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Summary 

In this thesis, the structure and reactivity of functionalized UiO MOFs were studied using 

density functional theory. Specifically, UiO-66 and UiO-67 were the target materials for the 

metalation with MgMe2 reagents. To model the material, both periodic and cluster models 

were used. The UiO MOFs has the possibility to take different configurations with regards to 

the μ3 − OH groups within the tetrahedral (Th) pores. These configurations were defined as 

(4,0) to indicate that Th pores have either 4 OMgMe groups or none; (3,1) to indicate that the 

Th pores have 3 or 1 MgMe groups; and (2,2) to indicate that all Th pores have 2 MgMe. 

Periodic gas phase calculations on UiO-66 and UiO-67 show that the (4,0) configuration is 

the most stable for the functionalized μ3 − OH sites with MX groups being M=Mg or Zn, and 

X=Me and Cl. In contrast, (2,2) was found to be the most stable configuration with 

MX=MgMe using cluster calculation with implicit THF solvent. Periodic computations 

showed a compression of the unit cell volume for UiO-67 after the pristine SBUs are 

metalated due to the bending of the linkers, which is consistent with unpublished 

experimental results. The geometrical analysis of the metalated structures showed that Mg is 

three-fold coordinated with oxygen at the bridging site, while Zn is only one-fold coordinated. 

Calculations on the metalation energy using nodes involving a defect site showed that it is 

more favorable to metalate a defect site containing a –OH and coordinated H2O than the μ3 −

OH site. For both bridging and defect site, the insertion of CO2 into the Mg-Me and ZnMe 

bonds was calculated, and was found to be exergonic with the Mg-Me and Zn-Me located in 

the defect sites, while endergonic with the Zn-Me located in the bridging site. Lastly the 

mechanism for the catalytic conversion of pentenylamine to pyrrolidine on the bridging site of 

the [Zr node]-MgMe model was computed with implicit benzene solvent at room temperature. 

The computed transition state energy barriers is consisted with experimental results 
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Abstract 
 

In this thesis, the structure and reactivity of functionalized UiO MOFs were studied using 

density functional theory. Specifically, UiO-66 and UiO-67 were the target materials for the 

metalation with MgMe2 reagents. To model the material, both periodic and cluster models 

were used. The UiO MOFs has the possibility to take different configurations with regards to 

the μ3 − OH groups within the tetrahedral (Th) pores. These configurations were defined as 

(4,0) to indicate that Th pores have either 4 OMgMe groups or none; (3,1) to indicate that the 

Th pores have 3 or 1 MgMe groups; and (2,2) to indicate that all Th pores have 2 MgMe. 

Periodic gas phase calculations on UiO-66 and UiO-67 show that the (4,0) configuration is 

the most stable for the functionalized μ3 − OH sites with MX groups being M=Mg or Zn, and 

X=Me and Cl. In contrast, (2,2) was found to be the most stable configuration with 

MX=MgMe using cluster calculation with implicit THF solvent. Periodic computations 

showed a compression of the unit cell volume for UiO-67 after the pristine SBUs are 

metalated due to the bending of the linkers, which is consistent with unpublished 

experimental results. The geometrical analysis of the metalated structures showed that Mg is 

three-fold coordinated with oxygen at the bridging site, while Zn is only one-fold coordinated. 

Calculations on the metalation energy using nodes involving a defect site showed that it is 

more favorable to metalate a defect site containing a –OH and coordinated H2O than the μ3 −

OH site. For both bridging and defect site, the insertion of CO2 into the Mg-Me and ZnMe 

bonds was calculated, and was found to be exergonic with the Mg-Me and Zn-Me located in 

the defect sites, while endergonic with the Zn-Me located in the bridging site. Lastly the 

mechanism for the catalytic conversion of pentenylamine to pyrrolidine on the bridging site of 

the [Zr node]-MgMe model was computed with implicit benzene solvent at room temperature. 

The computed transition state energy barriers is consisted with experimental results. 

 

1. Introduction 
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Metal-Organic Frameworks (MOFs) are porous materials that are constructed from inorganic 

metal clusters, which in this context are called Secondary Building Units (SBUs), connected 

through organic linker molecules, forming a coordination network. The different 

combinations of SBUs and linkers results in numerous types of materials with different 

shapes, pore sizes and properties. MOFs are also highly tunable once have been synthetized, 

this receive the name of “post-synthetic functionalization”, and allows to modify the material 

in many ways resulting in a vast chemical space MOFs have been used for different 

applications such as such as gas adsorption and catalysis, two topics this thesis is concerned 

about. 

For the design of catalytic material, post-synthetic functionalization of MOFs gives the 

opportunity to combine the best aspects of homogeneous and heterogeneous catalysis. 

Creating MOFs with well-defined, highly selective catalytic sites, found in molecular 

homogeneous system. Without the problem of product separation. Together with the high 

surface area of porous materials and the ability to recycle the heterogeneous catalyst for reuse.  

As an example, diamines in solution selectively captures CO2, whereas porous materials are 

not so selective.1 This comes from the amine being nucleophilic and the carbon in CO2 being 

electrophilic. CO2 is chemisorbed onto the amine, forming a chemical C-N bond, see figure 1. 

While CO2 tend to be physiosorbed within the porous materials, which is normally less 

selective. 

By introducing diamines into the porous materials, it benefits from the selectivity of 

homogeneous systems, while keeping the structural integrity of the solid, and avoids volatile 

solutions. Instead, gas diffuses through the pores and adsorbed within the material. Such 

materials involving diamines has been developed by Jeff. Long et. al.  

Jeff. Long2 has a series of articles, where the SBUs of the Mg2(dobpdc) MOF, consisting of 

open divalent metal ions, are post-synthetically functionalized with diamine molecules. This 

material has shown great capacity and selectivity for CO2 adsorption at low pressures. From 

air, the capacity to adsorb CO2 is 2.0 mmol/g at 0.39 mbar and 25°C. The adsorption isotherm 

exhibits a non-classical behavior, where a discontinuous step occurs at higher pressures of 

CO2, where CO2 quickly becomes adsorbed. This is attributed to a rearrangement of the 

diamines and CO2 is adsorbed in a cascading effect. As for the selectivity, CO2 over N2 in air 

has a molar selectivity of 49000. 
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Figure 1: CO2 chemisorbed to diamines. 

Many MOFs struggle with structural stability, the UiO zirconium-based MOFs, first 

developed at the University of Oslo by Lillerud et al.3 has shown to be both thermally and 

chemically robust. It is therefore of interest to further study and develop this material for the 

invention of stable frameworks with useful properties. 

The pristine1  UiO MOF with the smallest pore size is called UiO-66. The pore size is 

determined by the linkers, and UiO-66 consists of benzene-1,4-dicarboxylic acid (bdc) 

linkers. To increase the pore size, an additional benzene ring is added to the linkers, such as in 

UiO-67 with biphenyl-4,4’-dicarboxylic acid linkers. The nomenclature is: with each 

additional benzene ring to the dicarboxylic acid, starting with one, an additional number is 

added to the name, starting at 66, as exemplified in Figure 2 below. In this thesis, UiO-66 and 

UiO-67 will be the main focus. 

 

Figure 2: Showcase of different linkers for different UiO MOFs.  

The UiO family of MOFs have face centered cubic (fcc) symmetry, where the Zr SBUs are 

located at each lattice point. The SBUs consists of an Zr6 octahedra frame, with oxygen atoms 

 
1 Pristine refers here to the unfunctionalized MOF 

Figure 3: Skeleton 

structure of the 𝑍𝑟6 

octahedra with 

bridging oxos and 

hydroxides. 
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capping each face. Tetrahedrally arranged on the face are protons, creating hydroxides, 

minimizing the repulsive forces by separating the charges.4 The three-fold bridging oxos and 

hydroxos are labeled μ3 − O and μ3 − OH, respectively, and the chemical formula is: 

[Zr6(μ3 − O)4(μ3 − OH)4]12+. Illustrated in Figure 3, the Zr node. Because of the fcc 

symmetry, there are four nodes, each with four bridging hydroxides, yielding a total of 16 

bridging hydroxides per conventional unit cell. Each node is connected to 12 linkers, and each 

Zr atom is coordinated with four oxygen atoms from the bdc linkers. This renders the Zr 

atoms saturated and concealed, giving no accessibility for reaction. Due to this connectivity, 

four small tetrahedra pores and one large octahedra pore are formed, see Figure 4. 

Furthermore, the bridging sites are always pointing inwards the tetrahedra pores, this fact will 

become important for the discussion of node functionalization. According to crystallographic 

data, while keeping the bridging hydroxides tetrahedrally arranged, the relative orientation of 

the hydroxides should be distributed at random for each node, assuming minimal interaction 

between neighboring nodes. Implying different number of protons in each tetrahedra pore.  

 

Figure 4: Tetrahedra and octahedra pores in the conventional face centered cubic unit cell. The nodes 

are found in each lattice point. 

Due to the symmetry of the system, it is possible to distribute the bridging hydroxides in three 

different ways, with alternating number of protons between the neighboring pores. The three 

different ways are as follows: four and zero, three and one, and two and two, protons 

alternating between the tetrahedra pores. The notation that will be used for these three 
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configurations is, respectively, (4,0), (3,1) and (2,2), all adding up to 16 bridging hydroxides 

per unit cell. An illustration is shown below in Figure 5 to elucidate this distribution. 

 

Figure 5: The distribution of bridging hydroxides in each tetrahedra pore, all adding up to 16. Each black dot 

corresponds to a 𝑍𝑟 node, as seen in Figure 4: Tetrahedra and octahedra pores in the conventional face 

centered cubic unit cell. The nodes are found in each lattice point. 

. 

As was previously mentioned, the Zr atoms are not accessible for interaction with external 

substances. Thus, the incorporation of metal ions onto the nodes can act as an open metal site. 

To incorporate cations one can metalate the bridging hydroxides. This type of node 

functionalization has been done by the works of Lin et al.5 In this paper, an organic 

magnesium salt is used to metalate the nodes of a UiO-69 type topology in THF solution, 

resulting in bridging O − MgMe sites. The metalation of the bridging hydroxide is shown 

below. 

