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SAMENVATTING 

Nanoporeuze materialen worden veelvuldig gebruikt in tal van 

toepassingen. Het ontwerp van deze materialen is dan ook een actueel 

onderwerp. Deze materialen vinden vooral een toepassing in katalyse en 

adsorptie. Ook meer niche applicaties waar poreuze materialen goed 

presteren, komen op de voorgrond. Voorbeelden zijn toepassingen in 

micro-elektronica of als sensor. Het ontwerpproces van deze materialen 

bestaat nog voor een groot deel uit “trial and error” hoewel er recent veel 

vooruitgang gemaakt is in een meer gestructureerde aanpak, onder andere 

met de introductie van “high throughput” technieken. Ab initio modellering 

heeft in de laatste jaren zijn plaats gevonden binnen het domein van de 

chemie, chemische technologie en materiaalkunde. Het gebruik van 

computationele modelleringstechnieken kan leiden tot een beter begrip 

van bestaande processen waardoor die geoptimaliseerd kunnen worden.  

Door de toenemende rekenkracht en krachtige numerieke algoritmes kan 

modellering ook meer en meer ingezet worden in het ontwerp van nieuwe 

materialen en processen. 

In de fijnchemie en de productie van farmaceutische stoffen speelt katalyse 

een belangrijke rol. Veel reacties vertonen een erg lage selectiviteit, of zijn 

helemaal onmogelijk zonder de juiste katalysator. In dit domein wordt nog 

veelvuldig gebruik gemaakt van homogene katalysatoren. Binnen dergelijke 

processen moeten de katalysatoren achteraf van de producten gescheiden 

worden wat altijd leidt tot een verlies. Binnen de fijnchemie weegt de 

toegevoegde waarde van het product meestal op tegen dat verlies. Recent 

is er echter meer aandacht om een zo groen mogelijke chemische industrie 
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te creëren, waarbij de afvalgeneratie geminimaliseerd wordt. In deze optiek 

wordt er onderzoek verricht naar het vervangen van de bestaande 

homogene katalysatoren door heterogene varianten. Deze heterogene 

katalysator moet zo veel mogelijk eigenschappen van het homogene 

materiaal bewaren, zoals de hoge selectiviteit. In vele processen in de 

fijnchemie is de vorming nevenproducten namelijk ongewenst en gevaarlijk. 

In deze thesis wordt een gecombineerde experimentele en theoretische 

aanpak gevolgd voor het ontwerp van een heterogene katalysator voor de 

enantioselectieve epoxidatie van ongefunctionaliseerde olefinen. Deze 

reactie werd reeds geoptimaliseerd op een chiraal salen complex en vormt 

dus een ideaal uitgangspunt voor het ontwerp van heterogene materialen 

als alternatief voor homogene processen. Om gestructureerd naar een 

methode te zoeken waarbij het salen complex geïmmobiliseerd wordt, is er 

eerst meer inzicht nodig in het mechanisme en de oorzaken van de hoge 

enantioselectiviteit van het complex. Vroegere pogingen om dit 

computationeel te onderzoeken faalden omdat het niet duidelijk was welke 

elektronische structuurmethode de voorkeur had. Rekening houdende met 

de grootte van de onderzochte systemen dient de finaal geselecteerde 

theoretische methode ook computationeel aantrekkelijk te zijn. In het 

kader hiervan werd in een eerste stap van dit doctoraatsonderzoek gezocht 

naar een geschikte dichtheidsfunctionaal methode om de elektronische 

structuur van het salencomplex te beschrijven. Hiervoor werd een 

computationele benchmarkstudie verricht waarbij werd vergeleken met 

een nauwkeurige “multi-reference” methode. 

In het tweede deel van dit doctoraatsonderzoek werd vervolgens het 

reactiemechanisme van de epoxidatiereactie met het salencomplex 

onderzocht. Het bleek het meest waarschijnlijk dat zuurstof van het MnV-

oxo complex naar het olefine wordt overgedragen via een radicalair 

intermediair. Dit mechanisme werd vroeger al voorgesteld voor deze 

reactie, maar experimenten met ‘radicalaire probes’, die gevormde 

radicalen irreversibel zouden vangen via de vorming van zijproducten, 

spraken dit tegen. In dit werk werd de interactie van deze probes 

bestudeerd met computationele methoden om het mechanisme te 

ontrafelen. Er werd gevonden dat er inderdaad zijproducten kunnen 
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gevormd worden uit het radicalair intermediair, maar dat deze reacties 

systematisch hoger geactiveerd zijn dan de vorming van de epoxiden zelf. 

Dit kan verklaren dat, ondanks het radicalaire intermediair, deze substraten 

toch aanleiding geven tot de vorming van epoxiden. 

Eens het mechanisme gekend is, kan de stap geïsoleerd worden die 

bepalend is voor de selectiviteit. Op die manier kan ook de 

enantioselectiviteit gemodelleerd worden. Bij een initiële studie met het 

klassieke, symmetrische salen complex met tert-butyl substituenten op 

salicylaldehyde werden er twee mogelijke oriëntaties van het substraat ten 

opzichte van het complex gevonden. Deze resultaten toonden het belang 

aan van de sterisch grote groepen, aangezien deze één van de twee 

oriëntaties voor nadering van het olefine bevoordelen. Het belang van de 

tert-butyl groepen is een directe indicatie dat een covalente grafting 

inherent voor een verlaging van de selectiviteit zal zorgen. Bij deze manier 

van immobiliseren worden die substituenten vaak achterwege gelaten om 

de verankering te vereenvoudigen. Meestal worden de groepen enkel 

vervangen aan één kant van het complex, waardoor het verankerde 

materiaal asymmetrisch gesubstitueerd is. De theoretische berekeningen 

tonen aan dat de asymmetrische variant een lagere selectiviteit vertoont en 

bijgevolg kan gesteld worden dat grafting niet de gewenste techniek voor 

verankering zal zijn. Dit werd inderdaad experimenteel bevestigd. 

Met de kennis van het selectiviteitsmechanisme wordt het mogelijk om de 

beste verankeringsprocedure voor te stellen. Hierbij werden twee 

dragermaterialen gebruikt: een fenolhars en een MIL-101 metaalorganisch 

rooster. Om de resultaten van het computationeel model te bevestigen, 

werd een asymmetrisch salen complex stapsgewijs opgebouwd op een MIL-

101(Cr) drager. De resulterende katalysator vertoont een lagere 

selectiviteit, zoals verwacht uit het computationeel model. Daarnaast werd 

ook een lagere activiteit waargenomen. Aangezien deze resultaten 

nogmaals het belang van de substituenten op de vleugels van het complex 

aantonen, werd er gezocht naar een verankeringsmethode waar deze 

behouden bleven. Eén mogelijkheid is het koppelen van het complex aan 

een fenolhars via de zesde coördinatiesite van het complex. Deze 

verankeringsprocedure behield de selectiviteit van het homogene complex 
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maar de activiteit daalde significant. Als meest succesvolle 

immobilisatieprocedure werd het commerciële complex in de poriën van 

een NH2-MIL-101(Al) framework gevangen tijdens de synthese van het 

materiaal, met vorming van een zogenaamde “ship-in-a-bottle” katalysator. 

Een katalytische test met dit laatste materiaal leidde tot een behoud van de 

selectiviteit en het grootste deel van de activiteit. De resultaten zoals 

hierboven samengevat, tonen de synergie aan tussen experimenteel en 

computationeel onderzoek bij het ontwerp van nieuwe katalysatoren. 

Naast het ontwerpen van nieuwe heterogene katalysatoren, vormt 

karakterisatie van de structuur van het materiaal een belangrijk 

aandachtspunt bij elke synthese en ook voor computationeel 

materiaalonderzoek. In deze thesis werd een methode voorgesteld om de 

kwaliteit van een computationeel model te verifiëren. Het is mogelijk 

berekende structuren rechtstreeks te vergelijken met experimentele data 

via het x-straal diffractogram. Hierbij kan zowel een kwalitatieve aanpak, 

waarbij  een gesimuleerd diffractogram visueel vergeleken wordt met het 

experimentele, als een kwantitatieve aanpak, waarbij een geometrie via 

een Rietveld model ‘gefit’ wordt aan een diffractogram, gevolgd worden. 

Met deze methode kon de meest gepaste structuur voor een MIL-47(V) 

MOF bepaald worden uit een set van vooropgestelde berekende 

geometrieën met een gelijkaardige energie. Er kon zelfs onderscheid 

gemaakt worden tussen de kleine geometrieverschillen die een gevolg zijn 

van het opleggen van een andere elektronische structuur (ferro- of anti-

ferromagnetisch). 

Karakterisatie van poreuze materialen en andere vaste stoffen kan erg 

moeilijk zijn. Veel technieken zoals infrarood en UV/Vis spectroscopie 

vertonen een slechtere resolutie vergeleken met analyses van vloeistoffen 

of gassen. Daarom werden er binnen het raam van dit onderzoek ook 

computationele methoden aangewend om gemeten spectra van materialen 

te analyseren en te interpreteren op de nanoschaal. In eerste instantie 

werden UV/Vis spectra berekend van een metaalorganisch rooster 

bestaande uit gallium en 2,2’-bipyridine-5,5’-dicarboxylaat linkers. In het 

UV/Vis spectrum van dit materiaal als suspensie in methanol waren twee 

banden aanwezig. Met behulp van berekende spectra werd het mogelijk 
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om de verschillende waargenomen banden toe te wijzen. Naast een 

excitatie van het onveranderde kristalrooster bleek de tweede band een 

gevolg te zijn van kationische defecten in de structuur. De aanwezigheid 

van een bipyridine groep leent zich ook tot het verankeren van andere 

metaalcentra die actief kunnen zijn in katalyse, in dit geval werd CuCl2 

geselecteerd om te gebruiken in een aerobe oxidatiereactie. Het 

verankeren van dit centrum gaf aanleiding tot veranderingen in het UV/Vis 

spectrum. Om een goede overeenkomst met de waargenomen spectra te 

vinden, werden geavanceerde moleculaire dynamica simulaties uitgevoerd. 

Hiermee konden nauwkeurige modelspectra berekend worden. Door een 

vergelijking met deze berekeningen bleken de waargenomen veranderingen 

inderdaad overeen te komen met de verwachte verankering. 

Het onderzoek zoals voorgesteld in dit doctoraat toont aan dat 

gecombineerd experimenteel en computationeel onderzoek vernieuwende 

inzichten kan geven in het rationeel ontwerp van nieuwe materialen. Dit 

werd in eerste instantie aangetoond door de heterogenisatie van een 

homogene, chirale katalysator. Door de kennis van het reactiemechanisme 

werd inzicht verkregen in mogelijke methoden voor verankering van het 

homogeen complex. Hiernaast werd aangetoond dat computationele 

methoden een belangrijke bijdrage kunnen leveren in de karakterisatie van 

materialen. Het domein van de computationele spectroscopie is inderdaad 

volop in beweging en grote interacties tussen theorie en experiment zullen 

ongetwijfeld ontstaan. Uit dit werk kan besloten worden dat een nauwe 

samenwerking tussen experimenteel en computationeel werk zeer 

interessante resultaten kan opleveren bij het gestructureerd ontwerpen 

van nieuwe, poreuze materialen. 
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SUMMARY 

Nanoporous materials are used in a large number of applications, making the 

design of these materials an important topic in current research. For large-

scale applications within catalysis and adsorption these materials are widely 

applied. For more high-tech niche applications such as sensors and 

electronics there is also much interest towards porous solids. However the 

design of these compounds generally involves a high degree of trial and 

error. Recently much progress has been made towards a more structured 

approach with the popularity of high throughput synthesis. In the last few 

decades, ab initio modelling has found its place in the field of chemistry, 

chemical engineering and material science. The use of computational 

modeling can lead to a better understanding of existing processes, allowing 

these to be further optimized. With the increasing computational power and 

more sophisticated numerical algorithms, these modeling studies can also be 

used in the design of new materials and processes. 

In the field of fine chemistry and pharmaceuticals, catalysis plays a very 

important role. Many transformations are unfeasible or possess a very low 

selectivity when the correct catalyst is not applied. In this field, 

homogeneous catalysis is still the method of choice for most applications. In 

these processes the homogeneous catalyst should be separated from the 

products afterwards which leads to a significant loss of catalyst. Although this 

economic loss is limited compared to the added values in the fine chemical 

industry, the increased incentive for the reduction of waste generation and 

energy consumption has sparked the interest for the use of heterogeneous 

catalysts in this field as well. Since for most processes in this field an 
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optimized homogeneous catalyst is already available, the new 

heterogeneous variant should provide the same properties. Especially the 

high selectivity is very important since in many fine chemistry processes side 

products are unwanted or even dangerous. 

In this work, a combined experimental and theoretical approach is used in 

the design of a heterogeneous catalyst for the enantioselective epoxidation 

of unfunctionalized olefins. This reaction has been optimized on the 

homogeneous, chiral salen complex, making this the ideal starting point for 

the design of a heterogeneous material for this process. In order to allow a 

computationally aided design that would lead to a heterogeneous catalyst 

that maintains the selectivity of the salen catalyst, firstly the mechanism of 

epoxidation had to be unraveled. Previous attempts to tackle this problem 

computationally were unsuccessful due to uncertainties on the electronic 

structure method to be used for this system. Therefore it was decided to 

compare a broad series of density functionals to high level multireference 

calculations in order to isolate the best-suited method. It was important to 

use a DFT model since high-level wavefunction methods, although very 

accurate, are computationally too demanding to apply on the large system 

which is under investigation here. 

In the second part of this research the mechanism of the epoxidation 

reaction with the salen complex was unraveled. A pathway with a radical 

intermediate appeared to be the most plausible. However, this mechanism 

was contradicted earlier by experiments with radical probes that would 

‘capture’ any radical intermediate in non-epoxide side products. Our model 

allowed to conclude that this formation of side products was, contrary to 

chemical intuition, higher activated than the formation of epoxides. The 

difference in product distribution between several variants of the radical 

probes could also be explained, confirming that the radical mechanism 

remained the most probable for this reaction. 

The knowledge of the mechanism could be used to isolate in which step the 

selectivity of the complex was determined which, in turn, allowed the 

modelling of this enantioselectivity. The study of the symmetrical salen 

complex with relatively bulky tert-butyl groups on both salicylaldehyde 
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moieties allowed to rationalize the important influence of these bulky 

groups. It was shown that two approaches of the olefin to the complex 

leading to the two enantiomers were dominant and one of those approaches 

was hindered by the bulky groups. One possibility for the immobilization of 

chiral salen complexes in a porous material is covalently grafting them to a 

support. In order to facilitate this process, the bulky groups on the wings are 

mostly replaced to reduce the steric hindrance in the grafting and to 

introduce a functional group to allow the coupling. This modification can be 

done on a single side of the complex leading to a so-called asymmetric salen 

complex. Theoretical calculations showed that the asymmetric variant shows 

an inherently lower selectivity, implying that this immobilization technique 

was not the preferred approach. This was also observed in the experiments. 

