activated”) showed great loss of crystallinity: the peaks lowered and broadened significantly 
(fig. 4.13), suggesting instability to high temperature.  

 

4.1.7 Water induced re-crystallization of activated (Mn)-MOF-74-2 

 

Since the PXRD pattern of the activated (Mn)-MOF-74-2 washed with MeOH-EtOH showed 
loss of crystallinity, a small amount of the activated sample was washed in deionized water 
aiming to restore crystallinity and then re-activated. However, the PXRD pattern showed 
complete degradation after the re-activation (fig. 4.14). 

We wondered if only washing in water without re-activating the sample would restore the 
crystallinity, hence we made three tests: 

- H2O drop: we put a pinch of the MeOH-EtOH activated powder sample on a petri 
glass and dropped on it two drops of deionized water then left it to air dry. Hence, we 
collected an PXRD pattern of this “H2Odrop” sample to check if water itself, without 
even washing away impurities, is enough to restore crystallinity. It is: crystallinity has 
improved (fig. 4.14). However, the sample was not completely pure: according to Le 
Bail analysis of the pattern some peaks are not attributable to (Mn)-MOF74  
 

- H2O decanted: a small amount of the activated sample was washed with deionized 
water and the waste waters were decanted.  The powder was than collected and 
analyzed at PXRD. Crystallinity improved (fig. 4.14 and phase is pure: Le Bail 
analysis fitted all the peaks well. 
 

- H2O filtered: a small amount of the activated sample was washed with deionized 
water and the waste waters were filtered.  The powder was than collected and 
analyzed at PXRD. Crystallinity improved even more than the one sample of which 
waste waters were decanted (fig. 4.14). The phase is pure: Le Bail analysis fitted all 
the peaks well. 
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Fig. 4.14: PXRD patterns of (Mn)-MOF-74-2 activated (yellow), washed with water and re-activated (orange), 
hydrated with water drops (magenta), washed with water and decanted (purple), washed with water and filtered 
(blue).  

 

Given that interesting behavior of re-crystallization after water baths we hypothesize that the 
MOF may collapse when its pores got vacuumed and re-organizes while sunk in water, 
helped by solvation and water molecules filling the pores. 

 

4.1.8 PXRD characterization of synthesized (Co)-MOF-74-2 

 

Unlike (Mn)-MOF-74-2, the cobalt analogue resulted almost pure immediately when 
synthesized. Le Bail fitting of the as synthesized (AS) PXRD(Co)-MOF-74-2 PXRD pattern 
has confirmed phase purity of the sample. (fig. 4.15). The sample has been washed anyway 
with methanol two times in order to exchange DMF inside the pores. Later, it has been 
activated under vacuum at 170°C for 1 hour then lowered at 120°C overnight due to a color 
shift to a slightly darker brown. After the activation procedure the crystallinity worsened a 
little, as illustrated by PXRD patterns in fig. 4.16, maintaining, in any case, a quite good 
crystallinity, much better if compared to the manganese one which resulted almost 
amorphous after activation (fig. 4.17). 
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Fig. 4.15: Le Bail of as synthesized (AS) (Co)-MOF-74-2, all peaks are well fitted (red---calculated pattern, 
blue---experimental pattern, grey---difference between calculated and experimental pattern).  

Rwp 
Space 
group 

Volume/Å3 a / Å b / Å c / Å  / ° β / ° γ / ° 

3.05 R-3 4012.242 26.109 26.109 6.796 90 90 120 

 

 

Fig. 4.16: PXRDs of (Co)-MOF-74-2 (second batch). As synthesized (AS), washed with methanol one time 
(MeOH) and two times (MeOH-MeOH) and after activation (MeOH-MeOH activated). The AS patterns and 
washed ones are very similar in crystallinity, the activated one instead shows lower peaks. All the patterns have 
been analyzed with Le Bail method to confirm pureness of the phase (Le Bail analyses are reported in the 
experimental section). 
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Fig. 4.17: Comparison between (Mn)-MOF-74- 2 (bottom) and (Co)-MOF-74-2 (top) loss of crystallinity after 
activation. The manganese sample worsened much more than the cobalt one. 
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4.2 Fe MIL-100 
 

Fe MIL-100 is a Fe(III) based MOF which features a large pore structure [53]. Its SBU 
(second building unit) contains three Fe(III) ions in octahedral coordination sharing one 
vertex (the single O atom). The equatorial positions are occupied by the O atoms of the 
ligands BTC (Trimesic acid, C6H3(CO2H)3, fig. 4.19). The apical position of one of the three 
octahedra coordinates an anion which can vary depending on the synthetic route (F-or OH-) 
while the last two apical positions present two adsorbed water molecules (fig. 4.18). The 
MOF in the fully activated form, has chemical formula Fe3O2(BTC)2 with three open metal 
sites, while the hydrated formula, with water coordinated to the OMS, is 
Fe3O(H2O)2(X)(BTC)2 [54]. 

 

 

Fig. 4.18: Structure of (Fe)-MIL-100. On the right, in the frame, is shown the Fe(III) SBU with different anions 
possibilities and two open metal sites per SBU, in the centre the small cage (yellow) and large cage (green), on 
the left how the small and large cages combine in the MOF into a MTN topology [54]. 