(μ3 − OH) + MgMe2 → (μ3 − OMgMe) + CH4 

The metalation was observed to produce an equivalent amount of methane gas, which means 

a complete saturation of the nodes. It was further shown, in the paper by Lin, that amines can 

be attached to the Mg. The reason for the incorporation of Mg in the paper by Lin, was for the 

catalytic properties obtained from earth-abundant alkali metals, such as the hydroamination of 

aminoalkenes.  Pentenylamines were catalytically cyclized into methylpyrrolidines in benzene 

solvent at 80 °C. The proposed catalytic cycles is shown in Feil! Fant ikke 

referansekilden.6. 
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Figure 6: Proposed catalytic cycle of the hydroamination of aminoalkenes. 

If a linker is removed from the UiO MOF, it is said to have a defect. When a linker is missing, 

the Zr are no longer coordinated with the carboxylate oxygens. This is usually compensated 

by a water-hydroxide pair, H2O/OH−. See figure 7 for the schematics. However, defect sites 

can also be metalated. 
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Figure 7: The formation of a missing linker defect on a Zr-node. 

This should be kept in mind when MgMe2 reacts with the MOF, since it can compete with the 

bridging sites. The main topic of this thesis will be the metalation of the bridging sites, 

although, some consideration of the defect sites is taken into consideration. Defects are not 

necessarily negative. Effort is being made to deliberately introduce defects to the MOF, 

because it allows the material to be further fine-tuned for properties such as the porosity and 

reactivity.6  

Because of the high tuneability of MOFs, there is practically infinite different ways to alter 

and create new frameworks. Experimentally, it is not feasible to synthesize, characterize and 

test the physical properties for all the possible combinations. With the continuous 

development of computer technology and efficient algorithms, computational modeling has 

become a great tool for the rationalization of new materials, which can screen the geometries 

and energetics for many different structures within relative short time, while being resource 

conservative. For this reason, computational tools are an efficient way to test a large numbers 

materials and prioritize promising materials for further experimental assessment. With 

computational tools it is possible to explore aspects of chemistry that can be very difficult to 

obtain experimentally, like different intermediates of a chemical reaction, and which reactions 

are competing. When preforming calculations, it is important to find a balance between 

computational demands and accuracy, such as the size of the chemical system and the which 

computational theory to apply.  

Modelling a chemical reaction on a molecular system is often straight forwards. But for 

periodic materials, such as MOFs, not only must one model the local reaction site, but also the 
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support structure around it. To avoid the complexity of modeling chemical reactions in a 

periodic material, it is possible to cut a local section of the material and use it as an isolated 

cluster model. (The SBUs of MOFs are often the part of interest, and it is straight forwards to 

cut it out of the material for cluster analysis.) Some information about the extended material, 

such as the pores and long-range interactions is lost when creating small cluster model.7 But 

also, by reducing the number of atoms in the system, the less demanding the computations 

become. 

In this thesis, the rational design of materials for CO2 capture is explored with Density 

Functional Theory (DFT). Specifically, the Zr nodes of the UiO family of frameworks will be 

post-synthetically functionalized in silico. Both the periodic structure and the isolated clusters 

are explored. The latter for the assessment of the structural integrity of the whole material, 

and the former for the local reactivity of the functionalized nodes. Extensive work has already 

been done to characterize the UiO frameworks with computationally methods to complement 

experimental results.8 

 

2. Theory 

2.1. Many-Body Problem 
Molecules and solids can be considered as a collection of positive and negative charges 

interacting constructively forming stable chemical species in space. To examine the properties 

of such microscopic systems, it is useful to look at the time-independent Schrödinger 

equation, which reads  

Ĥ|Φn⟩ = En|Φn⟩ (1)  

Where the eigenstates |Φn⟩ contains all the information of the system. The eigenstates 

depends on the positions of all the particles, both electron and nuclei: 

Φn(𝐫1, 𝐫2, … , 𝐫N, 𝐑1, 𝐑2, … , 𝐑N) = Φn(𝐫, 𝐑), where 𝐫 and 𝐑 are the collections of electron and 

nuclei positions, respectively. It should also be noted that each electron possesses a spin 

coordinate, but this will not be taken into consideration in this thesis. 

The Hamiltonian operator Ĥ is the total energy of the system, in atomic units 
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Ĥ = ∑ −
1

2𝑀𝐼
∇𝐼

2

𝑁𝑛

𝐼

+ ∑ −
1

2
∇𝑖

2 + ∑
𝑍𝐼𝑍𝐽

|𝐑𝐼 − 𝐑𝐽|
+ ∑

1

|𝐫𝑖 − 𝐫𝑗|

𝑁𝑒

𝑖<𝑗

𝑁𝑛

𝐼<𝐽

𝑁𝑒

𝑖

− ∑ ∑
𝑍𝐼

|𝐫𝑖 − 𝐑𝐼|
   

 

𝑁𝑛

𝐼

𝑁𝑒

𝑖

(2) 

The terms from left to right are: the kinetic energy of the nuclei, the kinetic energy of the 

electrons, the nuclei-nuclei repulsion, the electron-electron repulsion and the electron-nuclei 

attraction. The computation of the energy of a chemical system becomes a problem with 

3Nn + 3Ne variables, where Nn and Ne are the numbers of nuclei and electrons, respectively.  

2.2. Born-Oppenheimer Approximation 

One way to simplify this problem is to consider that the mass of the nuclei is much greater 

than the mass of an electron, thus, the movement of the electrons around the nuclei can be 

considered instantaneous. This argument is used for the so-called Born-Oppenheimer 

approximation. This approximation assumes that the electrons and nuclei are non-correlated, 

and therefore, the total wavefunction can be separated into nuclear and electronic parts 

Φn(𝐫, 𝐑) ≈ Ψn(𝐫; 𝐑)Θn(𝐑) (3) 

where Θ is the nuclear wavefunction, only dependent on the nuclei coordinates. Ψ is the 

electronic wavefunction, which is dependent on the electron positions, and is parametrically 

dependent on the nuclei positions. It is possible to write the Hamiltonian operator as a sum of 

the electronic and nuclear parts, Ĥ = Ĥe + Ĥn, respectively. When this acts on the coordinate 

separated wavefunction, it can be split into two new functions 

ĤeΨn = En(𝐑)Ψn (4) 

(Ĥn + En(𝐑)) Θn = En
totalΘn (5) 

Equation (4) is the one of interest, which is solved to obtain the electronic configuration and 

energy for molecules and solids. Under the Born-Oppenheimer approximation, the nuclei are 

fixed in space, thus, the nuclei-nuclei repulsion becomes a constant and there is no nuclear 

kinetic energy. When solving the equation to get the total energy (eq. 5), one takes the already 

computed electronic En(𝐑) and adds the nuclei-nuclei repulsion energy VNN. In principle, this 

can be done for all nuclei coordinates, and one obtains a plot in 3Nn-hyperspace of the 

energy, this is the so-called potential energy surface (PES). On the PES one can find 

stationary points, such as minima and saddle points, which corresponds to local minimum 

energies and transition states, respectively.  
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2.3. Density Functional Theory 

2.3.1. Hohenberg-Kohn Theorem 

The electronic Schrödinger equation still depends on 3Ne number of variables and is a 

computationally demanding problem. It was shown by Hohenberg and Kohn9 that the total 

electronic energy can, in principle, be described exactly as a functional of the electronic 

density, hence the name Density Functional Theory (DFT), and the energy is variational with 

respect to the electron density. With regards to the degrees of freedom, this method is 

computationally way less demanding than solving the wavefunction with all electron 

coordinates, due to the electronic density only is a function of the three spatial charges. 

The electronic energy can be formulated as an energy functional of the electron density 𝜌(𝐫) 

E[ρ(𝐫)] = T[ρ(𝐫)] + Vee[ρ(𝐫)] + Vext[ρ(𝐫)] (6) 

where T is the kinetic energy, Vee is the electron-electron repulsion and Vext is the external 

potential, which in the absence of any external contribution is the electron-nuclei attraction. 

One problem of this equation is that only the external potential can be expressed explicitly as 

a functional of the electron density 

Vext[ρ(𝐫)] = ∫ ρ(𝐫)𝑣ext(𝐫)d𝐫 (7) 

where 𝑣ext is a one-electron operator for the electron-nuclei attraction 𝑣ext(𝐫) = − ∑
ZI

|𝐫−𝐑𝐼|

Nn
𝐼 . 

The T and Vee terms are yet unknown. The kinetic energy and the electron-electron repulsion 

energy are universal, meaning it is the same for all systems with the same number of 

electrons. This implies that the external potential defines the energy expression. Because DFT 

is variational, the exact ground-state electron density gives the exact ground-state energy. Due 

to the unknown terms, a work-around has been developed.  

2.3.2. Kohn-Sham Method 

Shortly after the Hohenberg-Kohn proofs, Kohn and Sham developed a method to solve the 

equation for the electronic energy.10 The method of Kohn-Sham consists in introducing non-

interacting single-electron auxiliary wavefunctions, the so-called Kohn-Sham orbitals {𝜓𝑖
𝐾𝑆}, 

which has the same electron density as the “real” electronic wavefunction Ψ. The electron 

density is the sum of the individual Kohn-Sham orbitals 
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ρ(𝐫) = ∑|𝜓𝑖
𝐾𝑆|

2
 (8) 

where the sum is over all occupied states 𝑖. If the one-electron wavefunctions generates the 

real ground-state density, the energy will also correspond to the exact ground-state energy. 

The electronic energy from equation (6) can be rewritten as 

E = Vext + Ts + J + (T − Ts) + (Vee − J) (9) 

The equation is still exact and the terms in parenthesis defines the so-called exchange-

correlation (xc) energy, see equation (10), which is a correction to the kinetic energy and the 

electronic repulsion 

Exc = (T − Ts) + (Vee − J) (10) 

J is the Coulomb integral 

J =
1

2
∫

ρ(𝐫)ρ(𝐫′)

|𝐫 − 𝐫′|
d𝐫d𝐫′  (11) 

which includes self-interacting electrons. The kinetic energy Ts is the sum of the kinetic 

energy of all the non-interacting one-electron orbitals 

Ts = −
1

2
∑ ∫ 𝜓𝑖

∗∇2𝜓𝑖
∗d𝐫

 𝑖

  (12) 

Both J and Ts are terms that are relatively simple to compute, making equation (9) possible to 

solve. 

