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1.1 Introduction 

1.1.1 Introduction 

Separating water-alcohol mixtures is one of the most challenging problems 
associated with the practical application of bio-ethanol as an environmentally benign 
and sustainable fuel.1,2 Bio-ethanol is currently produced from agricultural feedstocks, 
algae farms or fermentation of molasses. Thus, it unavoidably contains some 
impurities such as water and methanol.3,4 These impurities must be removed to 
generate fuel-grade ethanol (99.5%). Before entering the engine system, bio-ethanol 
must be purified because the impurities reduce the fuel conversion efficiency, and can 
also cause corrosion, reduced lubricity and even microbe growth.5,6,7 The traditional 
distillation approach, widely applied in the chemical industry to separate 
water-alcohol mixtures, is not effective in generating fuel-grade bio-ethanol from 
water-alcohol dilute solution because water and ethanol form an azeotropic mixture.8 
Around 4% of the water cannot be removed from a water-ethanol binary mixture by 
distillation, since the entire mixture has to be evaporated or condensed.9,10 An 
alternative approach implies the use of separation agents, known as entrainers. The 
role of the entrainers is to alter the vapor-liquid equilibrium of the water-alcohol 
mixture in order to reach the complete separation of the two components.11 However, 
this approach requires high energy costs to recover the entrainers. 

One cost-effective and “green” alternative to distillation is adsorptive separation. 
This method uses porous adsorbents to selectively adsorb either water or alcohols. 
Several porous adsorbents, including zeolites,12 activated carbons13 and polymers 
have been used.14 The efficiency of the separation process depends on the porous 
structure of the adsorbents that can distinguish between the different molecular sizes 
of water and alcohols or the specific interactions between the adsorbent and the 
constituents of the water-alcohol mixture.8,12,13,14 However, the water and alcohol 
molecules can compete for adsorption sites in zeolites, such as in silicate-1, leading to 
a low separation efficiency.15,16 In the case of activated carbon, their potential for 
repeated applications still needs to be determined.13 The main drawback of the organic 
polymers is the so-called plasticization effect which can cause swelling of the 
polymer and therefore decreasing the separation efficiency.17 Due to these limitations, 
valid alternative porous adsorbents are still needed in the future. 

Metal-organic frameworks (MOFs), also known as porous coordination polymers 
(PCPs), are emerging adsorbent materials constructed from metal ions or clusters of 
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metal ions linked by organic linkers.18 Their high surface area as well as the size and 
the functionality of the pores are key features that determine the uptake capacity and 
adsorptive selectivity. These features can be greatly influenced by the nature of the 
metallic nodes and organic linkers. For instance, using long organic linkers in 
constructing MOFs with a given structure can enlarge the pore size of MOFs without 
influencing the overall crystal structure.19,20,21 Grafting functional groups on the 
organic linkers through post modification can alter the functionality of MOFs.22 In 
principle, constructing MOFs with specific surface area, pore structure and 
functionality can be reached through the rational design of the organic linkers and the 
appropriate choice of metal centers.23-26 Therefore, MOFs are widely used for a 
variety of applications, including CO2 capture,27,28,29 H2 storage,30 CH4 storage,31 
hydrocarbons separation32,33 and adsorption-driven heating pumps.34 However, few 
studies focus on the potential application of MOFs in water-alcohol adsorptive 
separations. 

Utilizing porous adsorbents to separate mixtures into pure components depends 
mainly on the differences in the chemical properties of the components in a given 
mixture. Water and alcohols, especially methanol and ethanol, have very similar 
chemical properties, among which the molecular size and polarity are 2.68 Å/1.0, 3.6 
Å/0.76 and 4.3 Å/0.65 for water, methanol and ethanol, respectively. Therefore, it is 
very difficult to distinguish such small differences, even with appropriate pore size 
and functionality of well-designed MOFs. Water stability of MOFs is another 
significant property when considering their potential application in water-alcohol 
adsorptive separation. For instance, carboxylate-based MOFs usually lack water 
stability because the metal-carboxylate bond can undergo hydrolysis in the presence 
of water.35  

This chapter discusses the strategies used to overcome the main challenges 
associated with the application of MOFs in water-alcohol separations. In the first part, 
the synthesis approaches used to obtain new MOFs with potential in water-alcohol 
adsorptive separations are summarized. The second part focuses on strategies to 
improve the water-alcohol separation selectivity or water stability of the reported 
MOFs by combining them with polymers into mixed matrix membranes (MMMs).17 

1.1.2 Adsorptive Separation and Adsorption Isotherms  

An adsorbent material can separate a mixture of chemicals into pure compounds 
based on differences in the interaction between the adsorbent and the constituents of 
the mixtures. The efficiency of separation is therefore strongly determined by the 
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characteristics of the adsorbent as well as the properties of the components in a given 
mixture, including their chemical properties, molecular size and/or shape.17,36 Due to 
the complexity by which adsorbed molecules can interact with the molecules from a 
mixture, a variety of phenomena occur during an adsorption process. An adsorption 
process is usually studied through graphs known as adsorption isotherms. Such graphs 
show the amount of adsorbate on the adsorbent as a function of its pressure or 
concentration at a constant pre-determined temperature. The quantity adsorbed is 
always normalized by the mass of the adsorbent to allow comparison of different 
materials. Therefore, the adsorption behavior of an adsorbent is usually reflected by 
the adsorption isotherms.  

There are six different types of adsorption isotherms which are defined by the 
International Union of Pure and Applied Chemistry (IUPAC). Figure 1.1 shows that  
the isotherm of type I has a concave curve and reaches a limited saturation uptake as 
the pressure reaches the relative saturated pressure (P/P0=1). This reveals that the 
adsorbent material has a microporous structure and strong interactions exist between 
adsorbent and adsorbate. A Type II isotherm reflects an unrestricted 
monolayer-multilayer adsorption which is characteristic for nonporous or 
macroporous adsorbents. The type III isotherm has a convex curve corresponding to a 
much weaker interaction between adsorbent and adsorbate as compared with that of 
adsorbate and adsorbate. All these three adsorption isotherms have a reversible 
desorption branch.  

Type IV and type V adsorption isotherms are irreversible (Figure 1.1). Type IV 
isotherm is observed for mesoporous adsorbents and the hysteresis loop can be 
ascribed to the capillary condensation occurring in mesopores. Type V isotherm is 
usually observed for mesoporous adsorbents with weak interaction for adsorbate 
molecules. A hysteresis loop is observed for type V isotherm that corresponds to the 
capillary condensation taking place in the mesopores of adsorbents. Type VI isotherm 
is generally uncommon, reflecting a stepwise multilayer adsorption on a uniform 
nonporous adsorbent. 
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Figure 1.1 Classification of the adsorption isotherm according to the IUPAC.37 

1.2 Synthesis Strategies for Designing MOFs for 

Water-Alcohol Separations  

1.2.1 MOFs with Flexible Organic Linkers  

Due to the very close values of the kinetic diameter and polarity of the water, 
methanol and ethanol molecules, it is difficult to design rationally MOFs with 
appropriate pore size or/and affinity for the separation of these three molecules. 
MOFs with flexible networks have attracted interest because flexible structures can 
undergo rearrangements in response to different specific adsorbate molecules, 
therefore leading to unconventional adsorption behavior.38 Such type of MOFs may 
also present different adsorption behavior for water and alcohol molecules, hence 
having potential in the separation of water-alcohol mixtures.  

MOFs with flexible networks are usually built from transition metal ions and 
flexible polydentate organic linkers. Two types of flexible ligands, namely H4L and 
mtpm (Figure 1.2), have been selected to synthesize flexible MOFs in view of their 
freely rotatable -O-CH2- moieties. [Zn4OL1.5]·4DMA·10DEF·10H2O (Zn-1.1) 
contains three pairs of half of L4- ligand coordinated to two Zn4O(CO2)6 clusters, thus 
leading to a bipyramidal cage. Each half of L4- ligand possesses an angle of 90° due to 
the rotation of -O-CH2- moieties. Adjacent cages are further linked through L4- 
ligands to form a 3D structure which has an intersecting porous system with cross 
sections of ca. 13 Å (Figure 1.3).39 The oxygen-rich H4L ligands enable Zn-1.1 with a 
hydrophilic environment which is also reflected by the water, methanol and ethanol 
adsorption properties. The single component adsorption isotherms have a shape of 
type II, revealing an unrestricted monolayer-multilayer adsorption for water, methanol 
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and ethanol.39 The pore size of Zn-1.1 (ca. 13 Å ) is large enough for the 
incorporation of all three molecules, thus the difference in the uptake at relative 
saturated pressure, which varies from 12.3 wt% to 5.1 wt%, is likely due to entropic 
effects. Notably, the water uptake is higher than that observed for methanol and 
ethanol, perhaps because the smaller kinetic diameter of water enables it with a more 
efficient packing in the pores of Zn-1.1 as compared with methanol and ethanol.39,40 

      
Figure 1.2 The structure of (a) H4L and (b) mtpm linkers. 

 

Figure 1.3 The 3D structure of [Zn4OL1.5]·4DMA·10DEF·10H2O viewed along the b axis. All guest 
molecules are removed for clarity. Color code: Zn, green; C, grey; O, red.  

Kitagawa et al. 41,42 used mtpm instead of H4L to synthesize a Cu-based flexible 
MOF because the coordination bonds between pyridyl groups and Cu2+ ions are 
stronger than those between benzoate groups and Cu2+ ions, thus increasing the 
stability of the synthesized MOF (Figure 1.2b). [Cu(mtpm)Cl2]·20H2O (Cu-1.2) has a 
3D structure built up from chains of vertex-sharing CuO4Cl2-octahedra which are then 
further linked through mtpm linkers. This MOF shows a selective adsorption for 
water and methanol over ethanol at 298 K (Figure 1.4).41 The water adsorption 
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isotherm shows that water was adsorbed from the low-pressure region and the uptake 
gradually increased by increasing the pressure, revealing that the MOF has high 
affinity for water molecules. This is likely due to the oxygen rich mtpm ligands which 
provide a hydrophilic environment in Cu-1.2. The methanol uptake is low in the 
pressure range of 0<P/P0<0.5 and then increases sharply above P/P0=0.5. It is due to 
the structure of Cu-1.2 which is flexible and expands when the pressure increases. 
This phenomenon is known as the gate-opening effect. Very interestingly, the ethanol 
adsorption is negligible even at the relative saturated pressure (P/P0=1).41 No 
gate-opening effect was observed for ethanol. For the case of Cu-1.2 framework, it 
requires more energy to expand to adsorb ethanol molecules as compared with the 
adsorption of methanol molecules.41  

 
Figure 1.4 The adsorption isotherms of [Cu(mtpm)Cl2]·20H2O for water (black), methanol (blue) and 
ethanol (red) at 298 K, respectively. Closed symbols correspond to adsorption and open symbols 
correspond to desorption.41 

TetZB is another example of a Zn-based MOF using the H4L ligand as linker, but it 
is different than Zn-1.1 due to the presence of a second pillar ligand, namely bpy.43 
The bpy ligand was used in an attempt to increase the structural stability of the 
framework.44 In TetZB, every two Zn2+ ions are coordinated by four L4- ligands in a 
paddle-wheel fashion. The axial sites of the Zn2 paddle wheel are further occupied by 
two pillar bipyridine ligands to form a 3D framework (Figure 1.5a).45 The adsorption 
isotherms for methanol, ethanol, 1-propanol and 2-propanol show a shape with two 
steps, revealing an uptake of 27, 25.7, 26 and 25 wt.% at saturated relative pressure, 
respectively (Figure 1.5c).43 This unique stepped shape of adsorption isotherm 
indicate the commence of the gate-opening effect by increasing the pressure, as a 
result of the freely rotatable -CH2-O- moieties of L4- ligand.43 The adsorption near 
saturation is mainly influenced by entropic effects, thus the methanol uptake is higher 
than that of propanol which has larger molecular size.43 Different from Zn-1.1, which 
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is highly hydrophilic, TetZB has an intrinsic hydrophobicity due to the presence of 
pyridine rings of the bpy ligands. Consequently, the water uptake of TetZB is 
negligible even at the saturated relative pressure.43  

 

 
Figure 1.5 (a) The Zn2 paddle-wheel cluster of TetZB; (b) The adsorption isotherms of TetZB for 
water, methanol, ethanol, 1-propanol and 2-propanol at 298 K, respectively.43 Color code: Zn, green; C, 
grey; O, red; N, purple. 

H3tci is an oxygen-rich ligand with three freely rotatable arms, therefore being a 
good candidate for constructing MOFs with high structural flexibility and 
hydrophilicity.46 A Cu-based MOF, [Cu4(OH)2(tci)2(bpy)2]·11H2O (Cu-1.3), was 
obtained using H3tci and bpy as linkers in which bpy was introduced again to achieve 
high structural stability as in TetZB.46 In Cu-1.3, each tetra-nuclear copper cluster is 
coordinated by six tci3- and four bpy ligands to yield a 3D structure (Figure 1.6). The 
Cu-1.3 has an interweaving channel system with small and big channels of ca. 
3.36×10.58 Å and 11.21×12.45 Å, respectively. The water, methanol and ethanol 
adsorption isotherms are of type II, showing a hysteresis loop upon desorption and 
indicating that the MOF has an affinity for hydrophilic molecules. The maximum 
uptake for water, methanol and ethanol are 89, 70 and 73 mg/g at relative saturated 
pressure (P/P0=0.9) and 298 K, respectively.46 The different adsorption uptakes are 
mainly caused by entropic effects.40 As for the Cu-based flexible MOFs, the water and 
methanol uptakes of Cu-1.2 are much higher than that of Cu-1.3.41,46 Likely, this is 
because the channels interweave in Cu-1.3 reduce the void space for adsorption 
whilst the small pore size of 5 and 8 Å in Cu-1.2 can avoid the decrease of such 
adsorption space.  
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Figure 1.6 The tetranuclear copper cluster building unit (a) and the 3D structure (b) of 
{[Cu4(OH)2(tci)2(bpy)2]·11H2O}. Color code: Cu, blue; C, grey; O, red; N, purple.  

As discussed above, Cu-1.2 and TetZB show a gate-opening effect during alcohol 
adsorption due to the expansion of their flexible frameworks upon increasing the 
pressure. However, the gate-opening effect is not the only way a flexible MOF can 
undergo structural rearrangement during adsorption. Another effect called “breathing 
effect” also reflects the structural rearrangement of flexible MOFs in which the 
framework of a MOF can undergo transformation between different phases during 
adsorption, thus leading to various porous structures for adsorption. This effect is not 
only caused by the increasing pressure of adsorbate but also arises from the 
interaction between adsorbate molecules and the skeleton of flexible MOFs.47,48 

MIL-53 (Cr) is such an example that presents different “breathing effects” during 
water, methanol and ethanol adsorption processes, thus demonstrating its potential in 
water-alcohol separations.49 The Cr3+ ion in MIL-53 (Cr) is coordinated to four 
oxygen atoms from bdc2- ligands and two oxygen atoms from water molecules to 
form chromium octahedra, which are further connected with bdc2- ligands to form a 
3D structure with 1D pores.50 As shown in Figure 1.7a, MIL-53 (Cr) has an empty 
framework with large pores (LP) before adsorption. During the water adsorption, the 
LP structure of MIL-53 (Cr) begins to shrink and gradually transforms into a narrow 
porous structure (NP) in the range of 0.1 <P/P0 <0.9 (Figure 1.7b). This is due to the 
flexible framework of MIL-53 (Cr) which has been dragged by the adsorbed water 
molecules through hydrogen bonding. There is a liquefaction observed above P/P0 
=0.9 and no re-opening of NP structure can be observed. Because the MIL-53 
(Cr)-adsorbate interactions are stronger for alcohols as compared with water, the 
shrinkage from LP to NP structure is completed at very low relative pressure. 
Consequently, no initial plateau can be observed in the alcohol adsorption isotherms 

(a) (b)
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(Figures 1.7c and 1.7d). For both methanol and ethanol adsorption, a re-opening from 
NP back to LP structure can be observed when the pressure increases as reflected by 
the stepped isotherm above P/P0=0.1 (Figures 1.7c and 1.7d). The difference observed 
in the structure rearrangement of MIL-53 (Cr) for water and alcohol adsorption is due 
to the adsorbate-adsorbate interactions. For water, a hydrogen-bonding network is 
formed within the 1D pores of MIL-53 (Cr), but this is absent in the case of alcohols. 
The hydrogen-bonding contributes to the stabilization of NP structure thus hindering 
the pore re-opening to the LP structure.49 

 

Figure 1.7 (a) The structural rearrangement of MIL-53 (Cr) upon adsorption of alcohols. (b) Water 
uptake of MIL-53 (Cr) at 298 K (black and blue lines refer to adsorption and desorption, respectively; 
the red line refers to desorption from saturation in liquid water). (c, d) Methanol and ethanol uptake of 
MIL-53 (Cr) at 298 K (black and blue lines refer to adsorption and desorption, respectively).49  

Water stability is one of the most crucial properties of MOFs for determining their  
potential application in water-alcohol separations. However, none of the studies 
discussed above focused on this aspect. For instance, there are no reports on structural 
stability of MOFs following water adsorption measurements. The lack of water 
stability testing may hinder the application of water-alcohol separation of these 
MOFs.  

1.2.2 Hydrophobic MOFs 

Alcohol molecules contain both a polar hydroxyl part and a nonpolar alkyl part, 
therefore their polarity is lower than that of water. Consequently, highly hydrophobic 
MOFs are expected to show stronger affinity for alcohols than for water, thus being 
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potential candidates for adsorptive water-alcohol separations. [Zn2(bdc)2(DABCO)] 
(DMOF),51,52 ZIF-8,7,53 and ZIF-71 53,54 are such examples. 

In DMOF, 2D square-grids of {Zn2(bdc)2} are extended from axial positions by 
DABCO linkers into a 3D structure.55 Due to the phenyl and alkyl groups of the bdc2- 
and DABCO ligands, DMOF is highly hydrophobic, such feature being also 
confirmed by the water adsorption studies. A negligible water uptake of only ~6mg/g 
at P/P0=0.42 is observed.51 The alcohol adsorption uptakes, including methanol and 
ethanol are much higher, reaching values of 520 and 418 mg/g at P/P0=0.42, 
respectively (Figure 1.8a).51 The differences between methanol and ethanol can be 
ascribed to entropic effects because the smaller methanol molecules are expected to 
pack more efficiently.51,52  

Although DMOF seems a promising candidate as adsorbent for water-alcohol 
separations, however, the first study did not focus on the water stability of the DMOF. 
Following studies have demonstrated that DMOF has a very weak water stability.56,57 
The structure of DMOF undergoes a hydrolysis process above 40% relative humidity 
in which the coordinated bdc2- and DABCO ligands are replaced by water molecules, 
thus leading to the decomposition of DMOF (Figure 1.8b).56,57 This weak water 
stability hinders the application of DMOF in water-alcohol adsorptive separations.  

 

Figure 1.8 (a) Adsorption isotherms of DMOF for DME, MeOH, EtOH and water at 298 K, 
respectively.51 (b) Illustration of replacing bdc2- and DABCO ligands by water molecules in DMOF.57 

 Due to the weak water stability of DMOF, further studies were focused on 
hydrophobic MOFs with high chemical and thermal stability. The water and alcohol 
adsorption properties of MOFs were tested on two representatives among zeolitic 
imidazolate frameworks (ZIFs), namely ZIF-8 and ZIF-71.7,53,54,58 

Both ZIF-8 and ZIF-71 are constructed from Zn2+ as metal nodes and imidazolate 
ligands as organic linkers, in which the imidazolate ligands are Hmim and dcIm for 
ZIF-8 and ZIF-71, respectively (Figure 1.9). The overall hydrophobicity of ZIF-8 and 
ZIF-71 is confirmed by the type III adsorption isotherms observed for the water 
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adsorption, corresponding to the weak interaction between their frameworks and 
water molecules.53 The water uptake for both ZIF-8 and ZIF-71 is negligible even at 
the relative saturated pressure. In the case of alcohol (methanol and ethanol) 
adsorption, both ZIF-8 and ZIF-71 display S-shaped adsorption isotherms.53 The 
methanol and ethanol uptakes are very small in the low pressure range and they 
increase sharply by increasing the pressure.53 This behavior is generally observed for 
hydrophobic porous structures which have stronger affinity for alcohols than water. In 
the low pressure range, the alcohol molecules are adsorbed as small clusters which 
provide interaction sites for the later adsorbed molecules, leading to capillary 
condensation at higher pressures.7,53,54,59 

                      

Figure 1.9 The structure of (a) Hmim and (b) dcIm linkers.  

The ZIFs adsorbents discussed above adsorb alcohols selectively over water and 
also have high chemical and thermal stability, features that recommend them as 
suitable candidates for practical applications. However, the chemical industry prefers 
that adsorbent materials have favorable alcohol uptakes at low pressure and 
unfavorable water uptake in the entire pressure region.53 Therefore, ZIFs adsorbents 
do not fulfill this requirement and designing adsorbents with desirable adsorption 
properties still remains a big challenge.   

1.2.3 MOFs made using Specific Synthetic Strategies 

Some other synthetic strategies for designing MOFs applicable in water-alcohol 
adsorptive separations focus on utilizing specific interactions between MOFs and 
adsorbate molecules,60 micro-porous MOFs,61-67 and MOFs with 1D channels and 
molecular gates, which can only open for specific adsorbate molecules. 68,69 

Zhang et al.59 introduced a zwitterionic bipyridinium ligand, Bpybc, to synthesize 
{[Dy(ox)(Bpybc)(H2O)]·OH·13H2O}n (Dy-1.4) which has pores featuring a regularly 
distributed electrostatic field: one side has positive charges whilst the other side has 
negative charges (Figure 1.9a). Such feature can contribute to the build-up of 
coulombic fields in a pore space that can be used for the polarization and polarized 
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binding of polar molecules.60 Adsorption studies show that Dy-1.4 adsorbs water 
selectively over methanol and ethanol as well as methanol over ethanol (Figure 1.9b). 
This adsorption selectivity sequence matches the order of polarity of water, methanol 
and ethanol from high to low.60  

 
Figure 1.9 (a) Schematic representation of the regular charge distribution in the pore space of Dy-1.4. 
(b) Water, methanol and ethanol adsorption isotherms of Dy-1.4 at 298 K. Closed symbols correspond 
to adsorption and open symbols correspond to desorption.60 

Even though the difference in molecular size between water, methanol and ethanol 
is very small, significant research is still devoted to the design of size-selective 
microporous MOFs for the separation of water-alcohol mixtures.61-67 The ligands used 
for the synthesis of this type of MOFs are shown in Figure 1.10.  

 
Figure 1.10 Organic linkers used for the synthesis of micro-porous MOFs.  
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Cu(R-GLA-Me)(bpy)0.5·0.55H2O has 1D pores with size of about 2.8×3.6 Å2. This 
pore size is larger than the kinetic diameter of water but comparable to the kinetic 
diameter of methanol, therefore leading to a higher water uptake (5.1 mmol/g) as 
compared with methanol (2.1 mmol/g) at 298 K and P/P0=0.96.61 Li et al.62 
synthesized [Co3(HCOO)6]·DMF which has 1D pores with zigzag shape and size of 
about 5~6 Å. The small pore size observed for this MOF was explained in terms of 
the strong coordinative bonds between formate and cobalt ions. The zigzag shape of 
1D pores in [Co3(HCOO)6]·DMF plays an important role on its alcohol adsorption 
behavior. It is observed that the steric constrains effect is stronger as the alcohol 
molecule is larger. Consequently, the value of adsorbed molecules per cell decreased 
from 5.5 for methanol (kinetic diameter is 3.6 Å) to 4 for 1-butanol (kinetic diameter 
is above 8 Å).62 [Cd(Hthipc)2]·6H2O (JUC-110) has a square grid framework with 1D 
hydrophilic pores with size of about 4.5×4.5 Å2.63 JUC-110 adsorbs water and 
methanol selectively over ethanol. The water and methanol uptakes are 126.7 and 43 
cm3/g, respectively at P/P0=0.95 whilst ethanol uptake is almost negligible, only 3.6 
cm3/g at P/P0=0.95. These results indicate that JUC-110 is suitable for size-driven 
separations of water-alcohol mixture. 63 

Li et al.64,65 studied the adsorption of water and alcohols using two MOFs with 
micro-porous structures. [Zn(HPyImDC)(DMA)]n has rhombic 1D pores with size of 
4.8×4.0 Å2.64 The water, methanol, ethanol, n-propanol and i-propanol uptakes are 95, 
60, 23, 16 and 2.6 cm3/g, respectively at relative saturated pressure (P/P0=0.98), 
which vary inversely with the size of these molecules. [Cd(X)(DMF)] displays 
microporous windows with size of 6.0×4.0 Å2.65 The water, methanol, ethanol and 
i-propanol uptakes are 188, 74, 38 and 10 cm3/g, respectively, values decreasing with 
the increasing size of the adsorbate molecules. Both examples reveal the key role 
played by the microporous structures in the separation of water and alcohols. 

Tanase et al.66 synthesized a microporous lanthanide-based MOF, 
[La(pzdc)1.5(H2O2)2]·2H2O, which has high selective water adsorption as compared 
with methanol. The MOF features a 3D structure with hydrophilic 1D tetragonal pores 
of size 3.8×3.5 Å2.66 Such small pores enable only the accessibility of water 
molecules. Indeed, the water and methanol adsorption studies show that the uptakes 
are 1.2 mmol/g and below 0.1 mmol/g for water and methanol, respectively.66 Another 
key feature of [La(pzdc)1.5(H2O2)2]·2H2O is its impressive water stability, with the 
structural integrity retained after three consecutive water adsorption cycles.66 It is also 
the only microporous MOF discussed here that undergoes a water stability test. The 
separation efficiency of this material was further supported by the transient 
breakthrough simulation. The transient breakthrough curve displays the concentration 
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of the single component of mixture in the effluent leaving the packed bed adsorber 
packed with adsorbent (Figure 1.11). 

 
Figure 1.11 (a) Water and methanol adsorption isotherms of [La(pzdc)1.5(H2O2)2]·2H2O. (b) The 
breakthrough simulation results for a feed vapor mixture of water-methanol with total pressure of 100 
KPa. (5% of water and 95% of methanol).66   

Micropore formation may also result from the interpenetration of highly porous 
frameworks. For example, [(NiY)4(CDTA)2]·2.5CH3CN·22H2O is built up from a  
macrocyclic nickel cluster [NiY]2+ and a semirigid ligand H4CDTA.67 It has a fourfold 
interpenetrated framework (Figure 1.12a) with 1D pores having a size of about 6×8 
Å2.67 Therefore, this MOF shows a selective adsorption for methanol and ethanol over 
n-propanol and isopropanol (Figure 1.12b).67  

 
Figure 1.12 (a)  The fourfold interpenetrating diamondoid frameworks of 
[(NiY)4(CDTA)2]·2.5CH3CN·22H2O. (b) The adsorption isotherms for methanol, ethanol, n-propanol 
and isopropanol at 298 K.67 Closed symbols correspond to adsorption and open symbols correspond to 
desorption.  

The functionality as well as the flexibility of the substituted groups of organic 
linkers can also be used to control the adsorption of molecules.68 Ling et al.68 
synthesized three MOFs by using derivatives of 5-hydroxy-1,3-dicarboxylate benzoic 
acid as linkers (Figure 1.13a). These additional functional groups of the linker have a 

(a) (b)
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high flexibility which vary in the order of H2L1<H2L2<H2L3, with the propyl group 
having the highest flexibility due to the largest number of rotatable σ bonds. 
Adsorption studies show that the uptake of water, methanol and ethanol increased by 
increasing the flexibility of the additional functional groups (Figure 1.13b, 1.13c and 
1.13d). More rotatable σ bonds in the organic linker induce higher degree of 
deformation, enabling the diffusion of more adsorbate molecules.68 

 
Figure 1.13 (a) Organic ligands used for the synthesis of Cu-L1 (H2L1), Cu-L2 (H2L2) and Cu-L3 
(H2L3), respectively. Adsorption isotherms of the three MOFs for (b) methanol, (c) ethanol and (d) 
water at 298 K, respectively.68 

[Cu2(tpt)2(CH3CN)2]·(BF4)2 can show different adsorption properties for water and 
alcohols by incorporating specific anions in its 1D pores.69 BF4

- anions are located in 
the vicinity of Cu2+ ions but occupying the 1D pores. Adsorption studies show that 
molecular gates can open or close in response to different adsorbent molecules, driven 
by the specific interactions between BF4

- anions and adsorbed molecules.69 Strong 
interactions between BF4

- anions and water or small alcohol molecules (methanol and 
ethanol) lead to the opening of 1D pores of [Cu2(tpt)2(CH3CN)2]·2(BF4) facilitating 
the adsorption of these molecules (Figure 1.14).  For larger alcohol molecules, such 
as propanol and butanol, the molecular gates remain closed because their size is too 
large to fit within the 1D channels even though there are interactions between BF4

- 
anions and these alcohol molecules (Figure 1.14). Based on the adsorption studies, it 
was concluded that [Cu2(tpt)2(CH3CN)2]·(BF4)2 has a selective adsorption for water 
and small alcohols.69  
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Figure 1.14 (a) Schematic illustration of the molecular gating of the 1D channel of 
[Cu2(tpt)2(CH3CN)2]·(BF4)2. Blue plates correspond to the BF4

- anions, red and green ellipsoids 
correspond to the adsorbate molecules accepted or unaccepted by the BF4

- molecular gate. (b) 
Adsorption isotherms of water, methanol, ethanol, 1-propanol, 2-propanol and 1-butanol at 303 K, 
respectively.69  

1.3 Mixed Matrix Membranes Containing MOFs  

Although some MOFs have demonstrated potential for water-alcohol adsorptive 
separation, they cannot be directly used in industrial application in the form of 
powders. Due to their limited packing densities and high diffusion barriers, they may 
increase the risk of decreasing separation efficiency and they can also contaminate or 
block industrial pipelines.70 Combing powder MOFs with other materials to form 
composites provides an approach to address this problem. As for water-alcohol 
separation processes, incorporating MOFs as fillers in polymer matrixes to form 
mixed matrix membranes (MMMs) is the most used approach. 

