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1.1. Zeolites 
Zeolites are crystalline aluminosilicates which are highly ordered, three-

dimensional networks of molecular sized micropores. Zeolites were discovered in 
1756 by the Swedish mineralogist Axel Fredrik Cronstedt.1 He noticed that some 
minerals started moving upon heating due to the release of gas bubbles. He called 
these materials ‘boiling stones’ or ‘zeolites’, derived from the Greek words ζέω (zéō, 
to boil) and λίθος (líthos, stone). The material that he discovered, would gain 
significant importance in our society. For instance, zeolites are currently applied in 
the petrochemical industry for oil-processing, gas phase separation processes and 
even in household applications as water softeners in detergents. 

Over 225 topologically different natural and synthetic zeolites are known, of which 
three examples are shown in Figure 1.1a-c.2 Figure 1.1a depicts part of the sodalite 
(SOD) zeolite, characterized by a regular stacking of spherical sodalite cages. Each 
sodalite cage consists of four- and six-membered rings (MR). In Figure 1.1b, the 
Faujasite (FAU) zeolite is shown, made up of sodalite-cages interconnected by 
double six-membered rings. Yet another example is given in Figure 1.1c. This 
depicts part of the silicalite-1 zeolite with MFI framework type. It is characterized 
by straight 10-MR intersecting with sinusoidal 10-MR channels. All zeolites consist 
of [SiO4] silicon- and [AlO4]- aluminum tetroxides which are the smallest building 
blocks. These species polymerize, crystallize and form pores and cages of molecular 
dimensions. During the formation of these aluminosilicates, no two [AlO4]- can be 
neighbors. At least one [SiO4] unit has to separate them. This is known as the 
Löwenstein rule of ‘aluminum avoidance’.3 Consequently, the Si/Al-ratio of zeolites 
can never be lower than unity. 

 
Figure 1.1. The framework of SOD, FAU and MFI are shown in (a), (b) and (c), respectively. An acid 
site is schematically depicted in (d). The active site concentration depends on the aluminum-content, 
with in (e) a high-silica faujasite zeolite (Si/Al = 47) with an isolated site and in (f) a high active site 
density due to the aluminum-rich framework (Si/Al = 2.4). 
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The characteristic shape of the molecular sized cages and pores enable shape-
selective chemical transformations of adsorbed guest molecules. Three types of 
shape-selectivity are distinguished, being reactant, transition state and product 
selectivity.4 The first type of selectivity has a sieving effect: reactants with sizes 
exceeding those of the micropores and cages are not able to enter the zeolite. 
Transition state selectivity results in a specific reaction path being blocked due to 
geometrical constraints imposed by the framework around the active site on the 
transition state of that particular pathway. Product selectivity is based on specific 
products being trapped within the zeolite such that these compounds have to 
isomerize before they can leave the microporous host. 

The catalytic activity of aluminosilicates arises from their acidic properties. This 
is caused by the substitution of Si4+ with Al3+, giving rise to a net negative charge. 
This net negative charge has to be compensated. Such charge compensation can be 
achieved by protons, alkali or d-block metal cations, or organic cations, Figure 1.1d. 
The amount of Al3+ substitutions affects the framework basicity and the active site 
density (Figure 1.1e and Figure 1.1f).5 If protons counterbalance the negative charge, 
the material acts as a strong Brønsted acid. When the charge is compensated by 
electrophilic cations capable of accepting electron density, such as alkali cations, the 
material acts as a Lewis acid. The advantage of zeolites holding either of the two 
types of sites, is that they become catalytically active. 

1.2. Lignocellulosic Biomass for the Production of Aromatics 
Environmental and political concerns initiated research on the use of sustainable 

alternatives to the current fossil-based technologies for the production of chemicals, 
fuels and energy. Biomass-based resources, solar and wind power are examples of 
such sustainable resources.6–11 The use of biomass for the production of chemicals is 
seen as a promising route for the replacement of current fossil-based resources. 

Biomass consists of ca. 40-80, 15-30 and 10-25 % percent of cellulose, 
hemicellulose and lignin, respectively. The exact distribution varies from source to 
source.6,12 Cellulose is a crystalline polymer consisting of glucose monomers and 
provides structural rigidity to the plant cell walls. Hemicellulose is an amorphous 
polymer consisting of a wide variety of pentoses (xylose, arabinose) and hexoses 
(mannose, glucose) holding the cellulose fibers in place. Lignin consists of a wide 
range of polysubtituted-aromatic monomers and provides mechanical and chemical 
resistance to plant cell walls. 

Three different generations of biomass exist, grouped according to the use of 
available agricultural land and the competition with food production.8,11 The first 
generation directly competes with the food supply chain, because it uses the same 
agricultural area and actual crops (sugar beet, maize). The second generation relies 
on energy crops that do not interfere with the consumption of food, but does compete 
for the same agricultural area (grasses, sunflowers). Algae are considered to be the 
third generation, characterized by the ability to be cultivated in areas unsuitable for 
food production.13 Another alternative to the first and second generation of biomass 
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is biomass waste, e.g. from the forestry industry. The work in this thesis is aimed at 
potentially utilizing this alternative or the first and/or second generation of biomass. 

New refinery processes (bio-refineries) have to be developed for the production of 
biomass-derived drop-in chemicals and fuels.8,9,11 Besides the chemical engineering 
aspect, setting up the infrastructure for biomass-based processes and the economic 
aspects have to be considered as well. To increase the return-of-investments, bio-
refineries should produce both low-value fuels and high-value specialty chemicals. 
Additionally, the major capital investments done by the petrochemical industry in 
the past few decades for the current fossil-based infrastructure and processes are an 
important economic and political factor. Biomass can either be pretreated locally 
prior to transportation to large (existing) refineries or be transformed into products 
completely in local facilities. Therefore, biomass-derived drop-in chemicals are 
appealing as they circumvent a major overhaul of the current infrastructure and 
refinery units. Such drop-in chemicals can directly be used in existing petrochemical 
processes and infrastructure. Examples are aromatic compounds like benzene, 
toluene and para-xylene (BTX) which are currently solely produced from fossil 
hydrocarbon resources.14,15 Of these compounds, (para-)xylene is in high demand.16 

 
Figure 1.2. Scheme showing the conversion of hemicellulose to furan in (a) and cellulose to 2,5-DMF 
or FDCA in (b). The inset (c) illustrates of the DAC/D reaction cycle for the production of aromatic 
compounds from furanic compounds. 
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Xylenes are useful anti-knock fuel additives and suitable precursors for phthalic 
anhydride, isopthalic acid and therephthalic acid production (orto-, meta- and para-
xylene, respectively). Most of it is used for polymer production. 

Although lignin upgrading provides quick access to multi-substituted aromatic 
compounds, the yield is low and the reactions that take place are difficult to elucidate 
and control.17–22 Reactions involving (hemi-)cellulose are easier to understand and 
control chemically. Figure 1.2 schematically depicts the conversion of cellulose and 
hemicellulose into furanic compounds. Cellulose and hemicellulose conversion 
involves their depolymerization via acid catalyzed hydrolysis into the respective 
glucose and xylose monomers, Figure 1.2a and Figure 1.2b, respectively.7,23–26 The 
glucose→fructose and xylose→xylulose isomerization provides intermediates 
suitable for acid catalyzed dehydration into 5-hydroxymethylfurfural and 5-
hydroxymethulfuran, respectively.23,25 These species can be converted into 
substituted furanic compounds25 which are reagents in the Diels-Alder cycloaddition 
(DAC) and dehydration (D) with alkenes (DAC/D-reaction) to produce aromatic 
compounds, see Figure 1.2c27–2930,31 In the DAC/D-scheme, the DAC reaction 
initiates the reaction cycle and results in the formation of substituted 7-
oxanorbornene cycloadducts28,29. The high ring strain32,33 renders these species 
reactive towards isomerization, resulting in an alcohol which is subsequently 
dehydrated to yield the aromatic product.28,29 

Since all of the DAC/D elementary reaction steps exhibit high activation energies, 
catalysts are desired. Heterogeneous catalysts are preferred over homogeneous 
catalysts due to their easy separation from the product stream. For the DAC/D-
reaction, catalysts like Lewis34–44 and Brønsted acid27,45–48 zeolites are examples of 
high-potential catalysts currently under study. The targeted aromatics are 
benzene27,35, toluene38,49, para-xylene27,34,36 as well as oxygenated aromatic 
compounds35,43,48,50. Lewis acid zeolite based catalysts involve alkali-exchanged 
faujasite catalysts34–36,38,51 and Sn-, Ti-, Zr-and Zn-isomorphously substituted 
zeolites41,43,44,50,52 

1.3. The Diels-Alder Cycloaddition 
1.3.1. General Features 

Furanic compounds are commonly employed reactants in the Diels-Alder 
Cycloaddition (DAC) reaction.28,29 The DAC53 is a widely used synthetic 
methodology for constructing new carbon-carbon bonds, e.g. in the synthesis of 
drugs, macromolecules and self-healing materials.28,54–59 It is a pericyclic reaction in 
which a 1,3-conjugated diene couples with a dienophile possessing a double or a 
triple bond, Figure 1.3a. The mechanism of the DAC-reaction involves a concerted 
bond formation in the transition state. Depending on the electronic structure of the 
reactants, this can happen either synchronously or asynchronously if the nascent 
bonds are of equal or unequal length, respectively.60 If either of the reactants is highly  
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Figures 1.3. A schematic representation of the DAC-reaction is shown in (a) with in grey carbon 
indices. In (b) both the one-step pathway (solid black) and two-step pathway (dashed grey) are shown. 
By no means is it implied that one pathway can be accessed via manipulation of the other. Selected 
energy gaps are shown in (c). 

activated, the reaction can proceed via a two-step mechanism characterized by the 
formation of an intermediate (I) with one C-C bond formed.61,62 See also Figure 1.3b. 

The reaction proceeds through the formation of a transition state in which the 
Frontier Molecular Orbital63–67 (FMO) symmetries need to be conserved. This 
requirement was formulated by Woodward and Hoffmann and is known as the 
Woodward-Hoffmann rule. These selection rules aid in assessing whether the 
reaction is symmetry forbidden (e.g. ethylene−ethylene, [2+2] cycloaddition) or 
allowed (e.g. ethylene−1,3-dibutadiene, [4+2] cycloaddition) and enable 
determination of the final stereochemistry of the product.68,69 Furthermore, a 
proportionality has been proposed between the DAC-activation barrier (Eact,DAC) and 
the energy and symmetry of the highest-occupied-molecular-orbital (HOMO) and 
the lowest-unoccupied-molecular-orbital (LUMO) of the reactants (energy gap, 
eg).66,67,70,71 

Three mechanisms are distinguished based on these energy levels, being the 
normal, inverse and the neutral electron demand mechanisms. A schematic 
representation of the first two mechanisms is shown in Figure 1.3c. The normal 
electron demand mechanism is related to the normal energy gap (enorm): |HOMOdiene 

– LUMOdienophile|. The inverse electron demand mechanism is related to the inverse 
energy gap (einv): |LUMOdiene – HOMOdienophile|. The third is the neutral electron 
demand mechanism in which enorm = einv. 
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1.3.2. Narrowing the Energy Gap and Affecting the Reaction Pathway 
There are several ways to speed up the DAC reaction. The first is the use of 

reactants activated via the addition of electron donating groups (EDG) or electron 
withdrawing groups (EWG).62,67,70,72–74 Examples of EDGs are alkyl and ether 
groups. Examples of EWGs on the dienophile are cyano, carboxylic acid and ketone 
substituents. Addition of an EDG to the diene increases the HOMOdiene, while the 
introduction of and EWG to the dienophile lowers the LUMOdienophile. An alternative 
method to accelerate the DAC-reaction involves the use of homogeneous Lewis acid 
catalysts. These are essentially EWGs that coordinate reversibly to the reactants, 
most efficient when coordinating to dienophiles.75–77 Some examples of LAs are 
scandium(III)triflate78, borontrihydrides and aluminumtrichloride. Typically, such 
catalysts coordinate to the carbonyl or cyanide side groups on the dienophile and do 
not involve the formation of a metal-C bond. Alternatively, organometallic 
homogeneous catalysts containing d-block cations can be used.75,78–85 Reaction 
cycles involving such catalysts typically start with η2/η4-type coordination of the 
dienophile/diene to the active site.78,79,86–89 The reaction is then generally considered 
to proceed via oxidative cyclization involving metallacycles. The DAC adduct is 
then formed after reductive elimination. 

As a general rule, the degree of electron transfer in the transition state between the 
reactants is influenced via the substituents and their position. For mono-substituted 
reactants, the synchronicity of the C-C bond formation in the transition state is 
directly influenced by the EWG-strength.62,72 The transition state can get such an 
ionic character that the TS becomes zwitterionic, or biradical if activation is 
significant.60 However, di-substituted reactants can still couple via a synchronous 
concerted pathway if the charge transfer occurs symmetrically over the two nascent 
C-C bonds.62 For instance, the DAC reaction between dicyanoethylenes and 
cylcopentadiene showed that 1,1-dicyanoethylene resulted in a highly asymmetric 
transition state as compared to cis- and trans-1,2-dicyanoethylene, which both 
yielded symmetric transition states. 

1.3.3. Confinement Driven Reactivity 
Apart from altering the electronic structure of the reactants by substituents or 

Lewis acids, the DAC reaction rate can also be catalyzed by confinement. 
Supramolecular complexes90–92, enzymes93–98 and the liquid phase99–103 are some 
illustrative examples of systems exhibiting confinement-driven catalysis of the 
DAC-reaction. In supramolecular complexes, the specific molecular fit biases one 
reaction channel leading to high product-selectivity.90–92 Inside the complex, the 
reactants are aligned such that they best fit the cage after which the less favored DAC 
product is predominantly formed. The product is then expelled as it does not fit the 
cage as well as the reactive complex consisting of the two reactants. Although only 
relatively few Diels-Alderases are known, enzymatic catalysis93–98 is characterized 
by hydrophobic and electrostatic reactant pre-alignment and transition state 
stabilization. However, the activity can be low because these systems suffer from 
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product inhibition as the DAC transition state and DAC adduct are highly 
homologous.97 

The DAC reaction can also be catalyzed by a much simpler system which exhibits 
confinement-driven reactivity. Namely, the DAC was found to be tremendously 
accelerated when performed in liquid water.101–106 In 1973 Eggelte, de Koning, and 
Huisman were the first to perform DAC reactions in several solvents, including 
water, and noticed the rate enhancements in the aqueous phase.107 It was then the 
work of Breslow et al. in which the full potential of water as a unique DAC reaction 
medium became clear.108 In 2005, Sharpless and co-workers coined the term on-
water catalysis for systems consisting of insoluble reactants which reacted in water 
undergoing severe agitation, also applicable to DAC reactions.99 The first factor 
governing the great DAC rate accelerations is the enforced hydrophobic effect. This 
relates to the fact that the initial and final states are more destabilized than the 
transition state, accompanied by a reduction in hydrophobic surface area when the 
reaction has taken place. Additionally, water stabilizes the polar DAC transition 
states via hydrogen bonding. 

 
Figure 1.4. Overview of qualitative methods for the description of regioselectivity and reactivity. In (a) 
the orbital coefficient matching scheme used to predict regioselectivity. Panel (b) shows a qualitative 
energy diagram used in conceptual DFT to qualitatively predict reactivity trends, with in (c) the local 
Fukui functions after transformation of the global hardness indicator into local descriptors. The 
valence-bond configurational mixing model is depicted in (d). Note that red is referring to the diene 
and blue to the dienophile. The labels a and b refer to the two reacting atoms in the dienophile while t1 
and t2 refer to the two atoms reacting in the diene. A ci refers to an orbital coefficient of atom i defined 
before and an S-/+ to a positive or negative local softness coefficient (s- = nucleophile, s+ = 
electrophile). The S and T refer to the ground state singlet and excited state triplet, respectively. 
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1.3.4. Theoretical Studies on the DAC Reaction 
Conceptual DFT. With the introduction of the FMO-theory by Fukui in the 

1960’s63–67, organic chemists were given a tool to predict regioselectivity for the 
DAC reaction. Woodward and Hoffmann then introduced the symmetry selection 
rules concerning conservation of orbital symmetry in the DAC reaction.68,69,109 The 
resulting FMO-theory provided a conceptual framework to understand reactivity and 
regioselectivity in the DAC reaction, Figure 1.4a. However, it soon became clear 
that the developed theory was insufficient to describe reactivity and regioselectivity. 
The FMO-theory based predictions did sometimes neither account properly for 
secondary orbital interactions that could influence the regioselectivity (see for 
instance ref[110] and [111]) nor took the relative directing effects of other 
substituents in polysubstituted dienes into account112. It also did not consider changes 
to the molecular orbitals (MOs) in the transition state and its effect on reactivity.113 

To better describe reactivity patterns and regioselectivity qualitatively, the Hard 
Soft Acid Base (HSAB) principle was applied to the DAC reaction. This approach 
was based on the idea that the electron density and perturbations to it, define the 
ground state properties, a view known as ‘conceptual DFT’.67,114,115 Fundamental to 
the HSAB theory are the hardness (η), chemical potential of the electrons (μ), 
ionization potential (IP) and electron affinity (EA), Figure 1.4b. The chemical 
potential of a reactant is approximated as (EA+IP)/2 and electron transfer goes 
between reactants from the one with the highest potential to the one with the lowest 
potential. The hardness is defined as (IP+EA)/2 and measures how the chemical 
potential changes upon changes to the number of electrons. Using Koopmans’ 
theorem, IP and EA are related to the HOMO and the LUMO levels, respectively, 
and thus set in the framework provided by FMO-theory. With these properties, one 
gets an idea of reactivity and reactivity trends. Insight into regioselectivity can be 
obtained by using the local Fukui-functions which describe the change in atomic 
charge upon changing the number of electrons at constant molecular geometry.116 By 
using these functions, atomic hardness can be computed and allows for predicting 
stereoselectivity. Conceptually, using these local hardness descriptors closely 
resemble the use of orbital coefficients in the FMO-theory approach, Figure 1.4c. 
Pérez et al.117 then introduced the electrophilicity index ω within the framework of 
DAC reactions, to be computed as ω = (μ2/2η). This index allowed establishing 
general reactivity trends for many different DAC reactions as well as on an atomistic 
basis (via Fukui functions) to describe reactivity and regioselectivity. 

In 1983 Pross and Shaik118 proposed the qualitative valence-bond configuration 
mixing model. This model is based on the molecular spin configurations and states 
that spin cross-overs from ground state singlet states to excited triplet states are 
avoided during the reaction. The barrier height of the ground state singlet 
transformation is influenced by the singlet-triplet state energy difference and is 
proportional to the activation energy, Figure 1.4d. This method qualitatively predicts 
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and illustrates quite well why reactivity is high for DAC reactants which exhibit a 
biradical character.67 

Quantitative Studies. Conceptual DFT provided a qualitative framework to 
predict reactivity trends and regioselectivity, but provided no clear insight into 
activation barriers and reaction energies. Methods like post-Hartree-Fock119, 
hybridfunctionals72,119 and DFT120 have therefore been employed to calculate the 
activation barriers of DAC reactions (note that the references are not exhaustive and 
merely serve as examples). The method significantly influences the outcome. Semi-
empirical and unrestricted Hatree-Fock calculations are biased towards the two-step 
biradical pathway whilst ab initio and restricted HF methods favor the single-step 
synchronous concerted mechanism.67 Multi-configurational SCF theory was thus 
seen to be a reliable level of theory, as it accounts for open- and closed-shell electron 
configurations in one calculation. Interestingly, CASPT2 calculations showed that 
increasing the basis set size does increase the error in computed activation energy 
with respect to experimental values.121 Furthermore, chemically accurate activation 
energies are only obtained when dynamic electron correlation (electron movement) 
is taken into account, and not so much the static electron correlation (different 
electron configurations).121 Much work has thus been put into computing 
‘chemically accurate’ DAC reaction barriers in gas phase models and embedded 
clusters. In doing so, the reactants and reactive complex can be described very 
accurately. The methods, however, are computationally demanding and become 
intractable for large models. This requires a simplification of the surrounding 
chemical environment. 

1.4. Dispersion Interactions and Multi-Site Cooperativity in Zeolite 
Catalysis122 
Conventionally, the catalytic properties of alkali-exchanged low-silica zeolites are 
attributed to the high basicity of their aluminum-rich frameworks and the presence 
of hard Lewis acidic centers. The Lewis acid (LA) strength of the active sites 
decreases in the order of Li+, Na+, K+, Rb+, Cs+, following the increase of the ionic 
radius with a concomitant increase of the zeolite lattice basicity.123–125 The substrate 
zeolite interactions inside such low silica zeolites can therefore be dominated by 
those with the Lewis acidic cations or the basic oxygen centers or even be the result 
of the concerted action of these different sites. 

The simultaneous interaction of the guest molecules with both the exchangeable 
cations and the basic lattice sites can be illustrated by considering the adsorption of 
different molecules in alkali-exchanged faujasites. Figure 1.5. shows a structure of 
an adsorption complex formed between paraxylene and an exchangeable cation at 



11 
 

 
Figure 1.5. Para-xylene is adsorbed onto the cation located at the 6-membered ring via cation-π 
interactions. At the same time, numerous hydrogen bonds are being formed between the protons of the 
aromatic guest molecule and the basic framework oxygen atoms.126 
the SII site located at the six-membered ring facing the supercage site in zeolite Y 
(faujasite). At low loading (2-3 molecules per supercage), aromatic compounds 
adsorb preferentially face-on onto the cationic sites at the SII crystallographic 
position.126–128 It has been observed that the unit cell of the zeolite contracts upon 
adsorption. This effect was attributed to both the changes in the cation framework 
interaction due to adsorption and the formation of new direct adsorbent framework 
interactions126 This proposal has been confirmed by the results of FT-Raman 
spectroscopy. Xylene adsorption was accompanied by the red shift of the bands 
corresponding to the C-C stretching vibrations due to the formation of the π-complex 
with the alkali cations. 

Furthermore, confinement of xylene in the zeolite cages leads to the formation of 
CH∙∙∙O contacts with the basic lattice as is evidenced by the blue shift of the methyl 
C-H stretching vibrations.127 Whereas toluene and xylenes can only form π-
complexes with individual cations or form stacked aggregates within the supercage 
at higher loadings, benzene can adopt a higher symmetry position in the 12-
membered ring window of the supercage.128,129 This alignment is attributed to van 
der Waals interactions between benzene CH groups and the framework oxygen 
centers. 

Similarly, the geometry of the adsorption complexes of ferrocene in NaY zeolite 
is predominantly determined by the weak van der Waals interactions between the 
cyclopentadienyl ligands and pore walls.130 This illustrates the importance of weak 
van der Waals interactions on the molecular recognition properties of zeolite 
materials. In spite of being quite weak individually, the formation of multiple 
interactions of that type often provides a driving force sufficiently strong to induce 
specific conformations of the adsorbed molecules and therefore determine the 
geometry of the adsorption complexes. Adsorption of molecules in low-silica 
zeolites can involve interaction with more than one exchangeable cation. Such a 
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dual-site adsorption mode requires an optimal match between the size of the 
adsorbent and the zeolite cations at the adjacent sites. Such a dual-site adsorption has 
been reported for the interaction of different small molecular probes including CO, 
CO2, and CH4 with alkali-exchanged faujasites.125,131–133 Dual-site adsorption gives 
rise to specific shifts of characteristic absorption bands of the adsorbed molecules in 
the infrared spectra. The extent of the frequency shift is proposed to reflect the 
geometric properties of the adsorption complexes, i.e., in essence a function of cation 
size, site occupancy, and the framework basicity131,134,135. 

Secondary interactions with the basic framework sites also affect the spectroscopic 
characteristics of the adsorbed molecules131,135. The role of such interactions with the 
framework has been demonstrated for the adsorption of CO2 on K+-, Rb+-, or Cs+-
exchanged zeolites Y. Being a weak acid, CO2 can react with the basic lattice sites 
of faujasite framework125,133. Molecular adsorption of carbon dioxide involves the 
formation of both cation∙∙∙OCO and Oframework-CO2 interactions to yield surface 
carbonate species125. Because the CO2 adsorption strength follows the order expected 
for the zeolite basicity (Cs+, Rb+, K+, Na+, Li+), the interaction with the basic site has 
been proposed to be the dominant factor in carbon dioxide adsorption on alkali-
exchanged faujasites. Nevertheless, the cooperative nature of the interactions with 
both Lewis acidic and Lewis basic sites resulting in the formation of surface 
carbonates should not be neglected. 

1.5. Scope of the Thesis 
Obtaining biomass-derived drop-in chemicals presents an interesting challenge 
towards the development of sustainable processes for the production of chemicals 
and fuels. Particularly interesting is the production of aromatic compounds from 
biomass as they are presently obtained via petrochemical processes. One such 
biomass-based routes is the production of aromatics via the Diels-Alder 
Cycloaddition (DAC)/Dehydration (D) reaction of biomass-derived furanic 
compounds with ethylene. The reaction mechanism and factors determining the 
activity of zeolite-based catalysts in the conversion of bio-derived furanics to 
aromatics were not understood yet. This dissertation provides insight into these and 
summarizes the results obtained over the last four years of my research on the 
DAC/D reaction of furanics with ethylene. 

The reoccurring models and computational procedures throughout this work are 
described in Chapter 2. The reaction energetics and mechanism of the DAC/D 
reaction between 2,5-DMF and ethylene in alkali(Li, Na, K, Rb, Cs)-exchanged 
faujasite catalysts is investigated in Chapter 3. The reaction energies and 
mechanism obtained with the isolated site model are compared to those obtained 
with a model holding a high accessible active site density representative of the as-
synthesized catalyst. The results indicated that the DAC-reactivity trend was inverted 
and isomerization/dehydration barriers were lowered in the multi-site models as 
compared to the isolated site models. The DFT-computed reaction energies served 
as input for a microkinetic model to predict the catalyst reactivity trend. Experiments 
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confirmed the theoretically predicted reactivity trend and the hypothesis that low-
silica K-exchanged faujasite should be the best overall DAC/D catalyst. 

Chapter 4 is aimed at studying the multi-site cooperativity effect on the DAC-
reactivity trend of substituted furanics in alkali(Na, K, Rb)-exchanged faujasites. It 
was shown that the conventional reactivity theories of the Diels-Alder chemistry 
based on the single Lewis acid site and substituent effect considerations do not hold 
when the multi-site environment is taken into account. Molecular recognition 
phenomena are dominant over the substituent effect in affecting the DAC reaction 
barriers. 

An in-depth electronic structure analysis was performed in Chapter 5 to explain 
the catalytic reactivity trend of the low-silica alkali-exchanged faujasite models in 
the DAC reaction between 2,5-DMF and ethylene. Electronic structure analysis tools 
such as the Crystal Orbital Hamilton Population analysis and the Density Derived 
Electrostatic and Chemical method were employed and complemented by a 
topological study on the electron density using the Quantum Theory of Atoms in 
Molecules. The findings indicate that there are only ionic interactions due to the 
absence of effective cation∙∙∙reactant orbital overlap. Multi-site cooperativity in the 
confined space induces a proper geometrical fit of the substrate onto the ensemble 
of accessible active sites. Among the evaluated models, low-silica Rb-exchanged 
faujasite was found to be the best DAC catalyst. 

The modelling efforts in Chapter 6 lay ground for the development of an efficient 
catalyst capable of catalyzing the DAC reaction via cation∙∙∙reactant orbital overlap 
using first-row d-block(Cu(I), Cu(II), Zn(II), Ni(II), Cr(III), Sc(III), V(V))-cation 
exchanged faujasites. The DAC reaction mechanism, reaction energies and the 
electronic structure of the catalyst and substrates were investigated in detail using 
some of the same methods as employed in Chapter 5. Effective d-block cation-
substrate orbital overlap caused reactant activation, a significant decrease in the 
DAC activation energy and the appearance of a two-step pathway in contrast to the 
one-step pathway found in the alkali-exchanged models. 

The systematic electronic structure investigations culminated in finding 
correlations between the Density Derived Electrostatic and Chemical Method-
derived bond orders and the Crystal Orbital Hamilton Population computed bond 
strengths (Chapter 7). Within defined boundaries, the COHP-derived bond 
strengths can be consistently compared among each other and linked to the DDEC6-
derived bond orders independent of the used model. 

Chapter 8 elucidates the role of entropy and molecular dynamics on the catalytic 
processes taking place within the confined spaces of the zeolite micropores. Ab initio 
molecular meta-dynamics and ab initio constrained molecular dynamics were 
employed to investigate the role of confinement in solvent cages and microporous 
matrices on the activation parameters for the DAC reaction between 2,5-DMF and 
ethylene. The results indicated that the activation entropy is reduced upon a 
concomitant increase of reactant confinement. Additionally, while the general 
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concepts put forward in the previous chapters still hold, the exact adsorption 
geometries obtained via geometry optimizations in the preceding chapters were 
found to be of low relevance to the ensemble of geometries obtained in the molecular 
dynamics simulations. 

The results in this work are obtained using periodic DFT calculations to obtain 
mechanistic insight and reaction energies. Electronic structure analysis tools were 
used to investigate the electronic origin of the observed reactivity trends. The results 
illustrate that confinement and multi-site cooperativity plays a key role in governing 
reactivity trends in microporous materials rather than the intrinsic properties of the 
individual active sites. 
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2.1. Theoretical Framework 
Theoretical chemistry is a powerful tool to obtain information on the energy, 

geometry and chemical reactivity of molecules and solids. The methods available to 
the computational chemist can be divided into molecular mechanics and ab initio 
methods. Molecular mechanics considers molecules to consist of atoms connected 
via springs. This view gives rise to interatomic potentials that describe the system’s 
energy as function of deviations from equilibrium properties.1 For instance, the 
equilibrium bond length or equilibrium (torsion) angle. The forces acting on atoms 
is then computed using Newton’s laws. And although this method is capable of 
handling large systems up to tens of thousands of atoms for simulating trajectories 
up to nanoseconds in length, it cannot describe bond formation and cleavage. Such 
reactive events can be studied using ab initio methods, which allow computing the 
electron density and/or wavefunction. However, ab initio methods are restricted to 
systems of only a few hundred atoms and span at most a few hundred picoseconds 
to a nanosecond within reasonable computational time. 

Within the field of zeolite catalysis, ab initio based computational chemistry has 
proven to be an indispensable tool to obtain detailed mechanistic insight into 
chemical reactivity trends and reaction mechanisms.2,3 Typically, mechanistic 
studies involved the use of isolated site models. Such studies even resulted in scaling 
relations being established for zeolites4–6 akin those established in the field of surface 
science7–9. In the early days of computational chemistry, models even mainly 
consisted of the active site and at most the surrounding aluminosilicate ring (e.g. a 
six-membered ring).10,11 However, progressing computer power enabled new 
developments for theoretical chemistry.12 One of the developments was increasing 
the chemical complexity of the models by accounting for the zeolite framework.13 
Examples of this approach are the (embedded)cluster approach3,13 and periodic 
Density Functional Theory (DFT) 2. An alternative path is the application of 
increasingly sophisticated post-Hartree Fock methods.2,11 However, the latter 
approach requires the use of (embedded) clusters as calculation using such methods 
on periodic models become intractable. 

This thesis is aimed at studying chemical reactivity of molecules confined in the 
microporous zeolite host and to establish reactivity trends among zeolites 
characterized by varying chemical composition. Such work includes the 
determination of transition states, calculation of reaction energies and studying the 
electronic properties of both the reactants, transition states and products as well as 
that of the zeolites. It is therefore imperative to use ab initio methods that can 
properly account for the changes to the electronic structure governing reactivity. 
Note that ab initio is defined here as an approach to solve the Schrödinger equation 
��� = �� using fundamental physical quantities either with or without 
approximations. Here, �� is the Hamiltonian containing the kinetic and potential 
operator of the system containing M nuclei and N electrons. E is the total energy and 
Ψ is the many-electron wavefunction. 
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The Hartree-Fock (HF) method computes the all-electron wavefunction as the 
product of single-electron orbitals. To correct for the error introduced by assuming 
non-interacting electrons, a coulomb term is added to the potential operator that 
reflects the effect of the other electrons, particularly screening the nuclei. As the HF-
method accounts for both core and valence electrons, the size of the models is 
typically limited to ca. 20-30 atoms. Importantly, the electron-electron interaction is 
estimated via the coulomb integral only while it does not account for the tendency 
of electrons to avoid each other. This ‘avoidance of electrons’ is referred to as 
electron correlation, which can be split into dynamical (correlation between the 
movements of different electrons) and static electron correlation (near-degenerate 
electron configurations). In HF calculations, the lacking correlation effect results in 
an underestimation of bonding energies. 

Post-HF methods have been developed to account for electron correlation. The 
dynamic electron correlation energy can be computed with the Møller-Pleset (MP) 
perturbation theory in which the Hamiltonian is perturbed as a measure of the 
electron correlation energy. The zeroth and first order MP-perturbation yield the HF-
solution itself, and the second order perturbation becomes the first significant 
correction. Increased accuracy is obtained by using the fourth order perturbation 
(MP4). However, the higher the MP-perturbation order, the more computationally 
demanding the method becomes. The complete-active space (CAS) method can be 
applied to account for static electron correlation. This method results in a multi-
determinant wavefunction accessed via electron excitation into higher or near-
degenerate orbitals. The different electron configurations are created within a pre-
defined set of orbitals and electrons. For instance, the HOMO and the LUMO orbitals 
of a molecule. Static electron correlation appears most prominently in the 
cleavage/formation of chemical bonds. 

An alternative ab initio method is DFT. It uses fundamental quantities, but also 
relies on the electron density rather than solely the one-electron orbitals. 
Conceptually, DFT differs from the HF-approach in that the electron density defines 
properties and energies of the system. Hohenberg and Kohn made DFT applicable 
as a computational tool via their theorems.14 The first states that the total energy of 
a system is a unique functional of the electron density. The second states that the 
ground state energy can be obtained variationally; the electron density that results in 
the lowest energy is the exact ground state electron density. Kohn and Sham15 
developed DFT further by introducing a formalism in which it is assumed that a 
system consisting of non-interacting electrons moving in an average electrostatic 
field made up by the other electrons has the same electron density as that of the real 
system of interacting electrons. Consequently, whilst the kinetic and potential energy 
of the non-interacting electrons can be described well, the electron correlation and 
exchange is actually completely ignored. As this is physically incorrect, the Kohn-
Sham formalism contains a correction term. This is named the exchange-correlation 
energy which and has to be approximated using appropriate functionals. 
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To compute the exchange-correlation energy, functionals (XC-functionals) have 
been developed that can approximate it.16,17 The simplest is the local-density-
approximation (LDA) which considers the electron density at a given point equal to 
that of a homogeneous electron cloud. Although this works quite well for solids, this 
functional yields significant overbinding of molecules. Thus, gradient corrected 
functionals were developed taking both the local electron density and its gradient 
into account, referred to as the generalized-gradient-approximation (GGA). Even 
more accurate GGA-functionals can be created by taking the second derivative of 
the gradient into account, the meta-GGA functionals. Yet, none of these functionals 
do account for electron exchange (electron self-interaction and Fermi correlation) as 
well as the HF-method. However, the HF-method can be mixed with the (meta-
)GGA functional to construct hybrid (meta-)GGA functionals. In such functionals, 
the exchange energy is a linear function of a portion of HF-exchange and a portion 
of DFT-functional computed exchange. Consequently, the error in DFT is thus 
dependent on the accuracy of the XC-functional. The more advanced XC-functionals 
are believed to yield smaller errors as they include an increasingly larger portion of 
electron exchange and correlation. Despite the possibility to create even double-
hybrid functionals that include partial HF-exchange and MP2-correlation, none of 
the XC-functionals can properly deal with long range electron correlation. This is 
known as dispersion interactions. Therefore, schemes like DFT-D3 are developed. 
DFT-D3 is a semi-empirical and damped-potential which is a complementary 
correction to the XC-functionals.18,19 

Despite the conceptual differences, each method creates one-electron wave-
function which are linear combinations of basis functions. These basis functions can 
take several forms, like the Slater-type and Gaussian-type functions or plane waves. 
The entire set of basis functions used to create the total wavefunction is called the 
basis set. The challenge remains to describe large systems and/or heavy atoms which 
contain many core and valence electrons, requiring huge basis sets. Such all-electron 
calculations are computationally expensive and intractable for large systems. 
Effective core potentials have thus been developed to describe the potential that 
valence electrons experience as a combination of nucleus shielding by the core 
electrons. 

2.2. Crystal Orbital Hamilton Population and Crystal Orbital Overlap 
Population Analysis 

The Crystal Orbital Overlap Population and Crystal Orbital Hamilton Population 
analysis allow for the description of bonding in molecules and solids. They allow for 
the deconvolution of the band structure into atomic orbitals, to quantify the degree 
of net orbital overlap and they can also be used to determine the bond strength. 

In order to apply methods20–24 using localized basis sets to analyze materials 
properties for plane-wave based calculations, projection schemes were 
introduced.25,26 Also within the COHP-method employed in this work, the plane 
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wave (PW) wavefunction is transformed into a wavefunction based on a combination 
of localized atomic orbitals (LCAO):21,22,27–29 

���,
 = ����,
 =  ∑ ∑ ���,
φ��,

����      eq. 2.1. 

where in eq. 2.1 n is the nth basis function in a set with mi total basis functions that 
all make up the wavefunction, J is the band number and cni,J the orbital coefficients 
matrix of the orbital φni,J. Consequently, the energy-partitioned band structure can 
be transformed into orbital pair contributions to obtain a localized DOS for atoms a 
and b, Figure 2.1a. The projected DOS (pDOS) for atomic orbital i is: 

�����(�) =  ∑ �c�

�� (� − �
)
      eq. 2.2 

Using the overlap population (Pij): 

"#$ =  �#$ ∑ �
�∗ �
&
        eq. 2.3 

one obtains an overlap-population weighted pDOS, Figure 1b. Here, Sij = ⟨(i|(j⟩ is 
the overlap of atomic orbitals (i and (j. 

Because the DOS is an energy-partitioned property, the overlap-population 
weighted pDOS shares this property. Using this and Pij, one can define regions where 
the atomic orbital overlap is bonding, anti-bonding and non-bonding in nature. The 
resulting function is called the Crystal Orbital Overlap Population (COOPij(E)) as 
introduced by Hoffmann30 (Figure 2.1b): 

COOP�&(�) = ��&  ∑ -
c
�∗ c
&  (� − �
)
     eq. 2.4 

In which fJ is the occupation number of each band J. Integration of the COOPij(E)-
function up to the Fermi level will yield the net orbital overlap between atoms a and 
b. As Pij is used, the COOP(E)-function is basis-set dependent.31 

The COOP-function can be changed by replacing the overlap matrix with the 
Hamiltonian matrix, resulting in the COHP-function. By convention, the COHP-
function is defined as -COHPij(E) and can be computed according to: 

COHP�&(�) = ��&  ∑ -
c
�∗ c
&  (� − �
)
     eq. 2.5 

where Hij represents the Hamiltonian matrix element between atomic orbitals (i and 
(j, and ci and cj are the coefficients of these atomic orbitals in the molecular orbital 
�J (ψ
 = ∑ ��


φ�� ). A positive value for –COHPij(E) symbolizes a bonding 
electronic interaction between the atomic orbitals i and j, while a negative value 
describe an anti-bonding interaction. A value of zero is associated with a non-
bonding interaction (see for instance Figure 2.1c). The integrated value of –
COHPij(E), ICOHP, is a measure for the bond strength. This formulation provides a 
good approximation of the bond energy as long as the repulsive energy of the nuclei 
is canceled by the double-counted electrostatic interactions.32 Note, though, that the 
energy computed with eq. 2.5, accounts for pair-wise interactions, but does not 
account for many-body interactions, which may also influence the strength of the 
interatomic bond under study. 
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Figure 2.1. The pDOS of N2 split into the pDOS of every individual N-atom (red = 2s, black = 2p) in 
(a). The total pCOOP and -pCOHP of the nitrogen molecule are shown in (b) and (c), respectively. 

Within the COHP-formalism, the lack of an absolute zero energy reference prohibits 
one to compare ICOHP-values obtained in different structural models directly with 
each other. This can be appreciated by examining equation 2.6, which is an 
expression for the crystal’s total cohesive energy (Ecoh), obtained by subtracting the 
total energy of the atoms from the total energy of the crystal. The equation is adopted 
from ref[27], which also contains the full derivation: 

�012 = 3 4567 ∑ ∑ -
c�8∗ c�9�89�9�8    

: 3 4567 ∑ -
 c�8∗ c�8�88�8 − ∑ ∑ -
85
8
8   

:∆E=>?@(AB)C : ∆�D0?@(AB)C : ∑ EFEG
|IBFJIBG|      eq. 2.6 

In the above equation, εJ refers to occupied one-electron eigenvalues. In 
combination with fJ, summation over all J (third term) yields the band structure 
energy. The first term is the off-site COHP. The second term is the on-site COHP 
and the third term is the band structure energy of the atom. The fourth, fifth and sixth 
relate to the charge density difference, exchange-correlation difference and 
Madelung term, respectively. Note that the third term arises from the summation of 
the total energy of a single reference atom whose energy is determined by the 
occupation of J bands each with energy εJ. The fourth and fifth term are the 
differences in Coulomb and exchange-correlation energies between the separate 
reference atoms and that of the actual crystal under study, respectively. The sixth 
term is the nucleus-nucleus repulsion term arising from the Schrödinger equation 
used for the crystal. 

The importance of eq. 2.6 is that it tells us that the bond energies (off-site COHP) 
are only the real bond energies if the second and third line in eq. 2.6 cancel out 
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exactly. Additionally, the second, third and fourth term carry undetermined 
constants. We can therefore rewrite eq. 2.6 essentially as: 

�012 = 3 4567 ∑ ∑ -
 c�8∗ c�9�89�9�8 : K;    eq. 2.7 

where C is the total sum of the errors that not exactly cancel each other out and the 
undetermined constants. 

At last, ionic interactions are not properly quantified with the COHP-functions. 
The COHP is determined by the cross-product of the coefficients ci on the different 
atoms in the same molecular orbital. In an ionic bond, one (or more) of the ci’s will 
approach a zero value (no net orbital interaction) and the resulting COHP becomes 
very small.33 

2.3. Density Derived Electrostatic and Chemical Method 
Molecular bonding can be studied in terms of the chemically intuitive bond orders. 
The Density Derived Electrostatic and Chemical method was introduced in 2016 
(DDEC6)34 and is a revised version of its predecessors35,36 (e.g. DDEC3). 
Additionally, the DDEC6-method is able to compute bond orders without the 
assumption of constant bond orders to atomic charge density overlap ratios.37 The 
exact derivation of the equations necessary to both compute the bond orders and 
execute the underlying Density Derived Electrostatic and Chemical method 
(DDEC6) charge partitioning are explained elsewhere.34,37,38 Fundamentally, 
formation of a bond is assumed to arise from electron exchange between two atoms 
close enough to exhibit overlapping electron densities. 

