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Samenvatting

De fundamentele impact van katalyse op onze samenleving kan moeilijk overschat
worden. Katalyse is rechtstreeks of onrechtstreeks betrokken in de productie van
meer dan 80% van alle consumptiegoederen. De meeste bulk- en fijnchemicalién
worden gesynthetiseerd uit ethyleen en propyleen, de voornaamste bouwstenen van
de chemische industrie. Het productievolume van deze lichte olefines zal naar
verwachting verder blijven toenemen ten gevolge van de groeiende wereldbevolking
en de hogere welvaart. Het overgrote deel van ethyleen en propyleen wordt op
heden samen geproduceerd door het stoomkraken van koolwaterstoffen uit fossiele
bronnen. Echter, enkele belangrijke uitdagingen moeten in de nabije toekomst
aangepakt worden om aan de stijgende vraag te kunnen blijven voldoen.

Door het gebruik van goedkoop ethaan, afkomstig uit de schaliegaswinning, als
voeding voor stoomkrakers is een ontwrichting ontstaan in de vraag naar en het
aanbod van propyleen. Deze trend heeft als gevolg dat de doelgerichte productie
van propyleen, bijvoorbeeld door middel van katalytische propaandehydrogenering,
de omzetting van methanol naar olefines (MTO) of kraking van hogere olefines,
economisch rendabel wordt. Ten tweede dwingt de dreigende klimaatopwarming de
chemische industrie om de omslag te maken naar meer efficiénte processen met een
lagere uitstoot van broeikasgassen. De weg naar duurzamere chemische processen
vereist innovatieve katalysatoren voor de omzetting van niet-aardoliegebaseerde
grondstoffen. Technieken om CO, op te vangen en om te zetten in olefines en
brandstoffen zijn volop in ontwikkeling. Heterogene katalysatoren en zeolieten in
het bijzonder zullen ongetwijfeld een centrale rol blijven spelen in deze transitie.

Het rationele ontwerp van nieuwe katalysatoren met een hoge activiteit, selectiviteit
en stabiliteit vereist een fundamenteel begrip van de actieve intermediairen en
reactiemechanismen. Onderzoek binnen de heterogene katalyse is in de afgelopen
jaren sterk geévolueerd dankzij de synergie tussen theoretici en experimentalisten.
Operando spectroscopische technieken die informatie kunnen verschaffen over de
werking van katalysatoren bij de reéle procescondities vinden steeds meer ingang
bij experimentele studies. Met dank aan de toename in computerkracht en de
ontwikkeling van geavanceerde theoretische methoden, is het daarnaast vandaag
ook mogelijk om realistische zeolietmodellen te beschrijven met behulp van ab
initio technieken. Theoretische simulaties kunnen een essentiéle schakel vormen
in het begrijpen van de interacties tussen de gastmoleculen en de katalysator op
moleculaire schaal.

Deze doctoraatsthesis focust op verschillende aspecten van de productie van lichte

XV



XVi SAMENVATTING

olefines door middel van katalytische alkeenkraking. De omzetting van alkenen
in Brgnsted-zure zeolietkatalysatoren speelt een essentiéle rol in tal van petro-
chemische processen, van katalytisch kraken over hydrokraken tot MTO-conversie.
Desondanks blijft de precieze aard van de intermediairen en de dominante reactie-
routes een controversieel punt. Alkeenkraking is een klassiek voorbeeld van een
complex proces waarin verschillende competitieve intermediairen en reactiepaden
(oligomerisatie, [(-scissie, waterstoftransfer, ...) een rol spelen. De productdis-
tributie wordt bijgevolg beinvloed door onder meer temperatuur, samenstelling van
de voeding en zuurtegraad. Computationele modellering is een ideaal hulpmiddel
om inzicht te verwerven in de complexe krakingschemie. In dit onderzoek worden
ab initio simulaties toegepast om enkele open vragen omtrent de diffusie, adsorptie
en kraking van olefines in zeolieten te beantwoorden.

Momenteel ontbreekt de consensus over de aard van de geadsorbeerde alkenen bij
reéle krakingscondities. Alkeenadsorptie kan aanleiding geven tot de vorming van
een gefysisorbeerd m-complex door interactie van de dubbele binding met het zure
proton. Chemisorptie van het alkeen resulteert dan weer in een positief geladen
carbenium ion of een roostergebonden alkoxide. De hoge reactiviteit van alke-
nen verhindert de experimentele karakterisatie van deze vluchtige intermediairen,
waardoor de precieze gedaante van de adsorptietoestanden nog steeds betwist
wordt. Ab initio berekeningen kunnen hierover uitsluitsel bieden. Desalniettemin
zijn theoretische schattingen typisch afhankelijk van de modelkeuze. Verschillende
studies bepleitten het bestaan van ultrastabiele alkoxides op basis van statische
DFT-berekeningen van kleine clustermodellen, bestaande uit slechts enkele T-
atomen van het zeolietrooster. Daarentegen concludeerde men dat carbenium ionen
onstabiele species zijn die enkel kunnen fungeren als transitietoestand. Echter,
langeafstandeffecten zoals van der Waalsinteracties worden niet correct beschreven,
hoewel deze een belangrijke bijdrage leveren aan de stabiliteit van alkeeninter-
mediairen. Bovendien kunnen deze primitieve clustermodellen de verschillende
zeoliettopologieén niet onderscheiden. Om de volledige (de)stabilisatie van de
gastmoleculen in de zeolieomgeving in rekening te brengen is een zeolietmodel met
periodieke randvoorwaarden onontbeerlijk.

Het hardnekkige idee dat roostergebonden alkoxides de heersende intermediairen
zijn is hoofdzakelijk gebaseerd op statische DFT-berekeningen. Bij deze techniek
worden lokale stationaire toestanden op het potentiéle energieopperviak bij 0K
geidentificeerd. Hoewel deze eenvoudige methode de relevante thermodynamische
eigenschappen correct kan voorspellen, is een dergelijke beschrijving niet represen-
tatief voor de werkelijke krakingscondities (750-850K). De statische methodologie
is enkel geldig indien de reactietoestanden duidelijk gedefinieerd zijn bij OK en
temperatuurseffecten veilig genegeerd kunnen worden. Deze voorwaarden zijn
helaas zelden vervuld voor zeolietkatalyse. In deze thesis worden hoofdzakelijk
moleculaire dynamica (MD) simulaties uitgevoerd, een techniek die toelaat een
groter deel van het vrije energieoppervlak bij eindige temperaturen te beschrijven.
Tegelijkertijd worden de flexibiliteit van het rooster, de bewegingsvrijheid van alle
relevante intermediairen en de entropie-effecten inherent in rekening gebracht.

Ab initio MD-simulaties voor alkeenadsorptie en -kraking in H-ZSM-5 tonen aan dat
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de standaard toegepaste statische berekeningen een te beperkt beeld geven van het
krakingsproces bij reéle procescondities. Ten eerste bezitten geadsorbeerde alkenen
een vrij grote bewegingsvrijheid in de zeolietporién. Het complexe vrije energieland-
schap bestaat uit meerdere lokale minima die overeenstemmen met een specifieke
positie en oriéntatie van de adsorbaten. In de statische benadering worden echter
slechts een beperkt aantal configuraties beschouwd. Ten tweede verschilt het vrije
energieoppervlak bij 773K aanzienlijk van het potentiéle energieoppervlak bij OK.
Door hun covalente binding met het rooster zijn alkoxides entropisch benadeeld
bij hoge temperatuur. In plaats daarvan hebben carbenium ionen een eindige
levensduur bij 773K waardoor ze kunnen optreden als krakingsintermediairen. De
stabiliteit van tertiaire carbenium ionen is vergelijkbaar met die van gefysisorbeerde
m-complexen. Voor lineaire alkenen echter zijn de gefysisorbeerde species de meest
stabiele toestand, terwijl secundaire carbenium ionen metastabiel zijn. lonparen
worden in belangrijke mate gestabiliseerd door hun ladingsdelokalisatie en mobiliteit
in de zeolietomgeving, wat moeilijk gereproduceerd kan worden door statische
berekeningen alleen.

Onze MD-simulaties bevestigen dat alkenen bijzonder reactief zijn bij procescon-
dities. Hydrideshifts of andere isomerisaties vinden spontaan plaats tijdens de
sampling van de ionaire toestand. In theorie kunnen vrije energiebarrieres die
verschillende lokale minima onderscheiden overwonnen worden in gewone MD-
simulaties. Chemische reacties zijn echter zeldzame gebeurtenissen en de lange
simulatietijden die nodig zijn om deze overgangen te samplen zijn in de praktijk
onhaalbaar. Gestuurde MD-simulaties kunnen de sampling van de geactiveerde
transities versnellen en op die manier verzekeren dat alle toestanden langs de
specifieke reactiecodrdinaten van het syteem voldoende bezocht worden. In dit
proefschrift worden metadynamica (MTD) en umbrella sampling (US) simulaties
aangewend om vrije energieprofielen voor de protonering en (-scissie van alkenen
te reconstrueren.

In de zoektocht naar de dominante krakingsroutes is het carbenium ionmechanisme
algemeen aanvaard. Niettemin gaan veel studies foutief uit van stabiele alkoxides
als reactanten. In deze thesis onderzoeken we met behulp van geavanceerde MD-
methoden verschillende paden voor n-buteenkraking in H-ZSM-5. De directe (-
scissie van butylkationen is onwaarschijnlijk door de hoge activeringsenergie en
ongunstige reactie-intermediairen. Alternatief ondergaan deze carbenium ionen
dimerisatiereacties alvorens daadwerkelijk te kraken, de zogenaamde dimerisatie-
krakingsroute, die een grote variatie aan mogelijke [S-scissies omvat. Op voor-
stel van prof. Jens Weitkamp worden deze reacties geclassificeerd volgens de in
de kraking betrokken carbokationen. Stabiele tertiaire carbenium ionen kunnen
op zich fungeren als krakingsprecursoren, terwijl voor de scissie van secundaire
carbenium ionen, het gefysisorbeerd alkeen als reactant kan beschouwd worden.
Om het alkeen m-complex om te zetten in een reactief carbokation moet een
extra barriéere overwonnen worden. Vrije energieprofielen bij 773K bewijzen dat
reacties met vorming van een tertiair kation als product de laagste globale barriére
hebben. Deze gunstige routes vereisen echter wel de vorming van sterk vertakte
precursoren die door hun voluminositeit moeilijk gevormd kunnen worden in de
smalle kanalen van H-ZSM-5. Bijgevolg lijkt de kraking van intermediairen met
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één of twee methylvertakkingen het meest voordelig.

Aangezien dispersie significant bijdraagt tot de stabilisatie van de intermediairen
en transitietoestanden in de zeolietomgeving kan de krakingsreactiviteit gewijzigd
worden door de topologie en zuursterkte van het zeolietrooster te wijzigen. Om
de invloed van de lokale omringing op de stabiliteit van de alkeenintermediairen
beter te begrijpen, worden MD-simulaties uitgevoerd bij krakingstemperatuur van
(iso)buteen in verschillende karakteristieke topologieén. Zowel de 10-ring kanaalze-
olieten H-ZSM-22 en H-ZSM-5, de 12-ring kanaalzeolieten H-SSZ-24 en H-MOR
als de kooizeolieten H-SSZ-13 en H-Y worden onderzocht. Daarnaast wordt het
effect van de zuursterkte van de Brgnsted actieve sites bestudeerd door zeolietstruc-
turen met eenzelfde topologie maar verschillende samenstelling zoals H-S5Z7-24 en
H-SAPO-5 of H-S57-13 en H-SAPO-34 te vergelijken.

De invloed van de poriegrootte wordt bepaald door de balans tussen de enthalpische
en entropische contributies. Het is algemeen aanvaard dat een reactie bevoordeeld
is als de porieafmetingen overeenstemmen met de afmetingen van de intermediairen
en transitietoestanden. De relatieve stabiliteit tussen gefysisorbeerde alkenen en
carbenium ionen hangt in sterke mate af van de porositeit en zuurtegraad van
het zeoliet. Het tert-butyl carbenium ion is het best geaccommodeerd in de 10-
ring zeolieten en in zeolieten met sterke zure sites. Onderlinge verschillen in de
barriere van isobuteenprotonering tussen de roosters kunnen voor een groot deel
toegeschreven worden aan variaties in adsorptiesterkte. Door de roostertopologie
en/of zuursterkte van de katalysator te modificeren kunnen de reactiviteit en
selectiviteit van alkeenconversieprocessen beinvloed worden. Bijvoorbeeld, voor
de CO,-conversie in een bifunctionele katalysator wordt aangetoond dat H-ZSM-5
resulteert in een hoge selectiviteit voor aromaten terwijl H-MOR aanleiding geeft
tot een hoge selectiviteit voor olefines. Deze opvallende vaststelling kan deels
toegeschreven worden aan het verschil in reactiviteit voor alkeenprotonatie.

De interacties tussen alkenen en de zure sites van de katalysator kunnen ook een
aanzienlijke invloed hebben op de diffusie van olefines door de zeolietporién. Het
transport van lichte olefines is met name van belang in het MTO-proces waar er
duidelijke aanwijzingen zijn dat diffusielimitaties de productselectiviteit substantieel
beinvioeden, voornamelijk als aanwezige (poly)aromaten de porién blokkeren. Tot
vandaag werd diffusie voornamelijk bestudeerd met krachtvelden, waarbij de aan-
wezigheid van Brgnsted zure sites in de complexe MTO-omgeving genegeerd werd.
De lage computationele kost is een groot voordeel van krachtvelden, waardoor ze
bijzonder geschikt zijn om fenomenen op grote tijd- en lengteschaal zoals diffusie
te bestuderen. Krachtvelden zijn echter vaak beperkt in het beschrijven van de
vorming van chemische bindingen en van zwakke niet-bindende interacties die
cruciaal zijn voor de adsorptie van alkenen. In dit proefschrift verlaten we deze
benadering en bepalen we diffusiebarriéres voor ethyleen en propyleen doorheen de
8-ringvensters van H-SAPO-34 bij 650K met behulp van geavanceerde ab initio
MD-technieken.

Diffusie van ethyleen en propyleen in H-SAPO-34 is een geactiveerd proces dat
overeenkomt met een sprong tussen naburige kooien. Het transport van olefines
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wordt significant versneld door de aanwezigheid van zure sites in de 8-ring omwille
van de vorming van gunstige m-H-interacties. Anderzijds beperkt de aanwezigheid
van aromaten in de zeolietkooien de diffusie aanzienlijk. Ten gevolge van de vermin-
derde bewegingsvrijheid is het gelijktijdig verblijven van lichte olefins en aromaten
in dezelfde kooi erg onwaarschijnlijk. Olefines zullen dan ook snel diffunderen naar
een naburige kooi op voorwaarde dat deze niet ook bezet is met een aromatische
molecule. Onze simulaties illustreren duidelijk dat de bezetting van de kooien in dit
supramoleculaire systeem een belangrijke invlioed kan hebben op de diffusiesnelheid
en bijgevolg ook op de uiteindelijke productselectiviteit.

Moleculaire modellering is intussen geévolueerd tot een niveau waarop zeoliet-
gekatalyseerde reacties op moleculaire schaal onderzocht kunnen worden, reken-
ing houdend met de chemische omgeving en temperatuurseffecten. Complexe
chemische transformaties in de heterogene katalyse modelleren vergt een com-
plementaire set van technieken. Ab initio moleculaire dynamica vormt hierbij een
essentiéle schakel om fundamenteel inzicht te vergaren in het dynamische gedrag
van katalysatoren bij operando condities. Dit inzicht is noodzakelijk om bestaande
processen verder te optimaliseren of om een nieuwe generatie katalysatoren met
een betere productselectiviteit te ontwerpen. Het onderzoek in deze thesis toont
de kracht aan van ab initio MD-simulaties om de aard van de intermediairen
en de dominante reactieroutes in de complexe conversie van koolwaterstoffen te
achterhalen. De gevolgde procedure voor alkeenkraking kan eenvoudig uitgebreid
worden naar andere processen waarbij kortlevende intermediairen een belangrijke
rol spelen. Ondanks de enorme vooruitgang van de laatste jaren ontbreekt het
theoretische methoden nog vaak aan voldoende voorspellende waarde om de reéle
katalytische procescondities te beschrijven. In de nabije toekomst zal een nauwe
samenwerking tussen theoretici en experimentalisten nodig zijn om de huidige
beperkingen op de tijd- en lengteschaal te overbruggen en zo de grote uitdagingen
waar onze maatschappij voor staat aan te pakken.






Summary

The fundamental impact of catalysis on our civilized society can hardly be over-
estimated. Nowadays, catalysis is involved in the processing of over 80% of all
consumer goods. Most commodity and specialty chemicals are produced from
ethylene and propylene, the key building blocks in chemical industry. The produc-
tion rates of these light olefins are only expected to increase as a result of the
growing world population and higher living standards. The vast majority of today’s
ethylene and propylene is co-produced through steam cracking of hydrocarbons
originating from fossil resources. Nevertheless, some major challenges are faced in
the near future to meet the rising demand.

The recent shift to cheap ethane feedstocks, created by shale gas exploitation,
caused a disruption in the light olefin economy which rendered the on-purpose
production of propylene economically viable. Especially catalytic propane dehydro-
genation, methanol-to-olefins (MTO) and cracking of higher olefins look promising
in this respect. Secondly, the threat of global warming fuels the transformation to
more efficient processes with a lower carbon footprint. The road to a more sus-
tainable chemical industry requires the design of innovative catalysts for conversion
of different non-petroleum feedstocks. Currently, carbon capture and utilization
techniques using CO; as a commodity for the production of olefins or fuels are under
development. Heterogeneous catalysts and zeolites in particular will undoubtedly
retain a central role in this transition.

The rational design of novel catalysts with enhanced activity, selectivity and sta-
bility requires a fundamental understanding of the active species and reaction
mechanisms. Over the last decade, the field of heterogeneous catalyst design
has evolved substantially thanks to a synergistic approach between theoreticians
and experimentalists. Experimental research is progressively shifting to operando
spectroscopy methods that are able to provide information on how the catalyst
works at actual operating conditions. Meanwhile, thanks to the improvement in
computational power and the development of sophisticated theoretical methods,
realistic zeolite models can now also be studied at operando conditions using ab
initio techniques. Theoretical simulations are of paramount importance to assist in
obtaining a proper molecular-level understanding of the catalyst and its interaction
with the chemical environment.

The research in this doctoral thesis focuses on various aspects of light olefin
production by catalytic cracking of alkenes. The conversion of alkenes in Brgnsted
acid zeolite catalysts plays a crucial role in numerous petrochemical processes,
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from fluid catalytic cracking and hydrocracking to methanol-to-olefins and olefin
cracking processes. Despite its omnipresence, the true nature of the intermediates
and prevailing reaction pathways remain up to date unresolved. Alkene crack-
ing is a perfect example of a complex catalytic process involving several elusive
intermediates and competitive reactions such as oligomerization, alkylation, (-
scission or hydride transfer. Consequently, the product distribution is influenced by
temperature, feed composition and acidity, among others. Computational modeling
techniques are ideally suited to gain insight into the complex cracking chemistry. In
this dissertation, ab initio simulations are performed to address some unanswered
questions related to light olefin diffusion, adsorption and cracking.

In literature, there exists no consensus on the true nature of the adsorbed alkenes
in the zeolite pores at typical alkene cracking conditions. Upon adsorption, a
physisorbed alkene m-complex may be formed through interaction of the alkene
double bond with the acid proton. On the other hand, chemisorption may result
in either a framework bound alkoxide or a carbenium ion. The high reactivity of
alkenes in the zeolite environment hampers the experimental tracking of fleeting
intermediates. As a result, the precise nature of the chemisorbed states is still
debated. In this respect, first-principle calculations can yield complementary in-
sight at the molecular scale. However, the outcome of theoretical predictions is
strongly dependent on the specific model choice. The earliest computational studies
employed small cluster models to represent the zeolite, consisting of just a few T
atoms. Based on static DFT calculations on these crude models, several studies
advocated the existence of ultra-stable alkoxide intermediates while carbenium ions
act as transition states only. However, long-range van der Waals interactions have
been shown to be the major contribution in the stabilization of alkene intermediates.
Naturally, these interactions cannot be captured by models with a limited number
of atoms. Furthermore, primitive cluster models fail to distinguish between different
pore topologies. To fully account for the (de)stabilizing effects of the surrounding
zeolite environment on the stability of the guest species, using an extended model
with periodic boundary conditions is essential.

The persistent idea that framework bound alkoxides are the governing alkene
intermediates is mostly based on static DFT calculations. In this method, lo-
cal stationary states are identified on the potential energy surface at 0K. While
this simple methodology may successfully predict relevant thermodynamic fea-
tures, such a description is rather unrepresentative for the actual catalytic cracking
process, occurring at elevated temperatures in the order 750K-850K. The static
methodology only holds true if the reaction states are clearly defined at OK and
if temperature and entropy effects can be safely neglected. Unfortunately, these
conditions are rarely satisfied for zeolite catalysis. In this work, molecular dynamics
(MD) simulations, which allow sampling larger parts of the free energy surface at
finite temperature, are employed extensively. This technique has the potential to
explore all relevant intermediates and competing reaction paths, while inherently
accounting for framework flexibility, configurational freedom and entropy effects.

Ab initio molecular dynamics simulations on alkene adsorption and cracking in
H-ZSM-5 demonstrate that routinely applied static calculations give a too lim-
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ited view on the cracking characteristics at true operating conditions. A first
observation relates to the fact that adsorbed alkenes possess a relatively large
configurational freedom inside the zeolite environment of H-ZSM-5 at operating
temperature. The free energy landscape is quite complex, exhibiting several local
minima corresponding to a specific position and orientation of the adsorbates.
Therefore, the static approach, relying on a limited number of configurations, might
be a huge oversimplification. Secondly, the free energy surface at 773K differs
significantly from the potential energy surface at OK. Due to the entropic penalty
of the covalent bond with the framework, alkoxides actually become unstable at
high temperature. Instead, carbenium ions have a non-negligible lifetime and can
act as cracking intermediates at high temperature. lon pair structures are to a
large extent stabilized by charge delocalization and their mobility in the zeolite
environment, which cannot be accurately reproduced by static calculations only.
MD simulations point out that the stability of long-living tertiary carbenium ion
intermediates is similar to the physisorbed alkenes. For linear species on the other
hand, physisorbed alkenes are the most common intermediates while secondary
carbenium ions are only metastable.

Our MD simulations confirm that alkenes are highly reactive at operating con-
ditions. During the sampling of the cationic state, hydride shift isomerizations
or other side reactions are occasionally observed. In theory, free energy barriers
separating the different states can be crossed in regular MD simulations. However,
chemical reactions are typically rare events, hence very long simulation times
are required to sample the activated transition paths, which is not achievable
in practice. Biased molecular dynamics simulations can accelerate the sampling
of activated transformations and ensure all states along the relevant reaction
coordinates of the system are sufficiently sampled. In this thesis, the metadynamics
(MTD) and umbrella sampling (US) technique are employed to reconstruct free
energy profiles for alkene protonation and subsequent (-scission.

In the quest for the prevailing alkene cracking pathways, the carbenium ion mech-
anism is generally accepted. Nevertheless, many studies determined cracking
barriers, presuming stable alkoxide species as reactants. In this thesis, different
n-butene cracking reactions in H-ZSM-5 are investigated using state-of-the-art
MD techniques. Direct [-scission of butyl carbenium ions is improbable due to
the high activation barriers and unfavorable reaction intermediates. Alternatively,
dimerization will occur prior to the actual scission reactions, i.e., the so-called
dimerization cracking pathway, which opens a large variety of possible 3-scission
reactions. Prof. Jens Weitkamp proposed to classify these reactions according to
the type of carbocations that are involved in the cracking. Tertiary carbenium ions
can act as stable cracking precursors themselves, while for 3-scission of metastable
secondary carbenium ions, the more stable physisorbed alkenes should be considered
as cracking precursor. As a result, an extra barrier needs to be overcome to
transform the m-complex into a reactive carbenium ion. Cracking free energy
profiles at 773K demonstrate that reactions resulting in the formation of stable
tertiary carbocations have the lowest overall activation barriers. However, these
favorable transitions require the formation of highly branched cracking precursors,
whose formation may be largely prohibited in the narrow channels of H-ZSM-5.
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Therefore, cracking of intermediates with one or two methyl branches seem to be
the most preferred pathways.

Since dispersion interactions by the surrounding zeolite environment contribute
significantly to the stabilization of the intermediates and transition states, varying
the framework topology and acid strength may alter the cracking reactivity. To
obtain a better grasp on the influence of confinement on the stability of alkene
intermediates, MD simulations are performed on the (iso)butene intermediates
in various frameworks at cracking temperature. A series of distinctly different
topologies, from 10-ring channel zeolites (H-ZSM-22 and H-ZSM-5) to 12-ring
channel zeolites (H-SSZ-24 and H-MOR) and cage zeolites (H-SSZ-13 and H-Y)
are considered in this work. Furthermore, the Brgnsted acid site strength is studied
by comparing the isostructural H-SSZ-24 and H-SAPO-5 as well as the H-S57-13
and H-SAPO-34 lattices.

The effect of pore size is controlled by the balance between stabilizing enthalpy
and entropy contributions. It is commonly accepted that a reaction is facilitated
if the pore size matches the size of the intermediates and transition states. Our
simulations indicate that the relative stability of physisorbed alkenes and carbenium
ions is largely dependent on the zeolite confinement and acidity. Carbenium ions are
better accommodated in the 10-ring channel zeolites and on zeolites with a higher
acid strength. Distinctions in the tendency for isobutene protonation can for a
large part be attributed to variations in the adsorption strength. Consequently, the
reactivity and selectivity of alkene conversion processes can be tuned by varying the
framework structure or acidity of the catalyst. For example, in CO, conversion on
bifunctional catalysts, it is shown that zeolite H-ZSM-5 results in a high aromatics
selectvity while H-MOR yields mostly olefins, a remarkable discrepancy which can
be partly attributed to a difference in reactivity for carbenium ion formation.

The preferable interactions between the acid sites and the unsaturated bond of
the alkene may also have a considerable impact on the diffusion of olefins through
the porous network. Light olefin transport is particularly important for the MTO
process as there are clear indications that diffusion limitations can substantially
affect the ultimate product selectivity, especially if large pore blocking aromatics
are present. So far, diffusion has mainly been studied using force fields while the
presence of Brgnsted acid sites in the framework is neglected. A major advantage
of force field simulations is their low computational cost, which makes them
particularly suited for studying phenomena taking place on a larger length and time
scale such as diffusion. However, force fields are typically unsuccessful in describing
the formation of chemical bonds and weak non-bonding interactions, which are
crucial for alkene adsorption in zeolites. In this thesis, we go one step beyond this
common approach. Free energy barriers for light olefin diffusion through the 8-ring
windows of H-SAPO-34 at 650K are quantified by performing enhanced sampling
ab initio molecular dynamics simulations.

Ethylene and propylene diffusion in H-SAPO-34 is an activated process, corre-
sponding to a hopping event between neighboring cages. Light olefin transport
is significantly enhanced by the presence of acid sites in the 8-ring pore window
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due to the formation of energetically favorable 7-H interactions. On the other
hand, the presence of aromatic species in the cages severely restricts the diffusion
process. Due to the reduced freedom of movement, the co-existence of light olefins
and (poly)aromatics in the same cage is improbable. Instead, light olefins will
quickly diffuse away to an adjacent cage, provided it is not blocked either. Our
simulations clearly illustrate that the loading of the supramolecular system can have
a considerable effect on the diffusion rate and consequently also on the ultimate
product selectivity.

Molecular modeling techniques have now matured to a level where zeolite catalyzed
reactions can be studied at the nanoscale, taking into account the chemical environ-
ment and temperature effects. Computationally modeling complex chemical trans-
formations in heterogeneous catalysis requires a complementary set of techniques.
In this context, ab initio molecular dynamics simulations are an indispensable tool
to gain a fundamental understanding of the dynamic nature of the catalyst at
operando conditions. Such atomic scale insight is essential to further optimize
the process or to design novel catalysts with improved selectivity for the targeted
products. The research in this dissertation demonstrates how first-principle MD
simulations can be a powerful technique to characterize the nature of the active
intermediates and the prevailing reaction pathways for zeolite catalyzed hydrocar-
bon conversions at operating conditions. The procedure followed herein in the
context of alkene cracking can be easily extended to other processes where elusive
intermediates might play a role. Despite the tremendous progress during the last
decades, theoretical methods often still lack sufficient predictive power to properly
imitate the conditions of actual catalytic processes. In the near future, a close
synergy between the bottom-up modeling and top-down experimental approach
will be required to bridge the current spatial and time resolution gap in order to
address some of the great challenges facing our society.



Science is the belief in the ignorance of experts.

- Richard Feynman -
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Introduction

1.1 Light olefin production

Light olefins such as ethylene and propylene are the most important building blocks
in chemical industry. As a result of the growing global population and the increasing
living standards in developing countries, the demand for these base chemicals is only
expected to rise.™? Today, the lion’s share of ethylene and propylene production
originates from steam cracking and fluid catalytic cracking of hydrocarbons that are
primarily obtained from crude oil and natural gas based feedstocks. Replacing fossil
resources with synthetic fuels and chemicals will be imperative to mitigate climate
change. The search for alternative production processes and sustainable feedstocks
is gaining momentum, although the economic viability of these technologies is still
not on par with steam cracking units.}»3>> More research is essential in order for
these green alternatives to become cost-competitive. However, two trends will have
a significant impact on the light olefin economy in the next decades.

First, the depletion of crude oil reserves and the exploitation of shale gas and
stranded gas causes as shift from heavy petroleum to lighter natural gas feed-
stocks for olefin production. The large availability of shale gas has reinforced
the interest in steam cracking of inexpensive ethane.5® Since this feedstock will
yield lower propylene-to-ethylene (P/E) ratios, on-purpose propylene production
routes have become economically viable to meet the increasing demand.®*! The
most important on-purpose catalytic technologies include propane dehydrogena-
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tion (PDH),!213 olefin metathesis,!* methanol-to-olefins (MTO),'%1° high-severity
fluid catalytic cracking (HS-FCC)'"-!8 and olefin cracking processes (OCP).19:20
The last three are zeolite-catalyzed processes in which alkene cracking plays a
central role. Figure 1.1 shows typical product yields for different light olefin
production processes.
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Figure 1.1. Typical product distributions for different light olefin production processes.?!

Secondly, the imminent threat of global warming will fuel the transition toward
biomass feedstocks and the capture and usage of CO5 from the atmosphere.?>=7
Carbon capture and utilization is a promising way to reduce C'O5 emissions. Carbon
dioxide can be converted into synthesis gas, a mixture of mainly Hs and CO,
through the reverse water-gas shift (WGS) reaction with hydrogen gas or dry
reforming with methane.

CO +Hy;0 = Hy + COq
CO2 + CH4 — 2Hs + 2CO

Synthesis gas can be further converted to diverse chemical building blocks, aro-
matics and fuels.?873% In the context of light olefin production, bifunctional hetero-
geneous catalysts, consisting of a metallic catalyst and a zeolite component, are of
particular interest. This combination has shown to enable the transformation into
chemicals via different two-step routes. For example, the conversion of C'O into
hydrocarbons can occur via the classical Fischer-Tropsch synthesis (FTS) followed
by a product refinement on an acid zeolite to increase light olefin selectivity.3!:32
Alternatively, the first step consists of methanol synthesis, followed by its conversion
into olefins on a zeolite catalyst via the MTO mechanism.3338 Recently, Ramirez et
al. presented a novel catalyst combination, comprising potassium superoxide doped



1.2. ZEOLITE CATALYSTS 5

iron oxide and a highly acidic zeolite, for the direct reductive C'O5 valorization into
hydrocarbons. Depending on the selected zeolite topology, the product distribution
can be tuned toward either a high olefin or a high aromatics selectivity.3**! This
shift can be partly attributed to a difference in stability of the reactive intermediates
(vide infra).

Given the omnipresence of zeolite-catalyzed alkene conversions in the (petro)chemical
industry, obtaining a proper understanding of the governing reaction mechanism is
of primordial importance. The present dissertation aims at unraveling fundamental
aspects of the reactive intermediates and viable pathways within alkene cracking
on zeolite catalysts.

1.2 Zeolite catalysts

According to the database of the International Zeolite Association (1ZA),*? there
currently exist 235 distinct zeolite structures. Among them, mainly the so-called
'big five' zeolites, BEA, FER, MFI, MOR and FAU are commonly used for indus-
trial applications.*> A schematic representation of all topologies discussed in this
dissertation is shown in Figure 1.2.

MFI FAU MOR

H-ZSM-5 H-Y H-MOR

' A ‘ ﬁ 2.6 x5.7 A2
5.3x5.6 A2 : D D
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BEA CHA TON AFI
H-B H-SSZ-13 H-ZSM-22 H-SSZ-24
H-SAPO-34 H-SAPO-5
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6.6 x 6.7 A2 "
3.8x3.8 A2 4.6 x 5.7 A2

6.6 x 6.7 A? 3.8x3.8 A2
E = = L AL Jd

Figure 1.2. Schematic representation of the zeolite topologies considered in this disser-
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tation, with indication of the pore size. (taken from the IZA database®?)
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The archetypal cracking catalysts are the narrow-pore Brgnsted acid zeolite H-
ZSM-5 and the large-pore zeolite H-Y. H-ZSM-5 (MFI topology) exhibits a 3D
pore structure, consisting of intersecting straight (5.3 x 5.6 A?) and sinusoidal
(5.1 x 5.5 A?) 10-ring channels. H-Y (FAU topology) consists of large spherical
supercages which are connected by four large 12-ring windows per cage (7.4 x 7.4
A?). Next to these two common topologies, sometimes large-pore zeolites 3 and
mordenite are employed as cracking catalysts. Zeolite H-MOR (MOR topology)
features parallel 12-ring (6.5 x 7.0 A2) and 8-ring (2.6 x 5.7 A?) straight channels,
connected via 8-ring side pockets. H-8 (BEA topology) has a three-dimensional
network of intersecting 12-ring channels, of which two are straight channels (6.6 x
6.7 A%) in the a and b direction and one is a sinusoidal channel (5.6 x 5.6 A2) in
the ¢ direction. Cracking units are sometimes coupled to MTO units. In the MTO
process, the most often applied catalysts are H-ZSM-5 and H-SAPO-34. The latter
(CHA topology) is a narrow-pore zeolite characterized by large elliptic cages (10.0
x 6.7 A?) that are interconnected by six narrow 8-ring windows (3.8 x 3.8 A2) per
cage. Although they are unattractive as industrial catalysts, the 1D channel zeolites
H-ZSM-22 and H-SSZ-24 are interesting model systems for academic research and
mechanistic studies due to the simplicity of their pore structure. The former zeolite
(TON topology) exhibits straight 10-ring channels (4.6 x 5.7 A%), while the latter
(AFI topology) has straight 12-ring channels (7.3 x 7.3 A2?).

1.3 Catalytic alkene cracking

Zeolite-catalyzed alkene cracking plays a crucial role in many industrial processes,
among which fluid catalytic cracking (FCC) is the most important one.***% In this
major refinery technology, high molecular weight petroleum fractions are converted
into gasoline and olefins in a riser reactor at a temperature typically ranging
between 750K and 850K. The bottom of the riser reactor experiences the highest
temperatures since catalytic cracking is an endothermic process.!! While zeolite Y
has been the main component of FCC catalysts since 1964, the addition of zeolite
ZSM-5 is common for targeting an increased propylene yield.*” The narrower pores
of ZSM-5 promote the isomerization and cracking of gasoline range molecules,
resulting in a higher yield of propylene and butenes. The propylene yield can
be maximized by increasing operating temperatures and reducing contact times,
so-called High-Severity FCC.1%47 Furthermore, the FCC unit can be coupled to
an additional olefin cracking (OCP) unit, which converts (part of ) the Cy; outlet
fraction into light olefins (vide infra).*® Alternatively, the light olefin yield might be
increased by using rare earth or phosphorus modified zeolite catalysts,**30 however,
this falls beyond the scope of the current dissertation.

In contrast to alkane cracking, which takes place through a protolytic cracking
mechanism as proposed by Haag and Dessau,! alkenes are markedly more reactive
toward cracking due to their higher affinity for the active sites of the catalyst.
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Alkene cracking consists of a complex mechanism in which various reactions take
place simultaneously. The high reactivity of alkenes, even at low temperature,
hampers experimentally tracking single reaction steps. Due to the complexity
of the process, simulating cracking reactions with first principle methods is also
troublesome.>2 In Paper |, Paper Il and Paper lll, a comprehensive overview of
the current state of knowledge on the cracking mechanism is given. In this section,
the most important aspects are highlighted.

1.3.1 Alkene adsorption

The first step of every zeolite-catalyzed reaction is the diffusion of the reactant
into the zeolite micropores and adsorption at the catalytically active site. Alkene
adsorption has received considerable attention during the past years.®> Upon
interaction with the Brgnsted acid sites, four different alkene intermediates can
be formed, shown in Figure 1.3. If the physisorbed alkene is governed only by weak
dispersion interactions with the zeolite wall, the intermediate is classified as a van
der Waals (vdW) complex. A physisorbed m-complex is created upon forming a 7-H
interaction between the acid proton and the double bond m-electrons. Protonation
of the double bond by the acid proton yields a positively charged carbenium ion. A
chemisorbed alkoxide is formed if the alkyl chain covalently binds to a framework
oxygen. The formation of chemisorbed alkenes plays a crucial role in the Brgnsted
acid catalyzed olefin conversion. Nevertheless, the true nature of the short-lived
intermediates in the cracking process, i.e., carbenium ions or alkoxides, is still
debated.
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Figure 1.3. Different 1-alkene adsorption states in a Brgnsted acid zeolite.

Alkene physisorption energies are known to increase linearly with chain length, by
approximately 8.4 kJ.mol! per carbon atom.5® The physisorption strength of an
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alkene m-complex is typically 20-25 kJ.mol ! larger than an alkene vdW-complex or
similar alkane as a result of the favorable 7-H interactions.53%% Since physisorption
is mainly governed by long-range van der Waals interactions, adsorption energies
may vary greatly depending on the specific zeolite topology and pore confinement.
Also, note that the entropy of the guest molecule is reduced for physisorption in
the confined zeolites.5®

De Moor et al. stated that due to the similar van der Waals interactions for
the physisorbed and chemisorbed states, the alkene protonation energy is only
dependent on the double bond position, not on the chain length itself. For linear
alkenes the chemisorbed alkoxides were found to be significantly more stable (ca.
50 kJ.mol ™) than the physisorbed 7-complex.>* This result was corroborated by
Schallmoser et al. who combined IR spectroscopy and calorimetry to quantify the
adsorption enthalpies of 2-pentene intermediates.>®

The incentive for alkoxide formation is the strong exothermicity upon creating
a covalent bond with the framework. On the other hand, the proximity of the
alkyl chain to the zeolite wall causes repulsion which can destabilize the alkoxide
intermediates. Due to these steric constraints, alkoxide stability decreases in the
order primary > secondary > tertiary (Figure 1.4). A tertiary alkoxide was found
to adsorb 20-25 kJ.mol! less strongly than a primary or secondary alkoxide 3”58
Especially, branched and bulky alkoxide species show increased repulsion in the
zeolite pores. Consequently, the optimal C-O bond distance cannot be achieved
and these alkoxides are less stable than their linear analogues. The covalent
bond formation might also induce important geometrical changes in the zeolite
framework to facilitate alkoxide stabilization. For example, Nguyen et al. showed
that the high flexibility of the H-ZSM-5 framework in the vicinity of the acid site
allows for an improved accommodation of alkoxides compared to the stiffer zeolite
H—Y.59

Figure 1.4. The alkoxide stability order: Primary > Secondary > Tertiary.

Due to the steric constraints, introduced by the zeolite pore dimensions, the local
geometry of the active site might prohibit alkoxide and facilitate carbenium ion
formation.®® Benco et al. stated that carbenium ions, which experience a rather
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high mobility, can be stabilized in the zeolite environment despite an energetic
disadvantage for the charge separation of 60-70 kJ.mol! compared to alkoxide
intermediates.®1'%2 Opposite to alkoxides, the stability of gas phase carbenium ions
increases in the order primary < secondary < tertiary (Figure 1.5). The stability of
gas phase carbenium ions can be characterized by their proton affinity (PA), i.e., the
energy released upon protonation of the alkene double bond into the corresponding
carbocation. The positively charged carbon atom of a carbocation is stabilized
through a combination of the inductive effect, i.e., polarization of adjacent o
bonds, and hyperconjugation of o electrons in S position. In the zeolite pores,
carbenium ions are furthermore stabilized by electrostatic interactions between the
positively charged alkyl chain and the negatively charged lattice as well as long-
range van der Waals interactions with the zeolite wall. The degree of stabilization
will therefore depend to a large extent on the accommodation of the guest species
in the zeolite pores.%% Nicholas and Haw concluded that protonation can occur if
the PA of the hydrocarbon is higher than 854 kJ.moll. Fang et al. showed for a
series of zeolite frameworks that the energy difference between the m-complex and
ion pair correlates linearly with the PA of the alkene.®3

Figure 1.5. The carbenium ion stability order: Primary < Secondary < Tertiary.

Due to their inherently unstable nature, the often short-living carbenium ions are
prone to rapid transformations into more stable intermediates. To date, direct
experimental observation of small alkyl carbenium ions has not been success-
ful. Evidence for persistent carbocation intermediates was only presented for
cycloalkenes and aromatics by solid-state NMR, IR and UV/Vis spectroscopy.®4-%
On the other hand, alkoxides have been detected by **C NMR and IR spectroscopy
techniques.56'67‘78 Furthermore, several theoretical studies on zeolite cluster mod-
els advocated the existence of highly stable alkoxide intermediates upon alkene
adsorption.79_88 As a result, carbenium ions are often considered as transition
70,89 Nevertheless, some computational
studies rationalized the existence of carbenium ion intermediates in the zeolite

states instead of stable intermediates.

environment.61-62,90-94

One should realize that several studies have drawn conclusions solely based on the
electronic energies of the adsorbates, while neglecting the effect of temperature. To
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fully understand the nature of the intermediates, entropy contributions should be
taken into account. In general, there is a compensation effect as the more strongly
adsorbed intermediates will also exhibit the highest entropy loss. The relative
stability of carbenium ions and alkoxides is clearly temperature dependent since
the decrease in mobility and entropy upon alkoxide formation is much higher than
upon carbenium ion formation. De Moor et al. compared free energy differences
of the alkene intermediates for temperatures up to 800K. Due to the large negative
adsorption entropy, the relative alkoxide stability was shown to decrease with
temperature.53%5 |t was concluded that especially more bulky, tertiary carbenium
ions might coexist as fleeting intermediates, next to the framework-bound alkox-
ides. While this study obtained valuable insight into the influence of temperature,
anharmonic effects and possible alterations of the specific host-guest interactions
with temperature were still ignored.
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Figure 1.6. Different adsorption states formed upon isobutene in a Brgnsted acid zeolite.

The particular case of isobutene adsorption in H-FER and H-ZSM-5 has received
considerable attention in numerous quantum chemical studies.?? 609599 Figure 1.6
depicts the possible isobutene adsorption states. Table 1.1 gives an overview of
the most important isobutene adsorption energy estimates in literature, including
the values obtained in this thesis. The PBE calculations by Tuma and Sauer®:100
clearly demonstrate that dispersion interactions play a crucial rol in the stabilization
of the isobutene intermediates and that the correction is non-uniform for the
different species. Later, the same authors reevaluated the energies of the Cy species
with a hybrid MP2:PBE scheme, a multistep protocol which should yield improved
quantitative results.®® In general, the isobutene 7-complex and isobutoxide are
found to be the most stable intermediates, while the tert-butyl carbenium ion the
least stable state at OK. Nevertheless, the values in Table 1.1 show that the stability
of cabenium ions and alkoxides is highly sensitive to the level of theory and specific
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adsorbate position (vide infra).

Table 1.1. Comparison of electronic adsorption energies [kJ.mol] of the isobutene
intermediates in zeolite H-FER and H-ZSM-5.

Sauer® Sauer® Sauer® Dai¢
H-FER
PBE PBE-D2 MP2:PBE BEEF-vdW
isobutene m-complex -7 -91 =77 =77
tert-butyl carbenium ion 32 -62 -17 -40
isobutoxide 24 -90 -68 -73
tert-butoxide 35 -74 -41 -22
H-ZSM-5 Cnudde® Nguyen® Fang Dai®
PBE-D3 PW91-D2 MP2:M06-2X BEEF-vdW
isobutene m-complex -118 -91 -75 -84
tert-butyl carbenium ion -80 -72 -13 -44
isobutoxide -105 -103 n/a -87
tert-butoxide -100 -95 -28 -59

a: Periodic PBE calculations by Tuma and Sauer;%¢ b: Periodic PBE-D2 calculations and hybrid
MP2:PBE calculations by Tuma and Sauer;? c: Periodic BEEF-vdW calculations by Dai et
al ;101 d: Periodic PBE-D3 calculations by Cnudde et al.;102 e: Periodic PW91-D2 calculations
by Nguyen et al.;> f: ONIOM(MP2:M06-2X) 72T cluster calculations by Fang et al.%3

Tuma and Sauer also performed static DFT calculations on the isobutene interme-
diates in H-FER, including entropy effects at finite temperature.?-1%°  Although
the tert-butyl carbenium ion is energetically the least favored intermediate, the
entropic penalty of the tert-butoxide renders the carbenium ion more stable for
temperatures higher than 120K. Nguyen and coworkers confirmed this temperature
dependent behavior for Cy species in H-ZSM-5.5° More recently, using a combi-
nation of DFT calculations and NMR spectroscopy, Dai et al. found evidence for
the existence of the tert-butyl carbenium ion in H-ZSM-5 by capturing it with
ammonia.'®% 103 While physisorbed isobutene was identified as the most stable
state at all temperatures, the tert-butyl carbenium ion was predicted to become
more stable than the primary isobutoxide at temperatures higher than 550K. The
least stable intermediate was tert-butoxide, even at low temperature. lrrespective
of the applied level of theory, these studies demonstrate that the stability of the
different species largely depends on the process conditions and hence cannot be
deduced solely from electronic energy calculations. In Paper Il and Paper IlI,
we investigate the stability of different alkene cracking intermediates at operating
conditions. In particular, the influence of temperature, chain length and branching
is addressed.
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1.3.2 The cracking mechanism

Acid-catalyzed alkene cracking occurs through a complex mechanism in which
several elementary reactions such as isomerization, alkylation or hydride transfer
take place simultaneously.!%*195 |ndustrial cracking feedstocks generally consist of
a mixture of hydrocarbons with varying carbon number. Yet, the complexity of
the reaction network rapidly increases for heavier alkenes. For the sake of clarity,
the remainder of this section focuses solely on n-butene cracking. Nonetheless, the
mechanism can be easily transposed for cracking of larger alkenes. A simplified
reaction network for n-butene cracking is presented in Figure 1.7.
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Figure 1.7. Reaction network of n-butene cracking on a Brgnsted acid zeolite.

Isomerization reactions typically occur on a much shorter timescale than the actual
cracking reactions, hence the reactant isomers can be considered to be in thermo-
dynamic quasi-equilibrium.1% Two different types of rearrangements can be dis-
tinguished. In non-branching (type A) isomerizations of carbenium ions, a hydride
or alkyl group in (-position of the positive charge is transferred, e.g., a 1,2-hydride
shift or Wagner-Meerwein rearrangement, a 1,3-methyl shift,... This reaction class
is also considered as a crucial step for double bond isomerizations.1%~1%° Branching
(type B) isomerizations, in which the number of alkyl branches is not conserved,
occur through the formation of an unstable protonated cyclopropyl (PCP) transition
state. Therefore, branching isomerizations are higher activated and will occur
less frequently than non-branching isomerizations.11%-115 |n the case of n-butene,
rapid double bond isomerizations will result in a mixture of 1-butene and 2-butene,
whereas isobutene can be readily formed via branching isomerizations.
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In 1934, Whitmore proposed a (-scission mechanism of carbenium ions for alkene
cracking reactions, which is nowadays generally accepted. The electrons of a o
C-C bond in p-position with respect to the positive charge migrate to the vacant
p-orbital of the charge bearing carbon atom.!® In the planar carbonium ion like
transition state, the bond in S-position is broken and the carbon atom in S-position
becomes electron deficient. As a result, an alkene and smaller carbenium ion are
formed. The rate of the cracking reaction is critically dependent on the stability of
the involved carbenium ions.

In this thesis, the nomenclature of Weitkamp!!” and Buchanan!!® is adopted to
distinguish different 3-scission modes, A through I, based on the substitution order
of the reactant and product carbocations (Figure 1.8). For example, mode A (-
scissions include the cracking reactions of a tertiary carbocation yielding a smaller
tertiary carbocation product. In accordance with the general stability order of alkyl
carbocations, reactions involving the transition from a less stable cationic reactant
toward a more stable cationic product are commonly accepted to be the favored
cracking routes. Transitions involving primary or methyl carbenium ions on the
other hand are typically highly activated.
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Figure 1.8. Classification of [-scission modes according to the nomenclature of
Weitkamp!'” and Buchanan.!!®

In general, oligomerization and [-scission of alkenes are two competing pathways
which take place simultaneously. Primary cracking products are the result of
the direct [-scission of the alkene reactant, i.e., monomolecular cracking. For
butene, only three viable monomolecular cracking reactions exist, all of which
involve highly unstable primary or methyl carbenium ions (see Figure 1.9). Alter-
natively, secondary cracking products are formed if dimerization occurs prior to the
actual B-scission, i.e., bimolecular cracking or dimerization cracking. Upon butene
dimerization, a large pool of octyl carbenium ion isomers can be formed which can
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undergo 11 different 3-scission reactions toward ethene, 13 toward butene and 18
yielding propene (see Figure 1.10). Further oligomerization can also lead to the
generation of trimers or tetramers, which are all subject to subsequent (-scission.
However, in zeolites with relatively narrow pore dimensions such as H-ZSM-5,
steric constraints often prohibit their formation.!'® The competition between the
two mechanisms is governed by thermodynamics. The formation of oligomers is an
exothermic process which is accompanied by a loss of entropy, while the §-scission
of alkenes is an endothermic reaction which is entropically beneficial. As a result,
dimerization cracking will be dominant at low temperature, while monomolecular
cracking will prevail at high temperature. Up to date, the balance between both
cracking mechanisms remains a point of discussion.
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Figure 1.9. Overview of monomolecular cracking reactions of Cy carbenium ions.

Several studies focused on clarifying the cracking mechanism, either from an exper-
imental’9126 or a computational®® 1277132 perspective. Buchanan et al. measured
cracking rates of the homologous C5-Cg 1-alkene series at 783K in H-ZSM-5 and
obtaind a rate ratio of 1:24:192:603.1*® The underlying reason behind this reactivity
trend is the increasing number of reactant isomers and hence available cracking
pathways with carbon number. Furthermore, longer alkenes can access more
favorable cracking modes, for example the transition between tertiary carbocations.
The existence of lower activated cracking pathways is the main driving force
behind the dimerization cracking mechanism. Abbot and Wojciechowski claimed
that n-pentene cracking on H-ZSM-5 at 678K takes place exclusively through a
bimolecular process, while n-heptene is predominantly cracked via the monomolec-
ular mechanism. Hexene cracking also undergoes mainly dimerization cracking,
although a small portion of the B-scissions may proceed via direct cracking.'®

Various microkinetic models have been established to successfully predict the tem-
perature dependent product distribution for a feed of Co—C+ alkenes. 133138
general, at temperatures below 723K, monomolecular cracking is only feasible for
Ce+ alkenes. For these species, the formation of unstable primary carbenium ions
at some point along the reaction path can be precluded. Butene and pentene

In
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tend to undergo oligomerization prior to the actual cracking.'®* Despite the
wealth of available literature on catalytic cracking, the mechanism is not yet fully
unraveled and conclusive molecular level information on individual reaction steps
is still lacking. In Paper Ill, the reactivity of carbenium ions towards [-scission is
thoroughly discussed.

Cracking products can either undergo subsequent cracking reactions or alkylation
reactions with other alkenes. Alkylation can be seen as a reverse (3-scission reaction.
In this reaction class, carbenium ions undergo an electrophilic addition to an
alkene, resulting in the formation of a larger carbenium ion. The main driving
force of alkylation reactions is the formation of more stable carbocation species.
The consumption of small cracking products in alkylation reactions will ultimately
result in a broad range of tertiary products with varying chain length. Note that
dimerizations are a special case of this reaction family. An example of alkylation
reactions in the global n-butene cracking network is the recombination of a propyl
or ethyl cracking product with butene to create C4 or C7 intermediates.

Apart from alkene conversion, the occurrence of unwanted side reactions, mostly
producing paraffins and aromatics, is inevitable. Typically, paraffins are formed
via hydride transfer reactions with the exception of methane formation which is
attributed to thermal cracking.’3% 149 Acid site density and pore size are two
important factors determining the extent of these hydride transfer reactions.13:141
The migration of a hydride from an alkene to a carbenium ion results in the
formation of a paraffin and a protonated intermediate, containing a double bond,
such as an allyl carbenium ion. Upon deprotonation of these carbocations, diene
products are formed. For sufficiently long alkyl chains, a cyclization reaction might
occur, yielding a cycloalkene. Through a series of successive hydride transfer and
deprotonation reactions, aromatic species are generated. Condensation of aromatic
structures will ultimately induce polyaromatics and coke formation.'#?143 Coke has
a low H/C ratio and the hydrogen released during its formation is mostly consumed
in the production of paraffins.1% Pore blocking by the large polyaromatic species
causes a reduction of the number of accessible active sites and hence catalyst
deactivation. More information on the reaction mechanism and its side reactions
can be found in dedicated reviews.104 123 144-146

1.3.3 Influence of topology and acid strength

Next to the operating conditions, the zeolite characteristics (pore structure, compo-
sition and acid strength) have a crucial influence on the nature of the intermediates
and product selectivity in the alkene cracking process. By tailoring the porosity and
acid strength, the product distribution can be tuned toward a higher light olefin
selectivity and lower deactivation rate.*:'47 Given the ubiquitous application of
catalytic cracking, a fundamental understanding of these effects is a prerequisite
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to select an optimal catalyst. In Paper VI, we explore the influence of zeolite
topology and acidity on the stability of Cy alkene intermediates.

Alkene adsorption

The effect of pore size on adsorption is governed by two counteracting contribu-
tions. First, van der Waals interactions with the surrounding zeolite wall result
in an enthalpic stabilization, i.e., the confinement effect. Secondly, adsorbates
experience entropic stabilization by the translational and rotational freedom of
motion inside the zeolite environment.5% 148149 | arge-pore zeolites are typically
characterized by a low adsorption strength, but will also have the lowest entropy
loss upon adsorption. Not only the size, but also the pore shape can be determining
for the adsorbate stability. Janda et al. pointed out that for 1D channel zeolites
with a fixed pore-limiting diameter, elliptically shaped channels will yield a higher
adsorption enthalpy and lower entropy loss compared to spherically shaped channels
as the molecule will on average reside further away from the channel walls.>® For
each guest species, a temperature-dependent optimal fit will exist.1°1152 Zeolites
closely resembling the ideal confinement have been found to show the best catalytic
performance, 52 151,153-155

The zeolite framework inclusion can facilitate carbenium ion formation .63 152.156
In particular, dispersion interactions are highly important in the stabilization of ion
pair structures. Bulkier carbenium ions fit well within large channel zeolites like
H-/3, while smaller carbenium ions experience a more optimal fit in more confined
channel zeolites like H-ZSM-5.53 Upon comparison of chemisorption free energies,
Nguyen et al. concluded that the tert-butyl carbenium ion is better accommodated
in the one-dimensional channel zeolite H-ZSM-22 than in H-ZSM-5 and H-MOR,
while the supercages of H-Y could not stabilize the tertiary carbocation at all.>® In
the narrow channels of H-ZSM-22, the tert-butyl carbenium ion is even the most
stable adsorption state, also at low temperature.

Sarazen and Iglesia have shown that zeolite flexibility plays an important role in the
stabilization of adsorbed alkenes as the framework might undergo deformations to
better accommodate the intermediates.!®® The enthalpic cost of these distortions
will be compensated by an increase in vdW-interactions between the guest and
the zeolite host. The extent of lattice deformation is however dependent on the
curvature of the zeolite pores.!® In particular, the framework flexibility and pore
shape play a crucial role in the stabilization of alkoxides.'®” Destabilizing steric
repulsion can in part be alleviated by framework deformations around the acid
site.>® However, in small concave environments like ZSM-22, large distortions
would be required to minimize steric hindrance (Figure 1.11) and alkoxides become
destabilized. Also for bulkier alkoxides, these crystalline lattice distortions are more
prevalent.!® Due to this structural effect, the chemisorption characteristics may
show a deviating behavior than expected from the zeolite pore size. For example,
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owing to the high flexibility of the H-ZSM-5 framework, the stabilization of the C-O
bond might be more pronounced than in large-pore zeolites H-Y and H-MOR.%°

Furthermore, acid strength and acid site density can have a critical influence on
the stability of chemisorbed alkenes. Sarazen and lIglesia found the adsorption
equilibrium of alkoxides to be insensitive to the zeolite acid strength due to the
predominantly covalent nature of these framework-bound intermediates.!> In
sharp contrast, the stability of ion pair structures is highly sensitive to the acidity

of the material. Jones et al. observed a considerable decrease in carbenium

ion stability relative to the m-complex and alkoxide species with decreasing acid
strength.158-160 While the deprotonation energy of the framework significantly

influences the alkene adsorption energy, the acid site density was suggested to
160

have only a minimal effect on the intrinsic carbenium ion stability.