With the knowledge on the selectivity behavior that was found from the 

computational modeling study, a rational design of an immobilized salen 

catalyst could be proposed. As a carrier material two supports were chosen: 

a MIL-101 metal organic framework and a phenolic resin. As a first step, the 

results from the modelling calculation were verified and an asymmetric salen 

complex was grafted on MIL-101(Cr). This led to a decrease in selectivity, as 

was expected, but also to a decrease in activity. Since our models showed 

the importance of using the symmetrical complex with bulky substituents, 

another immobilization procedure was proposed. In this approach the 

complex was anchored to a phenolic resin via a substitution on the sixth 

coordination side. While this grafting method allowed the retention of 

selectivity it was detrimental for the activity. This was attributed to the 

change in electronic properties of the manganese center. In the most 

successful immobilization approach, the commercial salen complex was 

immobilized by building an NH2-MIL101(Al) material around it, forming a 

ship-in-a-bottle catalyst. A catalytic test with this material showed that the 

selectivity was maintained and the loss of activity was limited. These results 

show the possible synergy between experimental and computational 

research in the design of new catalysts. 

Other applications of the computational modeling of materials were also 

explored, more specifically the verification of calculated crystal structures. 

When modelling nanoporous, crystalline materials such as metal organic 
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frameworks it can be interesting to have a method to verify the quality of the 

model. It was shown to be possible to directly compare calculated 

geometries to experiments via x-ray diffractograms. Both a qualitative 

approach, where simulated diffractograms are compared to experimental 

ones, as a quantitative approach, where calculated geometries were fit to 

the measured diffractogram using a Rietveld model have shown their value 

in this exercise. This method was applied on a MIL-47(V) structure, where the 

most suitable geometry was found from a set of calculated possibilities with 

similar energies. Even subtle geometrical differences between structures 

with different electronic structures (ferro- or anti-ferromagnetic) could be 

distinguished from each other. 

As a third part of this work, the use of theoretical modelling in the 

interpretation of spectra was investigated. During the development of a new 

material the characterization can in many cases be non-trivial. Many 

spectroscopic techniques suffer from a low resolution in the analysis of 

solids. Within the framework of this research calculations were used to assist 

in the interpretation of UV/Vis and IR spectra. This procedure was applied on 

the development of a gallium MOF with 2,2’-bipyridine-5,5’-dicarboxylate 

linkers. In the UV/VIS spectrum, two absorption bands were present and only 

one could be attributed to the pristine material. With the aid of the 

calculated spectra, the second band was assigned to cationic defects in the 

crystal structure. The presence of a bipyridine moiety in the structure opens 

the possibility for further modifications with metal centers that could serve 

as an active site for catalysis. In this case a modification with CuCl2 was 

proposed to use in the aerobic epoxidation of olefins. Attempts to graft the 

active site induced an effect in the UV/Vis spectrum. To achieve a good 

agreement between the calculated and measured spectra, advanced 

molecular dynamic calculations were done. With this approach, accurate 

model spectra could be calculated. By comparing these to the measured 

spectra the observed changes in the UV/Vis spectrum could indeed be 

attributed to a successful grafting. 

The research as shown in this work indicates that a combined experimental 

and computational research can provide innovating insights in the rational 

design of new materials. This was firstly shown by the heterogenation of a 
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homogeneous, chiral catalyst. The knowledge of the reaction mechanism 

provided insight in how the immobilization methods would influence the 

selectivity of the material. Besides the design of catalysts it was shown that 

computational models can provide an important contribution to the 

characterization of materials. The domain of computational spectroscopy is 

growing continuously and fruitful complementary efforts between 

theoretical and experimental research are to be expected.  To conclude, this 

thesis shows that a close collaboration between experimental and 

theoretical research can provide very interesting results in the targeted 

design of nanoporous materials.  
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CCHHAAPPTTEERR  11..  INTRODUCTION 

1.1 CATALYSIS  

General 

The textbook definition of a catalyst is a compound that accelerates a 

chemical reaction without being consumed in the process. This is 

represented in an energy diagram as shown in  Figure 1.1. However, for 

practical applications, a catalyst has a much larger impact than only 

accelerating the reaction. A crucial function is also increasing the selectivity 

of a process. Indeed, inhibiting the production of unwanted or even 

dangerous side products can be achieved by choosing the appropriate 

catalyst. In general, the use of catalyzed reactions has two functions: an 

economic one, with the aim to produce the desired products more 

efficiently, and an environmental one, with the aim of reducing the energy 

requirements and waste production of a process.  

The field of catalysis can be divided in two main divisions: heterogeneous 

catalysis, where the catalyst is in a different phase from the reactants, or 

homogeneous catalysis where the catalyst is in the same phase[1-6]. 

Examples of heterogeneous catalysts are (acid) zeolites that are currently 

workhorses in the petrochemical industry[7, 8], but also deposited metals in 

porous materials[9] and grafted homogeneous complexes belong to this 

category of catalysis. The latter catalysts have received an increased 

interest in the last decade[10, 11], but their industrial applications have been 

limited. Heterogeneous catalysis currently dominates the petrochemical 

and bulk chemical industry but has also found its way in fine chemistry 
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applications[6, 12]. The examples of homogeneous catalysis are even more 

numerous, the range goes from very simple systems such as sulfuric acid, 

that are used in bulk chemistry, to large metal complexes typically found in 

fine chemistry processes. An emerging class of homogeneous catalysts are 

enzymes[13]. With the goal of using chemical processes that have been 

‘optimized’ by nature, an exploration to employ these highly complex but 

very active and selective substances in the chemical industry is currently 

ongoing. 

 

 Figure 1.1. Schematic representation of a catalyzed reaction.  

Catalysis in fine chemistry 

To provide a more detailed picture of the use of catalysis in the chemical 

industry it is interesting to divide industrial processes into four distinctive 

groups; oil refining, bulk chemistry, fine chemistry and the production of 

pharmaceuticals. This division is mostly made on the basis of yearly 

production scale (see Table 1.1). In each of these segments catalysis plays a 

crucial role but mostly for different reasons and the catalyst takes different 

shapes, i.e. homogeneous, heterogeneous, zeolites, deposited metal 

clusters.  

Oil refining and bulk chemistry use a catalyst to reduce the energy 

requirements and increase the speed of a process. Some conversions are 

even unfeasible without the right catalyst. Selectivity is relatively less 

important compared to other segments in the industry. In a majority of the 
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processes from this category, heterogeneous catalysts are employed. This 

allows the use of continuous processes, that are crucial for the production 

of chemicals on a large scale. The production of fine chemicals and 

pharmaceuticals on the other hand, is mostly done with the help of 

homogeneous catalysts. These are in most cases very selective compounds 

to avoid undesired side products or induce the formation of products that 

would not be formed in an uncatalyzed reaction. Since the cost of the 

separation of these catalysts from the reaction mixture is in most cases low 

compared to the added value on the products, little effort has been done 

on finding heterogeneous catalysts with the same function as the 

homogeneous one. On top of that, it is mostly a difficult challenge to find a 

heterogeneous catalyst that has the same selectivity as the best 

homogeneous system for a certain reaction. However, there is a growing 

incentive to replace the current generation of homogeneous systems by 

heterogeneous variants. The main reason for this are environmental 

concerns[14, 15].  

An objective way of measuring the impact of a process is the E-factor, first 

introduced by Sheldon[16-18]. The most basic definition of this factor is: 

 𝐸 =
𝑤𝑎𝑠𝑡𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)

𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)
 (1.1) 

For practical applications the waste produced is multiplied by a factor 

involving the toxicity of the waste[19]. For example, the production of water 

as a ‘waste’ product is far less invasive as the production of methanol 

waste. When analyzing the average E-factors for the different segments of 

the industry it becomes apparent that the large-scale industries have 

significantly reduced the generation of waste products compared to the 

small-scale industries (Table 1.1). The difference has become so large that 

the absolute amount of waste produced in fine chemistry and 

pharmaceutical chemistry is of the same order of magnitude as in oil 

refining although the production quantities are significantly lower. A part of 

this effect is due to the use of homogeneous catalysts. The steps needed to 

separate the catalyst from the products generate unwanted compounds 

and mostly a significant fraction of the catalyst is lost in the process. These 
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disadvantages could be avoided when using a heterogeneous catalyst. 

Another important effect is the generation of side-products in a process. 

When these products cannot be valorized they are also considered as 

waste. This means that an important factor in the design of a good catalyst 

will be maximizing the selectivity of the material towards the desired 

products.  

Table 1.1. Production and waste generation in the different segments of the chemical 
industry[16]. 

 

Segment 

Production (ton/year) E-factor 

Oil refining 106-108 <0.1 

Bulk Chemistry 104-106 1-5 

Fine Chemistry 102-104 5-50 

Pharmaceuticals 10-103 25-100 

 

Design of catalysts 

An important goal in this thesis is to design a heterogeneous catalyst for the 

well-known process of chiral olefin epoxidation. This task may be achieved 

using various approaches. The easiest way is to look in a pool of existing 

materials for a candidate that has similar chemical properties compared to 

the currently used materials and catalysts for the process. For example 

when there is a reaction that requires acid catalysis, one could look for an 

acid zeolite and use that as a candidate. While this answer seems very 

straightforward, there is a whole range of acid zeolites available and not 

every candidate will have the appropriate properties for the process under 

investigation[20]. Thus, there are more advanced tools necessary for the 

design of a heterogeneous catalyst. 

A common technique is an extended design of experiments, by an 

investigation where different parameters of the catalyst and reaction setup 

are modified, the mechanism of a reaction can be discovered. This method 

is referred to as (experimental) microkinetic modelling[21, 22]. With the 

knowledge of the mechanism, a list of important features that the material 

should have to be usable in the process, can be compiled[23]. In a next phase 
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of the design, the catalytic material is synthesized to contain those features. 

This requires a profound insight in material chemistry and a class of 

materials that has enough flexibility to allow the needed modification. As 

with any good design process the knowledge from the first steps is used to 

further improve the material by repeating this procedure several times. 

In the development of a microkinetic model as described above, gaining 

mechanistic insight is done by a kinetic analysis. There are of course several 

other ways to achieve this. For example in situ spectroscopic studies or 

prior knowledge on the considered type of reaction. With the increase in 

computational power of the last decades it has become feasible to use 

molecular simulations to assess the behavior of a chemical reaction. This 

methodology describes a chemical system from basic physical principles 

and allows an atomic-scale insight into the parameters that control the 

behavior of a catalyst, and overall the chemical reaction. The advantage of 

this technique is the possibility to test a multitude of different variants of a 

system in a relatively short time. Moreover it is possible to simulate 

conditions that are not achievable in a laboratory. The main disadvantage 

of this approach is that the results are not necessarily immediately 

applicable and sometimes not experimentally achievable. Thus using 

molecular modeling in rational design of catalyst, requires a close 

interaction between the results obtained from the computational research, 

the synthesis of the material and experimental validation of the behavior of 

the material in the chemical reaction under investigation.  

1.2 SALEN COMPLEXES FOR ENANTIOSELECTIVE OXIDATION 

CATALYSIS 

Epoxidation 

Epoxides are valuable intermediates in numerous chemical reactions. The 

high ring-strain in the three-membered ring allows for a facile 

transformation to a whole range of different products, i.e. diols, ethers, 

carboxylic acids,…[24, 25] (Figure 1.2). These epoxides can be produced in 

different ways, but the most direct route seems to be the oxidation of 
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olefins. The oxygen is transferred from a whole range of oxidants to the 

double bound of the substrate, a straightforward example of this is the 

oxidation of olefins with meta-chloroperbenzoic acid (MCPBA)[26]. Unlike 

the latter example, many transformations of olefins to epoxides require 

some sort of catalyst. A good way to classify a catalyst for the epoxidation 

of olefins is via the mechanism at work[27] (Figure 1.3). The first possible 

process involves a radical chain mechanism where the oxidant forms a 

radical intermediate that is active for the epoxidation. This process is 

mostly done with metal catalysts that can undergo a one-electron redox 

step (i.e. CuII/CuI or CoIII/CoII). It is not surprising that, due to the radical 

character of this system, this mechanism is the least selective[28]. The 

second, industrially most relative mechanism is the so-called oxirane 

pathway[29, 30]. This reaction is catalyzed by metal complexes of Ti(IV), V(V) 

or Mo(VI). The coordination chemistry of these complexes is most often of 

huge importance for the activity and selectivity. The third scheme is the 

oxygen-rebound mechanism[31, 32], this mechanism is catalyzed by metal 

complexes that can undergo a two-electron redox step (i.e. CrIII/CrV or 

MnIII/MnV). In this pathway, the oxygen atom is firstly transferred from the 

oxidant to the catalyst and then passed on to the substrate.  

Discovery of the chiral salen complex 

We will consider the oxygen rebound mechanism more in-depth. This 

mechanism is well known in porphyrin systems[31, 32] and is thus an 

important mechanism in nature. For synthetic chemistry the approach also 

seems very attractive, some very active catalysts operate via this 

pathway[33, 34]. Another type of complexes that are used in this type of 

oxygen transfer are compounds of Mn, Cr or V with salen ligands. A salen 

ligand is a chelating ligand consisting of two salicylaldehyde moieties 

connected by, in its simplest form, an ethylenediamine bridge. Although 

these chelating compounds are already in use for a long time[35], since the 

late 80’s there has been a significant increase in the academic interest in 

the use of salen complexes for oxidation reactions.  
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Figure 1.2. Selection of possible reactions with epoxides by exploiting the high ring strain of 
the three-membered ring. 

In 1990 Katsuki[36] and Jacobsen[37] reported, independently of each other, a 

chiral variant of the manganese salen complex (simply referred to as ‘chiral 

salen complex’). This meant a great leap forward in the popularity of salen 

complexes. Since epoxides are very reactive it could prove very interesting 

to be able to make chiral epoxides from unfunctionalized olefins (Figure 

1.4). These intermediates can transfer their chirality in subsequent steps 

and can thus introduce a chiral center during a synthesis procedure. The 

value of chiral epoxides is indicated by the large previous interest in a 

catalyst that could successfully generate these compounds, being the 

titaniumtartrate or Sharpless complex[38, 39]. This system was very active and 

selective, but its main disadvantage was that it required an allylic alcohol as 

substrate for epoxidation and unfunctionalized olefins could not be oxidized 

enantioselectively. Despite these disadvantages, the value of this catalyst in 

the field of organic chemistry was recognized with a nobel prize in 2001[40].  
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Figure 1.3. Different mechanisms for the epoxidation of olefins with peroxides as a model 
oxidant. The radical chain mechanism (a), oxirane pathway (b) and oxygen rebound 

mechanism (c). 

 

Figure 1.4. Example of an enantioselective epoxidation reaction with an unfunctionalized 
olefin as substrate. 