Polymer membranes are commonly used in pervaporation process in industry. 
During the pervaporation process, the components of a mixture are adsorbed on one 
side of the membrane and then evaporated as permeates on the other side.17 The 
separation of a mixture is achieved by the differences in the adsorption and diffusion 
of mixture components.17 However, the separation efficiency of a mixture using 
polymer membranes decreases whilst the swelling of polymers occurs, being caused 
by the plasticization effect.17 This drawback can be overcome by incorporating 
inorganic fillers into polymer membranes. MOFs are a promising choice to be used as 
fillers because they contain organic ligands which are compatible with the polymers. 
Therefore, combining MOFs with organic polymers into mixed matrix membranes 
(MMMs) is foreseen to advance the efficiency of water-alcohol separation processes. 

The separation efficiency of a MMM is characterised by two key elements: the 
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permeation flux and the separation factor, reflecting the mixture diffusion and the 
selective adsorption of MMMs. Using MMMs in pervaporation processes aims at 
removing minor components from a liquid mixture. Consequently, most of the studies 
focus on removing minor amounts of water from alcohols or to separate small 
quantities of alcohols from water.17,71 Hereunder, it will be discussed relevant 
examples of MMMs used for the dehydration of alcohols and removal of alcohols 
from aqueous solutions.  

1.3.1 Dehydration of Alcohols 

The dehydration of alcohols usually uses hydrophilic polymer membranes, e.g 
polybenzimidazole and chitosan because the water molecules are easily adsorbed and 
diffused.70 ZIFs have attracted attention as fillers in preparing MMMs due to their 
superior thermal and chemical stability as well as their former application in gas 
adsorption, storage and separation.72 ZIF-8 nanoparticles with average size smaller 
than 50 nm were incorporated in a polybenzimidazole matrix used for the dehydration 
of ethanol, isopropanol and butanol.73 The permeability of the mixture, reflected by 
the flux value, increased by increasing the loading of ZIF-8 in MMMs (Table 1.1). 
This is due to the disruption of the polymer-polymer packing of pristine polymeric 
membrane as a result of the incorporation of ZIF-8 nanoparticles. Thus, the MMMs 
structure becomes less dense. The pores of ZIF-8 further provide pathways for 
molecules permeation.73 However, a further increase in ZIF-8 loading results in some 
decrease of water-alcohol separation factor of the ZIF-8/polybenzimidazole 
membrane, due to the damage of polymer phase integrity as well as the increased 
defects in the polymer phase (Table 1.1).73 Similarly to ZIF-8/polybenzimidazole 
membrane, Lin et al.74 incorporated ZIF-7 into chitosan matrix to form ZIF-7/chitosan 
MMM.74 Increasing the loading of ZIF-7 in the chitosan matrix from 0 to 5 wt% 
increases the water-ethanol separation factor from 148 to 2812. This is because the 
Zn2+ ions of ZIF-71 can cross-link to amino groups of the chitosan polymers, 
narrowing the pore size of the chitosan matrix.74 The ZIF-7/chitosan MMM with 
narrowed pore size favors the selective adsorption of water over ethanol. However, 
the narrowed pore size also decreased the mixture permeability from 602 to 322 
g/m2h (Table 1.1).74  

MOF-801/chitosan75 was selected for water-alcohol separations because has a good 
water stability and its structure is retained after several cycles of water adsorption 
measurements.76 The high hydrophilic character of MOF-801 is responsible for the 
selective water adsorption of MOF-801/chitosan from water-ethanol mixtures. On the 
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other hand, via an analysis of fractional accessible volume (FAV), it was found that 
the available free volume in MOF-801 for water diffusion is 1.4 times as compared to 
that for ethanol, which is due to the MOF-801’s highly interconnected 
microporosity.75 The simultaneous selective adsorption and diffusion of water over 
ethanol enhances the separation factor of water/ethanol as well as the water 
permeability of MOF-801/chitosan MMMs as compared to the pristine chitosan. An 
optimized flux of 1937 g/m2h and a water-ethanol separation factor of 2156 were 
obtained by loading of 4.8 wt% of MOF-801 in chitosan (Table 1.1).75  

Table 1.1 Typical MOFs-based MMMs in dehydration of alcohols. 

MOF and loading 

(wt%) 

Feed Composition 

(wt%/wt%) 

Temperature 

(℃) 

Total Flux 

(g/m2h) 

Separation Factor 

(Water-alcohol) 
Reference 

ZIF-8, 0; 33.7; 58.7 
EtOH/H2O 

(85/15) 
60 151; 106; 992 4; 25.4; 10 73 

ZIF-8, 0; 33.7; 58.7 IPA/H2O (85/15) 60 13; 103; 246 >5000; 1686; 310 73 

ZIF-8, 0; 33.7; 58.7 
Butanol/H2O 

(85/15) 
60 11.6; 81; 226 >5000; 3417; 698 73 

ZIF-7, 0; 2.5 
EtOH/H2O 

(90/10) 
25 602; 1206 148; 538;  74 

ZIF-7, 4; 5 
EtOH/H2O 

(90/10) 
25 858, 322 992; 2812 74 

MOF-801, 4.8 
EtOH/H2O 

(90/10) 
40 1937 2156 75 

1.3.2 Removal of Alcohols from Aqueous Mixture 

Another family of MOFs-based MMMs was used for removing of alcohols from 
aqueous mixtures by employing materials with hydrophobic features that may favor 
the adsorption or diffusion of alcohols from the mixture.70 Yang et al.77 prepared a 
MMM by doping ZIF-8 nanoparticles as fillers in a silicone rubber 
polymethylphenylsiloxane matrix. This material with 10 wt.% ZIF-8 loading has an 
isobutanol/water separation factor of 34.9 and a flux of 6400 g/m2h in separating 
isobutanol from aqueous mixture with a 1 wt.% concentration of isobutanol (Table 
1.2).77 The separation factor and permeability of ZIF-8/polymethylphenylsiloxane are 
greatly improved when comparing to pure polymethylphenylsiloxane membrane 
mainly because the hydrophobic ZIF-8 adsorbs selectively isobutanol over water but 
also due to its preferential diffusion pathways for isobutanol molecules.77 Another 
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interesting adsorbent material is ZIF-71/polyether-block-amide MMM.78 It contains 
20 wt% ZIF-71 and has a total organic component/water separation factor of 15.5 and 
a total flux of 520.2 g/m2h in a ternary aqueous mixture consisting of 0.6 wt.% of 
acetone, 1.2 wt.% of n-butanol and 0.2 wt.% of ethanol.78 The adsorption selectivity 
observed has been attributed to the high hydrophobicity of ZIF-71.78  

A ZIF-71/polydimethylsiloxane MMM was synthesized with the aim of separating 
a series of alcohols from their 5 wt.% aqueous solutions, including methanol, ethanol, 
isopropanol (IPA) and sec-butanol.79 Adsorption studies show that the alcohol-water 
separation factors increased by increasing the ZIF-71 loading up to 40%. This trend 
was attributed due to presence of ZIF-71 which shows selective alcohol adsorption.79 
Thus, the separation factors reach maximum values equal to 8.0 (methanol-water), 9.9 
(ethanol-water), 13.6 (isopropanol-water) and 30.2 (sec-butanol-water), respectively 
(Table 1.2). However, the alcohol-water separation factors decreased with further 
increasing the ZIF-71 loading above 30% as a consequence of damaging the integrity 
of polydimethylsiloxane matrix upon the incorporation of ZIF-71 particles.79 The total 
flux increased continuously with increasing the ZIF-71 loading because both the less 
dense polydimethylsiloxane matrix as well as the porous ZIF-71 favor the diffusion of 
molecules.79 A hydrophobic RHO-[Zn(eim)2] (MAF-6, Heim=2-ethylimidazole) MOF 
was incorporated into a hydrophobic poly(ether-block-amide) membrane to remove 
ethanol from its aqueous mixture (5 wt.% of ethanol in water).80 Similar to the above 
example, the ethanol-water separation factor and the total flux were both improved 
due to the combined hydrophobicity of MAF-6 and poly(ether-block-amide) matrix. A 
total flux of 4446 g/m2h and a separation factor of 5.6 were determined for this MMM 
with a 7.5 wt% loading of MAF-6.80 
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Table 1.2 Typical MOFs based MMMs in removal of alcohols from aqueous mixtures 

MOF and loading 

(wt%) 

Feed Composition 

(wt%/wt%) 

Temperature 

(℃) 

Total Flux 

(g/m2h) 

Separation 

Factor 

(Alcohol-water) 

Reference 

ZIF-8, 10 
Isobutanol/H2O 

(1/99) 
80 6400 34.9 77 

ZIF-71, 20 

Acetone/n-butanol/ethanol/ 

H2O 

(0.6/1.2/0.2/98) 

37 520.2 15.5 78 

ZIF-71, 30 Methanol/H2O (5/95) 50 ~1000 8.0 79 

ZIF-71, 20 EtOH/H2O (5/95) 50 ~950 9.9 79 

ZIF-71, 20 IPA/H2O (5/95) 50 ~1300 13.6 79 

ZIF-71, 30 Sec-butanol/H2O (5/95) 50 ~1550 30.2 79 

MAF-6, 7.5 EtOH/H2O (5/95) 60 4446 5.6 80 

1.4 Outline of this Thesis 

The discussions above show that several approaches have been used to design 
MOFs for water-alcohol separations but the number of studies is still very low. 
Among the various strategies used, designing and synthesizing MOFs with 
appropriate pore geometries as well as MOFs with flexible network topologies remain 
the most explored approaches. Yet, these studies focus mostly on material design and 
analysis of single adsorption isotherms and therefore insight regarding the separation 
efficiency is lacking. Furthermore, the MOF’s stability, especially in the presence of 
water, is often not addressed, although this is a key requirement for practical 
applications. One exception is, however, the remarkable chemical stability of 
[La(pzdc)1.5(H2O2)2]·2H2O which adsorbs selectively water over methanol.66 

The industrial separation of water-alcohol mixtures is performed through 
pervaporation and vapour permeation processes and therefore a few MMMs have 
been synthesized and tested in potential candidates for such processes. So far, the 
results show that the separation factor is not only related to the type of MOF filler, the 
matrix used and the mechanism by which molecules permeate the membranes, but 
also depends on the loading amount of the MOF in the matrix. Therefore, designing 
MMMs with high permeability, selectivity and stability still remains a challenging 
task. Consequently, a few questions are still to be answered before designing MOFs 
and MOF composite materials for the effective separation of water and alcohols: How 
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can we control the MOF structure to yield specific channel dimensions? Which 
factors govern the competitive sorption of different alcohols? Can MOF materials be 
indeed optimized for industrial separation processes? The work described in this 
thesis aimed at answering these questions. 

 Chapter 2 discusses the synthesis and characterization of a new series of MOFs 
built from alkaline-earth metal ions and 2,5-H2pzdc as organic linker. The 
alkaline-earth metal ions are viewed as similar to lanthanide ions in terms of the 
oxophilic character, diverse coordination geometries and high coordination numbers 
and very importantly, they are abundant, less expensive and non-toxic. Therefore, it 
was hypothesized that MOFs built up from alkaline-earth metals and 2,5-H2pzdc may 
have microporous structures, chemical stability and adsorptive water-alcohol 
separation properties similar to [La(pzdc)1.5(H2O2)2]·2H2O. Consequently, a 
systematic study was carried out to understand the coordination of 2,5-H2pzdc to 
alkaline-earth ions, the thermal and water stability of the compounds obtained as well 
as their potential in practical applications.  

Because MOFs with flexible structures have also shown potential for water-alcohol 
separations, Chapter 3 focuses on the designed synthesis of alkaline-earth MOFs with 
the flexible ligand H4L discussed above. It presents the synthesis and the crystal 
structures of a MOFs series by varying the alkaline earth ions, their thermal and water 
stability as well as the relationship between the MOF’s structural flexibility and the 
performance of materials in separation of mixtures.  

As shown in section 1.3, MOFs cannot be directly applied in industrial processes in 
the form of powders and therefore, subsequent studies focused on combining MOFs 
with polymer membranes into MMMs. The performance of these adsorbent materials 
in water-alcohol separation is determined by the separation factor and the flux. The 
trade-off is that the increase of the separation factor decreases the flux and vice versa. 
This drawback may be overcaming by growing MOFs at the surface of inorganic 
supports which have a robust structure. Chapter 4 discusses the growth of ZIF-8 
crystals at the surface of a mixed metal oxide support, namely TiO2-SiO2 (TSO), 
which replicates the porous structure of the populous nigra natural leaf. Using a 
hierarchical porous structure is expected to decrease the diffusion barriers and to 
improve the adsorption performance as compared to materials having pores with 
uniform size distribution. ZIF-8 was chosen due to its high chemical and thermal 
stability as well as its high adsorption selectivity towards alcohols. The synthesis 
procedure, characterization and water-alcohol adsorptive separation properties of the 
ZIF-8@TSO composite are presented in detail in Chapter 4. 

Most of the MOFs used for water-alcohol separations are not designed to have 
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suitable pore sizes to distinguish between water and methanol or ethanol on the basis 
of their molecular size. In Chapter 5, it was designed a MOFs-polymer composite for 
which the pore size was carefully controlled to facilitate the selective water and 
methanol adsorption. In addition, the weak water stability of DMOF, which was 
chosen as host MOF due to the fact that the size of its 1D pores can be easily adjusted, 
was greatly improved after incorporating an organic polymer into the MOF’s chains. 
The synthetic strategy used, the mechanism responsible for the enhanced 
water-alcohol adsorptive separation observed as well as the water stability of the 
composite are presented in Chapter 5. 
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2.1 Introduction 

Building coordination polymers and metal-organic frameworks (MOFs) from 
alkaline-earth ions and organic ligands is much less explored as compared with 
MOFs built from transition metal or lanthanide ions.1-7 This is mainly due to the 
unpredictable coordination numbers and flexible coordination geometries of 
alkaline-earth cations, as well as their tendency to form solvated 
organic-inorganic ionic layers instead of MOFs.3,8-11 These properties pose 
challenges to the rational design and crystallization processes of alkaline-earth 
coordination polymers and MOFs. However, the strong ionic character and the 
relative high charge of alkaline-earth ions enable the synthesis of coordination 
polymers and MOFs with versatile structures, featuring chemical and thermal 
stability.12,13 Indeed, recent studies showed important developments on 
designing alkaline-earth metal-based MOFs for various applications, such as 
molecular storage and separations,14-17 proton conductivity18-21 and 
mechanochemical applications.22  

Alkaline-earth metal ions have high affinity towards oxygen-based ligands, 
similar to lanthanide ions. Inspired by our recent work on lanthanide-based 
MOFs,23,24 this research aimed at a systematic study to understand the 
coordination of small polycarboxylate ligands, e.g. pyrazine-2,5-dicarboxylic 
acid (2,5-H2pzdc), to alkaline-earth metal ions (Ca2+, Sr2+ and Ba2+). The 
2,5-H2pzdc ligand contains two distinct donor groups, namely the oxygen 
atoms of the carboxylic groups and the nitrogen atoms of the pyrazine ring. 
These enable the formation of highly hydrophilic MOFs that bind water 
selectively and have high thermal stability.25 Furthermore, the coordination 
versatility of the 2,5-H2pzdc ligand is expected to lead to a variety of structural 
topologies.26,27 To the best of our knowledge, there are few studies reporting the 
ability of 2,5-H2pzdc to form MOFs,23-27 and this is the first one to report in 
detail the coordination of 2,5-H2pzdc to alkaline-earth metal cations. There is 
only one study reporting the crystal structure of a Sr2+ compound with 
2,5-H2pzdc28 and a few more alkaline-earth coordination polymers or MOFs 
containing the ligands pyrazine-2,3-dicarboxylic acid (2,3-H2pzdc),29-31 
pyrazine-2,6-dicarboxylic acid (2,6-H2pzdc)32,33 and 
pyrazine-2,3,5,6-tetracarboxylic acid (2,3,5,6-H4PZTC).34-36 

Here, it is reported the coordination of 2,5-pzdc to alkaline-earth metal ions, 
providing details on the synthesis and characterization of five polymeric 
frameworks which contain Ca2+, Sr2+ and Ba2+ as nodes. It is highlighted the 
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diversity of the framework structures obtained as a function of the synthetic 
conditions used. Then, it is discussed the physical properties associated with 
specific hydrophilic molecular networks, including water adsorption and proton 
conductivity properties. 

2.2 Experimental Section 

All chemicals and solvents were purchased from commercial suppliers and used 
as received. The ligand, pyrazine-2,5-dicarboxylic acid (2,5-H2pzdc) was 
recrystallized from hot water for single-crystal structure analysis. 

2.2.1 Synthesis of Alkaline-Earth Compounds 

In a pressure resistant tube, 0.2 mmol of alkaline-earth metal salts, 0.2 mmol of 
2,5-H2pzdc and 20 ml of water were combined. Then the mixture solution was 
heated at 120 °C for 48 h in a preheated oven (see Scheme 2.1 for details). 
After a slow cooling down, the resulting white crystalline solids were separated 
by gravitation filtration and washed twice with 5 ml of ethanol. 
[Ca(2,5-pzdc)(H2O)2]·H2O (1). Compound 1 was obtained following a similar 
procedure as discussed above but using 20 ml mixture of 
N,N-Dimethylmethanamide (DMF, 10 ml) / water (10 ml) as solvent. Yield: 
39.1 mg (75 mol.% based on metal). IR (KBr, cm-1): 3158 (br), 2122 (s), 2105 
(m), 1606 (m), 1573 (m), 1488 (w), 1415 (m), 1328 (m), 1295 (m), 1194 (m), 
1050 (s), 806 (m), 727 (w), 555 (w). C, H, N analysis (%): calcd C 27.66, H 
3.07, N 10.76; found C 27.75, H 3.17, N 10.67. 
[Ca(2,5-pzdc)(H2O)4] (2). Yield: 44.5 mg (80 mol.% based on metal). Using 
Ca(OH)2 in the general procedure described above, we obtained a white 
crystalline solid which is mixture of the [Ca(2,5-pzdc)(H2O)2]·H2O and 
[Ca(2,5-pzdc)(H2O)4] compounds. Because the single-crystals of compounds 1 
and 2 have different shapes, they can easily be distinguished in the mother 
liquid using an optical microscope. Therefore, they can be separated for 
single-crystal XRD measurements. Detailed characterization was performed 
only for compound 1 since only this compound could be obtained in pure form. 
[Sr(2,5-pzdc)(H2O)4]·H2O (3). Yield: 50.9 mg (75 mol.% based on metal). IR 
(KBr, cm-1): 3250 (br), 1597 (s), 1465 (m), 1384 (s), 1306 (s), 1180 (s), 1044 
(s), 940 (w), 860 (w), 826 (m), 776 (s), 708 (w), 554 (s), 509 (s), 445 (s). C, H, 
N analysis (%): calcd C 20.99, H 3.49, N 8.16; found C 20.92, H 3.24, N 8.28. 
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[Ba(2,5-pzdc)(H2O)4]∙2H2O (4). Yield: 65.2 mg (80 mol.% based on metal). 
Note that this compound loses the water molecules upon removing the crystals 
from the mother liquid undergoing a structural change as indicated by PXRD. 
Elemental analysis results correspond to the composition [Ba(2,5-pzdc)] and 
therefore, no detailed studies were performed on this compound. IR (KBr, 
cm-1): 3200 (br), 2035 (m), 1827 (w), 1664 (w), 1514 (m), 1441 (s), 1315 (s), 
1196 (s), 1056 (s), 956 (m), 848 (s), 603 (w). C, H, N analysis (%): calcd C 
25.08, H 1.04, N 9.76; found C 24.91, H 1.93, N 10.37.  
[Ba(2,5-pzdc)(H2O)2] (5). Yield: 57.1 mg (85 mol.% based on metal). IR (KBr, 
cm-1): 3350 (br), 1613 (s), 1473 (m), 1392 (s), 1369 (w), 1301 (s), 1174 (s), 
1035 (s), 956 (m), 821 (s), 775 (s), 693 (w). C, H, N analysis (%): calcd C 
21.23, H 1.77, N 8.26; found C 21.53, H 2.05, N 8.27.  
 

   
Scheme 2.1 Top: Synthetic routes used to crystallize various coordination polymers using 
alkaline-earth metal salts and 2,5-H2pzdc. Bottom: The four different coordination modes of 
2,5-pzdc linker observed within the isolated compounds. All red bonds and spheres refer to the 
coordinated and lattice water molecules. The hydrogen atoms within these structures are 
removed for clarify. 
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2.2.2 Physical Characterization 

Infrared spectra (IR, 4000-400 cm-1, resol. 0.5 cm-1) were recorded on a Varian 
660 FTIR spectrometer equipped with a Gladi ATR device using KBr pellets as 
the transmission technique. Powder X-ray diffraction (PXRD) measurements 
were carried out on a Rigaku Miniflex X-ray diffractometer. Data were 
recorded from 3° to 60° with a turning speed of 2.5 °/min. Thermogravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) measurements 
were carried out on a STA 449 F3 Jupiter® (NETZSCH Instrument) unit. The 
measurements were performed under the air atmosphere with a flow of 20 
ml/min. Water adsorption measurements for both the as-synthesized and 
dehydrated compounds 1 and 3 at 30 °C were performed in a micro-calorimeter 
(Calvet C80, Setaram) which can operate isothermally and is connected to a 
home built manometric apparatus. The dehydrated phases of compounds 1 and 
3 were obtained via solvent evacuation under vacuum at 100 °C for 6 h. 

2.2.3 Conductivity Measurements 

Samples were prepared for impedance analysis by grinding the crystalline 
product with a mortar and pestle to uniform particle size. Disk-shaped pellets 
were prepared by using a press and a die measuring 13 mm in diameter. The 
pellet was placed between a pair of parallel copper plates anchored by a clamp. 
The typical thickness of the sample was ~0.4 mm (±0.05 mm). The 
electrochemical cell was then fixed with a clamp and placed in a 
humidity-controlled environment which is controlled by different saturated salt 
solutions. Impedance analysis was measured using 4-points method at different 
temperatures (303 K to 353 K) and various relative humidities (RH; 44 % to 
98 %). Electrochemical impedance spectroscopy (EIS) tests were carried out 
under open-circuit voltage (OCV) condition using a Gamry potentiostat 
(Reference 600) with a frequency range of 106 Hz to 0.1 Hz and a voltage 
amplitude of 10 mV. 

2.2.4 Structure Determination and Refinement 

Single crystals of the ligand H2pzdc and compounds 1-5 were mounted each on a 
glass fiber. The crystal data have been collected on a Rigaku R-AXIS RAPID II 
diffractometer using graphite monochromated Mo-Kα radiation (λ = 0.71075 A) 
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and the ω-ϕ scan technique. The structures were solved by direct methods and 
refined anisotropically using a full-matrix least-squares method based on F2 with 
the SHELXL 97 program.37,38 Non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were located and included at their calculated positions and they 
were refined by a riding model. The details of the crystal parameters, data 
collection and refinement for ligand are listed in Table A2.1 and for all 
complexes are listed in Table A2.2 (see Chapter 2 Appendix). CCDC 1543807, 
1543809, 1543819, 1543820, 1543821, 1543822 include all supplementary 
crystallographic data for this paper. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

2.3 Results and Discussion 

2.3.1 Crystal Structure Analysis 

Five alkaline-earth compounds were synthesized using various alkaline-earth 
salts and 2,5-H2pzdc as starting materials. This was done by varying both the 
type of alkaline-earth salt as well as the solvent of the reaction. Scheme 2.1 
shows the details on reaction parameters varied and the type of the compounds 
obtained. Both single-crystals and polycrystalline powders were obtained in all 
cases. Crystallographic details are shown in Section S2.1 in Appendix of this 
chapter. 

During the attempts to synthesize various MOFs with alkaline-earth ions, 
single crystals of the 2,5-H2pzdc ligand in water were also presented. Figure 2.1 
shows its molecular crystal packing with the hydrogen bonding interactions 
between carboxylate groups, nitrogen atoms of the pyrazine ring and the lattice 
water molecules. Due to the strong hydrogen bonds established between the 
2,5-H2pzdc ligand and the crystallization water molecules, it is likely that water 
molecules might play a key role in the MOFs crystallization process. Therefore, 
all synthesis were performed in aqueous conditions.  

http://www.ccdc.cam.ac.uk/data_request/cif
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Figure 2.1 The molecular structure of 2,5-H2pzdc showing the hydrogen bonding (dash blue lines) 
interactions. Color code: H, white; O, red; N, purple; C, grey. 

Compound 1 crystallizes in the triclinic space group P1. The asymmetric unit 
contains one Ca2+ ion, one fully deprotonated 2,5-pzdc2- linker, two coordinated 
water and one lattice water molecules. Figure 2.2a shows that the Ca1 ion is 
coordinated to six oxygen atoms and two nitrogen atoms to form a distorted 
dodecahedral coordination geometry. Four coordination sites are occupied by 
two different carboxylate oxygen atoms and two nitrogen atoms (O1, O3, N1 
and N2) from two 2,5-pzdc2- linker in a chelated fashion, and the other four 
sites are occupied by two bridging carboxylate oxygen atoms (O3’and O4) 
from two different 2,5-pzdc2- ligands and two oxygen atoms (O5 and O6) from 
two coordinated water molecules. The Ca-O bond lengths are in the range from 
2.395 to 2.536 Å, and the Ca-N bond lengths are 2.575 Å and 2.647 Å, 
respectively. The 2,5-pzdc2- linkers exhibit two independent coordination 
modes in the molecular framework of 1, one ligand being coordinated to six 
Ca2+ ions and the other one binding two Ca2+ ions (see Figure 2.2b, 2.2c). The 
Ca1 dodecahedron in 1 is connected by two bridging carboxylate oxygen atoms 
to a neighbor dodecahedron to form a dinuclear unit. Then, these dinuclear 
units can be viewed as a 6-connected node which is linked through 2,5-pzdc2- 
linkers to six adjacent same units to give a three-dimensional (3D) structure. 
One-dimensional (1D) rhombohedral channels can be observed along the a 
direction and these channels are occupied by lattice water molecules (see 
Figure 2.2d). 
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Figure 2.2 (a) The coordination environment of the Ca1 ion; (b,c) The coordination modes of the 
2,5-pzdc2- linker in 1; (d) View of the 3D structure of 1 along a axis showing the 1D channels filled 
with water molecules. The 2,5-pzdc2- linkers are presented in blue and magenta, illustrating the 
different coordination modes. Color code: Ca, green; O, red; N, purple; C, grey; H, white. 

Compound 2 crystallizes as colourless needles in a monoclinic system with 
the space group C2/c. Figure 2.3 shows that 2 consists of Ca2+ ions linked by 
2,5-pzdc2- ligands, giving rise to a 1D chain. The asymmetric unit consists of 
one Ca2+ ion, one fully deprotonated 2,5-pzdc2- ligand and four coordinated 
water molecules. As shown in Figure 2.3a, Ca1 is surrounded by six oxygen 
atoms and two nitrogen atoms to adopt a distorted dodecahedral coordination 
geometry. Within this distorted dodecahedron, the coordination sphere of Ca1 
ion contains two carboxylate oxygen atoms and two nitrogen atoms (O1, O1’, 
N1 and N1’) from two 2,5-pzdc2- ligands in a chelated fashion as well as other 
four oxygen atoms (O3, O3’, O4 and O4’) from four coordinated water 
molecules. The Ca-O bond lengths are in the range from 2.411 to 2.539 Å, and 
the Ca-N bond length is 2.570 Å. Figure 2.3b shows that the carboxylate groups 
of the fully deprotonated 2,5-pzdc2- ligand in 2 has only one coordination mode. 
In this case, the carboxylate groups bridge one Ca2+ ion in a ƞ1 mode. The 
connection of the Ca2+ ions through bridging 2,5-pzdc2- ligands leading to a 1D 
zig-zag chain and each chain is connected to six adjacent chains through 
hydrogen bonding interaction. (see Figure 2.3c). 
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Figure 2.3 (a) The coordination environment of the Ca1 ion in 2; (b) The coordination modes 
of the 2,5-pzdc2- linker in 2; (c) View of the 1D chain of 2 along b axis; the lattice water 
molecules are removed for clarity. The 2,5-pzdc2- linkers are presented in magenta, illustrating 
the same coordination mode. Color code: Ca, green; O, red; N, purple; C, grey. 