Figure 1.11. Location of framework distortions upon formation of a Cg transition state
in TON. The green encircled O atoms have displacements that are more
than one standard deviation from the mean.’®® Reprinted with permission
of Wiley-VCH Verlag.

Alkene cracking

The cracking of alkenes is affected by the pore topology in two ways. First, reactant
and product diffusion is enhanced by a large available free pore volume. Noh and
Iglesia noted that carbocation transition states for alkane isomerization and (-
scission are similar in size; hence the selectivity should not exclusively depend on
the pore size, but also on diffusional constraints.!”?> Secondly, the pore dimensions
are a determining factor in the stabilization of the intermediates and transition
states.!6271%5 Narrow-pore zeolites favor unimolecular reactions as the formation
of bulky, bimolecular transition states can be sterically hindered.1%6:167 For butene
cracking on a set of different zeolites, Zhu et al. pointed out that ethylene and
propylene selectivity are inversely proportional to the pore diameter since large-
pore zeolites favor bimolecular light olefin consuming reactions such as alkylation



1.3. CATALYTIC ALKENE CRACKING 19

and hydride transfer.'%8 Baba and coworkers found that the light olefin selectivity
is correlated with the spatial volume of the zeolite cavity rather than the pore
diameter.169-171

If the zeolite confinement matches the size of specific cracking transition states,
the rate of these j-scission modes is significantly enhanced.151,164.165.173-176 pjg_
ure 1.12 demonstrates the dependency of alkylation rates on the transition state
volume in zeolite TON.16 |n small-pore zeolites, the extent of isomerization and
oligomerization reactions is restricted; therefore ethylene and propylene production
through monomolecular cracking pathways is favored.}”2177=179 Qn the other hand,
oligomerization cracking is dominant in large-pore zeolites which typically results in
a substantially broader product distribution.!”® In contrast to H-ZSM-5, the large
cages of H-Y easily allow the formation of highly branched cracking precursors.
As a result, mode A [-scissions will be a principal cracking pathway, yielding a

considerable yield of isobutene and other branched olefins. 118 123,129
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Figure 1.12. Snapshot of the optimized transition state for the coupling of ethene and
ethoxide in TON (left); Rate constants for small alkene coupling reactions
on microporous TON and mesoporous aluminosilicate (SiAl) with similar
acid strength as a function of the number of carbon atoms in the transition
state (middle); Snapshot of the optimized transition state for the coupling
of isobutene and tert-butoxide in TON (right). Adapted from ref. 156 with
permission of Wiley-VCH Verlag.

Several researchers have demonstrated the existence of linear scaling relations
between activation barriers and acid strength in zeolite catalysis 60 167.180-185 o
example, Liu et al. showed that the barrier for tert-butoxide formation in FAU
materials is correlated with the adsorption energy of ammonia (Figure 1.13).184
While the global conversion rate might benefit from a higher acid strength, the
increase in elementary reaction rates is often not uniform.180:186-190 Consequently,
the product selectivity can be steered by varying the acid site strength of the
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catalyst. Upon cracking of Cy-Cys alkenes, the highest P/E ratio was found for
zeolites with a lower acid strength.!®? The acidity of the material can also cause
a shift in the governing reaction mechanism.187:191-193 | in ot a/. postulated that
the cracking mechanism changes with acidity.19? Strong acid sites could promote
the monomolecular cracking pathway, while on weak acid sites, the dimerization
cracking pathway is preferred. Furthermore, on weak acid sites, the energetically
more favorable cracking modes A and B, are dominant, while strong acid sites can
also catalyze more highly activated cracking modes D, and E,.1%?
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Figure 1.13. Scaling relation between the ammonia adsorption energy (AE.ds [V H3])
and activation barrier (AE*) for the transformation of isobutene in tert-
butoxide in a set of FAU zeolites with varying acidity.’® Reprinted with

permission of the American Chemical Society.

Notice that pore topology and acidity also affect the catalyst deactivation rate.
In the specific 3D channel structure of H-ZSM-5, shape selectivity prohibits the
formation of large pore blocking coke species.’®31%% Therefore, coke is mainly
deposited towards the rim of the crystals, forming a layer on the external surface
of the zeolite crystals.19>1% On the other hand, condensed aromatics formation
is enhanced in the large channels and cages of H-8 and H-Y which do suffer from
194,197 | arge aromatic species are incapable to escape through
the pore windows, hereby blocking the access to the active sites.!9 Attenuating
the acid strength and reducing the number of acid sites suppresses the extent of
bimolecular hydrogen transfer reactions and hence the formation of deactivating
aromatic compounds, although this comes at the expense of conversion.!>® By

internal coking.
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manipulating the acid strength, both the stability as well as the P/E ratio and
product selectivity can be significantly improved.91:199-201

1.4 Methanol-to-olefins

Total and UOP developed an olefin cracking process (OCP), operating at a temper-
ature around 750K-900K and at atmospheric pressure.?%? In this unit, the low-value
Cy4 alkene fraction from MTO product streams is further cracked on an MFI type
zeolite catalyst. The coupling of the OCP unit to existing MTO technologies
allows increasing the ultimate selectivity for ethylene and propylene. Furthermore,
this setup offers a high flexibility for adjusting the product distribution.?%> Note
that the OCP can also be integrated with other alkene producing processes, such
as FCC units.

The MTO conversion on acid zeolites was discovered by Mobil researchers in the
late 1970s.294 Methanol, which can be obtained from any gasifiable carbon-rich
feedstock such as coal, natural gas or biomass, is converted over a fixed-bed reactor
filled with a ZSM-5 catalyst. Lurgi developed a modified version, dubbed the
methanol-to-propylene (MTP) process, to improve the propylene selectivity up to
70%.2% In parallel, UOP/NorskHydro developed an MTO process in a fluidized-
bed reactor with a SAPO-34 catalyst.?%® The advantageous shape selectivity of
this zeolite results in high light olefin selectivities up to 80%. Typical operating
conditions of the MTQO process are a temperature range of 600K-750K and a
pressure of 1-3 bar. Depending on the process conditions, a P/F ratio between
0.5 and 1.5 can be attained.!% Interestingly, the integrated MTO+OCP process
can further increase the selectivity for propylene and P/FE ratios between 2 and 4
can be easily achieved.?%3
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Figure 1.14. The different stages during methanol conversion on an acid zeolite catalyst.
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The MTO chemistry is closely related to the alkene cracking chemistry. The global
mechanism of the MTO process is one of the most controversial in heterogeneous
catalysis.2%7:29% The conversion of methanol into olefins occurs through different
stages (see Figure 1.14).209210 First, methanol is catalytically dehydrated into
an equilibrium mixture of dimethyl ether, methanol and water. During a kinetic
induction period, the first C-C' bonds are formed, ultimately leading to hydrocarbon
pool (HP) species which act as co-catalysts inside the zeolite pores.?!1™214 |n
steady-state operation, two autocatalytic cycles are active for the production of
Cy - CF olefins.?’® With time on stream, these primary products are further
converted into a broad mixture of longer olefins, paraffins and aromatics. Finally,
the formation of large polyaromatic species and coke leads to active site blocking
and catalyst deactivation.196:216.217

Currently, the role of HP species is generally accepted. Both aromatics and alkenes
can act as co-catalysts in the dual cycle concept.?!%218:219 | the arene cycle,
polymethylbenzene (PMB) species undergo repeated methylations and subsequent
olefin elimination reactions. In the alkene cycle, alkene species undergo repeated
methylations and subsequent alkene cracking into light olefins. While the arene
cycle yields mostly ethylene, the alkene cycle was shown to favor propylene and
higher alkenes formation.11%:193.220-222 Moreover, both cycles are interconnected.
The olefins produced in the arene cycle can initiate the alkene cycle whereas the
longer olefins from the alkene cycle can undergo oligomerization and cyclization
reactions, forming aromatics. The precise nature of the HP species is critically
dependent on the available pore volume and hence the zeolite topology.'89:223-225
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Figure 1.15. Schematic representation of the time-evolution of hydrocarbon pool species
in a SAPO-34 catalyst.?!°
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Since the MTO process consists of a complex reaction network, various factors may
influence the observed product distribution.?8:226 Once formed, light olefins need
to diffuse away from the active site, through the zeolite crystal. Several experimen-
tal studies stressed the important influence of diffusivity on the measured product
distribution.?2”7230  Hereijgers et al. proposed that the obtained distribution is
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mainly controlled by product shape selectivity.?3! The spatio-temporal loading of
the catalyst is schematically represented in Figure 1.15. Initially, methanol and
olefins can freely diffuse and adsorb at the active sites of the zeolite. Once the first
HP species are formed at the outer part of the crystal, light olefins can still readily
diffuse out of the catalyst. With time on stream, however, the density of large
occluded aromatic species increases, also at the inner catalyst, which inhibits the
diffusion of propylene and larger alkenes.?31:232 Recently, Hwang and coworkers
showed that diffusional restrictions have a larger impact on particular steps of the
MTO reaction network.??® For example, since diffusion has a large impact on H-
transfer reactions, the paraffin selectivity was observed to correlate with the extent
of diffusional constraints.

Up to date, light olefin diffusion has been investigated in several theoretical studies,
mostly ignoring the presence of acid sites and HP species. Nevertheless, the
olefin transport will be affected by the specific interactions with the active sites as
adsorption intermediates such as alkene m-complexes might be formed. In Paper V,
the influence of various molecular factors such as acid site density and hydrocarbon
loading on the light olefin diffusion rate in H-SAPO-34 is studied within the context
of the MTO process.

1.5 Goal and outline

The main goal of this dissertation is to obtain a better understanding of catalytic
alkene cracking in a zeolite environment at operating temperature. To this end,
molecular simulations are employed to study various aspects of the cracking process.
More specifically, we apply molecular dynamics simulation techniques mimicking
the actual operating conditions and zeolite models representing the true molecular
environment as closely as possible. A large part of this thesis is devoted to the
search for the true nature of the reactive intermediates during catalytic cracking.
Furthermore, the butene cracking reactivity in H-ZSM-5 is investigated. Also, light
olefin diffusion is addressed within the context of the MTO process as there are
experimental indications that the product selectivity is to a large extent determined
by the (hindered) diffusion of olefins in the zeolite pore system. The results
presented in this work offer an exhaustive perspective how the current state-of-
the-art of first-principle techniques can provide a molecular level understanding
of zeolite catalyzed processes. These elementary insights are essential to select a
catalyst with optimal activity, selectivity and stability.

The remaining chapters of this thesis are structured as follows. In Chapter 2,
a brief overview of the applied simulation techniques is given. A distinction is
made between the ‘classic’ static approach and the molecular dynamics approach
to study zeolite-catalyzed reactions and intermediates. A large part of the chapter
is devoted to the concept of enhanced sampling techniques as these simulations
form a crucial part of this thesis.
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Chapter 3 contains a detailed summary of the main research results, obtained in
the framework of this dissertation. All results have been published in international,
peer-reviewed journals. This chapter is divided in four parts. The first section
discusses the nature and stability of the alkene cracking intermediates in H-ZSM-5
with a special focus on the influence of temperature, chain length and branching.
In the second part, the reactivity of the intermediates toward different cracking
pathways is outlined. The third part considers the influence of the zeolite pore
structure and acidity on the reactive intermediates. Finally, light olefin diffusion
through the zeolite pore windows of H-SAPO-34 is investigated.

In Chapter 4, the major conclusions of this work are summarized, together with a
perspective on future research in the field of hydrocarbon conversion on zeolites.



Modeling zeolite-catalyzed reactions

Heterogeneous catalysis in nanoporous materials is a challenging and active re-
search field. Zeolite-catalyzed processes are often characterized by a high level
of complexity, exhibiting a plethora of plausible intermediates and competitive
reaction pathways. The combination of experiments and theoretical simulations can
be a powerful tool to contribute to the rational in silico catalyst design. Molecular
modeling techniques can provide insight into the mechanism of complex chemical
transformations. Often this information is hardly accessible from an experimental
point of view. Recent methodological developments and the increasing computa-
tional power have enabled theoretical chemists to make successful progress in the
prediction of reaction rates and thermodynamic quantities. Nowadays, theoretical
modeling fulfills a prominent role in zeolite catalysis research. However, the field
still faces various challenges.52:233 One challenge is related to the construction of
zeolite models which are representative for the real catalyst environment, including
different types of active sites, catalyst loading, etc. Another challenge consists of
mimicking the actual experimental or process conditions as closely as possible,i.e.,
performing operando simulations. In this chapter, the most important tools applied
in this dissertation are briefly discussed. For an extensive overview of the state-of-
the-art of ab initio modeling, the reader is referred to specialized reviews.52233-236

25
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2.1 Zeolite models

The catalytic activity of heterogeneous zeolite catalysts stems from the presence of
Brgnsted acid centers and, in some cases, also Lewis acid sites in the specific micro-
porous framework topology. The molecular dimensions of the catalyst nanopores
offer opportunities for a unique type of shape-selective catalysis.>3” To accurately
describe reactivity differences, it is essential to use a zeolite model which captures
all chemical and physical interactions between the guest molecules, the active sites
and the zeolite walls. In practice, the zeolite topology can be taken into account
by using either an extended cluster model or a periodic model (see Figure 2.1).

Figure 2.1. lllustration of a unit cell model (blue) and a 46T atom cluster model (green)

of a ZSM-5 zeolite framework.

The most elementary way to simulate the zeolite environment is a cluster model,
which is constructed by cutting the catalytically active region out of the framework.
Thanks to the limited number of atoms, cluster calculations can significantly reduce
the computational effort, enabling the application of more accurate, high-level
electronic structure methods.?? The earliest theoretical studies typically considered
small clusters, consisting of only a few T atoms around the active site, to represent
the zeolite. However, small cluster models have some serious drawbacks. First,
they may fail to properly grasp the full zeolite confinement and associated long-
range interactions such as dispersion. Yet, these interactions play a crucial role in
the stabilization of adsorbed hydrocarbons. Furthermore, the distinction between
different zeolite topologies and acid site densities is difficult to capture. Today,
a periodic description of the framework is more common for zeolite-catalyzed
transformations.

A periodic model consists of a unit cell of the nanoporous lattice which is periodi-
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cally extended in three dimensions. The unit cell size should be sufficiently large to
prevent the introduction of unphysical artificial interactions between the periodic
images of the guest molecules. The main advantage of periodic models is that
the porous nature and flexibility of the crystals are fully included. However, since
periodic models are more expensive, calculations are typically performed at a lower
level-of-theory.>> Due to computational limitations, the use of hybrid functionals
is currently not widespread for simulations on periodic zeolite models.?4°

Periodic calculations are complicated by the flexibility of nanoporous frameworks.
Artificial Pulay stress tends to lower the cell volume, which can lead to drastic
errors for structure optimizations when employing a finite plane wave basis set.240
In this work, we follow the procedure proposed by Ghysels et al.?*” to eliminate
residual Pulay effects in the optimized geometry. In this scheme, an energy versus
volume, E(V), profile is constructed. Subsequently, the energetic minimum and
corresponding volume are determined from a Birch-Murnaghan equation-of-state
fit.248:249 Ultimately, the ionic positions and unit cell shape are allowed to relax at
the fixed optimal volume.

Brgnsted acid sites are created by substitution of a tetravalent Si atom by a trivalent
Al atom. For every substitutional defect in the material, a charge-compensating
proton is placed on the surrounding framework oxygens. Some studies attempted to
determine the energetically most favorable acid site positions in H-ZSM-5.250-253
It has been shown that the aluminum distribution throughout the framework is
not random but kinetically controlled during the zeolite synthesis.?>*2%5 During
the zeolite synthesis or by post-synthetic dealumination, the Si/Al ratio of the
material can be tuned. By varying the Brgnsted acid site density of the zeolite,
particular reactions may be promoted or suppressed.?40:241:256.257  The presence
of guest species in the zeolite host facilitates the mobility of the Brgnsted acid
protons.?%8-260 For simplicity, theoretical studies typically focus on a single location
of the Brgnsted acid site. Often, a pragmatic approach is adopted to select a
suitable framework position. Next to Brgnsted acid sites, also Lewis acid sites such
as extra-framework aluminum (EFAL) species can be present.?°17263 The formation
of these mono-, bi-, tri- or tetranuclear EFAL complexes is strongly dependent on
the specific location in the framework and might have an impact on cracking
reacions.?” However, the impact of the presence of Lewis acid sites falls beyond
the scope of this study.

In reality, framework defects, mesopores or the presence of EFAL species might have
a substantial influence on the overall activity and selectivity of the process.?38-241
Modeling defects in zeolites is not a trivial task as large models are needed to
incorporate these effects. Interestingly, a few studies have constructed extended
framework models to account for the external surface of the zeolite. 94 2427244
this dissertation, we consider so-called ideal catalyst models which are represented
by zeolite unit cells with periodic boundary conditions. Since the focus of this

In
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dissertation lies on unraveling alkene cracking pathways at elevated process tem-
peratures, the combination of both enhanced sampling methods and even larger
zeolite models is not feasibe.

In this work, the unit cell parameters are optimized by performing an equation-of-
state fit on the empty cell, without any adsorbates. In H-ZSM-5, the Al atom is
inserted at the T, position of the framework, which is situated at the intersection
of the straight and sinusoidal channel, thus offering maximum available space to
accommodate guest molecules. In H-MOR, both the T; position, located in the
main 12-ring channel, and T, position, located at the intersection of the main
channel and the side-pocket, are considered. In all other topologies, H-ZSM-22,
H-SSZ-13, H-SSZ-24 and H-Y, the T; position is chosen as acid site location.

2.2 Electronic structure methods

To study any chemical or physical transformation, knowledge about the potential
energy surface (PES) as a function of the internal coordinates of the system is
essential. It contains information about each atomic configuration of the system
and each transformation that might occur. The PES can be characterized by either
employing a first-principle or a force field description.

First-principle or ab initio (Al) methods aim to describe the molecular many-body
problem from a first-principle approach, i.e., without empirical input. In principle,
all properties of a system can be derived from its wavefunction, which can be
extracted from the Schrodinger equation. Nevertheless, solving the Schrodinger
equation is far from trivial and additional assumptions are required to obtain a solu-
tion for the many-body problem. Within the Born-Oppenheimer approximation, the
motion of the atomic nuclei and electrons are decoupled. Due to their lower mass,
the motion of the electrons is much faster than the motion of the nuclei, which
can therefore be treated as classical particles. As a result, the molecular ground
state can be determined by solving solely the electronic Schrodinger equation for
various nuclei configurations.?64

Nowadays, most ab initio calculations on complex molecular systems are performed
using Density Functional Theory (DFT) as these methods provide an excellent
balance between accuracy and computational efficiency. In 1998, Kohn and Pople
received the Nobel prize in chemistry for their contribution to the development of
this theory. DFT is a many-body technique that relies on energy functionals to
describe the electron density instead of the electronic wavefunction, thus reducing
the complexity of the problem to finding a 3-dimensional surface.?** Based on
two theorems by Hohenberg and Kohn, one can prove that a unique relation exists
between the electronic density and the wavefunction and that all properties of
the many-body system in the ground state can be derived from the electron den-
sity.26%266 However, selecting an appropriate functional to correctly describe the



2.2. ELECTRONIC STRUCTURE METHODS 29

exchange interaction and electron correlation can be a challenging task. Depending
on the nature of the exchange-correlation functional, DFT methods are classfied
into different categories such as generalized gradient approximation (GGA), meta-
GGA, hybrid functionals,...?57:268 The overall accuracy of an electronic structure
method can be enhanced by improving the accuracy of the exchange-correlation
functional, a concept known as Jacob's ladder of DFT approximations.2%°

In zeolite catalysis, attractive dispersion interactions form an important contribu-
tion to the energetic stabilization of guest species. However, commonly applied
DFT functionals lack of a proper description of such long-range van der Waals
(vdW) interactions.>227%:271 Schemes to include vdW interactions are therefore
compulsory to correctly describe the adsorption characteristics. The most widely
applied technique is the cost-efficient and robust DFT-D scheme, proposed by
Grimme, in which a semi-empirical damped potential energy term is added to
the energy obtained with standard functionals.?’2273 Nevertheless, the DFT-D
method might lead to an overestimation of the overall interaction energy, es-
pecially for systems governed by only weak interactions with the acid sites like
alkane adsorption.®?27* Other options include the many body dispersion (MBD)
scheme by Tkatchenko or (re)parametrized hybrid functionals which inherently
account for long-range interactions, like the M06-2X,2> wB97X-D?7® or BEEF-
vdW?"7 functional. Dispersion interactions can also be treated by Random Phase
Approximation (RPA) techniques, although this method is extremely demanding.2"®
In this thesis, the GGA functionals PBE or revPBE are employed together with
Grimme D3 dispersion corrections.?4%279:280 A comparison of different functionals
and dispersion schemes for the adsorption of small alkenes is discussed in Paper I.

The potential energy surface can also be studied using a force field (FF) description
in which the PES is approximated by an analytical expression in terms of the atomic
positions. In this technique, the detailed electronic structure is neglected and
intramolecular interactions are described by springs interconnecting the different
atoms. Force fields typically contain both bonding and non-bonding contributions.
The former represent the interactions between covalently bonded atoms while the
latter describe long range van der Waals and electrostatic interactions. Each term
contains a set of parameters which can be determined empirically or fitted to
ab initio data. Since electrons are not considered as individual particles and the
calculation of the electronic energy is bypassed, FF methods are computationally
much more efficient than DFT methods. FF simulations are hence ideally suited
for studying large systems and long timescales.154 281,282

Developing accurate force fields for porous materials can be challenging due to
the specific complex interactions between the adsorbate molecules and the zeolite
framework. It proves especially difficult to describe framework flexibility and weak
non-bonding interactions.?®!  Nevertheless, some studies successfully predicted
alkane or alkene adsorption properties for all-silica zeolites.?83288 On the other
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hand, force fields for acid site containing zeolites remain scarce. Due to a lack
of accurate force fields, these simulations are only rarely applied in the field of
zeolite chemistry. Also, a FF approach is only suitable for modeling diffusion or
adsorption phenomena as it fails to describe the cleavage and formation of chemical
bonds. Reactive force fields are currently under development, although they are still
insufficiently accurate to model chemical conversions in zeolites.?8*2°1 |n Paper
V, we apply FF simulations to investigate light olefin diffusion in the MTO process.
Although no chemical bonds are broken, it is observed that force fields may show
some serious deficiencies in describing the specific host-guest interactions.

2.3 Static modeling techniques

To date, static calculations are the most common way to gain molecular level insight
into chemical reactions. In the static modeling approach, a reaction is described
by three stationary points on the multidimensional potential energy surface, i.e.,
the reactant, transition and product state. The reactant and product state are
energetic minima on the PES, while the transition state corresponds to a first
order saddle point. To ensure the transition state is connected to the reactant and
product state via a minimum energy pathway, the local minima of the reactant
and product can be found by following the intrinsic reaction coordinate (IRC). The
geometry of each state is optimized by locally scanning the energy surface using
for example a conjugate gradient or quasi-Newton algorithm.

STATIC CALCULATIONS
HO
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Figure 2.2. Schematic representation of a geometry optimization (GO), transition state
optimization (TS), intrinsic reaction coordinate calculation (IRC) and the
harmonic oscillator (HO) approximation on the potential energy surface E(q).

Thermodynamic quantities like enthalpy, entropy and free energy can be estimated
by adding thermal corrections to the electronic energy. These corrections are
derived from the molecular partition function, which contains all information on the
vibrational, translational and rotational motions. The partition functions can be
calculated from the vibrational frequencies which are in turn obtained by performing
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a normal mode analysis (NMA). This method consists of a diagonalization of the
Hessian matrix containing the second order derivatives of energy with respect to
the atomic positions. The eigenvalues and eigenvectors of this matrix correspond
to respectively the frequencies and vibrational modes of the molecular system. This
approach is also called the harmonic approximation as the PES is approximated by
the potential energy of a set of independent harmonic oscillators (HO).?%2 Note
that this approximation is only valid in the neighborhood of the local minima.
Furthermore, all anharmonic effects of internal motions are neglected, which may
lead to incorrect results for higher temperatures. Depending on the size and
flexibility of the guest molecules, this immobile adsorbate approach may signifi-
cantly underestimate the entropy.>®> A more accurate estimate might be achieved
by replacing some low vibrational modes of the adsorbates by the corresponding
translational or rotational modes.?

The total internal energy of the system, U, is obtained from the electronic energy,
Ey and the thermal energy contribution, derived from the molecular partition
function, Z.
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The enthalpy, H can be calculated as the sum of the internal energy and the pV
work in the system. For non-interacting particles, the ideal gas law dictates

H=U+pV =U + kgT

The entropy, S, for N particles can also be derived from the partition function.
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Finally, the Helmholtz free energy, F, and Gibbs free energy, G, are given by

F=U-TS
G=H-TS

The computational cost of the NMA increases exponentially with the system size.
Therefore, instead of taking the full Hessian matrix into account, a partial hessian
vibrational analysis (PHVA) is particularly interesting for nanoporous materials.
In this approach, some atoms are fixed, by assigning them an infinite mass, and
deleted from the Hessian matrix. This procedure also avoids obtaining spurious
imaginary frequencies corresponding to lattice vibrations in the spectrum.2%42%
Nevertheless, De Moor et al. showed that PHVA is not suited for rather mobile
adsorbates.?%® In this work, the PHVA is applied to derive the thermodynamic
quantities, using the TAMkin toolkit, developed at the CMM.2%7

In catalysis, both intrinsic and apparent barriers can be calculated, depending on
the chosen reference state (Figure 2.3). Since zeolite-catalyzed reactions often take
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place in gas phase, the reacting molecules first have to diffuse into the catalyst
pores and adsorb on the active site before reactions can occur. Intrinsic reaction
barriers assume the intermolecular adsorption complex of the guest species at the
active site as reference level. However, these barriers are not directly comparable
to experiments, which, in the absence of diffusion limitations, include the preceding
adsorption step. Therefore, often apparent barriers are reported by considering the
empty zeolite catalyst and gas phase molecules as reference.

2.4 Dynamic modeling techniques

Static calculations have the disadvantage that the calculation is only valid in
the close neighborhood of the local minimum on the potential energy surface.
Nevertheless, the PES for zeolite systems can be quite complex, exhibiting several
nearly iso-energetic local minima and maxima. Furthermore, within the HO appox-
imation, thermal corrections to the electronic energy are incorporated a posteriori.
In contrast, dynamic methods scan a larger part of phase space by sampling the
exact free energy surface, as constructed with DFT or FF methods. Framework
flexibility as well as entropy and finite temperature effects including anharmonic
motions are inherently accounted for.2%® Especially, at the elevated temperatures
of zeolite-catalyzed reactions, inclusion of anharmonicity effects generally leads to
improved results.?9?:3%0  Also, the framework flexibility and temperature effects
were shown to critically affect the reaction kinetics.52 301-305
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Figure 2.3. Schematic representation of a typical 1D free energy profile for a catalyzed
process, including the adsorption, reaction and desorption step. The free
energy of adsorption, AF,4s, intrinsic barrier, AFfm, apparent barrier,
AF(fpp, and reaction free energy, AF,, are indicated.

Dynamic simulations rely on a sampling protocol which generates a representative
ensemble of configurations for a given set of external conditions. The most popular
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methods are molecular dynamics (MD)?% and Monte Carlo (MC) simulations.3% In
MD simulations, the real time-evolution of the system is described as only physical
paths between two configurations can be sampled. In MC simulations, on the other
hand, the system is perturbed by performing a random move in the phase space.
This technique allows crossing high energy barriers and visiting multiple reaction
minima in a single simulation, but does not yield physical paths between different
configurations.3%7 In this dissertation, MD simulations are performed which have
proven to possess a great potential to elucidate reaction mechanisms in the field
of zeolite catalysis.51 189.260,303,308-313

2.4.1 Molecular dynamics simulations

Molecular dynamics simulations are a powerful technique to describe the time
evolution of the system by solving the classical Newton equations of motion for the

atomic nuclei, R;.

PR,
oz
This equation is numerically integrated over time by employing for instance the
simple velocity Verlet algorithm.3%7

mi

Fi= -VaV

Ri(t + At) = Ri(t) + 1At + 1Fi—(t)m?
2 m;

LF;(t) + Fi(t + At)
5 m;

In ab initio MD simulations, the forces acting on the atoms are derived from
the potential energy which is obtained from an electronic structure calculation at
each time step, resulting in computationally expensive simulations. To obtain a
resolution which can distinguish the highest frequencies in the system, a timestep
that is around one tenth of the fastest vibration's characteristic period is required for
energy conservation.3%” In this work, an integration time step of 0.5 fs is employed
to obtain a correct sampling of the time domain. In force field MD simulations, the
potential energy is calculated analytically, which can be done much faster compared
to ab initio calculations. Nevertheless, weak non-covalent interactions might be
described less accurately, as shown in Paper V.

T (t + At) =7;(t) + At

MD simulations sample a sequence of states in phase space which all satisfy the
conditions of a specific thermodynamic state, i.e., an ensemble. The most basic
ensemble is the microcanonical or NVE ensemble corresponding to conditions of
constant number of atoms, volume and total energy (sum of potential and kinetic
energy). Although the NVE ensemble is important from a theoretical point of
view, it has no experimental equivalent since the energy can hardly be controlled.
Instead, keeping the temperature fixed is far more common. Therefore, simulations
are often carried out in the canonical or NVT ensemble which describes a system
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with constant number of atoms, volume and temperature. In order to satisfy the
conservation laws, a thermostat is introduced which is an infinite energy reservoir at
constant temperature. The system is allowed to exchange energy with this reservoir
in order to keep the total energy of the system conserved. In the NVT ensemble, the
sampling of each state is determined by its Boltzmann probability.3®” Low energy
states will have a higher sampling probability than high energy configurations.
Consequently, transitions with an energy barrier much larger than the thermal
energy in the system will hardly be visited. Alternatively, the the isothermal-isobaric
or NpT ensemble which conserves the number of atoms, temperature and pressure
is well suited to mimic the real process conditions. Next to a thermostat, also a
barostat is introduced with which the system is allowed to exchange work in order
to keep the total energy of the system conserved. In this thesis, a chain of Nosé-
Hoover thermostats3'431® and a Martyna-Tobias-Klein barostat3!® are applied to
control the temperature and pressure respectively.

MOLECULAR DYNAMICS
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Figure 2.4. Schematic representation of the molecular dynamics (MD) sampling tech-
nique of a free energy profile F'(g) with indication of the corresponding
sampling probability distribution p(gq).

Macroscopic properties of the system can be determined from MD simulations by
invoking the ergodic hypothesis, 3% stating that time-averages of thermodynamic
quantities over a long simulation are equal to the ensemble average, which always
holds true for an infinite sampling time. However, in reality, the finite simulation
time introduces a sampling error. Nevertheless, the ergodic hypothesis remains
valid, provided all relevant regions of phase space are sampled sufficiently well.

2.4.2 Free energy methods

In principle, free energy differences can be deduced from regular MD simulations.
However, chemical reactions are typically rare events, characterized by high energy
barriers. With the current computational power, AIMD simulations can achieve a
maximal simulation length of up to a few 100 ps for zeolite models consisting of
a few hundred atoms. Since deducing free energy barriers from MD simulations
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requires adequate sampling of the entire configurational space, including the transi-
tion state region, this approach is restricted to lowly activated transitions only. To
overcome the timescale problem in studying more highly activated transitions, the
application of enhanced sampling MD techniques is imperative. Various techniques
have been developed to improve the sampling of high energy regions of phase space.
A detailed overview of these methods can be found in some recent reviews.317—320

A first class of methods is based on the improvement of the sampling along a
predefined reaction coordinate or collective variable (CV).31° Some examples of
these methods include thermodynamic integration (TI), metadynamics (MTD)
and umbrella sampling (US). Recently, these techniques have been succesfully
applied in the field of heterogeneous catalysis.110:234.260.321-323 A second class of
methods aims at sampling the transition path space rather than the regular phase
space. Some examples are path sampling techniques like transition path sampling
(TPS)324326 and quasi-classical trajectory (QCT) generation.32":328 The former
is well suited to explore new reaction mechanisms as it allows sampling multiple
reaction pathways simultaneously by combining MD trajectories with Monte Carlo
moves. The latter uses information about the vibrational spectrum of the transi-
tion state to propagate the nuclear motions classically. While both methods are
computationally very demanding, they have been successfully applied to predict
selectivities of zeolite-catalyzed reactions.304 305 327,328
metadynamics and umbrella sampling method are for the first time applied to
study catalytic alkene cracking in zeolites at operating conditions.

In this dissertation, the

Collective variables

A proper definition of the reaction coordinate, ¢, is vital for the successful con-
struction of a free energy profile.329330 To estimate the activation barrier between
two (meta)stable states, free energy methods strive to sample each part of the
reaction coordinate equally well. The reaction coordinate can be one-dimensional,
described by a single collective variable (CV) or multi-dimensional, described by
multiple collective variables. An example of a complex two-dimensional free energy
surface is shown in Figure 2.5. For computational efficiency, the dimensionality
should be kept as low as possible. In order to guarantee an efficient sampling, the
CV must obey the following criteria:33! (i) it should be able to distinguish between
the initial state, the final state and all intermediate states; (ii) it should increase
monotonically from the reactant to the product state; (iii) it should depend only
on the instantaneous point of the configuration space; (iv) projection of the energy
landscape on the CV should result in a one-dimensional free energy profile.

The CVs are a function of the microscopic coordinates of the system. Often
geometric parameters such as distances, torsions, dihedral angles,... are used to
construct the CV. The advantage of this kind of definition is that the CV can easily
be physically interpreted. In particular, coordination numbers can be employed to
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describe complex transformations involving several atoms. A coordination number
is a non-linear function of atomic distances, defined as a sum running over 2 sets
of atoms, ¢ and j, with r;;, the interatomic distance and ry a reference distance.
The parameters, nn and nd, are in this work set to 6 and 12 respectively.

()"
CN=32> —

Choosing a suitable CV mostly requires a good chemical and physical insight into
the reaction. It is well established that a non-appropriate choice of collective
variable might easily lead to misinterpretation of the free energy profile.33? Inef-
ficient sampling can result in an overestimation, while ignoring certain degrees of
freedom can lead to an underestimation of the energy barrier. Currently, systematic
methods to define CVs are emerging thanks to the improvements in machine learn-
ing approaches.33® Especially, dimensionality reduction techniques like principal
component analysis (PCA)33* and time-lagged independent component analysis
(tICA)33%:336 |o0k very promising in this respect.

Free Energy

Cllective Variable 1

=5
“‘ reactants

Figure 2.5. 2D free energy surface as a function of two collective variables.

Metadynamics

337-340 intro-

The metadynamics (MTD) method, developed by Laio and Parrinello,
duces a bias potential Uy(q) as a function of the reaction coordinate to accelerate
transitions between two local minima on the free energy surface. The bias potential
is constructed on the fly by gradually spawning Gaussian-shaped hills with a certain
amplitude A and width w, centered around the instantaneous value of the collective
variable, ¢;, to the potential energy of the system. This way, the energy of the
visited states in the local minimum artificially increases until the reaction barrier can
be overcome. Once all energy minima are completely filled with Gaussian hills, the
dynamics of the system become diffusive and regular transitions can take place.33?

A metadynamics simulation is considered to be converged when the probability to
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sample each state along the reaction coordinate is equal. The overall bias potential
is calculated by summation over all Gaussian hills, N.

(a—g9)?
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By taking the opposite of the bias potential, the free energy profile as a function
of the predefined reaction coordinate can be reconstructed, modulo an additive

constant C.
F'(q) = — lim Uy(q) +C

In practice, the bias potential does not converge to the free energy, but keeps
oscillating around it. Furthermore, the bias potential tends to overfill the underlying
free energy profile in the course of the simulation.332 To solve this issue, the
hill height is often halved upon each re-crossing of the barrier. In this thesis,
the simulations are continued until the addition of new hills no longer influences
the resulting free energy barrier. A less arbitrary solution is provided by well-
tempered metadynamics in which the Gaussian hill height is gradually decreased
over simulation time.3*! In this adaptive bias technique, the height of each
deposited Gaussian hill is rescaled based on the sampling history of the collective
variable. The main advantage of this approach is that an estimate of the FES is
obtained which converges to the exact solution in the long time limit.
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Figure 2.6. Schematic representation of the metadynamics (MTD) technique for re-
constructing a free energy profile F’(q) with indication of the sampling
probability distribution p(q).

The choice of hill parameters, A and w, and update pace of the bias potential, At,
is crucial for the optimal performance of a MTD simulation. These parameters are
inextricably linked as there is a delicate balance between accuracy and sampling
efficiency.33? The larger the hill size, the more the system will be disturbed upon
adding hills and a lower update pace is required to allow sufficient time for relaxation
of the system. A small hill size or a low update pace will yield a more accurate free
energy profile, although it will lower the efficiency of the phase space sampling.
Individual MTD simulations might be error-prone because the free energy profile
can be greatly influenced by the hill parameters and MD initialization settings.
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The statistical error, €, on the free energy barrier has been theoretically proven to
be proportional to the Gaussian hill height and inversely proportional to the bias
period and intrinsic system diffusion coefficient in the CV space, D.3%?

AkpT
DAt

Since applying this equation is far from trivial, the error bar is often estimated
by means of block-averaging or by running multiple independent simulations from
which a mean and standard deviation can be deduced.33?

MTD simulations serve as an excellent tool to scan the configurational space of
complex systems without a priori knowledge of the reaction mechanism.332 The free
energy landscape is explored by escaping energetic minima via the lowest activated
route. The time required to escape a free energy minimum and hence the efficiency
of the method scale exponentially with the dimensionality of the system, i.e., the
number of collective variables. Currently, three CVs are considered as the upper
limit for obtaining an accurate energy profile within a reasonable timeframe.3?!
Recently, the multiple walkers MTD scheme has been proposed to speed up the
convergence by running multiple interacting simulations in parallel.343

Umbrella sampling

The umbrella sampling (US) technique, developed by Torrie and Valleau,3** hinges
on the introduction of an external potential to ensure that all regions of the reaction
path are sampled sufficiently well. ldeally, one would apply the opposite of the free
energy profile, —F'(q), as bias potential, thus allowing a uniform sampling of the
whole range of the collective variable space. However, since F(q) is obviously
unknown, a different approach is necessary. To this end, the collective variable
range is divided into a number of windows, N, the so-called umbrellas, each
targeting a different part of the reaction coordinate.3*® The combination of all
windows spans the entire region of interest of phase space. For each window
individually, a regular MD simulation is carried out. A harmonic external bias
potential U} (q) is introduced, in which ¢; represents the center of the window and
k, the (window-dependent) bias strength.

Uia) = 50— )’
The external potential restricts the sampling of the configurational space to the
current umbrella only, thus enhancing the sampling in low probability regions like
the transition state region. The choice of the bias strength is the only critical
parameter which has to be sufficiently large to steer the system over the barrier,
but also small enough to allow sufficient overlap between adjoining umbrellas and
to reduce computational time.3¥® To improve the convergence, the collective

variable grid along which the umbrellas are placed is often refined, thus allowing
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an improved sampling of the reaction coordinate. Ultimately, each window yields
a sampling probability distribution, p;(q), as a function of the collective variable.
The global free energy profile, F'(q) can be reconstructed by employing a post-
processing algorithm which combines the overlapping probability distributions from
each window, such as the weighted histogram analysis method (WHAM).34:347 |
this technique, the global probability distribution, p,(q), is calculated as a weighted
average of the distributions of the individual windows. The weights, w;, are chosen
in order to minimize the statistical error of p,(q).

N
po(q) = Z wi(q)pi(q)

F'(q) = —kpTinps(q) + C

Thanks to its high parallelizability, the US technique is computationally very effi-
cient. However, a priori knowledge on the reaction mechanism and involved states
is a prerequisite. Also, this method still relies on the definition of a properly chosen
collective variable. An estimate of the error bar on the statistical sampling can be
relatively easily obtained from a Monte Carlo bootstrap analysis.3*®

UMBRELLA SAMPLING
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Figure 2.7. Schematic representation of the umbrella sampling (US) technique for re-
constructing a free energy profile F'(q) with indication of the sampling

probability distribution p(q).

Free energy barriers

To interpret multi-dimensional free energy surfaces and deduce the corresponding
activation barriers, the dimensionality needs to be reduced. It goes without saying
that this simplification is usually accompanied by a loss of information. Figure 2.8
pictures the different possibilities to extract a 1D free energy profile from a 2D free
energy surface. For example, a 2D surface can be projected on a 1D surface by
taking a linear combination of the individual CVs. The factor C' is introduced to
ensure consistent dimensions in the definition of the free energy profile. This results
in a global shift of the free energy profile; free energy barriers are not altered.349

+oo
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Naturally, this approach becomes invalid if both collective variables are correlated.
A more flexible tool to deduce a 1D free energy profile from a multidimensional
simulation is the construction of the lowest free energy path (LFEP) connecting
two stable states, A and B, as proposed by Ensing et al.3*® First, a coarse path
between A and B is traced by localizing the point with lowest energy, P,,, on a fixed
distance from the previous point along the path, P,,_;. Secondly, each segment
of the coarse path, [P,,_1, P], is further refined. Next, all segments are combined
into a 1D free energy profile.

Free energy activation barriers for the interconversion between state A and state
B can be conveniently calculated from the 1D profile. The crudest approach is by
simply taking the difference between the maximum and minimum of the free energy
profile. However, this method is prone to large variations because the shape of the
free energy profile is dependent on the chosen reaction coordinates. To obtain
accurate free energy barriers, one should factor in the configurational freedom
and entropy of the local minima which are determining the shape and width of the
reactant and product valley. Recently, a universal procedure to estimate free energy
barriers, independent of the choice of CVs, was proposed.3*® Based on transition
state theory, a phenomenological free energy barrier can be defined.

kT 1
AFY = AFh o+ kpTin | o ———
phen maz—min T KBLIN ( h A p(%))

: 1
Herein, AF; i
state and reactant minimum, p(g,.) is proportional to the partition function of the
reactant valley, while the factor A is related to the rate of change of the collective
variable in the transition state, which is computed according to the procedure by

Bucko et al.3®1 For more details, the reader is referred to Appendix B.

represents the free energy difference between the transition

Ccvil Ccvi Ccvl

Figure 2.8. 2D free energy profile consisting of 3 local minima. The dimensionality can
be reduced by keeping alternate collective variables fixed (left), by projecting
the surface on a linear combination of the 2 CVs (middle) or by identifying
the lowest free energy path (LFEP) connecting two minima (right).



Main results and discussion

The research results discussed in this thesis have been published in international
peer-reviewed journals. The main part of these publications deals with the com-
plexity of zeolite-catalyzed alkene cracking processes and the nature of the involved
intermediates. In this chapter, the most important findings are highlighted. First,
the nature of the alkene cracking intermediates at operating temperatures is elu-
cidated. Secondly, we elaborate on the reactivity of these intermediates toward
cracking reactions. In this respect, also the influence of the zeolite environment
and acidity are thoroughly investigated. Finally, the diffusion of light olefins in
the CHA topology is discussed which is particularly important for determining the
product selectivity in the MTO process. A more elaborate discussion and additional
technical details can be found in the original articles, which are included in Part Il
of this dissertation.

3.1 Identifying the nature of alkene intermediates

Adsorption of alkenes in acid zeolites is a crucial step in the cracking process.
However, alkenes are very reactive and often short-lived in the porous zeolite
environment, thus hampering the experimental characterization of the involved
intermediates.>® Also from a theoretical viewpoint, determination of the stable
intermediates is challenging as the actual process takes place at high temperature,

hence the entropic factor will have a significant influence.9® 234352 Fyrthermore,

41
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dispersion interactions form an important contribution to the stabilization of the
guest species. A plethora of experimental and theoretical studies aimed at unrav-
eling the true identity of the intermediates, which is amongst others governed by
zeolite topology, acidity and the reaction conditions.5057:64.77.87,98,101,353 jp to
date, the precise nature of the chemisorbed state, i.e., alkoxides or carbenium ions,
is heavily debated.

In Paper | and Paper I, the adsorption of both linear and branched C5 alkenes
in H-ZSM-5 is investigated at the molecular scale. The true nature of the alkene
intermediates is elucidated at 323K, a temperature similar to the 23C NMR spec-
troscopy experiments by Stepanov et al.”?> and 773K, a temperature which is
representative for the actual catalytic cracking operating conditions. The applied
methodology encompasses a combination of static DFT calculations and ab initio
MD simulations to account for the mobility of the adsorbates. To quantify the free
energy profiles for interconversion of the alkene intermediates, enhanced sampling
metadynamics simulations are performed. In all simulations, the zeolite model
consists of a periodically extended orthorhombic unit cell of ZSM-5 to fully capture
the effects of the zeolite confinement. As outlined before, dispersion corrections
play a crucial role in the adsorption of alkenes and should be taken into account
when simulating alkene species. In this work, the revPBE?*® level of theory with

additional Grimme D3 dispersion corrections?® is adopted.

3.1.1 Toward accurate adsorption enthalpies

In a first step, conventional static DFT calculations are carried out to compute
adsorption enthalpies and free energies. Table 3.1 summarizes the thermodynamic
properties of the C5 intermediates (see Figure 3.1) at 323K and 773K. Snapshots of
the C5 intermediates at the channel intersection of H-ZSM-5 are shown in Figure
3.2 and Figure 3.3. For both linear and branched species, the physisorbed -
complex is observed to be the most stable state, irrespective of temperature. The
linear pentoxides are still relatively stable at 323K, although the entropic penalty of
the covalent bond quickly renders these species more unstable with temperature.
While linear carbenium ions appear to be unfavored, the branched 2-Me-2-butyl
carbenium ion is much more stable than its linear analogues and even more stable
than the branched alkoxides. Therefore, tertiary carbenium ions will likely act as
true intermediates at operating conditions. These results are in line with the earlier
calculations by Nguyen and coworkers.5% 59353

Note that the calculated adsorption enthalpies are dependent on the dispersion
scheme. The PBE-D32%7%280 enthalpies at 323K are compared with PBE-MBD-
vdW in which the many body dispersion (MBD) model of Tkatchenko et al. is
applied.3543%% |n the MBD scheme, dispersion has a lower contribution to the
total interaction energy and hence adsorption strengths are found to be ca. 10
kJ.mol! lower for alkene m-complexes or carbenium ions and ca. 5 kJ.mol lower
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Table 3.1. Adsorption enthalpies and free energies for the Cs intermediates at 323K and

773K. [PBE-D3]

AH,qgs [kJ.mol?]

AG,gs [kJ.mol?]

323K 773K 323K 773K
2-pentene m-complex -115 -110 -57 21
2-pentyl carbenium ion -34 -28 21 96
3-pentyl carbenium ion -23 -17 28 96
2-pentoxide -98 -95 -31 62
3-pentoxide -92 -90 -25 69
2-Me-2-butene m-complex -129 -123 =72 2
2-Me-2-butyl carbenium ion -99 -92 -45 25
2-Me-2-butoxide -88 -83 -21 69
3-Me-2-butoxide -100 -96 -30 65

for alkoxides. Due to the strong covalent bond with the framework, the impact of
van der Waals interactions is less pronounced. Also, the BEEFvdW functional®”’
was tested, which yields systematically 15-20 kJ.mol™! lower adsorption enthalpies,
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although the trends are preserved.

2-pentene m-complex 2-pentyl carbenium ion 2-pentoxide

Figure 3.2. Optimized geometries of the linear C5 intermediates in H-ZSM-5.

Static calculations are computationally efficient enabling the utilization of more
accurate, contemporary functionals. Conversely, only one adsorbate conformation,
corresponding to a single local minimum on the PES, is considered which is a major
drawback of this methodology. Especially, alkenes possess a large degree of freedom
inside the zeolite pores, resulting in a relatively flat and complex PES, exhibiting
many stationary states.’?%*%3  For example, the electronic energy spread for
different configurations is found to vary between 5 and 20 kJ.mol™!, depending if the
adsorbate is located in the channel intersection, the straight or sinusoidal channel.
Secondly, in the static approach, free energies at finite temperature are determined
by adding thermal corrections, obtained within the HO approximation. The actual
FES may largely differ from the PES at OK and the harmonic approximation can
lead to a considerable underestimation of adsorption entropy. In particular, at high
temperature carbenium ions are partly stabilized by their high degree of mobility,
which is difficult to capture with static calculations. Therefore, MD simulations are
carried out which inherently account for configurational freedom, finite temperature
effects and framework flexibility.

2-Me-2-butene n-complex 2-Me-2-butyl carbenium ion 2-Me-2-butoxide

Figure 3.3. Optimized geometries of the branched C intermediates in H-ZSM-5.
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Adsorption enthalpies at finite temperature can be estimated more rigorously by
performing MD simulations, taking all accessible configurations simultaneously into
account. The adsorption energies of linear pentene m-complexes and alkoxides
are calculated as the ensemble average of the internal energies (sum of potential
and kinetic energies) from separate simulations of the adsorbed complex, the bare
zeolite and the individual pentene molecule in gas phase.

AI{ads = AUads — RT
AUggs = < Ucomplem > — < Useolite > — < Upentene(g) >

The carbenium ion lifetime is too short to obtain a reliable estimate of its adsorption
energy (vide infra). It should be noted that the dynamic potential energy is
prone to large fluctuations, which results in a rather high uncertainty of the pre-
dicted thermodynamic properties. Unfortunately, the slow convergence necessitates
performing long and computationally expensive simulations, which is a general
drawback of this method.3%”
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Figure 3.4. Adsorption enthalpy diagram at 323K for the linear C5 intermediates with the
respective gas phase pentene and empty H-ZSM-5 framework as reference
from static calculations [PBE-D3] and ab initio MD simulations [revPBE-
D3]. Adapted from ref. 357 with permission of Elsevier.

Figure 3.4 displays a comparison between the adsorption enthalpies from static
calculations or MD simulations at 323K. In the m-complex simulations, an asym-
metric distribution of the distance between the acid proton and double bond C
atoms is sampled, with the static configuration corresponding to the maximum of
the distribution. As a result, the dynamic adsorption enthalpies are systematically
higher than the static estimates, which can be attributed to the large fraction of
weakly bound w-complex configurations at larger distances from the acid proton,
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sampled during the MD simulation. The adsorption enthalpies of the pentoxide
species are very similar to the values from the static DFT calculations. The
obtained results confirm the observations by Hafner and coworkers who found
that finite temperature effects are especially important if no strong binding exists
between the adsorbate and the zeolite host. Furthermore, the authors succeeded
in reproducing experimental alkane adsorption energies by weighting the values of
different configurations according to their probabilities. 305 310.356

3.1.2 The influence of temperature

In the course of MD simulations, regular transitions between the intermediates take
place. Therefore, an empirical distance-based criterion is established to distinguish
the different states. If all distances from the hydrogen atoms to the framework
oxygens of the acid site, H — O, are larger than 1.25 A, a carbenium ion is
sampled. If a covalent bond with the framework, C'— O, is formed which is smaller
than 1.9 A, the adsorbate is classified as an alkoxide. Otherwise, the intermediate
state is considered a physisorbed alkene. The latter exists as a vdW-complex or
a m-complex if both distances between the acid proton and the double bond C
atoms, C= — H_, do not exceed 2.85 A. Assuming the conformational phase space
is sampled sufficiently well, the total lifetime of the alkene intermediates during the
simulations yields qualitative information on the relative stability of each adsorbate.
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Figure 3.5. Sampling fractions of the different linear Cs intermediates during ab initio
MD simulations at 323K, 573K and 773K.!%? [revPBE-D3] Reprinted with
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Several 100 ps MD simulations at 323K, 573K and 773K are carried out with
either the 2-pentene m-complex, the 2-pentyl carbenium ion or the 2-pentoxide as
initial configuration. Figure 3.5 illustrates the sampling probabilities of each Cj
intermediate for the different simulations. At low temperature, the physisorbed
2-pentene m-complex is a highly stable intermediate which is sampled throughout
the entire simulation. At 573K, transitions between the 2-pentene m-complex and
vdW-complex are occasionally observed. Due to the increased thermal energy
in the system, the small barrier separating the two physisorbed states can be
readily overcome, yet the 2-pentene m-complex is still sampled during 85% of the
simulation time. At high temperature, freely adsorbed pentene is visited for 55%
and the m-complex for 45% of the time, implying that the free energy difference
between both will be negligible. At 773K, the enthalpic stabilization of the 7n-H
interaction is compensated by the entropic penalty of constraining the double bond
in the neighborhood of the acid site. In contrast, a freely adsorbed vdW-complex
can freely translate and rotate inside the H-ZSM-5 channels.

While the pentyl carbenium ion could be identified as a local minimum using static
calculations, this intermediate was found to be substantially less stable than =-
complex and alkoxide species. Also in MD simulations at 323K and 573K, the
linear carbenium is not at all sampled. A rapid deprotonation to the framework
occurred within the equilibration run. Linear carbenium ions are thus unstable
intermediates that tend to quickly rearrange. These results support the earlier
presumption carbocations are fleeting, short-lived intermediates at moderate tem-
peratures, which only occur in the activated interconversion between two stable
states.>087.89 |nterestingly, at 773K, the 2-pentene intermediate gets sporadically
(de)protonated throughout the simulation with carbocation lifetimes ranging be-
tween 0.5 and 6 ps. In the process, the acid proton may shift to a different oxygen
position around the acid site. The short, but non-negligible lifetime of the cationic
state suggests that linear carbenium ions may exist as metastable intermediates
rather than activated transition states at cracking conditions.

The 2-pentoxide intermediate remains stable during the entire simulation at 323K
thanks to the favorable enthalpic stabilization of the covalent bond with the lattice.
Nevertheless, the C'— O, bond formation introduces a substantial entropic penalty
since the mobility of the alkyl chain is restricted to small rotations and internal
vibrations only. Indeed, at 573K, the lifetime of 2-pentoxide is reduced to 16 ps.
At cracking temperatures, the covalent bond is instantly cleaved at the start of the
simulation, transforming the 2-pentoxide into a pentyl carbenium ion which also
rapidly undergoes deprotonation.

3.1.3 The influence of branching

Branched alkenes contain tertiary carbon atoms on the alkyl chain which can
significantly impact the stability of the various adsorption states. Therefore, this
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section is devoted to the stability of branched C5 intermediates. Figure 3.6 shows
the sampling distribution of a set of regular MD simulations with a 2-Me-2-butene
m-complex, a 2-Me-2-butyl carbenium ion, a 2-Me-2-butoxide or a 3-Me-2-butoxide
as starting configuration.

In contrast to linear alkenes, protonation into a tertiary carbenium ion takes
place in all simulations of the 2-Me-2-butene m-complex, even at 323K. Frequent
transitions between the physisorbed alkene and the chemisorbed carbenium ion
are sampled, demonstrating that the protonation barrier can be easily crossed,
irrespective of temperature. The high sampling fractions of the 2-Me-2-butyl
carbenium ion indicate that the tertiary carbenium ion is even more stable than the
physisorbed branched pentene. The tert-pentyl carbenium ion lifetime varies from
25 ps to 100 ps (entire simulation), which is markedly higher than the lifetime of
secondary carbenium ions, thus confirming their augmented stability. A manifest
discrepancy exists with the static calculations in which the carbenium ion was found
to be systematically higher in free energy than the physisorbed alkene. Clearly,
the static approach relying on adsorbate conformations at 0K and a posteriori
applying thermal corrections leads to an incorrect estimation of the relative stability
differences. Especially, carbenium ions will have a higher mobility than predicted
statically within the HO approximation, resulting in a higher entropy contribution
and hence increased stability compared to the neutral intermediates.
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Figure 3.6. Sampling fractions of the different branched C’5 intermediates during ab initio
MD simulations at 323K, 573K and 773K. [revPBE-D3]'®? Reprinted with
permission of Elsevier.

In theory, chemisorption of branched alkenes can result in a primary, secondary
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or tertiary alkoxide. Due to the minimal steric hindrance with the framework,
the primary isopentoxide is persistent throughout the entire simulation, even at
773K. Nevertheless, the occurrence of this intermediate upon adsorption is highly
improbable as primary alkoxides can only be formed via a highly unstable primary
carbocation transition state, which is extremely improbable. Similar to linear
alkenes, the secondary 3-Me-2-butoxide is long-living at 323K, though unstable
at high temperature. Tertiary 2-Me-2-butoxide exhibits even more steric repulsion
with the zeolite wall due to the proximity of an extra methyl branch. Consequently,
this immobile alkoxide is short-living and instantaneously converts into a tertiary
carbenium ion, not only at cracking temperature, but even at low temperature. The
short lifetime before desorption confirms the low stability of tertiary alkoxides and
indicates these species will be non-existent in the zeolite pores. This observation
is in agreement with the static DFT calculations, in which a positive free energy
of adsorption for 2-Me-2-butoxide was already obtained at 323K.