Chapter 1 - Introduction 

11 
 

 

Figure 1.5. Variants of the salen complex, with a chiral diamine backbone (a) and a chiral 
biphenyl backbone (b) 

The first class of chiral salen complexes had a chiral 1,2-

diphenylethenediamine backbone (Figure 1.5 (b)). Later on, Jacobsen 

proposed a variant that was built from a chiral cyclohexanediamine (Figure 

1.5 (a))[41]. The main advantage of the latter is that the chiral diamine used 

is very easily obtainable by a recrystallization with tartaric acid from a 

racemic mixture[42]. Early on, it became apparent that substituents on the 

salicylaldehyde moieties could significantly increase the selectivity[36] and 

activity[43]. By introducing extra chiral groups on the C3/C3’ positions (see 

Figure 1.6 for the numbering) the selectivity of the catalyst could be largely 

improved[44, 45]. However, this increases the complexity of synthesizing the 

ligands. The more simple variant has tert-butyl groups on the C3/C3’ and 

the C5/C5’ positions. This complex consists of relatively simple and cheap 

building blocks and can be produced easily on a large scale,[46] while still 

maintaining a very good selectivity for a wide range of substrates. All those 

features, together with the commercial availability, make this variant of the 

chiral salen complex (often denoted as the Jacobsen (salen) complex) the 

choice for many applications.  

 

Figure 1.6. Numbering to denote substituent positions on salen ligands. 
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The high potency of the chiral salen ligand loaded with manganese in 

enantioselective epoxidation reactions has led to much research on the 

application of this system for other reactions. The first example of this is the 

asymmetric aziridination. This use of the salen complex is again based on 

the prior knowledge that porphyrins are a viable catalyst for this 

reaction[47]. Although initial results were poor,[48, 49] much effort was done 

with the use of very advanced and bulky salen ligands (for example Figure 

1.7) to improve the selectivity. The use of a Ru-salen type catalyst allowed 

to obtain very high selectivities in a good yield[50]. However the ligands used 

are much harder and more expensive to synthesize than the commercial 

Jacobsen catalyst (Figure 1.5 (a)) making it a less attractive catalyst for this 

reaction as Mn-salen complexes are in the epoxidation of olefins. 

 

Figure 1.7. Bulky ruthenium-salen catalyst for enantioselective aziridination reactions. 

Another application is the use of salen-type catalysts for enantioselective 

sulfoxidation reactions of thioethers. This application is driven by the fact 

that many asymmetric epoxidation catalysts are also successful in selective 

sulfoxidation reactions. With this idea in mind Fujita et al.[51] employed the 

vanadium-loaded salen complex even before the breakthrough of salen 

catalysts for asymmetric olefin epoxidation. However the resulting 

selectivity was relatively disappointing. The use of the di-μ-oxo (Ti)salen 

complex provided a much better selectivity as was shown by Katsuki et 

al.[52, 53] Other reactions using iron variants and the classical manganese 

system also led to decent results[54, 55]. But since the scope of possible 
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substrates is still limited, the search for a catalyst with a broad range of 

applicability and the capability to avoid overoxidation in the sulfoxidation 

process still continues. 

Mechanistic considerations from experimental studies 

The mechanism of olefin epoxidation with Mn-salen complexes has been 

contested for many years. Although the oxygen rebound mechanism was 

assumed to be valid on the Mn-salen complex, the MnV-oxo intermediate 

(Figure 1.8) could not be easily isolated as was the case with the chromium 

variant[56]. An important breakthrough was the discovery of this 

intermediate using mass spectroscopy[57]. This observation suggested that 

the oxygen rebound mechanism is indeed the most likely pathway for this 

variant.  

 

Figure 1.8. MnV-oxo intermediate of the Jacobsen complex. 

 

Figure 1.9. General reaction scheme of olefin epoxidation catalyzed by the Mn-salen complex. 
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The main mechanistic question concerning this reaction is what happens 

after the oxygen is transferred to the manganese complex. How does it 

transfers from the catalyst to the olefin? Very early, the observation was 

made that cis olefins led to a mixture of both cis and trans epoxides (Figure 

1.9)[36]. Moreover, the reaction rate is much higher when the substrate is a 

conjugated olefin. These two facts lead to the conclusion that the reaction 

should occur via a radical intermediate (Figure 1.10). This radical allows for 

a free rotation between the olefin C-C bound, that would explain the 

isomerization leading to a mixture of cis and trans epoxides. The theory is 

further supported by the observation that conjugated olefins are converted 

faster than the unconjugated variants. The radical is stabilized by 

resonance, thus providing a more stable intermediate and a faster reaction. 

 

Figure 1.10. Reaction scheme with a radical intermediate (parts of the structure are omitted 
for simplicity). 

However, this straightforward explanation was quickly questioned by 

experimental results from Wong et al.[58] They proposed to investigate the 

mechanism further using a radical probe. These radical probes are 

molecules that quickly form a specific product when a radical center is 

present. For example trans-2-phenyl-1-vinylcyclopropane (Figure 1.11) has 

a three-membered propane ring vicinal to the double bound. When a 

radical is formed, the cyclopropane ring would open and a series of ring-

opening products would be formed. Thus, the hypothesis was formulated 

that when the radical intermediate exists, a majority of ring opening 

products would be observed, since this step is supposed to be very lowly 

activated. The authors concluded that, depending on the exact substituents 

on the probe, different mechanisms for the oxygen transfer were at work. 
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Next to the originally proposed radical pathway a concerted route was 

assumed.   

 

Figure 1.11. Trans-2-phenyl-1-vinylcyclopropane as radical probe 

Akermark et al.[59] optimized this procedure by proposing modifications on 

the original probe that would not introduce any bias to the position of the 

radical (Figure 1.12 and Table 1.2). Again, different substituents on the 

probe were considered. The results from these tests were similar to the 

previous work, a mixture of epoxide and ring-opening products was 

present. The ratio of the products was shown to be dependent on both the 

exact substrates and the oxidant used. Again the conclusion was that a 

radical mechanism could not support these observations and thus it was 

proposed that the epoxidation takes place via a metallaoxetane mechanism 

Figure 1.14(C).  

 

Figure 1.12. Radical probes proposed bij Akermark et al.[59] 

The metallaoxetane pathway has already obtained significant support as a 

viable alternative for the radical intermediate mechanism[60]. A later set of 

experiments calculating Hammett relations when modifying the electronic 
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effects on the substrates by changing functional groups on cis-stilbenes led 

to similar conclusions[61]. Despite many experimental approaches pointing 

to alternative mechanisms at work, none of the proposed alternatives can 

explain the observed cis/trans isomerization and rate acceleration for 

conjugated olefins very well. An interesting summary of the research on the 

mechanisms was provided by Linker[62].  

Table 1.2. Results of the radical probe experiments. 

 NaOCl/ 

CH2Cl2 (a) 

Iodosylbenzene/ 

benzene (b) 

(1) 100% 57% 

(2) 100% 83% 

(3) 56% 54% 

 

Next to the mechanism of the oxygen transfer, the effects that control the 

enantioselectivity are also not unraveled yet. Several experiments have 

been conducted to probe the approach vectors[41, 63, 64]. Experiments with 

styrene derivatives featuring different substituents[63] have led to the 

conclusion that the so called distal, side-on approach (schematically shown 

in Figure 1.13), where the substrate approaches from the side and the most 

bulky group is pointed away from the complex is preferred, except for some 

tri-substituted variants. However, an experiment where different 

substituents were introduced on the salen ligand[41] seemed to point to an 

approach via the backbone (diamine). 

Mechanistic considerations from computational studies 

The elusiveness of the mechanism for olefin epoxidation with Mn-salen 

complexes has triggered much computational research on this topic. A 

pioneering work in this field is the study of Svensson et al.[65] They were the 

first to use a simplified model for the MnV-oxo-salen complex and employed 

ethene as a model for the olefin. Although this model omits many steric 

effects of the complex it was the only way to reduce the system to a size 

that was feasible for the computational resources at that time. Using 

ethene as a probe molecule does not allow to provide any conclusions on 

the enantioselective behavior of the catalyst, but it certainly provides a 
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good model to unravel the mechanism. One of the important conclusions of 

this study was the observation that the oxygen transfer could take place on 

different spin planes with zero, two or four unpaired electrons (spin 0, spin 

1 or spin 2). This report suggested a spin transfer during the reaction and 

the metallaoxetane intermediate was discarded for being too unstable. 

The main criticism on this methodology was the use of a cationic model 

system. As shown in Figure 1.5, there is a counter ion on the manganese 

center, in the most common case this is a chloride anion. In the apolar 

solvents that are used for this reaction it is likely that the counter ion stays 

coordinated to the complex and has a significant influence on its electronic 

configuration. Jacobsen et al.[66] recognized this and proposed the neutral 

model for the complex, including the counter ion. Moreover they employed 

a BP86 DFT functional instead of a B3LYP functional, which led to a different 

ordering of the spin states. They concluded that the reaction occurred via a 

radical intermediate and that it was most favorable on the spin 1 plane.  A 

pathway on the spin 0 system occurring via a concerted mechanism was 

also found, but was shown to be far less stable.  

 

Figure 1.13. Schematic representation of various approach vecors to the salen complex, 
adapted from Norrby et al[63]. and Cavallo et al.[67] 

The possibility of the reaction taking place on different spin planes led to 

yet another discussion. The results from the pure DFT functional (BP86) 

were shown to be in agreement with high level CCSD(T) calculations by Burt 

et al.[68] This led to the use of pure DFT functionals being favored over 

hybrid functionals for this system. More research on this topic by Jacobsen 
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et al.[69-72] discovered possible alternatives for the radical intermediate. 

Most significantly, the metallaoxetane structure was found to be very 

stable with the cationic model for the salen complex. Burt et al.[73] proposed 

another intermediate: the five-membered ring (FMR) and showed the 

epoxidation via this intermediate being plausible on all different spin 

planes. All these discoveries culminated in the modeling of the full catalytic 

cycle with sodiumhypochloride as oxidant. The hypochloride anion was 

proposed to be the preferred counter ion, and the reaction would take 

place via a phase transfer from the aqueous to the organic phase[69].  

The main problem with the B3LYP functional was identified to be the HF 

exchange part. A modified B3LYP functional with only 15% HF exchange was 

shown to possess a qualitative agreement with the BLYP and BP86 

functionals[74]. Despite the interesting results many groups recognized that 

there was still much effort needed to find a good electronic structure 

method to describe the Mn-salen type complexes. Therefore, high-level 

post-HF methods were employed to find the correct electronic 

configuration[75] and several benchmarks were set up to find which DFT 

functional succeeded the best in reproducing these results[76-79]. In this work 

a suitable DFT functional will be chosen by comparing results from a broad 

range of functionals to high level electronic structure methods. Following 

this procedure, the long-standing question on how oxygen is transferred to 

the olefin can be answered. 
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Figure 1.14. Different mechanisms proposed for the oxygen transfer. 

Next to the mechanism for the oxygen transfer, the origin of the 

enantioselectivity of the salen complex was studied computationally, but 

the number of computational studies on the selectivity are limited. The 

research on the selectivity has always been performed with molecular 

mechanics methods due to the size of the system[67]. Although there is 

some empirical insight in the mechanisms governing the selectivity of this 

catalyst a fundamental understanding is still missing. By using the full 

complex as a model many interactions contributing to the enantioselectivity 

can be identified. 

 

Figure 1.15. Possible non-radical intermediates found in different computational studies. 

Salen complexes: recent advances and practical applicability 

Finding variants of the homogeneous salen complexes for olefin oxidations 

is still a research topic that attracts much attention. But the complexity of 

these more bulky systems make that the industrial relevance of these 
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catalysts will be limited to some very specific cases. Thus an in-depth 

discussion of this will be omitted. Arguably the most important 

advancement in the application of chiral salen complexes is the ability to 

use sodiumhypochloride as an oxidant[64]. Since this substance is cheap, 

easily available and provides only a harmless salt (NaCl) as byproduct, it is 

an ideal oxidizing agent in this reaction. A second advancement that was 

important for the practical applicability of this system is the method for a 

straight-forward and easily upscalable synthesis procedure of the Jacobsen 

complex, including the purification of the chiral backbone[46]. 

Next to the use in chiral olefin epoxidation, the scope of salen-type ligands 

has widened in the recent years, mostly by exploring different metal 

centers or ligand modifications. An application that has raised much 

interest in the recent years is the valorization of CO2 by copolymerization 

with epoxides[80, 81]. Other applications are the catalysis of Mizoroki–Heck 

and Hiyama cross-coupling reactions[82], non-enatioselective oxidations[83], 

kinetic resolution of alcohols[84] and many more. This broad scale of 

possibilities is due to the flexibility in modification of these complexes, both 

in metal center as in functional groups on the ligand. 

As with any homogeneous catalyst, the applicability could be improved with 

the design of a heterogeneous analogue that maintains the activity and 

selectivity of the original material. A solid material can easily be separated 

from a liquid or gaseous phase, thus allowing a good recycling of the 

(expensive) catalyst. Another reason to heterogenize catalytic complexes is 

to avoid the pollution of the end-product. In many fine-chemical 

applications any contamination of the products is detrimental for the 

application and an easy, quantitative separation is very important. Given 

the many benefits, there has been a lot of research on the design of 

heterogeneous salen catalysts. A covalent grafting seems the most 

straightforward route to achieve this. As a carrier material for this approach 

resins are proposed due to their ease of modification[85-87]. Most of these 

materials succeeded in the catalytic epoxidation but the enantioselectivity 

was significantly lower than the homogeneous variants. Other reports use 

the sixth coordination side on the manganese center to anchor the 

complex[88, 89]. Generally this method leads to a more selective catalyst. 
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These methods and many others have been reviewed by Duan et al.[90] 

While several immobilization procedures have been proposed, a method 

that maintains both the selectivity and activity of a complex would be very 

valuable and could prove a large step forward in the industrial applicability 

of this complex.  

1.3 METAL ORGANIC FRAMEWORKS 

While the first reference to what one might call a Metal Organic Framework 

(MOF) dates from 1965[91] the big interest in this topic however, was 

sparked by the report from Yaghi et al.[92] in 1999. The design and 

applications of these materials has been summarized in several interesting 

books[93, 94], reviews and themed journals[95-97]. Many definitions of a MOF 

are proposed, they can be summarized as: hybrid crystalline materials 

consisting of metal nodes and organic linkers and possessing inherent 

porosity. When analyzing this definition one can see why there are such a 

huge amount of MOF structures known. There is an almost infinite amount 

of combinations between different metals and linkers. This leads to a whole 

spectrum of MOFs with various shapes and connectivities, the only 

limitation on a metal-linker combination is its ability to form a 3D network 

(or stacked 2D sheets). These networks can have different pore sizes and 

shapes ranging from 1D channels or large cages with smaller windows 

(illustrated in Figure 1.16). 

Synthesis and nomenclature  

Although the goal of this thesis is not the design of new MOF structures, 

many previously reported materials are applied, making it interesting to 

take a look on how these materials are synthesized. From a fundamental 

point of view the growth of a MOF is no different than that of another 

crystalline material. The first step is the nucleation, where a small amount 

of components meet to form a starting center for the crystal. After this first 

step there is a growth phase were the nuclei grow to full crystals. This is a 

constant exchange between components from the solution that couple on 

the solid phase and vice versa. This two-way process is crucial to provide a 

well-defined crystal structure since it is an internal correction of structural 
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defects[98]. From a practical perspective the most applied synthesis 

procedure is a solvothermal system. Here the metal salts and organic 

linkers are mixed in a solvent and heated, sometimes under pressure if the 

synthesis temperature is higher than the boiling point of the solvent.  