Manz defined the bond order of an atom pair A (in the unit cell) and j (atoms in 
both unit cell and periodic images)37: 

L,& = K�,& :  M,&       eq. 2.10 

where BA,j is the bond order between atom A and j, CEA,j is the contact exchange and 
ΛA,j is the dressed exchange hole delocalization term. The term CEA,j describes the 
electron exchange between atoms A and j in a material, formulated in equation 2.11: 

K�,& = 2 ∮ PQQBR
FST (IBR)∙PQQBV

FSTWIBVX
PQQBFST(IB)∙PQQBFST(IB) Y(AB)4ZAB     eq. 2.11 

where any YB�
8[\ is the average spherical electron density of atom i as function of the 

atomic electron distribution and atomic spin magnetization density vector obtained 
through DDEC6-based partitioning of the electron density. The term  YB8[\ is the sum 
of all YB�

8[\found in the material (unit cell + periodic images). Note that this equation 
deals with the dressed exchange hole, which is an adjusted (either more contracted 
or more diffuse) exchange hole to obtain more accurate bond orders. The second 
term in eq. 2.10 is the dressed exchange hole delocalization term, defined according 
to equation 2.12: 

M,& =  ],&011I^.�I.],&
`8�Ia�b=],&01�. ≤  K�,&    eq. 2.12 
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where ],&011I^.�I. accounts for coordination number effects, ],&
`8�Ia�b= for pairwise 

interactions and ],&01�.is a constraint on the density-derived localization index, BA,A. 
The latter is a matrix that equals the total number of the dressed exchange electrons 
in the material (unit cell + periodic images). These terms are constraints and scaling 
relationships to keep the bond orders well-behaved. 

2.4. Quantum Theory of Atoms in Molecules 
An alternative to the DDEC6-based electron density partitioning scheme is the 

Quantum Theory of Atoms in Molecules as developed by Richard Bader.39,40 It relies 
on a topological analysis of the electron density by analyzing the gradient in the 
electron density. This way, atomic basins are defined which contain nuclear 
attractors (NA) and which hold the total charge belonging to that NA. The size and 
shape of the atomic basin can be determined by analysis of the first derivative of the 
electron density and connecting all points of zero electron density flux, ∇ρ(r) = 0, 
Figure 2.2. 

Within the QTAIM theory, the gradient of the electron density provides insight 
into atomic or molecular properties. Minima, maxima and saddle points are critical-
points (CPs) characterized by a point in space where the first derivative is zero (∇ρ(r) 
= 0). Analysis of the second derivatives, ∆ρ(r), in the neighborhood of the CP yields 
information about the type of CP. Diagonalization of the resulting Hessian matrix 
results in finding eigenvalues for ∆ρ(x), ∆ρ(y) and ∆ρ(z) along the 3 directions in a 
3D space at the CP. These quantities are often referred to as λ1(r), λ2(r) and λ3(r) and  

 
Figure 2.2. Examples of the molecular structure as visualized with the QTAIM-topological analysis of 
the electron density. On the right a cut through 2,5-DMF and on the left a cut through ethylene. Red 
dot = BCP, green dot = RCP, blue dot = NA, yellow line = atomic basin boundary, blue line = bond 
path, black line = field line. 
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their sum is known as the Laplacian denoted L(r). Every CP has a rank (ω) which 
indicates the number of non-zero eigenvalues. Every eigenvalue has a sign, either 
plus or minus, and their sum is called the signature (σ). 

The result of the above deconvolution of the electron density and the introduction 
of the (ω,σ) terminology is that one can define what kind of CP one observes and 
what its properties are. That is, a nuclei is characterized by a point labelled (3,-3). A 
bond critical point (BCP) is found between a pair of atoms considered to be ‘bonded’, 
characterized by a point labelled (3,-1). Ring (RCP) and cage (CCP) critical points 
are characterized by points labelled (3,+1) and (3,+3), respectively. The BCP lies on 
a bond-path. That is found by linking the two neighboring (3,-3) CPs with the BCP 
via a field line along the positive curvature of the electron density at the CP. Two 
examples of the topological analysis are shown in Figure 2.2. 

Care has to be taken when interpreting the physical meaning of the BCP to avoid 
drawing wrong conclusions about the molecular bonding. The value of L(r) at the 
BCP provides insight into the type of interaction. The interaction can be ionic (L(r) 
< 0), covalent (L(r) > 0). 

Controversies exists about the physical significance and interpretation of a BCP.41–

43 However, I like to note that, unlike any other technique in natural sciences, the 
QTAIM theory alone is never enough to understand atom connectivity. Rather, one 
should consider the BCP as a notion of atom-atom interactions with the value of L(r) 
indicating what type of interaction one deals with. This should then be 
complemented with other electronic structure analysis techniques to confirm and test 
the results obtained with the QTAIM-theory (or vice versa). 

2.5. Computational Details 
The general procedures by which the energies were computed and electronic 

structure analyses were performed, are given below. The most frequent used models 
will be defined in this section too. Models that are only used in a specific chapter, 
are described in that particular chapter. 

Models. The faujasite models were based on the rhombohedral unit cell of 
faujasite containing 48 T-sites and 96 oxygen atoms. The high-silica model (Si/Al = 
47, Si47Al1O96M1) contained one isolated site per rhombohedral unit cell, Figure 
2.3a. The low-silica model (Si/Al = 2.4, Si34Al14O96M14) had a high active site 
density, Figure 2.3b. M+ was either Li+, Na+, K+, Rb+ or Cs+. 

There are various active site locations within the faujasite framework, Figure 2.4. 
Two cations were placed at SI, two at SI’, nine at SII, and one at SIII in line with 
ref44. The SII site, located on the 6-MR of a sodalite cage and facing the supercage, 
is almost always fully occupied45,46. The SII/(SI+SI’) ratio was 1.47 for a Rb-
exchanged NaY zeolite with Si/Al = 2.7 ratio47. These considerations lead to a site 
occupancy of SII = 9, SI = 3 and SI’ = 2. Although SIII, located on the 4-MR of a 
sodalite cage and facing the supercage, is claimed to be scarcely occupied for 
relatively low alkali-exchanged faujasites, it was decided to still occupy one SIII 
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site.46 The NaY and NaFAU periodic cells were relaxed after which the same cell 
parameters were used for all of the other structures. No subsequent cell relaxation 
was performed upon changing the cation. The energies of the low-silica model differ 
by only 18.8 and 31.8 kJ/mol when comparing Na- and Rb-exchanged zeolites to 
their non-relaxed counterparts respectively. Optimized cell parameters varied with 
less than 1.52%. Based on these small variations and on the fact that the pathways 
are referenced against the bare zeolite, the trends presented here should not be 
affected. In the following we will use MFAU to refer to the faujasite model with a 
Si/Al-ratio of 47 and MY to refer to the model with a Si/Al-ratio of 2.4. 

Methods. All calculations were carried out in the framework of density functional 
theory (DFT) with the gradient corrected PBE exchange-correlation functional48–52 
and the projected-augmented-wave scheme (PAW) to describe the electron-ion 
interactions. Calculations were performed using the Vienna Ab Initio Simulation 
Package (VASP). The DFT-D3 method with Becke-Johnson damping was used to 
account for long-range dispersive interactions.18,19 The k-point mesh was limited to 
the gamma-point. The plane-wave basis set cut-off energy was set to 500 eV. Cell-
optimization was performed with a cut-off energy of 650 eV. Typically, a root-mean-
square (RMS) force convergence criterion of 0.015 eV/Å was employed. 

The transition states were located via a two-step procedure. First, a Climbing-
Nudged-Elastic Band (CNEB) calculation53,54 was performed to estimate the 
minimum energy pathway (MEP) (5 eV/Å2 spring constant, maximum length hyper-  

 
Figure 2.3. The periodic high-silica faujasite (a) and low-silica faujasite model (b). 

 
Figure 2.4. Schematic representation of the FAU zeolite structure in which the accessible SII (1), SIII 
(2) and SIII’ (3) sites are shown. 
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vector between images 0.3 Å). New images were iteratively inserted till the CNEB 
calculation converged when the maximum hyper-vector length between images was 
exceeded. The accepted RMS force of the converged CNEB was 0.14 eV/Å or lower. 
Consecutively, geometry optimization of the identified transition states and possible 
intermediate was continued using the quasi-Newton procedure (maximal RMS 0.015 
eV/Å). Vibrational frequencies were computed with the finite displacement method 
to confirm the nature of the stationary points. 

Electronic structure analysis. The net atomic charges were computed using 
VASP and the freely available scripts developed by Henkelman and co-workers.55–

58. To obtain accurate Bader-charges, the VASP-calculations were performed using 
a 2.5 times increased FFT-grid density. Charge integration was done in accordance 
with the method proposed by Yu and Trinkle58 with a vacuum level cutoff of 10-4 e-

/Å3. Tests with increasing grid density show that the convergence of the atomic 
charge was obtained at the employed values (accuracy of 0.01 e-). The net charges 
per atom were obtained by referencing the calculated charges to the ideal valence 
charge of every atom. 

An in-house written script and freely available software59,60 were used to analyze 
and visualize the topology of the electron density in conformity with the QTAIM 
theory.39,55–58 Bond-critical points (BCPs) were assigned to saddle-points along the 
bond-paths. The Laplacian at a BCP was used to characterize the nature of the 
pairwise interaction, providing insight into the covalent/ionic character of a bond. A 
negative value of the Laplacian is indicative of a covalent bond, while a positive 
Laplacian indicates non-covalent bonds like an ionic bond, hydrogen bond or Van 
der Waals interaction.40 

The bond orders (BO) were analyzed using the Chargemol code61 using the same 
charge-density files as those employed in the QTAIM- and topological-analysis. 

The (partial) density of states (pDOS), the crystal orbital Hamilton population 
(COHP) and crystal orbital overlap population analysis were computed with the 
Lobster code21,22,27–29 via transformation of the (plane) wave functions obtained by 
VASP into a localized basis set (STO). The number of bands in VASP was set to be 
at minimum equal to the total number of orbitals in the model. This way, the (p)DOS 
accounts for an analysis within the entire Brillouin zone and encompassing the entire 
electron density (i.e. summation of the local DOS adds up correctly to the value of 
the total DOS). In addition, an automatic rotation of the basis set was applied. The 
pair-wise interatomic interaction strength was computed by integrating the Crystal 
Orbital Hamilton Population up to the Fermi level (ICOHP). This was combined 
with the Crystal Orbital Overlap Population analysis with integration up to the Fermi 
level (ICOOP) to obtain the bonding overlap between different atoms. 
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Chapter 3 
 

An Active Alkali-Exchanged Faujasite Catalyst for Para-
Xylene Production via the One-Pot Diels-Alder 

Cycloaddition/Dehydration Reaction of 2,5-Dimethylfuran 
with Ethylene 

 
 
 
 
 
 
 
ABSTRACT: The one-pot Diels-Alder cycloaddition (DAC)/dehydration (D) 
tandem reaction between 2,5-dimethylfuran and ethylene is a potent pathway 
towards biomass-derived para-xylene. In this chapter, I present a cheap and active 
low-silica potassium exchanged faujasite (KY, Si/Al = 2.6) catalyst. Catalyst 
optimization was guided by a computational study of the DAC/D reaction 
mechanism over different alkali-exchanged faujasites using periodic DFT calcu-
lations complemented by microkinetic modelling. Two types of faujasite models 
were compared, i.e., a high-silica alkali-exchanged faujasite model representing 
isolated active cation sites and a low-silica alkali-exchanged faujasite model in 
which the reaction involves several cations in close proximity. The mechanistic 
study points to a significant synergetic cooperative effect of the ensemble of cations 
in the faujasite supercage towards the DAC/D reaction. Alignment of the reactants 
by their interactions with the cationic sites and stabilization of reaction intermediates 
contribute to high catalytic performance. Experiments confirmed the prediction that 
KY is the most active catalyst among low-silica alkali-exchanged faujasites. This 
work is an example of how catalytic reactivity of zeolites depends on multiple 
interactions between the zeolite and reagents. 
 
This chapter has been published as: R. Y. Rohling, E. Uslamin, B. Zijlstra, I. C. Tranca, I. A. W. Filot, E. J. M. 
Hensen, E. A. Pidko, “An active alkali-exchanged faujasite catalyst for para-xylene production via the one-pot Diels-
Alder cycloaddition/dehydration reaction of 2,5-dimethylfuran with ethylene”, ACS Catal. 2018, 8, 760 
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3.1. Introduction 
As set out in Chapter 1, developing sustainable routes for the production of drop-in 
aromatic chemicals is considered a necessity for sustainable processes. A range of 
catalysts has been investigated to enhance the DAC/D reaction of 2,5-DMF with 
ethylene1–8, as part of a wider search for DAC/D-based production pathways towards 
drop-in aromatic compounds with different furanic or alkene reactants.9–14. Examples 
of heterogeneous catalysts for para-xylene from furanics include HY1–4, HBEA5, 
MBEA (M = Sn, Ti, Zr)6,7 and silica-alumina aerogels8. Among these studies, 
Vlachos and co-workers compared the one-pot DAC/D reaction of 2,5-DMF with 
ethylene over HY and alkali-exchanged faujasites.1,2 In their work, the mechanistic 
picture was derived from models such as an isolated cation2 or a larger ONIOM 
cluster model1. The reaction energetics of Brønsted and Lewis acid sites in zeolites 
were compared. A conclusion of this work was that the NaY-catalyzed reaction is 
limited by the dehydration of the bicyclic intermediate.1 

With respect to these important initial studies, it may be questioned whether a 
single cation model of the active sites in alkali-exchanged faujasite can capture all 
relevant features. This is related to the nature of the active site, e.g. the local active 
site topology, the density of active site and the active site chemical composition. 
Often, catalysts are studied via a reductionist approach in which the chemical 
complexity of the catalytic system is simplified. It is becoming clearer that such a 
reductionist approach alone is not sufficient to understand the activity of catalysts 
whose reactivity depends on their complex chemical composition.15 For instance, 
heterogeneous surface reactions are often profoundly affected by nearby active sites 
and adsorbates occupying these sites.16–18 In homogeneous catalysis, the 
participation of the solvent has been shown to play an important role in influencing 
the reaction energetics and reaction pathway.19,20 In enzymatic21,22 and zeolite23,24 
catalysis, it is becoming increasingly evident that the surrounding matrix and the 
nearby active groups or sites within the catalytic pocket or zeolite pore play an 
immense role on the reaction energetics. Taking these aspects into account is 
important if one aims to predict catalytic performance. 

In this chapter, periodic DFT calculations and microkinetic modelling were 
employed to reveal the role of reactant confinement on the DAC/D-reaction of 2,5-
DMF with ethylene to para-xylene as a model reaction. The key focus is on 
establishing the key parameters that control the reactivity of Lewis acid zeolite 
catalysts in the DAC/D-reactions beyond the isolated site model. To this end, 
periodic high- and low-silica alkali-exchanged faujasite zeolite models have been 
used. This allowed studying reactivity for the conventional isolated site model (high-
silica zeolite) as well as low-silica models capturing the higher complexity of the 
actual catalyst systems containing multiple accessible sites. The computational 
results indicate that a high density of accessible sites near the reactants and reaction 
intermediates in the zeolite micropore are important factors determining the catalytic  
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Figure 3.1. The periodic high-silica faujasite (a) and low-silica faujasite model (b). 

performance. The reaction barriers are significantly lowered. Moreover, the 
reactivity trend among the alkali-exchanged faujasites is different from the one for 
the high-silica alkali-exchanged faujasites. Based on these results, it is predicted that 
potassium should be the most suitable alkali cation to modify low-silica faujasite to 
achieve good performance in the DAC/D-reaction of 2,5-DMF with C2H4 to obtain 
para-xylene. Alkali-exchanged faujasite catalysts with a chemical composition 
similar to the modelled low-silica faujasites were synthesized and subjected to 
kinetic tests to experimentally determine the activity trend. The experimental results 
confirmed the theoretical predictions. 

3.2. Computational and Experimental Details 
Models. The models were based on the rhombohedral unit cell of faujasite 
containing 48 T-sites and 96 oxygen atoms. The high-silica model (Si/Al = 47, 
Si47Al1O96M1) contained one isolated site per rhombohedral unit cell, Figure 3.1a. 
The low-silica model (Si/Al = 2.4, Si34Al14O96M14) had a high active site density, 
Figure 3.1b. M+ was either Li+, Na+, K+, Rb+ or Cs+. In the following we will use 
MFAU to refer to the faujasite model with a Si/Al-ratio of 47 and MY to refer to the 
model with a Si/Al-ratio of 2.4. Comprehensive details on the definition and 
construction of the models are given in Chapter 2. 
Microkinetic modeling. The reaction energy diagrams derived from the DFT 
calculations were used to compute rate constants for a microkinetic model of the 
DAC/D-reaction. The set of reaction equations used in the MKM-modelling efforts 
are shown in Table 3.1. An in-house written C++ program was used to perform the 

calculations.25,26 
For N elementary reactions, 2N elementary 

reaction steps are defined, i.e. both forward 
and backward: 

A� = e� ∏ ��
g�,h�    eq. 3.1 

where ci is the concentration of reactant i in 
elementary reaction step n. In the rate 
equation, νi is the stoichiometric coefficient 
of species i in reaction n. The time-dependent 
concentration of component i is: 

Table 3.1. Reaction scheme 

 Elementary step 

Adsorption 
2,5-DMF + * → 2,5-DMF*  

Et + * → Et* 

Reaction 

2,5-DMF* + Et* → Bi* + * 

Bi* → Ep* 

Ep* → Al* 

Al* + * → PX* + Wa* 

Desorption 
PX* → PX + * 

Wa* → Wa + * 
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^0�
^i =  ∑ j�,�� A�       eq. 3.2 

The model accounted for competitive reactant adsorption, followed by surface 
reactions towards the products which then desorb again. Re-adsorption of the 
products was not taken into account, i.e. the simulation was done in the low-
conversion limit. This yields for adsorption: 

Ak,lmn = ek,lmn�op∗       eq. 3.3 

where cR is the concentration of either 2,5-DMF or C2H4 and Ѳ the fraction of 
available free sites. Note, the mean field approximation is applied, i.e. all sites are 
considered to be equivalent and the spatial separation and distribution of the active 
sites is ignored. The desorption is described as: 

Aq∗,mrn = eq∗,mrn��∗        eq. 3.4 

where ��∗  is either of the two reactants (2,5-DMF and C2H4) or the two products 
(para-Xylene and H2O). 

The rate constants of the individual elementary reaction steps are determined using 
the Eyring equation27: 

e� = s�tu� vJ∆wh‡
yGz {       eq. 3.5 

with: 

s� = |yGz2 } v
~h‡
~h��{       eq. 3.6 

where for elementary reaction step n the DFT-computed activation energy is denoted 
as E‡ and Q# and QIS are the partition functions of the corresponding initial and 
transition state respectively. The ratio of the partition functions defines the activation 
entropy, as: 

v~h‡~h��{ = tu� v∆�h‡yG {       eq. 3.7 

All elementary reactions were assumed to take place with both equal probability 
and no significant entropy change (mainly vibrational in the adsorbed state). 

Therefore, the exponential pre-factor is Areact. = |yGz2 } ≈ 1013. Because most of the 

entropy losses are encountered during the adsorption step, the value of 1013 is 
reasonable approximation to the pre-exponential factors for the reactions occurring 
over active surface sites within the harmonic limit.28 Additionally, we assumed 
mobile transition states for product desorption, so that Ades. = 1015. Furthermore, we 
varied the adsorption pre-factors of the reactants (A2,5-DMF and AC2H4), reflecting 
differences in pressure. Noting that the molecular adsorption rate constant for 
reactant i can be described as: 

e8^b,� = s8^b,� = ���
�����,�yGz ��     eq. 3.8 
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With Pi the partial pressure (Pa) of the reactant in the gas phase, O the surface area 
of the adsorption site (m2), Mw,i the reactant mass (kg) and Si the dimensionless 
sticking number. Let us consider 2,5-DMF adsorption, for instance, at 105 Pa 2,5-
DMF, 503 K with an O of 1∙10-20 m2 and Si set to 1. The resulting kads is 1.4∙107 s-1. 

Next, the degree-of-rate-control (DRC) for every elementary step was 
determined.29 Briefly, the DRC for elementary reaction n is defined as the relative 
change in overall rate as function of changing reaction constant (kn) while keeping 
the equilibrium constant fixed. This resembles changing the stability of the transition 
state (TSn) corresponding to the elementary reaction n. 

�`D,� = |��� (I��)
��� (yh) }

y��h,�h
      eq. 3.9 

Where χpx,n is the DRC parameter for elementary reaction n for the product para-
xylene (px), rpx the overall reaction rate and kn and Kn are the forward rate and 
equilibrium constants for reaction n respectively. The value for χpx,n can either be 
positive or negative, indicating that a step is rate-controlling (rate increase upon 
lowering ETS,n) or rate-inhibiting (rate decreases upon lowering ETS,n) respectively. 
The total sum of all DRCs is always unity. 

Catalyst preparation and characterization. The parent material NaY (Si/Al = 
2.5) was obtained from Akzo Nobel. Aqueous MNO3 solutions (M = Li, K, Rb, Cs) 
were used for ion exchange to obtain the Li, K, Rb and Cs forms of the Y-zeolite. 
Ion exchange was repeated 5 times at 343 K for 2 h with 0.5 M MNO3 solutions 
using a solution to zeolite ratio of 20 ml/g. After washing and drying overnight at 
383 K, zeolites were calcined at 723 K for 3 h in air. 

Reaction rates. Activity tests were carried out in a 100 ml TOP Industrie autoclave 
equipped with a mechanical stirrer and a pressure control system. In a typical 
experiment, catalysts were dried under vacuum at 473 K for 3 h prior to the reaction 
inside the reactor. The system was heated to the reaction temperature (503 K) and 
then 0.5 M solution of 2,5-DMF in n-heptane was added. Upon reaching the desired 
temperature, the reactor was pressurized with 6∙106 Pa of ethylene. Sampling of the 
liquid phase was done every 5 – 10 min after the start of the reaction. Identification 
and quantitative analysis of the reaction products were done using GC-MS and GC-
FID systems (Shimadzu GC-MS GC-17A-QP-5050, Stabilwax; Shimadzu GC GC-
17A, Rxi-5ms). The reaction rates were measured by varying the initial 2,5-DMF 
concentration from 0.3 M to 1.5 M to obtain the reaction orders. 

Catalyst characterization. The degree of exchange of the resulting samples was 
analyzed by ICP-OES (Spectro CIROS CCD ICP optical emission spectrometer with 
axial plasma viewing). The samples were dissolved in a 1:1:1 (by weight) mixture 
of HF (40%):HNO3 (60%):H2O prior to the measurements. Both the content of X (X 
= Li, K, Rb, Cs) and Na were measured. XRD was performed on a Bruker D2 powder 
diffraction system (Cu Kα radiation, scan speed 0.01 °/sec, 2θ range 5 to 60 °). 
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Porosity of the materials was analyzed by Ar physisorption carried out at liquid argon 
temperature using a Micromeritics ASAP-2020. The results are shown in Table 3.3. 

3.3. Results and Discussion 
3.3.1. DFT Calculations 

Reaction Mechanism. The DFT computed reaction energy diagrams for the 
DAC/D-reaction of 2,5-DMF with ethylene to p-xylene over different alkali-
exchanged faujasites are given in Figures 3.2a and 3.2b. The reactant adsorption 
energies (Eads) on the different accessible sites in high- and low-silica alkali-
exchanged faujasites are reported in Table 3.2. 

The one-pot DAC/D-reaction starts with the adsorption of the reactants in the 
supercage (2,5-DMF + C2H4 + Z → 1/Z, where Z refers to MFAU or MY). 
Adsorption is followed by the DAC-reaction (1→2) yielding a bicyclic intermediate 
(2, 1,4-dimethyl-7-oxabicyclo[2.2.1]hept-2-ene). Next, migration of the furanic 
oxygen (Of) to a position bridging the C1/C2 pair isomerizes 2 into the epoxide 3 
(3,6-dimethyl-7-oxabicyclo[4.1.0]hept-2-ene intermediate). This species isomerizes 
(3→4) into an alcohol 4 (1,4-dimethylcyclohexa-2,4-dien-1-ol) via an 
intramolecular proton transfer from the C5-methylene group to Of. The driving force 
for this reaction is the formation of the conjugated diene and the release of the strain 
within the epoxide ring. Finally, the alcohol 4 is dehydrated (4→5) via a proton 
transfer from the C6-methylene group to OfH producing adsorbed para-xylene and 
water (5+H2O). Desorption of these products completes the catalytic cycle. 

For the all-silica FAU and MFAU models, independent of M, the adsorption of 
2,5-DMF is almost twice stronger than that of ethylene. Adsorption in the former 
model solely arises from dispersive interactions (Table 3.2). The adsorption 
complexes are of the η5-coordination type between the π-system of 2,5-DMF and the 
exchangeable alkali cation. The co-adsorbed state, in which such a coordinated 2,5-
DMF complex shares the confined space of the faujasite supercage with physisorbed 
ethylene, is the starting point of the catalytic process (1/FAU). The individual 2,5-
DMF adsorption and co-adsorption energies (Fig. 3.2a, 1) for different MFAU 
models correlate well with the Lewis acidity of the exchangeable cations: the 
interaction energy decreases with the increase of the ionic radius from Li+ to Cs+.  
Table 3.2. DFT-computed adsorption energies of 2,5-DMF and ethylene in MFAU models at the 
two different accessible SII and SIII sites. 

kJ/mol 
2,5-DMF 2,5-DMF C2H4 C2H4  2,5-DMF 2,5-DMF C2H4 

SII SIII SII SIII  SII SIII SII 

all-silica -48 -53 -22 -26     

LiFAU -92 -108 -53 -63 LiY -165 -134 -57 

NaFAU -92 -90 -48 -49 NaY -127 -103 -51 

KFAU -71 -70 -29 -34 KY -98 -100 -24 

RbFAU -60 -61 -26 -29 RbY -84 -87 -27 

CsFAU -51 -56 -21 -25 CsY -86 -82 -31 
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The co-adsorbed reactants undergo a DAC-reaction (1→2) during which two new 
bonds are formed synchronously between the C1-C6 and C4-C5 pairs. The overall 
reaction enthalpy for 1→2 varies from –20 kJ/mol for CsFAU to –89 kJ/mol for 
LiFAU. The highest reaction barrier is found for CsFAU (94 kJ/mol) and the lowest 
for LiFAU (64 kJ/mol). 

The isomerization step 2→ 3 is promoted by the interaction between the migrating 
Of and the extraframework cation. Despite this stabilizing interaction, this step is 
much more difficult than the preceding DAC-reaction. The calculated barriers for 
this step range from 140 kJ/mol for LiFAU to 182 kJ/mol for RbFAU. The next, 
slightly exothermic, isomerization step (3→4) to form alcohol 4 proceeds with a 
barrier of 108 kJ/mol, 108 kJ/mol, 140 kJ/mol, 136 kJ/mol and 132 kJ/mol for 
LiFAU, NaFAU, KFAU, RbFAU and CsFAU respectively. 

The final dehydration step (4→5) is strongly exothermic by 104-135 kJ/mol 
depending on the cation. The reaction is facilitated by the electrostatic stabilization 
of OfH by the cation and weak H-bonding interactions with the siliceous framework. 
Consequently, the activation barrier for the dehydration step (4→5+H2O) is rather 
high. The largest barriers of 188 kJ/mol and 181 kJ/mol are computed for NaFAU 
and RbFAU, while the lowest barrier of only 112 kJ/mol is predicted for LiFAU. 

 
Figure 3.2. Reaction energy diagrams for the DAC/D reaction of 2,5-DMF with ethylene over the (a) 
MFAU and (b) MY models. 
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The reaction energies and the barriers of the isolated-site models (Figure 3.2a) 
indicate that the DAC-reaction is not the rate-limiting step in the overall reaction 
sequence. The computed barriers for the isomerization and dehydration steps are 
much higher than those for the DAC-step. These computational results suggest that 
the catalytic process cannot be achieved under practical conditions. This is in line 
with the mechanistic proposals put forward by Vlachos and co-workers who 
concluded that Brønsted acid catalysis is preferred over Lewis acid catalysis for the 
dehydration reaction.2 

This mechanistic picture derived for the MFAU models is very different than that 
for the low-silica faujasite models. Figure 3.2b summarizes the computed reaction 
energies for the DAC/D-reaction of 2,5-DMF and ethylene over MY models with 
Si/Al ratio of 2.4. The supercages of the low-silica faujasite models feature a reactive 
ensemble consisting of three exchangeable cations in close proximity to each other, 
namely two SII sites and one SIII site. Adsorption of 2,5-DMF on the SII site is 
preferred over adsorption on the SIII site due to the enhanced electrostatic 
stabilization (e.g. ΔΔ�8^b�8� = -24 kJ/mol, Table 3.2). The starting configuration in 
1/MY involves η5-coordination of 2,5-DMF on the SII site and ethylene adsorbed on 
the opposite SII site (1/MY). The adsorption energy for co-adsorption of both 
reactants in 1/MY increases with a concomitant increase in Lewis acidity of the 
cations. CsY is an exception from the trend due to the large size of the Cs+ ion. The 
possibility to form more intermolecular contacts with the larger cations in spite of 
their individual low Lewis acidity leads to an overall stronger adsorption in CsY than 
in RbY. The 2,5-DMF∙∙∙C2H4 intermolecular distances gradually decrease with 
increasing size of the exchangeable cation (Figure 3.3a,b). This trend is again broken 
in the CsY model. Ethylene is displaced due to the large size of the Cs+ ions (Figure 
3.3c). There is not enough space to accommodate both 2,5-DMF and C2H4 in 
between two opposite SII sites, in contrast to all other 1/MY adsorption geometries. 

The co-adsorption complex 1/MY represents the starting configuration for the 
DAC-reaction. This reaction is most exothermic for RbY (-65 kJ/mol) and least for 
CsY (-20 kJ/mol). In contrast to the single-site FAU models, the reactivity trend is 
inverted. For instance, the activation barrier for LiY and NaY is 105 and 107 kJ/mol 
respectively, while it is only 62 kJ/mol for RbY. We hypothesize that there can be 
two explanations for this observation, not necessarily mutually excluding. The first 
attributes the trend inversion to electronic structure effects, e.g. sharing of electron 
density between the two reactants such that an activated complex in 1/RbY exists. 
The second is related to the adsorption energy of the individual compounds onto 
their respective adsorption sites, leading to a higher Eact for stronger adsorption. 
Further detailed electronic structure analysis is required to shed light onto the 
fundamental origin of this phenomenon. 
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Figure 3.3. C2,5-DMF-Cethylene distances for (a) LiY and (b) RbY. The crowded interior of Cs-exchanged 
Y is shown in (c). Color scheme: Si yellow, Al blue, O red, C dark grey, H light grey, Cs light grey, Li 
purple, Rb brown. Optimized distances are in Å. 

Next, the isomerization steps transform the bicyclic intermediate 2 into the epoxide 
3 and the alcohol 4. The step 2→3 is slightly endothermic (16-34 kJ/mol) and the 
corresponding activation barrier is the lowest for LiY and NaY (both 114 kJ/mol), 
intermediate for KY (143 kJ/mol) and the highest for RbY and CsY (158 and 160 
kJ/mol respectively). The second isomerization step 3→4 is most exothermic for 
NaY (-59 kJ/mol) and least for CsY (-23 kJ/mol). The lowest barriers of 71 kJ/mol 
and 67 kJ/mol are computed for LiY and NaY, respectively. KY and RbY promote 
this step with intermediate barriers of 95 kJ/mol and 86 kJ/mol, respectively, and the 
highest barrier of 113 kJ/mol is predicted for CsY. 

The final product (5+H2O) is obtained in a very exothermic dehydration step. The 
computed energy changes for this step range from -89 kJ/mol for LiY to -179 kJ/mol 
for KY. The lowest activation barriers are found for LiY and KY (98 kJ/mol and 80 
kJ/mol, respectively) and intermediate barriers for NaY and CsY (117 kJ/mol and 
111 kJ/mol, respectively). The highest activation barrier for the dehydration step is 
found for RbY, being 167 kJ/mol. 

Summarizing, the presence of multiple accessible active sites in the low-silica 
model allows for their cooperative action towards confined intermediates and 
transition states in the catalytic cycle. As a result, the overall computed reaction 
energetics are altered significantly. The catalyst reactivity trend is changed as 
compared to those derived from the single-site models, e.g. the DAC-reactivity trend 
is completely inverted. Moreover, the stability of the reaction intermediates increase 
along the reaction coordinate leading to lower activation barriers for the 
isomerization and dehydration barriers. 
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Figure 3.4. Dehydration of 4 (a) with atom labeling used in the text and respective optimized transition 
state structures in KFAU (b) and KY (c) models. Selected interatomic distances are in Å. 

Isomerization and Dehydration Steps. The results from theoretical studies using 
the (embedded) cluster approach1,2 and the current data obtained with periodic DFT 
calculations on single-site alkali-exchanged MFAU zeolites point to the dehydration 
step (4 → 5) being the rate-limiting step in the DAC/D process. However, in the low-
silica MY models the dehydration barrier is significantly lower. This step is therefore 
not necessarily rate-limiting in low-silica alkali-exchanged zeolites anymore. 

In an attempt to explain the variations in the intrinsic barrier of the dehydration 
(4→5) step, TS4/KFAU and TS4/KY were analyzed as representative structures of 
the dehydration transition states (Figure 3.4). Focus was put on the K-exchanged 
models, because the largest relative decrease of the dehydration activation barrier is 
observed for KY and because TS4/KY is more stable than anticipated based on the 
preceding reaction steps for the MY catalysts (Fig. 3.2b). Two main factors are 
considered when analyzing the transition states formed in the different models. The 
first is the increased framework basicity due to the higher aluminum content of the 
low-silica MY models.30 The second is the effect of the exchangeable cations since 
weaker Lewis acids enhance the basicity of the framework.31 

The dehydration reaction involves the migration of a C5-bound proton (HC5) to a 
C4-bound OH moiety of the confined alcohol intermediate 4. In KY the OH group is 
in a bridging position between two K+ ions (r(HO∙∙∙K) =  2.57 Å and 2.74 Å), while 
it coordinates to a single K+ ion in KFAU (r(HO∙∙∙K) = 2.52 Å). These interatomic 
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distances are all within or near the estimated HO∙∙∙K distance in bulk KOH 
(r(HO∙∙∙K)bulk = 2.73 Å).32 The transition states in KFAU and KY show very similar 
intermolecular r(HO···HC5) and r(HO···C4) distances for the activated bonds of the 
alcohol intermediate (1.93 Å and 1.88 Å respectively). The r(OHδ-· · ·C4) distances 
for KFAU and KY are practically the same , i.e., 2.37 Å and 2.39 Å respectively. In 
addition, one significant hydrogen bonding interaction of OHδ- with the framework 
is expected in KFAU (2.67 Å), whereas two are expected in KY (3.54 Å and 3.16 
Å). Coordination of TS4 to SII is also achieved through asymmetric K+-π(C=C) 
interactions where SII is located closer to one carbon atom than to the other. The 
shortest K+-CC=C distance has a length of 3.54 Å in KFAU and 3.38 Å in KY. 

3.3.2. Microkinetic Modeling 
Microkinetic modeling was employed to determine overall reaction rates and 

compare the performance of the different MY catalysts based on the reaction energy 
diagrams in Figure 3.2. The DFT-computed barriers were used to calculate rate 
constants for elementary steps in the mechanism, Table 3.3. The adsorption energies 
of the reaction intermediates were also computed and are reported in Table 3.4. Note 
that these adsorption geometries are identical to those used to compute the reaction 
energies in Figure 3.2b. Furthermore, Table 3.4 summarizes the reactant adsorption 
energies given in Table 3.2 again for the sake of clarity. The reaction temperature in 
the simulations was set to 503 K and we varied the partial pressures of the reactants. 
These simulations predict turnover frequencies (TOFs, Figure 3.5), reaction orders 
of 2,5-DMF and ethylene (Figures 3.6 and 3.7, respectively) and active site 
coverages by reaction intermediates (Figures 3.8 and 3.9) as function of the 2,5-DMF 
and C2H4 adsorption pre-factors (A2,5-DMF and AC2H4 respectively). A DRC analysis is 
used to identify the most significant rate-controlling and rate-inhibiting elementary 
reaction steps (Figure 3.10 and Figure 3.11). 

On the basis of the DRC values, we distinguish four different regimes in which 
reactions 1→2, 2→3, 3→4 or 4→5 are rate-controlling (regimes I, II, III and IV 
respectively). A fifth regime is also defined in which reaction 4→5 is rate-controlling 
while adsorption/desorption of reactants or products are rate-inhibiting (regime IV’). 
The regimes are indicated in the TOF plot given in Figure 3.5 in which the rate is 
given as function of the adsorption pre-factors. The ranges represent variations of 
the pre-factors, which mainly depend on partial pressure (pi) and molecular weight 
(Mw,i). The region between the solid lines in Figure 3.5 demarcates the expected ex- 
Table 3.3. DFT-computed activation energies. 

Eact 
(kJ/mol) 

1→2 2→3 3→4 4→5 
forward backward forward backward forward backward forward backward 

LiY 106 137 114 96 71 120 97 187 

NaY 106 129 114 92 67 126 117 211 

KY 93 130 142 109 93 130 80 259 

RbY 62 127 157 135 86 141 167 313 

CsY 101 118 160 144 114 136 111 282 
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Table 3.4. DFT-computed Eads of all reactants, intermediates and products in MY. 
kJ/mol 2,5-DMF C2H4 2 3 4 para-xylene H2O 

LiY -92 -53 -206 -190 -239 -96 -135 

NaY -92 -48 -164 -145 -204 -98 -98 

KY -71 -29 -128 -97 -132 -113 -96 

RbY -60 -26 -114 -94 -149 -90 -73 

CsY -51 -21 -104 -91 -114 -92 -98 

perimental regime. 
Inspection of Table 3.4 shows that in MY, adsorption energies of the reaction 

intermediates generally decrease upon a concomitant decrease of the Lewis acidity 
of the individual active site. Only 4/RbY and para-xylene/KY form exceptions to the 
general trend. Among all intermediates, 4 adsorbs the strongest. The stability of 3 is 
the lowest among all intermediates. Only in KY is the adsorption of 2 as strong as 4 
(∆Eads = 4 kJ/mol). It is thus foreseen that competitive adsorption between ethylene 
and 2,5-DMF influences the rate of the DAC reaction and the combination of relative 
intermediate (2 – 4) stabilities in connection to the activation barriers will determine 
which elementary reaction step is most rate-controlling step when the DAC reaction 
is sufficiently fast. More specifically, a competition between surface species 2 and 4 
is expected when the DAC reaction is not rate-limiting anymore. 

The results in Figure 3.5 show that only three out of four potential elementary 
reaction steps control the overall rate. These are regimes I, II and IV in which 
reactions 1→2 (the DAC reaction), 2→3 (the first isomerization), and 3→4 (the final 
dehydration reaction) are rate-controlling. These regimes correspond to 2,5-DMF, 2 
and 4 being the dominant surface species, respectively (Figure 3.8 and Figure 3.9). 
Only in RbY do the vacant sites form the majority species in regime II, instead of 2. 
Furthermore, the highest TOFs are found in regime II for KY, RbY, and CsY. 
Clearly, the highest activity occurs when the first isomerization step controls the 
overall rate (2→3). Regime II does not occur for LiY and NaY in the explored set 
of conditions. 

Consistent with Sabatier’s principle, the transition between the regimes is 
characterized by changes in the reaction orders and the active site coverages. For 
instance, when going from regime I to IV the ethylene reaction order changes from 
+1 to -1, while the 2,5-DMF reaction order is nearly unaffected. This transition 
occurs when the partial pressure (pre-factor) of ethylene increases so that sufficient 
ethylene adsorbs for the DAC reaction to occur with an appreciable rate. Typically, 
this results in a high coverage of 4. The point at which the partial pressure of ethylene 
suffices for the DAC reaction to be fast, depends on the relative adsorption energies 
of the reactants. For instance, the transition I→IV is observed for lower AC2H4 in 
NaY than LiY, consistent with a decrease in the relative difference in 2,5-DMF and 
ethylene adsorption energies. Another example is KY, for which the stability of 2 is 
about equal to that of 4 whilst the forward activation barrier for dehydration is 
significantly lower than the first isomerization step. Consequently, the coverage of  
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Figure 3.5. Contour-plots of MKM-predicted TOFs as function of different A2,5-DMF and AC2H4 assuming 
a 1:1 ratio of reactants. The diagonal, solid lines indicate the approximated operating regime of each 
MY catalyst. The dashed lines indicate the boundaries between the different regimes labelled with 
Roman numerals. The reactions 1→2, 2→3, 3→4 and 4→5 are referred to as I, II, III and IV 
respectively. Note that we do not account for gradients in this representation. The prime behind the 
Roman numeral IV (IV’) indicates that adsorption/desorption of reactants or products are rate-
controlling.  
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Figure 3.6. The MKM-derived 2,5-DMF reaction orders as function of A2,5-DMF and AC2H4. 
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Figure 3.7. The MKM-derived ethylene reaction orders as function of A2,5-DMF and AC2H4. 
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Figure 3.8. Site occupation as function of A2,5-DMF (red numbers) and AC2H4 (blue numbers) in LiY, NaY 
and KY. An * denotes an adsorbed intermediate.  
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Figure 3.9. Site occupation as function of A2,5-DMF (red numbers) and AC2H4 (blue numbers) in RbY and 
CsY. An * denotes an adsorbed intermediate.  
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Figure 3.10. Degree of rate control (DRC, positive integers) or rate-inhibition (DRI, negative integers) 
for the different elementary reaction steps in LiY, NaY and KY as function of A2,5-DMF and AC2H4. The 
Roman numerals I, II, III and IV refer to the same elementary reactions as defined in the main text. 
Only the reactions for which the DRC or DRI are larger than 0.1 or -0.1 respectively are shown. Note 
that the scales change per graph. 
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Figure 3.11. Degree of rate control (DRC, positive integers) or rate-inhibition (DRI, negative integers) 
for the different elementary reaction steps in RbY and CsY as function of A2,5-DMF and AC2H4. The Roman 
numerals I, II, III and IV refer to the same elementary reactions as defined in the main text. Only the 
reactions for which the DRC or DRI are larger than 0.1 or -0.1 respectively are shown. Note that the 
scales change per graph. 