 

The structure of (Fe)-MIL-100 is characterized by four SBUs connected by other BTC 
ligands forming a supertetrahedron. (fig 4.19). More supertetrahedra combine themself in a 
MTN topology that shows 2 different mesoporous cages (fig. 4.18 and 4.19). The larger one 
is 29 Å (2.9 nm) across and shows pentagonal and hexagonal windows of 5.5 Å and 8.6 Å 
across, while the small cage measures 25 Å (2.5 nm) across and shows only pentagonal 
windows of 5.5 Å diameter.   
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Fig. 4.19: Timesic acid (btc) and Fe(III) SBU combining into the small and large cage of MIL-100 framework 
[55]. 

 

Thanks to its large surface area (BET surface area is as high as 2300 m2g−1), (Fe)-MIL-100 
can reach adsorption capacity of 0.75 g of water per gram of MOF at 298 K [12], [53]. 

 

4.2.1 Synthesis of the first batch of (Fe)-MIL-100 

 

For (Fe)-MIL-100 we followed the mechanochemical green synthesis developed by B. E. 
Souza et al [25] that makes no use of solvent except for water. In this procedure, ligand and 
metallic salt powders were ground together, heated in an oven and then washed in water to 
start a reconstruction process of the framework (fig. 4.20). 

More specifically, 245.6 mg of Fe(NO3)3∙9H2O [iron(III)nitrate 9-hydrate] and 85.6 mg of 
H3BTC [benzene-1,3,5-tricarboxilic acid] were combined in the agate mortar and manually 
ground for 15 mins. The resulting material was heated in the oven in a screw cap jar at 160°C 
for 4h to complete the annealing process. Part of the product was stored as synthesized (AS) 
while the remaining (and major) part of the product was washed by centrifugation with 
methanol (10 min) and deionized water (10 min) to remove any unreacted components and 
allowed to dry at RT one night.  

Hence, the sample has undergone numerous washes in deionized water at RT in order to 
enhance its crystallinity. In fact, according to B. E. Souza et al [25], the as synthesized (Fe)-
MIL-100 presents a defective structure in which the ligand is still protonated and doesn’t 
coordinate directly with the metal centre. Water baths would “reconstruct” the MOF. Acting 
as a weak base, water would deprotonate the ligand thus allowing the metal and the trimesic 
acid to link together (fig. 4.20). 
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Fig. 4.20: Scheme of mechanochemical synthesis (a) and water reconstruction (b) from[25]. 

 

4.2.2 Water reconstruction attempts of the first batch of (Fe)-MIL-100 

 

After the annealing, the sample has been washed several times (always around 1-2 days each) 
in deionized water under stirring at RT for the reconstruction process. In order to understand 
which washing procedures allowed a faster increase in crystallinity, different washing times 
were tried. The first washes (1 to 5) were generally short (few hours in total) and water was 
changed frequently. For the last washes, instead, the samples were kept in water for longer 
times (1-3 days). After each wash the sample was centrifugated to allow for the decanting of 
the supernatant waters, hence it was left to air dry on a watch glass. 

We expected to see an improvement of the crystallinity in the PXRD patterns after each 
wash, as observed by B. E. Souza et al [25]. However, our sample only improved a little after 
the first wash (W1) while the subsequent washes (W2-W9) seemed to have no effect on the 
sample’s crystallinity, if not, even, to make it worsen (fig 4.21).  
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Fig. 4.21: PXRD patterns of the first batch of (Fe)-MIL-100 after subsequential washes in deionized water.  
Only W1 pattern (washed 1 time) improved compared to the previous as synthesized one (AS). The following 
washes had no effect in enhancing the crystallinity. 

 

To notice, after the eighth wash (W8) the sample was heated with an air pump at 60°C in 
order to accelerate the drying process. As a result, the PXRD pattern showed one peak less 
than the previous pattern (W7).  

To investigate whether the sample’s crystallinity depends on the temperature, some of the W9 
powder was refrigerated at 5°C then analyzed at PXRD: no significant changes were 
observed suggesting that cold temperatures do not help in restoring the crystallinity (fig 
4.22). 

 

 

Fig. 4.22: Comparison between PXRD patterns of W9 (washed nine times) and W9r (washed nine times and 
refrigerated) samples. 
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4.2.3 Synthesis of a new batch of (Fe)-MIL100 

 

Since the previous batch hadn’t recovered in crystallinity, we decided to synthesize a new 
batch of (Fe)-MIL-100 still following the synthetic procedure [20] but paying closer attention 
to the washing steps and skipping the methanol washing before the reconstruction process. 

More specifically, 4.912 g of Fe(NO3)3∙9H2O (iron(III)nitrate 9-hydrate) and 1.712 g of 
H3BTC (benzene-1,3,5-tricarboxilic acid) were combined in the agate mortar and manually 
ground for 15 mins. The resulting material was heated in the oven in a screw cap 50 mL jar at 
160°C for 4h to complete the annealing process. Part of the product was stored as synthesized 
(AS) while the remaining (and major) part of the product has undergone water reconstruction.  

 

4.2.2 Water reconstruction of the new batch of (Fe)-MIL-100 

 

For the new water reconstruction process, we took special care not to centrifuge the sample or 
heat it during the drying process. 

The sample powder was divided into 7 vials of 40 mL each with deionized water under 
stirring at RT. Each vial was kept under water reconstruction for different times (refreshing 
the water once a day) then filtered under vacuum pump and let to air dry on a petri glass for 
few hours (except for the vial W7 that was decanted - after being left to settle overnight - then 
put in the oven at 36°C overnight to dry) and analyzed at PXRD, in order to record gradually 
the increase of crystallinity. The table below shows the steps followed. 