 

Figure 1.16. MIL-53 (left) and MIL-101 (right) topologies. Both MOFs can be made by 
combining a Cr-salt and terephthalic acid linkers, this illustrates the versatile structures that 

can be obtained with metal organic frameworks, Reprinted (adapted) with permission 
from[99] . Copyright 2015 American Chemical Society. 

Other synthesis approaches are for example an electrochemical synthesis, 

where the crystals are formed on an electrode with the help of an electrical 

current. The latter procedure has the most promise as an industrial 

synthesis route since it can be operated continuously. BASF produces a 

series of MOFs for commercial applications such as separation, adsorption 

and catalysis via this procedure[100, 101].  

Another procedure that has attracted much attention is the microwave-

assisted synthesis. The use of microwaves to enhance reaction rates or to 

enable reactions that were previously unfeasible is already well-established 

in synthetic chemistry[102]. The same methodologies have been applied on 

the synthesis of MOFs [103]. Here the main advantage is that synthesis times 

could be shortened significantly. As an example the synthesis of MIL-

100(Cr) can be considered, the classical solvothermal synthesis procedure 

takes multiple days while the microwave-assisted method provides the 

same yield in four hours[104]. Next to this first report, numerous other 

materials can be produced more efficiently with the microwave approach. 



Chapter 1 - Introduction 

23 
 

Compared to other synthesis pathways, microwave-assisted synthesis 

procedures yield tiny crystals mostly of 100 nm to a few micrometers. 

Although the use of microwave-assisted synthesis procedures is wide-

spread, the physical principles behind this methodology are not well-know. 

The most accepted theory is the presence of a beneficial local heating effect 

when irradiating polar solvents. 

The previous examples are arguably the most applied procedures to 

synthesize a metal organic framework. When single crystals are required for 

a structural analysis by XRD, low temperature methods are preferred[98]. All 

of these methods provide a relatively low yield of highly crystalline and 

large crystals. Another method worth mentioning is the mechanochemical 

synthesis where the material is formed in a solvent-free (or solvent-poor) 

medium by ball milling[105, 106]. This procedure generally yields a material 

with a poorer crystallinity than can be obtained via other procedures. The 

main advantages of this methodology are the short reaction times and the 

ease of upscaling.    

Due to the absence of a standardized method for the nomenclature of 

metal organic frameworks the system has become complex. Generally a 

MOF is named in two parts; firstly there a series of letters that most of the 

time refer to the institute or group that first reported the material. Some 

examples are HKUST (Hong Kong university of science and technology), MIL 

(matériaux de l'institut Lavoisier). The second part of the name is a number 

denoting how many MOFs have been previously reported by that group. 

Due to the nature of MOFs, series of similar combinations of metals and 

linkers can be designed, this is called isorecticular synthesis (Figure 1.17)[107, 

108]. Mostly these variants are named by using their parent name with the 

modification on the linker or metal center noted, i.e. MIL-53, MIL-53(Cr), 

MIL-53(Ga), NH2-MIL-53[109]. The nomenclature presented here is the one 

used in this work, but since there are many different systems, other types 

of names can be found in literature.  
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Figure 1.17. Example of isorecticular MOF design by linker variation. Reproduced from[110] 
with permission of The Royal Society of Chemistry. 

Applications 

As with every porous material an important application of MOFs is gas 

adsorption and separation. In this area the largest research efforts have 

gone to the design of metal organic frameworks for hydrogen storage[111, 

112]. The application of hydrogen as a clean fuel in cars and other mobile 

systems has been hindered by the amount of fuel that can be stored in a 

limited space, therefore there is a need for adsorbents to be loaded in a 

fuel tank in order to increase the amount of gas that can be stored in a 

volume under a certain pressure. The main features a material should have 

to be a good adsorbent in this application is a low weight, high surface area 

and a good affinity for hydrogen. In this application the versatility in the 

design of MOFs shines, an isorecticular series of structures can be made to 

select the best candidate and to assess the influence of the linker[113]. 

Despite much interest in this field a readily applicable material that can 

increase the stored amount of hydrogen to a sufficient height for practical 

applications has not been proposed. However the sheer number of 

structures that have been designed for this application shows the versatility 

of MOFs and the opportunities for the design of novel materials[114]. 

This work however focusses on the application of MOFs within the field of 

catalysis and more attention will be given to this area of application. 

Opportunities of using MOFs in catalysis have been reviewed extensively[115, 

116]. Unlike many other porous materials such as silica’s, resins, PMOs or all-

silica zeolites, MOFs have an inherent metal center in their structure that 

could serve as an active site for catalysis. For example the vanadium sites in 

MIL-47 structures are very suitable for olefin epoxidation reactions[117, 118]. 
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Sometimes the MOF is not catalytically active as such due to adsorption of 

water on the free metal sites, blocking their catalytic activity. This effect 

was shown by De Vos et al.[119] with the use of a dehydrated HKUST-1 as a 

lewis acid catalyst. In the case of lewis acid catalysis the hybrid nature of 

metal organic frameworks can be exploited by tuning the electronic 

interactions between the linker and metal site by modifying the former[120]. 

Despite many opportunities with this approach, sometimes the metal site is 

not available for catalysis since its complete coordination shell is 

occupied[121]. In that case one has to look to incorporate other active sites in 

the structure, for example by building them into the material by the linkers. 

As an example some MOFs have been designed with advanced transition 

metal complexes as linkers such as metalloporphyrins[122] or salen 

complexes[123]. While sometimes the approach of building catalytic 

complexes in the structure as linkers can lead to a huge success[124], the 

activity or selectivity of the homogeneous catalyst can rarely be matched. 

When the aim is to heterogenize complex homogeneous catalysts, a more 

successful approach can be an encapsulation procedure where the 

structure fits in the cages of a MOF but cannot leave through the windows. 

While examples of this approach are rare, a successful encapsulation was 

presented by Eddaoudi et al.[125] The catalytic applications of MOFs are 

much more numerous than presented in this short overview and several 

reviews are available on this topic for further information[116, 126, 127].  

When, despite the large amount of metal and linker combinations that may 

form a MOF, there is no proper material available that is suitable for the 

target application, one can exploit the presence of organic linkers or 

unsaturated metal sites as a platform for further modification[128]. All of 

these modifications take place after the framework is formed and are 

therefore mostly called ‘post synthetic modifications’ (PSM). The most 

straightforward approach to a postmodification is the chemical 

modification of functional groups present in the linker, called covalent PSM. 

Some nice covalent PSM platforms have been proposed[129-131] including 

systems based on ‘click’ chemistry[132, 133]. Most of the covalent PSM 

procedures require some sort of functional group being present in the 

material. Since many MOFs are based on simple terephthalate linkers, in 
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most cases there is no such anchor point available. To expand the scope of 

covalent PSM methods a functional group can be introduced by a Friedel-

Crafts alkylation providing a terminal chloride atom which is a good leaving 

group[134]. Several ways to modify MOFs for catalytic applications are shown 

in the overview in Figure 1.18. 

 

Figure 1.18. Overview of different ways to introduce active sites in a MOF. Adapted with 
permission from[119, 125, 135]. Copyright 2015 American Chemical Society and The Royal Society 

of Chemistry. 

Next to catalysis, another useful property of MOFs that can be important in 

some advanced niche applications is their luminescence behavior. When 

excited by (UV-)light many metal organic frameworks exhibit some sort of 
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fluorescence behavior[136, 137]. Intuitively, one can assume this is a 

consequence of an electronic interplay between the linkers and the metal 

node. This property has sparked the interest for some high-end 

applications, most of them including the sensing of toxic, explosive or 

otherwise dangerous compounds[138, 139]. The presence of guest molecules 

in the MOF host changes the electronic structure of the material and thus 

the fluorescence color. Since MOFs generally have a high surface area, 

many guest molecules can be adsorbed leading to a high local 

concentration and a more significant color change than would be the case 

with a non-porous material. 

Chiral salen catalysts in MOFs 

As was pointed out in a previous section there has been much interest in 

the heterogenation of chiral salen complexes to improve their practical 

applicability. When considering the possible approaches to make 

catalytically active MOF materials, the use of variations on this type of 

complex as a linker comes into mind as a feasible strategy. Some linkers 

that have been designed for this are shown in Figure 1.19. A first report 

uses the synthesis strategy where two types of linkers form a framework, 

when the salen-shape linker is directed vertically in the structure, a 

biphenyldicarboxylate linker was directed horizontally on the metal cluster 

containing zinc centers[135]. This MOF was very active and reasonable 

enantioselectivities were obtained in the epoxidation of chromene. The 

framework is an example of an interpenetrated MOF, where two crystal 

structures are grown inside each other so that the linkers of one crystal are 

in the pores of another crystal. The effect of this interpenetration on the 

selectivity was studied by molecular mechanics calculations[140]. In another 

approach a salen linker with a diol modification was built in a Cu-based 

framework, which also led to enantioselectivities that were good but 

slightly lower than the homogeneous complex[122].  Another group reported 

an interesting study where the chiral salen linkers were postmodified with 

other metal centers, opening the way for new types of chiral reactions but 

no catalytic tests were done with this material[141]. 
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Figure 1.19. Two different salen linkers designed for building into a MOF[135, 141]. 

The MIL-101 framework 

One example of a metal organic framework will be studied more in depth 

since it is used extensively in this work. The original MIL-101 structure 

(Figure 1.16) is a chromium terephthalate MOF that was discovered by 

Férey et al.[142] This remarkable material has an unusual pore size for a 

crystalline compound, with two types of cages of 12700 Å³ and 20600 Å³ 

respectively. Due to the high interest for this material many variants have 

been synthesized. An example is the exchange of the chromium cation for 

vanadium or iron[143, 144]. Also linker modifications on this material were 

reported to introduce -NO2 and –NH2 functionalities[145]. A postmodification 

process was required since direct synthesis of MIL-101(Cr) structures with 

the modified linkers was found to be impossible. Another important variant 

was the NH2-MIL-101(Al) material, which was synthesized because 

combining an aluminum salt with pristine terephthalic did not yield a 

material with a MIL-101 topology[146, 147]. 

Several catalytic applications of MIL-101 type of materials were reported, as 

reviewed by Kholdeeva et al.[148]. Also the aluminium variant of the catalyst 

with -NH2 groups was proposed to be active for applications in basic 

catalysis[147]. The specific structure of MIL-101 frameworks has also been 

used to improve existing catalytic systems. The encapsulation of 

polyoxometalates (POMs) by adsorption allowed to increase the reusability 
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of this system[149, 150]. Also large organic complexes, such as phthalocyanine 

complexes were reported to be trapped in the pores of the MOF and 

maintained their catalytic activity[151]. 

1.4 OUTLINE OF THE REMAINING CHAPTERS 

In the next chapter an overview of the general research goal of this thesis is 

presented. In addition, a brief overview of the used computational and 

advanced experimental techniques used in this work will be given.  

In the third chapter all major research results obtained in this thesis will be 

discussed, divided in the three substopics: immobilization of the salen 

complex by combining computational studies with experiments, use of 

diffractograms to resolve differences between theoretically obtained 

structures for MOFs and the modelling of experimental spectra, with special 

focus on UV/Vis spectroscopy. 

In the fourth chapter a summary will be provided together with an outlook 

on how these methods could be applied further. 
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CCHHAAPPTTEERR  22..  GOAL AND METHODOLOGY 

2.1 GOAL OF THE RESEARCH PRESENTED IN THIS THESIS 

In this thesis a combined experimental and theoretical approach will be 

used to design nanoporous materials for catalysis. More specifically, 

attention is given to find a heterogeneous equivalent for a well-known, 

selective, homogeneously catalyzed process: the enantioselective 

epoxidation of unfunctionalized olefins with salen-type catalysts. For this 

design process we will present a heterogenation procedure of the Jacobsen 

salen catalyst. In a first step we will try to find the epoxidation mechanism 

with ab initio techniques. Starting from those results the selectivity can be 

determined with the same techniques. With that knowledge, a 

heterogenation procedure that maintains the selectivity of the 

homogeneous catalyst will be designed experimentally. 

A second part of this work, focusses on the structure characterization of 

nanoporous materials.  To that end experimentally very well resolved X-ray 

diffractograms will be used to discriminate between various obtained 

theoretical structures for the MIL-47(V) type of material.   

The third part of this work consists of various contributions that were given 

to assist in the characterization of new materials and more in particular to 

resolve features obtained from various spectroscopic techniques. Both 

UV/Vis and IR spectra of metal organic frameworks are calculated and 

compared with spectra of modified metal organic frameworks with the aim 

of assisting in the experimental design process. 
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2.2 MOLECULAR MODELING 

General 

The term molecular modeling is used to refer to a set of tools that enable 

the computational prediction and study of the behavior of materials. In this 

work we will mostly use ab initio modeling techniques, for which the 

electronic structure of the systems under investigation is described from 

first principles, thus using no empirical input. The electronic structure of a 

molecule is found by solving the Schrödinger equation for the electrons at 

fixed positions of the nuclei. The latter is a consequence of the Born-

Oppenheimer approximation, which relies on the fact that the nuclei are 

much heavier than the electrons[1, 2]. Generally the goal of computational 

modeling techniques is finding the most stable geometry of a molecule or 

solid. This requires a minimization of the energy, calculated by numerically 

solving the eigenvalue problem of Schrödinger’s equation, as a function of 

the atomic coordinates. By imposing certain constraints during this 

optimization one can also find structures for the transition states of a 

chemical reaction. With the knowledge of the energy for equilibria and 

transition states on the potential energy surface, it is possible to analyze 

the mechanism of a reaction on the nanoscale. Next to an analysis of the 

reaction pathway, the knowledge of the electronic structure of a molecule 

allows for the calculation of other experimental observables. An example of 

this are electronic excitation spectra, such as a UV/VIS spectrum.  

The key issue in this approach is the solution of the Schrödinger equation. 

This equation cannot be solved exactly, except for the hydrogen atom or 

other one-electron systems. Within this framework a variety of models and 

approximations have been developed to solve the electronic structure 

problem.  A short overview is given hereafter. It is not the intention to give 

a complete review on this topic, for more detailed explanations we refer to 

dedicated textbooks on the subject[3-5]. 

Electronic structure methods 

Although the Hartree-Fock method will not be used extensively in this work, 

it is important to introduce it briefly as it is one of the corner stones within 
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the field of many body physics. The theory is based on the description of an 

N-body system with a single slater determinant. As a result of this 

hypothesis a set of equations is found in which the electrons move in a so-

called mean-field, without considering other electrons. The explicit detailed 

interaction between the particles is not included anymore. In that sense, 

electron correlation is not included in this method, apart of course from the 

exchange interaction imposed by the Pauli exclusion principle.  

A single slater determinant description might be quite troublesome for 

systems in which various states are energetically close to each other.  

Where the influence of static correlation became important, a DMRG-

adapted (density matrix renormalization group) CAS electronic method was 

used, referred to as DMRG-SCF[6]. By writing the CAS wavefunction as a 

matrix product state, the DMRG algorithm can be applied in the solution. 

This very efficient algorithm allows for large active spaces to be modeled 

with a high accuracy in a feasible timeframe[7]. 

