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Samenvatting

Het methanol to olefins proces is niet afhankelijk van olie gebaseerde grondstoffen en is
daardoor een veelbelovende techniek voor de productie van lichte alkenen. Gedetailleerd
inzicht in het mechanisme van dit zeolietgekatalyseerde proces is cruciaal voor de pro-
cesoptimalisatie op industriéle schaal. In de kanalen of porién van de zure zeoliet of
zeotype katalysator zijn er koolwaterstoffen aanwezig die als co-katalysatoren fungeren.
Deze zijn essentieel om een hoge conversie te bereiken. In deze thesis wordt de invloed
van de zuurtegraad van de katalysator op de adsorptie van belangrijke reactanten in de
AFT gestructureerde katalysatoren onderzocht door middel van moleculaire modellering.
Verder worden ab initio moleculaire dynamica simulaties gebruikt om de belangrijkste
mechanismen voor productie van alkenen met aromatische koolwaterstoffen te vergeli-

jken, namelijk het side chain en paring mechanisme.
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Abstract— Het methanol to olefins proces is niet afhankelijk van olie ge-
baseerde grondstoffen en is daardoor een veelbelovende techniek voor de
productie van lichte alkenen. Gedetailleerd inzicht in het mechanisme van
dit zeolietgekatalyseerde proces is cruciaal voor de procesoptimalisatie op
industriéle schaal. In de kanalen of porién van de zure zeoliet of zeotype
katalysator zijn er koolwaterstoffen aanwezig die als co-katalysatoren fun-
geren. Deze zijn essentieel om een hoge conversie te bereiken. In deze thesis
wordt de invloed van de zuurtegraad van de katalysator op de adsorptie van
belangrijke reactanten in de AFI gestructureerde katalysatoren onderzocht
door middel van moleculaire modellering. Verder worden ab initio molecu-
laire dynamica simulaties gebruikt om de belangrijkste mechanismen voor
productie van alkenen met aromatische koolwaterstoffen te vergelijken, na-
melijk het side chain en paring mechanisme.
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I. INLEIDING

E vraag naar basischemicalién zoals ethyleen en propyleen

is aan het stijgen, maar de oliereserves zijn aan het slinken.
Er is duidelijk nood aan alternatieve grondstoffen om de wereld
te voorzien van essentiéle chemicalién. Lichte alkenen worden
momenteel geproduceerd door stoomkraken van een dure olie
gebaseerde voeding. Onderzoek naar alternatieve bronnen voor
het produceren van lichte alkenen is noodzakelijk om de range
aan grondstoffen te verruimen. Het methanol to olefins (MTO)
proces is één van de meest veelbelovende alternatieven om aan
de toekomstige marktvraag te voldoen.

Het MTO mechanisme is reeds het onderwerp van vele ex-
perimentele en theoretische studies geweest en de grote com-
plexiteit ervan staat vast.[1] De methanolconversie wordt geka-
talyseerd door een zeoliet of zeotype katalysator met Brgnsted
zure sites. Het hydrocarbon pool model wordt nu algemeen aan-
vaard als het MTO mechanisme. Volgens het dit model zijn er
in de kanalen of porién van de katalysator koolwaterstoffen aan-
wezig die fugneren als co-katalysatoren. Deze koolwaterstoffen
zijn cruciaal voor het MTO proces. Er bestaan twee grote ca-
tegorieén van actieve co-katalysatoren, de alkenen enerzijds en
de aromatische verbindingen anderzijds. Katalytische cycli met
deze koolwaterstoffen kunnen afzonderlijk werken, maar ze zijn
met elkaar verbonden door nevenreacties. Dit concept wordt het
dual cycle mechanisme genoemd (zie Figuur 1). Er zijn veel
parameters die de reactiviteit van deze cycli beinvloeden; afthan-
kelijk van de katalysatortopologie, zuursterkte, temperatuur en
druk, kan het relatieve belang van beide cycli verschillen. Door
het verschil in selectiviteit naar lichte alkenen tussen de twee
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cycli is het productspectrum ook afhankelijk van deze parame-
ters.[2]
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Fig. 1. Het voorgestelde dual cycle mechanisme.[2]

Arene cycle

Higher
alkenes

H,0

CH3OH

Westgard Erichsen et al. hebben recent experimenten uitge-
voerd in AFI gestructureerde katalysatoren, namelijk H-SAPO-
5 en H-SSZ-24.[3] Dergelijke experminenten worden voorna-
melijk uitgevoerd aangezien er vele gelijkenissen zijn tussen H-
SAPO-5 en H-SAPO-34, één van de belangrijkste MTO kataly-
satoren gebruikt op industriéle schaal. De AFI topologie heeft
ééndimensionale kanalen die co-voedingsexperimenten moge-
lijk maken, deze kunnen extra inzicht verschaffen in het actieve
mechanisme. De invloed van de zuursterkte op het MTO pro-
ces werd geévalueerd door het vergelijken van de isostructurele
materialen H-SAPO-5 en H-SSZ-24. Ze concludeerden dat de
zuurdere katalysator H-SSZ-24 leidde tot een hogere selectivi-
teit naar etheen, propeen en aromaten. De areen cyclus werd eer-
der al in verband gebracht met de productie van de lichtere olefi-
nen, in tegenstelling tot de alkeen cyclus die hoofdzakelijk C'3+
componenten levert.[1] De invloed van de zuursterkte op de rela-
tieve reactiviteit van de twee cycli opent de mogelijkheid om de
selectiviteit naar lichte alkenen aan te passen door een katalysa-
tor met geschikte zuursterkte te gebruiken. Verder gebruikten ze
13 labeling experimenten om een onderscheid te maken tussen
twee mechanismen met aromatische co-katalysatoren, namelijk
het paring en side chain mechanisme.[4] Het labeling patroon
dat ze terugvonden in de producten was consistent met het pa-
ring mechanisme. Goede kennis van het actieve mechanisme op
de moleculaire schaal leidt tot een intelligenter design van het
industriéle proces. Verder onderzoek op dit gebied is dus rele-
vant.

In deze thesis wordt de adsorptie van relevante reactanten in
zowel H-SSZ-24 als H-SAPO-5 gemodelleerd om de invloed
van de zuursterkte te onderzoeken. In een tweede luik worden



moleculaire dynamica simulaties gebruikt om het side chain en
paring mechanisme te vergelijken in H-SAPO-5 startend van het
heptamethylbenzenium ion.

II. THEORETISCHE METHODES

De simulaties werden uitgevoerd met het CP2K softwarepak-
ket. Dichtheidsfunctionaaltheorie (DFT) werd gecombineerd
met Gaussian plane wave basis sets. De revised-PBE functio-
naal wordt gebruikt met GTH pseudo potentialen. Periodieke
randvoorwaarden worden toegepast op een supercel die bestaat
uit 48 T-atomen en 1 Brgnsted zure site. Ab initio moleculaire
dynamica wordt gebruikt voor het simuleren van de reactanten-
vallei om zodanig ook de invloed van de temperatuur en de roos-
terflexibiliteit in rekening te brengen. De simulaties zijn uitge-
voerd bij 623 K en metadynamica zorgt ervoor dat er een ef-
ficiénte sampling van de barriere mogelijk is.[5] Metadynamica
is een krachtig hulpmiddel om nieuwe reactiepaden te onderzoe-
ken door een set van collectieve variabelen te definiéren die een
interessante regio op het potenti€le energie oppervlak beschrij-
ven. Deze simulaties geven inzicht in de vrije energie van de re-
actie (AG,), de evenwichtsconstante (/{.4) en de oriéntatie van
de molecules gedurende de reactie bij de gegeven temperatuur.

III. RESULTATEN EN DISCUSSIE

De adsorptie van dimethylether (DME), methanol en ben-
zeen in H-SAPO-5 en H-SSZ-24 wordt onderzocht. Benzeen
wordt gekozen als representatieve component voor de aromati-
sche koolwaterstoffen. De adsorptie op zowel de zure site als
een naburige site (boven een zuurstofatoom dat niet verbonden
is met de zure site) wordt beschouwd. Co-adsorptie van benzeen
met één en twee methanol molecules wordt eveneens bestudeert
om een prereactief complex te simuleren voor de methylatie van
benzeen. Het effect van clustervorming van methanol wordt ook
in beschouwing genomen.

De belangrijkste resultaten zijn samengevat in Figuur 2. Po-
laire molecules zoals methanol en DME adsorberen veel sterker
op de zure site in H-SSZ-24 dan in H-SAPO-5 omdat dit een
zuurdere katalysator is. Op de naburige sites is het effect van de
zuursterkte minder uitgesproken omdat de adsorptie daar gedo-
mineerd wordt door dispersie-interacties in plaats van elektroni-
sche interacties. Voor de adsorptie van benzeen is de bijdrage
van dispersie-interacties altijd sterker dan de elektronische bij-
drage, hierdoor is het verschil tussen beide sites beperkter. Er is
echter nog steeds een sterkere adsorptie op de zure site dankzij
de interactie tussen de m-orbitalen van benzeen en het Brgnsted
zure proton. De coadsorptie simulaties tonen aan dat een me-
thanoldimeer een proton kan opnemen van de katalysator, in het
bijzonder in H-SSZ-24, deze clustervorming is energetisch be-
voordeeld ten opzichte van het splitsen van deze cluster (zie Fi-
guur 2). Bij de zuivere adsorptie van methanol wordt een sterke
gefysisorbeerde toestand teruggevonden als optimale structuur
waarbij waterstofbrugbindingen de structuur van het complex
bepalen. Bij de adsorptie van het dimeer wordt echter een ge-
chemisorbeerde toestand teruggevonden, de protonaffiniteit van
het dimeer is duidelijk veel sterker dan die van een enkele me-
thanol molecule. De coadsorptie is voor zowel benzeen als me-
thanol sterker dan de zuivere adsorptie, de nabijheid van een
ander molecule zorgt dus voor extra stabilisering van het reac-
tantencomplex.

Om een onderscheid te kunnen maken tussen de verschillende

Fig. 2. Berekende adsorptie-energién van methanol (MeOH) en benzeen (Bz)
op zowel de zure site (AS) als de naburige site (NBS) in H-SAPO-5 and H-
SSZ-24 en een vergelijking van clustervorming van methanol met het breken
van de cluster

mechanismes met aromatische koolwaterstoffen, worden mole-
culaire dynamica simulaties gebruikt. Sterk gemethyleerde ben-
zeencomponenten zoals heptamethylbenzenium (heptaM B™)
zijn de meest reactieve species in katalysatoren met grote porién
zoals H-SAPO-5.[6] Daarom wordt heptaM B* gekozen als
modelcomponent van waar de simulaties zullen vertrekken. Er
bestaan hoofdzakelijk drie katalytische cycli voor de alkeenpro-
ductie met aromatische componenten als intermediairen. Deze
zijn het side chain mechanisme, het paring mechanisme dat be-
gint met een ringcontractie en het paring mechanisme dat start
met een ringexpansie.[7][8]

Na verscheidene methylatiestappen van benzeencomponen-
ten wordt het heptaM BT kation gevormd. Deze component
kan een deprotonering ondergaan die resulteert in een exo-
cyclische dubbele bindingen die verder gemethyleerd kan wor-
den. Er kan ook ringcontractie tot een vijfring doorgaan of een
ringexpansie die een zevenring oplevert. Dit zijn de drie reacties
die bestudeert worden in deze thesis om te bekijken of er al een
groot verschil is tussen de mogelijke mechanismes in deze eer-
ste stappen. Een overzicht van de bestudeerde reacties wordt ge-
toond in Figuur 3. Het kan noodzakelijk zijn om de volledige ka-
talytische cyclus te simuleren om te bepalen welk mechanisme
dominant is bij de productie van alkenen, maar desalniettemin is
deze eerste stap interessant omdat deze reacties bottlenecks zijn
in hun respectievelijke cycli.

De reacties zijn gesimuleerd bij 623 K. De barriere voor de
ringcontractie is 141 kJ/mol en de barri¢ voor de deprotone-
ring is 166 kJ/mol. De vrije energie profielen van de reacties
worden getoond in Figuur 4. De resultaten van de ringexpansie
ontbreken aangezien de keuze van de collectieve variabelen niet
optimaal was. Statische berekeningen en literatuur wijzen er
echter op dat deze reactie van ondergeschikt belang is.[8] Voor
de deprotonering van heptaM B™ zijn er twee verschillende re-
actiepaden geobserveerd; ofwel wordt het proton overgedragen
aan methanol terwijl simultaan methanol zijn proton doorgeeft
aan de katalysator (deze is afgebeeld in Figuur 4), ofwel wordt
het proton afgestaan aan een cluster van methanol molecules.
De rechtstreekse overdracht van heptaM B naar de katalysa-
tor en de overdracht naar een ongebonden methanol molecule
worden dus niet teruggevonden. Dit suggereert dat deze reac-



Fig. 3. Verschillende reacties startend van hepta M B die bestudeerd worden
in deze thesis in H-SAPO-5

tiepaden een hoge activeringsenergie hebben. Methanol dient
als een brug tussen de katalysator en heptaM BT voor de de-
protonering om op die manier te reactie vlotter te laten verlo-
pen. De reactiebarrieres tonen aan dat de ringcontractie kine-
tisch bevoordeeld is. De evenwichtsconstante voor de deproto-
nering K., is 2.0 x107? en die voor de ringcontractie is 8.2
x10~%. Onder evenwichtscondities is het ringcontractie mecha-
nisme dus veel waarschijnlijker omdat heptaM BT zich altijd
in zijn geprotoneerde vorm bevindt. Het ringcontractiemecha-
nisme is dus zowel kinetisch als thermodynamisch bevoordeelt.

Fig. 4. Links staat de transitietoestand afgebeeld voor de deprotonering van
heptaM B geassisteerd door een methanol molecule die gebonden is aan
de zure site in H-SAPO-5. Het vrije energie profiel is eronder terug te vin-
den. Rechts is de transitietoestand voor de ringcontractie van heptaM B+
afgebeeld en het vrije energie profiel staat eronder.

IV. CONCLUSIES

Moleculaire modellering is toegepast om de invloed van de
zuursterkte op de adsorptie van belangrijke reactanten te onder-

zoeken in H-SAPO-5 en H-SSZ-24. Deze isostructurele mate-
rialen hebben de AFI topologie, gekenmerkd door zeer ruimte
één-dimensionale kanalen. Polaire moleculen zoals methanol
en DME adsorberen sterker in de zuurdere H-SSZ-24 kataly-
sator omdat hun adsorptie gedomineerd wordt door elektroni-
sche interacties. Voor de adsorptie van apolaire moleculen, zo-
als benzeen, is de dispersie-interactie het belangrijkste en deze is
daarom minder gevoelig aan veranderingen in zuursterkte. Co-
adsorptie simulaties toonden aan dat methanol dimeer vorming
energetisch bevoordeeld is en dat de aanwezigheid van andere
moleculen een extra stabilisering aan het complex geeft. Ge-
avanceerde moleculaire dynamica simulaties worden gebruikt
om het paring en side chain mechanisme te vergelijken startend
vanaf heptaM B in H-SAPO-5. Metadynamica is een krach-
tig hulpmiddel om deze complexe reacties te simuleren en levert
informatie over de mogelijke reactiepaden, de reactiebarriere en
de evenwichtsconstante. Deze simulaties zijn geen routinebere-
keningen, een intelligente keuze van de collectieve variabelen is
nodig om realistische resultaten te bekomen. Het ringcontractie
paring mechanisme heeft zowel een gunstigere reactiebarriere
als evenwichtsconstante voor de eerste cruciale stap van de ka-
talytische cyclus. Deze theoretische bevindingen bevestigen de
experimentele resultaten.[4]
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Abstract—The methanol to olefins process, which does not depend on oil-
based feeds, is a very promising technique for the production of light olefins.
Detailed understanding of the mechanism behind this zeolite-catalyzed pro-
cess is crucial for the process optimization on an industrial scale. Inside the
pores of the acidic zeolite or zeotype catalysts there are hydrocarbon pool
species present which act as co-catalysts and are essential to reach a high
conversion. In this thesis, the influence of catalyst acidity on the adsorption
of important species in AFI-structured catalysts is investigated by means
of molecular modeling. Furthermore ab initio molecular dynamics sim-
ulations are used to compare the main mechanisms for olefin production
involving aromatic species, namely the side-chain and paring mechanisms.

Keywords—MTO, adsorption, hydrocarbon pool mechanism, molecular
dynamics, metadynamics, ab initio modeling

I. INTRODUCTION

S the demand for base chemicals keeps growing and oil

reserves continuously diminish, the need for alternative
feedstocks to provide the world with base chemicals is evident.
Light olefins are currently produced by steam-cracking of an
expensive oil-based feed. In order to diversify the feedstock,
research towards alternative sources to produce light olefins is
necessary. The methanol to olefins (MTO) process is one of the
most promising alternatives to fulfill the market’s demand in the
future.

The MTO mechanism has been the subject of many experi-
mental and theoretical studies, and has proven to be very com-
plex.[1] The methanol conversion is catalyzed by a zeolite or
zeotype catalyst with Brgnsted acid sites. Experimental evi-
dence has lead to the general acceptance of the hydrocarbon pool
model for the MTO mechanism. In this model the hydrocarbon
species present inside the pores of the catalyst act as co-catalysts
and are crucial for the MTO conversion. There exist two main
categories of active co-catalysts, the alkenes and the aromatic
compounds. Catalytic cycles with these co-catalyst can oper-
ate individually, but they are linked to each other by secondary
reactions, this concept is called the dual-cycle mechanism (see
Figure 1). There are many parameters influencing the reactivity
of these cycles; depending on the catalyst topology, acidity, tem-
perature and pressure, the relative importance of both cycles can
differ. Due to the difference in selectivity towards light olefins
between both cycles the product spectrum is also dependent on
these parameters.[2]

Recently, Erichsen et al. have performed experimental work
on catalysts with the AFI-structure, namely H-SAPO-5 and H-
SSZ-24, because of the similarities between H-SAPO-5 and H-
SAPO-34.[3] The AFI topology has one dimensional pores that
are open to co-feeding experiments, which can lead to additional
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insight on the operating mechanism. The influence of the acidity
on the MTO-process was evaluated by comparing the isostruc-
tural catalysts H-SAPO-5 and H-SSZ-24. They concluded that
the more acidic H-SSZ-24 gave rise to a higher selectivity to-
wards ethylene, propylene and aromatics. The catalytic cycle
with aromatic compounds as co-catalyst has previously already
been linked to the production of the lighter olefins, while the
alkene cycle predominantly produces C3+ products. This dif-
ference in reactivity between both cycles due to the difference in
acid strength opens the possibility to tune the selectivity towards
lighter olefins by adapting the acidity of the catalyst. Further-
more, they used carbon labeling experiments to distinguish be-
tween two aromatic based mechanisms, namely the paring and
side-chain mechanism.[4] They observed products with a label-
ing pattern consistent with a paring type reaction mechanism. A
good understanding of the mechanisms on the molecular scale
can lead to a smarter and better design of the industrial process,
thus further research on this topic is very interesting.

In this thesis the adsorption of relevant reactant species on
both H-SSZ-24 and H-SAPO-5 is modeled to investigate the in-
fluence of the acidity on a theoretical level. Next, molecular
dynamics simulations are used to compare the paring and side-
chain mechanism in H-SAPO-5 starting from the heptamethyl-
benzenium ion.

II. THEORETICAL METHODS

Simulations were performed with the CP2K simulation pack-
age on the DFT level of theory and with Gaussian plane wave
basis sets. The revised-PBE functional is used with GTH pseudo
potentials. Periodic boundary conditions were applied with a
super cell consisting of 48 T-atoms and one Brgnsted acid site.
Equilibrium ab initio molecular dynamics were used for the sim-
ulation of the reactant state basin to take the influence of tem-
perature and framework flexibility into account. Metadynamics



simulations at 623 K are performed to achieve computationally
efficient sampling of the reaction barrier.[5] Metadynamics is a
powerful tool to explore reaction paths by defining a set of col-
lective variables which describe an interesting region of the po-
tential energy surface. These simulations will give insight into
the reaction free energy (AG,), the equilibrium constant (K.,),
the reaction rate (k) and also the orientations of the molecules
on the reaction path at the given temperature.