The minimization of the energy in equation (9) with respect to the one-electron wavefunctions 

with the constraint that the one-electron wavefunctions stay orthonormal yields the one-

electron equation. This equation is the so-called Kohn-Sham equation 

(−
1

2
∇2 + 𝑣eff(𝐫)) |𝜓𝑝⟩ = 휀𝑝|𝜓𝑝⟩ (13) 

with the orbital energies 휀𝑝 and where the effective potential is defined as 

𝑣eff(𝐫) = 𝑣ext(𝐫) + 𝑣H(𝐫) + 𝑣xc(𝐫) (14) 
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The Hartree potential is defined as 𝑣H(𝐫) = ∫
𝜌(𝐫′) 

|𝐫−𝐫′|
d𝐫 and the xc-potential is the functional 

derivative with respect to the density of the xc-energy 𝑣xc(𝐫) =
𝛿𝐸xc[𝜌]

𝛿𝜌
. The total electronic 

energy is obtained with the expression 

E = ∑ 휀𝑝
𝑝

−
1

2
∫

ρ(𝐫)ρ(𝐫′)

|𝐫 − 𝐫′|
d𝐫d𝐫′ − ∫ ρ(𝐫)𝑣xc(𝐫)d𝐫 + Exc (15) 

To solve the Kohn-Sham equation, one expands the Kohn-Sham orbitals in a linear 

combination of basis functions {𝜙𝜇}, expressed in equation (16) 

|𝜓𝑖⟩ =  ∑ 𝐶𝜇𝑖|𝜙𝜇⟩

𝜇

 (16) 

this method is the so-called linear combination of atomic orbitals-molecular orbitals (LCAO-

MO).  

The effective potential in the Kohn-Sham equation depends on the electron density.  In order 

to use this equation, one already needs a density. Therefore, an educated guess must be made 

first to solve for the energies and wavefunctions, the newly obtained wavefunctions are used 

to better estimate the density. This procedure is done until the density and energy have 

converged. This method is the so-called Self-Consistent Field (SCF) method. If the density 

converges to the true ground-state density, then the exact ground-state energy is obtained. The 

exact form of the exchange-correlation energy is yet not known. Therefore, approximations 

this functional is made, and is thus not an exact solution to the electronic energy. Due to this 

inexactness, the theory is no longer variational, and the ground state electron density will not 

give the exact ground state energy. 

Depending on the construction of the exchange-correlation functional, London dispersion 

effects may not be included. A common method is to add such effects after the electronic 

energy is solved. One popular method is the empirical pair interaction by Grimme11, named 

“D3”. 

2.3.3. Geometry Optimization 

The electronic energy is parametrically dependent on the coordinates of the nuclei. Thus, the 

electronic SCF energy can further be minimized with respect to the nuclei positions 
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𝜕E(𝐑)

𝜕𝐑
= 0 (17) 

After the SCF electronic energy has converged for a given structure, the nuclei coordinates 

are displaced in order to further minimize the electronic energy. This expression can be 

viewed in physical terms as the force exerted on the particles, because the gradient of the 

potential energy is simply the negative force. This is how the geometry of a chemical system 

is optimized. 

2.3.4. Exchange and Correlation Energy Functionals 

Approximations to the xc-functional must be made, because it is yet unknown. Due to this 

inexactness, DFT is no longer variational. There are different classes of functionals, with 

different accuracy, such as: LDA, GGA, meta-GGA, hybrid-GGA, etc.  

The simplest model is the Local Density Approximation (LDA), which is based on the 

uniform electron gas, where the electron density is treated as a constant. The xc-energy is 

expressed as 

Exc[ρ(𝐫)] = ∫ ρ(𝐫)휀𝑥𝑐[ρ(𝐫)]d𝐫 (18) 

where 휀𝑥𝑐 is the exchange-correlation energy density. This is often treated as a sum of 

exchange and correlation contributions 휀𝑥𝑐 = 휀𝑥 + 휀𝑐. Further improvement can be made to 

the xc-energy by including the gradient of the electron density, the so-called General 

Gradient Approximation (GGA), expressed as  

Exc = Exc[ρ(𝐫), ∇ρ(𝐫)] (19) 

To improve the GGA method, it is also common to include the Laplacian of the density. This 

level of theory is named meta-GGA, and is expressed as 

Exc = Exc[ρ(𝐫), ∇ρ(𝐫), ∇2ρ(𝐫)] (20) 

It is also not uncommon to include the kinetic energy of the orbitals 𝜏 as a part of meta-GGA. 

From Hartree-Fock (HF) theory, the expression for the exchange contribution is known. 

Ex
HF = −

1

2
∑ ∫ 𝜓𝑖

∗(𝐫)𝜓𝑗
∗(𝐫′)

1

|𝐫 − 𝐫′|
𝜓𝑗(𝐫)𝜓𝑖(𝐫′)d𝐫d𝐫′

𝑖𝑗

(21) 
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It is possible to mix DFT exchange with HF exchange, as seen in equation (22). This method 

is called hybrid-GGA and it is more time consuming than the above-mentioned methods, 

because HF exchange is non-local.  

Exc = 𝑎Ex
HF + (1 − 𝑎)Ex

DFT + Ec
DFT (22) 

where 𝑎 ∈ [0,1]. One of the properties of HF exchange are to cancel self-interacting electrons 

in the Coulomb integral. Often, functionals without HF exchange is referred to as “pure” 

functionals. 

There is a trade-off by including more information with computational efforts, and this is 

often compared with Jacob’s Ladder.12 Where LDA is faster than GGA and GGA is faster 

than meta-GGA, and so on upwards Jacob’s Ladder. Some popular functionals can be found 

in Table 1. 

Table 1: The names of some popular GGA, meta-GGA and hybrid-GGA exchange-correlation energy 

functionals. 

Method Name 

GGA PBE, PW91, 

Meta-GGA TPSS, M06-L 

Hybrid-GGA B3LYP, PBE0, M06 

 

LDA functionals tends to favor systems where the electron density is uniform, such as bulk 

metals. Whereas systems with large variation of the electron density, which entails most 

molecular systems, LDA over binds and overestimates the bond energies. GGA methods 

usually improves on the aspects where LDA fail, such as bond lengths and energetics. 

Different xc-functionals can be constructed differently, some are made by applying 

mathematical constraints, while others are made by fitting to experimental data, so-called 

semi-empirical xc-functionals. PBE belongs to the former and B3LYP to the latter. PBE has 

been a popular xc-functional for solids and inorganic compounds, while B3LYP has been 

popular for molecular system in chemistry. 

2.4. Basis Set 

The most common choices for basis sets are either atomic centered Gaussian functions, which 

has a similar shape as the hydrogenic atomic orbitals and is a natural choice to describe 
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chemical bonding. Gaussian functions decay as the electrons move away from the nuclei. In 

addition, there are plane wave basis sets, which are atom position independent and a more 

natural description of infinite solid materials with a periodic potential.  

2.4.1. Gaussian Type Orbitals 

A good representation for an atomic orbital is the hydrogen-like wave functions, the Slater 

Type Orbitals (STO), and is on the form ~𝑒−𝜁𝑟. These functions have a cusp at the atom 

center, and the integrals that must be solved, cannot be expressed analytically with STOs. 

Therefore, it is useful to approximate the STOs with Gaussian functions, which are called 

Gaussian Type Orbitals (GTO). The usefulness of GTOs comes from the ability to solve the 

integrals with less effort. The GTOs have the form 

𝜙(𝐫) = 𝑥𝑖𝑦𝑗𝑧𝑘𝑒−𝛼r2
(23) 

where 𝑖, 𝑗, 𝑘 ∈ ℕ and represents the angular part of the wave function, and 𝛼 is the spread of 

the function. Because of a single GTO does not represent an STO, a linear combination of 

Gaussians is often necessary to capture the shape and decay of the STO, see figure 8. 

Figure 8: By introducing more Gaussian, the closer the function gets to the STO. 

 

Such linear combination is called a contracted Gaussian when the expansion coefficients are 

held fixed, while it is called uncontracted Gaussian when the coefficients varies during 

optimization for SCF calculations. Each atomic orbital is described with basis functions and 
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the more uncontracted Gaussians that are used, the more flexibility the molecular orbital has 

during calculation. One common method is the so-called split valence, in which the core 

orbitals and the valence orbitals are treated with different number of Gaussian functions. The 

rationale is as follows: The valence orbitals partake most in reaction and bonding, and are 

thus most chemical active, while the core orbitals are mostly inactive. Therefore, each atomic 

orbital within the inner shell is only described with one basis function. The valence atomic 

orbitals are treated with multiple basis functions, so-called multiple-휁.That is, double−휁 has 

two basis functions and triple-휁 has three basis functions for each atomic orbital.  

There are some chemical properties that are not so well captured by only adding more basis 

functions. In these cases, different types of functions are used to give flexibility to the 

electronic configuration. For systems in which the charge distribution is shifted and become 

polar, one can add polarization functions. For describing loosely bound electrons, such as 

those found in anions, lone pairs and excited states, one can use diffuse functions, which 

describe better the decaying end of the Gaussian functions.  

A popular basis set is the Ahlrich basis set13 and their nomenclature is described in Table 2. 

This is the basis set used for molecular calculations in this thesis. 

Table 2: Name and description of the Ahlrich basis set. 

Name Description 

Def2-svp Split Valence Polarization 

Def2-tzvp Valence Triple Zeta Polarization 

Def2-qzvp Valence Quadruple Zeta Polarization 

Def2-tzvpp Valence Triple Zeta Two set of Polarization functions 

Def2-tzvpd Valence Triple Zeta with Polarization and Diffuse functions 

 

2.4.2. Basis Set Superposition Error and Counterpoise Correction 

When chemical systems are described with a relatively small basis set, interaction energies, 

such as adsorptions, tend to over bind.  For example, in the following reaction, 

A + B → AB 

the interaction energy is  
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ΔE = EAB
a∪b(AB) − EA

a (A) − EB
b (B) (24) 

where  EY
Z(X): X is the species at the geometry Y with the basis set Z, and the lower-case letter 

represents the basis set of the uppercase letter. In AB, species A can “borrow” basis functions 

from B, and vice versa. This increases the basis set of AB, giving more flexibility, and 

artificially lowering the relative energy of AB. This effect is called the Basis Set Super 

Position Error (BSSE). To fix this, one should either increase the basis set or counteract it. 