Other post-HF methods that are worth mentioning are configuration 

interaction (CI) and Møller-Plesset perturbation theory, which are 

thoroughly explained in numerous textbooks on the topic[8, 9]    

A major revolution within computational chemistry was introduced by the 

extensive usage of density functional theory (DFT)[10, 11]. This methodology 

offers a good trade-off between accuracy and computational efficiency. The 

large influence of the development of this method on the field of quantum 

chemistry was rewarded with a Nobel prize in 1998 to Kohn and Pople[12]. 

While mostly classified as an ab initio method, density functional theory 

may contain some empirical input depending on the choice of the exchange 

correlation functional. The key point within DFT consists in describing the 

properties of the system using the electron density. It was proven by 

Hohenberg and Kohn that the electron density gives all properties of the 

system in the ground state[11]. This was later expanded to include 

degenerate states with the Levy-Lieb constrained search[13].  While the 

scheme of DFT is formally exact, a good choice for the exchange and 

correlation functional has to be made. Generally these functionals can be 

classified in several categories: local, non-local and hybrid, and the amount 
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of various functionals proposed to date is very large[14]. Some key 

functionals that will be used in this work are OPBE[15-17], B3LYP[18, 19] and 

CAM-B3LYP[20]. A rationale on why a certain functional is used for a set of 

calculations will be provided when it is applicable. 

Van der Waals interactions 

One of the major shortcomings with many currently available functionals is 

their incapability to describe the long-range electron correlation effects 

that are known as dispersive Van der Waals interactions[21, 22]. Although one 

could neglect these contributions as being weak interactions, they play a 

crucial role in the behavior of a catalyst if it is sufficiently bulky (solid state 

or large organometallic complex). The structure and energy of a system is 

thus partially determined by non-covalent interactions. In the last years a 

lot of attention has been given to the incorporation of these interactions in 

the DFT framework, for example by developing new functionals that are 

able to describe long-range interactions[23]. Another approach that has 

become very popular is the DFT-D method introduced by Grimme[22].  

Grimme et al. proposed a damped energy term that can be added to DFT 

results in order to correct the energy. This term is parameterized for each 

functional. The importance of Van der Waals contributions in 

heterogeneous zeolite catalysis was recently reviewed[24]. In this work a 

term was added after the optimization via the so-called DFTD-D3 

method[25].   

Excited states: Time dependent density functional theory (TDDFT) 

DFT can only be used to calculate ground state properties of a molecule. 

However UV/Vis spectra are a consequence of electron excitation and a 

methodology to calculate excitation energies, and thus the visual spectra is 

required. Time dependent density functional theory (TDDFT) is such a 

method[26, 27]. TDDFT is a general method that solves the time-dependent 

Schrödinger equation, the excitation energies can be derived by isolating 

the resonance frequencies from the frequency decomposition of the time 

dependent density. With the use of the linear response formalism proposed 

by Casida[28, 29] these resonance frequencies can be found directly by solving 
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an eigenvalue problem. This latter formulation is mostly applied, since the 

majority of TDDFT studies have the calculation of excitation energies as a 

goal.  

Thermodynamics from ab initio data 

All methods previously discussed provide solutions for the electronic 

structure of the system under consideration. Using various algorithms, 

minimal energy states and transition states can be found. However, if we 

want to find a reaction pathway that allows us to deduce information on 

the reaction behavior, information on the entropy and enthalpy of the 

reaction is also required. This would allow the generation of free energy 

profiles which provides the most complete picture of a reaction.   

The electronic energy is calculated with the aid of the electronic structure 

methods described above. Via the molecular partition function this 

electronic energy is connected to the internal energy. This molecular 

partition function consists of various contributions such as the translational, 

rotational and vibrational part: 

𝑄 =  𝑞𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 . 𝑞𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛. 𝑞𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 . 𝑞𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 (2.1) 

The electronic part of the partition function is only dependent on a single 

energy state due to the Born-Oppenheimer approximation. The 

translational and rotational part result from the global motion of the 

molecule and are dependent on the mass and moments of inertia of the 

molecule. In order to separate the rotational part from the vibrational part 

the assumption is made that a molecule is a rigid rotor with the bond 

distances frozen in equilibrium[30]. The vibrational part is found by 

describing the internal motions of the molecule as a set of independent 

harmonic oscillators. This is called normal mode analysis (NMA)[31]. In 

practice the mass-weighted hessian matrix is diagonalized which allows 

obtaining the eigenvalues and eigenvectors, representing frequencies and 

vibrational modes. The internal energy is calculated using following 

expression, where Q represents the molecular partition function of the 
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system. For more explanation on the topic we refer to standard 

textbooks[30]. 

𝑈 =  𝐸𝐷𝐹𝑇 + 𝑘𝑏𝑇2. (
𝜕ln (𝑄)

𝜕𝑇
)

𝑉
 (2.2) 

With the internal energy, the enthalpy can be calculated easily when 

assuming an ideal gas behavior 

𝐻 =  𝑈 + 𝑝𝑉 = 𝑈 + 𝑘𝑏𝑇 (2.3) 

The entropy in turn is determined as a function of the partition function: 

  𝑆 =  𝑘𝑏 ln(𝑄) + 𝑇. (
𝜕ln (𝑄)

𝜕𝑇
)

𝑉
 (2.4) 

To conclude, the Gibbs free energy can be determined as: 

𝐺 = 𝐻 − 𝑇𝑆 (2.5) 

Next to determining thermodynamic properties, the normal modes can also 

be used to model the infrared spectrum. The vibrational frequencies are the 

center of the IR absorption bands which are represented by gaussian peaks. 

However, to achieve a more accurate comparison with an experimental 

spectrum the wavenumbers should be shifted, depending on the used 

HF/DFT methodology and proportional to the calculated value of the 

wavenumber[32]. 

Software used for the research 

Most ab initio calculations are done with the Gaussian suite of programs.[33] 

All optimizations are accompanied by a frequency calculation to verify 

whether the structure is a local minimum (no imaginary frequencies) or a 

real transition state (a single imaginary frequency). The DMRG SCF 

calculations were done with the in-house code CheMPS2[7]. NMA and free 
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energy calculations were executed with the help of the TAMkin[34, 35] python 

library. 

2.3 EXPERIMENTAL METHODS 

General 

Most experimental techniques used in this work such as nitrogen sorption, 

UV/Vis, DRIFT, GC and HPLC are already discussed in numerous textbooks[36, 

37] and will not be described here. However, more attention will be given to 

the structure determination of crystalline materials. The determination of a 

solid state structure is a challenging problem. The texture, porosity or 

morphology of a material can be visualized with microscopy or simple 

experimental techniques. The atomic structure however is less obvious to 

unravel, and this is mostly achieved with the aid of powder X-ray 

diffraction.  

Powder X-ray Diffraction 

An important technique to assist in the application of structure 

determination via X-ray diffraction are Rietveld refinements. For the case of 

solids where sufficiently large single crystals can be isolated, structure 

determination is relatively straightforward[38]. However for materials such 

as MOFs or zeolites this is more complicated, as they do not occur as a 

single crystal but rather as a powder. A powder XRD provides less 

information than a single crystal diffractogram since the small crystals are 

randomly oriented. This leads to diffraction cones (Figure 2.1) instead of a 

2D diffraction pattern. A one dimensional scan of those cones leads to the 

typical powder diffractogram. 
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Figure 2.1. Schematic representation of powder X-ray diffraction[39]. 

Structure refinement 

Since a powder XRD pattern is a projection of 3D structure information on a 

1D pattern some information can be lost. The refinement of a diffractogram 

is a topic that sparked much interest during the last decades[40]. One of the 

most significant evolutions in powder pattern refinement is the Rietveld 

analysis[41-44]. Hugo Rietveld single-handedly revolutionized the field of 

powder diffraction with his mathematical model for the diffractogram, 

including a whole range of experimental influences on the peak shapes:   

 𝐼𝑖
𝑐𝑎𝑙𝑐 = 𝑆𝐹 ∑ 𝐿𝑘

𝑁𝑝𝑒𝑎𝑘𝑠

𝑘=1

|𝐹𝑘,𝑗|
2

𝑆𝑗(2𝜃𝑖 − 2𝜃𝑘,𝑗)𝑃𝑘,𝑗𝐴𝑗 + 𝑏𝑘𝑔 (2.6) 

 |𝐹𝑘,𝑗|
2

= 𝑚𝑘 |∑ 𝑓𝑛𝑒
−𝐵𝑛

𝑠𝑖𝑛2𝜃
𝜆2 (𝑒2𝜋𝑖(ℎ𝑥𝑛+𝑘𝑦𝑛+𝑙𝑧𝑛))

𝑁

𝑛=1

|

2

 (2.7) 

 

With  SF the scale factor, Lk the Lorentz polarization factor, Sj the shape of 

the peak in function of 2θ, Pk,j the texture factor of the phase and Aj the 

absorption factor of the phase. Fk,j is the peak intensity as a function of the 
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geometry. N is the number of atoms, fn the atomic scattering factor and Bn 

the temperature factor.  

With this model it becomes possible to fit the equation to the measured 

diffractogram, thus finding the atomic coordinates[45] (a measure for this fit 

is shown in equation 2.6). In modern studies this fit is done in two steps. 

Firstly a profile-only fit is done to assess the experimental parameters, 

examples are Pawley or Le Bail[46-48] refinements. From this first step the 

calculated intensities are used in the complete Rietveld method to find the 

structure of the material under investigation. 

 𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝐼𝑖

𝑒𝑥𝑝
− 𝐼𝑖

𝑐𝑎𝑙𝑐)
2𝑁

𝑖=1

∑ 𝑤𝑖(𝐼𝑖
𝑒𝑥𝑝

)
2𝑁

𝑖=1

. 100% (2.8) 

 

The Rietveld model is used in this research to investigate the 

correspondence between experimental data and calculated structures of 

MOFs. 
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CHAPTER 3. MAJOR RESEARCH RESULTS 

3.1 COMPUTATIONAL DESCRIPTION OF THE SALEN COMPLEX 

General 

As explained before, there has been some dispute on the best computational 

methodology for ab initio calculations on epoxidation reactions with the 

salen complex. The use of different DFT models yields different conclusions 

on the mechanism and the spin state of the system[1-3]. This is due to the high 

multireference character of this system, as was reported in previous studies[4, 

5]. To tackle the multireference character, the use of post-HF (fullCI, CASSCF) 

methodologies could be a valid approach. However, since we aim to use a 

large model for the salen complex in order to assess selectivity and the 

influence of steric effects on the catalyst behavior it becomes impossible to 

use these high level methodologies due to computational limitations. This 

means we have to revert to the use of DFT to model this system and a 

benchmark will be required to choose the correct functional. 

High-level reference data 

Before a benchmark can be done, a quantity has to be defined that that 

should be reproduced accurately by the DFT calculations. For this quantity 

high level reference data should be produced. Since the spin state of the 

MnV-oxo salen complex is one of the main areas of dispute, the relative 

energies of the spin 0,1 and 2 state (multiplicity of 1, 3 or 5) can be used as a 

good benchmark quantity. The second task is to define the methodology to 

obtain this reference data. Since the Mn-salen complex has a high 
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multireference character the chosen methodology has to be able to cope 

with this. The most applicable post-HF methodology seems to be a CASSCF 

calculation. These types of calculations can only be done on a relatively small 

model system, shown in Figure 3.1, while previous work has shown that a 

very large active space would be required to obtain an accurate result[5]. 

Recently Van Neck et al.[6] proposed a software package using the DMRG-SCF 

methodology for multireference calculations. By writing the exact 

wavefunction in an active space with the help of a matrix product state, it 

becomes possible to increase the size of this active space efficiently. As a 

consequence, relatively large model systems can be used.  

 

Figure 3.1. Mn-acacen’ model used for the benchmark calculations. 

With this methodology a simulation with an active space of 28 electrons in 

22 orbitals was performed for the different spin states using the Mn-acacen’ 

model (Figure 3.1). These results are shown in Paper I. The energy ordering 

of the spin states found by Van Neck et al.[7] was proven to be independent 

of the applied basis set and it was shown that more orbitals were required 

for an accurate description than was proposed earlier by Burt et al.[4] and 

Sherrill et al.[5] The relative energies compared to the spin 0 state are shown 

in Table 3.1. This shows that no matter what the basis set is, the spin 1 state 

is favored and the spin 2 state is highly unfavored.  
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Table 3.1. Energies relative to spin 0  for the different spin states calculated by the DMRG-SCF 
method for the basis sets considered (kJ/mol). 

 6-31G* cc-pVDZ ANODZ 

Spin 1 -20.9 -22.2 -16.7 

Spin 2 60.7 50.6 60.7 

Benchmark of various DFT methods compared to the high level 

reference data 

These reference data allows us to create a benchmark for a whole series of 

DFT functionals. It was attempted to take into account a very broad spectrum 

of candidates, from functionals that are considered workhorses in the field 

(such as B3LYP or MO6-2X) to relatively unknown exchange correlation 

functionals (Figure 3.2). The results are discussed in paper II. This benchmark 

allowed the proposition of some trends. Firstly functionals containing pure 

HF exchange tend to overestimate the stability of the spin 2 state. This effect 

can be explained by the fact that the paring of electrons in an orbital is mostly 

stabilized by correlation effects. If different spin states are energetically very 

close to each other, the high spin state variant will always be preferred by 

functionals containing a majority of HF exchange contribution such as B3LYP. 

On the other hand some pure DFT functionals such as BP86 overestimate the 

stability of the spin 0 state. 

Although not a single of the tested functionals succeeds in reproducing the 

reference results quantitatively, several of them managed to reproduce the 

spin ordering qualitatively. The best results seem to come from the 

functionals containing Handy’s[8, 9] modification of the Becke exchange 

functional (OPTX). In further calculations the OPBE functional will be used. 
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Figure 3.2. Behavior of different functionals compared to the DMRGSCF reference values[10]. 

3.2 UNRAVELING MECHANISTIC DETAILS FOR A SMALL MODEL 

SALEN COMPLEX 

Model 

The original computational studies of the salen complex were done on the 

Mn-acacen’ model, omitting the backbone and aromatic parts of the 

salicylaldehyde wings. Ethene was used as a substrate. This model does not 

allow for any study of the selectivity of the reaction. The substrate has no 

prochiral center and the complex is too small to include any steric effects that 

would induce selectivity. From this model we aim to learn the mechanism for 

the transfer of activated oxygen from the complex to the substrate. The first 

hypothesis is the existence of a radical intermediate, another possibility is 

the concerted oxygen transfer (mechanisms shown in Figure 3.3). Other 

possibilities that were proposed are a pathway that occurs via a 

manganaoxetane intermediate or one via a five membered ring. The 

comparison between these pathways is shown in Paper II. 
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Figure 3.3. Possible mechanisms that were originally proposed for the epoxidation with a Mn-
salen complex[11]. 

The radical intermediate 

The oxygen transfer via a radical intermediate is shown in Figure 3.4. On the 

spin 0 plane this transfer was not found possible, on the spin 1 and spin 2 

plane this mechanism is feasible. It was shown before that the MnV-oxo 

complex should have a spin 1 state. During the oxygen transfer there would 

be a spin transfer to the spin 2 plane. The formation of the first C-O bound 

has the highest barrier: 45.5 kJ/mol on the spin 1 plane. The collapse of the 

radical with the formation of the second C-O bound is very lowly activated, 

and seems to be favored on the spin 2 plane.   
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Figure 3.4. Energy diagram for the oxygen transfer relative to the reactants on the spin 0 
plane[10]. 