III. RESULTS AND DISCUSSION

The adsorption of dimethylether (DME), methanol and ben-
zene was investigated on H-SAPO-5 and H-SSZ-24. Benzene is
chosen as a representative compound of the arene based hydro-
carbon pool. Adsorption on both the acid site and a neighbour-
ing site (on top of a bridging oxygen atom, not connected to the
acid site) is evaluated. Co-adsorption of benzene with one and
two methanol molecules is investigated as well to simulate the
pre-reactive state for a methylation reaction and to examine the
effect of a cluster of methanol molecules.

The adsorption of the polar molecules, methanol and DME,
on the acid site is stronger in H-SSZ-24 than in H-SAPO-5
due to the stronger acidity of the latter. On the neighbour-
ing site this effect is less pronounced as the adsorption inter-
action on this site is dominated by dispersion interactions rather
than electronic contributions. The adsorption of benzene is al-
ways driven by dispersion interactions, thus the difference be-
tween both sites is less pronounced, there is however still a
stronger adsorption on the acid site due to the interaction be-
tween the m-orbitals of benzene and the Brgnsted proton. More-
over, the co-adsorption simulations show that a methanol dimer
is able to abstract a proton from the catalyst, especially in H-
SSZ-24 and that this cluster formation is energetically favored.
The pure adsorption of methanol showed a strong physisorbed
methanol molecule, bonded to the framework with hydrogen
bonds, but chemisorption only occurred in the presence of a sec-
ond methanol molecule. These simulations further indicate that
co-adsorption induces some additional stability of the reactants,
both for methanol as for benzene. The most important results
are shown in Figure 2.

Fig. 2. Important adsorption energies for the MTO process in H-SAPO-5 and
H-SSZ-24 involving methanol (MeOH) and benzene (Bz) on both the acid
site (AS) and neighbouring site (NBS) and a comparison between methanol
cluster formation and breaking

To distinguish between the different mechanisms involving

aromatic hydrocarbon pool species, molecular dynamics simu-
lations are applied. Heavily methylated benzenes such as hep-
tamethylbenzenium (heptaM B™T) are the most reactive aro-
matic compounds in large pore catalysts such as H-SAPO-5.[6]
Therefore heptaM BT was chosen as the model compound to
start the simulations from. There exist three main catalytic
routes for the olefin production with aromatic compounds as in-
termediates, the side-chain mechanism, the paring mechanism
starting with a ring contraction and the paring mechanism start-
ing with a ring expansion.[7][8]

After several methylations of benzenic compounds, the
heptaM B™ cation is formed. This compound can undergo ei-
ther deprotonation, leading to an exocyclic double bond that can
be methylated, or undergo a ring contraction leading to a five
membered ring with an isopropyl side chain or a ring expan-
sion leading to a seven membered ring. In this thesis these three
reactions are simulated to see if there is already a large differ-
ence between the various mechanisms in these first steps. An
overview of these steps is shown in Figure 3. Although simu-
lation of the entire catalytic cycles might be necessary to deter-
mine which mechanism dominates product formation, it is in-
structive to study the first step of each mechanism since these
steps are important bottlenecks for their respective catalytic cy-
cle.

Fig. 3. Different reactions starting from heptaM B+ relevant for MTO chem-
istry in H-SAPO-5

The reactions are simulated at 623 K. The barrier for the ring
contraction is 141 kJ/mol, while the reaction barrier for the de-
protonation is 166 kJ/mol, the reaction profiles are displayed in
Figure 4. For the ring expansion the results are missing due to
a suboptimal choice of the collective variables. Static optimiza-
tions and literature data however indicate that this reaction path
is less important.[8] For the deprotonation reaction two differ-
ent reaction routes are observed; either the methanol which sub-
stracts the proton of heptaM BT immediately transfers its own
proton to the framework (as is depicted in Figure 4) or it has
to have a hydrogen bond with the second methanol molecule
before reaction can occur. Neither transfer directly to the frame-
work or transfer to an unbonded methanol molecule has been ob-
served and these reactions are thus most likely highly activated.
Methanol acts as a bridge between heptaM B and the frame-
work to facilitate the reaction. The reaction barriers indicate
that kinetically the ring contraction is slightly favored. In equi-



librium conditions the deprotonation has a K, of 2.0 x 1079,
while for the ring contraction this constant is 8.2 x10~%, which
clearly favors the ring contraction since heptaM BT will remain
in its protonated form. The ring contraction is thus thermody-
namically favored as well.

Fig. 4. On the left side the transition state for the deprotonation of hepta M B+
by a methanol molecule bonded to the acid site of H-SAPO-5, with below
the free energy profile. On the right side the transition state for the ring con-
traction of heptaM BT with its corresponding free energy profile shown
below

IV. CONCLUSIONS

Molecular modeling is used to investigate the influence of cat-
alyst acidity on the adsorption of species that are important for
the MTO process in H-SAPO-5 and H-SSZ-24. Co-adsorption
complexes representing a pre-reactive state are simulated. Po-
lar molecules such as methanol and DME adsorb stronger in
the more acidic H-SSZ-24 catalyst because their adsorption is
dominated by the electronic interaction with the acid site. The
adsorption of apolar molecules such as benzene is governed by
their dispersion interaction and therefore less sensitive to the
catalyst acidity. Advanced molecular dynamic simulations are
performed to compare the ring contraction, ring expansion and
side-chain mechanisms starting from heptaM BT in H-SAPO-
5. Metadynamics has proven to be a very powerful tool to simu-
late complex reactions resulting in information about the possi-
ble reaction paths, the reaction barrier and the equilibrium con-
stant. The ring contraction mechanism has both a lower reaction
barrier and a more favorable equilibrium constant for the first
crucial step of the catalytic cycle, confirming the experimental
results.[4]
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Chapter 1

The MTO process

1.1 Introduction

As the demand for base chemicals keeps growing and oil reserves continuously diminish,
the need for alternative feedstock to provide the world with base chemicals is clear to
everyone. !l Light olefins, which are the most important base chemicals, are currently
produced by steam-cracking of the expensive oil-based feed. In order to diversify the

feedstock, research towards alternative sources to produce light olefins is necessary.

The polymer market consumes large amounts of these olefins every year, but the demand
is shifting. Propylene is becoming more and more important. At the moment ethylene is
mainly produced by steam cracking of either natural gas, naphta or heavier oil fractions.
Propylene was originally a side product of the ethylene production. Propylene is formed
together with the ethylene, but there are only a few processes that deliver on purpose
production of propylene. Lately, propylene prices have increased more than the ethylene
prices which has been another driving force towards new processes that are able to

produce propylene, preferably independent of the oil market.

The demand for propylene has increased due to the superior quality of its corresponding
polymer compared to polyethylene. While the demand for ethylene also rises the demand
for propylene increases faster as can be seen in Figure 1.1. The annual demand growth
of propylene is 0.5% larger than the growth in demand for ethylene. In the US and the
Middle-East there are new ethane crackers because of the cheap feedstock that is readily

23] These ethane crackers produce large amounts of ethylene but little to no

available. [
propylene. The traditional steam crackers which are still cracking naphta are not capable
to vary the propylene production to a large extend. The overall result is that propylene

prices are rising and on-purpose production of propylene is of utmost importance.
To satisfy the need of the market in the upcoming years the methanol to olefins (MTO)

1
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process is a very promising technique. [4] This process is able to take advantage of both
the rise in propylene demand and the depletion of oil reserves. As the name explains,
the MTO process is able to convert methanol into a wide range of light olefins. Since
methanol can be produced from various sources independent of oil it can use a cheap
feedstock to produce very valuable products. Another advantage of the MTO process
is its flexibility: the product spectrum can be varied to satisfy the needs of the market.
This is one of the most promising techniques for industrial production of the light olefins

when oil prices are soaring. %

Figure 1.1: The evolution of the ethylene and propylene demand in 2008-2013 (million tpy) [6]

1.2 Methanol production

Worldwide methanol production capacity is increasing strongly the last 15 years, going
from 30 million tonnes/year in 1995 to 90 million tonnes/year in 2011.[7 As can be seen
in Figure 1.2, China has grown a lot in this market, holding over 50% of the production
capacity. The capacity is however not fully used in China, but it adapts itself to fulfill

the market demand.

For the production of methanol there are one-step and two-step processes. It is possible
to convert methane over a Cu-zeolite to form methanol in a single step, but usually
a two-step process is preferred.[”) This process uses syngas as an intermediate which
will be further converted to methanol. Syngas or synthesis gas is defined as a gaseous
mixture of hydrogen and carbon monoxide. An important characteristic to define this
mixture is the hydrogen/carbon ratio. This ratio has an influence on the energy content

of the mixture and on its reactivity towards different product types. Depending on the
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Figure 1.2: Evolution of methanol capacity in the world and in Chinal”

source of the syngas the obtained ratio will be different. There are often traces of carbon

dioxide remaining in the mixture due to it being produced by oxidation reactions.

There are three main resources for syngas: natural gas, coal and biomass. The main
reason for choosing a specific resource is its price. Natural gas and coal are readily
available in some parts of the world and are thus an obvious choice in those regions. !

Natural gas can be converted into syngas by a combination of steam reforming and
partial oxidation. In steam reforming the feedstock is catalytically converted in the
absence of oxygen with the addition of steam and possibly carbon dioxide, leading to
a mixture of CO, CO2 and Hs. In partial oxidation, reaction with oxygen leads to a
mixture of CO and Hs. In a combination of the two processes a quarter of the natural
gas stream is subjected to steam reforming. The remainder passes with the reformed
gas to an autothermally operated reformer in which the natural gas is partially oxidized

by oxygen.[”) The advantage of this process is its simplicity and high-purity products.

Coal is still abundant in many regions of the world. Therefore it can be a very cheap
and interesting resource. ] In China 50 million tonnes /year of methanol are produced. [8]
The share of this production that is reserved for MTO and MTP processes is growing
every year and will be more than 17% by 2017.1 China has a large overcapacity of
methanol, but can adapt its production to fulfill the market demand. In particular
during times where oil prices are peaking this can be very lucrative.® Steam reforming
and partial oxidation of coal result in a syngas with a rather low Hs /CO ratio. Therefore

the watergas shift reaction is very important in this case to obtain enough hydrogen (see
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further). It is also important to note that the steam reforming reaction of carbon is
endothermic and thus the partial oxidation is needed to provide enough energy. The
overall carbon balance is rather low for this process, but since coal is a very cheap

resource this is not an issue.

A final source for syngas is biomass. Biomass is a very promising renewable carbon
source that is widely available. It is the resource with the lowest COs emissions in its
life cycle. There is a debate on whether it is ethical to use biomass and crop land for
non-food purposes. This debate can however be avoided by using low value biowaste.
Before this biomass can be gasified multiple treatment steps are necessary. Drying
can increase the energy efficiency of the following steps. Torrefaction or pyrolysis of

191 There are many different

the biomass can be required to pulverize the feedstock.
gasification methods available, such as heated entrained flow, fluidized bed gasification
and atmospheric or pressurized gasification. The advantages and disadvantages of all
the technologies, together with a more elaborate description are reported by Olofsson et
al.[11]. The syngas produced in this way requires some final gas cleaning steps before it is
ready for synthesis purposes. There are demonstration units planned for this technology
but due to the complexity of the systems and the energy cost of the different endothermic
processes this technology is more expensive. [12

The final step is the conversion of syngas to methanol. This conversion is performed
over a copper-zinc-aluminum catalyst. The optimal Hy/CO ratio for this reaction is 2,
but in practice a slightly higher ratio is used to control the by-product formation. 3
The watergas shift reaction is the most important reaction to influence this ratio. This
reaction can be seen below. A water-gas-shift reactor changes the composition of the feed
to acquire the optimal Hy/CO ratio. Methanol synthesis reactors operate at a pressure

between 50-100 bar and a temperature of 230-270°C.12

CO + H,O = CO2+ Hy

1.3 The MTO plant

The MTO-process is very interesting because it provides a production route for olefins
that is independent of oil. There are however more reasons why this process is being
studied. In contrast to the traditional steam crackers the MTO plant can be designed
for a wider range of outlet compositions. In particular the propylene production can be
favored over the production of ethylene. The ratio of propylene production to ethylene
production is limited to 0.53-0.6 in naphta and gas oil crackers.[!*l The new ethane
crackers in North America and the middle east produce even less propylene while the

average annual demand growth for propylene is higher than the annual demand growth
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rate of ethylene (see Figure 1.1). Therefore 20% of the annual demand for propylene
will have to be produced by on-purpose processes such as MTO. [15]

The process is operated in a fluidized bed reactor and 80% of the methanol is converted
into ethylene and propylene. In this reactor a zeolite catalyst is present, industrially H-
SAPO-3416 and H-ZSM-517 are often used.!'®] The small pores of H-SAPO-34 result
in a high selectivity towards the light olefins, because branched and larger molecules
are being hindered. The larger openings in H-ZSM-5 result in a lower light olefins yield.
Methanol is dehydrated and converted to light olefins over this catalyst. An intermediate
which is formed in the dehydration step is dimethylether (DME). This intermediate is

never fully converted and will have to be removed from the product stream.

The pressure in the reactor is usually chosen according to the mechanical strength of
the materials. 9 Lower partial pressures of methanol can lead to a higher yield towards
light olefins and in particular light olefins. A feed of methanol with 20% water can thus
improve this yield.['” The temperature is the main control variable, higher tempera-
tures lead to a higher selectivity towards ethylene. Operating conditions can thus vary
depending on the preferred product distribution, but in general a relatively low pressure

around 1 bar and temperatures between 300-500°C are applied. 20

The relatively high temperatures of this process will inevitably result in coke forma-
tion. This coke deposition will lower the activity of the catalyst and the conversion
while changing the product spectrum, in particular hydrogen and alkanes are being

formed. [21]

H-ZSM-5 will deactivate on a timescale of 10-60 minutes depending on the
process conditions.?2 H-SAPO-34 undergoes even faster deactivation.[23 This is why
the fluidized bed setup with a continuous regeneration section is used. The operation is

thus very similar to that of a fluidized catalytic cracker unit (FCC).

Since the products of the MTO-process are similar to these of a steam cracker the sepa-
ration section is also similar to the cold box separation section found in those processes.
The main difference is that there’s the need for an oxygenate removal section beforehand
due to the high amount of DME and water in the effluent. There are also less light ends
present in the effluent compared to a traditional cracker efluent; therefore it is usually

not economically viable to recuperate hydrogen.

In 1995 Norsk Hydro constructed a demonstration unit to study the continuous operation
of the fluidized-bed MTO reactor/regeneration system. 24 The unit is able to convert
0.75 ton methanol per day. For over 15 years the unit has been a valuable resource for
confirming the performance of the MTO process technology and its catalyst performance
and stability. The development of the unit led to an improvement of the cost effective
design of the established MTO process technology. Optimization of technical character-
istics, e.g. high single-pass olefin yield and low byproduct yields, was realized by the use
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of the demonstration unit. The unit, which was the first of his kind, continues to be an
excellent asset for testing new ideas and improvements for the MTO process. The setup

of the unit is shown in Figure 1.3.

Figure 1.3: Pilot MTO plant 24

1.4 The MTO/OCP setup

A disadvantage of this process is that there is a side product stream of Cy species. These
Cy44 species are unwanted since they have a lower value than ethylene and propylene.
However since these C44 components are usually also olefins, they are an ideal feed for
the olefin conversion process (OCP) 251 124] developped by Total and UOP . This process
will convert the higher olefins into the more valuable Cy and C'5 species. There exists a
demonstration unit in Feluy, Belgium that proves the combination of the MTO process
with the OCP process. This demonstration unit proved useful enough to make plans for

a large production site in China.

In the OCP process there is a dimerization of the Cy; components, forming large (Cg)
compounds. These components are afterwards converted into the desired ethylene and
propylene via cracking reactions. The process is performed over a MFI-structured cata-
lyst, such as H-ZSM-5, at atmospheric pressure. This process also uses the fluidized bed

technology to overcome the coke deposition problems that occur.
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This process can be integrated with the MTO-process but can also be used in combina-
tion with the traditional naphta steam crackers. Conversion of the Cyy stream towards
high amounts of propylene and some ethylene can be beneficial. It helps to control the
propylene/ethylene production ratio which is a very interesting characteristic. As can be
seen in Figure 1.4, the combination of MTO and OCP can vary the propylene/ethylene

(24] The total integration of

ratio from 1.25 to 1.8 while maintaining a high carbon yield.
these two schemes can be seen in Figure 1.5. This full integration is not that straightfor-
ward due to the presence of oxygenates and the amount of water present in the process.
However the demonstration unit of Total Petrochemicals has proven to maintain high
yields and conversion for hundreds of days.26) A good separation and operation of a

MTO/OCP unit is thus possible.

Figure 1.4: Attainable carbon recovery in function of the propylene/ethylene ratio (24]

A downside of this integration is that the OCP process introduces more light end com-
ponents into the system which can be very costly to separate due to the need for very
low temperatures in the separation section. This is only a small cost compared to the
added benefit which this process can provide. The demonstration plant of Total in Feluy
has proved the feasibility of this combination, but it also proved that the light olefins
are pure enough to produce polymers. Usually oxygenates are feared in polymerization
plants due to their toxicity towards the catalyst. But despite the presence of DME and
water in the MTO-reactor efluent the light olefins can be produced at the high purities

which are desired for polymerization. 20!



Chapter 1. The MTO process 8

Figure 1.5: Setup of a MTO/OCP plant 2

1.5 The MTO catalyst

There are many zeolite and zeotype catalysts that show activity for the MTO-process.
There are however distinct differences between them because of their respective proper-
ties. As mentioned before the two most important catalysts for industrial purposes are
H-ZSM-5 and H-SAPO-34. The other catalyst are usually less interesting from an indus-
trial point of view, but can nonetheless provide insight for experimental and academic

work.

Zeolites consist of tetrahedral building blocks with a silicon atom at the center and
oxygen atoms at the corners. A certain fraction of these silicon atoms is being substituted
by aluminum atoms. Since aluminum has one valence electron less than silicon there
is an effective negative charge being introduced into the structure. This charge can be
compensated by a proton which will be bonded to one of the four bridging oxygen atoms
surrounding this aluminum atom, hereby forming Brgnsted acid sites. Another type of
catalysts are zeotype materials or the silico-aluminophosphates. Those consist of the
same structure as the zeolites but have alternating a aluminum or phosphorus atom
at the center of the tetrahedrals. When phosphorus is substituted by silicon , again a
negative charge is induced in an analogous way as with the zeolites and a proton can
compensate this charge. Next to their composition, zeolites can be divided in different
groups according to their topology. This section will discuss the structures that are

relevant for the MTO-process.
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1.5.1 The MFI topology

The MFI-structured catalyst H-ZSM-5 (Figure 1.6) is industrially one of the most inter-
esting catalysts especially in the MTO-process. It consists of a network of intersecting
sinusoidal and straight channels. The channels both have 10-ring channels with an el-
liptic cross section. Benzene molecules with up to four methyl substituents are able to
diffuse through the channels, but larges species are only able to reside at the intersections

of the channels.

Figure 1.6: The MFI structure (27

H-ZSM-5 is strongly acidic which results in a lot of secondary reactions. During methanol
conversion the selectivity towards light olefins is rather low due to these secondary
reactions. However the large pores have as an advantage that large molecules are still
able to diffuse out of the catalyst and deactivation is much slower compared to other

catalysts.

1.5.2 The CHA topology

The chabazite (CHA) topology is characterized by large 20-hedral cages connected by
narrow 8-ring channels (see Figure 1.7). These small pores prohibit large or branched
species from diffusion, for example iso-butene is unable to diffuse through these pores. 28!
The large cages however provide the required space for reaction and the formation of
methylated benzenes. H-SAPO-34 is a silico-aluminophosphate with this structure and
H-SSZ-13 is the isostructural zeolite variant.

H-SAPO-34 is known for its very high selectivity towards light olefins. This is due to
the small pores, as branched hydrocarbons are unable to leave the cages and are stuck
inside. In Figure 1.8 the product distribution of both H-ZSM-5 and H-SAPO-34 are
shown next to their structures.'¥ This clearly illustrates that smaller pores result in a
higher selectivity towards light product. Thanks to the moderate acidity of the H-SAPO-
34 catalyst the occurrence of secondary reactions is being reduced, but the activity of

the catalyst is high enough for industrial purposes. The rate of deactivation is however
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Figure 1.7: The CHA structure [*”]

still higher than in H-ZSM-5 and frequent regeneration is necessary. H-SSZ-13 which
only differs from H-SAPO-34 in its composition has a much higher acid strength than
the latter. Therefore the deactivation occurs too fast for industrial purposes and this

catalyst is only used from an academic point of view in the MTO-process.