Name Time in water Mass / g Color 
FeMIL100 AS none 0.080 Rust orange 
FeMIL100 W1 3 h 0.4393 Light orange 
FeMIL100 W2 6 h 0.4086 Light orange 
FeMIL100 W3 1 day 0.3509 Light orange 
FeMIL100 W4 2 days 0.4338 Light pinkish orange 
FeMIL100 W5 3 days 0.4193 Light pinkish orange 
FeMIL100 W6 4 days 0.4043 Light pinkish orange 
FeMIL100 W7 7 days 0.4988 Light pinkish orange 
 

Gradually the color of the powder shifted into a lighter orange (fig. 4.23). 
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AS                                             W1                                             W2                                            W3 

         

 W4                                            W6                                             W7 

Fig. 4.23: Color shifting of the new batch of (Fe)-MIL-100 after different water washing times 

 

Very interestingly the PXRD patterns of the samples AS and W1 to W6 showed a very slow 
improvement of crystallinity and slow emergence of the low angle peaks – instead the sample 
W7 showed a surprisingly faster improvement (fig. 4.24). We hypothesize that the different 
drying method is the key to higher crystallinity. We also took into account the possibility that 
with the previous drying methods the samples may not have dried completely. However, 
further experiments need to be conducted to better understand the actual influence of each 
parameter.  

 

Fig. 4.24: PXRD patterns of the new batch of (Fe)-MIL-100 samples after different water washing times 
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Chapter 5 
Advanced synchrotron radiation 

techniques 
 

Some of the samples, synthesized as described in the previous chapters, were brought to APE 
beamline at Elettra Synchrotron of Trieste for further analyses. The APE (Advanced 
Photoelectric effect Experiments) beamline is conceived as a surface science laboratory for 
advanced spectroscopies and is composed of two distinct branches: APE-LE (Low Energy) 
devoted to Angle-resolved photoemission spectroscopy (ARPES) and APE-HE (High 
Energy) dedicated to X-ray absorption spectroscopy (XAS) and X-ray photoelectron 
spectroscopy (XPS) in the soft X-ray range. Despite the use of synchrotron radiation APE-HE 
beamline offers the chance to use a second XPS supplied by a personal Roentgen X-ray tube. 
We measured the samples with this independent XPS instrumentation in order to obtain 
preliminary results useful for the future XAS experiment scheduled at the end station of APE-
HE beamline. 
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5.1 XPS: X-ray Photoelectron Spectroscopy 
 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 
Analysis (ESCA), is commonly used to investigate the chemical composition of surfaces. 
XPS enables to explore the first few atomic layers and finds its main application in the 
assignment of the chemical states of detected atoms. 

 

5.1.1 Introduction 

 

X-ray Photoelectron Spectroscopy (XPS) was developed by Kai Siegbahn and his research 
group in the mid-l960s at the University of Uppsala, Sweden. In 1981, thanks to his work 
with XPS, Siegbahn was awarded with the Nobel Prize for Physics [56]. 

Surface analysis using XPS involves irradiating a solid in vacuo with soft monoenergetic X-
rays and analyzing the emitted electrons by energy. Since the average free electron path in 
solids is very short, the detected electrons only come from the top few atomic layers, 
rendering XPS a surface-sensitive technique for chemical analysis. 

The spectrum obtained is a chart of the number of electrons detected (intensity) versus their 
kinetic or binding energy (that is the energy of the orbital of the electron in the atom). The 
spectrum of a single element is unique, like a fingerprint. The spectrum of a mixture of 
elements is approximately the sum of the peaks of the single components [56]. Quantitative 
data can be extracted from peak heights or peak areas, and the identification of chemical 
states of the elements can often be made from the exact measurement of peak positions 
(which often show small energy shifts depending on the oxidation state) and shape [56]. 

 

5.1.2 Physical phenomenon involved: photoelectric effect 

 

The sample is irradiated with soft X-ray, as K1 line of Al (1486.7 eV) or Mg (1253.6 eV), 
which penetrate the solid by only 1-10 micrometers. Hence, they interact only with the 
surface of the sample causing electron emission by photoelectric effect from the top atoms 
[56]. 
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The X-ray photon is first absorbed by the 
sample causing the expulsion of one 
electron from its atomic orbital (fig. 5.2-a). 
According to the energy conservation law, 
the emitted photoelectron moves with a 
kinetic energy given by [56]: 

𝐾𝐸 =  ℎ𝜈 −  𝐵𝐸 −    

where hv is the energy of the incident 
photon, BE is the binding energy of the 
atomic orbital from which the 

photoelectron originates, and  is the 
spectrometer work function 

The binding energy is the energetic 
difference of the electron between the 
Fermi level (free electron) and the original 
orbital. The more the electron is bound and 
close to the nucleus the higher the binding 
energy is. The p, d and f orbitals become 
split upon ionization due to the spin-orbit 
effect [56]. Moreover, there is a different 
probability or cross-section for each orbital 
to undergo ionization [56]. Relative 
binding energies and ionization cross-
sections for an atom are shown 
schematically in fig. 5.1. Each element has 
its unique energy levels hence unique XPS 
spectrum. Little shifts in the elemental 
binding energies arise from differences in 
the chemical potential and polarizability 
due to different chemical states of the 
compound [56]. 