Compound 3 crystallizes in triclinic space group P1. The asymmetric unit 
consists of two Sr2+ ions, two fully deprotonated 2,5-pzdc2- linkers, eight 
coordinated water and two lattice water molecules. Both Sr2+ ions are 
surrounded by seven oxygen atoms and two nitrogen atoms displaying 
equivalent coordination spheres but with different coordination bond lengths 
(see Figure 2.4a). In this case, both Sr1 and Sr2 are linked to two different 
carboxylate oxygen atoms and two nitrogen atoms (O1, O7, N1, N4) from two 
2,5-pzdc2- ligands in a chelated fashion as well as the third carboxylate oxygen 
atom (O5) from the third 2,5-pzdc2- linker and four oxygen atoms (O9, O10, 
O11, O12) from four coordinated water molecules. The Sr1-O bond lengths 
range from 2.563 to 2.694 Å, while Sr2-O bond lengths range from 2.575 to 
2.725 Å. The Sr1-N and Sr2-N bond lengths are 2.804, 2.810, 2.772 and 2.857 
Å, respectively. Figures 2.4b and 2.4c show that the 2,5-pzdc2- linkers adopt 
two different coordination modes in 3, one bridges four Sr2+ ions and the other 
one bridges two Sr2+ ion. The connection of Sr2+ ions through 2,5-pzdc2- linkers 
and the hydrogen bonding interactions between coordinated water and lattice 
water molecules lead to a 3D structure (see Figure 2.4d). The distorted 
hexagonal 1D channels along the b direction are occupied by lattice water 
molecules. Single-crystals of 3 can also be obtained by mixing hot aqueous 
solutions of SrCO3 and 2,5-H2pzdc, followed by cooling at room temperature.28 
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Figure 2.4 (a) The coordination environments of the Sr1 and Sr2 in 3; (b, c) The coordination modes of 
the 2,5-pzdc2- linker in 3; (d) View of the 3D structure of 3 along the b axis showing the channels filled 
with water molecules. The 2,5-pzdc2- linkers are presented in green and magenta, illustrating the two 
different coordination modes. Color code: Sr, dark blue; O, red; N, purple; C, grey. 

Compound 4 and 5 were synthesized under the same experimental conditions 
but using different starting barium salts. Two different crystal structures were 
obtained, as confirmed by the single-crystal XRD analysis. Compound 4 
crystallizes in the monoclinic space group C2. The asymmetric unit contains 
one Ba2+ ion, one fully deprotonated 2,5-pzdc2- ligand, four coordinated water 
and two lattice water molecules. The Ba1 ion is coordinated to eight oxygen 
atoms and two nitrogen atoms to form its coordination sphere. The two 
carboxylate oxygen atoms and two nitrogen atoms (O1, O3, N1, N2) are from 
two 2,5-pzdc2- linkers which are bound in a chelate fashion. Then, Ba1 is 
further coordinated by two carboxylate oxygen atoms (O1’, O3’) from two 
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2,5-pzdc2- linkers as well as four oxygen atoms (O5, O6, O7, O8) from four 
coordinated water molecules (see Figure 2.5a). The Ba1-O bond lengths range 
from 2.769 to 3.061 Å, whereas the two Ba1-N bond lengths are identical and 
equal to 2.90 Å. Figure 2.5b shows that all 2,5-pzdc2- linkers adopt one 
coordination mode, bridging two Ba2+ ions. The Ba1 polyhedron unit is linked 
through four μ2-ƞ2 carboxylates groups and two monoatomic oxygen atoms 
from the coordinated water molecules to form a dinuclear Ba2 unit. These 
dinuclear units are connected by 2,5-pzdc2- linkers and hydrogen bonding 
interaction between the coordinated and lattice water molecules, leading to a 
3D structure. The rhombohedral 1D channels along the c direction are occupied 
by lattice water molecules.  

 
Figure 2.5 (a) The coordination environment of the Ba1 ions in 4; (b) The coordination modes 
of the 2,5-pzdc2- ligand in 4; (c) View of the 3D structure of 4 along the c axis showing the 
rhombohedral channels filled with water molecules. The 2,5-pzdc2- linkers are presented in 
green, illustrating the same coordination modes. Color code: Ba, orange; O, red; N, purple; C, 
grey. 
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Unlike 4, compound 5 crystallizes in the monoclinic space group C2/c. The 
asymmetric unit of 5 has one Ba2+ ion, one fully deprotonated 2,5-pzdc2- linker 
and four coordinated water molecules. Each Ba1 is bridged to ten oxygen 
atoms, in which four oxygen atoms (O1, O1’, O2, O2’) from two 2,5-pzdc2- 
linkers coordinated in a chelated fashion and two oxygen atoms (O1’’, O1’’’) 
from two 2,5-pzdc2- linkers bound in a monodentate mode. The other four 
oxygen atoms (O3, O3’, O3’’, O3’’’) are from four coordinated water 
molecules (see Figure 2.6a). The Ba1-O bond lengths are in the range 2.774 to 
2.993 Å. Figure 2.6b shows that the carboxylate groups within 2,5-pzdc2- 
linkers adopt one coordination mode, bridging three Ba2+ ions in a 
bridging-chelating μ2-ƞ2,ƞ1 mode. As shown in Figure 6c, the connection of 
Ba2+ ions through 2,5-pzdc2- linkers and bridging coordinated water molecules 
leads 5 to a 3D structure with distorted rectangular channels along the b 
direction. 

 

Figure 2.6 (a) The coordination environment of the Ba1 ion; (b) The coordination mode of the 
2,5-pzdc2- linker; (c) View of the 3D structure of 5 along the b direction showing the empty 
rectangular channels. The 2,5-pzdc2- linkers are presented in light blue, illustrating the same 
coordination modes. Color code: Ba, orange; O, red; N, purple; C, grey. 



Coordination polymers from alkaline-earth nodes and pyrazine carboxylate linkers 

39 
 

Compounds 1-5 exhibit five different crystal structures, revealing the 
expected versatile coordination modes of the alkaline-earth metal ions as well 
as the influence of the starting metal salts and the reaction conditions used. A 
clear trend in the connectivity of various alkaline-earth metal ions with the 
same linker 2,5-pzdc2- can be observed in this work. Thus, the coordination 
number is 8 for Ca2+ and it increases to 10 for Ba2+, reflecting the increase of 
the ionic radius from Ca2+ to Ba2+. This is most likely due to the decreased 
charge density of the alkaline-earth metal ions with larger ionic radius and their 
tendency to complete the coordination sphere by π-interactions with the 
2,5-pzdc2- pyrazine linker.3 

The Ca2+ cation shows the most diverse coordination modes among the 
reported alkaline-earth metal-based coordination compounds (see a detailed 
comparison in Table A2.3). The coordination numbers range from 6 to 9 in 
different cases and the crystal structures are completely different from each 
other even though sometimes they bear similar or even the same 
ligand.14,20,29,34-35,39-41 This behavior is likely due to the high polarizability and 
hygroscopic nature of the Ca2+ ion.20 Other larger ions, Sr2+ and Ba2+, have 
higher coordination numbers such as 8, 9 and 10, and prefer to form 3D 
structure built from 1D metal ion-carboxyl chains (also see Table A2.3).33, 42-44 
Such examples indicate that a diversity of crystal structures can be obtained by 
employing alkaline-earth metal ions as metal node with different, similar or 
even the same organic ligands as linker. 

2.3.2 Materials Characterization 

The phase purity of compounds 1-5 was confirmed by comparing the 
experimental and simulated powder X-ray diffraction (PXRD) patterns (see 
Figure 2.7 and A2.1-A2.5). The results indicate that only bulk compounds 1, 3 
and 5 have a crystalline phase purity, in which all major peaks of experimental 
PXRD are in good agreement with the simulated ones. However, the bulk 
compound 2 presents a mixture phase which contains both 
[Ca(2,5-pzdc)(H2O)2]·H2O and [Ca(2,5-pzdc)(H2O)4], as also confirmed by 
single-crystal XRD studies. For the bulk compound 4, there is a great difference 
between the experimental and simulated PXRD patterns, which is attributed to 
a crystal structure rearrangement derived from the crystal weathering effect.16 
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Figure 2.7 PXRD patterns of the as-synthesized alkaline-earth based MOFs. Color code: 1 (green), 2 
(red), 3 (dark blue), 4 (wine) and 5 (orange). 

Based on the XRD results, it was decided to run thermogravimetric analyes 
(TGA) to verify the thermal stability of compounds 1, 3 and 5. Figure 2.8 
reveals that their frameworks are stable up to ca. 450 °C in air, decomposing 
above this temperature. Compound 1 and 3 display a similar TGA curve with 
two steps of weight loss below 300 °C. The first weight loss step of 15 wt% 
(calc. 14 wt%) and 6 wt% (calc. 5 wt%) for 1 and 3 in the temperature range 
75-110 °C is assigned to the removal of the lattice water and half of the 
coordinated water molecules for 1 as well as all lattice water molecules for 3. 
The second weight loss step of 5 wt% (calc. 5 wt%) for both 1 and 3 in the 
temperature range of 220-260 °C corresponds to the removal of the other half 
of coordinated water molecules for 1 and one coordinated water molecule for 3, 
respectively. However, compound 5 exhibits a different one step weight loss 
curve, in which 10 wt% (calc. 10 wt%) in the temperature range of 100-150 °C 
is assigned to the removal of all the coordinated water molecules for 5. Based 
on the TGA results, it is further to activate these alkaline-earth based MOFs by 
heating to remove the guest water molecules and study further their potential 
applications. 

Therefore, a suitable activation process was designed for compounds 1 and 3 
to effectively remove the lattice water molecules. Consequently, 1 and 3 were 
heated at both the 100 °C and 200 °C under vacuum (<10–4 torr) for 6h. The 
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TGA results (see Figure A2.6 and A2.7 in the ESI) on the activated 1 and 3 
indicate that all the lattice water molecules are removed under 100 °C. 
Additionally, 1 lost half of its coordinated water molecules under the same 
temperature. Upon activation at 200 °C, the TGA curve of 1 remains 
unchanged, whereas 3 loses some coordinated water molecules. The PXRD 
patterns of the activated 1 and 3 (see Figure A2.1 and A2.3) indicate that the 
coordinated water molecules play a key role in stabilising the molecular 
structure of these alkaline-earth compounds. A significant crystal structure 
change is observed upon removing the coordinated water in 1 and 3. 

 
Figure 2.8 TGA curves of the as-synthesized alkaline-earth based MOFs. Color code: 1 (green), 
3 (dark blue) and 5 (orange). 

2.3.3 Water Adsorption Studies 

As reported earlier, lanthanide-based MOFs constructed from 2,5-H2pzdc 
linkers undergo a reversible phase change upon dehydration-rehydration 
procedures.45 To investigate whether the new alkaline-earth compounds show 
similar behavior, a water adsorption study was carried out. Here, it was used 
both forms of the compounds 1 and 3, as synthesized and activated (at 100 °C), 
respectively. Figure A2.8 shows that the water uptake is 3.96 wt% (2.2 mmol/g) 
for as-synthesized 1, indicating that 0.5 extra water molecules per Ca2+ metal 
ion can be incorporated inside the framework at saturated pressure (P/P0=0.98). 
The extra water uptake reveals the structural flexibility of 1, which is usually 
observed in molecular networks which contain metal ions with high 
coordination numbers.46,47 For activated 1, however, a very low water uptake of 
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0.9 wt% (0.5 mmol/g) is observed even at the saturated pressure. This is 
probably due to an irreversible crystal structure change derived from losing the 
coordinated water molecules upon activation (see Figure A2.1). The crystal 
structure change may cause the collapse of the 1D channels of 1, preventing the 
adsorption of water molecules.48 Additionally, the activated 1 with unsaturated 
coordination Ca2+ ions cannot return to its original structure by adsorbing water 
molecules (see Figure A2.1). 

Figure 2.9 shows that the as-synthesized 3 has a much lower water uptake, 
0.9 wt% (0.5 mmol/g) below the relative pressure P/P0=0.8. The water uptake 
reaches 2.16 wt% (1.2 mmol/g) with the water pressure increased from 0.8 to 
1.0 (P/P0). The adsorption isotherm of type V suggests that the water molecules 
are adsorbed in the void between particles of compound 3 as the capillary 
condensation occurred. The activated 3 takes up more water, about 4.8 wt% 
(2.6 mmol/g) at saturated pressure (P/P0=0.98), reflecting that one water 
molecules per Sr2+ metal ion can be incorporated inside the channels of 3. This 
shows that the activated 3 rehydrated to its original form. Compound 3 retains 
its original structure upon activation because no coordinated water molecules 
are removed (see Figure A2.3).  

 
Figure 2.9 Water adsorption isotherms for as-synthesized 3 (dark blue) and dehydrated 3 (black) 
at 30 °C. Filled and open symbols correspond to adsorption and desorption cycles, respectively. 
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2.3.4 Proton Conduction Measurements 

The single crystal structural study of compound 3 shows its 1D channels filled 
with water molecules running along the b axes (see Figure 2.4d). This structural 
feature, in addition to the coordinated water molecules pointing toward 
channels, may facilitate a good proton conduction path.49 Impedance spectra 
measured at different relative humidities (RH) and temperatures are shown in 
Figure 2.10. It is worth noting that the amount of water molecules within 1D 
channels of compound 3 increased as the water partial pressures (RH) increased. 
Similar to the water adsorption, at constant temperature of 293 K, the 
conductivity increased from 1.12 × 10-8 to 9.05 × 10-6 S cm-1 when RH 
increased from 50 % to 98 %. These results indicated that increasing the proton 
conductivity is closely related to the amount of water molecules within 1D 
channels of 3. This is due to the water molecules which can work as a proton 
carrier and grain boundary remover.50 In the case of 3, increasing the relative 
humidity facilitates the incorporation of water molecules into 1D channels by 
hydrogen bonding interactions with the carboxylate oxygen atoms, coordinated 
and lattice water molecules, which improve the proton conductivity.51  

Subsequently, to understand the proton conduction mechanism mediated by 
the water molecule, it was compared the impedance values at different 
temperatures, while keeping the RH at 44 %. The conductivity increased from 
3.70 × 10-6 to 7.95 × 10-6 Scm-1 with the temperature increased from 303 K to 
353 K (see Figure 2.10c). The proton conductivity value of 3 is comparable 
with that of MIL-53 and other alkaline-earth metal-based MOFs (a detailed 
comparison is given in Table A2.4). The Arrhenius activation energy of 0.16 
eV is derived from these conductivity results (see Figure 2.10d). This relatively 
low activation energy indicates that the Grotthuss mechanism is likely occuring, 
in which a proton hops from a proton donor to an acceptor along a hydrogen 
bond.52,53 In the case of compound 3, the metal cations serve to improve the 
acidity of the coordinated water molecules, which can donate protons to 
adjacent lattice water molecules; therefore, protons can be transported through 
the hydrogen bonding networks (see Figure A2.9 in chapter 2 Appendix).20 
However, a plausible reason for the low proton conductivity of 3 is due to the 
hydrogen bonding network within the 1D channel is highly asymmetric, 
because the lattice water molecules are arranged as discrete clusters. This is 
also observed in other proton-conducting MOF materials (see Table A2.4).54,55  

 



Chapter 2 

44 
 

 
Figure 2.10 (a) Impedance spectra of the dehydrated 3 at 293 K measured at 66% (red), 86% (blue) 
and 98% (orange) relative humidity (RH). (b) Impedance spectrum of the dehydrated 3 at 293 K at 50 % 
RH (black). (c) Impedance spectra of the dehydrated 3 at 44 % RH and 303 K (red), 313 K (blue), 
323K (yellow), 333K (green), 343K (purple) and 353K (grey). (d) Arrhenius plots of the proton 
conductivities of dehydrated 3 at 44% RH. 

2.4 Conclusions 

This chapter discussed the successful synthesis of a series of alkaline-earth 
coordination polymers using a pyrazine-carboxylate ligand as linker. These 
compounds exhibit a variety of crystal structures derived from the large and 
flexible coordination geometries of the alkaline-earth ions together with the 
coordination versatility of the 2,5-pzdc2- linker used. All compounds with 3D 
networks feature highly hydrophilic open channels which are filled with water 
molecules. Notably, the Sr-based compound 3 can retain its original structure 
after removing all lattice water molecules from the 1D channels, thus exhibiting 
a potential proton conduction ability because of its appropriate pathway for 
proton transporting. These results suggest that it is possible to design water 
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stable porous compounds made from abundant and non-toxic alkaline-earth 
metal ions. 
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Chapter 2 Appendix 

2.1 X-Ray Structure Analysis 

 

 

Table A2.1. Crystal Data and Refinement Information for 2,5-H2pzdc Ligand. 

Complexes H2pzdc 
Formula C6H8N2O6 

Formula weight 204.14 
Space group P-1 

a (Å) 6.9599 (6) 
b (Å) 7.1381 (4) 
C (Å) 9.3226 (6) 
α (º) 92.721 (7) 
β (º) 105.178 (7) 
γ (º) 110.866 (8) 

Volume (Å3) 412.56 (6) 
Z 2 

Dx (g/cm3) 1.643 
μ (cm-1) 1.492 

Reflections Collected 5008 
Reflections 

Unique 1767 

R1
a [I ˃ 2σ (I)] 0.0463 

wR2
b 0.1674 

aR1 = Σ||Fo|-|Fc|| / Σ|Fo|, bwR2 = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2  
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Table A2.2 (1) Crystal Data and Refinement Information for Complexes.  

Complexes 1 2 
Formula C6H8CaN2O7 C6H10CaN3O8 

Formula weight 260.22 278.23 
Space group P-1 C2/c 

a (Å) 6.5656 (8) 11.640 (2) 
b (Å) 8.5184 (11) 5.8956 (4) 
C (Å) 9.2413 (10) 15.168 (2) 
α (º) 105.140 (5) 90 
β (º) 95.387 (4) 104.286 (7) 
γ (º) 99.325 (7) 90 

Volume (Å3) 487.26 (11) 1008.7 (2) 
Z 2 4 

Dx (g/cm3) 1.773 1.832 
μ (cm-1) 6.668 6.575 

Reflections 
Collected 4912 3900 

Reflections 
Unique 2038  1160 

R1
a [I ˃ 2σ (I)] 0.0449 0.0437 

wR2
b 0.1215 0.1057 

aR1 = Σ||Fo|-|Fc|| / Σ|Fo|, bwR2 = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 
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Table A2.2 (2) Crystal Data and Refinement Information for Complexes.  

Complexes 3 4 5 
Formula C12H16Sr2N4O18 C6H10BaN2O10 C6H2BaN2O6 

Formula weight 679.51 407.48 335.42 
Space group P1 C2 C2/c 

a (Å) 6.2281 (2) 11.7030 (6) 19.899 (2) 
b (Å) 9.4499 (4) 16.1087 (8) 6.9856 (5) 
C (Å) 10.6160 (7) 7.3641 (5) 6.3382 (5) 
α (º) 73.814 (5) 90 90 
β (º) 80. 723 (6) 116.030 (8) 96.274 (7) 
γ (º) 75.136 (5) 90 90 

Volume (Å3) 577.24 (5) 1247.5 (2) 875.8 (2) 
Z 1 4 4 

Dx (g/cm3) 1.955 2.169 2.544 
μ (cm-1) 47.071 32.335 45.444 

Reflections 
Collected 8952 3901 2630 

Reflections 
Unique 4760 2439 996 

R1
a [I ˃ 2σ (I)] 0.0418 0.0246 0.0361 

wR2
b 0.1175 0.0810 0.0932 

aR1 = Σ||Fo|-|Fc|| / Σ|Fo|, bwR2 = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 

2.2 Phase Purity and Thermal Stability  

 
Figure A2.1 PXRD patterns of the simulated 1 (black), as-synthesized 1 (red), dehydrated 1 at 100 °C 
(blue), dehydrated 1 at 200 °C (green) and 1 after water adsorption measurement (orange), respectively. 
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Figure A2.2 PXRD patterns of the simulated 2 (black), simulated 1 (red) and as-synthesized 2 (blue), 
respectively. It shows that the as-synthesized compound 2 is a mixture containing the compounds 
[Ca(2,5-pzdc)(H2O)2]·H2O and [Ca(2,5-pzdc)(H2O)4]. This is in agreement with our observation during 
the single-crystal XRD measurement, in which we found two kind of crystals with independent shapes 
and crystal structure parameters. 

 
Figure A2.3 PXRD patterns of the simulated 3 (black), as-synthesized 3 (red), activated 3 at 100 °C 
(blue) and activated 3 at 200 °C (green), respectively. 
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Figure A2.4 PXRD patterns of the simulated (black) and as-synthesized 4 (red), respectively. 

 

 

Figure A2.5 PXRD patterns of the simulated (black) and as-synthesized 5 (red), respectively. 
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Figure A2.6 TGA (solid line) and DSC (dash lines) curves of the as-synthesized compound 1 (green), 
dehydrated 1 at 100 °C (red) and dehydrated 1 at 200 °C (blue). 

 

Figure A2.7 TGA (solid line) and DSC (dash lines) curves of the as-synthesized compound 3 (dark 
blue), dehydrated 3 at 100 °C (red) and dehydrated 3 at 200 °C (green). 
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2.3 Water Adsorption Study  

 

 

  

Figure A2.8 Water uptake of the as-synthesized compound 1 (green) and the dehydrated compound 1 
(black) at 30 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Coordination polymers from alkaline-earth nodes and pyrazine carboxylate linkers 

55 
 

2.4 Crystal Structure Comparison 

Table A2.3 Structural details and potential applications of some alkaline-earth metal 
based coordination compounds/MOFs. 

Compound[1] Metal Salts Ligands[2] 
Coordin

ation[3] 
Metal Cluster Application Ref. 

Ca-IRMOF-1 _[4] 1,4-H2BDC 4 Ca4O(BDC)3  _ 1 

Ref.2-3 Ca(NO3)2·4H2O H3TCM 6,7,7 

Ca(TCM)6, 

Ca(TCM)5DMF, 

Ca(TCM)4(DMF)(H2O) 

_ 2 

Ref.3-2 _ HDCPP 6 Ca(DCPP)4(DMF)2 Adsorption 3 

Ref.4-1 Ca(NO3)2·4H2O H2BDC-F4 7 Ca(BDC-F4)5(H2O) Adsorption 4 

Ref.5-1 Ca(NO3)2·4H2O 2,3-H2pzdc 8 Ca(2,3-pzdc)2(NO3)(H2O)3 Magnetism 5 

Ca4(pztc)2(H2O)2 Ca(OAc)2·4H2O 
2,3,4,6-H4PZ

TC 
7,8 

Ca(pztc)3(H2O)4 

Ca(pztc)4(H2O)3 
_ 6 

Ca(pztc)(H2O)3 Ca(NO3)2·4H2O 
2,3,4,6-H4PZ

TC 
9 Ca(pztc)2(H2O)3 _ 7 

Ca-BTC-H2O Ca(OAc)2·4H2O 1,3,5-BTC 8 Ca(BTC)5(H2O) 
Proton 

Conductivity 
8 

Ca-BTC-DMF Ca(NO3)2·4H2O 1,3,5-BTC 7,8 
Ca(BTC)5DMF 

Ca(BTC)4(DMF)(H2O) 

Proton 

Conductivity 
8 

Ca-BTC-DMSO Ca(OAc)2·4H2O 1,3,5-BTC 6,8 
Ca(BTC)2(H2O)2(DMSO)2 

Ca(BTC)4(H2O)(DMSO) 

Proton 

Conductivity 
8 

Ca-BTC CaCl2 1,3,5-BTC 6 Ca(BTC)6 
Proton 

Conductivity 
8 

Ref.9-1 Sr(NO3)2·4H2O 2,6-H2pzdc 8,9 
Sr(2,6-pzdc)2(H2O)4 

Sr(2,6-pzdc)2(H2O)5 
_ 9 

[Sr3{H2diol)3(DMF)5] SrCl2 
H4diol/ 

DABCO 
8 Sr(H2diol)3(DMF)5 Fluorescence 10 

Ref.11-1 Sr(NO3)2 1,3-bdc 7,8 Sr(1,3bdc)5(H2O) 

Interlayer 

dielectric 

material 

11 

Ref.12-3 Ba(OH)2 H4BPTC 7,8,9 

Ba(BPTC)4(H2O) 

Ba(BPTC)4(H2O)2 

Ba(BPTC)2(H2O)5 

Proton 

Conductivity 
12 

Ref.3-4 _ HDCPP 8 Ba(DCPP)5(H2O)(DMA) Adsorption 3 

Ref.5-3 BaCl2 2,3-H2pzdc 9 Ba(2,3-pzdc)4(H2O)5 Magnetism 5 

Ba-SBBA Ba(NO3)2 SBBA 9,10 
Ba(SBBA)5DEF 

Ba(SBBA)5(DEF)3 
_ 13 

Notes: [1] Owing to the length of name of some compounds are too long to be putted in Table A2.3, 
thus only their abbreviation name in references are shown in column 1. The exact names are shown 
below: 
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Ref.2-3 : {[Ca5/2(TCM)2(DMF)2(H2O)](Me2NH2)(DMF)2(H2O)}n 

Ref.3-2 : [Ca(HDCPP)2(H2O)2]n(DMF)1.5n 

Ref.4-1 : {[Ca4(BDC-F4)4(H2O)4]·4H2O}n 

Ref.5-1 : [Ca2Co(pzdc)2(NO3)2(H2O)8]n·2nH2O 
Ref.9-1: Sr2(2,6-pzdc)2(H2O)7·1.5H2O 
Ref.11-1: {[Sr2(1,3-bdc)2(H2O)2]·H2O}n 
Ref.12-3: [Ba6(BPTC)3(H2O)6]·11H2O 
Ref.3-4: [Ba(DCPP)(H2O)(DMA)]n 

Ref.5-3: [Ba2Co(pzdc)2(H2O)10]n·2nCl 
Ba-SBBA: Ba2(SBBA)2·4DEF 

[2]  1,4-H2BDC 1,4-benzenedicarboxylic acid;  
     H3TCM 4,4’,4”-{[(2,4,6-trimethylbenzene-1,3,5-triyl)tris-(methylene)]tris(oxy)]}tribenzoic acid; 
     HDCPP metal free 5,15-di(4-carboxypheneyl)porphyrin; 
     H2BDC-F4 2,3,5,6-tetrafluorobenzenedicarboxylic acid; 
     2,3-H2pzdc Pyrazine-2,3-dicarboxylic acid 
     2,3,5,6-H4PZTC Pyrazine-2,3,5,6-tetracarboxylic acid 
     1,3,5-BTC Bezene-1,3,5-tricarboxylic acid 
     2,6-H2pzdc Pyrazine-2,6-dicarboxylic acid 
     H4diol 2,2’-dihydroxybiphenyl-4,4’-dicarboxylic acid 
     H4BPTC 2,2’,6,6’-tetracarboxybiphenyl acid 
     SBBA 4,4’-sulfobisbenzoic acid 
[3]   It indicates that there are at least two independent coordinated metal ions in compound when the 
number in column 3 is above two. 
[4]   Sign _ indicates that the reference didn’t mention the starting metal salt or potential application.        

2.5 Proton Conductivity Comparison 

Table A2.4 Performance indicators for alkaline-earth based MOFs in proton 
conductivity. 

Compound 
Conductivity 

(S cm-1) 
Activation 

energy (eV) 
Measurement 

Condition 
Reference 

Ca-SBBA 8.58×10-6 0.23 298K; 98% RH 13 
Sr-SBBA 4.4×10-5 0.56 298K; 98% RH 13 

Ca-BTC-DMF 4.8×10-5 0.32 298K; 98% RH 8 
Ca-BTC-DMA 1.46×10-5 0.40 298K; 98% RH 8 

Mg-BPTC 6.9×10-7 0.47 296K; 98% RH 12 
Sr-BPTC 1.6×10-6 0.77 296K; 98% RH 12 

MIL-53 (Al) 3.6×10-7 0.47 353K; 95% RH 14 
MIL-53 (Al)-NH2 4.1×10-8 0.45 353K; 95% RH 14 
MIL-53 (Al)-OH 1.9×10-6 0.27 353K; 95% RH 14 
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2.6 Proton Conductivity Mechanism 

 

Figure A2.9 The proposed possible pathway of proton migration by Grotthuss mechanism in 
compound 3. O15L, O16L, O17L and O18L are assigned to the lattice water molecules; O10C, O11C, 
O13C and O14C are assigned to the coordinated water molecules; O2, O4 and O6 are assigned to the 
uncoordinated oxygen atoms of carboxylate groups of 2,5-pzdc2- linkers. All the hydrogen atoms are 
removed for clarify. 
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Chapter 3 
Selective CO2 adsorption in water-stable alkaline-earth based 

metal-organic frameworks* 
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3.1 Introduction 

The inherent properties of metal-organic frameworks (MOFs), including high surface 
area, various compositions and porous networks together with their tuneable 
functionalities make them attractive candidates for a range of applications, including 
gas storage,1 molecular separations2 sensing,3 and catalysis.4 A variety of metal 
cations and functionalized organic ligands are used to design MOFs that fulfil 
different functionalities. Most of the MOFs frameworks are predominantly built from 
transition metal ions and, more recently, rare-earth metal ions as nodes. Porous 
networks based on alkaline-earth cations are relatively rare. This is mostly due to their 
unpredictable coordination numbers and geometries, as well as their tendency to form 
solvated organic-inorganic ionic layers instead of MOFs.5,6 Therefore, alkaline-earth 
ions are usually regarded as unsuitable metal nodes for forming porous structures. 
Recent studies, however, show the potential of alkaline-earth based MOFs with 
specific properties, including ionic conductivity,7 good ferroelectricity and 
piezoelectricity,8 luminescence9 and gas separation properties.10 Using alkaline-earth 
ions offers other advantages compared to the transition and lanthanide metal ions, 
including abundance, lightweight and low costs. 