Alternative intermediates 

The existence of a radical intermediate was contested by several 

experimental studies[11-14] and alternative mechanisms were proposed. The 

first possibility is a concerted pathway where both C-O bounds are formed 

simultaneously. With the selected methodology no such pathway could be 

found despite extensive searches. Other possible intermediates that were 

suggested are the manganaoxetane intermediate and the formation of a five-

membered ring consisting of the manganese, oxygen, the two substrate 

carbons and the oxygen of the ligand (Table 3.2). This latter intermediate was 

proposed from an earlier computational study[15]. Table 3.2 shows a 

comparison between all different intermediates on the spin planes where 

they could be identified. The manganaoxetane intermediate could only be 

identified on the spin 0 plane but was found to be very unstable. While the 

FMR intermediate on the spin 1 plane was more stable than the radical 
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intermediates, the formation of this compound can only occur via a collapse 

of the radical intermediate. Moreover a direct pathway from the five-

membered ring to the epoxide could not be found. 

Table 3.2. Free energies of different intermediates relative to the reactants on the spin 0 
plain (X=Cl)[10]. 

 
Structure 

Spin state 
occurance 

Free energy 

Manganaoxetane 

 

Spin 0 119.0 kJ/mol 

Five-membered ring 

 

Spin 0 -4.1 kJ/mol 

Spin 1 -71.3  kJ/mol 

Radical intermediate 

 

Spin 1 -36.6 kJ/mol 

Spin 2 -37.5 kJ/mol 

 

These results suggest that the radical intermediate is the only possible route 

for epoxidation reactions with this complex. Therefore further research is 

needed to justify the experiments that seem to contradict the existence of a 

radical pathway.  

3.3 RADICAL PROBE EXPERIMENTS 

Ring opening versus epoxidation reaction on the manganese-

acacen’ complex 

An important set of experiments that point to the existence of a non-radical 

intermediate are the ones using a radical probe that would capture any 

radical formed during the reaction. These substrates contain a labile three-

membered ring vicinal to the double bound, this ring would be easily opened 

by the existence of a radical and would thus capture all radicals as ring 

opening products. This approach was first proposed by Wong et al.[11] and 

was further optimized by Akermark et al.[12] Their most important results are 

summarized in Table 3.3 and Figure 3.5. 
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Figure 3.5. Radical probes utilized in the experiments from Akermark et al. the phenylic 
groups are added to allow for an unbiased position of the radical. 

Table 3.3. Amount of epoxide product compared to ring opening products with the radical 
probe experiments. 

 NaOCl/ 

CH2Cl2 (a) 

Iodosylbenzene/ 

benzene (b) 

(1) 100% 83% 

(2) 56% 54% 

 

Firstly the behavior of the probes was modelled on the small system. On the 

model, with ethene as a substrate, it already became apparent that the 

formation of a second C-O bound from the radical intermediate had a very 

low barrier. This reaction could thus compete with the ring opening of the 

radical probe. To take into account the different oxidant systems, we 

modified the sixth coordination side of the complex, with a hypochloride 

oxidant the hypochloride anions will replace the chloride anions, while in the 

iodosyl system these anions are maintained. The results from the first case 

are summarized in Figure 3.6 and are further elaborated in Paper II.  
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Figure 3.6. Epoxidation versus ring-opening pathway, free energy diagram for probe (1) on 
the left and probe (2) on the right (nomenclature in Table 3.3). Free energies are relative to 

the reactants on spin 1[10]. Reproduced with permission from Wiley. 

From this limited model it is clear that the barriers for epoxidation with probe 

(1) are generally lower than those for ring-opening, leading to the 

thermodynamically favored epoxide being favored. These results are more 

or less consistent with the experimental observation that probe (1) yields a 

majority of epoxide product. For probe (2) the same conclusion seems valid, 

however experimentally a 50-50 distribution between epoxide and ring-

opening products is found. These discrepancies could be attributed to the 

small system size, because the probes are relatively bulky and a big part of 



Chapter 3 – Major research results 
 

62 
 

complex is omitted, many steric effects will not be included. Thus, since the 

limited model does not suffice, the full salen complex has to be considered. 

Ring-opening versus epoxidation on the full Jacobsen complex 

Because it can be assumed that the steric surroundings of the complex are 

important for the selectivity behavior, the last step of the reaction (ring 

opening or epoxidation) was modelled with the full complex. Because of the 

system size, some sacrifices have to be made on the basis set size, where a 

double zeta was used for C,H,N and O, the heavier Cl and Mn atoms were still 

modeled with a triple zeta basis set. Including all steric influences of the 

ligand greatly clarifies the effects at work. With probe (2) the barrier for 

epoxidation is higher than the one for the ring-opening (Figure 3.8) which 

probably explains the observed distribution between thermodynamically 

favored epoxide and kinetically favored ring opening products. Probe (1) has 

similar barriers for the ring opening reaction leading to the 

thermodynamically more favored product being formed (Figure 3.7). 

This effect can also be seen by studying the geometry of the transition states. 

In the ring-opening step the substrate is positioned relatively far from the 

ligand, avoiding any unfavorable interaction. The epoxidation takes place 

with the reactant closer to the ligand, opening the way for steric effects that 

influence the resulting product distribution. With probe (1) there are no 

unfavorable interactions present. For probe (2) the methyl group (marked 

orange in Figure 3.9 (2)) would be hindered by the tert-butyl group of the 

complex, forcing the probe to twist during the transition state. This twist 

appears to be unfavorable, significantly increasing the barrier (Figure 3.8).     
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Figure 3.7. Free energy diagrams for the competitive ring-opening and epoxidation reaction 
for probe (1)[10]. Reproduced with permission from Wiley. 

 

 

Figure 3.8. Free energy diagrams for the competitive ring-opening and epoxidation reaction 
for probe (2)[10]. Reproduced with permission from Wiley. 
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Figure 3.9. Geometry for the epoxidation reaction for the different probes. Reproduced with 
permission from Wiley. 

3.4 MODELLING THE SELECTIVITY 

Overview 

With the results from the previous parts we can assure ourselves that the 

two-step mechanism is the most probable. This has an important implication 

for the selectivity, namely that the formation of the first C-O bound 

determines the enantiomer that will be formed (Figure 3.10). To model this 

selectivity we will consider dihydronaphthalene as a probe molecule, since 

this is also the substrate used in further experimental tests. The variant of 

the salen complex that is used will be the (1S,2S)-complex and as the counter 

ion chlorine is chosen. In what follows we will thus consider the transition 

state of the first step (top line in Figure 3.10). Since the enantioselectivity is 

determined there, an accurate description of this step will allow us to provide 

much insight in the selectivity. These results are shown in paper III and paper 

IV.  
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Figure 3.10. Pathway for the epoxidation of dihydronaphthalene, the first transition state 
determines the enantioselectivity of this reaction. 

The symmetrical salen complex 

In homogeneous phase reactions, the Jacobsen variant of the salen complex 

is most widely accepted and we will also use this as model. This variant has 

two identical salicylaldehyde ‘wings’ with tert-butyl groups on the C3/C3’ and 

C5/C5’ positions. Since both sides of the complex are identical, these 

complexes are called symmetrical salen complexes. In this case there are two 

approaches possible, one leading to (1R,2S)-dihydronaphthaleneoxide and 

one leading to (1S,2R)-dihydronaphthaleneoxide (in short the RS-approach 

and the SR-approach). A rotational scan on full QM level for the transition 

state shows there is one minimum for each approach. This is in contradiction 

with previous results from Cavallo et al.[16] who found several local minima 

when using MM calculations. These two approaches were optimized and the 

free energy difference was calculated to be about 10 kJ/mol. 

While the geometry of the transition state does not provide conclusive 

information on the approach of the substrate to the catalyst, one can deduct 

from these results that a distal approach from the front seems to be most 

likely for this substrate. The importance of the substituents on the C3/C3’ 

positions becomes clear from this model. Most of the unfavorable 

interactions of the RS-approach come from these substituents. This can be 

seen by the close distance of the substrate to the C3 substituents of the 
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complex shown in Figure 3.11. With dihydronaphthalene as a test case, there 

is only one close interaction between the C5 substituent, indicating that this 

moiety is less important for the selectivity. This is in agreement with the 

experimental observation that the absence of C3/C3’ substituents drastically 

reduces the selectivity of this catalyst. The C5/C5’ positions are of less 

importance for the selectivity[17, 18].  

 

Figure 3.11. The transition state for the two approaches with the closest distances denoted 
(Å)[19]. Reprinted with permission from Elsevier. 

The asymmetrical salen complex  

Many authors have suggested the grafting of a modified salen complex as a 

possible approach to find a heterogeneous analogue for this homogeneous 

system[20-22]. To achieve the grafting, they propose a modification on one or 

both of the salicylaldehyde moieties to introduce a functional group that can 

be used to anchor the catalyst to a carrier material. To allow an easy grafting 

and to accommodate the groups needed for coupling, the bulky tert-butyl 

groups are often times omitted. In order to keep as much as possible the 

effect of the tert-butyl groups, an asymmetric complex, where only one of 

the two salicylaldehyde wings is modified, is used here. This leads to an 

increase in the possible transition state geometries. The general RS- and SR- 

approaches are maintained but the substituents can be on both sides for 

each approach, leading to four possible transition states (as indicated in 

Figure 3.12). The specific case shown here is the complex with the 

introduction of a hydroxyl group that can be used to form an ether bridge 

with the carrier material. For each of those four combinations a rotational 

scan showed a single minimum, as was the case for the symmetrical complex. 

The further optimized structures of these minima are shown in Figure 3.12. 
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Figure 3.12. Possible transition states and relative energies for the asymmetrical salen 
catalysts, the steric interactions are shown (in Å)[19]. Reprinted with permission from Elsevier. 

These results show that when the tert-butyl groups are located on the 

hindering side of the complex (upward facing wing) there is almost no 

difference in energy with the symmetrical salen complex (difference 

between (1S,2R)_a and (1R,2S)_a). The energy difference is even a bit larger 

(12.4 kJ/mol) due to the absence of hindering steric effects on the 

downwards facing wing. However the energy difference between the most 

stable SR-approach and the most stable RS-approach is smaller (7,2 kJ/mol 

between (1R,2S)_a and (1S,2R)_b in Figure 3.12). The lower energy 

difference is a consequence of the lack of steric hindrance on the C3 position 

in the RS-approach. This effect again shows the paramount importance of 

the tert-butyl groups on the C3/C3’ positions for obtaining a high selectivity. 

This effect is shown in the papers of Bajaj et al.[23] and Zheng et al.[24] They 

proposed a grafting approach that did not modify the C3/C3’ substituents. 

Although the presence of these substituents made the covalent grafting 
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harder, due to the occurrence of steric effects, the enantioselectivity of these 

materials was significantly improved in comparison with previous results[20-

22]. 

The model with hydroxyl groups on one side of the complex is of course not 

complete when considering a grafted salen catalyst. To provide insight in the 

behavior of the complex once it is bound to the support, a variation of the 

model is used where a methylbenzene group is attached to one of the 

hydroxyl groups via an ether bridge. Only the substitution on the C4 position 

is considered since this is the most available position for a connection with 

the carrier material (Figure 3.13). Although this modification is quite bulky, it 

is relatively far from the active site and it may be anticipated to have a limited 

effect on the selectivity behavior, except maybe for the largest substrates. 

The simulations confirm this theory, since the energy differences between 

the four transition states are not significantly different from the original 

model. 

 

Figure 3.13. Model with a substitution to mimic grafting. 

3.5 EXPERIMENTAL DESIGN OF HETEROGENEOUS SALEN 

CATALYSTS 

Strategies employed for the immobilization 

From the modelling of the selectivity behavior for different variants of the 

salen complex we can gain significant insight in the feasible procedures to 

heterogenize this complex. The most important lesson is that for a covalent 

grafting approach with an asymmetric complex it will be hard to find an 
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analogue that maintains the selectivity of the Jacobsen variant. In order to 

verify this, we will analyze a grafting procedure where the complex is built 

up step by step in the cages of a MIL-101(Cr) MOF (Paper III). Next to the 

covalent grafting approach different alternatives are explored that would 

allow to maintain as much of the steric environment of the complex as 

possible. The first possibility is anchoring the complex via the sixth 

coordination site of manganese. When the carrier material can possess a 

negatively charged ion, this site can form an ionic bound with the positively 

charged salen complex. This way of grafting has been proposed by Freire et 

al.[25] and is further explored in Paper IV. The last method that is tested in 

this work is an immobilization procedure where the interactions between the 

complex and the host material are minimal. In Paper V the commercial 

variant of the salen complex is heterogenized by trapping it in the cages of a 

MIL-101 structure forming a so-called ship-in-a-bottle catalyst. 

Grafting of the complex 

Since the postmodification of a metal organic framework has proven to be 

an interesting tool to design heterogeneous catalysts, this strategy was also 

tested in the immobilization of the salen complex. As a carrier material the 

MIL-101(Cr) was chosen because this is a very stable material and possesses 

sufficiently large pores to contain the salen complex[26]. The method used for 

this grafting is a piece-by-piece buildup of the complex in the pores (Figure 

3.14). In order to do that, an anchoring point must be introduced in the MOF 

since the pristine MIL-101 variant contains no available functional groups. To 

achieve this, a chloromethylation[27] is done to introduce a good leaving 

group that can serve for further reaction. Afterwards the active complex is 

built up on the carrier in a series of postmodification steps, as first proposed 

by Laibinis et al.[28] This is an example of the asymmetric variant of a salen 

complex since the salicylaldehyde moiety that is connected to the carrier 

needs to contain substituents other than the tert-butyl groups. 
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Figure 3.14. Buildup of the salen complex on MIL-101(Cr) (represented by M0). 

The different steps in the modification process were characterized by various 

techniques, with the most clarifying being DRIFTS analysis (Figure 3.15). The 

chloromethylation is indicated by slightly visible peaks around 900 cm-1. The 

C=O stretching vibration becomes visible at 1686 cm-1 and is indicative of the 

presence of the first benzaldehyde group. At 2852 cm-1 and 2919 cm-1 two 

peaks that are indicative of the cyclohexane backbone appear. The presence 

of manganese is quantified via XRF and is shown to be 0.38 mmol/g. 

Using MCPBA as an oxidizing agent with dichloromethane as a solvent 

allowed for the enantioselective epoxidation of dihydronaphthalene with an 

enantiomeric excess of 62.5% and conversion of 48% after two hours. The 

Jacobsen complex in homogeneous phase led to 85% conversion with 70% 

enantiomeric excess under the same conditions. Moreover, the catalyst can 

be reused for three consecutive times (Figure 3.16). This corresponds with 

the modelling result that a grafted complex leads to a lower selectivity when 

the crucial bulky groups are not present. The lower conversion is probably 

due to the high loading of the complex on the MOF. In both the 

heterogeneous and in the homogeneous system the same amount of 

manganese was used but the high grade of substitution in the heterogeneous 

system could block some active sites leading to a lower observed activity. 
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Figure 3.15. IR spectra of the different steps in the modification process[19]. Reprinted with 
permission from Elsevier. 