 



52 
 

2 is high over a large range of 
operating conditions. Another 
example is RbY for which II and IV 
are most rate-controlling. The 
activation barriers (adsorption ener-
gies) are 157 (-114) and 167 (-149) 
kJ/mol for 2→3 and 4→5, 
respectively. Thus, there is an 
accumulation of intermediate 4 due to 
significantly stronger intermediate 
adsorption and a higher barrier for 
4→5 when A2,5-DMF and AC2H4 are 
high. For large 2,5-DMF pre-factors, 
it is found that both the DAC-reaction 

and the dehydration are significant rate-controlling steps. Of these two elementary 
reaction steps, the latter controls the rate most. Furthermore, it is noted that for large 
A2,5-DMF and medium to low AC2H4, the adsorption/desorption processes are rate-
inhibiting steps. From this analysis it is concluded that the dehydration cannot keep 
up with either the DAC-reaction or 2,5-DMF adsorption. Only when dehydration is 
fast, does the rate-controlling step shift to II (see KY). 

Another example consistent with Sabatier’s principle is the high TOF observed in 
regime II for KY, RbY and CsY. In this regime, about half of the available active 
sites is either vacant or occupied by the DAC-reaction product (2). Site occupation 
by 2 is typically found for low values of A2,5-DMF and high AC2H4. Ethylene adsorption 
can keep up with the DAC reaction rate and the relatively high barriers for 2→3 
avoid the rapid consumption of 2. At a higher value of A2,5-DMF, the remaining half 
of regime II matches with 2,5-DMF as the most abundant adsorbed species. If A2,5-

DMF becomes too large at constant AC2H4, regime IV appears again (see for instance 
KY and CsY). In addition, the 2,5-DMF and ethylene reaction orders in regime II 
both range from zero to about +1. At the point of maximum TOF, 2 is the most 
abundant and 2,5-DMF and ethylene reaction orders are positive and close to zero 
(only for RbY vacant active sites are most abundant at the point of highest TOF). 

From the above analysis combined with the TOF-contour plots in Figure 3.5, it is 
concluded that KY, RbY and CsY are the candidate optimum catalysts. KY is 
predicted to be the most active one. 

3.3.3. Experimental Verification 
To verify whether the MKM-based predictions are correct, low-silica alkali-
exchanged faujasites were synthesized and subjected to kinetic experiments in a 
batch reactor to determine the initial rates and 2,5-DMF reaction orders. The catalyst 
properties are listed in Table 3.5 and the XRD patterns are displayed in Figure 3.12. 
The results indicate a high level of cation exchange while retaining crystallinity and 
porosity. The measured initial rates and 2,5-DMF reaction orders are shown in Fig- 

Figure 3.12. XRD patterns of the synthesized MY 
catalysts. 
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Table 3.5. Characteristics of the experimentally tested alkali-exchanged Y zeolites. 
Sample ICP Porosimetry 

M/(M+Na), 

weight % 

M/(M+Na), 

molar % 
Surface 

area, m2/g 

Microporous 
surface area, 

m2/g 

External surface 
area, m2/g 

Microporous 
volume, cm3/g 

LiY 38 67 804 751 53 0.266 

NaY 100 100 859 706 153 0.245 

KY 100 100 824 625 199 0.227 

RbY 88 66 588 531 57 0.201 

Cs 93 69 473 419 53 0.152 

 
Figure 3.13. The initial reaction rates of the various alkali-exchanged zeolites tested at 503 K, 60 bar 
C2H4 and 0.5 M 2,5-DMF in n-heptane (a). The 2,5-DMF-reaction order (b) is obtained under similar 
conditions, but with varying 2,5-DMF concentrations. The xylene concentration as function of time is 
plotted in (c) with the dashed lines indicating the initial rate fits used in (a). The catalytic performance 
of the HY, NaY, KY and RbY zeolite catalysts in the conversion of 2,5-DMF with ethylene in n-hexane 
is shown in (d). Conditions: dry zeolite (50 mg), 5 mL 1M 2,5-DMF solution (50 mg) in n-hexane, 250 
°C, 20 bar C2H4, 15 h, 1000 rpm, 10 mL stainless-steel autoclave. Selectivity in (d) is based on the 
liquid phase. 
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ure 3.13a and Figure 3.13b, respectively. Figure 3.13c shows the fit resulting in 
Figure 3.13a. Results of small-scale batch autoclave experiments to put the 
performance of alkali-exchanged faujasites in perspective to HY are reported in 
Figure 3.13d. Small-scale blank activity tests (5 mL, batch) showed no conversion 
of 2,5-DMF with 20 bar ethylene in n-hexane at 250 °C, indicating the crucial role 
of the catalyst for the coupling reaction. 

The highest initial rate was found for KY with 21 mmol/(L∙h). The lowest initial 
rate was found for LiY, with 3.5 mmol/(L∙h). 2,5-DMF reaction orders were also 
determined for KY and LiY. KY has a positive 2,5-DMF reaction order of 0.59 ± 
0.04 while the one for LiY is close to zero with 0.11 ± 0.13. 

Previous studies report typical reaction rates for the HY catalyst to be in the range 
2 to 11 mmol/(L∙h).3 Our data show that KY catalyst provides an appreciably higher 
rate of 21 mmol/(L∙h) under milder conditions with only 1 M 2,5-DMF and 230 °C 
instead of the 1.5 M 2,5-DMF and 250 °C used with HY catalyst by Vlachos and co-
workers.3 The superior performance of KY is further evidenced by the results of 
small-scale batch activity tests (see Fig. 3.13d). For the alkali-exchanged zeolites Y, 
the liquid phase yields of p-xylene product after 15 h reaction time at 250 °C follow 
the activity trend established by the kinetic experiments (Fig. 3.13). Brønsted acidic 
HY catalyst provided more than two-fold lower p-xylene yield (8%) than KY (21 
%). In the presence of HY, 2,5-hexanedione by-product was formed in an almost 
equimolar amount (7 %), whereas for KY p-xylene was the only identified reaction 
product. 

Let us qualitatively reflect the experimental rates on the MKM-derived rates to 
obtain insight into the deviations between the MKM predictions and the 
experimental results. Taking the molecular mass of a faujasite unit cell (Si/Al = 2.4), 
two supercages and two active sites per supercage, the concentration of active sites 
is calculated to range from 0.066 to 0.042 mmol active sites per 0.05 g of zeolite 
catalyst, for LiY and CsY respectively. Let us take two extremes: (1) a maximum 
TOFMKM of 10-1 (mol/s) and (2) about 10-5 (mol/s) near values of A2,5-DMF/AC2H4 of 
each 108 (KY based, Figure 3.5). Whilst (1) results in predicted experimental rates 
of 4∙104 to 2.5∙104 mmol/(L∙h), situation (2) yields rates of about 4∙10-1 to 2.5∙10-1 

mmol/(L∙h) for LiY and CsY, respectively. Thus, the MKM predictions in (2) differ 
two orders of magnitude from the experimentally obtained rates. 

The exclusive formation of p-xylene for the reaction with KY is attributed to the 
inhibition of the ring-open hydrolysis side-reactions due to (i) the use of the nonpolar 
solvent and (ii) the low Brønsted acidity of the alkali-exchanged zeolite catalysts. 
Indeed, aliphatic solvents have been shown to enhance the para-xylene production 
by reducing the hydrolysis paths to 2,5-hexanedione.4,33 However, such a promoting 
solvent effect should be similar for both HY and KY. On the other hand, the ring-
opening hydrolysis of 2,5-DMF is typically catalyzed by strong Brønsted acid 
sites.34,35 Such reactions are unlikely to be promoted by the hard extraframework 
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Lewis acid sites or the adjacent basic sites on the lattice in the alkali-exchanged 
faujasites. 

The results in this chapter demonstrate that, in contrast to earlier reports,1 alkali-
exchanged faujasites are highly active and selective alternatives to the established 
HY catalysts for the DAC/D-reaction of 2,5-DMF with ethylene to para-xylene. The 
experiments support the conclusion drawn on the basis of the MKM modeling on the 
superior activity of KY catalyst, with RbY and CsY being the other two top-
performing catalyst. The positive 2,5-DMF reaction order observed in the 
experiment is also in agreement with the MKM prediction. 

3.4. Conclusions 
In this chapter, a cheap and easy-to-synthesize K-exchanged faujasite zeolite (KY, 

Si/Al = 2.6) catalyst showing a high activity for the production of para-xylene via 
the one-pot DAC/D-reaction of 2,5-DMF with ethylene was presented. These results 
allow revising earlier conclusions concerning the activity of alkali-exchanged 
faujasites for this reaction and therefore expand the scope of perspective catalysts 
well beyond the commonly considered Brønsted acidic systems. 

A multiscale computational approach combining periodic DFT calculations with 
MKM modeling was employed to study the mechanism of the one-pot DAC/D-
reaction by faujasite-type zeolites. The results of the DFT calculations were directly 
employed for the construction of a microkinetic model which yielded a catalytic 
activity trend qualitatively reproduced by our experiments. 

The unexpected catalytic performance the alkali-exchanged faujasites stems from 
the cooperative nonlinear effects manifested by the complex reactive ensembles 
involving multiple reactive sites confined within the zeolite microspores. The 
comparison of the results obtained with the conventional single-site MFAU models 
with those for the more chemically complex low-silica MY faujasite models point to 
the importance of the chemically relevant modelling for mechanistic understanding 
of these systems. Importantly, the increased chemical complexity of the MY models 
gave rise to reactivity trends, which could not be predicted from neither classical 
organic chemistry concepts nor the computational results obtained with the 
reductionist single-site models. 
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Chapter 4 
 
 

Multi-Site Cooperativity in Alkali-Exchanged Faujasites for 
the Production of Biomass-Derived Aromatics 

 

 
 
 

 
 

 
 
 

 
 

ABSTRACT: The catalytic Diels-Alder cycloaddition/dehydration (DAC/D) 
reaction of furanics with ethylene is a promising route to bio-derived aromatics. The 
reaction can be catalyzed by alkali-exchanged faujasites. Herein, I present the results 
of periodic DFT calculations based on accurate structural models of alkali-
exchanged zeolites, revealing the fundamental roles of confinement and the nature 
of the exchangeable cations in zeolite micropores for the performance of faujasite-
based catalysts in the DAC/D-reaction. Special attention is devoted to analyzing the 
effect of functional side-groups on furanic substrates (furan, 2,5-dimethylfuran, 
furan dicarboxylic acid) on the catalyst behavior. It is demonstrated that the 
conventional reactivity theories of the Diels-Alder chemistry based on the simplistic 
single-site Lewis acidity and substituent effect considerations do not apply when 
catalytic processes in the multiple-site confined environment of zeolite nanopores 
are considered. The nature and cooperativity of the interactions between the multiple 
exchangeable cations and the substrates determine the reaction energetics of the 
elementary steps involved in the DAC/D process. 

 
This chapter has been published in R. Y. Rohling, E.J.M. Hensen, E.A. Pidko, “Multi-site cooperativity in alkali-
exchanged faujasites for the production of biomass derived aromatics”, ChemPhysChem 2018, 19, 446. 
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4.1. Introduction 
It was shown in Chapter 3 that the DAC/D-reaction of 2,5-dimethylfuran (DMF) 
with ethylene to para-xylene can be efficiently carried out using alkali-exchanged 
faujasite catalysts. The DFT calculations indicated that the cooperative action of 
multiple cations in the confined faujasite micropores should be taken into account to 
explain the activity trends. A description of the mechanism using an isolated site 
model is clearly not able to capture the essential details of the process. Besides, it 
was shown that the phenomenological activity description based on the Lewis acidity 
considerations does not hold when the multi-site activation of the substrates is 
considered. This raises a question regarding the validity of the related organic 
chemistry concepts such as the electron donating and withdrawing nature of the 
substituents on the reacting molecules for estimating the reactivity of the substituted 
furanes the zeolite-catalyzed DAC/D. 

Herein, I report on a computational study on the effect of active sites cooperativity 
and the nature of the furanic substrate on the DAC/D-reaction of furan, 2,5-DMF 
and 2,5-furandicarboxylic acid (FDCA) with ethylene to benzene, para-xylene and 
terephthalic acid, respectively. Special attention is given to the role of substrate 
interaction with multiple active sites for the catalytic process and overall reactivity 
by studying and comparing high- and low-silica Na+, K+ and Rb+-exchanged 
faujasites. 

This chapter is organized as follows: a brief overview of the DAC/D-reaction 
mechanism and the common notations used throughout the paper is introduced in 
Section 4.3.1, followed by a discussion of the results of periodic DFT calculations 
on the catalytic conversion of furan, 2,5-DMF and FDCA in Sections 4.3.2, 4.3.3 
and 4.3.4, respectively. For each substrate, the computational results obtained with 
the single- and multiple-site models are discussed separately. This is followed by 
Section 4.4 where the summary and key conclusions of this chapter are given. 

4.2. Models 
Similarly to the previous chapter, the periodic models were constructed based on the 
rhombohedral unit cell of the faujasite zeolite containing 48 T-sites and 96 oxygen 
atoms. The high-silica MFAU model (Si/Al = 47, Si47Al1O96M1) contained a single 
isolated site per rhombohedral unit cell, being Na+, K+ or Rb+ cations (M), while the 
low-silica MY model (Si/Al = 2.4, Si34Al14O96M14) featured a high active site density 
of similar cations representative to the experimentally determined stoichiometry of 
the realistic catalyst. Further details are given in Chapter 2. 

4.3. Results and Discussion 
4.3.1. Reaction Mechanism 
The DAC/D-reaction starts with the co-adsorption of the furanic reactant and 
ethylene in the alkali-exchanged faujasite catalyst. The adsorbed state is referred to 
as 1/MFAU or 1/MY (e.g. Furan + C2H4 + MY → 1/MY). All reaction mechanisms 
follow a similar sequence of elementary steps, which is described below for furan as 
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the representative example. The reaction starts with the Diels Alder cycloaddition 
which proceeds via a synchronous coupling of C1 to C6 and C4 to C5. This gives a 
bicyclic 7-Oxabicyclo[2.2.1]hept-2-ene intermediate 2, which then undergoes two 
isomerization steps, 2→3→4. In this sequence of elementary steps, the furanic 
oxygen atom (Of) adopts a new bridging position between C1 and C2 forming the 7-
oxabicyclo[4.1.0]hept-2-ene epoxide intermediate 3. Next, the abstraction of the 
methylene C5 proton yields the cyclohexa-2,4-dien-1-ol alcohol species 4. Finally, 
dehydration occurs involving an intramolecular proton shift from the C6 atom to the 
OfH group resulting in the formation of benzene and water (5+H2O). In the 
subsequent sections the mechanisms of the conversion of each of the furanic 
substrates by cation-exchanged faujasites will be discussed. 

4.3.2. DAC/D Reaction of Furan with Ethylene 
Furan is the simplest furanic compound lacking functional side groups. The 

computational results for the reaction of furan with ethylene will serve as a reference 
onto which I can reflect the data obtained for the other substrates. The reaction 
energy diagrams for the DAC/D-reaction of furan with ethylene over high- and low-
silica Na, K and Rb-exchanged faujasite models are reported in Figure 4.1a and 4.1b, 
respectively. 

The initial state adsorption energies were computed whilst screening different 
reactant adsorption modes on both the SII and SIII site. The adsorption energies of 
Furan, 2,5-DMF and FDCA as well as ethylene in MFAU and MY are reported in 
Table 4.1 and Table 4.2. The Furan, 2,5-DMF and FDCA adsorption energies will 
be discussed in their respective subsections. 

Reactions over MFAU Models. The adsorption energies of η5-coordinated furan 
on the SII and SIII sites are very small in all studied MFAU models, Table 4.1. The 
largest difference is found for NaFAU favoring the SII adsorption site over SIII by 
6 kJ/mol only. Compared to furan, ethylene adsorption is about 16 and 20 kJ/mol 
weaker on SII and SIII, respectively. A maximum difference in ethylene adsorption 
energies was also found for NaFAU with a slight (9 kJ/mol) preference to the 
adsorption to the SII cation. However, as the space around the cation at SIII is more 
open than at SII, the SIII was selected as the active site for the DAC/D-reaction of 
1/MFAU models. In the starting geometry furan is η5- coordinated to the SIII cation 
and ethylene weakly adsorbed to the siliceous walls of the faujasite supercage. 

Table 4.1. Interaction energies of Furan, 2,5-DMF and FDCA in the MFAU catalyst. 

MFAU 

kJ/mol 

furan furan 2,5-DMF 2,5-DMF FDCA FDCA C2H4 C2H4 

SII SIII SII SIII SII SIII SII SIII 

Na -75 -69 -102 -90 -108 (-60*) -130 -58 -49 

K -57 -54 -81 -70 -83 (-26*) -128 -39 -34 

Rb -52 -49 -70 -61 -97 (-38*) -122 -37 -29 

*η5-coordinated FDCA 
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Figure 4.1. Reaction energy diagrams of the DAC/D reaction of furan with ethylene yielding benzene 
over (a) the MFAU models and (b) the MY models. 

The catalytic cycle begins with the synchronous concerted DAC-reaction (1→2) 
during which two new C-C bonds are formed at once. This step is exothermic with 
computed reaction energies (ΔE) ranging from -66 kJ/mol for RbFAU to -79 kJ/mol 
for NaFAU. The DAC barriers are the highest for KFAU and RbFAU (63 kJ/mol) 
and the lowest for NaFAU (58 kJ/mol), The increase of the reaction enthalpies with 
a concomitant decrease of the activation barriers is in line with the decrease of the 
Lewis acidity of the cations as a function of ionic radii when going from Na+ to Rb+. 
The maximal deviation in the lengths of the C1· · ·C6 and C4· · ·C5 bonds that are being 
formed, is ca. 0.01 Å for TS1/KFAU. 

At the next two steps of the epoxide (2→3) and the alcohol formation (3→4), the 
electronegative Of remains coordinated to the cation allowing for an efficient 
stabilization of the reaction intermediates. The epoxide formation step (2→3) is 
slightly endothermic (<17 kJ/mol) and proceeds with fairly similar barriers for all 
MFAU models. The highest barrier of 176 kJ/mol is computed for RbFAU, which is 
only 8 kJ/mol higher than the lowest value predicted for NaFAU (168 kJ/mol). The 
system is stabilized at the second isomerization step involving an intermolecular 
proton shift to form the alcohol intermediate (3→4). It is most exothermic for 
RbFAU (-45 kJ/mol) and least exothermic for NaFAU (-35 kJ/mol). The barriers for 
this step range from 133-144 kJ/mol. The barrier increases with decreasing Lewis 
acidity of the exchangeable cation. 
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The final dehydration step (4→5) provides the major thermodynamic driving force 
for the overall process. The reaction takes place via the intramolecular hydrogen 
transfer from C6 to the OfH group coordinated to the exchangeable cation. This 
reaction is strongly exothermic and characterized by similar enthalpies computed for 
both KFAU and RbFAU (-126 and -127 kJ/mol respectively), and -137 kJ/mol for 
NaFAU. The dehydration activation energy is the highest (189 kJ/mol) for RbFAU 
and NaFAU (187 kJ/mol). The reaction over KFAU shows a lower barrier of only 
139 kJ/mol. The lower activation barrier leading to TS4/KFAU can be rationalized 
by the analysis of the geometric features in the optimized structures. In TS4/KFAU 
the proton of OfH points away from the zeolite walls into the supercage, while it 
forms a hydrogen bond with the framework oxygen atoms in NaFAU and RbFAU. 
This hampers the molecular reorganization in the transition state resulting in the 
increased barrier for the reaction in NaFAU and RbFAU. In addition, in TS4/KFAU 
the benzene-like moiety is tilted upwards with one side (the side of C4/C5) more than 
in both NaFAU and RbFAU. The increased tilting angle is caused by the 
combination of framework curvature and the size of the potassium cation: in NaFAU 
the Na+ ion is too small such that the dispersive interactions with the matrix are not 
as strong, whereas the Rb+ ion is too large such that insufficient space is available to 
optimally tilt the benzene-moiety for a proper fit. Since dispersive interactions are 
accounted for in our work, it is rationalized that the geometrical features in KFAU 
appear to be optimal for providing the most efficient stabilization to the TS4 as 
compared to NaFAU and RbFAU. To assure that TS4/KFAU was not an outlier, the 
corresponding transition-state calculation was checked and re-run. NaFAU and 
RbFAU were also checked to make sure the results obtained with these models are 
not outliers either. The failed attempts to find a reaction channel in both NaFAU and 
RbFAU similar to that of KFAU support our conclusion based on the geometry 
analysis. 

At the end of the reaction cycle, the products desorb with an activation barrier of 
153, 119 and 110 kJ/mol for NaFAU, KFAU and RbFAU respectively. 

In summary, NaFAU generally interacts with the reactive intermediates more 
strongly than KFAU or RbFAU. As a consequence, the relative stabilities of the 
intermediates and transition states are higher for NaFAU. The height of the reaction 
barriers generally follows the Lewis acidity for the exchangeable cations that trends 
opposite with the ionic radii. The computed energy profiles point to the 
isomerization/dehydration steps as the rate-limiting elementary steps with the initial 
DAC-reaction only being of minor relevance to the overall performance in line with 
the earlier computational findings on cluster models.1 

Reactions over MY Models. The higher density of cations in MY models results 
in a large number of possible adsorption and co-adsorption geometries compared to 
the isolated-site model. The low-silica zeolite provides a reaction environment 
created by triads of the exchangeable cations at the SII, SIII and the opposite SII site. 
When furan adopts an η5-coordination to the SII cation (SIIF) it can simultaneously 
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coordinate to the vicinal SIII site (SIIIF) via Of. Such a dual-site furan adsorption 
leaves a neighboring SII site accessible for ethylene adsorption (SIIC2). 

Different possible adsorption configurations were analyzed and the main results 
are summarized in Table 4.2. The furan adsorption energies on either SIIF or SIIIF 
differ by only a few kJ/mol. The greatest difference of only 7 kJ/mol is observed for 
RbY favoring the SIIIF configuration. Because these differences are very small, the 
SII was selected as the adsorption site for furan. The adjacent SII site was chosen as 
the adsorption site for ethylene. 

In the low-silica MY models, the DAC-reaction (1→2) starts with ethylene 
desorption from SIIC2 to approach furan followed by a synchronous concerted 
cycloaddition. The DAC step is least exothermic for KY (-43 kJ/mol) and most 
exothermic for RbY (-56 kJ/mol). The DAC-activation energies are 94, 95 and 75 
kJ/mol for Na, K and RbY, respectively. These barriers are higher than those 
obtained with the MFAU model. Furthermore, their qualitative trend is inverted with 
respect to that of the expected Lewis acidity of the cations. During the reaction, the 
furan moiety remains coordinated to SIIF with Of coordinated to the vicinal SIII site. 
This interaction is so strong that the SIII cation is displaced towards the SII site. 

The formation of epoxide 3 is most endothermic on NaY (38 kJ/mol) and least 
endothermic on RbY (12 kJ/mol). The activation energy is the lowest for NaY (128 
kJ/mol) and the highest for KY and RbY (149 kJ/mol for both catalysts). During this 
transformation, the interatomic distances SIIF· · ·Of and SIIIF· · ·Of become 
increasingly similar, i.e. 2.22 Å and 2.31 Å for NaY and 2.92 Å and 2.85 Å for RbY, 
respectively (Figure 4.2). 

Next, the isomerization of the epoxide into the alcohol (3→4) occurs. During this 
step, the largest energy gains were found for KY and RbY (–84 and –81 kJ/mol 
respectively) and the smallest energy gain is predicted for NaY (–55 kJ/mol). The 
activation energy, however, is the smallest for NaY (92 kJ/mol) and the highest for 
KY (119 kJ/mol). For KY and RbY, this step is accompanied by the migration of K+ 
and Rb+ to the SIII’ position located at the edge of the 4-membered ring. From that 
position, the cation interacts with the alcohol functional group (2.24 Å for NaY, 2.88 
Å for RbY). Such a cation dislocation allows a hydrogen bond to be formed between 
the OH group and the basic framework in (2.98, 2.91 and 2.71 Å for NaY, KY and 
RbY respectively). Because of this additional stabilization, the relative energies of 
4/KY and 4/RbY approach that of 4/NaY (Figure 4.1). Similarly, TS2/MY and 
TS3/MY become substantially stabilized compared to TS2/MFAU and TS3/MFAU, 

Table 4.2. Interaction energies of Furan, 2,5-DMF and FDCA in the MY catalyst. 

MY 

kJ/mol 

furan furan 2,5-DMF 2,5-DMF FDCA FDCA C2H4 C2H4 

SII SIII SII SIII SII SIII SII SIII 

Na -69 -69 -127 -103 -148 +73 -51 -44 

K -61 -58 -98 -100 -174 -100 -24  

Rb -52 -59 -84 -87 -146 -76 -27  
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Figure 4.2. Optimized structures of TS2/NaY (a) and TS2/RbY (b) with selected distances given in Å. 

respectively. This stabilization is least pronounced for TS3/KY (13 kJ/mol), and 
most for TS2/NaY (65 kJ/mol). The calculations show that the multiple-site 
interactions enabled by the MY models cause the lower barriers of both 
isomerization steps relative to those found for the MFAU models. The reaction 
barrier is least reduced for 3→4 in KY (∆∆Eact = ∆Eact,MFAU - ∆Eact,MY = 16 kJ/mol) 
and most for 3→4 in NaY (∆∆Eact = 41 kJ/mol). Despite these quantitative 
differences, the overall reactivity trends for both structural models are similar and in 
line with the Lewis acidity of the cations. 

The last dehydration step (4→5) over MY is assisted by the extra-framework 
cations which stabilize the leaving OHδ- that remains hydrogen-bonded with the 
zeolite lattice. After the reaction is completed, water remains strongly bound to the 
cations. The dehydration step is strongly exothermic (ΔE > -117 kJ/mol) and proceed 
with activation barriers of 98, 135 and 150 kJ/mol for NaY, KY and RbY, 
respectively. These barriers have been reduced with 89, 4 and 39 kJ/mol as compared 
to those found in the MFAU models. 

To conclude the catalytic cycle, products desorb after overcoming barriers of 162, 
173 and 141 kJ/mol. These desorption barriers are 9-54 kJ/mol higher than for the 
MFAU models. 

These results demonstrate that the presence of multiple accessible cation sites 
strongly affects the reaction energetics of the one-pot DAC/D-reaction of furan with 
ethylene. Firstly, the DAC reactivity trend becomes inverted. Whereas the DAC 
reactivity over the single-site models decreases with increasing ionic radii of the 
extra-framework cations, the activity of the multiple-site models increases as RbY < 
NaY < KY. The isomerization and dehydration barriers are also lowered as the result 
of the additional interactions in the multiple-site environment. However, since the 
SII· · ·Of and SIII· · ·Of interactions are the only significant interactions in the entire 
network of intermolecular interactions, the reactivity trend predicted for furan with 
MY models still generally follows the Lewis acidity of the exchangeable cations. 
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4.3.3. DAC/D Reaction of 2,5-DMF with Ethylene 
Next, the DAC/D-reaction of 2,5-DMF with ethylene to produce para-xylene over 

MFAU and MY zeolite models was computationally analyzed. The DFT-computed 
reaction energy diagrams are presented in Figure 4.3. 

Reaction over MFAU Models. 2,5-DMF adsorbs almost twice as strong as 
ethylene, in contrast to furan whose adsorption is just slightly stronger than that of 
C2H4 (Table 4.1). The preferred 2,5-DMF adsorption geometry resembles that of 
furan with a η5-coordination mode to the exchangeable cation. The catalytic reaction 
therefore starts  
with the coupling of 2,5-DMF adsorbed on the cation and ethylene physisorbed in 
the supercage (11/MFAU). The computed energies of the single 2,5-DMF adsorption 
as well as 2,5-DMF and ethylene co-adsorption correlate well with the expected 
Lewis acidity of the exchangeable cations. 

At the start of the reaction cycle, the co-adsorbed reactants undergo a DAC-
reaction (11→12). The overall reaction enthalpy for 11→12 varies from –47 kJ/mol 
for KFAU to –68 kJ/mol for NaFAU. The highest reaction barrier is found for KFAU 
(88 kJ/mol) and the lowest for NaFAU (65 kJ/mol). Although one would expect lo- 

 

Figure 4.3. Reaction energy diagrams of the DAC/D-reaction of 2,5-DMF with ethylene yielding para-
xylene obtained with the periodic DFT calculations over (a) the MFAU models and (b) the MY models. 
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wer barriers for the DAC-reaction of 2,5-DMF with ethylene due to the presence of 
the two electron-donating methyl substituent at the diene reactant, the calculations 
show the opposite. For all MFAU models, the computed barriers are ca. 20 kJ/mol 
higher for 2,5-DMF compared to furan. This is attributed to the steric repulsion 
between the alkene and the CH3 groups of furan hindering the access to the diene 
moiety of the reactant. 

At the next step, the formation of the epoxide 13 (12→13) via migration of Of is 
aided by the extra-framework cation. This reaction is much more difficult than the 
preceding DAC-reaction. The calculated barriers are the lowest for NaFAU and the 
highest for RbFAU, being 140 and 182 kJ/mol respectively. Relative to the reaction 
2→3, the formation of epoxide 13 (12→13) occurs with a 28 and 14 kJ/mol lower 
barrier in NaFAU and KFAU. For RbFAU a slightly higher barrier is found (6 
kJ/mol). Furthermore, TS12 is 36, 19 and 4 kJ/mol better stabilized than TS2 in 
NaFAU, KFAU and RbFAU respectively. The generally increased stability of the 
reaction intermediates and transition states is attributed to the additional van der 
Waals interactions between the methyl side groups of 2,5-DMF and the siliceous 
zeolite matrix. In RbY, however, the large Rb+ cation avoids such dispersive 
interactions between the CH3-substituents and the zeolite framework. 

The alcohol formation (13→14) is slightly exothermic and has a barrier of 108, 
140 and 136 kJ/mol in the NaFAU, KFAU and RbFAU models, respectively. Only 
in NaFAU a reduction of the reaction barrier was found (15 kJ/mol) as compared to 
the case of furan conversion. Dispersive interactions additionally stabilize the more 
bulky 14/MFAU intermediate by about 37 to 57 kJ/mol compared to 4/MFAU. 

The final dehydration step (14→15) is only promoted by the electrostatic 
interaction with a single cation and weak H-bonding interactions with the siliceous 
framework. Consequently, the dehydration step (14→15+H2O) is highly activated. 
The computed activation barrier is the largest for NaFAU (188 kJ/mol) and the 
smallest for KFAU (164 kJ/mol). Nevertheless, the overall thermodynamics of the 
dehydration step is very favorable and it hardly depends on the nature of the 
exchangeable cation (ΔE = –126 to –133 kJ/mol). In contrast to the preceding 
isomerization reactions, the dehydration reaction 14→15 does not show any major 
deviations from the energetics computed for 4→5 in the high-silica zeolite models. 
The only significant difference is found for KFAU (∆∆Eact = +25 kJ/mol). Geometry 
analysis indicates that TS4/KFAU is tilted such that it docks onto the curved zeolite 
framework above the active site, which the methyl side groups avoid in TS14/KFAU 
thus reducing the overall stability of the adsorption complex. 

Desorption of the products 15/MFAU closes the reaction cycle, with barriers of 
172, 149 and 144 kJ/mol for NaFAU, KFAU and RbFAU respectively. These 
barriers are 19-34 kJ/mol higher than for those of 5/MFAU. 

Thus, calculations reveal the epoxide formation and dehydration reaction being 
the most likely rate-limiting steps in the overall DAC/D-reaction of 2,5-DMF with 
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ethylene over MFAU-type catalysts. Similar to furan coupling, the initial DAC-
reaction step appears to be less important for the conversion of 2,5-DMF under 
assumption of the single-site nature of faujasite catalysts. In general, the stability of 
reaction intermediates and transition states increases due to the presence of the 
methyl side group as compared to those originating from the DAC/D-reaction of 
furan with ethylene. 

Reaction over MY Models. The screening of the different adsorption modes 
revealed that 2,5-DMF adsorption on the SII site (SII2,5-DMF) is preferred over 
adsorption on the SIII (SIII2,5-DMF) site of MY (Table 4.2). For example, in NaY 2,5-
DMF coordination to the cation at the SII site is 24 kJ/mol more favorable than to 
the cation at the SIII site. The starting configuration in 11/MY thus consists of 2,5-
DMF being η5-coordinated to the SII site and ethylene adsorbed on the opposite SII 
site (11/MY). Similar to the DAC/D-reaction of furan discussed above, the energy 
of the co-adsorption of both reactants (11/MY) follows the general Lewis acidity 
trend for the exchangeable cations. 

The DAC-reaction starting from 11/MY to form 12/MY is most exothermic over 
RbY (-65 kJ/mol) and the least over NaY (-22 kJ/mol). The DAC-activation barriers 
are 107 kJ/mol, 102 kJ/mol and 62 kJ/mol for NaY, KY and RbY, respectively. This 
is an inverted trend as compared to the DAC-reaction over the single-site models 
(NaFAU < RbFAU < KFAU). 

The subsequent isomerization resulting in 13/MY is only slightly endothermic 
with reaction energies in the range 22-34 kJ/mol. Nevertheless, the nature of the 
cation influences the kinetics of this step substantially. The lowest barrier (114 
kJ/mol) for step 12→13 is predicted for zeolite NaY, while the reaction over RbY 
shows the highest barrier of 158 kJ/mol. Relative to the same reaction in the MFAU 
catalysts, the reaction barriers are lower, e.g. ∆∆Eact is 26 and 14 kJ/mol for NaY and 
KY, respectively. 

The second isomerization step (13→14) is exothermic for all models with the most 
negative energy change found for NaY (–59 kJ/mol) and the least for KY (–35 
kJ/mol). Note, that in the case of RbY this elementary reactions shows similar 
exothermicity to that over NaY (–55 kJ/mol). The computed barriers for step 13→14 
are 67, 95 and 86 kJ/mol for NaY, KY and RbY, respectively. These barriers are 
reduced strongly by ca. 40-50 kJ/mol compared to those found in the MFAU models. 
The relative stability of TS13 has also increased with ∆∆ETS13 of about 36 to 57 
kJ/mol. 

Finally, para-xylene and water (15+H2O) are obtained through a very exothermic 
dehydration step proceeding with ∆E ranging from –100 kJ/mol (NaY) to –179 
kJ/mol (KY). For this particular step, the activation barrier is the lowest for KY (80 
kJ/mol) and the highest for RbY (167 kJ/mol) with the intermediate value predicted 
for NaY (117 kJ/mol). Significantly, these barriers are 71, 84 and 4 kJ/mol lower 
than in NaFAU, KFAU and RbFAU respectively. This is solely attributed to the 
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selective stabilization of the polarized transition state via the multiple-site 
interactions (∆∆ETS14 = 111, 79 and 34 kJ/mol in NaY, KY and RbY, respectively). 

The desorption of the products in 15/MY occurs with barriers of 186, 193 and 177 
kJ/mol for NaY, KY and RbY respectively. These barriers are higher as compared 
to those in 5/MY (ca. 20-40 kJ/mol) and 15/MFAU (14-44 kJ/mol). 

A generalized comparison of the energetics of the one-pot DAC/D-reaction 
predicted for the coupling of ethylene with 2,5-DMF or furan indicates that the 
stability of reaction intermediates and transition states increases with the increasing 
bulkiness of the substrate. The results point to a positive contribution of attractive 
dispersive forces between the methyl side groups and the zeolite framework. 

The presence of multiple active sites and the methyl side groups causes significant 
changes to the qualitative trends in the computed DAC/-reaction energetics. The 
presence of multiple reactive sites allows a more efficient stabilization of the reaction 
intermediates and effectively reduces the activation barriers for the elementary steps. 
A particularly strong stabilizing effect is predicted for the dehydration step over KY. 
Methyl side-groups consistently add 20-30 kJ/mol to the interaction energy, causing 
increased stabilization of the reaction intermediates and transition states as compared 
to the same reaction cycle based on the one-pot DAC/D-reaction between furan and 
ethylene. 

4.3.4. DAC/D Reaction of FDCA with Ethylene 
To conclude, the reaction energetics of the one-pot DAC/D-reaction of FDCA with 

ethylene were computed. FDCA contains more reactive functional groups than furan 
or 2,5-DMF, namely -COOH moieties. These functional groups are considered 
electron-withdrawing substituents suggesting lower reactivity of the diene in DAC-
type reactions. Additionally, the presence of electronegative carboxylate 
functionalities next to the furanic oxygen atom (Of) allows the formation of chelating 
interactions with the exchangeable cations and the formation of additional hydrogen-
bonding interactions with the zeolite lattice. Although from experimental 
perspective FDCA is not a preferred reagent in view of its low solubility in common 
solvents2, it represents an interesting case study in the context of this chapter. The 
results of the periodic DFT calculations on the DAC/D conversion of FDCA and 
ethylene are summarized in Figure 4.4. 

Reaction over MFAU Models. The presence of the reactive COOH moieties 
increases the number of possible adsorption geometries on the cation, even in the 
case of MFAU. For consistency’s sake I limited myself to considering the SIII site 
as the reactive site, just like the furan and 2,5-DMF cases. Nevertheless, even for the 
SIII adsorption site, three plausible adsorption geometries can be obtained (Figure 
4.5). Two of them involve η2(η3)-coordination of FDCA to the cation via Of and one 
of the carbonyl atoms in NaFAU (KFAU and RbFAU). One of these bidentate 
geometries also involves a hydrogen bond to a basic framework atom close to the  
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Figure 4.4. Reaction energy diagrams of the DAC/D-reaction of FDCA with ethylene yielding 
therephthalic acid obtained with the periodic DFT calculations over (a) the MFAU models and (b) the 
MY models. 

Al-substitution. The third mode is η5-coordinated FDCA, similar to furan or 2,5-
DMF. The most stable configuration is the bidentate-coordinated FDCA without 
hydrogen bonding to the framework (Eads,NaFAU = -130 kJ/mol). During all 
transformations of the DAC/D process, the reaction intermediates remain bound to 
the cation through the same two oxygen atoms. FDCA adsorbs nearly 2.5 times 
stronger than ethylene. The starting geometry 21/MFAU is therefore represented by 
the η2-adsorbed FDCA on the cation and ethylene interacting with the zeolite 
framework via van der Waals interactions (Figure 4.6a). 

The coupling reaction (21→22) starts with ethylene approaching the adsorbed 
FDCA. The elementary reaction is most exothermic for NaFAU (-32 kJ/mol) and 
least for RbFAU (-17 kJ/mol). The activation energy for the DAC-reaction is 68, 79 
and 80 kJ/mol for NaFAU, KFAU and RbFAU respectively. Despite the presence of 
strongly electron-withdrawing COOH moieties in FDCA, the reaction barriers are 
very close to those of the more electron-rich 2,5-DMF diene.  
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Figure 4.5. Different adsorption modes of FDCA probed on different NaFAU and NaY or RbY models. 

 
Figure 4.6. The optimized structures of the initial reactive states for FDCA coupling with ethylene 21 
over (a) NaFAU and (b) NaY in dual-site adsorption mode. Selected interatomic distances are in Å. 
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For FDCA a somewhat higher asymmetry of the TS could be noted than for furan 
and 2,5-DMF because of the different starting configuration and the interaction 
mode of the substrate with the exchangeable sites. In TS21/MFAU the nascent 
C1· · ·C6 bonds are more asymmetric with the longest nascent C4· · ·C5 bond at the side 
of the cation. The differences are 0.15 Å, 0.03 Å and 0.02 Å for NaFAU, KFAU and 
RbFAU respectively. Furthermore, the increasing cation size affects the interatomic 
distances between the cation and the two oxygen atoms in 21/MFAU. That is, the 
Na+· ·Ocarbonyl distance (Figure 4.6) is 0.4 Å shorter than the Na+-Of distance. This 
difference completely disappears for KFAU and is very small for RbFAU (0.01 Å). 

During the subsequent epoxide formation (22→23), both in NaFAU and KFAU 
the cation-oxygen distances change. In 23/MFAU, it is the M+· ·Ocarbonyl distance that 
becomes longer. Only for RbFAU a fully symmetric η2-coordination of the epoxide 
was found. The epoxide formation is endothermic and the highest ΔE is computed 
for RbFAU (25 kJ/mol) and the smallest for NaFAU (5 kJ/mol). The reaction 
proceeds with activation barriers of 146, 170 and 175 kJ/mol for NaFAU, KFAU 
and RbFAU, respectively. Such activation energies are similar to those found for 
those in the DAC/D-reaction of either furan or 2,5-DMF with ethylene over MFAU. 
Furthermore, the relative stabilities of 22/MFAU, TS22/MFAU and 23/MFAU 
increase only with ca. 10-23 kJ/mol relative to their counterparts in the one-pot 
DAC/D-reaction of furan or 2,5-DMF with ethylene. 

The subsequent alcohol formation (23→24) via the intramolecular proton transfer 
from C5 to Of is exothermic with ΔE values ranging from ca. -50 to -60 kJ/mol (for 
RbFAU and NaFAU, respectively) and proceeds with practically equal barriers for 
all MFAU models (~123 kJ/mol). Figure 4.7a shows a representative geometry of 
the 24/KFAU product of this step. The invariance of the activation energy as a 
function of the cation radius, contrasts the trends found for furan and 2,5-DMF 
substrates. Additionally, the state 24/MFAU is about 23-40 kJ/mol more stable than 
4/MFAU and 14/MFAU. 

Finally, the dehydration takes place by proton transfer from C6 to the OH group 
resulting in water elimination and the formation of terephthalic acid adduct 25. 
Water remains coordinated underneath 25 bound both to the framework and the 
cation. The only interaction between the cation and product 25 is maintained via the 
carbonyl oxygen atom. A significant amount of energy is gained at this step, which 
is practically invariant to the MFAU model (-141 to -148 kJ/mol). The barriers are 
also very similar for all MFAU (ca. 129 kJ/mol) unlike the situations encountered in 
the conversion of furan and 2,5-DMF. The presence of the carboxylic acid side 
groups leads to an increased adsorption energy of 25/MFAU by 30-50 kJ/mol 
compared to 5/MFAU or 15/MFAU. The total adsorption energy can reach a value 
of up to -375 kJ/mol for 25/NaFAU. Such a strong adsorption suggests the 
deactivation of the reactive MFAU environment. When formed, the oxygenated 
reaction intermediate 25 will remain bound to the active site and render the single-
site MFAU catalyst inactive. Correspondingly, the desorption barriers of both FDCA 
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and water combined are 193, 156 and 154 kJ/mol for NaFAU, KFAU and RbFAU 
respectively. That is an increase of 7-21 kJ/mol with respect to the combined 
desorption barrier of para-xylene and water (15/MFAU). 