 Apart from metal nodes, the organic linkers also play an important role in 
constructing new alkaline-earth metal-based MOFs. Polycarboxylate ligands, 
especially flexible ones, are widely used in MOF synthesis because their variable 
coordination modes enable a variety of framework architectures and specific chemical 
and physical properties.11 Among these ligands, 
tetrakis[4-(carboxypheneyl)oxamethyl]methane acid (H4L) is a promising candidate 
for synthesizing MOFs.12 Firstly, due to its four carboxylate groups, different 
topological networks, dia (diamond), lon (lonsdaleite), pts (PtS) and flu (CaF2) can be 
obtained.13 Secondly, removing the guest molecules from some MOFs prepared from 
flexible ligands, such as H4L, can cause framework shrinking driven by the flexible 
ligand distortion, leading to enhanced gas adsorption/separation properties.14,15 Most 
of the MOFs built from the H4L linker contain transition and lanthanide metal ions as 
metal nodes. However, to the best of our knowledge, there are no reports on 
alkaline-earth MOFs with this linker. 

This chapter presents the synthesis of novel MOF structures that combine the 
flexible coordination behaviour of the alkaline-metal ions, with the binding versatility 
of the H4L linker. Four new alkali-earth based MOFs were synthesised and 
characterised to study their humidity stability and adsorption properties.  
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3.2 Experimental Section 

3.2.1 Materials and General Methods 

The ligand, tetrakis[4-(carboxyphenyl)oxamethyl]methane acid (H4L) was 
synthesized using a published procedure (the structure of H4L in shown in Figure 
1.1).16 All other chemicals and solvents were purchased from commercial suppliers 
and used as received. Infrared spectra (IR, 4000–400 cm-1, resol, 0.5 cm-1) were 
recorded on a Varian 660 FTIR spectrometer equipped with a Gladi ATR device using 
KBr pellets as the transmission technique. Powder X-ray diffraction (PXRD) 
measurements were carried out on a Rigaku Miniflex X-ray diffractometer. 
Measurements were done from 3º to 50º with a turning speed of 2.0 º/min. 
Thermogravimetic analysis (TGA) and differential scanning calorimetry (DSC) 
measurements were carried out on a STA 449 F3 Jupiter® (NETZSCH Instrument) 
unit. The measurements were done under air (20 ml/min) from 35 to 800 ºC. N2 
adsorption isotherms were recorded on a Thermo Scientific Surfer instrument at 77 K 
and 273 K, respectively. Using the same instrument, CO2 adsorption isotherms were 
measured at 273 K. Water adsorption measurements at 303 K were performed in a 
micro-calorimeter (Calvet C80, Setaram) which can operate isothermally and is 
connected to a home built manometric apparatus. All the samples were completely 
degassed under a high vacuum (<10-4 torr) at 423 K for 8 h before each measurement.  

3.2.2 Synthetic Procedures 

[Mg2(L)(H2O)(DMA)]·4DMA (1). In a 20 ml Telflon-capped borosilicate tube was 
added a solution of Mg(NO3)2·6H2O (25.6 mg, 0.1 mmol) and H4L (61.6 mg, 0.1 
mmol) in a solvent mixture of N,N-dimethylacetamide (DMA, 9 ml) / water (1 ml). 
The vial was then sealed and placed in an oven at 150 °C for 48 h. Colourless crystals 
were then collected by filtration and washed with fresh DMA several times, and dried 
at room temperature. Yield: 80%. IR (KBr, cm-1): 2944 (w), 1620 (s), 1547 (m), 1452 
(w), 1398 (s), 1230 (s), 1171 (m), 1017 (s), 858 (m), 785 (s), 681 (m). C, H, N 
analysis (%): calcd. C 57.17, H 6.20, N 6.29; found C 57.58, H 6.37, N 6.18. 
[Ca4(L)2(DMA)3]·7H2O (2). In a 20 ml Telflon-capped borosilicate tube was added a 
solution of Ca(OH)2 (7.4 mg, 0.1 mmol) and H4L (61.6 mg, 0.1 mmol) in a solvent 
mixture of DMA (9ml) / water (1 ml). The vial was then sealed and placed in an oven 
at 120 °C for 48h. Colourless cubic crystals were then obtained and separated by 
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filtration and washed with fresh DMA several times, then dried at room temperature. 
Yield: 72%. IR (KBr, cm-1): 2944 (w), 1683 (s), 1606 (s), 1561 (s), 1430 (m), 1238 (s), 
1035 (m), 862 (s), 780 (s), 654 (m). C, H, N analysis (%): calcd. C 52.82, H 5.02, N 
2.37; found C 52.49, H 4.80, N 2.47. 
[Ca4(L)2(H2O)2(DMA)2]·3DMA (3). The synthetic procedures of 3 is the same as for 
compound 2, but with the reaction temperature set at 140 °C. Yield: 72%. IR (KBr, 
cm-1): 2940 (w), 1622 (s), 1529 (m), 1420 (s), 1302 (w), 1234 (s), 1171 (m), 1017 (m), 
862 (m), 789 (s), 654 (m). C, H, N analysis (%): calcd. C 55.57, H 5.22, N 3.76; 
found C 55.33, H 5.03, N 3.36. 
[Sr4(L)2(DMF)4]·2DMF (4). In a 20 ml Telflon-capped borosilicate tube was added a 
solution of Sr(NO3)2 (21.2 mg, 0.1 mmol) and H4L (61.6 mg, 0.1 mmol) in a solvent 
of N,N-dimethylformamide (DMF, 10 ml). The vial was then sealed and placed in an 
oven at 150 °C for 48 h. Colourless crystals were then formed by filtration, washed 
with fresh DMF several times and dried at room temperature. Yield: 65%. IR (KBr, 
cm-1): 2940 (w), 1656 (s), 1611 (s), 1547 (m), 1420 (w), 1380 (s), 1238 (s), 1162 (m), 
1026 (m), 862 (m), 780 (s), 672 (m). C, H, N analysis (%): calcd. C 50.05, H 4.47, N 
4.17; found C 49.40, H 4.63, N 4.45. 

3.2.3 Structure Determination and Refinement 

Single crystal X-ray diffraction data for compounds 1, 2 and 4 were collected on an 
Oxford-Diffraction Supernova diffractometer, equipped with a CCD area detector 
utilizing Cu Kα (λ = 1.5418 Å) radiation. A suitable crystal was mounted on a 
Hampton cryoloop with Paratone-N oil and transferred to a goniostat where it was 
cooled for data collection. Empirical absorption corrections (multiscan based on 
symmetry-related measurements) were applied using CrysAlis RED software.17 The 
structures were solved by direct methods using SIR2004 and refined on F2 using 
full-matrix least-squares with SHELXL-2014/7.18,19 Software packages used were as 
follows: CrysAlis CCD for data collection, CrysAlis RED for cell refinement and data 
reduction, WINGX for geometric calculations, and DIAMOND and Mercury for 
molecular graphics.20 The non-H atoms were treated anisotropically, whereas the 
aromatic H atoms were placed in calculated, ideal positions and refined as riding on 
their respective carbon atoms. Electron density contributions from disordered guest 
molecules were handled using the SQUEEZE procedure from the PLATON software 
suit.21  

Single crystal X-ray diffraction data for compound 3 were collected at the 
Advanced Light Source on beamline 11.3.1 using a Bruker diffractometer, equipped 
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with a PHOTON2 CPAD area detector utilizing synchrotron (λ = 0.7749 Å) radiation. 
A suitable crystal was mounted on a MiTeGen microloop with Paratone-N oil and 
transferred to a goniostat where it was cooled to 220 K for data collection. Empirical 
absorption corrections (multiscan based on symmetry-related measurements) were 
applied using SADABS software.22 The structure was solved by direct methods using 
SHELXT and refined on F2 using full-matrix least-squares with SHELXL-2014/7.18,19 
Software packages used were as follows: APEX3 for data collection, cell refinement 
and data reduction, WINGX for geometric calculations, and DIAMOND and Mercury 
for molecular graphics.20 The non-hydrogen atoms were treated anisotropically, 
whereas the aromatic hydrogen atoms were placed in calculated, ideal positions and 
methyl hydrogen atoms were found in the difference map, all were refined as riding 
on their respective carbon atoms 

The detailed crystallographic data are shown in Supporting Information (See 
Appendix, Table A3.1). CCDC 1582901-1582903 and 1586997 contain the 
supplementary crystallographic data for this paper. These data can be obtained free of 
charge via www. ccdc.cam.ac.uk/data request/cif.  

3.3 Results and discussion 

3.3.1 Description of the crystal structures 

Four alkaline-earth based MOFs were synthesized using various alkaline-earth salts 
and tetrakis[4-(carboxypheneyl)oxamethyl]methane acid (H4L) as starting materials. 
This was done by varying both the type of alkaline-earth salt as well as the 
temperature of the hydrothermal reaction. In all cases, high crystalline materials were 
obtained and their purity was confirmed by using a combination of techniques, 
including single-crystal and powder XRD, FTIR spectroscopy, thermogravimetric 
analysis (TGA) and gas adsorption measurements. 

Representations of the secondary building unit (SBU) and the porous framework of 
1 are shown in Figure 3.1. Compound 1 crystallizes in the orthorhombic space group 
Pbca. The asymmetric unit consists of two crystallographically independent Mg2+ 
centers (Mg1 and Mg2), one fully deprotonated L4- organic linker, two DMA and one 
water molecules. Although both Mg2+ centers are surrounded by six oxygen atoms 
displaying distorted octahedral coordination geometry, their coordination spheres are 
not equivalent as shown in Figure 3.1a. Particularly, Mg1 is linked to two oxygen 
atoms from one chelating carboxylate ligand and three oxygen atoms of bridging 
carboxylate groups from four different L4- linkers as well as one oxygen atom from a 
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coordinated DMA molecule. The Mg1-O bond lengths range from 2.031 to 2.162 Å. 
Mg2 is linked to six oxygen atoms provided from five carboxylate groups of four 
independent L4- linkers and one terminal water molecule. The Mg2-O bond lengths 
range from 2.119 to 2.215 Å. The carboxylate bridges of each L4- adopt a distorted 
tetrahedral conformation with the angle between the four arms ranging from 108° to 
112°. Three of the carboxylate groups of the tetracarboxylic ligand L4+ bridge two 
Mg2+ ions either in the common bridging μ2-ƞ1,ƞ1 mode (two of them) or in a 
bridging-chelating μ2-ƞ2,ƞ1 mode and the fourth one bridges three Mg2+ ions in a 
μ3-ƞ1,ƞ2 mode (see Figure 3.1c). 

The two types of MgO6 octahedra are connected by one syn-syn carboxylate group 
and two monoatomic oxygen bridges resulting in a dinuclear Mg2 unit. The dinuclear 
units are linked through triatomic bridges of μ2-ƞ1,ƞ1 and μ3-ƞ1,ƞ2 carboxylates, 
resulting in the formation of the tetranuclear [Mg4(CO2)8(H2O)2(DMA)2] SBU of 1 
(see Figure 3.1a and 3.1b). As shown in Figure 3.1d, each L4- ligand connects three 
SBUs creating a three-dimensional (3D) coordinated framework. The key feature of 
the 3D framework of 1 is the presence of one-dimensional (1D) rhombic channels that 
run along the a direction. These channels are occupied by the guest and coordinated 
solvent molecules. The solvent accessible volume calculated by PLATON is 2254.1 
Å3, corresponding 29.2% of the unit cell volume of 1.  

Representations of a part of the chain SBU and the 3D structure of 2 are shown in 
Figure 3.2. Compound 2 crystallizes in the orthorhombic space group Pbca. The 
asymmetric unit contains four crystallographically independent Ca2+ centers, two fully 
deprotonated L4- ligands and three coordinated DMA solvent molecules. As shown in 
Figure 3.2a, three of the Ca2+ ions, Ca1, Ca2 and Ca4 centers are heptacoordinated 
exhibiting a distorted pentagonal bipyramidal coordination geometry whereas the 
fourth one, Ca3 is hexacoordinated displaying a distorted octahedral geometry. The 
coordination sphere of Ca1 and Ca4 consists of six oxygen atoms coming from two 
chelating and two bridging carboxylate groups of four L4- linkers and the seventh one 
from a coordinated DMA molecule. Similarly, the coordination environment of Ca2 
consists of five oxygen atoms, originating from two chelating and one bridging 
carboxylate groups located as the equatorial plane and two more from bridging 
carboxylate oxygen atoms occupying the axial positions of the pentagonal bipyramid. 
The Ca-O bond lengths range from 2.264 to 2.847 Å. The fourth Ca2+ ion of 
compound 2, Ca3 is bound to five oxygen atoms from five bridging carboxylate 
groups of four L4- linkers and to one oxygen atom from a coordinated DMA molecule. 
The Ca-O bond lengths range from 2.289 to 2.382 Å. 
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Figure 3.1 (a) The local coordination environment of the Mg4 SBU in 1. (b) Representation of 
the Mg4 SBU from edge-sharing Mg2 octahedra units. (c) The coordination of L4- ligand to the 
Mg2+ ions. (d) The porous framework with 1D rhombic channels along the a direction. 
Hydrogen atoms and solvent molecules are omitted for clarity. Mg, green; C, grey; O, red; N, 
purple. 

Figure 3.2c shows that the carboxylate groups of the fully deprotonated L4- organic 
linker in 2 display four different coordination modes. In particular, six of the 
carboxylate groups bridge two Ca2+ ions either in a bridging-chelating μ2-ƞ2,ƞ1 mode 
(five carboxylates) or in the common bridging μ2-ƞ1,ƞ1 mode (one carboxylate) and 
the other two carboxylate groups bridge three Ca2+ ions either in a μ3-ƞ1,ƞ2 or in a 
μ3-ƞ1, ƞ2, ƞ1 modes. The connection of the Ca2+ ions through carboxylate ligands gives 
a tetranuclear [Ca4(CO2)8(DMA)3] repeating unit. The [Ca4(CO2)8(DMA)3] units are 
connected through bridging carboxylates leading to a zig-zag chain which forms the 
SBU of 2 (see Figure 3.2a and 3.2b). The chains are bridged through the L4- linkers in 
the ab plane, forming a 3D framework with 1D rhombic channels running along the c 
axis. These channels are filled with coordinated DMA molecules. The solvent 
accessible volume (calculated by PLATON) is 7277 Å3, corresponding to 40 % of the 
unit cell volume of 2. This large void volume combined with the linker flexibility 
favours the replacement of DMA guest molecules by water molecules upon exposure 
of 2 at ambient conditions.  
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Figure 3.2 (a) The local coordination environment of the 1D [Ca4(CO2)8(DMA)3]∞ rod in 2. (b) 
Representation of this rod from edge-sharing Ca polyhedrons. (c) The coordination modes of 
the L4- ligand. (d) The 3D porous framework with 1D rhombic channels along the c axis. 
Hydrogen atoms and solvent molecules are omitted for clarity. Ca, Orange; C, grey; O, red; N, 
purple. 

Interestingly, even though compounds 2 and 3 are synthesized under the same 
experimental conditions (except the temperature of the solvothermal reaction which is 
120 °C for 2 and 140 °C for 3), their crystal structures are completely different. Figure 
3.3 shows the representations of a part of the chain SBU and the 3D structure of 3. In 
this case, compound 3 crystallizes in the orthorhombic space group C2221. The 
asymmetric unit comprises three crystallographically independent Ca2+ centers, two 
fully deprotonated L4- linkers and five DMA molecules. Figure 3.3a shows that two of 
the Ca2+ ions, Ca1 and Ca2, are hexacoordinated, displaying a distorted octahedral 
geometry. Conversely, Ca3 is heptacoordinated, with a distorted pentagonal 
bipyramidal coordination geometry. In this case, Ca1 is linked to six oxygen atoms 
provided by six bridging carboxylate groups of six independent L4- ligand. The 
coordination environment of Ca2 consists of four oxygen atoms coming from four 
bridging carboxylate groups of four different L4- linkers and two more oxygen atoms 
originating from two coordinated DMA molecules. The Ca-O bond lengths range 
from 2.218 to 2.394 Å. Ca3 binds to seven oxygen atoms from two chelating and two 
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bridging carboxyl groups of four L4- linkers and one oxygen atom from coordinated 
water. The Ca-O bond lengths range from 2.306 to 2.572 Å. 

Figure 3.3c shows that three carboxylate groups of the L4- ligand bridge two 
Ca2+ ions either in the common bridging μ2-ƞ1,ƞ1 mode (two of them) or in a 
bridging-chelating μ2-ƞ2,ƞ1 mode. The fourth carboxylate group bridges three 
Ca2+ ions in a μ3-ƞ1,ƞ2,ƞ1 mode. This leads to a completely different trinuclear 
[Ca3(CO2)5(H2O)(DMA)2] repeating unit as compared with compound 2. 
Similar to compound 2, these units are connected through bridging carboxylate 
groups expanding to an infinite chain along a direction and the L4- linkers 
bridge these chains into a 3D framework (see Figure 3.3d). One-dimensional 
rhombic channels run along the a direction and are occupied by the guest and 
coordinated DMA solvent molecules. The solvent accessible volume calculated 
by PLATON is 2094 Å3, corresponding to 23 % of the unit cell volume of 3.  

 
Figure 3.3 (a) The local coordination environment of the [Ca3(CO2)5(H2O)(DMA)2] cluster in 
3. (b) Representation of the Ca3 cluster from vertex-sharing Ca polyhedrons. (c) The 
coordination of L4- ligand to the Ca2+ ions. (d) The porous framework with 1D rhombic 
channels along the a direction. Hydrogen atoms and solvent molecules are omitted for clarity. 
Ca, blue; C, grey; O, red; N, purple. 

Figure 3.4 shows representations of a part of the SBU chain and the 3D 
structure of compound 4. This compound crystallizes in the triclinic space 
group P1. The asymmetric unit comprises four crystallographically independent 
Sr2+ centers, two L4- linkers and six DMF molecules. All the Sr2+ ions are 
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bound to eight oxygen atoms. Particularly, Sr1 is bound to five oxygen atoms 
coming from one chelating and three bridging carboxylate groups of three L4- 
ions and three oxygen atoms originating from three coordinated DMF 
molecules, one of which acts as terminal and the other two as bridging ligands. 
Sr2 is coordinated to six oxygen atoms of two chelating and two bridging 
carboxylate groups of three L4- linkers and to two oxygen atoms of bridging 
DMF molecules. Sr3 binds to seven oxygen atoms from two chelating and three 
bridging carboxylate groups of five L4- linkers, and one oxygen atom from a 
bridging DMF molecule. Sr4 binds to seven oxygen atoms from three chelating 
and one bridging carboxylate groups of four L4- linkers, and to one oxygen 
atom of a bridging DMF molecule. The Sr-O bond lengths vary from 2.463 to 
2.737 Å. 

The carboxylate groups of the fully deprotonated L4- organic linker in 4 
display two different coordination modes (see Figure 3.4c). Specifically, seven 
of the carboxylate groups bridge two Sr2+ ions in a bridging-chelating μ2-ƞ2,ƞ1 
mode, while the eighth bridges three Sr2+ ions in a μ3-ƞ1,ƞ2,ƞ1 mode. In addition, 
three of the coordinated DMF molecules act as bridging ligands connecting two 
Sr2+ ions through their O atom and the fourth one acts as a terminal ligand. The 
connection of the Sr2+ ions through carboxylate and bridging DMF ligands 
results in a tetranuclear [Sr4(CO2)8(DMF)4] repeating unit which is linked to the 
neighbouring units to give an infinite chain which is the SBU of compound 4 
(See Figure 3.4a and 3.4b). Similar to compound 2, the chains are linked by the 
L4- ligands resulting a 3D framework with 1D rhombic channels running along 
the a direction. These channels are filled with coordinated and guest DMF 
molecules (see Figure 3.4d). The solvent accessible volume calculated by 
PLATON is 1673 Å3, corresponding to 36 % of the unit cell volume of 4. 

Compounds 1-4 exhibit four distinct crystal structures, including a variety of 
SBUs and coordination modes of the L4- ligand. This shows a clear trend in the 
connectivity of various alkaline-earth metal ions with the same ligand H4L. The 
ionic radius increases from Mg2+ to Sr2+, leading to an increase of the 
coordination number from 6 for Mg2+ to 8 in the case of Sr2+. This is likely due 
to the decreased charge density of the metal ions with larger ionic radius, and 
their tendency to complete the coordination sphere by π-interactions with the 
aromatic ligand L4-.23 Moreover, the coordination flexibility of the larger ions, 
e.g. Ca2+, is also reflected in the different crystal structures when the reaction 
conditions are changed. 
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Figure 3.4 (a) The local coordination environment of the [Sr4(CO2)8(DMF)4]∞ rod in 4. (b) 
Representation from edge-sharing Sr polyhedrons. (c) The coordination modes of the L4- ligand. 
(c) The 3D porous framework with 1D rhombic channels along the a direction. Hydrogen atoms 
and solvent molecules are omitted for clarity. Sr, dark blue; C, grey; O, red; N, purple. 

Like compound 1, several divalalent transition metal based MOFs contain 
metal ions, e.g. Zn2+,24 Co2+ and Mn2+,13 with low coordination numbers 
ranging from 4 to 6. All these compounds form 3D frameworks which are 
constructed from multiple-nuclear metal clusters as SBUs. Conversely, 
lanthanide ions, e.g. Dy3+,25 La3+ and Eu3+,14 have higher coordination numbers 
and form 1D metal ion-carboxyl chains of metal ions as SBUs. In compounds 
2, 3 and 4, the alkaline-earth ions have large coordination numbers, e.g. 7 and 
8, similar to lanthanide-metal ions, and therefore they also form infinite 1D 
SBUs. This trend suggests that the diversity of coordination modes of the 
alkaline-earth metal ions can assist them to form similar crystal structure as 
using transition and lanthanide ions. Therefore, similar properties derived from 
similar structures can provide us a new choice to solve practical issues by using 
low-cost and non-toxic alkaline-earth metal ions instead of transition/lanthanide 
metal ions. 

3.3.2 Thermal stability and gas adsorption studies 

The phase purity of all four materials was confirmed by both PXRD and single-crystal 
X-ray diffraction analysis as well as elemental and thermogravimetric (TGA analysis). 
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For the as-synthesised compounds 1, 2 and 3, the main peaks of the experimental 
PXRD patterns are in good agreement with the simulated ones (for details, see Figure 
A3.1 to A3.3 in the Appendix). The small shift observed in the position of the peaks is 
due to the crystal weathering effect caused by the structural flexibility of the organic 
linker. This is in agreement with our observations during the single-crystal XRD 
measurements, the elemental analysis and the TGA analysis discussed below. The 
larger differences observed for 4 are assigned to a more different arrangement which 
is very likely the result of the flexible coordination geometry of the Sr2+ ion.  

Figure 3.5b shows that all four compounds are stable up to ca. 400 ºC in air. They 
start decomposing above this temperature. Compound 1 shows a one-step weight loss 
of about 26% (calc. 27%) in the 105-175 ºC range, indicating the removal of all guest 
DMA and coordinated water molecules as well as half coordinated DMA molecule. In 
the temperature range 35–125 ºC, the TGA of 2 displays a weight loss of about 4% 
(calc. 6%) corresponding to the removal of seven water molecules, thus supporting 
the crystal weathering effect. Furthermore, the weight loss of about 16% (calc. 15%) 
observed in the range 125–265 ºC corresponds to the three DMA coordinated 
molecules. Compound 3 exhibits a continuous weight loss of about 12% (calc. 14%) 
in the 100–250 ºC range, corresponding to the removal of guest DMA molecules. For 
4, the TGA shows a continuous weight loss of about 20% (calc. 21%) in the 130–350 
ºC temperature range, in agreement with the removal of all the guest and some 
coordinated DMF molecules. 

The high thermal stability of these four frameworks encouraged us to examine 
their porosity and gas adsorption properties, since the removal of the guest and 
coordinated solvent molecules would leave a considerable volume for adsorbing other 
gas molecules. To effectively remove the solvent molecules and ensure that the crystal 
structure is retained, we designed a suitable activation process. Thus, all compounds 
were heated at 150 ºC under high vacuum (<10–4 torr) for 8h before adsorption 
measurements. The TGA and elemental analysis (see Figures A3.5–A3.8 and Table 
A3.2 in the Appendix) on the activated samples 1-4 indicate that all the guest 
molecules are removed. Additionally, 1 lost its coordinated water and half coordinated 
DMA molecules, 2 lost two thirds of coordinated DMA molecules and 4 lost three 
quarters of coordinated DMF molecules, respectively. 
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Figure 3.5 (a) PXRD patterns and (b) TGA curves of the as-synthesized alkaline-earth based MOFs. 
Colour code: 1 (green), 2 (orange), 3 (blue) and 4 (black). 

To check if the evacuated materials have any porosity, N2 adsorption measurements 
were performed on all activated samples (see Figure 3.6). Surprisingly, there was 
almost no N2 uptake for all materials (less than 10 cm3·g-1 at STP), even though the 
single-crystal XRD analysis reveals that the alkaline-earth MOFs have seemingly 
considerable pore volume and suitable pore size for N2 uptake. This would indicate 
that these compounds are either nonporous or have micro-pores smaller than the 
kinetic diameter of N2 molecules (3.64 Å). To confirm this, we performed CO2 
adsorption measurements which indeed demonstrate that all four desolvated materials 
adsorbed CO2 (see Figure 3.7a), with a maximum uptake of 17.3 cm3·g-1 (1), 27.6 
cm3·g-1 (2), 46.9 cm3·g-1 (3), and 9.8 cm3·g-1 (4), respectively. 

(a)

(b)
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Figure 3.6 N2 uptake of the alkaline-earth metal-based MOFs 2 (orange) and 3 (blue) at 77 K. (Closed 
symbols correspond to the adsorption and the open symbols to the desorption). Adsorption isotherms of 
compounds 1 and 4 are not shown here for clarity and both of them do not show the N2 uptake at 77 K.  

Based on the combined N2 and CO2 single adsorption isotherms, we conclude that 
compounds 1–4 have micro-pores with the size between 3.3 Å (CO2) and 3.64 Å (N2). 
Derived from the CO2 adsorption isotherms, the specific Dubinin surface areas and 
micropore volumes are 182 m2·g-1 / 0.039 cm-3·g-1 for 1, 355 m2·g-1 / 0.080 cm-3·g-1 
for 2, 576 m2·g-1 / 0.13 cm-3·g-1 for 3 and 71 m2·g-1 / 0.018 cm-3·g-1 for 4, respectively. 
These values are smaller than those determined based on the single crystal XRD 
analysis. 

To fully understand the lower surface area and pore volume values, we measured 
the PXRD patterns of compounds 1-4 after activation (see Figure A3.1-A3.4 in the 
Appendix). The results indicate that the crystallinity of all samples decreased as 
compared to that of the as-synthesized frameworks. Additionally, the PXRD patterns 
of compounds 1 and 4 show a shift of the diffraction lines. Two factors can explain 
this behaviour. Firstly, a channel shrinking, collapse or blockage can occur upon the 
removal of guest molecules. This is a common phenomenon observed in MOFs built 
from flexible linkers.26 Secondly, some of the coordination bonds within MOF 
structure can break during the activation process leading to a decrease in the 
crystallinity.27 The two calcium MOFs retain their crystallinity better, in agreement 
with the observed higher CO2 uptake (see Figure A3.1-A3.4 in the Appendix). 