One common method is the counterpoise correction, defined as 

ΔEcp = ΔE − EBSSE,A − EBSSE,B (25) 

Here the interaction energy ΔE is corrected by removing the BSSE for each species, defined 

for a species J as 

EBSSE,J = EAB
a∪b(J) − EAB

j (J) (26) 

Where J is either A or B. The BSSE is found by subtracting the energy of species J with its 

basis set j, with the geometry of AB from the same species with the larger basis set. Because a 

larger basis set will yield a lower energy is EBSSE,J < 0. The correction of the BSSE is 

important when it comes to catalysis, where most of the interactions comes from the substrate 

binding to the active sites.  

2.4.3. Plane Waves and Periodic Boundary Conditions in Solids 

When describing a solid material, it is useful to think about it as being infinitely periodic. This 

removes the surface effects in 3 dimensions, and it is justified by the fact that the bulk phase 

is much greater than the surface at large scales. When the material is treated as infinite, 

imposing periodic conditions becomes much simpler. A solid is described by an infinitely 

repeating unit cell, spanned by the primitive lattice vectors {𝐚1, 𝐚2, 𝐚3}, with the translation 

vector 

𝐑 = n1𝐚1 + n2𝐚2 + n3𝐚3 (27) 

where ni ∈ ℤ. 

One expects the potential energy to be periodic with the crystal symmetry, as such, 

𝑉(𝐫 + 𝐑) = 𝑉(𝐫) (28) 
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through Fourier analysis can such a periodic constraint be expressed as a sum over plane 

waves in the reciprocal space. Reciprocal space is defined as  

 

𝐆 = m1𝐛1 + m2𝐛2 + m3𝐛3 (29) 

where m𝑖 ∈ ℤ. And the reciprocal lattice vector is  𝐛𝑖 = 2𝜋
 (𝐚𝑗×𝐚𝑘)

|𝐚𝑖⋅(𝐚𝑗×𝐚𝑘)| 
휀𝑖𝑗𝑘, with the property 

that 𝐚𝑖 ⋅ 𝐛𝑗 = 2𝜋𝛿𝑖𝑗 and  where 휀𝑖𝑗𝑘 is the Levi-Civita symbol. 

Electrons in a solid tend to have a delocalized nature, due to the vast number of filled 

eigenstates. Delocalized wave functions can be expressed as a plane wave on the form 𝑒𝑖𝐤⋅𝐫 

where 𝐤 is the eigenstate of the electron. Combining the free electron model together with a 

periodic function that captures the crystal symmetry for the electronic wave function in a solid 

gives the equation 

𝜙𝐤(𝐫) = 𝑒𝑖𝐤⋅𝐫𝑢𝑘(𝐫) (30) 

where the function 𝑢𝑘(𝐫) is called the Bloch-periodic function and has the same periodic 

constraint of the material as the potential, 𝑢𝑘(𝐫 + 𝐑) = 𝑢𝑘(𝐫). This function is expressed as 

𝑢𝑘(𝐫) = ∑ 𝐶𝐤,𝐆𝑒𝑖𝐆⋅𝐫

𝐆

(31) 

The wave function 𝜙𝐤(𝐫) follows the Born-Von Karman periodic boundary condition 

𝜙𝐤(𝐫 + 𝐋) = 𝜙𝐤(𝐫) (32) 

where 𝐋 = N1𝐚1 + N2𝐚2 + N3𝐚3 and Ni are very large integers. This is interpreted as a very 

large extension of the unit cell, capturing the bulk of the material. Because of the boundary 

condition, the 𝐤-state becomes quantized. Note that the periodic boundary condition (PBC) 

for the wave function is not the same as for the potential. This implies that the periodicity is in 

general different for the wave function than for the crystal potential. 

The reciprocal space is inversely proportional to the size of the material L. Therefore, if the 

unit cell is large, the reciprocal unit cell is small, and vice versa. Having a large sample of k-

points is important for metals, due to the overlapping valence and conducting band. In this 

thesis, CP2K was used for the computation of periodic materials and only the Γ-point is 

sampled in this program, which is the k-point found at the origin of the Brillouin zone. A 
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justification for using only the Γ-point is: the unit cell of the material is relatively large, 

making the reciprocal unit cell smaller, and it is also an isolator with a relatively large band 

gap. 

2.4.4. Hybrid Gaussian-Plane Wave Method 

It is possible to combine both Gaussian type basis functions together with plane wave basis 

functions. The molecular orbitals are treated with the Gaussian basis set, while the density of 

the system is treated with a plane wave auxiliary basis. When this is done, the Hartree energy 

and the xc-energy becomes simpler to compute when the density is expanded with the plane 

waves. An advantage to use atom centered Gaussians for the molecular orbitals is, the kinetic 

energy Ts and the external potential Vext in the Kohn-Sham equation can be expressed 

analytically, and the localized nature of chemical bonds are better described with molecular 

orbitals. The electronic density expressed with plane waves becomes 

𝜌(𝐫) =
1

Ω
∑ 𝜌(𝐆)𝑒𝑖𝐆⋅𝐫

𝐆

(33) 

where Ω is the volume of the unit cell in real space. The Coulomb energy can be expressed, 

by applying the electronic density with plane waves, as 

EH = 4𝜋Ω ∑
𝜌∗(𝐆)𝜌(𝐆)

𝐆2

𝐆

(34) 

With this reformulation, the density dependent integrals become more efficient to compute 

with fast Fourier transformations.14 The program CP2K has implemented this formulation of 

the energies, and was used in this thesis for the calculations for periodic calculations. 

2.4.5. Plane Wave Energy Cutoff and pseudopotentials 

The Bloch-periodic part 𝑢𝑘(𝐫) in the periodic wave function has, in principle, a sum over 

infinite number of reciprocal plane waves. In order to make this computationally feasible, a 

cutoff is set for the summation. The plane wave energy cutoff is 

Ecutoff =
ℏ2

2me
Gcutoff (35) 

where Gcutoff is the limit of the summation for the plane wave expansion as seen in equation 

(31). This energy Ecutoff is related to the kinetic energy of the wave. It is justified by electrons 
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in the ground state does not possess a very large kinetic energy. Functions with large, sharp 

oscillations will have a large kinetic energy, and will thus require larger cutoff energies. 

Elements in the first row requires a higher cutoff, because the valence electrons are closer to 

the core, and thus has a larger kinetic energy. 

 If the cell parameters need to be optimized, it is common practice to increase the converged 

energy cutoff to avoid the so-called Pulay stress. This effect comes from the incompleteness 

of the plane wave expansion due to the cutoff value. 

For plane waves, the valence electrons near the core oscillate rapidly and therefore requires a 

larger plane-wave expansion, thus a higher energy cutoff value. By introducing the so-called 

pseudopotential, a potential which is the same in the valence region of the electrons, but 

within the core region, the valence electrons interacts with the core electrons and the nucleus 

weakly, resulting in less oscillations, thus a lower requirement for the plane-wave expansion.  

2.5. Thermochemistry and Vibrational Analysis 

2.5.1. Thermochemistry 

The electronic energy of molecules and solids at zero Kelvin is obtained through the 

Schrödinger equation. This is a measure on the extent atoms form chemical bonds and stick 

together, in other words, it is a measure on the cohesion of atoms. The electronic energy does 

not, however, consider thermal contributions. 

When considering a real system at non-zero temperature and pressure, which are the typical 

conditions in real experiments, the most relevant quantity for chemists is the Gibbs free 

energy. At constant temperature and pressure, this energy is defined as 

G = H − TS (36) 

where H is the enthalpy, T is the temperature and S is the entropy. This expression can be 

rewritten for a chemical reaction as 

ΔG = ΔU + pΔV − TΔS (37) 

where U is the internal energy and p is pressure.  

For molecules, thermochemical quantities can computed analytically by using the partition 

function15 
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q = ∑ gne
−

εn
kBT⁄

All
Levels

 (38)
 

where εn is the energy of level n with degeneracy gn. The important thermochemical 

quantities such as enthalpy, Gibbs free energy and entropy can be computed from this 

equation. For independent degrees of motion, the total partition function can be expressed as a 

product of the individual contributions 

q = qtqrqvqe (39) 

where the subscripts denote the translational, rotational, vibrational and electronic motion, 

respectively. The molecules are treated as an ideal gas when computing the partition function 

and assumes that the only accessible electronic state is the ground state, rendering the 

electronic partition function to become the spin multiplicity. 

The partition function is used to compute the internal thermal energy with the equation 

Ethermal,𝑖 = NkBT2 ln (
∂ ln(𝑞𝑖)

∂T
) (40) 

For one molecule, N = 1, the equation for entropy is 

S𝑖 = R [ln(q) + T (
∂ ln(q𝑖)

∂T
)] (41) 

With equation 40 and 41 the enthalpy can be computed and thus the Gibbs free energy, with 

the equations 42-45. The internal thermal energy is the sum of each contribution 

Ethermal = Et + Er + Ev + Ee (42) 

The same goes for the entropy 

S = St + Sr + Sv + Se (43) 

The thermal corrected enthalpy becomes 

H′ = Ethermal + kBT (44) 

and thus, the Gibbs free energy is 

G = Eelectronic + H′ − TS (45) 
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When the system has found a local minimum for the electronic energy, quantum 

mechanically, this is not the real picture. It is known that molecules and solids vibrate, and the 

ground state energy of a quantum harmonic oscillator is non-zero. Therefore, atoms exhibit a 

residual energy, even at zero Kelvin. This is a quantum mechanical effect, which raises the 

energy from what would be expected classically. This extra energy contribution is the so-

called zero-point energy. In many cases, the contribution of the zero-point energy to the 

minimum is negligible, especially for heavy atoms. 

Ezpe =
1

2
ℏ𝜈 (46) 

Ezpe−correction = E + Ezpe (47) 

The zero-point energy term Ezpe becomes a part of the internal thermal energy. 

When it comes to solids, the electronic energy can be a good quantity for the determination of 

relative stability. The internal energy can be viewed roughly as the cohesion between the 

atoms. As the temperature decreases, the internal energy approaches the electronic energy. 

When computing thermochemical quantities for molecules at the microscopic level, the 

electronic, translational, rotational and vibrational degrees of freedom must be taken into 

consideration. For solids, only the electronic and vibrational degrees of freedom are relevant. 

For isolated molecules, the vibrational modes can be computed analytically. But for periodic 

materials, the vibrational modes are often computed numerically. 

When (comparing structural differences between solids) computing the free energy difference 

between intermediates of a reaction taking place in a solid, the entropy can be treated as near 

constant, ΔS ≈ 0. This is convenient since the entropy can be a difficult quantity to compute. 