3.1.4 Quantification of the adsorbate stability

In principle, free energy differences can be deduced from regular MD simulations
provided that sufficient transitions are sampled. However, this requirement is often
not satisfied as some parts of the FES are only rarely visited. Therefore, the meta-
dynamics technique is applied to reconstruct the free energy profile for C'5 alkene
chemisorption. Alkoxide formation is a two-step process involving a carbenium ion
as intermediate state. To follow the entire reaction path, 2 collective variables are
defined (see Figure 3.7). The first CV describes the alkene protonation, while the
second CV covers the binding of the alkyl chain to the framework. The converged
free energy profiles for pentene chemisorption at 773K are shown in Figure 3.8.
Note that the local minimum corresponding to the physisorbed alkene consists of a
mix of the pentene m-complex and vdW-complex configurations, which is justified
given the frequent transitions between these two states in regular MD simulations.
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Figure 3.7. Collective variables for alkene protonation (CV1) and alkoxide formation
(CV2) in H-ZSM-5. Adapted from ref. 102 with permission of Elsevier.
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Pentene chemisorption at 773K is an endergonic process. Both 2-pentyl and
3-pentyl carbenium ion are around 25 kJ.mol! or 15 kJ.mol! less stable than
2-pentene and 1-pentene respectively. For 2-pentene protonation, a moderate
activation barrier of almost 50 kJ.mol ! needs to be overcome. For 1-pentene, the
protonation barrier is reduced to 37 kJ.mol !, as 1-alkenes are characterized by a
lower stability due to the less substituted double bond. These free energy differences
and barriers explain the high sampling probability of the neutral alkene with only
scarce transitions to the carbocation intermediate in regular MD simulations. The
formation of linear pentoxides requires the crossing of an additional barrier of 37
kJ.molt. The n-pentoxides are approximately 20-25 kJ.mol™! less stable than the
n-pentyl carbenium ions. Interestingly, MTD simulations at 323K show that the
2-pentoxide is the most stable intermediate, which is about 10 kJ.mol! more stable
than 2-pentene m-complex, a clear consequence of the lower entropy contribution.

Regarding the branched 2-Me-2-butene species, chemisorption into a tertiary pentyl
carbenium ion has a barrier of ca. 40 kJ.mol! and is slightly exergonic, thus con-
firming the high cationic lifetime in regular MD. On the other hand, the formation
of a tertiary 2-Me-2-butoxide is highly unfavorable with a barrier amounting to
90 kJ.moll. Indeed, due to steric constraints, a tertiary alkoxide will instantly
rearrange as the reverse barrier is less than 5 kJ.mol .
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Figure 3.8. Free energy profiles for 2-pentene and 2-Me-2-butene chemisorption at 773K
from MTD simulations with indication of the static free energy levels.
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While MTD simulations corroborate the qualitative findings from regular MD, the
dynamic results are in contradiction with static calculations and therefore also
with several computational and experimental studies.56:72.81.84.88 FEirst at actual
cracking conditions, alkoxides are extremely unstable and will be virtually non-
existent. Instead, physisorbed alkenes are the most stable intermediate. Secondly,
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linear carbenium ions are reactive, short-living species at high temperature which
might play a role in the conversion of alkenes. Thirdly, tertiary carbenium ions
are highly stable with adsorption free energies similar to a physisorbed m-complex.
These carbocation compounds have a relatively long lifetime, even at moderate
temperatures and will be crucial intermediates in the cracking process. Clearly,
the mobility and hence entropy of the loosely bound carbenium ions forms an

essential part of their stabilization, which is poorly reproduced by the static calcu-
lations,296. 300,352,358

Finally, note that the level of theory can result in a significant variation on the
numerical adsorption energies of the alkene intermediates. Studt et al. showed
that the PBE-D3 functional results in a systematic overestimation of adsorption
energies by around 20 kJ.mol! with respect to coupled cluster calculations.359-360
Some studies furthermore stipulated that GGA functionals such as PBE might
in particular overestimate the stability of ion pair structures.!32275.360-362 G5 er
and coworkers introduced a hierarchical cluster approach to obtain near chemi-
cal accuracy for reaction energies in zeolite chemistry. In this elegant method,
high-level energy calculations are carried out on a non-periodic cluster model to
supplement the DFT energies (see Table 1.1).9%:100:363 For jsobutene, it was argued
that PBE-D3 possibly overestimates the stability of the tert-butyl carbenium ion
and underestimates the protonation barrier by 35-40 kJ.mol! compared to a hy-
brid MP2:DFT scheme,99:100.132.360 {jnfortunately, this computationally expensive
method is still incompatible with MD simulations. As a result, the carbenium ion
intermediates could actually be somewhat less stable than the MTD simulations
predict. Nevertheless, even taking the error bars into account, the relative stability
trends will be preserved.

3.2 Exploring the cracking reactivity of alkenes

Although alkene cracking is generally accepted to occur through a carbenium ion
mechanism, the prevailing reaction pathways for light olefin production remain un-
resolved. Mazar et al. performed static ab initio calculations on elementary reaction
steps and pointed out that the barrier height is linked to the type of carbocation
transition upon [-scission.!3! Cracking modes A, B; and E; (see Figure 1.8)
leading to tertiary carbocations were found to have significantly lower activation
energies than cracking modes C and B, forming secondary carbocations, which
in turn are more favorable than modes E, and D5, yielding primary carbocation
products. Plessow et al. confirmed that reactions involving the formation of a
tert-butyl carbenium ion are predominant at 673K in H-SSZ-13.132 However, the
authors consider alkoxide intermediates as cracking precursors which are unstable
at high temperature.

Naturally, cracking rates not only depend on the intrinsic barrier but also on
the concentration of the specific cracking reactants. Chen et al. inferred -
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scission rate constants from Cy-Cg alkene cracking experiments on H-ZSM-5 at
783K.12* A kg:kc:kp:kp rate constant ratio of 1094:21:8:1 was obtained. The
authors postulated that cracking of a tertiary carbenium ion has lower rates than
cracking of secondary or primary carbenium ions because tertiary alkoxides have
a lower adsorption constant and thus a lower surface coverage. Therefore, the
high rate constant for mode E was attributed mainly to type E; instead of type
E, reactions. In the context of hydrocracking, Weitkamp noted that intrinsic
B-scission rates follow the order: A > B; ~ By > C > D > E.12 The latter
modes are probably forbidden at mild reaction conditions, below 673K, while type
A requires spatially demanding tribranched carbenium ion reactants. Consequently,
the mechanism could escape into §-scission modes By, B> and C. Finally, Buchanan
et al. characterized C5-Cg alkene cracking at 783K in H-ZSM-5.1* The authors
concluded that the elementary cracking rates are linked to the concentration of
reactant isomers which can undergo this transition.

Nevertheless, a complete ab initio study of the cracking pathways at operating
conditions is still lacking. In Paper Ill, a molecular dynamics study is performed
on the butene cracking pathways in H-ZSM-5 at 773K. Direct cracking of butene is
rather highly activated and butene trimerization is often sterically hindered;!1% 132
therefore the current study is limited to dimerization cracking pathways only, i.e., 8-
scission of Cy alkenes (Figure 3.9). Fast isomerization reactions allow the formation
of all kinds of Cg intermediates, from linear to tri-branched species. In the spirit
of the work by Buchanan and Weitkamp,!18123 both the stability of the cracking
precursors as well as the intrinsic barriers for different elementary [3-scission modes
are discussed.
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3.2.1 Stability of cracking precursors

First, we explore the stability and lifetime of the carbenium ions involved in butene
cracking on H-ZSM-5 using ab initio MD simulations at 773K. Based on the results
of Paper Il, at cracking temperature, we can exclude the formation of framework-
bound alkoxides. Figure 3.10 displays the sampling distribution of the different
adsorption states. Linear C alkenes occur exclusively in the deprotonated state
consisting of about 30% w-complex and 70% vdW-complex. However, octenes
adsorb more strongly due to an increase in dispersion interactions. While the
physisorbed n-octene is still prevailing, (de)protonation reactions occasionally take
place in the course of the simulation. In total, the n-octyl carbenium ion has a
sampling probability of ca. 15%. The growing carbocation stability with chain
length is a reflection of the improved inductive and hyperconjugation stabilization
allowing a better accommodation of the positive charge on longer alkyl chains.
In the cationic state, low-barrier 1,2-hydride shift, 1,3-hydride shift or 1,5-hydride
shift isomerizations are frequently observed resulting in a delocalization of the
positive charge. An equilibrium between the 2-octyl (10%), 3-octyl (42%) and
4-octyl (48%) carbenium ion is sampled. The positive charge is more delocalized
on longer alkenes, thus also explaining the enhanced carbocation.

= m-complex  vdW-complex B carbenium ion = alkoxide

Sampling fraction
M OB @ @m B
(=) Qo [==] {=] Qo Q
*® = S F ES ES
| A L f |
H i

%
>_
g
pg

Figure 3.10. Sampling fractions of the different linear and branched C4s and Cys interme-
diates during ab initio MD simulations at 773K.** [revPBE-D3] Reprinted
with permission of the American Chemical Society.

Figure 3.11 shows a scatter plot of the 2-butene center-of-mass motion in the
zeolite pores. The vdW-complex exhibits a much larger degree of freedom and
travels further along the straight and sinusoidal channel than the m-complex. The
total volume of the zeolite pore visited by the 2-butene species amounts to 36
A3 for the m-complex and 83 A3 for the vdW-complex. These results confirm
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that the less strongly bound 2-butene vdW-complex is entropically favored at high
temperature. The mobility of the linear Cs alkenes in the H-ZSM-5 channels is
distinctly different. While 2-butene can enter relatively deeply into the sinusoidal
channel, 2-octene diffuses strictly along the straight channel in the time span of
the simulation.

For the branched species, on the other hand, isobutene has a probability of 90% to
exist in the protonated state, in line with our previous observations for Cy alkenes.
Irrespective of chain length, tertiary carbenium ions are considerably more stable
than secondary ones with a lifetime up to 50 ps. The mono-branched 2-Me-2-heptyl
carbenium ion is sampled between 40% and 95% of the simulation time, depending
on the initial configuration. In the cationic state, the positive charge almost
exclusively resides on the tertiary carbon atom. Hydride shift isomerizations to a
secondary carbenium ion are only rarely observed. Although branched physisorbed
Cg alkenes are stable species, the branched octene m-complex comprises only a very
small time fraction, reflecting the high steric hindrance for these branched alkenes
to approach the acid site and install a 7-H interaction.

sinusoidal straight

channel channel
m-complex K \\
i’ | Aaa

vdW-complex

30 -0
(Aly oo ﬂ E=— = == TR
[ 4) = = P
50 = 5.0
10.0 T <1000
-10 -5 o g 10 0.0 0.2 04 0.2 a1 —10 —5 0 - 10
x [A] x [A]

Figure 3.11. Scatter plot of the center of mass of the 2-butene m-complex and vdW-
complex in the channel system of H-ZSM-5 during ab initio MD simulations
at 773K.32® Reprinted with permission of the American Chemical Society.

The tertiary carbenium ion stability further increases for multi-branched octenes.
For the di-branched 2,4-diMe-2-hexene, the physisorbed vdW-complex fraction is
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significantly reduced, while the tri-branched 2,3,4-triMe-2-pentene exists solely as a
carbenium ion. Despite the presence of neighboring tertiary carbon atoms, almost
no H-shifts are sampled, pointing towards a higher isomerization barrier between
tertiary carbenium ions. For Cg species with geminal methyl substituents, i.e., a
quaternary carbon atom, our MD simulations indicate that these carbenium ions
have an extremely short lifetime. These unstable intermediates will either undergo
an immediate isomerization into a tertiary carbenium ion via a methyl shift or a
dissociation, i.e., spontaneous cracking into an alkene and a tert-butyl carbenium
ion. The only exception is the tertiary 2,4 ,4-triMe-2-pentyl carbenium ion which
remains stable throughout the entire simulation.

In contrast to linear alkenes, the mobility of tertiary carbenium ions is rather limited.
Due to their cationic nature, these intermediates remain close to the Brgnsted acid
site at the channel intersection. Nevertheless, the mobility of the tert-butyl cation
with a visited pore volume of 40 A3 is much larger than the translational freedom of
the 2,3,4-triMe-2-pentyl cation with a volume of just 14 A3. These results suggest
that the highly branched Cs species are relatively immobile and may be prone to
steric constraints within the H-ZSM-5 channels. Previous studies also reported that
the formation of alkene dimers with more than two methyl substituents or geminal
methyl substituents is prohibited by the MFI pore dimensions.119-121:123,134

3.2.2 Modeling [-scission reactions

Due to the high reactivity of carbenium ions, modeling [-scission reactions is not
straightforward. In this section, some aspects of the modeling strategy are outlined.
First, static DFT calculations are carried out for a type B, 3-scission reaction. From
the multitude of transition state configurations, four distinctly different geometries,
located in the channel intersection, straight channel or sinusoidal channel, are
identified. The zeolite environment plays a crucial role in the stabilization of
the transition state as evidenced by the large spread on free energy barriers at
773K, ranging from 90 to 170 kJ.mol! for this particular reaction (see Figure
3.12). Many different pathways connect the cracking reactant and product states,
a feature which has also been reported in earlier studies.'3:3% |n the transition
state, the butyl cation interacts with the alkene double bond and the nearest
framework oxygen. Upon cracking, the butyl cation binds to the framework,
forming an alkoxide. However, alkoxides were shown to be unstable at 773K,
hence the stabilization of the product fragments is inaccurately described using
static calculations. Also, static calculations might underestimate the entropy
contribution to the cracking barrier. To capture the complex nature of the FES at
high temperature correctly, the application of MD techniques is indispensable.

Since most [-scissions are irreversible, the US technique is applied to analyze the
cracking pathways. To this end, a proper CV, reflecting the bond cleavage and
stabilization of the charged transition state fragments, should be chosen. A first
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guess could be a coordination number involving simply the C,, and C3 atom of the
breaking bond. However, the positive charge of the cationic product fragment is
partly stabilized by the 7-electron cloud of the alkene product fragment. Therefore,
both double bond carbon atoms might be included in the CV definition.
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Figure 3.12. Static free energy profiles for four different configurations of a [-scission
mode B, reaction at 773K. [PBE-D3] Adapted from ref. 323 with permission
of the American Chemical Society.

A single reaction can be described by multiple CVs as long as they fully capture
the underlying reaction dynamics. Depending on the chosen reaction coordinate,
the shape of the free energy profile can be largely different. This is evidenced by
performing US simulations on a B, type cracking reaction using two distance based
and two coordination number based CVs which all uniquely describe the cleavage of
the bond in /3 position (see Figure 3.13). The cracking barriers, read from the free
energy profile, i.e., by substracting the maximum and minimum free energies of the
profile, and the phenomenological barriers, calculated according to the procedure
described in Section 2.4.2, are listed in Table 3.2. Taking simply the difference
between the maximum transition state and minimum reactant free energy may
result in a variation of nearly 15 kJ.mol! on the activation barrier, depending on
the chosen CV. However, when calculating the phenomenological barriers, taking
the shape of the reactant valley into account, very similar values are obtained.

Furthermore, due to the high reactivity of cationic products, isomerization and
reverse alkylation reactions may be expected. These side reactions will spoil the
unambiguous description of the cracking reaction. To prevent unwanted rear-
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rangements, one can add parabolic constraints to certain degrees of freedom of
the system or one can incorporate additional atoms in the CV. In the current
study, the second option is implemented since it ensures alkylation reactions are
prevented, while still allowing stabilizing isomerization reactions. An overview of
the employed CVs is shown in Figure 3.14.
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Figure 3.13. Four collective variables describing the B> mode (-scission of 2,4-diMe-2-

hexyl carbenium ion.

Table 3.2. Comparison of the crude barriers, read from the free energy profile, AF¥ma-min,
and the phenomenological barriers, AF¥ ..., from US simulations on a B, type
[-scission using four different collective variables.

Collective variable | AF¥ oy min ~ AF jhen
[kJ.mol]  [kJ.mol]

CV2a 68.5 71.3
CV2b 73.2 75.2
CV2c 76.0 4.7

cvad 81.9 75.1
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3.2.3 Cracking pathway analysis

To evaluate the reactivity of Cg intermediates towards cracking in H-ZSM-5, US
simulations at 773K are carried out on 5 different 8-scission modes, all yielding two
C, products (see Figure 3.9). Primary carbenium ions rapidly undergo H-shifts to
secondary carbocations and hence are not considered as cracking precursors. Since
tertiary carbenium ions were found to be long-living intermediates in the zeolite
environment, they can be considered as stable cracking reactants for (-scission
modes A, B, and E;,. Note that type B, and A are only accessible for C7, and Cs
alkenes respectively. Secondary carbenium ions on the other hand were shown to be
metastable intermediates with relatively short lifetimes. Therefore, the physisorbed
alkene instead of the highly reactive carbocation should be considered as cracking
reactant for type By, C and D5 transitions.
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Figure 3.14. Collective variables for cracking of C's carbenium ions through 5 different
[B-scission modes in H-ZSM-5.

The free energy profiles for cracking of tertiary carbenium ions are presented in
Figure 3.15. In line with the stability order of carbocations, the lowest intrinsic
cracking barrier of a tertiary carbenium ion is obtained for mode A (53 kJ.mol?),
yielding a stable tert-butyl carbenium ion and isobutene product. The barrier
for mode B, (69 kJ.mol!) resulting in the production of a 2-butyl carbenium
ion and isobutene is slightly higher. The highest activation barrier is found for
mode E (112 kJ.mol!) with a 1-butyl carbenium ion and isobutene product.
Interestingly, the primary carbocation formed upon S-scission instantly isomerizes
into a secondary carbocation. However, this unstable 2-butyl carbenium ion also
rapidly undergoes a proton shift to isobutene, ultimately leading to an n-butene
and tert-butyl carbenium ion product. Alternatively, the 2-butyl carbenium ion
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might deprotonate to the framework, though this transition is not spontaneously
observed in the US simulations. Static calculations confirm that the n-butene/tert-
butyl cation products are ca. 12 kJ.mol™* more stable than the n-butene/isobutene
combination. Snapshots of the cracking transition states for these 5-scission modes
are shown in Figure 3.16.
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Figure 3.15. Free energy profiles for S-scission reactions of a tertiary Cs carbenium ion
from US simulations at 773K. [revPBE-D3] Adapted from ref. 323 with
permission of the American Chemical Society.

For the fB-scission of secondary carbenium ions (Figure 3.17), the physisorbed
alkene is considered as reactant and the protonation step is included in the sim-
ulation. The protonation barrier is very similar (55-60 kJ.mol!) for different Cy
alkenes. For cracking mode D, a barrier of 113 kJ.moll is estimated. The
relatively high barrier originates in the primary carbenium ion formation in the
transition state, which is clearly unfavorable, yet unavoidable for linear chains. The
1-butyl cation product is again subject to a rapid isomerization into a secondary
butyl cation and subsequent deprotonation. For cracking of a mono-branched Cg
alkene, mode C, a barrier of 78 kJ.mol ™! is obtained. Once the barrier is crossed,
stabilizing isomerizations occur and the product fragments diffuse away; therefore
these [-scission reactions are irreversible. Note that the supposedly favorable
B; transition of a secondary into a tertiary carbenium ion is not considered as
this reaction was observed spontaneously in regular MD simulations. Our results
corroborate the conclusion by Bhan et al.}3' that the cracking barrier is largely
determined by the stability of the carbocations formed in the transition state and
to a lesser extent by the reactant carbocation stability.

Based on the stability of the intermediates and intrinsic 5-scission barriers, the most
favorable Cy cracking pathways can be identified. While mode A has the lowest
activation barrier, the formation of its highly branched cracking precursors will likely
be sterically hindered in the pores of H-ZSM-5. Furthermore, only a single type
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A scission can occur, yielding isobutene, hence this pathway cannot be invoked to
explain the production of propylene. Therefore, the importance of mode A cracking
will be limited. Next, S-scission mode B; corresponding to the transformation of
a secondary into a tertiary carbenium ion is often regarded as a preferred pathway.
However, the secondary carbenium ion with geminal methyl substituents is a very
unstable and reactive precursor and its formation will most likely be prohibited in the
zeolite channels. Mode D, is also expected to have a limited importance since this
reaction passes through an unstable primary carbocation transition state, resulting
in high barriers. Additionally, the secondary carbenium ion cracking precursors are
expected to quickly rearrange into a more stable intermediate.

Figure 3.16. Sinusoidal channel view of the [-scission transition states in H-ZSM-5;
snapshots from US simulations at 773K.

In contrast, SB-scission modes C and E; seem feasible pathways. The former require
the formation of rather unstable cracking precursors but have moderate activation
barriers due to the favorable transition between secondary carbenium ions. The
latter have rather high barriers but mono- or di-branched tertiary carbenium ions
will be common intermediates. Finally, 8-scission mode B,, characterized by a
moderate barrier and a very stable tertiary carbenium ion precursor, is expected
to be one of the dominant Cg cracking pathways. It should be noted that for Cg
alkenes, only 3 type B, reactions are possible, opposite to 8 type C and 9 type
E, reactions. Assuming [-scission might also occur faster than isomerization into
the ultrastable highly branched A and B type cracking precursors,'*® the C and E,
reaction routes cannot be fully excluded. Notice that these deductions are partly
in contradiction with earlier cracking pathway analyses.
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Figure 3.17. Free energy profiles for 3-scission reactions of a secondary Cg carbenium ion
from US simulations at 773K.3? [revPBE-D3] Reprinted with permission of

the American Chemical Society.

3.3 Unraveling the effect of topology and acid strength

The influence of pore size and topology on alkene intermediates has been discussed
in numerous studies using static DFT calculations.53:60:63.95.148 Fang et a/. pointed
out that zeolite confinement forms a crucial part in the stabilization of ion pair
intermediates with respect to alkoxides.®3 Large-pore zeolites such as H-Y may
better accommodate bulkier carbenium ions, while compact hydrocarbons fit well
in narrow-pore zeolites such as H-ZSM-5. Sarazen and Iglesia showed that alkene
conversion rates are significantly enhanced if the transition sate size fits well within
the zeolite voids, resulting in maximal dispersion stabilization.106:156.166 Bygko et
al. demonstrated that the size and shape of the zeolite cavity leads to a competing
influence of enthalpy and entropy which affects the cracking reactivity.1#° Several
studies advocated that reactivity differences stem from variations in adsorption
strength while intrinsic barriers are structure-independent.151:174:364.365 However,
this hypothesis was recently contradicted by Janda et al.1%*

Next to pore size, the zeolite acid strength may also affect the stability of alkene
cracking intermediates. Fang et al. showed that the stability of carbenium ions rel-
ative to alkoxide species is considerably enhanced with increasing acid strength.®®
Structures with a higher ionic character are more sensitive to acid strength than
covalently bound species. Studt et al. argued that when carbocation-like states
are increasingly stabilized by dispersion with the zeolite framework, the influence
of acid strength on the reactivity declines.*82185 |n general, a stronger acidity
will result in a higher reactivity and conversion. However, in the context of the
MTO process, large selectivity differences were revealed depending on the catalyst
acidity.18%:189 On the other hand, acid site density was suggested to have a minimal
impact on the reactivity of the intermediates.!06.160
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Despite the availability of some comparative studies on the topology effect in
alkene conversion, elementary insight into the stability and reactivity of alkene
intermediates in different zeolite materials at cracking conditions is still unavailable.
In Paper IV and Paper VI, alkene adsorption is examined by a combination of
static DFT calculations and ab initio MD simulations at cracking conditions. Paper
IV focuses on the reactivity of long Cy alkenes in H-ZSM-5 and H-MOR, the zeolite
components of a bifunctional catalyst for CO5 valorization. Paper VI discusses
the influence of zeolite pore topology and acidity on the stability of Cy cracking
intermediates. Both one-dimensional zeolites such as H-ZSM-22 and H-SSZ-24 as
well as the common industrial catalysts, H-ZSM-5, H-MOR and H-Y are discussed.
Supercells of the investigated topologies are shown in Figure 3.18. The effect of
acidity is evaluated by comparing isostructural frameworks with a different Brgnsted
acid strength, like H-SSZ-24 and H-SAPO-5 or H-557-13 and H-SAPO-34. The
influence of acid site density is not considered.

3.3.1 Isobutene, a case study

In a first step, the adsorption thermodynamics of isobutene intermediates (Fig-
ure 1.6) in different frameworks (Figure 3.18) is compared using static PBE-D3
calculations. Isobutene is an ideal probe molecule since its protonation leads to
a tert-butyl carbenium ion, which is the smallest carbocation that can still be
identified as a local minimum in static calculations. Some studies investigated
this model system on a few different topologies.5* %3191 Table 3.3 compares the
current adsorption energies with other literature values for the same zeolites. Our
estimates are in reasonable agreement with the PW91-D2 results of Nguyen et
al®® Dai et al. found systematically lower adsorption energies with the BEEF-vdW
functional, although the qualitative trends remain valid.10?

Table 3.4 summarizes the adsorption enthalpies of the isobutene intermediates
at 323K. The optimized geometries of the isobutene m-complex configuration in
the zeolite channel or cage systems are displayed in Figure 3.19. The 10-ring
channel zeolites are characterized by the highest confinement and therefore the
lowest adsorption enthalpy for all intermediates. The enthalpy difference between
isobutene and tert-butyl carbenium ion is also the smallest in these zeolites, thus
confirming that dispersion interactions and framework inclusion are crucial for
the stability of charged structures. The tert-butyl cation is slightly less stable
in H-ZSM-5 than in H-ZSM-22, which might be explained by the more spacious
channel intersections of H-ZSM-5 compared to the surrounding cylindrical channels
of H-ZSM-22, resulting in a lower van der Waals stabilization. It is noteworthy
that the tertiary carbenium ion is more stable than both the framework-bound
isobutoxide and tert-butoxide in these topologies. In the 12-ring channel zeolites,
the adsorption enthalpy is overall significantly higher. The stability of the tert-butyl
carbenium ion is much lower in H-SSZ-24 than in H-MOR due to its specific pore
structure. The side pockets of H-MOR provide a more partial confinement than
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Figure 3.18. Overview of zeolite topologies TON, AFI, MFI, MOR, CHA and FAU with
indication of the unit cell size and acid site positions.
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Table 3.3. Comparison of literature values for the electronic adsorption energies
[kJ.mol™] of the isobutene intermediates in different zeolite topologies.

Cnudde®*  Nguyen® Fang® Dai¢
H-ZSM-5
PBE-D3 PW91-D2 MP2:M06-2X BEEF-vdW
isobutene m-complex -118 -91 -75 -84
tert-butyl carbenium ion -80 -72 -13 -44
isobutoxide -105 -103 n/a -87
tert-butoxide -100 -95 -28 -59
HY Cnudde®*  Nguyen® Fang® Liu®
PBE-D3 PW91-D2 MP2:M06-2X PBE-D2
isobutene m-complex -80 -76 -65 -73
tert-butyl carbenium ion -46 n/a -11 -42
isobutoxide -75 =72 n/a n/a
tert-butoxide -54 -76 -40 -73
H-MOR Cnudde®*  Nguyen® Dai¢
PBE-D3 PW91-D2 BEEF-vdW
isobutene m-complex -92 -89 -83
tert-butyl carbenium ion -72 -59 -45
isobutoxide -81 -80 -64
tert-butoxide -73 -80 -47
H-ZSM-22 Cnudde®*  Nguyen® Sarazen'
PBE-D3 PW91-D2 PBE-D3
isobutene m-complex -113 -100 -104*
tert-butyl carbenium ion -95 -92 n/a
isobutoxide -102 -101 -92%
tert-butoxide -7 -7 -58%*
H-SSZ.13 Cnudde? Liu® Dai¢
PBE-D3  PBE-D2 BEEF-vdW
isobutene m-complex -97 -97 -71
tert-butyl carbenium ion -56 -24 -45
isobutoxide -74 n/a -38
tert-butoxide -58 -27 1

a: Periodic PBE-D3 calculations by Cnudde et al. (see Paper VI); b: Periodic PW91-D2
calculations by Nguyen et al;*° c: ONIOM(MP2:M06-2X) 72T or 84T cluster calculations
by Fang et al.;% d: Periodic BEEF-vdW calculations by Dai et al.;1%! e: Periodic PBE-D2
calculations by Liu et al.;18* f: Periodic PBE-D3 calculations by Sarazen and Iglesia.l%7

*: Adsorption enthalpies at 503K and 1 bar.
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the broad straight channels of H-SSZ-24, leading to a better accommodation of
the carbocation. The supercages of H-Y are characterized by the lowest adsorption
strength for all species.

Table 3.4. Static adsorption enthalpies of the isobutene intermediates at 323K in different
zeolite topologies. [PBE-D3]

AHyqs [kJ.mol'] [ ZSM-22 SSZ-24 ZSM-5 MOR Y

isobutene 7-complex -105 -93 -103 -89 -74
isobutoxide -85 -74 -81 -69  -60
tert-butoxide -65 -56 -79 -64  -43
tert-butyl carbenium ion -92 -56 -86 =73 47

The isobutene adsorption enthalpies at 323K for zeolites with varying acid strength
are presented in Table 3.5. When comparing the isostructural 12-ring channel
zeolites, the adsorption enthalpy of both the isobutene m-complex and tert-butyl
carbenium ion are 5 kJ.mol™! lower in H-SAPO-5. The enthalpy difference between
both states remains invariant with acid strength, which is in disagreement with the
observation by Iglesia et a/.106166 Also in H-SAPO-34 the adsorption strength is
clearly lower compared to H-SSZ-13. The alkoxide stability seems to be the least
affected by acid strength. Only the tert-butoxide has a much lower adsorption
enthalpy on H-SAPO-5 than on H-SSZ-24. Finally, note that the tert-butyl carbe-
nium ion could not be identified as a local minimum inside the cages of H-SAPO-34.

Table 3.5. Static adsorption enthalpies of the isobutene intermediates at 323K in zeolites
with varying acid strength. [PBE-D3]

AHag [kJ.moll] | SSZ-24 SAPO-5 SSZ-13 SAPO-34

isobutene 7m-complex -93 -88 -90 -78
isobutoxide -74 -72 -64 -60
tert-butoxide -56 -43 -46 -53
tert-butyl carbenium ion -56 -51 -66 X

The static calculations also show that the adsorption entropy is 10-15 kJ.mol* lower
for isobutoxide and tert-butoxide than for isobutene and tert-butyl carbenium ion
which both have a very similar entropy loss upon adsorption. Surprisingly, the
entropic effect is found to be independent of the framework topology. No clear
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correlation of the free energy difference between the butene intermediates and
the pore topology or acid strength can be identified. However, these unexpected
observations may be related to the inaccuracy of the static methodology, which
relies on a single adsorbate orientation in the zeolite environment and on the HO
approximation to estimate temperature effects (vide supra). Therefore, to assess
the stability and lifetime of the butene intermediates in various zeolites, ab initio
MD simulations are performed in the next section.

3.3.2 The influence of pore topology

Figure 3.20 represents the sampling probabilities of the butene intermediates from
regular MD simulations at 323K or 773K. A comparison of the one-dimensional
H-ZSM-22 and H-SSZ-24 zeolites immediately discloses some qualitative insights
into the influence of the pore dimensions on the stability of C4 intermediates.
In the 10-ring channels of H-ZSM-22, physisorbed 2-butene mainly exists as a
m-complex at 323K, while in the 12-ring channels of H-SSZ-24, a considerable
2-butene vdW-complex fraction is sampled. In the wide 12-ring channels, the
enthalpic stabilization of the 7-H interaction is counteracted by a larger entropic
penalty, thus favoring the more loosely bound vdW-complex. Interestingly, H-ZSM-
22 is the only topology in which the 2-butyl carbenium ion can be stabilized at 773K,
with a lifetime varying between 5 and 10 ps. Also on the branched Cj species the
topology effect is obvious. In H-ZSM-22, the tert-butyl carbenium ion is prevailing,
while in H-SSZ-24, its lifetime is considerably reduced, with sampling fractions
between 50% and 100% depending on the initial configuration. The small 10-ring
channels of H-ZSM-22 provide a better confinement, causing enhanced dispersion
interactions with the zeolite wall. These interactions are especially crucial for the
stabilization of carbenium ion intermediates.

Similar trends are apparent for the 3D channel zeolites. The m-complex con-
figuration is notably more stable in the 10-ring channels of H-ZSM-5 than in
the 12-ring channels of H-MOR. Analogously, the tert-butyl carbenium ion has
a higher sampling probability in H-ZSM-5. Nevertheless, both intermediates are
slightly less visited compared to H-ZSM-22 due to the pore dimensionality. Indeed,
the 1D channel system forms an ideal confinement with the zeolite wall entirely
surrounding the guest species, while the channel intersection of H-ZSM-5 is a more
spacious environment. In H-MOR, the freely adsorbed carbenium ions exhibit a
lower adsorption strength but a larger conformational freedom, resulting in a higher
entropy gain. This effect is demonstrated by the quite small difference in tert-
butyl cation sampling between H-MOR and H-ZSM-5 at high temperature. The
large spherical cages of H-Y clearly provide the lowest stabilization for the charged
carbocations with sampling fractions between 10% and 60%.

Remarkably, the alkoxide stability appears to be insensitive to the pore topology.
Primary isobutoxide is long-living in all frameworks at both low and high tem-
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Figure 3.19. Static isobutene m-complex geometries in the various channel and cage
zeolite topologies.
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perature. The secondary 2-butoxide exists as a stable intermediate at 323K, but
instantly desorbs at 773K. Tertiary tert-butoxide species are highly unstable in each
topology. Clearly, the lower framework repulsion in the more spacious zeolites is
insufficient to compensate the high entropy loss upon covalent bond formation.

n-BUTENE M 7-complex 8 vdW-complex B carbenium ion
Z5M-22 5524 ISM-5 MOR-1 MOR-2 552-13

100%
80% |-
covc -
20% |-
20% |-

323773 323773 323773 323773 323773 323773 323 773K

Sampling fraction

ISOBUTENE B n-complex B vdW-complex B carbenium ion
100% Z5M-22  5SZ-24 ISM-5 MOR-1 MOR-2 Y 55Z-13
80%

40% |-

Sampling fraction

%
323773 323773 323773 323773 323773 323773 323 773K

Figure 3.20. Sampling fractions of the linear (top) and branched (bottom) Cj intermedi-
ates in zeolites with varying topology at 323K and 773K. Averaged results
from AIMD simulations with the m-complex and carbenium ion as initial
configurations. [revPBE-D3]

Furthermore, the isobutene protonation barriers at 773K are quantified using US
simulations. The proton transfer is described by a single CV, defined as a coor-
dination number between the acid site oxygens and the hydrogen atoms of the
guest species (Figure 3.21). The free energy differences between neutral and pro-
tonated isobutene corroborate the qualitative trends from regular MD simulations
(Figure 3.22). In the 10-ring zeolites, isobutene and tert-butyl carbenium ion are
approximately equally stable. In the 12-ring zeolites, the carbocation is 20-30
kJ.mol™! higher in free energy than physisorbed isobutene. The dimensionality of
the pore system has little impact on the intrinsic barrier, as both the 10-ring (ca.
30 kJ.mol?) as well as the 12-ring (ca. 60 kJ.mol™!) topologies are characterized by
similar activation barriers. It is noteworthy that in H-Y, a remarkably low barrier
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(46 kJ.mol ) is found. This peculiarity might be explained by a lower entropy
barrier in the large cages, which provide a high degree of conformational freedom.
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Figure 3.21. Collective variable for alkene protonation.

To assess the reactivity of isobutene, the adsorption step should also be taken
into account. When evaluating apparent protonation barriers — with respect to
isobutene in gas phase — the distinction between the different topologies is further
magnified. Thanks to the high adsorption strength, the apparent barrier only
slightly increases to 40-45 kJ.mol™! in the 10-ring zeolites. Isobutene is less strongly
adsorbed in the 12-ring zeolites, resulting in an increase of the barrier up to 90-100
kJ.moll. Note that the error bar on these values is probably somewhat larger
as these barriers are obtained by combining the static adsorption data with the
activation barriers from MD simulations.

Since carbenium ions are crucial intermediates in oligomerization, cracking and
cyclization reactions, the ability of a zeolite to protonate alkenes is vital for its
activity toward alkene conversion. In Paper IV, it is demonstrated that the different
stability of Cg carbocations in H-ZSM-5 and H-MOR results in a varying selectivity
at 650K (see Figure 3.23). By properly selecting the zeolite topology, the product
distribution can be tuned toward a high light olefin or high aromatics selectivity.*!

3.3.3 The influence of acid strength

The influence of the zeolite acid strength on the stability of isobutene intermediates
is studied by comparing AFl and CHA topologies with a different composition.
Aluminosilicate zeolites exhibit a higher Brgnsted acid strength than aluminosil-
icophosphate zeolites with the same topology.3%6=370 By analyzing isostructural
materials, purely the effect of acidity on the adsorption and reaction enthalpy can
be monitored. Indeed, the entropy contributions should remain invariant as the
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MOR at 623K.** Reprinted with permission of the American Chemical

Society.

channel or cage dimensions are nearly identical. In Figure 3.24, the sampling time
of the butene intermediates from MD simulations at 323K and 773K are shown.
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Upon comparing the stability of linear 2-butene intermediates in H-S5Z-13 and
H-SAPO-34, the acidity effect on the m-complex stability is revealed. The lower
acid site strength of H-SAPO-34 results in a decreased adsorption strength of the
2-butene m-complex. Consequently, the 2-butene vdW-complex is the preferred
configuration in H-SAPQO-34 at 323K with a significantly higher sampling probabil-
ity than in H-SSZ-13. At 773K, this distinction is erased since entropy contributions
become dominant. The most pronounced effect of acid strength, however, is on
the carbenium ion intermediates. While on the more acidic SSZ frameworks, the
tert-butyl carbenium ion is sampled for 50 to 100% of the simulation time, it is
only rarely observed on the less acidic SAPO materials, even at high temperature.
Instead, physisorbed isobutene is the governing adsorption state. Clearly, carboca-
tion structures interact more intensely with stronger acid sites, resulting in a higher
adsorption enthalpy and stability.

n-BUTENE Bl m-complex BB vdW-complex B carbenium ion
SSZ-24 SAPO-5 552-13 SAPO-34
100%
5
&
E
& 20%
323773 323773 323773 323 773K
ISOBUTENE Bl n-complex Bl vdW-complex Bl carbenium ion
S5Z-24 SAPO-5 §5Z-13 SAPO-34
100%
t
= 60% 1
g
= 40% i
E
S 20%

323773 323773 323773 323 773K

Figure 3.24. Sampling fractions of the linear (top) and branched (bottom) C intermedi-
ates in zeolites with varying acid site strength at 323K and 773K. Averaged
results from AIMD simulations with the m-complex and carbenium ion as

initial configurations. [revPBE-D3]

Note that the alkoxide stability is also slightly influenced by the acid strength.
While the secondary 2-butoxide immediately rearranges in the aluminosilicates at
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773K, these species have a finite lifetime of ca. 20 ps before desorption in the less
acidic SAPO zeolites. Furthermore, H-SAPO-34 is the only framework in which a
stable tert-butoxide intermediate could be formed at low temperature. Again, at
high temperature, the entropic penalty will compensate the enthalpic stabilization
entirely. The influence of acid strength on the primary isobutoxide could not be
discerned as this intermediate was found to be long-living in all materials.
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Figure 3.25. Free energy profile for isobutene adsorption (static calculations) and proto-
nation (US simulations) in zeolites with varying acidity at 773K. [revPBE-
D3]

The free energy profiles for isobutene protonation (Figure 3.25) confirm the acid
strength effect on the relative stability of the neutral and protonated alkene. In
both the SSZ zeolites, the tert-butyl carbenium ion is 23-28 kJ.mol™ less stable
than physisorbed isobutene, while in the SAPO zeolites, the carbenium ion is 36-41
kJ/mol? less stable. Interestingly though, the intrinsic protonation barrier (around
60 kJ/mol!) appears to be independent of the acidity. Clearly, the adsorption
enthalpy of the transition state will correlate to a similar extent with acidity as
the physisorbed isobutene reactant. On the other hand, the adsorption strength
of isobutene is a mere 10 kJ.mol! lower in the SAPO zeolites. Therefore, the
apparent protonation barriers do increase with decreasing acid strength.



3.4. CHARACTERIZING OLEFIN DIFFUSION IN H-SAPO-34 73

3.4 Characterizing olefin diffusion in H-SAPQO-34

Alkene adsorption in acid zeolites is a dynamic process, wherein the alkenes will
move rather freely in the zeolite pores and reside at the acid site for a finite time
before desorbing again. Once formed the products need to diffuse away from the
active site to the outer surface of the catalyst. Diffusional limitations can be an
important factor determining the measured product selectivities, especially in the
MTO and alkene cracking processes. In the MTO process on H-SAPO-34, light
olefins will frequently cross diffusional barriers and hop between the neighboring
cages. Large aromatic HP species are essential for the catalytic conversion, but
they may also clog the pores and hamper the diffusion. Hereijgers et al. showed
that the product distribution is to a large extent determined by the product shape
selectivity of the catalyst, resulting in elevated ethylene selectivity with time on
stream as the catalyst hydrocarbon loading increases.?3! At the same time, a
tendency towards less methylated aromatics was observed since these species were
hardly accessible for methanol in the nearly deactivated catalyst. Mores et al.
confirmed that the formation of aromatic compounds is initiated at the corners
and edges of the H-SAPQO-34 crystals, leading to fast diffusion limitations and
catalyst deactivation.?32 Furthermore, the acidity of the catalyst was found to
influence the diffusion process and light olefin selectivity, although the precise role
of the Brgnsted acid sites has not yet been unraveled.!8%:3%° Despite the ample
experimental evidence for the correlation of the MTO product distribution with the
diffusivity of small hydrocarbons, 2227230371 thorough molecular level insight in the
diffusion process is still missing.

In Paper V, light olefin diffusion in a complex environment, representative for the
actual MTO conditions, is characterized by enhanced sampling molecular dynamics
simulations to fully account for the flexibility of the H-SAPO-34 framework and
finite temperature effects. The diffusivity of ethylene and propylene through the 8-
ring pore window between two adjacent cages, A and B, of H-SAPQO-34 is followed
in operando with MTD and US simulations. Both techniques require the a priori
definition of a collective variable, £, which is defined as the orthogonal projection
of the center-of-mass of the olefin, 7, onto the normal of the plane of the 8-ring,
Tiplane, With respect to the ring center, T (see Figure 3.26).

Figure 3.26. Collective variable for light olefin diffusion through an 8-ring of H-SAPO-34.
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The influence of temperature, hydrocarbon loading and acid site density on the dif-
fusion rate is assessed using a combination of a force field (FF) and ab initio (DFT)
description. Thanks to their high computational efficiency, force field simulations
are ideally suited to study the long-timescale diffusion process. A large 2x2x2
supercell model of H-SAPO-34 is employed, thus reducing the impact of artificial
interactions between the periodic images of guest species. DFT simulations, on
the other hand, can provide an improved description of the often weak host-guest
interactions. Due to the higher computational cost, a smaller 1x2x1 supercell model
is used. FF simulations are combined with the metadynamics method, while DFT
simulations are combined with the umbrella sampling technique. Both the diffusion
through an 8-ring without acid protons (type 0) as well as an 8-ring containing one
(type 1) or two (type 2) acid protons is considered.

3.4.1 The influence of temperature

The diffusion of light olefins through the 8-ring windows of H-SAPO-34 corresponds
to a hopping event between neighboring cages. Since ethylene, with a kinetic
diameter of 3.9 A, is much smaller than the size of the 8-ring, with a surface area of
ca. 45 A? it can freely diffuse from cage to cage. Indeed, several spontaneous cage
hoppings are observed in regular MD simulations. Therefore, the free energy profile
for ethylene diffusion can in principle be derived from regular MD simulations.
Conversely, for propylene, which has a kinetic diameter of 4.5 A, no frequent
window crossings are sampled in regular MD, which confirms the premise that
propylene diffusion in SAPO-34 is an activated process. Figure 3.27 compares the
(free) energy profiles for ethylene and propylene diffusion at 450K from FF-MTD
simulations. The free energy barrier for propylene (41 kJ.mol!) is twice as high
as for ethylene (21 kJ.moI'l). The latter is, however, solely an entropic barrier,
caused by the entropy loss upon translation of the guest molecule from the large
cage space to the narrow 8-ring confinement. The barrier for propylene consists of
both a small energetic contribution and a large entropic contribution.
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Figure 3.27. Free energy (left) and energy (right) profile for ethene and propene diffusion
through an 8-ring type 0 of H-SAPO-34 at 450K from FF-MTD simulations.
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The temperature variation of the propylene diffusivity, obtained from FF-MTD
simulations, is displayed in Figure 3.28. The absolute activation barrier increases
with temperature from 28 kJ.mol! at 300 K to 41 kJ.mol* or 50 kJ.mol! at
450 K and 600 K respectively, which can be attributed to an increased entropic
barrier. While these results might seem counterintuitive, one should consider that
the kinetic energy of the adsorbates also increases with temperature. Since the
guest molecules will experience a higher mobility in the cages at high temperature,
the probability for intercage migration of propylene will also rise. The probability of
propylene being located at the center of the 8-ring is expressed by the Boltzmann
factor, exp(—AF*/kpT). Therefore, when comparing the diffusion barriers in
units of kT, the overall diffusivity increases with temperature, as expected.
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Figure 3.28. Free energy profile for propylene diffusion through an 8-ring type 0 of H-
SAPO-34 at 300, 450 and 600K, expressed in kJ.mol! (left) and kg T units
(right) from FF-MTD simulations.

3.4.2 The influence of loading

In reality, light olefins will not diffuse through the pristine framework, as the
zeolite pores will be loaded with other hydrocarbons in both the olefin cracking
and methanol-to-olefins process. As a case study, we investigate how the presence
of additional propylene molecules will impact the diffusivity in H-SAPO-34.

The maximal occupation of the H-SAPO-34 pore system is about 4 propylene
molecules per cage (see Appendix A). Nevertheless, spontaneous diffusion of a
propylene molecule to an adjacent empty cage instantly occurs when starting from
an initial configuration with 4 propylene molecules in a single cage. Figure 3.29
displays the diffusion free energy barriers for different cage loadings. The diffusivity
is hardly affected by the presence of one extra propylene species in both cages.
However, a cage loaded with 3 propylene molecules is entropically unfavorable due
to the reduced conformational freedom; hence the diffusivity to a neighboring cage
is significantly enhanced as the diffusion barriers are reduced by nearly 20 kJ.mol™!.
The highest impact on the diffusion barrier is found if a single propylene molecule
in cage A is transported to cage B, already loaded with two propylene species (54
kJ.molt). The reverse barrier (30 kJ.mol!) is much lower as this is clearly an
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Figure 3.29. Free energy profile for propylene diffusion through an 8-ring type 0 of H-
SAPO-34 at 600K with different propene loadings from FF-MTD simula-
tions.

unfavorable state. In conclusion, for a high loading of spectator molecules in the
H-SAPO-34 pores, the light olefin diffusion rate will increase.

3.4.3 The influence of acid sites

While force field simulations have proven to reliably predict the qualitative diffu-
sional trends for external factors such as temperature, an ab initio description is in-
dispensable to properly capture the molecular interactions between guest molecules
of the hydrocarbon pool mutually and between the guest species and Brgnsted acid
sites of the catalyst. To study the effect of the presence of acid sites in the 8-
ring, DFT based regular MD simulations at 450K are carried out to adequately
describe the host-guest interactions and mobility of the alkenes. In the absence
of acid sites, the light olefin is only stabilized by weak dispersion interactions with
the walls of the chabazite cages and will preferentially reside at a higher distance
from the 8-ring. If acid sites are present, the formation of a favorable m-complex
interaction between the alkene and the acid proton results in a driving force keeping
the alkene closely near the 8-ring window. In the case of 1 acid site on the 8-ring,
the m-complex configuration is sampled for about 50% and 75% of the simulation
time for ethylene and propylene respectively. For 2 acid sites, the lifetime further
increases for ethylene up to 60% and for propylene up to 85% of the simulation
length. As a result, the light olefins will on average be positioned more closely to
the 8-ring, thus enhancing the diffusion process.

Figure 3.31 shows the free energy profiles for propylene diffusion through the
different 8-ring types from umbrella sampling simulations. The presence of 1 BAS
(ring type 1) or 2 BASs (ring type 2) on the 8-ring clearly lowers the activation
barrier compared to the absence of BASs (ring type 0) as a consequence of the
specific olefin 7-H interaction. This m-complex interaction is persistent during the
entire diffusion process (shown in Figure 3.30), which provides a supplementary
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Figure 3.30. Snapshots of the reactant state, transition state and product state during
propylene diffusion through an 8-ring type 1 of H-SAPO-34.

enthalpic stabilization, resulting in lower diffusion barriers. The free energy profile
for ring type 0 and type 2 are nearly symmetric with respect to the center of the
ring. Indeed, in the absence of acid sites, cage A and B are equivalent. Also
for 2 BASs, both cages are interchangeable because the probability that both
acid protons are oriented towards the same cage is extremely low. For ring type 1,
however, an asymmetric profile is obtained as the acid proton has a clear preference
for cage B. In the empty framework, the acid proton has a sampling probability of
63% to occur in cage B. In the presence of an olefin, this fraction grows to 95%.
Consequently, the existence of stabilizing interactions favors olefin adsorption in
cage B. Propylene hopping from cage A to cage B results in the formation of the
stable propylene m-complex interaction upon entering into cage B and hence a low
diffusion barrier of 23 kJ.mol! is obtained. Likewise, the reverse ring crossing is
higher activated (33 kJ.mol ™) as it requires the breaking of this interaction.
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Figure 3.31. Free energy profile for propylene diffusion through an 8-ring type 0, type 1
and type 2 of H-SAPO-34 at 450K from AI-US simulations.

3.4.4 Diffusion in a complex molecular environment

During MTO operation, the H-SAPO-34 cages are filled with both hydrocarbon
pool species and protic molecules like water and methanol. To assess the diffusivity
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of propylene in such a complex dynamic environment, we model a catalyst system
in which a hexamethylbenzene (HMB) or toluene (TOL) species is present, next to
an additional methanol loading. The free energy profiles from Al-US simulations
for diffusion into these loaded cages are presented in Figure 3.32. The extremely
high activation barriers indicate that these HP species block the passage of the
small propylene molecule. The maximum free energy is no longer reached at the
ring center, but inside cage B because of the strong repulsive forces created by the
aromatics compounds in cage B.
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Figure 3.32. Free energy profile for propylene diffusion through an 8-ring type 1 of H-
SAPO-34 at 650K in the presence of a TOL or HMB hydrocarbon pool
species and additional methanol loading from Al-US simulations; Snapshots
of the free energy minimum of propylene adsorbed in cage A and HMB or
TOL adsorbed in cage B.

For hexamethylbenzene, no clear energetic minimum for the co-adsorption with
propylene exists. Instead, an olefin which is split off from the HMB species would
be readily expelled to a neighboring cage, provided it is not blocked by another HP
species either. In contrast, the mobility of propylene adsorbed together with toluene
is still relatively high and both species can actually coexist inside one cage, as evi-
denced by the shallow energy minimum at £ = 2.5. Nevertheless, the co-adsorbed
state is about 130 kJ.mol! higher in free energy than the separately adsorbed
state. Snapshots of the free energy minima are displayed in Figure 3.32. Once
split off from the TOL species, propylene needs to overcome a moderate diffusion
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barrier of 43 kJ.mol™l. Since separation of the hydrocarbons is thermodynamically
favored, the diffusion process is also expected to take place spontaneously at the
MTO reaction conditions. In this context, the spatiotemporal behavior of the MTO
catalyst is important. In an early stage, only a small fraction of the zeolite cages is
filled with aromatics and light olefin diffusion will be straightforward. With time on
stream, more (poly)aromatic species will appear, which can put severe restrictions
on the olefin transport, ultimately influencing the product selectivity.299:226.372.373






Conclusions and outlook

Alkene cracking forms a crucial part in many zeolite-catalyzed processes. Despite
its wide application, the detailed mechanistic features of alkene conversion are
not yet fully understood. Catalytic cracking is a complex process in which several
reactions such as oligomerization, alkylation, 8-scission, H-transfer, etc. take place
simultaneously. Furthermore, alkenes are highly reactive in the zeolite environment,
even at low temperature. The elusive nature of the intermediates combined with the
existence of several competing pathways hampers the experimental characterization
of the prevailing reaction intermediates and cracking routes. Nevertheless, the high
level of complexity of the cracking process at high temperature also poses a huge
challenge from a modeling point of view.

Over the last decade, molecular modeling has become an indispensable tool to
unravel reaction mechanisms and predict selectivities in the field of heterogeneous
catalysis. The theoretical toolbox contains a plethora of modeling techniques
ranging from static calculations to molecular dynamics simulations. Today, most
computational studies rely on a static approach in which information is extracted
from a limited number of configurations on the OK potential energy surface. This
standard methodology may be a huge oversimplification when modeling complex re-
action systems at high temperature conditions, such as the methanol-to-olefins pro-
cess or catalytic alkene cracking.?? In these processes, several nearly iso-energetic
intermediates can be formed and parallel reaction pathways are operational which
may be influenced by temperature, acidity and the chemical environment. Thanks

81
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to the increase in computational power, it has now become possible to investigate
chemical transformations in zeolites at operando conditions using a complementary
set of modeling techniques.?33 For example, enhanced sampling molecular dynam-
ics simulations are particularly interesting since they allow characterizing the free
energy surface at finite temperature, taking configurational freedom, entropy effects
and the dynamic zeolite environment inherently into account.

The main goal of this dissertation is to gain molecular-level insight into the zeolite-
catalyzed alkene cracking process at realistic operating temperatures using state-
of-the-art first-principle molecular dynamics techniques. Four unresolved questions
have been tackled within the scope of this work. First, what is the true nature of
the elusive alkene intermediates in H-ZSM-57 Secondly, which are the main butene
cracking pathways in H-ZSM-57 Thirdly, can a varying framework topology and
acid strength alter the stability and reactivity of cracking intermediates? Finally,
how is light olefin diffusion in H-SAPO-34 influenced by a complex molecular
environment including acid sites and additional hydrocarbon loading? The last
question was inspired by the methanol-to-olefins process, wherein the diffusion of
olefins partly affects the product selectivity.

An overall molecular understanding of the catalytic process requires fundamental
insight into the alkene adsorption characteristics. In Paper | and Paper Il, a
comprehensive study on the stability and lifetime of alkene cracking intermediates in
H-ZSM-5 is presented. Upon chemisorption, a physisorbed alkene m-complex may
transform into either a framework bound alkoxide or a carbenium ion. Experimen-
tally, it is very difficult to isolate these species due to their extremely high reactivity.
In literature, there is no consensus on the true nature of the adsorbed alkenes.>¢:98
Herein, the dynamic behavior of small alkenes in H-ZSM-5 is elucidated using ab
initio molecular dynamics simulations at operating conditions. The free energy
profiles for alkene chemisorption are reconstructed with the metadynamics tech-
nique. Since conformational freedom and entropy effects determine to a large
extent the viability of the various intermediates, static calculations relying on a
harmonic oscillator approximation tend to underestimate the carbenium ion and
overestimate the alkoxide and m-complex stability.

For linear alkenes at 323K, both the physisorbed m-complex as well as the alkoxides
are shown to be very stable intermediates, while carbenium ions are extremely
short-living. However, at 773K, alkoxides are found to be highly unstable due to
the entropically unfavorable formation of a covalent bond with the lattice. Instead,
linear alkyl carbenium ions are identified as a metastable state. Branched alkenes
follow a different trend. Tertiary carbenium ions are the prevailing intermedi-
ates, while tertiary alkoxides are non-existent at both low and high temperature.
Furthermore, these tertiary carbenium ions are characterized by a relatively long
lifetime which increases with temperature. Free energy profiles at 773K confirm
that tertiary carbenium ions are similar in free energy as physisorbed alkenes, while
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secondary carbenium ions are significantly less stable than physisorbed alkenes. The
activation barrier for alkoxide desorption is evidenced to be very low. In contrast
to the predictions from static calculations, it is established that carbenium ions are
much more stable at high temperature than originally assumed and that they will
play a crucial role as intermediates in the cracking process.