Based on the discussion above, it can be concluded that while compounds 1–4 are 
thermally stable, all of them undergo channel shrinking due to the intrinsic flexible 
property of ligand L4- after activation. This narrows the pore diameter to a value 
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between kinetic diameters of CO2 (3.3 Å) and N2 (3.64 Å). The higher stability and 
adsorption selectivity towards CO2 of compounds 2 and 3 inspired us to test their 
potential application for separating CO2 from N2. This application is important, since 
it would be a key step in the process for removing CO2 from the atmosphere.28-30 As 
shown in Figure 3.7b, there is still no N2 adsorption for the two Ca-MOFs at 273 K. 
This may be due to the pore size of fully desolvated compounds is probably in the 
middle of 3.3 Å (CO2) to 3.64 Å (N2). The removal of the solvent molecules may 
cause a pore shrinking driven by the flexible ligand distortion, giving rise to large 
diffusional resistances towards N2 molecules.31 The selective adsorption of CO2 over 
N2 within compounds 2 and 3 can also be due to the strong dipole-quadrupole 
interaction between the highly polarizing unsaturated calcium sites after activation 
and the CO2 quadrupolar molecules.32 The binary CO2/N2 selectivities at 273 K with 
15:85 molar ratios (a typical composition for power plant flue gases), is predicted by 
employing the ideal adsorbed solution theory (IAST) method based upon the 
experimental single-component CO2 and N2 adsorption isotherms at the same 
temperature (see Figure 3.7c for details). Using the BET and Henry’s law equation to 
fit the data, we find that the calculated CO2/N2 selectivities are in the range of 41–32 
and 60–38 for compounds 2 and 3, respectively (see Figures A3.9–A3.12 in the 
Appendix). Combining the fitting data in Figure A3.12, we obtain a very low N2 

adsorbed amount until 0.35 bar at 273 K for 3. This leads to a very high selectivity for 
3 at low pressures. Therefore, only the selectivities in the range of 0.35-2 bar of 
compound 3 are presented in Figure 3.7c. The predicted CO2/N2 selectivities of 
compound 2 and 3 at 1 bar, which is the total pressure of flue gas from power plant, 
are 36 and 45, respectively. These values are higher than those reported for other 
MOFs including CAU-1 (34),33 [Cu3(BTB)6-]n (34.2),34 HKUST-1 (13),35 MIL-101(Cr) 
(11),36 ZIF-90 (3.5) and ZIF-69 (21).37 
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Figure 3.7 (a) CO2 uptake of the alkaline-earth based MOFs 1-4. (Closed symbols correspond to the 
adsorption and the open symbols to the desorption); (b) The selective uptake of CO2 over N2 for 2 and 
3 at 273 K; Colour code: 2 (CO2: orange, N2: red), 3 (CO2: blue, N2: black). (c) IAST calculated 
selectivity based on the experimentally observed adsorption isotherms of the pure gases. Colour code: 2 
(orange) and 3 (blue). 
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To further probe the porosity of 2 and 3, their stability and adsorption properties in 
the presence of water were also studied. The water molecule is polar and has a kinetic 
diameter (2.65 Å), smaller than that of the CO2 molecule. Usually, water causes 
severe damage to MOF materials because moisture conditions can hardly be avoided 
in practical applications. The liquid-phase water adsorption studies at 303 K show that 
2 and 3 exhibit water uptake capacities up to 0.84 mmol·g-1 (2) and 0.93 mmol·g-1 (3) 
at saturation pressure (see Figure 3.8a). These results confirm the hypothesis that the 
compounds have micropores which are only accessible to molecules with a small 
kinetic diameter. The measured enthalpies of water adsorption at low water loading 
are –67.9 and –66.4 kJ/mol for 2 and 3, respectively (see Figure 3.8b). This large 
exothermic heat effect suggest that water is strongly bound to the open sites of the 
Ca2+ ions, which are formed by removing the coordinated DMA molecules. Moreover, 
the rich oxygen environment within frameworks 2 and 3 plays a key role in the water 
uptake, favouring the formation of hydrogen bonding interactions.38,39 Notably, the 
PXRD analysis indicate that 2 and 3 retain their crystal structures after water 
adsorption measurements. To check the water stability, both calcium frameworks were 
exposed to 98% relative humidity for two weeks. Figures A3.2 and A3.3 show that 
both compounds retain their crystal structure although there is some loss of 
crystallinity. Control experiments showed that compounds, 1 and 4 lost their 
crystallinity at large extent even after 24 h under identical experimental conditions. 

The above results show that the flexible L4- ligand can drive a shrinking of the 
frameworks 1-4 after their activation, thus providing suitable pores for selective 
adsorbing of CO2 from CO2/N2 mixture. Due to the distortion of L4- ligand, a specific 
steric arrangement of L4- within framework 2 and 3 after activation causes the 
hydrophobic benzene rings of L4- ligand to protect Ca2+ ions from attacking by water 
molecules, leading to a good humidity stability. 
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Figure 3.8 (a) Water uptake of calcium-based MOFs 2 and 3 at 303 K; (b) Isosteric enthalpy of water 
adsorption of 2 and 3 at 303 K; Colour code: 2 (orange) and 3 (blue). (c) PXRD patterns of 2 and 3 
before and after water adsorption. Colour code: 2 (as-synthesized: orange, after water adsorption: red) 
and 3 (as-synthesized: blue, after water adsorption: black). 
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3.4 Conclusion 

Versatile coordination behaviour and flexible structural topologies were identified in 
four new MOFs constructed from the H4L polycarboxylate linker and Mg2+, Ca2+ and 
Sr2+ metal ions. Upon removing the guest solvent molecules, the Ca-based MOFs 
display a flexible structural distortion which results in permanent microporosity as 
well as selective CO2 uptake. The Ca MOFs can separate CO2 over N2 selectively, as 
shown by the gas adsorption experimental studies and ideal adsorbed solution theory 
(IAST) calculations. The same materials also have a good stability in the presence of 
water, demonstrated by the structural studies performed on the samples after the water 
adsorption measurements and those exposed at 98% relative humidity. All these 
findings suggest that these new metal-organic frameworks built from alkaline-earth 
metals and flexible ligands may provide insight in developing new low-cost and 
non-toxic materials for gas separation applications.  
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Chapter 3 Appendix 

3.1 Experimental characterization  

Table A3.1(1) Crystal Data and Refinement Information for Complexes.  

Complexes 1 2 

Formula C53H69Mg2N5O18 C78H89Ca4N3O34 

Formula weight 1112.74 1772.73 

Space group Pbca Pbca 

a (Å) 12.5932 (2) 22.398 (2) 

b (Å) 18.4157 (4) 30.468 (2) 

C (Å) 33.2641 (6) 26.820 (2) 

α (º) 90 90 

β (º) 90 90 

γ (º) 90 90 

Volume (Å3) 7714.4 (2) 18303 (2) 

Z 8 8 

Dx (g/cm3) 1.466 1.195 

μ (mm-1) 1.228 2.666 

Reflections 
Collected 

28310 41341 

Reflections 

Unique 
6881 16258 

R1
a [I ˃ 2σ (I)] 0.0568 0.0952 

wR2
b 0.1603 0.2932 

aR1 = Σ||Fo|-|Fc|| / Σ|Fo|, bwR2 = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 
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Table A3.1(2) Crystal Data and Refinement Information for Complexes.  

Complexes 3 4 
Formula C86H97Ca4N5O31 C84H84Sr4N6O30 

Formula weight 1857.00 2008.05 
Space group C2221 P-1 

a (Å) 11.1690 (6) 14.287 (5) 
b (Å) 24.2978 (13) 19.257 (5) 
C (Å) 33.4201 (18) 19.522 (5) 
α (º) 90 65.213 (5) 
β (º) 90 73.212 (5) 
γ (º) 90 75.976 (5) 

Volume (Å3) 9069.6 (8) 4623 (2) 
Z 4 2 

Dx (g/cm3) 1.360 1.447 
μ (mm-1) 0.402 2.376 

Reflections Collected 64501 31939 
Reflections 

Unique 10562 16259 

R1
a [I ˃ 2σ (I)] 0.0459 0.0505 

wR2
b 0.1222 0.1414 

aR1 = Σ||Fo|-|Fc|| / Σ|Fo|, bwR2 = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 
 
 

 
Figure A3.1 PXRD patterns of the simulated 1 (black), as-synthesized 1 (red), activated 1 (blue) and 
compound 1 exposed at 98% relative humidity after 12h (green), respectively. 
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Figure A3.2 PXRD patterns of the simulated 3 (black), as-synthesized 3 (red), activated 3 (blue) and 
compound 3 exposed at 98% relative humidity after 96h (green), respectively. 
 
 

 

Figure A3.3 PXRD patterns of the simulated 4 (black), as-synthesized 4 (red), activated 4 (blue) and 
compound 4 exposed at 98% relative humidity after 12h (green), respectively. 
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Figure A3.4 PXRD patterns of the simulated 4 (black), as-synthesized 4 (red), activated 4 (blue) and 
compound 4 exposed at 98% relative humidity after 12h (green), respectively. 

 
Figure A3.5 TGA (solid line) and DSC (dash line) analyses of the as-synthesized 1 (green) and the 
activated 1 (black). 
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Figure A3.6 TGA (solid line) and DSC (dash line) analyses of the as-synthesized 2 (orange) and the 
activated 2 (black). 

    

Figure A3.7 TGA (solid line) and DSC (dash line) analyses of the as-synthesized 3 (blue) and the 
activated 3 (black). 
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Figure A3.8 TGA (solid line) and DSC (dash line) analyses of the as-synthesized 4 (dark blue) and the 
activated 4 (black). 

 

Table A3.2 Elemental Analysis of the Activated Alkaline-Earth Based MOFs 

 1 2 3 4 

C% (calc) 59.75 57.06 55.63 50.21 

C% (exp) 58.24 57.60 55.45 49.66 

N% (calc) 1.00 0.95 1.75 0.85 

N% (exp) 1.24 0.52 1.29 1.07 

H% (calc) 3.77 3.87 4.38 3.33 

H% (exp) 4.72 4.21 3.92 3.76 
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3.2 IAST Adsorption Selectivity Calculation 

IAST (ideal adsorption solution theory) is applied to predict mixed-gas adsorption 
isotherms from single-component adsorption isotherms.  

The experimental CO2 adsorption isotherm data measured at 273 K for compounds 
2 and 3 are fitted well with the BET equation: 

𝑛𝑛𝑖𝑖𝑜𝑜(𝑃𝑃) = 𝑀𝑀
𝐾𝐾𝐴𝐴𝑃𝑃

(1 − 𝐾𝐾𝐵𝐵𝑃𝑃)(1 − 𝐾𝐾𝐵𝐵𝑃𝑃 + 𝐾𝐾𝐴𝐴𝑃𝑃)
 

Here, P is the pressure of the bulk gas equilibrium with the adsorbed phase (bar), M is 
the adsorbed amount per mass of adsorbent (mol/kg; M=39.252 and 24.066 for 
compounds 2 and 3, respectively), KA is the Langmuir constant for the first layer of 
the adsorbate molecules in direct contact with the surface, and KB is the constant for 
the second and higher layers of adsorbate molecules (KA=2.330 and 3.165 for 2 and 3; 
KB=0.336 and 0.281 for 2 and 3, respectively). The fitted data are then applied to 
predict binary CO2/N2 adsorption with IAST. 

 

Figure A3.9 CO2 adsorption isotherm of compound 2 along with the BET model fit (Unit: Pressure in 
bar; Loading in cm3·g-1 ) . 
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Figure A3.10 CO2 adsorption isotherm of compound 3 along with the BET model fit (Unit: Pressure in 
bar; Loading in cm3·g-1 ) . 

   

The experimental N2 adsorption isotherm data measured at 273 K for compound 2 
is fitted well with the Henry’s law equation: 

𝑛𝑛𝑖𝑖𝑜𝑜(𝑃𝑃) = 𝐾𝐾𝐻𝐻𝑃𝑃 

Here, P is the pressure of the bulk gas equilibrium with the adsorbed phase (bar), KH 
is the Henry coefficient (KH=2.241). The fitted data are then applied to predict binary 
CO2/N2 adsorption with IAST. 
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Figure A3.11 N2 adsorption isotherm of compound 2 along with the Henry’s law model fit (Unit: 
Pressure in bar; Loading in cm3·g-1 ) . 

The experimental N2 adsorption isotherm data measured at 273 K for compound 3 
is hard to fit any models within IAST method, so we choose the numerical 
interpolation for this one and added an artificial point 10.0, 16.0 and 16.0 after that for 
all pressures. The fitted data are then applied to predict binary CO2/N2 adsorption with 
IAST. 

 

 

Figure A3.12 N2 adsorption isotherm of compound 3 along with the numerical interpolation method 
(Unit: Pressure in bar; Loading in cm3·g-1 ). 
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The adsorption selectivity of CO2 over N2 in a binary mixture is defined as: 

𝑆𝑆𝐶𝐶𝐶𝐶2/𝑁𝑁2 =
𝑥𝑥𝐶𝐶𝐶𝐶2/𝑦𝑦𝐶𝐶𝐶𝐶2
𝑥𝑥𝑁𝑁2/𝑦𝑦𝑁𝑁2

 

Here, 𝑥𝑥 and 𝑦𝑦 are the mole fractions of CO2 and N2 in the adsorbed and gas phases, 
respectively.
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Efficient separation of ethanol-methanol and ethanol-water 

mixtures using ZIF-8 supported on a hierarchical porous mixed- 

oxide substrate* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Part of this work has been published as “ Efficient separation of ethanol-methanol and 

ethanol-water mixtures using ZIF-8 supported on a hierarchical porous mixed-oxide 

substrate”, Y. Tang, D. Dubbeldam, X. Guo, G. Rothenberg and S. Tanase, ACS Appl. Mater. 
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4.1 Introduction 

Developing porous materials with selective molecular adsorption properties is highly 
relevant for molecular storage and separation.1-3 Such materials enable more efficient 
industrial processes4,5 and facilitate the production of clean energy.6,7 They are also 
used in environmental protection8 and air quality monitoring.9 Metal-organic 
frameworks (MOFs) are a specific class of porous materials, consisting of metal ions 
linked together by polydentate organic linkers.10 These materials are foreseen ideal 
candidates for molecular storage and separation because of their large internal surface 
area and tunable porous structure.5,11-14 MOFs are commonly synthesized using 
conventional hydrothermal or solvothermal synthetic methods, which often yield 
powders of tiny crystals.15 Such powders cannot be directly used because they have 
limited packing densities and high diffusion barriers. This limits the practical 
applications of MOFs due to increased risk of contamination or even blocking of 
industrial pipelines.15 Some studies indicate that these downsides can be overcame by 
shaping the MOF powders as granules, pellets or monoliths,16-18 or by dispersing them 
within thin films, creating membranes.19-21 The main drawback associated with such 
shaping methods is the loss of crystallinity due to the applied pressure, leading to the 
inactivation of the material.15 As for a MOF-based membrane, there is usually a 
pressure drop of the mixture stream over the membrane after its permeation, leading 
to lower fluxes.22 Therefore, finding the most appropriate processing method of 
MOFs is still a big challenge. 

In an attempt to tackle the above mentioned challenges, we turned our attention to 
the mother nature. Plant leaves have attracted the interest due to their natural 
hierarchical porous system which consists of many fibers and vessels of different 
sizes. Hierarchically porous materials having multi-level pores often present 
decreased diffusion barriers and enhanced adsorption performance compared to 
uniformly-sized porous materials.1 Therefore, the aim was to design a new 
MOF-based composite which has a hierarchical porous structure, replicated from a 
natural leaf. It was hypothesised that growing crystalline MOFs at the surface of an 
artificial leaf support would yield a material that combines the macropores and 
mesopores of the artificial leaf with the micropores of MOFs in a hierarchical porous 
structure. Furthermore, the fine-tuning of the interactions between the MOF crystals 
and the surface of the support may prevent the agglomeration of the former. 

 Populous nigra, a tree that grows throughout northern Europe, was used as a 
template to prepare a porous mixed-oxide support. It is known that Ti2+ ions substitute 
the Mg2+ ions within the porphyrins of the chlorophyll molecules of the plants23 and 
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that TiO2 is used to make porous ultrafiltration membranes for dye-water 
separations.24 Therefore, TiO2 was selected as the most appropriate material to 
replicate the vein structure of the natural populous nigra leaves. To prevent the 
collapse of the primary vein structure of the leaf and to compensate the partial loss of 
the delicate original nature leaf’s structure during the replication process, SiO2 was 
added as a structure stabilizer and Pluronic® P123 as a mesoporous template.25 

The natural leaf vein system evolved for transporting aqueous liquids. Therefore, 
this study focused on liquid adsorption and separation. Bioethanol is an 
environmentally benign and renewable source of energy which is directly produced 
from agricultural feedstocks. The raw product contains water and other organic 
alcohols as byproducts26 and therefore, bioethanol must be purified before it can be 
used as fuel.27 A few MOFs, including MIL-53 (Cr),28 JUC-110,29 Ce(BTB)(H2O)30 
and Cu(mtpm)Cl2

31 were studied as adsorbents for water-alcohol and alcohol-alcohol 
adsorption and separation processes. However, these materials also have a low 
stability in the presence of water. This study focused on the Zeolitic Imidazolate 
Framework 8 (ZIF-8), which is known as one of the most chemically and thermally 
stable MOF with a very good stability in water.32 ZIF-8 has different adsorption 
properties in the presence of water, methanol and ethanol as a result of its 
hydrophobic structure.33 Therefore, ZIF-8 was used to prepare a composite material 
by growing ZIF-8 crystals at the surface of a TiO2-SiO2 support which replicates the 
natural leaf structure. The adsorption properties of this new MOF composite towards 
ethanol, methanol and water were measured experimentally. The ideal adsorbed 
solution theory (IAST) method was used to predict the water-ethanol and 
methanol-ethanol separation properties of the composite material. There are a few 
MOF mixed matrix membranes demonstrating the efficient separation of 
water-alcohol mixtures.34-39 However, these studies also show that the separation 
performance is influenced significantly by the mass swelling degree of the 
membranes.34, 36, 37-39 To the best of our knowledge, this is the first MOF-based 
composite applied in water-alcohol separation using a robust mixed-oxide structure as 
support.  

4.2 Experimental Section 

4.2.1 Materials 

Zinc nitrate hexahydrate (≥ 99% purity), 2-methylimidazolate (Hmim, 99% purity), 
dipotassium phosphate (≥ 98% purity), 1- methylimidazole (96% purity), potassium 
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dihydrogen phosphate (≥ 99% purity), glutaraldehyde solution (25% in H2O), 
titanium(IV) isopropoxide (TIPO, ≥ 97% purity), tetraethylorthosilicate (TEOS, 98% 
purity), Pluronic® P123 and poly(styrenesulfonate) sodium salt (PSS) were purchased 
from Aldrich Chemical Co. Unless noted otherwise, all chemicals were used without 
further purification. 

4.2.2 Physical Methods 

Powder X-ray diffraction (PXRD) measurements were carried out on a Rigaku 
Miniflex X-ray diffractometer. PXRD measurements were carried out in the 5-50° 
range using a Cu-Kα source. Infrared spectra (IR, 4000-400 cm−1, resol. 0.5 cm−1) 
were recorded on a Varian 660 FTIR spectrometer equipped with a Gladi ATR device 
using KBr pellets. Raman spectra were recorded using an Olympus BX51M upright 
microscope with excitation at 632.8 nm (Thorlabs HNL 120-1 HeNe laser) via a 50 
times magnification objective with 10 mW at sample. Raman scattering was collected 
and delivered to a Shamrock163 spectrograph via a round to line fibre bundle and 
detected with an iDus-416 CCD detector. Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) measurements were carried out on a 
NETZSCH STA 449 F3 Jupiter® Instrument. The morphology of the samples with 
sputtered gold was studied by using Scanning Electron Microscopy (SEM, FEI Verios 
460 scanning electron microscope) operated at 5 kV and the affiliated SEM-EDS was 
used to analyse the composition of the samples. Morphological analysis was 
performed by using Transmission Electron Microscopy and High-Resolution 
Transmission Electron Microscope (TEM/HRTEM; JEM 2010 HT). X-ray 
photoelectron spectroscopy (XPS) measurements were done using an AXIS Ultra 
instrument with monochromatized Al Kα excitation. Electromagnetic paramagnetic 
resonance (EPR) spectra were recorded at 77 K on a Bruker EMX X-band 
spectrometer equipped with a helium cryostat and using a center field at 3000.00 G, a 
modulation amplitude of 4.000 G, a microwave frequency of 9.392 GHz and a power 
of 0.6325 mW. Samples were measured under nitrogen. Nitrogen adsorption 
isotherms were measured on a Thermo Scientific Surfer instrument at 77 K. Water, 
methanol and ethanol adsorption isotherms were measured on a micro-calorimeter 
(Calvet C80, Setaram) which can operate isothermally and it is connected to a 
home-built manometric apparatus at 303 K.40 Before each adsorption measurement, 
samples were outgassed overnight at 473 K under vacuum (<10-4 Torr).  

4.2.3 Synthesis of ZIF-8  
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Crystalline ZIF-8 samples were prepared using a modification of a published 
procedure.31 Firstly, 734.4 mg (2.5 mmol) of Zn(NO3)2·6H2O were dissolved in 50 ml 
of methanol. In a second flask, 810.6 mg (10 mmol) of Hmim and 810.6 mg (10 mmol) 
of 1-methylimidazole were dissolved in 50 ml of methanol. The latter solution was 
poured slowly into the former clear solution under vigorously stirring. After 24 h aging 
without stirring, the white precipitate was collected by filtration, washed with fresh 
methanol and dried overnight under ambient conditions. 

4.2.4 Synthesis of the Artificial Leaf Support TSO (T, S and O refers to 

Titanium, Silicon and Oxygen, respectively) 

The TSO support was synthesized a modified published procedure.26,41 Fresh 
populous nigra leaves were treated overnight with a 2.5% glutaraldehyde-phosphate 
buffered saline (PBS, pH=7.2) solution at 277 K. This step is required for the fixation 
of the plant’s tissues. The pre-fixed leaves were rinsed in the buffer solution with a 
solution having the same concentration that was used in the previous step and then 
underwent a graded dehydration process, in which the leaves were immersed stepwise 
into ethanol solutions with concentrations of 10%, 20%, 30%, 50% and 80% for 20 
min, respectively. Then, the leaves were immersed in a 5 wt% diluted HCl solution for 
3h to remove the Mg2+, K+ and Ca2+ ions. 

The TSO precursor solution was prepared by disolving 1.5 g P123, which works as 
mesoporous template, in 1.8 g concentrated HCl. The resulting mixture was added to 
40 ml pre-heated (40 ºC) ethanol and stirred for 3h. Then, 2.34 g (8 mmol) of TIPO 
and 0.43 g (2 mmol) of TEOS were added and the resulted mixture was stirred 
vigorously for another 4h. The pre-treated leaves were then soaked in this precursor 
solution overnight and then washed with deionized water (3 × 20 ml). The infiltrated 
leaves were dried at 353 K for 6h and then calcined in air at 873 K for 4h to remove 
the organic materials and promote the crystallization of the mixed TiO2-SiO2 oxide. 

4.2.5 Synthesis of ZIF-8@TSO Composites Material 

A well-dispersed ZIF-8 methanol suspension (0.2 wt.%) was first prepared by 
sonicating ZIF-8 in 50 ml of methanol. Separately, the pre-synthesized TSO was 
dispersed in 50 ml of aqueous PSS (15.0 wt.% solution) at room temperature for 2h. 
The TSO sample was then washed with distilled water (3 × 20ml) and then added to 
the ZIF-8 suspension. This mixture was aged overnight at room temperature, filtered 
and then dried in air under ambient conditions, giving a TSO coated with a layer of 
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ZIF-8 seeds. The solid material obtained was then added into a second ZIF-8 solution 
to grow the ZIF-8 layer. The second ZIF-8 solution was prepared from 1 g 
2-methylimidazole (12 mmol) and 0.055 g (0.2 mmol) Zn(NO3)2∙6H2O dissolved in 
20 ml methanol. The coated TSO was added to this solution and then aged in an oven 
at 333 K for 6 h, forming the second layer of ZIF-8. Finally, the resulting composite 
material, designated ZIF-8@TSO, was washed with 10 ml methanol and dried in air 
under ambient conditions.  

 
Scheme 4.1 The coating of a crystalline ZIF-8 layer on a TiO2-SiO2 (TSO) support creates a composite 
material that combines the advantages of selective adsorption of ZIF-8 with the hierarchical channel 
structure of the support. 

4.3 Results and Discussion 

4.3.1 Materials Synthesis and Characterization 

Scheme 4.1 summarizes the synthetic procedure for the synthesis of the ZIF-8@TSO 
composite. The mixed-oxide support was synthesized using a modified reported 
procedure26,41 and functionalized with PSS to achieve a negatively charged surface 
that facilitates the binding of Zn2+ at the surface of the support.48,49 Then, the ZIF-8 
crystals were grown at the surface of TSO using a seeding and second growth method. 
Combining a microporous ZIF-8 layer with the meso/macroporous features of the 
TSO support enables obtaining a composite material, ZIF-8@TSO, with a hierarchical 
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pore structure. Due to the presence of the hydrophobic ZIF-8 layer on the surface of 
ZIF-8@TSO composite, it was hypothesized that the composite will selectively 
adsorb methanol and ethanol from water-alcohol mixtures (see Scheme 4.2). Before 
studying the adsorption properties of the ZIF-8@TSO composite, all materials were 
characterized using a combination of spectroscopic and surface characterization 
techniques. 

 
Scheme 4.2 Schematic illustration of the ZIF-8@TSO composite formed by growing dodecahedra 
ZIF-8 crystals at the surface of the TSO support. The ZIF-8 crystals are arranged along the channels of 
the TSO support and work as a selective adsorption core. 

The TSO support was characterized using several techniques, including Powder 
X-ray Diffraction (PXRD), High Resolution Transmission Electron Microscopy 
(HRTEM), Scanning Electronic Microscopy (SEM), EDS elemental analysis and X-ray 
Photoelectron Spectroscopy (XPS). Figure 1a reveals that the TiO2 phase within the 
TSO crystalizes in the tetragonal anatase structure.42 Based on the HRTEM (see Figure 
4.1b), the lattice spacing of 0.35 nm is assigned to the (101) plane of anatase TiO2.43 
This is in excellent agreement with the PXRD data (see Figure 4.1a). The SiO2 phase 
within TSO support is present in amorphous form and encircles the randomly 
distributed crystalline TiO2 particles (see Figure A4.1 in chapter 4 Appendix). 
Scanning electron microscopy (SEM) was performed to shed light on the morphology 
of the TSO support. Figure 4.1c clearly shows the existence of macro-scale 
channels on the cross-section of the TSO support, indicating that the vein 
structure of the natural leaf is replicated. As shown in Figure 4.1d, the replicated 
channels run along the entire artificial leaf without breaking. The windows on the 
channels of the TSO support are also observed (see Scheme 1 and Figure A4.2 in 
chapter 4 Appendix). 



Chapter 4 

98 
 

 

Figure 4.1 (a) The PXRD patterns of the TSO support (black), the bulk crystalline ZIF-8 (red) and the 
ZIF-8@TSO composite (blue); (b) The HRTEM image of the TSO support; (c) The cross-section of the 
channel architecture in the TSO support; (d) The top view of the TSO support, with the inset as the 
schematic illustration to show the tubes; (e) EDS elemental mapping of the TSO support leaf 
corresponding to the red circle in Figure 4.1e, with the inset as the optical image of the populous nigra 
leaf; the EDS scale bars are 10 μm. 
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Further analysis of the TSO support by EDS elemental mapping confirms the 
presence of Ti, Si and O (see Figure 4.1e and Figure A4.3 in Appendix). In addition, 
the XPS spectra were recorded to characterize the elemental state of the TSO surface. 
As shown in Figure 4.2a, the Ti 2p XPS spectrum shows four components with 
binding energies at 458.7 and 464.5 eV corresponding to the Ti4+ ions and at 457.5 
and 463.1 eV assigned to Ti3+ ions.44 The O 1s XPS spectrum has three components at 
binding energies of 529.9 eV, 531.3 eV and 532.2 eV corresponding to the bonds of 
Ti-O, Si-O-Ti and Si-O, respectively (Figure 4.2b). Similar to Ti 2p spectrum, the Si 
2p XPS spectrum has two components (Figure 4.2c). The bands at 103.5 and 102.5 eV 
can be assigned to Si4+ and Si3+ ions, respectively.45 The XPS analysis indicates the 
presence of Ti3+ and Si3+ on the surface of the TSO to form TiO2-x and SiO1-x, thus 
revealing that the surface of TSO is not stoichiometric and has some oxygen 
vacancies. Furthermore, the XPS results also indicate the formation of the TiO2-SiO2 
mixed-oxide at the surface, in agreement with the HRTEM studies (see Figure A4.1 in 
Appendix). Both the existence of oxygen vacancies and Ti3+ ions in the TSO artificial 
leaf was further confirmed by electron paramagnetic resonance (EPR) studies. A sharp 
signal at g=2.00 is observed, indicating the presence of oxygen vacancies (see Figure 
4.2d).46 The broad and anisotropic signal with a g value of 1.98 is due to the presence 
of paramagnetic Ti3+ ions (see Figure 4.2d).47 Similar spectroscopic features are also 
observed for the ZIF-8@TSO composite (see Figure 4.2d).  

The ZIF-8@TSO composite was characterized by PXRD, FTIR, Raman, SEM, 
EPR and EDS elemental analysis. The IR spectrum of TSO modified with PPS (see 
Figure A4.4 in Appendix) presents the characteristic peaks of PSS chains,48 indicating 
that PSS was indeed grafted on the TSO surface. Figure 4.1a shows that the PXRD 
pattern of the ZIF-8@TSO composite contains the characteristic peaks of both 
crystalline ZIF-8 and TSO support, confirming the presence of both ZIF-8 and TSO. 
Figure 4.3a shows the FTIR spectra of the TSO support, as-synthesised ZIF-8 and 
ZIF-8@TSO composite. Compared to TSO, the IR spectrum of ZIF-8@TSO presents 
not only the Ti-O-Ti, Ti-O-Si and Si-O-Si stretching vibrations (at 500, 970 and 1100 
cm-1), but also the additional vibration bands which are characteristic to the ZIF-8. 50 
For instance, the band at 421 cm-1 is assigned to the Zn-N stretching while the bands 
in the 500-1350 cm-1 and 1350-1500 cm-1 ranges are assigned to the in- and 
out-of-plane bending and stretching of the C-H bonds of the imidazole ring, 
respectively. The C=N (aromatic) stretching vibrations at around 1548 cm-1 and the 
aliphatic C-H stretching vibrations at 2929 and 3135 cm-1 are all characteristic to the 
ZIF-8 material. 51,52 Furthermore, a broad peak at around 3200 cm-1 in both TSO and 
ZIF-8@TSO corresponds to the surface silanol (Si-OH) groups.53 The Raman spectra 



Chapter 4 

100 
 

of ZIF-8 and ZIF-8@TSO also confirm that the composite contains ZIF-8 (see Figure 
4.3b), the bands at 687 cm-1 

 

Figure 4.2 (a) Ti 2p, (b) O 1s and (c) Si 2p XPS spectra of the TSO support, respectively; and (d) is the 
EPR spectra of the TSO support (black) and ZIF-8@TSO composite (blue). 

and in the range 1000-1600 cm-1 being assigned to the imidazole ring puckering, 
C5-N stretching, C-H wagging and C4-C5 stretching modes, respectively.54 The bands 
at 2931, 3114 and 3131 cm-1 respectively correspond to the C-Hmethyl and C-Harom 
stretching modes.55 These results, together with the FTIR results, confirm that both 
the ZIF-8 crystals and TSO artificial leaf support are present in the ZIF-8@TSO 
composite. 