Figure 1.8: The smaller pores of H-SAPO-34 result in the higher selectivity towards light

olefing [19]

1.5.3 The BEA topology

H-beta is another catalyst which shows activity for the MTO-process. This catalyst is a
zeolite with the BEA topology which is shown in Figure 1.9. This structure consists of
large 12-ring channels crossing each other. This catalyst is very sensitive to deactivation
and is therefore irrelevant from an industrial point of view. This catalyst is however
very interesting from an experimental point of view, thanks to the large pores of the

catalyst it is possible to perform co-feeding experiments of methanol with voluminous
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hydrocarbons. The reasoning behind these experiments is that although the topology of
the catalyst is different the intrinsic chemical mechanism behind the process is identical
and thus experiments will lead to detailed mechanistic insight that can be extrapolated

to other catalyst topologies.

Figure 1.9: The BEA structure[?7]

1.5.4 The AFI topology

The AFI structure, which is shown in Figure 1.10, consists of large 12-membered ring
one dimensional pores which have a diameter of 7.42 A. The two catalyst with this
topology are H-SAPO-5 and H-SSZ-24, but they are usually not used in context of the
MTO-process, certainly not for industrial purposes. ALPO-5, the non-acidic variant of
H-SAPO-5, is however used together with transition metals for the selective oxidation
of hydrocarbons such as propylene, cyclohexane and toluene. 29 [30)

Recently MTO experiments with H-SAPO-5 and H-SSZ-24 have been performed by
Erichsen et al.BY As a follow-up of a study of Yuen et al.[32 they investigated the
influence of acid strength on the MTO-process. H-SAPO-5 has a similar acid strength
as H-SAPO-34 and similar pore diameters, but the pores are accessible for co-feeding of
bulky components. This is a very interesting characteristic from an experimental point
of view. The zeolite H-SSZ-24 is more acidic, but has the same topology as H-SAPO-5.
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Figure 1.10: The AFI structure *”

1.5.5 The TON topology

Another type of catalyst with one dimensional pores are those with the TON topology.
H-ZSM-22 has the TON topology and has shown some limited MTO-activity. However
deactivation in this catalyst can occur quite fast.33 A comparative study between H-
ZSM-22 and H-ZSM-12 (MTW-topology) showed that small changes in the pore size of
the catalyst can have a large influence on the behavior for the MTO-process. 4 This is
due to the mechanism that is very sensitive to the available space inside the catalyst,
which will be explained later on. The limited amount of space inside the pores has its
implications on the active mechanism, but experiments showed that this catalyst does

have a certain activity. 3l



Chapter 2

The MTO-mechanism

The MTO process converts methanol to light olefins. The composition of these olefin
products depends on the utilized catalyst. MTO processes are catalyzed by a zeolite
or zeotype catalyst with Brgnsted acid sites. In practice the most commonly used
catalysts are H-SAPO-34 and H ZSM-5. The H-SAPO-34 catalyst specifically exhibits
a high selectivity towards ethylene and propylene, but this is not a general trend, other
catalyst also produce higher olefins. 23l Due to the wide range of products and amount
of possible reactions it is difficult the unravel the exact mechanism. Knowledge of this

reaction mechanism is however very useful for the optimization of the process.

Experimental research showed that the first step of the methanol conversion is the forma-

(18] This mixture

tion of an equilibrium mixture of dimethylether, water and methanol.
is subsequently converted to the desired olefins. Further reaction leads to the formation
of long alkanes and aromatics. These heavier fractions are crucial in the deactivation of
the catalyst. 22l The exact mechanism that leads to the formation of the olefins remains

uncertain and has proven to be depending on the catalyst as well.

2.1 Proposed mechanism

2.1.1 Direct coupling

The first propositions for the reaction network that led to these products involved a
direct coupling between two methanol molecules. The two carbon atoms of the two
methanol molecules would form a carbon-carbon bond on which more methanol can
add. This would thus lead to the synthesis of a carbon chain of varying length. This
length is limited by the space available inside the pores of the catalyst. The mechanism

is thus one of chain growth, very similar to a polycondensation reaction.
There have been many propositions for this direct coupling mechanism. There are mecha-

13
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nisms with a surface associated carbenium ion, oxonium-ylide mechanisms, carbocation
mechanisms or mechanisms with radicals. 28! However recent theoretical studies have
proven that every possible reaction that utilizes this direct coupling has at least one

intermediate which is too unstable or has a very high reaction barrier. 36!

Experimentally there are also many indications that this mechanism does not describe
the process accurately. At the start of an experiment there is a period with almost no
olefin production. It is only after a certain time that the catalyst is able to achieve
a reasonable and stable conversion until the catalyst gets deactivated. Dessau et al.
performed co-feeding experiments with '3C labelled methanol and unlabeled ethylene.
If ethylene is exclusively formed by reaction between two C; molecules then all the
produced ethylene should be doubly labeled, the presence of unlabeled ethylene should
not influence this. There was however a large amount of single labeled ethanol which
ended up in the product stream, this means that there is label scrambling between the

methanol and ethylene from the feed. 37

2.1.2 Hydrocarbon pool mechanism

The auto-catalytic effect of the MTO process was quickly established and is in accordance
with the kinetic induction period which is observed at the start of the experiments. In
1982 Mole performed experiments where toluene and other hydrocarbons are co-fed with
methanol. With these experiments they proved there was a clear co-catalytic effect of
the aromatic compounds such as toluene, benzene and xylene, but no such effect was
observed for n-hexane. 38139

A new reaction model including a pool of hydrocarbons acting as a co-catalyst was
proposed by Dahl and Kolboe.[* 41l These hydrocarbons have to be formed before
the catalyst can be reactive and both aromatics and aliphatics can ast as hydrocarbon
pool species, depending on the catalyst topology. Instead of a direct coupling between
methanol molecules, olefin production is described by a series of reactions of these hy-

drocarbon pool species.

The formation of these co-catalyst molecules is still not fully understood. While it
has been proven that direct C-C coupling is not the active process during steady state
operation with a high conversion it remained a possibility for the formation of this very
first C-C bond. Haw et al. performed experiments with highly purified methanol which
contained thirty times less ethanol than reagent methanol. They observed a longer delay

42 One possibility is thus that

for the induction period where no olefins were produced.
impurities are the source of these first C-C bonds. Ethanol is a common impurity in the
methanol feed, but also the carrier gas and the calcinated solid acid itself can be sources of

hydrocarbon species. Naphtalene, phenantrene and other impurities have been detected
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in H-SAPO-34 after conventional calcination procedures.*? It is however not generally
accepted that these impurities are the source for the first C-C bond or at least not for all
catalysts. Experiments in zeolite H-Y performed by jiang et al. showed that purification
of the feed had little impact on the formation of hydrocarbons. 3l Theoretical studies
in a finite cluster model have shown that cyclic HP species can be formed inside the
framework of H-ZSM-5 starting from methanol and light hydrocarbons by a ship-in-a-
bottle mechanism. They also showed that the catalyst environment is crucial in order
to evaluate the stability of the intermediates. [44

After the formation of the equilibrium mixture of water, dimethylether and methanol,
there is not yet any production of olefins since there is no co-catalyst present yet. The
formation of this co-catalyst is difficult, slowly there are hydrocarbons being formed
inside the pores of the catalyst. These hydrocarbon pool molecules can differ in activity
depending on the catalyst, for example in H-SAPO-34 and H-Beta heavily methylated

[46] while in H-ZSM-5 alkene compounds are

benzenic compounds are most active 211 [45]
active as well. 4711481 Cages inside the catalyst, such as in H-SAPO-34, provide the nec-
essary volume for these hydrocarbons to form and react. Due to the smaller size of the
SAPO-34 pores the larger molecules are further hindered from diffusion and will remain

inside these pores untill the catalyst is regenerated. 2]

Once a critical amount of hydrocarbon pool species is available the reaction is able
to start. There are many variables that influence the mechanism and structure of the
hydrocarbon pool mechanism. In particular the catalyst topology, pore sizes and acidity
have an impact on the activity of the different species, but also the operating conditions

will have their influence on the mechanism.

The product distribution that results from the MTO-mechanism depends on many fac-
tors. There are of course the proces conditions, but the catalyst and co-catalyst have
a big influence on the distribution as well, as Figure 2.1 illustrates for H-SAPO-34 and
H-ZSM-5. Clearly the amount of aromatics formed in both catalysts under identical
conditions is very different. The cages of H-SAPO-34 can hold large molecules but they
are unable to diffuse out of the cages. As a result ethene and propylene are the main

components in the product stream.

The type of hydrocarbon which is active as co-catalyst is very important for the product

31] where the influence for addition of benzene

distribution as can be seen in Figure 2.2
in the feed is shown for H-SAPO-5. These product distributions show clearly that when
the aromatic species are being favored as co-catalyst (because more of them are present)
the selectivity towards Cy and (5 increases at the expense of Cy+ products. This has
previously been discussed in literature in a comparative study between H-ZSM-5 and H-

beta where Svelle et al. showed that lower methylated benzenes produce more ethylene
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Figure 2.1: The product distribution found for H-SAPO-34 (a) and H-ZSM-5 (b) 4

than propylene and that the arene cycle is the only real source of ethylene. 4]

Figure 2.2: The product distribution found experimentally in H-SAPO-5 with and without

benzene in the feed. 31l

2.2 Aromatics based HP cycles

This section will discuss the mechanisms that involve aromatic hydrocarbon pool species
and the catalysts in which aromatic compounds are important as co-catalyst. The two

main routes that have been proposed are the ring contraction paring mechanism and the

[23]

side-chain mechanism as can be seen in Figure 2.31“?l. A third, less popular mechanism
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which has been proposed is the ring expansion mechanism and has its similarities with
the ring contraction paring mechanism. It is shown in Figure 2.4. In all these mechanisms
an aromatic compound is considered to be the active co-catalyst which gets methylated
multiple times. The main differences lie in the exact mechanism for the elimination of

the products.

Figure 2.3: Overview of the paring and side-chain schemes for MTO conversion based on

aromatic hydrocarbon pool species (23]

The proposition of the side-chain mechanism came in 1983 by Mole and co-workers. (39 T
this theory the aromatic compound is deprotonated to form an exocyclic bond on which
subsequently methanol addition can occur. An elimination reaction will then release the
olefin from the aromatic compound. Many additions have been made to this theory such
as stating that additional substitutions on the benzene compound are beneficial for the
process. 5! The shown mechanism starts with a benzene ring that is highly substituted
because those have proven to be most reactive in large pore catalysts such as H-Beta
and H-SAPO-5. 46

The paring mechanism that involved ring contraction has been proposed earlier. 2 It
states that the aromatic compound, after being methylated, undergoes a ring contrac-
tion, elimination and ring expansion step. A big benefit of this proposal is that it is able
to explain the observed isotope scrambling. 53 B During co-feeding experiment with
13 labeled methanol and unlabeled benzene it was observed that 3C was incorporated
into the ring of benzene and 2C' labels into the products. This can not be explained by
the side-chain mechanism but can be a consequence of these subsequent ring contraction

and expansion steps.



Chapter 2. The MTO-mechanism 18

188 196
wiCH3 /
ethyl group Q CH; isopropylgroup
formation formation

18TS
168
The methyl group in the
three-membered ring in 17,19,
and 21 is axial to the six-ring and
the H-atom is equatorial to the 78 16TS

six-ring.
189

Figure 2.4: Proposed ringexpansion mechanism [°%

The third mechanism (see Figure 2.4) has its similarities with the ring contraction mech-
anism. In this mechanism the aromatic compound first undergoes a ring expansion to
form a tropylium ion like structure, followed by a ring contraction to a rearranged form

which is more suitable for elimination.

A lot of research has been performed on all these mechanisms, but due to the complexity

of the process and the variety of parameters such as topology, acidity and reaction con-
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ditions no single mechanism has proven to be correct one to explain product formation.
Theoretical studies have shown the feasibility of each path, but full catalytic cycles often

have some bottlenecks such as high barriers. 0

For H-SAPO-34 studies have shown that the reactivity of the aromatic compound and
its selectivity towards propene increase with the number of substituents. (54 The species
with fewer substitutions lead primarily to ethylene while the highly substituted and more
reactive species lead predominantly to propylene. Hexamethylbenzene has therefore
been pointed out as the most critical compound in this catalyst and has been observed
in multiple experiments. %) Theoretical calculations in H-SAPO-34 and H-SSZ-13 came
to the same conclusion and derived a difference in reaction rate of up to 6 orders of

[56] A similar effect has been found for napthalenic compounds, they are also

magnitude.
active as co-catalyst, though with a much lower activity. The position of the substitutions
is very important here, too many substitutions will lead to deactivation. [56] Naphtalenic
compounds result primarily in ethylene formation which is likely to be caused by their
low degree of substitution similar to how lowly substituted benzenes preferably produce
ethylene. 5] While naphtalenic species are indeed active, there is thus a subtle balance
with the deactivation process as they can also be regarded as coke precursors as shown

by Hemelsoet et al. [%8]

Investigation of both side-chain and the paring mechanism lead to the conclusion that the
side-chain mechanism would preferably form propene due to the high barrier for ethylene
elimination. ) Recent research proved however that a complete low barrier side-chain
route for ethylene production is possible with barriers lower than 100 kJ/mol. The
difference being that stabilizing effects occured when simulating the carbon center of the
intermediate as an sp® carbon and taking the alkyl-benzene interaction into account. 6%
The major bottleneck for the ringcontraction paring mechanism is the regeneration of
six-membered cyclic structure. 61

When steric hindrance is not an issue, the heptamethylbenzenium ion has shown to be the
most reactive compound such as in H-Beta. 0249 Since hexamethylbenzenium has a high
proton affinity (860.6 kJ/mol[62) it is easily methylated to form this compound when
it is possible in the catalyst pores. Ethyl and iso-propyl substituted methylbenzenes
were experimentally found in the product stream of H-Beta. They could be regarded as
intermediates, but can also be the effect of secondary reactions of the produced alkenes

with the aromatics that are present in the catalyst. [46)

In H-ZSM-5 there is more steric hindrance, resulting in a preference for lower methylated

63 NMR spectroscopy showed that next to these organic compounds and

compounds.
their lower-methylated forms also methylated cyclopentenyl cations are present during

MTO-conversion on H-ZSM-5.64 These five membered rings are another possibility as
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reaction center in H-ZSM-5. For all these hydrocarbon species the protonated forms are
assumed to be the most reactive. The proton affinities of the components in gas phase
has been used as a measure for their stability. Macht et al. showed that the reaction
barriers are not only determined by the acid strength of the catalyst, but that the proton

affinities have a crucial role in the formation of the transition state. (6]

This catalyst is the one that got the most theoretical attention. In a joint experi-
mental and theoretical effort a complete catalytic route for MTO conversion has been
reported. 61 Starting from toluene and going up to the elimination of the olefins and
restoring of the co-catalyst everything has been simulated and no major bottleneck has
been found for the paring mechanism, the main product being formed was propylene.
Investigation of the side-chain mechanism by Lesthaeghe et al. showed that chain growth
is possible, but that olefin elimination is difficult. This route may thus very well lead
to deactivation of the catalyst rather than olefin production. 6l There is the possibility
that the low barrier reaction path, proposed by De Wispelaere et al. in H-SAPO-34
could also work for H-ZSM-5, but this is to be investigated.

2.3 The dual cycle

Since the aromatic based cycles were not able to describe all the observations, in par-
ticular for H-ZSM-5, other routes involving alkenes have been proposed. In contrast
to experiments in H-SAPO-34, experiments showed that ethylene and propylene were
reactive as co-catalyst in H-ZSM-5. [67] [41]

It has been proposed that there are two different cycles that interact with each other, the
so-called dual cycle concept. This concept was first introduced for H-ZSM-5[08] but is
also applicable to other catalysts. Isotopic labelling studies on H-ZSM-5 investigated the
rate of 3C uptake by the different products. After a switch to feed with '3C was done
the effluent was analysed on its >C' content. As can be seen from Figure 2.5, there are
two distinctly different groups. This lead to the conclusion that the mechanism behind
the formation of these products will be different as well. (8] The authors proposed a dual
cycle mechanism where there are two different types of co-catalyst active in two different
mechanisms that interact with each other. 69

There is an autocatalytic cycle which uses alkenes as co-catalyst, while there is also a
cycle using aromatic compounds as co-catalyst. 47} This is shown in Figure 2.6/23/. In the
arene cycle methylations of lower alkenes produce higher alkens which can subsequently
crack into two lighter alkenes. In the arene cycle methylations occur on a benzenic
compound. Light olefins can be eliminated from this compound and restore the benzenic

compound in its first form. Due to the difference in uptake of 3C content between the



Chapter 2. The MTO-mechanism 21

Figure 2.5: evolution of 13C content in the different components of the effluent in function of

time[47]

two groups it was also concluded that ethylene will be primarily formed in the arene

cycle, while propene and heavier olefins are all part of the alkene cycle.
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Figure 2.6: The proposed dual cycle mechanism 2%

This separation of the mechanisms behind ethylene and propylene formation seem to give
opportunities into varying the ethylene to propylene yield of the process. The cycles are
however not fully separated. The arene cycle is producing alkenes which can be used as
a co-catalyst in the alkene cycle, ethylene is not considered to be reactive, nor are they
a product of the alkene cycle, but propylene and other larger olefins are. The alkenes
which are also continuously being formed in the alkene cycle can undergo secondary
reactions such as cyclizations and hydride transfers. This will result in the formation

of cyclic and aromatic hydrocarbons which act as co-catalyst in the arene cycle. These
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two cycles, which are able to operate independent of each other are thus in fact strongly

correlated.

The dual cycle mechanism has also been investigated on a theoretical level. Lesthaeghe et
al. simulated the alkene cycle in H-ZSM-5 and were able to reproduce the experimental
findings very well, they found a lower barrier for propene formation compared to ethene
formation and barriers for methylation of 60-80 kJ/mol.[™ Together with their carlier
simulations of the side-chain!%6 and paring mechanism [, both cycles have now been
simulated on H-ZSM-5.

There are many other zeolites and zeotype materials that show activity for the MTO
process, they are usually divided into categories by their acid strength and pore size.

Both parameters are assumed to have a large influence on the MTO reactions.

H-ZSM-22 which has 10-ring one dimensional pores (TON topology) has been shown to
produce nearly no ethylene. This was ascribed to the small pores of the catalyst which
provided too little room for the aromatics to exist.[") H-ZSM-22 produced primarily
C54+ branched hydrocarbons. This was found to be very interesting to produce clean
fuels because there are almost no aromatics present in the product stream. Therefore
further research was performed on similar one dimensional 10-ring zeolites. However they
found surprisingly that these very similar catalyst were able to produce aromatics. ("
As reported before in a similar study involving H-ZSM-22 they found that a very small
difference in pore diameter (of up to 0.3 A) could completely change the activity of the
catalyst. The most active co-catalyst apparently must be around the size of these pores
because it is present in one catalyst but not in the other. 3

Recently more work has been performed on H-SAPO-5, which has the AFI topology, by
Erichsen et al. because of the similarities between H-SAPO-5 and H-SAPO-34.131 H-
SAPO-5 and H-SAPO-34 have similar acid strengths and pores sizes, with the difference
that the one dimensional pores of H-SAPO-5 are open to co-feeding experiments. This is
of course very interesting, because the reactions that take place in H-SAPO-5 are likely
to be very similar to those in H-SAPO-34, but H-SAPO-5 allows for these additional
experiments. H-SAPO-5 can be regarded as a one dimensional variant of H-SAPO-
34, it is also a common impurity in the synthesis of H-SAPO-34. They performed a
comparative study with the isostructural catalyst H-SSZ-24 to unravel the effect of acid
strength on the MTO reaction mechanism. They showed that the more acidic H-SSZ-24
had a larger production of aromatics, ethene and propene. The combination of ethene
and propene with the aromatic cycle is in agreement with the results in other catalyst as
described before. They suggested that the acidity of a catalyst could be tuned in order
to influence the dominating reaction cycles (aromatics/alkene) and hence the product

selectivity. It must be noted that during co-feeding experiments with methanol and



Chapter 2. The MTO-mechanism 23

benzene they proved that H-SAPO-5 certainly is able to use aromatics as a co-catalyst
since they observed a significant increase in the production of the light olefins. Either
the acid strength influences the interplay between the two cycles, cyclization reactions
and hydride transfer reactions are a link between the two cycles, or the difference in acid

strength promotes one cycle over the other.