Using this approximation, the Gibbs free energy becomes  

ΔG = ΔU + pΔV (48) 

The relative volume between structures V can change during cell-optimization. If this 

happen it will contribute to the free energy. This change is however negligible in many cases. 

Therefore, free energy for solids can be expressed as ΔG ≈ ΔU ≈ ΔE. Because, the thermal 

correction to the electronic energy does not change significantly from one stationary point to 
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another. And as mentioned earlier, the internal energy is roughly the electronic energy at 

lower temperatures. 

2.5.2. Vibrational Analysis 

The frequencies for the vibrational modes of molecules are computed analytically16, and are 

found through the force constants, which is, under the harmonic approximation the second 

derivate of the potential energy with respect to coordinate displacement at a local minimum 

𝑘𝑓,𝑖𝑗 = (
𝜕2𝑉

𝜕𝜉𝑖𝜕𝜉𝑗
)

0

 (49) 

Where 𝜉𝑖 are atom displacements and the matrix 𝑘𝑓 containing the second derivatives of the 

potential energy is the so-called Hessian matrix. 

The frequency is related to the force constant, in the harmonic approximation by 

𝜈𝑖𝑗 =
1

2𝜋
√

𝑘𝑓,𝑖𝑗

𝜇
 (50) 

𝜇 is the reduced mass. If the curvature of the PES is negative, then the force constant becomes 

negative, and thus the frequency becomes imaginary. 

When all the frequencies are real, is the structure at a local minimum. If there is one 

imaginary frequency, it is defined as a saddle point, which is the highest energy in the 

minimum energy path between two local minima. This stationary point corresponds to the 

transition state. If there are more imaginary frequencies, the structure is found at a higher 

order saddle point. The rise of imaginary frequencies comes from negative force constants. 

These constants become negative if there is a lowering of the energy on the PES by displacing 

the coordinates. It is thus important to compute the frequencies at the same level of theory as 

the geometry has been optimized, and the local minimum should be accurate for the 

vibrational analysis to yield all real frequencies. It is therefore important to have a well 

converged geometry; this can be obtained by setting a strict convergence criterion. (The 

obtained frequencies for the different vibrational modes are used to compute the vibrational 

contribution to the thermal energy.) One should be cautious for low frequency vibrations, 

because they tend to be anharmonic, and it is not well described with the harmonic 
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approximation. At low frequencies the entropic vibrational term diverges, and the Gibbs free 

energy becomes unreliable.   

2.5.3. Energy Refinement of Optimized Geometry 

In order to maximize the energy accuracy and minimize the computational time, a common 

practice is to optimize the structure with a low level of theory and afterwards compute the 

energy with a higher level of theory, assuming that the optimized geometry will not 

significantly change by changing the basis set. The frequencies are also computed at the same 

level of theory as the geometry optimization to minimize errors and computational time. In 

the cases where the energy has been refined with an energy at a higher level of theory, the 

thermochemical values should also be adjusted. The Gibbs free energy adjusted with a 

different electronic energy, for example an electronic energy refined with a triple−휁 basis set, 

becomes 

𝐺𝑡𝑟𝑖𝑝𝑙𝑒−𝜁 = 𝐺𝑑𝑜𝑢𝑏𝑙𝑒−𝜁 − 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐
𝑑𝑜𝑢𝑏𝑙𝑒−𝜁

+ 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 
𝑡𝑟𝑖𝑝𝑙𝑒−𝜁

 (51) 

The frequencies used to compute the vibrational degrees of motion depends on the potential 

energy, therefore the thermal contribution is still at the double-휁 level. 

2.7. Solvation  

Many reactions and other chemical processes take place in solvent. It is thus necessary to also 

model the solvent and its interaction with the solute. Figure 9 shows the magnesium salt 

MgMe2 solvated by THF molecules.  
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Figure 9: 𝑀𝑔𝑀𝑒2 explicitly solvated by THF molecules. 

The more solvent molecules that are added, the more accurate the model becomes. Most 

preferably, very many solvent molecules must be added to describe the bulk well. By adding 

more solvent molecules, the system size increases and so does the computational cost.  It is 

possible to treat the solvent as a continuous bulk without including any solvent molecules 

explicitly. This method is called implicit solvation and it describes the solvent-solute 

interactions with the dielectric properties of the bulk solvent. Figure 10 illustrates this 

concept. Computational resources can be saved by not explicitly including extra molecules in 

the system. 

. 

Figure 10: Continuum solvation of 𝑀𝑔𝑀𝑒2 with implicit THF. 

The energy from implicit solvation can be expressed with two terms 

ΔGsolvent = ΔGelectric + ΔGnon−electric (52) 

  where the electric contribution refers to the way the electronic structure responds to the 

solvent. The non-electric part refers to the energy required to displace solvent molecules 

creating a cavity for the solute, which can also be denoted as ΔGcavity, and other possible 

solvent-solute interactions. 

Possibly one of the simplest continuum models for the electric contribution is the solvation of 

an ion with the Born model 

ΔGelectric = −
𝑞2𝑁𝐴

8𝜋휀0𝑟0
(1 −

1

휀𝑟
) (53) 

Where q is the charge of the ion, 휀0 is the permittivity of vacuum, 𝑟0 is the effective radius of 

the ion and 휀𝑟 is the relative permittivity of the medium, which is a measure of the 

polarizability of the dielectric due to an electric field. As seen in the equation, for larger 
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values of the relative permittivity, the more pacified the ion becomes, and is thus more 

stabilized. When a molecule interacts with the solvent and produces an electric field within 

the cavity, which further interacts with the solute and provides stability, this is called the 

reaction field. 

This idea of replacing the solvent by a bulk description can be done more generally and 

sophisticated than the Born model. One such method is the Polarizable Continuum Model 

(PCM). The surface of the cavity in the PCM is divided into point charges, which shall 

represent the polarizability of the solvent. The total electrostatic potential of the surface is the 

sum of the potential from the solute and the potential from the other point charges on the 

surface  

𝜙(𝐫) = 𝜙𝑠(𝐫) + 𝜙𝜎(𝐫) (54) 

Where the subscripts 𝑠 and 𝜎 refers to the potential from the solute and surface, respectively. 

An initial value for the surface charges is decided, and the total potential on the surface is 

computed self-consistently. The final surface potential 𝜙𝜎(𝐫) is used in the Hamiltonian for 

the self-consistent field calculations for the energy. For a common approach, the dielectric is 

substituted with a conductor, this means that the relative permittivity is infinite 휀𝑟 = ∞. By 

introducing a conductor, the potential on the surface is set to zero, and it turns out the 

electrostatic solvent effect becomes easier to compute. This method is called Conductor-like 

Polarizable Continuum Model (C-PCM), which is the method used in this thesis for implicit 

solvation. 

For many systems, such as molecules with open metal sites, the solvent molecules bind 

strongly to the solute. These strong, directed interactions are not captured with implicit 

solvent, therefore, in such cases, the inclusion of explicit solvent molecules are needed. After 

the first solvation shell, the solvent-solute interaction rapidly decreases. It is therefore often 

sufficient to use implicit solvation to describe the bulk effect from the solvent, while 

explicitly binding solvent molecules on the solute, so-called implicit-explicit hybrid solvation, 

see figure 11. 
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Figure 11: Hybrid implicit-explicit solvation of 𝑀𝑔𝑀𝑒2 in THF solution. 

2.7 Methodology and Cluster Model 

2.7.1. Methodology 

The study of the UiO MOFs, periodic and cluster models were utilized. The properties and the 

structures of the material was computed with DFT using the PBE approximation to the 

exchange-correlation energy functional. Dispersion forces were included with Grimme’s 

empirical D3.  

For the periodic calculations the Kohn-Sham orbitals were expanded over mixed Gaussian 

and plane wave basis functions. The short range DZVP molecular optimized basis set17 was 

used, and the core electrons was treated with the GTH pseudopotential.18 Static calculations 

were computed using the QUICKSTEP19 module found in the CP2K software package. 

The auxiliary plane wave basis set for the UiO MOFs was set to 720 Ry. But, the Mg 

incorporated UiO MOFs create ionic bonds with oxygen. Therefore, the auxiliary basis had to 

be increase to 1560 Ry, to achieve converged energies, for all system containing Mg.  

The cluster models were computed in Gaussian16 with the double−휁 basis set by Ahlrich, 

def2-svp. Different cluster models of varying sizes were tested for accuracy in the beginning 

of section (3.2).  

2.7.2. Cluster Model  

Three of the numbered cluster models in figure 12, which only includes one Zr node, was 

tested. The first model, (1) is the smallest model with 66 atoms, where all the linkers are 



28 

 

capped with formate species. This type of model does not allow detailed description of SBU-

linker interactions. The second largest model, (2) with 96 atoms, has three of the linkers 

capped with benzoate species, while the rest are capped with formates. The largest model, (3) 

with 186 atoms, where all 12 linkers are capped with benzoates. The benefit from model (2) 

comes from having enough details around the site of interest, the bridging-hydroxide, while 

not including too much unnecessary details elsewhere, such as model (3). Another way to 

model the system with cluster models is a tetrahedron. This is created by including four SBUs 

connected with linkers, see figure 12 (Th). When modelling defects, one linker from the 

cluster model (1) seen in figure 12 was removed, and the vacant site replaced with H2O/OH−. 

The choice of only using formates for linkers is because the linkers were not too distorted 

during optimization, and there was no direct interaction between the carboxylate oxygens and 

the cation.   

When creating a cluster model for a MOF, it is important to keep the correct constraints of the 

material. The linkers are kept, to a certain degree rigid between the SBUs. Three different 

ways to model the Zr-cluster, as shown in figure 12, is to cap the linkers with either formates 

of benzoates. For the three models in figure 12, different constraints were used. For 1, no 

constraint was added, for 2 and 3 the para carbons on the benzoates were frozen, to mimic the 

rigidity of the real material. The reason to include the phenyl rings near the bridging-

hydroxide is to capture potential dispersion effects. For the tetrahedron model (Th), the 

linkers provide a natural rigidity and there is no need to apply constraints to the system. 
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Figure 12: Cluster models used to study the pristine Zr-cluster: (1) with all linkers capped with 

formates, (2) with three linkers around the reactive μ3-OH capped with benzoate, (3) with all linkers 

capped with benzoates. (Th) four SBUs connected with linkers forming a tetrahedron. 