 

 

Fig. 5.1: example of an atomic energy structure 

The excited state resulting from the photoelectron emission process consists of a core hole. 
After the absorption the atom undergoes a relaxation process in which the core-hole is filled 
by an electron from a higher energy level [57]. For energy balance another and less tightly 
bound electron is emitted (Auger emission) (fig. 5.2-b) [57]. The competing emission of a 
fluorescent X-ray photon is a minor process in this energy range [56]. 
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Fig. 5.2: a) absorption of an X-ray photon causing the emission of an electron from the core levels 
(photoelectron). b) relaxation process of Auger emission: one electron from a higher level fills the vacancy left 
by the photoelectron and simultaneously another electron is emitted for achieving energy conservation. [57] 

 

While photoelectrons have fixed binding energies and shifted kinetic energies as the energy 
of the X-ray source changes, Auger electrons have fixed kinetic energies and shift their 
binding energy positions. 

An XPS spectrum is the sum of photoelectrons (which give information about the core levels 
energies of the atom) and of the Auger electrons [56].  

Electrons interact with matter much more easily than photons, hence while the photons excite 
atoms up to few micrometers deep, only electrons generated a few Angstroms from the 
surface reach the detector without energy loss [56]. Electrons that, instead, undergo inelastic 
scattering against matter, and loose energy before being detected, are called secondary 
electrons and are responsible for the background line of the XPS spectrum. 
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CHAPTER 6 
XPS characterization of synthesized 

samples 
 

For each of the target frameworks, the sample with the highest crystallinity was analyzed at 
the Roentgen tube supplied XPS of APE beamline in, at least, three different states: pristine, 
activated and treated ex situ with water vapour, aiming to observe the effect of activation and 
water to the surface of our MOFs. 

 

6.1: (Mn) and (Co) MOF-74 
 

The available sample of (Co)-MOF-74 showing the highest crystallinity, hence selected for 
XPS analyses, was the activated one (no powder was left of the non-activated and slightly 
more crystalline state) while, for the (Mn)-MOF-74, was the MeOH, EtOH and water washed 
without activation. 

 

6.1.1 Data collection 

 

The analyses were performed with Al K1 line (1486.7 eV) in a cell kept under ultra-high 

vacuum (10-9 mbar). (Mn)-MOF-74 sample was prepared on carbon tape adhering to Mo 
sample-holder (fig. 6.1-a) while (Co)-MOF-74 sample was prepared on carbon tape adhering 
to Cu sample-holder (fig. 6.1-b). Both Mn and Co samples were analysed: 

- Pristine 

- XPS-activated: activated under ultra-high vacuum (P10-9 mbar) for 45 minutes, 

heated by a filament at 0.8 A at a temperature of 100°C (fig. 6.2-a) 

- XPS-H2O: exposed to distillated water vapour at 10-7 mbar for 20 minutes after 
activation 
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a)                     b)  

Fig. 6.1: Mn (a) and Co (b) prepared sample for XPS. 

 

For each state a survey spectrum covering a wide range of energies (from 100 to 1490 eV of 
kinetic energy) was taken as well as short range highly resolved spectra of the metal 2p lines 
and oxygen 1s line. 

Since after activation and water exposure no huge differences were observed, especially in 
the 2p lines of the metals, more extreme activation and water exposure were performed on the 
manganese sample as follows: 

- XPS-activated-2: activated under ultra-high vacuum (P10-9 mbar) for 45 minutes, 

heated by a filament at 1.1 A at a temperature of 120°C (fig. 6.2-b) 

- XPS-activated-3: activated under ultra-high vacuum (P10-9 mbar) for 30 minutes at 

1.3 A and 30 minutes at 1.4 A at a temperature of 150°C (fig. 62-c) 

- XPS-H2O-2: exposed to distillated water vapour at 10-7 mbar for 1hour after the 
third activation  

 

a)   b)   c)  

Fig: 6.2: (Mn)-MOF-74 sample under activation at 0.8 A (a), 1.1 A (b) and 1.1.4 A (c) 

 

6.1.2 Data manipulation 

 

Each collected survey and core levels spectra were plotted on binding energies aligned with 

4f lines of Au. Core levels spectra have also undergone a K3 K4 subtraction process that 
allowed for an efficient removal of the satellites caused by non-monochromatic source (fig 
6.3). For subtraction, the values of the satellites’ energies displacement and intensity reported 
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in book [56] were followed (table 6.1). To compare the core levels peaks of the sample in 
different states each spectrum was also normalized. 

 

 

Fig. 6.3: 1s O core-level (A and B) and 2p Mn (C and D) of the manganese MOF-74 XPS-activated sample 

before (raw, bottom) and after subtraction of K3 K4 satellites (K3 K4 subtracted, top). 

 

Table 6.1: Al X-ray satellites energies and intensities 

 K1,2 K3 K4 

Energy displacement (eV) 0 9.8 11.8 
Relative height 100 6.4 3.2 

 

Moreover, some Auger peaks were analysed smoothing the raw data to lower the background 
noise and thus allowing for a clearer first derivative which has been plotted on kinetic energy. 
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6.1.3 Results and data interpretation 

 

Peaks assignment  

The survey spectra of (Co) and (Mn)-MOF-74 Pristine samples (fig.6.4) confirm the presence 
of Co, O, C and of Mn, C and O in the samples respectively. Co/Mn 2p, 3s and 3p lines were 
identified as well as O 1s line and C 1s line and, also, many Auger lines of Co/Mn, O and C. 
Also, some lines of the sample-holder (Cu in (Co)-MOF-74 and Mo in (Mn)-MOF-74) are 
visible.  