The DFT results show that the first two reaction steps (21→22→23) in MFAU 
qualitatively follow the Lewis acidity trend of the cations. However, the last two 
reaction steps of the cycle (23→24→25) become independent of the cation. That is, 
although the relative stabilities of the stationary points 24/MFAU and 25/MFAU 
follow the Lewis acidity trends of the cations, the stabilities of the transition states 
correlate closely with the stabilities of the preceding intermediates making the 
reaction barriers invariant to the nature of the cation. This is attributed to the 
difference in the type of the elementary reaction. In the first two elementary steps 
the isomerization affects the position of the bridging Of oxygen atom with respect to 
the cation. In the latter two elementary steps, the chemical transformations do not 
involve any change in bonding configuration of Of with the cation. 

Reaction over MY Models. The combination of the various functional groups in 
FDCA and the presence of multiple accessible sites give rise to an increased number 
of adsorption geometries (Figure 4.5). These also included salt-like species, i.e. 
deprotonated FDCA molecules coordinating to the alkali cations. The protons in 
such structures are bound to the basic oxygen atoms on the lattice. The preferred 
adsorption configuration (Eads = -148 kJ/mol, NaY) is realized on the SII site 
(SIIFDCA) to which the FDCA binds in a η5-fashion via its π-system with two 
additional carboxylates moieties η1-coordinated to the SIII site (SIIIFDCA) (Figure 
4.5b). For the sake of consistency, the starting configuration 21 contains ethylene 
co-adsorbed on the opposite SII site (SIIC2). 

Similar to the conversion of the other furanic substrates studied in this work, the 
DAC-reaction (21→22) of FDCA with ethylene is exothermic. The corresponding 
energy gain is smallest for RbY (-11 kJ/mol) and the highest for NaY (-49 kJ/mol). 
The reaction proceeds with a barrier of 72 kJ/mol, 85 kJ/mol and 100 kJ/mol for 
NaY, KY and RbY respectively. The bond length differences between the nascent 

 

Figure 4.7. The optimized structures of the intermediate 24 in (a) KFAU and (b) KY models. Selected 
interatomic distances are in Å. 
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C1· · ·C6 and C4· · ·C5 bonds are now 0.04 Å, 0.04 Å and 0.05 Å for NaY, KY and RbY 
respectively. The H-bonds between FDCA and the framework are not affected by 
the coupling reaction. All but the reaction barrier for RbY are close to those for the 
DAC-reaction of either furan or 2,5-DMF with ethylene. However, considering the 
adsorption trend as function of the cation Lewis acidity in 21/MY, the increased 
barrier is suspected to arise from the adsorption effects caused by the increased 
number of electrostatic and hydrogen-bonding interactions rather than the electron 
withdrawing nature of the carboxylic acid substituents. 

The bicyclic intermediate (22) is then isomerized to the epoxide (23). This step is 
endothermic with the smallest ΔE computed for KY (28 kJ/mol) and the highest for 
NaY (47 kJ/mol). The reaction barriers are 170, 112 and 147 kJ/mol for NaY, KY 
and RbY respectively. The presence of multiple electrostatic interactions alters the 
reactivity trend as compared to that found for the MFAU catalysts. That is, the NaY 
barrier increases with 24 kJ/mol, whereas those of KY and RbY have decreased with 
57 and 28 kJ/mol, respectively. Furthermore ∆∆ETS22 is significant in KY with 120 
kJ/mol, versus 53 and 61 kJ/mol for NaY and RbY. Clearly, these changes arise from 
the manner in which the reaction intermediates dock onto the framework and cations. 
The reaction intermediates in this step can adopt the best adsorption geometry on K+ 
ions due to them having the optimal cation radius: Na+ is too small and Rb+ is too 
large. If such a docking effect did not play the major role in the current case, no 
linear trend in line with the Lewis acidity of the cations would probably have been 
found. 

The second isomerization occurs via an intermolecular proton transfer from C6 to 
Of leading to the formation of the alcohol 24. The resulting OH group interacts with 
both the cation at the SII site and the basic framework. When the proton transfer 
occurs, the carboxylic acid functionality close to the alcohol group rotates to 
coordinate to a cation at another SII site (Figure 4.6b). This is an extra interaction 
that is not found in NaY and is only made possible by the size of the K+ and Rb+ 
ions. This makes the reaction 23→24 almost twice more exothermic for KY and 
RbY (-111 kJ/mol and -115 kJ/mol, respectively) compared to NaY (-65 kJ/mol). 
The activation barriers are 108, 149 and 117 kJ/mol for NaY, KY and RbY 
respectively. Compared to the single-site models, these barriers either increase by 28 
kJ/mol for KY or decrease by 15 kJ/mol for NaY relative to MFAU. As compared 
to TS23/MFAU, the stability of TS23/MY increases with ca. 30-50 kJ/mol. A similar 
increase of the interaction strength is found for 23/MY ranging from 24-58 kJ/mol 
relative to 23/MFAU. 

The dehydration step (25+H2O) is very exothermic with computed reaction 
energies ranging between 181 kJ/mol (RbY) to 131 kJ/mol (KY). The barriers are 
131, 187 and 147 kJ/mol for NaY, KY and RbY respectively. While the barrier for 
this reaction step in NaY is practically identical to that in NaFAU (ca. 130 kJ/mol), 
the barrier in KY and RbY increased with 58 and 18 kJ/mol, respectively. The 
strongly increased barrier in KY originates from a large and increased interaction 
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energy of 24 with the cations and framework in KY (Figure 4.7, ∆∆E24 = 112 
kJ/mol). This is due to the formation of an extensive network of interactions which 
even includes a carbonyl-cation interaction with a nearby SII site not belonging to 
the reactive cation ensemble initially used in 21/KY. A similar geometry of 24 is 
also observed in RbY. However, the electrostatic interactions in this case are weaker 
and thus the barrier increases only with 18 kJ/mol. Such geometry has not been 
observed for neither 4/KY nor 14/KY. 

At last, the product 25+H2O is strongly adsorbed in the MY catalyst, with 
interaction energies of about -440 to -452 kJ/mol, which is qualitatively in line with 
the computational findings for the MFAU catalyst. To desorb the reaction products, 
barriers of 264, 258 and 270 kJ/mol have to be overcome for NaY, KY and RbY 
respectively. These barriers are ca. 70-120 kJ/mol higher than for their 25/MFAU 
counterparts, and about 65 to 93 kJ/mol higher than for 15/MY. 

Summarizing, in the case of the FDCA substrate, I could not identify a clear 
reactivity trends for all elementary reaction steps but the DAC-reaction, for which I 
found a qualitatively similar trend for the MY models as compared to that provided 
by MFAU. However, the barriers are very similar except the one found for RbY due 
to strong adsorption in the initial state of the DAC-reaction. The presence of 
carboxylic acid functional groups cause a significant deviation from the linear 
reactivity trend found for the MFAU models as they participate actively in the 
interaction network established between the reaction intermediates and the cations 
and zeolite framework. 

4.4. Summary and Conclusion 
Analysis of the presented reaction cycles indicates that the presence of multiple 

accessible sites in the confined microporous space of the faujasite zeolite alters the 
reactivity trends significantly as compared to those predicted with the isolated site 
model. For the high-silica model containing only a single-site cation site for 
adsorption and reaction, the reactivity trend is determined by the Lewis acidity of 
the cation. In contrast, when a low-silica model is employed, the possibility of 
cooperative interactions between the zeolite matrix and accessible cations with the 
reactants, lowers the reaction barriers. Overall, the reactivity trends are not 
determined by only the Lewis acidity anymore, but also by the geometrical 
constraints imposed by the size of the cations and the reactants. For instance, the 
DAC-reactivity trend of all but the DAC-reaction between FDCA and ethylene 
become inverted in the MY models as compared to the trend expected from the 
difference in Lewis acidity of the exchangeable cations. The reactivity trends inside 
the confinement space of faujasite zeolites cannot be narrowed down to the intrinsic 
electronic properties of the substrates or catalytic Lewis acid sites. The analysis of 
the computed reaction energetics and optimized geometries suggests that the overall 
DAC barriers in MY are determined mostly by the geometrical fit of the furan 
derivative to the SII and SIII active sites. This is reminiscent of the induced fit model 
in enzymatic catalysis.3,4 
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The presence of electron-donor or acceptor substituents on the furan ring does not 
have a direct effect on the DAC/D reactivity. The computed barriers are influenced 
by the steric effects and the strength of the interactions within the zeolite cage. The 
stability of all reactive species increases due to interactions with both the Lewis 
acidic extraframework sites and Lewis basic framework.5–7 The existence of a 
network of multiple non-covalent interactions capable of aligning and stabilizing 
reaction intermediates is usually referred to as molecular recognition.8 For the 
current system they lead to a strong decrease of the isomerization and dehydration 
barriers so that, a-priori, the respective steps cannot be considered rate-limiting 
anymore. It is such molecular recognition features that limit the reactivity of the 
oxygenated substrate like FDCA rather than the presence of the electron-
withdrawing substituents. Indeed, the strong multiple-site binding of FDCA gives 
rise to very high adsorption energies of this substrate and its derivatives. For 
instance, the alcohol intermediate 25 is ca. 100 kJ/mol better stabilized inside the Y-
zeolite pores than its furan-derived counterpart 5, rendering it a dormant state rather 
than a catalytic intermediate. 

Furthermore, the stabilization of transition states in the MY models is aided by the 
relocation of the cations, most notably that of the cation at SIII. For instance, 
TS2/NaY and 24/KY. Such migration of exchangeable cations has previously been 
observed in experiments9,10 and molecular dynamics simulations11,12. It is driven by 
the formation of a more energetically favorable interaction with the substrate. In the 
calculations presented in this Chapter, the substantial dislocation of the 
exchangeable cations was observed as a result of the cooperative binding of the 
adsorbent by multiple cations and it was not captured by the isolated site models. 

In conclusion, I have performed a mechanistic study on the DAC/D-reaction of 
furan, 2,5-DMF and FDCA with ethylene to benzene, para-xylene and TPA, 
respectively. By studying these three reactions computationally using chemically 
representative low-silica alkali-exchanged faujasite models, I illustrated that single-
site zeolite models cannot capture the key features of molecular recognition and 
confinement present in such low-silica alkali-exchanged zeolites. Mechanistic 
proposals based on such models can thus be inadequate to either qualitatively explain 
or qualitatively predict the (expected) experimental reactivity trend. Catalytic 
reactivity often stems from a complex network of multiple interactions between both 
the catalyst and the reactive intermediate. Predictions about qualitative catalytic 
trends based on reductionist single-site models should thus preferably be evaluated 
with great care. 
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Chapter 5 
 

Electronic Structure Analysis of the Diels-Alder 
Cycloaddition Catalyzed by Alkali-Exchanged Faujasites 

 
 

 
 
 

ABSTRACT: The Diels-Alder Cycloaddition (DAC)-reaction is a commonly 
employed reaction for the formation of C-C bonds. DAC catalysis can be achieved 
by using Lewis acids and via reactant confinement in aqueous nano-cages water. 
Low-silica alkali exchanged faujasite catalysts combine these two factors in one 
material. They can be used in the tandem DAC/Dehydration reaction of biomass-
derived 2,5-dimethylfuran (2,5-DMF) with ethylene towards para-xylene, in which 
the DAC-reaction step initiates the overall reaction cycle. In this work, I performed 
periodic Density Functional Theory (DFT) calculations on the DAC-reaction 
between 2,5-DMF and C2H4 in low-silica alkali(M)-exchanged faujasites (MY; Si/Al 
= 2.4; M = Li+, Na+, K+, Rb+, Cs+). The aim was to investigate how confinement of 
reactants in MY catalysts changed their electronic structure and the DAC-reactivity 
trend among the evaluated MY zeolites. The conventional high-silica alkali-
exchanged isolated site model (MFAU; Si/Al = 47) served as a reference. The results 
show that confinement leads to initial state (IS) destabilization and transition state 
(TS) stabilization. Among the tested MY, most significant IS destabilization is found 
in RbY. Only anti-bonding orbital interactions between the reactants/reactive 
complex and cations were found, indicating that TS stabilization arises from ionic 
interactions. Additionally, in RbY the geometry of the transition state is 
geometrically most similar to that of the initial and final state. RbY also exhibits an 
optimal combination of the confinement-effects, resulting in having the lowest 
computed DAC-activation energy. The overall effect is a DAC-reactivity trend 
inversion in MY as compared to the trend found in MFAU where the activation 
energy is proportional to the Lewis acidity of the exchangeable cations. 
 
This chapter has been published in R. Y. Rohling, I. C. Tranca, E. J. M. Hensen, E. A. Pidko, “Electronic structure 
analysis of the Diels-Alder cycloaddition catalyzed by alkali-exchanged faujasites”, J. Phys. Chem. C. 2018, 122, 
14733  
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5.1. Introduction 
The previous chapters illustrated the importance of multi-site cooperativity in the 

DAC/D-reaction between furanic compounds and ethylene to produce aromatic 
compounds. Both the employed MY and MFAU catalyst contain accessible Lewis 
acid sites in the confined hydrophilic space of the faujasite supercage. Although it 
was shown in Chapter 3 that KY is the best catalyst for the overall reaction, RbY 
possessed the lowest DAC-reaction barrier. The latter observation was surprising, 
because the lowest DAC-reaction barrier was not expected for one of the weakest 
Lewis acids. Furthermore, the results in Chapter 4 illustrated that the DAC-reactivity 
trend was insensitive to changes of the substituents when changing 2,5-DMF to 
either furan or furandicarboxylic acid. 

It is known that substrate confinement in the micropores of cation-exchanged 
zeolites gives rise to perturbation of the substrate’s electronic structure, e.g. 
intermolecular orbital overlap in alkene photo-oxidation chemistry1 or changes in 
CO IR-stretching vibrations due to dual- and multi-site adsorption modes2. Recently, 
computational studies using a combination of electronic structure analysis 
techniques have led to an improved understanding of reactivity and scaling laws on 
transition metal surfaces3,4, transition metal oxides5 and zeolites6. Among the applied 
methods were the Density Derived Electrostatic and Chemical (DDEC6) method7–9, 
the Crystal Orbital Hamilton Population (COHP) analysis10–14 and Crystal Orbital 
Overlap Population (COOP) analysis15. By complementing the above methods with 
the topological analysis of the electron density in conformity with the Quantum 
Theory of Atoms in Molecules (QTAIM)16–20, the aim is to elucidate the origin of 
catalysis of the DAC-reaction by the MY systems. 

In this chapter, I report on an in-depth electronic structure analysis of the DAC-
reaction between 2,5-DMF and ethylene over alkali-exchanged faujasites using 
periodic DFT calculations and a variety of electronic structure analysis tools. 
Fundamental understanding on the origin of the DAC-reaction barrier trend 
inversion in low-silica alkali-exchanged faujasite-based catalysts is established. This 
is done by thoroughly investigating the electronic structure of the MFAU and MY 
models. The results show that the energy barrier is governed by confinement-
induced initial state (IS) destabilization and the cooperative action of the alkali 
cations in stabilizing the transition state (TS) via ionic interactions. Among the 
studied MY catalysts, RbY (Si/Al = 2.4) is found to exhibit an optimal combination 
of IS destabilization and TS stabilization. 

5.2. Results 
5.2.1. Reaction Energies 

All geometries of the zeolite models, reaction intermediates and transition states 
involved in the DAC-reaction between 2,5-DMF and C2H4 were adopted from 
Chapter 3. The evaluated systems where the high- and low-silica Li+, Na+, K+, Rb+, 
and Cs+-exchanged faujasite models. The former is referred to as MFAU and the 
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latter as MY, with M representing the exchangeable alkali cation. A schematic 
representation of the reaction energy diagram is shown in Figure 5.1a. The 
dependency of the DAC activation energy (Eact) and the change in reaction energy 
(Ereact) in the different models is given in Figure 5.1b. Changes to the reactant 
adsorption energy (Eads) and Eact in MY are shown in Figure 5.2. 

The coupling reaction starts from the adsorbed states 1/MFAU or 1/MY (e.g. 2,5-
DMF + C2H4 + MY→ 1/MY) for the single- and multiple cation-exchanged faujasite 
models, respectively. In both models, 2,5-DMF adsorbs in a η5-fashion to the 
exchangeable SII cation. In MFAU, ethylene is physisorbed and interacting with the 
zeolite matrix via dispersive interactions. In MY, ethylene is η2-coordinated to a 
neighboring SII cation. The DAC-reaction yields the bicyclic intermediate 2 via a 
cyclic synchronous concerted transition state (TS1, ∆d = d(C1∙∙∙C6) – d(C4∙∙∙C5) < 
0.04 Å). 

 

Figure 5.1. Schematic representation of the DAC-reaction energy profile is shown in (a) illustrating 
the definitions of the activation and reaction energies. The changes in activation energy and the change 
in reaction energy as function of the exchangeable cation in MFAU and MY are shown in (b). 

 
Figure 5.2. Plot of the change in reactant adsorption energy and the DAC-activation energy as function 
of the alkali-cations in the MY models. 
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The adsorption energies of the reactants on the active sites in Chapters 3 and 4 
were found to decrease with a concomitant decrease in Lewis acidity of the cations 
in MFAU. Following adsorption, the reaction proceeds with ethylene approaching 
adsorbed 2,5-DMF. The reaction energy decreases from -89 kJ/mol in LiFAU to -20 
kJ/mol in CsFAU. As qualitatively expected for single Lewis acid catalysis, Eact 
increases with decreasing Lewis acidity from 64 kJ/mol in LiFAU to 94 kJ/mol in 
CsFAU, attributed to Cs+ being the weakest Lewis acid among the evaluated alkali 
cations. Eact in KFAU deviates from the expected trend of increasing activation 
energy with decreasing Lewis acidity. 

In the MY models, the reaction cycle starts with co-adsorption of the reactants. 
The adsorption is generally weaker for the weaker Lewis acids. Note that the Eads of 
the individual compounds generally add up to the energy of the co-adsorbed state 
1/MY. This is, however, not the case in RbY (E1/RbY = -88 kJ/mol vs. Eads,sum = Eads,2,5-

DMF + Eads,ethylene = -111 kJ/mol). With increasing cation radius, the interatomic C4∙∙∙C5 
and C1∙∙∙C6 distances gradually decrease from ca. 5.6 to 3.5 Å for LiY to RbY, 
respectively. The size of the Cs+ cations causes 2,5-DMF and ethylene to be 3.8 Å 
apart. In MY systems, the trend in Eact is inverted as compared to the MFAU systems. 
The highest barriers are now found for the strongest Lewis acids (Li+, Na+; Eact = 105 
and 107 kJ/mol, respectively) and the lowest barrier for one of the weakest Lewis 
acids (Rb+, Eact = 62 kJ/mol). 

The changes to the reaction energies are investigated by correlating the change in 
Eact with the change in Ereact for MFAU and MY based models, Figure 5.1b. We find 
a qualitative agreement between Eact and Ereact for both models. Although not 
conclusive, this might hint at a resemblance of the TS to the FS. However, reaction 
energies alone are not sufficient to conclusively support this statement. 

To conclude our study on the reaction energies, we investigated possible (co-
)adsorption effects on the activation barrier height in the MY models. The obtained 
trend shows that the activation energy does not correlate well with the (cumulative) 
adsorption energy (Figure 5.2). While the 2,5-DMF adsorption energy is found to 
decrease with ca. 65 kJ/mol from LiY to KY, the activation energy only decreases 
with about 10 kJ/mol. Furthermore, the trend in Eact shows a minimum for RbY and 
sharply increases for CsY. If the activation barrier would be governed by the 
adsorption energy, one would also expect a low barrier for CsY. 

In summary, the computed reaction energies indicate that formation of the TS is 
made easier by IS-destabilization in RbY as compared to the other modelled MY 
catalysts. However, the qualitative relation between Ereact and Eact rule IS-
destabilization out to be the only factor. 

5.2.2. Alkali Cation Influence on the Energy Gaps 
Next, the possible relation between changing activation barrier and Lewis acid 

catalysis by the various alkali cations was investigated. To that end, the pDOS for 
every initial state in MFAU and MY was computed. The degree of orbital overlap 
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of the cations with the furanic oxygen atom (O2,5-DMF) and 2,5-DMF carbon backbone 
was also calculated. 

The pDOS of 2,5-DMF, ethylene in 1 and those of the alkali-cations in MFAU and 
MY models are presented in Figure 5.3. Note that the contributions of the hydrogen 
1s-orbitals are omitted. These orbitals only increase the intensity of the bands and 
do not give rise to new bands. The values of enorm, einv (see section 1.3.1.) and Eact 
relevant to the pDOS of the cation in the panel are displayed too. Examples of COOP 
plots are shown in Figure 5.4 (NaY and RbY). These are representative examples for 
all other MY and illustrate the type of orbital interactions. 

Inspection of Figure 5.3 shows that enorm and einv in MFAU vary only little for the 
different cations. Meanwhile, the activation energy increases with decreasing Lewis 

 
Figure 5.3. The pDOS of the MFAU catalysts (top) and MY catalysts (bottom). The Fermi level is 
located at zero eV. Every panel is a separate catalyst. Within every panel, the DOS of ethylene is plotted 
to the left and that of 2,5-DMF and the cation to the right. The values of enorm and einv are in eV. That 
of Eact in kJ/mol. 
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Figure 5.4. COOP analysis of NaY and RbY. In red the summed interactions between SII and SIII with 
the furanic oxygen atom (COOPSII∙∙∙O(2,5-DMF) + COOPSIII∙∙∙O(2,5-DMF)). In black the summed COOP 
between SII and the four carbon atoms in the furan-ring. Similar plots are obtained for the other MY 
systems. 

acidity. For instance, enorm (einv) is 4.7 (5.1) eV in LiFAU with an activation barrier 
of 64 kJ/mol, while those in CsFAU are 4.7 (5.1) eV and Eact is 94 kJ/mol, 
respectively. The peak positions in Figure 5.3 show that there are no alkali s-orbital 
contributions below the Fermi-level. We note that the alkali cation bands seem to 
overlap with those of ethylene, but the cation and ethylene are too spatially separated 
to interact. 

The pDOS’ of the MY models presented in Figure 5.3 shows no qualitative trend 
with the energy gaps for this type of systems either. For instance, enorm and einv in KY 
and RbY are similar, but the activation energies differ with 34 kJ/mol. 

The most significant band overlap between the alkali cation and 2,5-DMF is found 
for NaY and RbY. In the former the LUMO2,5-DMF interacts with the LUMO+1 of 
Na+. In the latter, LUMO2,5-DMF interacts with the LUMO of Rb+. However, the 
ICOOP-analysis yields values of -0.61 and -0.41, respectively, indicating net anti-
bonding orbital interaction between the cations and O2,5-DMF. Furthermore, the 
interaction between the cation and the carbon backbone of the 2,5-DMF furan ring 
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is also anti-bonding with ICOOP values of -0.05 and -0.12 in NaY and RbY, 
respectively. For reference, ICOOP of C-C bonds reach +0.36, see also Table 5.1. 

From the data presented here we infer that changes to the DAC-reaction barrier 
cannot be ascribed to Lewis acid catalysis via interactions between the cations s-
orbitals and reactant FMOs. 

5.2.3. Electron Density Analysis 
Since our periodic MY models are chemically the most representative models as 

compared to the MFAU isolated site models, we focus on analyzing the MY systems 
in greater detail. KY and RbY are systems of primary interest, although they will 
sometimes be referenced to other MY systems. KY is chosen as we have shown that 
it is the most active catalyst among a set of alkali-exchanged FAU zeolites.21 RbY is 
chosen as it is the most confined system, illustrated by the shortest C1∙∙∙C6/C4∙∙∙C5 
distances of the IS. Any confinement-driven interaction or feature that is lacking in 
RbY is assumed not to be found in any other MY system studied in this work. 

Activated Reactant Complex. To analyze the intermolecular interactions in the 
IS between 2,5-DMF and ethylene, we determined the atomic net charges and the 
properties of the electron density. Such properties are the Laplacian and the electron 
density at the bond critical points. The 2,5-DMF and ethylene net molecular charges 
are reported in Tables 5.1 and Figure 5.5. These results were complemented by the 
bond-order analysis, performed to study the evolution of the C1∙∙∙C6/C4∙∙∙C5 bonds 
over the course of the reaction, Figure 5.6. 
Table 5.1. The evolution of the molecular net charges of the different reactants and selected 
cations in the MY models along the reaction coordinate. The atomic charges of �����  are computed 
using the reference NaY and RbY models without adsorbates. 

 LiY NaY 
 C2 2,5-DMF MSII MSIII C2 2,5-DMF MSII MSIII 
IS 0.00 0.02 0.91 0.91 0.01 0.02 0.88 0.90 
TS 0.02 0.01  0.91 0.91 -0.01 0.04 0.88 0.90 
FS 0.12 -0.08 0.91 0.91 0.09 -0.05 0.88 0.89 

         �I=��        0.88 0.92 
 KY RbY 
 C2 2,5-DMF MSII MSIII C2 2,5-DMF MSII MSIII 
IS 0.03 0.03 0.85 0.90 0.03 0.02 0.85 0.90 
TS -0.05 0.09 0.85 0.90 -0.06 0.10 0.86 0.90 
FS 0.05 0.00 0.85 0.89 0.04 0.00 0.86 0.90 
         
�I=��        0.88 0.90 

 CsY  
 C2 2,5-DMF MSII MSIII     
IS 0.01 0.02 0.88 0.90     
TS -0.06 0.09 0.88 0.90     
FS 0.04 0.00 0.87 0.90     
         
�I=��          
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Figure 5.5. 2,5-DMF and ethylene net charges. Note that ‘ethylene’ in the TS and FS refers to the two 
methylene moieties initially belonging to ethylene. 

The net molecular charges in Figure 5.5 are obtained by summing all atomic net 
charges belonging to all atoms part of the molecule. Note that when referring to 
ethylene in the TS or FS, we actually refer to the two methylene moieties originating 
from ethylene. Inspection of Figure 5.5 shows that the molecular net charges are 
typically low (|∆q| < 0.1). Furthermore, the net charge of ethylene typically cancels 
that of 2,5-DMF in the TS and FS. A minor imbalance is found in TS1/RbY, 
amounting to -0.04 e-. This net charge is considered insignificant and is believed to 
arise from asymmetric interactions with the framework. Furthermore, if charge 
transfer occurs to the zeolite matrix at all, it is considered too small to account for 
the large DAC-reaction barrier reduction. 

The electron density and the Laplacian values at the BCPs were compared for 
1/KY and 1/RbY. The BCP-analysis indicates that there is no difference between 
1/KY and 1/RbY. That is, both systems lack BCPs between the C1∙∙∙C6 and C4∙∙∙C5 
atom pairs in the IS. Only upon formation of either TS1/KY or TS1/RbY, C1∙∙∙C6 
and C4∙∙∙C5 BCPs are observed with electron densities of 0.46 e-/Bohr3, and 
Laplacians ranging from 0.64 to 0.69. To put this in perspective, a C1-C6 or C4-C5 
bond in 2/KY and 2/RbY has an electron density of 1.57 e-/Bohr3 with Laplacians of 
ca. -12.7. 

The BO-analysis (Figure 5.6) yielded only significant bond orders for 1/KY, 
1/RbY and 1/CsY for the C1∙∙∙C6 and C4∙∙∙C5 atom pairs, albeit small. Values are 
zero for LiY and NaY and reach a maximum of 0.014 for RbY. Formation of TS1 
results in the appearance of partial bonds: the BO of the C1-C6 pair gradually 
increases from 0.2 to 0.229 (LiY to RbY) while the bond order of (C1∙∙∙C6)CsY is 
0.225. The BO of the C4∙∙∙C5 atom pair increases from 0.214 to 0.235 (LiY to RbY) 
with the bond order of (C4∙∙∙C5)CsY being 0.23. The error in this work is believed to 
be 0.01. The appearance of a trend in the IS- and TS-BO in Figure 5.6 is consistent 
with the increasing cation radius, noting that ethylene in 1/CsY is located at a 
different position. 
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Figure 5.6. Evolution of the intramolecular bond-orders in the DAC-reaction between 2,5-DMF and 
ethylene over MY. The final state is omitted. Note that the bond orders in the IS are an order of 
magnitude smaller. 

Summarizing, the DAC-reaction occurs in a charge-neutral fashion with a 
bidirectional electron flow, in line with earlier findings using isolated site models.22 
Additionally, I do not believe the cations to induce significant changes to the 
intermolecular charge transfer. The Laplacians indicate slight interactions between 
2,5-DMF and C2H4 in the IS. This is supported by the BO-analysis. These results 
qualitatively connect with our earlier hypothesis on IS destabilization. 

Zeolite-Reactant Interactions. The interaction of the cations at the SII and SIII 
sites with the furanic oxygen atom (O2,5-DMF) was studied in greater depth to 
understand the exact role of the exchangeable cations in the zeolite. The cation-
furanic oxygen interactions are referred to as O2,5-DMF∙∙∙SII and O2,5-DMF∙∙∙SIII, 
respectively. The SII cation can also interact with the π-system of the 2,5-DMF 
carbon-backbone. This consists of the four carbon atoms in the furanic five-ring, 
grouped into a term referred to as C2,5-DMF. The cation-carbon backbone interaction 
is referred to as the SII-C2,5-DMF interaction. The methyl side-groups were excluded. 
BCPs of the aforementioned interactions have been analyzed (Figure 5.8, Figure 5.9 
and Table 5.2) and were complemented by the results of the COHP-analysis (Table 
5.3). 

In 1/LiY and 1/NaY, a BCP for the O2,5-DMF∙∙∙SII interaction is absent, Table 5.2. 
Additionally, BO-values are only 0.001 in LiY and NaY. This indicates a lacking 
O2,5-DMF∙∙∙SII interaction. In, 1/KY, the BO is 0.034, but no BCP was detected. This 
is attributed to the magnitude of the electron density being below our analysis 
threshold, whereas no threshold is set for the BO-analysis. 
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We performed the COHP-analysis to quantify the interaction strengths. We note 
that the ICOHP should be interpreted with care23,24, because no direct comparison 
between different systems is possible. For instance, the O2,5-DMF∙∙∙SIII interaction 
strength cannot be plotted as function of the cation. The studied systems have 
different total energies and very different chemical compositions so that the 
reference is not the same. Different models can only be compared by looking at ratios 
between the different components within every system. 

Table 5.3 lists the ICOHP and ICOOP results for each state (IS, TS, FS) and for 
each alkali cation. The ratio between the ∑ICOHP(O2,5-DMF∙∙∙M) and 
ICOHP(M∙∙∙C2,5-DMF) is of interest. The cation-oxygen interactions are found to be 
dominant. This clearest in 2/LiY and 2/NaY, for which the cumulative oxygen-cation 
interaction is found to be 3.24 and 2.95 times stronger than the C2,5-DMF∙∙∙M 
interaction, respectively. The same ratios range from 1.55-1.71 in KY, RbY and 
CsY. Thus O2,5-DMF∙∙∙M electrostatic interactions dominate the overall interaction 
between the reactants and the alkali-exchanged faujasite catalyst. 

Topological Analysis of the Electron Density. Selected topological analyses of 
the electron density of LiY, KY and RbY initial states and transition states are shown 
in Figure 5.7. More such plots including isosurfaces can be found in Figure 5.8. 
Atomic basins are visualized by the dashed yellow lines. The in-plane bond-paths 
are referred to as bond-path type I and are depicted as dashed blue lines. BCPs are 
shown with red dots. A dashed green line is referred to as bond-path type II and 
represents an out-of-plane bond-path between the SII cation and a carbon atom of  
Table 5.2. The electron density and Laplacians (e-/bohr3) corresponding to the bond-critical 
points between O2,5-DMF-SII and O2,5-DMF-SIII found in the IS, TS and FS for the various MY 
models. Bond orders values are also provided. 

  ρBCP ρBCP ∇∇∇∇ρBCP ∇∇∇∇ρBCP Bond order Bond order 

  SII∙∙∙O2,5-DMF SIII∙∙∙O2,5-DMF SII∙∙∙O2,5-DMF SIII∙∙∙O2,5-DMF SII∙∙∙O2,5-DMF SIII∙∙∙O2,5-DMF 

Li IS  0.164  3.677 0.001 0.097 
 TS  0.192  4.282 - 0.113 
 FS  0.226  5.097   

Na IS  0.128  2.817 0.005 0.073 
 TS  0.149  3.356 0.007 0.086 
 FS  0.175  3.915   

K IS  0.077  1.234 0.034 0.056 
 TS 0.075 0.102 1.218 1.664 0.042 0.071 
 FS 0.076 0.119 1.148 1.944   

Rb IS 0.101 0.067 1.617 0.976 0.057 0.053 
 TS 0.094 0.096 1.301 1.382 0.058 0.068 
 FS 0.092 0.086 1.365 1.250   

Cs IS 0.064 0.042 0.917 0.534 0.04 0.04 
 TS 0.079 0.061 1.030 0.795 0.059 0.061 
 FS 0.093 0.083 1.124 1.076   
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Table 5.3. Integrated COHP and COOP values for selected interatomic interactions. The ICOOP 
values are shown in between brackets. 

 

 

ICOHP 

(ICOOP) 

ICOHP 

(ICOOP) 

∑ICOHP 

 

ICOHP 

(ICOOP) 

Ratio 
A/B 

ICOHP 

(ICOOP) 

ICOHP 

(ICOOP) 

 
SII∙∙∙O2,5-

DMF 
SIII∙∙∙O2,5-

DMF 
M∙∙∙O2,5-

DMF 
M∙∙∙C2,5-DMF  C1∙∙∙C6 C4∙∙∙C5 

   
(A) (B) 

   

1/LiY 
-0.07 

(-0.01) 

-2.51 

(0.10) 

-2.58 

 

-1.19 

(-0.13) 

2.17 

 

0.00 

(0.00) 

0.00 

(0.00) 

TS1/LiY 
-0.06 

(-0.01) 

-2.83 

(0.12) 

-2.89 

 

-1.10 

(-0.10) 

2.62 

 

-1.98 

(0.11) 

-1.84 

(0.11) 

2/LiY 
-0.06 

(-0.02) 

-3.36 

(0.17) 

-3.42 

 

-1.06 

(-0.09) 

3.24 

 

-7.97 

(0.36) 

-8.00 

(0.36) 

1/NaY 
-0.03 

(0.00) 

-0.57 

(0.03) 

-0.61 

 

-0.27 

(-0.05) 

2.25 

 

0.00 

(0.00) 

-0.01 

(0.00) 

TS1/NaY 
-0.07 

(0.00) 

-0.63 

(0.03) 

-0.70 

 

-0.27 

(-0.04) 

2.58 

 

-1.91 

(0.11) 

-2.05 

(0.12) 

2/NaY 
-0.14 

(0.01) 

-0.73 

(0.03) 

-0.87 

 

-0.29 

(-0.05) 

2.95 

 

-7.76 

(0.36) 

-7.79 

(0.36) 

1/KY 
-0.14 

(0.00) 

-0.31 

(0.01) 

-0.45 

 

-0.26 

(-0.11) 

1.71 

 

0.00 

(0.00) 

0.00 

(0.00) 

TS1/KY 
-0.20 

(0.00) 

-0.33 

(0.01) 

-0.53 

 

-0.24 

(-0.10) 

2.26 

 

-2.07 

(0.12) 

-2.04 

(0.11) 

2/KY 
-0.28 

(0.02) 

-0.38 

(0.01) 

-0.67 

 

-0.26 

(-0.10) 

2.58 

 

-7.78 

(0.36) 

-7.73 

(0.35) 

1/RbY 
-0.17 

(-0.00) 

-0.24 

(0.01) 

-0.41 

 

-0.25 

(-0.12) 

1.61 

 

-0.01 

(0.00) -0.01(0.00) 

TS1/RbY 
-0.19 

(0.00) 

-0.27 

(0.01) 

-0.46 

 

-0.21 

(-0.10) 

2.22 

 

-2.13 

(0.12) 

-2.09 

(0.12) 

2/RbY 
-0.27 

(0.01) 

-0.31 

(0.01) 

-0.58 

 

-0.22 

(-0.09) 

2.62 

 

-7.85 

(0.36) 

-7.86 

(0.36) 

1/CsY 
-0.11 

(-0.01) 

-0.16 

(0.01) 

-0.27 

 

-0.17 

(-0.10) 

1.55 

 

0.00 

(0.00) 

-0.01 

(0.00) 

TS1/CsY 
-0.14 

(-0.01) 

-0.17 

(0.00) 

-0.32 

 

-0.16 

(-0.09) 

2.00 

 

-2.05 

(0.11) 

-2.07 

(0.12) 

2/CsY 
-0.20 

(-0.01) 

-0.21 

(-0.01) 

-0.41 

 

-0.17 

(-0.06) 

2.45 

 

-7.91 

(0.36) 

-7.86 

(0.36) 
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Figure 5.7. Topological analysis of the electron density and molecular basins of selected cations and 
reactants. Atom colors are: red = O, beige = Si, light or dark purple = alkali cation. Yellow basin = 
2,5-DMF, grey basin = ethylene, light blue basin = cation at SIII site, light green basin = cation at SII 
site. 

the 2,5-DMF methyl side group. Green dots represent ring-critical points. The bond-
path between the SII-cation and one of the C-atoms of either the ethylene double 
bond or 2,5-DMF C2/C3 bond is actually out-of-plane. Minor fluctuations in the 
electron density are believed to be responsible for the lack of the second bond-path 
between the SII-cation and the other C-atom. This is supported by the bond-path 
showing a tendency to bifurcate in the 3D-visualization (data not shown). Thus, it is 



89 
 

 

 
Figure 5.8. Topological analysis of the electron density and molecular basins of selected cations and 
reactants (top) and isosurfaces showing of the electron density (bottom) with the red color depicting 
the lowest electron density. 

envisaged that the bond-path could have been drawn between the SII-cation and the 
other C-atom of the aforementioned bonds also (e.g. ethylene coordination to SII is 
highly symmetric). This is thus interpreted as an in-plane cation-π interaction and 
consequently projected the bond-path onto the plane. 

The red numbers are hypervector lengths (Å) between an atom and the BCP. Their 
lengths are summarized in Table 5.4. The molecular basins have been plotted by 
summing the atomic basins present in either of the reactants. Thus, the yellow and 
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grey volumes represent 2,5-DMF and ethylene respectively. The light blue and light 
green volumes represent the SIII and SII cations respectively. 

The visualizations in Figure 5.7 show that ethylene and 2,5-DMF already interact 
relatively significantly in 1/KY and 1/RbY as compared to 1/LiY. A flat surface 
(white dashed line) near the SII cation to which ethylene was initially adsorbed in 
TS1/KY and TS1/RbY is observed. This is completely absent in the case of LiY. 

Upon comparing every pair of hypervectors that belong to the same bond-path, we 
find that the length becomes increasingly similar upon increasing alkali cation 
radius. This is most pronounced in the final state, to a lesser degree in the transition 
state and least in the initial state. This is ascribed to the increasing cation radius. 
Analysis of 1/RbY and TS1/RbY in Figure 5.7 illustrates the practically equal total 
hypervector lengths between SII∙∙∙O2,5-DMF and SIII∙∙∙O2,5-DMF. Additionally, the 
changes in hypervector length are smallest for RbY. That is, hypervectors in 1→TS1 
and TS1→2, change with 0.03 (0.1) and 0.06 (0.04) Å for SII∙∙∙O2,5-DMF (SIII∙∙∙O2,5-

DMF). In the Cs+-exchanged Y zeolite, changes in TS1→2 are 0.05 and 0.15 Å for 
SII∙∙∙O2,5-DMF and SIII∙∙∙O2,5-DMF, respectively. 

To conclude, the SII∙∙∙O2,5-DMF and SIII∙∙∙O2,5-DMF distances present in the obtained 
geometries was measured (Table 5.5). Reflecting these on the M-O distances found 
in alkali oxides25, we find that SII∙∙∙O2,5-DMF and SIII∙∙∙O2,5-DMF in TS1/RbY mimic 
the alkali oxide M-O distances best. 
Table 5.4. Distance (Å) between selected bond-critical-points and either O2,5-DMF, SII or SIII. The 
labels d1, d2, d3 and d4 refer to the hypervectors between ��� − �����,� ¡¢£,���, and ��,�J¡¢£ −
�����,� ¡¢£,���, ���� − �����,� ¡¢£,���� and ��,�J¡¢£ − �����,� ¡¢£,����, respectively. 

  
d1 d2 d1 + d2 d3 d4 d3 + d4 

IS Li − − − 0.76 1.26 2.02 
 Na − − − 1.07 1.30 2.37 
 K − − − 1.46 1.43 2.89 
 Rb 1.55 1.38 2.93 1.62 1.46 3.08 
 Cs 1.83 1.49 3.32 1.91 1.58 3.49 

TS Li − − − 0.73 1.22 1.95 

 Na − − − 1.04 1.26 2.3 

 K 1.48 1.45 2.93 1.40 1.36 2.76 

 Rb 1.54 1.42 2.96 1.61 1.37 2.98 

 Cs 1.77 1.44 3.21 1.82 1.49 3.31 

FS Li − − − 0.72 1.18 1.9 
 Na − − − 1.02 1.22 2.24 

 K 1.37 1.46 2.83 1.37 1.33 2.7 

 Rb 1.51 1.39 2.9 1.51 1.43 2.94 

 Cs 1.74 1.43 3.17 1.74 1.42 3.16 
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Table 5.5. Interatomic distances (Å) in the TS as measured for MY models. adata adopted from 
ref[25]. 

 LiY NaY KY RbY CsY 

d(SII∙∙∙O) 3.67 3.26 2.92 2.96 3.21 

d(SIII∙∙∙O) 1.96 2.30 2.77 2.98 3.31 

∆d 1.71 0.96 0.15 -0.02 -0.10 

d(O2-∙∙∙M+)a 2.16 2.42 2.78 2.92 3.07 

Summarizing, Figure 5.7 and Figure 5.8 clearly show increased confinement in 
RbY as compared to LiY. The changes in SII∙∙∙O2,5-DMF and SIII∙∙∙O2,5-DMF distances 
along the reaction coordinate are the smallest in RbY. The RbY cation-O2,5-DMF 
distances resemble those found in rubidium oxide. 

5.3. Conclusion 
In this chapter I have presented my periodic density functional theory study on the 

Diels-Alder Cycloaddition between 2,5-DMF and ethylene over alkali-exchanged 
faujasites. Two models were studied, one resembled the isolated site model and one 
model contained a high accessible active site density. 

The origin of the DAC-reactivity trend inversion in MY as compared to MFAU 
has been investigated with a wide variety of electronic structure analysis tools. I 
computed the atomic charges and performed the topological analysis of the electron 
density in conformity with the Quantum Theory of Atoms in Molecules, obtained 
bond-order using the Density Derived Electrostatic and Chemical method (DDEC6), 
and investigated pair-wise interatomic interactions with the Crystal Orbital Hamilton 
Population (COHP) and Crystal Orbital Overlap Population (COOP) analysis were 
computed. 