 

3. Results and Discussion 

3.1. Structural analysis of UiO-type functionalized Zr-nodes 

The incorporation of Lewis acid and amines into UiO MOFs was considered a good strategy 

for developing robust materials for CO2 adsorption.2 In order to evaluate this strategy, the 

functionalization of Zr-nodes with Grignard reagents was studied computationally.5 As 
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explained in the introduction, the structure of the UiO-MOFs consists of inorganic SBUs 

connected with organic linkers, forming a coordination network. Each node contains four 

hydroxide groups arranged in a tetrahedron. The hydroxides are located on the bridging sites 

(μ3 − OH) and are always pointing inwards a tetrahedral pore.  The material can orient the 

hydroxides differently relative to each other, meaning, there can be different structures which 

has different number of hydroxides in each tetrahedra pore. For the conventional unit cell, 

there are eight tetrahedral pores, and in this thesis, the distribution of the hydroxides is 

referred to as (4,0), (2,2) and (3,1), depending on the number of hydroxides groups pointing to 

each tetrahedral pore (see Figure 5) .  

3.1.1. Configurations and energies using periodic calculations 

Functionalization of the SBUs in the UiO-MOF can be achieved by metalating the μ3 − OH 

with organometallic salts. Calculations were performed on both UiO-66 and UiO-67, to see 

the influence of the pore size. When preforming the calculations, it is assumed that all 

hydroxides become metalated. The metalation reaction energies were not considered using 

periodic calculations and will be addressed with cluster calculations later in this chapter. Only 

the relative energies and volumes between the (4,0), (3,1) and (2,2) configurations for each 

metalated product will be discussed for the periodic calculations. The relative energies for the 

SBU-functionalized UiO-66 are shown in figure 13. The different metalated products consists 

of -MgMe, -ZnMe, -MgCl. The pristine MOF (-H) and –CH3 were included to see how much 

electronic and steric effects contribute in the energy differences. 

It is the -MgMe product that is of most interest, the calculations on the other products are to 

assess the relative energies when changing the system. The rational for the other choices: 

Replace Mg with Zn to see the effect of different metals. Replace Me with Cl to see the effect 

of different anions. And lastly, remove the metal altogether, to see the effect from a purely 

non-polar group. The common trend between all the different products are: (4,0) is the most 

stable configuration and is thus the reference structure, and (3,1), and (2,2) being least stable 

as seen in table 3. For the pristine MOF, the difference in energies are relatively similar, 

where (3,1) and (2,2) are 9 kJ/mol and 13 kJ/mol, respectively, larger than the (4,0) 

configuration. This could indicate that that there is an even distribution of the different 

configurations for the pristine MOF. If one for instance looks at the relative energies for 

UiO66-MgMe, configuration (3,1) and (2,2) are 81 kJ/mol and 98 kJ/mol, respectively, larger 
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than the (4,0) configuration. This means that there is a strong preference for the (4,0) 

configuration. This trend is observed for all the other functionalization on the bridging site. 

 

Figure 13: Relative energies of the three configurations of SBU-functionalized UiO-66. The energies 

of configuration (3,1) and (2,2) are relative to (4,0). 

Table 3: Relative energies of SBU-functionalized UiO-66, see figure 13. 

 Electronic energy/Å3 

Configuration → 

Name ↓ 

40 31 22 

UiO66 0 9 13 

UiO66-MgMe 0 81 98 

UiO66-ZnMe 0 46 59 

UiO66-MgCl 0 52 62 
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UiO66-CH3 0 38 50 

 

Table 4 shows that the volumes change depending on the configuration. All functionalized 

structure except for -CH3 expand relative to the pristine UiO66, while -CH3 slightly 

compresses with 35 Å3. This could be due to attractive dispersive forces between the non-

polar groups. 

Table 4: Volume of the three different configurations of SBU-functionalized UiO-66. 

 Volume/Å3 

Configuration → 

Name ↓ 

40 31 22 

UiO66 9140 9144 9145 

UiO66-MgMe 9174 9229 9238 

UiO66-ZnMe 9188 9204 9207 

UiO66-MgCl 9200 9258 9253 

UiO66-CH3 9105 9112 9113 

 

Computations were also conducted on functionalized UiO-67 with -MgMe and -ZnMe. This 

was done to see the influence of larger tetrahedral pores and the effect of sterics. See figure 16 

for a side-by-side comparisons of the relative energies, and the energies and volumes are 

tabulated in table 5 and table 6, respectively.   
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Figure 16: Relative energies of the three configurations of SBU-functionalized UiO-67. The energies 

of configuration (3,1) and (2,2) are relative to (4,0). Purple: pristine, Orange: MgMe and Blue: 

ZnMe. 

Table 5: Relative energies of the three configurations of UiO-67, see figure 16. (4,0) is the reference 

energy. 

 Electronic energy/Å3 

Configuration → 

Name ↓ 

40 31 22 

UiO67 0 8 11 

UiO67-MgMe 0 86 97 

UiO67-ZnMe 0 31 38 

 

Table 6: Volumes the three different configurations of SBU-functionalized UiO-67. 
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 Volume/Å3 

Configuration → 

Name ↓ 

40 31 22 

UiO67 19715 19737 19741 

UiO67-MgMe 19509 19717 19778 

UiO67-ZnMe 19742 19807 19819 

 

Similar results are found with UiO-67 as has been observed for UiO-66. The (4,0) 

configuration is the most stable while the (3,1) and (2,2) configurations are significantly 

higher and similar in energies.  

When examining the volumes found in table 6, one interesting result is found. Not so 

surprisingly, the volume follows the same trend as with UiO-66, the (4,0) configuration has 

the lowest volume while the rest are significantly higher, for the SBU-functionalized MOFs. 

But, when comparing the volumes of functionalized UiO66-MgMe and UiO67-MgMe 

relative to their pristine structures, there is a different trend. For UiO66-MgMe, there is an 

expansion of the volume going from pristine to metalated, with a volume difference of 34 Å3, 

while for UiO-67 there is a compression when metalated, with a volume difference of 206 Å3, 

which is quite significant. 

This result is backed up by unpublished results conducted by the experimental catalysis 

section of the at the University of Oslo. The UiO-66 and UiO-67 MOFs were metalated with 

MgMe2 creating UiO66-MgMe and UiO67-MgMe. The results suggest that there are 0.5 

MgMe species per Zr-cluster in the UiO-66 MOF, whereas for UiO-67, there are 4 MgMe 

species per Zr-cluster, which indicates a total saturation of the material. Therefore, the volume 

difference of the computed SBU-functionalized UiO-66 MOFs probably does not reflect the 

real system. Further experimental results show that there is indeed a compression of the MOF 

when functionalizing the SBUs with -MgMe. For UiO-66 there is only a compression of 12 

Å3, whereas for UiO-67 there is a compression of 109 Å3. 

A hypothesis for the volume contraction is as follows: Since the bridging hydroxides are 

always point inwards the tetrahedra pores, so will the bridging −MgMe when they are 

incorporated. Before the metalation, the repulsive forces were negligible, however, now when 

the site are occupied by cations and bulky groups, the interactions are by far not to be ignored, 
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the relative energies of the configurations change drastically, and as already discussed, 

configuration (4,0) is the most stable. It is not completely certain how many MgMe is 

incorporated if UiO-66 is used, due to its pore size, but it is intuitive to think that larger pore 

sizes, such as UiO-67, could possibly contain more if metalated. It is assumed, for now, that 

both materials are fully saturated for computational purposes.  

When the protons on the bridging site is replaced with MgMe, the carboxylates of the linkers 

coordinate with the Mg together with the bridging oxo, making the Mg three-fold coordinated 

with oxygen. This will be further discussed with cluster models later in this chapter. When the 

carboxylates partake in binding with the Mg, they become less bound to the Zr atoms in the 

node and is thus shifted from its original position. Because the linkers are kept rigid between 

the nodes, this slight shift creates a bend in the linkers, see figure 17. 

 

Figure 17: The green curve shows the bending of the linker in UiO67-MgMe. 

Mg is slightly less oxophilic than Zr20, and thus one should expect the bending to be 

dependent on the relative oxophilicity to Zr. This effect is more pronounced in UiO-67 than 

UiO-66, due to longer linkers being more flexible. Unless the nodes pivot as the linkers bend, 

one could think, ideally, when there is a bending of the linkers, the distance between the 

nodes becomes shorter, thus an overall compression of the volume. This idea is illustrated in 

figure 18 below. 
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Figure 18: Distortion of the linkers by functionalizing the SBUs with an oxophilic element, such as 

Mg, leading to a compression of the volume.  Left: pristine MOF. Right: Functionalized MOF, 

configuration (4,0). 

As has been explained. computations show a reduction of the volume when MgMe2 is 

incorporated in UiO-67, but not as much for UiO-66, which expands. To rationalize these 

results, longer linkers are more flexible, thus it compresses. When the linkers bend, it fills the 

void found in the (4,0) configuration, which is a stabilizing effect. And, a complete metalation 

of UiO-66 is not to be physically expected, due to the pore size sterically restricting the 

reactants, thus the results do not correspond with reality. The deformation of the MOF due to 

an external stimulus, such as a guest molecule, for instance MgMe2, while keeping the 

crystallinity is defined by Kitogawa as a third-generation soft porous crystal.21 

3.1.2. Configurations and energies using cluster models 

In order to evaluate whether the energy differences between the (4,0), (2,2) and (3,1) 

configurations results from the distortion caused by the metalation in isolated pores or is 

exaggerated due to the periodicity, the energy differences between these structures were 

computed using cluster models.     

In this section, an attempt at modeling the conventional unit cell of UiO-66 by combining four 

tetrahedral clusters, like the one in figure 12 (Th), see figure 19 for an illustration of this idea. 

The idea is to include tetrahedral with different number of metalated bridging sites, which are 
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pointing inwards the pore, and adding the energies with the correct stoichiometry. For gas 

phase calculations, both MgMe2 and ZnMe2 incorporated tetrahedral are shown in table 7. See 

table 3 for values done with periodic calculations for comparison.   

 

 

Figure 19: The addition of tetrahedra clusters with the correct number of MgMe to replicate the unit 

cell. Here, configuration (4,0) is modelled with tetrahedra clusters. Adding 4 clusters (4MgMe) with 4 

cluster (bridging-oxo pointing inwards the pore) to mimic the metalated unit cell, a total of 8 

tetrahedra pores. 