To improve the selectivity of a catalytic cracking process, a proper knowledge on
the elementary reaction steps is a prerequisite. In Paper 11, unprecedented insight
into the reactivity of butene cracking intermediates in H-ZSM-5 is obtained. Due
to the complex reaction network, gaining fundamental insight into the kinetics of
single reaction steps from experiments is a real challenge. Some studies tried to
identify the dominant cracking routes, although temperature effects were typically
not taken into account.??3 131 A general rule was proposed that transitions leading
to more stable carbenium ions are the most favorable cracking pathways. Despite
its high relevance, the dominant cracking mechanism is still debated. Advanced
molecular dynamics techniques are applied to assess the importance of different
butene S-scission pathways in H-ZSM-5 at operating conditions. Regular ab initio
MD simulations are preformed to determine the lifetime and stability of the involved
intermediates. The intrinsic cracking free energy profiles at 773K are estimated
from umbrella sampling simulations.

In this study, only dimerization cracking of butene, i.e., 3-scission of Cgs carbe-
nium ions is considered. First, the stability of the Cs cracking intermediates is
evaluated. The stability of linear secondary carbenium ions is shown to increase
with chain length as the positive charge can be better delocalized for longer
chains. Nevertheless, physisorbed Cg alkenes are still the preferred intermediate.
For [-scission of secondary carbenium ions, the physisorbed alkene should thus
be considered as cracking precursor. On the other hand, branched, tertiary Cg
carbenium ions are more stable than physisorbed alkenes and their lifetime is
higher for the more branched intermediates. The long-living tertiary carbenium
ions can act as cracking reactants themselves. Carbenium ions with geminal methyl
substituents are observed to undergo rapid isomerizations into intermediates with
a lower branching degree.

In a second step, intrinsic barriers for different 3-scission reactions are determined.
Cracking mode B, (3° — 2° cation) is found to be a dominant pathway due to
the moderate activation barrier and stable cracking reactants. Although clearly
less favorable, cracking modes C (2° — 2°) and E; (3° — 1°) are also expected
to contribute to the overall cracking mechanism. The S-scission modes By (2° —
3°) and D; (2° — 1°) will be less common as the unstable carbocation reactants
tend to undergo rapid isomerizations. Furthermore, despite its low intrinsic barrier,
mode A (3° — 3°) is also expected to have a lower importance since the formation
of the highly branched cracking precursors might be sterically hindered inside the
channels of H-ZSM-5. Our results clearly indicate that static DFT calculations fail
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to reproduce the interplay between reactant and product carbenium ion stability,
which critically influences the cracking reactivity.

Paper IV and Paper VI elaborate on the effect of zeolite pore topology and
acid strength on the stability of butene intermediates by performing a combination
of static DFT calculations and ab initio MD simulations at operating tempera-
ture (773K). Free energy differences between the neutral and protonated butene
species are quantified with umbrella sampling simulations. In the most confined
10-ring channel zeolites, H-ZSM-22 and H-ZSM-5, the tert-butyl carbenium ion
experiences more stabilizing van der Waals interactions with the zeolite walls than
in the large pore zeolites. In contrast, the spacious 12-ring channel zeolites, H-
SSZ7-24 and H-MOR, enhance the conformational freedom of the guest species,
resulting in a greater entropic stabilization. This compensation effect ensures the
existence of an optimal pore size to stabilize cracking intermediates and transition
states. The enthalpy effect crucially determines the carbenium ion stability. On
the other hand, entropy effects will have a larger impact on the stability of the
physisorbed butene m-complex and vdW-complex. Furthermore, the carbenium ion
intermediates are more stable with respect to physisorbed alkenes in zeolites with
a higher acid strength. It is demonstrated that variations in the relative stability
and reactivity of alkene intermediates between zeolite environments can for a large
part be attributed to differences in the alkene adsorption strength. Carbenium
ions are vital intermediates in the catalytic conversion of alkenes. Therefore,
zeolite materials with a high ability to protonate alkenes and stabilize carbocations
will experience enhanced reactivity. This study clearly reveals that conversion
and selectivity can be tuned toward the targeted product distribution by properly
choosing the zeolite topology or modifying the acidity of the catalyst.

In Paper V, fundamental insight into the light olefin diffusion through the 8-ring
windows of H-SAPQO-34 at typical MTO reaction conditions is presented. Exper-
imentally, there are clear indications that diffusion limitations have a significant
impact on the product selectivity and that the selectivity changes with time-on-
stream.?3! The spatio-temporal evolution of the catalyst critically determines the
diffusion rate and hence the product distribution.?1%:232 Still,
unclear how the ethylene and propylene diffusion is affected by the presence of
entrapped hydrocarbon pool species in the zeolite cages. Enhanced sampling
MD simulations using force fields or DFT methods are applied to map the free
energy profiles for ethylene and propylene diffusion. Force field simulations are
ideally suited to model the diffusion process on a longer length- and timescale,
while ab initio simulations can more accurately account for the specific host-
guest interactions. It is demonstrated that force fields can correctly reproduce the
temperature dependency of the diffusion process. However, they fail to properly
predict the influence of acid site density due to the lack of a proper description of
the weak dispersion interactions upon alkene adsorption at the Brgnsted acid sites.

to date it remains
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Olefin diffusion through the 8-ring windows of H-SAPO-34 is a hindered process,
corresponding to a hopping event between adjacent cages. The diffusional transport
is much more hindered for propylene than for ethylene. Since the free energy barrier
for diffusion is mainly governed by entropic factors, the diffusivity is enhanced at
higher temperatures. The presence of BASs allows the formation of dynamic 7-H
interactions between the double bond and the acid proton, which also facilitates
the olefin diffusion. On the other hand, aromatic hydrocarbon pool species can clog
the pore system and severely restrict the mass transport. Once formed, light olefins
will rapidly diffuse to neighboring cages provided these are not filled with aromatic
species either. These findings underline the importance of the spatial distribution
of trapped (poly)aromatics in the zeolite crystal for the product distribution. This
particular case study shows that the zeolite catalyst may be tuned to create a
supramolecular system which does not only affect the intrinsic reactivity but also
enhances transport phenomena.

In this thesis, for the first time, a first-principle operando modeling approach of
the alkene cracking process in acid zeolites was conducted. Our results undoubt-
edly demonstrate that molecular dynamics techniques are necessary to accurately
describe the complex cracking chemistry. The free energy surface at operating
temperature largely differs from the potential energy surface at OK, hence static
calculations solely are insufficient to reliably evaluate the nature and reactivity of
alkene intermediates. This study opens new perspectives for obtaining a funda-
mental understanding of the adsorption and conversion of hydrocarbons in zeolite
materials.

Nevertheless, the field of theoretical modeling still faces some important chal-
lenges. Next to improving the level of theory to accurately estimate thermodynamic
properties and reaction kinetic, larger zeolite models should be constructed to
realistically account for different types of spatial heterogeneities, framework defects
or complex molecular environments. Also, path sampling techniques look very
promising for heterogeneous catalysis as they circumvent the a priori definition of a
collective variable, thus allowing the exploration of new reaction mechanisms.325 326
This dissertation contains a comprehensive overview how current state-of-the-art
modeling techniques can be applied to elucidate different chemical phenomena in
the fast evolving field of zeolite catalysis. Furthermore, the obtained molecular-
level insights can provide the necessary predictive power to further optimize process
conditions and assist in the engineering of a new generation of highly selective
catalysts.
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Adsorption of linear pentenes in H-ZSM-5 at 323 K is investigated using contemporary static and molec-
ular dynamics methods. A physisorbed complex corresponding to free pentene, a m-complex and a che-
misorbed species may occur. The chemisorbed species can be either a covalently bonded alkoxide or an
ion pair, the so-called carbenium ion. Without finite temperature effects, the T-complex is systematically
slightly more bound than the chemisorbed alkoxide complex, whereas molecular dynamics calculations

at 323 Kyield an almost equal stability of both species. The carbenium ion was not observed during sim-
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1. Introduction

Solid acids such as zeolites are widely applied in the chemical
industry for conversion of hydrocarbons in reactions such as cat-
alytic cracking, hydrocracking and alkylation [1-6]. These reac-
tions involve alkanes and alkenes as reactants and products
which interact with the zeolite and its Brensted acid sites (BAS)
[7]. The understanding of alkane adsorption on various zeolites
has been the subject of numerous experimental studies, whereas
comparatively little is known about adsorption of alkenes, due to
their high reactivity even at low temperatures [8-10].

When an alkene adsorbs on a Brensted acid zeolite, various
adsorbed species may be distinguished as schematically indicated
in Fig. 1 [11-14]. A first state corresponds to a free alkene in the
cages of the zeolite, which undergoes only a weak van der Waals
(vdW) interaction with the walls of the zeolite. This state is further
referred to as the physisorbed state. A more bound state corre-
sponds to the m-complex, where a specific non-bonded interaction
between the m-electrons of the double bond and the Brensted acid
site occurs. Finally the m-complex may be protonated leading to
the formation of a chemisorbed species [11-14]. The nature of
the resulting intermediate is still debated. It has been proposed
to be stabilized as a covalently bonded alkoxide or as an ion pair
which is referred to as a free carbenium ion (Fig. 1) [11,12,15-17].
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ulations at 323 K. The transformation from the m-complex to the chemisorbed complex is activated by a
free energy in the range of 33-42 kj/mol. Our observations yield unprecedented insights into the stability
of elusive intermediates in zeolite catalysis, for which experimental data are very hard to measure.

© 2016 Elsevier Inc. All rights reserved.

Alkene adsorption is very difficult to track experimentally as
these hydrocarbons are highly reactive even at low temperatures.
Solely based on experiment it is practically excluded to gain insight
into the nature of the adsorbed complexes and intermediates,
which can be very short-lived. For butenes some NMR and infrared
based adsorption studies are available. The adsorption of butenes
on H-ZSM-5 and mordenite was experimentally investigated by
Domen et al. [12,13,17-19]. On H-ZSM-5, they observed that at
sub-ambient temperatures a stable m-complex was formed and
that double bond isomerization occurred already at 230K
[13,18,20]. A concerted mechanism was suggested to explain the
rapid double bond isomerization despite the absence of a classical
carbenium ion at these temperatures, as evidenced from isotope
experiments [20-22]. Isotope experiments evidenced in addition
the high mobility of alkenes already at sub-ambient temperatures
[18,20]. Stepanov et al. studied the kinetics of the double-bond
shift reaction, H/D exchange and '>C scrambling for linear butenes
on FER by means of 'H, ?H and '*C MAS NMR for temperatures
above 290K and determined activation energies for the double
bond shift and showed that carbenium ions are involved in the
mechanism of double bond isomerization at higher temperatures
[21,23].

Due to the lack of experimental data, theoretical studies are
indispensable to obtain insight into the nature and stability of
adsorbed species. Adsorption of alkanes has been studied exten-
sively in the literature by various theoretical methods. A more
complete literature overview may be found in some recent reviews
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Fig. 1. Illustration of the different intermediates upon alkene (2-pentene) adsorp-
tion in the presence of a Brensted acid site (BAS): (a) alkene in gas phase, (b) alkene
physisorbed in the channels of the zeolite, (c) alkene m-complex, (d) chemisorbed
carbenium ion and (e) chemisorbed alkoxide.

[24,25]. For alkenes much less information is available also from a
theoretical point of view. In a series of papers by Sauer and co-
workers various theoretical methods were used to study the
adsorption behavior of C4 species in H-FER [26,27]. The methods
varied in the treatment of the molecular environment, the method
to account for the long range dispersion interactions and the
degree to which finite temperature effects were accounted for.
All three factors are decisive to determine the relative stabilities
of the m-complex, carbenium ions and alkoxide species. The stabil-
ity of carbenium ions depends not only on the carbon skeleton, i.e.
secondary, tertiary, cyclic, but also largely on the applied temper-
ature. Higher temperatures may favor the existence of persistent
carbenium ions. Nicholas and Haw concluded that stable carbe-
nium ions could be observed by NMR provided that the neutral
compound from which it originates has a proton affinity of
875 kJ mol ™" or larger [28]. However the topology of the material
may also be very important as was shown by Fang et al. [29,30].
It was only very recently that the tert-butyl cation on H-ZSM-5
was identified by capturing this reaction intermediate with an
ammonia molecule and by identifying the stable surface com-
pounds by '"H/**C magic angle spinning NMR spectroscopy and
density functional theory calculations [31]. The physisorption
and chemisorption of alkenes beyond C4 in a variety of zeolites
(H-FAU, H-BEA, H-MOR, H-ZSM-5) were studied by Marin and
co-workers using the QM-Pot methodology originally developed
by Sauer and co-workers [14,32,33]. The method relies on a combi-
nation of a quantum mechanical approach on a smaller part of the
system combined with an interatomic potential approach on the
periodic structure. The QM-Pot methodology has proven to be very
valuable in the time frame where periodic static calculations with
more advanced functionals and dispersion interactions were
unfeasible. Some earlier theoretical works also reported on the rel-
ative stabilities of alkenes, but this was done in the absence of dis-
persion interactions; however, also the importance of various
rotational orientations of the adsorbed species was emphasized
[11]. Indeed Goltl and co-workers stressed the role of finite tem-
perature effects and mobility of adsorbed species in case of alka-
nes. For methane, ethane and propane in protonated chabazite at
300K there was a substantial probability that the adsorbate des-
orbs from the acid site and moves freely in the pores of the zeolite,
yielding adsorption enthalpies which are systematically smaller
than the prediction at 0 K [34,35].

To the best of our knowledge no experimental data are available
for alkene adsorption in H-ZSM-5 beyond C,4. Furthermore no fully

periodic density functional theory calculations are available for the
various adsorbed species of alkenes higher than Cy4, neither from
static calculations at 0 K nor from molecular dynamics calculations
to account for finite temperature effects on the adsorption behav-
ior. Such understanding is however crucial to optimize industrially
important processes such as olefin cracking. These processes
receive a lot of interest to selectively produce propene, by cracking
less valuable C4 through Cg olefins [36-38]. Alkene cracking pro-
cesses consist of a complex reaction network including isomeriza-
tions, oligomerizations, alkylations, hydride transfers and cracking
reactions [3,7,39]. In any case, knowledge on the reaction interme-
diates is of utmost importance.

In this paper we present a complete study on the adsorption
behavior of linear pentenes in H-ZSM-5, which is one of the most
effective industrial catalysts for olefin production due to its opti-
mal balance between conversion, selectivity and coke formation
stability [40-42]. The applied methodology encompasses static
periodic density functional theory calculations using contempo-
rary density functionals and methods to account for the dispersion
interactions, first principle molecular dynamics simulations at
323K to account for the mobility of the adsorbates, and metady-
namics simulations to sample the transformations among
m-complex, alkoxide and carbenium ion and to deduce the corre-
sponding free energy barriers. We took T =323 K as finite temper-
ature for all simulations. Inspection of the different adsorption
studies in the literature learns that this temperature is representa-
tive to study the adsorption behavior at low temperatures. This
complementary set of tools provides a comprehensive picture of
the various adsorbed species in the absence of current relevant
experimental data. Such insights into the relative stability of
adsorbed species is of fundamental importance for our under-
standing of zeolite catalysis.

2. Computational methods

H-ZSM-5 was represented by a periodic model to fully account
for the zeolite structure (Fig. S.1 of the SI). Static periodic Density
Functional Theory (DFT) calculations were performed with the
Vienna Ab Initio Simulation Package (VASP 5.3) [43-46]. Initial
geometries were constructed with ZEOBUILDER [47]. The position
of the Bregnsted acid site (BAS) is the same as in earlier works of
the authors [24,48] with a substitutional aluminum at the T12
position of the orthorhombic MFI unit cell and the charge compen-
sating proton on Oy, resulting in a BAS at the intersection of the
straight with sinusoidal channels (Fig. S.1). All structures were first
optimized with a PBE functional using Grimme D3 dispersion cor-
rections [49]. During the calculations the projector augmented
approximation (PAW) [50,51] together with a plane wave kinetic
energy cutoff of 600 eV was used and sampling of the Brillouin
zone was restricted to the I'-point. The convergence criterion for
the electronic self-consistent field (SCF) problem was set to
10 eV. For all static periodic DFT calculations the unit cell was
relaxed during the geometry optimizations. Afterward, the energy
was refined with a variety of exchange correlation functionals and
dispersion models encompassing revPBE-D3 with and without
Becke Johnson damping (BJ) [52], revPBE with the non-local corre-
lation functional vdW-DF of Dion [53], BEEF-vdW [54], and PBE
with the new many body dispersion (MBD) scheme of Tkatchenko
with conventional (MBD-vdW_H) and iterative Hirshfeld partition-
ing (MBD-vdW_HI) [55,56]. The thermal corrections were per-
formed based on frequencies obtained with a partial Hessian
approach including 8T atoms, the acid proton and the adsorbate.
De Moor et al. [8] demonstrated that this type of procedure of
using a partial Hessian is sufficient to determine accurate enthalpy
and entropy differences. The nature of the local minima was
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verified by a normal mode analysis showing that the partial Hes-
sian matrix included only positive eigenmodes. We applied the
partial Hessian vibrational analysis (PHVA) [55-57] as imple-
mented in an in-house post-processing toolkit TAMkin [57].

Ab initio molecular dynamics (MD) simulations were performed
with the CP2K software package [58] on the DFT level of theory by
using the combined Gaussian Plane Wave basis sets approach
[59,60]. The revPBE-D3 functional [61] together with the DZVP-
GTH basis set and pseudopotentials were chosen [62]. This combi-
nation of exchange correlation functional and dispersion model
was successfully used in earlier zeolite catalysis work [48,63,64].
Since ab initio molecular dynamics calculations performed on the
complete zeolite model are computationally very expensive, more
advanced methods using hybrid functionals or many body disper-
sion models are not feasible for simulations of considerable time
length as emphasized here [65,66]. The cell parameters were deter-
mined from a preliminary NPT run on the empty zeolite unit cell at
323K and 1atm and are found to be a=20.14A, b=20.33 A,
c=13.56 A, o = 89.82°, B =289.47°, 7y =90.15°. Subsequent molecular
dynamics and metadynamics (cf. infra) simulations on the various
complexes were performed in the NVT ensemble at 323 K. The
integration time step was set to 0.5 fs. The temperature was con-
trolled by a chain of five Nosé-Hoover thermostats [67]. The MD
simulations also allow the computation of finite-temperature
adsorption enthalpies for the various m-complexes and alkoxides
from ensemble averages of the internal energies over the MD tra-
jectories from separate simulations on the complex, the empty
zeolite and the adsorbate in gas phase. More details on the proce-
dure and the influence of the length of the MD runs are given in the
SL

To accelerate sampling of the activated transition from the -
complex to the pentoxide and to explore the nature of the carbe-
nium ion, a metadynamic (MTD) approach was employed
[68,69]. This method has recently been applied successfully in var-
ious zeolite catalysis studies [63,70]. During an NVT MTD run with
similar settings as for the MD simulations, Gaussian hills are added
every 25 fs along two collective variables (CVs), described by coor-
dination numbers (CN), which are able to describe the reaction
coordinate for transformations between the various adsorbed spe-
cies. The first CV is defined by CN(H—0)—CN(H—C;) and describes
the proton transfer from the zeolite to the pentene; the second CV
is defined by CN(C,—0,) and describes the formation of the C—0
bond between the resulting pentyl carbenium ion and the zeolite
framework. C; and C, are the carbon atoms forming the double
bond and visualized in Fig. 2 together with the definition of the col-
lective variables. The metadynamics simulations yield a two-
dimensional free energy surface in terms of the two collective vari-
ables. A 1D free energy profile is constructed by projecting the 2D
free energy onto the minimum free energy path after which the
free energy of activation may be computed [71]. More technical
details of the simulations are taken up in the SI.

CV2 =CN(C,-0)

CV1 = CN{H-0) - CN(H-C }

R=H.CHy: R'=(CH2CHs, CHiCHy

Fig. 2. Schematic visualization of the collective variables used for the various
metadynamics simulations.

3. Results and discussion

To obtain insight into the mobility of the various adsorbed pen-
tene species and the various plausible configurations, a series of
ab initio MD runs were performed at 323 K on 1-pentene (7), 2-
pentene (m), 2-pentoxide and 3-pentoxide complexes. As the
potential energy surface (PES) contains a large number of local
minima, we first performed a number of short MD runs of about
10 ps starting from an unbiased initial position corresponding to
an orientation of the physisorbed pentene molecule in the center
of the straight 10-membered ring cavity at about 4 A from the acid
site. We followed how the 2-pentene evolved during the initial
stages of the simulation. In the Supporting Information we display
some snapshots. The adsorbate that only interacts with the walls of
the zeolite, quickly diffuses toward the acid site to form the m-
complex. The 2-pentene molecule is preferentially positioned with
the methyl end directed in the sinusoidal channel near the BAS and
the longer ethyl tail in the straight cavity. These initial MD runs are
then followed by more extensive production molecular dynamic
runs of 100 ps starting from the optimal configuration obtained
from the initial MD runs. The m-complex is characterized by the
distance between the C=C double bond and the acid proton (H,).
The probability distribution of the shortest distance between one
of the carbon atoms in the double bond and the acid proton during
the simulation is plotted in Fig. 3. For both 1- and 2-pentene the
shortest C—H, distance is on average about 2A, indicating that
the m—H interaction remains in place throughout the simulation.
During the simulations at 323 K we did not observe the carbenium
ion. For the alkoxides a similar analysis was done, yielding average
C—0, distances of about 1.6 A, indicating that these complexes also
remain stable during the simulation.

Besides geometrical features MD simulations also provide infor-
mation about adsorption enthalpies. They are discussed further in
the text where we investigated the influence of finite temperature
effects on the adsorption process. First we report the 0K results
predicted by static calculations for the most visited structures.

In a next step, based on the probability distribution (Fig. 3) we
determined adsorption positions corresponding to the most fre-
quently visited structures during the MD runs and performed static
calculations on these initial structures to get the optimized geome-
tries. Subsequent frequency calculations lead finally to the adsorp-
tion enthalpies. For 1- and 2-pentene the energetically favorable
configuration corresponds to the adsorbate positioned in the

0%
2-puntcxide

0%
3%

T-pentene m-camplex
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Fig. 3. Probability distributions of some critical distances in molecular dynamics
simulations of m-complexes and alkoxides in H-ZSM-5 obtained over a 60 ps run.
Min[d(C;—H,), d(C,—H,)] stands for the shortest C—H, distance in 1-pentene m-
complex [average 2.07 A]; Min[d(C,—H,), d(Cs—H,)] stands for the shortest distance
in the 2-pentene m-complex [average: 2.04 A]; d(C,—0,) is the C,—O, distance in 2-
pentoxide complex [average: 1.62 A]; and d(C3—0,) is the Cs—0, distance in 3-
pentoxide complex [average: 1.62 A].
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Fig. 4. MD snapshots of (a) 1-pentene m-complex, (b) 2-pentene m-complex, (c)
chemisorbed 2-alkoxide and (d) chemisorbed 3-alkoxide in H-ZSM-5 at 323 K, seen
in the direction of the straight channel (camera viewpoint). The snapshots
correspond to geometries which are most frequently visited during MD runs of
100 ps at 323 K.

straight channel with its methyl tail oriented into the zigzag chan-
nel. The most plausible structures are visualized in Fig. 4. To ensure
that the selected geometries for the static calculations do not sub-
stantially influence the obtained energetics, additional geometry
optimizations were performed on a range of other geometries also
generated from MD simulations. More details are taken up in Sec-
tion 3.1 of the SI.

A decisive parameter for the energetics of the adsorbed species
is the distance of the carbon skeleton with respect to the BAS. After
optimization, the 1-pentene m-complex has a characteristic short-
est C—H, distance of about 1.9 A. For 2-pentene mt-complex this is
about 2 A. The pentoxide species are characterized by a C—0, dis-
tance of about 1.6 A. In order to check the influence of different
functionals and dispersion models, we refined the energies using
revPBE [53] and BEEF [54] functionals. Also some recently

Table 1
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introduced dispersion models were tested such as the models of
Tkatchenko et al. [55,56]. An overview of the adsorption enthalpies
and free energies is given in Table 1 and Table S.3 of the SI. All
applied levels of theories (LOT's) systematically predict the m-
complexes more stable with respect to their chemisorbed counter-
parts by some 15-30 kJ/mol. The qualitative trends remain the
same for all used levels of theory. The results show that the
Becke-Johnson (B]) damping function [52], revPBE-vdW-DF and
BEEF-vdW levels of theory, even substantially enlarge the stability
of the m-complexes compared with all other dispersion models,
which indicates that these methods predict an overbinding of the
adsorbed species (see Table 1).

Goltl and co-workers reached similar conclusions for the
revPBE-vdW-DF method and an in-depth analysis was presented
more recently by Goltl and Sautet [72].

To investigate also the influence of the level of theory on the
geometry optimization and the derived relative stabilities of the
m-complex and alkoxide structures, we also performed new geom-
etry optimizations and frequency calculations for 2-pentene 7-
complex and 2-pentoxide using the BEEF-vdW functional [54].
Geometrical details of the structures with PBE-D3 and BEEF-vdW
functionals are given in Table S.4. There are no essential features
that are different, but the most crucial result is that the free energy
and the adsorption enthalpy differences for the m-complex and
chemisorbed complex are very similar to each other (Table 2) con-
firming our conclusions for the static calculations.

Our theoretical findings give qualitatively and quantitatively
different results than the values of Nguyen et al. produced with
the QM-Pot methodology [14]. Recently, also Rosch et al. found
similar deviating behavior for alkanes between periodic DFT and
QM-Pot results [73]. A proper analysis of possible ingredients lying
at the basis of the observed differences, learns that the deviancies
should not be ascribed to the QM-Pot methodology itself, but
mainly to less favorable geometries of the adsorbed species and
their positions in the cavity. In the case studied by Nguyen et al.
[14], the double bond of 1- and 2-pentene was located at about
2.3 A from the BAS, which is significantly larger than the distances
predicted in this work. The PES around the adsorption site was
explored in a 4T cluster embedded in the zeolite unit cell, and is
by far not as accurate as the present calculations where the

Table 2
Free energy AG and enthalpy AH differences for configurations for the n-complex and
chemisorbed complex in H-ZSM-5 at 323 K given in k]/mol.

BEEF-vdW BEEF-vdW

//PBE D3 |/BEEF-vdW

AG AH AG AH
2-pentene (1) — 2-pentoxide 5327 41.96 51.05 427

Free energy AG and enthalpy AH differences for configurations for the m-complex and chemisorbed complex in H-ZSM-5 at 323 K. All energies in kj/mol. Use of the standard
notation “LOT-E"//“LOT-G" (LOT-E and LOT-G being the electronic levels of theory used for the energy and geometry optimizations, respectively).

PBE-D3 revPBE-D3 revPBE-D3(BJ) revPBE-vdW-DF BEEF-vDW PBE-MBD- PBE-MBD-
J/PBE-D3 |/PBE-D3 //PBE D3 //PBE D3 //PBE D3 vdW_H VdW_HI
J/PBE D3 //PBE D3

AG AH AG AH AG AH AG AH AG AH AG AH AG AH
T-pentene (g) » 1-pentene (1) —450 —1032 -584 -1166 -76.1 -1343 -1067 -1649 684 —1266 -51.3 -1095 -39.9 -98.
2-pentene (g) —» 2-pentene (1) 527 -109.6 -733 -1302 -907 -1476 -1124 -1692 -71.1 -1280 -586 1155 -447 -101.6
I-pentene (g) » 2-pentoxide ~ —17.5  -849 -40.1 -1075 -603 -1278 692 -1366 -294 -968 -30.6 980 -150 825
2-pentene (g) - 2-pentoxide —41 722 -287 -968 -474 -1156 -582 1264 -178 -860 -172 -853 -14 -696
2-pentene (g) » 3-pentoxide ~ -30 688 -213 871 -398 -1056 -529 1187 —141 -800 -199 -857 -28 —686
1-pentene () - 2-pentoxide 275 183 183 91 158 66 376 283 390 298 207 115 249 157
2-pentene (1) —» 2-pentoxide 486 374 446 333 433 320 541 428 533 420 414 301 433 320
2-pentene (1) - 3-pentoxide ~ 49.7 408 520 430 509 420 595 505 570 480 387 298 419 330
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influence of the environment on the PES is intensively investigated
in first-principles MD simulations of the periodic models. The
geometries for 1- and 2-pentene reported in Ref. [14] differ by
far from the configurations obtained in this work. On the other
hand the geometrical parameters of the corresponding pentoxides
found in the two studies are completely similar, so that the differ-
ence in stability between the physisorbed and chemisorbed com-
plexes must be ascribed to the position of the physisorbed
pentene to the BAS. This is an important statement as it reduces
the discussion on the exothermic or endothermic character of the
chemisorption process to the localization of the adsorbed pentene
7-complex in the pores of the zeolite and more particularly the dis-
tance from the BAS.

In a next step, we assessed the influence of finite temperature
effects on the adsorption enthalpies. The probability distributions
for the distances of the various adsorbed species to the BAS, reveal
an asymmetric behavior for the m-complexes toward higher C—H
distances. For 1-pentene this is even more pronounced than for
2-pentene. The adsorption enthalpy of 1- and 2-pentene is strongly
correlated with the C—H distance. The broad probability distribu-
tion for these two species clearly indicates that the average ensem-
ble over the MD trajectories results in enthalpy of adsorption
which corresponds to C—H distances larger than 2 A. On the other
hand, the static calculations only consider one point on the poten-
tial energy surface (that corresponds to the optimized geometry)
and do not account for configurations with slightly larger distances

as observed in the MD simulations. Indeed the dynamically aver-
aged values for the adsorption enthalpies yield systematically
lower adsorption enthalpies for the m-complexes and slightly lar-
ger values for the alkoxides. The adsorption enthalpies for the n-
complexes are shifted to about 20 k]J/mol. Fig. 3 also reveals that
the C—O, distances in the pentoxides are more peaked around
1.6 A with almost 80% probability yielding slightly more bound
adsorption enthalpies from MD simulations. The adsorption
enthalpies of pentoxides obtained as an ensemble average in the
MD simulations are closer to the values obtained with static
approaches. If finite temperature effects are taken into account
the m-complexes are almost equally stable as the alkoxide species.
A summarizing adsorption enthalpy diagram is given in Fig. 5. In
good agreement with Ref. [11], the double bond position does
not affect significantly the enthalpy of formation of the m-
complex. Static calculations systematically overestimate the
adsorption enthalpies for the m-complex, which is inherently
related to the usage of optimized geometries, which are necessary
to compute enthalpic and entropic contributions, but neglect the
asymmetric probability distribution shown in Fig. 3 at finite
temperatures.

Finally we also wanted to investigate the possible occurrence of
carbenium ions in the transition path from m-complexes to alkox-
ides. Therefore we used metadynamics simulations which allow
sampling the transition from the m-complex toward the
chemisorbed species and exploring in how far the transformation
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Fig. 5. Adsorption enthalpy diagrams at 323 K for the several pentene intermediates with reference to 1-pentene in gas phase and an empty H-ZSM-5 framework, obtained
from (a) static calculations at the PBE-D3 level. (b) MD simulations at the revPBE-D3 level.
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is activated. Those simulations yield detailed information on the
nature of the chemisorbed species and the possible existence of a
carbenium ion. In any case the carbenium ion was not observed
during a regular MD run, nor was the transition from the m-
complex toward the alkoxide seen, which points toward an acti-
vated transition.

The formation of 2-pentoxide from physisorbed 1-pentene and
2-pentene and that of 3-pentoxide from physisorbed 2-pentene
were studied using metadynamics simulations with two collective
variables to describe the reaction coordinate (cfr. Section 2). The
resulting 2D free energy surfaces and 1D free energy profiles along
the lowest free energy paths corresponding with the three reac-
tions are displayed in Fig. 6. There clearly exists a metastable state
between the pentene m-complex and the pentoxide, which could
be characterized as a carbenium ion. This metastable state mainly
represents a 2-pentyl carbenium ion in the two reactions leading to
2-pentoxide; however, rapid isomerization to a 3-pentyl carbe-
nium ion was observed as well.

In a next step the trajectories obtained from the metadynamic
simulations were examined to distinguish between the free energy
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minima of the various adsorbed species. All samples in which the
collective variable, corresponding to the coordination number rep-
resentative for the C—0, bond formation with the zeolite frame-
work, is smaller than a cutoff value are identified as alkoxides. A
similar procedure was applied for the identification of the pentyl
carbenium ions. The detailed procedure is described in the SI.
The procedure shows that it is possible to identify various basins
corresponding to alkoxides where the C—O distance is on average
1.6 A and corresponding to carbenium ions where the average dis-
tance is 3 A, which is significantly larger than the value (2.0 A)
obtained with MD simulations for the m-complex (Fig. 3). Here,
some prudence should be taken into consideration as metadynam-
ics does not generate an equilibrium ensemble and hence geomet-
ric parameters, given in MTD, are only indicative.

The 2D free energy surface is subsequently converted into a 1D
free energy profile (by projection onto the minimum free energy
path). For the three reactions under study the difference (CV2-
CV1) of the two coordination numbers turned out to be a good esti-
mate for the one-dimensional reaction coordinate. The three free
energy profiles for pentoxide formation, displayed in Fig. 6, show
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Fig. 6. Left: 2D free energy surface for the formation of 2-pentoxide from a 1-pentene m-complex (a) or 2-pentene -complex (b) and for the formation of 3-pentoxide from a
2-pentene n-complex (c). The lowest free energy paths are displayed. A small well corresponding to the metastable carbenium ion can be observed in the bottom left corner.
Right: corresponding 1D free energy profile along the lowest free energy path for the two reactions.
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Free energy barriers (AG*) and reaction free energies (AG,) in kj/mol at 323 K for the formation of a pentoxide from a pentene n-complex through a carbenium ion intermediate
determined from MTD simulation in the NVT ensemble. LOT electronic energies: revPBE-D3/DZVP-GTH.

AG* (323 K) (kJ/mol)

AG, (323 K) (kJ/mol)

1-pentene (1) — 2-pentyl carbenium
2-pentyl carbenium — 2-pentoxide
2-pentene (1) — 2-pentyl carbenium
2-pentyl carbenium — 2-pentoxide
2-pentene (1) — 3-pentyl carbenium
3-pentyl carbenium — 3-pentoxide

36.8
203
38.2
121
84.7
546

-23
-9.2
+2.8
-15.2
+22.9
+34.3

the carbenium ion as a metastable intermediate between the m-
complex and the alkoxide. They also allow to determine some esti-
mates of the free energy barriers (AG*) and reaction free energies
(AG,) between the various intermediate states following a proce-
dure outlined in the SI. These values are listed in Table 3. It should
be emphasized that free energies predicted by metadynamics are
mainly qualitative, as they largely depend on the choice of the col-
lective variables and other degrees of freedom. They give an indi-
cation of the minimum free energy path, but is not unique.
Inclusion of other enhanced MD methods could be very comple-
mentary to MTD to compute enthalpy and Gibbs free energies. That
work is planned in near future.

The observed free energy barriers for activation between the
n-complex and the chemisorbed species vary considerably
depending on the type of the chemisorption process. The formation
of 2-pentoxides is likely to occur at these temperatures as the free
energy of activation corresponds to about 36.8 kJ/mol for 1-
pentene to 2-pentyl carbenium ion and 38.2 kj/mol for 2-pentene
to 2-pentyl carbenium ion. The formation of 3-pentoxide is less
probable, a higher free energy of activation is found and the formed
3-pentoxide is less stable than the other alkoxides. This observa-
tion is systematically found for all methodologies used in this
work, and is probably due to unfavorable steric interactions with
the walls of the zeolite. MD simulations have revealed that by pref-
erence the shortest tail of the chemisorbed pentoxide is oriented in
the zigzag channel. For a 2-pentoxide a methyl end enters the
channel, while for a 3-pentoxide it is a propyl group (we refer to
Fig. 4 for the visualization) encountering more interaction with
the wall.

Apart from the formation of 3-pentoxide, the metadynamics
simulations show that the alkoxide is only modestly more stable
than the m-complex, which is in line with the earlier MD
simulations.

Based on the metadynamics simulations, carbenium ions were
observed and in a subsequent step these were also subjected to
static periodic density functional theory calculations. Starting from
configurations from the metadynamic simulations we could locate
these highly elusive intermediates. The shortest C—O distance of
the carbenium ion after this geometry optimization corresponds
to 2.7 A for the 2-pentyl carbenium ion and 3.4 A for the 3-
pentyl carbenium ion. The latter carbenium ion is further away
from the BAS and is also about 10 kJ/mol less stable than the 2-
pentyl carbenium ion. Based on the complementary set of simula-
tions performed, we can now provide a full adsorption enthalpy
diagram for all adsorbed species of 1-pentene and 2-pentene both
from static and molecular dynamics simulations. This is visualized
in Fig. 5 with all energy levels referred to the 1-pentene in the gas
phase.

4. Conclusions
A complementary set of theoretical methods was used to fully

characterize the adsorption behavior of pentene in the pores of
H-ZSM-5. Four distinct states of the olefin have been investigated:

(i) olefin adsorbed in the pores via dispersion forces, (ii) interac-
tions of the C=C bond of pentene with the Brensted acid sites in
the pores (m-complex), (iii) the transient formation of a carbenium
ion and (iv) the stable formation of an alkoxide. The free physi-
sorbed pentene was not observed during a substantial time of a
molecular dynamics run at 323 K, and instead a stable m-complex
is rapidly formed, which does not transform toward alkoxides in
a regular MD run but remains stable. This observation points
toward an activated process to form stable chemisorbed species.
The energies of m-complexes are very sensitive to the relative dis-
tance of the pentene molecule to the BAS. Adsorption enthalpies
obtained from static calculations at 0K are systematically larger
than dynamically averaged values, since only the optimized struc-
ture of the m-complex at 0 K is taken into account. Thermal fluctu-
ations on the relative distance of the complex with the BAS give a
better representation of the dynamical adsorption process and give
adsorption enthalpies which are on average 20-30 kJ/mol less
stable compared to their static values. Static periodic calculations
have the advantage that they allow to use a large variation of
DFT functionals and dispersion models. G6ltl et al. observed same
features for the adsorption behavior of alkanes and proposed to
dynamically weight statically obtained adsorption enthalpies
[34]. Based on our observations this might indeed be a good prac-
tice for future adsorption studies. Overall the m-complex and
alkoxides (except the 3-pentoxide) are almost equally stable. To
sample also the transformation between stable m-complexes and
alkoxides the metadynamics technique was used. During the trans-
formation we observed the carbenium ion, which seems to be a
highly elusive intermediate. Furthermore the transformation from
a m-complex to the carbenium ion is activated with a free energy of
activation in the range of 32-36 kj/mol in the most favorable cases.
Starting from geometries taken from the metadynamics simula-
tions we also determined the enthalpies of the carbenium ion, with
static density functional theory calculations. It was confirmed that
carbenium ions are transient species lying higher in energy.

Overall the present data offer a new platform for understanding
the adsorption steps of olefins on zeolites in a quantitative manner,
which will in turn help to better understand the intrinsic role of
the strength of the Brensted acid sites and the role of the local
environment (siting of acid sites, available pore space) for the
adsorption processes in the future.
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exist in the zeolite channels. Instead, more stable carbenium ion intermediates are found. Branched ter-
tiary carbenium ions are very stable, while linear carbenium ions are predicted to be metastable at high
temperature. Our findings confirm that carbenium ions, rather than alkoxides, are reactive intermediates
in catalytic alkene cracking at 773 K.
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1. Introduction

Acid zeolite catalyzed alkene cracking processes are widely
applied in chemical industry for the production of gasoline and
light olefins, e.g., fluid catalytic cracking (FCC), methanol-to-
olefins (MTO), ... [1-6]. Recently, the expanding shale gas recovery
and rising interest in sustainable chemical processes, based on
alternative feedstocks, have seriously impacted the light olefin
economy. To meet the increasing propene and (to a lesser extent)
ethene demand, on-purpose producing technologies have become
economically interesting [7-10]. A promising technology is
zeolite-catalyzed cracking of the less valuable C, through Cg alkene
fraction. Although cracking is generally accepted to occur through
a B-scission mechanism of carbenium ions [5,11-15], the precise
nature of the adsorbed intermediates remains unresolved up to
date. Especially at operating conditions (773-833 K), limited infor-
mation is known on the nature of alkene cracking intermediates.

Upon adsorption of the olefin in the zeolite channels, four pos-
sible intermediates (Scheme 1) can be formed, namely (1) a physi-
sorbed van der Waals complex characterized by only dispersion
interactions between the alkene and the zeolite wall; (2) a physi-
sorbed m-complex in which the C=C double bond interacts with
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Conferences on Theoretical Aspects of Catalysis (ICTAC)".
* Corresponding author.
E-mail address: veronique.vanspeybroeck@ugent.be (V. Van Spey k).

http://dx.doi.org/10.1016/j.jcat.2016.11.010
0021-9517/© 2016 The Authors. Published by Elsevier Inc.

the Brensted acid site (BAS) of the catalyst; (3) a chemisorbed car-
benium ion formed upon protonation of the alkene; and (4) a che-
misorbed alkoxide, covalently bound to a framework oxygen.
While the existence of a stable physisorbed mw-complex has been
generally accepted [16-18], the nature of the chemisorbed state
upon alkene protonation - a free carbenium ion or an alkoxide -
is still debated. Many studies presume that covalently bound
alkoxide intermediates are formed as cracking reactants [18-25].

Because of the high reactivity of alkenes, even at low tempera-
ture, studying olefin adsorption is challenging and experimentally
tracking the often short-lived intermediates is extremely hard
[26,27]. To date, the existence of small linear alkyl carbenium ions
could not be proven by spectroscopic techniques due to their fleet-
ing nature. In the 1990s, several '>C NMR [28-34] and FT-IR spec-
troscopy studies [35-41] were carried out to identify alkene
intermediates in H-ZSM-5 and other acid zeolites. In all of these,
alkoxide species were observed as long-living intermediates. No
non-aromatic carbenium ions were found freely in the zeolite
pores in a temperature range of 150-370 K. Therefore carbenium
ions were suggested to behave as short-living transition states
rather than reaction intermediates [28,31]. Kondo et al. showed
the existence of branched Cg alkoxide dimers below room temper-
ature by IR spectroscopy on adsorption and dimerization of isobu-
tene in H-ZSM-5, although formation of secondary Cg-alkoxides
prevailed over tertiary ones because of steric constraints [40,41].
Interestingly, no t-butoxide nor t-butyl cation intermediate could
be identified. However, at actual cracking temperatures, the

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Scheme 1. Four adsorption states of a 2-alkene - 1: Van der Waals complex, 2: -
complex, 3: carbenium ion, 4: alkoxide.

situation may be different than at the relatively low temperatures
employed in these spectroscopy studies.

Apart from these experimental studies, alkene adsorption has
been mainly addressed theoretically. Early quantum chemical
studies, carried out on small cluster models consisting of only a
few T atoms, supported the hypothesis that chemisorbed alkoxides
are highly stable, while secondary or tertiary carbenium ions are
non-existent in the zeolite pores except as transition states
[21,42-48]. However, these small cluster models lack a proper
description of long-range interactions and the zeolite confinement.
Studies on larger clusters or periodic models that account for the
zeolite cavity concluded that C3—Cg alkoxides indeed exist as the
most stable adsorption state, although their relative stability com-
pared to physisorbed states at 0 K may not be as high as initially
expected [18,20,49-53]. This observation resulted in the assump-
tion that alkoxides can act as reactive intermediates, which rear-
range over transition states of ionic nature [20,49].

The zeolite topology and local geometry of the active site can
complicate alkoxide and facilitate carbenium ion pair formation
since the stability of alkoxides is influenced by steric constraints
introduced by the pore dimensions [54-58]. Some computational
studies rationalized the possibility of persistent carbenium ions
in the zeolite pores [55,59-63]. Nicholas and Haw established an
empirical relationship stating a stable carbenium ion can exist in
an H-zeolite if the neutral compound has a gas-phase proton affin-
ity (PA) of 874 kJ/mol or higher [64,65]. The authors also suggested
that at high temperature, species with a PA around the critical
value are likely to form transient, short-living cations. Later studies
confirmed for different zeolites that the proton affinity of the neu-
tral alkene correlates with the energy difference between the car-
benium ion and the alkene [57,66]. Furthermore, Benco et al.
showed that the relative stability of protonated olefins also
depends on the carbon number [60]. Carbenium ions may be stabi-
lized from a certain length of the olefin, resulting from a proper
accommodation of the positive charge in the zeolite environment
[60,67,68]. In a recent study, we identified pentyl carbenium ions
as metastable intermediates on the free energy surface at 323 K
using a combination of static and dynamic methods [69].

Isobutene adsorption is an ideal benchmark system that
received special attention in a series of theoretical studies

[54,58,61,70-72]. Alkoxide stability was found to diminish from
very stable primary to less stable tertiary alkoxides, which is oppo-
site to the stability order of carbenium ions. It has been argued that
due to steric constraints between the methyl groups and the zeo-
lite wall, the tert-butyl carbenium ion can become relatively more
stable than tert-butoxide [19,54,55,72-74]. Tuma and Sauer were
the first to perform periodic DFT calculations on H-FER including
entropy effects at finite temperature [70]. They concluded that
although the tert-butyl carbenium ion is electronically least
favored, the entropic penalty for tert-butoxide formation renders
the tertiary cation more stable than the alkoxide for temperatures
higher than 120 K. Later, the authors extended their study using a
hybrid MP2:DFT method to re-evaluate the stability of the C4 spe-
cies when dispersion interactions are included [61,74]. The
observed behavior of tert-butyl species on H-ZSM-5 in function
of temperature has been confirmed by Nguyen et al. while account-
ing for dispersion interactions and entropy effects [58]. Recently,
Dai et al. found additional evidence for the existence of the tert-
butyl cation by combining NMR spectroscopy with DFT calcula-
tions [71].

To the best of our knowledge, the nature of linear and branched
alkene intermediates at process temperatures has not yet been
unraveled. Nevertheless, such insight is mandatory for further
optimizing the process and catalyst. In this work, we aim to clarify
the precise nature of adsorbed linear and branched C4;—Cs interme-
diates at actual alkene cracking conditions. As a catalyst, we chose
H-ZSM-5, which was proven to be one of the most effective indus-
trial catalysts in light olefin production due to its optimal balance
between conversion, selectivity and coke formation stability
[13,75,76]. Schemes 2a and 2b depict the possible intermediates
upon adsorption of C4 and Cs alkenes respectively. Primary carbe-
nium ions are not considered as candidate intermediates in this
work due to their highly unstable nature [12,22,77,78]. We inves-
tigate the differences in stability between linear and branched
adsorbate states and the influence of temperature by comparing
three different cases - 323K, a typical temperature for spec-
troscopy experiments, 573 K, an intermediate temperature and
773K, a typical cracking temperature. To this end, we applied a
combination of static DFT calculations and molecular dynamics
simulations which inherently account for entropy and finite tem-
perature effects as well as the mobility of the adsorbates. Metady-
namics simulations were performed to sample transitions between
the different intermediate states, separated by non-negligible free
energy barriers. Using the advantages of these three techniques
allows assessing the stability differences at operating conditions
both qualitatively and quantitatively. MD simulations have been
successfully combined with static calculations and free energy
methods to study adsorption properties and reactions of hydrocar-
bons in zeolite materials [27,68,79-86]. For the problem at hand, a
complementary approach between static and dynamic techniques
is applied to acquire detailed knowledge on the nature of the
intermediates.

2. Methodology
2.1. Zeolite model

All static and dynamic density functional theory (DFT) calcula-
tions are performed on a periodic model of the H-ZSM-5 catalyst,
fully accounting for the confinement in the zeolite pores. H-ZSM-
5 exhibits the MFI topology which consists of intersecting straight
(53Ax5.6A) and sinusoidal (5.1Ax55A) channels. The
orthorhombic unit cell contains 289 atoms (96T atoms) and a sin-
gle Bronsted acid site. The substitutional Al defect is situated at the
T12 position, i.e. at the intersection of the straight and sinusoidal
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Scheme 2a. Adsorption states of linear and branched butenes.

channel, providing optimal space for the adsorbates and subse-
quent reactions. The charge compensating proton is located at
the Oy position (see Fig. 1). The alkoxide species are also bound
to framework oxygen Oaq.

2.2. Static calculations

Static periodic DFT calculations have been performed with the
Vienna Ab Initio Simulation Package (VASP) [87-90]. First, geom-
etry optimizations using the PBE functional with additional
Grimme D3 dispersion corrections [91] have been carried out.
A conjugate gradient method allows the ions to relax into the
ground state. The self-consistent field (SCF) convergence criterion
was set at 10™°eV and a plane wave kinetic energy cutoff of
600 eV was applied together with the projected augmented
approximation (PAW) [92,93]. The framework was allowed to
fully relax during the geometry optimization. Additionally, an
energy refinement using Tkatchenko’s many body dispersion
(MBD) scheme with iterative Hirshfeld partitioning [94,95] was
performed. To verify that the optimized geometries correspond
to local minima, a normal mode analysis was performed. To
obtain the frequencies, a partial Hessian vibrational analysis
(PHVA) [96-98] was carried out on an 8T cluster around the acid
site of the framework and the adsorbate. Thermal corrections
were calculated within the harmonic oscillator (HO) approxima-
tion using the in-house developed TAMKkin software [99]. Adsorp-
tion enthalpies, entropies and Gibbs free energies at the desired
temperature are determined as follows:

AXa4s = X(adsorption complex) — X(empty zeolite)
— X(isolated guest molecule)

in which X stands for electronic energy at 0K (E), enthalpy (H),
entropy (S) or Gibbs free energy (G). In each individual adsorption
complex the zeolite lattice adapts to the size and position of the
guest molecule in the channel intersection. To ensure the same
truncated basis set is used, the empty zeolite - obtained by cutting
out the adsorbate - is re-optimized by keeping the cell volume and
cell shape constant. In this approach, the influence of local lattice
deformations is also eliminated.

2.3. Ab initio molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out with
the CP2K software package [100,101] using the revPBE [102] func-
tional with additional Grimme D3 dispersion corrections [91]. The
DZVP-GTH basis set [103] was used, which is a combination of
Gaussian basis functions and plane waves (GPW) [104,105] with
a cutoff energy of 320 Ry. The time step for integrating the equa-
tions of motion was set to 0.5 fs. The system was simulated in
the NVT ensemble at a temperature of 323, 573 or 773 K, which
is controlled by a chain of five Nosé-Hoover thermostats
[106,107]. Cell parameters are determined from a preliminary
5 ps run on the empty zeolite in the NPT ensemble at the corre-
sponding temperature and a pressure of 1 bar, which is controlled
by an MTK barostat [108] (see Table S.1 of the Supplementary
Material). Next, the actual NVT simulation was performed starting
with a 5 ps equilibration run to initialize the system, followed by
the production run of 100 ps to obtain a sufficient sampling of
the phase space. The unit cell of ZSM-5 is quite large and flexible;
hence, we opted to perform NVT simulations in which the frame-
work is still allowed to relax and adapt to the size and position
of the adsorbate, but the unit cell volume is kept constant. In
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addition, NpT simulations are computationally much more expen-
sive compared to NVT simulations.

If rapid rearrangements of the adsorbate occurred in the equili-
bration run or the first few picoseconds of the production run, the
simulation was repeated three times with random initial velocities
to ensure that not merely a rare event was sampled. We estab-
lished a criterion based on some characteristic geometrical dis-
tances to distinguish between the different intermediate states.
For a carbenium ion, all H—0, distances should be larger than
1.25 A; otherwise, a physisorbed alkene is sampled. The latter is
classified as a m-complex if the distances between the acid proton

and the double bond carbon atoms are both smaller than 2.85 A, if
not the adsorbate is a van der Waals complex. The adsorbate is
considered an alkoxide if the covalent C—0, bond with the frame-
work does not exceed 1.9 A.

2.4. Metadynamics simulations

In our previous work [69], we have shown that free energy bar-
riers for the transition between the different intermediates are too
high to spontaneously overcome in regular MD. Metadynamics
(MTD) is a powerful technique to accelerate the sampling of rare
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Fig. 1. H-ZSM-5 unit cell with indication of the Al substitutional defect and the acid site.

events and determine the minimum energy path of activated pro-
cesses on the multi-dimensional free energy surface [109,110]. The
MTD method allows sampling specific regions on the free energy
surface by properly selecting a (set of) collective variable(s) (CV)
[109-111]. In this work, simulations were performed in the NVT
ensemble at typical cracking conditions (773 K) with the same set-
tings as in the MD simulations. The MTD simulation is biased by
regularly spawning Gaussian hills along the chosen collective vari-
able(s), which are defined by coordination numbers (CN):

1 (ry/ro)™

CN =
7 1= (rij/ro)nd

in which the sum runs over two sets of atoms i and j with r;; the
interatomic distance between atoms i and j and ry a reference dis-
tance. In this study, the parameters nn and nd are set at 6 and 12
respectively. All simulations performed in this work use a single
CV (1D MTD), shown in Fig. 2. For the alkene protonation, the col-
lective variable CV1 is defined by a difference of CNs: CN(C—H) -
CN(H—O) to describe proton transfer from the zeolite to the hydro-
carbon. A reference distance of 1.25A was selected, which lies
around typical transition state values of bond distances for (de)pro-
tonation reactions. For the formation of alkoxide species, the CN
(C—0) is used as CV2 with a reference distance of 2.1 A.

Quadratic walls were applied to force the system to remain in
the particular area of interest on the free energy surface. More
technical information can be found in Section S6 of the Supplemen-
tary Material. Isomerizations between different cationic states

CV1 = CN(C-H) - CN{H-0)

CV2 = CN(C-0)

Fig. 2. Schematic visualization of the collective variables used in the 1D metady-
namics simulations for alkene protonation (CV1) and for alkoxide formation (CV2).

were prevented and the same carbon atom was ensured to be pro-
tonated each time. Hills with a width of 0.035 were spawned every
100 time steps. The initial hill height of 2 k]J/mol was reduced by
50% upon each recrossing of the barrier to improve convergence
of the FES. The simulations were continued until the height of
the additional hills no longer influences the resulting free energy
profile. Based on the sum of the spawned Gaussian hills, the 1D
free energy profile of the reaction was reconstructed. Once the free
energy profiles were determined, free energy activation barriers
AG* were computed as the difference between the free energy of
the transition state (TS) and the minimal free energy in the reac-
tant or product valley.

AGj,g = Gmax1s — Gmin reactant

AGde = GmaX.TS - Gmin .product

3. Results and discussion
3.1. Adsorption behavior of C4 and C5 species within a static approach

To analyze the relative stability of all C4 and Cs intermediates,
first, static periodic calculations at the PBE-D3 level of theory have
been carried out on the species shown in Schemes 2a and 2b. Initial
geometries for the various adsorption states were taken from short
MD runs of about 10 ps, starting from unbiased adsorbate posi-
tions. This proved to be an efficient procedure to localize distinct
minima on the complex potential energy surface of these systems
as shown in previous work [69]. For several C4 species, multiple
local minima have been identified and only the most stable geome-
tries were retained (cf. Section S3 in the Supplementary Material).
In Table 1, electronic energies, enthalpies and free energies of
adsorption at 323 K and 773 K are reported with the empty frame-
work and 2-butene (for the C4 species) or 1-pentene (for the Cs
species) in gas phase as reference state. Next to the PBE-D3 calcu-
lations, also single point revPBE-D3 calculations have been per-
formed (see Table S.4. in Supplementary Material) to allow for a
proper comparison with the MD simulations. The energy differ-
ences between both levels of theory are negligibly small (less than
4 kJ/mol).

Regardless of which species is adsorbed, the physisorbed -
complex is observed to be more stable than the chemisorbed
alkoxide or carbenium ion, irrespective of temperature. This effect
is most pronounced for the linear alkenes as previously reported by
Hajek et al. [69]. The electronic adsorption energies - obtained
with the PBE-D3 method - of the linear 2-butene m-complex and
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Table 1

Electronic energies, adsorption enthalpies and free energy differences for the various adsorption states of C4 and C5 species in H-ZSM-5 at temperature 323 K and 773 K. All
energies are relative with respect to the empty framework and 2-butene (g) for the C4-species or 1-pentene (g) for the C5-species. LOT electronic energies: PBE-D3.