The morphology of the ZIF-8@TSO composite was further characterized by SEM 
(Figure 4.4). The as-synthesized ZIF-8 crystals have a dodecahedral shape and a 
narrow size distribution (ca. 400 nm, see Figure 4.4a), facilitated by the modulating 
ligand 1-methylimidazole. Figure 4.4b displays a top view of the ZIF-8@TSO 
composite indicating the replicated channels. The cross section of ZIF-8@TSO 
channels which are larger than 3 μm is shown in Figure 4.4c. Figure 4.4c also shows 
that the ZIF-8 crystals are almost homogeneously dispersed on the surface of the TSO 
support. As discussed above, PSS acts as linker enabling the growth of ZIF-8 crystals 
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on TSO surface. Moreover, the functionalization of the TSO surface with PSS enables 
the homogeneous dispersion of the ZIF-8 crystals. Using non-functionalized TSO 
leads to 

 
Figure 4.3 (a) FTIR spectra of the TSO (black), ZIF-8 (red) and the ZIF-8@TSO composite (blue); (b) 
Raman spectra (λexc=632.8 nm) of the ZIF-8 and the ZIF-8@TSO composite. 

only several ZIF-8 crystals randomly dispersed on the TSO surface (see Figure A4.5 
in Appendix). EDS analysis (Figure 4.4d) reveals that the surface elementary 
composition of the ZIF-8@TSO is similar to that of as-synthesised ZIF-8 (see also 
Figure A4.6 in Appendix), with Ti and Si from the TSO also present. Consequently, 
the combined FTIR, Raman, SEM and EDS elemental analysis demonstrate that the 
ZIF-8 crystals were successfully and homogeneously grown on the TSO artificial leaf 
surface. 

Figure 4.5 displays the thermogravimetric analysis (TGA) and differential scanning 
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calorimetry (DSC) data, showing that all the organic matter derived from the natural 
leaf is completely removed above 873 K. The decomposition of ZIF-8@TSO 
composite occurs above 673 K, which is much higher than the decomposition 
temperature of the Hmim ligand yet similar to that of bulk crystalline ZIF-8. This 
indicates that the first  

 

Figure 4.4 (a) SEM image of the as-synthesized rhombic dodecahedra ZIF-8 crystals. (b) Top view of 
the ZIF-8@TSO composite, with the black arrow indicating the channels of the artificial leaf. (c) 
Cross-section view of the ZIF-8@TSO composite, with the red arrow indicating the opening gate of the 
artificial leaf channel. (d) EDS spectrum of the ZIF-8@TSO composite corresponding to the red circle 
in Figure 4c. 

mass loss is due to the decomposition of the ZIF-8 crystal layer. The first weight loss 
observed in the TGA of the ZIF-8@TSO composite corresponds to a loading of 25 wt.% 
of ZIF-8 on the TSO surface. 

4.3.2 Adsorption Studies 

Nitrogen adsorption-desorption studies were carried out to characterize the porous 
structure and the surface area of the TSO support, the as-synthesised ZIF-8 and the 
ZIF-8@TSO composite, respectively. The TSO support displays a type IV isotherm 
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with a desorption hysteresis, indicating a mesoporous material (see Figure 4.6). The 
presence of mesopores is additionally confirmed by TEM (see Figure A4.7 in 
Appendix), wherein wormlike meso-pores are observed. Using the 
Barrett-Joyner-Halenda (BJH) method, a mesopore size distribution of ca. 3-20 nm 
and a mesopore volume of 0.49 cm3/g are determined. Moreover, comparing to the 
mesopores, negligible micropores with the average pore size of ca. 1.3 nm and a 
volume of 0.08 cm3/g (calculated by Saito and Foley method) can be observed within 
TSO. The Brunauer-Emmett-Teller (BET) and Langmuir surface area are about 180 
and 190 m2/g, respectively (see Table 4.1). The surface area of TSO support is much 
higher than that of the traditional TiO2 materials, e.g. P25 with a surface area of 50 
m2/g.55  

 

Figure 4.5 TGA (solid lines) and DSC (dash lines) curves of the ZIF-8@TSO composite (blue), the 
as-synthesised ZIF-8 (red), the dehydrated natural leaf (black) and the Hmim ligands (dark green) 
measured under air at a heating rate of 5 °C/min.  

Unlike the TSO, the bulk crystalline ZIF-8 shows a type I isotherm, suggesting that 
it is microporous. In agreement with earlier reports,33 the bulk crystalline ZIF-8 has an 
average micropore size of ca. 1.2 nm and a pore volume of 0.69 cm3/g, respectively. 
The determined BET and Langmuir surface area of 1720 and 1800 m2/g (see Table 4.1) 
are also in agreement with previous studies.33 A few mesopores of ca. 4 nm with a 
pore volume of 0.05 cm3/g are present, most likely due to the interparticle void of 
ZIF-8 crystals.  

The ZIF-8@TSO composite has a H3-type type I isotherm, which can be attributed 
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to a hierarchical porous structure (see Figure 4.6). The micropores have a diameter of 
ca. 1.2 nm, similar to that found for the bulk crystalline ZIF-8, indicating that they 
belong to the ZIF-8 layer. The micropore volume is 0.25 cm3/g. A mesopore size 
distribution of ca. 4-10 nm with a mesopore volume of 0.10 cm3/g is calculated, 
indicating that some large mesopores within TSO support were blocked by the ZIF-8 
crystals. The BET and Langmuir surface areas of the ZIF-8@TSO composite are 400 
and 530 m2/g, respectively (see Table 4.1). Taking into consideration that the ZIF-8 
crystals account for 25 wt.% in ZIF-8@TSO composite, the surface area for the 
composite is relatively high. This is because the functionalized TSO support prevents 
the aggregation of the ZIF-8 crystals and favors their good dispersion at the TSO 
surface, thereby increasing the accessibility of ZIF-8 for nitrogen molecules. 
Furthermore, it is likely that some interstitial voids are formed between the ZIF-8 
crystals and the TSO support, increasing the observed surface area for the 
composite.56  

 

Figure 4.6 The N2 adsorption isotherms measured at 77 K of the as-synthesised ZIF-8 (red), the TSO 
artificial leaf (black) and the ZIF-8@TSO composite (blue). 

The water, methanol and ethanol adsorption properties of ZIF-8, TSO support and 
ZIF-8@TSO composite were studied separately at 303 K (see Figure 4.7). ZIF-8 has a 
type III isotherm with a very low water uptake (< 0.1 mmol/g) even at the saturation 
pressure. The type III isotherm reveals a low interaction between the adsorbate and the 
adsorbent, which is in agreement with the presence of the hydrophobic 
2-methylimidazolate linkers in the ZIF-8 framework.57 A higher water uptake is 
observed for the TSO support and the ZIF-8@TSO composite, although their surface 
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areas are much lower than that of the ZIF-8 (see Figure 4.7a). This is due to the 
presence of the surface bridging oxygen atoms of the TiO2 phase as well as the silanol 
(Si-OH) groups of the SiO2 phase of the TSO. Both are effective adsorption sites that 
can form hydrogen bonds with the water molecules.58,59  

Table 4.1 Physical properties of the as-synthesised ZIF-8, TSO and ZIF-8@TSO 
composite.  

Sample SBET (m2/g) SLangmuir(m2/g) Vtotal(cm3/g)a Dpore(nm)b 

TSO 180 190 0.54 1.3/3-20 

ZIF-8 1720 1800 0.74 1.2/4 

ZIF-8@TSO 400 530 0.35 1.2/4-10 

aVtotal (Gurvich method) was measured at P/P0=0.99. bMicro-pore characteristics were calculated using 
the Satio and Foley method, whilst those for meso-pores were calculated using the 
Barrett-Joyner-Halenda (BJH) method. 

In agreement with earlier studies,60 the ethanol and methanol uptakes are much 
higher than the water uptake in the case of ZIF-8. The S-shaped isotherms for 
methanol and ethanol indicate the presence of weakly interacting adsorbates in a 
microporous adsorbent. Figure 4.7b shows that the methanol adsorption is weak at 
low pressures due to the hydrophobic surface of the ZIF-8. Above P/P0≈0.2, however, 
the adsorption increases sharply as a consequence of continuous pore filling. A few 
adsorbed methanol molecules firstly form tiny clusters in the initial pressure range, 
then these clusters show affinity for the following adsorbed methanol through 
hydrogen bonding and finally growing into a 3D methanol network within the pores. 
This is the so-called cluster-formation and cage-filling process.61 A continuous pore 
filling is also observed in the adsorption of ethanol. However, a shorter initial 
adsorption plateau is observed at low pressures, indicating that in ZIF-8 the ethanol 
adsorption is higher than that of methanol at low pressures (see Figure 4.7c). This is 
because the interaction between hydrophobic ZIF-8 and less polar ethanol (relative 
polarity 0.654) is stronger as compared with that of methanol (relative polarity 0.762). 
The molecular adsorption is mainly controlled by entropic factors at high pressures. 
Thus, a higher saturation capacity is observed for methanol (kinetic diameter is 3.6 Å) 
than ethanol (kinetic diameter is 4.3 Å).62 

As compared with ZIF-8, the TSO support has a very different methanol 
adsorption behavior (see Figure 4.7b). Based on the characterization studies above, 
the TSO support contains two phases: the anatase TiO2 with oxygen point defects and 
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amorphous SiO2. The silanol groups on the silica surface can form hydrogen bonds 
with the methanol and ethanol molecules. However, the dissociative adsorption of 
methanol is favored over molecular adsorption at low pressure on anatase TiO2.63 
Methoxy and methyl groups are first formed by breaking of the O-H and C-O bonds, 
respectively. Then, the methoxy groups are adsorbed at both Ti4+ ions and oxygen 
vacancy sites. Simultaneously, the methyl groups are adsorbed at the bridging oxygen 
atoms. The dissociative methanol adsorption results in a very low methanol uptake for 
P/P0 ranging from 0 to 0.45. Above P/P0≈0.45, the molecular adsorption of methanol 
occurs at both Ti4+ ions and the surface bridging oxygen atoms via coordination and 
hydrogen bonding, respectively.64,65 Hereafter, the adsorbed methanol molecules 
attract more methanol molecules through hydrogen bonds, leading to a capillary 
condensation within the mesopores. This causes the increasing uptake observed in the 
methanol adsorption isotherm. For ethanol, similarly, a dissociative adsorption is 
favored over molecular adsorption in the low pressure range and a small capillary 
condensation occurs at high pressures (see Figure 4.7c). A typical type IV adsorption 
isotherm with a low ethanol uptake is observed for TSO, indicating the presence of 
mesopores.27  

Interestingly, the ZIF-8@TSO composite displays a methanol adsorption isotherm 
with two steps, indicating it has a hierarchical porous structure (see Figure 4.7b). In the 
initial pressure range (up to P/P0 = 0.2), the methanol uptake is negligible, mainly due 
to the presence of the hydrophobic ZIF-8 layer. Then, the methanol uptake increases 
until reaches the first equilibrium stage (P/P0 = 0.2 - 0.45), corresponding to the 
micropores filling of the ZIF-8. A second methanol adsorption step occurs above 
P/P0≈0.45, indicating that the methanol molecules start to fill in the mesopores of the 
TSO support as well as the interstitial voids between ZIF-8 layer and the TSO support, 
ultimately leading to capillary condensation. Because the methanol molecular 
adsorption is more favorable than the dissociative adsorption on TSO above P/P0≈0.45, 
the mesopores filling plays a key role in the pressure range P/P0=0.45 to 0.99. The 
methanol uptake for the composite is about 5.2 mmol/g at P/P0≈0.99, which is 50% as 
compared to ZIF-8 but using only 25% wt. of ZIF-8.  

The shape of the ethanol adsorption isotherm of ZIF-8@TSO composite is similar 
to that of ZIF-8, but with a wider initial adsorption plateau (see Figure 4.7c). This is 
caused by the synergistic effect between the hydrophobic ZIF-8 layer and the TSO 
support, the latter facilitating a dissociative ethanol adsorption. The ethanol uptake in 
the ZIF8@TSO composite is only 25% of the uptake observe for ZIF-8. It indicates 
that the 25% wt. ZIF-8 in composite plays a leading role in the ethanol adsorption 
whilst the TSO support shows almost no ethanol adsorption across the whole pressure 
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range.  

 

Figure 4.7 The (a) water, (b) methanol and (c) ethanol adsorption isotherms for as-synthesized ZIF-8 
(red), TSO support (black) and ZIF-8@TSO composite (blue) at 303 K, respectively. P0 is the saturated 
pressure of the adsorbates at 303 K, which is 4 kPa, 10 kPa and 21 kPa for water, ethanol and methanol, 
respectively. 
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As discussed above, the ZIF-8@TSO composite presents different adsorption 
properties in the presence of water, methanol and ethanol. To gain more insight into 
these properties, it was simulated the separation factors between ethanol and two 
types of contaminants, e.g. water and methanol, using the ideal adsorbed solution 
theory (IAST) method. Using an equimolar mixture of methanol-ethanol at 303 K, the 
ZIF-8@TSO composite adsorbs selectively methanol over ethanol and the adsorption 
selectivity is in the range of 1.5-3.8 (see Figure 4.8). The increasing adsorption 
selectivity in the low pressure range (0 - 2 kPa) is caused by the methanol uptake of 
ZIF-8@TSO composite which increases faster than the ethanol uptake. For an 
equimolar mixture of ethanol-water at 303 K, the ZIF-8@TSO composite adsorbs 
selectively water over ethanol in the pressure range of 0–2 kPa whilst the ethanol is 
adsorbed selectively over water in the pressure range of 2–10 kPa (see Figure 4.8). 
This is also supported by the S-shape of the ethanol adsorption isotherm of 
ZIF-8@TSO composite which indicates that the ethanol uptake is lower than the 
water uptake in the low pressure range, and vice versa in the high pressure range.66  

The separation factors of both ZIF-8 and the TSO support were also calculated by 
IAST simulation (see Figure A4.17 in Appendix). Comparing with the TSO support, 
the ZIF-8@TSO composite shows better performance for methanol-ethanol and 
ethanol-water mixtures. This behavior is attributed to the hierarchical porous structure 
of the composites and its higher surface area. Separating ethanol-water mixtures using 
the ZIF-8@TSO composite is less efficient as compared with ZIF-8. It is likely due to 
the higher surface area of ZIF-8 as compared with the ZIF-8@TSO. Moreover, ZIF-8 
is much more hydrophobic than the ZIF-8@TSO composite, and therefore has a lower 
water uptake. For an equimolar mixture of ethanol-methanol, the ZIF-8@TSO 
composite shows a reversed adsorption, preferring methanol over ethanol, opposite to 
the behavior observed for ZIF-8. The difference between methanol and ethanol uptake 
when using the ZIF-8@TSO composite is larger than that of the ZIF-8, likely due to 
the hierarchical porous structure of the ZIF-8@TSO composite. 
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Figure 4.8 Adsorption selectivities calculated with the IAST method for equimolar binary mixtures of 
(a) methanol-ethanol and (b) ethanol-water for the ZIF-8@TSO composite at 303K. 

4.4 Conclusion 

A mixed-metal oxide material (TSO) with a hierarchical porous structure was 
synthesized using a sol-gel method in which natural populous nigra leaves were used 
as template. The mixed-oxide artificial leaf was then used as a support for growing a 
homogeneously dispersed ZIF-8 layer. The resulting ZIF-8@TSO composite has a 
hierarchical porous structure which facilitates a high methanol uptake. Using IAST 
simulations and an equimolar ethanol-methanol mixture, it was demonstrated that the 
ZIF-8@TSO composite adsorbs methanol highly selectively in the low pressure range. 
Moreover, the ZIF-8@TSO composite is also effective in separating water-ethanol 
mixtures. In this case, ethanol is adsorbed selectively in the low pressure range whilst 
water is adsorbed selectively at high pressures. This chapter highlights that supporting 
MOFs on hierarchical porous substrates not only provides a new methodology for 
processing MOF but also leads to unique adsorption properties of the designed 
materials. 
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Chapter 4 Appendix 

4.1 Characterization of the TSO Artificial Leaf 

 
Figure A4.1 The HRTEM image of TSO showing that crystalline TiO2 is surrounded by amorphous 
SiO2. 

 
Figure A4.2 Side view of one channel within the TSO, in which flight deck windows like holes can be 
observed along the channel. These holes are also shown in Scheme 4.2. 
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Figure A4.3 The EDS spectrum of the TSO, corresponding to the red circle in Figure 4.1e. 

4.2 The Interaction between TSO and ZIF-8 

 
Figure A4.4 FTIR spectra of the bulk poly(styrenesulfonate, sodium salt) (PSS) and the surface 
modified PSS@TSO. 
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Figure A4.5 The cross section of the ZIF-8@TSO composite; the TSO support was not pre-treated by 
PSS.  

4.3 The EDS Spectrum of the Bulk Crystalline ZIF-8 

 
Figure A4.6 The EDS spectrum and mapping of the as-synthesized ZIF-8 corresponding to Figure 
4.4a. 
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4.4 The Mesopores within the TSO Artificial Leaf 

           
Figure A4.7 The TEM image of the TSO; wormlike meso-pores can be observed.  

4.5 The Ideal Adsorbed Solution Theory (IAST) Selectivity 

Calculations 

The IAST (ideal adsorption solution theory) is applied to predict the binary mixture 
adsorption behavior from single-component adsorption isotherms.1,2  

Some of the experimental water, methanol and ethanol adsorption isotherms data 
measured at 303 K are hard to fit any models within IAST method, so the numerical 
interpolation method was chosen. Some of the experimental adsorption isotherms here 
did not reach equilibrium at relative saturated pressure, due to the capillary 
condensation occurred in large pores. Thus, the loading amount at relative saturated 
pressure in each adsorption isotherm is assigned to the maximum loading amount and 
which is reasonably extended to a higher pressure to preferably fit the simulation. The 
fitted data are then applied to predict adsorption selectivity with IAST. 
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Figure A4.8 The methanol adsorption isotherm of the ZIF-8@TSO composite along with the 
numerical interpolation method (Unit: Pressure in bar; Loading in mmol·g-1). 

 
 
 
 

 
Figure A4.9 The ethanol adsorption isotherm of the ZIF-8@TSO composite along with the numerical 

interpolation method (Unit: Pressure in bar; Loading in mmol·g-1). 
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Figure A4.10 The methanol adsorption isotherm of the TSO along with the numerical interpolation 
method (Unit: Pressure in bar; Loading in mmol·g-1). 

 

 
Figure A4.11 The ethanol adsorption isotherm of the TSO along with the numerical interpolation 
method (Unit: Pressure in bar; Loading in mmol·g-1). 
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Figure A4.12 The methanol adsorption isotherm of the bulk crystalline ZIF-8 along with the numerical 
interpolation method (Unit: Pressure in bar; Loading in mmol·g-1). 

 

        
Figure A4.13 The ethanol adsorption isotherm of the as-synthesized ZIF-8 along with the numerical 
interpolation method (Unit: Pressure in bar; Loading in mmol·g-1). 
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Figure A4.14 The water adsorption isotherm of the ZIF-8@TSO composite along with the numerical 
interpolation method (Unit: Pressure in bar; Loading in mmol·g-1). 

The experimental water adsorption isotherms data measured at 303 K for the TSO 
artificial leaf are fitted well with the Langmuir equation:  

𝑛𝑛𝑖𝑖𝑜𝑜(𝑃𝑃) = 𝑀𝑀
𝐾𝐾𝑃𝑃

1 + 𝐾𝐾𝑃𝑃
 

Here, P is the pressure of the bulk water equilibrium with the adsorbed phase water 
(bar), M refers to the adsorbed water amount per mass of adsorbent (mmol·g-1; M= 
2.7195 for TSO). K is the Langmuir constant that describes the affinity of the water 
with the adsorbent, a half of the adsorption sites are occupied when the pressure P=1/K 
(K= 6.2047 for TSO). The fitted data are then applied to predict adsorption selectivity 
with IAST.      
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Figure A4.15 The water adsorption isotherm of the TSO along with the Langmuir model (Unit: 
Pressure in bar; Loading in mmol·g-1). 

The experimental water adsorption isotherm data measured at 303 K for the 
as-synthesised ZIF-8 are fitted well with the Henry’s law equation: 

𝑛𝑛𝑖𝑖𝑜𝑜(𝑃𝑃) = 𝐾𝐾𝐻𝐻𝑃𝑃 
Here, P is the pressure of the bulk water equilibrium to the adsorbed phase water 

(bar), KH is the Henry coefficient (KH=1.8073 for the ZIF-8). The fitted data are then 
applied to predict adsorption selectivity with IAST. 

  
Figure A4.16 The water adsorption isotherm of the as-synthesized ZIF-8 along with the Henry’s law 
model (Unit: Pressure in bar; Loading in mmol·g-1). 
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The adsorption selectivity of the adsorbate a over adsorbate b in a binary mixture is 
defined as: 

𝑆𝑆𝒂𝒂/𝒃𝒃 =
𝑥𝑥𝑎𝑎/𝑦𝑦𝒂𝒂
𝑥𝑥𝒃𝒃/𝑦𝑦𝒃𝒃

 

Here, x and y are the mole fractions of a and b in the adsorbed and bulk phases, 
respectively. 

In order to preferably fit the simulation, the experimental maximum adsorption 
amount at relative saturated pressure in several isotherms were reasonably extended to 
higher pressure. However, considering the experimental saturated pressure at 303 K 
for water, ethanol and methanol is 4 kPa, 10 kPa and 21 kPa, respectively, and the 
accuracy of the simulation, the total pressure in simulation was restricted as 10 kPa for 
both the equimolar mixture of methanol-ethanol and water-ethanol. 

4.6 The Adsorption Selectivity for As-Synthesized ZIF-8 and the 

TSO Support 

 

Figure A4.17 (a&b) The IAST-calculated equimolar mixture of methanol-ethanol and water-ethanol 
selectivities for TSO at 303 K; (c&b) The IAST-calculated equimolar mixture of ethanol-methanol and 
ethanol-water selectivities for the as-synthesised ZIF-8 at 303 K. 
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5.1 Introduction 

As discussed in Chapter 1, there are two main strategies employed for the 
synthesis of MOFs used in water-alcohol adsorptive separations. One approach 
focuses on using organic linkers with specific functionalities to tune the 
hydrophobic or hydrophilic properties of the framework. For example,  
{[Dy(ox)(Bpybc)(H2O)]·(OH)·13H2O}n is a charge-polarized MOF, which is 
built from a zwitterionic organic linker, H2BpybcCl2 
(1,1’-bis(4-carboxybenzyl)-4,4’-bipyridinium dichloride).1 This MOF separates 
water-alcohol mixtures based on the polarity difference between water and 
alcohol molecules.1 ZIF-8 is a hydrophobic MOF constructed from Zn2+ ions 
and 2-methylimidazole (Hmim).2 It selectively adsorbs alcohols through 
capillary condensation while repelling water molecules due to its highly 
hydrophobicity.2 The second approach utilizes flexible organic ligands because 
the flexibility of MOFs’ structure can be inherited from the flexibility of ligand. 
Such MOFs can undergo structural rearrangements in response to specific 
adsorbate molecules, leading to unconventional adsorption behavior due to the 
occurrence of breathing effects or gate-opening phenomenona.3 
CuII(mtpm)Cl2·20H2O,4 TetZB,5 and [Zn4OX1.5]·4DMA·10DEF·10H2O6 are 
such examples of flexible MOFs. These MOFs have water-alcohol adsorptive 
separation properties as a result of their flexible frameworks which require 
different energy to rearrange for water and alcohol molecules. However, there 
are two main challenges remaining in achieving efficient water-alcohol 
separation using MOFs. The first one is that most MOFs with potential in 
water-alcohol separations are not tested for their stability in the presence of  
water. 1,4-6 The second one is that none of the reported MOFs are prepared 
through a method that starts from a rational design of suitable pore sizes as well 
as tailor-made adsorptive affinity. 

This chapter present the synthetic design of a water stable MOF-based 
composite having the size of the pores and their functionality tailored 
specifically for the selective separation of water and methanol.  
[Zn2(bdc)2(DABCO)] (where H2bdc=benzene-1,4-dicarboxylic acid and 
DABCO=1,4-diazabicyclo[2.2.2.]octane), also known as DMOF, has been 
studied for the separation of water-alcohol mixture due to its high 
hydrophobicity, therefore repelling water molecules and adsorbing alcohol 
molecules through capillary condensation.7 However, this MOF has a very 
weak water stability, thereby inhibiting its further application in water-alcohol 
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separation process.8 DMOF has ordered one-dimensional (1D) pores (ca. 
7.5×7.5 Å2 along c-axis) which have smooth and flat walls.9 These specific 
features allow to tune precisely the porous structure of the DMOF at nano-scale. 

Our approach aimed to directly narrow the size of DMOF’s pores by 
incorporating organic polymers into its pores, in which the polymers can block 
partially the free volume available. This approach was inspired by the work of 
Uemura et al, 10-13 which focused on the development of synthetic strategies to 
confine linear polymer chains in MOFs, but their studies focused on the thermal 
behavior of such composites. Our strategy aimed at designing DMOF-polymer 
composites which have suitable pore sizes that enable the separation of water 
and alcohols based on the differences in their kinetic diameters. In this work, 
N-isopropylacrylamide (NIPAM), a monomer of poly(N-isopropylacrylamide 
(PNIPAM) was chosen because it has amide groups which have affinity for 
interacting with polar molecules, such as water and alcohols.14 Moreover, 
PNIPAM is a thermo-responsive polymer. At temperatures below the lower 
critical solution temperature (LCST = 33°C), PNIPAM is hydrophilic because 
the amide groups participate in hydrogen bonding interactions with polar 
molecules through hydrogen bonds (H-bond), while it exhibits hydrophobicity 
above LCST due to the suppression of the hydrogen bonds between the amide 
groups and the polar molecules.15 Therefore, PNIPAM undergoes a structural 
phase transition from linear to coil struture.15 For water-alcohol adsorptive 
separations, we hypothesized that the thermo-responsive properties of the 
PNIPAM will trigger the desorption of adsorbate molecules at lower 
temperature. This would enable saving energy costs on the regeneration process 
of the composite and hence increasing the energy efficiency of the process as 
compared with other adsorbent materials used in desorbing water or alcohol 
molecules, such as zeolite Linde Type 4A which requires a thermal treatment at 
200-300 °C for the desorption of water.7  

To the best of our knowledge, there is only one study reporting on the use of 
polynaphthylene to partially block the pores of MOF-5 to achieve selective CO2 
capture.16 Therefore, it is demonstrated here the general applicability of such 
approach for other MOF structures, which in turns enables to extend the 
applicability range of the MOF-polymer composites. This chapter discusses the 
synthesis and characterization of the composite obtained by confining the  
PNIPAM polymer in the 1D pores of DMOF. Moreover, it presents the 
adsorptive water-alcohol separation behavior of this new composite as well as  
the adsorption mechanism discussed in terms of the Grand-canonical Monte 
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Carlo (GCMC) simulations. This study is the first one that rationally controls 
the pore size and adsorptive affinity of MOFs for water-alcohol adsorptive 
separation. 

5.2 Experimental 

5.2.1 Materials and Methods 

All chemicals and solvents were purchased from commercial suppliers and used 
without further purification. Infrared spectra (IR, 4000-400 cm-1, resol, 0.5 cm-1) 
were recorded on a Varian 660 FTIR spectrometer equipped with a Gladi ATR 
devise using KBr pellets as the transmission technique. Raman spectra were 
carried out using an Olympus BX51M upright microscope with excitation at 
632.8 nm (Thorlabs HNL 120-1 HeNe laser) via a 50 times magnification 
objective with 10 mW at sample. Raman scattering was collected and delivered 
to a Shamrock163 spectrograph via a round to line fibre bundle and detected 
with an iDus-416 CCD detector. All NMR spectra were recorded on a Bruker 
Advance 400 MHz NMR spectrometer and using d6-DMSO as solvent. Powder 
X-ray diffraction (PXRD) measurements were carried out on a Rigaku Miniflex 
X-ray diffractometer. The measurements were done in the 5-50° range using a 
Cu-Kα source. Thermogravimetic analysis (TGA) and differential scanning 
calorimetry (DSC) measurements were carried out on a STA 449 F3 Jupiter® 
(NETZSCH Instrument) unit. The measurements were performed in air (20 
ml/min) at 35-800 °C or 80-175 °C with a heating rate of 5 °C/min or 2.0 
°C/min, respectively. The morphology of the samples with sputtered gold was 
studied by using field emission scanning electron microscopy (FESEM, FEI 
Verios 460 scanning electron microscope) operated at 5 kV. N2 adsorption 
isotherms were measured at 77 K on a Thermo Scientific Surfer. Water, 
methanol and ethanol adsorption isotherms were carried out on a 
micro-calorimeter (Calvet C80, Setaram) which can operate isothermally and is 
connected to a home built manometric apparatus. 