Table 7: Relative electronic energies for gas phase tetrahedra calculations for both the incorporation 

of MgMe and ZnMe 

 𝚫𝐄 [𝐤𝐉𝐦𝐨𝐥−𝟏] 

Configuration 𝐌𝐠𝐌𝐞 𝐙𝐧𝐌𝐞 

40 0 0 

31 42.7 46.2 

22 71.7 58.9 

 

This way of modeling the energetics of the full material follows the same trend as the periodic 

calculations, where the (4,0) configuration is the most stable. An interesting observation is 

how the energy differences for −ZnMe matches the periodic exactly, while the differences for 

−MgMe in the cluster model and in the periodic calculations, which is 38 kJ/mol for (3,1) and 

26 kJ/mol for (2,2), could stem from insufficient energy cutoff values due to the highly ionic 

material of UiO-MgMe, or the possibility of finding different local minima due to the many 

degrees of freedom for −MgMe during geometry optimizations.   

4 

4MgMe 

+ 
4 

0MgMe 

=

(4,0) 
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Calculations using the Th cage model were also done with implicit THF solvent, but to reduce 

computational cost, explicit THF molecules were omitted. The values are shown in table 8. 

Here the trend has changed. Now the (2,2) configuration is the most stable. Therefore, since it 

has already been shown that the cluster model reproduces the trend of the periodic 

calculations, one can extrapolate these results and conclude that the stability of the different 

configurations changes in THF solution. This could imply, after the synthesis and heating of 

the material, the MgMe species are reoriented when taken out of solution, if kinetically 

possible.  

Table 8: Relative electronic energies for implicit THF, tetrahedra calculations for the incorporation of 

MgMe. 

Configuration 𝚫𝐄 [𝐤𝐉𝐦𝐨𝐥−𝟏] 

4,0 0 

3,1 61.7 

2,2 -14.6 

 

In order to understand the differences in relative energies observed by using different metals 

the local geometries of the metalated SBU ware explored using the Zr-cluster model 2 shown 

in figure 12. When MgMe is introduce to the SBU, it interacts with three oxygen atoms, as 

seen in figure 20. Two of the oxygens belong to the carboxylate on the linker, with a Mg-O 

bond distances of 2.20 Å. The third oxygen is located on the bridging site with a Mg-O bond 

distance of 1.99 Å. It can be observed that Mg is bound more tightly to the bridging site 

because of the shorter bond distance. Changing the methyl group by a chloride anion (figure 

20), and therefore increasing the ionic character of the substituent, the Mg-O bond distances 

becomes shorter. The carboxylate O-Mg distances is 2.12 Å and the bridging O-Mg bond 

distance is 1.96 Å.  

MgMe was replaced with ZnMe to further assess the nature of the metal-oxygen bond, when 

going form an alkali earth metal to a transition metal, see figure 20. What is found is a 

different type of bonding, where the O-Zn-Me bond is linear (bond angle 180 degrees). It 

does not interact with the carboxylate atoms to the same extent as Mg, and the bridging O-Zn 

bond distance is 1.89 Å and is the shortest of the three. Because the bridging oxygen is the 

only charge stabilizing anion on the SBU for Zn, it becomes more attracted, and thus the bond 
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distance is shorter. Zn has filled d-orbitals, which could be involved with repulsive 

interactions.  

Similar analysis can be made with implicit THF solvation calculations (explicit THF solvent 

omitted). The bridging oxygen bond distances increase, and is 2.03 Å, 2.01 Å and 1.91 Å for 

the MgMe, MgCl and ZnMe species, respectively. This is to be expected with solvation, where 

it stabilizes and screens the charges. With the inclusion of implicit solvation, the symmetry of 

the bond distances found in the gas phase is slightly tilted, leading to the metal being more 

bound with one carboxylate oxygen than the other. 

The bond distances for the three different species discussed here can be found in table 9, both 

for gas phase and implicit THF calculations. 

 

 

Figure 20: The bridging site of the SBU functionalized with different salts. From left to right: MgMe, 

MgCl and ZnMe.  

Table 9: Oxygen-metal bond distance. O1 and O2 are the oxygen on the carboxylates, (𝜇3-O)-M is the 

bridging oxygen. The bond distances are both in gas phase and implicit THF solution. O1 is the 

oxygen in the back, O2 is in the front, bonded to the metal with dotted lines, seen in figure 20. 

Bond distance [Å] Gas Phase THF Solution 

MgMe MgCl ZnMe MgMe MgCl ZnMe 

O1-M 2.20 2.12 2.83 2.21 2.10 2.77 

O2-M 2.20 2.12 2.83 2.17 2.13 2.78 

(𝛍𝟑-O)-M 1.99 1.96 1.89 2.03 2.01 1.91 
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3.2.  Functionalization reaction of UiO-type Zr-nodes with MMe2 

(M = Mg and Zn) 

 The reaction with MgMe2 with the SBU is reported to be done in THF solution.5  A similar 

reaction has also been reported with Zn containing organic reagent.22 Therefore, the ZnMe 

functionalized SBU was used to compare with the MgMe functionalized SBU to assess the 

effect of different cations. For the reactions calculated in solution, the implicit CPCM 

solvation model was used. Figure 21 shows the reaction of μ3 − OH with an organometallic 

salt MMe2, where the divalent cation M is either Mg or Zn. The focus will be mainly on Mg 

and its reactivity to the SBU, but Zn was included to get a broader perspective on structure 

and mechanism by including a different cation. See figure 23 for the metalation of the μ3 −

OH and figure 24 for the metalation of the defect site with MgMe2 in gas phase and THF 

solvent. The calculations with implicit solvation also used explicit THF molecules bound to 

the Mg, because THF forms strong bonds with Mg. 

 

Feil! Fant ikke referansekilden. 

One of the bridging-hydroxide sites for the one-SBU cluster models in figure 12 were 

metalated with MgMe2 in gas phase to evaluate which model is computationally sufficient to 

study. The energy of metalation between the three one-SBU models, as seen in figure 21, 

were compared with a double−휁 basis set with the PBE functional. The Gibbs free energies 

for the metalation of the bridging-hydroxide on the three different models, (1), (2) and (3) are 

-204.1 kJ/mol, -203.0 kJ/mol and -200.6 kJ/mol, respectively (see table 10). The energies do 

not change much between the three different structures, but as seen in figure 22, there is a 

significant structural change between model (1) and (2). These changes are due to the 

geometric constrains imposed on (2) to simulate the restrictions of material. 
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Because the structure and energies of model (2) and (3) are similar, and the size of (3) is far 

greater than (2), it would serve as a waste of computational resources to include the extra 

benzoates to the model. Therefore, model (2) was the structure used to model the SBU.  

Table 10: Metalation Free energies of the one-SBUs models found in figure 12. Energies computed 

with PBE/def2svp in gas phase. 

 1 2 3 

ΔG [kJmol−1] -204.1 -203.0 -200.6 

 

 

Figure 22: Comparison between 1 and 2 from figure 12 after metalation with 𝑀𝑔𝑀𝑒2. The formates 

bound to the Mg is too distorted to be considered a reliable model. 

The influence of the method and basis set was evaluated using model (2). This was done by 

comparing single point calculations between the geometry-optimized structures using double- 

and triple−휁 level with both the pure and hybrid PBE exchange-correlation energy functional. 

The hybrid PBE functional PBE0 has a quarter of Hartree-Fock exchange energy. As shown 

in table 11, the energies between double and triple−휁 with PBE somewhat changes and the 

same goes for the PBE0 calculations. Hybrid functionals are computationally more 

demanding than pure and is at a higher rung on Jacob’s Ladder. Despite this, table 11 shows 

that the energy computed with PBE/double−휁 level of accuracy only differs with roughly 

1kJ/mol from a calculation with PBE0/triple−휁 accuracy. This might be due to cancellation of 

errors. It was decided that all calculations would use PBE/double−휁, because of 

computational convenience, while keeping in mind that the thermodynamics may be 
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overestimated by ca. 10 kJ/mol.  Also, because the energies computed with periodic boundary 

conditions was done at the double−휁 level with PBE, it would be simpler to compare the 

cluster models with the periodic boundary conditions calculations. The effect of Basis set 

superposition error and the importance of counterpoise correction will be addressed later in 

the result section (3.3.2). 

Table 11: Metalation of cluster model 2 at different levels of theory. 

 PBE/def2svp PBE/def2tzvp PBE0/def2svp PBE0/def2tzvp 

ΔG [kJmol−1] -203.0 -195.2 -211.3 -201.5 

 

3.2.1. Metalation of 𝛍𝟑 − 𝐎𝐇  with 𝐌𝐌𝐞𝟐 

Reaction (A) in figure 23 is the gas phase metalation of the bridging hydroxide with MgMe2 

and as seen in table 12 it has a reaction free energy of -203 kJ/mol. The metalation reaction 

takes place in THF solution, and because THF binds strongly to Mg, it is necessary to include 

explicit THF molecules on the material for the calculations to capture the strong interactions. 

Reaction (B) in figure 23 is the metalation of the bridging hydroxide with MgMe2(THF)2 in 

THF solution, and the reaction energy is -91 kJ/mol, leaving a THF species bound to the Mg. 

Reaction (C) shows the dissociation of THF from the bridging site, which takes 11 kJ/mol of 

free energy, meaning this does not readily happen spontaneously at room temperature.   
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Figure 23: Metalation of the bridging-site in the SBU with 𝑀𝑔𝑀𝑒2. Reaction (A) is in gas 

phase, while reaction (B) and (C) are in THF solution. 
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Table 12: Free energies for the reactions shown in figure 23 calculated in gas phase (A) and implicit 

THF solvent (B and C). 

Reaction (A) (B) (C) 

ΔG [kJmol−1] -203 -91 11 

 

3.2.2. Metalation of defect sites with MMe2 

There is also a possibility for the defect site of the SBU to be metalated. The model used for 

the defects site was created by removing a formate linker from model (1) in figure 12 and 

replacing the vacant Zr sites with H2O/OH− for charge stabilization. Figure 24 shows the 

metalation of the defect site on the SBU with MgMe2, in the gas phase and in THF solvent. 

The Free energies of metalation at the defect site with MgMe2 is tabulated in table 13. 
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Figure 24: Metalation of the defect site in the SBU with 𝑀𝑔𝑀𝑒2. Reaction (a) is in gas phase, while 

reaction (b) and (c) are in THF solution. 