0K 323K 773K
Species AE AH AG AH AG
KkJ/mol kJ/mol kJ/mol kj/mol kj/mol
Cs
LINEAR 2-butene (g) 0 0 0 0 0
2-butene m-complex -107 -102 -51 -96 18
2-butyl carbenium ion 18 18 34 11 103
2-butoxide —101 -90 —24 —86 66
BRANCHED isobutene (g) -3 -3 -2 -3 -1
isobutene m-complex -106 -103 -52 -97 15
tert-butyl carbenium ion -83 -86 -34 -79 36
tert-butoxide -90 —-80 13 75 81
isobutoxide -96 -83 -18 —-80 72
(&
LINEAR 1-pentene (g) 0 0 0 0 0
2-pentene (g) -13 -15 -15 ~14 ~16
1-pentene m-complex -119 -114 —56 —108 23
2-pentene m-complex -134 -130 -72 -124 5
2-pentyl carbenium ion —48 —49 6 —42 80
3-pentyl carbenium ion —43 -38 13 -31 80
2-pentoxide -124 -113 —46 -109 46
3-pentoxide -119 -107 —40 -104 53
BRANCHED 2-Me-2-butene (g) -13 -14 -15 -14 -15
2-Me-1-butene (g) -22 -25 =27 -24 -32
2-Me-1-butene m-complex -128 —125 —69 -118 6
3-Me-1-butene m-complex -114 -110 -56 -104 17
2-Me-2-butene m-complex —145 —143 —87 -137 -13
3-Me-2-butyl carbenium ion -55 -57 0 —49 75
2-Me-2-butyl carbenium ion —113 —113 —60 —106 10
3-Me-2-butoxide -124 -114 —45 -110 50
2-Me-2-butoxide -111 -102 -36 -97 54

2-butoxide are comparable (6kJ/mol energy difference). Both
states are substantially more stable than the 2-butyl carbenium
ion. At higher temperatures, the entropic penalty of the covalent
C—0 bond renders the m-complex relatively more stable than 2-
butoxide. At 773 K, the free energy of adsorption of the physi-
sorbed 2-butene m-complex is 48 kj/mol lower than the 2-
butoxide which is in turn 37 kJ/mol more stable than the 2-butyl
carbenium ion. The free energy difference of 85 kJ/mol between
the 2-butyl carbenium ion and the 2-butene m-complex indicates
that the linear butyl carbenium ion will most likely not exist, even
at elevated temperatures.

A different conclusion arises for the branched C, intermediates.
Tertiary carbenium ions are much more stabilized than their linear
analogues, albeit m-complexes still remain the most stable species
at all temperatures. At 0 K, the tert-butyl cation is 65 k]/mol more
stable than the 2-butyl cation and almost equally stable (7 kJ/mol
energy difference) than tert-butoxide. The isobutene m-complex
has the lowest adsorption energy of the branched C, intermediates,
followed by the primary isobutoxide. The entropic contribution to
the free energy of alkoxide adsorption (see Table S.2 in the Supple-
mentary Material), however, is larger compared to carbenium ions
and m-complexes, thus reflecting a change of the stability order at
773 K. The tert-butoxide has a high free energy of adsorption at ele-
vated temperature (81 kJ/mol) and is much less stabilized than the
tert-butyl cation (36 kJ/mol). Note that all adsorption free energies
are quite high at 773 K, indicating that entropy effects may disfa-
vor the formation of a tightly bound physisorbed or chemisorbed
intermediate. This will be further investigated by molecular
dynamics simulations (vide infra).

In Table 2, the results of our calculations are compared to pre-
vious computational studies on isobutene adsorption in different
zeolites. Dispersion interactions with the zeolite framework form
the main contribution to the adsorption energies of the C4 interme-

diates. Our results vary significantly from the results obtained by
Tuma and Sauer, who performed PBE calculations without van
der Waals corrections [70]. At that time, periodic DFT calculations
with advanced functionals and inclusion of dispersion interactions
were not feasible; hence, their results should be regarded within
this perspective. In later work, the same authors performed very
accurate calculations with a hybrid MP2:DFT method on the stabil-
ity of C4 species in H-FER, which are largely different from their
dispersion-free calculations [61,74]. Using the hybrid method, they
located stable states for all isobutene intermediates, including the
tert-butyl cation although the relative stabilities differ from the
results reported herein. Especially, the tert-butyl cation is substan-
tially more stable in the PBE-D3 calculations. The origin of this dis-
crepancy which is the most pronounced for the cation (—80 kj/mol
with PBE-D3 vs. —17 kJ/mol with MP2:PBE) is probably multifold.
It can be partly due to an overestimation of the stability of the
ion-pair by PBE, as stated by Kerber et al. [112]. We therefore also
performed single-point calculations with the hybrid functional
B3LYP+D3 (see Table 2) to partly resolve this discrepancy. The
tert-butyl cation is indeed about 10 kJ/mol less stable compared
to the PBE-D3 results. The qualitative features, however, remain
more or less the same.

In H-ZSM-5, also a series of adsorption energies were reported,
which vary substantially, depending on the applied methodology.
Based on 72T cluster calculations at the ONIOM(MO06-2X/6-31G
(d):AM1) level of theory, Fang et al. [57] predicted an adsorption
energy for the tert-butyl carbenium ion of —13 kj/mol. Our results
are in line with the periodic PW91-D//[PW91 calculations by
Nguyen et al. [58] which is expected since they performed periodic
calculations with a similar level of theory. The slight differences
(less than 10 kJ/mol) may be attributed to fixed unit cell parame-
ters, a different position of the acid proton (0,4) or the selection
of geometries. We selected a probable configuration from MD sim-
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Table 2

Comparison of electronic adsorption energies AEqqs (k] mol ') for the intermediates upon isobutene adsorption from the literature.

Tuma and Sauer [70] ~ Tumaetal. [61]  Nguyenetal. [58]  Fang et al. [57] Daietal. [71]  Current work
Framework H-FER H-FER H-ZSM-5 H-ZSM-5 H-ZSM-5 H-ZSM-5
Model Periodic Periodic Periodic 72T cluster Periodic Periodic
Methodology PBE MP2:PBE PW91-D2 ONIOM (MP2:M06-2X) BEEF-vdW PBE-D3 B3LYP-D3
isobutene m-complex -7 -77 -91 -75 -84 -104 -107
tert-butyl cation 32 17 72 13 44 80 70
isobutoxide 24 —68 —-103 - —87 -93 —-103
tert-butoxide 35 41 95 28 59 87 90

ulations, while Nguyen et al. [58] took geometries associated to a
specific reaction path for tert-butoxide or isobutoxide formation
from isobutene. Furthermore, the authors applied the older D2 dis-
persion corrections [113]. Dai et al. [71] also performed a similar
isobutene adsorption study in H-ZSM-5, though applying the
BEEF-vdW functional. Their adsorption energies follow a compara-
ble trend as the energies reported in this work, but with a system-
atic deviation, which may possibly be attributed to the BEEF-vdW
functional [71].

For the branched Cs species, analogous observations can be
made. The tertiary 2-Me-2-butyl carbenium ion is also character-
ized by its large negative adsorption energy and becomes more
stable than the corresponding alkoxide at low temperature
(323 K). Our results again indicate that m-complexes are stable at
all temperatures but tertiary carbenium ions might also occur.
The particular influence of temperature beyond the HO approxima-
tion will be assessed using MD simulations.

To assess the influence of the applied dispersion methodology
on the adsorption behavior, the adsorption energies were also
obtained with the many body dispersion (MBD) scheme proposed
by Tkatchenko (listed in Table S.3 in SI). The results show similar
trends compared to the D3 calculations although with systemati-
cally lower adsorption strengths (6-10 kJ/mol for m-complexes
and carbenium ions). The difference is the least pronounced in
the case of the alkoxide species (2-5 k]/mol), for which the proto-
nated alkene is covalently bonded to the framework and therefore
less affected by the choice of dispersion model. In the MBD scheme,
dispersion has a lower contribution to the total interaction energy.

Static calculations, however, may be prone to some limitations
at elevated temperatures. First, the geometry optimization algo-
rithm only explores the PES in the immediate vicinity of the initial
structure. Only a single geometry, corresponding to a specific
adsorbate position, is considered, while the PES for alkene adsorp-
tion is quite flat and complex, exhibiting many local minima with
nearly equal energies [69]. We illustrate this with a few examples
for the C4 species. The geometries of the different configurations
are shown in Section S3 of the SI. For the linear 2-butene m-
complex, a configuration adsorbed in the sinusoidal channel is
5 kJ/mol lower in electronic energy than a configuration adsorbed
in the straight channel. A second example is the isobutene m-
complex for which the different local minima yield electronic
energy differences up to 13 kj/mol. Also, the tert-butyl carbenium
ion species show an electronic energy spread of 16 kJ/mol. Further-
more, due to different entropy estimates for the selected configu-
rations, the Gibbs free energy spread increases with temperature
and already amounts to ca. 20 kJ/mol at 773 K. Bucko et al.
reported a similar observation for propane cracking in chabazite
(84].

Secondly, the 0K potential energy surface may differ signifi-
cantly from the free energy surface at finite temperature. For linear
pentenes, we previously showed that the physisorption enthalpy of
the m-complex is overestimated in the static approach since the
optimized geometry is located too closely to the BAS [69]. Goltl
and coworkers also found a considerable variation in adsorption

energies of short alkanes in chabazite, even at room temperature
[68]. Furthermore, applying the harmonic oscillator (HO) approxi-
mation to estimate the free energy at 773 K might result in an
underestimation of the mobility, and therefore entropy, of the spe-
cies. At high temperature, the species usually possess sufficient
mobility allowing rapid rearrangements to other configurations
[67]. Static calculations may therefore not be fully representative
for studying the nature of the reactive intermediates in alkene
cracking [79,82].

3.2. Evaluating stability differences through MD simulations

To account for conformational freedom and to capture entropy
and finite temperature effects in a more realistic way, 100 ps MD
simulations are carried out for the different physisorbed and che-
misorbed species. The dynamics of butene and pentene intermedi-
ates is studied at three temperatures: 323 K, 573 K and 773 K.
Special attention will be given to the behavior of carbenium ions.
Based on some characteristic geometrical distances, the prevailing
intermediates are identified and an estimate of their lifetime is
deduced. This yields a qualitative indication of the relative stability
of the different intermediates. First, the different linear C4/Cs spe-
cies are investigated. Secondly, the influence of branching on the
stability of intermediates is discussed.

3.2.1. Linear C4 and Cs species

n-complex simulations

For all three temperatures, the MD simulations reveal stable n-
complex structures. At 323 K, both C=C carbon atoms remain
within 2.85 A of the BAS during 99% of the simulation time; hence,
the 2-butene and 2-pentene m-complex states are sampled
throughout the entire simulation. Fig. 3 displays the probability
distribution of the minimum distance between a double bond car-
bon atom and the acid proton for 2-butene and 2-pentene. The nar-
row distributions, centered around 2 A with a standard deviation
of 0.2 A, clearly confirm that both linear alkenes exist as a m-
complex configuration during the entire simulation, indicating
the high stability of these physisorbed species at this temperature.
This observation is in line with our static calculations.

At the intermediate temperature of 573 K, the distance distribu-
tions become asymmetric with a broader tail. The enthalpic stabi-
lization of the m-complex is compensated by an entropic penalty
due to constraining the double bond near the acid proton, which
causes the m-H interaction with the BAS to break more easily. In
the neighborhood of the BAS, regular transitions between the m-
complex and the more freely adsorbed alkene, i.e. a physisorbed
Van der Waals complex, are observed (ca. 700 transitions during
the 100 ps simulation). Due to the increased thermal energy in
the system, the small activation barrier between the two physi-
sorbed states can be readily overcome. For 2-butene, the m-
complex state is sampled during 51% of the simulation time, while
in the remaining 49% a van der Waals complex is sampled. There-
fore, two states will probably have a similar free energy at 573 K.
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Fig. 3. Probability distributions of some critical distances in MD simulations of 2-butene (blue histograms) and 2-pentene (red histograms) n-complexes at 323 K (top), 573 K

(middle) and 773 K (bottom) in H-ZSM-5 obtained over 100 ps simulations.

The large C—H, distances (up to 11 A) observed during the sim-
ulation, which are shown in Figs. 3 and 4, also reveal that the 2-
butene species now and then resides at large distance from the
BAS, which corresponds to a free alkene diffusing through the zeo-
lite channels. In contrast, the larger 2-pentene seems less prone to
diffusion. Indeed, it is sampled 85% as a m-complex and only 15% as
a looser van der Waals complex. Again, transitions between the
two states take place regularly (ca. 900 transitions).

At a typical cracking temperature of 773 K, analogous trends are
observed, though more pronounced. The minimal C—H, distance is
now characterized by a broad distribution for both the 2-butene
and 2-pentene m-complex (see Fig. 3). The increased mobility of
2-pentene at this temperature can clearly be noticed, although it
drifts less far from the BAS than 2-butene. At this temperature,
the adsorbed alkenes can move and rotate freely inside the zeolite
channels. The freely adsorbed state is sampled more often than the
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m-complex state, at a ratio of 68:32 for 2-butene and 55:45 for 2-
pentene. Based on these ratios, the 2-butene van der Waals com-
plex will be slightly lower in free energy compared to the corre-
sponding m-complex. For 2-pentene, on the other hand, the ratio
is close to 1, implying that the free energy difference between both
physisorbed states will be very small. The transition frequency
between the two physisorbed states is comparable to 573 K. Inter-
estingly, a rare protonation of the 2-pentene m-complex to the 2-
pentyl carbenium occurred during the MD simulation. The lifetime
of this carbenium ion was shorter than 2 ps before a deprotonation
to the acid site restored the neutral 2-pentene. In any case, deduc-
ing quantitative adsorption energies from MD simulations requires
extremely long simulation times since many transitions from one
state to another take place in the course of the simulation, thus
reducing the effective sampling time of each particular state. An
overview of the occurrence of the sampled states during the MD
simulations is shown in Fig. 5 for the linear species and Fig. 6 for
the branched species. The plots clearly show that linear m-
complexes remain stable at lower temperature. However, when
starting from a m-complex configuration at higher temperature,
transformations into a physisorbed van der Waals complex occur
regularly. A complete overview of all MD simulations can be found
in Tables S.4 and S.5 in SI.

Carbenium ion simulations

From the static calculations (Table 1), the 2-butyl and 2-pentyl
carbenium ions were identified as local minima on the potential
energy surface. They were however substantially less stable than
the corresponding m-complexes and alkoxides. At 323K (and
573 K), deprotonations systematically occur within the equilibra-
tion time (5 ps) of the simulation, demonstrating that linear butyl
or pentyl cationic species are unstable intermediates that tend to
rearrange quickly into a m-complex (or free alkene). The simulation
was repeated three times with different random initial velocities to
ensure this observation is not merely coincidental but can be reli-
ably reproduced. Transitions to the 2-butoxide or 2-pentoxide
state on the other hand were never observed. In an earlier study
[69] we also performed MD simulations on linear pentene interme-
diates at 323 K, but no carbenium ions were visited in any simula-
tion. The results reported in Ref. [69] support our findings that the
interconversion between the m-complex and pentoxide species at
323K is an activated process which takes place through an extre-
mely short-living cationic intermediate.

At 773K, a 2-butyl carbenium ion has not been observed.
Deprotonation takes place at the start of the equilibration run

and the resulting 2-butene remains stable throughout the entire
simulation. Instead, deprotonation of the 2-pentyl carbenium ion
also takes place at the start of the production run, but subse-
quent protonations to the pentyl carbenium ion are occasionally
observed in the course of the production run. In the process, the
acid proton may shift to a different framework oxygen around
the Al defect. Proton jumps between neighboring oxygens of
the zeolite framework have also been described in earlier theo-
retical studies [114-116]. Furthermore, frequent hydride shifts
between the 2- and 3-pentyl carbenium ions take place, indicat-
ing that this isomerization is very low-activated at high temper-
ature. In these simulations, the lifetime of the protonated state
varies between 0.5 and 6 ps. These short lifetimes of the cationic
state suggest that a linear carbenium ion may exist as meta-
stable intermediate (rather than an activated transition state)
at high temperature.

Alkoxide simulations

When starting from the 2-butoxide and 2-pentoxide at 323 K,
both alkoxides remain stable during the entire simulation. At
higher temperatures though, the covalent bond with the frame-
work introduces an entropic penalty which can be expected to
become increasingly important, resulting ultimately in cleavage
of the C—0 bond.

At 573 K, the covalent bond still remains in place throughout
the entire simulation for 2-butoxide. 2-pentoxide on the other
hand remains stable for 15.5 ps before transforming into a 2-
pentyl carbenium ion, as shown in Fig. 4. As discussed before, the
carbenium ion subsequently undergoes deprotonation after
2.1 ps forming a physisorbed 2-pentene.

As expected, at 773 K, rapid desorption of the 2-butoxide and
2-pentoxide from the acid site takes place at the start of the
simulation, within the equilibration time (see Fig. 5). Upon des-
orption a carbenium ion is formed, which also rapidly transforms
to the physisorbed m-complex. The enthalpic stabilization of the
covalent C—O bond appears to be entirely compensated by the
entropy loss. Therefore, no linear alkoxides are expected at high
temperature. These findings provide interesting insights for other
processes such as alkane hydrocracking. Thybaut et al. simulated
octane hydrocracking via a single-event microkinetic model and
found that carbocations are favored as reactive intermediates
[117]. Bucko et al. studied propane dehydrogenation with transi-
tion path sampling and also arrived at the conclusion that carbe-
nium ion formation is entropically favored over alkoxide
formation [118].
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3.2.2. Branched C4 and C5 species

T-C lex and carb ion si

In sharp contrast to the linear alkenes, protonation into carbe-
nium ions occurs in all branched C4 and Cs m-complex simulations
(see Fig. 6). Even at 323 K, the free energy barrier between the -
complex and the carbenium ion is easily overcome and both states
are sampled throughout the simulation. Simulations starting from
a tert-butyl cation also confirmed the stable nature of tertiary car-
benium ions. Again, regular transitions between the neutral and
the protonated state take place.

ions

The total sampling time of the carbenium ions encountered
during the simulations, is also displayed in Fig. 6. At 773 K, dur-
ing 90% of the total simulation time the system resides in a tert-
butyl carbenium ion state with lifetimes fluctuating between
20 ps and 25 ps. During the remaining 10% of the simulation,
deprotonations to isobutene occur, although not necessarily
forming a m-complex. The freely adsorbed van der Waals com-
plex is the most sampled state of deprotonated isobutene. At
573K, the tert-butyl carbenium ion is sampled for more than
90 ps, regardless whether the simulation is started from a 7-
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complex or carbenium ion, while at 323 K, isobutene is visited to
a larger extent, mostly as a m-complex.

The relative stability of protonated and neutral species clearly
differs between the linear and the branched alkenes. The linear
2-pentyl carbenium ion was only rarely visited and the 2-butyl
carbenium ion was not at all observed in any of the simulations.
Instead, the tert-butyl carbenium ion is clearly more stable than
the physisorbed isobutene, which has a shorter lifetime than the
tertiary cation. This trend is not in agreement with our static
calculations, in which the isobutene m-complex was systemati-
cally predicted to be lower in free energy than the tert-butyl

carbenium ion. This discrepancy further emphasizes the limita-
tions of a static approach relying on 0K geometries and apply-
ing thermal corrections in the HO approximation. In reality, the
carbenium ions will be much more mobile and larger portions of
the free energy surface are accessible. Especially at the high
temperatures encountered during cracking, one should be care-
ful in relying solely on geometry optimizations at 0 K to predict
stabilities of the reactive intermediates. Recently, schemes have
been developed to account for the anharmonicity of the poten-
tial energy surface [119] but this is beyond the scope of this
study.
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For the Cs species, large similarities with the C, species are
observed for the various adsorption states shown in Fig. 6. Analo-
gous to isobutene, branched pentene species will exist preferably
as free van der Waals complexes instead of m-complexes at ele-
vated temperatures. Three different Cs alkene isomers can exist:
2-Me-1-butene, 3-Me-1-butene and 2-Me-2-butene. The latter
has the most substituted double bond and is therefore the most
stable of the three isomers. At 773K, it is sampled for almost
50 ps before protonation. On the other hand, in the simulation
starting from 2-Me-1-butene, protonation into the 2-methyl-2-
butyl carbenium ion occurs after a sampling time of only 3 ps. In
accordance with the high stability of the tert-butyl carbenium
ion, the tertiary 2-Me-2-butyl carbenium ion is equally stable at
all temperatures. The long-living carbenium ions are sampled dur-
ing the main part of the production run with scarce transitions to
the deprotonated 2-methyl-1-butene or 2-methyl-2-butene states.
The lifetime of the 2-methyl-2-butyl cation ranges from 23 ps to
100 ps while the secondary 3-methyl-2-butyl cation is not sampled
during the entire simulations, reflecting the considerable stability
difference between tertiary and secondary carbenium ions.

Summarizing, tertiary carbenium ions thus exist as very stable
reactive intermediates, both at high and low temperature, and will
likely play an important role in catalytic cracking. This result sup-
ports the recent experiment of Dai et al. [71] who undoubtedly
confirmed the formation of the tert-butyl cation during isobutene
conversion on H-ZSM-5 by NMR spectroscopy after capturing with
ammonia.

Alkoxide simulations

Upon isobutene adsorption, either the tertiary tert-butoxide or
primary isobutoxide can be formed. Since the secondary 2-
butoxide species was unstable at high temperature (773 K), a sim-
ilar but more pronounced behavior can be expected for the tertiary
butoxide which exhibits even more steric hindrance with the zeo-
lite wall due to the additional methyl branch. Indeed, the covalent
C—0 bond immediately breaks at the start of the equilibration run,
forming a tert-butyl cation. The extremely short sampling time of
the tert-butoxide before desorption confirms the lower stability
of this species. Even at intermediate (573 K) or low temperature
(323 K), the alkoxide immediately desorbs. The unstable tert-
butoxide will thus probably also not be formed as intermediate
in the zeolite pores. This observation is in agreement with the sta-
tic calculations, in which a positive free energy of adsorption for
the tert-butoxide was already found at 323 K.

The stability order of alkoxides follows an opposite trend com-
pared to the carbenium ions. Due to less steric hindrance with
framework, a primary alkoxide is expected to be more stable than
a secondary or tertiary alkoxide [19]. The higher stability of pri-
mary alkoxides is indeed confirmed for isobutoxide in our MD sim-
ulations. Throughout the entire 100 ps, the covalent bond remains
in place, even at high temperature.

For the branched Cs species, both tertiary 2-Me-2-butoxide and
secondary 3-Me-2-butoxide can be formed as intermediates. The
2-Me-2-butoxide resembles a tert-butoxide with an additional
methyl group. Consequently, the tertiary Cs alkoxide is again very
short-lived at all temperatures, transforming instantaneously into
the more favorable 2-Me-2-butyl cation. The secondary 3-Me-2-
butoxide is long-living at low temperature and unstable at high
temperature, thus showing a similar behavior as the linear 2-
pentoxide. At the intermediate transition temperature of 573 K,
the 3-Me-2-butoxide was observed for 6 ps.

3.3. Determining free energy profiles of alkene adsorption with MTD
simulations

Even at elevated temperatures, some regions of the free energy
surface are scarcely or even not at all visited during regular MD.

Table 3

Free energy activation barriers and reaction free energy for the protonation of the
different linear and branched alkenes into the corresponding carbenium ions at 773 K.
Per reaction 5 or 6 MTD simulations have been performed unless explicitly specified.

AGlyq AGy g AG,

(Kjmol)  (kjjmol)  (kJ/mol)
2-butene — 2-butyl carbenium ion 52+4 23+2 26%5
isobutene — tert-butyl carbenium ion 25+4 42+6 -17+6
1-pentene — 2-pentyl carbenium ion 37+3 23+4 14+4
2-pentene — 2-pentyl carbenium ion 49+4 26+2 23+4
2-pentene — 3-pentyl carbenium ion 49 +4 2246 275

2-Me-2-butene — 2-Me-2-butyl 39+11
carbenium ion?

50+ 14 -11+10

2 Only 3 simulations were performed.

Table 4

Free energy activation barriers and reaction free energy for the formation of the
alkoxide from the corresponding carbenium ions at 773 K. Per reaction 5 or 6 MTD
simulations have been performed unless explicitly specified.

| 1
AGj,q AG} g Ale |
(jmol)  (kyjmol)  (KI/mol)
2-pentyl carbenium ion — 2- 3747 16+3 21+4
pentoxide
3-pentyl carbenium ion — 3- 37+4 13+3 245
pentoxide
tert-butyl carbenium ion — tert- 91 3 88
butoxide®

2 Only a single simulation was performed.

Some activation barriers are too high to overcome which may hin-
der sampling of the less probable regions. Using metadynamics
(MTD) simulations, we try to reconstruct the free energy profile
and to deduce activation barriers at 773 K for the transition from
physisorbed alkene to chemisorbed carbenium ion and alkoxide.
Table 3 summarizes the resulting forward and backward activation
barriers, which are obtained as outlined in Section 2.4. Alterna-
tively, the free energy barrier could also be calculated following a
procedure proposed in previous work [69]. A complete overview
of the simulations, including a comparison between both methods,
is given in Section S7 of the Supplementary Material.

Note that the free energy profiles constructed from these simu-
lations may be prone to variations induced by the choice of collec-
tive variable, size and positioning of the hills and additional phase
space constraints. Given these possible uncertainties, the results
should be regarded as indicative rather than accurate quantitative
predictions. In an effort to eliminate these effects, each simulation
was repeated 3-6 times and the average and spread of the result-
ing barriers are reported below. In the future, other advanced sam-
pling techniques such as umbrella sampling [120-122] might be
interesting to obtain more reliable barriers; however, this is
beyond the scope of the current paper.

The MTD simulations corroborate the qualitative findings from
the regular MD simulations. The alkene state in the MTD simula-
tions is a combination of the physisorbed m-complex and physi-
sorbed van der Waals complex. In Section 3.2.1, we discussed the
frequent transitions and small barriers between these two states
at high temperature, which justifies treating the physisorbed
alkene states together as a single state. As expected, the linear
alkene state is around 25 kJ/mol more stable than the cationic
intermediate. A moderate activation barrier of ca. 23 kJ/mol sepa-
rates the carbenium ion from the physisorbed alkene. This barrier
can still be overcome in regular MD since the portion of the ther-
mal energy corresponding to the reaction coordinate is sufficiently
high. The transition from the 2-butyl or 2-pentyl carbenium into
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the deprotonated alkene is therefore likely to occur as already evi-
denced (vide supra).

The free energy barrier for protonation is somewhat higher than
the barrier for deprotonation, explaining the long sampling times
of the stable alkene state in MD with only rare transitions to the
linear carbenium ion intermediates. Finally, the MTD simulations
also indicate that physisorbed 1-pentene is less stable than physi-
sorbed 2-pentene. The forward protonation barrier is clearly smal-
ler for 1-pentene, while the deprotonation barriers transforming
the 2-pentyl cation into 1-pentene or 2-pentene are almost equal.

In Section 3.2.1, we also found that linear alkoxides are unstable
at typical cracking temperatures. Although alkoxides were not
observed in regular MD, with metadynamics simulations the
alkoxide state can be sampled, i.e., by forcing the carbenium ion
to bind to the framework. To determine quantitatively the (in)sta-
bility of secondary alkoxides, MTD simulations were carried out on
the formation of 2-pentoxide and 3-pentoxide. The results are
reported in Table 4. Moderate activation barriers of 37 kJ/mol were
found for the formation of these species. However, it should be
stressed that alkoxide formation consists of two activated steps:
first alkene protonation and secondly formation of a covalent bond
between the resulting carbenium ion and the framework.

Furthermore, linear pentyl carbenium ions are ca. 20 kj/mol
more stabilized than the corresponding alkoxides. Despite the rel-
atively small energy differences for the alkoxide formation, this
transition was not sampled in the course of the MD simulations.
This may be attributed to steric constraints, preventing the forma-
tion of an entropically disfavored covalent bond with the frame-
work. Since the 3-pentoxide is fixed at its central carbon atom,
its translational and rotational freedom is largely reduced, render-
ing it slightly less stable than the 2-pentoxide. The free energy pro-
files for these reactions are shown in Figs. 7a and 8b.

Fig. 7a shows the combined free energy profile at 773 K for the
transition from 2-pentene over 2-pentyl carbenium ion into 2-
pentoxide with indication of the static free energy levels for these
intermediate states (cf. Section 3.1). The reaction free energies for
2-pentoxide and 3-pentoxide formation, derived from MTD are
rather small (21 and 24 kJ/mol respectively) compared to the static
calculations (—34 and —26 kJ/mol respectively). In particular, the
carbenium ions were estimated much higher in free energy stati-
cally. These observations are in line with the regular MD findings.

In reality, the carbenium ion intermediate can access a larger por-
tion of the free energy surface at 773 K and is much more mobile
than predicted from the 0K geometry optimizations which only
account for one state. Applying the HO approximation may under-
estimate the mobility and hence the entropy of the more loosely
adsorbed intermediates such as the carbenium ion. For this reason,
it can also be understood that the static estimate of the tightly
bound alkoxide lies closer to the MTD value. To partially account
for this effect, the Mobile Block Hessian (MBH) approach has been
applied by De Moor et al. [123-125].

Regarding the branched species, we established in Section 3.2.2
that the stability order between the physisorbed alkene and carbe-
nium ion is reversed. This observation is confirmed by the negative
reaction free energies for the isobutene and 2-Me-2-butene proto-
nation reactions. The tertiary carbenium ion is indeed quite stable
and the deprotonation barriers amount to 42-50 kJ/mol, in agree-
ment with the rare observations of these transitions in regular MD.
The barrier for isobutene protonation is much lower than for 2-Me-
2-butene protonation, showing again the stability difference
between alkenes with a terminal double bond and a highly substi-
tuted double bond.

Tertiary alkoxides were shown to be extremely unstable at all
temperatures due to steric constraints. To quantify this relative
stability difference, we simulated the transition between the tert-
butyl carbenium ion and the tert-butoxide (see Table 4). The latter
appears to be almost 90 kJ/mol less stable than the tert-butyl
cation. A very small barrier of 3 kj/mol is required to break the
covalent bond and restore the tertiary carbenium ion, thus explain-
ing the rapid transitions in the MD simulations. In Figs. 7b and 8d,
the free energy diagrams for this transition are plotted. In contrast
to the alkoxides, once more the carbenium ion is better stabilized
in the MTD simulations than predicted by our static calculations.

4. Conclusions

We have studied the nature of adsorbed C4 and Cs alkene inter-
mediates in H-ZSM-5 at typical olefin cracking temperatures using
a combination of static DFT calculations, molecular dynamics and
metadynamics simulations. The relative stability of the different
intermediates in an olefin cracking process - a physisorbed van
der Waals complex, a physisorbed m-complex, a chemisorbed car-
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Fig. 8. 1D Free energy profiles at 773 K along the respective collective variable for (a) the transition from 2-pentene to 2-pentyl carbenium ion, (b) the transition from 2-
pentyl carbenium ion to 2-pentoxide, (c) the transition from isobutene to tert-butyl carbenium ion and (d) the transition from tert-butyl carbenium ion to tert-butoxide.

benium ion or a chemisorbed alkoxide — was assessed. First, local
minima on the potential energy surface were identified with static
calculations. For linear alkenes at 773 K, m-complexes were found
to be slightly more stable than alkoxides and far more stable than
carbenium ions. For branched alkenes on the other hand, tertiary
carbenium ions were predicted more stable than tertiary alkoxides,
though still higher in energy than m-complexes.

To fully account for the mobility of the adsorbate and finite
temperature effects, MD and MTD simulations have been applied.
These simulations showed that the shape of the free energy surface
is highly temperature dependent. For linear species at 323 K, both
the alkene m-complex and alkoxide are very stable intermediates,
while the carbenium ion seems extremely short-lived. At 773 K,
however, the existence of alkoxides was found to be highly
improbable. A more freely adsorbed state is favored, such as the
metastable carbenium ion for the Cs species. Furthermore, the m-
complex is also less stable at high temperature and becomes com-
petitive with the loosely bound van der Waals complex. Regular
transitions between both physisorbed states were observed. The
intermediate temperature of 573K lies in the transition range
between a stable and an unstable alkoxide regime. For branched

alkenes on the other hand, different trends were identified. Ter-
tiary carbenium ions are more favorable in free energy compared
to the corresponding physisorbed alkene states at all temperatures.
The sampling time of the tert-butyl carbenium ion increases with
temperature. Interestingly, no tertiary alkoxides were observed,
not even at low temperature. Primary alkoxides however may exist
both at low and high temperatures.

We demonstrated that static calculations are not appropriate to
estimate the nature and stability of the adsorbed species correctly
at olefin cracking temperatures. Our MD results indicated that the
stability of the alkoxide and m-complex structures may be overes-
timated in the static approach, while the carbenium ion stability
may be underestimated. At high temperature, increased conforma-
tional freedom of the adsorbate and anharmonicity effects are
expected to have an important effect.

In contrast to earlier predictions based on static calculations, we
established that alkoxides are not the most stable or prevalent
state in the zeolite channels at cracking conditions. Carbenium ions
are much more stable than originally assumed and will probably
play a crucial role as (meta)stable intermediates in the cracking
process.
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ABSTRACT: Catalytic alkene cracking on H-ZSM-$ involves a
complex reaction network with many possible reaction routes
and often elusive intermediates. Herein, advanced molecular —
dynamics simulations at 773 K, a typical cracking temperature,
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increases with carbon number. Tertiary carbenium ions, on the
other hand, are shown to be very stable, irrespective of the chain
length. Highly branched carbenium ions, though, tend to rapidly
rearrange into more stable cationic species, either via cracking or
isomerization reactions. Dominant cracking pathways were determined by combining these insights on carbenium ion stability
with intrinsic free energy barriers for various octene f-scission reactions, determined via umbrella sampling simulations at
operating temperature (773 K). Cracking modes A (3° — 3°) and B, (3° — 2°) are expected to be dominant at operating
conditions, whereas modes B, (2° — 3°), C (2° — 2°), D, (2° = 1°), and E, (3° — 1°) are expected to be less important. All
P-scission modes in which a transition state with primary carbocation character is involved have high intrinsic free energy
barriers. Reactions starting from secondary carbenium ions will contribute less as these intermediates are short living at the high
cracking temperature. Our results show the importance of simulations at operating conditions to properly evaluate the
carbenium ion stability for f-scission reactions and to assess the mobility of all species in the pores of the zeolite.

are performed to clarify the nature of the intermediates and to o 2ty -

elucidate dominant cracking pathways at operating conditions. A - = £ pk

series of C,—Cj alkene intermediates are investigated to evaluate . = 3 "'”‘ =

the influence of chain length and degree of branching on their \ ,*lh_ ;h. b N

stability. Our simulations reveal that linear, secondary \‘/-':'_“.; L] g I &1

carbenium ions are relatively unstable, although their lifetime 3 4 e b K
BRANCHED L - \4" |

KEYWORDS: alkene cracking, chain length, H-ZSM-S, carbenium ion, f-scission, molecular dynamics, umbrella sampling, free energy

1. INTRODUCTION

Zeolite-catalyzed alkene cracking is omnipresent in many

Herein, we unravel the stability and reactivity of typical alkene
cracking intermediates at operating conditions with first-

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

petrochemical processes for the production of fuels and light
olefins.'~* Recently, the increase in shale gas recovery and
interest in renewable feedstocks have reinforced the search for
new technologies to fulfill the rising propene demand. As a
result, propene on-purpose processes have become an
economically viable alternative for the conventional steam
cracking technology.® ™ In this context, catalytic alkene cracking
has gained importance (e.g, to increase light olefin yields in
product streams with a high content of less valuable C,—Cq
alkenes).”'” Despite the wide application of alkene cracking, the
nature of the reactive intermediates remains unclear.”'"'"
Experimentally tracking individual reactions at the high
operating temperatures (773—833 K) is a difficult task due to
the occurrence of elusive intermediates and many side
reactions.”” ™' Nowadays, molecular modeling techniques
have matured to a level where zeolite catalyzed reactions can
be modeled at true operating conditions, using advanced
samplinﬁ{ techniques which allow to reconstruct the free energy
surface.

7 ACS Publications  © 2018 American Chemical Society
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principle-based molecular dynamics methods. We show that
static methods relying on a limited number of points on the
potential energy surface inadequately account for the conforma-
tional mobility and temperature effects, hence giving a limited
view on the zeolite catalyzed transformations under study. For
alkane cracking, some molecular dynamics-based modeling
studies clearly showed the importance of accounting for true
operating conditions to unravel the nature of reactive
intermediates and predict accurate product selectivities.'®
Bucko et al. studied propane cracking in H—CHA and found
that alkanes move rather freely in the zeolite pores at elevated
temperature.'” Later, this was also confirmed by Jiang et al.,, who
studied the effect of temperature on the adsorption of short
alkanes in $SZ-13.° Bell and co-workers showed for n-pentane
and n-hexane cracking in H-ZSM-$ that more realistic product
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selectivities were obtained by means of innovative quasiclassical
trajectory simulations.*"**

Upon alkene adsorption at the Bronsted acid site (BAS) of the
catalyst, four different intermediates can be identified, as
depicted in Scheme 1. A physisorbed van der Waals complex

Scheme 1. Four Possible Adsorption States of a 2-Alkene”

physisorption chemisorption
R R‘\./“\:/
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1 3

“1: van der Waals complex, 2: z-complex, 3: carbenium ion, 4:
alkoxide.

(1) is characterized by only dispersion interactions between the
alkene and the zeolite walls. If the alkene double bond interacts
with the acid proton, a physisorbed 7-complex (2) is formed.
Two chemisorbed intermediates can occur upon protonation of
the double bond, either a carbenium ion (3) or a framework
bound alkoxide (4). Especially the nature of the chemisorbed
intermediates is strongly debated.'®**> Despite the availability
of many studies on the stability of carbenium ions and their
impact on f-scission reactions, only a limited number of
modeling studies are available on carbenium ion chemistry at
operating conditions.””*

The high reactivity of alkenes hampers the experimental
characterization of the often shortlived intermediates.'®"®
Aside from a series of NMR* ™ and FT-IR****™*! studies,
the nature of chemisorbed alkenes has mainly been studied
theoretically. Early computational studies were carried out on
small zeolite cluster models, consisting of only a few T
atoms.”™* These spectroscopy experiments and cluster
calculations both identified alkoxides as stable intermediates.
Recently, Sarazen and Iglesia addressed the stability of bound
species during alkene reactions on solid acids by a combined in
situ infrared and density functional theory (DFT) study.”>"'
Carbenium ions, on the other hand, were suggested to act as
transition-state species rather than cracking intermedi-
ates.”*>>? However, spectroscopy studies are typically carried
out at relatively low temperatures. Since entropy effects disfavor
the formation of framework-bound alkoxides,”” different
conclusions may arise at cracking temperatures. Furthermore,
small cluster calculations lack a proper description of the zeolite
confinement which may com})licate alkoxide and facilitate
carbenium ion formation.'®'”**~%7

The existence of stable carbenium ions was proposed in a
number of computational studies on extended cluster models or
periodically repeated unit cells.”**”****7°" Fang et al.
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concluded that the accommodation of the hydrocarbons inside
the zeolite framework is a crucial factor in determining
carbenium ion stability.’ The accommodation of carbenium
ions is in addition influenced by the length of the adsorbed
olefin.%>* Upon comparison with small cluster models, it was
indicated that steric constraints destabilize bulky alkoxides
relative to carbenium ions. Boronat et al. also stated that alkoxide
stability is sensitive to the framework type as well as the position
and local environment of the acid site.””** Next to the zeolite
topology, the stability of the intermediates and the cracking
activity are also influenced by the acid strength of the
zeolite.** ™" Chu et al. demonstrated that the reactivity of
dimerization and cracking reactions can be significantly
enhanced by increasing the acid strength. The sensitivity to
acid strength is especially important for intermediates with ionic
character.”*

The adsorption states of isobutene have received considerable
interest. Upon isobutene protonation, either a tertiary butyl
carbenium or a tertiary butoxide is formed.”***~7* Tuma and
Sauer were the first to include entropy effects to periodic PBE
calculations on H-FER.%® They assessed the importance of the
entropy effect in comparing stability differences at finite
temperatures. At temperatures of 120 K or higher, the tert-
butyl carbenium ion was shown to be more stable than the tert-
butoxide.”**” This observation was later confirmed for a set of
different zeolites by Nguyen et al.”’ Dai et al. obtained evidence
for the existence of a tert-butyl carbenium ion in a combined
computational and spectroscopy study.””

Recently, we investigated the nature of linear and branched C,
and C; intermediates in H-ZSM-S at reaction conditions using a
combination of static DFT calculations and molecular dynamics
simulations.”””® For the linear species, alkoxides and 7-
complexes were shown to be stable intermediates at low
temperature (323 K). At a higher temperature of 773 K, though,
alkoxides are very unstable and become short-lived inside the
zeolite pores. Most modeling studies performed so far presumed
the existence of alkoxide species even at high cracking
temperatures,””**”*™7° whereas our modeling efforts point
toward the importance of carbenium ions at operating
conditions for catalytic cracking.””** For the branched species,
the tert-butyl carbenium ion was identified as the most stable
intermediate, at both low and high temperature. Tertiary
alkoxides were shown to be unstable, even at low temper-
ature.””*

Alkene cracking occurs through a complex network of
oligomerization, isomerization, H-transfer, and cracking reac-
tions. f3-Scission of carbenium ions is generall}r ac'ce_ypted as the
olefin cracking mechanism on solid catalysts."“')é' 078 Upon
P-scission, a free alkene and a smaller chemisorbed carbenium
ion are formed. These primary products can also be subject to
further alkylations and subsequent cracking.'> Fast isomer-
izations prior to the cracking reactions allow the formation of
several carbenium ion types (primary, secondary, and tertiary)
with different relative stabilities.'”**’® S-Scission reactions are
therefore often classified according to the carbocation type
involved in the reactant and product state (vide infra).

Several experimental studies focused on characterizing and
predicting the olefin cracking product distribution.”>” %%
Standl et al. developed a single-event kinetic model capable of
correctly estimating olefin cracking selectivities.””***" Rate
coefficients for each f-scission mode were considered to be
independent of the chain length.*” Nevertheless, Buchanan et
al.'” showed that Cs—C olefin cracking rates over H-ZSM-S5 at

DOI: 10.1021/acscatal. 8601779
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Scheme 2. Adsorbed 7z-Complex and Carbenium Ion Intermediates of the Linear, Monobranched, and Multibranched C,—Cg
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783 K increase with carbon number. For longer olefins, the
number of available isomers becomes larger; hence, more
energetically favorable f-scission modes, involving branched,
tertiary carbocations, are accessible.'> However, pore size
restrictions in H-ZSM-5 may 5prevent the formation of highly
branched isomers.'>”* =770~

In previous modeling studies, alkene cracking
pathways have mainly been investigated with static DFT
calculations. For C4—Cg olefin cracking in H-ZSM-5, Bhan
and co-workers found that activation energies are determined
primarily by the substitution order of the transition state and to a
lesser extent by the substitution order of the reactant.”* The
highest activation energies were observed for f-scission modes
involving a transition to a primary carbocation, while the lowest
are found for f-scissions with a transition to a tertiary
carbocation. However, the static modeling approach, considers
only a single adsorbate configuration on the potential energy
surface, while the energy surface for alkene adsorption is quite
flat and contains many nearly isoenergetic local minima.>* Also,
at high temperature, entrogy contributions may be under-
estimated considerably.'®'”””*® Many studies a priori postu-
lated stable alkoxide intermediates as cracking reactants®*”*”>7*
and deduced the governing cracking modes based on the

45,58,73,74,96
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stability of alkoxides and intrinsic ff-scission barriers determined
from static DFT calculations.

In this work, we aim at gaining insight into the alkene cracking
mechanism in H-ZSM-5 at operating conditions by using
advanced molecular dynamics simulations. We investigate how
the stability of carbenium ions in the reactant, transition and
product states affect crucial f-scission rates at 773 K, a typical
cracking temperature. To obtain a proper understanding of the
stability of the intermediates formed upon C,—Cg alkene
adsorption at the Brensted acid sites, a selection of linear,
mono-, di-, and tribranched alkenes with varying chain length
are investigated as depicted in Scheme 2. Primary carbenium
ions are not retained due to their highly unstable
nature.'>”#*>%¢ Ab initio molecular dynamics simulations,
which inherently account for entropy effects and adsorbate
mobility, are carried out to determine the lifetime of the various
intermediates. In a next step, this knowledge is used to study the
reactivity of linear and branched Cg intermediates toward
monomolecular alkene cracking. Starting from the previously
identified stable intermediates we estimate the reaction kinetics
at operating conditions for five specific f-scission modes
(Scheme 3). Herein, we adopt the nomenclature, introduced
by Weitkamp et al.”” to distinguish between the elementary f-

DOI: 10.1021/acscatal. 8601779
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Scheme 3. Five Possible #-Scission Modes for
Monomolecular Cy Alkene Cracking Pathways
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scission modes. Our approach relies on enhanced sampling
molecular dynamics techniques to reconstruct the free energy
profile at cracking conditions. A critical comparative assessment
is made with activation energies at 0 K, predicted by static DFT
calculations. Overall, the study yields new insights into the
nature and reactivity of plausible intermediates and the impact of
carbenium ion stability on the cracking pathways at operating
temperatures.

2. COMPUTATIONAL METHODS

2.1. Zeolite Model. All calculations are performed on a fully
periodic model of H-ZSM-5, containing 289 atoms and a single
acid site per unit cell. This way, the confinement of the zeolite
pores can be properly accounted for. H-ZSM-5 exhibits the MFI
topology, characterized by perpendicularly intersecting straight
and sinusoidal 10-ring channels, forming a three-dimensional
medium-sized pore system. A Bronsted acid site is created by
substituting a Si atom at the T12 position by an Al atom and a
charge-compensating proton. The active site is located at the
intersection of the straight and sinusoidal channel, allowing
maximal space for the adsorbed guest molecules. The time-
averaged dimensions of the orthorhombic unit cell are obtained
from a preliminary S ps molecular dynamics run in the NpT
ensemble at 773 K and 1 bar (cf. Table S1).

2.2. Static Calculations. To evaluate activation barriers and
reaction energies for a set of f-scission reactions, static DFT
calculations are employed using the Vienna Ab Initio Simulation
Package (VASP 5.4.1)."%7"% First, transition states for the -
scission reactions were searched by the improved dimer
method.'” To localize the reactant and product states
corresponding to the identified transition state, the atoms

9582

were slightly displaced along the imaginary normal mode
corresponding to the transition state motion. Then, the reactant
and product ions were relaxed into the ground state with the
conjugate gradient method. For all calculations, the I'-point
approximation for the sampling of the Brillouin zone was
applied. Each stationary state has been optimized using the
gradient corrected PBE functional'” with additional Grimme
D3 dispersion corrections'* and the projected augmented wave
method (PAW).'”'%% The plane wave kinetic energy cutoff was
set to 600 eV while the self-consistent field (SCF) convergence
criterion was fixed at 107° eV. The unit cell volume was kept
fixed during the geometry optimization to eliminate the effect of
lattice strain and to ensure the same truncated basis set is used.
Energies are reported at the PBE-D3 level to allow proper
comparison with the molecular dynamics simulations. The
nature of the optimized local minima and transition states was
verified by a normal-mode analysis. To obtain the normal
modes, the partial Hessian vibrational analysis (PHVA)'**~""!
was applied on the adsorbate and an 8T cluster of the
framework, centered around the acid. Thermal corrections
were estimated on the basis of the harmonic oscillator (HO)
approximation. Ultimately, we determined the reaction
enthalpies, entropies, and Gibbs free energies at the cracking
temperature of 773 K using the in-house developed TAMkin
software.''

2.3. Ab Initio Molecular Dynamics Simulations.
Molecular dynamics simulations were performed to assess the
nature and lifetime of alkene cracking intermediates. The
dynamic behavior of some intermediates may depend on the
reaction conditions such as temperature and pressure. In
contrast to static calculations, framework flexibility and entropy
effects can be inherently accounted for. All ab initio MD
simulations have been carried out with the CP2K software
package (CP2K 3.0),""? using the revPBE''* level of theory with
additional Grimme D3 dispersion corrections,'’ a DZVP basis
set and GTH pseudopotentials.''> A combination of Gaussian
and plane waves (GPW)''*''” basis functions with a cutoff
energy of 320 Ry are used. The self-consistent field (SCF)
convergence criterion was set at 10 eV. The time step for
integrating the equations of motion was set at 0.5 fs. The
simulations were performed in the NVT ensemble at a
temperature of 773 K, controlled by a chain of five Nosé—
Hoover thermostats.'' """

After an equilibration run of 5 ps, a production run of 100 ps
was performed to obtain a sufficient sampling of the phase space.
‘When isomerizations or other rearrangements occurred in the
equilibration run or at the beginning of the production run, the
simulation was repeated thrice with reinitialized starting
conditions. This will ensure that the observed transition is not
merely a rare event, caused by the random choice of initial
velocities.

The identification of the various possible intermediates that
are sampled in the MD simulation was computed on the basis of
a distance criterion. The adsorbate is classified as a physisorbed
m-complex if the distances between the acid proton and the
double bond carbon atoms are both smaller than 2.85 A;
otherwise, it is considered as a van der Waals complex. The
sampled state is considered a chemisorbed carbenium ion if all
distances between a hydrogen and an acid site oxygen (O,) are
larger than 1.25 A. To track the position of the positive charge in
the carbenium ion state, the trivalent carbon atom is identified
by assigning each hydrogen to the closest carbon. An alkoxide is

DOI: 10.1021/acscatal. 8601779
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sampled if a covalent C—O, bond with the framework smaller
than 1.9 A is formed.

2.4. Metadynamics Simulations. The probability of
sampling rare events, like isomerization or cracking reactions
in regular MD is typically very low. To enhance the sampling of
these activated transitions, accelerated sampling techniques are
required. Metadynamics simulations (MTD) are applied to
assess the free energy difference between the elusive
intermediates.'””'*" We applied the same procedure as
described in ref 27. The sampling of specific reaction paths on
the free energy surface requires the definition of a collective
variable (CV), uniquely describing the reaction coordi-
nate."”°""** MTD simulations are run with the same settings
as for the MD simulations, i.e., in the NVT ensemble at actual
cracking conditions (773 K). At regular instants during the
simulation, Gaussian hills are spawned along the collective
variable which is defined based on coordination numbers (CN):
(ry/ro)™

CN = —
iy 1= ("q/’o)

in which the sum runs over two sets of atoms i and j with r;; the
interatomic distance between atoms i and j and r, a reference
distance. The parameters nn and nd are set at 6 and 12,
respectively. All simulations in this work use a single CV (1D
MTD): CN(C,-H;) — CN(H,-O,) to describe the proton
transfer from the zeolite (z) to the hydrocarbon (h), shown in
Scheme 4. A reference distance of 1.25 A is selected which is
close to typical transition state bond distances for (de)-
protonation reactions.

AGiy = Gmax,TS -G,

‘min, R
o
AGyug = Goagts — Grinp

Additional technical details on the MTD simulations can be
found in Section S2 of the SL

2.5. Umbrella Sampling. In metadynamics simulations, the
reaction profile is obtained through multiple crossings of the
activated transition state, separating the reactant and product
valley. Accordingly, this requires the existence of clearly defined,
stable minima to allow the forward and backward reactions to be
properly sampled. However, in the case of f-scission reactions
the formed reaction products are often unstable and prone to
rapid rearrangements. Since these reorganizations are not
uniquely described by the selected collective variables, the
sampling of the backward reaction may be hindered. Therefore,
the more robust umbrella sampling (US) method'**'** is used
to determine the free energy profiles for the selected alkene
cracking reactions. With this technique, the conformational
space is subdivided into a number of windows along the reaction
coordinate that are sampled individually during the free energy
simulations. To the best of our knowledge, this is the first
application of umbrella sampling to study zeolite-catalyzed
reactions.

All umbrella sampling simulations have been performed with
CP2K as MD engine, interfaced with the PLUMED module. 125
The protonation of a linear alkene into a carbenium ion is
sampled using a coordination number between the acid site
oxygen atoms and the hydrocarbon hydrogen atoms, CN(O,-
Hy,) as collective variable (Scheme Sa). To properly describe the

Scheme 4. Collective Variable (Difference of Coordination
Numbers) Used in the Metadynamics Simulations of the
Protonation of a 2-Alkene into a 2-Alkyl or 3-Alkyl
Carbenium Ion
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To ensure a clear distinction between reactant, product, and
transition state, isomerizations were prevented; hence, the same
carbon atom would get protonated each time. To this end, the
simulation is constrained to the particular area of interest by
applying quadratic walls. Hills with a height of 2 kJ/mol and a
width of 0.035 are added every 100 time steps. Upon each
recrossing of the barrier, the hill height was reduced by half to
improve the convergence of the free energy profile. The latter is
reconstructed on the basis of the sum of all spawned Gaussian
hills along the reaction coordinate. The simulations were
continued until the addition of extra hills no longer changed the
resulting free energy profile. Finally, activation free energy
barriers AG* were computed as the difference between the
maximal free energy in the transition state (TS) region and the
minimal free energy in the reactant (R) or product (P) valley.
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Scheme . Collective Variables (Coordination Numbers)
Used during the Umbrella Sampling Simulations of (a) the
Protonation of 2-Alkenes and (b) the f-Scission of a
Carbenium Ion
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cracking reaction, a coordination number between all atoms
involved in the f-scission; e.g, the carbon atoms in « and #
position of the positive charge, CN(C,-Cp), is defined as
collective variable (Scheme Sb). The total range of the collective
variable, ¢, is divided into a number of windows. For each
window, biased MD simulations are run in parallel. The initial
configuration for each window is randomly selected from a
moving bias potential simulation, describing the entire collective
variable range of the reaction. To ensure a sufficient sampling
along the entire reaction coordinate, harmonic bias potentials,
centered around the equilibrium value gy, are employed.

Uyq) = g(q -q,)
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Figure 1. Fractions of the sampled intermediates during the 100 ps MD simulations on the linear C;—Cg species at 773 K, with either the z-complex or
carbenium ion as starting configuration. Two independent carbenium ion simulations are denoted as A and B (*data taken from ref 27).
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Figure 2. Scatter plot of the center of mass of (a) the 2-butene 7-complex and (b) the 2-butene van der Waals complex inside the channel system of H-
ZSM-5, projected on the xy plane. The purple sphere represents the location of the acid site.

The free energy difference in each window can be obtained
from the sampling distribution along the specified collective
variable. The weighted histogram analysis method
(WHAM),'**"*” implemented by the Grossfield Laboratory,'*
is applied to reconstruct the free energy profiles by combining

the results of each window. An overview of the used collective

variables, the umbrella positions and bias strengths in the US
simulations can be found in Table S2 of the SI.

3. RESULTS AND DISCUSSION

3.1. Influence of Chain Length on Carbenium lon
Stability. The stability of adsorbed alkene intermediates is—
next to temperature and branching—influenced by the chain

9584 DOI: 10.1021/acscatal.8b01779
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Figure 3. Scatter plot of the center of mass of (a) 2-butene, (b) 2-octene, (c) isobutene, and (d) 2,3,4-trimethyl-2-pentene inside the channel system of
H-ZSM-S, projected on the xy plane. The purple sphere represents the location of the acid site.

length of the adsorbate. Longer alkyl chains are expected to
adsorb more strongly due to the increased contribution of
dispersion interactions. Entropy is also expected to become
more important for longer chains.”® To assess the impact of the
chain length effect, we investigated the dynamic behavior of a
series of linear and branched C,—C; alkene intermediates (see
Scheme 2) with MD simulations at 773 K. In our previous work,
we showed that both linear and branched pentoxides are
unstable inside the zeolite pores at elevated temperature.
Instead, they immediately transform into carbenium ions.””**
Based on these observations, we can safely assume that longer
alkoxides will not exist either. Therefore, we only performed MD
simulations starting from the physisorbed alkene 7-complex and
the chemisorbed carbenium ion.

3.1.1. Linear Alkenes. For the linear alkenes, we considered
the homologous series of 2-alkenes, ranging from 2-butene to 2-
octene. In the course of the simulations, spontaneous alkene
protonation and deprotonation reactions are occasionally
observed. Since the transitions between neutral alkene and
carbenium ion species are sampled in regular MD simulations,
we can evaluate their relative stability by comparing the lifetime
of these intermediates. Figure 1 summarizes the resulting time
fractions during which the alkene 7-complex, the alkene van der
Waals complex, and the carbenium ion are sampled in the
various MD simulations. Starting from the carbenium ion
configuration, two independent simulations (A and B) are
conducted.

Figure 1 reveals some trends which are specific for the linear
alkenes. First, the combined fractions of the physisorbed states
(7r-complex and van der Waals complex) range from 86 to 100%
in every simulation, showing that the neutral alkene is
significantly more stable than the carbenium ion for the entire
C,—Cgrange. The van der Waals complex is slightly favored over
the m-complex, but frequent transitions (S00—1000 per
simulation) take place between the two physisorbed states. No
clear trend with increasing chain length can be identified for the
ratio of z-complex to van der Waals complex. Despite the
additional stabilization from the z-H interaction in the 7z-
complex, the more loosely bound van der Waals complex is
entropically favored at high temperature. To study the mobility
and the entropic contributions of the various species in the
zeolite pores in depth, we postprocessed our MD data to
determine for each adsorbate the translational part to the
entropy in the zeolite pore system and to construct 2D scatter
plots visualizing the mobility of the various species and 1D
probability distributions along the «, y, and z directions. The y
direction corresponds to the direction of the straight channel,
whereas the direction of the sinusoidal channel lies in the xz
plane. More details are given in Section S5 of the SL
Furthermore, for 2-butene and 2-octene, we disentangled the
contributions from the 7-complex and van der Waals complex.
The resulting mobility plots for 2-butene are shown in Figure 2.