In the same study by Erichsen et al. labelled methanol experiments were performed. The
labelling patterns for isobutene were typical for an alkene cycle in H-SAPO-5, while being
typical for an arene cycle in H-SSZ-24. Co-feeding experiments with unlabelled benzene
and labelled methanol showed that label scrambling occurs. This is shown in Figure 2.7,
the paring mechanism incorporates scrambling of the atoms from the methyl substituents
to the aromatic ring, while the side-chain mechanism does not. This scrambling could

however also be the result of a ring expansion mechanism or other secondary reactions.

Figure 2.7: The difference in labeling between side chain mechanism and paring mechanism. [!]

As discussed above methylation reactions occur in every scheme and are crucial steps
in all these mechanisms since they lead to chain growth. Multiple propositions exist for

(73] Both mechanisms

the mechanism, there is a stepwise and a concerted mechanism.
can be seen in Figure 2.8. In the stepwise mechanism (top two rows of Figure 2.8)
there is first the formation of a framework bound methoxy group which adds to the
hydrocarbon pool compound in a second step. The concerted mechanism describes the
reactions as a one step mechanism which is acid catalysed, water is eliminated while the
carbon-carbon bond between methanol and the hydrocarbon compound is being formed.
In most theoretical studies the physisorbed methanol and the co-adsorbed hydrocarbon

compound are assumed to follow the concerted mechanism. These theoretical results



Chapter 2. The MTO-mechanism 24

have been in good agreement with experimentally obtained data for H-ZSM-5.[74] [75] [76]

Figure 2.8: Two proposals for the methylation mechanism, stepwise mechanism (top and mid-

dle row) and concerted mechanism (bottom row) (™

While the alkene and arene cycle are being studied the most, other propositions for
the intermediates can also be found in literature. Carbene like intermediates have been
observed by means of IR spectroscopy during reaction of ethene and methoxy groups
over H-ZSM-5[7" but these will not be discussed in more detail here.

2.4 Deactivation

The previous sections described the mechanisms that give rise to olefin production.
Chain growth and methylation of aromatic compounds are very important and occur
frequently. However these methylations, together with secondary reactions, can lead
to undesired effects. The intermediates can continue to grow into larger coke species.
These coke species can block the pores or poison the catalyst. Coking is a serious is-
sue in most processes involving hydrocarbon chemistry due to the loss in acitivity of the

catalyst. Another effect of this deactivation proces is that it shifts the product spectrum.
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Cokes are in general heavy hydrocarbons that lead to the deactivation of the catalyst. 78!
Cokes often have a polyaromatic structure but all the hydrocarbon species that do not
diffuse out of the catalyst and lead to catalyst poisoning are considered to be cokes.
The methylated benzene species which are the important active compounds in the MTO
process are precursors for these coke species. The methylated naphtalenic compounds
are also coke precursor while still having some reactivity towards the desired olefins. 7
Phenantrenic compounds on the other hand are considered coke-precursor without a
significant activity. ®®) Which species are exactly still active or not-active is dependent
on the catalyst. Smaller pores can be blocked more easily and are thus more sensitive

to deactivation.

The deactivation reaction depends strongly on the temperature of the reaction, the
acidity and topology of the catalyst. 8% Higher temperatures are usually detrimental for

B At every temperature coke formation is very rapid at the start of

coke formation.
the reaction, but higher temperatures will increase the rate of overall coke formation.
In H-SAPO-34 the deactivation is related to polyaromatic compounds trapped in the
cages, while in H-ZSM-5 there are large aromatic compounds forming at channel inter-

sections. [68][82]

At high temperatures there are not only cokes forming inside the pores,
but there is also a graphite like layer forming at the external surface of H-ZSM-5.22 Tn
H-SAPO-34 coke formation starts at the edges of the catalyst crystal and propagates
towards the center. 83

The more acidic catalysts are more susceptible for coke formation. In particular the
concentration of acid sites and their acid strength is important for the coke formation. 28]
Due to this fact some catalysts are being prepared with a transition metal incorporated
in the structure to reduce the acidity of the catalyst. Incorporation of Cr or Ni will
enhance the durability of the catalyst and its selectivity towards ethylene.34/(85 The
effect of acid site density has been examined by comparing H-SAPO-34 with H-SSZ-
13.186] The conclusion was that acid site density was more important than the acidity
of the catalyst. A higher Al/Si ratio gives rise to more Breonsted acid sites but with a
lower acid strength, experiments have shown that in this case the acid site density is the
most important factor. 87 Experiments with H-SAPO-34 and H-SSZ-13 with the same
acid site densities, performed by Bleken et al., showed that the more acidic H-SSZ-13
has a higher deactivation rate, but also a higher production rate of olefins. H-SSZ-13

had the highest conversion capacity out of these two catalysts. (58]

Another way to reduce the coke formation is to change the feed composition, for example
water has a stabilising effect on the lifetime of a catalyst. The addition of water also
increases the selectivity towards ethylene. The reasoning behind these findings is that
water adsorps on the acid sites, thus reducing the possibility for secondary reactions. (89]

When the deactivation of the catalyst has become too severe the catalyst has to be
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regenerated by removing the cokes. The cokes are being burned at high temperature.
This oxidative process can have a negative influence on the structure of the catalyst,
therefore the decoking can be done in two steps, one at low temperature and one at
higher temperature. Jiang et al. showed that for H-SAPO-34 two hours purging with

synthetic air would eliminate most of the cokes from the catalyst. 9%

2.5 Goal of this thesis

In a first part of this thesis advanced molecular simulations will be used to optimize
adsorption complexes and calculate adsorption energies of important reactant molecules
of the MTO process. In particular the adsorption of methanol, DME and benzene
are investigated in H-SAPO-5 and H-SSZ-24. The adsorption on both the acid site
and a neighbouring site, on top of bridging oxygen atoms not connected to the acid
site, are considered. These calculations provide insight on the interactions governing the
adsorption for the various complexes. Co-adsorption of benzene with up to two methanol
molecules represent a pre-reactive state for a methylation step which are crucial steps
in the MTO process. The formation of a methanol dimer and its effect on the proton
affinity of the adsorbates is addressed. Adsorption steps are a crucial first stage of the
process before reaction can occur, insight in the preferred complexes and interaction
strengths are important for the entire catalytic cycle.

In the second section of this thesis a distinction is made between the different proposed
aromatic based mechanisms. Therefore, dynamic molecular simulations are applied.
Heptamethylbenzenium has proven to be the most reactive compound and was therefore
chosen as the model compound to start the simulations from. There exist three main
catalytic routes for the olefin production with aromatic compounds as intermediates, the
side-chain mechanism, the paring mechanism starting with a ring contraction and the
paring mechanism starting with a ring expansion. Heptamethylbenzenium is the state
from where all the mechanisms start to differ, the first crucial step is being investigated

to see if it is possible to make a distinction between the mechanisms at this stage.



Chapter 3

Quantum chemical simulations

This chapter will elaborate on the use of quantum chemical simulations in heterogeneous
catalysis. The basic principles and techniques will be explained and also the usage in
this thesis.

3.1 The quantum chemical methods

Quantum mechanical methods describe a system by solving the Schrodinger equation
for the many-body problem. To do this the Born-Oppenheimer approximation is used to
separate effects from the cloud of electrons and the nucleus.?!l There are many different
methods available. They can be divided in three main categories: ab-initio methods,

density functional methods and semi-empirical methods.

3.1.1 Ab-initio methods

Ab-initio methods describe the system starting from the basic physical laws. There are
no further assumptions made to solve the Schrodinger equations. They are often used
for comparison and validation due to their theoretical soundness. [

The simplest example of an ab-initio method is the Hartree-Fock method. The main issue
in solving the many-bodem problem is the interaction between the multiple electrons.
The Hartree-Fock method approximates the system as an independent particle model
wherein the interaction is substituted by a mean-field interaction. The exact N-body

wave function is approximated by a single Slater determinant.

The Hartree-Fock equations contain a new operator, the Fock operator. This operator
contains two contributions to the energy. The first contributions are those that can
be calculated exactly namely the kinetic energy of the electrons, the attraction energy

between electrons and nuclei and the repulsion energy between nuclei. The second term

27
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is the repulsion energy between the electrons described by the mean field approximation.
The electron correlation energy is completely neglected. The result is that Hartree-Fock
methods will always result in a too high energy since part of the stabilization is not
taken into account. The obtained energy is an upper limit and the difference between
the calculated and real energy is the electron correlation energy. Numerical methods
are needed to solve the Hartree-Fock methods since there is a self consistent field, the
solution of the Hartree-Fock equations is needed to calculate the mean-field and thus

iterations are performed until a minimum in the energy is found. %

More sophisticated methods include parts of the correlation energy to obtain a better
result. these methods are called post-Hartree-Fock methods. A group of examples are
the Moller-Plesset pertubation methods. These methods use additional terms to the
Fock operator. These pertubations include the two body interactions. Another example
is the coupled cluster method. These methods are more accurate but requite a high

computational effort.

3.1.2 Density functional theory

The starting point of density functial theory (DFT) is that the density function of the
ground state is equivalent with the wave function of the ground state. Every property
of the ground state can be calculate from this density function. A big advantage of
this way of describing a system is that the number of coordinates is 3 instead of 3N.
The description of a system by its density function is done by solving the Kohn-Sham
equations. These equations will describe the system exact if the correlation-exchange

potential is known. 9%

An approximation is needed for the exchange-correlation potential. Some functionals
use empirical input, while others do not. Note that this is the first step in the theory
where experimental input is used. Strictly speaking the DFT-methods are thus semi-
empirical methods, but the empirical input is very limited. One must however always
be wary when using parameters fitted to experiments. Leaving the system for which
the parameters were fitted can lead to errors. This is the point where DFT-methods
differ from the Hartree Fock methods. Where an ab-initio energy will always be an
upper limit the energy obtained by DFT-methods can be lower due to overestimation
of the correlation energy. In practice the functionals for the correlation energy and
exchange energy are often split in two. One can then make combinations of any two
functionals, one for the electron correlation and another one for the exchange energy.
There are many functionals available, they can be divided into subclasses depending on
their computational complexity and accuracy. More complex functionals are also more

accurate.
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The most simplistic functionals are only dependent on the electron density in a single
point. This is called the local density approximation, they are computationally interest-
ing, but not very accurate since there can be a large underestimation of the exchange

energy.

A first step of improvement is to include the gradient of the density function into the
functional. Examples of semi-empirical functionals which utilize the gradient are the
Becke exchange functional and the LYP correlation functional. PBE and revised PBE
are two functionals which do not try to satisfy as many exact conditions as possible, which
is often done for other functionals such as PW91, but minimizes its parametrization by

only describing the conditions that are important for the energy of the system. 92

Hybrid methods are a different class of functionals which try to use the fact that the
Hartree Fock method has a correct implementation of the exchange energy without
any correlation. An example of these hybrid functionals is the B3 functional. It con-
sists of a Becke (gradient exchange), LDA and Hartree-Fock part. By combining the
Hartree-Fock with the other functionals the overestimation of the exchange energy can
be compensated.®!) B3LYP is a very widespread and often used functional for theoretic
calculations. A next step in complexity for the functionals is inclusion of the second
derivative of the electron density in essence this is the non-interacting kinetic energy
density (7). These functionals are called meta-GGA-functionals. tHCTH is an example

of such a method.

The hyper-GGA-functionals combine the exact exchange energy with the meta-GGA-
functionals. There are even more advanced functionals under development using a com-
plete description of the Kohn-Sham orbitals. This would lead to a full ab-initio de-
scription of the correlation and exchange energy. However due to the complexity of such
systems they aren’t available yet. The main limitation to the DFT system is their lack of
correct description of long distance correlation energy. This problem is due to localized
character of the functionals. Gradients do not describe the long distance interactions
which are crucial for dispersion interaction. Computationally it is very demanding to
implement the correct interaction. Therefore Grimme suggested a different scheme called
DFT-D. It included a semi-empirical correction to the energy of the system by the use
of a R7% term (with R the internuclear interaction). Because the dispersion energy is
calculated separately from the DFT energy the computational cost is very low but the re-
sults are very good. This implementation allows description of systems where dispersion

energy is the main stabilization factor. 93]
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3.1.3 Semi-empirical methods

The most rigorous approach to solve the many-body problem is to replace the difficult
two body interaction integrals with empirically parameterized functions. These functions
are computationally much less demanding than the full analytical integrals. Depending
on the specific semi-empiric method there are certain atoms for which the method is
better parameterized and thus more accurate. The resulting energies obtained in these
calculations are not very reliable. They are however very adequate to optimize the
geometry of the system. A common practice is thus to use a semi empirical method
such as PM6194 to get a geometry which is close to its optimum. This geometry is then
used in a second calculation with more sophisticated and more theoretical methods to
obtain a reliable energy calculation. This will result in a lower computational cost with

the same energy qualities as in a full optimization with the more advanced method.

3.2 The basis set

The goal of solving the Schrodinger equation is to find the energy of the ground state.
This results in an eigenvalues problem with as eigenfunctions the wave function of the

molecule.

To solve this problem the wave function is first expressed as an infinite sum of basis set
functions. It is not possible in practice to work with an infinite set of basis functions
thus the set will have to be limited. There should be enough functions available in order
to guarantee a high accuracy. A logical basis set to use are the atomic orbitals. In
principle this means that every basis function is a Slater determinant. This method is
computationally very demanding. Since there is no restriction on the form of the basis
set it is also possible to choose other functions. A good alternative is to approximate the
Slater type orbitals (STO) with one or multiple Gaussian type orbitals (GTO). These
functions are computationally very interesting. They are also able to resemble the STO

to a certain extend.

Another modification which is often performed is separating the description of core
electrons from the valence electrons. This is because the most interesting part of the
calculations is situated in these valence electrons. A correct description of these electrons
is thus essential and the computational cost can be reduced by simplifying the description
of the core electrons. Furthermore there is also the possibility to introduce diffuse
functions to describe the long distance interactions better. Polarization functions can
be added to allow deformation of the orbitals which can be very interesting to describe

reactions.

The Pople basis sets are often used and are an easy example to explain the previous. For
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example the 3 214+G* basis set implies that each core atomic orbital function consists
of three primitive gaussian functions. The valence orbitals are described by a double-
zheta basis function. This implies that every orbital consists of two basis functions from
which one consist of two primitive Gaussian functions and the second one is a single
primitive gaussian. The other symbols indicate the presence of the diffuse functions and
the polarization functions. It’s also possible to further extend on this example and use

triple or quadruple zheta basis sets. (1]

Another class of basis sets which are not fully localized are the plane waves. These can
be very interesting when working with periodic boundary conditions. They describe
the electron density with augmented plane waves while the Kohn-Sham orbitals are
expanded in Gaussian functions. This localization that is incorporated into the basis
functions reduces the necessary amount of basis set functions by a factor of five compared
to normal plane waves. 5] There is still a cutoff for the planar waves, but the usage for
these basis sets in periodic calculation is very natural and straightforward while still
desribing the parts localized close to the nuclei by gaussians to ensure fast convergence.
Further information about the implementation of Gaussian plane waves in the quickstep
algorithm, as implemented in CP2K and which will be used in this thesis, has been
described by Van de Vondele et al.[96]

3.3 Application of Quantum chemical simulations to het-
erogeneous catalysis

In heterogeneous catalysis experimental work can be challenging due to the limited access
to the reaction center. In particular this is true for zeolite catalysis where an acid site is
situated inside the catalyst and thus hard to observe with experimental techniques. A
second difficulty is the investigation of a specific reaction mechanism with experiments.
To do this all side reactions should be suppressed as much as possible. This is not always

possible and the results can thus be influenced by unwanted effects.

Simulating a reaction with quantum chemical methods has the advantage that there is
full control over the system which is studied. One should however reassure himself that
all necessary effects are taken into account when performing simulations. Simulations of
unrealistic systems are possible but the results are not valuable. The specific challenge
in heterogeneous catalysis is thus a correct description of the catalyst. In reality this
catalyst is a crystalline structure with a well-defined unit cell which is repeated in all

directions for a high, but finite amount of times.
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3.3.1 Finite cluster approach

The first attempts to simulate reactions over a zeolite were confronted with severe limita-
tions on the available computational power. Therefore a simplified model of the catalyst
was necessary and only the most essential parts of the catalyst were taken into account.
A zeolite cluster is usually denoted as an nT cluster with n the number of tetrahedral
atom (Si, Al and P). The earliest clusters consisted of five T-atoms. These included the
substituted atom that lead to the acid site and the four surrounding atoms connected
by their oxygen bridges. To saturate the four surrounding T atoms usually hydrogen
atoms are used. This 5T-clusters are able to show catalytic activity but don’t take any

topology aspects into account.

Thanks to the increased computational power and more advanced methods (with a lower
computational cost for a similar accuracy) it became possible to simulate larger cluster
that included the topology effects. The amount of tetrahedral atoms that is optimal to
reach a balance between accuracy and computational cost is dependent on the structure
but clusters of 45 T atoms are often used. Hydrogen atoms are used as substitutes for
the oxygen bonds that were cut by using a finite cluster. To implement the effect of
the surrounding cages that are not included in the simulations these terminal hydrogen
atoms are fixed in space. Zeolites are known to have some flexibility in their structure,
the bonds are able to twist and deform a bit from their optimal position. This ’breathing’

effect of the zeolite is hindered by the fixation of the hydrogen atoms.

There are ingenious techniques available to effectively reduce the added cost of increas-
ing the size of the cluster such as QM/MM and QM/QM methods.®Y Since the most
interesting part of the simulation is the center of the cluster where the actual reaction
occurs. These methods use this fact by using a multi layered system where the most im-
portant part of the system is described on a high level of theory, while the surroundings
which are important for the topology effects are described on a lower level of theory. An
example is to describe the center 5T-cluster on a high level of theory and use a force
field technique for the surroundings which reduces the computational cost significantly
while still obtaining near chemical accuracy. This is a QM /MM technique which is very

interesting for practical purposes. (97] [44]

It is also possible to describe the surrounding with a less computationally demanding
quantum mechanics technique. Such techniques are called QM/MM methods. The
ONIOM method can be used as QM /MM and QM/QM method and is thus very flexible

and interesting for a cluster approach. 8l

In a perfect world it would be possible to simulate a very large finite cluster on a high
level of theory which could incorporate effects such as impurities, defects and effects due

to the surface of a zeolite particle. In practice this is not possible yet and thus idealized
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structures are used.

3.3.2 Periodic approach

The alternative working method to the finite clusters is the periodic approach. This
technique utilizes the fact that the zeolites have a well-defined crystal structure with a
unit cell that is periodically repeated. A unit cell is implemented and periodic boundary
conditions are implemented to represent an infinite crystalline material. One must be
careful though that there are no unphysical interactions between the different periodic

images. This is in particularly important in zeolites with a small unit cell.

This approach seems to be an ideal representation of the reality at first. However there
are effects that are not accounted for in the periodic approach. In reality the catalyst
is not infinitely big and there are definitely effects of these boundaries of the catalyst
particles on the neighboring active sites. The periodic approach will also represent a
perfect crystal structure, in reality there are defects present and the substituted atoms

will not be perfectly homogeneously divided.

3.4 Dynamic simulations

In the past, simulations were mostly done on stationary systems obtained after geometric
optimization of the potential energy surface at 0K. These simulations can give valuable
information such as adsorption energy, proton affinity and reaction barriers. Transition
state theory can link the information from these simulations with macroscopic quantities

of the reactions. There are however more effects that come into play for a reaction.

For an accurate description of complex reaction environments and to take into account
some crucial dynamical effects, the static approach is not sufficient. Every reaction is
characterized by the movement of certain atoms. Therefore it is obvious that dynamic
effects can play an important role if one tries to describe a reaction. A thorough sampling
of the potential energy surface will lead to insights into the different possible stable
structures and the transitions between them (see Figure 3.1). There might be a specific
pre-reactive conformation which has to be achieved before reaction can occur. Therefore
there is more and more interest in dynamic simulation. These calculations can take
many more factors into account, such as the temperature effect, the framework flexibility,
entropic effects and it is also easier to investigate the influence of assistant molecules.
The more molecules participate in a reaction, the more complex the potential energy

surface becomes and hence requiring a good sampling with molecular dynamics.

In practice the time-dependent Born-Oppenheimer approximation is often used Y. This

approximation only allows for the description of the ground state. Since the atom cores
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Figure 3.1: Example of a potential energy surface

are much heavier than the electrons, they move on a larger timescale. One assumes
that the electrons rearrange themselves fast enough to adapt to nuclear motion. The

movement of the atom cores is being described by the classical Newton’s law of motion.