Table 13: Reaction Free energies from figure 24. (a) is a gas phase calculation, while (b) and (c) are 

computed with implicit THF. 
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Reaction (a) (b) (c) 

ΔG [kJmol−1] -271 -193 55 

 

Table 13 shows that the metalation of the defect site is more favorable than the bridging sites, 

where gas phase metalation (a) with MgMe2 is -271 kJ/mol, which is 68 kJ/mol more stable 

than the same reaction on the bridging hydroxide. This means if the material contains defect 

sites, it is more likely these sites will contain the -MgMe.  

This reaction also takes place in THF solution, therefore, just as with the metalation of the 

bridging-hydroxide, it should be included in the model explicitly because it forms stable 

species. Reaction (b) is the metalation of the defect site with MgMe2THF2 and the reaction 

energy is -193 kJ/mol, leaving a THF species bound to the Mg. Reaction (c) is the 

dissociation of THF from the Mg, which is endergonic with free energy of 55 kJ/mol. This 

means that, in THF solvation at room temperature, there will be a THF molecule bound to the 

Mg.  

3.3. Reaction of M-metalated Zr-nodes with CO2 

3.3.1. CO2 insertion 

The metal-methyl functionalized material can be used for CO2 adsorption. Figure 25 and 

figure 26 shows the reaction profile of the incorporation of CO2 at the bridging site with 

model (2) (three benzoates) and at the defect site, respectively. 

 The bridging-site has either MgMe or ZnMe species. And the insertion of CO2 forms the 

product Mg-acetate or Zn-acetate. The reaction profiles clearly show that MgMe is much 

more reactive with CO2 than ZnMe at both sites.  

For the bridging site, the reaction free energy for MgMe is -136.9 kJ/mol with an activation 

free energy of 78.7 kJ/mol, while the reaction free energy for ZnMe is 60.2 kJ/mol with an 

activation free energy of 243.9 kJ/mol. Not only is the insertion of CO2 into ZnMe 

endergonic, but it also has a large activation free energy. But the insertion of CO2 into MgMe 

is irreversible with a relatively low activation free energy. 

For the defect site, the reaction free energy for MgMe is -136.2 kJ/mol, which is very similar 

as the reaction free energy for the bridging site, with an activation energy of 49.2 kJ/mol, 
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which is somewhat less than the bridging site. The reaction free energy for ZnMe is -2.8 

kJ/mol, which makes it slightly stable and possibly reversible, whereas the bridging site was 

endergonic, and the activation free energy is 134.7 kJ/mol. 

For both MgMe and ZnMe, the defect site lowers the activation free energy of the insertion of 

CO2 relative to the bridging site. The defect site also slightly stabilizes the Zn-acetate species, 

while at the bridging site it does not form a stable product. An explanation for the stabilizing 

effect of the defect site compared to the bridging site is likely due to a closer coordination 

with oxygen at the defect site.   

 

 

Figure 25: 𝐶𝑂2 insertion in the bridging site of the M-metalated SBU (Cluster model 2). Black line: 

[Zr-cluster]-O-MgMe. Blue line: [Zr-cluster]-O-ZnMe. 
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Figure 26: 𝐶𝑂2 insertion in the defect site of the M-metalated SBU (Cluster model 2). Black line: [Zr-

cluster]-MgMe. Blue line: [Zr-cluster]-ZnMe. 

 

3.3.2. CO2 physisorption 

As can be seen in figure 25, the reaction profile for the insertion of CO2 is an irreversible 

reaction. Therefore, it is not expected for CO2 to be released. The interaction CO2 has with the 

system is now through physisorption, see figure 27.   

 

Figure 27: Physisorption of 𝐶𝑂2 onto [Zr-cluster]-O-Mg-acetate (Cluster model 2). 

The physisorption in figure 27 is used to test how much basis set superposition error affects 

the adsorption energies. The Free energy is computed and tested with two levels of basis set, 

double- and triple−휁 with the PBE functional. 
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Table 14: The physisorption of CO2 onto the [Zr-cluster]-O-Mg-acetate with and without counterpoise 

correction, with both double- and triple-ζ basis sets. 

Basis Set 𝚫𝐆 [𝐤𝐉𝐦𝐨𝐥−𝟏] 𝚫𝐆𝐜𝐨𝐮𝐧𝐭𝐞𝐫𝐩𝐨𝐢𝐬𝐞 𝐜𝐨𝐫𝐫𝐞𝐜𝐭𝐞𝐝 [𝐤𝐉𝐦𝐨𝐥−𝟏] 

PBE/def2-svp 2.1 23.6 

PBE/def2-tzvp 20.8 24.1 

 

Table 14 shows that for small basis sets, the basis set superposition error stabilizes the dimer a 

lot, leading to a lower adsorption Free energy, as expected. It is therefore important to include 

counterpoise correction for adsorption energies done with a double−휁 basis set. The effect of 

BSSE is with a triple−휁 basis set is much lower compared with the double−휁. The corrected 

Free energy with a double−휁 basis set resembles the Free energy with a triple−휁 basis set 

without corrections. 

3.4. Catalytic hydroamination reaction with Mg-functionalized Zr-

nodes. 

In the paper by Lin, the incorporation of Mg onto the bridging site of the SBU was used for 

the catalytic conversion of aminoalkenes into pyrrolidines. In the actual work, the substrate 

had different side branches, such as propene and phenyl. Here, hydrogen was used to model 

both systems. The calculations were done at standard ambient temperature and pressure. 

Figure 28 shows the proposed reaction mechanism and the relative free energies of the 

catalytic formation of 4-pentenylamine to 2-methylpyrrolidine.  

The first transition state is the formation of a pyrrolidine cycle, which has an activation free 

energy of 79.1 kJ/mol and is the most demanding step, thus the rate limiting step. The Mg-

pyrrolidine intermediate is similar in energy to the reference state, with a relative free energy 

of 0.6 kJ/mol. A pentenylamine molecule is introduced to the Mg-pyrrolidine intermediate, 

and the association forms a van der Waals complex with a free energy of 38.9 kJ/mol relative 

to the reference. The pentenylamine in the complex transfers a proton over to the Mg-

pyrrolidine intermediate, forming the second transition state which is 67.5 kJ/mol higher in 

free energy than the reference. The transition state dissociates into a Mg-pentenyl and 

pyrrolidine van der Waals complex, which is lower in energy (35.9 kJ/mol relative to 

reference). This complex further dissociates into the reference material and a pyrrolidine 
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molecule, closing the catalytic circle, with a reaction free energy of -57.4 kJ/mol. The reaction 

barriers found here is consistent with the reaction taking place at 80°C.5 

 

Figure 28: Catalytic hydroamination of 4-pentenylamine to 2-methylpyrrolidine using cluster model 2. 

All free energies are relative to the reference and is given in kJ/mol. 

4 Conclusion  

 

In this thesis, the structure and reactivity of functionalized UiO MOFs were studied using 

density functional theory. Specifically, UiO-66 and UiO-67 were the target materials for the 

metalation with MgMe2 reagents. Both periodic and cluster models were utilized to assess the 

influence of metal functionalized Zr nodes. 

 The UiO MOFs has the possibility to take different configurations with regards to the μ3 −

OH groups within the tetrahedra pores. Gas phase calculations on UiO-66 and UiO-67 show 

that the (4,0) configuration is the most stable for the functionalized μ3 − OH sites. While the 

pristine, unfunctionalized MOFs, do not exhibit as large energy difference between the 

different configurations. These results have not yet been reported experimentally. The 
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different configurations create different chemical environments, and this can have important 

consequences in catalysis, because there can be different types of interactions between the 

functionalized nodes. 

Computations further show a compression of the unit cell volume for UiO-67 after the pristine 

SBUs are metalated, while, there is an expansion in the unit cell of UiO-66. Unpublished 

experimental results suggest that the tetrahedra pore sizes of UiO-66 are too small for 

complete saturation of the SBUs. Whereas, UiO-67 do have large enough tetrahedra pores for 

complete saturation after metalation and shows a compression, in agreement with 

calculations. The compression of the UiO-67 MOF is attributed to the interaction between Mg 

and the carboxylates connected to the Zr atoms of the SBUs. Where Mg effectively bends the 

linker by reducing the carboxylate-Zr interactions.  

The tetrahedral pores were computed with cluster models. Adding eight tetrahedral pores 

together, as an attempt to model the conventional unit cell. Gas phase calculations shows that 

functionalizing the Zr nodes of the tetrahedra models results in the same trend as periodic 

calculations, configuration (4,0) is the most stable. On the other hand, calculations with 

implicit THF solvent shows that (2,2) is the most stable configuration. 

In the μ3-OH functionalized SBUs, important geometrical differences were found using 

different metals. Mg strongly interacts with oxygen, and it is observed to be three-fold 

coordinated with oxygen, two of them belonging to carboxylates and the last the bridging oxo. 

While, Zn does not interact as strongly with oxygen, and is only one-fold coordinated with the 

bridging oxo, in a linear bond. 

Results show that the metalation of the defect site is more favorable than the μ3 − OH site. In 

THF solution, there will be a bound THF molecule to Mg, because the dissociation of THF is 

an endergonic reaction.   

The insertion of CO2 into [Zr node]-MgMe and [Zr node]-ZnMe was modelled on the 

bridging site and on the defect site of the one-SBU cluster model.  The general trend for the 

CO2 insertion is that the transition states were lower for the defect sites. For both bridging and 

defect site, the insertion of CO2 in the Mg-Me bond is exergonic. While for [Zr node]-ZnMe, 

the insertion was endergonic in the bridging site, but slightly exergonic for the defect site. 

Both transition states for the insertion of CO2 on [Zr node]-ZnMe was larger than the insertion 

on [Zr node]-MgMe. 
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Lastly the catalytic conversion of pentenylamine to pyrrolidine on the bridging site [Zr node]-

MgMe model was computed with implicit benzene solvent at room temperature. The 

mechanism of this reactions consists of two transitions state. The first being the formation of a 

pyrrolidine, and the second is a proton transfer, releasing the pyrrolidine from the catalyst. 

The former reaction has the highest barrier of 79.1 kJ/mol This reaction barrier found in the 

catalytic cycle is consistent with experiments.  

This study has been an exhibit on the versatilities of the UiO MOFs. And that the utility of 

computational methods is useful tool to gain chemical understanding of the structures and 

reactivity of functionalized MOFs. 
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