It is immediately clear that the van der Waals complex has a
much larger mobility compared with the 7-complex and travels
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along relatively long paths in the straight channel of the zeolite
during the ca. 70 ps in which the van der Waals complex is
sampled. The entropic stabilization of the van der Waals
complex due to translational movements in the straight channel
is about 7 kJ /mol higher than the entropic stabilization of the 7-
complex. The translational entropy contributions for all species
are summarized in Table SS. Similar mobility plots for 2-butene,
2-octene, isobutene, and 2,3,4-trimethyl-2-pentene are shown in
Figure 3. The distinction between the various adsorbed states
has not been made anymore, as the latter exist for the majority of
time in their carbenium ion state (vide infra). The mobility of 2-
butene and 2-octene are substantially different. 2-butene enters
more deeply into the sinusoidal channel, whereas the longer 2-
octene chain prevents the adsorbate to enter the sinusoidal
channel efficiently in a simulation time span of 90 ps. Instead, 2-
octene travels further along the straight channel of the zeolite,
which yields an additional entropic stabilization of about 14 kJ/
mol for the 2-octene van der Waals complex compared to the 7-
complex.

Second, (de)protonation reactions occasionally occur during
the course of the simulations. The probability of sampling a
protonated alkene is small but not negligible at higher chain
lengths. Approximate lifetimes for the various carbocations are
shown in Figure S5. For longer alkenes, the maximum
carbenium ion lifetime increases due to inductive and hyper-
conjugative stabilization which allow for a better accommoda-
tion of the positive charge. During the sampling of the cationic
state, low-barrier hydride shifts are frequently observed. This
effect also contributes to the enhanced stabilization of longer
alkyl cations. While only two carbon atoms can bear the positive
charge in a n-butyl carbenium ion, the charge can effectively be
delocalized over six carbon atoms in an octyl carbenium ion.
Isomerization occurs either via a 1,2-hydride shift, a 1,3-hydride
shift, or a 1,5-hydride shift for the longer alkyl chains. The
positive charge distribution among the carbon atoms of each
alkyl carbenium ion is visualized in Figure 4. Owing to the short

17 77T B% 13 29 36 21 1%

n-pentyl cation n-heptyl cation

24 69 7T 0% B 17 26 22 25 2%
n-hexyl cation m-octyl cation
Figure 4. Delocalization of the positive charge (%) along the alkyl chain
during the carbocation sampling of the 2-alkyl carbenium ion
simulations (simulation A and B combined).

sampling times of the cationic state, the reported distributions
do not represent the equilibrium. Nevertheless, they clearly
show that the positive charge preferably resides on the central
carbon atoms of the chain.

The transformation of a physisorbed complex into a
carbenium jon is an activated process, even at higher
temperatures. Cracking modes starting from linear carbenium
ions (D, mode, see Scheme 3) would first have to overcome the
barrier for carbenium ion formation. To quantify the free energy
difference between the carbenium ion and the physisorbed
alkene more accurately and to determine free energies of
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activation for their interconversion, metadynamics simulations
are carried out for the protonation of 2-alkenes.

The uncertainty on free energy bamers from a single
metadynamics simulation can be quite large Therefore, to
obtain reliable free energy estimates, each simulation was
repeated S times and the average and spread on the resulting
activation barriers and reaction free energies are reported in
Table 1. The 2-alkene protonation barrier (AG'q) has a

Table 1. Average Free Energy Activation Barriers and
Reaction Free Energies at 773 K for the Protonation of the
Linear C,—Cjg Alkenes into the Corresponding Carbenium
Ions from Metadynamics Simulations”

AGHy AGH,, AG,

(kJ/mol)  (kJ/mol)  (kJ/mol)

C, 2-butene — 2-butyl cation* S2+4 23+2 26+5
Cs  2-pentene — 2-pentyl cation® 49+ 4 262 23+ 4
2-pentene — 3-pentyl cation® 49+4 22+6 2745

Cs 2-hexene — 2-hexyl cation 48+3 30+4 18+1
2-hexene — 3-hexyl cation 46+3 30+4 177

C,  2heptene — 2heptyl cation 47 %3 23+4 2422
2-heptene — 3-heptyl cation 47 £ 3 38+3 944

Cy 2-octene — 2-octyl cation S0+3 26+5 237
2-octene — 3-octyl cation 4813 38+£3  10+3

“The symbol * indicates data taken from ref 27.

constant value of 50 kJ/mol approximately, regardless of the
chain length. The free energy barrier for deprotonation
(AGH,,q) is systematically lower than the protonation barrier.
The relatively low deprotonation barriers, combined with the
overall higher stability of the alkenes are in line with the
relatively small fraction of the time in which carbenium ions are
sampled in the MD simulations. The free energy differences
(AG,) corroborate the observation that the positive charge is
better accommodated at central chain positions. Both the C, and
C; carbenium ions are around 25 kJ/mol higher in free energy
than the corresponding alkenes. For the C, and Cg species, a
clear distinction can be made between the 2-alkyl and 3-alkyl
carbenium ion. While the 2-alkyl carbenium ions are about 21
kJ/mol higher in free energy than the corresponding 2-alkenes,
the 3-alkyl carbenium ions are only 10 kJ/mol less stable than
the 2-alkenes.

In principle, free energy differences between the various
adsorbed states can also be roughly deduced from regular MD
simulations provided that sufficient transitions are sampled. The
free energy differences between the linear alkenes and
carbenium ions from the regular MD simulations are presented
in Table S8 in SI. Although the carbenium ion sampling time is
rather short, the AG estimates from regular MD and MTD
simulations are in good agreement. For all C; to Cg MD
simulations with a sufficiently large carbenium ion sampling
time, the alkene/carbenium ion free energy differences lie in the
same range as those predicted by the MTD simulations.

3.1.2. Branched Alkenes. Branched alkenes contain tertiary
carbon atoms which may significantly impact the stability order
of the intermediates. In earlier work, we have shown that the
tertiary carbenium formed upon isobutene and 2- methyl 2-
butene adsorption is a stable intermediate at 773 K.’ In this
section, we evaluate the influence of chain length on C,—Cq
alkenes with one or more methyl branches.

Figure S shows the fractions of the states sampled in MD
simulations at 773 K for the monobranched 2-methyl-2-alkenes

DOI: 10.1021/acscatal. 8601779
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Figure 5. Fractions of the intermediates sampled during the 100 ps MD
simulations on the monobranched C,—Cj species at 773 K, either with
the 7-complex or carbenium ion as starting configuration (*data taken
from ref 27).
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(cf. Scheme 2). Trrespective of chain length, carbenium ions
from branched alkenes are clearly much more stable than from
linear alkenes. In contrast to the linear alkenes, no clear trend
with higher carbon number can be discerned. Throughout the
largest part of the simulations, tertiary carbenium ions are
sampled. Hydride shifts to secondary carbenium ions are rarely
observed. The positive charge resides almost exclusively on the
tertiary carbon atom, reflecting the higher stability of tertiary
carbenium ions. This is also evidenced by the lifetime of these
carbenium ions across the different simulations, depicted in
Figure S6. The observed maximum lifetime of the tertiary
carbenium ions is much larger than for any of the linear,
secondary carbenium ions.

All branched 2-methyl-2-alkenes are also stable, although the
physisorbed alkene fraction is much smaller compared to linear
alkenes. The 7-complex comprises only a very small fraction,
indicating that the van der Waals complex is by far the most
stable physisorbed state. Clearly, the bulkier branched alkenes
are sterically more hindered making it more difficult to approach
the acid site to form the 7-complex.

Similar observations can be made for C4—Cjg alkene isomers
with multiple side chains. Figure 6 displays the fractions of the
sampled intermediates in MD simulations on a set of di- and
tribranched alkenes at 773 K. Carbenium ions are again the
dominating intermediates due to the presence of tertiary carbon
atoms. The smallest tribranched 2,3,4-trimethyl-2-pentyl species
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Figure 6. Fractions of the sampled intermediates during the 100 ps MD

simulations on the multiple branched C4—Cj species at 773 K, either
with the 7-complex or carbenium ion as starting configuration.
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exists solely as carbenium ion, regardless of the starting
configuration. Immediate protonation takes place at the
beginning of the alkene simulation. Despite the presence of
neighboring tertiary carbon atoms, almost no H-shift isomer-
izations are observed for the multiple branched chains. The
barrier for isomerization between different tertiary carbenium
ions appears to be much higher than for secondary carbenium
ions. In contrast to the linear chains, for which isomerization
partly provided stabilization, tertiary carbenium ions are stable,
regardless of the positive charge position along the chain. All
carbenium ions for the branched species remain positioned at
the intersection of the straight and sinusoidal channel as is clear
from the mobility plots for isobutene and 2,3,4-trimethyl-2-
pentene, shown in Figure 3¢,d respectively. Due to the cationic
nature, these species remain relatively close to the positive acid
site to avoid excessive charge separation.

For Cg, alkenes, geminal methyl substituted intermediates,
ie, with a quaternary carbon atom, can also be formed.
However, our MD simulations indicate that these species are
extremely unstable. In all simulations of the homologous series
of 2,2-dimethyl-3-alkyl secondary carbenium ions (Scheme 2),
immediate rearrangements are observed. The 2,2-dimethyl-3-
butyl carbenium ion instantly isomerizes via a methyl shift into
the 2,3-dimethyl-2-butyl carbenium ion. The larger 2,2-
dimethyl-3-pentyl and 2,2-dimethyl-3-hexyl carbenium ions
both stabilize through a rapid H-shift, followed by a f-scission
reaction, forming the tert-butyl carbenium ion and propene/
butene. Opposed to these extremely reactive secondary
carbenium ions, the tertiary and highly branched 2,4,4-
trimethyl-2-pentyl carbenium ion remains stable for the entire
simulation time. However, previous studies have reported that
the formation of species with geminal methyl substitutions or
more than two methyl substitutions is prohibited by the pore
dimensions.”*>737%°

In conclusion, at typical cracking temperatures, linear alkenes
are predominantly found as z-complex or van der Waals
complex in the zeolite pores. Linear carbenium ions are short-
living, although their lifetime increases with chain length, since
the positive charge can be delocalized over more carbon atoms.
Alkenes with one or multiple branches occur almost exclusively
as carbenium ions with a relatively low mobility compared to
linear alkenes.

3.2. Reactivity of Cg Cracking Intermediates. f-scission
of carbenium ions is widely accepted as the predominant
mechanism for alkene cracking in zeolites. Next to the stability of
the cationic reactants, the stability of the product cations,
formed in the transition state, is a key factor determining the
rte;ictivi'(}'.74'75 From the MD analysis, physisorbed alkenes and
tertiary carbenium ions were identified as the most stable species
for linear and branched alkenes respectively. In this section, the
reactivity of the governing Cg intermediates toward catalytic
cracking of different -scission modes is assessed. Three possible
cracking modes for the highly stable tertiary carbenium ion
reactants are considered, as shown in Scheme 3: a transition
from a tertiary carbenium to a primary carbenium ion (mode
E,), to a secondary carbenium ion (mode B,) or to a tertiary
carbenium ion (mode A). For linear alkenes, only a secondary to
primary carbenium ion transition (mode Dz) can occur.
Transitions from a secondary carbenium ion to a secondary
carbenium ion (mode C) or to a tertiary carbenium ion (mode
B,) are not explicitly considered as our MD simulations indicate
that these cracking precursors tend to immediately isomerize to
more stable tertiary carbenium ions. We therefore assume that
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isomerization occurs much faster than cracking and that the
contribution of these f-scission modes will be minimal. For the
B,-1 reaction, both static and molecular dynamics simulations
are performed to evaluate the impact of true operating
conditions on the cracking activity. For this particular reaction,
this was possible since tertiary carbenium ions are still relatively
stable at low temperature,”” and hence, they can be localized
with static calculations.

3.2.1. Cracking Barriers from Static Calculations. First,
static DFT calculations were performed at the PBE-D3 level of
theory to quantify the intrinsic activation barrier for the cracking
of a tertiary 2,4-dimethyl-2-hexyl carbenium ion (reaction B,-1).
This tertiary, dibranched cation was found to be a very stable
intermediate, and hence, it can be considered as a probable
cracking reactant. Upon f-scission, isobutene and a 2-butyl
cation are formed. This reaction is an example of the B, cracking
mode in which a transition of a tertiary into a secondary
carbenium ion takes place. To illustrate that a multitude of
transition states exist and that the zeolite environment plays a
crucial role in the stabilization of the transition state, four
differently oriented transition state geometries around the BAS
were localized, as shown in Figure 7. More information on the
particular transition states and their geometrical characteristics
is given in Section S10 of the SIL

Figure 7. Sinusoidal channel view of the static geometries for the four
B,-1 transition state structures.

In the optimized transition states, the 2-butyl cation interacts
with both the isobutene C=C bond and the nearest basic
zeolite oxygen. In the product state, the 2-butyl cation
immediately binds to the nearest framework oxygen, thus
forming a 2-butoxide. Indeed, static calculations previously
showed that 2-butoxide is substantially more stable than a 2-
butyl carbenium ion.*” However, at cracking temperatures,
entropy contributions disfavor the formation of stable alkoxides,
which is confirmed by the MD simulations on C, species (Figure
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1), where the 2-butyl carbenium ion stabilizes by transforming
into a 7-complex.

The four different cracking reactions also show large energetic
variations. Table 2 lists the enthalpy and free energy barriers at

Table 2. Enthaply, Entropy, and Free Energy Barriers at 773
K for the Four Conformations of 2,4-Dimethyl-2-hexyl
Carbenium Ion Cracking (Reaction B,-1)

structure  AH%qq (KJ/mol)  AS%i, (J/mol/K)  AGY, (J/mol)
1 151 =20 167
2 120 -15 132
3 104 -2 124
4 94 5 90

773 K. We notice large variations of almost 80 kJ/mol on the
forward activation barriers. This trend originates mainly from an
enthalpy effect, but is enhanced by the entropy contributions.
Upon studying the same B,-1 reaction, Mazar et al. also found a
large variation (82 kJ/mol) in activation energy between two
distinct reaction configurations.”*

These results show that many different pathways connect the
reactant carbenium ion and cracked products, characterized by
largely different activation barriers. The same feature has been
reported for propane cracking in chabazite by Bucko et al."”
Alkene cracking reactions taking place at high temperature have
a complex nature, where a restricted number of configurations
on the PES are insufficient to capture the complexity of the
transformation. In static calculations, only a single configuration
of the adsorbed transition state is considered. Furthermore, the 0
K energy surface may differ from the free energy surface at
cracking temperatures.”"**”® The latter is evidenced by the 2-
butoxide formation in the product state. Additionally, the
harmonic oscillator (HO) approximation underestimates the
mobility of the adsorbates and entropy of the stationary
states.'””"** Consequently, relying solely on static calculations
seems insufficient to correctly describe the high-temperature
cracking chemistry. Hereafter a more realistic study of the
reactivity is performed based on molecular dynamics simu-
lations at operating conditions.

3.2.2. Free-Energy Profiles for Cracking Reactions at
Operating Conditions. To properly account for all possible
reaction paths as well as finite temperature and entropy effects,
the umbrella sampling technique is applied for determining
cracking barriers. We first simulated both the f-scission of the
2,4-dimethyl-2-hexyl carbenium ion, reaction B,-1, and the 2,4-
dimethyl-4-hexyl carbenium ion, reaction B,-2 (Scheme 3). A
broad range of transition states exists for these cracking reactions
as indicated by the mobility plots shown in Figure 8a. The red
and blue dots represent the position of the center of mass of the
two C, fragments. During the umbrella sampling simulation, a
large variety in the relative orientation of the two C, fragments in
the transition state region is sampled. The most visited
configurations are localized in the straight channel or in the
intersection of the straight and sinusoidal channel and resemble
on average mostly the most stable static transition states (3 and
4). Figure 8c displays a superposition of transition state
structures (corresponding to a collective variable value of
0.25) to show the conformational freedom in the activated
complex region. Also the orientation of the breaking C—C bond,
indicated by the green bars, significantly fluctuates throughout
the simulation.
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Figure 8. (a) Scatter plot of the center of mass of the transition state
window configurations for the B,-1 cracking reaction in the channel
system of H-ZSM-5, projected on the xy plane. The dots connected by
green bars indicate the static transition state configurations. (b) Scheme
of the B,-1 transition state with the isobutene fragment in red, the n-
butyl fragment in blue and the breaking C—C bond in green. (c)
Superimposed snapshots of four different transition state window
configurations. The purple sphere represents the location of the acid
site.

The resulting free energy profiles are shown in Figure 9. For
the two B, type f-scissions, cracking barriers of 69 and 73 kJ/
mol are obtained, respectively. These barriers are significantly
lower than the lowest estimate predicted by static calculations
(90 kJ/mol). At 773 K, the adsorbed species have a high
mobility, allowing them to access many different configurations.
On average, the sampled transition state configurations are
mainly situated in the straight channel or at the intersection, but
at longer distances from the framework compared to static
calculations (see Figure S23). By considering just a single
transition state and reactant configuration, static calculations
clearly give an incomplete picture of the cracking barriers.

Furthermore, the height of the cracking barrier seems almost
independent of the cracking products (isobutene/2-butyl cation
or 2-methyl-1-butene/2-propyl cation). These findings indicate
that the activation barrier is mainly determined by the type of -
scission mode—in this case a tertiary to secondary carbenium
ion transition—rather than the type of alkene products formed
in the reaction. The observation that reactions of the same
cracking mode have similar free energy barriers is supported by
von Aretin et al."*’ They established a microkinetic model
capable of correctly estimating alkene cracking product
distributions with the assumption that cracking reactions of
the same mode have the same rate coefficient.

Upon cracking, unstable secondary carbenium ion products
are formed. As evidenced in earlier work,””*® the n-propyl and n-

9589

butyl cations are unstable and will immediately rearrange. For
these cracking products, two different transitions can be
identified. The cation can either deprotonate to the framework
or transfer a proton to the branched alkene product, thus
forming two neutral alkenes or an alkene and tertiary carbenium
ion as stable products. The latter rearrangement seems to be
preferred as it was spontaneously observed in the US
simulations. Static calculations on the two product states also
confirmed that the alkene/tert-butyl cation products are about
12 kJ/mol more stable than the alkene/alkene products. Once
the cracking barrier is crossed, stabilizing isomerization
reactions occur and the produced product fragments quickly
diffuse away from each other, resulting in a sharp free energy
drop (Figure 9a). Because of the large configurational space of
the separate cracked fragments, the product state is insufficiently
sampled to yield physically meaningful backward reaction
barriers, hence these are not reported.

Second, we simulated the cracking of a 2-methyl-2-heptyl
carbenium ion into isobutene and a 1-butyl carbenium ion
(reaction E,-1). This cracking mode has a much higher
activation barrier of 112 kJ/mol (Figure 9c) which can be
explained by the formation of an unstable primary cation in the
transition state. After cracking, the unstable 1-butyl carbenium
ion product instantly rearranges via a rapid hydride shift to a
more stable secondary 2-butyl carbenium ion. The latter again
undergoes a hydride shift with the formation of n-butene and a
tert-butyl carbenium ion. This cracking mode is expected to be
less important due to the primary carbenium ion character of the
transition state. However, monobranched cracking precursors
will exhibit less steric repulsion with the framework compared to
highly branched alkenes and will therefore be more probable to
occur.

Next, we simulated the cracking of the tribranched 2,4,4-
trimethyl-2-pentyl carbenium ion into isobutene and the tert-
butyl carbenium ion (reaction A-1), the only possible A-mode
cracking for Cg species. In Section 3.1.2, we showed that geminal
substituted carbenium ions were more reactive than mono-
branched carbenium ions. Nevertheless, the 2,4,4-trimethyl-2-
pentyl cation was still observed as a stable intermediate. Since
two stable products are formed upon cracking, also no product
rearrangements are observed. As confirmed from the MD
simulations, both states are long-living and coexist inside the
zeolite pores. For this cracking mode, a relatively low barrier of
53 kJ/mol (Figure 9d) is obtained which can be attributed to
both the high reactivity of the cracking reactant and the
formation of a stable tert-butyl cation in the transition state.
However, the formation of highly branched cracking precursors
may be prohibited due to steric constraints on ZSM-5.5593:%%
Indeed, the umbrella sampling simulations show a limited
mobility for the 2,4,4-trimethyl-2-pentyl cation, which is mainly
situated at the channel intersection.

Finally, we consider the cracking of a linear Cg carbenium ion
(D, mode). Since secondary carbenium ions were shown to be
relatively unstable cracking precursors with short lifetimes, the
neutral alkene should rather be considered as cracking reactant.
Therefore, two-dimensional umbrella sampling is performed
with a first CV describing the protonation of 2-octene and a
second CV describing the f-scission of the resulting 3-octyl
carbenium ion (reaction D,-1). The free energy profile for this
cracking pathway is shown in Figure 10. For the protonation, an
activation barrier of 55 kJ/mol and a reaction free energy of 10
kJ/mol are obtained, which is in good agreement with our MTD
simulations (Table 1). For the cracking, a relatively high intrinsic
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773 K for the protonation of 2-octene and reaction D,-1, f-scission of
the 3-octyl carbenium ion.

barrier of 103 kJ/mol is obtained, which can again be explained
by the combination of a relatively unstable reactant cation and
an unstable product cation. The formation of a primary
carbenium ion in the transition state is clearly unfavorable, yet
unavoidable for linear chains. In the product state, the primary
carbenium ion immediately isomerizes to a secondary
carbenium ion. The latter is also expected to quickly stabilize
by deprotonating to the framework, although this part of the
reaction falls beyond the scope of the current study.

Our results allow an assessment of the importance of various
alkene cracking modes from a theoretical perspective. Cracking
mode A is by far the fastest, as it concerns a transition between
tertiary carbenium ions. Such a cracking mode is only possible
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for alkenes with at least eight carbon atoms and three branches.
Once formed, these precursors were found to have a reasonable
lifetime at 773 K within ZSM-3, but their formation rate might
be limited due to steric constraints. Type B, cracking modes are
expected to be very important cracking modes at operating
conditions, given the fact that they start from stable carbenium
ions and have relatively low intrinsic activation barriers.
Cracking modes B, which start from a secondary carbenium
ion and yield a tertiary carbenium ion are expected to be less
important because we found that the geminal methyl substituted
cracking precursors (with a quaternary carbon atom) are
extremely unstable. Cracking mode C, a transition between
secondary carbenium ions, is also predicted to be less important
as the reactants will quickly rearrange into more stable tertiary
carbenium ions. Cracking modes D, and E, both require the
formation of a transition state with primary carbenium ion
character, thus resulting in substantially higher intrinsic barriers.
For cracking mode D,, the linear alkene reactant resides freely in
the zeolite pores at the high temperature. In order to be reactive
for f-scission, it first has to transform into a carbenium ion,
which yields an additional contribution to the activation barrier
for the D, mode. The conclusions drawn here are in line with the
experimental findings in the seminal papers of Weitkamp.”>"”

4. CONCLUSIONS

Using advanced molecular dynamics simulations, catalytic
alkene cracking pathways in H-ZSM-5 were studied at actual
operating temperatures of 773 K. Alkene cracking is known to
proceed via a complex reaction network with many possible
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reaction routes and often elusive intermediates. At first instance
the nature and stability of C;—Cj alkene cracking intermediates
were determined. Over the course of the simulations, regular
transitions were observed between a physisorbed van der Waals
complex, a physisorbed z-complex, and a chemisorbed
carbenium ion. Alkoxides, on the other hand, were not sampled
and appear to be unstable at cracking conditions due to high
entropic penalty for forming a covalent bond with the
framework. Linear alkenes preferentially occur as a physisorbed
7-complex or van der Waals complex. The latter is stabilized due
to a higher mobility in the zeolite pore system. The stability of
linear, secondary carbenium ions increases with carbon number,
as the positive charge can be better delocalized over the carbon
atoms along the chain. Linear alkenes first need to overcome the
barrier for protonation before cracking reactions can occur. Free
energies of activation for interconversion between a physisorbed
alkene and a carbenium ion were determined using the
metadynamics approach and amount to ca. 50 kJ/mol. For
branched alkenes, carbenium ion intermediates were found to be
more stable than physisorbed alkenes at cracking temperatures.
No clear influence of the chain length could be observed. In
contrast to linear carbenium ions, tertiary carbenium ions are
undoubtedly very stable, long-living intermediates, which can
act as cracking reactants. Secondary carbenium ions with
geminal methyl branches though were shown to undergo rapid
isomerization or ff-scission into more stable carbenium ions.

In a next step, intrinsic barriers for f-scission reactions of
mode A, By, D,, and E, were determined using the umbrella
sampling molecular dynamics technique. Overall, the impor-
tance of the various cracking modes was found to be determined
by the interplay between the reactant carbocation stability and
the transition state (or product) carbocation stability.
Regardless of the formed products, similar cracking barriers
are expected for reactions of the same f-scission mode (i.e.,
reactions with the same carbocation transition). Cracking
modes A (3° — 3°) and B, (3° — 2°) were found to be
dominant at 773 K, given the higher stability of branched
cracking precursors and the lower free energy barriers for f-
scission. Cracking modes B, (2° — 3°), C (2° —2°),D, (2° >
1°), and E, (3° — 1°) are expected to be less important. Mode
D, and E, involve a transition state in which a unstable primary
carbenium ion would be formed. Modes B,, C, and D, start from
metastable, secondary carbenium ion reactants, which will
typically undergo rapid isomerizations to more stable tertiary
carbenium ions. While cracking mode A has a very low intrinsic
barrier, the highly branched cracking precursors are very reactive
and their formation may be sterically hindered in the zeolite
pores.

The B, cracking mode, starting from a very stable tertiary
carbenium ion, was also studied with static DFT calculations—
the standard procedure to determine reactivity differences in
current literature. Static cracking barriers were highly dependent
on the particular orientation of the reactants and transition states
in the zeolite channels. Furthermore, static calculations pointed
to the formation of alkoxide products, which were proven to be
nonexistent at high temperature. Standard DFT calculations are
not capable of correctly predicting the stability of various
cracking intermediates and do not account for the conforma-
tional freedom along the alkene cracking reaction profile. In
contrast, consistent free energy barriers were obtained from
umbrella sampling simulations which account for the full
conformational mobility of all species at cracking temperatures.
Our results clearly demonstrate the importance of simulations at
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operating conditions to assess the nature and reactivity of alkene
cracking intermediates.
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ABSTRACT: The direct transformation of CO, into high- —

: . - -
value-added hydrocarbons (i.e., olefins and aromatics) has the 0.+ 1 T -y i 2
potential to make a decisive impact in our society. However, e p kg Fos
despite the efforts of the scientific community, no direct ! N 4TS N
synthetic route exists today to synthesize olefins and aromatics [Fe0 @ k0. € "| Fe, @KO,) Gl @A
3 3 g , el . e |
from CO, with high productivities and low undesired CO — ] /
selectivity. Herein, we report the combination of a series of |M{JR-/‘\"\1-SI T .I = @
catalysts comprising potassium superoxide doped iron oxide . CaHy —

and a highly acidic zeolite (ZSM-S and MOR) that directly

convert CO, to either light olefins (in MOR) or aromatics (in ZSM-5) with high space—time yields (STY(,.c4- = 11.4 mmol-
g h™"; STY,pom = 9:2 mmol-g~1'h™") at CO selectivities as low as 12.8% and a CO, conversion of 49.8% (reaction conditions:
T = 375 °C, P = 30 bar, H,/CO, = 3, and 5000 mL-g "-h™'). Comprehensive solid-state nuclear magnetic resonance
characterization of the zeolite component reveals that the key for the low CO selectivity is the formation of surface formate
species on the zeolite framework. The remarkable difference in selectivity between the two zeolites is further rationalized by
first-principles simulations, which show a difference in reactivity for crucial carbenium ion intermediates in MOR and ZSM-5.

KEYWORDS: CO, conversion, hydrogenation, olefins, aromatics, zeolites, bifunctional catalyst

H INTRODUCTION mechanism,” followed by hydrocarbon cracking, isomerization,
aromatization, etc. on the zeolite;'* (ii) the transformation of

Today, more than 3 gi$at0ns of CO, are emitted to the I
CO, into methanol, " followed by its conversion into

atmosphere every month.” Undoubtedly, CO, levels are higher

than at any point in at least the past 800 000 years, leading to a hydrocarbons over the zeolite framework via the classical
dangerous temperature increase at the Earth’s surface.” In this methanol-to-hydrocarbons (MTH) mechanism,***
scenario, methods to transform this greenhouse gas into However, due to the lack of efficient catalysts for the first
valuable chemicals may help address (at least partially) this step (activation of CO,), productivities reported to date are
pressing challenge.” Indeed, the development of technologies low (see Table S1 for a complete overview of the state-of-the-
that turn CO, into valuable chemicals is gaining momentum in art for CO, conversion via bifunctional catalyst). In addition,
the scientific and industrial communities.”* multiple reactions are involved (oligomerization, cracking,
One of the most promising approaches toward CO, dehydrogenation, cyclization, alkylation, isomerization, etc.),

reductive valorization consists of the combination of conven-
tional metallic catalysts with acidic zeolites.” This combination
has been shown to enable the direct transformation of CO, to
chemicals with selectivities for either light olefins (C,—C,) or
aromatics above the limitation of classical Fischer—Tropsch 1630 i
synthesis (FTS), as defined by the Anderson—Schulz—Flory represents more than half of the total products. As direct

and many intermediates can serve as reactants in competitive
reaction pathways, impeding the complete understanding of
the global reaction mechanism."*'> Moreover, in most of the
bifunctional systems reported, the selectivity to undesired CO

(ASF) distribution.”® In these bifunctional systems, the consequence, many studies unfairly exclude the high CO
conversion of CO, to hydrocarbons can proceed through

two different routes: (i) the transformation of CO, into CO via Received: April 10, 2019

reverse water—gas shift (RWGS) and subsequent conversion of Revised:  May 26, 2019

CO to hydrocarbons via the classical Fischer—Tropsch Published: May 29, 2019
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V ACS Catal. 2019, 9, 6320-6334



144

ACS Catalysis

Research Article

selectivity when showing reaction data, thus reporting
unrealistic catalyst CO free selectivities.

To overcome the limitations of the above materials, we have
developed a novel catalyst combination comprising potassium
superoxide-doped iron oxide and a highly acidic zeolite. The
potassium superoxide-doped iron oxide stand-alone catalyst
(Fe,0;@KO,) was recently reported by our group”' and yields
productivities in the order of commercial FT'S materials. Here
we go one step forward and combine this material with highly
acidic zeolites to fine-tune the product distribution to either
light olefins (C,—C,=) or aromatics. In particular, we have
chosen ZSM-S owing to the well-known ability of the MFI
topology to generate aromatics*> and mordenite (MOR) due
to its ethylene shape selectivity within the 8-membered ring
(8MR).**** When the two components are placed together in
a single reactor, high selectivities for either light olefins (via
MOR) or aromatics (via ZSM-5) and high values of space—
time yields with minimal selectivities for undesired CO and
CH, are achieved. In-depth characterization via magic angle
spinning (MAS) solid-state nuclear magnetic resonance
(ssSNMR) spectroscopy on both spent zeolites reveals that
the reaction mechanism is primarily driven by the incorpo-
ration of CO in the network in the form of surface formate
species. Ab initio simulations further demonstrate a difference
in stability of long-chain alkene intermediates on ZSM-5 and
MOR. As carbenium ions are crucial intermediates for the
conversion of hydrocarbons in zeolites, the different product
distribution in the two zeolites can be attributed to the ability
of these two zeolites to activate alkenes toward aromatics
formation or cracking reactions.

B MATERIALS AND METHODS

Chemicals. Iron oxide (Fe,0s, Aldrich), potassium super-
oxide (KO,, Aldrich), sodium aluminate (NaAlO,, Aldrich),
tetrapropylammonium hydroxide (TPAOH, Aldrich), tetraeth-
yl orthosilicate (TEOS, Aldrich), ammonium nitrate
(NH,NO;, Aldrich), and ZSM-5 (SiO,/ALO; = 26, SiO,/
ALO; = 52, Si0,/AL,05 = 300, ACS Materials) were used as
received. Mordenite (SiO,/ALO; 20, Alfa Aesar) was
calcined at 550 °C for 7 h prior to its use. ZSM-5 with SiO,/
Al,O3 = 26 was always used unless otherwise stated.

Catalyst Preparation. The Fe,0;@KO, catalyst was
obtained by mortar mixing of Fe,O; and KO,, keeping a
molar ratio of Fe/K = 2. The resultant mixture was heated to
100 °C for 12 h prior to the catalytic measurements. ZSM-5
with $iO,/Al,0; = 600 was synthesized in our laboratory by
the following procedure: NaAlO, (0.010 g), TPAOH (16.8
mL, 1 M in H,0), and TEOS (8.4 mL) were mixed in water
(15.6 mL) and aged at 100 °C for 2 h. After being stirred
overnight at room temperature, the mixture was transferred
into an autoclave at 180 °C for 20 h for further crystallization.
The collected solid was centrifuged and washed until pH 7 was
reached. Following, the sample was calcined at 550 °C for 7 h.
Due to the presence of Na ions on the zeolite, an ion-exchange
step was applied with 1 M NH,NO; solution. Afterward, the
zeolite was again calcined at 550 °C for 7 h.

CO, Hydrogenation Tests. Catalytic tests were executed
in a 16-channel Flowrence platform from Avantium. Typically
50 mg of the stand-alone Fe,0;@KO, catalyst and 100 mg of
composite catalyst with Fe,O;@KO,/zeolite with mass ratio
1/1 in a dual-bed configuration were used. The mixed feed had
25 vol% of CO, and 75 vol% of H,. In addition, 8 mL/min of
He was mixed with the feed as internal standard. We aimed to
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have 10 000 mL-g™"-h™" per channel in the stand-alone catalyst
and 5000 mL-g~"-h™" in the composite catalyst. The 16th
channel was always left without catalyst as blank. The reaction
temperature was typically set at 375 °C. Prior to feeding the
reaction mixture, all samples were pre-treated in situ with a
pure H, atmosphere for 4 h at 350 °C. The tubes were then
pressurized to 30 bar using a membrane-based pressure
controller.

An Agilent 7890B gas chromatograph with two sample loops
was used. After the loops were flushed for 24 min, the content
was injected. One sample loop goes to a TCD channel with 2
Haysep pre-column and MSSA, where He, H,, CH,, and CO
are separated. Gases that have longer retention times than CO,
on the Haysep column (Column 4 Haysep Q, 0.5 m, G3591-
80023) are back-flushed. Further separation of permanent
gases is done on another Haysep column (Column S Haysep
Q, 6 ft, G3591-80013) to remove CO, before going to MSSA.
CO, is sent to a channel with a restrictor to avoid CO, on
MSSA. Another sample loop goes to an Innowax pre-column
(5 m, 0.20 mm o.d., 0.4 um film). For the first 0.5 min of the
method, the gases coming from the pre-column are sent to a
Gaspro column (Gaspro 30 m, 0.32 mm o.d.) followed by a
flame ionization detector (FID). After 0.5 min, the valve is
switched, and the gases are sent to an Innowax column (45 m,
0.2 mm o.d,, 0.4 ym) followed by a FID. The Gaspro column
separates C,—Cg, paraffins, and olefins. Innowax separates
larger parafins and olefins (>Cy), benzene/toluene/xylene
(BTX), and Cy+ aromatics.

Conversion (X, %), space—time yields (STY, mmol~g~cat71-
h™"), and selectivities (S, %) are defined as follows:

ChiepiC
Xeo, = |1 — =R s 100
- CHc,RCCOI,blk
n(
S. = X 100
Cn Cooppie _ CCOZ,R)
Chiepik Chier

Xco,/100 X Scy ¢4/ 100 X GHSVgo,

STYep.c4= = 24

where Cyepiiy Criey Cco,piv and Ceo,r are the concentrations
determined by GC analysis of He in the blank (blk), He in the
reactor (R) effluent, CO, in the blank, and CO, in the reactor
effluent, respectively, Cc, is the concentration of the reactor
effluent determined by GC analysis of a product with n carbon
atoms, and GHSV o, is the CO, gas space—time velocity in
mL-g-cat™""h™". The error in carbon balance was better than
2.5% in all cases.

Nitrogen Adsorption Measurements. Nitrogen adsorp-
tion and desorption isotherms were recorded on a Micro-
meritics ASAP 2040 system at 77 K. Samples were previously
evacuated at 373 K for 16 h. The Brunauer—Emmett—Teller
(BET) method was used to calculate the surface area. The p/p,
range for BET analysis was 0.067 < p/p, < 0.249.

X-ray Diffraction (XRD) Measurements. XRD patterns
were obtained using Bruker D8 equipment in Bragg—Brentano
configuration using Cu Ka radiation. The diffractograms were
scanned with a step size of 0.02° in the 26 range of 20—80°.
The crystalline phase was identified by comparison with data
from the Inorganic Crystal Structure Database (ICSD).

DOI: 10.1021/acscatal.9b01466
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Temperature-Programed Desorption (TPD) Measure-
ments. TPD experiments were carried out on a Micromeritics
ASAP 2020 analyzer. The catalyst samples were first heated in
a helium flow at 350 °C for 4 h, followed by cooling to 50 °C.
After cooling, the zeolites were saturated in ammonia, and the
temperature of the samples was increased linearly at a rate of
10 K-min™". Ammonia was fed at atmospheric pressure with a
S vol% NH; concentration diluted in helium. The ammonia
desorption was continuously monitored by a thermal
conductivity detector.

Inductively Coupled Plasma (ICP) Measurements. The
analyses were carried out on an ICP—optical emission
spectrometer after digestion of the solid samples. Complete
digestion of the powder samples was achieved using aqua regia
in a ratio of 1 mg of catalyst:1 mL of aqua regia for 24 h at
room temperature.

Electron Microscopy and Elemental Mapping. Trans-
mission electron microscopy (TEM) of the samples was
performed with a Titan Themis-Z microscope from Thermo
Fisher Scientific by operating it at an accelerating voltage of
300 kV and with a beam current of 0.5 nA. Dark-field imaging
was performed by scanning TEM (STEM) coupled to a high-
angle annular dark-field (HAADF) detector. The STEM-
HAADF data were acquired with a convergence angle of 29.9
mrad and a HAADF inner angle of 30 mrad. Furthermore, an
X-ray energy dispersive spectrometer (FEI SuperX, ~0.7 srad
collection angle) was also utilized in conjunction with DF-
STEM imaging to acquire STEM-energy dispersive spectrom-
etry (EDS) imaging data sets (image size 1024 X 1024 pixels,
dwell time S ps). During the acquisition of these data sets, at
every image pixel, a corresponding EDS spectrum was also
acquired to generate simultaneously the elemental maps of Fe,
O, C, and K atoms. It is also pertinent to note herein that
spectrum-imaging data sets were acquired in so-called frame
mode, in which the electron beam was allowed to dwell at each
pixel for only a few microseconds in order to keep the total
frame time to 6 s or less. Both imaging and spectroscopy data
sets for each sample were acquired as well as analyzed with a
newly developed software package called Velox from Thermo
Fisher Scientific. The elemental maps for Fe, O, C, and K
atoms were computed using the extracted intensities of their
respective Ka lines after background subtraction. The
generated maps were slightly post-filtered by applying a
Gaussian filter (¢ = 0.5).

Nuclear Magnetic Resonance Measurements. The
MAS ssNMR spectroscopic experiments were performed on
Bruker AVANCE III spectrometers operating at 400 MHz
frequency for 'H using a conventional double-resonance 4 mm
CPMAS probe (CP = cross-polarization). NMR chemical
shifts are reported with respect to the external reference
adamantane. For 'H—"3C CP experiments, the following
sequence was used: 90° pulse on the proton (pulse length
2.4 s), then a CP step with the contact time of typically 2 ms,
and finally acquisition of the *C NMR signal under high-
power proton decoupling. The delay between the scans was set
to S s to allow complete relaxation of the 'H nuclei, and the
number of scans is mentioned in the respective figure captions.
An exponential apodization function corresponding to a line
broadening of 80 Hz was applied prior to Fourier trans-
formation. The 2D 'H-'3C heteronuclear correlation
(HETCOR) ssNMR spectroscopy experiments were per-
formed according to the following scheme: 90° proton pulse,
t, evolution period, CP to *C, and detection of the *C
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magnetization under two-pulse phase modulation (TPPM)
decoupling. For the CP step, a ramped radio frequency (RF)
field centered at 75 kHz was applied to the protons, while the
13C channel RF field was matched to obtain an optimal signal.
Using a short contact time (0.2 ms) for the CP step, the
polarization transfer in the dipolar correlation experiment was
verified to be selective for the first coordination sphere to lead
to correlations only between pairs of attached "H—"3C spins
(C—H directly bonded). 2D Bc-B¢ spectra were recorded
using a 2 s recycle delay as well as 10 ms (F2) and 6 ms (F1)
acquisition times. Herein, carbons were polarized via CP, and
BC—"C mixing was achieved through proton-driven spin
diffusion using phase-alternated recoupling irradiation schemes
(PARIS) for 30 ms. K MAS ssNMR was performed on 900
MHz Bruker AVANCE IV 21.1 T spectrometers quipped with
4 mm CPMAS probes. ¥K shifts were referenced to KBr, and
typically a recycle delay of 1 s was used.

Computational Methodology. To rationalize the differ-
ence in selectivity between the two catalysts, a series of first-
principles static and molecular dynamics (MD) simulations
were performed in H-ZSM-$ and H-MOR according to general
principles outlined in the work of V. Van Speybroeck et al.*®
All calculations were performed on fully periodic models of H-
ZSM-5 and H-MOR. For H-ZSM-S, a single unit cell
containing 96 T atoms has been used, while for H-MOR, a
1Xx1X2 super cell consisting of 96 T atoms has been used. Each
catalyst model contains a single Bronsted acid site (BAS) per
unit cell, which is created by substituting a Si atom by an Al
atom and adding a charge-compensating proton. Both zeolites
exhibit a fundamentally different channel system. H-ZSM-5 has
the MFI topology, characterized by perpendicularly intersect-
ing straight (5.3 A X 5.6 A) and sinusoidal (5.1 A x 5.5 A) 10-
ring channels.” Al substitution was done at the T12 site, i.e., at
the intersection of the straight and sinusoidal channels (Figure
SIA). This location offers maximal accessibility for reacting
guest molecules and is therefore the most common acid site
position in modeling studies.”” H-mordenite has the MOR
topology, characterized by parallel 8-ring (2.6 A x 5.7 A) and
12-ring (6.5 A X 7.0 A) straight channels which are connected
via 8-ring side pockets.”® In H-MOR, the active site can be
located at four different framework positions (Figure S1B)
which result in different local environments for the adsorbates.
The T1 site is situated at the intersection of the 12-ring
channel and the 8-ring channel. This location provides a
maximal amount of space for the adsorbed molecules, which
can reside in the main 12-ring channel. The T2/T4 sites are
located at the intersection of the 12-ring channel and the 8-ring
side pocket, which provides partial confinement as adsorbates
need to (partly) diffuse into the side pocket to approach this
active site. The T3 site is found at the intersection of the 8-ring
channel and the 8-ring side pocket. Bulky, long-chained
molecules, however, are sterically hindered to diffuse into the
8-ring channel. Therefore, this active site will only be accessible
for small molecules. In this study, the Al substitution is placed
either at the T1 or T2 site, which will be further denoted as
zeolite MOR-1 and MOR-2, respectively.

Periodic density functional theory (DFT) calculations were
performed with the Vienna Ab Initio Simulation Package
(VASP 5.4.1).**7*' Optimized geometries were obtained using
the conjugate gradient method. For all calculations, the PBE
functional®® with additional Grimme D3 dispersion correc-
tions™ was used. The projector augmented wave (PAW)
approximation®*** was applied, and sampling of the Brillouin
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Figure 1. Characterization of the bifunctional Fe,0;@KO,/zeolite material. (A) XRD patterns of the commercial zeolites and the fresh and spent
stand-alone Fe catalyst. (B) TEM image of the stand-alone Fe catalyst activated under reaction conditions. K (C) and Fe (D) elemental mapping of

the stand-alone Fe catalyst activated under reaction conditions.

zone was restricted to the I'-point. The plane wave energy
cutoff was set to 600 eV. The threshold for the electronic self-
consistent field (SCF) calculations was fixed at 107 eV. The
nature of the stationary points was verified by a normal-mode
analysis using partial Hessian vibrational analysis (PHVA)**3*
on the adsorbates and an 8T cluster of the framework, centered
around the acid site. To determine the adsorption enthalpy
and free energy, thermal corrections were estimated based on
the harmonic oscillator (HO) approximation with the in-
house-developed processing toolkit TAMkin.*

Ab initio MD simulations were carried out with the CP2K
software package (CP2K 3.0)."’ The revPBE functional®' with
inclusion of Grimme D3 dispersion corrections®® was chosen
as the level of theory. The DZVP-GTH basis set,* which is a
combination of Gaussian basis functions and plane waves'>**
with a cutoff energy of 320 Ry, was used for all atoms. The
SCF convergence criterion was fixed at 107¢ eV. All
simulations were performed in the NVT ensemble using a
time step of 0.5 fs. The temperature (350 °C) was controlled
by a chain of five Nosé—Hoover thermostats.*>*® Unit cell
parameters were determined from a preliminary 10 ps MD run
in the NpT ensemble at 350 °C and 1 bar, which was
controlled by an MTK barostat (see Table $2).*” All systems
were first equilibrated for S ps, followed by a production run of
100 ps to obtain a sufficient sampling of the phase space. The
plane wave kinetic energy cutoff was set to 600 eV. The
threshold for the electronic self-consistent cycle was set at 10>
eV, while the ionic convergence criterion was set at 107* eV for
all relaxations.

Umbrella sampling (US) simulations were performed with
CP2K as MD engine, interfaced with the advanced simulation
library PLUMED.** To sample the activated transition from an
alkene to a carbenium ion, a predefined reaction coordinate or
collective variable (CV) was used. The protonation of a linear
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alkene can be described by a single CV based on a
coordination number (CN), which is defined as

exe g L

d
iy 1 (Vq/"u)n

in which the sum runs over two sets of atoms i and j with r; the
interatomic distance between atom i and atom j, and r, a
reference distance. The parameters nn and nd are set at 6 and
12, respectively. To describe the proton transfer from the
zeolite (z) to the hydrocarbon (hc), a CN between the oxygen
atoms of the acid site (O,) and the hydrogen atoms of the
hydrocarbon (Hy.) (see Figure S2) is used as CV.*” A
reference distance of 1.25 A was selected.

The CV was divided into 32 equidistant windows. For each
window, a regular 25 ps MD simulation with an additional
harmonic bias potential was carried out to ensure each part of
the reaction is equally well sampled.” The bias potential has a
spring constant of 3000 kJ-mol™". The MD simulations were
initiated from configurations that were randomly obtained
from a moving bias potential simulation, describing the entire
range of the reaction coordinate. For the US simulations, the
TZVP-GTH basis was used, which allows for an improved
description of the host—guest interactions. All other MD
settings remained unchanged. Ultimately, the free energy
profile was reconstructed from the sampling distribution in
each window, using the weighted histogram analysis method

(WHAM).S "2

B RESULTS

Catalytic Performance of the Bifunctional Systems
on the CO, Hydrogenation Reaction. Synthesis of the
stand-alone Fe-based catalyst was done according to our recent
work.”" Briefly, we prepared Fe,0;@KO, catalyst by mortar
mixing commercial iron oxide and commercial potassium

DOI: 10.1021/acscatal.9b01466
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Figure 2. Catalytic performance of the bifunctional Fe,0;@KO,/zeolite system. (A) Product distribution of the Fe,0;@KO,/ZSM-$ and Fe,0;@
KO, catalysts after 50 h TOS. (B) Product distribution of the Fe,0;@KO,/MOR and Fe,0;@KO, catalysts after 50 h TOS. (C) Stability of the
Fe,0;@KO0,/ZSM-$ bifunctional catalyst during 150 h TOS. (D) Stability of the Fe,O;@KO,/MOR bifunctional catalyst during 150 h TOS.

Reaction conditions: 375 °C, 30 bar,

H,/CO, = 3, and 5000 mL-g~"h™".

superoxide, keeping a molar Fe/K ratio of 2. Figure 1A shows
the XRD patterns of the commercial zeolites (MOR and ZSM-
S) and the fresh and used stand-alone Fe,0,@KO, after 50 h
time-on-stream (TOS) at 375 °C, 30 bar, H,/CO, = 3, and
10000 mL-g~"*h". In the fresh catalyst, a mixture of magnetite
and potassium carbonate can be observed, while on the spent
catalyst, no trace of the crystalline potassium carbonate is
observed and the iron oxide is partially transformed to iron
carbide, Fe;C,. STEM was used to further investigate the
properties of the Fe,O;@KO, catalyst after reaction. In
accordance with our previous work, the Fe,0;@KO, catalyst
is composed mainly of a carbonaceous structure containing
large amounts of cationic K (see Figure $3), homogeneously
distributed over the matrix along with nanosized Fe (see
Figure 1D). Both commercial zeolites were also characterized
by means of ICP, BET, and ammonia TPD, showing values
close to the ones provided by the manufacturer (see Figure S4
and Table S3).

The detailed performance of the stand-alone Fe,0;@KO,
catalyst in the hydrogenation of CO, after SO h TOS at 375
°C, 30 bar, and H,/CO, = 3 is summarized in Table S4. The
CO, conversion for this catalyst is 48.1%, with a total olefin
selectivity of 57.4%, a CH, selectivity of 15.2%, and a CO
selectivity of only 15.9%. This catalytic performance is stable
during at least 100 h TOS (see Figure SS). The light olefins
fraction accounts for 49.3% of the total olefins, with a total
olefin/paraffin ratio of 8.5. This product distribution is shifted
drastically by assembling the bifunctional system incorporating
a zeolite (MOR or ZSM-S) in a dual bed configuration with a
1/1 mass ratio. The addition of highly acidic ZSM-S enhances
the formation of aromatics (see Figure 2A). The selectivity of
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aromatics increases to 61.4% in the liquid fraction (Cs,).
However, this aromatic increase is accompanied by a decrease
of the C,—C, olefins and the formation of isobutane as main
byproduct. The aromatic distribution is presented in Figure S6.
We detected aromatics up to C,y, toluene being the most
abundant aromatic compound formed, followed by xylenes and
Cy aromatics.

In a similar but different manner, the addition of MOR shifts
the product distribution by enhancing the formation of
ethylene and propylene, the two most highly demanded olefins
(see Figure 2B). In particular, total selectivities to ethylene and
propylene of 11.5% and 12.5% can be achieved. Interestingly,
MOR does not seem to be active in hydrocarbon cracking,
since the yields of most hydrocarbon fractions (except for the
above-mentioned C, and C; fractions) remain almost
unchanged. Both bifunctional systems are stable under reaction
conditions for at least 100 h (see Figure 2C,D). On an
additional note, the CO, conversion remains invariable for
both MOR and ZSM-$ systems in comparison with the bare
Fe,0;@KO, catalyst and with good reproducibility between
different batches (see Table S5).

In line with some previous reports,” CO selectivity
decreases upon incorporation of a zeolite component. In
particular, in the Fe,0;@KO,/MOR the CO selectivity is
13.7% while in the Fe,O3;@KO,/ZSM-S it is as low as 12.8%,
the lowest values reported for this kind of systems (see Table
S1). This effect was further evaluated by performing CO co-
feeding experiments. The addition of CO to the feed
significantly increases the conversion for both bifunctional
systems (see Table 1), which indirectly indicates the existence
of carbonylated reactive intermediates during the reaction.
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Table 1. Effect of CO Co-feeding on the Fe,0;@KO,/
Zeolite Bifunctional Catalysts”

selectivity (%)
b

co conv’
catalyst co-feed (%) C, arom C,yCy=
Fe,0,@KO0,/ZSM-5 no 489 139 249 121
Fe,0,@KO0,/ ZSM-5 yes 58.4 195 284 11
Fe,0;@K0,/MOR no 483 145 26 333
Fe,0;@K0,/MOR yes 57.9 207 30 383

“Reaction conditions: 30 bar, H,/(CO+CO,) = 3, CO/CO, = 1, and
5000 mL-g~"h% Total carbon (CO + CO,) conversion.

Furthermore, the addition of CO to the feed also increases
selectivity to olefins and aromatics, achieving a total C,—C,
olefin selectivity of 38.3% with a carbon conversion of 57.9% in
the Fe,0;@KO,/MOR catalyst and a total aromatic selectivity
of 28.4% with a carbon conversion of 58.3% in the Fe,O;@
KO,/ZSM-S catalyst at 375 °C (see Table 1).

The effect of the catalyst spatial arrangement was studied for
both bifunctional systems (see Figure S7). When the spatial
arrangement was changed from dual bed to a mortar-mixed
system, the performance was inferior in both systems, yielding
carbon monoxide as the primary product. These results suggest
that the acidity of the zeolite is poisoning the K basicity of the
catalyst and vice versa, in accordance with previous reports.8 It
also suggests the high mobility of K in our catalytic system,
which could indeed be rationalized by ssNMR spectlrnscopy.21
In addition, for the particular system of ZSM-S, the effect of
the SiO,/Al,Oj ratio was also evaluated. Figure 3A shows that,
upon increasing the SiO,/Al,O; ratio, the total aromatic
selectivity decreases. Interestingly, a linear relationship was
observed between the aromatics produced and the paraffins
formed as byproducts, with isobutane as the main co-product
in all cases (see Figure 3B). This trend is line with previous
works, with isobutane being the main byproduct of the
ethylene/propylene/butene aromatization, closely followed by
propane.* H-transfer reactions, which play a key role in the
formation of both aromatics and paraffins from light olefins,
are the main driving force behind this effect.”

The effect of the reaction conditions was further evaluated
by performing CO, hydrogenation tests at different reaction

temperatures (325, 350, and 375 °C) and pressures (20, 30,
and 40 bar). For the Fe,0;@K0,/ZSM-S combination, it can
be observed that reaction temperatures of 325 °C are not
enough to completely trigger the aromatization mechanism in
ZSM-5. On the other hand, similar aromatics selectivities are
obtained at 350 and 375 °C (see Figure S8). Varying the
pressure had less effect on the aromatics selectivity while, not
surprisingly, increasing the pressure led to higher CO,
conversions (up to 53.8%) and vice versa. For the Fe,0;@
KO,/MOR system (see Figure S9), an increase of the olefin
selectivity with the pressure is observed, regardless of the
reaction temperature, achieving a total C,—C, light olefins
selectivity of 35.2% with a CO, conversion of 54.1% at 375 °C
and 40 bar. In addition, unlike the case with ZSM-S, 325 °C
seems to be sufficient to trigger the light olefin formation
mechanism in this MOR system.

Solid-State NMR Characterization of the Spent
Zeolites. To obtain some insight into the reaction
mechanisms and derive structural information on zeolite-
trapped species, advanced MAS ssNMR was performed on the
post-reacted zeolite materials. In the 1D 'H—"*C CP spectra
(Figure S10), two predominant features were observed: (i) 8—
40 ppm aliphatic and methyl groups and (i) 120—158 ppm
olefinic and/or aromatic moieties. On a closer look, the lack of
signal for the unsaturated species specifically on the post-
reacted MOR sample indicates the plausible non-existence of
aromatic species. Alternatively, a relatively more intense signal
on the post-reacted zeolite ZSM-S (even with the lower
number of scans) over zeolite MOR suggests relatively more
efficient CP transfer in the former case, implying it is a
relatively more hydrogen-rich system (Figure S10). Thermog-
ravimetric analysis further confirms the existence of a
hydrogen-deficient system in the MOR (Figure S11), as low
hydrogen-to-carbon ratio coke (i.e, removed at temperatures
above 550 °C) accounts for a total 12.7% weight loss in the
spent MOR compared with the 4.5% observed in the spent
ZSM-S. Next, 2D 'H-""C CP-HETCOR experiments were
performed for 'H—'>C correlations on both post-reacted
zeolites (Figures 4 and S), which clearly distinguishes their
non-identical nature.

In MOR, olefinic carbons were typically correlated to both
olefinic and aliphatic methyl hydrogens, which indicates that

A B C, m G mC = C
___28 - 2 3 4 L]
£ 3
] " 3 100
= Y -
En & 5 -
75 ]
: 3
22 3
2 Z 50 .. o
E=y a [ i e
E - eer®
B 20 . =5 L
< i .- -
(7] ol B R | -
1wl ; . - . -
U 150 300 450 600 40 50 60 70 80 90

SilAl ratio

Total aromatics produced (umol/s)

Figure 3. Effect of zeolite properties on the catalytic performance of the Fe,0;@KO,/ZSM-$ bifunctional system. (A) Effect of the $iO,/Al,0;
ratio on the aromatic selectivity. (B) Molar relationship between aromatics and the paraffins produced for the different $iO,/Al,0; ratios tested.
Reaction conditions: 375 °C, 30 bar, H,/CO, = 3, 5000 mL-g""h™", and 50 h TOS.
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Figure 5. 2D MAS 'H-"C cross-polarization HETCOR ssNMR correlations. (A) Spectra obtained on the post-reacted ZSM-5 after the
hydrogenation of carbon dioxide over Fe,0;@K0,/ZSM-5 for 50 h. (B) Identified zeolite ZSM-$-trapped molecular scaffolds: olefinic/vinylic (in
light green), mono-aromatics (in green), poly-aromatics (in brown), and aliphatic (in blue) (number of scans = 2496).

alkylated olefinic/vinylic species were the primary trapped
organics (Figure 4). In the carbonyl region, two carbon signals
at 189.8 and 192.8 ppm (typically a ketonic carbonyl region)
correlate with a H-signal around 9.5—12 ppm, which could be
attributed to surface formate species (Figure 4). These two
signals presumably could appear due to the existence of surface
formate species in a non-identical environment, such as in 8-
and 12-membered rings within MOR.