My xal=F =-VV

In this equation aj is the acceleration of the atom nuclei and ?‘1 is the force acting on
the core. This equation is coupled to the many-particle equation due to the fact that
the forces acting on the core are calculated by constructing the potential energy surface.
The gradient of the potential energy surface gives the forces acting on the body.

In classical molecular dynamics the potential V' is not described on a quantum mechanical
level, but by using force fields. This approximation is valid when no bonds are being
formed or broken. In quantum or ab initio molecular dynamics (AIMD), this classical

equation of motion is coupled to an electronic structure method such as DFT.

The simulations starts with a starting structure and random initial velocities, then the
forces acting on the different bodies are calculated by calculating the electronic structure.
When the forces are known, the atoms are moved according to Newton’s laws of motion
and the new conformation for the next time step is obtained after integration of this
equation of motion. An important parameter is thus the time step of the simulation, this
has to be small enough in order to describe the reactions that one wants to see. Shorter

time steps are however computationally more demanding and can make it unfeasible to
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simulate for an extended period of time.

In every new conformation of the nuclei the electron configuration has to be calculated
again on a quantum mechanical level. During a reaction the electronic structure of the
molecules is subject to change, thus a correct description of the electrons is necessary
before the forces can be evaluated. Once the wave functions are known the forces on the
cores can be evaluated. 1

The most straightforward method and correct method for molecular dynamics is to solve
the electronic many-particles problem after every movement of the atom cores. This
method is however very computationally demanding. The Car-Parinello approach leads
to a serious reduction in computational effort while still evaluating the electronic struc-
ture on a quantum chemical level.[% In this method there is a ficticious kinetic energy
for the electrons introduced. This means that the laws of motion of the electrons and ions
are being coupled, the degrees of freedom are being combined, resulting in a generalized
Lagrangian for the system. Therefore deviations from the Born-Oppenheimer approxi-
mations can occur and excited states can be described. The Kohn-Sham equations are
no longer calculated from scratch in every timestep, but are based on the previous ones.
Only in the first step are they explicitly calculated according to the DFT method. 9!
Opposed to Born-Oppenheimer MD, Car-Parinello MD allows to sample other states
than the ground state.

The system is being described as a statistical ensemble, meaning every conformation is
regarded as a possible state and that the simulation will eventually give the probability
distribution for all the states of the system. Depending on the degrees of freedom a
different ensemble is simulated. For example in a microcanonical ensemble (NVE) the
system is simulated as fully isolated.1%% No energy exchange or particle exchange is
allowed, resulting in a system with predetermined energy content. Another example is
the canonical ensemble or the NVT ensemble in which the system is still closed and thus
no particle exchange is allowed, but the system is in contact with a heat bath. The
system is allowed to exchange energy with this heat bath, resulting in a system that
doesn’t have a constant energy but a constant temperature. In the isothermal-isobaric
ensemble (NPT) the volume is allowed to change but the pressure is being controlled
as well. This ensemble is very important for chemical reactions, because in practice the
pressure is a process variable. There are multiple options to use as controllers. For
example a well-known thermostat is a Nosé-Hoover heat bath, this introduces a new
variable which rescales the kinetic energy of the system to more closely resemble the
demanded temperature. Other options are a series of heat baths or a Nosé-hoover chain.
There is also the CSVR (canonical sampling through velocity rescaling) with a transfer
coefficient, this thermostat will rescale the velocities in the system in order to control

the temperature.
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Molecular dynamics can be computationally demanding, but can provide a lot of insight
on the interactions and properties in the system. A correct description of the temperature
effect and entropy is important, this can lead to differences in which structures are
expected to be stable. [101] [102]

When one does not do the effort to perform dynamic calculations important properties
can be missed or estimated wrongly as Benco et al. desribed in their comparative study
between periodic, cluster and dynamic calculations. 193 They showed that large cluster
calculations lacked the proper description of the framework flexibility, resulting in an
overestimation of the reaction barrier. The harmonic oscillator approximation is not
always valid and can lead to an underestimation of the loss of entropy upon activation.

The anharmonic effects are intrinsicly incorporated in the dynamic simulations.

Depending on the length scale on which the reaction occurs and thus the level of detail
that is required there are still limitations on the timescale which can be simulated.
When large changes in the conformation of a protein occur there is no need to describe
every atom with high accuracy and less computationally demanding force fields can be
utilized. Thanks to these methods longer simulation times can be achieved. Force fields
are however not very appropriate when bond breaking and formation is needed, then
more advanced methods are necessary and the time scale of the simulation will have
to be smaller, therefore the total simulation time which is feasible will be shorter. An

overview of the level of detail and feasible simulation times is shown in Figure 3.2.

Figure 3.2: Feasible combinations of time scales and length scales for dynamic simulations 104l
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3.5 Metadynamics

Due to the required accuracy in chemical reactions it can be very computationally de-
manding to achieve enough sampling of the reaction barriers in order to get a statistically
relevant simulation. During the simulations a lot of states are being simulated but not
all of them are relevant for the reaction which is being studied. The states which are
higher in energy are less likely to be visited, the chance is proportional to a Boltzmann
factor. While the transition state is one of the most interesting points it will thus rarely

be simulated.

In metadynamics the simulation is biased by a bias potential that is constructed on the
fly. This bias potential consists of a sum of gaussian functions with a predefined height
(w) and width (ds) , the formula for this sum at any time step is shown in Equation 3.1.
These gaussian hills are introduced in the simulation along some predefined collective
variables and at a predefined frequency (tg is the time between the addition of two
hills). [105] they are fictive energy barriers which will be added to certain conformations of
the structure as they occur more often. The result is that energy wells will be filled with
these gaussian hills and the system will be forced out of a more stable conformation and
reaction will be more probable. As an example look at Figure 3.3, where the simulation
starts at x=0. When the potential energy well is filled with about 20 gaussian hills, the
system is able to cross the energy barrier towards x=-4. After about 160 gaussian hills
are added there is enough filling to push the system to the third minimum at x=4. After
the addition of 320 gaussian hills the entire profile is filled with gaussian hills and all
states are equally likely to be sampled.

x) — Sy 2
Va(S(z),t) = > w*exp(—(s(;(w)) (3.1)

t'=ts,2tG,3tg,..

The Gaussian hills are added along certain collective variables which describe the reaction
coordinate for the particular reaction. As the energy well is being filled with Gaussian
hills the probability of reactions increases. The placement of Gaussian hills is being
tracked in order to reconstruct the potential energy surface afterwards. To achieve
this free energy profile the added hills are being summed up and inversed. When the
simulation has converged the potential well will be filled and the inverse of the summed
up hills will result in the underlying free energy profile. Recrossing of the barrier is
important to achieve sufficient sampling, else the filling of the potential wells will not be

smooth.

Collective variable (CV) are parameters that will vary during the reaction and should
properly describe the reaction coordinate. There are many options in choice for this

CV, a few examples are a bond length, an angle, dihedral angle, but also more complex
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Figure 3.3: As the number of added gaussians increases the system is able to leave to local

minimum in the middle and transfer to other minima. [106]

functions like sums of bond lengths can be used. A common function to be used is the
coordination number (CN) shown in Equation 3.2.[197 In this formula g is a reference
bond length, which is typically set around the transition between a bonded and non
bonded state. If this is done correctly the CN will be approximately be 1 in a bonded
state, it will be 0 when there is no bond and be 0.5 around the transition state. The
CN can be defined between multiple atoms and a specific one and will then indicate the

amount of bonds which are formed with this specific atom.

(1
CNij =) = (1_72)12 (3.2)
,] 70

Figure 3.4 illustrates an example on how to select the collective variables for the proton
abstraction from hydroxonium ion to acetone. Since all three hydrogen atoms of the
hydroxonium ion have a similar reactivity towards proton abstraction they could all be
taken into account for the simulation of this reaction. Clearly for this reaction one O-H
bond has to be formed, while another one has to be broken. To simplify things one can
choose to focus on a single hydrogen atom since they would all show similar behavior.
A good CV would then involve both the bond length of the first and second O-H bond.
By taking the difference of these two bond lengths all states are defined in a unique way.
Imagine the oxygen of acetone being O; and the one from hydroxonium ion Oy and the
CV being CN(O; — H) — CN(O2 — H). If a good rg is chosen for the coordination
numbers then the CV will be approximately be 1 when the hydrogen atom is bonded to

acetone and -1 when it is bonded to water.

The choice of the collective variables is very important. One could miss important effects
that occur on other variables if they are not taken into account, but too many collective

variables will make it slower to fill the potential energy well.



Chapter 3. Quantum chemical simulations 39

Figure 3.4: A proton transfer between hydroxonium ion and acetone

An example to show what can go wrong is given in Figure 3.5. In this case a simulation
with only one collective variable would assume the reaction to occur on the diagonal of
the picture with two collective variables (left pannel of Figure 3.5). Due to the form of
the energy profile there will not be any reaction when one control variable is implemented
untill there is large overfilling of the energy well, thus overestimating the energy barrier.
For some more complex reaction paths it is very important to take multiple collective

variables into account for an accurate description of the reaction.

Figure 3.5: effect of not taking all the necessary control variables into account 9%

The choice of good simulation parameters is very important, i.e. the height and width of
the hills and the time between the placement of two hills. This because overfilling could
occur when the parameters of the simulations are not chosen correctly. The optimal
case is where all the energy wells are being filled equally and there is no well where a
high overfilling exists. When the height of the added Gaussian hills is too high and the
rate of addition of these hills is too fast, the system will not be fully equilibrated before
the next hill is added. This can result in one spot of the energy surface which is being

sampled too much.

In a recent study of Moors et al. a comparison was made for the methylation of benzene

between static calculations in gas phase, on a large finite cluster and dynamic calculations

108]

employing metadynamics. 18] Although static calculations on the 46-T cluster were able
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to produce kinetic data with near chemical accuracy they showed that those calculations
lack a proper description of the entropic effect. In a static calculation transition state
theory is used where the transition state is modeled as a first order saddle point. It is
only with dynamic simulations that the effect of temperature, framework flexibility and
entropy can be truely investigated.

In the dynamic simulations the free energy barrier is calculated as the difference in free
energy between the transition state ensemble and the free energy of the reactant region:

1, enp{-BG(TS))

a B fii exp{—LG(s)}ds
1

where g = AT and TS is the position on top of the reaction barrier along the reaction

AGH =

coordinate. Reaction rates are calculated using transition state theory:

k exp(—BAGH)

1

" Bh
Like every computational method, there are some errors which will be part of the sim-
ulation. Many of these errors can not be quantified, examples are the errors caused
by the choice of basis sets and functionals. There are however some errors which can
be estimated. The statistical error of the free energy difference in metadynamics is
approximately proportional to \/m

These parameters are in practice dependent on each other. The larger the size of the
hills (w) the more time (7¢) a system needs to relax. The next hill should only be added
after the system has relaxed again. If the hills are added too fast after each other ’hill
surfing’ can occur. This is the phenomena where the collective variable continuously
rides the tail of the last added hill. This will result in wrong results because there is a
fraction of the energy well which isn’t being sampled. On the other hand if the time for
relaxation is too large the efficiency of the metadynamics simulation is partly lost.

The width of the hills (ds) and the height are also dependent on each other because they
determine the steepness of the added hills. Since the forces acting on the system are

calculated by taking the derivative of these hills a steep hill will lead to large forces.

Another error is the statistical error which is inherent to the finite time of simulation.
This error can be estimated by generating the free energy surface at regular time in-
tervals during the simulation. If the simulation has converged these will all lead to the
same results, the variance on these results is an indication of the statistical error of the

simulation.

3.5.1 Methodology in this thesis

In this thesis the calculations were performed using the CP2K package. CP2K is a

freely available package for molecular simulations of solid state, liquid, molecular, and
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biological systems. It is written in Fortran 95 and is frequently used for simulations with

periodic boundary conditions. 199

Previous experience with simulations on extended H-SAPO-5 cluster led to the conclu-
sion that a large dipole moment negatively influenced the results. The dipole moment is
inherent to the catalyst its structure because of its one dimensional channel, by making a
finite cluster large dipole moments are obtained. Therefore it was opted to simulate the
system with periodic boundary conditions. The primary unit cell of H-SAPO-5 is very
small and only consists of 24 T-atoms, therefore the unit cell has been extended in the
direction of the pores, the c-axis. This results in a super cell with 24 aluminum atoms,
23 phosphoros atoms and 1 silicon atom which can be seen in Figure 3.6. With period
boundary conditions this will simulate a perfect crystal structure with a Si/(Al+P) ratio
of 1/47. This ratio is important for the comparisson with other results because it is one
of the variables that influences the acid strength of the catalyst. For H-SSZ-24 the silicon
atom is substituted by aluminum and the aluminum and phosphorus is substituted by

silicon, resulting in a Al/Si ratio of 1/47.

The calculation are performed on the DFT level of theory with the revised PBE func-
tional and Gaussian plane waves basis sets. 1199 The DZVP-GTH basis set are used
and dispersion interactions were taken into account by the addition of Grimme D3 cor-
rections. 93] The GTH pseudopotentials are used to describe the complex motion of the

core in a efficient manner. [111]

Static calculations

The geometry optimizations are used to calculate energy differences between different
states and for the calculation of adsorption energies. For the calculation of the adsorp-
tion energies a difference in energy is taken between the adsorbed state and the empty
framework and the adsorbate in gas phase. For the adsorbate in gas phase periodic
boundary conditions were also used but this has little to no influence on the obtained

values.

An important thing to note here is that the calculation of the energy of the framework
and geometry optimization has to be repeated for every adsorption even though the
framework is essentially identical. When the adsorbed state is optimized small changes
to bridging oxygens may occur, corresponding with relatively high energy differences.
Therefore the optimization of the framework is being redone by reoptimizing from the
optimized adsorbed state, but deleting the adsorbate from the input structure. This

ensures that the reference point will always be as accurate as possible.

For the cell parameters of the adsorption energies optimized values were used from a

NPT MD simulation with one methanol molecule inside the framework at 623K. The
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Figure 3.6: An overview of the unit cell for H-SAPO-5 with 1 acid site from the different
angles, looking along the axis of the pores (a) a side view (b) and an overview of

the unit cell which has been extended in the a and b direction (c)

framework parameters for H-SSZ-24 and H-SAPO-5 are thus different, but during all
the different geometry optimizations with different adsorbates they are identical.

The energy calculations performed within the CP2K package did not involve vibrational
analyses nor do they incorporate zero point energy corrections. They will thus result in

AF values as the adsorption energy.

Molecular dynamics and metadynamics simulations

The dynamic simulations were all performed on a temperature of 623K and all time
steps were 0.5 fs. This time step is small enough in order to see the important details
of the reaction. The metadynamics simulations are performed in the NVT ensemble,
therefore there is first the need for an average volume.

First a simulation of the system in the NPT ensemble is used and after a certain equi-
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libration time the volume is being averaged. The volume of the unit cell may vary

according to the molecule(s) present inside the pores.

In the metadynamics simulations the most important characteristics are the height of
the gaussians, their width and the frequency of placing a gaussian. The frequency is
always set at once every fifty timesteps, being every 25 fs. The width of the gaussians
is set at 0.02 and the height is adapted depending on the specific circumstances. If
atoms with low inertia, i.e. hydrogen, are part of the collective variables the height of a
gaussian will be lowered. More detailed information on the applied parameters will be

given with the discussion of the results.

After every recrossing of the reaction barrier the height of the gaussians is halved. This
allows for a rapid filling of the potential wells at the start of the simulation and an

improvement of the accuracy at the end of the simulation.
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Adsorption in the AFI topology

In heterogeneous catalysis there are active sites where reactions occur. In the case of the
MTO-process it has been shown that proton transfer from the framework to methanol is
very important, since it is this Brgnsted acid proton which is mainly responsible for the
activity of the catalyst.[¥) This site can however only be occupied by one molecule at a
specific time. Evidently, molecules with a higher interaction strength will be more fa-
vorable to reside on the acid site. For example it is straightforward that polar molecules
such as methanol will have a strong interaction with this site.

In regimes of high loading on the catalyst the amount of acid sites is limited and compet-
itive adsorption can occur. In those cases the adsorption energy can give an indication
on which molecules will be directly interacting with the acid site and which ones will be

rather co-adsorbed.

Herein, adsorption of methanol, DME and benzene in both H-SAPO-5 and H-SSZ-24
is studied. Adsorption on both the Brgnsted acid site and the neighbouring site, i.e.
on top of bridging oxygens that are not connected to the acid-site, is considered. This
neighbouring site can be a very important point of reference. The reference for the
adsorption energies is the adsorbate in gas phase and not interacting with the framework.
To evaluate the preference of a molecule to reside on the acid site instead of moving freely
inside the pores of the catalyst the co-adsorbed state is a good reference point since it

will incorporate the interactions between the adsorbate and the framework.

The next step which has to occur before a reaction can happen is the formation of a
pre-reactive complex. This means that next to methanol, which will preferentially reside
on the acid site, a hydrocarbon pool species will be co-adsorbed simultaneously on a
neighbouring site. This co-adsorption of benzene forms the pre-reactive complex. 112
Since this is the starting point for reaction it is an interesting complex to examine. In this
contribution the co-adsorption complexes for one methanol and one benzene molecule

are considered. The effect of adding a second methanol molecule is also evaluated.

44
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4.1 Methanol adsorption

For the adsorption of methanol and other alcohols in zeolites there is still discussion about
the exact structure of the adsorption complexes. This adsorption has received attention
of experimental and theoretical research. 131 [112] There are three possible orientations of
methanol which are depicted in Figure 4.1. The main point of discussion is whether or
not the methanol molecule becomes protonated (i.e. chemisorbed) or if the interaction
with the zeolite is due to hydrogen bonds with the catalyst (i.e. physisorbed).

The work of Stich et al. in H-SSZ-13 used MD simulations to investigate the adsorption
of methanol. They concluded that there were a lot of local minima and thus that MD
simulations are almost necessary to have an accurate description of this interaction.
The barrier for the protonation of a single methanol was found to be too high and they
concluded that methanol would only be protonated under higher loadings. 4! Cluster
calculation performed by Hemelsoet et al. in the CHA topology showed that for static
calculations the optimal structure for adsorption of an alcohol was an ’end-on’ adsorption
which involved both a strong hydrogen bond between the Brgnsted proton and the
oxygen of the alcohol and two weaker hydrogen bonds between the proton of the alcohol

and neighbouring oxygens, similar to structure (b) in Figure 4.1. [87]

The adsorption of methanol in the two isostructural materials H-SAPO-5 and H-SSZ-
24 has been examined. Since H-SSZ-24 has the highest acid strength it is clear that
interaction with the acid site will be stronger in this catalyst. As mentioned before, the

adsorption on a neighbouring site is investigated as well. The results are shown in Table
4.1.

Table 4.1: Adsorption energies in kJ/mol of methanol in H-SAPO-5 and H-SSZ-24 on both
the acid site and a neighbouring site. The adsorption energies are split up in the

contributions of the electronic and dispersion interaction.

AE’ads,total AE‘ads,electv"om‘c AE‘ads,dispe?"sion

methanol
[kJ /mol] [kJ /mol] [kJ /mol]
H-SAPO-5 acid site -83.0 -56.8 -26.2
neighbouring site -44.4 -14.0 -30.3
H-SSZ-24 acid site -98.5 -75.1 -23.4
neighbouring site -37.7 -12.0 -25.7

Since the adsorption on the acid site is governed by the acid strength of the site it is

obvious that in the more acidic catalyst, H-SSZ-24, methanol will have the strongest
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Figure 4.1: Three adsorptions orientations of methanol on an acid site. An orientation with one
hydrogen bond between the oxygen of methanol and the acid site (a) an orientation

with an additional hydrogen bond between the proton of methanol and the zeolite

(b) an orientation with a protonated methanol molecule (c) 113!

adsorption energy. The main difference in their interaction strength is in the electronic
contribution, which confirms this theory. The difference in dispersion interaction is
only very small. These results are in line with a previous study on a finite cluster
in H-SAPO-34.[115] Since H-SAPO-5 has a similar acid strength as H-SAPO-34 it was
expected that these results would be similar. The main difference is that the dispersion
interaction calculated in this thesis is smaller, which is likely due to the larger pore sizes
in the AFI-topology leading to larger adsorbate-framework distance. The results in H-
SAPO-34 indicated a dispersion interaction of 30-40 kJ/mol, depending on the proton

position. [115]

The adsorption of methanol on the neighbouring site is slightly more favorable in H-
SAPO-5, but in but both catalysts weaker than adsorption on the acid site. This is
due to the absence of specific interactions with the proton on this site, therefore there
is no influence of the acidity of the catalyst. The adsorption is governed by interaction
with the neighbouring oxygens which is very similar in both catalysts. The alternation of
aluminum and phosphorus atoms in H-SAPO-5 results in a higher polarity of the material

which results in a stronger interaction with methanol. The chemical composition is
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thus the reason for the difference, but this effect is rather limited. The slightly more
polar framework interacts stronger with a polar molecule, this is evident since these

interactions amplify each other.