 

 

 

Fig. 6.4: XPS survey spectra of (Co)-MOF-74 (top) and (Mn)-MOF-74 (bottom). 

 

After alignment with 4f lines of gold we observed that the positions of the peaks of the 
sample-holders (Cu and Mo) are perfectly in agreement with the ones reported in literature 
for the metallic state and, also, that the valence band of such metals ends exactly at 0 eV, sign 
that no charge effect occurred on the sample-holders. Insulators, on the other hand, may 
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charge during the measurement because they fail to compensate for the loss of electrons due 
to the photoelectric effect. If this happens, the ejected electrons are influenced by the electric 
field generated, causing a rigid shift in the peak positions (“charge effect”). 

Even though the sample-holders haven’t charged, both Mn and Co lines shows unrealistic 
shifts if considered both metallic or M(II) oxide and non-charged. Instead, considering a 
charge effect of +2 eV for the (Mn)-MOF-74 and of +3 eV for the (Co)-MOF-74 makes all 
the experimental 3p, 3s and 2p shifts matching with the ones reported in literature for Mn(II) 
in MnO and Co(II) in CoO (table 6.2 and 6.3), suggesting that Mn(II) and Co(II) are present 
on the surface of our samples, as expected for the MOF-74 framework. 

More specifically we obtained 2p3/2 line of Mn at 643 eV while in literature the position for 
MnO and/or for Mn(II) in MOF-74 framework is reported around 641eV [56], [58]–[60]. For 
Co we observed the 2p3/2 line at 783.3 eV and literature reports values around 780-781 eV for 
Co(II) in CoO and/or (Co)-MOF-74 [56], [61], [62]. 

 

Table 6.2: Mn(II) XPS core levels binding energies in (Mn)-MOF-74. *: values observed with gold alignment. 
** literature data for MnO 

Mn(II) Experimental*/ eV Literature **/ eV  / eV Literature source 
3p 50 48.2 1.8 NIST XPS database 
3s 85 82.8 2.2 NIST XPS database 
2p3/2 643 641 2.0 [56] 

 

Table 6.3: Co(II) XPS core levels binding energies in (Co)-MOF-74. *: values observed with gold alignment. 
** literature data for CoO 

Co(II) Experimental*/ eV Literature**/ eV  / eV Literature source 
3p 63.5 60.6 2.9 NIST XPS database 
3s 105.5 102.2 3.3 NIST XPS database 
2p3/2 783.3 780.5 2.8 [56] 

 

Another proof that the metal-organic framework samples have charged is suggested by the 
Auger lines: in the first derivative plot of the LMM lines of Mn and Co we qualitatively 

observed kinetic energy shifts of -2 eV for Mn and of -3 eV for Co, which correspond to 

binding energy shifts of +2 and +3 eV respectively.  

Moreover, the 1s line of oxygen is shifted of +3 and +3.5 eV in the Mn and Co sample in 
respect to literature reported positions for O in Mn and Co oxides [63]–[65] (table 6.4 and 
6.5). Considering that in the MOF-74 framework there are two types of oxygen, the 
coordinated to the metal M-O one and the one of the hydroxyl groups of the ligands, and 
considering also that the shifts for O in O-H groups are generally at higher binding energies 
[63], the experimental values of our 1s O line, which is given by both types of O, well match 
with the charge effect proposed.  
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Table 6.4: O XPS 1s core level binding energies in (Mn)-MOF-74. *: values observed with gold alignment. ** 
literature data for MnO 

O Experimental*/ eV Literature**/ eV  / eV Literature source 
1s 533 530 3 NIST XPS database 
 

Table 6.5: O XPS 1s core level binding energies in (Co)-MOF-74. *: values observed with gold alignment. ** 
literature data for CoO 

O Experimental*/ eV Literature**/ eV  / eV Literature source 
1s 533.5 530 3.5 NIST XPS database 

 

Manganese(II) and cobalt(II) 2p satellites 

The 2p metal core level of both (Mn) and (Co)-MOF-74 shows less intense components at 
higher binding energies (fig. 6.5). Since the 3p and 3s lines of the metals don’t show any 
double peak, we have ruled out the possibility of two oxidation states of the metal inside the 
sample and, according to previous literature, we attributed those peaks to the satellites of the 
2p lines occurring for MnO and CoO [62], [66], [67].  

 

Fig. 6.5: 2p lines of (Mn)-MOF-74 (left) and of (Co)-MOF-74 (right) with respective satellites. 

 

Pristine, XPS-activated, XPS-H2O core levels comparison 

Both (Mn)-MOF-74 and (Co)-MOF-74 were analyzed with XPS pristine, then activated at 

100°C for 45 minutes heated by a filament at 0.8 A and then re-analyzed with XPS. 

For the Co sample no change in the XPS spectra of 1s O or 2p Co were observed, sign that 
the activation procedure has not modified the sample (fig. 6.6-B). For Mn sample, instead, 
after activation was observed the loss of the small component at lower binding energies in the 
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1s O peak (fig. 6.6-C). We attribute this small peak to oxygen present in impurities strongly 
adsorbed on the sample, while the main peak is due to the O of the framework. In fact, the 
manganese MOF-74 had not undergone any activation process prior to the XPS 
measurement. In contrast, the cobalt sample, which had previously undergone an activation 
process, does not display this additional component of the oxygen peak. 