Similarly, in the 2D "H—'*C CP-HETCOR spectra on ZSM-
S, alkylated aromatics/poly-aromatics and olefinic/vinylic
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species, as well as paraffins, were distinguishable (Figure S).
Herein, we also identified that signals were relatively sharper/
narrower in MOR than ZSM-S, which either could be due to
the mobility of zeolite-trapped species or because they may
reside in one exclusive conformation/environment in the
zeolite framework.** ™"

Although the NMR samples were prepared using naturally
abundant reactants, we still have attempted to perform 2D
BC—13C correlation spectroscopy, only on the post-reacted
ZSM-S material (i.e, a more hydrogen efficient system than
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Figure 6. Adsorption free energy at 350 °C for 1-, 2-, 3-, and 4-nonene and 2-nonyl carbenium ion in H-ZSM-5, H-MOR-1, and H-MOR-2 with
the empty framework and the respective n-nonene in the gas phase as reference state. For the carbenium ion, gas-phase 1-nonene and the empty

framework are chosen as reference (level of theory: PBE-D3).

MOR), with an aim to investigate the heterogeneity of the
sample as well as the zeolite-trapped Cl species (Figure
S12A,B). In general, this measurement also reveals the
existence of the alkylated aromatic/polyaromatic/olefinic
species (Figure S12A), which is consistent with our other
observations. Moreover, 2D *C—'3C spectra between 48 and
68 ppm illuminated the presence of several (albeit lower
quantity) zeolite-surface bound oxygenated species (Figure
S12B). In this region, two binding modes each of methanol
and dimethyl ether on zeolite were identified.”*"” The
assignment of surface-adsorbed methanol species was further
confirmed by a separate chemisorption experiment (Figure
S12C). The line width of the S7 ppm peak (belonging to
surface methoxy species, SMS) is only significantly broader,
suggesting heterogeneity in its molecular environment.”
Interestingly, another strong cross-peak between $7.1 and
47.1 ppm indicates the close proximity of SMS and surface-
adsorbed methanol.”” In principle, such close proximity is
indicative of their reaction through the polarization of the C—
H bond of SMS by a neighboring adjacent oxygen to form
direct carbon—carbon bonds, possibly through the carbene-like
reaction intermediate.”” Additionally, as also indicated above,
we have detected the migration of potassium as a hydrated
potassium species (i.e., K(H,0),") formed in situ by high-field
YK ssNMR spectroscopy from the metallic to the zeolitic
component during the reaction (see Figure $13).%

Theoretical Calculations on the Role of the Zeolite
Framework. To obtain nanoscopic insight into the
adsorption, mobility, and reactivity of alkene intermediates in
ZSM-5 and MOR, a comprehensive set of theoretical
calculations has been undertaken on C, alkenes. We
investigated 1-nonene as a model component because the Cy
fraction appears to be unreactive on MOR, while it is almost
entirely converted into aromatics on ZSM-S (see Figure 2).
Furthermore, a great fraction of the aromatics produced
contain nine carbons (see Figure S6) and were also detected
trapped in the ZSM-S framework (see Figure S12A). This Cy
aromatics fraction is likely formed via direct cyclization of
adsorbed nonene that typically takes place through carbenium
ion intermediates.””*°~® Additionally, as double bond isomer-
izations are known to readily occur,®*™" the other n-nonene
compounds are also included in this study.
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Upon adsorption of an alkene in a Bronsted acid zeolite, four
different adsorption states can be formed, as shown in Figure
S14: (i) a physisorbed van der Waals (vdW) complex,
characterized only by dispersion interactions with the zeolite
wall; (i) a physisorbed 7-complex, in which the double C=C
bond forms a 7-H interaction with the Bronsted acid site; (iii)
a chemisorbed carbenium ion, formed via protonation of the
alkene; and (iv) a chemisorbed alkoxide, which is covalently
bonded to the framework. Previously, we showed that
alkoxides are unstable for C,—C; alkenes at elevated
temperature,””’* an observation which can likely be extrapo-
lated to Cy alkoxides.

First, the adsorption behavior of linear nonene species was
characterized by static DFT calculations. The resulting
adsorption free energies at 350 °C for the n-nonene z-
complexes and 2-nonyl carbenium ion in both zeolites are
plotted in Figure 6. The adsorption enthalpies are shown in
Figure S15. In MFI, the adsorbates are located in the straight
10-ring channel. In MOR-1—with the acid site located at the
T1 position—the adsorbates are located in the main 12-ring
channel. In MOR-2—with the acid site located at the T2
position—the adsorbates are located in the side pocket with
the tail of the alkyl chain protruding in the main channel.
Figure S16 shows the geometries of the optimized 1-nonene
and 4-nonene 7-complexes in both zeolites. In MFI, the
adsorption free energies are found to be ca. 20—30 kJ-mol™
lower than in MOR, which may be explained by the enhanced
stabilization of the alkenes in the more confined 10-ring
channels of MFIL The homologous n-nonene series has nearly
equal adsorption free energies in MOR-1. However, in MOR-
2, the adsorption free energy increases significantly from 1-
nonene to 4-nonene. For 1-nonene only the double bond is
situated in the side pocket, while for 4-nonene the alkyl chain
penetrates much deeper into the 8-ring side pocket, thus
resulting in an entropically less favorable configuration.

The 2-nonyl carbenium ion has a much lower adsorption
strength than the nonene 7-complex in both zeolites. The free
energy difference between 1-nonene and the 2-nonyl
carbenium ion is higher in MOR-1 (49 kJ-mol™") than in
MFI (44 kJ-mol™"), although it should be noted that this rather
subtle difference lies within the margin of error. In MOR-2, the
chemisorbed carbocation could not be localized as a stable
state on the potential energy surface. Due to the proximity of
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Figure 7. Sampling percentage of the z-complex, vdW-complex, and carbocation intermediates during the 100 ps MD simulations of the linear C,
species at 350 °C in (A) H-ZSM-S, (B) H-MOR-1, and (C) H-MOR-2 (level of theory: revPBE-D3/DZVP-GTH).

the acid site in the side pocket, the 2-nonyl carbenium ion
spontaneously deprotonates during the geometry optimization.
In general, secondary carbenium ions are not expected to be
very stable based on static calculations, as was also shown in
our earlier work.*>®’

From these static simulations, we can already conclude that
C, alkenes generally adsorb more strongly in ZSM-5 compared
to MOR. However, such static calculations show some
limitations to properly account for the operating conditions.
More particularly, only a single configuration of the adsorbate
is considered, whereas at finite temperature, the adsorbed
alkenes will typically possess sufficient energy to allow rapid
rearrangements to other conﬁgurations.w's( 7> To properly
account for finite temperature effects and the configurational
freedom of the guest species, MD simulations were performed
at the reaction temperature of 350 °C.

The dynamic behavior of the C,y species inside ZSM-S,
MOR-1, and MOR-2 was evaluated through five simulations,
starting from 1-nonene, 2-nonene, 3-nonene, and 4-nonene 7-
complexes and a 2-nonyl carbenium ion geometry. Compared
to those in smaller alkenes, nonyl carbenium ions may be
formed more easily because the charge-stabilizing inductive
effect is more pronounced for longer chains.*’ Indeed, alkene
(de)protonation reactions can occur in the course of the
simulations as well as regular transitions between the alkene 7-
complex and vdW-complex. To distinguish between the
different adsorption states at each instant, an empirical
criterion based on characteristic distances was established, as
described in ref 69.
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Figure 7 shows the sampled 7-complex, vdW-complex, and
carbenium ion time fractions during the 100 ps MD
simulations. As the simulation length is probably too short
to satisfy the ergodic hypothesis, these results should be
considered as a qualitative description of the stability of these
intermediates. Furthermore, the applied level of theory might
also influence the relative lifetimes of the various species. In H-
ZSM-$, the 7-complex is the most sampled state, irrespective
of the starting configuration, followed by the vdW-complex and
the carbocation (Figure 7A). In H-MOR-1, the weaker 7-H
interactions are not strong enough to compensate for the
entropic gain of forming vdW-complexes at 350 °C. As a result,
the vdW-complex is by far the most stable state, despite the
easy accessibility of the active site (Figure 7B). In H-MOR-2,
the lifetime of the physisorbed states depends on the position
of the nonene species. When (partly) residing in the 8MR side
pocket, z-complexes are quite stable due to the proximity of
the acid site and the hindered mobility of the alkyl chain.
‘When they reside in the main channel, the situation resembles
H-MOR-1, and vdW-complexes are the most stable state
(Figure 7C). In general, the 7-complex fraction has a higher
probability to occur in ZSM-$ than in MOR, which suggests
that nonene will bind more strongly to the acid site in ZSM-S
at 350 °C.

To obtain further insight into the mobility of the nonene
species in the zeolite pores in depth, 2D scatter plots of the
mobility of l-nonene and 4-nonene along the channel
directions of MFI (Figure S17) and MOR (Figure S18) were
constructed. In MOR-1, it is immediately clear that the alkene
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species can easily diffuse away from the active site along the
large 12-ring main channel during the 100 ps simulation. In
MOR-2, all nonene species diffuse rapidly from their initial
position in the side pocket to the main channel, as this will
result in a significant increase in conformational freedom. For
1-nonene the diffusion is almost instantaneous, while 4-
nonene—which has a large part of the alkyl chain protruding in
the side pocket—resides much longer in the side pocket before
eventually traveling to the main channel, as evidenced by the
large volume fraction of the side pocket which is visited during
the simulation. The diffusion process to the main channel takes
much longer, thus explaining the large 7-complex fraction for
the 3-nonene and 4-nonene simulations (Figure 7C). Also, 4-
nonene and 3-nonene first undergo a spontaneous isomer-
ization into 2-nonene before diffusing to the main channel,
which confirms the higher adsorption strength of 2-nonene in
MOR-2 as predicted by our static calculations (vide supra). On
the other hand, in ZSM-5, the nonene species travel over a
distance of only 10 A along the straight channel. The C,
alkenes are more tightly bound in ZSM-5 and remain adsorbed
at the channel intersection. The tail of the alkyl chain can
reside both in the straight and in the sinusoidal channel. For 4-
nonene, these two preferred adsorption locations can clearly be
distinguished from the adsorbate mobility (see Figure S17B).

In ZSM-5, transitions between the neutral alkene and the
carbenium ion are observed in four out of the five simulations
(Figure 7A). The total sampling time of the carbocation state
ranges between 0 and 10 ps. Although carbenium ions are
clearly much less stable than physisorbed alkenes, their lifetime
is not negligible. In contrast, in both MOR zeolites, carbenium
ions were not sampled, except for a very brief instant (<0.1 ps)
during the double bond isomerizations. Even when starting
from a carbenium ion configuration, immediate deprotonations
occurred. These observations indicate that the relative energy
difference between a nonyl carbenium ion and a physisorbed
nonene is larger for MOR than for ZSM-S. The varying pore
topology of both zeolites may explain the difference in
carbocation stability. The size of the zeolite pores was
previously shown to crucially affect the stability of alkene
intermediates.”*~”" The 10-ring channels of ZSM-$ provide a
much better confinement than the larger 12-ring channels of
MOR. Furthermore, the location of the acid site at the channel
intersection allows for an optimal accessibility. In the main
channel of MOR, the average distance of the adsorbate to the
zeolite wall will be larger than in ZSM-S. Therefore, the
stabilizing effect of dispersion and vdW interactions will be
reduced. In the 8-ring side pocket of MOR, a much more
confined space is available for the adsorbate. However, this
beneficial effect is counteracted by the overall mobility and
entropy loss when the adsorbate is located in the side pocket.

Based on this qualitative data set, it can be concluded that
carbenium ions seem to be formed preferentially on ZSM-S.
However, to estimate the reactivity toward double bond
activation, US simulations were carried out to reconstruct the
free energy profile for the protonation of 1-nonene into a nonyl
carbenium ion. In this way, the configurational freedom of the
adsorbed C, species is equally well accounted for along the
entire reaction coordinate. Figure S19 displays the resulting
free energy profile for ZSM-$ and MOR-1 at 350 °C. Due to
the tendency of nonene to diffuse along the main channel,
zeolite MOR-2 was not considered. In ZSM-$, a free energy
barrier of 61 kJ-mol™" is obtained, while MOR-1 shows a
protonation barrier of 67 kJ-mol™". The free energy difference
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between 1-nonene and a nonyl carbenium ion amounts to 32
and 42 kJ-mol ™, respectively. Compared to the neutral alkene,
carbenium ions are thus less stable in MOR than in ZSM-5 and
their formation is slightly more highly activated. These free
energy profiles clearly show the subtle difference between the
two zeolites for the activation of 1-nonene.

The stability of carbenium ions is influenced not only by
topology but, among others, also by temperature, chain length,
and branchingfw’ég For higher reaction temperatures, it can be
expected that the stability of carbenium ions will increase also
in MOR. Furthermore, branching affects the stability of alkene
intermediates to a large extent, since more stable tertiary
carbenium ions may be formed upon protonation. Herein, we
assumed that the importance of branched alkenes is limited, as
linear a-olefins are the primary FTS products. However, the
relevance of branched intermediates might be a topic for
further investigation.

B DISCUSSION

In line with previous reports, our results confirm that
the addition of a highly acidic zeolite to a CO, hydrogenation
catalyst shifts the product distribution, breaking now the ASF
distribution. The addition of highly acidic ZSM-S enhances the
formation of aromatics (see Figure 2A), increasing the
selectivity to 61.4% in the liquid fraction (Cs,). However,
this increase in aromatics is accompanied by a decrease of the
C,—C,, olefins and the formation of isobutane as the main
byproduct (see Figure 3B). The addition of MOR enhances
the formation of ethylene and propylene (see Figure 2B), with
a total selectivity to ethylene of 11.5% and a total selectivity to
propylene of 12.5%. However, in this zeolite, the bulk of the
hydrocarbon fraction remains practically unchanged. Interest-
ingly, the CO selectivity decreases in both cases (as low as
12.8% in the ZSM-S and 13.7% in the MOR), implying that
CO plays a role in both zeolitic reaction networks.”
Furthermore, when CO is co-fed in the system, the carbon
conversion and both aromatic and light olefin selectivities
sharply increase (Table 1).

The proximity of the two components of the bifunctional
catalyst was found to be critical: when the spatial arrangement
was changed from dual bed to mortar mixed, the main product
was always CO for both MOR and ZSM-$ (see Figure S7).
These results can be a consequence of K poisoning by the
acidity of the zeolite.® The SiO,/Al,0j ratio was also found to
be critical for the ZSM-5 system: upon increasing the SiO,/
Al,O; ratio, the total aromatic selectivity decreased, showing a
linear relationship between the aromatics produced and the
paraffins formed as byproducts (see Figure 3B). According to
our results, for each mole of aromatics produced, 0.9 mol of C;
paraffins and 1.5 mol of C, paraffins are co-produced,
regardless of the SiO,/Al,O5 ratio.

To unravel this complicated reaction network, advanced
MAS ssNMR spectroscopy, including 2D correlation experi-
ments ("H-"C and "*C—"3C), was performed on the post-
reacted zeolite materials to derive structural information on
trapped organics. Altogether, our ssNMR study indicates that
methylated olefinic/vinylic species, zeolite surface formate
species, and paraffins were primarily trapped on the post-
reacted MOR zeolite (Figure 4), whereas post-reacted zeolite
ZSM-S was overwhelmed by alkylated (i.e, both methylated
and ethylated) aromatics, polyaromatics, and olefinic/vinylic
species as well as paraffins (Figure S and Figure $12). The 2D
BC-1C spectrum also illuminates the presence of surface-
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adsorbed methanol and dimethyl ether, as well as surface
methoxy species on the post-reacted zeolite ZSM-5 material.
Therefore, the dominating reaction intermediates in the
present case were characteristically similar to the hydrocarbon
pool (HCP) species, like in the MTH process.”

By combining static DFT calculations and advanced MD
simulations, the difference in adsorption behavior and
reactivity of C, alkene intermediates between ZSM-S and
MOR was clarified. The free energy profile for 1-nonene
adsorption and protonation at 350 °C is schematically
represented in Figure 8. The protonation barrier referenced
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Figure 8. Free energy profile for the adsorption (from static
calculations, level of theory: PBE-D3) and protonation (from
umbrella sampling, level of theory: revPBE-D3/TZVP-GTH) of 1-
nonene 7-complex into 2-nonyl carbenium ion in H-ZSM-S (blue)
and H-MOR-1 (red) at 350 °C, with the empty framework and 1-
nonene in gas phase as reference states.

to the empty framework and I-nonene in the gas phase is 27
kJ-mol ™" higher in MOR than in ZSM-S. Compared to the gas-
phase reactants, the nonyl carbenium ion is stabilized by 8 kJ-
mol ™! in ZSM-5 and destabilized by 23 kJ-mol™ in MOR. It
should be stressed that the adsorption free energies were
obtained from static calculations, whereas the activation free
energies were obtained from MD simulations. As a result, the
absolute quantitative values may be prone to some
uncertainties. However, the overall data set illustrates the
difference in carbenium ion stability for both zeolites. The
reason for this reactivity difference is two-fold. First, 1-nonene
adsorbs less strongly on MOR, which may be explained by the
reduced confinement of the large 12MR zeolite channels
compared to ZSM-S. Furthermore, it was discovered that
nonene species tend to diffuse into the main channel in MOR,
even when they were originally located in the side pocket.
Second, the intrinsic activation barrier for the protonation of 1-
nonene is slightly higher in H-MOR.

The different product distributions obtained from the two
catalysts can (partly) be attributed to the ability of these
zeolites to activate alkenes and form carbenium ions.
Carbenium ions indeed play a crucial role in the further
conversion of large olefins into either aromatics, light olefins,
or alkanes. By properly choosing the zeolite topology, the
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stabilization of the involved intermediates can be influenced
and the selectivity can be tuned toward the targeted product
distribution. In ZSM-5, the 10-ring channels of ZSM-5 provide
a much better confinement than the larger 12-ring channels of
MOR, in agreement with earlier studies which showed the
importance of the channel confinement in stabilizing small
alkane intermediates.”” In addition, ZSM-5 can more easily
activate long alkenes to form carbenium ions that can further
be incorporated into the aromatization cycle. On the other
hand, in MOR the protonation barrier is higher and, as
consequence, the bulk of the heavy olefin fraction remains
practically unchanged (Figure 2B). Furthermore, since the
accessible Bronsted acid sites of MOR may be blocked by
K(H,0)," (Figure S13), it could not be expected to facilitate
the aromatization of olefins, and indeed, no aromatics species
were evidenced by ssNMR on MOR (unlike H-ZSM-5).
Based on the aforementioned results, a catalytic pathway for
the Fe,O;@KO,/zeolite-catalyzed hydrogenation of CO, to
hydrocarbons is proposed in Figure 9. First, Fe,0;@KO,
catalyzes the RWGS reaction to produce CO and water from
the reaction mixture (CO, + H,) (Figure 9A). Next, part of
the CO is transformed in the Fe nanoparticles to produce the
whole range of hydrocarbons (see Table S4) while the
remaining CO diffuses to the confined pores of both MOR and
ZSM-$ zeolites to produce surface formate species, which are
subsequently hydrogenated to form SMS in situ® (Figure 9B).
This SMS species undergoes several transformations, yielding
mostly ethylene. It is worth mentioning that the mechanism of
formation of olefins directly from the surface carbonylated
species has recently been elucidated,”® which presumably goes
through the formation of a ketene-based reaction intermediate
during both MTH and syngas chemistry over zeolite.®’ Finally,
the olefins produced on the Fe,O;@KO, catalyst plus the ones
resulting from the SMS species are further incorporated into
the aromatization cycle. This cycle takes place exclusively on
ZMS-5 and greatly depends on the acidity of the zeolite
(Figure 3A). In addition, for each aromatic formed, paraffins
are also produced,'*** with isobutane as the main byproduct
(Figure 3B). Furthermore, the initial aromatics can undergo
several transformations (i.e., transalkylation, isomerization),
widening the final aromatic product distribution (Figure S6).
Last but not least, the C,—C, olefin STY of the Fe,O;@
KO,/MOR composite and the aromatic STY of the Fe,0;@
KO,/ZSM-5 composite reported here turns out to be the
highest of those for the existing bifunctional sys-
tems 507208270 (gee Figures 520 and S21 and Table S1).
These elevated conversions can be attributed to the optimal
performance of the Fe,0;@KO, stand-alone catalyst’' and the
addition of the correct zeolite that enables the selectivity
increase to either light olefins (MOR) or aromatics (ZSM-S).

B CONCLUSIONS

The combination in one single reactor of the appropriate Fe
catalyst and zeolite topology results in the conversion of CO,
to olefins and aromatics with high selectivity and unprece-
dented values of productivity. Product distribution can be
easily shifted to either light olefins (in case of MOR) or
aromatics (in case of ZSM-S) by selecting the appropriate
zeolite. Furthermore, the presence of a zeolite enables the
conversion of undesired CO, boosting the total selectivity to
the desired hydrocarbon fraction. Solid-state nuclear magnetic
resonance characterization of the spent zeolites revealed that
for both zeolites the reaction mechanism is driven by the
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on ZSM-S.

incorporation of CO in the network in the form of surface
formate. A combined static and dynamic set of DFT
simulations showed a higher potential of ZSM-5 to activate
long alkenes toward carbenium ions, in contrast to MOR
where these fractions are nearly unreactive. This explains the
higher selectivity of ZSM-S toward formation of aromatics.
Our findings could help unravel the reaction network in
bifunctional systems with the ultimate goal of the mass
adoption of non-fossil-fuel technologies for the production of
hydrocarbons in the near future.
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Abstract

The methanol-to-olefins process over H-SAPO-34 is characterized by its high shape selectivity
towards light olefins. The catalyst is a supramolecular system consisting of nm-sized inorganic
cages, decorated by Brgnsted acid sites, in which organic compounds, mostly methylated benzene
species, are trapped. These hydrocarbon pool species are essential to catalyze the methanol
conversion but may also clog the pores. As such, diffusion of ethene and propene plays an
essential role in determining the ultimate product selectivity. Enhanced sampling molecular
dynamics simulations based on either force fields or density functional theory are used to
determine how molecular factors influence the diffusion of light olefins through the 8-ring
windows of H-SAPO-34. Our simulations show that diffusion through the 8-ring in general is a
hindered process, corresponding to a hopping event of the diffusing molecule between
neighboring cages. The loading of different methanol, alkene and aromatic species in the cages
may substantially slow down or facilitate the diffusion process. The presence of Brgnsted acid sites
enhances the diffusion process due to the formation of a favorable m-complex host-guest
interaction. Aromatic hydrocarbon pool species severely hinder the diffusion and their spatial
distribution among the zeolite crystal may have a significant impact on the product selectivity.
Herein, we unveil how molecular factors influence the diffusion of light olefins in a complex
environment with confined hydrocarbon pool species, high olefin loadings and the presence of
acid sites by means of enhanced molecular dynamics simulations at operating conditions.

Keywords

Alkenes, Brgnsted acidity, Diffusion, Methanol-to-olefins (MTO), Molecular Dynamics, SAPO-34
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1. Introduction

The production of bulk chemicals such as ethene and propene from alternative feedstocks (carbon
dioxide, biomass, waste, natural gas,...) is a very topical subject given the depleting fossil fuel
reserves and the search for more sustainable technologies. Within this context the methanol-to-
olefins (MTO) process can play a key role. Although the process was already introduced in the late
1970s, the catalytic technology has only recently been implemented on a large industrial scale.’™
The MTO process typically occurs on an acid zeotype catalyst whose shape selective micropores
play a crucial role in the ultimate product selectivity.**™ The discovery of H-SAPO-34 by the
researchers of Union Carbide was a landmark in the exploration of this shape selectivity towards
light olefins. H-SAPO-34 is a small pore material, featuring the CHA topology, in which spacious
cages are connected by small 8-ring windows. (Figure 1) The material is also the core catalyst in
the MTO technology developed by the Dalian Institute of Chemical Physics (DICP).>*°
Unfortunately H-SAPO-34, also quickly deactivates and various strategies have been explored to
improve the lifetime.'"*?

A consensus was reached that in these small-pore zeolites a pool of (aromatic) hydrocarbons (HP)
is formed, as originally proposed by Dahl and Kolboe.**** These HP species remain trapped in the
zeolite cavities and act as co-catalysts. In a closed catalytic cycle, they undergo repeated
methylation reactions with methanol and subsequent light olefin elimination, thus regenerating
the HP species. (Figure 1a) However, HP species can also transform via secondary reactions with
primary olefinic products or methanol into polyaromatics (coke), which deactivate the catalytic
ability of the zeolite by pore blocking or poisoning of the active sites.**® Finding the ideal acid site
density is crucial to achieve an optimal efficiency of the catalyst (light olefin production versus
coke formation).” Within H-SAPO-34, the active HP species are believed to be
hexamethylbenzenes which cannot migrate through the 8-ring windows connecting the different
cages. According to Haw’s initial proposal, a typical MTO catalyst becomes as such a
supramolecular system with a nm-size inorganic cage decorated by Brgnsted acidic sites (BAS) and
an essential organic compound.? This catalytic system produces light olefins, mostly ethene and
propene, with high selectivity. Once formed, these olefins need to diffuse through the crystal. In
the MTO process, the loading of the zeolite pores dynamically evolves with time on stream.?**
The presence of Brgnsted acid sites in H-SAPO-34 has been shown to be an important factor in the
diffusion process,?>*® although the precise role of the distribution of BASs has not yet been
unraveled.

Since the MTO chemistry is governed by a complex reaction network with both temporal and
spatial gradients, various factors may contribute to the observed product distribution and
selectivities.”’”° Bhan and co-workers recently developed a method for analyzing reaction
transport phenomena in complex processes and discovered for the MTO process in H-SAPO-34
that diffusional constraints had the largest impact on some particular steps of the MTO reaction
cycle.®® Hereijgers et al. performed seminal work to understand the selectivity and deactivation on
H-SAPO-34.° They showed that the product distribution is controlled by product shape selectivity.
Initially, methanol would freely diffuse through the crystals and adsorb on the acid sites. After the
formation of the first methylbenzenes in the outer cages of the crystals, the catalytic MTO cycle
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produces alkenes which diffuse out of the crystals. However, the selectivity towards ethene
increased with time-on-stream, which was attributed to an increased diffusion hindrance of
propene and the higher alkenes.>? At the same time, a tendency towards less methylated
benzenes in the occluded aromatics was observed, although most of these methylbenzenes were
not accessible for methanol in the nearly deactivated catalysts, as was shown by labelling
experiments. This result was also confirmed by Weckhuysen et al. who showed by in-situ
spectroscopy that with time-on-stream fluorescent molecules were formed inside the crystals, but
not on the outer surface of the crystals.*® These results indicated that only a minor fraction of the
catalyst is active at any point in time and that the increased ethene selectivity could be attributed
to diffusional limitations of longer alkenes due to pore blocking. The importance of diffusion for
the production of alkenes and the difference between H-SAPO-34 and H-ZSM-5, was already
pointed out in a relatively old study by Iglesia et al., who demonstrated the diffusional constraints
imposed by the small connections between intracrystalline cavities and the importance of acid site
densities for maximization of ethene selectivities.>*

(a) (b)

MTO CONVERSION

Secondary product

Induction period formation
CH;OH CaHe Alkanes
CH;0H  CH,0CH. Hydrocarbon
T pool species  GiHe Polyenes
Z-CHy (Poly)aromatics
Equilibration Primary product

formation

Figure 1. (a) Reaction scheme of the MTO process; (b) Scheme of the H-SAPO-34 pore system with
large cages connected via 8-ring windows; (c) Representation of an H-SAPO-34 cell with 2 adjacent
cages containing HP species.

Recently, several experimental studies reported the strong correlation between the product
distribution of the MTO process and the diffusivity of small hydrocarbon products.®*7 In parallel
some interesting studies appeared which showed that also other factors contribute to the
selectivity such as the prevalence of some reaction cycles and intermediates.*® Compared to the
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extensive set of experimental studies on diffusivity in H-SAPO-34, a molecular understanding of
the diffusion of alkenes through H-SAPO-34 is still relatively limited. Some computational studies,
using atomic force fields and molecular dynamics simulations, explored the role of temperature
and different zeolite pore topologies on the diffusivity,** and related this with experimentally
determined diffusion coefficients of ethene and propene.*? Ghysels et al. performed regular force
field based molecular dynamics simulations for the diffusion of ethene through various 8-ring
zeolites.”® It was observed that the guest molecule spends most of the time in the cages and
occasionally diffuses from one cage to another. Diffusion of propene has so far not been studied
with first-principle methods. Simulation of propene diffusion through the 8-ring windows is not
straightforward, as a barrier needs to be overcome to hop between cages.

In this work, diffusion is studied in a complex dynamic molecular environment representative for
the actual MTO process. For the first time, we combine a first principle description and enhanced
sampling techniques to study diffusion of light olefins in H-SAPO-34 at a molecular scale. The
constructed models try to reflect the real MTO catalyst, taking into account the presence of
Brgnsted acid sites, hydrocarbon pool species and high methanol loadings. For these model
systems, free energy profiles for ethene and propene diffusion through the pores of the zeolite are
determined using molecular dynamics simulations both with a force field and an ab initio
approach to properly account for all molecular interactions. Since unfeasibly long time scales
would be required to sample the transition state region with sufficient accuracy,**** enhanced
sampling methods are inevitable to properly simulate the activated diffusion process.*® Herein, we
first discuss the influence of temperature on the diffusion rate, which allows to disentangle effects
related to entropy and enthalpy. Secondly, the effect of different propene loadings is considered
to assess how the presence of other hydrocarbon species in the cages affects the diffusivity.
Thirdly, the effect of the presence of BASs in the 8-ring window is explored. Finally, the influence
of a typical MTO environment with hydrocarbon pool species and methanol molecules on the
diffusion mechanism of propene is investigated. The followed approach is unique in its kind and
yields molecular level insight into the different elements affecting the light olefin diffusion in H-
SAPO-34 at operating conditions. In a sense, this study aims at following in operando the diffusivity
of olefins during the MTO process.

2. Computational methods and models.
2.1. SAPO-34 framework

SAPO-34 exhibits the CHA topology in which large cages (11 A x 6.7 A) are interconnected by small
8-ring windows (3.8 A x 3.8 A). Each cage contains six 8-rings as displayed in Figure 2. The SAPO-34
unit cell with composition (AIPQOg4)1s contains 36 T-sites. Brgnsted acid sites are created by
substitution of a P atom by a Si atom and adding a charge compensating proton. Substitution of
an Al atom can also take place, but this configuration is not retained in this work. Experimental
studies indicated an optimal (Al+P)/Si ratio of approximately 11 for the MTO process, i.e., with
minimal catalyst deactivation.”*” This ratio corresponds to the presence of 3 Si atoms per unit cell,
or approximately two Brgnsted acid sites per cage, although no strict conditions were imposed
regarding their position and their distribution throughout the material.
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Figure 2. (a) Representation of propene diffusion through an 8-ring of H-SAPO-34 connecting
adjacent cages A and B; (b) Scheme of Collective Variable for light olefin diffusion through an 8-
ring of H-SAPO-34; (c) Different 8-ring types of H-SAPO-34 containing 0 BASs, 1 BAS or 2 BASs.

The SAPO-34 unit cell dimensions are obtained from a 20 ps preliminary ab initio molecular
dynamics simulation in the NpT ensemble at 300 K, 450 K or 600 K and 1 bar. To properly simulate
the olefin diffusion process through a specific 8-ring connecting two adjacent cages A and B, as
displayed in Figure 2a, SAPO-34 supercells with 1 or 2 BAS per unit cell are constructed. A 1x2x1
and a 2x2x2 supercell are used for the ab initio and force field molecular dynamics (MD)
simulations respectively (vide infra). Three different models of the 8-ring window are considered
for diffusion between adjacent cages, namely with 0 BAS (type 0), 1 BAS (type 1) or 2 BAS (type2)
on the 8-ring (see Figure 2c). For type 1, the position of the acid proton is arbitrarily chosen. For
type 2, the two Brgnsted acid sites are located in next-nearest-neighbor positions as suggested in
refs. 48,49. In case of a type 0 and a type 2 ring, cages A and B are equivalent, while in case of a
type 1 ring, cage B is defined as the cage containing the oxygen atom of the acid site.

2.2. Force Field MD simulations

Force field MD (FF-MD) simulations are computationally very efficient, but they may fail to

accurately describe explicit host-guest interactions (vide infra). One of the advantages of using

force fields is that they allow performing MD simulations on a large 2x2x2 supercell which reduces

any artificial interactions between periodic images of the guest species. Especially in the case of a

high loading of the cages, these interactions might have a significant effect. The force fields used

in this work were derived according to the procedure outlined in Section S3 of the SI. All FF-MD
5
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simulations are performed in the NVT ensemble at 300, 450 and 600 K using the DL_POLY Classic
simulation package (version 1.9).°*°2 Each simulation spans a total time of 25 ns.

To accelerate sampling of the (hindered) diffusion through the 8-ring windows, metadynamics
(MTD) simulations®® are performed. This technique requires the definition of a reaction coordinate
or collective variable (CV) which can uniquely describe the hopping of the guest molecule between
cage A and cage B. In accordance with our earlier work, the CV, &, is defined as the projection of
the center of mass of the guest molecule,?,,, onto the ring plane normal fiplane (see Figure 2b).

&= (?M - FC) . ﬁplane
The vector 7 represents the positioning vector of the ring center. The value of the CV reaches 0
when the center-of-mass of the olefin crosses the plane of the 8-ring. In the case of type 0 and
type 2 diffusion, there is no clear distinction between cages A and B, while in case of type 1

diffusion, the positive region of the reaction coordinate §, which we assume to be cage B, is
unambiguously determined by the position of the oxygen of the acid site.

Free Energy profiles are obtained by averaging over 10 independent simulations with different
initial configurations. To prevent the diffusion of the guest molecules to a nearby cage C, parabolic
constraints were imposed to the simulations. First, the collective variable is restricted to the range
[-9.0 A, +9.0 A] to allow the diffusing molecule to jump only between the adjacent cages A and B.
Also, the distance between the center of mass of additional guest molecules and the center of the
cage is limited to a maximum distance of 8 A to ensure that each spectator molecule remains in its
original cage.

2.4. Ab initio MD simulations

Ab initio MD (AI-MD) simulations yield an improved description of host-guest interactions,
although at higher computational cost. Therefore, a 1x2x1 supercell is employed for the first
principle simulations. All AI-MD simulations are performed in the NVT ensemble at the revPBE-D3
level of theory® using the CP2K package. The total simulation time consists of a production run of
100 ps after 10 ps of equilibration. During the MD simulations, a m-H interaction between the acid
proton and the m-electrons from the double bond of the alkene can be formed. To identify this
state, the following empirical distance criterion needs to be obeyed. If the distances between the
acid proton and the double bond carbon atoms are both smaller than 2.85 A, an alkene m-complex
is sampled, otherwise a purely dispersion governed interaction state is sampled.>

To construct (free) energy profiles for the diffusion through the 8-rings, umbrella sampling (US)
simulations®® are performed. Similar constraints as for the FF-MTD simulations are added to
prevent the diffusion to other nearby cages. More information on the computational details is
given in Section S3 of the SI. An overview of all simulations performed in this work can be found in
Table S1.

3. Results and discussion

3.1 Influence of temperature on diffusion behavior
6
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First, the influence of temperature on the ethene and propene diffusion through the H-SAPO-34
zeolite pore system is studied. To this end, cage A is loaded with ethene or propene which would
in principle be able to diffuse into cage B through the 8-ring during a regular MD simulation. As
ethene (kinetic diameter of 390 pm) is a relatively small molecule with respect to the size of the 8-
ring window, multiple crossings between cage A and cage B were observed during a regular FF-MD
simulation. The free energy profiles of ethene diffusion through a type O ring can be quite
accurately derived from regular MD simulations, as evidenced by Figure S3 showing a comparison
between the free energy profiles from both regular and enhanced MD simulations. In the case of
propene (kinetic diameter of 450 pm), no window crossings are observed in regular MD
simulations. This clearly underlines that propene diffusion is a hindered process in small pore
zeolites. Therefore, in the remainder of this paper, enhanced sampling MD techniques (see
Section 2.3 and Section 2.4) will be applied to obtain the diffusion barriers.

The free energy profiles for ethene and propene diffusion through ring type 0 (without BAS) at 450
K from FF-MTD simulations are shown in Figure 3a. The lower free energy barrier for ethene
diffusion (21.2 kJ/mol) compared to propene diffusion (40.9 kJ/mol) can obviously be associated to
the smaller size of the ethene molecule. Additionally, to disentangle the enthalpy and entropy
contribution to the free energy, the energy profile for ethene and propene diffusion was
determined according to the procedure descried in Section S3. The resulting energy profile, shown
in Figure 3b, illustrates that the diffusion barrier for ethene is solely an entropic barrier. For
propene, the free energy diffusion barrier consists of both a (small) energetic and an entropic
contribution. Furthermore, we analyzed the fluctuation of the ring surface as a function of the
collective variable § (see Figure S7), which shows that the expansion of the 8-ring of SAPO-34 upon
diffusion is clearly larger in the case of propene.

The temperature effect on the diffusivity of propene through 8-ring type 0 is shown in Figure 3c
and Table 1. The absolute free energy barrier increases from 27.8 kJ/mol at 300 K to 40.9 kJ/mol
or 49.4 klJ/mol at 450 K and 600 K respectively. However, the diffusion barrier in units of kgT
slightly decreases in terms of temperature. Since the probability of propene being at the center of
the 8-ring (£ = 0) is expressed by the Boltzmann factor,e2F*/k8T  the overall diffusivity thus
increases with temperature, as expected. At high temperature, guest molecules will be more
mobile in the large cages, resulting in an increased probability to find propene in the 8-ring
corresponding to intercage migration. Table 1 also contains the decomposition of the free energy
barriers into their energetic and entropic contributions. Although the diffusion process is both
energetically and entropically activated, our results indicate that the diffusion barrier is mainly
governed by entropic factors. Indeed, the entropy contribution to the overall barrier (-TAS*) is
positive and increases substantially with temperature (from 19.1 kJ/mol to 37.7 kJ/mol) as
propene diffusion through the small 8-ring windows is unfavorable. This trend was already
predicted from MD simulations of ethane in the LTA zeolite by Schiiring et al.>’ In spite of the
larger absolute free energy barriers, the overall diffusivity will increase for rising temperatures
because the kinetic energy of the guest molecules will also increase, which is reflected by the
decreasing free-energy barriers in kgT units.
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Figure 3. (a) Free Energy profile for ethene/propene diffusion through a type 0 ring of H-SAPO-34
from FF-MTD simulations at 450 K; (b) Average (non-bonding) interaction energy profile for
ethene/propene diffusion through a type O ring of H-SAPO-34 at 450 K; (c) Free energy profiles for
propene diffusion through a type O ring of H-SAPO-34 at different temperatures from FF-MTD
simulations; (d) Free energy profiles for propene diffusion through a type 0 ring of H-SAPO-34 at
different temperatures from AI-US simulations.

Table 1. Free energy, energy and entropy barriers for propene diffusion through ring type 0 at
three different temperatures from FF-MTD simulations.

FF-MTD AF AE* -TAS*
[ki/mol]  [keT] | [ki/mol]  [keT] | [k)/mol]  [ksT]
300 K 27.8 11.1 8.7 35 19.1 7.7
450 K 40.9 10.9 11.0 2.9 29.9 8.0
600 K 49.4 9.9 11.6 2.3 37.7 7.6
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At this point, it is interesting to assess if these general trends are described correctly by the force
field based simulations. To check the accuracy of the FF-MTD results, ab initio umbrella sampling
simulations are performed for the 8-ring type 0 diffusion of propene. The constructed free energy
profiles for the three temperatures are shown in Figure 3d. While the qualitative trends are
preserved, the quantitative values of the free energy barriers are quite sensitive to the applied
level of theory. Using the DFT approach the free energy barriers are 5-10 kJ/mol higher compared
to the force field approach (see Table S1). The force field based method may be used to assess
general diffusivity trends but performing a quantitative assessment of the diffusion process might
be less reliable.

3.2 Influence of propene loading on the diffusion behavior

To assess the impact of ethene and propene diffusivity on the MTO process, it is essential to
increase the hydrocarbon loading of the catalyst in order to mimic the true MTO conditions. In this
part, we assess the influence of additional propene molecules, as model components of the
hydrocarbon pool, in the cages of H-SAPO-34 on the diffusivity. Using an in-house developed
thermodynamic model,*® which is based on the propene adsorption energy and accessible free
pore volume, we determined that the maximal occupation of the H-SAPO-34 pore system is 4
propene molecules per cage, as outlined in Section S11 of the SI. A series of regular FF-MD
simulations are performed with a varying propene loading in the cages of H-SAPO-34 and without
acid sites in the 8-ring. When starting with 3 or 4 propene molecules in a cage, spontaneous
diffusion of one propene molecule to an adjacent cage is observed very quickly with a finite
lifetime of less than 1 ns before the first propene molecule exits the loaded cage.
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Figure 4. Free energy profiles for propene diffusion through a type 0 ring of H-SAPO-34 at 600K
with different propene loadings in the cages from FF-MTD simulations.

A series of FF-MTD simulations were performed to determine the free energy barrier for propene
diffusion through a type 1 ring from cage A to cage B with various propene loadings, shown in

9
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Figure 4. Additional constraints were imposed to ensure that the extra propene molecules remain
adsorbed in the same cage. In case of one extra propene molecule in cage A or the neighboring
cage B, the diffusion barrier is hardly affected (less than 4 kJ/mol). For higher propene loadings,
the diffusion barrier substantially decreases due to the lower stability and reduced configurational
freedom in cages with a high propene loading. In case of three propene molecules in cage A and
an empty cage B, the largest impact is observed. The diffusion barrier is lowered by nearly 20
kJ/mol than in the absence of additional propene molecules. For the highest loading, i.e., two
additional propene molecules in both cage A and cage B, the diffusion barrier is also significantly
lowered (ca. 15 kJ/mol). Concluding, the presence of additional spectator molecules in the H-
SAPO-34 cages increases the diffusion rate of propene.

3.3. Influence of Brgnsted acid sites on the diffusion behavior

To investigate the impact of the presence of BASs in the 8-ring window, first the diffusion of
propene through the various ring types was studied at 300 K, 450 K and 600 K using FF-MTD
simulations (see Figure S4) on H-SAPO-34 without additional loading of the cages. The general
diffusion trends with varying temperature (cf. Section 3.1) are almost independent of the ring
type, which is rather surprising, as one would expect that guest interactions with the BAS sites will
affect the diffusion behavior. This observation indicates that the force field based simulations yield
an improper description of the molecular interactions between the Brgnsted acidic sites and the
olefins. Therefore, to properly account for the adsorption and diffusion behavior of olefins in the
presence of BASs, it is essential to describe the host-guest interactions using first principle
techniques, which are computationally more expensive.

Figure 5 shows the free energy profiles for light olefin diffusion at 450 K from first principle
umbrella sampling simulations. The presence of acid sites clearly influences the free energy
barrier. For both ethene and propene, the highest diffusion barriers are predicted for ring type O,
i.e., in the absence of acid sites in the 8-ring. For ring type 1 (1 BAS) and ring type 2 (2 BASs),
significantly lower barriers are obtained. A barrier of about 30 kJ/mol is found for ethene diffusion
from cage B to cage A through ring type 0. The barrier is lowered to about 15 kJ/mol for ethene
diffusion through an 8-ring with acid sites. The lowering of the diffusion barrier in the presence of
BASs can be understood by analyzing the specific interaction of the olefins with the BAS. To this
end, we first determined the adsorption energies of ethene and propene near the 8-ring windows
with a varying number of acid sites using static DFT calculations. The results are listed in Table 2
and the optimized configurations are shown in Section S4 of the Supporting Information.
Evidently, the lowest adsorption strength is found for the cage without acid sites as no stabilizing
m-complex interaction can be formed. For adsorption of the olefin in a cage with a type 1 ring, two
minima were identified with the alkene positioned in either cage A or cage B. In both cages, the
alkene can interact with the acid proton, forming a m-complex, with similar adsorption energies for
both configurations. The strongest adsorption is found for ring type 2, in which the double bond of
the olefin can undergo a double m-complex interaction with both BASs. The absolute values for the
adsorption energies might be rather sensitive to the level of theory, as discussed in more detail in
reference 59.
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Table 2. Electronic adsorption energies for ethene and propene in H-SAPO-34 cages near an 8-ring with 0, 1
or 2 Brgnsted acid sites.

AE, 4 [kJ/mol] Type 0 Type 1-cageB | Type 1-cage A Type 2
Ethene -24.2 -57.6 -59.2 -73.2
Propene -46.8 -71.8 -73.9 -91.8

As the adsorption of alkenes in acidic zeolites is a dynamic process, alkenes will move rather freely
across the cages of the zeolite and reside closely to the acid site only for a finite time fraction
before desorbing again. From time to time, the olefin will cross the high diffusion barrier and hop
between neighboring cages. Such effects were already observed for alkenes and other
adsorbates.****®* To gain more insight into the mobility of the olefins and the dynamic character
of the adsorption process, a series of DFT based Al-MD simulations were performed at 450 K with
ethene or propene initially located in cage B. For ring type 0, i.e., without acid sites on the ring,
there is no driving force to keep the alkene in the neighborhood of the 8-ring. The olefins are only
stabilized by weak dispersion interactions with the wall of the zeolite cages. Therefore, the olefin
will reside on average at a larger distance from the 8-ring, thus resulting in the highest barriers for
diffusion.

The presence of acid sites clearly facilitates the hopping process between cages as a favorable
olefin m-H interaction complex with the BAS can be formed during the transition.>>*® The guest
olefin will also simply be stabilized by forming a T -complex near the type 1 or type 2 ring without
crossing the 8-ring window. If one acid site is present on the 8-ring, this -complex configuration is
sampled during 50% and 75% of the total simulation time for ethene and propene respectively. If
the 8-ring contains 2 acid sites, the lifetime of the olefin m-complexes increases even further, for
ethene up to 60% and for propene up to 85% of the simulation time (see Figure S6 in Sl). As a
result, the olefin will on average be positioned more closely to the 8-ring and diffusion rates will
be enhanced by the tendency to form a stable m-complex interaction. Note that a force field
simulation does not succeed in reproducing this feature (Figure S4). At 300 K, the largest barrier is
observed for diffusion through a type 1 ring, which is in contradiction with the predictions of the
ab initio simulations.

The acid sites not only influence the height of the diffusion barrier, but also the shape of the free
energy profiles. For ring type 0, the free energy minima are found at £ = + 4.0 A, while in case of
ring type 1 and type 2, free energy minima are encountered at £ = + 2.5 A. which confirms the
existence of a stable m-H interaction complex closely to the 8-ring window. These minima also
correspond to the most sampled regions of the collective variable space in the regular Al-MD
simulations (see Figure S5). In the simulations without acid sites, the olefin is preferentially
located further away from the acid site and closer to the walls of the chabazite cages, i.e. between
£=4.0Aand £=6.0 A. In the presence of acid sites, the preferred states can be clearly identified
between £=2.0Aand £=3.0A.

The free energy profiles for ring type 0 and type 2 are nearly symmetric with respect to the ring
center (¢ = 0). This can be easily understood as cage A and cage B are equivalent in the absence of
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acid sites in the ring. Also in the case of 2 BASs in ring, the probability of finding an acid proton
oriented towards cage A or cage B is also almost equal, thus yielding a nearly symmetric profile.
For ring type 1, an asymmetric free energy profile is found in terms of the reaction coordinate,
which can be explained by the preference of the acid proton for a specific cage. From regular Al-
MD simulations, we find that the probability to find the acid proton in cage B is significantly larger
than in cage A for an empty framework, corresponding to a 63 % / 37 % ratio. If an alkene is
adsorbed in cage B, this ratio is even higher (see also Section S7 and S9 in SI). Consequently, the
existence of beneficial m-H interactions favors olefin adsorption in cage B. Diffusion from cage A to
cage B is lower activated (7 kJ/mol for ethene diffusion) as it allows the formation of a stabilizing
n-complex upon entering into cage B. Likewise, diffusion from cage B to cage A is higher activated
(15 kJ/mol for ethene diffusion) as it requires the breaking of this m-complex interaction.
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Figure 5. Free energy profiles for (a) ethene and (b) propene diffusion through the different ring
types of H-SAPO-34 at 450 K from AI-US simulations.

3.4 Diffusion in a complex environment with hydrocarbon pool species and methanol molecules

At MTO operating conditions, there are barely empty cages in the H-SAPO-34 catalyst. Instead,
many cages are filled with hydrocarbon pool species or other protic molecules such as water or
methanol. To assess the impact of such a more realistic MTO environment, a series of first
principle based umbrella sampling simulations on propene diffusion at 650 K through a type 1 8-
ring in the presence of different hydrocarbon pool species are carried out. In a first simulation,
propene diffusion from cage A, filled with additional methanol molecules into cage B, filled with
hexamethylbenzene (HMB) and extra methanol molecules, is considered. In a second simulation,
cage B is filled with toluene (TOL) and methanol molecules. Additional constraints were imposed
to prevent immediate diffusion of methanol molecules out of cage B towards cage A.

Figure 6 visualizes the resulting free energy profiles for both cases. Due to the presence of
hydrocarbon pool species and methanol, the free energy profile is no longer a bell shaped curve,
but a strongly distorted and asymmetric profile. The maximum of the free energy profile is no
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longer situated at the ring center (§ = 0), but in cage B, at much higher distances from the 8-ring
window, indicating the strong resistance for propene to enter a cage which is already filled with a
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Figure 6. Free energy profile for propene diffusion through an 8-ring type 1 of H-SAPO-34 at 650 K

from AI-US simulations. Cage B contains a hydrocarbon pool species (hexamethylbenzene (HMB)
or toluene (TOL)). Both cages have additional methanol loading.

The discrepancy between both free energy profiles for cage A (§ < 0) might be explained by the
presence of methanol which results in a more complex energy surface. In the case of HMB, a
minimum is encountered in cage A at £ = -2.5 A from the ring mouth (Figure 7a). In cage B, no clear
energetic minimum can be identified, instead a strong repulsive wall is observed for propene to
enter the cage B. We can conclude that a propene molecule which would be formed in cage B,
would be immediately be expelled to a neighboring cage, provided this one is not blocked by
another HP species. In the case of toluene, also a relatively large barrier is observed for propene to
enter the cage, however, the mobility of propene is still relatively high in the cage with toluene.
(cf. Figure $10) For TOL, two local minima are found in cage A at £ = -5.0 A and £ = -2.5 A (Figure
7b). In contrast to HMB, also a clear minimum for the coexistence of propene and toluene in cage
B can be recognized at £ = 2.5 A (Figure 7c). To check the validity of this diffusion behavior, regular
Al-MD simulations at 650 K are carried out on an initial configuration where propene and
toluene/hexamethylbenzene (next to a loading of additional methanol molecules) are both
located in cage B. These simulations show that in the presence of HMB, propene diffuses
immediately to a neighboring cage. In the presence of toluene, however, propene remains at least
for 80 ps adsorbed in the same cage, thus confirming the existence of a stable minimum.
Nevertheless, the free energy of propene and toluene coadsorbed in the same cage is much higher
than when both species are adsorbed in separate cages. In summary, if ethene and propene are
formed in cages containing a HP species, they will easily diffuse to a next cage, provided this one is
not filled with another bulky HP species. In this case, ethene and propene would become
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completely stuck, ultimately leading to catalyst deactivation.

Figure 7. Snapshots from the regular AI-MD simulations at 650K of the local minima on the free
energy surface corresponding to (a) propene adsorbed in cage A (£ = -2.5 A) and
hexamethylbenzene in cage B, (b) propene adsorbed in cage A (£ = -2.5 A) and toluene in cage B
and (c) propene and toluene coadsorbed in cage B (£ = +2.5 A), next to additional methanol
loading.

4. Conclusions

Light olefin diffusion through the pores of an H-SAPO-34 zeolite is an extremely complex event,
14
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which is affected by several aspects such as process conditions (temperature), catalyst loading,
acid strength and acid site density. Obtaining insight into all these factors imposes a considerable
challenge. In this work, we studied the diffusion of ethene and propene through the 8-ring
windows of H-SAPO-34 at the molecular level for a series of settings which are representative for
typical methanol-to-olefins reaction conditions. The diffusion of alkenes through the zeolite cages
is an activated process; hence enhanced sampling molecular dynamics techniques were required
to properly sample all regions of the diffusional phase space. The influence of external variables
such as temperature could be investigated with force field simulations on large supercells.
However, to study the effect of acid sites on the diffusion of light olefins, a first principle based
description was necessary to properly account for all molecular interactions. To the best of our
knowledge such a combined enhanced sampling and first principle approach for hindered diffusion
in zeolites has not been applied in earlier studies. As expected, the diffusion process is more
hindered for propene than for ethene. At higher temperatures, the diffusivity increases as the free
energy barrier is mainly affected by entropic factors. A higher propene loading also enhances the
diffusivity through the cage windows due to the reduced conformational freedom and mobility.
The free energy profiles from ab initio DFT simulations clearly show the impact of BASs on the
olefin diffusion rates. In general, the presence of Brgnsted acid sites in the 8-ring substantially
lowers the diffusion barriers for propene and ethene, thanks to the formation of favorable m-H
interactions between the olefin double bond and the Brgnsted acid site. On the other hand,
aromatic hydrocarbon pool species can severely clog the pore system. The nature of the HP
species substantially affects the diffusivity. The barrier for propene to enter a cage with a trapped
hexamethylbenzene species is very high and in general once formed, propene would quickly
diffuse out of such a cage to neighboring cages, provided they are not filled with bulky HP species.
In case of toluene, however, the passage of propene might not be fully excluded.

This study yields interesting new insights on how various molecular characteristics may affect the
hindered diffusion of light olefins through the 8-ring windows of H-SAPO-34. However, herein we
isolated only a few aspects which might contribute to the overall product selectivity of the MTO
process in H-SAPO-34. The importance of the spatiotemporal behavior of the catalytic system
should also be underlined as catalyst aging might seriously affect the diffusivity. Early in the
catalyst lifetime only a small fraction of the zeolite pores may be filled with aromatic hydrocarbon
pool species. As time on stream increases, more bulky species such as fully methylated
polymethylbenzenes but also more aged species such as phenanthrene, will appear, which can put
severe restrictions on the mass transport.>?>?>** This might be one of the factors explaining the
change in product selectivity with time on stream. Our study shows that the acid site density
significantly affects the diffusivity, however, it should be kept in mind that a higher acid site
density will also enhance the formation and growth of aromatic hydrocarbon pool species.
Trapped olefins which have difficulties in propagating through the catalyst may enhance the
formation of large polyaromatic species. Finally, the influence of diffusion on the product
distribution might be intertwined with the operation of different catalytic cycles.
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Abstract

The influence of pore topology and acid strength on the adsorption of n-butene and
isobutene in Brgnsted acid zeolites is investigated using a combination of static calculations
and ab initio molecular dynamics simulations at operating conditions. The nature and
lifetime of the adsorbed intermediates — a physisorbed van der Waals complex, a
physisorbed m-complex, a chemisorbed carbenium ion or a chemisorbed alkoxide — is
assessed for a series of one-dimensional and three-dimensional aluminosilicate and
sillicoaluminophosphate zeolites. Chemisorbed alkoxides are elusive intermediates,
irrespective of the pore dimensions. In contrast, the carbenium ion stabilization is highly
correlated with the zeolite confinement. The acid site strength has only a minimal effect on
the physisorbed alkenes, but strongly influences the carbenium ion stability. Reactivity
differences for alkene protonation can for a large part be ascribed to variations in adsorption
strength for the different frameworks. Our findings yield insight into the impact of the local
zeolite environment on the stability of physisorbed alkenes and carbenium ions, the crucial
intermediates for catalytic alkene cracking.
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1. Introduction

Cracking of C,;. alkenes in acid zeolites plays a crucial role in fluid catalytic cracking,
methanol-to-hydrocarbons (MTH) or biomass conversion processes.(1-6) The catalytic
conversion of alkenes occurs through a complex mechanism involving isomerization,
alkylation, B-scission, etc.(7—12) Prior to the actual transformations, the alkene needs to
diffuse in the zeolite pores and adsorb at the active sites, forming reactive species.
Therefore, a fundamental understanding of the nature and stability of these intermediates is
imperative to optimize the conversion and selectivity of these processes.