The results show confinement driven reactivity characterized by initial state 
destabilization upon increasing cation size, most pronounced in RbY. In all studied 
systems, multi-site cooperativity stabilizes the transition state via ionic interactions. 
Cation-reactant orbital interactions are insignificant and are of net anti-bonding 
nature in the evaluated MY models. Changes to the geometry of the reactive complex 
are smallest in RbY. The furanic oxygen-cation interatomic distances are most 
symmetric and closely resemble that of rubidium oxide. The combination of these 
effects is the cause of the DAC-reactivity trend inversion, with the lowest barrier 
found for RbY. 

These results illustrate the importance of confinement-driven reactivity and multi-
site cooperativity in alkali-exchanged zeolite catalysis. 
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Chapter 6 
 

Mechanistic Insight into the [4+2] Diels-Alder Cycloaddition 
over First Row d-Block Cation-Exchanged Faujasites 

 
 

 
 
 

 
 

 
ABSTRACT: The Diels-Alder cycloaddition (DAC) is a powerful tool to construct 
new C-C bonds. The DAC reaction can be accelerated in several ways, one of which 
is reactant confinement as observed in supramolecular complexes and Diels-
Alderases. Another method is altering the frontier molecular orbitals (FMOs) of the 
reactants by using homogeneous transition metal complexes whose active sites 
exhibit d-orbitals suitable for net-bonding orbital interactions with the substrates. 
Both features can be combined in first row d-block (TM) exchanged faujasite 
catalysts where the zeolite framework acts as a stabilizing ligand for the active site 
while confining the reactants. Herein, I report on a mechanistic and periodic DFT 
study on TM-(Cu(I), Cu(II), Zn(II), Ni(II), Cr(III), Sc(III), V(V))exchanged 
faujasites to elucidate the effect of d-shell filling on the DAC reaction between 2,5-
dimethylfuran and ethylene. Two pathways were found, one being the concerted one-
step and the other being the stepwise two-step pathway. A decrease in d-shell filling 
results in a concomitant increase in reactant activation as evidenced by increasingly 
narrow energy gaps and lower activation barriers. For models holding relatively 
small d-block cations, the zeolite framework was found to bias the DAC reaction 
towards an asynchronous one-step pathway instead of the two-step pathway. This 
work is an example of how the active site properties and the surrounding chemical 
environment influence the reaction mechanism of chemical transformations. 

 
This chapter has been published in R. Y. Rohling, I. C. Tranca, E. J. M. Hensen, E. A. Pidko, “Mechanistic Insight 
into the [4+2] Diels-Alder Cycloaddition over First Row d-Block Cation-Exchanged Faujasites”, ACS Catal. DOI: 
10.1021/acscatal.8b03482  
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6.1. Introduction 
In the previous Chapters 3 to 5, I explored the use of low-silica alkali-exchanged 

faujasite zeolites (Si/Al = 2.4; M = Li+, Na+, K+, Rb+, Cs+; denoted MY) holding a 
high active site density in the DAC/D-reaction of 2,5-DMF with ethylene.1–3 Among 
the evaluated catalysts, one of the weakest Lewis acid zeolite catalysts (RbY) 
exhibited the lowest DAC-activation barrier.1,3 The catalytic effect, however, 
involved confinement rather than electronic modifications common for LA 
catalysis.3 Indeed, in MY catalysts no alkali s-orbital∙∙∙substrate-FMO overlap was 
found which could activate the reactants.2 Such an overlap can be established when 
d-elements are considered as active sites. Therefore, in this computational study I 
focused on the effect of first row d-block (TM) cations stabilized in faujasite 
micropores (FAU) on the DAC reaction between 2,5-DMF and C2H4 (Figure 6.1b). 
Due to the symmetry of both 2,5-DMF and ethylene FMOs, σ-donor/acceptor and π-
donor/acceptor interactions can be established with the TM cation d-orbitals upon 
coordination. Thus, the TM-cations act both as Lewis acids and Lewis bases. That 
is, whilst exhibiting orbital overlap with the TM active site, the ethylene and 2,5-
DMF HOMOs act as σ-donor and π-donor while the ethylene and 2,5-DMF LUMOs 
act as π-acceptor and σ-acceptor, respectively. Figure 6.1c schematically illustrates 
the representative orbital interactions for ethylene, while the DFT-computed frontier 
orbitals for ethylene, 2,5-DMF and the DAC cycloadduct are shown in Figure 6.1d. 

TM-based catalysts are widely employed in DAC chemistry. Systems such as the 
TM coordination complexes4–12, TM-exchanged clays9 and TM-exchanged zeolites8 

 
Figure 6.1. (a) the DAC/D reaction and (b) The high-silica TM cation exchanged faujasite model in 
(purple = first row d-block cation, yellow = zeolite framework with omitted oxygen atoms). The catalyst 
activates the substrates through (c) FMO-TM orbital interactions. The HOMO and LUMO orbitals of 
ethylene, 2,5-DMF and the cycloadduct on an arbitrary energy scale (d). 
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have been used earlier to catalyze DAC reactions. Among others, 7,11,13 catalytic 
systems based on Cu(I)11,13, Cu(II)13,14, Ni(II)4,13, Zn(II)4,13, Sc(III)4,8,12 and 
Cr(III)9,10,13 have been investigated. Typically, the reaction starts with a η2/η4-type 
coordination of the dienophile/diene to the metal ion.5,6,11,13,15,16 The subsequent DAC 
mechanism usually involves an oxidative cyclization step that leads to a metallacycle 
intermediate followed by reductive elimination yielding the DAC adduct. 

Combining TM cations as extra-framework active sites with zeolites results in the 
formation of microporous catalysts that can be seen as rigid enzymes or siliceous 
supramolecular complexes. Diels-Alderases17–20 and supramolecular complexes21–23 
show good performance in terms of activity via the confinement-effect. Diels-
Alderases bias a specific reaction channel by stabilizing the transition state (TS) in 
the protein matrix to achieve a high product stereo-selectivity. Supramolecular 
catalysts also make use of non-covalent interactions to push the DAC-reaction to 
proceed via a specific low-energy pathway showing an appropriate molecular fit with 
the molecular-sized cavity of the host. In comparison, the easy-to-prepare and 
relatively cheap zeolite-based catalysts are well known for their ability to exert shape 
selectivity on chemical transformations within the confined microporous space 
whilst holding catalytically actives sites.24 

It is therefore attractive to investigate the DAC reaction mechanism of 2,5-DMF 
with ethylene and the electronic and steric factors governing the reactivity in TM-
modified zeolite catalysts. Cations such as Cu(I), Cu(II), Ni(II), Zn(II), Sc(III) and 
Cr(III) (d10, d9, d8, d10, d0 and d3, respectively) are particularly interesting due to their 
known DAC activity and the varying d-electron configuration. Besides these 
practical systems, it is also interesting to consider a hypothetical model containing 
the pentavalent V(V) cation. Monomeric V(V) can typically be found to reside in 
zeolites as a terminal oxo species.25 However, in this work we omitted the oxygen 
atom to solely focus on the effect of the strong Lewis acid/base properties of the 
V(V) cation. 

6.2. Computational Details 
Models. The DAC-reaction between 2,5-DMF and ethylene was studied over a 

periodic rhombohedral faujasite model containing an extraframework transition 
metal (TM) cation (TM = Cu(I), Cu(II), Zn(II), Ni(II), Cr(III), Sc(III) and V(V); e.g. 
Ni(II)FAU). The cations were located in the 6-membered ring of the sodalite cage, 
facing the supercage. This site is commonly referred to as the SII site.26 To ensure 
the overall charge neutrality of the model, an appropriate amount of Al3+ 
substitutions was placed as symmetrically as possible around the TM-cation. Models 
which contained TM cations with open d-shells were subjected to spin polarized 
calculations by enforcing the electron configurations using the appropriate settings 
in VASP. Different spin states of these TMFAU models were screened to find the 
energetically preferred electronic con-figurations. These were found to correspond 
to one, two and three unpaired electrons for Cu(II), Ni(II) and Cr(III), respectively. 
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6.3. Results 
The DAC-reaction is initiated by co-adsorption of the reactants resulting in the 

adsorbed state 1 (2,5-DMF + C2H4 + TMFAU → 1/TMFAU). One reactant adsorbs 
on the TM cation and the other interacts via Van der Waals interactions with the 
zeolite matrix. When 2,5-DMF is η2-coordinated to the TM-cation and ethylene 
interacts with the framework, it initiates a 2,5-DMF-based reaction with 2,5-DMF as 
the primary adsorbent (12,5-DMF). Conversely, the DAC reaction is ethylene-based if 
the η2-coordinated ethylene is the primary adsorbent (1C2). 

The DAC reaction can proceed via two pathways. The first is a single-step 
(a)synchronous concerted DAC reaction with two nascent C∙∙∙C bonds in the 
transition state (TS) yielding the bicyclic 1,4-dimethyl-7-oxabicyclo[2.2.1]hept-2-
ene (2). The second pathway is a two-step reaction. This pathway starts from 1, 
reaches intermediate I via the first transition state TS1 and eventually results in 2 via 
the second transition state TS2. In TS1 the first C∙∙∙C bond develops and in TS2 the 
second one. Figure 6.2 shows the 2,5-DMF-based synchronous concerted one-step 
(a-c) and two-step (d-h) pathways over Cu(I)FAU and Cu(II)FAU, respectively. A 
two-step mechanism with η1-coordinated 2,5-DMF in TS1 and no I and TS2 over 
Ni(II)FAU is displayed in panels (i-k). An example of the ethylene-based two-step  

 
Figure 6.2. The 2,5-DMF-based synchronous concerted one-step pathway over Cu(I)FAU (a-c) and 
two-step pathway over Cu(II)FAU (d-h). The 2,5-DMF-based two-step pathway over Ni(II)FAU with 
η1-coordinated 2,5-DMF and lacking I and TS2 (i-k). The ethylene-based two-step reaction over 
Cu(II)FAU (l-p).  
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Table 6.1. Ethylene (C2) and 2,5-DMF adsorption energies (Eads, kJ/mol). 

Cation site Eads,C2 Eads,2,5-DMF1 Eads,2,5-DMF2 

Cu(I) -152 -130 -155 

Cu(II) -59 -165  

Zn(II) -99 -142 (-160*)  

Ni(II) -108 -142 (-179*)  

Cr(III) -126 -201 -188 

Sc(III) -109 -191  

V(V) -145 -276 -255* 

* η1-coordinated 2,5-DMF 

pathway over Cu(II)FAU can be found in panels (l-p). 

6.3.1. Adsorption Energies 
The adsorption geometries consist of either ethylene or 2,5-DMF η2-coordinated 

to the TM-cation. 2,5-DMF can coordinate via the C2/C3 atoms or via the C1/C2 
atoms, referred to as 2,5-DMF1 and 2,5-DMF2, respectively. The adsorption 
energies (Eads) are listed in Table 6.1. The pDOS’ of gas-phase ethylene, gas-phase 
2,5-DMF, 1C2/TMFAU and 12,5-DMF/TMFAU can be found in Figure 6.3. The pDOS 
of the TMFAU models without reactants can be found in Figure 6.4. 

Note that we plotted the DOS associated with the hydrogen (dashed blue lines) and 
oxygen atoms (solid black) of the C2H4 or 2,5-DMF molecules alongside the DOS 
of the C2s and C2p

 (solid red) in Figure 6.3a. It is found that H and O contributions 
only increase the intensity of the bands already represented by C2p. The C2s lies 
typically too deep to be relevant (data not shown). Hence, in Figure 6.3b, we omitted 
the H and O contributions and solely focused on the TM-cation 4s- and 3d-orbitals 
and ethylene or 2,5-DMF C2p-orbitals. Each panel represents a TM-cation, with the 
two parts illustrating the DOS of 1C2 and 12,5-DMF. The primary adsorbent is marked 
by the asterisk. 

Inspection of the Eads values indicates that 2,5-DMF adsorption is generally about 
1.5 to 2 times stronger than ethylene adsorption. Values of Eads,2,5-DMF1 are between -
130 to -165 kJ/mol in Cu(I)FAU, Cu(II)FAU and Zn(II)FAU, while those of ethylene 
are between -59 to -152 kJ/mol. Creation of the 2,5-DMF2 geometry in Cu(I)FAU 
yielded an adsorption energy 25 kJ/mol stronger than the 2,5-DMF1 geometry. In 
Cr(III)FAU and Sc(III)FAU, 2,5-DMF (C2H4) adsorption energies of -201 (-126) 
and -191 (-109) kJ/mol are obtained, respectively. Calculations on the V(V)FAU 
model yielded an Eads,2,5-DMF1 of -276 kJ/mol (Eads,C2 = -145 kJ/mol). Optimization of 
the 2,5-DMF2 adsorption geometry on V(V)FAU resulted in η1-coordinated 2,5-
DMF with a strong V(V)-C1 interaction. 

Two 2,5-DMF-adsorption geometries on the Zn(II)- and Ni(II)-cation were 
obtained. In both Zn(II)FAU and Ni(II)FAU, Eads,2,5-DMF1 was -142 kJ/mol, while 
those of C2H4 were -99 and -108 kJ/mol, respectively. The alternative was η1-
coordination of 2,5-DMF, predominantly coordinating via C2. These geometries re- 
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Figure 6.3. Density-of-States of gas phase C2H4 and 2,5-DMF (a). In (b) the pDOS of each 1 with for 
d-block cations: black = 3d-DOS and blue = 4s-DOS; ethylene: black = 2p-DOS; 2,5-DMF: red = 2p-
DOS. 
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Figure 6.4. DOS of the TMFAU reference systems without reactants with the 3d-DOS (black) 
and 3s-DOS (blue). 

sulted in adsorption energies that were 18 and 37 kJ/mol stronger than for 2,5-DMF1. 

To understand the trends in adsorption energies, the σ-donor/acceptor and π-
donor/acceptor properties of the TM-cations and reactants have to be taken into 
account. The η2-coordinated ethylene will act as an ethylene→TM-cation σ-donor 
and TM-cation→ethylene π-acceptor via the HOMO and the LUMO, respectively.  
The 2,5-DMF2 adsorption geometry will behave similarly. For η2-coordinated 2,5-
DMF1, the symmetries of the HOMO and the LUMO make 2,5-DMF1 a 2,5-
DMF1→TM-cation π-donor and TM-cation→2,5-DMF1 σ-acceptor, respectively. 

2,5-DMF1→TM п-donation is expected to increase from Cu(II), Cr(III), Sc(III) to 
V(V) as the d-shells become emptier. Cu(I) and Zn(II) cannot participate in 2,5-
DMF1→TM п-donation interactions as they both have a d10 configuration. However, 
the Cu(I) 3d-orbitals lie high enough in energy to allow TM→2,5-DMF1 σ-donation. 
The 3d-orbitals of Zn(II) are too low in energy. Although formally an empty orbital, 
the 4s-orbital could allow for TM→2,5-DMF1 σ-donation interactions. Cu(I), Cu(II) 
and Cr(III) can facilitate TM→2,5-DMF1 σ-donation, resulting in an increase in 
interaction strength. Sc(III) and V(V) cannot provide TM→2,5-DMF1 σ-donation, 
but compensate for this by polarizing the reactants via strong electrostatic 
interactions. 

A reasoning along similar lines holds for C2H4 and 2,5-DMF2 as primary 
adsorbent. However, C2H4/2,5-DMF2→TM σ-donation and TM→C2H4/2,5-DMF2 
п-backdonation interactions now play a role. Consequently, the interaction of 
C2H4/2,5-DMF2 with Cu(I) is stronger than that of 2,5-DMF1 with Cu(I). The high 
Cu(I) electron density allows for strong п-backdonation. Another example is Cr(III). 
The open shell d3 configuration allows for both 2,5-DMF2 coordination via 
Cr(III)→2,5-DMF2 σ-acceptor/п-donor interactions and 2,5-DMF1 which exhibits 
Cr(III)→2,5-DMF1 σ-donor/п-acceptor interactions. Consequently, the ∆Eads,2,5-

DMF1-2,5-DMF2 is only -13 kJ/mol. 
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6.3.2. Reaction Mechanism 
Only the reaction energies of the DAC reaction of 2,5-DMF1 (henceforth referred 

to as 2,5-DMF, unless stated otherwise) with ethylene over high-silica TM-
exchanged faujasites were studied, displayed in Figure 6.5a to Figure 6.5g. The solid 
blue lines represent the reaction energetics of the ethylene-based pathway and solid 
red those of the 2,5-DMF-based reaction. In addition, Figure 6.5b shows the 
computed net atomic spin density in the 2,5-DMF-based reaction over Cu(II)FAU. 
Similar analyses were performed for the ethylene- and 2,5-DMF-based reactions in 
Cu(II)FAU, Cr(III)FAU and Ni(II)FAU, Figure 6.7. Destabilization energies (Edestab.) 
of the zeolite and primary adsorbent in the initial state are shown in Figure 6.6a. This 
destabilization energy is defined as: 

�^=bi89. = �¤,¥ ! �¥,1`i���¦=^ 

where X refers to either the TM-exchanged zeolite or one of the reactants, present in 
state 1 (E1,X) and its fully geometry optimized form (EX,optimized). 

 

Figure 6.5. Reaction energy diagrams for the different TM-exchanged faujasites catalyzing either the 
ethylene- or 2,5-DMF-based DAC-reaction, shown in blue and red, respectively (a-g). In (h) the net 
spin density are reported for the Cu(II) catalyzed 2,5-DMF-based DAC-reaction as the most extreme 
example of radical driven reactivity. When no value is provided, no significant net atomic spin density 
was found. 
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As 2,5-DMF and ethylene are both η2-coordinated, the TM-C5/TM-C6 and TM-
C2/TM-C3 interactions were quantified by taking the summed ICOOP- and ICOHP-
values, Figure 6.6b and Figure 6.6c, respectively. These results are referenced 
against similar analysis performed on the previously studied MY3. The average TM-
C2/TM-C3 and TM-C5/TM-C6 bond orders are shown in Figure 6.6d and have been 
referenced against the average alkali-C2/alkali-C3 or alkali-C5/alkali-C6 bond 
orders. The net molecular charges of the d-block cations and substrates are listed in 
Table 6.2. 

It is noted that one has to be careful in making a direct quantitative comparison of 
ICOHP-values obtained in different models.27,28 It is claimed that this is strictly 
speaking not possible. However, we find a qualitative ICOHP-trend that corresponds 
well with the BO-trend. Furthermore, tests indicate that for the evaluated systems in 
this study, a direct comparison of ICOHP-values is possible. These findings are 
reported in Chapter 7. 

Initial State Stability. The electronic structure of 1 was analyzed to investigate 
whether the interaction between the active site and reactants was successfully 
enhanced upon using a d-block cation instead of an alkali cation. 

 

Figure 6.6. Destabilization energies and TM-cation displacements upon η2-coordination of reactants 
is shown in (a). The asterisk indicates the destabilization energy caused upon η1-coordination of 2,5-
DMF to Ni(II). Summed ICOOP-values are shown in (b). The summed ICOHP- and average BO-values 
are shown in panel (c) and (d), respectively. The primary adsorbent is mentioned next to the plotted 
lines in panels (b)-(d). 
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The stability of 12,5-DMF is generally larger than 1C2 as apparent from Figure 6.5 and 
Figure 6.6a. In Cu(II)FAU and Ni(II)FAU there is a preference of 14 and -7 kJ/mol 
for 12,5-DMF, respectively. For Cr(III)FAU, Sc(III)FAU and V(V)FAU differences of 
20, 50 and 40 kJ/mol in favor of 12,5-DMF are found. Cu(I)FAU forms an exception 
with a 39 kJ/mol preference for 1C2. Zn(II)FAU only shows 9 kJ/mol preference for 
12,5-DMF as compared to 1C2. The primary adsorbents deform slightly upon adsorption, 
but Edestab.,ethylene/2,5-DMF does not exceed 25 kJ/mol, Figure 6.6a. Of all evaluated d-
block cations, Cu(I) and Cu(II) are pulled out the most of the 6-membered ring upon 
interacting with the reactants. The result is Cu(I)FAU and Cu(II)FAU being 
destabilized the most. 

Inspection of Figure 6.6b shows that the summed ICOOP-values for the 
reactant∙∙∙d-block cation interaction are positive (bonding overlap) and increase with 
concomitant decrease in d-shell filling. This is attributed to the fact that the d-band 
contributions in the TMFAU DOS get centered more around the Fermi level such 
that interaction with the reactant HOMO and LUMO is possible. However, Sc(III) 
and V(V) are small cations and the TM-cation∙∙∙2,5-DMF distance is large so that the 
effective orbital overlap is reduced. Among the evaluated models, Cu(I)FAU has the 
most bonding interactions (ICOOP = 0.11 and 0.05 in 1C2 and 12,5-DMF, respectively) 
and V(V)FAU the least (ICOOP = 0.03 and 0.02 for 1C2 and 12,5-DMF, respectively). 
ICOOP-values in MY systems are all negative, indicative of anti-bonding 
interactions. 

A qualitatively similar trend is found with the ICOHP-analysis as compared to the 
ICOOP-analysis, Figure 6.6c. Yet, whilst ICOOP-values for Sc(III)FAU and 
V(V)FAU are low, ICOHP-values are high. This is attributed to the large ionic 
contributions which the ICOHP-function can partially account for.29 Of the evaluated 
MY systems, only LiY shows a relatively high ICOHP-value of ca -1.25 eV. Relative 
to the ICOHP-values in the MY and TMFAU models, such an interaction is 
considered reasonably strong for an MY system. This result, however, is in line with 
lithium’s properties to form covalent bonds with carbon.30 The significant difference 
in ICOHP-values obtained in TMFAU as compared to MY indicate that the increased 
orbital overlap results in strong bonding to the active site. 
Table 6.2. Net molecular QTAIM-charges in 1. The underlined compound is the primary 
adsorbent. 

 ¢§¨©�  M+ C2H4 2,5-DMF M+ 2,5-DMF C2H4 

Cu(I) 0.7 0.76 -0.23 0.40 0.66 0.19 0.02 

Cu(II) 1.06 0.89 0.06 0.66 0.94 0.61 0.02 

Zn(II) 1.34 1.26 0.14 0.12 1.27 0.23 0.02 

Ni(II) 1.17 1.05 0.11 0.32 1.06 0.44 0.01 

Cr(III) 2.06 1.59 0.13 0.42 1.63 0.45 0.01 

Sc(III) 1.86 1.82 0.11 0.07 1.81 0.27 0.00 

V(V) 1.97 1.94 0.15 0.61 1.95 0.68 0.05 
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Figure 6.7. Spin densities per atom for the Cu(II)FAU ethylene-based DAC-reaction (a), Cr(III)FAU 
2,5-DMF- and ethylene-based DAC-reaction in (b) and (c), respectively, and the Ni(II)FAU 2,5-DMF- 
and ethylene-based DAC-reaction, (d) and (e), respectively. 
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For a chemical intuitive interpretation of reactant adsorption onto the active site in 
the initial state, the DDEC6-derived BO analysis was performed. This shows that 
BOs of the TM-C5/TM-C6 and TM-C2/TM-C3 interactions are an order of 
magnitude larger than those found in the MY models, Figure 6.6d. While the bond 
orders of the alkali-cation∙∙∙reactant interactions are very close to zero, those of the 
TM-cation∙∙∙reactant interactions are higher than 0.25 for Cu(I)-, Cu(II)- and 
Ni(II)FAU. In Zn(II)FAU and Cr(III)FAU slightly lower TM-C bond orders are 
found, i.e. just below 0.25. Sc(III)FAU shows the lowest bond order. V(V)FAU 
exhibits a high bond orders as well, attributed to it being a hard Lewis acid (d0 
electron configuration) and the property to form V-O and V-C covalent bonds. 

A summary of the molecular net Bader-charges is found in Table 2. ª�ref:  refers 
to the charge of the TM cation in the absence of the reactants. A summary of the 
molecular net charges in Table 6.2 shows that 2,5-DMF is always positively charged, 
irrespective of the primary adsorbent. In the ethylene-based reaction q2,5-DMF is the 
largest in Cu(II)FAU (+0.66 e-) and the lowest in Sc(III)FAU (+0.07 e-). In the 2,5-
DMF-based reaction, the molecular 2,5-DMF net charge is highest in V(V)FAU 

 

Figure 6.8. Visualization of the charge density difference in V(V) with ethylene as primary adsorbent. 
Yellow = charge accumulation; blue = charge depletion and no color represents no significant net-
charge change. 
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(+0.68) and lowest in Cu(I)FAU (+0.19). An example of a charge difference (Q) 
visualization concerning V(V)FAU is shown in Figure 6.8 (Q = Q1 – Q(TMFAU1) – 
Q(C2H4,1) – Q(2,5-DMF1)) and indicates that charge is transferred from 2,5-DMF to 
the TM-cation and the zeolite framework. The charging of 2,5-DMF is in line with 
earlier observed electron transfer between furanic compounds in TM-exchanged 
zeolites.31 

Summarizing, transition metal-reactant orbital interactions are of bonding nature, 
while the alkali metal-reactant orbital interactions are of anti-bonding nature. In 
contrast to MY, ICOHP-values are 2-6 times higher and BOs are an order of 
magnitude larger in TMFAU. The strength of the TM-cation∙∙∙reactant interactions 
qualitatively follows the expected degrees of the TM-cation σ-donor/acceptor and π-
donor/acceptor properties. 

DAC Reaction. The efficient orbital interactions between the TM cation and DAC 
reactants identified above may give rise to substantial charge redistributions in the 
reactive ensemble. However, our calculations reveal a significant electron transfer 
between the reactants and the zeolite site only for the Cu(II)FAU system (Figure 
6.5b and Figure 6.7). The largest accumulation of the spin on 2,5-DMF is found in 
the 2,5-DMF-based reaction over Cu(II)FAU with a value of 0.73 on the C5 atom in 
I2,5-DMF. This implies that the 2,5-DMF adsorption is accompanied by the (partial) 
reduction of the copper center to an effective Cu(I) state. In the course of the reaction, 
the oxidation state of the TM center is restored. The value of spin on C5 reduces to 
0.27 in TS22,5-DMF. For the ethylene-based reaction over Cu(II)FAU, the adsorption-
induced active site reduction is less pronounced. The η1-coordination of C2H4 
(Cu(II)-C5) with the paramagnetic active site gives rise to a spin-moment of only 
0.22 on C6. No substantial adsorption-induced reduction is observed for other open 
shell TM-cations such as Cr(III) and Ni(II). Spin-moments on the organic molecules 
in the adsorption complexes do not exceed an absolute value of 0.15. The reduction 
of Cu(II) and the invariable spin density on Cr(III) were also found experimentally 
in Cu(II)- and Cr(III)-exchanged clay-based DAC-catalysts.9 

The coupling in all other systems can be described as proceeding via a zwitterionic 
intermediate, although charge changes are small (|∆q| ≈ 0.1). In the C2-based 
reaction following the two-step pathway, electron density accumulates on the carbon 
atom bound to the TM-cation (CTM) when going from 1 to I. Meanwhile, the terminal 
carbon atom in the C2-moiety is characterized by a reduction in electron density. 
Additionally, the carbon atom in 2,5-DMF and opposite to CTM in I is characterized 
by an increase net positive charge as compared to the C2,5-DMF-atom that has already 
participated in the first C-C bond formation. For the 2,5-DMF-based reaction 
following the two-step pathway, an electron density increase was observed on the 
terminal C-atom of the C2-moiety with the opposite C2,5-DMF-atom having an 
increased net positive charge. In both the C2- and 2,5-DMF-based reactions, the 
combination of the net positive and net negative charge is considered to be the 
driving force for the formation of the second C-C bond. 
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Next we analyze more specifically the orbital interactions within each of the 
reactive systems and the changes in the bonding patterns during the DAC reaction. 
The bond orders between the TM-cation and the primary adsorbents along the 
reaction coordinate (r.c.) are reported in Figure 6.9. Bond orders are typically 
referred to interacting pairs in the text, e.g. TM-C2/TM-C3 and C1-C6/C4-C5. In the 
following, we first conduct a detailed analysis per model and then close with a 
summary describing the trends. Note that we always refer to 2,5-DMF1 when 
mentioning 2,5-DMF as primary adsorbent. 

Cu(I)FAU. The relative stabilities (defined as the co-adsorption energies) of 1C2 
and 12,5-DMF are -189 and -150 kJ/mol, respectively (Figure 6.5). The activation 
barriers Eact,1→TS,C2 and Eact,1→TS,2,5-DMF are 144 and 54 kJ/mol, respectively. Overall, 
the ethylene-based reaction is endothermic with 116 kJ/mol and the 2,5-DMF-based 
reaction is exothermic with 76 kJ/mol. 

 

Figure 6.9. Barplots of TM-C and C-C bond orders along the reaction coordinate for the various d-
block cations in the ethylene- and 2,5-DMF-based pathways. Bonds of interest are highlighted in red 
or blue. Note that these colors have no relation with the colors in the legend and the bars. They only 
refer to the accompanying text in the graph. 



107 
 

The 4s and 3d-orbitals of Cu(I) are close to the Fermi level, Figure 6.4. In Figure 
6.3, it is seen that the d-orbitals and the 4s-orbital are at the same energy level as the 
ethylene HOMO. Because the d-shell is completely filled, we believe that it is 
predominantly the 4s-shell that accepts the electrons from ethylene via ethylene-
Cu(I) σ-donation. The ethylene LUMO interacts with a band originating from d-
orbitals. Consequently, the η2-coordination of ethylene to the Cu(I)-cation results in 
a enorm,C2 and einv,C2 of 2.69 and 5.56 eV, respectively. The η2-coordination of 2,5-
DMF to Cu(I) in the 2,5-DMF-based reaction results in the HOMO of 2,5-DMF 
having the same energy as a d-band from Cu(I) and a contribution of the Cu(I) 4s 
orbital at the 2,5-DMF LUMO. The result is an enorm,2,5-DMF of 4.31 eV and an einv,2,5-

DMF of 4.6 eV. 
During the reaction, Cu(I)-C5/Cu(I)-C6 bond orders in the ethylene-based reaction 

change from 0.48/0.48 in 1C2 to 0.27/0.18 in 2C2, Figure 6.9. In TSC2, the bond orders 
are 0.37/0.31. Accordingly, C1-C6/C4-C5 bond orders change from 0 in 1C2 to 
0.8/0.76 in 2C2 with BOs of 0.36/0.32 in TSC2. In the case of the 2,5-DMF-based 
reaction, the TM-C2/TM-C3 BOs are 0.5/0.24 in 12,5-DMF and increase to 0.41/0.56 
in 22,5-DMF. Bond order values of Cu(I)-C2/ Cu(I)-C3 in TS2,5-DMF are 0.39/0.44. 
Along the reaction coordinate, the C1-C6/C4-C5 BOs change from 0.01/0.01 to 
019/0.19 and 0.92/0.91 in 12,5-DMF, TS2,5-DMF and 22,5-DMF respectively. 

Cu(II)FAU. The DAC reactions over Cu(II)FAU start from initial states 1C2 and 
12,5-DMF with energies of -173 and -187 kJ/mol, respectively (Figure 6.5). Upon η2-
coordination of ethylene to Cu(II) contributions of both the Cu(II) d-orbitals and the 
HOMO and LUMO of ethylene to the same band are observed, Figure 6.3. 
Ethylene→Cu(II) σ-donation and Cu(II)→ethylene п-backbonding are possible due 
to the d9 electron configuration of Cu(II). Qualitatively similar results are found for 
the 2,5-DMF-based reaction, where the Cu(II) d-orbitals and HOMO/LUMO 
contribute to the same bands, enabling Cu(II)→2,5-DMF σ-donation and 2,5-
DMF→Cu(II) п-donation. The enorm (einv) for the ethylene- and 2,5-DMF-based 
reactions are 4.03 (0.64) eV and 1.06 (5.28) eV, respectively. 

The Eact,1→TS1,C2 and Eact,1→TS1,2,5-DMF amount to 30 and 54 kJ/mol, respectively. 
Those of Eact,I→TS2,C2 and Eact,I→TS2,2,5-DMF are 92 and 17 kJ/mol, respectively. It should 
be noted that in IC2 the maximum spin density is found to be 0.22 whereas that of 
I2,5-DMF is 0.73. So, in the latter situation there is a large driving force for the second 
C-C coupling as compared to the first case. Upon formation of a net spin moment on 
the carbon atoms, Cu(II) is reduced due to reduction potential favoring this process,32 
in line with earlier experimental observations.9 The overall reaction is endothermic 
for both the ethylene- and 2,5-DMF-based reaction with 66 and 37 kJ/mol. However, 
the second step is most endothermic for the ethylene-based reaction (59 kJ/mol) 
while the first step is most endothermic for the 2,5-DMF-based reaction (36 kJ/mol). 

Cu(II)-C bond orders for Cu(II)-C5/Cu(II)-C6 are 0.37/0.37 in 1C2, but decrease to 
an insignificant 0.03/0.02 in 2C2, Figure 6.9. The intermediate state 1C2 exhibits 
Cu(II)-C5/Cu(II)-C6 (C1-C6/C4-C5) BOs of 0.55/0.04 (0.79/0.03) indicating a η1-
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coordinated ethylene with a net spin density on C5 of 0.22. For the 2,5-DMF-based 
reaction, Cu(II)-C2/Cu(II)-C3 BOs change from 0.3/0.3 in 12,5-DMF to 0.25/0.24 in 
22,5-DMF. Although a significant spin moment has developed on the C6 atom (0.73) in 
I2,5-DMF, the Cu(II)-C2/Cu(II)-C3 BOs remain relatively modest as compared to the 
ethylene-based reaction with 0.38/0.35. Yet, the C1-C6 bond is well-developed in 
I2,5-DMF as indicated by a BO of 0.84. In 22,5-DMF both C-C bonds will have a BO of 
0.9 in 22,5-DMF. 

Zn(II)FAU. The stabilities of both 1C2/Zn(II)FAU and 12,5-DMF/Zn(II)FAU are very 
similar to those found in 1/Cu(I)FAU, Figure 6.5. For the ethylene- and 2,5-DMF-
based reactions the energies of 1 are -151 and -160 kJ/mol, respectively. The Zn(II) 
reference DOS (Figure 6.4) and the pDOS of the ethylene- and 2,5-DMF-based 
initial states (Figure 6.3) show that the d-orbitals are too low in energy to play a 
significant role. From this we infer that the major orbital interaction between 
ethylene and Zn(II) arises from the Zn(II) s-orbital with the HOMO and LUMO of 
ethylene. A similar observation is done for the 2,5-DMF-based reaction. The 
interaction with Zn(II) results in an enorm,C2 (einv,C2) of 2.6 (2.59) eV and enorm,2,5-DMF 
(einv,2,5-DMF) of 5.24 (4.01) eV for the C2- and 2,5-DMF-based reaction, respectively. 

Zn(II)-C bond orders in IC2 are high with values for Zn(II)-C2/Zn(II)-C3 of 
0.66/0.04, Figure 6.9. The overall reaction is endothermic with 24 kJ/mol while 
formation of IC2 is an exothermic process with a ∆E of 5 kJ/mol. The 2,5-DMF-based 
reaction is exothermic with 30 kJ/mol. 

The Zn(II)→2,5-DMF σ-donation and 2,5-DMF→Zn(II) п-donation deal with an 
empty 2,5-DMF LUMO and empty Zn(II) 4s-shell respectively. In combination with 
steric hindrance from the framework, the 2,5-DMF-based reaction proceeds via a 
one-step pathway which is overall exothermic with 30 kJ/mol. The barrier, however, 
is relatively high with 65 kJ/mol. 

For ethylene, the Zn(II)-C5/Zn(II)-C6 bond orders change from 0.21/0.22 in 1C2 to 
0.10/0.13 in 2C2, Figure 6.7. In IC2, these values have become 0.04/0.66 and are 
accompanied by C1-C6/C4-C5 BOs of 0.03/0.75. In 2C2 the C1-C6/C4-C5 BOs are 
0.80/0.85. During the 2,5-DMF-based reaction involving the one-step pathway, the 
2,5-DMF-moiety remains η2-coordinated as evidenced by TS2,5-DMF Zn(II)-
C2/Zn(II)-C3 BOs of 0.17/0.28. The C1-C6/C4-C5 BOs are relatively low as 
compared to the ethylene-based pathway with just 0.17/0.27, but they evolve to C1-
C6/C4-C5 bonds with BOs of 0.88/0.89. 

Ni(II)FAU. The Ni(II) DOS exhibits d-bands just above and below the Fermi 
level, Figure 6.4. This allows for proper ethylene→Ni(II) σ-donation and 
Ni(II)→ethylene п-backbonding and Ni(II)→2,5-DMF σ-donation and 2,5-
DMF→Ni(II) п-donation. The resulting initial states 1C2 and 12,5-DMF are -163 and -
156 kJ/mol lower in energy than in the situation of all components in the gas phase, 
respectively (Figure 6.5). Energy gaps are 0.4 and 0.59 eV for enorm and einv in the 
ethylene-based reaction, respectively. Formation of the reactive complex is easy as 
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both the ethylene and 2,5-DMF DOS display bands at the Fermi level, Figure 6.3. 
For the 2,5-DMF-based reaction, enorm and einv are 5.24 and 1.16 eV, respectively. 

The ethylene-based reaction is an endothermic reaction of 38 kJ/mol. An 
equilibrium is established between TS2C2 and 2C2 indicating that the retro-DAC can 
take place easily. We note that the energy difference between these two states is only 
1 kJ/mol and given the flexibility of the current zeolite models and its complexity it 
can be regarded as being within the error margin of our DFT calculations. The 2,5-
DMF-based pathway is characterized by a low first activation barrier of just 29 
kJ/mol. The overall reaction is exothermic and state 22,5-DMF is 52 kJ/mol lower in 
energy. The retro-DAC cannot take place as easily as in the case of the ethylene-
based reaction as the retro-DAC activation barrier is 81 kJ/mol. For both the 
ethylene- and 2,5-DMF-based reactions, net spin moments were found to be not 
larger than 0.1 (only once, for one atom, a net spin density of 0.13 is found), Figure 
6.7. No significant spin changes on the Ni(II) active site were observed. 

The TM-C bond orders for both the C2- and 2,5-DMF-based reactions were found 
to be nearly as large as those found in 1/Cu(II)FAU, Figure 6.9. All BO values were 
ca. 0.29. In the ethylene based reaction, TM-C bond orders change to 0.04/0.25 for 
Ni(II)-C5/Ni(II)-C6 in TS2C2 and eventually to 0.06/0.09 in 2C2. The C1-C6/C4-C5 
BOs are 0.29/0.83 in TS2C2 and continue to increase to 0.81/0.85 in 2C2. For the 2,5-
DMF-based reaction, Ni(II)-C2/Ni(II)-C3 bond orders go from 0.07/0.38 in TS12,5-

DMF to 0.21/0.24 in 22,5-DMF. A concomitant change in C1-C6/C4-C5 bond orders is 
found, from 0.07/0.32 in TS12,5-DMF to 0.99/0.99 in 22,5-DMF. 

Cr(III)FAU. The DOS of Cr(III)FAU without substrates exhibits d-bands below, 
nearly at and above the Fermi level, Figure 6.4. This is expected to allow for 
significant ethylene→Cr(III) σ-donation and Cr(III)→ethylene п-backbonding and 
Cr(III)→2,5-DMF σ-donation and 2,5-DMF→Cr(III) п-donation. The resulting 
energy gaps are 0.4 eV (5.48 eV) and 0.6 eV (0.53 eV) for the normal and inverse 
electron mechanisms in the ethylene-(2,5-DMF-)based reaction, respectively, as 
deduced from the DOS in Figure 6.3. 

The orbital interactions between Cr(III) and the reactants are significant. 
Additionally, as an electrophile, Cr(III) polarizes the reactants. The result is state 1C2 
and 12,5-DMF of -200 and -220 kJ/mol, respectively, Figure 6.5. Formation of the 
intermediate state for the ethylene-based pathway occurs without barrier and is 
exothermic with 47 kJ/mol. The second coupling step I→2c is endothermic by 116 
kJ/mol and proceeds without a barrier. An additional intermediate II was located 
along the reaction path that precedes 2c. No transition state between I and II was 
found, from which we infer that the loss of the Cr(III)-substrate interaction partially 
accounts for the energy required to form the second C-C bond. The cleavage of the 
Cr(III)-C bond in II and the formation of the reaction 2c is slightly endothermic with 
∆EII→2c = 8 kJ/mol. Thus, the retro-DAC can happen easily, just like the ethylene-
based reaction over Ni(II)FAU. The 2,5-DMF-based reaction result in the formation 
of the DAC adduct 22,5-DMF (-222 kJ/mol) after a barrier of 43 kJ/mol has been 
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crossed. During the reaction, net atomic spin moments do not exceed an absolute 
value of 0.15. The largest spin moment is located at the 2,5-DMF methyl side groups 
in 1C2, Figure S3. Cr(III) is not undergoing spin changes, nor does it accept electron 
density from any of the adsorbents. This is in line with earlier work on Cr(III)-
exchanged clays.9 

The changes in bond orders can be found in Figure 6.9. The bond orders of the 
Cr(III)-C5/Cr(III)-C6 interactions are 0.14/0.14 in 1C2 and those of Cr(III)-
C2/Cr(III)-C3 are 0.19/0.2 in 12,5-DMF. Formation of state IC2 is accompanied by 
Cr(III)-C5/Cr(III)-C6 BOs of 0.29/0.08, which gradually evolve to 0.07/0.07 in 2C2 
via values of 0.13/0.08 in TS2C2. C1-C6/C4-C5 bond orders in IC2 are small and only 
0.12/0.03. They become relatively developed in TS2C2 with values of 0.84/0.54. In 
2C2, C1-C6/C4-C5 BOs are 0.88/0.87. For 2,5-DMF, the Cr(III)-C2/Cr(III)-C3 bond 
orders become 0.35/0.06 in TS22,5-DMF and eventually become 0.19/0.11 in 22,5-DMF. 
The C1-C6/C4-C5 bond orders are 0.88/0.35 in TS22,5-DMF and eventually 0.86/0.82 
in 22,5-DMF. 

Sc(III)FAU. The reference DOS of Sc(III)FAU shows major 3d-contributions at 
2 eV and higher above the Fermi level, Figure 6.4. A contribution of the 4s orbital is 
also found near 2 eV. Only minor d-orbital contributions are found below the Fermi 
level. Thus, only ethylene→Sc(III) and σ-donation 2,5-DMF→ Sc(III) п-donation 
are possible, in conjunction with strong ionic interactions with the highly Lewis 
acidic Sc(III) cation. The normal and inverse electron demand energy gaps of the 
ethylene-based reaction are both 0.65 eV. Those of the 2,5-DMF-based reaction are 
5.93 eV and 2.52 eV, respectively. 