As can be seen from Figure 4.2 the most stable structure is not a protonated methanol
molecule, but a physisorbed methanol molecule with two hydrogen bonds with the cat-
alyst. This is the case for both H-SAPO-5 and H-SSZ-24. This is in agreement with the
previous results found by Stich et al.[114]

Another important characteristic is the distance between the methanol molecule and the
proton of the acid site. As shown in Figure 4.2 this distance is 1.47 A in H-SAPO-5
and for H-SSZ-24 it is 1.43 A. This parameter is not as quantitative as the adsorption

energy, but it does also confirm the stronger interaction which is present in H-SSZ-24.

Figure 4.2: Adsorption complex of methanol on the acid site in H-SAPO-5 shown in side view

and along the c-axis of the catalyst

In Figure 4.3 the adsorption of methanol is shown on the neighbouring site. There is only
one hydrogen bond with the catalyst and the proton of methanol. This hydrogen bond
is clearly weaker than the hydrogen bond with the acid site, but it does have a stronger
interaction than the secondary hydrogen bond which was present in the complex on the
acid site, this can be seen by comparing the bond lengths. The secondary hydrogen bond
has a length of 2.54 A while for adsorption on the neighbouring site the bond length is
2.31 A,
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Figure 4.3: Adsorption complex of methanol on the neighbouring site in H-SAPO-5 shown in

side view

4.2 DME adsorption

Dimethylether (DME) is known to form an equilibrium mixture with methanol and water
during the early stages of MTO conversion. It is also the first product which is formed
in the MTO process. There is discussion whether DME or methanol the reactive species
is for the methylation reactions.!?3l This will not be further investigated in this thesis,
but it is clear that if DME is present in the mixture it is also one of the possible species

to be adsorbed on the acid sites of the catalyst.

The adsorption energies of DME on the acid site and a neighbouring site for both the
AFI-structured catalyst are shown in Table 4.2. The large stabilizing effect of the acid
site is again visible. The effect is even stronger for DME than for methanol. This is
most likely due to the electron releasing effect of the additional methyl group bonded
to the oxygen atom. Even though there is no secondary hydrogen bond present in this
adsorption complex the electronic effect of the acid site is still stronger than for methanol.
The dispersion interactions are again very similar in all cases, they are slightly larger
than those for methanol, which is to be expected due to the larger volume of DME. The
interaction with the acid site is very strong, but apparently there is no influence of the

acidity on this interaction strength.

The adsorption of DME on the acid site in H-SAPO-5 is shown in Figure 4.4 and the
adsorption on the neightbouring site in Figure 4.5. The length of the hydrogen bond
with the acid site in H-SAPO-5 is 1.44 A while it is 1.4 A in H-SSZ-24, indicating that
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Table 4.2: Adsorption energies in kJ/mol of DME in H-SAPO-5 and H-SSZ-24 on both the
acid site and a neighbouring site. The adsorption energies have been split up in the

contributions of the electronic interaction and dispersion interaction.

A-Eads,total AE‘ads,elect’r‘onic AEads,dispersion

DME
[kJ/mol] [kJ/mol] [kJ/mol]
H-SAPO-5 acid site -112.7 -78.8 -33.9
neighbouring site -52,3 -21,9 -30.3
H-SSZ-24 acid site -113.8 -83.7 -30.1
neighbouring site -43.8 -18.1 -25.7

these hydrogen bonds are very strong. Adsorption on a neighbouring site is stronger
in H-SAPO-5, this is similar to the adsorption of methanol on the neighbouring site
discussed before. The adsorption of a polar molecule on a more polarized structure is
stronger. The orientation of DME in the pores of the catalyst depends on whether it is
adsorbed on the acid site or not. As can be seen from Figure 4.5, DME will orient itself
upright in the catalyst pores in order to have as much interaction with the framework as
possible. If there is however interaction with the acid site, this interaction will completely
dominate all other interactions and the strong hydrogen bond with the proton of the

catalyst will determine the orientation of DME.

Figure 4.4: Adsorption complex of DME on the acid site in H-SAPO-5 shown in side view and

along the c-axis of the catalyst
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Figure 4.5: Adsorption complex of DME on the neighbouring site in H-SAPO-5 shown in side

view and along the c-axis of the catalyst

4.3 Benzene adsorption

The other important species which are present inside the pores of the catalysts are of
course the hydrocarbons. In this thesis work benzene was chosen as the molecule to
represent an aromatic hydrocarbon pool species. Aromatics are a large fraction of the
products formed in AFI-structured catalysts. 116] Benzene is an apolar molecule and thus

dispersion interactions are more likely to be dominating the total adsorption energy.

Adsorption on both the acid site and a neighbouring site has been considered. The
obtained results are shown in Table 4.3. As expected there is a big difference between
the interaction of benzene and methanol with the framework. The heavier benzene
molecule has stronger dispersion interactions than DME and methanol, but because it

is a apolar molecule there is no large stabilizing electrostatic interaction.

There is still a slight preference for benzene to reside on the acid site when compared to
a neighbouring site, especially in H-SSZ-24. Most likely due to an interaction between
the acid site and the m — orbitals of benzene. The difference in adsorption energy
between the two sites is however relatively small, especially when it is compared to the
difference for methanol or DME. This could indicate that the acid sites will preferentially
be occupied by methanol or DME. Benzene will thus be the molecule that is co-adsorbed
on a neighbouring site while methanol resides on the acid site. In a previous study on
AlPo-5 and SSZ-24 a higher heat of adsorption was observed for benzene on SSZ-24.117)
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Table 4.3: Adsorption energies in kJ/mol of benzene in H-SAPO-5 and H-SSZ-24 on both the
acid site and a neighbouring site. The adsorption energies have been split up in the

contributions of the electronic interaction and dispersion interaction.

A-Eads,total AE‘ads,elect’r‘onic AEads,dispersion

benzene
[kJ /mol] [kJ /mol] [kJ/mol]
H-SAPO-5 acid site -83.0 -17.3 -65.7
neighbouring site -79.8 -16.1 -63.7
H-SSZ-24 acid site -88.7 -24.4 -64.3
neighbouring site -72.6 -11.3 -61.3

This effect is also found in these simulations for the adsorption on the acid site, but not

for the adsorption on a neighbouring site.

The orientation of benzene in the pores of the catalyst is shown in Figure 4.6 for the
acid site and in Figure 4.7 for the neighbouring site. There is clearly a difference in
orientation between the two sites. While being adsorbed on the acid site there is an
interaction of the m-orbitals of benzene with the 1s orbitals of the proton. When this
interaction is not present, such as on the neighbouring site, the benzene molecule will
reorient itself to stand upright in the pores in order to have as much interaction with
the framework as possible. This behavior is very similar to what was found for the polar
molecule DME.

The distance between benzene and the proton is very similar in H-SSZ-24 and H-SAPO-
5, they are respectively 2.16 and 2.23 A. This does clearly show that there definately is
some interaction between the proton and the m-orbitals of benzene, but the adsorption

energies prove that this interaction is smaller than for polar adsorbates.

The closest distance between benzene on the neighbouring site and the framework was
around 3,17 A for both catalysts as shown in Figure 4.7. This is the distance between a
hydrogen atom of benzene and an oxygen atom of the catalyst. This means that there

is still enough free space inside the pores for substituents onto benzene.
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Figure 4.6: Adsorption complex of benzene on the acid site in H-SAPO-5 shown in side view

and along the c-axis of the catalyst

Figure 4.7: Adsorption complex of benzene on the neighbouring site in H-SAPO-5 shown in

side view

4.3.1 Adsorption on a methoxy group

As discussed is section 4.1, there exist mechanisms for the methylation of benzene which

use a step-wise mechanism. In this mechanism there is first the formation of a surface-
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bound methoxy group. Benzene will then co-adsorb on top of this group and react
further from there. Therefore the adsorption of benzene on top of a methoxy group is

also very interesting. The optimized structures are shown in Figure 4.8.

Figure 4.8: Adsorption of benzene on top of a surface-bound methoxy group in SAPO-5 (left)
and SSZ-24 (right) shown along the c-axis of the catalyst

The orientation of the benzene molecule in both catalyst is different. This suggests a
difference in the contribution of the different interactions. In H-SAPO-5 the benzene
molecule is oriented with its w-orbitals on top of the methoxy group. This interaction is
very similar to the interaction discussed before between benzene and the acid site which
contained a proton. However in H-SSZ-24 the benzene molecule is oriented in a similar
way as benzene usually does on a neighbouring site. This orientation suggests that the
interaction with the framework is more important than the interaction with the methoxy
group. The optimalization had started from a structure where benzene was oriented on
top of the methoxy group for H-SSZ-24 and for H-SAPO-5 the optimization had started
from a point where benzene was not oriented on top of the methoxy group. The shift
in orientation shows that the orientation on top of the methoxy group is indeed more
stable.

The distance between the methoxy group and benzene is smaller in H-SSZ-24 (2.82 A
2.91 A), which could indicate a stronger interaction with the methoxy group. Some
caution is however recommended since the orientation of benzene is different. A more
quantitative approach is to look at the adsorption energies. The adsorption energies
calculated for benzene on the catalyst with a surface bound methoxy group are given in

Table 4.4. For easy reference the previous results for adsorption of benzene on the acid
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site and on a neighbouring site are also given.

Both the orientation of benzene and its adsorption energy in H-SAPO-5 are very similar
to the adsorption of benzene on an acid site. For benzene in H-SSZ-24 the orientation
is more similar to benzene adsorbing on a neighbouring site. The adsorption energy
is however higher than the pure adsorption on a neighbouring site. In particular the
electronic contribution to the adsorption is higher, but not as high as in the case of
adsorption on an acid site. The interaction with the surface bound methoxy group are
more similar to the adsorption in H-SAPO-5. This could indicate that the influence of
the acid strength is much lower when a methoxy group is present instead of a proton.
While the adsorption energies for benzene in H-SAPO-5 are very similar for all investi-
gated possibilities, the adsorption in H-SSZ-24 does show differences. There is a clear
preference for the acid site, followed by adsorption on a methoxy group and the weakest

interaction is with the neighbouring site.

Table 4.4: Adsorption energies in kJ/mol of benzene on a methoxy group, on the acid site
and on a neighbouring site in H-SAPO-5 and H-SSZ-24. The adsorption energies

have been split up in the contributions of the electronic interaction and dispersion

interaction.
benzenc AFEudstotal  AFadselectronic  AFads,dispersion
[kJ/mol] [kJ/mol] [kJ/mol]
H-SAPO-5 methoxy -78.9 -17.5 -61.4
acid site -83.0 -17.3 -65.7
neighbouring site -79.8 -16,1 -63.7
H-SSZ-24 methoxy -81.8 -18.7 -63,1
acid site -88.7 -24.4 -64.3
neighbouring site -72.6 -11.3 -61.3

4.4 Co-adsorption of benzene and methanol

Co-adsorption is arguably even more important than the adsorption on its own and
this is especially true for benzene. As discussed in the previous sections methanol will
preferentially reside on the acid site. The pre-reactive complex for the methylation of

benzene involves methanol on this acid site and benzene co-adsorbed on a nearby site.

The adsorbed species are shown in Figure 4.9. A similar effect for methanol on the
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acid site is visible, the more acidic H-SSZ-24 catalyst has a stronger interaction with
methanol and thus a shorter hydrogen bond. Another important difference between the
two catalysts is the orientation of methanol. In H-SSZ-24 methanol clearly has some
interaction with benzene. The methyl group is rotated towards benzene. This is thus a
much more reactive position already. It is important to note that to reach this structure
we started the optimization from a point where methanol was not oriented towards
benzene. It is clearly energetically favorable for methanol to have this interaction with
methanol. One does have to keep in mind that these static optimizations always show

local minima and therefore some caution is advised.

Figure 4.9: Adsorption complex of methanol and benzene in H-SAPO-5 (left) and H-SSZ-24

(right) shown in side view

Depending on the point of reference, multiple characteristics can be calculated starting
from this point onwards. A first possibility is to evaluate the AFE,,_,q4s of benzene. This
means the energetic difference for the co-adsorption of benzene from the gas phase onto
a framework where methanol is already adsorbed on the acid site. The energy profile
for the sequence of these steps is schematically depicted in Figure 4.10. A second option
is to evaluate the AFE,, .45 of methanol, i.e. the adsorption energy for methanol from
the gas phase onto the catalyst with benzene already adsorbed on the neighbouring

site. Although the second option might not be what is actually happening during the
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process it provides insight on the additional stabilization the benzene molecule provides
for the adsorbed methanol. The results are shown in Table 4.5, because it is important
to compare these values with the adsorption without presence of other molecules they
are added to the table.

AFE

Reaction

MeOH(g)+Bz(g)

Adsorption
methanol

MeOH(ads)+Bz(g)

Co-adsorption
benzene

MeOH(ads)+
Bz(ads)

Figure 4.10: sketch of the energy profile of the different adsorption steps leading up to reaction

Table 4.5: Co-adsorption energies in kJ/mol of methanol in the presence of benzene and vice

versa, together with the results of the adsorption without presence of other species

. Acho—ads,meth AE‘ads,meth AE‘co—ads,benz AE‘ads,benz
Co-adsorption

kJ/mol]  [kJ/mol] kJ/mol]  [kJ/mol]

H-SAPO-5 -99.5 -83.0 -84.6 -79.8

H-SSZ-24 -105.3 -98.5 -80.6 -72.6

The presence of other guest molecules clearly results in larger co-adsorption energies com-
pared to the pure adsorption. The effect is however limited to 10 kJ/mol, except for the
co-adsorption of methanol in H-SAPO-5. The difference between the AE.,_qdsmethanol
and the AFEqqs methanol approximates 17 kJ/mol.

4.5 Co-adsorption of benzene and two methanol molecules

As discussed before there is evidence that higher loadings of methanol have a large effect
on the reactivity of the methanol molecules. In particular the tendancy of methanol to
form clusters which are more likely to abstract a proton from the catalyst is interesting.
A single methanol molecule is rather unstable when it is protonated. A methanol dimer

however has a larger affinity for the proton. 18]

Two possible clusters were studied, in the first one the methanol molecules are allowed

to form a cluster and will form a network of hydrogen bonds as shown in Figure 4.11 the
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second option is to separate the methanol molecules so they can not interact with each
other. In Figure 4.11 all the relevant bond lengths are given as well. In this hydrogen
bonded network the protons are able to be exchanged simultaneously between all the
interacting molecules. The proton of the acid site will be transfered to the first methanol
molecule which will in turn transfer its own proton to a next methanol molecule. This

behavior is typical for protonic solvents and drastically increases the proton mobility.

Something which is immediately visible is that the methanol cluster with only two
methanol molecules is already having a much stronger attraction on the proton of the
catalyst. This is especially true for H-SSZ-24, which is logical due to its higher acid
strength. The distance between the proton of the catalyst and the oxygen of methanol
is only 1.45 A for H-SAPO-5 while the distance between that same proton and the oxy-
gen atom of the catalyst is 1.29 A. This means that the proton is still bonded more
strongly to the catalyst than the methanol cluster, but it is certainly close to a transition

between the two.

In H-SSZ-24 the methanol cluster abstracts the proton almost completely from the cata-
lyst. This further confirms the higher reactivity of this catalyst. The interaction between
the proton and the catalyst is however still strong. A full abstraction of the proton to a
cluster of methanols which would be able to move freely inside the pores is still unlikely.
This is in agreement with theoretical work of Moors et al.['% They used MD simu-
lations and investigated the effect of methanol loading on the methylation of benzene
in H-ZSM-5. They showed that clusters with three methanol molecules are the most
stable complexes. However they also found that the methylation barrier increases as the

number of methanol molecules in the cluster increases.

When the methanols are separated they are no longer able to interact with each other,
but the addition of this second methanol can has its influence on the adsorption. In
Figure 4.12 the corresponding adsorption complexes are shown. The complex found
here is not very different from the one found when only one methanol molecule and one
benzene molecule was considered. This indicates that the second methanol molecule is

indeed purely a ’spectator’ molecule.

The corresponding adsorption energies are a more quantitative description than the
bond lengths. Similar to the complex of one methanol and one benzene molecule there
are again multiple points of reference which will provide different information. A first
option is to look at the co-adsorption of methanol from the gas phase onto the complex
where there is already a methanol and a benzene molecule present. It is assumed that
this methanol molecule will already reside on the acid site, which is a very reasonable
assumption as shown in Section 4.1. A second option is to look at the co-adsorption

of benzene from the gas phase onto a complex of two methanol molecules which are
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Figure 4.11: Adsorption complex of 2 methanol molecules and benzene in H-SAPO-5 (left)
and H-SSZ-24 (right) shown in side view, the methanol moleculs are allowed to

form a cluster and a network of hydrogen bonds

already present in the pores of the catalyst. An overview of the entire energy diagram
of this sequence of adsorptions is given in Figure 4.13. Thus the adsorption of benzene
in between two separated methanol molecules or next to a cluster. Both results are
shown in Table 4.6, the previously calculated adsorption energies are given as well for

comparison in Table 4.7.
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Table 4.6: Overview of the adsorption energies for the co-adsorption of methanol and benzene

(kJ/mol)

. A-Eco—oLdsm’Letharwl Acho—ads,benzene

Co-adsorption
[kJ/mol] [kJ/mol]
H-SAPO-5 methanol cluster -82.0 -83.9
separated methanol -44.8 -96.0
H-SSZ-24 methanol cluster -84.3 -79.6
separated methanol -32.1 -82.5

Table 4.7: Points of reference for comparison with the co-adsorption energies of methanol and
benzene. The adsorption energy for methanol without presence of other molecules
are given for both the acid site and a neighbouring site, together with the adsorption

energy of benzene on a neighbouring site

AEad&methﬂcid AE‘co—ads,meth AEads,benz,neighbour
[kJ /mol] [kJ /mol] [kJ /mol]

reference points

H-SAPO-5 -83.0 -44.4 -79.8
H-SSZ-24 -98.5 -37.7 -72.6
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Figure 4.12: Adsorption complex of 2 methanol molecules and benzene in H-SAPO-5 (left)
and H-SSZ-24 (right) shown in side view, the methanol moleculs are not allowed

to interact with each other

A E

2 MeOH(g) + Bz (g)

Adsorption
methanol Reaction
MeOH(g)+Bz(g) +

MeOH(ads)

Co-adsorption
methanol

2MeOH(ads) +Bz(g)

Co-adsorption
benzene

2 MeOH(ads)+
Bz(ads)

v

Figure 4.13: sketch of the energy profile of the different adsorption steps leading up to reaction

involving 2 methanol molecules and one benzene molecule

It is remarkable that the co-adsorption energy of methanol is of the same order of
magnitude as an adsorption on the acid site in the case of cluster forming. There are
indeed two new hydrogen bonds formed, namely between the two methanol molecules
and from the second methanol to the framework, but on the other hand one hydrogen

bond from the first methanol to the framework is broken. Although the absolute numbers
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for cluster formation of methanol are very similar, the relative difference between the
formation of a cluster and the separation of the methanol molecules is very different.
This can be seen by comparing the adsorption energies for the co-adsorption of methanol.
In H-SSZ-24 the difference between these two is clearly larger. This indicates a stronger

preference for cluster formation.

The adsorption energy of methanol without formation of a cluster is very similar to the
adsorption of methanol on a neighbouring site. It is only a bit smaller for H-SSZ-24.
They are however not bonded to the framework with any hydrogen bonds at all. This
indicates that the interaction with the framework in both H-SAPO-5 and H-SSZ-24 is
rather small and thus the methanol molecules will be able to move freely inside the pores

of the catalyst.

For the co-adsorption of benzene the most important interactions are dispersion inter-
actions. Therefore it is clear that there will be more interaction when benzene is placed
in the middle between two methanol molecules since it is able to interact with both of
them in this way. The stabilizing effect of a nearby cluster is small, but the effect of two

methanol molecules surrounding benzene is 10-15 kJ/mol.