 

 

Fig. 6.6: 1s O (A) and 2p Co (B) core levels of pristine (black) and XPS-activated (orange) (Co)-MOF-74 
sample and 1s O (C) and 2p Mn (D) core levels of pristine (black) and XPS-activated (orange) (Mn)-MOF-74 
sample. Peaks’ positions are affected by estimated charge effect of +3 and +2 eV for Co and Mn samples 
respectively. 

After activation the samples have been treated ex situ with distilled water vapour at 10-7 

mbar for 20 minutes then measured with XPS: the survey spectrum of both compounds shows 
no change in respect to the XPS-activated one, suggesting that the activation procedure was 
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not effective in vacuuming the pores (and thus making space for new water molecules) or that 
water was not absorbed permanently by the sample because immediately desorbed due to the 
ultra-high vacuum environment in which the samples were permanently stored.  

 

(Mn)-MOF-74 further activations and water exposure 

Therefore, stronger activations were 
investigated for the (Mn)-MOF-74 sample, 

heating at 120°C (XPS-activated-2) and 

150°C (XPS-activated-3). After 

activation at 120°C the sample’s survey 
spectrum still showed no difference. After 

the third activation, at 150°C, the 
resulting XPS spectrum presented some 
small differences: the 2p Mn lines and 1s 
O line were shifted toward lower binding 

energies of 0.7 eV (fig 6.7). and the 1s C 
peak intensity ratio modified (fig 6.8). We 
think that the high temperatures degraded 
the carbon tape on which the sample was 
glued causing different charge effect on 
the MOF (hence the small shift of Mn and 
O lines) and diverse intensity ratio of the 
1s line of carbon. 

 

Fig. 6.8: 1s C peak from low resolution survey 
spectra: the XPS-activated-3 one shows a 
significantly different intensity ratio of the two 
components 

  

Fig 6.7: Different charge effect of the XPS-activated-3 sample in respect to the one of pristine and XPS-
activated. Note that the peaks of pristine and XPS-activated samples are still affected by estimated charge effect 
of +2 eV. 
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Also, after correction of the new charge effect aligning the XPS-activated-3 peaks with the 
ones of the pristine sample, the 1s O line displays an enlargement toward higher binding 
energies ascribable to carboxylates or highly oxidated carbonyl compounds generated during 
the strong heating [68] (fig. 6.9). After the third activation the sample has been again exposed 
to water vapour for a longer time (1 h) however both Mn 2p and O 1s spectra remained 
perfectly identical to the XPS-activated-3 ones (fig. 6.9).  

Hence, since even after stronger activation and water exposure the sample’s XPS spectrum 
hadn’t showed traces of water, we ruled out the possibility of an incomplete activation and 
deduced that water desorbs very quickly from the MOF under ultra-high vacuum conditions.  

 

 

Fig. 6.9: Comparison between the 1s O (left) and 2p Mn (right) of different states of (Mn)-MOF-74 sample. 
XPS-activated-3 and XPS-H2O spectra have been aligned with the Pristine and XPS-activated ones correcting 
the difference in the charge effect shift. Note that the peaks are still affected by estimated charge effect of +2 
eV. 

 

Work-up comparison for (Mn)-MOF-74  

(Mn)-MOF-74 sample analyzed until here was, as previously described, the one showing the 
highest crystallinity, that is the methanol, ethanol and water washed without previous 
activation before XPS analyses. We also analysed with XPS another sample of (Mn)-MOF-
74 that had undergone a different work-up, i.e. one that had been washed with methanol and 
ethanol, activated at 170°C and then re-crystallised with water baths. Thus, we compared the 
pristine spectra of the two differently processed sample. As illustrated in fig. 6.10, the 2p 
lines of Mn overlap nicely, showing no significant changes, while the 1s O line of the 
activated and re-crystallised (Mn)-MOF-74 broadened toward lower binding energies. This 
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may be attributed to more components generating the O peak: in fact the re-crystallised 
sample underwent an activation process which had completely degraded it, as PXRD 
analyses showed, and it’s likely to assume that, even after the re-crystallization in water, 
some defects in the structure remained, so that multiple chemical states of oxygen may be 
present. 

  

Fig. 6.10: comparison of the O and Mn core levels of differently processed (Mn)-MOF-74. Peaks’ positions are 
affected by estimated charge effect of +2 eV. 
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6.2 (Fe)-MIL-100 
 

The sample of (Fe)-MIL-100 showing the highest crystallinity, hence selected for XPS 
analyses, was the one which had been washed seven times(W7). 

 

6.2.1 Data collection 

 

The analyses were performed with Al K1 line (1486.7 eV) in a cell kept under ultra-high 

vacuum (10-9 mbar). (Fe)-MIL-100 W7 sample was prepared on carbon tape adhering to Mo 
sample-holder (fig. 6.11-a). As for the MOF-74, also (Fe)-MIL-100 has been analysed in 
three different states: 

- Pristine 

- XPS-activated: activated under ultra-high vacuum (P10-9 mbar) for 45 minutes, 

heated by a filament at 0.8 A at a temperature of 100°C (fig. 6.11-b) 

- XPS-H2O: exposed to distillated water vapour at 10-7 mbar for 20 minutes after 
activation 

 

a)                         b)   

Fig. 6.11: (Fe)-MIL-100 prepared sample for XPS (a) and during activation heated by a filament at 0.8 A (b) 

 

For each state a survey spectrum covering a wide range of energies (from 100 to 1490 eV of 
kinetic energy) was taken as well as short range highly resolved spectra of the metal 2p lines 
and oxygen 1s line. 
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6.2.2 Data manipulation 

 

Data collected from (Fe)-MIL100 framework were subjected to the same data processing as 

those from (Mn) and (Co)-MOF-74, i.e. alignment with 4f lines of Au for all spectra and K3 

K4 subtraction process for the spectra of the core levels (fig 6.12).  