The C2-based reaction starts with the primary adsorption of ethylene resulting in 
the state 1C2 with an energy of -160 kJ/mol, Figure 6.5. It proceeds to IC2, which is 
uphill with 13 kJ/mol. The second activation barrier is 22 kJ/mol after which 2C2 is 
reached (-156 kJ/mol). The 2,5-DMF-based reaction proceeds via an asynchronous 
concerted transition state (TS2,5-DMF, -128 kJ/mol) with a barrier of 82 kJ/mol. The 
final state 22,5-DMF is similar in energy to the initial state. 

Inspection of Figure 6.9 shows that the Sc(III)-C5/Sc(III)-C6 bond orders are only 
0.11/0.09 in 1C2, 0.32/0.05 in IC2 and 0.23/0.06 in TS2C2. The bond orders restore to 
the initial values in 2C2, with 0.12/0.12. The C1-C6/C4-C5 carbon-carbon bonds are 
0.35/0.05 in IC2. These C1-C6/C4-C5 bonds eventually reach values of 0.82/0.82 in 
2C2 via TS2C2 characterized by BOs of 0.71/0.23 for C1-C6/C4-C5. For the 2,5-
DMF-based reaction, Sc(III)-C2/Sc(III)-C3 bond orders change from 0.15/0.13 in 
12,5-DMF to 0.12/0.08 in 22,5-DMF via values of 0.22/0.07 in TS22,5-DMF. Bond order 
values of C1-C6/C4-C5 are 0.12/0.36 in TS2,5-DMF and reach 0.89/0.89 in 22,5-DMF. 

V(V)FAU. Analysis of Figure 6.4 shows that the d-DOS exhibits peaks at and just 
above the Fermi level. There is also a relatively small contribution of the 4s-orbital 
at the Fermi level. As V(V) is also a d0 d-block cation, only ethylene→V(III) σ-
donation 2,5-DMF→V(III) п-donation are possible. As a small and pentavalent d-
block cation, polarization of the reactants is significant and results in strong interac- 
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Figure 6.10. Structures of TS2,5-DMF/Cu(I)FAU, I2,5-DMF/Cu(II)FAU, TS2,5-DMF/Zn(II)FAU and 
IC2/Zn(II)FAU. All distances are in Å. Cation∙∙∙6MR distances defined as the absolute change in z-
position with respect to the plane going through the atoms making up the 6MR. TM∙∙∙reactive complex 
interaction distances are also shown. 

tions. The normal and inverse demand energy gap have become 1.15 eV and 3.55 
eV for the ethylene-based reaction, respectively (Figure 6.3). Those of the 2,5-DMF-
based reaction 6.64 eV and 0.11 eV, respectively. 

Both for the ethylene- and the 2,5-DMF-based reaction, the initial state is very 
stable, being -253 (1C2) and -293 (12,5-DMF) kJ/mol, respectively. Formation of the 
first C-C bond results in a dormant state 2C2 or 22,5-DMF, with energies of -378 and -
394 kJ/mol, respectively. As a lot of energy has to be invested (188 and 155 kJ/mol 
for the C2- and 2,5-DMF-based reactions, respectively) in releasing the strongly 
bound reactive complex from the V(V) cation, no activation energy could be 
determined. Note that I2,5-DMF is characterized by an intermediate resembling 2-
oxabicyclo[2.2.1]hepta-1(7),3-diene coordinated via C2 to the V(V) active site. This 
illustrates the significant activation of the C1-C2 and C2-C3 conjugated bonds 
making both C1 and C3 very reactive. 

Bond orders in 1C2 for V(V)-C5/V(V)-C6 are 0.17/0.16, Figure 6.9. A strong 
vanadium-carbon interaction is formed, evidenced by V(V)-C5/V(V)-C6 BOs or 
0.47/0.01 in IC2. Formation of the DAC adduct reduces these values to 0.12/0.11. 
Meanwhile, C1-C6/C4-C5 bond orders are 0.9/0.02 in IC2 and change to 0.46/0.52 
in 2C2. For the 2,5-DMF-based reaction, V(V)-C2/V(V)-C3 BOs are 0.22/0.18, reach 
a significant 1.01/0.43 in I2,5-DMF and reduce to 0.09/0.15 in 22,5-DMF. The bond orders 
for C1-C6/C4-C5 are 0.06/0.93 in I2,5-DMF and 0.83/0.85 in 22,5-DMF. 

6.4. Summary and Discussion 
The DAC reaction can proceed via the one- or two-step pathway in first row d-

block exchanged faujasites. The TM-cation d-shell filling and the steric constraints 
imposed by the zeolite framework directly influence the reaction mechanism. The 
DAC reaction is preceded by η2-coordination of the primary reactant to the active 
site. The η1-coordination and consequently the activation of the primary adsorbent 
initiates the two-step pathway. 
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Among the evaluated models, only in Cu(I)FAU is the synchronous concerted one-
step pathway found involving 1, TS and 2 for both the ethylene- and 2,5-DMF-based 
reaction. Additionally, only in Cu(II)- and Zn(II)FAU does the ethylene-based 
reaction proceed via the two-step pathway involving 1, TS1, I, TS2 and 2. The 2,5-
DMF-based reaction in Cu(II)FAU follows a two-step pathway too. When using 
Zn(II)FAU, formation of a η1-coordinated reactive complex is not possible in the 
2,5-DMF-based reaction due to steric hindrance created by the framework. This 
induces an asynchronous one-step pathway for the 2,5-DMF-based reaction. In 
Ni(II)-, Cr(III)-, Sc(III)- and V(V)FAU the ethylene-based reaction follows a two-
step pathway, but does not involve all of the previously mentioned states. For 
instance, in Cr(III)FAU no TS1 is found. Among these models, the two-step pathway 
for the 2,5-DMF-based reaction is found for all but Sc(III)FAU. The 2,5-DMF-based 
reaction in Sc(III)FAU shows mechanistic similarities with Zn(II)FAU, because 
steric hindrance between the reactive complex and the framework again enforces an 
asynchronous one-step pathway. When the electrophilic V(V)-cation is the active 
site, formation of I results in a dormant state for both the ethylene- and 2,5-DMF-
based reactions. 

The effects of TM-cation∙∙∙substrate interactions and steric factors due to the 
interactions between substrates and the framework are well illustrated by the 
different behavior of Cu(I)-, Cu(II)- and Zn(II)FAU systems in the DAC reaction. 
Geometries of the selected transition state and intermediate structures in Cu(I)-, 
Cu(II)- and Zn(II)FAU are shown in Figure 6.10. Cation dislocations in the z-
direction with respect to the plane parallel to the atoms making up the FAU 6MR are 
shown in addition to cation∙∙∙reactive complex interaction distances. The three 
cations adopt substantially different configurations within the zeolite 6MR sites 
resulting in a different shielding by lattice oxygens and, accordingly, different 
effective accessibility of the exchangeable cation. The data in Figure 8 show that 
Zn(II) occupies a highly shielded central position within the 6MR site of FAU, while 
Cu(I) effectively sits above the zeolite ring and Cu(II) adopts a position intermediate 
to the two other extreme cases. 

The η2-coordination of ethylene to the exposed Cu(I) cation can be described in 
the framework of the classical Dewar-Chatt-Duncanson model, according to which 
the bonding within the adsorption complex stems from the Cu(I)←ethylene σ-donor 
and Cu(I)→ethylene π-acceptor interactions. The latter orbital interaction is 
established between the dxz / dyz orbitals of Cu(I) and the ethylene LUMO. For the 
2,5-DMF-based reaction, the binding in the adsorption complexes is aided through 
the Cu(I)→2,5-DMF σ-acceptor-type interactions. These are provided through the 
overlap between the Cu(I) 3d°± orbital and the 2,5-DMF LUMO. The symmetry of 
the 3d°± orbital allows for both η1- or η2-type coordination. The cylcoadduct in TS2,5-

DMF qualitatively exhibits orbital symmetry similar to that of ethylene in 1C2, Figure 
S1. Thus, we hypothesize that the η2-coordination of the reactive complex in TS2,5-

DMF to the accessible Cu(I) cation enables a one-step mechanism. Additionally, the 
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kinetic preference for either the ethylene- or 2,5-DMF-based pathway is governed 
by the stability of the respective TS structures. In TSC2, the orbital symmetry of the 
reactive complex is inappropriate for suitable orbital interactions and is consequently 
higher in energy than TS2,5-DMF. 

The reactive site in Cu(II)FAU is in the d9 electron configuration. The analysis of 
the spin density in the intermediates along the DAC path (Figure 5h) suggests a 
partial reduction of Cu(II) upon the formation of a Cu-C bond to produce a C-
centered radical intermediate. Because the cation is sufficiently accessible to both 
the relatively large 2,5-DMF and small C2H4 moieties, the reaction can proceed via 
a two-step pathway involving 1, TS1, I, TS2 and 2. Orbital symmetry considerations 
in line with those for the TSc2/TS2,5-DMF in Cu(I)FAU dictate the kinetic preference 
for the 2,5-DMF-based pathway in Cu(II)FAU. 

For the DAC reaction in Zn(II)FAU, the Zn(II)∙∙∙substrate interactions are 
exclusively governed by the overlap between Zn(II) 4s orbital and the substrate 
FMOs. The 3d-orbitals lie too deep in energy to play any significant role in bonding 
(Figure 6.3 and Figure 6.4). Because Zn(II) is effectively embedded into the 6MR, 
only ethylene can coordinate to it and form relatively strong Zn-C contacts. In case 
of the 2,5-DMF-based pathway over Zn(II)FAU, the formation of a tightly bound η1-
coordination complex is sterically hindered. This results in a higher TS2,5-DMF energy 
compared to TSC2 and the 2,5-DMF-based DAC reaction proceeds via an 
asynchronous concerted one-step mechanism. 

Similar reasoning allows for rationalization of the differences in the preferred 
mechanistic paths for other cations considered in this study. However, the substantial 
cationic charge along with the partially filled 3d-shells allow for a stronger substrate 
coordination compared to that established with the late d-block metal cations. As a 
result, for Ni(II)-, Cr(III)-, Sc(III)- and V(V)FAU the ethylene-based reaction 
follows a two-step pathway lacking TS1, I, TS2 or a combination thereof.  

For instance, in Cr(III)FAU no TS1 is found. The lack of TS1 is attributed to the 
significant activation of the reactant upon adsorption as indicated by the small energy 
gaps in 1 resulting from the efficient orbital overlap interactions. The computed bond 
orders indicate that the identified pathways belong to a two-step mechanism. For 
example, the C2-based reaction in Cu(I)FAU follows a one-step mechanism with 
C1-C6/C4-C5 BOs 0.36/0.32. In contrast, the C4-C5 BOs in IC2 in Cr(III)-, Sc(III)- 
and V(V)FAU are close to zero. Another example is TS2C2 in Ni(II)FAU and 
Sc(III)FAU, for which we find BOs of 0.29/0.83 and 0.71/0.23 for C1-C6/C4-C5, 
respectively. The high BOs of ca. 0.7-0.8 for one of the C-C bonds in TS2C2 is the 
main motivation for disregarding this state as corresponding to an asynchronous 
concerted one-step mechanism. Such a high bond order suggests that one of the 
bonds is much more evolved in the transition state than found for the synchronous 
concerted one-step reaction in this work (e.g. the DAC reaction over Cu(I)FAU). 

The 2,5-DMF-based reaction over Sc(III)FAU is mechanistically similar to that 
established for Zn(II)FAU. The steric hindrance between the reactive complex and 
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the framework in this case also enforces an asynchronous one-step mechanism. 
When the strongly electrophilic V(V)-cation is the active site, intermediate I 
becomes a dormant state for both the ethylene- and 2,5-DMF-based reactions. 

To put these result in perspective, the framework∙∙∙substrate interactions are very 
similar to the steric interactions that substrates experience in enzymes and 
supramolecular complexes.17–23 For the studied DAC reaction in this work, such 
interactions have no effect on regio- and stereoselectivity. It is hypothesized, though, 
that DAC reactions between substituted dienes and/or dienophiles may experience a 
change in regio- and stereoselectivity. For instance, we expect that the formation of 
the anti-intermediate as reported for the two-step diradical DAC reaction between 
1,3-butadiene and ethylene in the gas phase33 does not take place in the current 
systems due to the stabilizing dispersion ethylene∙∙∙zeolite framework interactions 
and pronounced steric hindrance due to the 2,5-DMF methyl groups. Furthermore, 
the equatorial coordination sites of the TM-cations are occupied by the framework 
oxygen atoms in all models. Thus, in contrast to homogeneous TM-based 
catalysts5,13,15,16, neither metallacycles can be formed nor can the second reactant be 
coordinated prior to the DAC reaction. 

The increasing activation of reactants upon a decreasing d-shell electron 
occupation is illustrated by the energy gaps. Energy gaps in the 3d10-TM cations 
Cu(I)- and Zn(II)FAU range from 2.59 eV to 5.57 eV. For Cu(II)FAU, einv,C2H4 
(enorm,2,5-DMF) is 0.64 eV (1.06 eV) with the other energy gaps higher than 4 eV. For 
Ni(II)-, Cr(III)-, Sc(III)- and V(V)FAU, at least one energy gap is below 1.16 eV in 
both the ethylene- and 2,5-DMF-based reactions. This significant activation is the 
reason that TS1 in the two-step pathway is generally absent in these systems. To put 
this in context, the reported TMFAU energy gaps are significantly lower than those 
in alkali-exchanged faujasites (> 5 eV).3 

The DAC activation energies in the evaluated TMFAU catalysts for the majority 
of the two-step pathways are in the order of 10-50 kJ/mol. For I→TS2 and I→II in 
the ethylene-based reaction over Cu(II)FAU and Cr(III)FAU, we found barriers of 
92 and 108 kJ/mol, respectively. Activation barriers associated with the one-step 
path range between 54 to 144 kJ/mol. For instance, the 2,5-DMF-based one-step 
reaction in Cu(I)FAU, Zn(II)FAU and Sc(III)FAU exhibit barriers of 54, 65 and 82 
kJ/mol. Thus, most of the two-step paths over TMFAU proceed with activation 
barriers lower than those previously reported for high- and low-silica alkali-
exchanged faujasites (70-110 kJ/mol).1–3,34 In general, the activation barriers along 
the one-step paths are reminiscent to those found for alkali-exchanged faujasites. 

The observed activation of double bonds in this work is in accord with the existing 
DAC-theory on diene/dienophile activation by electron withdrawing and donating 
groups.35 Upon η1-coordination of ethylene in TS1, the terminal carbon atom is 
activated and participates in the formation of the first C-C bond. Similarly, the 
carbon atoms next to CTM are activated when 2,5-DMF is η1-coordinated. For 
instance, when C2 is CTM, the C1-C5 bond is the first bond to form. Additionally, in 
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V(V)FAU, 2-oxabicyclo[2.2.1]hepta-1(7),3-diene is formed rather than 1,4-
dimethyl-7-oxabicyclo[2.2.1]hept-2-ene as a consequence of significant activation 
of C3. 

The bond orders indicate strong TM-C5/TM-C6 and TM-C2/TM-C3 interactions 
in 12,5-DMF and 1C2, respectively. Typically, BOs in 1C2 and 12,5-DMF are equal and are 
between 0.1 and 0.5. However, the stability of 22,5-DMF is typically higher than that of 
2C2. This is attributed to the fact that the C2/C3 carbon atoms remain sp2-hybridized. 
In contrast, C5/C6 become sp3-hybridized resulting in an orbital mismatch with the 
d-orbitals of the TM-cation. Consequently, BOs of 22,5-DMF are approximately more 
than 1.5 times larger than those of 2C2. The loss of C5/C6 sp2-hybridization explains 
the relatively high Eact,TS2→2 for the ethylene-based reaction and the appearance of an 
equilibrium between TS2C2 and 2C2 in Ni(II)- and Cr(III)FAU. 

The computed bond orders indicate strong TM-C5/TM-C6 and TM-C2/TM-C3 
interactions in 12,5-DMF and 1C2, respectively. Typically, BOs in 1C2 and 12,5-DMF are 
similar and range between 0.1 and 0.5. However, 22,5-DMF is usually more stable than 
2C2. This is attributed to the fact that during the reaction the C2/C3 carbon atoms 
remain sp2-hybridized, whereas the hybridization of C5/C6 changes to sp3 resulting 
in an orbital mismatch with the d-orbitals of the TM-cation. Consequently, BOs in 
22,5-DMF are more than 1.5 times larger than those in 2C2. The loss of C5/C6 sp2-
hybridization and consequently the loss of appropriate orbital symmetry for 
interaction with the cation d-orbitals explains the relatively high Eact,TS2→2 and 
Eact,I→II for the ethylene-based reaction and very similar energies for TS2C2 / 2C2 and 
II / 2C2 pairs in Ni(II)- and Cr(III)FAU, respectively. 

Considering the discussion above, we propose that the DAC reactivity of the 
TMFAU model catalysts can be rationalized by the d-block donor-acceptor 
properties and orbital symmetry considerations. The metal cations with less filled d-
shells bind the unsaturated substrates stronger due to both the increased ability to 
accept electrons from the adsorbed species and the increase in net cationic charge. 
Both these effects contribute to the enhanced substrate activation. 

Carbon rehybridization in the course of the DAC reaction dictates to which extend 
the favorable TM→substate donor-acceptor interactions can be maintained. For the 
ethylene-based reactions, carbon rehybridization reduces the effective orbital 
overlap, while it is maintained in the 2,5-DMF-based paths resulting in a reduced 
stability of the species formed along the ethylene-based path. The 2,5-DMF-based 
reaction channel in the case of small d-metal cations suffers from pronounced steric 
hindrance excreted by the zeolite framework, which effectively counteracts the 
favorable orbital symmetries. 

6.5. Conclusion 
Herein, I reported on a periodic DFT study focused on a mechanistic understanding 

of the DAC reaction between 2,5-DMF and ethylene using first row d-block metal 
cation (TM = Cu(I), Cu(II), Zn(II), Ni(II), Cr(III), Sc(III), V(V))-exchanged high-
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silica faujasite catalysts. Changes to the DAC reaction mechanism as function of the 
d-shell occupation were discussed. The TM∙∙∙reactant interactions were quantified 
using the COHP- and COOP-functions and the DDEC6-based bond order analysis. 

Due to the symmetry of the TM cation d-orbitals, σ-donor/acceptor and π-
donor/acceptor interactions can be established with both the 2,5-DMF and ethylene 
FMOs. An increase in reactant activation is found upon a decrease in d-shell filling. 
This is evidenced by the resulting small energy gaps and low activation energies. 

Cu(II)FAU, Ni(II)FAU and Cr(III)FAU catalyzed both the ethylene- and 2,5-
DMF-based DAC reactions via a two-step pathway. In Zn(II)FAU and Sc(III)FAU 
a two-step pathway was observed for the C2-based reaction while an asynchronous 
one-step pathway for the 2,5-DMF-based reaction was found. This change in 
mechanism is attributed to the small radii of the cations which are less accessible for 
the 2,5-DMF-based reactive complex due to steric hindrance with the framework. 
Both the ethylene- and 2,5-DMF-based DAC reaction in Cu(I)FAU exhibited a one-
step DAC-reaction mechanism, because only the 4s-shell can participate effectively 
in orbital overlap. The Cu(I) cation shows an enhanced accessibility to both primary 
adsorbents. The orbital symmetries in 1C2 and TS2,5-DMF enable the DAC reaction 
to proceed via a one-step mechanism. The highly electrophilic V(V) cation causes 
the formation of a dormant intermediate state. 

This work is an example of how reactivity and reaction mechanisms are influenced 
by the properties of the active site and the direct chemical environment exerting 
steric constraints on the reactive complex. 
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Chapter 7 
 

Evaluation of Real Space Bond Orders (DDEC6) and Orbital 
Based Bond Strengths (COHP) for Chemical Bonding 
Analysis: Correlations, Applications and Limitations 

 
 
 

 
ABSTRACT: Quantum chemistry based codes and methods provide valuable 
computational tools to estimate reaction energetics and elucidate reaction 
mechanisms. Electronic structure methods allow directly studying the chemical 
transformations in molecular systems involving breaking and making of chemical 
bonds and the associated changes in the electronic structure. The link between the 
electronic structure and chemical bonding can be provided through the Crystal 
Orbital Hamilton Population (COHP) analysis that allows quantifying the bond 
strength by computing Hamilton-weighted populations of localized atomic orbitals. 
Another important parameter reflecting the nature and strength of a chemical bond 
is the bond order that can be assessed by the Density Derived Electrostatic and 
Chemical (DDEC6) method which relies on an electron and spin density partitioning 
scheme. Herein I describe a linear correlation that can be established between the 
DDEC6-derived bond orders and the bond strengths computed with the COHP-
formalism. It is demonstrated that within defined boundaries, the COHP-derived 
bond strengths can be consistently compared among each other and linked to the 
DDEC6-derived bond orders independent of the used model. The validity of these 
correlations and the effective model-independence of the electronic descriptors is 
demonstrated for a variety of gas-phase chemical systems featuring different types 
of chemical bonds. Furthermore, the applicability of the derived correlations to the 
description of complex reaction paths in periodic systems is demonstrated by 
considering the zeolite-catalyzed Diels-Alder cycloaddition reaction between 2,5-
dimethylfuran and ethylene. 
 
This chapter has been submitted to J. Phys. Chem. C as R. Y. Rohling, I. C. Tranca, E. J. M. Hensen, E. A. Pidko, 
“Evaluation of Real Space Bond Orders (DDEC6) and Orbital Based Bond Strengths (COHP) for Chemical Bonding 
Analysis: Correlations, Applications and Limitations”  
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7.1. Introduction 
Modern computational chemistry provides a powerful toolbox for studying the 

fundamental aspects of chemical bonding and chemical reactivity.1–4 A wide range 
of practical methodologies has been developed so far to investigate the electronic 
aspects of chemical bonding, making use of electron density partitioning schemes or 
based on the direct analysis of the electronic wavefunctions. For example, the 
Quantum Theory of Atoms in Molecules (QTAIM) provides a framework for the 
topological analysis of the electron density.5 Local descriptors such as the electron 
density, the Laplacian and energy densities can be computed in the framework of 
QTAIM and utilized for qualitative and quantitative analysis of chemical bonds.6,7 
The potential electron density has been shown recently to be particularly useful for 
estimating the effective force constants of a chemical bond as a measure of the bond 
strength.8,9 An alternative partitioning scheme is the Density Derived Electrostatic 
and Chemical method (DDEC6)10–12 which involves spherical averaging of the 
atomic electron densities. In this method the dressed exchange hole approach is 
employed to compute the DDEC6-based bond orders (BOs) that can be regarded as 
quantitative descriptors reflecting the strength of the chemical bonds. The Energy 
Decomposition Analysis (EDA) partitions the interaction between a pair of atoms 
into energy components, namely, the electrostatic, polarization, charge transfer, 
exchange and correlation contributions by referencing the wavefunction and electron 
density of the chemical system to those of the isolated reference ions.13,14 The Crystal 
Orbital Overlap Population (COOP) analysis put forward by Hofmann15 and the 
Crystal Orbital Hamilton Population (COHP) analysis introduced by Dronskowski 
and co-workers16 utilize the electronic wavefunction to derive the bonding 
information. The COOP and COHP schemes enable direct quatification of the (anti-
)bonding orbital overlap and the strength of interatomic bonds, respectively. 

Among the different available bonding analysis formalism, the COHP and DDEC6 
methods are particularly attractive for practical applications in computational 
chemistry given the chemically intuitive nature of the respective bond quantifiers. 
Recent studies demonstrate the power of these approaches to theoretical analysis of 
catalytic reactions and scaling laws on transition metal surfaces17,18, transition metal 
oxides19 and zeolites20. 

The DDEC6-charge partitioning yields consistently accurate results for a wide 
range of materials and bonding types. The DDEC6-methodology assigns atomic 
electron and spin distributions to each atom in a chemical system.12 This approach 
provides a number of important advantages over other available methods because 
(1) it avoids the assumption of a constant bond order to electron density overlap21,22, 
(2) does not require the use of the method dependent first-order density matrix23–26, 
(3) does not use the bonding/anti-bonding orbital occupancies which fail for longer 
bonds27, (4) avoids the computationally expensive exchange-correlation hole 
partitioning approach28. The COHP yields complementary information to the DOS. 
While the DOS provides insight into the probability of finding an electron into a 
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particular atomic orbital as a function of electron energy, the COHP enables one to 
identify whether the respective electron contributes to the formation of a bonding, 
anti-bonding or non-bonding interaction.16 The COHP-formalism enables a direct 
quantification of these energy-partitioned contributions by using the Hamiltonian. 

In Chapters 5 and 6, I thoroughly investigated the Diels-Alder Cycloaddition 
(DAC) between 2,5-dimethylfuran and ethylene over alkali-exchanged and first-row 
d-block-exchanged faujasite models using both the DDEC6- and COHP-method. In 
Chapter 5 a qualitative trend between the ICOHP-computed interaction strength 
between the active sites and the carbon atoms of 2,5-DMF in line with the Lewis 
acidity of the alkali cations was found, albeit these interactions were ionic for which 
the COHP-analysis is less well suited16. In Chapter 6, a qualitative correlation 
between the ICOHP- and BO-values computed for the interaction between the 
various d-block cations and the carbon atoms of either 2,5-DMF or ethylene. 
Furthermore, it has been demonstrated that the variation of the integrated COHP 
values (ICOHP) and the DDEC6-derived bond orders with interatomic distances 
generally follows the trend of the heuristic Pauling bond orders.12,29,30 Therefore, the 
observed trends and the notion, that one could potentially correlate chemical intuitive 
bond orders with chemical bond strength, make an exploration of the correlation 
between the ICOHP-computed bond strength and DDEC6-derived bond order 
(ICOHP-BO correlation) appealing. 

However, such an effort is hampered by the fundamental problem that periodic 
models share no absolute energy reference point when using the COHP-
formalism.16,31,32 The lack of an absolute energy reference makes the COHP-method 
model dependent and thus prohibits a comparison of bond strengths computed for 
pairs of atoms in different structural models. On the other hand, the DDEC6-derived 
bond orders are relatively insensitive to the choice of basis sets and exchange-
correlation functionals and can directly be compared between the different systems.12 
Considering these notions, it is thus important to investigate methodological and 
chemical limitations of a possible ICOHP-BO correlation. 

Herein, I report on a theoretical and quantum-chemical investigation aimed at 
establishing the ICOHP-BO correlation and exploring the framework in which such 
a correlation is possible. The ultimate goal is to use this correlation to describe and 
compare the changes to interatomic bonds in catalytic reactions. To this end, gas 
phase molecules will be studied to explore the boundaries within which the 
correlation remains valid. Then, the validity of such correlation is evaluated for the 
case of zeolite-catalyzed Diels-Alder cycloaddition between 2,5-dimethylfuran and 
ethylene in periodic zeolite models of different chemical compositions. A good 
linear correlation between ICOHP-values and DDEC6-derived BOs is found. 

7.2. Computational and Experimental Details 
Models. The first model was a box with cell edges of 20 x 20 x 20 Å3. The molecules 
were located in the center. A N2 molecule was always located on one of the cell 
edges. The studied molecules were: ethane (1), ethylene (2), acetylene (3), propylene 



122 
 

(4), cyclooctyne (5), 1,3,5-hexatriene (6), hexa-1,5-dien-3-yne (7), benzene (8), 
toluene (9), para-xylene (10), benzoic acid (11), terephthalic acid (12), benzodithioic 
acid (13), benzene-1,4-bis(carbodithioic) acid (14), furan (15), 2-methylfuran (16), 
2,5-dimethylfuran (17), furan-2-carboxylic acid (18), furan-2,5-dicarboxylicacid 
(19), furan-2-carbodithioic acid (20), furan-2,5-bis(carbodithioic) acid (21), 
acetonitrile (22), hydrogen cyanide (23), cyanogen fluoride (24), cyanogen chloride 
(25), cyanogen bromide (26), cyanogen iodide (27), cyanogen (28), acrylonitrile 
(29), acetic acid (30), oxaclic acid (internal H-bond) (31), ethanedithioic acid (32), 
ethanebis(dithioic) acid (33), and pyridine-2,5-dicarboxylic acid (34), pyridine (35), 
pyrazine (36), piperidine (37), piperazine (38), benzamidine (39), terephthalamidine 
(40), aniline (41), dihydropyrazine (42). Atom indices can be found in Figure 7.1. 

Different groups of bonds were defined on the basis of the class of molecules (e.g. 
furanics vs. aromatics) and the presence of heteroatoms (e.g. oxygen vs. sulfur). The 
former accounts for different stoichiometries, e.g. the carbon-to-oxygen ratio 
changes the number of valence electrons on a per element basis. The second accounts 
for a variation in the valence principle quantum number of the atoms involved in the 
ICOHP-analysis. The groups were (I) CC bonds in hydrocarbon molecules including 
aromatic compounds containing only carbon and hydrogen atoms group (1-10). This 
group is referred to as H,C-only hydrocarbons group. (II) CC bonds in molecules 
containing carboxylic acid functionalities (11, 12, 30 and 31), (III) CC bonds in 
molecules (13, 14, 32 and 33) containing dithioic acid functions, (IV) CO bonds in 
furanic compounds (15-21), (V) CO bonds in aromatic compounds containing 
carboxylic acid functionalities (11, 12 and 34), (VI) CC bonds in furanic compounds 
containing carboxylic acid functionalities (15-19), (VII) CC bonds in furanic 
compounds having dithioic acid functions (20 and 21), (VIII) CS bonds in aromatic 
compounds containing dithioic acid functionalities (13 and 14), (IX) CS bonds in 
furanic compounds containing dithioic acid functionalities (20 and 21), (X) CN 
bonds in halogen cyanides, acrylonitrile and acetonitrile (22-29), (XI) CC bonds in 
N-heterocyclic cycles, cyanogen and acrylonitrile (28, 29, 34-42), (XII) CN bonds 
in N-heterocyclic cycles, cyanogen and acrylonitrile (28, 29, 34-42). The members 
of each group can be looked up in Figure 7.1 and the Appendices, Table A1 to Table 
A12. 

The NN bond in the dinitrogen molecule placed at a large distance from the 
investigated molecule in the same periodic box served as a reference for the COHP-
computed bond strengths. We hypothesized that for an adiabatic system of non-
interacting molecules, the strength of the NN bond in a non-interacting N2 molecule 
should always be the same, irrespective of the chemical composition of the system. 
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Figure 7.1. The molecular library including 42 molecules (part I) and the Diels-Alder reactive system 
(part II) represented by the intermediates and transition states involved in the DAC reaction between 
2,5-DMF and C2H4 analyzed in this work. Black Arabic numbers between brackets are the molecular 
indices. Grey, blue, red and pink Arabic numbers are the carbon, nitrogen, oxygen and sulfur atom 
indices. For obvious cases the atom indices are omitted. Red or Blue Roman numerals indicate the 
various groups as used in this work. Some groups are used twice to analyze carbon-
heteroelement/carbon-carbon bonds, i.e. IX/VII and XI/XII. 

The second and third type of models were adopted from Chapters 5 and 6. These 
were periodic rhombohedral low-silica alkali-exchanged faujasite and the high-silica 
first row d-block cation exchanged faujasite models, respectively. Briefly, the low-
silica alkali-exchanged zeolites (Si/Al = 2.4, Si34Al14O96M14, M = Li+, Na+, K+, Rb+, 
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Cs+) are characterized by a high accessible active site density in the faujasite 
supercage and are referred to as MY. The high-silica first row d-block cation 
exchanged faujasites hold a single active site and an appropriate amount of 
framework aluminum-substitutions to compensate for the charge of the d-block 
cation. These models are referred to as TMFAU (TM = Cu(I), Cu(II), Zn(II), Ni(II), 
Cr(III), Sc(III), V(V)). 

Diels-Alder Cycloaddition (DAC). The DAC reaction between 2,5-
dimethylfuran (2,5-DMF) and ethylene in both TMFAU and MY has been studied 
in previous studies using periodic DFT calculations.33–36 We directly used these 
models in our current work. Briefly, the initial state (IS) consists of 2,5-DMF and 
ethylene both co-adsorbed in either TMFAU or MY. The IS is referred to as 1DAC. 
The DAC transition state (TS) is referred to as TS and the adsorbed cycloadduct (FS) 
as 2DAC. During the DAC reaction, three π-bonds are converted into two σ-bonds and 
one π-bond. The two σ-bonds are completely new bonds, which do not exist in 1DAC. 
As this reaction has been analyzed in various different chemical environments and 
involves multiple bonds undergoing significant changes, it provides ample 
opportunity to investigate both the scaling and reproducibility of the ICOHP- and 
BO-analyses. 

Electronic Structure. The gas-phase models were optimized using Periodic DFT 
calculations using the Vienna Ab Initio Simulation Package (VASP).37–39 For all the 
systems, the k-point mesh was set to the Gamma-point. The cut-off energy was 500 
eV employing a plane-wave basis set. To approximate the exchange and correlation 
energy, the PBE-functional was used.40 This was complemented by the projected-
augmented-wave scheme (PAW) to describe the electron-ion interactions.41 The 
DFT-D3 method with Becke-Johnson damping was used to account for long-range 
dispersive interactions.42,43. The root-mean-square (RMS) force convergence 
criterion was set to 0.015 eV/Å. 

7.4. Results 
7.4.1. Bond Strength Quantification in Gas-Phase Molecules 

The first part of the study focused solely on the molecular library including 42 gas-
phase molecules. Here the analysis specifically targeted the reproducibility of the 
ICOHP- and BO-analysis and the possible ICOHP-BO correlation. The dependency 
of the ICOHP-BO correlation on the chemical composition of the evaluated 
molecules was also investigated. The results are shown in Figure 7.2. The fitted 
parameters are reported in Table 7.1. 

The residuals from Figure 7.2 imply that a linear fit is appropriate to describe the 
data. The standard errors of the fits of groups I, II, V, VIII, IX and XII are found to 
be smallest with values of 0.13, 0.16, 0.12, 0.04, 0.13 and 0.12 eV/BO, respectively 
(Table 7.1). In contrast, groups III, IV, VI, VII, X and XI exhibit lower R2-adjusted 
values accompanied by the larger errors, being 0.40, 0.3, 0.91, 0.78, 0.53 and 0.39 
eV/BO, respectively. 
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The good fit of group I is attributed to the fact that the molecules of this group 
only contain carbon and hydrogen without the presence of functional groups that 
could potentially affect the CC bond strength via electron delocalization or ionic 
interactions. Interestingly, the large range of the H/C-ratio (3 in 1 and 1 in 8) has no 
significant influence on the ICOHP-BO correlation. This is possibly because 
hydrogen atoms cannot induce too significant changes to the electronic structure of 
CC bonds. The poor fits for groups VI and VII indicate that their ICOHP-BO 
correlations are sensitive to changes in stoichiometry. For instance, in group VI, the 
O/C-ratio in 15 is ¼ and increases to 0.83 in 19. Additionally, group VI contains 
molecules with and without functional side groups, i.e. methyl and carboxylic acid 
site groups. The inductive effect of these functional groups is different and will affect 
the electronic structure of the CC bonds significantly, thus reducing the quality of 
the ICOHP-BO correlation. Another example is group VII. Similar S/C-ratios are 
found for group VII as compared to those in group VI, but also a third row element 
is present within the molecules. The addition of a carbodithioic acid side group 
(20→21) increases the sulfur content significantly and consequently affects the 
electronic structure of the CC bonds significantly too. Although the aforementioned 
O/C-ratios in group VI and VII are smaller than the H/C-ratio in group I, it is 
hypothesized that the introduction of a third element and the presence of functional 
side groups affects the electronic structure of the molecules and thus reduces the 
quality of the ICOHP-BO correlation. The above observations might explain why 
group II exhibits such a surprisingly good fit. All its members contain carboxylic 
acid groups and only the elements C and O. 

Furthermore, fits of the ICOHP-BO correlations for groups IV, V, VIII and IX are 
good. Note that these groups only consist of a limited set of CS and CO bonds such 
that each of these fits essentially interpolate two points. However, the data in these 
groups illustrates the reproducibility of the BO- and ICOHP-analysis and with all 
other groups indicating linear correlations, I am confident that a linear interpolation 
is acceptable. 

The poor fit for group X, as illustrated by the large error value, is caused by the 
presence of group 17 elements (denoted Hal). Although the various CHal bonds in 
the cyanogen halides exhibit a trend by themselves as function of their valence shell 
principle quantum number (data not shown), the cyanogen halides cannot be used to 
fit CN bonds. Rather, a good correlation could have been obtained when using 
acrylonitrile or cyanide derivatives as members of group X. This statement is 
supported by the good fit of group XII for which only small standard deviations are 
found for the slope and intercept (0.12 and 0.25 eV/BO, respectively, with an R2-
adjusted of 0.99). Note that the poor fit for group XI is explained along the same 
lines as those for group VI and VII. The nitrogen atoms are present at different 
positions within the cyclic molecules and are sometimes part of a functional group. 
So while the ICOHP-BO correlation for CN bonds in XII hold well, that of CC bonds 
in XI breaks because of inductive effects. From this data I infer that inductive effects  
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Figure 7.2. ICOHP-BO correlation for groups I to XII. The inset shows the residuals of each fit. The 
lines represent the linear fits. 

of functional side groups reduce the ICOHP-BO correlations for CC bonds involving 
β and γ carbon atoms. The ICOHP-values for CN, CO and CS bonds can consistently 
be correlated to BO-values. 

Inspection of Figure 7.2 also shows that none of the ICOHP-BO slopes exhibit the 
intercept (0,0). This is an unexpected observation. The BO- and ICOHP-values are 
expected to reach zero when the interatomic distance is infinitely large. More 
research is necessary to elucidate the meaning of this non-zero intercept. 

In an attempt to increase the quality of the fits, the N2 reference molecule was used. 
One ICOHP-value of the NN bond in N2 within each group was taken against which 
we referenced all other members of the respective group. The reference compounds 
are marked with an asterisk in Tables A1 to A12 in the appendices. The results are 
shown in Table A13. Scaling within each group was performed by computing the 
deviation (in percentage) of each NN bond with respect to the NN reference bond. 
Subsequently, the CC/CN/CS/CO bonds were scaled with the same percentage. This 
procedure yielded hardly any changes to the fitting parameters. 

The established correlations allow either the ICOHP- or BO-value to be estimated 
when the other quantity is known. For instance, ethane (1), ethylene (2) and 
acetylene (3) have BOs (ICOHP-values) of 1.224 (-6.64 eV), 1.706 (-8.86 eV) and 
2.993 (-15.45 eV) respectively. Propylene (4) has a bond order of 1.968 (-10.6 eV) 
for the C1-C2 bond. In benzene (8) each CC bond has a BO of ca 1.552 (-9.1 eV). 
Other H,C-only molecules with conjugated bonds involve hexatriene (6) and hexa-
1,5-dien-3-yne (7). The C1-C2 and C3-C4 bonds in 6 are characterized by BO-values 
of 2.594 and 2.364 and ICOHP-values of -14.59 eV and -14.19 eV, respectively. The  
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Table 7.1. Linear fits a*BO + b of each group. 
id. no. a 

(eV/BO) 

aerror 

(eV/BO) 

b 

(eV) 

berror 

(eV) 

R2-adj 

I -5.04 0.13 -1.12 0.21 0.98 

II -2.6 0.16 -5.39 0.22 0.94 

III -2.81 0.40 -5.08 0.57 0.75 

IV -5.89 0.3 -2.95 0.43 0.95 

V -6.67 0.12 -1.72 0.22 0.99 

VI -3.24 0.91 -4.52 1.29 0.37 

VII -2.5 0.78 -6.03 1.1 0.54 

VIII -5.01 0.04 -1.87 0.05 0.99 

IX -4.93 0.13 -1.81 0.19 0.99 

X -5.43 0.53 -3.10 1.42 0.86 

XI -4.72 0.39 -2.09 0.56 0.79 

XII -7.27 0.14 1.26 0.25 0.99 

C1-C2 bond in 7 has a BO of 1.945 and an ICOHP of -10.54 eV. Based on these fin-
dings, regimes can be defined within the ICOHP-BO correlation of H,C-only 
hydrocarbons. Namely, a BO of 1 to 1.5 is characterized by an ICOHP- of ca. -6 to 
-9 eV, respectively; CC bonds with a strength of -9 to -12 eV have BOs of ca. 1.5 to 
2, respectively; and the CC bonds with a BO of 2.5 and 3 are characterized by 
ICOHP-values of -14 and -16 eV, respectively. Such regimes can also be defined for 
all of the other studied chemical bonds. 

Minor changes to carbon-carbon BOs via the addition of substituents are more 
challenging to probe with the ICOHP-method (or vice versa). Adding a methyl side 
group to benzene (8) changes it into toluene (9). The result is that the C1-C2/C1-C6 
bonds in 9 have a BO 0.14 lower than those in 8 (BO8 = 1.55). Addition of the second 
methyl group at the para-position yields para-xylene (10) and results in the same 
effect for the C3-C4/C4-C5 bonds. Lowering of the BO-values results in a consistent 
and concomitant bond weakening, the absolute ICOHP-bond strength becomes 0.2 
to 0.3 eV smaller. Additionally, the bond orders of the C2-C3/C5-C6 bonds increase 
marginally but consistently with ca. 0.01 per added methyl substituent. However, the 
changes to these BO-values are too small to provide reliable changes in ICOHP-
values. 

As the fits in Figure 7.2 illustrated, the ICOHP-BO correlation changes upon 
varying stoichiometry. For instance, replacing the methyl substituents by carboxylic 
acid functionalities shift the ICOHPCC-values to more negative values. The C2-
C3/C5-C6 bonds have BO-values of approximately 1.569/1.565 in benzoic acid (11) 
and 1.571 each in terephthalic acid (12), ca. 0.01 higher than in benzene. However, 
ICOHP-values shift to -9.38/-9.36 eV and -9.55/-9.54 eV, respectively. The 
respective ICOHP-values change with ca. 0.34 and 0.53 eV with respect to the 
ICOHP-values found in benzene. Replacement of the carboxylic acid groups by 
dithioic acid functionalities hardly shifts the bond energies for the same bond order. 
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Replacement of oxygen by sulfur results in C2-C3/C5-C6 BOs of 1.578/1.577 with 
corresponding ICOHP-values of -9.42/-9.42 eV in benzodithioic acid (13). These 
bond orders are 0.01 higher than in 11 and equal to those in 12. ICOHP-values have 
changed with only -0.06 and +0.1 eV, respectively. Yet, in benzene(bis)carbodithoic 
acid (14) the C2-C3/C5-C6 BOs increase with only approximately 0.02 whilst the 
ICOHP-values increase with ca. 0.16/0.22 to -9.58/-9.66 eV. Furthermore, the CC 
bonds in ethanedithioic acid (35) and ethane(bis)dithioic acid (36) are 1.233 (-7.78 
eV) and 1.169 (-8.66 eV). These seem to be best related to the C1-C7 and C4-C8 
bonds in 13 and 14 of which the BOs are 1.164 (-8.19) and 1.167 (-8.39 eV). 
However, 35 and 36 differ clearly from the correlation found in 13 and 14. The 
relative amount of sulfur increased from C/S = 0.5 in 35 to C/S = 3.5 and 2 in 13 and 
14, respectively. 