 

Figure 3.16. Results for the different runs in the epoxidation with the grafted salen 
catalyst[19]. %ee determined by chiral HPLC. Reprinted with permission from Elsevier. 

Sixth coordination site as anchoring point 

In paper IV another approach for the grafting of the salen complex was used. 

Here the commercial variant of the complex was anchored on a phenolic 

resin via an ion exchange procedure. In this way the carrier acts as a sixth 

coordination site for the salen complex. The main advantage of using a 
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phenolic resin as a carrier material is the availability of many hydroxyl groups 

as anchor points for the modification. In a two-step ion exchange procedure 

the hydroxyl groups on the surface were modified to NaO-R groups by the 

addition of sodiumhydroxide. Sodium could then be exchanged with the 

salen complex in order to immobilize it (Figure 3.17). 

 

Figure 3.17. Immobilization procedure on a phenolic resin via the sixth coordination site. 
Reprinted with permission from Elsevier[29]. 

In this case the epoxidation of dihydronaphthalene was done with NaOCl as 

oxidizing agent. Homogeneously, the Jacobsen complex yielded a conversion 

of 90% after 24h with an enantiomeric excess of 80% using this medium. The 

heterogenized variant provided the same selectivity with a conversion of 

62%. This material can also be used in several runs while maintaining the 

selectivity and activity (Figure 3.18). Here the conversion of the immobilized 

catalyst is lower than the homogeneous variant but the selectivity is 

maintained, showing the retention of the tert-butyl group has the desired 

effect. The reduction in conversion could have several reasons: Generally, an 

immobilized catalyst has a lower conversion than its homogeneous variant 

due to diffusion limitations or unwanted steric effects. In this case the 

method of grafting can have a significant influence on the activity of the 

material. The nature of the sixth coordination site has an influence on the 

behavior of the catalyst[30], in our system the connection between the resin 

and the complex could induce electronic effects that reduce the activity of 

the catalyst. 
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Figure 3.18. Results for the different runs in the epoxidation with the catalyst immobilized on 
the phenolic resin. %ee determined with chiral HPLC. 

Ship in a bottle encapsulation 

The previous two examples show there is still room for optimization in the 

design of a heterogenized salen catalyst. We aim to design a system where 

the steric environment of the complex is maintained and there is minimal 

interaction between the carrier and the complex. The methodology for this 

is presented in paper V. The typical cage structure of the MIL-101 framework 

has a sufficient size to contain the Jacobsen complex, but the windows are 

small enough to avoid migration of this complex out of the cages. Therefore 

the goal in this part will be the immobilization by trapping the commercial 

Jacobsen complex in the cages of a MIL-101 structure. The approach chosen 

to obtain this result was a procedure where the MOF is synthesized around 

the complex (Figure 3.19). This limits the choices of host structures as the 

complex must be resistant to the synthesis conditions of the MOF. Since the 

MIL-101(Cr) is synthesized in water (in which the complex is not soluble) and 

at high temperature, this material cannot be used for our goal. Therefore a 

variant of this MOF is used, the NH2-MIL-101(Al). The MOF is synthesized via 

a method reported by Fisher et al.[31] The reaction occurs in DMF at 110°C 

with a slow addition of AlCl3 which should allow the salen complex to remain 

stable. 
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Figure 3.19. Schematic overview of the encapsulation procedure. 

The presence of the salen complex in the host can be shown by DRIFTS 

measurements. The cyclohexanediamine backbone vibrations at 2852 cm-1 

and 2919 cm-1 are the main indication of a successful encapsulation (Figure 

3.20). Those vibrations remain present even after a soxhlet extraction, 

showing the complex cannot easily diffuse out of the carrier. An analysis of 

the amount of manganese allows us to conclude the loading is 0.02 mmol/g. 

This catalyst was tested with the same oxidant system as the grafted salen 

catalyst. The conversion was shown to be 70% with an enantiomeric excess 

of 70%. This means the selectivity of the homogeneous complex was 

maintained while the conversion is slightly decreased (Figure 3.21), probably 

as a consequence of the diffusion in the pores of the host structure. From 

these data we can conclude that the influence of the host on the complex is 

limited, as we hoped to achieve. By this absence of interactions and the use 

of the same complex as in homogenous phase the selectivity could be 

maintained. 
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Figure 3.20. Drifts spectra for the encapsulation of the Jacobsen complex in NH2-MIL-101(Al) 
[32]. Reproduced with permission from The Royal Society of Chemistry. 

 

Figure 3.21. Results for the different runs in the epoxidation with the catalyst immobilized by 
encapsulation in NH2-MIL-101[32]. %ee values were obtained with chiral HPLC. Reproduced 

with permission from The Royal Society of Chemistry.  

Summary 

These experimental results are in good correspondence with the findings 

obtained from ab initio modelling studies. When employing an asymmetric 
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salen complex, the selectivity decreases, however the use of a MIL-101(Cr) 

host structure seems to give rise to a better selectivity than reported with 

other carrier structures. This could be due to the open structure of the MOF. 

Contrary to silicas or resins, that have very dense pore walls, the MIL-101(Cr) 

structure has significantly more free space around the anchoring points. 

Allowing the grafted complex to assume its most favorable shape.  

With immobilization methods that maintain the geometry of the original 

complex, especially the tert-butyl groups, the selectivity of the homogeneous 

catalyst could also be conserved. When using the sixth coordination site as 

an anchoring point, the change in electronic effects could explain the 

reduced activity. The ship in a bottle encapsulation minimizes the 

interactions between the carrier and the complex, thus keeping the 

selectivity and still providing a good activity compared to the homogeneous 

system. An overview of the results, without considering the subsequent runs 

is shown in Table 3.4. 

Table 3.4. Summary of the different catalytic systems and grafting procedures. 

System Conversion Selectivity (%ee) 

Homogeneous with MCPBA 85% (2h) 70% 

Grafting in MIL-101(Cr) 48% (2h) 62.5% 

Encapsulation NH2-MIL-101(Al) 70% (2h) 70% 

Homogeneous with NaOCl 90% (24h) 80% 

Anchoring on a phenolic resin 62% (24h) 80% 

3.6 COMPARING A MODELED STRUCTURE OF A MATERIAL TO 

EXPERIMENTS VIA MEASURED AND MODELED XRD 

DIFFRACTOGRAMS  

General 

Next to the main topic of the design of a heterogeneous salen catalyst some 

work on the interpretation of various characterization techniques was done 

in the frame of this thesis. Using computational models to assist in structure 

determination has been common practice. For example the structure of MIL-
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101(Cr) could be unraveled only with the aid of computational structure 

modeling[26]. However, doing this the other way around, using experimental 

data to validate the accuracy of the computational geometry is much less 

common. A straightforward way to approach this for crystalline materials is 

the refinement of the geometry from a powder XRD diffractogram and 

comparing that to the calculated geometry. However, this is not necessarily 

a good methodology as the refinement of a PXRD pattern to a 3D geometry 

is a statistical process and there can be other possible geometries fitting the 

XRD pattern. An alternative way to approach the comparison is to calculate 

the diffractogram from the computational model and compare that directly 

to the measured data. This approach is followed here and is applied on the 

MIL-47(V) framework 

Methodology 

To evaluate the similarity between structures one can use a qualitative or a 

quantitative approach. From any geometry an idealized XRD pattern can be 

calculated by determining the 2θ values of the diffractions and representing 

them by Gaussian peaks. The intensity can be estimated from the nature and 

positions of the atoms in the structure (equation (3.1)). This can provide a 

qualitative comparison between modelled geometries and a measured 

diffractogram[33-36]. 

 |𝐹𝑘,𝑗|
2
= |∑𝑓𝑛(𝑒

2𝜋𝑖(ℎ𝑥𝑛+𝑘𝑦𝑛+𝑙𝑧𝑛))

𝑁

𝑛=1

|

2

 (3.1) 

 

Providing a quantitative comparison can be done via procedures similar to a 

Rietveld refinement. The aim is here to take into account the experimental 

influence on peak-broadening, asymmetry, etc. which is modeled via a fit of 

the Rietveld equation. Those parameters, combined with the atomic 

coordinates, can be used to calculated the X-ray diffractogram (equation 2.5 

and 2.6) and the agreement with the experimental result can be found 

(equation 2.7). The result from this method is a number that denotes how 

well the simulated diffractogram (including parameters for line broadening 

asymmetry,…) fits the measured one, a so-called goodness of fit. When 
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conducting a quantitative comparison, care has to be taken to avoid biases 

to a certain geometry, as is explained in Paper VI.  

Case study: detailed structure of MIL-47(V) 

As a case study for this methodology the MIL-47(V) system is considered and 

different models are proposed for this system. Corresponding vanadium 

atoms in different chains can be displaced relative to each other (shown in 

Figure 3.22) and the material can have a ferromagnetic or antiferromagnetic 

electronic structure, this leads to four possibilities denoted as AFM, AAF, BFM, 

BAF. These models were optimized with the periodic VASP code[37-39] using the 

projector augmented wave (PAW) method[40] and the generalized gradient 

approximation functional, as constructed by Perdew, Burke and Ernzerhof 

(PBE)[41]. A basic requirement for an in depth computational study of this 

material is the availability of a good model, normally being the structure with 

the minimal energy. However, the energy of the four candidates was found 

to be close to each another (Table 3.5), and previous theoretical studies 

showed that the calculated mechanical properties are highly dependent on 

the used model[42]. The methodology proposed here to compare these 

structures directly to experimental results can provide more insight in this 

problem and will assist in the selection of the most accurate model. 

 

Figure 3.22. Comparison of the MIL-47(V) structure without (on the left) and with (on the 
right) displaced vanadium chains. 
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Table 3.5. Relative energies of different calculated geometries. 

 Spin configuration 

Ferromagnetic 
Anti-

ferromagnetic 

Crystal 

structure 

not displaced AFM 0 AAF -278.38 

displaced BFM -53.26 BAF -329.09 

 

From a qualitative comparison of the calculated diffractograms, it becomes 

clear that the structures with displaced vanadium chains correspond 

significantly better to the experimentally measured diffractogram (Figure 

3.23). However a distinction between the different electronic structures 

could not be made. In order to allow this distinction a quantitative method is 

used. To avoid any bias, a profile only fit is done with the Le Bail method to 

determine the experimental parameters in the Rietveld equation. After this 

step the geometry is introduced and the measure of fit is calculated 

(equation 2.5, 2.6 and 2.7).  The results from such an approach are shown in 

Table 3.6. 

 

Figure 3.23. Example of a qualitative comparisons between a measured diffractogram and 
different models, the main differences are denoted.   
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Table 3.6. Quantitative comparison for different structures in different 2θ ranges. 

 Full (3°-70°) High angle (20°-

70°) 

Low angle (3°-

20°) 

AFM 48.27 44.25 30.26 

AAF 45.63 52.81 16.58 

BFM 38.31 39.30 21.00 

BAF 43.28 44.77 16.87 

published 41.45 45.25 16.11 

 

At a low angle the calculated geometries for the FM structures provide a bad 

fit. This observation is not surprising since it has been reported several times 

that the PBE functional overestimates the unit cell parameters[43, 44]. The 

error on the unit cell parameters will induce a shift in the diffraction 

positions. This will have more influence in the low angle region since this 

region is characterized by high but narrow peaks. In the high angle region the 

geometry has a larger influence than the unit cell parameters. In this area the 

peak intensity, that is a function of the geometry, is most important due to 

the diffraction peaks being sufficiently broad so that small shifts have little 

influence on the fit. The results from the quantitative procedure confirm the 

initial conclusions that the presence of displaced vanadium chains is a critical 

geometrical feature. Moreover, the subtle structural differences between 

the two electronic structures under investigation lead to significant 

differences in the fit, with the FM geometry being preferred even over the 

structure reported in literature[45] (Paper VI). 

Metal organic frameworks are very challenging systems for structure 

determination, both from a computational and experimental point of view. 

In this work various generated structures of MIL-47(V) were compared to 

experimental X-ray diffractograms. A distinction between geometrical 

differences that correspond to small energy differences in the computational 

model (about 50 meV) could be made both in a qualitative and quantitative 

manner. With fitting of calculated geometries to the experimental 

diffractogram via Rietveld’s equation it could also be shown that minute 

structural difference that are a consequence of different electronic 



Chapter 3 – Major research results 

81 
 

structures chosen during the computational modeling could be compared. In 

the case of the MIL-47(V) structure this led to the FM geometry fitting the 

experiments better. When an accurate model of a crystal structure is 

required, for example when calculating mechanical properties, the technique 

shown here can be crucial to choose the best model for the material. 

3.7 CONTRIBUTIONS TO OTHER PAPERS: COMPUTER ASSISTED 

INTERPRETATION OF SPECTROSCOPY 

General 

Spectroscopic techniques such as UV/Vis- and IR spectroscopy are 

indispensable for the characterization of novel materials. However, for the 

analysis of solids these methods often yield spectra that are difficult to 

analyze due to a multitude of broad peaks with significant noise. Therefore a 

simulation of the spectra can provide complementary insight in the fine 

structure of the materials. These simulations are only viable if a correct 

model for the material is used. In this section the interpretation of 

spectroscopic data for MOFs with the aid of computational models is 

presented.  

The UV/Vis modelling of  a gallium-bipyridine MOF (COMOC-4) 

In paper VII and paper VIII the design and applications of a metal organic 

framework containing gallium nodes and 2,2’-bipyridine-5,5’-dicarboxylate 

linkers is explored. The goal of this material is to use the bipyridine moiety as 

a ligand for further tethering of metal centers. While the global structure of 

this MOF can by deduced from powder XRD, this only provides an average 

geometry. Therefore other techniques are vital for determining the fine 

structure of the material. In this case UV/Vis measurements in methanol 

suspension were used. The pristine material has two significant bands, one 

at 307 nm and a shoulder at 328 nm, as shown in Figure 3.24. 
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Figure 3.24. Measured UV/Vis spectra of COMOC-4 as a methanol suspension. Reprinted with 
permission from[46]. Copyright 2015 American Chemical Society. 

The measured spectrum was used to improve the understanding of the 

structure of the material and this in combination with molecular modeling 

tools. First, different models are investigated in order to explain the band 

and the shoulder in the observed spectrum. The computational methodology 

used here are TDDFT calculations with a B3LYP functional and a PCM implicit 

solvent model. From a benchmark with only the linker, presented in paper 

VII, B3LYP was found to provide the best correspondence with experimental 

data while a double and triple zeta basis set provided similar results. Two 

global models are proposed for the COMOC-4 structure, a small model with 

two gallium ions and linkers and a large model with three metal centers and 

four linkers (Figure 3.25). Both these models provide the same main band at 

310 nm as observed experimentally but the shoulder at 328 nm is not found. 

This shows that the models provided here do not contain every detail of the 

structure since they fail to represent all bands of the UV/Vis spectrum. 