To compare the core levels peaks of the sample in different states, each spectrum was also 
normalized. Moreover, some Auger peaks were analysed calculating the first derivative on 
kinetic binding energy. 

 

 

Fig. 6.12: 1s O core-level (A and B) and 2p Fe core level (C and D) of (Fe)-MIL-100 pristine before (raw, 

bottom) and after subtraction of K3 K4 satellites (K3 K4 subtracted, top). 
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6.2.3 Results and data interpretation 

 

Peaks assignment  

The survey spectra of (Fe)-MIL-100 Pristine sample (fig.6.13) confirm the presence of Fe, O, 
C. Fe 2p, 3s and 3p lines were identified as well as O 1s line and C 1s line and, also, many 
Auger lines of Fe, O and C. More, some lines of the Cu sample-holder are visible.  

 

 

Fig. 6.13: XPS survey spectra of (Co)-MOF-74 (top) and (Mn)-MOF-74 (bottom). 

 

After alignment with 4f lines of gold we observed, also for (Fe)-MIL-100, that the positions 
of the peaks of the sample-holder (Cu) are perfectly in agreement with the ones reported in 
literature for the metallic state, and that the valence band ends exactly at 0 eV, sign that no 
charge effect occurred on the sample-holder  

However, as occurred for both Mn and Co, the Fe lines shows unrealistic shifts if considered 
non-charged, while, considering a charge effect of +1 or + 2 eV makes all the experimental 
3p, 3s and 2p shifts matching with the ones reported in literature for Fe(III) in Fe2O3 and 
(Fe)-MIL-100 (table 6.6) More specifically we obtained Fe 2p3/2 line at 713 eV while in 
literature the position for Fe 2p in (Fe)-MIL-100 framework is reported around 711-712 eV 
[56], [69], [70]. 

 

Table 6.6: Fe(III) XPS core levels binding energies in (Fe)-MIL-100. *: values observed with gold alignment. 
** literature data for Fe2O3 

Fe(III) Experimental*/ eV Literature **/ eV  / eV Literature source 
3p 58 56 2 NIST XPS database 
3s 96. 94 2 NIST XPS database 
2p3/2 713.5 711-712.6  0.9 to 2.5 [56], [70] 
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Moreover, looking at the Auger L3M45M45 position of Fe in the first derivative plot of the raw 
data, we obtained a value <700 eV in kinetic energy that is in agreement with the trend 
studied by Z. Li and U. Becker [71] in Fe compounds showing a shift toward kinetic energy 
<700 eV for Fe2O3. 

Also, we observed 1s O line around 533.5 eV, that is shifted of +1.5 eV in respect to the 
value (532 eV) reported in literature [70] for Fe-O-C species (table 6.7), validating the 
estimation of the charge effect shift around 2 eV. 

 

Table 6.7: O XPS 1s core level binding energies in (Fe)-MIL-100. *: values observed with gold alignment. ** 
literature data for Fe-O-C species. 

O Experimental*/ eV Literature**/ eV  / eV Literature source 
1s 533.5 532 1.5 [70] 
 

Iron(III) 2p satellites 

 

As reported in literature Fe(III) 2p lines 
are accompanied by small satellites at 
higher binding energies [70], [72]. In 
figure 6.14 is reported the spectrum of our 
experimental 2p lines of Fe showing 2p3/2 
at 713.5 eV and 2p1/2 at 727 (values 

affected by estimated charge effect of +1 
or 2 eV). Each 2p line presents two 
satellites, for the 2p3/2 peak the second and 
more distant satellite falls under the 2p1/2 

peak, while for 2p1/2 both satellites are 
visible. Table 6.8 reports the positions of 
observed satellites. 

Table 6.8: Binding energies of 2p satellites of 
Fe(III). Values are affected of an estimate charge 
effect of +1 or +2 eV. 

 1st sat. / eV 2nd sat. / eV 
2p1/2. 733 745 
2p3/2 719 Not visible 

 

 

Fig. 6.14: (Fe)-MIL-100 2p lines of Fe and 
satellites. Peaks’ positions are affected by 
estimated charge effect of +1 to +2 eV. 
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Pristine, XPS-activated, XPS-H2O core levels comparison 

We compared the core level spectra of 1s O and 2p Fe of the three different states of (Fe)-

MIL-00 we analyzed: pristine, activated at 100°C (XPS-activated) and exposed to water 

vapour at 10-7 mbar after activation (XPS-H2O) (fig.6.15). Despite the 1s line of oxygen 
doesn’t change from one state to another the 2p lines of Fe shows a slight widening toward 
lower binding energies, suggesting the formation of Fe(II) [69]. We think that after activation 
and water exposure, reduction of some of the Fe(III) ions in the MIL-100 framework to Fe(II) 
began [22], [73]–[75]. 

  

Fig. 6.15: XPS spectra comparison of 1s O and 2p Fe core levels of (Fe)-MIL-100 in three different states. 
Peaks’ positions are affected by estimated charge effect of +1 to +2 eV. 
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Chapter 7 
Experimental section 

 

7.1 Instrumental characteristics 

7.1.1 Infrared Spectroscopy 

IR spectra were obtained using a Perkin-Elmer Paragon 1000 spectrometer (University of 
Milan) in the 4000-400 cm-1 range. The analysis of the spectra was carried out with the 
software "Spectrum' provided by Perkin-Elmer itself. 