Summarizing, the change in ICOHP-value as function of increasing bond order 
can be studied between different models directly, provided the stoichiometry remains 
relatively similar. CC and CO bonds can be compared when originating from the 
same compound as they come from the same model with the same unknown total 
constant C. Inductive effects of functional side groups reduce the ICOHP-BO 
correlations for CC bonds involving β and γ carbon atoms. The ICOHP-values for 
CN, CO and CS bonds can consistently be correlated to BO-values. Importantly, the 
trends displayed in Figure 7.2 allow one to distinguish between bonds with different 
bond orders once the ICOHP-value is known. In addition to these findings, we define 
four prerequisites: 

1. Bonds can only be compared between molecules of which the stoichiometry 
does not vary significantly. For instance, CC bonds in H,C-only hydrocarbons and 
furanic compounds should not be compared directly. 

2. CC bonds involving β and γ carbon atoms cannot be compared when the number 
of functional groups or the stoichiometry within the functional group changes. The 
functional side groups cause inductive effects which negatively affect the quality of 
the ICOHP-BO correlation for the CC bonds involving β and γ carbon atoms. 

3. If a species containing CHet bonds with Het a heteroelement whose principle 
quantum number changes (i.e. going down a group), then CHet bonds form a trend 
themselves. However, other bonds cannot be plotted as function of the BO-value in 
a consistent manner anymore. For instance, there is an ICOHP-BO correlation for 
carbon-halide bonds in cyanogen halides, but the CN bonds in these cyanogen 
halides cannot be compared with CN bonds in acetonitrile or acrylonitrile. 

4. The changes in ICOHP-/BO-values have to be sufficiently large (∆BO ~ 0.25). 
In the evaluated trends presented here, CC bonds in H,C-only hydrocarbons can be 
studied with greater accuracy and with smaller BO-margins (in the order of ∆BO ~ 
0.2) than most other evaluated trends. 
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7.4.2. Studying Bond Evolution in Chemical Reactions 
The second part of the study was dedicated to investigating the reproducibility and 

BO-ICOHP correlation on a more practical example of the DAC reaction between 
2,5-DMF and C2H4 in periodic models of cation-exchanged faujasite zeolites. The 
variations in ICOHPs and BOs as function of the CC and CO bond lengths in 1DAC, 
TS and 2DAC per catalyst were studied. This results in unique ICOHP-BO correlations 
for every evaluated catalyst model. Selected results of the ICOHP- and BO-analysis 
focused on the CC bonds are plotted versus the interatomic distance in Figure 7.3a 
and Figure 7.3b, respectively. Note that these plots also include the C1-C6 and C4-
C5 interactions present in 1DAC, TS and 2DAC. Thus, the resulting ICOHP- and BO-
values for the C1-C6 and C4-C5 bonds are correlated to distances longer than the 
equilibrium CC bond length. Similar analyses focused on the CO bonds are plotted 
in Figure 7.3c and Figure 7.3d. As a showcase example, the changes in C2-C3 and 
C5-C6 bonds during the DAC reaction in the MY models are shown in Figure 7.3e. 
The DAC reaction itself is shown in Figure 7.3f. 

The results in Figure 7.3a and Figure 7.3b show that we reproduced the same 
asymptotic ICOHP- and BO-curves for the CC bonds in all evaluated models. . The 
ICOHP- and BO-trends for the CO bond will level off asymptotically too, but it 
cannot be seen in Figure 7.3c and Figure 7.3d because CO bonds or C∙∙∙O interactions 
longer than 1.6 Å were not present in states 1DAC, TS or 2DAC. It is anticipated that 
ICOHP- and BO-trends for the CO bond will level off asymptotically as well, Figure 
7.3c and Figure 7.3d, but CO bonds longer than 1.6 Å were not present in our dataset. 
The trends for either the CC or CO bond are thus independent of the chemical 
composition of the periodic faujasite model. On the one hand, the qualitatively 
similar CC-bond length – ICOHP correlation seems logical as we only measured the 
CC bonds originating from 2,5-DMF and C2H4. On the other hand, the chemical 
surrounding is drastically changed. TMFAU catalysts hold d-block cations with 
different d-shell filling and exhibit zeolite matrices with different Al-contents. 
Similarly, MY catalysts hold different alkali-cations with different principle 
quantum numbers for the valence shells and exhibit different degrees of framework 
basicity44. The origin of this behavior requires further investigation. 

Additionally, the gas phase models yield slightly higher ICOHP-values for the 
same bond length as compared to the TMFAU and MY models. Meanwhile, the BO-
bond length correlation does not vary upon changing from the gas phase to periodic 
faujasite models. This is a feature that has to be studied in greater depth also. 
Nevertheless, it is anticipate that the change in ICOHP vs. CC bond distance trend 
results in a change in ICOHP-BO correlation. 

With the ICOHP vs. CC bond length trend established to be similar for all 
evaluated zeolite models in this work, two of the CC bonds in the 2,5-DMF + C2H4 
DAC reactions can reliably be compared. Inspection of Figure 7.3e shows that the 
ICOHP-values in 1DAC for the ethylene (C5-C6) bond are ordered as CsY < NaY ~ 
LiY < KY < RbY. This is well in line with the ethylene adsorption geometries and 
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the properties of the MY models, discussed elsehewere.33,35 Briefly, ethylene 
experiences multiple interactions with several accessible Cs-cation Lewis active 
sites in the faujasite supercage due to their large size. This results in polarization of 
the C5-C6 bond and a reduction of electron density in between the carbon atoms. In 
LiY and NaY, ethylene is adsorbed on one active site only. The Li- and Na-cations 
are both relatively strong Lewis acids as compared to the other alkali cations. In 
contrast, potassium and rubidium cations are relatively weaker Lewis acids, polarize 
the C5-C6 bond less which results in the highest C5-C6 bond energies found for 
these systems. However, while 1DAC can be analyzed in a chemical meaningful way, 
investigations aimed at the other states in Figure 7.3e become uncertain due to the  

 

Figure 7.3. Plots of ICOHP- (a) and BO-values (b) for CC pair-wise interactions relevant to 1DAC, TS 
and 2DAC in various cation-exchanged faujasites and the molecular library. CC pair-wise interactions 
exceeding 1.6 Å relate to the C1∙∙∙C6 and C4∙∙∙C5 interactions in 1DAC and TS. BO- and ICOHP-values 
for CO bonds versus the CO bond length are displayed in panels (c) and (d) for the DAC reaction, 
respectively. The changes to the ICOHP-values for the C2-C3 and C5-C6 bonds during the DAC 
reaction in MY models are shown in (e). 
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relatively small differences between the ICOHP-values and the inherent numerical 
inaccuracies in the employed ab initio method. 

The difficulty of discussing relatively small variations of the ICOHP-values per 
state in depth is illustrated by the weak ICOHP-BO correlation. For instance, the C5-
C6 bond in 1DAC,RbY has a BO of 2.13 and an ICOHP of -12.87 eV while 1DAC,CsY has 
a BO of 2.18 and an ICOHP of -12.22 eV. Still, these BOs are significantly higher 
than those in the TS for which the computed bond orders (ICOHP-values) are ca. 1.8 
(about -10.7 to -11 eV). Continuing along the reaction coordinate towards 2DAC, the 
C5-C6 ICOHP- and BO-values decrease to values between -8.12 to -8.38 and 1.08 
to 1.09, respectively. For C2-C3, BOs range from 1.414 to 1.432 in 1DAC and from 
1.79 to 1.81 in 2DAC. The respective ICOHPs range from -9.55 to -9.78 eV in 1DAC 
and from -12.01 to -12.22 in 2DAC. The C2-C3 bond reaches approximately similar 
values as C5-C6 in state TS. 

In summary, the zeolite-based ICOHP-interatomic distance trends show 
significant reproducibility. The formation and cleavage of the CC bonds during the 
DAC reaction between 2,5-DMF and ethylene can be studied which involves 
different models (e.g. 1DAC, TS, 2DAC). Additionally, a reactivity trend on the basis 
of the catalyst stoichiometry can be established. 

7.4.3. Statistical Analysis 
The third part of the study was devoted to the investigation of the ICOHP-BO 

correlation for CC bonds in more chemically complex zeolite-based systems. This 
additional analysis was required as a change to the gradient of the ICOHP-bond 
length correlation was observed. Plots of the ICOHP-BO correlation in Cu(II)FAU 
and KY can be found in Figure 7.4a and Figure 7.4b, respectively. These panels also 
show the 95% confidence interval and the prediction limit (green and grey lines, 
respectively). The ICOHP-BO correlations of all TMFAU are plotted together in 
Figure 7.4c. The correlations of all MY models can be found in Figure 7.4d. Plots 
showing the linear ICOHP-BO correlation and the associated 95% confidence 
intervals and prediction limits for every cation individually, can be found in Figure 
7.5 and Figure 7.6, respectively. Attempts to fit the ICOHP-BO correlations with a 
polynomial fit were also undertaken. These results can be found Figure A1 and A2. 
The resulting studentized residuals obtained by fitting the ICOHP-BO correlation 
with linear and polynomial plots, are shown in Figure 5e. The resulting linear fitted 
parameters are displayed in Table 7.2. Parameters for a polynomial fit can be found 
in Table A14. 

Both the linear and polynomial fit exhibit R2-adjusted values of ca. 0.98. In figure 
5e, the large residuals (> 3) for data points above a BO of 2 indicate that such points 
are outliers within the framework of a linear fit. While the polynomial fit seems to 
be the best as indicated by a distribution of residuals around a value of zero in panel 
(e) of Figure 5, I opted for the linear fit. Such a linear fit allows for a chemical 
intuitive and chemically relevant interpretation of the ICOHP-BO correlations. The 
data points related to BO > 2 were therefore removed from the datasets to obtain the 



132 
 

linear fit. The linear fit was deemed reasonable since (1) the DAC reaction (and many 
other reactions) do not exceed CC double bonds and (2) the standard errors of the 
linear fits are small. Furthermore, all parameters of the polynomial fits are 
characterized by large standard errors. Apart from such a correlation being difficult 
to interpret chemically, these large standard errors make predictions dubious. 

The obtained non-linearity of the ICOHP-BO correlations in cation-exchanged 
fuajasites when compared to the correlations obtained with the gas phase library is 
rather surprising. The exact reason for the change in ICOHP-BO correlation is 
unknown and further research into this matter is required. Yet, note that the COHP-
analysis treats chemical bonds as pair-wise interactions with no consideration for the 
effects of the chemical surrounding on the bond being evaluated.16 Therefore, I 
hypothesize that the increased chemical complexity of the cation-exchanged 
faujasites might be the cause of the non-linear ICOHP-BO correlation as compared 
to the molecular gas phase models involving isolated entities. For instance, donor-
acceptor interactions of the exchangeable cations with the substrates will affect the 
bonds in the substrates and are thus suspected to be at the origin of the non-linear 
ICOHP-BO correlation. This hypothesis is further strengthened by the second 
prerequisite defined after evaluating the ICOHP-BO correlations using the molecular 
library. This prerequisite involved the inductive effect of functional groups on the 
CC bonds involving β and γ carbon atoms. 

Limiting our discussion to the linear fits, the obtained results indicate that the 
values for a2 are very similar for the different models. The smallest slope is found 
for KY with a2 = -7.28 ± 0.15 eV/BO. The largest slope is found for V(V)FAU with 

 
Figure 7.4. ICOHP-BO correlation for CC bonds during the DAC reaction between 2,5-DMF and C2H4 
over cation-exchanged faujasite MY and TMFAU periodic models. In panels (a) and (b) the green and 
grey lines demarcate the 95% confidence interval and prediction limit, respectively. Panels (c) and (d) 
show all ICOHP-BO correlations obtained for all evaluated cation-exchanged faujasites, without 95% 
confidence intervals and prediction limits. Panel (e) shows the studentized residuals of the linear and 
polynomial fits using the data of all TMFAU models.  
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Table 7.2. Fitted parameters for the linear fits. 
ICOHP = a2*x (BO < 2) 

System a2 (eV/BO) R2-adjusted (%) 

Cu(I)FAU -7.3 ± 0.10 99.09 

Cu(II)FAU -7.79 ± 0.07 99.36 

Zn(II)FAU -7.44 ± 0.08 99.23 

Ni(II)FAU -7.53 ± 0.09 99.28 

Cr(III)FAU -7.63 ± 0.09 99.33 

Sc(III)FAU -7.39 ± 0.09 99.16 

V(V)FAU -8.13 ± 0.15 98.47 

LiY -7.44 ± 0.16 99.03 

NaY -7.29 ± 0.14 99.14 

KY -7.28 ± 0.15 99.08 

RbY -7.34 ± 0.14 99.10 

CsY -7.35 ± 0.15 99.11 

a2 = -8.13 ± 0.15 eV/BO. In spirit of our hypothesis, the ICOHP-values in V(V)FAU 
might be significantly affected by the polarizing power of the pentavalent V(V) 
cation. If this system is omitted from the series, one obtains a maximum slope for 
Cu(II)FAU with an a2 of -7.79 ± 0.07 eV/BO. The ICOHP-BO correlations in 
TMFAU models are characterized by a standard error of less than 0.1 eV/BO 
(V(V)FAU excluded). The trends in MY have standard errors below 0.15 eV/BO. 
The result is thus an error of 0.2-0.3 eV maximum upon changing the CC bond order 
from 1 to 2. The total ICOHP changes from 7.3 to 7.8 eV. Note that although the 
linear fit to was constraint to intersect the y-axis at the point (0,0), unconstraint fitting 
yielded only minor values for the intercept (intercept < 0.5 eV, data not shown). This 
is markedly different from the gas phase correlations for which significant values for 
the intercepts were found. The underlying reason for this difference is in need of 
further research. 

Summarizing, the changes to the ICOHP-trends with respect to the interatomic 
distance in TMFAU and MY models as compared to gas phase systems resulted in a 
polynomial ICOHP-BO trend instead of a linear one. As a first order approximation, 
the ICOHP-BO correlation can be described with a linear fit up to a bond order of 2. 
The resulting fits are practically equivalent. For the models evaluated herein, the fits 
allow for a description of CC and CO bond strength changes in the DAC reaction a- 
long the reaction coordinate both within the same system and across different 
systems. 
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Figure 7.5. ICOHP-BO correlation in the low-silica (Si/Al = 2.4) alkali-exchanged faujasite models. 
Green lines demarcate the 95% confidence interval and the grey lines indicate the prediction limits. 
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Figure 7.6. ICOHP-BO correlation for high-silica third row d-block cation exchanged faujasite 
models. Green lines demarcate the 95% confidence interval and the grey lines indicate the prediction 
limits.  
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7.5. Conclusions 
In this work, I investigated the possibility and limitations of correlating DDEC6-

derived bond orders and COHP-computed bond strengths to quantify chemical 
bonding in gas phase molecules and periodic zeolite models. It was shown that the 
ICOHP analysis allows obtaining reproducible results when limiting the analysis to 
one reaction class, albeit in chemical systems with substantially different chemical 
composition. The study implies that the strengths of chemical bonds estimated using 
the COHP approach can be successfully employed to quantitatively analyze the 
changes in bonding patterns along chemical conversion routes. 

When applied to gas-phase molecules, the ICOHP-BO correlations can be 
established for different types of chemical bonds and these correlations exhibit a 
pronounced sensitivity to the stoichiometry of the chemical system and valence shell 
principle quantum number of the involved atoms. Furthermore, the ICOHP-BO 
correlations for the same class of substances are affected by the presence of 
functional groups reflecting the inductive effects and short-range electrostatic 
interactions. Three key prerequisites were identified for establishing the ICOHP-BO 
correlations, namely: (1) the individual correlations may be constructed for 
molecules with similar chemical composition; (2) variations in functional groups 
cause varying inductive effects which negatively affecting the quality of the ICOHP-
BO correlation for the CC bonds involving β and γ carbon atoms. (3) for molecules 
containing C-Het bonds with Het being an heteroelement down a group (i.e. different 
valence principle quantum numbers), an ICOHP-BO correlation may only be 
established for the C-Het bonds, but not for the other bonds in the molecules; (3) 
only for substantially large variations in the BO/ICOHP values, their direct 
comparison among the different molecules is possible. The exact threshold depends 
on the particular system investigated and the accuracy of the correlation (∆BO ~ 0.2-
0.25). 

Despite these promising findings, our study reveals a number of phenomena that 
require additional theoretical analysis. In particular, it is not clear why for the 
ICOHP-BO correlations of chemical bonds in gaseous molecules, the extrapolation 
of BO to zero gives rise to finite values of ICOHP, whereas the ICOHP value 
vanishes in periodic models. Furthermore, the fundamental origin for the different 
ICOHP-bond distance trends obtained for the periodic and gaseous systems requires 
further in depth theoretical analysis beyond the scope of this initial work. 

Significantly, the presented results on the ICOHP-BO correlations demonstrate the 
applicability of the ICOHP-analysis method beyond a single structural model. The 
transferability of the ICOHP parameters is illustrated by considering the Diels-Alder 
cycloaddition of 2,5-DMF and ethylene catalyzed by faujasite-type zeolite catalysts 
as a model chemical process. When applied to intermediates belonging to the same 
reaction class, the ICOHP-analysis yields consistent results for different periodic 
zeolite with varied chemical composition. Importantly, our study demonstrates the 
possibility of the direct bond strength quantification using the ICOHP analysis and 
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its applicability to studying the formation and cleavage of chemical bonds during the 
catalytic reactions. These data together with the computed bond orders can provide 
detailed quantifiable bonding information on the reacting chemical systems 
necessary for constructing quantitative structure-activity relations in complex 
chemical systems. 
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Chapter 8 
 

Effect of Reactant Confinement in Zeolites on the Reaction 
and Activation Entropy 

 
 

 
 
 

ABSTRACT: Confined substrates in zeolites experience hindered translations, 
rotations and vibrations and their entropy is altered as compared to the gas phase. 
Herein, I elucidate the role of entropy on the catalytic processes taking place within 
the confined spaces of the zeolite nanopores using rare-event biased molecular 
dynamics simulations. The Diels-Alder Cycloaddition reaction between 2,5-
dimethylfuran (2,5-DMF) and ethylene served as a showcase reaction and was 
studied using ab initio molecular meta-dynamics and ab initio constrained molecular 
dynamics. The DAC reaction was studied in three different models, being the gas 
phase, low-silica potassium-exchanged faujasite (KY) and KY with explicitly 
modelled n-hexane solvent (nC6KY). While the meta-dynamics simulations suffered 
from hysteresis as the chosen collective variable (CV) was apparently underdefined 
and did not suffice to describe the DAC reaction correctly, constrained molecular 
dynamics simulations using the same CV were successfully employed. The obtained 
results indicated that the absolute activation entropy decreased in the order: gas 
phase > KY > nC6KY (-177 > -74 > -47 J/mol/K, respectively). Additionally, the 
reactants coordinate to multiple accessible active sites in KY. The result is an 
increased potential activation energy (138 kJ/mol) as compared to the nC6KY model 
(114 kJ/mol) in which some of the active sites are shielded from the reactants by co-
adsorption of the n-hexane solvent. Crucially, whilst multi-site cooperativity is still 
important for reactant pre-alignment and transition state stabilization, the initial state 
adsorption geometries obtained via geometry optimizations in the preceding chapters 
were found to be of low relevance to the ensemble of geometries obtained in the 
molecular dynamics simulations. The results illustrate that chemical representative 
modelling and molecular dynamics simulations are required to obtain accurate 
insight into catalytic reactions under practical reaction conditions. 
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8.1. Introduction 
The mechanistic concepts related to the zeolite-catalyzed Diels-Alder 
Cycloaddition/Dehydration (DAC/D) reaction of furanics with ethylene discussed in 
Chapters 3 to 6 relied on the concept of the intrinsic reaction coordinate and 
calculations within the minimum-energy path approximation. Such calculations 
provided information about a single minimum energy path on the potential energy 
surface corresponding to the conversion of the reactants from the initial to the final 
state. This approximation corresponds to a hypothetical situation of the experiment 
carried out at 0 K when entropic and conformational effects can be neglected. Such 
an approximation gives important information about the intrinsic reactivity, but 
misses the effects associated with finite temperatures and entropic factors that all 
contribute to the free energy landscapes governing the chemical transformations in 
practical experiments. For complex chemical systems, such as chemical 
transformations inside the zeolite pores, the shape of the potential energy landscape 
does not necessarily correspond to that of the free energies, Figure 8.1a. 

The catalytic effect of zeolites originates from both the action of the accessible 
active site(s) and substrate confinement within the micropores. These features induce 
changes to the reaction enthalpy and entropy, potentially giving rise to an enthalpy-
entropy trade-off affecting adsorption1–5, separation4,6 and reaction7–10 phenomena. 
The correlation between the intrinsic properties of the individual active site and the 
adsorption enthalpy of reactants and transition states are governed by the intrinsic 
chemistry of the interacting components and can be regarded as relatively well-
established.11–13 The entropic effects in zeolite catalysis are understood to a much 
lesser extent.1,2,5,6,9,10,14,15 

For instance, Dauenhauer and Abdelrahman1 studied the adsorption of alkanes in 
nine different zeolites. They found that the loss in entropy upon adsorption amounts 
to one translational Degree of Freedom (DoF) and a portion of the rotational DoF. 
The amount of rotational DoF lost varied per zeolite and ranged between 0.39 – 1.62. 
A similar observation has been made in a study on ethanol adsorption onto the 
Brønsted acid site in H-ZSM-5.16 The adsorption enthalpy reflecting the intrinsic 
chemistry of the substrate∙∙∙active site interaction was equal to -107 kJ/mol and the 
total entropy loss due to adsorption amounted to -210 J/mol/K. This total entropy 
value could be further deconvoluted into the translational, rotational and vibrational 
components that were equal to -118, -98 and 5 J/mol/K, respectively. 

Similarly, the non-uniform contribution of different DoF terms to the overall 
adsorption entropy was noted for competitive adsorption in gas separation by 
zeolites.2,6 For instance, the preferential adsorption of isobutane over n-butane in 
MCM-22 was attributed to a slightly higher adsorption enthalpy (2.3 kJ/mol) and a 
lower adsorption entropy penalty (ca. 1 J/mol/K). This was rationalized by a better 
geometrical fit of the sphere-like isobutane molecule in the MCM-22 supercage as 
compared to its linear counterpart. 
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Figure 8.1. Displaying the minimum potential (black) and free (red) energy surfaces of the hypothetical 
reaction A + B → P (a) and the variation in activation entropy as function of confinement (b). 

The effects of the enthalpy-entropy trade-offs in zeolite catalysis have been 
illustrated with the example of protolitic propane cracking.9 The adsorption of 
propane in the narrow ferrierite pores shows an enthalpy of -49 kJ/mol, while the 
adsorption to wider pores of mordenite is weaker by 8 kJ/mol (-41 kJ/mol). 
Accordingly, the adsorption to more spacious channels in the latter case results in a 
smaller entropy loss that was computed to be -85 and -108 J/mol/K respectively, for 
propane adsorption to mordenite and ferrierite zeolites.9 The promoting effect of the 
confinement on the activation entropy of propane cracking has been demonstrated 
by Haffner and coworkers.10 They reported that propane cracking within the 12- and 
8-membered rings of mordenite proceeds with entropies of activation (∆S‡) of -79 
and -25 J/mol/K, respectively. This reflects the importance of the high degree of 
preorganization in the adsorbed initial state inside the narrow space of the mordenite 
side pockets. 

Since entropy plays an important role in zeolite catalysis, it is appealing to study 
the effect of zeolite catalysts on reactions with significant entropy changes.17–19 The 
DAC reaction is a clear example of a reaction in which entropy changes significantly 
contribute to the reaction free energy changes. The results in Chapters 3-5 showed 
that the reaction enthalpy (∆HDAC) changes in the DAC reactions of furan, 2,5-
dimethylfuran (2,5-DMF) or furan dicarboxylic acid (FDCA) with ethylene are 
relatively small and fall in the same range as the enthalpy values experimentally 
obtained for the DAC of 2,5-disubstituted furanics and fumaronitrile in chloroform-
d (∆HDAC = -7.6 to -21.9 kJ/mol).20 The experimentally determined values of the 
overall reaction entropy (∆SDAC) for the DAC reactions in solution were about -70 
J/mol/K. In another study, the activation parameters for the DAC reaction between 
9,10-bis(hydroxymethylanthracene) with N-ethylmaleimide in different solvents 
was analyzed.19 Independently of the solvent, the activation enthalpy (∆H‡) was 
about 45 kJ/mol, while the variations in the reaction medium had a much more 
pronounced impact on the activation entropy of the DAC reaction. Depending on the 
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employed solvent, the ∆S‡ values varied in the range of -124 to -147 J/mol/K. Similar 
experimental results have been obtained by Engberts and co-workers21 on the DAC 
reaction between cyclopentadiene and alkyl vinyl ketones. Furthermore, as only one 
cycloadduct is formed out of two reactants, the retro-DAC (retro-DAC) is 
entropically favored. This is illustrated by a combined computational and 
experimental study on the retro-DAC of 5,6-disubstituted-7-oxabicylco[2.2.1]-2-
enes which exhibited a ∆retro-DACH‡ of approximately 120-140 kJ/mol and a ∆retro-

DACS‡ of about 10-20 J/mol/K.17 
In this Chapter, I investigate how substrate confinement in zeolites results in a 

reduction of the DAC free activation energy barrier through changes to the activation 
entropy. The DAC reaction between 2,5-DMF and ethylene is used as a showcase 
reaction. Rare-event biased ab initio molecular dynamics simulations (meta-
dynamics, metaD; constrained molecular dynamics, cMD) were employed to 
compute the DAC free energy pathways. To systematically assess the confinement 
effect, the DAC reaction is studied in models ranging from the gas phase model to a 
periodic zeolite model holding active sites and solvent molecules, Figure 8.1b. The 
results indicate a significant effect of reactant immobilization and multi-site 
cooperativity on the thermodynamic activation parameters. Additionally, changes to 
the reaction mechanism and adsorption geometries as compared to those determined 
by static DFT modeling have been observed as well. 

8.2. Models and Methods 
8.2.1. Models 
To study the effect of reactant confinement on the activation entropy, models of 
increasingly chemical complexity were made. Models representing different reaction 
environments included the gas phase, liquid phase and periodic zeolites. The gas 
phase calculations were performed in a periodic box with dimensions of 22 x 22 x 
22 Å containing two 2,5-DMF and two C2H4 molecules. The estimated pressure 
within the box (ideal gas law) was 15 bar. 

Two different periodic faujasite zeolite models were based on the rhombohedral 
primitive cell. The first model was identical to the low-silica potassium-exchanged 
faujasite models as used in Chapters 3 – 5 (KY), Figure 8.2a. The second model with 
the highest degree of chemical detailization was constructed to adequately represent 
the experimental conditions of the zeolite-catalyzed DAC/D reaction in alkane 
solvent. This model (nC6KY) was constructed from the KY structure by the addition 
of four n-hexane solvent molecules in the zeolite pores, Figure 8.2b. These solvent 
molecules were loaded by taking the optimized geometry of 1/KY of Chapter 3 and 
performing Configurational-Biased Monte Carlo loading using Materials Studio 6.0 
(Biovia inc). 

8.2.2. Methods 
GPAW-based22 Born-Oppenheimer molecular dynamic simulations were performed 
using the CP2K open source package. The exchange and correlation energies were  
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Figure 8.2. The two periodic rhombohedral faujasite models: KY (a) and nC6KY (b). 

described using the PBE exchange-correlation potential23, complemented by D3 
corrections for long-range dispersive interactions24. Goedecker-Teter-Hutter (GTH) 
pseudopotentials were employed to describe the core-electrons.25,26 The valence 
electrons of Si/O/C/H and Al/K were described by the GTH TZVP and GTH DZVP 
basis sets, respectively.27 The product Gaussians were projected onto a real-space 
grid consisting of five levels. The relative cutoff was 50 Ry and the highest grid-
cutoff energy is 700 Ry. Hydrogen atoms were substituted with deuterium so that 
the timestep could be increased from 0.5 to 0.7 fs in the unbiased molecular dynamics 
simulations. 

Meta-Dynamics Simulations. The ab initio meta-dynamics (metaD) runs each yield 
a 1D Free Energy Surface (FES) plotted against the distance between the geometrical 
centers of the two pairs of reacting carbon-atoms (the collective variable, CV, see 
inset Figure 8.1b). 
Three assumptions underlie the use of a distant-dependent CV: 

1. The system is able to equilibrate within 75 fs such that it will follow the 
minimum free energy pathway (MFEP); 

2. There is no difference in reaction energy between the different directions via 
which ethylene can approach 2,5-DMF, supporting assumption 1 that the 
MFEP is always followed; 

3. The reaction proceeds via a concerted DAC mechanism involving a 
simultaneous formation of two C-C bonds allowing us to scan a formally 
1CV-based FES instead of a 2CV-based FES where the formation of each 
of the C-C bonds is considered separately; 

The hill deposition time, height and width were 75 fs, 5 kJ/mol and 0.03-0.05 Å 
respectively. The latter two parameters are both less than 10% of the actual barrier 
height and vibrational amplitude of the C-C bond. The 10% value is considered to 
be a safe threshold in meta-dynamics simulations.28 



146 
 

The timestep was increased from 0.7 fs to 1.0 fs to reduce the computational time 
needed to compute the metaD trajectory. Furthermore, to facilitate the overall 
convergence of the metaD simulations, the DAC reaction was modelled starting with 
the retro-DAC of 1,4-dimethyl-7-oxabicyclo[2.2.1]hept-2-ene to 2,5-DMF and 
ethylene. The simulations ran till the retro-DAC had been observed. This typically 
required ca. 3-4 ps. MetaD simulations were then typically continued for another 20-
30 ps in an attempt to obtain the DAC reaction. Whilst computing the retro-DAC 
reaction barrier, a potential wall with potential wall constant K = 150.000 kJ/mol 
was placed at a CV-value of 4 Å. This potential wall was later found to severely 
affect the reactant dynamics in the initial state. Thus, a screening of different wall 
distances was also performed to study the possibility of removing the potential wall 
completely by increasing the wall position to 5, 7, 9 and 12 Å. 

In order to get better statistically relevant activation entropies, the simulations 
were ran three times per temperature per model. Note that it is necessary to avoid 
duplicating the runs due to the use of identical geometries with identical atomic 
velocities. So, for each new run, the starting geometries were matched with initial 
velocities of 10 and 20 step earlier for the second and third run, respectively. These 
starting velocities all originated form the equilibration runs. 
Thermodynamic Integration. Ab initio constrained molecular dynamics (cMD) as 
part of the CP2K package was also used. Trapezoidal integration of the Shake-
algorithm based Lagrange Multipliers averaged over time and as function of the 
intermolecular distance (the CV, see inset Figure 8.1c) yielded the desired FES.29,30 
All but the cMD gas phase simulations lasted for 8 ps of which 1 ps was meant for 
equilibration (T = 298, 373, 500 K). Gas phase cMD calculations lasted for 9 ps of 
which 2 ps were used for equilibration. The CV (dC2−2,5-DMF) ranged from 1.45 to 5 
Å: 1.45, 1.5, 1.55, 1.6, 1.7, 1.75, 1.8, 1.85, 1.9, 2.0, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 
2.8, 2.9, 3.0, 3.5, 4.0, 4.5 and 5.0 Å. Geometries were taken from the metaD 
simulations. As the NVT-ensemble is used, the Helmholtz free energy (F, F = Uie - 
TS) is obtained. Here, Uie is the internal energy. In this work, Uie is obtained by 
extrapolating F to zero Kelvin, thus obtaining the potential energy, U. 

8.3. Results and Discussion 
8.3.1. Determining Activation Entropies with Ab Initio MetaD 

Ab initio metaD31 was used to compute the change in activation entropy of the 
DAC reaction between 2,5-DMF and ethylene as function of confinement. This 
approach allows one to perform molecular dynamics simulations while biasing it 
towards reactive events that typically cannot take place within computational 
feasible time-scales. The underlying free energy surface (FES) can be reconstructed 
by keeping track of the added energy. A plot of the activation free-energy (∆F‡) with 
respect to temperature (T) consequently yields the potential activation energy (∆U‡) 
and activation entropy (∆S‡). In order to get statistically relevant activation entropies,  
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Figure 8.3. An example of the FES as function of the intermolecular distance (CV) at 298, 373 and 
500K in nC6KY is shown in (a). Plots of ∆F‡ as function of temperature in the gas phase (b), water 
liquid phase (c), n-hexane liquid phase (d), KY (e) and nC6KY (f). The blue lines are the linear fit, green 
lines the 95% confidence intervals and the grey lines the 95% prediction intervals. 

the simulations where run three times by matching the starting geometries with 
different initial velocities taken from the equilibration runs. 

Figure 8.3 shows the results obtained with metaD. Only the retro-DAC could be 
computed as the simulations suffered from hysteresis (discussed in the next 
sections). Representative examples of the typically obtained FES’ are shown in 
Figure 8.3a. Statistical analysis was then performed to obtain ∆U‡ and ∆S‡ within the 
95% confidence interval. These plots and the resulting thermodynamics quantities 
and their associated standard errors are given in Figure 8.3b to Figure 8.3f. 

The results indicate that the activation entropies for the retro-DAC in condensed 
phases are very similar. In liquid water, liquid n-hexane and nC6KY the retro-DAC 
activation entropies are 25, 19 and 29 J/mol/K respectively. These computational 
results are in line with experimental results on the retro-DAC of 5,6-disubstituted-7-
oxabicylco[2.2.1]-2-enes with reported ∆retro-DACS‡ values of about 10-20 J/mol/K.17 
The gas-phase retro-DAC has an activation entropy of 24 J/mol/K, very similar to 
the activation entropy found in the condensed phases. The relatively similar values 
for ∆retro-DACS‡ are attributed to the inherent instability of the cycloadduct and its 
tendency to undergo the retro-DAC. The retro-DAC in the empty KY model yielded 
a much higher activation entropy of 53 J/mol/K, which however could be an artefact 
of the selected methodology. Only at 298 K are the data points reasonably well 
clustered, whereas ∆retro-DACF‡ for the other temperatures was not reproduced well. In 
fact, to obtain statistically sound data with small standard errors, all runs, including 
those of the other models, should have been ran two more times per temperature. 
However, in the course of this study, an intrinsic limitation of the metaD approach 
to analyzing the title transformation has been identified. In all simulations an 
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unrealistically deep well for state 1 was observed with a practically vertical well edge 
at a distance of 4 Å in Figure 8.3a, which made it impossible to adequately estimate 
the energetics of the reverse DAC process and also raised concerns regarding the 
validity of the numerical data obtained for the retro-DAC reaction. Therefore, focus 
was put on analyzing in more detail the observed potential wall effects in metaD 
simulations. 

8.3.2. Potential Wall Effects and Periodicity in metaD Simulations 
The introduction of a potential wall at a distance when no specific interaction 

between the interacting species can be expected is a common practice in metaD 
simulations allowing to restrain the molecular motion of the non-interacting products 
or reactants. In my study, I initially set a potential wall at 4 Å, which is well above 
the typical distances for intermolecular CH∙∙∙π, π∙∙∙π (C∙∙∙C) contacts expected to be 
formed between 2,5-DMF and ethylene in the studied systems. The analysis of the 
gas phase trajectory indicated that after the retro-DAC reaction, ethylene became 
immobilized in between 2,5-DMF and the potential wall. Consequently, the 
molecular dynamics became unphysical and the entropy of the system could not be 
estimated correctly. The effect of this is visualized in Figure 8.3a, where a deep 
reactant well has appeared at an intermolecular distance of 3.5 to 4 Å. Continuation 
of such a run resulted in a reactant well which was an order of magnitude deeper, 
without the DAC reaction taking place. This phenomenon could be associated with 
either the presence of the potential wall or an incorrectly defined CV. 

Several MD simulations were ran with the potential wall positioned at 5, 7, 9, 12 
and 15 Å. The simulations included the reactions in the gas phase and in n-hexane 
solvent. The starting configuration was the moment when the retro-DAC has just 
crossed the TS. The resulting time-dependent intermolecular distance between 2,5-
DMF and ethylene in the gas phase and n-hexane liquid phase are shown in Figure 
8.4a and Figure 8.4b, respectively. The results indicate that the reactants encounter 
the wall frequently up to wall position of 9 Å. This is clearly illustrated by the 
continuous increasing intermolecular distance in the first 750 and 3000 fs for the gas  

 
Figure 8.4. Panels (a) and (b) show the development of the intermolecular distance over time with 
different potential wall positions in the gas phase and n-hexane liquid phase, respectively. 
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phase and n-hexane liquid phase upon a concomitant increase in wall position after 
the retro-DAC has taken place, Figure 8.4a and Figure 8.4b, respectively. Ultimately, 
it was found that the potential wall could be removed completely as the ideal wall 
position coincides with the half the unit cell width that is the largest separation 
attainable within the periodic boundary conditions. In the absence of sufficiently 
strong binding between the 2,5-DMF and ethylene molecules, their spatial separation 
is favored entropically but limited by the artificial boundary due to the potential wall 
or the employed periodic model. 

Attempts to compute the FES of the DAC reaction in water, KY and the n-hexane 
filled KY models without using the potential wall were also undertaken. Examples 
of the obtained FES, their analysis and representative snapshots are shown in Figure 
8.5. Deep reactant state wells arose at a CV corresponding to half the unit cell length, 
panels a and c in Figure 8.5. These result are in line with the observations made in 
the gas-phase simulations. Trajectory analysis for the reaction in water revealed that 
ethylene preferably migrates to most distant position from 2,5-DMF near the cell 
edge. In nC6KY, ethylene is adsorbed onto potassium cations. Minor molecular 
translations in this adsorbed state resulted in ethylene residing in either the original 
cell (Roman numeral I, Figure 8.5c and Figure 8.5d) or to enter the periodic image 
and consequently another supercage (Roman numeral II, Figure 8.5c and Figure 
8.5d). The diffusion of ethylene into a neighboring supercage free of 2,5-DMF 
allows achieving the maximal separation between the reactants. 

Next, the underlying potential energy was analyzed by determining the minimum, 
average and maximum potential energy per 1 Bohr interval (0.52 Å), Figure 8.5e and 
Figure 8.5f. In the case of the liquid water model, no clear potential energy driving 
force was observed for the reactants to separate during the metaD simulations. In the 
case of nC6KY, there is indeed a potential trap near the cell edge, associated with 
ethylene adsorption. 

Finally, extensive tests were carried out using the KY model to exclude Gaussian 
surfing. Figure 8.6 shows signifcant variation of the intermolecular distance with 
time during the metaD simulation in KY evidencing the absence of the Gaussian 
surfing. Thus, the extensive metaD simulations on fundamentally different models 
indicate the methodological limitations for the proper description of the DAC 
process in periodic conditions. Attempts to compute the FES of the DAC reaction 
with metaD were therefore abandoned and focus was shifted to constrained MD 
simulations discussed in the next section. 

A similar methodological problem has been investigated by Parrinello et al. in their 
computational study on the DAC of 1,3-butadiene and ethylene.32 The variations in 
C-C bond lengths, including those two that were to be formed, were analyzed during 
standard molecular dynamics simulations. These variations were transformed into 
one CV via an approach referred to as the harmonic linear discriminant analysis. In 
this work, the elongation/shortening of the C-C bonds not directly involved in the 
coupling reaction were not explicitely considered within the CV, making it potential- 
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Figure 8.5. Water liquid phase FES (a) and the doubled unit cell illustrating the ethylene position with 
respect to 2,5-DMF in water (b) The inset in panel (a) relates to the KY model. The nC6KY FES (c) and 
the double unit cell of this model is shown in (d). The Roman numerals in panel (c) correspond to those 
in panel (d). Panels (e) and (f) show the minimum, maximum and average potential energies (solid 
lines) in Hartree in the water liquid phase and nC6KY models, respectively. The dashed lines in (e) and 
(f) are the average potential energy in kJ/mol, referenced against the average potential energy 
belonging to the bin [21,22], part of the hyperspace spanned by 1. 

ly underdefined. Furthermore, extensive analysis of the influence of the CV 
definition on the outcome of metaD simulations in DAC reactions is necessary. 

The current results together with the data reported by Parinello et al.32 highlight 
the fundamental challenges in describing complex chemical transformations 
involving concerted rearrangments of ensembles of atoms with metaD approach. In 
contrast to the single-atom transfer reactions such as the protonation reactions in 
zeolites33

, benzene methylation34, or hydride transfer reactions35 in which the CVs 
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Figure 8.6. Gaussian surfing tests with Gaussians of 5 kJ/mol height and width@deposition-time. 

are intuitive and can be un ambigously defined, the more complex concerted reactions such 
as the DAC require more sophisticated definitions of the CVs, which are not inuititve and 
clear a priori. 

8.3.3. Thermodynamic Integration 
Next, cMD simulations were employed to compute the activation energy and entropy 
of the DAC reaction. A hard constraint was enforced upon the CV resulting in 
conditioned force integration yielding Langrange multipliers. Thermodynamic 
integration (trapezoidal rule) using these Langrange multipliers was performed to 
compute the free energy profiles of the DAC reaction in the gas phase, KY and 
nC6KY models. From these free energy profiles, the activation energy and entropy 
were obtained and they are summarized in Table 8.1. The overall free energy barriers 
are reported in Table 8.2. The FES of the DAC reaction in KY and nC6KY are shown 
in Figures 8.7 and 8.8, respectively. The gas-phase FES was qualitatively similar to 
the FES in KY and was therefore omitted. Extrema on the FES were determined and 
subjected to geometry analysis. These extrema were (1) the initial state, (TS1) the 
first transition state, (I) intermediate, (TS2) second transition state and (2) the final 
state (e.g. 2/nC6KY). Note that for the DAC reaction in nC6KY only one transition 
state was found (TS). 
Thermodynamics. The potential energy and entropic contributions were estimated 
from the temperature-dependencies of the computed free energy barriers. Linear 
fitting yielded the intercept (potential energy) and slope (entropy), Table 8.1. The 
overall free energy barriers are reported in Table 8.2. The potential energy and 
entropy standard errors are also reported in Table 8.1, but are omitted in the text for  
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Table 8.1. Computed activation energies and entropies for the DAC reaction between 2,5-DMF 
and ethylene in the gas phase, KY and nC6KY. 

step 
∆U‡ 

(kJ/mol) 

∆S‡ 

(J/mol/K) 

∆U‡ 

(kJ/mol) 

∆S‡ 

(J/mol/K) 

∆U‡ 

(kJ/mol) 

∆S‡ 

(J/mol/K) 

 Gas phase KY nC6KY* 

1→TS1 56 ± 10 -177 ± 26 138 ± 1 -74 ± 3 114 ± 0 -47 ± 0 

TS1→I -104 ± 3 -20 ± 6 -69 ± 2 -7 ± 5   

I→TS2 43 ± 1 7 ± 2 42 ± 1 6 ± 3   

TS2→2 -71 ± 1 -7 ± 3 -81 ± 7 -16 ± 17   

1→I -20 ± 11 -196 ± 27 68 ± 3 -81 ± 8   

1→1 -48 ± 13 -197 ± 32 30 ± 2 -91 ± 6 -10 ± 5 -76 ± 12 

TS→2     -124 ± 5 -29 ± 12 

Table 8.2. Temperature dependencies of the free energy changes along the reaction coordinate in 
the gas phase, KY and nC6KY. 