5.2.2 Synthesis of DMOF 

DMOF was synthesized using a modification of a reported procedure.17 
Particularly, 0.5 g (1.68 mmol) of Zn(NO3)2·6H2O, 0.28 g (1.68 mmol) of 
benzene-1,4-dicarboxylic acid (H2bdc) and 0.094 g (0.84 mmol) of 
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1,4-diazabicyclo[2.2.2.]octane (DABCO) were dissolved in 10 ml 
dimethylformamide (DMF) in a 20 ml Teflon-capped borosilicate tube. One 
drop of concentrated HNO3 was additionally added per 10 ml of DMF. The 
tube was then sealed and heated in an oven at 120 °C for 24 h to obtain 
colourless crystals. The mother liquid of the as-synthesized crystals was 
exchanged with CHCl3 and the procedure repeated to exchange the old solvent 
with fresh CHCl3 every 8 h for 3 days. The colourless crystals were then 
collected by filtration and dried at ambient condition. The collected product 
was further activated under vacuum (<10-4 Torr) at 120 °C for 8 h prior to 
characterisation measurements and its use in the composite synthesis.  

5.2.3 Synthesis of PNIPAM 

0.55 g (4.86 mmol) of N-isopropylacrylamide (NIPAM) monomer and 0.022 g 
(0.131 mmol) of radical initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) 
were added in 10 ml reaction tube under nitrogen atmosphere. The mixture was 
then dissolved in 2 ml THF and placed in an oil bath at 70 °C overnight. Then, 
the reaction mixture was cooled to room temperature and diethyl ether was 
slowly added in the above reaction mixture. The polymer formed as a white 
precipitate, filtered off and then re-dissolved in THF and re-precipitated with 
diethyl ether. The above process was repeated three times. The purified 
polymer was then dried under reduced pressure at room temperature and further 
activated under vacuum (<10-4 Torr) at 60 °C for 8 h prior to the following 
measurements. 

5.2.4 Synthesis of the DMOF⊃PNIPAM Composite 

Composites of type DMOF⊃PNIPAM were obtained by in situ polymerization 
of the NIPAM monomer using the activated DMOF. In order to fully introduce 
the monomer and radical initiator into the channels of DMOF, the 0.1 g 
activated DMOF was immersed in a THF solution (1 ml) containing NIPAM 
monomer and AIBN initiator (4.0 wt.% to the monomer NIPAM) under 
nitrogen atmosphere for 2h. Typical weight ratios of NIPAM to DMOF were as 
follows: DMOF⊃PNIPAM-1, 0.25; DMOF⊃PNIPAM-2, 0.60; 
DMOF⊃PNIPAM-3, 0.90. The excess of THF was completely removed by 
evaporation under vacuum at room temperature. The resulting white powder 
was heated in an oil bath at 70 °C overnight to conduct the polymerization, 
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yielding the composites of type DMOF⊃PNIPAM-1, 2 and 3, respectively. The 
as-synthesized DMOF⊃PNIPAM composites were washed several times with 
fresh methanol to remove the surface bulk polymer PNIPAM, then the 
composites were activated under vacuum (<10-4 Torr) at 60 °C for 8 h prior to 
the following measurements.  

5.2.5 Grand-Canonical Monte Carlo (GCMC) Simulation 

The adsorption computations of single-components are performed using the 
configurational-bias Monte Carlo algorithm in the grand-canonical ensemble. 
The systems are modeled in full atomistic detail using calibrated classical force 
fields. Periodic boundary conditions are used to extrapolate the finite system 
results to macroscopic bulk values. The simulation was run with 300000 cycles 
after an initialization run of 150000 cycles. In each cycle, on each molecule a 
Monte Carlo move is attempted consisting of a random choice from moves like 
translation, rotation, reinsertion, and insertion/deletion of molecules. A DMOF 
cell of 21.98 × 21.98 × 38.63 Å3 was used using an interaction cutoff of 11.99 
Å. The Ewald-summation with a relative precision of 10-6 was used to model 
charge interactions. The force field was TraPPE for methanol and ethanol and 
Tip5pEw for water, respectively. The adsorbate-framework interactions were 
modeled using the DREIDING force field. 

5.3 Results and Discussion 

5.3.1 Synthesis and Characterization 

The in situ formation of PNIPAM polymer chains within the 1D pores of 
DMOF is expected to narrow the pore size of DMOF to an appropriate size that 
enables the adsorption of smaller molecules from water-alcohol mixtures. This 
approach is summarized in Scheme 5.1.  
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Scheme 5.1 (a, b) Schematic illustration of the linear PNIPAM chain and the DMOF. (c) Confinement 
of the linear PNIPAM chains in the 1D pores of DMOF. (d) Adsorptive water-ethanol separation on the 
basis of molecular size.  

In situ polymerization of the NIPAM monomer with different amounts 
within 1D pores of DMOF was performed at 70 °C using AIBN as initiator. 
This led to composites of type DMOF⊃PNIPAM with different PNIPAM 
compositions. Figure 5.1 shows the PXRD patterns of the DMOF, 
DMOF⊃PNIPAM-1, 2 and 3. It clearly indicates that the original crystal 
structure of the as-synthesized DMOF is retained in all the composites. Several 
main peaks are shifted slighter to lower 2θ values due to the changes in the 
geometry of the bdc2- ligand which leads to an increase in the distance between 
two neighboring Zn2 units. This is a commonly observed feature of the 
activated DMOF.9 Figure 5.2 reveals that the size and morphology of the 
DMOF⊃PNIPAM composite and DMOF crystals (all the DMOF in this work 
refers to the activated DMOF from here forward) are almost the same. It 
confirms that the DMOF crystals were not influenced by the activation and 
polymerization procedures. Moreover, the SEM analysis also shows that there 
is no PNIPAM at the surface of DMOF crystals (see Figure 5.2c-e).  
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Figure 5.1 PXRD patterns of the as-synthesized DMOF (purple), DMOF after solvent 
exchange (dark cyan), activated DMOF (red), the composites DMOF⊃PNIPAM-1 (magenta), 2 
(olive) and 3 (blue) and PNIPAM (orange). These patterns are compared with the simulated 
PXRD pattern of DMOF (black) using the single-crystal crystallographic data. 

 
Figure 5.2 (a) SEM images of the PNIPAM, (b) DMOF crystals and (c, d, e) DMOF⊃PNIPAM-1, 2 
and 3, respectively. 
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The presence of the PNIPAM chains in the DMOF⊃PNIPAM composites 
was confirmed by FTIR and micro-Raman spectroscopic analysis. The FTIR 
spectra of the DMOF⊃PNIPAM composites shows the characteristic peaks of 
both DMOF and PNIPAM (see Figure A5.1). Specifically, the bands at 1650 
and 1380 cm-1 are assigned to the νC=O and νC-O stretching vibrations of the 
carboxylate groups of the bdc2- ligands,28 whilst the bands at 1055, 820 and 750 
cm-1 are assigned to the N-C-N deformation of DABCO.18 Furthermore, the 
bands at 1650, 1554 and 1380 cm-1 correspond to the νC=O stretching vibration, 
νC-N stretching vibration and the methyl bending vibration of amide I, amide II 
and methyl group of PNIPAM, respectively.19 Micro-Raman spectroscopy was 
further used for DMOF, PNIPAM and DMOF⊃PNIPAM-2 composite, 
respectively (see Figure 5.3). The DMOF⊃PNIPAM-2 composite was selected 
here because it has a theoretical median PNIPAM concentration among the 
three composites. Several main peaks in the range of 860-1800 cm-1 of 
DMOF⊃PNIPAM-2 composite are assigned to the vibration modes of the bdc2- 
and DABCO ligands, revealing the presence of DMOF.20 Additionally, the band 
at about 1450 and 1160 cm-1 in the spectrum of DMOF⊃PNIPAM-2 composite 
can be ascribed to the C-N-C bending and νC-Nazo stretching vibration of the 
PNIPAM.21 Another broad band is observed in the range of 2870-2970 cm-1 and 
it corresponds to the methyl stretching modes of PNIPAM.21 Combined FTIR 
and Raman spectroscopic analysis indicates that the DMOF⊃PNIPAM 
composite contains both DMOF and PNIPAM.  

The presence of PNIPAM polymer in DMOF is further confirmed by 1H 
NMR studies. Because the DMOF is insoluble in DMSO, no peaks from the 
organic ligands can be detected (see Figure A5.2). The 1H NMR spectra of the 
PNIPAM, DMOF⊃PNIPAM-1, 2 and 3 composites show the same signals (see 
Figures 5.4, A5.3-A5.5). The characteristic signals at around δ=1.0 ppm and 4.0 
ppm correspond to the methyl protons of the isopropyl groups and methyl 
protons of PNIPAM, respectively.14 The broad signal in the range δ= 6.5-7.5 
ppm is ascribed to the protons of the amide group, also of the PNIPAM 
chains.14 Consequently, these results strongly suggest the presence of the 
PNIPAM polymer within the composites.  
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Figure 5.3 Raman spectra of the DMOF (red), PNIPAM (orange) and DMOF⊃PNIPAM-2 
composite (olive), respectively in the range of (a) 200-1750 cm-1 and (b) 2500-3200 cm-1. 

 
Figure 5.4 1H-NMR spectrum of the DMOF⊃PNIPAM-2 composite in d6-DMSO at ambient 
temperature. 
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The PNIPAM undergoes an endothermic phase transition at a specific 
temperature which is known as glass transition temperature (Tg).22 This phase 
transition includes a series of segmental motions and rotations in the 
surrounding free volume of PNIPAM.22 Therefore, confining the PNIPAM 
chains within nanopores may reduce its free motion and rotation, thereby 
resulting in a change of the Tg. The differential scanning calorimetry (DSC) 
allows to identify the phase transition and the Tg of PNIPAM in 
DMOF⊃PNIPAM composites and therefore, it can be used to shed light on the 
confinement of PNIPAM chains within the DMOF’s pores. Figure 5.5 reveals 
the endothermic peak of the PNIPAM at 135 °C, in agreement with the earlier 
studies.23 The DSC curve of DMOF does not show any thermal effect in the 
temperature range from 80 to 190 °C. The DMOF⊃PNIPAM-1, 2 and 3 
composites show a phase transition at about 140, 160 and 180 °C, respectively, 
indicated by the endothermic peak observed in DSC. The shift of the Tg to 
higher values suggests that the PNIPAM chains are confined within the 1D 
pores of DMOF, thus needing more energy to undergo motion and rotation. 
This is because the 1D pores of DMOF limit the free volume required by the 
PNIPAM to undergo segmental motion and rotation. Furthermore, the Tg of 
DMOF⊃PNIPAM composites increased as the increasing of loading amount of 
PNIPAM. This is because the more PNIPAM are confined in 1D pores of 
DMOF, the stronger intermolecular interactions exist between DMOF and 
PNIPAM chains. These interactions are established between the hydrophobic 
pore walls of DMOF and the alkane chains of PNIPAM. Therefore, a higher 
transition energy is needed for composite with higher loading of PNIPAM. 
Such interactions were proposed earlier for the alkane polymers encapsulated in 
MOFs.24,25  

The loading of PNIPAM in DMOF⊃PNIPAM-1, 2 and 3 was determined 
using combined TGA and elemental analysis. Figure 5.6 shows that after 
solvent exchange, DMOF has a first weight loss of about 62% below 150 °C 
which indicates the removal of all guest CHCl3 molecules. A subsequent weight 
loss occurs above 300 °C, corresponding to the framework decomposition. 
Activated DMOF does not contain any solvent molecule (see Figure 5.6), 
indicating that the empty 1D pores of DMOF can be used for in situ PNIPAM 
polymerization. 
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Figure 5.5 DSC heating curves of DMOF (red), PNIPAM (orange), DMOF⊃PNIPAM-1 
(magenta), DMOF⊃PNIPAM-2 (olive) and DMOF⊃PNIPAM-3 (blue) composites, 
respectively. 

The depolymerization of PNIPAM polymer occurs above 350 °C, a 
temperature higher than the decomposition temperature of DMOF framework. 
Therefore, it is not possible to separate the depolymerization of PNIPAM from 
the decomposition of DMOF based on the TGA analysis. Nevertheless, because 
the TGA curves of all composite materials are very similar below 300 °C, the 
different residual weight percentage of composites corresponds to the different 
loadings of PNIPAM in the composites. Consequently, we can conclude that a 
higher loading of PNIPAM in composites leads to a lower residual weight 
percentage in the DMOF⊃PNIPAM composites. The elemental analysis was 
used as a complementary method to TGA to quantify the PNIPAM loading. The 
PNIPAM loading equals to 3.1, 12.8 % and 15.0 wt.%, respectively for the 
DMOF⊃PNIPAM-1, 2 and 3 composites (see Table A5.1). These results 
indicate that the loading of PNIPAM can be controlled by adjusting the weight 
ratio of monomer NIPAM to host DMOF before the polymerization reaction. 
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Figure 5.6 TGA curves of the DMOF before activation (red), the DMOF after activation 
(black), PNIPAM (orange) and DMOF⊃PNIPAM-1 (magenta), DMOF⊃PNIPAM-2 (olive) as 
well as DMOF⊃PNIPAM-3 (blue) composites, respectively. 

Nitrogen adsorption studies were performed to determine the porosity of all 
materials and to further confirm the confinement of PNIPAM within the 
DMOF’s pores (see Figure 5.7). In agreement with earlier studies, DMOF 
showed very high BET and Langmuir surface areas of 1780 m2g-1 and 2090 
m2g-1, respectively.7 In sharp contrast, the N2 uptake is almost negligible for the 
PNIPAM polymer (less than 5 cm3g-1 at STP), confirming that it is a nonporous 
material. For the DMOF⊃PNIPAM composites (Figure 5.7), a decreasing of N2 
uptake can be observed with increasing the loading of PNIPAM. The 
corresponding BET and Langmuir surface areas of DMOF⊃PNIPAM-1, 2 and 3 
are 660/760 m2g-1, 340/390 m2g-1 and 160/180 m2g-1, respectively. Non-local 
density functional theory (NLDFT) was used to calculate the pore size 
distributions (see Figure A5.6 to A5.9). Interestingly, with increasing the 
loading of PNIPAM, the pores with widths in the range of 7.5-8.6 Å (DMOF 
pores) gradually diminish, whereas pores with widths in the range of 5.0-6.6 Å 
(DMOF⊃PNIPAM composite pores) emerge and gradually boost. The 
decreasing of the pore size of the DMOF⊃PNIPAM composites confirms the 
confinement of PNIPAM chains within the pores of DMOF. 
 
 
 
 



Chapter 5 

138 
 

 
Figure 5.7 N2 adsorption isotherms of the DMOF (red), PNIPAM (orange), 
DMOF⊃PNIPAM-1 (magenta), DMOF⊃PNIPAM-2 (olive), DMOF⊃PNIPAM-3 (blue) 
composites at 77K, respectively. 

5.3.2 Adsorption Studies 

Taking into account the successful synthesis of the DMOF⊃PNIPAM 
composites with different PNIPAM loadings, further studies aimed at verifying 
the potential of these materials for size-driven adsorptive separations. 
Water-alcohol adsorptive separations were considered as model studies given 
the pore size of these composites as well as the presence of amide groups along 
PNIPAM chains suitable for adsorbing polar molecules.  

Figure 5.8 shows the single adsorption isotherms of DMOF for water, 
methanol and ethanol at 30 °C. Note that the DMOF is a material with high 
hydrophobicity due to the presence of hydrophobic bdc2- and DABCO 
ligands.26 Therefore, the interaction between DMOF and hydrophilic molecules 
is expected to be very weak. Such behavior is revealed by the water adsorption 
isotherm of DMOF which is of type III, with a low water uptake of 1.5 mmol/g 
at P/P0=0.98 (P0=4 kPa at 30 °C).26 For the case of methanol and ethanol 
adsorption, DMOF shows similar S-shaped adsorption isotherms. An initial 
adsorption plateau at P/P0˂0.1 (P0=21 kPa and 10 kPa at 30 °C for methanol 
and ethanol, respectively) indicate that the hydrophobic surface of DMOF has 
weak interaction with methanol and ethanol molecules. With increasing 
pressure, the uptake of methanol and ethanol rises sharply and finally reaches 
16 mmol/g and 7.7 mmol/g at P/P0=0.98, respectively. This drastic enhance of 
methanol and ethanol uptake is due to the capillary condensation.7 The 
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molecular capillary condensation is usually dominated by entropic factors at 
high pressures. Therefore, the higher adsorption uptake of methanol than 
ethanol can be assigned to more efficient packing of the smaller methanol 
molecules (kinetic diameter is 3.6 Å) than ethanol molecules (kinetic diameter 
is 4.3 Å) within the 1D pores of DMOF.27 

 
Figure 5.8 Adsorption isotherms of DMOF for water (red), methanol (black) and ethanol (blue) 
at 30 °C, respectively. 

Interestingly, the water adsorption behavior of DMOF⊃PNIPAM composites 
is much different than that of DMOF, for which no initial plateau exists in the 
pressure range of 0<P/P0<0.5 (see Figure 5.9). This reveals that the composites 
show a relative higher affinity for water than that of DMOF. The water uptakes 
of 0.5, 1.4 and 1.9 mmol/g were finally obtained for DMOF⊃PNIPAM-1, 2 and 
3 at P/P0=0.98, respectively (see Figure 5.9). The fact that the water uptake 
increased by increasing the loading of PNIPAM in composites, which can be 
attributed to the increasing number of polar amide groups of PNIPAM in 
composites, favoring the water adsorption via hydrogen bonding.28 The water 
uptake of DMOF⊃PNIPAM-3 has increased considerably (ca. 27 wt.% ) as 
compared with that of DMOF (1.5 mmol/g at P/P0=0.98 and 30 °C). This is 
because DMOF⊃PNIPAM-3 has the highest loading of amide groups among 
the three composites synthesized, therefore leading to a significant decrease in 
the hydrophobicity of DMOF. The experimental water adsorption enthalpies 
further confirm that the hydrophobicity of DMOF decreased with the increasing 
of PNIPAM loading in composites. The water adsorption enthalpies equal to 
-88, -127, -148 and -159 kJ/mol, for the initial water uptakes of DMOF, 



Chapter 5 

140 
 

DMOF⊃PNIPAM-1, 2 and 3, respectively. These values indicate that the 
composites show a stronger affinity for water molecules than that of DMOF in 
the initial pressure range. At higher water uptake values, all enthalpies 
decreased to about -43.6 kJ/mol, which is the enthalpy of evaporation of water 
(see Figure A5.10).29 Additionally, the water adsorption enthalpy of 
DMOF⊃PNIPAM-3 is the highest among the DMOF and the other two 
composites in the entire pressure range. The results confirm that the interaction 
between water molecules and adsorbent materials increased by increasing the 
number of exposed amide groups in the DMOF. Therefore, even though the 
DMOF⊃PNIPAM-3 composite has the smallest surface area, due to the highest 
loading of amide groups from PNIPAM, which has the strongest affinity for 
water molecules and highest water uptake among the composites.  

           
Figure 5.9 Water Adsorption isotherms of DMOF (red), DMOF⊃PNIPAM-1 (magenta), 
DMOF⊃PNIPAM-2 (olive) and DMOF⊃PNIPAM-3 composites (blue) at 30 °C, respectively. 

DMOF⊃PNIPAM-3 composite was further selected to study its adsorption 
behavior for methanol and ethanol at 30 °C. This is due to its highest water 
uptake and the smallest pore size distribution among the three composites, 
which may lead to selective adsorption of the smaller water and methanol 
molecules over ethanol. As expected, the ethanol uptake of DMOF⊃PNIPAM-3 
composite is less than 1.1 mmol/g, which is much lower than that of DMOF 
under the same condition (30 °C and P/P0=0.98; see Figure 5.10). The pore size 
distribution of DMOF⊃PNIPAM-3 (5-6.1 Å, see Figure A5.9) already indicates 
that the ethanol molecules may not be adsorbed due to their larger kinetic 
diameter (4.5 Å). Moreover, the smaller surface area of DMOF⊃PNIPAM-3 
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also contributes to the low ethanol adsorption uptake. The methanol adsorption 
isotherm of DMOF⊃PNIPAM-3 is different than that of DMOF, showing a 
methanol adsorption isotherm without initial plateau (below P/P0=0.1). This is 
because the amide groups of confined PNIPAM show affinity for methanol 
molecules through hydrogen bonding, similar to water adsorption. The 
measured methanol adsorption enthalpies for DMOF and DMOF⊃PNIPAM-3 
composite at initial uptakes are -45 kJ/mol and -62 kJ/mol, respectively (see 
Figure A5.11). This confirms that the DMOF⊃PNIPAM-3 composite interacts 
stronger with methanol molecules as compared with water molecules. The 
methanol uptake of DMOF⊃PNIPAM-3 is 4.3 mmol/g (30 °C and P/P0=0.98), 
much lower than that observed for DMOF, even though its pore size is large 
enough for selective methanol adsorption (the kinetic diameter of methanol is 
3.6 Å). However, this is expected because the surface area of 
DMOF⊃PNIPAM-3 is much lower than that of DMOF. 

 
Figure 5.10 Adsorption isotherms of water (red), methanol (black) and ethanol (blue) in 
DMOF⊃PNIPAM-3 composite at 30 °C. 

The GCMC molecular simulations were used to further shed light on the 
adsorption behavior of DMOF and DMOF⊃PNIPAM composites. Figure 5.11 
shows the simulated adsorption behaviors of both DMOF and 
DMOF⊃PNIPAM-3 for water, methanol and ethanol, respectively. In the limit 
of low pressure, the fugacity equals pressure because the fugacity coefficient is 
unity. Therefore, we used the adsorption uptake as a function of fugacity to 
simulate the adsorption behavior.30 Figure 5.11a shows that the simulated water 
isotherm of DMOF resembles type III adsorption behavior, which is consistent 
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with the experimental result, confirming the highly hydrophobic surface of 
DMOF.31 The simulated methanol and ethanol isotherms show a adsorption 
behavior of type V isotherm, in good agreement with the experimental results. 
It indicates that the hydrophobic DMOF has weak affinity for both methanol 
and ethanol in the initial pressure range and the alcohol uptake increased by 
increasing the pressure, revealing a capillary condensation phenonmenon.7 

Figure 5.11b displays the possible adsorption surface for DMOF, which is 
detected by rolling a probe molecule of helium over the inner surface of DMOF. 
It reveals that the probe helium atom can be adsorbed around bdc2- ligands on 
the ab plane whilst the space around DABCO ligands along c direction is 
empty due to the helium atom would overlap with DABCO ligands. This 
indicates that the adsorbate molecules, including water, methanol and ethanol in 
this study, are firstly adsorbed around bdc2- ligands on the ab plane of DMOF. 

In order to simplify the complex interactions between the confined PNIPAM 
and DMOF, artificial atomic centers were used to block certain areas of the 
channel from being accesible to adsorbate molecules. The size and shape of the 
blocked volume is influenced by the size of the artifical atomic centers. The 
interaction parameter of these centers is made so small as to have no attractive 
nor repulsive interaction with the adsorbates (ɛ/KB=1). As compared to DMOF, 
the simulated adsorption uptake of DMOF⊃PNIPAM composite for methanol, 
ethanol and water decreased drastically from 17.5, 9.7 and 3.5 mmol/g to 5.8, 
2.0 and 0.7 mmol/g, respectively (see Figure 5.11c). It indicates that the volume 
of 1D pores of DMOF decreased significantly due to the confined artificial 
atomic centers, resulting in a reduced space for water, methanol and ethanol 
adsorption. Figure 5.11d confirms that the possible adsorption surface of 
DMOF⊃PNIPAM composite changed as comparing to that of DMOF, in which 
the probe helium atom can only be present at the top-left part of the 1D pores 
and on the surface around the confined artificial atomic centers. In order to 
confirm that the confined PNIPAM decreases the hydrophobicity of DMOF, we 
gradually increased the attraction (from ɛ/KB=1 to 5 and 10 artificial atomic 
centers) between the artificial atomic centers and adsorbate molecules, 
including water, methanol and ethanol. This means that the artificial atomic 
centers provide stronger affinity for the adsorbate molecules, thus mimicking 
that the amide groups of PNIPAM have interaction with water, methanol and 
ethanol molecules via hydrogen bonding.28 In the low pressurerange, the initial 
plateaus in DMOF⊃PNIPAM composite’s water, methanol and ethanol 
adsorption isotherms become shorter as the attraction increases (see Figure 
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A5.12-A5.14). This is reasonable because the stronger affinity that the confined 
artificial atomic centers have the more polar molecules they can adsorb in the 
initial pressure range.32  

Summarizing, the GCMC molecular simulation results indicate that the 
adsorption space of DMOF can be decreased by incorporating artificial atomic 
centers in its 1D pores, therefore resulting in decreased adsorption uptakes for 
water, methanol and ethanol. Increasing the affinity of artificial atomic centers 
for water, methanol and ethanol can decrease the hydrophobicity of 
DMOF⊃PNIPAM composite, hence increasing the adsorption uptakes in the 
initial pressure range and narrowing the initial plateaus of the adsorption 
isotherms. These results are in agreement with the experimental adsorption 
properties of DMOF and DMOF⊃PNIPAM-3 composite. However, the 
simulated adsorption properties of the DMOF⊃PNIPAM composite do not 
exactly match the observed experimental adsorption behavior. This means that 
simulated data do not show a preferential adsorption for water over ethanol. 
This is likely due to the simplified artificial atomic centers which are still 
different than the actual complex PNIPAM chains.   

5.3.3 Separation and Regeneration Studies 

Based on the adsorption studies discussed above, one may conclude that both 
DMOF and DMOF⊃PNIPAM-3 composite are promising candidates for 
water-ethanol and methanol-ethanol separation processed because both 
materials have very different adsorption behaviors for water, methanol and 
ethanol. However, the main drawback of DMOF is its weak stability in the 
presence of water. PXRD studies show that the crystal structure of DMOF is 
completely changed after water adsorption (see Figure A5.15), in agreement 
with earlier studies.26,33 This is because the water molecules displace the 
coordinated bdc2- and DABCO organic linkers, resulting in a deconstruction  
of DMOF.26,34 By sharp contrast, all DMOF⊃PNIPAM composites retain their 
crystallinity after water adsorption (see Figure A5.15). This is likely due to the 
fact that the confined PNIPAM chains facilitate the water adsorption on their 
amide groups, preventing the decomposition of DMOF.  
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Figure 5.11 (a) Simulated adsorption isotherms of methanol (black), ethanol (blue) and water 
(red) in DMOF at 30 °C. (b) Possible adsorption surface of DMOF on the ab plane, shown in 
purple color. (c) Simulated adsorption isotherms for methanol (black), ethanol (blue) and water 
(red) of the DMOF⊃PNIPAM composite at 30 °C. (d) Possible adsorption surface of 
DMOF⊃PNIPAM composite on the ab plane, shown purple in color. 

The ideal adsorbed solution theory (IAST) simulation method was used to 
evaluate the potential of DMOF⊃PNIPAM-3 composite for equimolar 
water-ethanol and methanol-ethanol separations. As seen in Figure 5.12, the 
DMOF⊃PNIPAM-3 composite shows a selective adsorption for methanol and 
water over ethanol. The selectivity of methanol-ethanol and water-ethanol 
increased from 3.5 to 17.3 and 2.1 to 3.3 with the increasing of pressure, 
respectively. An increased adsorption selectivity can be obtained for both 
methanol-ethanol and water-ethanol equimolar mixtures, mainly because the 
methanol and water uptake of DMOF⊃PNIPAM-3 composite increases faster 
than the ethanol uptake.35 
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Figure 5.12 Adsorption selectivities calculated with the IAST method for equimolar binary 
mixtures of (a) methanol-ethanol and (b) ethanol-water for the DMOF⊃PNIPAM-3 at 303 K. 