The stabilizing effect of two methanols surrounding benzene is however not as big as
the stabilizing effect for the formation of a network of hydrogen bonds in a methanol
cluster. The disadvantage of this methanol cluster is that it will drastically limit the
freedom of the methanol molecules. This cluster formation is thus entropically disfa-
vored, this entropic effect can be evaluated, but this is not done in this thesis. Dynamic
simulations on H-ZSM-5 have shown that clusters can break and form, but in general
this cluster formation is more likely to happen.!%] The weak hydrogen bond between
the co-adsorbed methanol molecule and the framework will however no longer be stable

at these higher temperatures.

4.6 Conclusions

The influence of the acidity on the adsorption is evaluated by comparing two AFI-
structured catalysts, namely H-SAPO-5 and H-SSZ-24. Adsorption is a very important
process which has to occur before the catalyzed reaction can occur. The adsorption of
methanol, DME and benzene is considered by the use of static structure optimizations
and energy calculations. Benzene is used to represent the active hydrocarbon pool

species.

The polar molecules, DME and methanol, show a strong preference to reside on the
acid site compared to a neighbouring site. This preference is even stronger in the more

acidic H-SSZ-24 catalyst, which shows that this interaction increases with increasing
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acid strength. Benzene showed a more moderate preference to reside on an acid site
in H-SAPO-5, though a stronger preference was also observed in H-SSZ-24. There is
still some interaction between the 7-orbitals of benzene and the Brgnsted proton, which
explains this preference. The difference between polar molecules and benzene is due
to the fact that for benzene the adsorption is dominated by dispersion interactions,
which are influenced by the volume of the molecules and not the acid strength. For
polar molecules the electronic interaction is much more important as they are able to
form hydrogen bonds with the framework. These hydrogen bonds are a much stronger

interaction than the relatively weak dispersion interactions.

The next step to occur before reaction is the formation of a co-adsorption complex,
i.e., the second reactant will have to co-adsorb in the framework where there is already
one reactant present. Co-adsorption of benzene and methanol is considered, the co-
adsorption energy is stronger than the pure adsorption in both cases. The presence
of another reactant has thus a stabilizing effect. The formation of a methanol dimer
is investigated as well, because under industrial conditions and high partial pressure
of methanol there will be multiple methanol molecules present surrounding the acid
site. The co-adsorption simulations show that a methanol dimer is able to substract
a proton from the catalyst, especially in HSSZ-24 and that this cluster formation is
energetically favored. The pure adsorption of methanol showed a strong physisorbed
methanol molecule, bonded to the framework with hydrogen bonds, but chemisorption

only occurred in the presence of a second methanol molecule.



Chapter 5

Dynamic study of the paring and

side-chain mechanism in

H-SAPO-5

Aromatic compounds are well known to be active hydrocarbon pool species for the MTO
process in certain catalysts, this was already evident from the experiment by Mole and
co-workers in 1983.138 There exist however multiple possible mechanisms with aromatic
intermediates. A lot of theoretical and experimental work has been done to distinguish

[23]

between these mechanisms. As discussed in section 2.2 there exist three main routes,

namely the side-chain mechanism, the paring mechanism starting with a ring contraction
and the paring mechanism starting with a ring expansion. [

For large pore catalysts such as H-SAPO-5 it has been established that highly methy-
lated benzene molecules are the most reactive aromatic species. [*6) Multiple methylation
steps will subsequently lead to higher substituted, more reactive methylbenzenes until
eventually heptaM B™ is formed. This compound forms the focus of this part of the
thesis research and the reactions starting from this reactive intermediate will be inves-
tigated through advanced dynamical simulations. The first step for each mechanism
will be simulated in this thesis since it is crucial to discriminate between the different
mechanisms. In Figure 5.1 an overview is given of the three reactions starting from
heptaM BT as studied in this thesis.

63
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Figure 5.1: Overview of the different reactions which are simulated in this thesis

5.1 Deprotonation of the heptamethylbenzenium ion

The reaction leading up to the side chain mechanism is the deprotonation of heptaM B*.
This results in an aromatic ring with an exo-cyclic double bond. Further methylation
occurs on this bond to form an ethyl or iso-propyl side-chain. Next, either ethylene or

propylene is eliminated. This is shown in Figure 5.2.

Figure 5.2: The side-chain mechanism with production of ethylene/propylene [60]
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A theoretical study by De Wispelaere et al. in H-SAPO-34 has shown that a complete
catalytic cycle for this mechanism with low barriers exists. %) One of the most difficult
steps in the catalytic cycle is the deprotonation of the heptaM BT ion. The problem here
is mainly the fact that it is a very endothermic step, resulting in an equilibrium constant
of 4.0¥10~!. Hence, under equilibrium conditions, heptaM Bt will rather maintain its
protonated form. This result was also experimentally found by Bjorgen et al. using
solid-state NMR in H-Beta. 53 H-SAPO-5 has its similarities with both catalysts, the
chemical composition and the acid strength of the catalyst is very similar to H-SAPO-34
and the pore size is a bit smaller, but still similar to H-Beta. It is thus reasonable to

assume that the equilibrium for this reaction will very likely favor the protonated form.

First static calculations were performed to have a clear estimate for the AE, of the re-
action. Finding optimized structures for both heptaM B+ and 1,2,3,3,4,5-hexamethyl-6-
methylene-1,4-cyclohexadiene (HMMC) proved to be difficult. Finding a stable structure
for HMMC close to the acid site was not possible because there was an immediate re-
arrangement to form heptaM BT during the geometry optimization. Therefore, HMMC
was rotated away from the acid site so that the proton transfer reaction was not possible.
This was already a first indication that the equilibrium is most likely shifted towards
heptaM B In addition, there did not seem to be a large activation energy for the pro-
ton transfer from the framework to HMMC, which is the reverse reaction of the studied
reaction. The calculated energy difference between the two structures is 106.4 kJ/mol.
This difference suggests that the equilibrium is almost completely shifted towards the
side of heptaM B™. Thus, if the deprotonation step is highly endothermic, as the static

calculations suggest, it will be an important bottleneck in the side chain mechanism.

5.1.1 Dynamic simulation of the reactants

Metadynamics will be used in order to achieve sufficient sampling of the reaction barrier
in a reasonable timeframe. Before this can be done the system has to be equilibrated.
An important decission has to be made concerning the presence of solvent molecules
in the unit cell. It has been shown from ab initio molecular dynamics studies that
the addition of polar protic solvents can facilitate the proton transfer.'8] In the MTO
process water and methanol are readily available in the catalyst pores. These can act as
a link between the framework and heptaM B™ to transfer the proton. The presence of
these mobile molecules has the advantage that there is no longer the need for heptaM B™
to orient itself towards the acid site. More mobile molecules such as methanol and water

can act as an intermediary for proton transfer between heptaM BT and the acid site. (60]

In this work the choice was made to add two methanol molecules to facilitate the proton

transfer. The optimized structures of a methanol cluster in the previous chapter showed
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the tendency of this dimer to substract the proton from the catalyst. The reasoning
is that if two methanol molecules are able to subtract a proton from the framework
they will also be likely to assist the framework with the substraction of a proton from
heptaM B thanks to their proton affinity and mobility.

A molecular dynamics simulation in the NPT ensemble is used to equilibrate the volume
of the unit cell. During this period it was observed that heptaM B™ is mostly located
close to the acid site. Moreover, as Figure 5.3 displays, the plane of the aromatic ring
is similarly oriented in the channel as benzene adsorbed on the acid site (see Section
4.3). Due to the large number of methyl groups, it is more difficult for heptaM B to be
oriented like benzene adsorbed on a neighboring site. The temperature is set at 623 K
and is controlled with a CSVR thermostat with a time constant of 300 fs, the pressure is
set at 1 bar and with the default time constant of 100 fs. There will be an initial period
of the simulation where the different parameters have not yet converged, therefore the
simulation time needs to be sufficiently long. The temperature of the simulation as a
function of the time is given in appendix A (Figure A.1). This plot indicates that the
first 2 ps are used to balance the system temperature and after that point an equilibrated
state is obtained. The potential energy is another parameter that has to converge. This

is also given in appendix A together with the conserved quantity (Figure A.2).

Figure 5.3: Heptamethylbenzenium inside the pores of H-SAPO-5

The conserved quantity is in theory a constant during the simulation and drift of this
quantity indicates the error that is made during the simulation. Small errors such as
the finite time step will lead to a drift in the conserved quantity. If the drift is small
compared to the variations of the potential energy there is an acceptable level of accuracy.

The drift in this simulation is an order of magnitude smaller than the variations of the
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potential energy, which is acceptable.

The goal of these simulations in the NPT ensemble is to obtain a good estimate of the
unit cell parameters at the operating conditions (temperature, pressure). The fluctua-
tions of the volume are shown in appendix A (Figure A.3), the volume varies between
2800 A® and 3000A°. In reality the system will be set at a certain pressure and the
framework will be able to ’breathe’ and parts of the framework will expand while oth-
ers are compressed. This breathing of the framework is visible in Figure A.3. For the
metadynamics simulations however we will work in the NVT-ensemble, therefore a good

average volume for the unit cell is calculated from these results.

Since the first 2 ps are used to equilibrate the system these results are not used in
the calculation of the average volume. The resulting average is 2914 A%, A similar
averaging is done for all the cell parameters. The angles of the unit cell obtained from the
simulation are very close to 90 degrees and 120 degrees. The angles for the metadynamic
simulation are set at these exact values and a rescaling of the averaged cell lengths is
performed to match the calculated average volume. The cell lengths which will be used
for the metadynamics simulation are 14.12, 14.09 and 16.93 A.

5.1.2 Simulation of the deprotonation reaction

To simulate the reaction metadynamics is used. Because the goal of the simulation is
only to find the equilibrium thermodynamic properties of the reaction, the masses of the
molecules become irrelevant in the Hamiltonian. Changing masses will only influence the
dynamic behavior of the simulation, but not the underlying themodynamic properties.
This means that the masses of some atoms can be varied to obtain an easier and faster
simulation. 119 In particular for this simulation it can be important to change the mass of
the proton which will be transfered from heptaM B™ to the framework. This is because
hydrogen has a very low mass and thus very little inertia. During the metadynamics
simulation Gaussian hills are added which disturb the local equilibrium. Due to the
low inertia of the proton it is very susceptible to these changes on the potential energy

surface, which may cause the system to break.

A first simulation is performed without changing the mass of hydrogen. However after
a certain time of simulation some nonphysical situations are observed. The proton
suddenly breaks from heptaM B+ and migrates in the voids of the catalyst pores without
being bonded to anything else. It is already known that the reaction will be relatively
difficult, this state of the system is thus clearly unrealistic. There are multiple options
to avoid this kind of behavior. A first obvious solution is reducing the height of the
Gaussian hills. This has as disadvantage that it will considerably increase the necessary

time for simulation. A second option is to increase the mass of hydrogen in order to give
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more inertia to this atom.

Two different simulations are performed, one where hydrogen has been given a mass
of 12 g/mole and one where hydrogen has the mass of tritium, being 3 g/mole and a
slightly reduced height of the Gaussian hills. There should not be a difference between
both simulation for the calculation of equilibrium thermodynamics properties, but in

the first simulation the mobility of hydrogen is slowed more than in the second one.

Simulation with massy = 12 g/mole

The first simulation was performed for 51 ps. The selected collective variable (See
Figure 5.4) is a difference of coordination numbers. Namely the difference between the
coordination number of the carbon atom with the weighted hydrogen (CN1) and the
coordination number of this weighted hydrogen with all the possible oxygen atoms to
transfer to (CN2). In particular, the two oxygen atoms of the two methanol molecules
and the four oxygen atoms surrounding the silicon atom at the acid site are taken into

account for CN2.

Figure 5.4: An illustration of the collective variable used to simulate the deprotonation reaction

The simulation was started with the addition of Gaussians with a hill height equal to
2.4 kJ/mol. After every recrossing of the reaction barrier the height of these hills has
been halved until it reached 0.4 kJ/mol.

Multiple ways of crossing this barrier were observed during the simulation. A first
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possibility is methanol which gives its proton to a second methanol molecule to which
it is hydrogen bonded. A snapshot of this is shown in Figure 5.5. Initially, methanol
resides close to heptaM B™ interacting with the proton, but unable to substract it. It
is only when the second methanol forms a hydrogen bridge with the first one that it is
able to stabilize the positive charge enough for the transfer to occur. The proton affinity
of a single unbonded methanol molecule is clearly much lower than when it is hydrogen
bonded with the second methanol molecule, which is in line with previous work in H-
ZSM-5, where it was concluded that larger methanol clusters have a higher probability

of substracting a proton. [108]

Figure 5.5: A proton of heptaM B7 is transferred to a cluster of methanol molecules

A second way of transferring the proton is when methanol interacts with both the
acid site and heptaM B at the same time. The proton is then able to transfer from
heptaM B to methanol while simultaneously the proton which was originally located on
methanol is transferred to the acid site. In Figure 5.6 the reaction is shown. Methanol is
essentially being used as intermediary for the proton transfer between the hydrocarbon

and the framework.

Other options for proton transfer would be the direct transfer from heptaM B* to the
acid site or transfer to a single isolated methanol molecule. These possibilities were not
observed during the simulation and are probably highly activated. The direct transfer
from heptaM B to the catalyst is hampered due to the fact that a bulky molecule such
as heptaM BT would have to be rotated to the exact angle where it has the possibility
to transfer its proton. Protic solvents are readily available during the MTO process and
provide much easier access to the acid site. The transfer to a single methanol molecule
is a similar discussion as in the previous chapter concerning the adsorption of a single
methanol molecule. Methanol on its own has a too low proton affinity to be a very stable

molecule when it is protonated.
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Figure 5.6: A proton of heptaM B is transferred to methanol, which transfers its own proton

to the acid site

The free energy profile that was calculated for the deprotonation of heptaM B is shown
in Figure 5.7. There are obviously still some rough bumps in the profile which indicate
that further simulation of the system is necessary. The results are however good enough

to get an idea of the probability for this reaction to occur.

Figure 5.7: The calculated free energy profile for the deprotonation of heptaM B+

Another remarkable element of the profile is the shape. Although the shape of the
reaction profile is dependent on the chosen reaction coordinate it is clear that there is a
large reactant valley for the system while the product valley is very small. The transition
state is clearly very similar to the product state. This was also visible without this
profile when looking at the simulation itself. There are many instances where methanol
is located very close to heptaM BT, but the carbon-hydrogen bond length would remain
very stable and the simulation fell frequently back into the reactant state. This is in line
with Hammond’s postulate, which states that if the transition state and another state

of the reaction are very similar to each other in terms of energy, they will also have a
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similar structure.['20) This is often represented by Figure 5.8 and referred to as a late
or early transition state. One can see that when the energy of the transition state is
close to that of the reactant state it will also be very close to this state on the reaction
coordinate, which is called an early transition state. Highly endothermic reactions, such

as this deprotonation reaction, often have a late transition state.

transition state
transition state transition state

lorP

lorP R
lorP

Case (a) Case (b) Case (c)

Figure 5.8: Representation of Hammond’s postulate

Due to the fact that in metadynamics there is not a single point that can be denoted
as saddle point (a point with one single negative frequency), there is also no exact
point which can be refered to as the transition state. Therefore a certain interval of
the reaction coordinate should be defined as the transition state. In this case, due
to the late transition state, the transition state region was chosen as the ensemble of
states where the collective variable is 0.4. The effect of this choice was evaluated by
varying the position between 0.35 and 0.45. However, the resulting variance was only
5 kJ/mol and hence, did not lead to a significantly different free energy barrier. The
calculated reaction barrier at 623 K for the forward reaction is 177.9 kJ/mol and for
the reverse reaction it is 41.8 kJ/mol. This leads to a forward reaction rate constant
of 1.6 x 1072571 and a backward reaction rate constant of 4.1 x 10s~!. The obtained
reaction barrier is much higher than the one obtained in H-SAPO-34 in a previous
study. % This can be due to multiple effects, obviously the catalyst is different but
another reason for this difference could be that metadynamics is used in this work, while
static ONIOM calculations were used in the previous study. Static calculations do not
take the entropic contributions fully into account. The difference in DFT functional or a
not fully converged metadynamics simulation are other possible explanations. The most
probable reason is that the different catalyst topology leads to an inferior stabilization

and thus a higher activated reaction.

Simulation with massy = 3 g/mol

In the second case hydrogen was simulated with a fictive mass of 3 g/mol. The mass is

not increased as much as before to remain closer to the real case, even when in theory
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there should be no difference in the static thermodynamic properties. The height of the
hills that were added at the start of the reaction are 2 kJ/mol. Such low gaussians are
needed to ensure that the dynamics of the sytem are not disturbed too much. Hydrogen
has a very low inertia and is therefore very susceptible to these sudden addition of
forces. Additionally, the CV used in this simulation is the difference of the CN of the
carbon atom and the weighted hydrogen and the CN of this weighted hydrogen and the
oxygen atom of one specific methanol molecule, shown respectively as CN1 and CN2 in
Figure 5.9. The other oxygens atoms were no longer taken into account because there
exist states where the proton of methanol and heptaM BT are swapped and it would
be very hard to return to the product state starting from there. The CV used in the
previous simulation would then reach high values and the simulation would be stuck in

the product side.

Figure 5.9: The choice of CV for the deprotonation of heptamethylbenzenium, considering

only one oxygen atom of a specific methanol molecule

The system has been simulated for 35 ps and the obtained reaction profile is shown in

Figure 5.10 together with the reaction profile obtained in the previous section.

The transition state was again taken at 0.4 as the profile is very similar to the simulation
in the previous section. The obtained barrier for this simulation is 166.6 kJ/mol, which
is slightly lower than the previous barrier. The barrier for the reverse reaction is 62.8
kJ/mol which is significantly higher than the 41.8 kJ/mol which was calculated before.
This was already visible in Figure 5.10, in this second simulation the product state has
been simulated a lot more. This could indicate that the previous simulation had not fully

converged, which is also visible in the much rougher reaction profile obtained from that
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Figure 5.10: The reaction profiles for the deprotonation of heptamethylbenzenium of both
simulation compared with each other, in green the simulation with my = 3 g/mol

and the red curve is for the simulation with my = 12 g/mol.

simulation. Another reason for the difference in the product state for these simulations
is the difference of CV. The first simulation also took the distance to the other oxygen
atoms into account. Therefore it actually allowed the CV to reach higher values than 1,
in the second simulation this was changed because it resulted in the simulation of states
which were not of interest for this thesis. When only a single oxygen atom is part of
the CV the analysis is more straightforward. In Figure 5.10 it is also visible that for the
first simulation there are states where the CV reaches a value larger than 1, while this
is not possible in the second simulation. The reason for the difference is thus not the
difference in simulated mass of the proton, but the convergence of the simulation and
more importantly the slightly different CV. This CV is only different for the product
side of the simulation, as can be seen from Figure 5.10 the reactant side of the profile
and the free energy barriers are similar in both simulations. These simulations result in
a reaction rate constant for the forward reaction of 1.4 x 1072571 and a reaction rate
constant for the backwards reaction of 7.0 x 107s~!. The equilibrium constant of the

reaction K4 is 2.0 x1079.

From the static energy calculations we obtained an energy difference of 106.4 kJ/mol
between both states. The dynamic simulation, where only a single methanol molecule
was part of the CV, resulted in a free energy difference of 103.8 kJ/mol. All together,
the simulation with a single methanol molecule in the CV has converged better as shown
by the smoother reaction profile and the better resemblance with the static energy opti-

mizations. The results of this simulation are therefore considered to be more accurate.
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5.2 Ring contraction of heptamethylbenzenium

For the ring contraction mechanism there are two steps that prove to be difficult, namely
the ring contraction and later in the mechanism the regeneration of the six-membered
ring. Due to time limits there are only a few steps of the mechanism that can be
investigated into more detail. The choice for this work is to start again from heptaM BT
and investigate the ring contraction towards the bicyclic structure, which is shown in
Figure 5.11.

Figure 5.11: The bicyclic structure, which is the the result of a ringcontraction of heptaM B

Static calculations showed that the bicyclic structure is less stable, the AFE, is 13.6
kJ/mole. This is a smaller AE, than obtained in a previous study in H-ZSM-5, but the
number of methyl substituents on the benzene ring was lower in that work as well.[61]
This is very different to the deprotonation where the product state was heavily disfa-
vored compared to the reactant. This static energy difference does however not give us
information about the free energy barrier at 623 K. Therefore, metadynamics will be

applied.