7.1.2 Powder X-ray Diffraction 

PXRD diffractograms were recorded using a Bruker D8 Advance diffractometer (University 
of Milan) equipped with a Lynxeye detector and Cu-Kα radiation (α = 1.5418 Å). Generator 
settings: 40 kV, 40 mA. The diffraction patterns were processed with the EVA software. The 
fast data collections were performed with a scanspeed of 0.2s per step. More precise 
collections were performed with a scanspeed of 1s per step. 

7.1.3 Le Bail fitting of PXRD data 

For the Le Bail fitting of the PXRD data, the “Topas 3” software has been used which makes 
advantage of Le Bail algorithm.  

7.1.4 X-ray Photoelectron Spectroscopy 

XPS analyses were performed with Al K1 (1486.7 eV) X-ray source in a cell under ultra-
high vacuum (<10-9 mbar). The hemispherical dispersing element of the analyzer is a 
commercial one, recently developed by MB Scientific AB [76]. Survey spectra are a 1 scan 
spectra covering a range from 100 to 1490 eV kinetic energy and were performed with a 
channel width of 2.3 mm, dwell time of 500 ms, PE (pass energy) of the analyzer set to 50 
eV, MCP front 100, anode 100, MCP bias 1850. Core levels’ spectra instead are the sum of 
10 scans (for O 1s and 2p Mn lines) or 15 scans (for 2pFe lines) or 20 scans (for 2p Co lines) 
and were performed with a channel width of 1.1 mm, dwell time of 500 ms, PE (pass energy) 
of the analyzer set to 50 eV, MCP front 100, anode 100, MCP bias 1850. 

  



58 
 

7.2 Supplementary IR spectra 

 

DMF IR spectrum 

 

Dobdc (MOF-74’s ligand) predicted IR spectrum (bottom) and experimental (top) from [77].  
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Chapter 8 
Conclusions and future projects 

 

8.1 Conclusions 
 

The aim of this thesis work was the synthesis and characterization of (Mn) and (Co)-MOF-74 
and (Fe)-MIL-100 metal-organic frameworks, three systems which feature open metal sites in 
the activated form, with a view to possible applications in the field of water harvesting. 

(Mn) and (Co)-MOF-74 have been successfully synthesized and characterized with IR and 
PXRD to confirm the obtaining of the desired phase and crystallinity. We observed that the as 
synthesized (Mn)-MOF-74 is not stable to air and degrades in 1-2 months, thus we 
hypothesize that impurities may induce or accelerate the degradation mechanism of the MOF. 
On the other hand, we successfully tested the water stability of both (Co) and (Mn)-MOF-74 
after the washing procedures. After activation at 170°C, both (Co) and (Mn)-MOF-74 
showed loss of crystallinity but, while the cobalt sample maintained, in any case, a quite good 
crystallinity, the Mn one almost fully degraded. Interestingly, the degraded (Mn)-MOF-74 re-
crystallized with water baths and we hypothesize that the MOF may collapse when its pores 
got vacuumed and re-organizes while sunk in water, helped by solvation and water molecules 
filling the pores. 

For (Fe)-MIL-100 we tested a reported mechanochemical green synthesis followed by a 
reconstruction procedure in water. The first attempt of the synthesis ended with a very low 
crystallinity compound. At the second attempt we obtained a discretely crystalline (Fe)-MIL-
100. We hypothesize that the slow RT air drying method after water reconstruction is the key 
to achieve higher crystallinity. However, more experiments need to be done for better 
understanding which parameters affect the result. 

For each of the target frameworks, the sample with the highest crystallinity was analyzed at 
the Roentgen tube supplied XPS of APE beamline at Elettra synchrotron (Trieste) in, at least, 
three different states: pristine, activated under ultra-high vacuum and treated ex situ with 
water vapour, aiming to observe the effect of activation and water to the surface of our 
MOFs. 

The XPS analyses confirmed the presence of Mn(II) and Co(II) on the surface of the MOF-74 
samples, ascribable to the metal ions of the framework, as well as Fe(III) on the surface of 
MIL-100 sample. We observed that, under ultra-high vacuum conditions, water is not 
permanently adsorbed by such frameworks and quickly desorbs away before it can be 
detected. Also, for (Fe)-MIL-100, after the activation and water exposure, starting of the 
reduction of some Fe(III) ions into Fe(II) has been noted. 
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8.3 Future projects 
 

Since it is not possible to observe water adsorbed on the samples’ surface with normal XPS 
because of the quick desorption under ultra-high vacuum conditions, it would be interesting 
to take advantage of NAP-XPS (Near Ambient Pressure X-ray Photoelectron Spectroscopy) 
technique present at Elettra synchrotron which would allow to study through XPS the 
behavior and kinetics of our samples’ surface in real pressure conditions and/or while 
exposed to water vapour fluxes.  

Also, we would like to take advantage of a novel reactor present at APE beamline [78] which 
performs operando‐XAS (X-ray Absorption Spectroscopy) at ambient pressure and through 
which it is possible to monitor the L2,3 edges of the transitions metal atoms during the whole 
process of gas adsorption. In particular, it would be possible to observe the water adsorption 
phenomena at the open metal sites and thus to better understand the structural-electronic 
modifications acting in the chemical environment around those exposed metal sites. 
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