∆F‡ 

(kJ/mol) 

 
1→2 2→I I→TS2 TS2→2 1→I 1→2 2→TS 

Gas phase 298 108 -99 41 -69 36 8.  

 373 125 -96 41 -68 56 29  

 500 143 -94 40 -68 78 50  

KY 298 159 -67 40 -77 93 56  

 373 165 -67 39 -72 98 64  

 500 175 -66 39 -73 109 75  

nC6KY 298 128     13 114 

 373 131     17 114 

 500 137     28 109 

the sake of clarity. An ∆U‡-∆S‡ trade-off could be noted in the data given in Table 
8.1 for the DAC reaction. In the gas phase, stage 1→TS1 proceeds with the 
activation entropy (energy) of -177 J/mol/K (56 kJ/mol). The respective values in 
KY (1→TS1) and nC6KY (1→TS) are -74 (138) and -47 (114) J/mol/K (kJ/mol) in, 
respectively. The transition state, TS1/KY and TS/nC6KY, becomes entropically 
more favorable upon increasing the confinement and a concomitant increase of 
reactant immobilization. In KY this is counteracted by the presence of multiple 
accessible active sites which increases the adsorption strength of the reactants raising 
∆U1→TS1

‡. 
The cMD simulations reveal that the increase in the complexity of the 

computational model gives rise to a change in the DAC reaction mechanism. A two-
step mechanism is identified for the reaction in the gas phase and KY, whereas the 
DAC of 2,5-DMF with ethylene proceeds via a one-step concerted pathway when 
the zeolite pores are filled with the n-hexane solvent in the nC6KY model. The 
intermediate state (I) is only formed in the gas phase and KY models whereas it is 
absent in nC6KY. The formation of I in the gas phase and KY is characterized by 
∆UTS1→I of -104 and -69 kJ/mol and entropy changes of only -20 and -7 J/mol/K, re- 
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Figure 8.7. The free energy and potential energy profiles at 298, 373 and 500 K for DAC over KY and 
selected snapshots of the geometries belonging to the observed extrema at 298 K. Distances are in Å. 

spectively. The negative potential energy change is ascribed to the formation of a C-
C bond. The small but negative entropy is attributed to the fact that the number of 
states accessible to the reactants decreases upon the C-C bond formation. In nC6KY, 
the confined solvent exerts pressure on TS to directly convert into the cycloadduct 
(2) without the formation of the intermediate I. 

In the gas phase and KY models, the formation of an activated complex TS2 
proceeds with similar activation enthalpies of ca. 43 kJ/mol and entropies of 6-7 
J/mol/K. Crossing of the barrier at TS2 result in the formation of the cycloadduct 2. 
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Figure 8.8. The Free and Potential energy profiles at 298, 373 and 500 K and selected snapshots of 
the geometries belonging to the observed extrema at 298 K. Distances are in Å. 

The ∆UTS2→2 are -71 and -81 kJ/mol with ∆STS2→2 are -7 and -16 J/mol/K in the gas 
phase and KY, respectively. In nC6KY, ∆UTS→2 is -124 kJ/mol and ∆STS→2 is -29 
J/mol/K. 

Taking the DAC reaction at 298 K in the different models as an example, the 
overall reaction is endergonic by 8, 56 and 13 kJ/mol in the gas phase, KY and 
nC6KY, respectively, Table 8.2. The overall entropy change is -197, -91 and -76 
J/mol/K for the gas phase, KY and nC6KY models, respectively, Table 8.1. These 
entropy changes are of similar magnitude to those reported in literature for related 
chemical transformations.19,20 Furthermore, these overall entropy changes are very 
similar to the entropy changes for 1→TS1 and 1→TS in KY and nC6KY, 
respectively, suggesting that the largest entropy penalty is associated with the 
formation of the reactive complex. 

While the DAC reaction is characterized by an unfavorable entropy changes as 
two molecules fuse to form one, the retro-DAC is entropically favorable. For 
instance, the first C-C bond cleavage in the reaction 2→TS2 in the gas phase and 
KY is characterized by entropy changes of 7 and 16 J/mol/K. The second C-C bond 
cleavage is characterized by a ∆SI→TS1

‡ of 20 and 7 J/mol/K, respectively. The one-
step retro-DAC in nC6KY (2→TS) proceeds with an activation entropy of 29 
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J/mol/K. These values correspond well with the ∆retro-DACS‡ values obtained from 
metaD simulations. 

Geometry Analysis. Molecular dynamic simulations revealed very substantial 
differences in the geometries of intermediates and transition states along the 
trajectories compared to those obtained from static DFT calculations (Chapters 3-5). 
To illustrate this, let us analyze in this section the geometries of the states 1-2 in KY 
and nC6KY. Selected snapshots are presented in Figures 8.7 and Figure 8.8 with the 
labels referring to the states identified on the respective FES’. Note that dashed lines 
are drawn between the potassium cations and carbon atoms and do not reflect the 
true interaction partners. For instance, donor-acceptor interactions suitable for 
binding between the Cmeth-H covalent bonds and active site s-orbitals can be 
established.36 An interaction between the potassium cations and the methyl side 

 
Figure 8.9. Displaying the C-C bond length in TS1/KY and TS/nC6KY in panels (a) and (b), 
respectively. Selected distances between the potassium cations and carbon atoms within the DAC 
moiety in TS1/KY and TS/nC6KY are shown in panels (c) and (d), respectively. Note that the horizontal 
black line in panels (a) and (b) refer to CV. Cmeth refers to carbon atom of the methyl side group whereas 
Ceth refers to the carbon atom in the ethylene moiety. Note that in panels (c) and (d), colors are based 
on the type of interactions rather than on their unique identity. 
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group or the carbon atoms belonging to the ethylene moiety is referred to as K-Cmeth 
or K-Ceth, respectively. 

Significantly, whereas the static DFT calculations performed in Chapters 3-5 
indicated a highly synchronous concerted DAC reaction between 2,5-DMF and 
ethylene, results in Figure 8.9 evidence a highly asynchronous nature of the activated 
complex TS1/KY and TS/nC6KY. The transition state geometries discussed in 
Chapters 3-5 showed maximum C-C bond length deviations well below 0.1 Å. The 
differences in nascent C-C bond lengths observed in the cMD simulations amount to 
ca. 0.2 - 0.3 Å. Furthermore, the adsorbed states predicted by the static geometry 
optimizations have also been found to be irrelevant to the trajectories obtained with 
the cMD simulations. 

Despite the many non-covalent interactions, cMD simulations reveal a very high 
mobility of the substrates and cations (especially the cation at formally the SIII site) 
in the zeolite. This allows the cations to rearrange resulting in the binding of the 
reactive complex with four to five cations in KY (Figure 8.7), in contrast to the three 
substrate-cation contacts revealed by static DFT calculations (Chapters 3-5). The 
DAC cycloadduct generally adopts a position within the 12 membered ring 
connecting two sodalite cages rather than residing on an SII site. Inspection of the 
geometries in nC6KY (Figure 8.8) indicates that most of these cations are shielded 
from the states 1-2 by the n-hexane molecules. The snapshot geometries shown in 
Figure 8.8 highlight the differences between the adsorption geometries and sites 
observed during cMD runs compared to static DFT results reported in Chapters 3-5. 

To illustrate the mobility of the transition state in both TS1/KY and TS/nC6KY, 
selected interatomic distances as function of time have been plotted (omitting the 
first 1 ps equilibration period). In TS1/KY, the dominant interaction is between the 
cation at formally the SIII site (SIII cation) and the furanic oxygen atom (O2,5-DMF), 
in line with the findings in Chapters 3-5. This interaction is always present due to 
the mobility of SIII cation caused by the relative coordinative unsaturation and 
consequently the strong ionic interactions with O2,5-DMF. Figure 8.9c shows that the 
SIII-O2,5-DMF distance varies in the range 2.8 - 3 Å throughout the duration of the 
entire run. Two K-Cmeth interactions were found at the beginning of the run, but are 
given up in favor of two K-Ceth interactions. During the run, 2 moves and is followed 
by the cation at formally the SIII site. We propose that because of the polarization of 
the reactants during the coupling reaction, the ethylene moiety in 2 accumulates a 
slight negative charge resulting in a strengthening of the K-Ceth compared to K-Cmeth 
(see Chapters 2-6). In TS/nC6KY, the mobility of the reactive complex is 
significantly reduced as compared to that in KY due to the presence of the n-hexane 
solvent, Figure 8.9d. 

8.4. Conclusions 
In this chapter, I performed ab initio molecular dynamics simulations which were 

biased towards the reactive event culminating in the DAC reaction between 2,5-
DMF and ethylene. Models of increasing chemical complexity were considered, 
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ranging from the gas phase to the solvent-filled low-silica alkali-exchanged faujasite 
model holding a high density of accessible active sites. Both the metaD and cMD 
approaches were employed, but only cMD simulations successfully yielded the 
desired free energy pathways of the DAC reaction between 2,5-DMF and ethylene. 
The metaD simulations were found to suffer from hysteresis as the CV was 
apparently underdefined and did not suffice to describe the DAC reaction correctly. 

The results obtained with cMD showed a significant change to the DAC activation 
entropy upon increasing reactant confinement. Overall entropy changes were -197, -
91 and -76 J/mol/K in the gas phase, KY and nC6KY models, respectively. Most of 
the entropy is already lost in the formation of the transition state (-177, -74 and -47 
J/mol/K, respectively). The retro-DAC activation entropy was found to be one to two 
orders of magnitude lower and of opposite sign, indicating the relative ease by which 
the retro-DAC takes place (7, 19 and 29 J/mol/K, respectively). Furthermore, the 
molecular dynamics simulations produced reaction profiles substantially different 
from those predicted by static DFT simulations. The dynamics affects both the 
reaction mechanism and the adsorption geometries. An asynchronous DAC 
mechanism was identified for all models. Whereas the reaction in the gas-phase and 
KY proceeds via a two-step mechanism, the intermediate state in nC6KY is 
destabilized resulting in the direct formation of the cycloadduct. Although the 
reaction and activation entropies change significantly, the overall free DAC energy 
barrier can increase due to unfavorable potential energy term arising from multi-site 
cooperativity in the binding of substrates in the zeolite catalyst models as compared 
to the gas phase. 

This work illustrates the potential energy-entropy trade-off in zeolite catalysis. It 
highlights the crucial importance of operando computational modeling employing 
representative models of the actual catalytic systems for adequate simulation of 
reaction mechanisms in complex reaction environments and to account for the 
thermal effects and dynamics of the molecular systems.37 
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Chapter 9 
 

Summary and Outlook 
 

Theory of Lewis Acid Zeolite Catalysis for the Conversion of 
Biomass-Derived Furanics 

 
On the Effect of Multi-Site Cooperativity and Confinement 

 

9.1. Summary 
The increasing scarcity of fossil resources and environmental concerns related to 
pollution and global warming have boosted research into new and more sustainable 
routes for the production of chemicals and fuels. Biomass is a promising and 
abundant source of renewable carbon. An important direction for the conversion of 
biomass feedstocks to drop-in chemicals is the production of aromatic compounds 
from bio-derived intermediates as such products are currently solely obtained via 
petrochemical processes. An alternative bio-based route to this class of chemical 
products involves the Diels-Alder Cycloaddition (DAC)/Dehydration (D) reaction 
of biomass-derived furanic compounds with ethylene as the key reaction step. 
Zeolites constitute an important class of heterogeneous catalysts for this process. 
Their catalytic action is governed by the combination of the intrinsic reactivity of the 
intrazeolite active species and confinement effects due to their microporous 
structure. The role of these factors in the DAC/D process as well as the mechanism 
of the conversion of biomass-derived furanics by zeolites are not understood yet. 
This dissertation is aimed at identifying the fundamental factors determining the 
activity of zeolite-based catalysts in the conversion of bio-derived furanics to 
aromatics and ultimately identify the design parameters for improved and new 
catalytic systems. 

In Chapter 3, the one-pot Diels-Alder cycloaddition (DAC)/dehydration (D) 
reaction between 2,5-dimethylfuran and ethylene over alkali(Li, Na, K, Rb, Cs)-
exchanged faujasites was studied. Catalyst optimization was guided by a 
computational study of the DAC/D reaction mechanism over different alkali-
exchanged faujasites using periodic DFT calculations complemented by 
microkinetic modelling. Two types of faujasite models were compared, i.e., a high-
silica alkali-exchanged faujasite model representing isolated active sites and a low-
silica alkali-exchanged faujasite model holding a high density of accessible active 
sites. The mechanistic study points to a significant synergetic cooperative effect of 
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the ensemble of cations in the faujasite supercage towards the DAC/D reaction. The 
DAC-reactivity trend is inverted and isomerization/dehydration barriers are 
significantly lowered in the models containing a high active site density as compared 
to the models holding a single active site. The microkinetic model predicted the 
highest turnover frequencies for the K, Rb and Cs-exchanged low-silica faujasite 
catalysts, with KY predicted to be the best catalyst. Experiments confirmed the 
theoretical predictions and showed that KY is indeed the most active catalyst among 
the evaluated low-silica alkali-exchanged faujasites. The results in this chapter are 
an example of how catalytic reactivity of zeolites depends on multiple interactions 
between the zeolite and reagents. 

Conventional reactivity theories in DAC chemistry are based on single active site 
Lewis acidity and substituent effect considerations. Both are considered factors 
determining the height of the DAC activation barrier. Chapter 4 presents the results 
of periodic DFT calculations based on accurate structural models of alkali(Na, K, 
Rb)-exchanged zeolites, revealing the fundamental roles of confinement and the 
nature of the exchangeable cations in zeolite micropores for the performance of 
faujasite-based catalysts in the DAC/D-reaction. Special attention is devoted to 
analyzing the effect of functional side-groups on furanic substrates (furan, 2,5-
dimethylfuran, furan dicarboxylic acid) on the catalyst behavior. The high-silica 
alkali-exchanged faujasite model representing isolated active sites and a low-silica 
alkali-exchanged faujasite model holding a high accessible active site density are 
compared with each other. It is demonstrated that the conventional reactivity theories 
of the Diels-Alder chemistry based on the single-site Lewis acidity and substituent 
effect considerations do not apply when catalytic processes in the multiple-site 
confined environment of zeolite nanopores are considered. The cooperative action 
of the accessible cations in reactant binding and pre-alignment gives rise to 
molecular recognition phenomena and determines the reaction energetics of the 
elementary steps in the DAC/D process. 

The origin of the catalytic effect of low-silica alkali(Li, Na, K, Rb, Cs)-exchanged 
faujasites on the DAC reaction between 2,5-DMF and ethylene is elucidated in 
Chapter 5. The in-depth electronic structure analyses was performed employing a 
set of complementary electronic structure analysis tools such as the Crystal Orbital 
Hamilton Population analysis, Density Derived Electrostatic and Chemical method, 
and a topological study of the electron density using the Quantum Theory of Atoms 
in Molecules. The aim was to investigate how confinement of reactants in low-silica 
alkali-exchanged faujasites changes their electronic structure and the DAC-reactivity 
trend among the evaluated zeolites. The conventional high-silica alkali-exchanged 
isolated site model served as a reference. The results show that confinement leads to 
initial state (IS) destabilization and transition state (TS) stabilization. Among the 
tested low-silica alkali-exchanged faujasites, most significant IS destabilization is 
found in RbY. Only anti-bonding orbital interactions between the reactants/reactive 
complex and cations were found, indicating that TS stabilization arises from ionic 
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interactions. Additionally, in low-silica rubidium-exchanged faujasite the geometry 
of the transition state is geometrically most similar to that of the initial and final 
state. Low-silica rubidium-exchanged faujasite also exhibits an optimal combination 
of the confinement-effects, resulting in having the lowest computed DAC-activation 
energy. The overall effect is a DAC-reactivity trend inversion in low-silica alkali-
exchanged faujasite as compared to the trend found in high-silica alkali-exchanged 
faujasite where the activation energy is proportional to the Lewis acidity of the 
exchangeable cations. 

The modelling efforts in Chapter 6 lay ground for the development of an efficient 
catalyst capable of catalyzing the DAC reaction via cation∙∙∙reactant orbital overlap 
using first-row d-block(Cu(I), Cu(II), Zn(II), Ni(II), Cr(III), Sc(III), V(V))-cation 
exchanged faujasites. Periodic DFT calculations were performed to elucidate the 
reaction mechanism and to compute the reaction energies of the DAC reaction 
between 2,5-DMF and ethylene. The electronic structure of the catalyst and 
substrates were investigated with methods such as the Crystal Orbital Hamilton 
Population analysis and Density Derived Electrostatic and Chemical method. Two 
DAC pathways were found, one being the concerted one-step and the other being the 
stepwise two-step pathway. A decrease in d-shell filling results in a concomitant 
increase in reactant activation as evidenced by increasingly narrow energy gaps and 
lower activation barriers. For models holding relatively small d-block cations, the 
zeolite framework was found to bias the DAC reaction towards an asynchronous 
one-step pathway instead of the two-step pathway. This work is an example of how 
the active site properties and the surrounding chemical environment influence the 
reaction mechanism of chemical transformations. 

The systematic electronic structure investigations culminated in finding 
correlations between the Crystal Orbital Hamilton Population computed bond 
strengths and the Density Derived Electrostatic and Chemical Method-derived bond 
orders, reported in Chapter 7. The Crystal Orbital Hamilton Population (COHP) 
analysis allows quantifying the bond strength by computing Hamilton-weighted 
populations of localized atomic orbitals, but lacks an absolute zero reference energy. 
The bond order can be assessed by the Density Derived Electrostatic and Chemical 
(DDEC6) method which relies on an electron and spin density partitioning scheme 
and the results are model independent. It is demonstrated that within defined 
boundaries, the COHP-derived bond strengths can be consistently compared among 
each other and linked to the DDEC6-derived bond orders independent of the used 
model. The validity of these correlations and the effective model-independence of 
the electronic descriptors is demonstrated for a variety of gas-phase chemical 
systems featuring different types of chemical bonds. Furthermore, the applicability 
of the derived correlations to the description of complex reaction paths in periodic 
systems is demonstrated by considering the zeolite-catalyzed Diels-Alder 
cycloaddition reaction between 2,5-DMF and ethylene. 
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Confined substrates in zeolites experience hindered translations, rotations and 
vibrations and their entropy is altered as compared to the gas phase. Chapter 8 
elucidates the role of entropy on the catalytic processes taking place within the 
confined spaces of the zeolite nanopores using rare-event biased molecular dynamics 
simulations. The Diels Alder Cycloaddition reaction between 2,5-DMF and ethylene 
served as a showcase reaction and was studied using ab initio molecular meta-
dynamics and ab initio constrained molecular dynamics. The DAC reaction was 
studied in three different models, being the gas phase, low-silica potassium 
exchanged faujasite (KY) and KY with explicitly modelled n-hexane solvent 
(nC6KY). While the meta-dynamics simulations suffered from hysteresis as the 
chosen collective variable (CV) was apparently underdefined and did not suffice to 
describe the DAC reaction correctly, constrained molecular dynamics simulations 
using the same CV were successfully employed. The obtained results indicated that 
the absolute activation entropy decreased in the order: gas phase > KY > nC6KY (-
177 > -74 > -47 J/mol/K, respectively). Additionally, the reactants coordinate to 
multiple accessible active sites in KY. The result is an increased activation enthalpy 
(138 kJ/mol) as compared to the nC6KY model (114 kJ/mol) in which some of the 
active sites are shielded from the reactants by co-adsorption of the n-hexane solvent. 
Crucially, whilst multi-site cooperativity is still important for reactant pre-alignment 
and transition state stabilization, the initial state adsorption geometries obtained via 
geometry optimizations in the preceding chapters were found to be of low relevance 
to the ensemble of geometries obtained in the molecular dynamics simulations. The 
results illustrate that chemical representative modelling and simulating practical 
reaction conditions are required to obtain accurate insight into catalytic reaction 
energies and mechanisms. 

9.2. Outlook 
Ab Initio calculations are an indispensable tool to understand reactivity trends and 

to explore reaction mechanisms in catalysis. However, despite the enormous 
computer power available today, the reductionist view on zeolite catalysis resulting 
in modelling efforts in accordance with the single site approach is still dominant. 
The results presented in this dissertation illustrate the need for a paradigm shift in 
molecular modeling in zeolite catalysis. The results show how chemical 
representative modelling of the reactive environment in the confined microporous 
space of the faujasite zeolite causes significant mechanistic and energetic changes as 
compared to the conventional single site model. In the DAC/D reaction, the 
organization and accessibility of multiple sites within the faujasite supercage results 
in reactant pre-alignment, increased adsorption energies and enhanced transition 
state stabilities as compared to the isolated site model. Consequently, the 
conventional reactivity concepts in Diels-Alder chemistry based on the single Lewis 
acid catalyst and substituent effects do not hold in the multi-site environment. 
Although this dissertation dealt with the DAC/D reaction of furanic compounds with 
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ethylene only, it is envisaged that an increased chemical description of the reactive 
environment will affect other reactions too. 

Furthermore, most of the work in zeolite catalysis and in this dissertation relied on 
geometry optimizations. That approach does not allow for easy and sufficient 
sampling of the accessible adsorption geometries as it does not take molecular 
dynamics into account. Rare-event biased ab initio molecular dynamics simulations 
are required to shed light onto dynamic and entropy factors on reactivity in zeolite 
catalysts. The molecular dynamics simulations showed that the adsorption 
geometries determined with geometry optimizations were only of minor importance 
to the ensemble of observed adsorption geometries. Furthermore, reactant 
confinement significantly affects the molecular dynamics and activation entropies, 
altering the enthalpy-entropy trade-off in chemical reactions. Such results support 
the conclusion that chemical representative modelling is of great importance to 
understand zeolite-catalyzed reactions properly and mechanistically. 
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Table A1. Dataset 1 of CC bonds in hydrocarbon molecules containing only carbon and hydrogen. 
# ID 

  
BOCC ICOHPCC BONN ICOHPNN 

1 1 ethane C1-C2 1.2238 -6.63592 3.150375 -23.68834 

2 2 ethylene C1-C2 1.7064 -8.85905 3.150368 -23.5941 

3 3 acetylene C1-C2 2.9926 -15.4541 3.1504 -23.20335 

4 4 propylene C1-C2 1.9682 -10.595 3.120302 -23.24157 

5 5 cyclooctyne C1-C2 1.0957 -6.49307 3.1186 -23.32978 

6 
  

C2-C3 1.1215 -6.70613   

7 
  

C3-C4 1.094 -6.54702   

8 
  

C4-C5 1.403 -7.70305   

9 
  

C5-C6 2.5987 -14.1908   

10 
  

C6-C7 1.4029 -7.76563   

11 
  

C7-C8 1.0937 -6.49803   

12 6* 1,3,5-hexatriene C1-C2 2.5935 -14.5864 3.1196 -23.2142 

13 
  

C2-C3 1.8225 -10.3719   

14 
  

C3-C4 2.3642 -13.7121   

15 
  

C4-C5 1.8223 -10.2947   

16 
  

C5-C6 2.5937 -14.5874   

17 7 hexa-1,5-dien-3-yne C1-C2 1.9451 -10.5426 3.1196 -23.2142 

18 
  

C2-C3 1.5775 -8.74133   

19 
  

C3-C4 2.526 -14.0633   

20 
  

C4-C5 1.5778 -8.68432   

21 
  

C5-C6 1.945 -10.5696   

22 8 benzene C1-C2 1.5525 -9.04193 3.12005 -23.23918 

23 
  

C2-C3 1.5521 -9.07047   

24 
  

C3-C4 1.5516 -9.05474   

25 
  

C4-C5 1.5512 -9.08919   

26 
  

C5-C6 1.5514 -9.01136   

27 
  

C1-C6 1.5522 -9.0178   

28 9 toluene C1-C2 1.4117 -8.80351 3.119101 -23.23772 

29 
  

C2-C3 1.5667 -9.03255   

30 
  

C3-C4 1.5678 -8.98916   

31 
  

C4-C5 1.5625 -8.98197   

32 
  

C5-C6 1.5728 -9.00789   

33 
  

C1-C6 1.403 -8.77748   

34 
  

C1-C7 1.1852 -7.14431   

35 10 para-xylene C1-C2 1.4231 -8.77009 3.1192 -23.24372 

36 
  

C2-C3 1.5786 -8.96295   

37 
  

C3-C4 1.4235 -8.73215   

38 
  

C4-C5 1.5899 -8.7475   

39 
  

C5-C6 1.409 -9.05801   

40 
  

C1-C6 1.4097 -8.70859   

41 
  

C1-C7 1.186 -7.15323   

42 
  

C4-C8 1.1859 -7.08055   
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Table A2. Dataset 2 of CC bonds in hydrocarbons containing carboxylic acid functionalities. 
# ID  

 
BOCC ICOHPCC BONN ICOHPNN 

1 11 benzoic acid C1-C2 1.4193 -8.94661 3.1191 -23.24396 

2   C2-C3 1.5694 -9.37962   

3   C3-C4 1.555 -9.35042   

4   C4-C5 1.5603 -9.36896   

5   C5-C6 1.5654 -9.35941   

6   C1-C6 1.4279 -9.01702   

7   C1-C7 1.0321 -7.88274   

8 12* terephthalic acid C1-C2 1.4219 -9.16431 3.11995 -23.25977 

9   C2-C3 1.5714 -9.5531   

10   C3-C4 1.4261 -9.24077   

11   C4-C5 1.4225 -9.14552   

12   C5-C6 1.5717 -9.54444   

13   C1-C6 1.4257 -9.30477   

14   C1-C7 1.0313 -8.15825   

15   C4-C8 1.0293 -8.1711   

16 30 acetic acid C1-C2 1.0272 -7.68009 3.120147 -23.27262 

17 31 
oxaclic acid 
(internal H-bond) 

C1-C2 0.8511 -7.80591 3.1198 -23.22207 

 
Table A3.Dataset 3 of CC bonds in hydrocarbons containing dithioc acid functionalities. 

# ID   BOCC ICOHPCC BONN ICOHPNN 

1 13 benzodithioic acid C1-C2 1.3636 -9.4168 3.1196 -23.24516 

2   C2-C3 1.5777 -8.91901   

3   C3-C4 1.5539 -9.2369   

4   C4-C5 1.5632 -9.35116   

5   C5-C6 1.5771 -9.4206   

6   C1-C6 1.3798 -9.00601   

7   C1-C7 1.1642 -8.18567   

8 14* benzene-1,4-
biscarbodithioic 
acid 

C1-C2 1.37 -9.15037 3.1197 -23.25006 

9  C2-C3 1.5931 -9.57777   

10  C3-C4 1.377 -9.29557   

11   C4-C5 1.3704 -9.14027   

12   C5-C6 1.595 -9.65558   

13   C1-C6 1.3769 -9.19303   

14   C1-C7 1.1671 -8.39012   

15   C4-C8 1.1666 -8.35943   

16 32 ethanedithioc acid C1-C2 1.2339 -7.77697 3.1196 -23.02177 

17 33 
ethane bis(dithioic) 
acid 

C1-C2 1.169 -8.66197 3.1504 -23.44668 
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Table A4. Dataset 4 of CO bonds in furanic compounds. 
# ID   BOCO ICOHPCO BONN ICOHPNN 

1 15 furan C1-O1 1.3771 -10.4647 3.1203 -23.23604 

2   C4-O1 1.377 -10.4403   

3 16 methylfuran C1-O1 1.3697 -10.3872 3.119802 -23.23688 

4   C4-O1 1.2263 -10.1708   

5 17 dimethylfuran C1-O1 1.2161 -10.0491 3.119488 -23.2436 

6   C4-O1 1.2142 -10.1352   

7 18* furan-2-carboxylic 
acid 

C1-O1 1.3708 -10.884 3.11968 -23.23701 

8  C4-O1 1.262 -10.5399   

9   C5-O2 2.0869 -15.1908   

10   C5-O3 1.3779 -10.6476   

11 19 furan dixcarboxylic 
acid 

C1-O1 1.27 -10.8868 3.1193 -23.22848 

12  C4-O1 1.2645 -10.9009   

13   C5-O2 2.0868 -15.4843   

14   C5-O3 1.3884 -10.9879   

15   C6-O4 2.11 -15.6442   

16   C6-O5 1.3641 -10.6696   

17 20 furan-2-carbiodithioic 
acid 

C1-O1 1.3669 -10.9129 3.1192 -23.2279 

18  C4-O1 1.1863 -10.1942   

19 21 furan-2,5-
bis(carbodithioic)Acid 

C1-O1 1.2102 -10.6676 3.1205 -23.24388 

20  C4-O1 1.2238 -10.6693   

 
Table A5. Dataset 5 of CO bonds in aromatic compounds. 

# ID   BOCO ICOHPCO BONN ICOHPNN 

1 11 benzoic acid C7-O1 2.0521 -15.3335 3.1191 -23.24396 

2   C7-O2 1.3448 -10.5601   

3 12* terephthalic acid C7-O1 2.0543 -15.4779 3.11995 -23.25977 

4   C7-O2 1.3511 -10.7287   

5   C8-O3 2.0548 -15.4708   

6   C8-O4 1.3515 -10.7597   

7 34 2,5-pyridine 
dicarboxylic acid 

C7-O1 2.0626 -15.7055 3.12 -23.24404 

8  C7-O2 1.356 -10.8803   

9  C8-O3 2.0959 -15.4549   

10   C8-O4 1.4137 -11.1356   
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Table A6. Dataset 6 of CC bonds in furanic compounds containing carboxylic acid functionalities. 
# ID   BOCC ICOHPCC BONN ICOHPNN 

1 15 furan C1-C2 1.5846 -10.0515 3.1203 -23.23604 

2   C2-C3 1.4096 -8.40755   

3   C3-C4 1.585 -9.95214   

4 16 methylfuran C1-C2 1.636 -9.98382 3.119802 -23.23688 

5   C2-C3 1.4688 -8.20514   

6   C3-C4 1.4395 -9.7393   

7   C4-C5 1.2775 -7.63753   

8 17* dimethylfuran C1-C2 1.4677 -9.66413 3.119488 -23.2436 

9   C2-C3 1.5208 -8.19748   

10   C3-C4 1.4678 -9.67509   

11   C4-C5 1.2797 -7.5845   

12   C1-C6 1.2883 -7.6437   
13 18 

furan-2-carboxylic acid 
C1-C2 1.6284 -10.2357 3.11968 -23.23701 

14  C2-C3 1.4638 -8.84079   
15   C3-C4 1.5005 -9.91703   
16   C4-C5 1.0606 -8.38468   
17 19 

furan dixcarboxylic acid 
C1-C2 1.5238 -10.0892 3.1193 -23.22848 

18  C2-C3 1.4589 -9.19098   
19   C3-C4 1.5216 -10.1316   
20  

 C4-C5 1.0485 -8.67147   
21  

 C1-C6 1.0488 -8.668   
 

Table A7. Dataset 7 of CC bonds in furanic compounds containing dithioic acid functionalities. 
# ID   BOCC ICOHPCC BONN ICOHPNN 

1 20 furan-2-carbiodithioic 
acid 

C1-C2 1.6402 -10.2697 3.1192 -23.2279 

2  C2-C3 1.4495 -8.99355   

3   C3-C4 1.4717 -9.86722   

4   C4-C5 1.2156 -8.99642   
5 21* 

furan-2,5-
bis(carbodithioic) Acid 

C1-C2 1.4499 -9.84907 3.1205 -23.24388 

6  C2-C3 1.4881 -9.43651   
7  C3-C4 1.4472 -10.025   
8   C4-C5 1.2163 -9.14119   
9  

 C1-C6 1.212 -9.1277   
 

Table A8. Dataset 8 of CS bonds in the dithioic acid containing aromatic compounds. 
# ID   BOCS ICOHPCS BONN ICOHPNN 

1 13* benzodithioic acid C7-S1 1.6098 -9.9208 3.1196 -23.24516 

2  
 

C7-S2 1.1466 -7.57764   

3 14 benzene-1,4-
biscarbodithioic acid 

C7-S1 1.6108 -9.93488 3.1197 -23.25006 

4  C7-S2 1.1516 -7.65324   

5  
 

C8-S3 1.6081 -9.9276   

6  
 

C8-S4 1.1531 -7.65785   
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Table A9. Dataset 9 of CS bonds in furanic compounds. 
# ID   BO ICOHP BONN ICOHPNN 

1 20 furan-2-carbiodithioic 
acid 

C5-S1 1.1541 -7.48705 3.11968 -23.23701 

2 
 

C5-S2 1.6209 -9.70627   

3 21* 
furan-2,5-
bis(carbodithioic) acid 

C5-S1 1.1471 -7.40384 3.1193 -23.22848 

4 
 

C5-S2 1.6406 -9.93493   

5 
 

C6-S3 1.6233 -9.86713   

6 
  

C6-S4 1.1613 -7.61627   

 
Table A10. Dataset 10 of CN bonds in cyanogen halogens and similar molecules. 

# ID   BOCN 
ICOHPC

N BONN ICOHPNN 

1 22 Acetonitrile C2-N1 2.7009 -18.586 3.12192 -23.12914 

2   C2'-N1' 2.7 -18.5508   

3 23 hydrogen cyanide C2-N1 2.982 -18.7679 3.1208 -23.00216 

4   C2'-N1' 2.9842 -18.761   

5 24 cyanogen fluoride C2-N1 1.7265 -11.9827 3.1511 -23.46099 

6   C2'-N1' 1.7266 -11.9868   

7 25* cyanogen chloride C2-N1 2.6888 -17.8112 3.1222 -22.96924 

8   C2'-N1' 2.6886 -17.82   

9 26 cyanogen vromide C2-N1 2.7534 -17.812 3.1222 -22.9648 

10   C2'-N1' 2.7502 -17.8012   

11 27 cyanogen iodide C2-N1 2.9247 -17.499 3.1242 -22.97137 

12   C2'-N1' 2.9217 -17.5073   

13 28 cyanogen C1-N1 2.7018 -18.6136 3.1216 -23.22298 

14   C2-N1 2.7031 -18.6215   

15   C1'-N1' 2.7029 -18.6011   

16   C2'-N1' 2.7035 -18.6036   

17 29 acrylonitril C3-N1 2.762 -18.2899 3.1224 -23.20335 

18   C3'-N1' 2.7622 -18.2303   
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Table A11. Dataset XI of CC bonds in N-heterocyclic cycles, cyanogen and acrylonitrile. 
# ID 

 
 BOCC ICOHPCC BONN ICOHPNN 

1 28 cyanogen C1-C2 1.5441 -10.83511 3.1216 -23.22298 

2   C1'-C2' 1.5445 -10.81885   

3 29 acrylonitril C1-C2 1.9763 -11.2096 3.1224 -23.20335 

4   C2-C3 1.3911 -9.08166   

5   C1'-C2' 1.9757 -11.18544   

6   C2'-C3' 1.3912 -9.15576   

7 35 pyridine C1-C2 1.5144 -9.37011 3.12 -23.24828 

8   C3-C4 1.514 -9.23281   

9   C4-C5 1.5493 -9.31046   

10   C1-C5 1.5491 -9.31338   

11 36 pyrazine C1-C2 1.475 -9.62903 3.12 -23.24757 

12   C3-C4 1.4749 -9.63577   

13 37* piperidine C1-C2 1.1084 -6.5197 3.1184 -23.23531 

14   C4-C5 1.1084 -6.48824   

15   C5-C6 1.1108 -6.56782   

16   C1-C6 1.1111 -6.61115   

17 38 piperazine C1-C2 1.0993 -6.61201 3.1197 -23.23959 

18   C3-C4 1.0991 -6.57307   

19 39 benzamidine C1-C2 1.4209 -8.96833 3.1199 -23.23702 

20   C2-C3 1.569 -9.14888   

21   C3-C4 1.5703 -9.15699   

22   C4-C5 1.5573 -9.18859   

23   C5-C6 1.5712 -9.1292   

24   C1-C6 1.3841 -8.82326   

25   C1-C7 1.0216 -7.44016   

26 40 terephthalamidine C1-C2 1.4175 -9.2252 3.1205 -23.33205 

27   C2-C3 1.5776 -9.54302   

28   C3-C4 1.4134 -9.16847   

29   C4-C5 1.4166 -9.12112   

30   C5-C6 1.5773 -9.57195   

31   C1-C6 1.4121 -9.16999   

32   C1-C7 1.0373 -7.69775   

33   C4-C8 1.0362 -7.67424   

34 41 aniline C1-C2 1.3542 -8.63157 3.1204 -23.2285 

35   C2-C3 1.5912 -8.90616   

36   C3-C4 1.5702 -8.88303   

37   C4-C5 1.5692 -8.84757   

38   C5-C6 1.5906 -9.04035   

39   C1-C6 1.3532 -8.68019   

40 42 dihydropyrazine C1-C2 1.7858 -10.22508 3.1199 -23.22372 

41   C3-C4 1.7836 -10.32634   
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Table A12. Dataset XI of CN bonds in N-heterocyclic cycles, cyanogen and acrylonitrile. 
# ID   BOCC ICOHPCC BONN ICOHPNN 

1 28 cyanogen C1-N1 2.7018 -18.61359 3.1216 -23.22298 

2   C2-N1 2.7031 --18.62145   

3   C1'-N1' 2.7029 18.6011   

4   C2'-N1' 2.7035 -18.60364   

5 29 acrylonitril C3-N1 2.762 -18.28986 3.1224 -23.20335 

6   C3'-N1' 2.7622 -18.23031   

7 35 pyridine N1-C2 1.6718 -10.86746 3.12 -23.24828 

8   N1-C3 1.6718 -10.84306   

9 36 pyrazine C1-N1 1.673 -11.18933 3.12 -23.24757 

10   C4-N1 1.673 -11.20367   

11   C2-N2 1.6732 -11.19153   

12   C3-N2 1.6733 -11.17976   

13 37* piperidine C2-N1 1.3058 -7.80588 3.1184 -23.23531 

14   C4-N1 1.3058 -7.79645   

15 38 piperazine C1-N2 1.2936 -7.90195 3.1197 -23.23959 

16   C4-N2 1.2936 -7.92279   

17   C2-N1 1.293 -7.94096   

18   C3-N1 1.2931 -7.90006   

19 39 benzamidine C7-N1 1.4485 -9.89345 3.1199 -23.23702 

20   C7-N2 1.9145 -12.42298   

21 40 terephthalamidine C7-N1 1.9182 -12.50915 3.1205 -23.33205 

22   C7-N2 1.4342 -9.97728   

23   C8-N4 1.4378 -9.97875   

24   C8-N3 1.9171 -12.51729   

25 41 aniline 
C1-N1 1.4924 -9.71091 

3.1204
34 

-23.2285 

26 42 dihydropyrazine C1-N2 1.4337 -8.89885 3.1199 -23.22372 

27   C4-N2 1.4341 -8.8676   

28   C2-N1 1.4336 -8.86957   

29   C3-N1 1.4344 -8.9008   

 
  



173 
 

 
Table A13. Linear fits a*BO + b of each group after scaling all ICOHP-values. 

id. no. a 

(eV/BO) 

aerror 

(eV/BO) 

b 

(eV) 

berror 

(eV) 

R2-adj 

I -5.02 0.12 -1.16 0.21 0.98 

II -2.6 0.16 -5.38 0.22 0.94 

III -2.56 0.52 -5.44 0.74 0.75 

IV -5.89 0.3 -2.95 0.43 0.95 

V -6.67 0.16 -1.72 0.22 0.99 

VI -3.24 0.91 -4.51 1.29 0.37 

VII -2.49 0.78 -6.04 1.10 0.54 

VIII -5.01 0.04 -1.87 0.05 0.99 

IX -4.93 0.13 -1.81 0.19 0.99 

X -5.425 0.57 -3.69 1.53 0.86 

XI -4.70 0.39 -2.12 0.57 0.79 

XII -7.25 0.14 1.24 0.26 0.99 

 

Table A14. Fitted parameters for the polynomial fits. 

system a1 (eV) a2 (eV/BO) a2 (eV/BO) R2-adjusted 

 ICOHP = a1 – a2*BO + a3*BO2  

Cu(I)FAU 0.06 ± 0.20 -10.23 ± 0.41 2.14 ± 0.21 0.98 

Cu(II)FAU 0.14 ± 0.14 -10.97 ± 0.31 2.33 ± 0.17 0.98 

Zn(II)FAU 0.18 ± 0.18 -10.49 ± 0.37 2.11 ± 0.20 0.98 

Ni(II)FAU 0.11 ± 0.17 -10.58 ± 0.32 2.22 ± 0.16 0.99 

Cr(III)FAU 0.09 ± 0.16 -10.63 ± 0.29 2.24 ± 0.15 0.99 

Sc(III)FAU 0.06 ± 0.18 -10.47 ± 0.36 2.22 ± 0.18 0.98 

V(V)FAU 0.14 ± 0.3 -12.26 ± 0.58 3.07 ± 0.30 0.96 

LiY 0.05 ± 0.25 -10.63 ± 0.49 2.25 ± 0.24 0.99 

NaY 0.03 ± 0.26 -10.16 ± 0.50 2.04 ± 0.24 0.98 

KY 0.04 ± 0.26 -10.10 ± 0.50 1.98 ± 0.24 0.98 

RbY 0.08 ± 0.24 -10.27 ± 0.48 2.03 ± 0.23 0.99 

CsY 0.09 ± 0.22 -10.59 ± 0.42 2.27 ± 0.20 0.99 
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Figure A1. ICOHP-BO correlation for low-silica alkali-cation exchanged faujasite models. Green 
lines demarcate the 95% confidence interval and the grey lines indicate the prediction limits. 
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Figure A2. ICOHP-BO correlation for high-silica third row d-block cation exchanged faujasite 
models. Green lines demarcate the 95% confidence interval and the grey lines indicate the prediction 
limits.  
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