So far, not too many studies focus on the regeneration of MOFs when they 
are applied in adsorptive separations.36-39 As discussed above, a unique feature 
of the PNIPAM is that it can undergo a phase transition from hydrophilic to 
hydrophobic and vice versa when it faces an outer temperature change.14,15 
Such feature makes the DMOF⊃PNIPAM composites interesting candidates for 
studying adsorption-desorption processes. Subsequent studies aimed at studying 
the water and methanol desorption processes by tuning the 
hydrophilic-hydrophobic behavior of DMOF⊃PNIPAM-3 composite as a 
function of temperature. Figure 5.13a shows that the water uptake of 
DMOF⊃PNIPAM-3 at 4 kPa decreased by increasing the temperature. At 60 °C, 
the isotherm is linear over the entire pressure range (0-4 kPa) with a very low 
uptake (˂0.4 mmol/g). This indicates that the interaction between the 
DMOF⊃PNIPAM-3 and water is very weak and the composite becomes 
hydrophobic. The decreased water adsorption uptakes of the 
DMOF⊃PNIPAM-3 composite by increasing of temperature suggest that the 
hydrophobicity of the composite increased. The amide groups of the confined 
PNIPAM form hydrogen bonds of N-H···O type with adsorbed water molecules 
at low temperature, while the hydrogen bonding breaks gradually and inner 
N-H···O=C hydrogen bonds between adjacent amide groups of PNIPAM chains 
are formed when the temperature increases.40  

Figure 5.13b shows the DMOF⊃PNIPAM-3 composite’s methanol 
adsorption isotherms as a function of temperature. The initial plateau of the 
methanol adsorption isotherms gradually extended by increasing the 
temperature. Such behavior confirms that the DMOF⊃PNIPAM-3 composite 
becomes hydrophobic at higher temperatures, thus the weak interactions 



Chapter 5 

146 
 

between composite and methanol lead to lower methanol uptake in the initial 
pressure range. This is also due to the intermolecular hydrogen bonds which are 
gradually replaced by intramolecular hydrogen bonds, similar to composite’s 
water adsorption.40 However, different than the water uptake which decreases 
significantly by increasing the temperature, the methanol uptake of 
DMOF⊃PNIPAM-3 decreased only little. It can be explained by the fact that 
methanol molecules tend to accumulate within the pores of the composite 
through capillary condensation by increasing the methanol pressure.  

The hydrophobic feature of the DMOF⊃PNIPAM-3 composite above 60 °C 
inspired us to regenerate it by desorbing the adsorbed water and methanol 
molecules at this temperature. Therefore, the DMOF⊃PNIPAM-3 composite 
was regenerated at 60 °C and three consecutive adsorption-regeneration cycles 
for both water and methanol were measured (see Figures A5.16 and A5.17). 
The adsorption uptake of each cycle is similar to each other, however, a small 
difference in isotherms can be observed, probably due to the movement of 
PNIPAM chains within 1D pores of DMOF after each cycle. Notably, the 
regeneration temperature of the DMOF⊃PNIPAM-3 composite is lower than 
that of some other porous adsorbents used similar applications, such as DMOF 
itself (70-80 °C for desorbing methanol and ethanol),7 Linda Type 4A 
molecular sieves (200-300 °C for desorbing water),7 UiO-66 and H2N-MIL-125 
(120 °C for desorbing water) 41 and CNT@MIL-68 (Al) (100 °C for desorbing 
phenol).42 Such a lower regeneration energy makes the DMOF⊃PNIPAM-3 
composite a more suitable adsorbent for water-alcohol adsorptive separations.  
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Figure 5.13 (a) Water adsorption isotherms for the DMOF⊃PNIPAM-3 composite at 30 °C 
(blue), 40 °C (red), 50 °C (orange) and 60 °C (olive), respectively. (b) Methanol adsorption 
isotherms for DMOF⊃PNIPAM-3 composite at 30 °C (blue), 40 °C (red), 50 °C (orange) and 
60 °C (olive), respectively. 

5.4 Conclusion 

MOFs-based composites of type DMOF⊃PNIPAM were synthesized using 
in situ polymerization of NIPAM monomers within the 1D pores of DMOF. As 
compared to pristine DMOF, the pore size of composites narrowed due to the 
fact that PNIPAM chains blocking partially the 1D pores of DMOF. 
Consequently, the composites’ hydrophobicity decreased because the amide 
groups of confined PNIPAM can show adsorptive affinity for water and 
alcohols. Additionally, the pore size and hydrophobicity of DMOF⊃PNIPAM 
composites can be controlled by adjusting the loading of PNIPAM in the 
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composites. For DMOF⊃PNIPAM-3, which has the highest loading of 
PNIPAM (27 wt%), an increased water adsorption uptake and an increased 
water stability are observed as compared to pristine DMOF. Both the 
experimental results and GCMC simulations of DMOF⊃PNIPAM-3 for water 
and alcohols adsorption reveal that it can adsorb selectively water and methanol 
over ethanol. The DMOF⊃PNIPAM-3 composite shows a selectivity as high as 
17.3 and 3.3 in equimolar methanol-ethanol and water-ethanol mixtures, as 
indicated by IAST simulations. The regeneration and desorption studies on 
DMOF⊃PNIPAM-3 show that the adsorbed water and methanol molecules can 
be removed at 60 °C. At this temperature, the confined PNIPAM chains 
undergo a transition between hydrophilic and hydrophobic phases in response 
to the temperature change. This chapter provided a rational strategy for the 
design of a water stable MOFs-based composite with adjustable pore sizes and 
tunable adsorption for water, methanol and ethanol.  
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Chapter 5 Appendix 

5.1 FTIR Spectra 

 

Figure A5.1 FTIR spectra of PNIPAM (orange), DMOF (red), DMOF⊃PNIPAM-1 (magenta), 
DMOF⊃PNIPAM-2 (olive) and DMOF⊃PNIPAM-3 (blue), respectively.     
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5.2 1H-NMR Spectroscopy 

 

Figure A5.2 1H-NMR spectrum of the as-synthesized DMOF in d6-DMSO at ambient temperature.  

The DMOF is insoluble in d6-DMSO, thus no characteristic peaks from the ligands 
bdc2- and DABCO are observed. However, some solvent DMF molecules within 
as-synthesized DMOF can be identified. The two signals in the range of δ=2.5-3.0 ppm 
correspond to the methyl protons. The third one, located at around δ = 8 ppm, is 
ascribed to the aldehyde group proton.   

 
 



Water-alcohol separations using confined polymer chains in a metal-organic framework 

153 
 

 

Figure A5.3 1H-NMR spectrum of PNIPAM in d6-DMSO at ambient temperature. 

 

 

Figure A5.4 1H-NMR spectrum of the DMOF⊃PNIPAM-1 composite in d6-DMSO at ambient 
temperature. 
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Figure A5.5 1H-NMR spectrum of the DMOF⊃PNIPAM-3 composite in d6-DMSO at ambient 
temperature. 

 

5.3 Elemental Analysis 

Table A5.1 Elemental Analysis for activated PNIPAM, DMOF, DMOF⊃PNIPAM-1, 2 
and 3, respectively. 

Samples C (%) N (%) Zn (%) PNIPAM 
loading (wt %) 

PNIPAM 60.29 11.76 0.00 100.0 

DMOF  44.26 4.72 18.50 0.0 

DMOF⊃PNIPAM-1 46.11 6.21 14.95 3.1 

DMOF⊃PNIPAM-2 52.00 9.11 10.21 12.8 

DMOF⊃PNIPAM-3 53.31 8.64 8.11 15.0 
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5.4 Pore Distribution Measurements 

 

Figure A5.6 Pore size distribution of DMOF calculated based on the N2 adsorption isotherm measured at 
77 K and using the NLDFT model. 

 

 

Figure A5.7 Pore size distribution of DMOF⊃PNIPAM-1 composite calculated based on the N2 
adsorption  isotherm measured at 77 K and using the NLDFT model. 
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Figure A5.8 Pore size distribution of DMOF⊃PNIPAM-2 composite calculated based on the N2 
adsorption isotherm measured at 77 K and using the NLDFT model. 

 

 

      

Figure A5.9 Pore size distribution of DMOF⊃PNIPAM-3 composite calculated based on the N2 

adsorption isotherm measured at 77 K and using the NLDFT model. 
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5.5 Adsorption Heat of Water  

 

 

Figure A5.10 Measured enthalpies for the water adsorption at 30 ℃ for DMOF (red), 
DMOF⊃PNIPAM-1 (magenta), DMOF⊃PNIPAM-2 (olive) and DMOF⊃PNIPAM-3 (blue) 
composites, respectively. Straight line refers to the enthalpy of evaporation of water at 30 ℃ (43.6 
kJ/mol). Closed symbols indicate the proper data points, open symbols are removed because the value 
is lower than the enthalpy of evaporation. 
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5.6 Adsorption Heat of Methanol   

 

 

Figure A5.11 Measured enthalpies of the methanol adsorption at 30 ℃ for DMOF (red) and 
DMOF⊃PNIPAM-3 (blue) composite. Straight line refers to the enthalpy of evaporation of methanol at 
30 ℃ (38.3 kJ/mol). Closed symbols indicate the proper data points, open symbols are removed 
because the value is lower than the enthalpy of evaporation. 
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5.7 Adsorption Simulation  

 

Figure A5.12 The simulated water adsorption isotherms of the DMOF⊃PNIPAM composite at 30 ℃; 
the attraction between the composite and water molecules increased from ɛ/KB=1 (black) to ɛ/KB=5 
(red) and ɛ/KB=10 (blue).  

 

Figure A5.13 The simulated methanol adsorption isotherms of the DMOF⊃PNIPAM composite at 
30 ℃ ; the attraction between the composite and methanol molecules increased from ɛ/KB=1 (black) 
to ɛ/KB=5 (red) and ɛ/KB=10 (blue). 
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Figure A5.14 The simulated ethanol adsorption isotherms of the DMOF⊃PNIPAM composite at 30 ℃; 
the attraction between the composite and ethanol molecules increased from ɛ/KB=1 (black) to 
ɛ/KB=5 (red) and ɛ/KB=10 (blue). 

5.8 Water Stability and Regeneration Studies 

 

Figure A5.15 PXRD patterns of DMOF before (red) and after (black) water adsorption; 
DMOF⊃PNIPAM-1 before (magenta) and after (cyan) water adsorption; DMOF⊃PNIPAM-2 before 
(olive) and after (wine) water adsorption; DMOF⊃PNIPAM-3 before (blue) and after (violet) water 
adsorption. 
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Figure A5.16 Methanol adsorption isotherms of DMOF⊃PNIPAM-3 obtained for three consecutive 
adsorption-regeneration cycles at 30 ℃. Color code: first cycle (black), second cycle (red) and third 
cycle (blue). 

 

Figure A5.17 Water adsorption isotherms of DMOF⊃PNIPAM-3 obtained for three consecutive 
adsorption-regeneration cycles at 30 ℃. Color code: first cycle (black), second cycle (red) and third 
cycle (blue).
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                               Summary 
Metal-organic frameworks form a special class of materials which is highly suitable 
for molecular separation processes. One of the key properties of MOFs relevant to 
separation is their defined pores that can be tailored specifically to enable size and 
shape selectivity toward guest molecules. Other types of porous materials usually 
have a limited range of pores size or do not possess uniform pore size distribution. For 
example, the pore size of zeolites is limited by the small size of inorganic crosslinking 
anions which make them suitable only for a limited number of separation applications. 
In contrast, there is almost no such limitation for MOFs due to their modular synthesis 
and the wide variety of inorganic and organic building-blocks. MOFs have been 
widely used in various separation applications, but their potential in water-alcohol 
adsorptive separation is less studied. This is mainly due to the reduced stability of 
many MOFs in the presence of water as well as the similarity in the chemical 
properties of water and alcohol molecules. Therefore, the main goal of this thesis was 
to develop synthetic strategies for the design of water stable MOFs which can be used 
in water-alcohol adsorptive separations.  

Chapter 1 gives an overview of the synthetic strategies used for designing MOFs 
and MOFs-based composites studied for their application in water-alcohol adsorptive 
separations. It shows that various organic linkers, including flexible ligands, 
hydrophobic ligands and zwitterionic ligands have been used for the synthesis of 
MOFs with flexible frameworks, highly hydrophobic MOFs as well as MOFs with 
unique electronic distribution in the pores. Due to their specific properties, all these 
materials show different adsorption behaviors in the presence of water and alcohols, 
being able to separate water-alcohol mixtures. Several studies aimed at using 
microporous MOFs to separate water-alcohol mixtures on the basis of the difference 
in the molecular size of water and alcohols. Furthermore, combining MOFs with 
organic polymers into composites is viewed as a viable alternative to tackle some 
problems powder MOFs may cause in industrial applications. Indeed, the research so 
far shows that MOFs embedded in polymer matrixes have led to improved efficiency 
and mixture permeability when comparing with the performance of pristine polymer 
membranes. Nevertheless, the swelling of the polymer matrix as well as the 
difficulties in retaining the matrix integrity while increasing the MOF loading make it 
challenging to design membranes with high permeability, selectivity and stability.  

In Chapter 2, a new series of alkaline-earth-metal based MOFs were synthesized 
by using the 2,5-H2pzdc ligand under hydrothermal conditions. These compounds 
show a variety of structural topologies, reflecting the variable coordination geometries 
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of the alkaline-earth ions as well as the key role of the metal precursor salts. Ca2+, Sr2+, 
and Ba2+ give porous three-dimensional compounds, namely 
[Ca(2,5-pzdc)(H2O)2]·H2O, [Sr(2,5-pzdc)(H2O)4]·H2O, [Ba(2,5-pzdc)(H2O)4]∙2H2O 
and [Ba(2,5pzdc)(H2O)2], that feature one-dimensional hydrophilic channels which 
are filled with water molecules. Sr2+ compound retains its structure when the lattice 
water molecules are removed while the other compounds undergo a structural 
rearrangement. The hydrophilicity of the Sr2+ compound combined with its high 
stability even in the absence of guest molecules are the key characteristics that 
determine its good water adsorption and proton conductivity properties. 

 

 
Figure 1 Synthetic routes used for crystallizing a series of MOFs by using alkaline-earth metal ions 
and 2,5-H2pzdc. 

Another series of alkaline-earth metal-based MOFs were built from the flexible 
H4L ligand using solvothermal methods, as reported in Chapter 3. A variety of 
three-dimensional frameworks were obtained when employing different alkaline earth 
ions with the formula [Mg2(L)(H2O)(DMA)]·DMA, [Ca4(L)2(DMA)3], 
[Ca4(L)2(H2O)2(DMA)2]·(3DMA) and [Sr4(L)2(DMF)4]·(2DMF) reflecting again the 
variation in the ionic radius of alkaline-earth ions as well as the key role of the 
synthetic conditions used. By removing the guest molecules, a framework shrinking 
was observed driven by the structural flexibility of the H4L ligand. This resulted in 
large diffusional resistances towards N2 over CO2 molecules, therefore leading to a 
good CO2/N2 separation selectivity. Both Ca2+-based MOFs were very stable up to 98% 
relative humidity, while Mg2+- and Sr2+-based MOFs were much less stable.   
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Figure 2 Alkaline-earth metal-based MOFs with different 3D crystal structures by using H4L as organic 
linker. 

Chapter 4 reports a new approach for the synthesis of a zeolitic imidazolate 
framework (ZIF-8) composite. It employs the direct growth of the crystalline ZIF-8 
on a mixed-metal oxide support TiO2-SiO2 (TSO) which mimics the porous structure 
of populous nigra. Using the natural leaf as a template, the TSO support was prepared 
using a sol-gel method. The growth of the ZIF-8 layer on the TSO support was carried 
out by seeds and second growth method. This method facilitates the homogeneous 
dispersion of ZIF-8 crystals at the surface of the TSO composite. The ZIF-8@TSO 
composite adsorbs methanol selectively, mainly due to the hierarchical porous 
structure of the mixed oxide support. As compared with the as-synthesized ZIF-8, a 
50% methanol uptake is achieved in ZIF-8@TSO composite, with only 25 wt.% 
ZIF-8 loading. IAST simulations show that the ZIF-8@TSO composite has a 
preferential adsorption towards methanol when using an equal molar 
methanol-ethanol mixture. An opposite behavior is observed for the as-synthesized 
ZIF-8. The results show that combining MOFs and mixed-oxide supports with 
bio-inspired structures open opportunities for synthesizing new materials with unique 
and enhanced adsorption and separation properties. 
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Figure 3 The ZIF-8@TSO composite adsorbs selectively methanol and ethanol from methanol-ethanol 
and water-ethanol mixtures.  

Chapter 5 presents a straightforward approach for the in situ polymerization of 
PNIPAM chains in the 1D pores of the five-coordinated zinc-based metal-organic 
framework DMOF in order to obtain new MOF-based composites. The loading 
amount of PNIPAM within DMOF⊃PNIPAM composites can be tuned by changing 
the initial weight ratio between NIPAM, which is the monomer of PNIPAM, and 
DMOF. The guest PNIPAM chains in the composites block partially the 1D pores of 
DMOF, thus leading to a narrowed nano-space. The water adsorption studies reveal 
that the water uptakes increased by increasing the loading of PNIPAM in the final 
DMOF⊃PNIPAM composites, indicating that the exposed amide groups of PNIPAM 
gradually alter the hydrophobicity of pristine DMOF and lead to hydrophilic 
DMOF⊃PNIPAM composites. DMOF⊃PNIPAM-3, which has the highest loading of 
PNIPAM among the composites studied, displays a selective adsorption for water and 
methanol over ethanol when using equimolar mixtures of methanol-ethanol and 
water-ethanol. This is confirmed by the single-component adsorption measurements 
as well as IAST molecular simulations. Additionally, the water stability of pristine 
DMOF has been greatly improved after the incorporation of PNIPAM in its pores. 
PNIPAM can undergo a phase transition between hydrophobic and hydrophilic phases 
in response to a low temperature change. This property can be used for 
DMOF⊃PNIPAM-3 in order to control the desorption of water and methanol 
molecules, therefore enabling an efficient and cost effective regeneration process.  
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Figure 4 Combined single-component adsorption measurements and IAST simulation studies show 
that the DMOF⊃PNIPAM-3 has potential in water-alcohol adsorptive separation. 

The work described in this thesis shows that combining alkaline-earth ions and 
specific organic likers, e.g. either small and rigid ligands or flexible polycarboxylate 
ligands, is an appropriate approach to design MOFs with good water stability but it is 
still difficult to tailor their pore size for selective water or alcohol adsorption. 
However, introducing organic polymers as guests in MOFs with specific pores’ 
structure enables not only to tune finely the pore size for selective molecular uptake 
but also increases the water stability of the host MOF. This thesis also shows that an 
alternative approach for optimizing MOF materials for industrial applications is by 
growing them at the surface of porous oxide structures. It leads to robust composite 
materials which have improved adsorption capacity as compared with the pristine 
MOF.
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Samenvatting 
Metal-organic frameworks (MOF) vormen een speciale klasse van materialen die zeer 
geschikt is voor moleculaire scheidingsprocessen. Een van de sleuteleigenschappen 
van MOFs die relevant zijn voor de scheiding zijn de gedefinieerde poriën die 
nauwkeurig kunnen worden aangepast om grootte en vormselectiviteit naar 
gastmoleculen mogelijk te maken. Andere poreuze materialen hebben noormaal 
gesproken een beperkt bereik van poriegrootte of bezitten geen uniforme 
poriegrootteverdeling. De poriegrootte van zeolieten wordt bijvoorbeeld beperkt door 
de kleine afmeting van anorganische vertakde anionen, die ze alleen geschikt maken 
voor een beperkt aantal scheidingstoepassingen. Daarentegen is er bijna geen 
beperking voor MOFs vanwege hun modulaire synthese en de grote verscheidenheid 
aan anorganische en organische bouwstenen. MOFs worden op grote schaal gebruikt 
in verschillende scheidingstoepassingen, maar hun potentienty in de adsorptieve 
scheiding van water en alcohol is nog steeds schaars. Dit komt voornamelijk door de 
verminderde stabiliteit van veel MOFs in de aanwezigheid van water en de gelijkenis 
in de chemische eigenschappen van water- en alcohol moleculen. Daarom was het 
belangrijkste doel van dit proefschrift om synthetische strategieën te ontwikkelen voor 
het ontwerp van water stabiele MOFs die kunnen worden gebruikt in adsorptieve 
scheidingen van water- en alcohol. 

Hoofdstuk 1 geeft een overzicht van de synthetische strategieën die zijn gebruikt 
voor het ontwerpen van MOFs en op MOFs gebaseerde composieten die zijn 
bestudeerd voor hun toepassing in de adsorptieve scheidingen van water- en alcohol. 
Het laat zien dat verschillende organische linkers, waaronder flexibele liganden, 
hydrofobe liganden en zwitterionische liganden, zijn gebruikt voor de synthese van 
MOFs met flexibele frameworks, sterk hydrofobe MOFs en MOFs met unieke 
elektronische distributie in de poriegrootte. Vanwege hun specifieke eigenschappen 
vertonen al deze materialen verschillend gedrag qua adsorptie in de aanwezigheid van 
water en alcoholen, waardoor ze water-alcoholmengsels kunnen scheiden. 
Verschillende onderzoeken waren gericht op het gebruik van microporeuze MOFs om 
water-alcoholmengsels te scheiden op basis van het verschil in de moleculaire grootte 
van water en alcoholen. Bovendien wordt het combineren van MOFs met organische 
polymeren tot composieten gezien als een rendabel alternatief om de problemen op te 
lossen die MOF poeder kan veroorzaken in industriële toepassing. Het huidige 
onderzoek toont aan dat MOFs gecombineerd met polymeermatrices hebben geleid tot 
een verbeterde efficiëntie en mengselpermeabiliteit in vergelijking met de prestaties 
van normale polymeermembranen. Niettemin maken zowel de zwelling van de 
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polymeermatrix en de moeilijkheden bij het behouden van de integriteit van de matrix 
terwijl het MOF aandeel in de matrix wordt verhoogd, het uitdagend om membranen 
te ontwerpen met hoge permeabiliteit, selectiviteit en stabiliteit. 

In Hoofdstuk 2 werd een nieuwe reeks op aardalkalimetaal gebaseerde MOFs 
gesynthetiseerd door een 2,5-H2pzdc ligand te gebruiken onder hydrothermische 
omstandigheden. Deze verbindingen vertonen een verscheidenheid aan structurele 
topologieën, die de variabele coördinatie-geometrieën van de aardalkalimetaalionen 
weerspiegelen, evenals de sleutelrol van de metaalprecursorzouten. Ca2+, Sr2+ en Ba2+ 
geven poreuze driedimensionale verbindingen, namelijk [Ca(2,5-pzdc) (H2O)2]·H2O, 
[Sr(2,5-pzdc)(H2O)4]·H2O, [Ba(2,5-pzdc)(H2O)4]∙2H2O en [Ba(2,5-pzdc)(H2O)2], met 
eendimensionale hydrofiele kanalen die gevuld zijn met watermoleculen. De Sr2+ 

verbinding behoudt zijn structuur wanneer de roosterwatermoleculen worden 
verwijderd, terwijl de andere verbindingen een structurele herschikking ondergaan. 
De hydrofiliteit van de Sr2+ verbinding in combinatie met zijn hoge stabiliteit, zelfs in 
afwezigheid van gastmoleculen, zijn de belangrijkste kenmerken die de goede 
wateradsorptie en de geleidbaarheidseigenschappen van protonen bepalen. 

 

 
Figuur 1 Synthetische routes gebruikt voor het uitkristalliseren van een reeks MOFs met behulp van 
aardalkalimetaalionen en 2,5-H2pzdc. 

Een andere reeks op aardalkalimetaal gebaseerde MOFs werd opgebouwd uit het 
flexibele H4L ligand met behulp van solvothermische methoden, zoals gerapporteerd 
in hoofdstuk 3. Een verscheidenheid aan driedimensionale structuren werd verkregen 
bij het gebruik van verschillende aardalkalimetaalionen met de formule 
[Mg2(L)(H2O)(DMA)]·DMA, [Ca4(L)2(DMA)3], [Ca4(L)2(H2O)2(DMA)2]·(3DMA) 
en [Sr4(L)2(DMF)4]·(2DMF), en deze weerspiegelen opnieuw de variatie in de 
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ionische straal van aardalkalimetaalionen evenals de sleutelrol van de gebruikte 
synthetische omstandigheden. Door de verwijdering van de gastmoleculen werd een 
verandering in de structuur waargenomen, aangedreven door de structurele 
flexibiliteit van het H4L ligand. Dit resulteerde in grote diffusieweerstanden tegen N2 
ten opzichte van CO2 moleculen, wat leidde tot een goede selectivitiet bij CO2/N2 
scheiding. Beide op Ca gebaseerde MOFs waren zeer stabiel tot een relatieve 
luchtvochtigheid van 98%, terwijl op Mg2+ en Sr2+ gebaseerde MOFs veel minder 
stabiel waren. 

 
Figuur 2 Alkalische aardmetaal-gebaseerde MOFs met verschillende 3D kristalstructuren door H4L als 
organische linker te gebruiken. 

Hoofdstuk 4 rapporteert een nieuwe benadering voor de synthese van een 
composiet van een zeolitisch imidazolaatstructuur (ZIF-8). Het maakt gebruik van de 
directe groei van het kristallijne ZIF-8 op een drager van gemengd metaaloxide 
TiO2-SiO2 (TSO), die de poreuze structuur van populous nigra nabootst. De TSO 
drager werd bereid met behulp van een sol-gel methode, gebruikmakend van het 
natuurlijke blad als een sjabloon. De groei van de ZIF-8 laag op de TSO drager werd 
uitgevoerd met de seeds and second growth methode. Deze methode vergemakkelijkt 
de homogene dispersie van ZIF-8 kristallen aan het oppervlak van het TSO composiet. 
Het ZIF-8@TSO composiet adsorbeert methanol selectief, voornamelijk als gevolg 
van de hiërarchische poreuze structuur van de gemengde oxide drager. In vergelijking 
met het gesynthetiseerde ZIF-8 wordt een methanolopname van 50% bereikt in 
ZIF-8@TSO composiet, met slechts een 25 gew.% ZIF-8 lading. IAST simulaties 
tonen aan dat het ZIF-8@TSO composiet een preferentiële adsorptie ten opzichte van 
methanol heeft bij gebruik van een mengsel van methanol en ethanol van gelijke 
molverhouding. Een tegenovergesteld gedrag wordt waargenomen voor de 
gesynthetiseerde ZIF-8. De resultaten laten zien dat het combineren van MOFs en 
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mixed-oxide dragers met bio-geïnspireerde structuren kansen biedt voor het 
synthetiseren van nieuwe materialen met unieke en verbeterde adsorptie en 
scheidingseigenschappen. 

 
Figuur 3 Het ZIF-8@TSO composiet adsorbeert selectief methanol en ethanol uit methanol-ethanol en 
water-ethanol mengsels. 

Hoofdstuk 5 presenteert een doelgerichte mothode voor de in situ polymerisatie 
van PNIPAM ketens in de 1D poriën van het vijf-gecoördineerde op zink-gebaseerde 
metaal-organische raamwerk DMOF, om nieuwe op MOF gebaseerde composieten te 
verkrijgen. De hoeveelheid PNIPAM binnen DMOF⊃PNIPAM composieten kan 
worden afgestemd door de aanvankelijke gewichtsverhouding tussen NIPAM, dat het 
monomeer van PNIPAM en DMOF is, te veranderen. De gast PNIPAM ketens in de 
composieten blokkeren gedeeltelijk de 1D poriën van DMOF, wat leidt tot een 
versmalde ruimte. De wateradsorptiestudies laten zien dat de wateropnames toenamen 
door het verhogen van de lading van PNIPAM in de uiteindelijke DMOF⊃PNIPAM 
composieten, wat aangeeft dat de blootgestelde amidegroepen van PNIPAM 
geleidelijk de hydrofobiciteit van ongerepte DMOF veranderen en leiden tot 
hydrofiele DMOF⊃PNIPAM composieten. DMOF⊃PNIPAM-3, dat de hoogste lading 
heeft van PNIPAM uit de bestudeerde composieten, vertoont een selectieve adsorptie 
voor water en methanol ten opzichte van ethanol bij gebruik van equimolaire 
mengsels van methanol-ethanol en water-ethanol. Dit wordt bevestigd door de 
adsorptiemetingen met één component en de moleculaire simulaties van IAST. 
Bovendien is de waterstabiliteit van ongerepte DMOF sterk verbeterd na de opname 
van PNIPAM in zijn poriën. PNIPAM kan een fase-overgang ondergaan tussen 
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hydrofobe en hydrofiele fasen in reactie op een lage temperatuurverandering. Deze 
eigenschap kan worden gebruikt voor DMOF⊃PNIPAM-3 om de desorptie van water 
en methanolmoleculen te regelen, waardoor een efficiënt en kosteneffectief 
regeneratieproces mogelijk wordt. 

    

Figuur 4 Gecombineerde adsorptiemetingen met één component en IAST simulatiestudies tonen aan 
dat de DMOF⊃PNIPAM-3 potentieel heeft voor adsorptieve scheiding van water en alcohol. 

Het werk beschreven in dit proefschrift laat zien dat het combineren van 
aardalkalimetalen en specifieke organische likers, b.v. hetzij kleine en stijve liganden 
of flexibele polycarboxylaatliganden, een geschikte benadering is om MOFs met 
goede waterstabiliteit te ontwerpen, maar het is nog steeds moeilijk om hun 
poriegrootte aan te passen voor selectieve water of alcoholadsorptie. Het introduceren 
van organische polymeren als gasten in MOFs met specifieke poriënstructuur maakt 
het niet alleen mogelijk om fijn de poriegrootte af te stemmen op selectieve 
moleculaire opname, maar verhoogt ook de waterstabiliteit van de MOF van de 
gastheer. Dit proefschrift laat ook zien dat er een alternatieve benadering voor het 
optimaliseren van MOF materialen voor industriële toepassingen is door ze te laten 
groeien aan het oppervlak van poreuze oxidestructuren. Het leidt tot robuuste 
composietmaterialen die ook een verbeterde adsorptiecapaciteit hebben in 
vergelijking met de ongerepte MOF. 
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