Due to the high reactivity and elusive nature of alkene intermediates, tracking the prevailing
species experimentally is a challenging task.(Z1, 13) Molecular modeling techniques are
ideally suited to evaluate the stability and reactivity of alkene intermediates in different
zeolites.(1, 14, 15) Herein, we apply first-principle simulations at operating conditions to
unravel how catalyst properties such as framework topology and acid strength alter the
stability of adsorbed butene intermediates as a case study.

Upon interaction of butene with the Brgnsted acid site of the catalyst, four different
adsorption states can be formed (see Scheme 1). If the alkene interacts with the zeolite wall
solely via dispersion interactions, the adsorption state is identified as a physisorbed van der
Waals (vdW) complex. A physisorbed m-complex is characterized by the interaction of the
alkene m-electrons with the acid proton. The acid sites can protonate the double bond,
forming a chemisorbed carbenium ion. The latter can covalently bind to a framework oxygen
of the active site, thus forming an alkoxide. However, the true nature of the chemisorbed
intermediates remains a point of discussion.(14, 16-18)

To date, direct experimental observation of carbenium ions has not been successful. Instead,
alkoxides have been identified as stable intermediates by a series of NMR(19-25) and FT-
IR(26—33) spectroscopy studies at relatively low temperatures. Schallmoser et al. combined
IR spectroscopy and calorimetry to provide a full description of pentene adsorption in ZSM-
5.(34) The authors suggested that physisorbed pentene m-complexes will transform into
alkoxides via a carbenium ion transition state. With the exception of these limited
experimental studies, alkene adsorption has mainly been addressed theoretically. Static DFT
calculations on zeolite cluster models confirmed the existence of alkoxide species.(35—45)
Carbenium ions, on the other hand, should rather be seen as activated species for the
interconversion between two stable states. However, these cluster models typically lack a
proper description of the long-range non-covalent interactions caused by the zeolite
environment. Furthermore, the influence of temperature and entropy effects on the relative
stability of the intermediates was often ignored.
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De Moor et al. showed that the entropy loss upon alkene adsorption is notably larger for
chemisorbed alkoxides than for physisorbed m-complexes.(18, 46, 47) Due to the large
entropic penalty, the alkoxide stability might decrease with temperature while the
carbenium ion stability might increase. Especially bulky carbenium ions might exist as
fleeting intermediates, next to framework-bound alkoxides. Nicholas and Haw concluded
that stable carbenium ions can be formed if the proton affinity of the neutral alkene is larger
than 854 kJ/mol.(48) Benco et al. performed short MD simulations on hexene in gmelinite at
700K and illustrated that due to their high mobility hexyl carbenium ions are stabilized in the
zeolite.(49, 50) Some other computational studies also rationalized the formation of alkyl
carbenium ion intermediates in the zeolite pores.(14, 16, 51-56)

The particular case of isobutene adsorption has been the subject of numerous studies.(16,
17, 57-60) Tuma and Sauer performed DFT calculations on isobutene in H-FER, including
entropy effects at finite temperature, though without taking dispersion into account.(58)
Although the tert-butyl carbenium ion is energetically the least favored intermediate, the
entropic penalty of the tert-butoxide renders the carbenium ion more stable for
temperatures higher than 120K. Later, the same authors reevaluated the energy of the
isobutene species using a hybrid MP2:DFT approach.(61, 62) Nguyen and coworkers also
predicted that the tert-butyl carbenium ion will become more stable than the alkoxides at
temperatures around 500K in H-ZSM-5.(59) More recently, Dai et al. combined DFT
calculations with NMR spectroscopy to find evidence for the existence of the tert-butyl
carbenium ion in H-ZSM-5 by capturing it with ammonia.(60, 63) While physisorbed
isobutene was identified as the most stable intermediate at all temperatures, the tert-butyl
carbenium ion was found to become more stable than the primary and tertiary butoxides at
high temperature.

In a recent study, we investigated the nature of linear and branched C4 — Cg intermediates in
H-ZSM-5 at operating conditions using ab initio molecular dynamics simulations.(14, 52)
Linear physisorbed alkenes and branched, tertiary carbenium ions were identified as stable
intermediates at 773K. Secondary carbenium ions were rather metastable, short-living
species which might also play a role as crucial intermediates in hydrocarbon conversions.
Alkoxides, on the other hand, were found to be unstable at high temperature due to the
entropic penalty of forming a covalent bond with the lattice. The increasing stability of
secondary and tertiary carbenium ions with temperature was corroborated by Rey et al. who
performed MD simulations on heptene isomerization.(64, 65) Irrespective of the applied
methodology, these studies clearly demonstrated the necessity of taking finite temperature
effects into account to properly model the stability and lifetime of the actual alkene
intermediates which is dependent on the process conditions.
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Scheme 1. Different intermediates formed upon 2-butene and isobutene adsorption.

Next to operating conditions, the zeolite pore structure, composition and acid strength have
a critical impact on the nature of the intermediates. Ramirez et al. discovered that different
zeolite components may show a varying reactivity for alkene protonation while screening
bifunctional catalysts for CO, conversion.(66) The influence of pore size on adsorption is
governed by a compensation effect between the adsorption enthalpy on the one hand and
the adsorption entropy on the other hand.(47, 67, 68) Narrow-pore zeolites are typically
characterized by strong adsorption enthalpies, while large-pore zeolites will exhibit the
lowest entropy loss upon adsorption.

The zeolite framework confinement is particularly important to facilitate the carbenium ion
formation.(69-72) Fang et al. noted that bulkier carbenium ions fit well within large channel
zeolites such as H-B, while smaller carbenium ions show a more optimal fit in more confined
zeolites such as H-ZSM-5.(70) Nguyen et al. also concluded from static DFT calculations that
a tert-butyl carbenium ion is better accommodated in the 1D channel zeolite H-ZSM-22 than
in the 3D channel zeolites H-ZSM-5 and H-MOR, while the large cages of H-Y could not
stabilize the tertiary carbocation at all.(59) Sarazen and Iglesia have shown that pore shape
and framework flexibility also play a vital role in the stabilization of alkoxides.(73, 74) The
lattice might undergo local deformations to improve the accommodation of the alkoxide
species by alleviating the destabilizing steric repulsion with the framework.(59) For each
intermediate, a temperature-dependent optimal fit will exist. Zeolites with a pore topology
closely resembling the adsorbate size were found to show the best catalytic
performance.(70, 75-78)



187

Furthermore, the zeolite acidity is well known to have a significant effect on the stability of
alkene cracking intermediates.(3, 79-81) Li et al. claimed that chemisorbed alkoxides
become more favorable with decreasing acid strength.(82) However, Sarazen et al.
suggested the alkoxide stability to be insensitive to the acid strength due to the
predominantly covalent nature of these intermediates.(73) In contrast, the stability of ion
pair structures is highly sensitive to the material’s acid strength. Fang et al. performed static
DFT calculations on a cluster model and concluded that the relative stability of carbenium
ions with respect to alkoxides and m-complexes increases for more acidic materials.(83)
Jones et al. confirmed the decrease in stability of ion pair structures with decreasing acid
strength from experiments.(84) Several researchers also demonstrated the existence of
linear scaling relations between reactivity descriptors and acid strength in zeolite
catalysis.(85-89)

Interestingly, the product selectivity upon zeolite-catalyzed alkene conversion can be tuned
by altering the zeolite topology or by modifying the zeolite acidity.(66, 90-92) Given its
ubiquitous application, a fundamental understanding of alkene adsorption is essential to
select or design an optimal catalyst. While adsorption of alkanes in zeolites has received
considerable attention,(18, 93-97) a comprehensive study on the influence of zeolite
topology and acidity on the nature of alkene intermediates at operating conditions is still
lacking.

In this study, we aim at gaining a better understanding of the role of catalyst topology and
acid strength on the stability of butene intermediates at both low temperature (323 K) and
cracking conditions (773 K). We investigate the stability of linear and branched C4 m-complex,
carbenium ion and alkoxide intermediates as a case study in a series of 1D (ZSM-22 and SSZ-
24), 2D (MOR) and 3D (ZSM-5, Y and SSZ-13) zeolite pore structures. Furthermore, the
influence of the Brgnsted acid site strength is assessed by considering two
silicoaluminophosphates with a similar topology, SAPO-5 and SAPO-34. Static DFT
calculations are carried out to determine the butene adsorption enthalpies and entropies in
the different frameworks. However, static calculations rely on a single configuration on the
potential energy surface at 0 K while the free energy surface for alkene adsorption can be
quite flat and complex.(1, 51, 52) Furthermore, thermal entropy contributions might be
underestimated significantly, especially at higher temperature.(52, 98-100) To evaluate the
lifetime of the different intermediates at actual operating conditions, ab initio molecular
dynamics simulations are performed which inherently account for adsorbate mobility and
finite temperature effects. Finally, free energy barriers for isobutene protonation are
deduced from umbrella sampling simulations, an enhanced sampling technique. This multi-
level approach results in improved insight into the link between framework structure and
enthalpic and entropic stabilization of butene cracking intermediates.
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2. Methodology

2.1. Zeolite models

All calculations in this study are performed on a fully periodic zeolite model to properly
account for the confinement of the zeolite pores. The influence of the pore structure is
investigated by considering six different zeolite topologies. Each zeolite framework contains
a single Brgnsted acid site per unit cell, which is created by substitution of a Si atom by an Al
atom and adding a charge-compensating proton. Among the 1D channel zeolites, both the
TON and AFI topologies are investigated. Zeolite ZSM-22 (TON) consists of medium pore 10-
ring channels. The zeolite is represented by 1x1x3 supercell with Si/Al ratio of 71. The
Brgnsted acid site is positioned at the T1 site, in agreement with previous theoretical studies
who showed the acid proton has no preferred location.(101, 102) Zeolite SSZ-24 (AFI)
consists of large pore 12-ring channels. A 1x1x2 supercell model is employed with a Si/Al
ratio of 47. Due to the high symmetry of the framework topology, all T sites are equivalent.

Also three of the so-called ‘big five’ zeolites are considered, namely ZSM-5, MOR and zeolite
Y, which are the most widespread catalysts for catalytic cracking purposes. ZSM-5 exhibits
the 3-dimenional medium pore MFI topology, which is characterized by perpendicular
straight and sinusoidal 10-ring channels. The orthorhombic 1x1x1 unit cell has a Si/Al ratio of
95 and the Brgnsted acid site is created at the T12 position, which is situated at the channel
intersection, thus allowing maximal available space for the adsorbed guest species.(103) The
mordenite zeolite has the large pore MOR topology which features parallel 12-ring channels
and 8-ring channels, connected via 8-ring side pockets. The orthorhombic 1x1x2 supercell
has a Si/Al ratio of 95. Due to the distinct difference in possible adsorption sites, 2 acid site
positions are compared. The T1 site is located in the main 12-ring channel, while the T2 site
is positioned at the intersection of the main channel and the side-pocket. The latter has
been identified as one of the most stable acid site positions, albeit the energy difference
between different locations was shown to be very small.(103)

Zeolite Y has the 3-dimensional faujasite (FAU) topology which consists of large supercages,
interconnected by four large 12-ring windows per cage. The unit cell composition
corresponds to a Si/Al ratio of 47 and all T sites are geometrically equivalent. The acid proton
is added at the preferential O; position.(103, 104) Finally, also zeolite SSZ-13 with the
chabazite (CHA) topology is included. The chabazite topology is characterized by large elliptic
cages which are connected via six small 8-ring windows in each cage. The SSZ-13 unit cell has
a Si/Al ratio of 35 and exhibits only single type T atoms. To assess the influence of acid site
strength, the less acidic silico-alumino-phosphate variants of 2 zeolites are also considered,
namely SAPO-5 with the AFI topology and SAPO-34 with the CHA topology. The latter is a
commonly applied catalyst in the MTO process.

The equilibrium cell volume and corresponding cell parameters for the static calculations
(vide infra) are extracted from a Birch-Murnaghan equation of state fit of energy versus

6
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volume.(105) The cell dimensions for the MD simulations (vide infra) are determined as the
time average from a preliminary 10 ps molecular dynamics run in the NpT ensemble at 323 K
or 773 Kand 1 bar. Figure 1 shows a schematic representation of the zeolite pore topologies.
Table 1 summarizes the characteristics of the investigated topologies. Note that the
influence of the varying acid site density on the adsorption characteristics is assumed to be
negligible. This hypothesis seems justified since the Si/Al ratio is quite high and the
simulation cells are sufficiently large for all zeolites to minimize the interaction of the guest
species with periodic images. Denayer et al. showed that the effect of a varying acid site
density on the adsorption enthalpies of alkanes in ZSM-5 and zeolite Y is rather limited for a
Si/Al ratio lower than 100.(96, 106) Also, Mlinar et al. found the propene oligomerization
rate in ZSM-5 to be independent of the acid site density for Si/Al ratios higher than 40.(107)
An overview of all unit cell dimensions can be found in Section XX of the SI.

Table 1. Summary of the pore architecture, acid site density, acid site position, maximum
diameter of a sphere that can be included in the channels/cages and approximate
dimensions of the channels or cage windows of the investigated topologies according to the
zeolite database of the International Zeolite Association (I1ZA).(108)

. Ly dmax(10  Dimension(1
Pore architecture SI/'.M Acnc! ?Ite m::gx)( 08) [A] (
ratio  position
[A]
1D zeolites
TON straight 10-ring channel 71 T,0; 5.7 4.6x5.7
AFI straight 12-ring channel 47 T10; 8.3 73x73
2D zeolites
MOR straight 8-ring + 12-ring channel 95 Eg; 6.7 g: z ;3
3D zeolites
MFI | straight + sinusoidal 10-ring channel 95 T120s 6.3 5.1x5.5
FAU supercage with 12-ring windows 47 T104 11.3 74x7.4
CHA cage with 8-ring windows 35 T103 7.4 3.8x3.8
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Figure 1. Schematic representation of the investigated zeolite topologies. The dimensions of
the channels or cages are taken from the zeolite database of the International Zeolite
Association (IZA).(108)

2.2. Static calculations

Thermodynamic quantities for alkene adsorption are derived from static DFT calculations.
Geometry optimizations are conducted with the Vienna Ab Initio Simulation package (VASP
5.4),(109-112) using the Projector Augmented Wave (PAW) method.(113, 114) As level of
theory, the PBE functional(115) is chosen to allow for a proper comparison with the
molecular dynamics simulations. Dispersion corrections are added by the Grimme D3
formalism.(116) A plane wave basis set with kinetic energy cutoff of 600 eV and the
recommended GW PAW potentials are used.(117) Sampling of the Brillouin zone is restricted
to the M-point only. The ionic and electronic convergence criteria are set at 10™ eV and 10”
eV respectively for all relaxations. The local minima of the adsorption states are optimized
with the conjugate gradient algorithm. The cell shape and volume are kept fixed during the
optimization. The true nature of the stationary states is verified by a normal mode analysis.
The vibrational frequencies are obtained by applying a partial Hessian vibrational analysis
(PHVA)(118-120) on the adsorbate and an 8T cluster of the zeolite framework, centered on
the acid site. Thermal corrections at finite temperature are estimated based on the
harmonic oscillator (HO) approximation using the in-house developed TAMkin package.(121)



2.3. Molecular Dynamics simulations

Qualitative insight into the stability, mobility and lifetime of the different alkene
intermediates is obtained from molecular dynamics (MD) simulations. Ab initio MD
simulations have been performed with the CP2K software package.(122) All calculations
employ the revPBE exchange and correlation functional(115, 123) with additional Grimme
D3 dispersion corrections.(116) To approximate the interaction of valence electrons with the
atomic cores, GTH pseudopotentials are applied.(124, 125) A combination of Gaussian and
plane waves (GPW)(126, 127) are used as basis functions with an energy cutoff of 320 Ry for
the plane waves. The Gaussian basis consists of a double zeta valence polarized (DZVP) basis
set for all atoms.(128) The self-consistent field convergence criterion was set at 10° Ha. The
MD simulations are carried out in the canonical ensemble at a temperature of 323 K or 773
K, which is controlled by a chain of 5 Nosé-Hoover thermostats.(129, 130) The time step for
integrating the Newtonian equations of motion is 0.5 fs. The system is allowed to equilibrate
for 5 ps, before starting a production run of 100 ps. In the course of the simulation,
transitions between the different alkene intermediates can take place. To distinguish the
different intermediates at each instant, an empirical distance criterion was established.(14,
52, 66) The guest hydrocarbon is classified as a physisorbed alkene m-complex if both
distances between the acid proton and double bond C atoms are smaller than 2.85 A; if not a
van der Waals complex is sampled. If all distances between a hydrogen atom and a
framework oxygen of the acid site, O,, are larger than 1.25 A, the intermediate is considered
to be a carbenium ion. Finally, an alkoxide is sampled if a covalent C-O, bond, smaller than
1.9 A with the framework exists.

2.4. Umbrella Sampling

In order to quantify the height of the protonation barrier and the free energy difference
between the alkene and carbenium ion state from MD simulations, enhanced sampling MD
techniques are required to accelerate the sampling of the activated transition state. Herein,
the umbrella sampling (US) method(131, 132) is chosen since this method ensures that each
point along the reaction coordinate is sampled equally well. We applied the same procedure
as in ref. (14, 66) Within the US technique, the reaction coordinate is uniquely described by a
pre-defined collective variable (CV). The CVs are defined based on a coordination number
(CN) which runs over 2 sets of atoms, i and j, with rj the interatomic distance and ry a
reference distance which was set at 1.25A.

i /7
CN = Z —( U/ 0) -
1- (rl]/r())
To describe the protonation of the alkene, a single CV is chosen as the CN between the
oxygen atoms of the acid site (Oz) and all hydrogen atoms of the alkene, including the acid

proton (Hy), i.e., CN(Oz — Hy). The total range of the collective variable is divided into a
number of equidistant windows, for which individual MD simulations are carried out in
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parallel. A harmonic bias potential, centered around the equilibrium value CVpand with bias

strength K, is employed to ensure the sampling is restricted to a specific window along the
reaction coordinate.

Up(CV) = 2(CV = CV,)?

H,C
e \ ~H
ERNN C=c\ H
/o
H,C A
?@\c\ H
.-0 =\ (0] . -
si NG LA i
I Al |
o)
CN(H -0)

Scheme 2. Collective variable describing the protonation of isobutene.

The free energy surface is reconstructed by combining the sampling distributions of all
windows via the weighted histogram analysis method (WHAM).(133-135) Phenomenological
protonation barriers are calculated according to the procedure described by Bucko et
al.(136) and Bailleul et al.,(137) which accounts for the particular shape of the free energy
valleys. All umbrella sampling simulations have been performed with the CP2K software
package combined with the PLUMED module.(122, 138) Simulations are carried out at the
revPBE-D3 level of theory(115, 116, 123) with a TZVP basis set for improved accuracy of the
host-guest interactions.(128) All other settings are identical to the regular MD simulations.
More details on the US simulations can be found in Section XXX of SI.

3. Results and Discussion
3.1. Static DFT calculations: Adsorption

To assess the relative stability of the linear and branched butene intermediates in the

different topologies, first, static DFT calculations have been carried out at the PBE-D3 level of
theory.
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In Figure 2, the adsorption free energies at 773K for the several frameworks are plotted with
reference to the empty framework and the corresponding alkene, i.e., 2-butene or
isobutene, in gas phase. An overview of all thermodynamic quantities at 323K and 773K can
be found in Section XX of the SI. In agreement with previous studies, (51, 52) the physisorbed
2-butene m-complex configurations are the most stable intermediates in all topologies,
irrespective of temperature. The chemisorbed 2-butoxide is significantly less stable (20-30
kJ/mol) than the 2-butene m-complex at 323K. Due to the entropic penalty of the covalent
framework bond, the free energy difference between the alkoxide and the m-complex is
further magnified to 30-50 kJ/mol at 773K. When comparing the stability of 2-butoxide
relative to 2-butene, the large pore topologies like H-Y and H-SSZ-23 are clearly
characterized by the highest, while H-ZSM-22 has the lowest alkoxide stability. The
secondary 2-butyl carbenium ion is a highly unstable intermediate which could not be
identified as a local minimum on the potential energy surface.
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Figure 2. Static adsorption free energies at 773 K of (a) the 2-butene intermediates and (b)
the isobutene intermediates in the different zeolite topologies.

For the branched species, tert-butoxide is the least stable intermediate, even in the large
pore topologies which show less steric repulsion with the framework, while the isobutene m-
complex is the most stable intermediate at both 323K and 773K. The stability of the
isobutene m-complex follows the order H-ZSM-22 > H-ZSM-5 > H-MOR-2 = H-SSZ-24 > H-SSZ-
13 > H-MOR-1 > H-Y which is in agreement with the available free pore volume. At low
temperature, the tert-butyl carbenium ion has a lower adsorption free energy than
isobutoxide in the more confined zeolites such as H-ZSM-22 and H-ZSM-5. In the large pore
zeolites like H-SSZ-24 and H-Y, the isobutoxide is slightly favored. At cracking conditions,
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however, the tert-butyl carbenium ion has a lower free energy than isobutoxide in all
topologies due to the increased entropic contribution. Interestingly, the highest free energy
difference between isobutene and tert-butyl carbenium ion (protonation free energy) is
found for zeolite H-SSZ-24, followed by zeolite H-Y, while H-ZSM-22 and H-MOR-1 are
characterized by the smallest difference in free energy. Overall the protonation free energy
varies only slightly for the different frameworks and no clear trend with the pore size can be
distinguished.

To evaluate the adsorption strength and the mobility of the various intermediates, the
separate enthalpy and entropy contributions are compared (see Table S5-5S8). As expected,
the adsorption entropy is about 30-40 kJ/mol higher for the covalently bound alkoxide
intermediates than for the physisorbed rmt-complex or carbocation intermediates. Regarding
the influence of pore topology, no clear trends can be discerned. The variations in
adsorption entropy of the isobutene intermediates remain limited to less than 10 kJ/mol for
the different frameworks. However, one could expect that the freedom of movement of the
butene species upon adsorption is greatly dependent on the pore size which should be
reflected in the entropic contributions.

The butene intermediates show the highest adsorption strength in the 10-ring channel
zeolites, H-ZSM-22 and H-ZSM-5. Slightly lower adsorption enthalpies are obtained in the
mono-dimensional H-ZSM-22 channels than at the channel intersection of H-ZSM-5 which is
a bit more spacious. The 12-ring channel zeolites, H-SSZ-24 and H-MOR are characterized by
significantly lower adsorption strengths. Again, the lowest butene adsorption enthalpies are
in general found for the mono-dimensional H-SSZ-24 zeolite. The large cage zeolites, H-Y and
H-SSZ-13 exhibit the lowest confinement and consequently have the lowest adsorption
strength for the butene intermediates. Interestingly, the adsorption strength of the tert-
butyl carbenium ion appears to be much more sensitive to the pore topology than the
isobutene m-complex, tert-butoxide or isobutoxide. The protonation enthalpies typically
decrease with pore size. This observation indicates that the confinement and hence the
enthalpic contributions are in particular important for the stabilization of cationic
intermediates.

Table 2 lists a comparison of the electronic isobutene adsorption energies for some of the
investigated zeolites with previous computational studies. Our results are in line with the
study by Nguyen and coworkers(59) who performed periodic PW91-D2 calculations for four
zeolite topologies. The same trends are observed with H-ZSM-22 and H-ZSM-5 showing the
highest adsorption strength. Due to the similar level of theory, only slight differences in the
numerical values of the adsorption energies are obtained with the exception of the tert-
butyl carbenium ion in zeolite H-MOR and H-Y, which is significantly more stable according
to the PBE-D3 calculations. Secondly, the work of Dai et al.(60) on isobutene adsorption in
the H-ZSM-5, H-MOR and H-Y zeolites is also in qualitative agreement with our calculations.
However, their adsorption energies are systematically lower, which might be attributed to
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the use of the BEEF-vdW functional. Also, the tert-butyl carbenium ion stability shows no
clear trend for the different topologies, which is in contradiction with the current results.

Note that the applied level of theory may have a significant impact on the adsorption energy
values of the butene intermediates. Since alkene adsorption is governed by long-range van
der Waals interactions, the choice of dispersion scheme will also have an important
influence on the final estimates.(51, 139) Sauer and coworkers introduced a hierarchical
cluster approach, relying on high level wave function based methods to attain near chemical
accuracy to characterize isobutene adsorption.(61, 62) Based on a comparison with hybrid
MP2:DFT calculations, it was argued that there is a systematic deviation with the PBE-D3
estimates for the adsorption energies of the isobutene intermediates. In particular the
stability of ion pair structures such as the tert-butyl carbenium ion might be overestimated
with the PBE functional.(62, 140-142) Due to the large number of computationally
demanding simulations herein, a high level hybrid approach is beyond the scope of this
study.

Table 2. Comparison of electronic adsorption energies AE,qs for the intermediates upon
isobutene adsorption from the literature.

AE 4 [k)/mol] Nguyen et al.(59) Dai et al.(60) Current work
PW91-D2 BEEF-vdW PBE-D3
ZSM22  ZSM5 MOR Y ZSM5 MOR SS713 ZSM22 ZSM5 MOR-2 Y SS713
isobutene ni-complex -100 -91 -89 -76 -84 -83 -71 -113 -118 -92 -80 -97
tert-butyl carbenium ion -92 -72 -59 X -44 -45 -45 -95 -80 -72 -46 -56
isobutoxide -101 -103 -80 -72 -87 -64 -38 -102 -105 -81 -75 -74
tert-butoxide =77 -95 -80 -76 -59 -47 1 -77 -100 -73 -54 -58

In Figure 3, the adsorption free energies at 773K for the butene intermediates are plotted
for the isostructural AFl frameworks and CHA frameworks with a different acidity. Both the
linear and branched intermediates adsorb more strongly in the more acidic H-SSZ-24 zeolite
than in H-SAPO-5. This effect becomes even more pronounced at high temperature. The
relative stability difference between the isobutene m-complex and isobutoxide diminishes
with decreasing acidity, indicating a higher preference to form framework bound species in
less acidic materials. On the other hand, the relative stability of the isobutene m-complex
and tert-butyl carbenium ion is suggested to be hardly affected by the acidity, which seems
counterintuitive. At the stronger acid sites of H-SSZ-13, the branched isobutene
intermediates also have lower adsorption free energies than in H-SAPO-34. Again, the free
energy difference between the alkoxides and the isobutene m-complex is lower in the less
acidic H-SAPO-34. Since the tert-butyl carbenium ion could not be localized in H-SAPO-34,
the stability difference between neutral and protonated isobutene cannot be quantified.
However, we can conclude that the tert-butyl carbenium ion appears to be relatively less
stable in H-SAPO-34 than in H-55Z-13.
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Figure 3. Static adsorption free energies at 773 K of (a) the 2-butene intermediates and (b)
the isobutene intermediates in the isostructural AFl and CHA zeolite topologies with varying
acid site strength.

3.2. MD simulations: Qualitative Analysis

Static DFT calculations yield some interesting qualitative insight into the adsorption behavior
of (iso)butene. Remarkably, independent of the specific zeolite topology, it is predicted that
a physisorbed isobutene m-complex is the most stable intermediate, while the tert-butyl
carbenium ion becomes more stable than the alkoxide intermediates at high temperature.
However, counterintuitively, the static free energy difference between the isobutene and
tert-butyl carbenium ion intermediates shows no clear correlation with the pore dimensions
or the Brgnsted acidity. Especially the stabilization of the carbocation intermediates seems
to be incorrectly described. Clearly, the relative stability trends with zeolite topology and
acidity cannot be explained solely based on the static approach.

Furthermore, static free energies were previously shown to be highly dependent on the
specific orientation of the adsorbates in the zeolite pore system.(14, 52, 98, 139, 143)
Therefore, to fully account for the configurational freedom at finite temperature, ab initio
MD simulations are performed with the different C4 intermediates as initial configuration. In
the course of the simulations regular transitions between the intermediates can take place.
The lifetimes and sampling probabilities of each intermediate can be related to the stability
differences between the adsorbates, provided each state is sampled sufficiently long to
achieve ergodicity. In reality, equivalent simulations often result in a different sampling
distribution of the intermediates due to the finite simulation times. Since reaching

14



197

converged values for the sampling probability is difficult, the MD results rather represent a
qualitative view on the relative stability of the intermediates.

3.2.1. Influence of topology

Figure 4 and Figure 5 show the sampling probability of the linear and branched butene
intermediates in a set of MD simulations at 323 K and 773 K for the different topologies. The
influence of the zeolite pore dimensions on the stability of physisorbed alkenes is
immediately apparent for the one-dimensional zeolites. At both low and high temperature,
2-butene exists mainly in the form of a m-complex in the 10-ring channels of H-ZSM-22, while
in the larger 12-ring channels of H-SSZ-24, the more freely adsorbed vdW-complex is
significantly more favored. Remarkably, H-ZSM-22 is also the only zeolite in which the 2-
butyl carbenium ion has a finite lifetime between 5 and 10 ps at 773K. In the isobutene
simulations, the tert-butyl carbenium ion is also visited for a longer time fraction in H-ZSM-
22 (nearly 100 %) than in H-SSZ-24 (between 50 and 70 %).

Similar trends can be observed when comparing the multi-dimensional channel zeolites H-
ZSM-5 and H-MOR. At 773 K, the 2-butene m-complex sampling (32%) as well as the tert-
butyl carbenium ion sampling (90%) are both notably larger in the 10-ring channels of H-
ZSM-5. The probability to sample the tert-butyl carbenium ion in H-ZSM-5 is slightly lower
than in the one-dimensional 10-ring channel zeolite, H-ZSM-22. In the cage zeolites, H-SSZ-
13 and H-Y, the difference in stability of the linear butene intermediates is rather subtle. On
the other hand, the tert-butyl carbenium ion is clearly the prevailing branched intermediate
in H-SSZ-13 (86%), while much less prominent in H-Y (30%).

I n-butene n-complex B n-butene vdW-complex B n-butyl carbenium ion

ZSM-22 | $5Z-24 | ZSM-5 | MOR-1 | MOR-2 Y §5Z-13
100% ; i

80%

60%

40%

20%

Sampling fraction

i .

323773 | 323773 | 323773 | 323773 | 323773 | 323773 | 323 773K

Figure 4. Sampling probability of the mn-complex, vdW-complex and carbenium ion
intermediates during MD simulations of the linear butene species in different zeolite
topologies at 323K and 773K. Results are averaged from 2 independent simulations with a
different initial configuration.
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Figure 5. Sampling probability of the m-complex, vdW-complex and carbenium ion
intermediates during MD simulations of the branched butene species in different zeolite
topologies at 323K and 773K. Results are averaged from 2 independent simulations with a
different initial configuration.

Surprisingly, the zeolite topology has no evident influence on the stability of alkoxide
intermediates (see Table S11 of SI). The relative alkoxide stabilities clearly reflect the
augmenting importance of the entropy effect with temperature. A primary isobutoxide is a
stable intermediate throughout the entire simulation in all topologies, irrespective of
temperature. A secondary 2-butoxide remains stable at 323 K, however, it rearranges
immediately into a 2-butyl carbenium ion and ultimately 2-butene at 773 K. Finally, the
tertiary tert-butoxide is unstable and immediately transforms into a tert-butyl carbocation in
all topologies at both low and high temperature. The lack of a distinct trend with pore size
can be understood by considering the correlation between the entropic penalty of forming a
covalent bond with the framework and the pore size. Since alkoxides are unstable in the
small pore zeolites such as H-ZSM-22, their formation will therefore also be unfavorable in
the large pore zeolites which exhibit a greater entropic penalty. Apparently, the lower
repulsion due to the proximity to the framework and the potentially higher framework
flexibility in the more spacious zeolites are insufficient to compensate the entropy loss upon
covalent bond formation at high temperature.

At cracking conditions, both the alkoxide and m-complex intermediates suffer from entropic
penalties, while the vdW-complex has intrinsically lower adsorption strength. As a result,
branched carbenium ions, which undergo strong electrostatic interactions with the acive
site, but have also a considerable degree of mobility, will be dominant intermediates in most
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zeolites. The relative stability of the carbenium ions correlates with the available free pore
volume. The high sampling probability of the tert-butyl carbenium ion in H-ZSM-22 and H-
ZSM-5 compared to the other topologies is in agreement with the static protonation free
energies. However, the results also show several discrepancies. For example, the tert-butyl
carbenium ion sampling is much lower in H-Y than in H-SSZ-24 and also much lower in H-
MOR-1 than in H-ZSM-5, both in contrast to the static predictions. The current observations
present some interesting qualitative insight into the relative stability of physisorbed
isobutene and protonated isobutene for different frameworks.

First, the zeolites with the TON (H-ZSM-22) and AFI (H-SSZ-24) topology form an interesting
case study since they both are composed only of 1D straight channels with different radii.
The 10-ring channels of H-ZSM-22 provide a much better confinement, resulting in a
stronger adsorption of the guest species. Zeolite H-SSZ-24 is built up by more spacious 12-
ring channels, which provide less enthalpic stabilization for the adsorbates. Stabilizing
dispersion interactions with the zeolite wall appear to be crucial especially for the ion pair
intermediates. As a result, carbenium ions experience a much greater stabilization in H-ZSM-
22 than in H-SSZ-24. On the other hand, the enhanced enthalpic stabilization of the more
confined pores is counteracted by a reduction in entropic stabilization of the narrow
channels in H-ZSM-22. The balance between these effects is demonstrated by the stability of
the physisorbed 2-butene intermediates. The entropy loss upon the transformation of a
vdW-complex into a m-complex is sufficiently large in the 12-ring channels of H-SSZ-24 to
compensate the enthalpic stabilization of the n-H interaction entirely, as evidenced by the
much higher vdW-complex sampling probability compared to H-ZSM-22.

Secondly, when comparing the 1D and 3D 10-ring channel zeolites, subtle differences in the
carbenium ion sampling are recognized. Although the strong alkene adsorption is also
present in zeolite H-ZSM-5, the 2-butyl and tert-butyl carbenium ions are markedly less
common. This distinction can be attributed to the dimensionality of these zeolites. The 1D
straight channels of H-ZSM-22 provide an optimal confinement as the carbocation is entirely
surrounded by the zeolite wall, while the channel intersection of H-ZSM-5 results in a slightly
more spacious environment. Also in the encapsulating one-dimensional 12-ring channels of
H-SSZ-24, the carbenium ion intermediates seem slightly more stable than in the channels of
H-MOR. In the latter zeolite, the carbenium ion sampling is the highest for H-MOR-2, which
might be attributed to the proximity of the 8-ring side pocket providing a more partial
confinement to better stabilize carbenium ions compared to the environment of the main
12-ring channel in H-MOR-1.

Thirdly, for the multi-dimensional channel zeolites analogous observations can be made. The
10-ring channels of H-ZSM-5 allow the alkenes to adsorb much stronger than the 12-ring
channels of H-MOR. Also, the enthalpic stabilization of tert-butyl carbenium ion relative to
physisorbed isobutene is higher in the more confined H-ZSM-5 channels. On the other hand,
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the adsorbed guest species exhibit a larger conformational freedom in H-MOR, therefore the
entropic gain of the freely adsorbed carbenium ion intermediates will be larger in H-MOR.

Finally, the probability to sample a tert-butyl carbenium ion is larger in the H-SSZ-13 cages
than in the supercages of H-Y. Next to the large difference in free pore volume, this might
also be related to the curvature of the cages. The H-SSZ-13 ellipsoidal cages provide an
improved confinement due to the more narrow curvature of the cages, resulting in more
stable carbenium ion intermediates. The large spherical cages of H-Y, on the other hand,
have a wide curvature, resulting in the lowest confinement of all investigated zeolites.
Therefore, the carbenium ion will show less stabilizing dispersion interactions with the
zeolite wall.

3.2.2. Influence of acid strength

To study the influence of the zeolite acid strength on the carbenium ion stability, two acidic
silicoaluminophosphates, H-SAPO-5 and H-SAPO-34, are considered. These zeolites can be
directly compared with H-S5Z-24 and H-SSZ-13, respectively, thanks to their isostructural
framework. The difference in composition between these materials results in a varying
acidity, with the SAPO zeolites exhibiting the lowest Brgnsted acid strength.(144-147) The
strength of isolated acid sites is defined as the deprotonation energy of the framework.
However, this measure is highly dependent on the computational method and ignores
solvation effects caused by the zeolite framework.(85, 148, 149) Therefore, acid strength is
commonly characterized by the interaction of the acid site with a basic probe molecule such
as ammonia or pyridine.(150-152)
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Figure 6. Sampling probability of the m-complex, vdW-complex and carbenium ion
intermediates during MD simulations of the linear butene species in zeolites with different
acid site strength at 323K and 773K. Results are averaged from 2 independent simulations
with a different initial configuration.
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Figure 6 and Figure 7 show the total simulation time of each butene intermediate during a
set of MD simulations at 323 K and 773 K. The effect of acidity on the linear butene
intermediates in the AFlI materials is negligible. At low temperature, the neutral physisorbed
2-butene intermediate is clearly the most stable state as evidenced by the absence of
carbenium ion sampling in all simulations. The 2-butene m-complex has the largest sampling
fraction, approximately 66% of the simulation time at 323 K. At high temperature, mainly the
2-butene vdW-complex is visited in both zeolites. The effect of acid strength is more
pronounced for the isobutene intermediates. While on H-SSZ-24 the probability to sample a
tert-butyl carbenium ion ranges between 50% and 70%, on H-SAPO-5 the protonated state is
not at all observed. Instead, the governing intermediates are the isobutene m-complex at
323 K and the isobutene vdW-complex at 773 K. Analogous trends can be observed for the
CHA type zeolites. The branched C, species in H-SSZ-13 exist as a tert-butyl carbenium ion
for a large part of the simulation, while the cationic intermediate is only rarely sampled in H-

SAPO-34.
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Figure 7. Sampling probability of the m-complex, vdW-complex and carbenium ion
intermediates during MD simulations of the branched butene species in zeolites with
different acid site strength at 323K and 773K. Results are averaged from 2 independent
simulations with a different initial configuration.

Notice that the acidity also has an important influence on the alkoxide stability. At 323 K, the
2-butoxide is a very stable intermediate in all zeolites. However, at 773 K, 2-butoxide
immediately rearranged to 2-butene in the H-SSZ-24 and H-SSZ-13 zeolites. In the less acidic
SAPO zeolites on the other hand, 2-butoxide is stable for a finite lifetime of ca. 20 ps before
cleavage of the covalent C-O bond takes place. Furthermore, H-SAPO-34 is the only zeolite in
which the tert-butoxide was found to be a stable intermediate at low temperature. The

19



202

influence of the acid strength on the isobutoxide state could not be discerned from regular
MD simulations as this intermediate appears to be persistent throughout all simulations.

A comparison of the isostructural AFI and CHA materials allows monitoring purely the
enthalpy effect of a varying acidity. Indeed, the entropy contributions should remain
invariant as the channel or cage dimensions of both zeolites are nearly identical.
Nevertheless, the different chemical composition of the zeolite walls might also slightly
influence the interaction behavior with the adsorbates.

From our regular MD simulations, the following correlations with acid site strength are
revealed. Firstly, physisorbed alkenes will bind more strongly to the more acidic sites. As a
result, the butene m—complex configuration is more stable on the highly acidic SSZ zeolites
and will therefore be sampled to a greater extent compared to the loosely adsorbed vdW-
complex configuration. At high temperature, this effect is erased since entropy contributions
will become prevailing, thus favoring a more freely adsorbed conformation. Secondly, the
probability to form a carbenium ion will be much higher for the more acidic materials.
Clearly, the stronger acid sites interact more strongly with the carbocation intermediates,
which results in a lower adsorption enthalpy for the tert-butyl carbenium ion. Finally, the
butoxide intermediates show an enhanced stabilization in the low acidity zeolites. Again, at
high temperature, the entropic penalty of the covalent bond to the framework will
compensate the enthalpic stabilization entirely. Note that these observations are in sharp
contrast with the static calculations which showed no clear connection between the relative
stability of the intermediates and the acid strength of the active sites.

3.3. US simulations: Quantitative Analysis

The MD simulations have shown that alkoxides are extremely unstable at actual reaction
conditions. The only exception was found for the primary isobutoxide, however, this
adsorbate can only be formed through an unstable primary isobutyl carbenium ion, which is
highly improbable. Therefore, carbenium ions seem to fulfill the role of reactive
intermediates during the zeolite catalyzed conversion of alkenes. The transformation of a
physisorbed m-complex into a chemisorbed carbenium ion is an activated process, which
might be affected by the topology and acid site strength. To assess differences in reactivity
at reaction conditions, the isobutene protonation barriers and free energy difference
between the physisorbed isobutene and tert-butyl carbenium ion are quantified by
performing umbrella sampling simulations.

3.3.1. Influence of topology

The reconstructed free energy profiles for isobutene protonation at 773 K for the different
zeolite topologies are displayed in Figure 8. Also, the free energy of isobutene adsorption,
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obtained from static DFT calculations is included for comparison. The relative stability of
neutral and protonated isobutene varies significantly with the pore dimensions. The free
energy differences corroborate the qualitative trends observed in the regular MD
simulations. The 10-ring channel zeolites, H-ZSM-22 and H-ZSM-5 have the largest
confinement, which is crucial for the stabilization of carbocations. On average, the tert-butyl
carbenium ion will interact more closely with the zeolite walls than in the large pore zeolites,
resulting in a greater enthalpic stabilization. In contrast, adsorption in the narrow 10-ring
channels is entropically disfavored compared to large channel zeolites. However, the
reduced conformational freedom has a larger impact on the physisorbed alkene than on the
carbenium ion. Overall, isobutene and the tert-butyl carbenium ion are equally stable in the
10-ring zeolites with a slight edge for the carbenium ion intermediate. In the 12-ring channel
and cage zeolites, carbenium ions are less stabilized by the surrounding zeolite environment,
hence the tert-butyl carbenium ion is 23-28 kJ/mol higher in free energy than physisorbed
isobutene. The only exception is H-MOR with the acid site at a T2 position, where the tert-
butyl carbenium ion is 18 kJ/mol less stable than isobutene. This difference might be
explained by the proximity of the side pocket, which provides a more partial confinement,
thus allowing the carbenium ion to interact more closely with the zeolite wall.
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Figure 8. Free Energy profile for the adsorption (static calculations at the PBE-D3 level of
theory) and protonation (US simulations at the revPBE-D3 level of theory) of an isobutene -
complex into a tert-butyl carbenium ion in the different zeolite topologies at 773K with
reference to the empty framework and isobutene in gas phase.

As expected, the lowest intrinsic isobutene protonation barrier is found for H-ZSM-5 and H-
ZSM-22. The large 12-ring channel zeolites have the highest protonation barriers. The
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dimensionality of the channel system seems to have little impact on the barrier. Both the 1D
H-ZSM-22 and 3D H-ZSM-5 as well as the 1D H-SSZ-24 and 2D H-MOR(T1) are characterized
by very similar protonation barriers. It is noteworthy that in the cage zeolites, the activation
barrier is significantly lower in zeolite H-Y than for H-SSZ-13, while the latter exhibits much
smaller cage dimensions. This curiosity might be explained by a notably greater reduction of
the entropic activation barrier in the supercages of H-Y, which allow a higher degree of
conformational freedom upon protonation.

To fully assess the ability of the zeolite framework to protonate alkenes, also the adsorption
strength of the alkene should be accounted for. When evaluating the apparent protonation
barriers, with respect to isobutene in gas phase, the distinction between the topologies is
even magnified. Due to the strong isobutene adsorption in the 10-ring zeolites, the apparent
barrier is slightly altered to 40-45 kJ/mol. In the 12-ring channel zeolites, isobutene is more
weakly adsorbed, which results in barriers situated in the range 75-90 kJ/mol. The lowest
adsorption strength was observed in the cage zeolites. Combined with the relatively high
intrinsic barriers, apparent protonation barriers around 100 kJ/mol are obtained.

Note that these barriers are the result of the balance between the stabilizing enthalpic
interactions with smaller pore dimensions and the stabilizing entropic contributions with
increasing pore dimensions. These results demonstrate that the enthalpic effects are the
dominant factor in the ultimate carbenium ion stability. The more confined channel zeolites
can better stabilize small alkenes and carbocations such as the tert-butyl cation, indicating a
high reactivity for alkene protonation and conversion, especially compared to the large
channel and cage zeolites. While both ZSM-22 and ZSM-5 at first sight seem ideal catalysts
for the selective conversion of alkenes, the former is actually less suited since its one-
dimensional pore channels can be rapidly blocked by aromatics or large hydrocarbons. [ref]
Finally, it should be mentioned that the stability of larger and bulkier alkenes is expected to
improve in the more spacious topologies. Maximal carbenium ion stability is achieved if the
pore dimensions provide an optimal fit for the alkene guest species. [ref]

3.3.2. Influence of acidity

Figure 9 shows the reconstructed free energy profiles for both AFl type and CHA type
zeolites, including the preliminary adsorption step from static calculations. The relative
stability of the physisorbed alkene intermediate and the alkyl carbenium ion is affected by
the acid strength. The free energy difference between isobutene and the tert-butyl
carbenium ion increases by 13 kJ/mol in the SAPO zeolites. The tert-butyl carbenium ion is
clearly more destabilized with respect to physisorbed isobutene in the less acidic zeolites,
which corroborates the observation from regular MD simulations that carbenium ions have a
lower sampling probability in zeolites with a lower acidity. Nevertheless, the intrinsic
protonation barrier appears to be independent of the specific topology. Irrespective of the
acidity, a protonation barrier of about 60 kJ/mol is found, which is among the highest
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barriers of all investigated topologies. Since the entropic barriers are similar for the
isostructural frameworks, it can be concluded that the acid strength has little influence on
the enthalpic barriers. The interaction strength of the transition state with the acid site will
thus correlate in a similar way with the acidity as the physisorbed alkene reactant.
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Figure 9. Free Energy profile for the adsorption (static calculations at the PBE-D3 level of
theory) and protonation (US simulations at the revPBE-D3 level of theory) of an isobutene -
complex into a tert-butyl carbenium ion in the zeolite topologies with different acid strength
at 773K with reference to the empty framework and isobutene in gas phase.

On the other hand, static DFT calculations have shown that the isobutene adsorption
strength is a mere 10 kJ/mol lower in H-SAPO-5 or H-SAPO-34 than in H-SSZ-24 or H-SSZ-13.
The apparent protonation barriers with respect to the gas phase reactants, will therefore be
slightly higher for the less acidic zeolites. Since carbenium ions are crucial intermediates for
both the formation of light olefins, paraffins and aromatics, the activation of alkenes, i.e., by
protonation, is a determining factor for the overall reactivity of the zeolite catalyst. Our
results confirm that a higher acidity will lead to an increase in the reactivity of the catalyst
for alkene conversion. Note that a higher reactivity will not necessarily result in higher
product selectivity as side reactions and catalyst deactivation might also be enhanced by the
higher acid strength.

4. Conclusion

Understanding the influence of the zeolite pore topology and acidity on the stability of
alkene intermediates is essential to design or select alkene conversion catalysts with an
improved lifetime and selectivity toward light olefins. Using advanced molecular dynamics
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molecular simulations, we investigated the adsorption and protonation of n-butene and
isobutene in a series of zeolites with varying pore size and acid site strength at low
temperature (323 K) and actual operating conditions (773 K).

We demonstrated that static DFT calculations may fail to explain some of the subtle trends
of carbenium ion and alkoxide stability with pore size and acid strength. Especially at high
temperature, the increased conformational freedom and anharmonicity effects are poorly
described. Our MD simulations indicated that the stability of the alkoxides and m-complexes
might be overestimated, while the carbenium ion stability might be underestimated
statically.

The stability of the adsorbed butene intermediates is governed by the balance between the
counteracting enthalpic and entropic stabilization and is therefore highly temperature
dependent. The linear 2-butoxide is stable at low temperature, while the entropic penalty
renders the intermediates unstable at high temperature in all zeolites. Also the equilibrium
between the butene m-complex and vdW-complex is influenced by temperature. In the
zeolites with a higher confinement, the m-complex is clearly more favored than in the large
pore zeolites. At cracking conditions, however, the more loosely bound vdW-complex
becomes dominant in all frameworks. In contrast, the tert-butyl carbenium ion stability is
mainly determined by the enthalpic stabilization and therefore highly dependent on the
pore dimensions. Zeolite frameworks with a strong confinement typically provide a better fit
for the guest species, resulting in a higher stability. In agreement with the free pore volume,
the carbenium ion sampling probability follows the order: H-ZSM-22 > H-ZSM-5 > H-S5Z-13 >
H-SSZ-24 > H-MOR-2 > H-MOR-1 > H-Y. With the exception of the latter two large pore
topologies, the tert-butyl carbenium ion is the prevailing intermediate at 773K.

Protonation barriers and free energy differences at 773K were quantified from umbrella
sampling simulations. In line with the pore dimensions, the smallest protonation barriers and
free energy differences between isobutene and tert-butyl carbenium ion were obtained for
the most confined 10-ring channel zeolites. The more spacious 12-ring channel zeolites on
the other hand are characterized by the highest barriers and reaction free energies. The
alkene adsorption strength for a large part determines reactivity differences toward
protonation. Taking into account the adsorption step, the protonation barriers follow the
trend, H-ZSM-22 < H-ZSM-5 < H-MOR-2 < H-SSZ-24 < H-S5Z-13 = H-Y < H-MOR-1, which is in
accordance with the degree of confinement of the zeolite environment.

The acid site strength only has a minimal difference on the physisorbed intermediates. On
the other hand, the carbenium ion stability is largely impacted by the acidity of the zeolite.
On the weak acid sites of H-SAPO-5 and H-SAPO-34, the tert-butyl carbenium ion sampling
probability is almost negligible compared to the stronger acid sites of H-SSZ-24 and H-SSZ-
13. Interestingly, the secondary 2-butoxide was also found to be stable for a finite lifetime
before desorption on the weak acid sites of the silicoaluminoposphates. Clearly, the acid site
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strength has only a minimal impact on the physisorbed intermediates, but a high impact on
the chemisorbed intermediates. The carbenium ion stability is greatly enhanced on stronger
acid sites, while weaker acid sites might better stabilize alkoxide intermediates.

While the free energy difference between physisorbed isobutene and tert-butyl carbenium
ion is much larger in the weakly acidic zeolites, the intrinsic isobutene protonation barriers
appear to be insensitive to the acid strength. Instead, the reactivity trends with varying acid
site strength might be entirely attributed to differences in adsorption strength. Due to the
correlation between alkene adsorption strength and acid strength, the apparent protonation
barriers increase with decreasing acidity of the zeolite. The present data demonstrate how
the catalyst topology and acid strength influence the adsorption characteristics of olefins.
Molecular dynamics simulations can be effectively applied to gain insight into the role of the
local active site environment in zeolite catalyzed alkene conversions at operating conditions
and predict reactivity trends for different catalysts.
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Thermodynamic mean field model

To estimate the maximum propylene loading inside the H-SAPO-34 zeolite cages,
we apply the thermodynamic mean field model, developed by Vanduyfhuys et a/.37
In this appendix, a brief summary of the model is given.

The starting point for the model is the Helmholtz free energy, F, of the complete
adsorbate-zeolite system. The free energy can be expanded into three terms: (i)
the empty zeolite free energy, Fhost, (ii) the free energy of the guest molecules
trapped inside the zeolite pores but without interacting with it, Fyycs¢ and (iii) the
interaction free energy between the adsorbed molecules and the zeolite host, Fj,;.

F(N, V, T) = Fhost(va T) + Fguest(Na ‘/7 T) + Eth(N7 V7 T) (A]-)

In this expression, N represents the number of guest molecules. The temperature
T is fixed at 600K and the unit cell volume of the rigid zeolite is V' = 122843.
Furthermore, it is assumed that the guest free energy can be described using the
van der Waals equation of state, F,q. Secondly, the interaction free energy is
approximated in a mean field context as Fi,;(N,V) = N - AU(V) with AU the
single particle mean adsorption energy.

F(N) = Fhost + Foaw(N) + N - AU (A.2)

_ 2
Fyaw (N) = kpTin(N1) — NkgTln (Vp " b > - G‘J/V'
P

+ Npg (A.3)
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in which V}, is the free pore volume of the zeolite as a function of its unit cell
3
volume, py = kgTlin AT) is a reference for the chemical potential, A is the

thermal wavelength and a and b are the van der Waals constants of the guest
molecule. To estimate the loading N of guest molecules inside the pores as a
function of the chemical potential p, the chemical equilibrium condition is applied.

As shown in reference,3"* expression A.4 can be rearranged as
,LL*,M{)*AUi f f 7§T(:rit
wt o \aoy) Ty (A5)
V,
N(w) = f(w) 77 = F(1)Noar (A.6)

Herein, f represents the fill factor, i.e., the degree to which the pores are filled,
Nyt is the saturation loading and T,;; the critical temperature of the guest fluid
in the van der Waals model. The fill factor is computed by solving equation A.5.

Figure A.1 displays the resulting propylene loading in SAPO-34 as a function of
vapor pressure. The van der Waals constants for propylene were taken from ref.,37°
which were fitted to experimental results, a = 8.442 bar.l?>.mol=2 , b = 0.0824
I.mol~' and T,,.;; = 356 K. The adsorption energy, AU, of a propylene m-complex
and van der Waals complex in H-SAPO-34 are calculated as —73 kJ.mol™! and
—47 kJ.mol™! respectively. Taking into account all parameters, a propylene
saturation loading of N,,; = 8 is found, corresponding to 4 propylene molecules in a
single cage. Note that only for a low, fictitious adsorption energy, e.g., AU = —21
kJ.mol~!, the saturation loading significantly depends on the vapor pressure.

10
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Figure A.1. Adsorption isotherm of propylene in H-SAPO-34 at 600K for various adsorp-
tion energies, according to the mean field model.



Transition state theory

In this appendix, the procedure to compute rate constants and free energy barriers
is outlined. Transition state theory allows to derive an expression for the rate of a
chemical reaction, transforming reactant R into product P, a process for which a
certain free energy barrier has to be overcome. The starting point is the Bennet-
Chandler expression for the instantaneous rate constant, which only contains mi-
croscopic quantities that can be measured in a molecular simulation.307 349,351,376

(40(d)d(q — ¢*))

kP = ol — ) (B-1)
Herein, ¢ represents the reaction coordinate, § the Dirac-delta function, 6 the Heav-
iside function, ¢ the generalized velocity associated with the reaction coordinate ¢
and ¢! the value of ¢ at the transition state. Consider now a complex molecular
system containing N atoms, described by a 6N dimensional phase space 7 p
with Hamiltonian H(7V,p"). By introducing a canonical transformation toward

mass-weighted coordinates and momenta, ¢ can be rewritten.

— 1
Ty =~/m; Ty Py = — - D; (B.2)
3N
dgde; = - = o
. — E = P B.
q o = Vel T =Vad (B.3)

1=

Performing the integration over the momenta analytically, B.1 can be rewritten as
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_ [T J0@) = ¢")[Vagle V@ dz
krp= ﬁ fR U@ dp (B.4)

This expression is equivalent with the more familiar form35%.377-379

1 (VZ5(g—¢Y))u

k = B.5
2PN 2mB (0(g — ¢ (8:5)
= a dq 0Oq
VZ = Vol = Z Z Ozs s Oxs - (B.6)
=1 j=zx,y,z 2y 2

in which the average is evaluated over the configurational coordinates only. Next
we introduce the free energy profile F' in terms of the collective variable ¢, which
can be computed by applying an enhanced sampling method such as umbrella
sampling. It is convenient to introduce a reference value g, for the reactant state
for which F'(g,) = 0. Then, expression B.4 can be rearranged

krsp=A- P(QT) : e_ﬁAFq"ﬁqi (B'7)

(0la —a))v _ 1
O v |7 e-sr@dg

1 _
A=\/55 (Ve (B.9)
Herein, AF

Gn—sqt IS the barrier, i.e., the free energy difference of the transition state
and reference state. The term P(g,) is proportional to the Boltzmann probability
to find the system in the reference reactant state ¢, out of all possible reactant
configurations. The factor AF, _, : represents the reversible work to bring the
system from the reactant valley to the transition state. The prefactor A represents
the ensemble average of the velocity of the collective variable ¢ at the transition
state. In principle, one needs to perform a constrained MD simulation wherein ¢
is constrained at qj£ to determine the factor A. However, note that it can also be
computed using a biased simulation in the direction of the collective variable ¢,
e.g. umbrella sampling with bias potential Uy(q).

[T 6@ = ) Veabu,
A‘V;w 0@ — o, (B.10)

Finally, from the computed rate constant, kr_, p, a phenomenological free energy

barrier, AFpihen can be derived according to the Eyring-Polanyi relation.

P(q,) = (B.8)

APﬂjhen = —kpTin (hkR—)P) = AFqT—M]* + kgTin <

kgT 1
kT

“h A-P(g)
(B.11)
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