5.2.1 Dynamic simulation of the reactant

The ring contraction reaction involves the breaking and formation of several strong
C-C bonds. Therefore it is reasonable to assume that the free energy barrier will be
substantial. It will be necessary to perform metadynamics simulations if one wants
to sample enough transitions of the reaction barrier. A similar procedure as for the
simulation of the deprotonation is applied. The first step is to determine the parameters
of the unit cell. The system has to be equilibrated to fit the framework and heptaM B™
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at a temperature of 623 K. A simulation in the NPT ensemble with a pressure of 1 bar
controlled by a barostat with a time constant of 100 fs is performed. The orientation of
the heptaM BT, close to the acid site, is mostly similar to the orientation observed for
benzene adsorbing on the acid site as discussed in Section 4.3. The temperature is being
controlled by a CSVR with a time constant of 300 fs. The volume is expected to be very
similar to the one obtained for the deprotonation reaction, because the only difference
is that there is no methanol present this time, but the small volume of these molecules

should not have a large influence.

The temperature of the system is one of the important characteristics of the system which
indicates the convergence of the simulation. The results are shown in appendix A (Figure
A.4). After about 2500 fs the temperature of the simulation reaches an equilibrium state,
fluctuating around 623 K. The next parameter to evaluate is the potential energy of the
system. This one is illustrated in combination with the conserved quantity of the system
in appendix A (Figure A.5). The potential energy is also converged after about 2500 fs

which is similar to the temperature.

The conserved quantity of the system is rising during the simulation, but as discussed
before the ’drift’ of this quantity is small compared to the fluctuations in the potential

energy. The error is sufficiently small to obtain an accurate simulation.

After checking the convergence of the cell parameters an average of 2913 A® was obtained
for the volume, which is only slightly smaller than the unit cell which contains the
additional two methanol molecules. The cell vectors are again rescaled similar to what
was explained in the section about the deprotonation because the cell angles are set at
the exact value of 90, 90 and 120 degrees. The cell lengths which will be used for the
metadynamics simulation are 14.12, 14.09 and 16.93 A.

5.2.2 Simulation of the ring contraction

The collective variable that was chosen for this reaction is the coordination number
between the two carbon atoms that have to form a bond in order to obtain the bicyclic
structure, carbon atoms number 2 and 6 in Figure 5.12. An overview of the reactant and
the different product states is shown in Figure 5.13. There are two main product states,
one with a bicyclic structure and one with a isopropyl side-chain. The simulation started
with the addition of hills with a height of 5 kJ/mol and the height was subsequently
halved after every recrossing of the reaction barrier, at the end of the simulation the
height of the hills was 1.3 kJ/mol.

A first set of simulations without any further constraints showed that the formation
of this iso-propyl group occured relatively easily. It also showed that this iso-propyl

group is very mobile and performs a ’ring walk’ on the five equivalent positions of the
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Figure 5.12: Overview of the collective variable for the simulation of the ring contraction

Figure 5.13: Overview of the reactant and product states of the ring contraction

five-membered ring (see Figure 5.14). This means that it forms and breaks bonds with
the different carbon atoms of the ring and is able to migrate from one carbon atom
to the next one. This phenomenon has been described before by Arstad et al. They
found a low reaction barier for this migration of the isopropyl side-chain.® This ring
walk was not included in the collective variables, but the fact that it is visible during
the simulation further suggests the low barrier for this reaction. This indicates that the
iso-propyl group is not bonded very strongly to the ring and that probably elimination

reactions from this state can occur easily.

Even though this ring walk is very interesting to observe, it made the side-chain mi-
grate towards a position from where reaction with the defined collective variables was

not possible. This is because the collective variables only include two specific carbon
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Figure 5.14: Illustration of the bonds forming and breaking during the ring walk of the iso-
propyl side-chain

atoms. However the structure is identical after the transfer of the isopropyl chain to the
next carbon atom and reaction should be equally likely from this position. Therefore,
additional walls were placed to ensure that the side chain group was always in a position
from where the reverse reaction is possible without restricting it to form the iso-propyl
group. A repulsive wall was placed between the carbon atom with number 1 and the
carbon atoms with numbers 3,4 and 5, the ring walk is thus no longer possible. A bond
with one of these atoms is not wanted, the quadratic wall with a force constant of 650
MJ /mol will ensure that the side-chain remains bonded to one of the original two carbon

atoms.

Due to the structural change it is difficult to sample transitions between reactant and
product. Not only is there the formation of the C-C bond described by the collective
variable, but during the transition there is also a change in the dihedral angle of carbon
atoms 1,2,3 and 4 in Figure 5.12. A lot of atoms will have to move at the same time for
the reaction to occur. Furthermore, when the simulated molecule is in the intermediate
bicyclic product state it has the possibility to form the isopropyl side-chain. From this
state there is no direct route back to the product. The consequence is that crossing of
the reaction barrier occurs less frequently than expected. The system has been simulated
for 80 ps, but only a limited number of crossings of the reaction barrier had occurred
(there was only five times a crossing of the barrier). The reaction profile of the final
three runs is shown in Figure 5.15. Every run represents a simulation time of 20 ps, but

it is clear that the simulation did not yet converge because the profile still changes a lot.
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The reason for this is that the simulation gets stuck in certain states and is not able to

recross the barrier even when the local minimum is being filled.

Figure 5.15: The reaction profile of the ring contraction for the final three runs

Clearly, run 6 is very different from the final two runs and this is also notable in the
resulting free energy barriers. For run 6 the calculated barrier is 96.5 kJ/mol, for run
7 it is 146.8 kJ/mol and for run 8 it is 141.1 kJ/mol. Though the final two results are
very similar they were calculated from a simulation that had not yet fully converged.
They are however also very similar to previously reported results by Arstad et al. who
reported a reaction barrier of 139 kJ/mol.[?") The free energy barriers at 623 K for the
reverse reaction are 132.5 kJ/mol for run 6, 116.3 kJ/mol for run 7 and 104.3 kJ/mol
for run 8. Run 8 is chosen as the most accurate description, because it is the one that
has run the longest and has converged best. The obtained reaction rate constant for

—1 and a reaction rate constant for the backwards

the forward reaction is 1.9 x 10's
reaction of 2.3 x 10*s~1. This results in an equilibrium constant Keq of 8.2 x 1074, The
difficulties arising in this simulation can not be solved by simulating longer. A better
approach would be to take a second collective variable into account. As discussed there
are two product states, an intermediate one where there is a bicyclic structure and one
with a isopropyl side-chain (see Figure 5.13). The reaction is also not only characterized
by the change in bond length described by the current collective variable but also by a
change in the dihedral angle. This dihedral angle is however not fixed in the product
state. When the isopropyl side-chain is formed, the dihedral angle is allowed to vary

within a large range.

There are two suggestions for a second collective variable, the first one involves the
dihedral angle which changes during the actual reaction and the second one is to take

the C-C bonds for the product state into account in order to distinguish between the two
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different product states. In this one dimensional simulation it is impossible to determine
if the bicyclic structure is certainly a minimum. The static optimizations were able to
find this minimum and during the simulation the system stays in this state for a long

time, but only by adding a second collective variable it would be possible to be certain.

The dihedral angle of carbon atoms with numbers 1,2,3 and 4 from Figure 5.12 is chosen
as a second CV the expected two dimensional potential energy surface is shown in Figure
5.16. In the product state the dihedral angle is fixed at 0 degrees, when reaction occurs
carbon atom number 1 will leave the plane of the cyclic structure and the dihedral angle
will have a fixed value for the bicyclic product state. If the bicyclic structure is broken
and the isopropyl side-chain is formed the dihedral angle is allowed to vary to a larger
extend. The reaction is thus described as a two step mechanism and the product states
differ in their ability to change the dihedral angle. An angle is however not very easy to

use for practical purposes.

Figure 5.16: The expected two dimensional potential energy surface for the ring contraction
with the dihedral angle as C'V5 and the original difference of coordination numbers

as CV;

The second option is to distinguish clearly between the two product states. To do this
the CN between the double substituted carbon atom and its two neighbouring carbon
ring atoms is used. One of theses bonds is only broken in case an isopropyl side-chain
is formed. In Figure 5.17 the expected potential energy surface is shown. The addition
of this second CV will aid to make the system change between both product states,

this is necessary because the reverse reaction can only occur starting from the bicyclic
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structure.

Figure 5.17: The expected two dimensional potential energy surface for the ring contraction
with the new CN which describes the breaking of the bicyclic structure as CV;

and the original difference of coordination numbers as C'V;

5.3 Ring expansion of heptamethylbenzenium

The final reaction that was investigated is the ring expansion of heptaM B+. The ring
expansion mechanism has received less attention in literature compared to the previ-
ously discussed mechanisms. Arstad et al. reported that in the full catalytic cycle the
elimination of the products is the bottleneck, closely followed by the expansion of the
six-membered ring structure to the seven-membered ring. %% They reported a barrier of
231 kJ/mol for the latter reaction and a AE, of 64 kJ/mol in the gas phase. This is the

reaction that is studied in this thesis and depicted in Figure 5.18.

This is a complex reaction, it involves a proton transfer from one of the gem-methylated
groups to a carbon atom in beta position and simultaneously the breaking of a carbon-
carbon bond and the formation of another one (see Figure 5.18) In Figure 5.19 the
product is shown after a static optimization on H-SAPO-5. It is a very large compound,

but the pores of H-SAPO-5 provide enough free space.

A static optimization of the reactant and product side for this reaction in H-SAPO-5
leads to a AE, of 65 kJ/mol, which is very close to the results reported by Arstad et

al. of 64 kJ/mol in gas phase. [59] Seemingly there is almost no influence of the catalyst
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Figure 5.18: The ring expansion of heptaM B+ 5

Figure 5.19: The methylated cycloheptatriene structure which is the product of a ring expan-
sion of heptaM BT on H-SAPO-5

surroundings on the stability of the reactant and product. This shows already that in
equilibrium conditions this product will be disfavored compared to both the reactant
and the product of the ring contraction (which has a AE, of 14 kJ/mol). Nonetheless
this reaction is simulated because the large pores of H-SAPO-5 seems to be an optimal
environment for this reaction, if it is not feasible in this catalyst it will most likely be

even more difficult in catalysts with smaller pores.
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5.3.1 Dynamic simulation of the ring expansion

The same starting structure for the simulation was used as for the ring contraction
reaction. All parameters are identical except for the collective variables of course. A
first simulation which tried to describe this system with only a single CV led to multiple
errors. Due to the complexity of the reaction it is necessary to take multiple effects
into account. The two CVs which are used for the simulation are shown in Figure 5.20.
The proton transfer and the breaking of the carbon-carbon bond are described by two
separate collective variables. The bond which will have to be formed to achieve the
seven-membered ring is not taken into account in the collective variables, because it is
assumed that the distribution of charges will drive the simulation towards this bond

naturally.

Figure 5.20: The two CVs used to simulate the ring expansion mechanism, the proton transfer
is described by the green CV and the breaking of the carbon-carbon bond is
described by the blue CV

Unfortunately during the simulation the desired reaction is not observed. Instead a five-
membered ring structure is formed. In this product the carbon-carbon bond described
by the collective variables is able to break and form thanks to the ability of the side-
chain to perform a ring-walk. Clearly it is necessary to take more effects into account.
Additional walls can be implemented with a limited computational cost, these walls can
ensure that a ring contraction is no longer possible. Furthermore, it might be necessary
to take the bond which will have to be formed into account as well. This will lead to a
three dimensional simulation which is computationally less efficient and also less easy to

analyze and interpret.

Although we could not yet obtain the free energy barriers for the ring expansion, the
results of Arstad et al. and the static optimizations strongly indicate that this reaction is

less likely to happen compared to the ring contraction. ?®) Both reactions involve a large
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rearrangement of atoms, but the product of the ring expansion is thermodynamically
disfavored and there are strong indications that the reaction barrier will be higher as

well.

5.4 Conclusions

In this chapter a critical step in the ring contraction, ring expansion and side-chain
mechanism has been evaluated using advanced molecular dynamics simulations. The
reactions all started from the heptamethylbenzenium ion, which is the most reactive
methylbenzene in large pore catalysts such as H-SAPO-5. The three reactions are always
just a single step in their respective mechanisms, but they have proven to be important
bottlenecks in the full catalytic cycle in other catalysts, which is especially true for the

deprotonation reaction.

Frequent sampling of the reaction at 623 K has been obtained by using metadynamics
to achieve a more efficient sampling of the potential energy surface. It has proven to
be a powerful tool to incorporate different reaction paths in one simulation as could
be seen in the simulation of the deprotonation. There exist multiple paths leading
from reactant to product state and molecular dynamics are not limited to the choice
of one specific path. The free energy barriers which were obtained in this thesis work
showed a slight preference for the ring contraction paring mechanism and especially the
equilibrium coefficient was more beneficial for this mechanism. The tentative results are
summarized in Table 5.1. These conclusions are in line with experimental results where
labeling patterns predicted a paring mechanism to be the dominant pathway for olefin
elimination in H-SAPO-5.[116]

Table 5.1: Summary of the results for the deprotonation and ring contraction reaction of
heptaM Bt at 623 K in H-SAPO-5. The free energy barrier (AG* in kJ/mol),

the reaction rate constant (k in s7') and the equilibrium constant (K.,) are given.

AGH k Keq
[kJ/mol] [s71]
deprotonation forward 166.6 1.4 x 107!
2.0 x 1079
backward | 62.8 7.0 x 107
ring contraction forward 141.1 1.9 x 10!
8.2 x 107*
backward | 104.3 2.3 x 10*




Chapter 6

Conclusions

Figuring out the mechanism of the methanol conversion has proved to be very difficult
due to the complexity of the MTO process. Insight into this process on the molecular
scale can lead to industrial optimizations and is thus very interesting. A lot of theoret-
ical and experimental work has been performed in this area. Thanks to experimental
evidence, the hydrocarbon pool mechanism is commonly accepted as the active mech-
anism. Herein, hydrocarbon compounds act as co-catalysts for the process. There are
two main categories of active hydrocarbon pool species, namely the alkenes and arenes.
Methanol will be added onto these hydrocarbon pool species to form larger compounds.

Eventually olefins will be eliminated from these larger compounds.

The catalytic cycles with alkenes and arenes as co-catalyst can work independently from
each other, but they are connected by secondary reactions such as cyclization and depro-
tonation. This concept is called the dual-cycle concept. The relative importance of these
cycles is dependent on many parameters such as the catalyst topology, catalyst acidity,
reaction temperature, pressure, pore size, etc. All these factors further complicate the
search for details on the true reaction mechanism. The paring and side-chain mechanism
are two proposed mechanisms to describe the olefin production with aromatic compounds
as co-catalyst. Methylations are important in both cycles, the difference between both

mechanisms lies in the exact mechanism for the elimination of the products.

In a first part of this thesis the influence of the acidity on the adsorption is evaluated by
comparing two AFI-structured catalysts, namely H-SAPO-5 and H-SSZ-24. Adsorption
is a very important process which has to occur before the catalyzed reaction can occur.
The adsorption of methanol, DME and benzene is considered. Benzene is used to rep-
resent the active hydrocarbon pool species. The polar molecules, DME and methanol,
show a strong preference to reside on the acid site compared to a neighbouring site. This
preference is even stronger in the more acidic H-SSZ-24 catalyst, which shows that this

interaction increases with increasing acid strength. Benzene showed a more moderate
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preference to reside on an acid site, though a stronger preference was also observed for
H-SSZ-24. This difference between polar molecules and benzene is due to the fact that
for benzene the adsorption is dominated by dispersion interactions, which are influenced
by the volume of the molecules and not the acid strength. For polar molecules the
electronic interaction is much more important as they are able to form hydrogen bonds
with the framework. These hydrogen bonds are a much stronger interaction than the

relatively weak dispersion interactions.

The next step to occur before reaction is the formation of a co-adsorption complex,
i.e., the second reactant will have to co-adsorb in the framework where there is already
one reactant present. Co-adsorption of benzene and methanol is considered, the co-
adsorption energy is stronger than the pure adsorption in both cases. The presence
of another reactant has thus a stabilizing effect. The formation of a methanol dimer
is investigated as well, because under industrial conditions and high partial pressure
of methanol there will be multiple methanol molecules present surrounding the acid
site. These dimers have a higher tendency to substract a proton from the framework,
a methanol dimer has a higher proton affinity than a single methanol molecule. A
methanol dimer is able to form a network of hydrogen bonds and results in a very strong

interaction energy.

In a second part of this thesis , the first step of three possible reaction mechanisms
involving aromatic hydrocarbon pool species in H-SAPO-5 is studied. Namely, the side-
chain mechanism, the paring mechanism starting with a ring contraction and the paring
mechanism starting with a ring expansion are compared. Therefore, the first step of
these three mechanisms is evaluated using advanced molecular dynamics methods. The
first step is of course crucial in each mechanism and can indicate a difference between the
possible mechanisms without simulating the entire catalytic cycles. The heptamethyl-
benzenium ion was chosen as starting compound, because it has been shown before that
heavily methylated methylbenzenes are the most reactive aromatic compounds in large
pore catalysts. The side-chain mechanism starts with a deprotonation step, leading to an
exo-cyclic double bond. At 623 K the free energy barrier for this reaction is 166 kJ/mol
and the K., is 2.0 x107?. The ring contraction reaction has a barrier of 141 kJ/mol
and a K4 of 8.2 x10~4. Unfortunately a suboptimal choice of the collective variable
for the ring expansion mechanism made it impossible to obtain results for this reaction.
Optimization of static points indicated however that this reaction would most likely be
disfavored compared to the ring contraction mechanism. When comparing these first
steps of the different mechanisms the ring contraction is the most promising. It is the
reaction with the lowest reaction barrier and furthermore the K., is much more favor-
able for this reaction. These results are in accordance with previously reported results

obtained from gas phase calculations. °%
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Previous work in H-ZSM-5 and H-SAPO-34 has shown that the deprotonation reaction is
the bottleneck for the side-chain mechanism. Therefore it seems evident that it will also
be a bottleneck in H-SAPO-5. For the ring contraction mechanism the bottleneck in H-
ZSM-5 is the recovering of the six-membered ring structure. The ring contraction itself
has a comparable reaction barrier, it is only slightly lower. It might thus be interesting
for future research to also investigate this recovery of the six membered ring to see if
the same conclusions still hold. Ideally the full catalytic cycle is considered, however
simulation of some key steps can already provide a lot of insight to compare the different
cycles. The ring expansion itself seemed less promising from static calculations, but a
dynamic simulation of this reaction could provide certainty about the importance of this

mechanism.

Next to the arene cycle there is also the alkene cycle according to the dual-cycle concept.
Experimental results indicate that this cycle is more important in H-SAPO-5 than in
H-SSZ-24. The influence of the acidity on the different reaction mechanisms is still to
be investigated. Similar dynamic simulations in H-SSZ-24 can provide insight into the
influence of the acidity and can hopefully complement the experimental results. There
are still a lot of uncertainties in the MTO process, a combination of experimental and

theoretical work will be necessary to further unravel the underlying mechanism.
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Supporting information

dynamical simulations

Figure A.1: The temperature as a function of simulation time in the NPT ensemble
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Figure A.2: The potential energy and conserved quantity of the system as a function of sim-

ulation time in the NPT ensemble
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Figure A.3: The volume of the unit cell as a function of simulation time in the NPT ensemble

Figure A.4: The temperature as a function of simulation time in the NPT ensemble
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Figure A.5: The potential energy and conserved quantity of the system as a function of sim-

ulation time in the NPT ensemble

Figure A.6: The CV as a function of simulation time in the metadynamics simulation of the

deprotonation with mg=12 g/mol
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Figure A.7: The CV as a function of simulation time in the metadynamics simulation of the

deprotonation with mg=3 g/mol

Figure A.8: The CV as a function of simulation time in the metadynamics simulation of the

ring contraction



Appendix B

Poster NCCC

This appendix contains the poster which was presented on March 10 2014 at the 15th
Netherlands’ Catalysis and Chemistry Conference (NCCC), Noordwijkerhout (NL).
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Appendix C

Article in preparation

Some of the optimized structures and corresponding adsorption energies that were cal-
culated in this thesis are used during the preparation of the following manuscript:

“How zeolitic acid strength and composition alter the reactivity of alkenes and aromatics
towards methanol”, Marius Westgard Erichsen, Kristof De Wispelaere, Karen Hemel-
soet, Samuel L. C. Moors, Thomas Deconinck, Stian Svelle, Veronique Van Speybroeck

and Unni Olsbye, 2014, in preparation
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