Therefore several modifications on the structure are proposed that could 

explain the observations. A common occurrence at MOF synthesis is the 

coordination of solvent molecules to the metal nodes, since COMOC-4 is 
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synthesized in DMF the effect of DMF coordination on the excitation energies 

was analyzed. Another alternative is the coordination of a Ga(NO3)3 on the 

bipyridine center. Both of these alternatives do not represent the 

measurements. The third alternative is a cationic defect, this can be the 

consequence of a missing linker or a bridging –OH group in the gallium chain. 

In the small model the cationic defect is represented by a missing –OH group 

since removing a linker does not represent enough of the crystal structure. 

The results for the cationic model are shown in Figure 3.26. The missing –OH 

group induces a red-shift of the main excitation towards 326 nm for both 

models (Figure 3.26), while the missing linker leads to a main band at 321 

nm. Both of these defects could explain the shoulder at 328 nm. These 

cationic species could exist in the bulk of the framework but they are most 

likely an effect of termination at the particle surface. They are generated due 

to solvation with the suspending methanol.    

 

Figure 3.25. Models for COMOC-4, the linker reference (a),the  small model where only two 
linkers are present and the metal chain consists of two Ga atoms (b), and the large model 

that consists of four linkers and three gallium atoms in the chain (c) Reprinted with 
permission from[46]. Copyright 2015 American Chemical Society.. 
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Figure 3.26. Overview of measured and calculated results for the neutral and cationic model. 
Reprinted with permission from[46]. Copyright 2015 American Chemical Society. 

From these results we can conclude the small model is sufficient to 

reproduce the measured UV/Vis spectra. By considering different models we 

are able to provide more detailed information on the fine structure of the 

material. The presence of cationic defects in the structures explains the 

observations in the UV/Vis spectrum. 

Using COMOC-4 as a basis for a bimetallic MOF 

The bipyridine moiety is an ideal chelating group to immobilize other metal 

centers that would be active for catalysis. The grafting of metal centers on 

the this moiety should not induce a change in the X-ray diffractogram. There 

can be some line broadening but the main reflections do not change, since 

not every site is modified and the modification is not periodic. When the aim 

is the design of a bimetallic MOF, UV/Vis data can be used as a 

characterization technique to identify the modification (Paper VIII). UV/Vis 
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measurements of the pristine linker and the linker coordinated with CuCl2 in 

methanol solution shows a shift of the main absorption band to 317 nm and 

new bands at 334 nm and 420 nm. While similar changes are also observed 

in the spectrum of  the modified MOF the band at 420 nm cannot be seen 

when measuring the material in methanol suspension. A solid state UV/Vis 

of the MOF does show a band at 460 nm. To verify whether these changes 

are indeed due to coordination of CuCl2 on the bipyridine site, the UV/Vis 

spectrum was modeled to show if CuCl2 coordination would indeed lead to 

the observed effects. 

A static model is in many cases not sufficient for an accurate representation 

of the system, since the measured UV/Vis spectrum is dependent on 

conformational freedom of the molecule[47, 48]. Therefore the complex was 

modeled with the aid of ab initio molecular dynamics techniques to capture 

the complete conformational freedom. From this simulation over time, 100 

snapshots were taken and the excitation energies were calculated with 

TDDFT on the B3LYP/6-311+G(d) LOT. This allowed for the generation of a 

time-average spectrum (Figure 3.27). The results indeed showed the shift of 

the main band after coordination (315 nm) and the appearance of a shoulder 

at 338 nm which corresponds nicely to the experimental data. A band at 450 

nm can also be attributed to the metal coordination. To verify whether these 

new absorption bands were indeed a consequence of the CuCl2 coordination, 

the contribution of this moiety to the orbitals involved in the excitation were 

calculated (Figure 3.28). For the band at 338 nm and at 450 nm the orbitals 

contained a contribution of both the linker and the coordinated CuCl2, 

leading to the conclusion that these bands are indeed indicative for a 

successful incorporation.  
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Figure 3.27. Calculated spectra of the linker and linker CuCl2 chelated on the linker[49]. 
Reprinted with permission from Wiley-VCH Verlag. 

Immobilization of TiO(acac)2 on NH2-MIL-47(V), characterization 

via IR spectroscopy 

In paper IX the modification of an NH2-MIL-47(V) MOF is reported in order to 

further improve its catalytic activity in the epoxidation of cyclohexene. Due 

to the complex IR spectrum, it is hard to characterize the material by this 

technique alone and additional methods are proposed such as MAS-NMR 

measurements. To assist in the interpretation of the spectra, a 

computational model was studied to verify the successful grafting. Since the 

modification only took place on the linker, a very limited model was 

proposed, considering amino-terephthalic acid as a representation for the 

pristine MOF and the grafted TiO(acac)2 complex as a modification. From a 

normal mode analysis the changes in the IR spectrum due to grafting can be 

deduced. The vibrations at 3494 and 3386 cm-1, that are due to the NH2 

stretching vibrations, decrease. That decrease points towards the 

disappearance of this group and is an indication of a successful grafting 
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procedure. The presence of TiO(acac)2 is shown by the appearance of the C-

C-H twisting at 735 cm-1 and C-CO-C wagging at 1026 cm-1. These results 

indicate that even a relatively small model system can give valuable insights 

in the effect of modifications on the vibrational spectrum of the MOF. These 

case studies show that modeling may be used as an a indispensable tool in 

the design of new catalytic materials. 

 

Figure 3.28. Contribution of grafted metal on the excitations calculated from a single 
snapshot that makes up the average spectrum[49]. Reprinted with permission from Elsevier.   
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CCHHAAPPTTEERR  44..  CONCLUSIONS AND PERSPECTIVES 

In the last decades computational chemistry has made a huge progress as a 

tool in the research on heterogeneous catalysis. In many cases molecular 

modeling is used to understand the behavior of existing catalysts by 

unraveling the reaction mechanism, temperature dependence, the 

selectivity etc. Understanding of the reaction mechanism at the nanoscale 

gives invaluable insight into the overall process and behavior of the 

catalyst. Ideally, molecular modeling can go one step further and might also 

assist in designing and optimizing new or existing materials. In this thesis, 

molecular modeling was used in the design process of new heterogeneous 

material for the enantioselective epoxidation of unfunctionalized olefins. 

The reaction under investigation has attracted the attention of many 

researchers in the field of homogeneous catalysis. The chiral Mn-salen 

complex, and more specifically the Jacobsen variant of this complex, has 

been found to be very performant for the reaction under investigation. In 

this thesis, various procedures were exploited to find a heterogeneous 

equivalent of this catalyst. The most straight-forward approach for the 

design of a heterogeneous analogue for this catalyst is the immobilization 

of salen type complexes on solid supports. Metal organic frameworks were 

chosen as a carrier material. Since the selectivity is crucial for this type of 

reactions we must propose a heterogenation procedure that allows to 

maintain the selectivity of the original complex. In order to obtain the same 

high selectivity as the homogeneous catalyst, the underlying mechanism 

has to be thoroughly understood. As a first step the mechanism for oxygen 

transfer from the oxidant to the olefin has to be clarified. With that 
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knowledge the selectivity may be modelled and the influence of the 

immobilization procedure can be assessed. From earlier computational 

work on the salen catalyst it became clear that the obtained results were 

highly dependent on the used electronic structure method as the system 

can have various spin states and is very sensitive to the way electron 

correlation is accounted for. 

As the final system to be studied is quite large, preference goes to 

computationally efficient methods such as density functional theory 

methods. Therefore we first assessed the viability of various DFT functionals 

to model the salen complex accurately.  The results of this work were taken 

up in Paper I and II. Using DMRG-SCF calculations, an accurate description 

of the electronic structure of a salen-type complex can be provided. 

However, due to the large system size this high-level method cannot be 

applied for the modelling of the mechanism and selectivity. A good 

functional was selected by comparing the relative energies of the different 

spin states obtained from DMRG-SCF calculations with a variety of DFT 

based methods. From this theoretical benchmark study on the Mn-salen 

complex, OPBE could be identified as a good method to model the behavior 

of the catalyst. The study also showed that some of the commonly used, 

very popular functionals like B3LYP or M06-2X, gave inaccurate results for 

this specific system. Especially when studying transition metal complexes, 

great care has to be taken with the choosing of a proper electronic 

structure method. In cases where no good benchmark studies are available 

from literature, a thorough investigation of the various electronic structure 

methods should be conducted to validate their accuracy for the description 

of the system at hand. 

The mechanism of olefin epoxidation with the salen complex has been a 

topic of much debate in the literature. While some studies pointed to the 

existence of a radical intermediate, experiments with ‘radical probes’ 

seemed to imply other mechanisms. In Paper II  the mechanism of oxygen 

transfer was re-evaluated and some interesting conclusions could be 

drawn. From a test with ethene as a simplified model for the substrate, the 

existence of intermediates other than the radical  was shown to be unlikely. 

At first sight, these results seem contradictory to the radical probe 
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experiments and therefore additional mechanistic calculations were 

performed taking into account the full catalyst and the full radical probe as 

substrate. These results showed that the existence of the radical 

intermediate could also explain the experimental observations. The barrier 

for the closing of the epoxide ring was similar to the barrier for ring opening 

of the radical  probe. This was in contradiction with the intuitive hypothesis 

that the high ring strain in the probe would ‘capture’ all radical 

intermediates via ring opening. It can be concluded that a radical 

intermediate mechanism is the only possible candidate as a route for the 

epoxide formation. 

Starting from the knowledge on the mechanism, further computational 

studies were performed to understand the nanoscale origin of the 

selectivity. To achieve that we focused on the formation of the first C-O 

bond, that is determining the selectivity. The aim of this study was the 

elucidation on how different immobilization procedures will influence the 

selectivity and which procedures may be followed  to maintain the selective 

behavior of the original complex in homogeneous conditions. In Paper III 

and Paper IV the method to model the selectivity was proposed and the 

influence of immobilization was clarified. The computational study allowed 

to assess the importance of certain substituents on the salicylaldehyde 

wings of the ligand. Especially the bulky tert-butyl groups on C3/C3’ 

positions were shown to be of paramount importance to control the 

selectivity of the catalyst. Immobilization procedures that change these 

substituents for less bulky ones lead to a smaller energy difference between 

the approaches for different enantiomers. It can thus be concluded that a 

heterogenation procedure with a minimal interaction between the host 

material and the active site is required to preserve the high selectivity of 

the original catalyst.  

In Paper III, Paper IV and Paper V three immobilization methods for the 

salen catalyst were proposed. We compared a ‘classical’ immobilization 

method, where the active site is covalently grafted on a MIL-101(Cr) MOF 

to the immobilization by connecting the complex on via the sixth 

coordination site and a ship-in-a-bottle catalyst. The experiments confirm 

the insights obtained from the mechanistic modeling study. In the covalent 
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grafting procedure the bulky substituents on the salen complex were 

omitted in one side to include an anchoring point and this led to a decrease 

in the selectivity. However, the other grafting procedures maintained the 

selectivity, since the ligand was left unchanged. The activity of the catalyst 

was also found to vary with the applied grafting procedure. It was observed 

that the ship-in-a-bottle approach showed a minimal decrease in activity 

while maintaining the selectivity as is has the least interaction with its 

carrier material. 

In a next step we showed that experimental diffractograms can also be 

used to verify the geometric and electronic structure obtained from ab 

initio calculations (Paper VI). Structure determination of complex flexible 

materials such as MOFs is often very challenging also from a computational 

point of view. In many cases various plausible geometries may be proposed 

which are close in energy. In this thesis a new approach was introduced 

which uses experimental XRD diffractograms to assess which structure 

obtained from theory would be most plausible. This can be done in several 

ways, a qualitative comparison is very easy and can already provide much 

information. In the case study of MIL-47(V) this approach allowed to 

distinguish between structures that possessed an energy difference of 

barely 50 meV. With a quantitative approach the distinction between 

geometries with subtle structural differences, induced by different 

electronic structures (ferromagnetic or antiferromagnetic), could be made.  

While the first part of this work was focused on the complete design of a 

heterogeneous catalyst starting from computational results, the computer 

aided design of nanoporous materials can be done on a significantly smaller 

scale as well. In Paper VII and Paper VIII the use of computational models 

to assist in the interpretation of UV/VIS spectra has been proposed. While 

in Paper IX a similar exercise is done for infrared spectra. Especially the 

study of the electronic spectra has proven interesting to unravel the fine 

structure of MOFs. Bands that were not resulting from the pristine material 

could be attributed to cationic defects in the structure of a gallium-

bipyridine MOF. Moreover the effects on the UV/Vis spectrum of CuCl2 

coordinated in the bipyridine moiety could also be calculated allowing to 

use this technique to identify a successful coordination.  
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Since computational speed increases continuously and more efficient 

computational algorithms have become available, larger and more complex 

systems can be modelled from a theoretical point of view. In this thesis, 

systems were modelled for which the electronic structure determination 

was very challenging. Very accurate wavefunction based methods such as 

CASSCF and fullCI can still not be applied to the full catalytic systems under 

investigation. However within the framework of this work very high level 

DMRG-SCF calculations were performed on quite large systems. It may be 

anticipated that in the future modeling of even larger systems and systems 

of higher complexity will become within reach.  

There are two important points that have been omitted in this work. Firstly 

the full structure of the solid material was not consistently taken into 

account in the calculations. In cases where the host was included, it had to 

be simplified to a large extent or a very low level of theory had to be 

adopted. Secondly, experiments were conducted in the liquid phase but it 

was impossible to take this liquid into account from a computational point 

of view. For the work on the modelling of UV/Vis spectroscopy presented in 

this thesis a simplified PCM continuum solvent model was proposed to 

capture some of the molecular environment. However it should be kept in 

mind that this approach fails in modeling explicit interactions with solvent 

molecules. Nowadays more advanced models are available to model the 

solvent environment such as embedding the system in a solvent box and 

applying molecular dynamics techniques. However for the chiral salen 

complex, such methodologies were computationally too expensive. Despite 

these apparent shortcomings, the calculation of free energy profiles 

provide much insight that can be applied in the design of advanced 

heterogeneous catalysts.  

Furthermore, it was shown in this work that metal organic frameworks are 

an interesting choice for heterogenizing homogeneous catalysts. The high 

chemical versatility allows to use different approaches and choose the 

material that has the most optimal properties for the process at hand. For 

practical applications we must acknowledge that MOF materials are 

relatively expensive to produce but in high-tech applications where very 

specific properties are required that are provided by the material this is not 
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an issue. Some nice features of MOFs are highlighted in this work, especially 

their light and open structure which allows much freedom around the 

active site to preserve the activity and selectivity as much as possible. 

In general we can conclude that a close interaction between theoretical 

research and experimental synthesis of novel materials can be extremely 

advantageous. A computational study may help tailor a strategy for the 

design of a heterogeneous catalyst. The mechanism of a reaction can be 

understood even before the material has been synthesized. This allows for 

a targeted design of a novel catalyst. The computations can also assist 

during the synthesis phase, in the characterization of the material. Indeed, 

various spectroscopic techniques are used in the synthesis and testing of 

materials, but the interpretation of the spectra at the molecular level is 

sometimes far from trivial. In this thesis we have also shown by means of 

selected examples that theory may also assist in helping the 

characterization of materials and interpretation of experimentally obtained 

spectra. Overall, in the design of novel catalytic materials, theory and 

experiment can strengthen each other to a large extent. 
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